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1. Introduction 

The discovery of leptin in 1994 provoked the interest in the adipose tissue which was no 

longer considered as an inert tissue storing energy in the form of triglycerides but as the 

greatest endocrine organ in human body [1, 2]. As a growing number of people suffer from 

obesity and metabolic syndrome, understanding the mechanisms by which various 

hormones and neurotransmitters have influence on energy balance, weight control and 

insulin resistance has been a subject of intensive research.  

The regulation of appetite and feeding is a homeostatic mechanism. A powerful and 

complex physiological system exists to balance energy intake and expenditure, in order that 

sufficient energy is available and body weight remains stable [2, 3]. This system is composed 

of both afferent signals and efferent effectors. A large number of factors originating 

throughout the body send afferent signals to a smaller number of functional centers in the 

central nervous system (CNS), that then mediate interactions with efferent pathways to 

regulate energy expenditure and energy intake [4]. Thus, central circuits in the brain rely on 

peripheral signals indicating satiety levels and energy stores, as well as higher cortical 

factors such as emotional and reward pathways [5].  

There are numerous peptides involved in the regulation of energy homeostasis, some of 

which are produced centrally and others peripherally in the gastrointestinal tract (GI), with 

some produced at both locations. These peptides are known as members of the ‘gut-brain 

axis’ [6]. Since the discovery of secretin, which was confirmed to stimulate pancreatic 

exocrine secretion, more than 40 other GI tract hormones have been discovered. 

Anticipation of a meal and the presence of food in the stomach and the small intestine 

stimulate secretion of many of these hormones from the gut through mechanical and 

chemical stimuli. These signals are involved in the initiation of food intake as well as 

termination of meals [7]. However, many of the same hormones are also expressed in the 
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CNS, acting to translate metabolic information between the GI tract and the brain [8]. In 

normal subjects, body weight is tightly regulated despite day-to-day variations in food 

intake and energy expenditure. Obesity is due to a state in which energy intake exceeds 

energy expenditure over a prolonged period of time. In humans it is also of note that 

psychological and emotional factors can drive food intake in excess of actual need [7]. 

In summary, signals relaying information such as the nutritional and energy status of the 

body converge within the CNS. Thus, CNS mediates energy balance in the body, the 

hypothalamus playing a main role in this process. The arcuate nucleus (ARC) is a key 

hypothalamic nucleus in the regulation of appetite and is involved in integrating peripheral 

satiety and adiposity signals via orexigenic and anorexigenic neuropeptide transmission to 

other hypothalamic and extrahypothalamic brain regions [9]. Proximity of ARC to the 

median eminence and the fact that it is not fully insulated from the circulation by the blood 

brain barrier makes it strategically positioned to integrate the great number of peripheral 

signals controlling food intake [5]. There are two major neuronal populations in the ARC 

implicated in the regulation of feeding. One population co-expresses Neuropeptide Y (NPY) 

and agouti-related protein (AgRP) and increases food intake. The second population of 

neurons co-expresses cocaine- and amphetamine-related transcript (CART) and pro-

opiomelanocortin (POMC), the precursor to the melanocortin receptor agonist, α-

melanocyte-stimulating hormone (-MSH), and inhibits food intake. Neuronal projections 

from these two populations then communicate with other hypothalamic areas involved in 

appetite regulation such as the paraventricular nucleus (PVN), ventromedial nucleus 

(VMN), dorsomedial nucleus (DMN) and lateral hypothalamic area (LHA) [10].  

Receptors for leptin and insulin are expressed on both of these types of neurons, suggesting 

that they are responsive to circulating levels of these hormonal signals, acting as effectors for 

altering food intake in response to variations in energy balance as indicated by body 

adiposity [11]. Leptin is secreted by adipocytes and circulates at concentrations proportional 

to fat mass. Restriction of food intake for a relatively longer period, results in a supression of 

leptin levels, which can be reversed by refeeding or administration of insulin. Insulin is a 

major metabolic hormone. Like leptin, levels of plasma insulin vary directly with changes in 

adiposity being influenced to a great extent by peripheral insulin sensitivity. The latter is 

related to total body fat stores and fat distribution, with visceral fat being the key 

determinant [12]. Plasma insulin increases at times of positive energy balance and decreases 

at times of negative energy balance. However, unlike leptin, insulin secretion increases 

rapidly after a meal, whereas leptin levels are relatively insensitive to meal ingestion. Both 

leptin and insulin cross the blood-brain barrier, stimulate anorexigenic α-MSH/CART 

neurons and inhibit orexigenic NPY/AgRP neurons, thus activating the catabolic pathways 

and inhibiting the anabolic pathways (Figure 1). When energy stores are low, production of 

leptin from adipose tissue, and thus circulating leptin concentrations fall, leading to 

increased production of hypothalamic neurotransmitters that strongly increase food intake, 

such as NPY, galanin, and AgRP and decreased levels of α-MSH, CART, and neurotensin 

that reduce food intake and increase energy expenditure [8, 13]. 
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CRH, corticotrophin-releasing hormone; MCH, melanin-concentrating hormone, 5-HT, 5-hydroxytryptamine; NE, 

norepinephrine; (- - ) inhibition; ( ) stimulation. 

Figure 1. Schematic action of leptin and insulin on the hypothalamus. 

In addition to leptin and insulin, receptors for ghrelin are also located on arcuate AgRP/NPY 

neurons, which are activated by central ghrelin administration. Furthermore, peripheral 

ghrelin administration activates neurons in the ARC and AgRP and NPY have been 

demonstrated to be requisite mediators of the hyperphagia induced by systemic ghrelin [11]. 

So, meal-generated satiety signals from the GI tract do interact with longer-term adiposity 

signals, such as insulin and leptin in energy balance [8]. 

NPY is one of the most abundant peptides of the hypothalamus and one of the most potent 

orexigenic factors. The majority of neurons expressing NPY in the hypothalamus are found 

within the ARC and most co-express AgRP [14]. Synthesis and release of NPY are both 

regulated by leptin binding to its hypothalamic receptor. NPY links afferents reflecting the 

nutritional status of the organism from endocrine, gastrointestinal, and central and 

peripheral nervous systems to effectors of energy intake and expenditure [15]. NPY 

stimulates appetite inducing hyperphagia, increase of fat depots, decrease of thermogenesis, 

and suppression of sympathetic activity. NPY is known to be involved in other 

physiological functions, such as cardiovascular regulation, affective disorder, memory 

retention, neuroendocrine control. When leptin levels increase after food intake, the latter 

binds to its receptors in the hypothalamus which leads to discontinuation of NPY secretion 

[5, 16]. The decrease of NPY concentration in obesity probably plays a role of a counter-

regulatory factor intended to prevent further weight gain. Thus, NPY becomes one of the 

main regulators of food intake, body weight and energy expenditure. 

Ghrelin is a fast-acting hormone, seemingly playing a role in meal initiation. Secreted 

predominantly from the stomach, ghrelin is the natural ligand for the growth hormone 

secretagogue-receptor (GHS-R) in the pituitary gland, thus fulfilling the criteria of a brain–

   

 
(-) Anabolic pathways : 

 

  
Food intake 

  
  

Energy expenditure 
   

(+) Catabolic pathways : 
 

 
Food intake

 


  
  

Energy expenditure 
 

Leptin
  Insulin

 

NPY/AgRP 
 

-MSH/CART
 

ARC
 

PVN
 

LHA
 

5-HT, NE
 

CRH, Oxytocin

MCH
 

Orexin
 

    



 

Insulin Resistance 92 

gut peptide [5, 6]. Although the majority of ghrelin is produced peripherally, there are 

ghrelin immunoreactive neurons within the hypothalamus that have terminals on 

hypothalamic NPY/AgRP, POMC and corticotropin releasing hormone (CRH) neurons [17], 

as well as orexin fibres in the LHA [18]. It was found that ghrelin acts to promote appetite in 

two ways—directly, by depolarizing the orexigenic NPY/AgRP neurons, and indirectly, by 

increasing the tonic inhibition exerted by the NPY/AgRP neurons over the anorexigenic 

POMC/CART neurons. Both of these ultimately enhance appetite [4, 17, 18]. The ability of 

ghrelin to increase food intake and body weight is mediated through the stimulation of NPY 

production in the hypothalamic ARC, where it antagonizes the inhibitory effect on NPY 

secretion displayed by leptin and insulin [19]. 

The purpose of this chapter is to provide background information on the relationship 

between the main appetite regulatory peptides NPY and ghrelin, and insulin resistance. The 

role of NPY and ghrelin in food intake and body weight control in humans, and their 

mechanism of action are discussed, focusing on association with glucose metabolism and 

insulin resistance.  

2. Neuropeptide Y (NPY) 

NPY is one of the most abundant peptides of the hypothalamus and one of the most potent 

orexigenic (appetite-increasing) factors [20]. It is a 36-amino acid peptide that was first 

isolated from porcine brain in 1982 [21] (Fugure 2). It is a member of the PP-fold family of 

peptides which consists of NPY, peptide YY (PYY), pancreatic polypeptide (PP) and peptide 

Y (PY) [22]. 

 

Figure 2. Structure of NPY. 

NPY is synthesized by cell bodies in the ARC and transported axonally to the PVN where 

the highest concentrations are found [23]. NPY-expressing neurons are prominent also in the 

DMN and the VMN [24]. All these regions of the brain influence feeding behavior and 

energy balance.  

NPY is also found in circulating blood, where it comes mainly from the adrenal medulla and 

sympathetic nerves, but this peripheral hormone does not cross the blood-brain barrier [25, 
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26]. NPY is present in the pancreas, in both the islet cells and in sympathetic nerve terminals 

[27, 28].  

Regulation of NPY synthesis and release 

The levels of hypothalamic NPY mRNA and NPY release increase with fasting and decrease 

after refeeding [29-31]. When fed with a high-carbohydrate diet; diabetic rats exhibit 

increased gene expression of the NPY in the hypothalamic ARC, and high-fat diet 

suppressed NPY expression [32]. Thus, NPY synthesis as well as its receptorial expression 

are sensitive to changes in the metabolic status and food availability. While starvation and 

food deprivation increase NPY release [30], in obese subjects the activity of NPY neurones is 

down-regulated in the attempt to restrain overeating of palatable food [33]. These facts 

support the existence of a long loop control system in energy metabolism between the brain 

and adipose tissue. Several peripheral factors are involved in the modulation of this system. 

Among them insulin and leptin display an inhibitory effect; glucocorticoids and ghrelin act 

as stimulatory afferent signals [34]. 

It has been reported that leptin is a major inhibitory regulator of the activation by ghrelin of 

the orexigenic network of NPY [35]. Circulating leptin crosses the blood brain barrier and 

binds to the long form of the leptin receptor, Ob-Rb, in the hypothalamus [36]. The Ob-Rb is 

expressed widely within the hypothalamus but particularly in the ARC, VMN, DMN and 

LHA. Several experimental studies demonstrate that systemic administration of leptin 

inhibits NPY gene overexpression through a specific action in the ARC. Cells within the 

ARC express both NPY and leptin receptors, and leptin directly activates anorectic POMC 

neurons and inhibits orexigenic AgRP/NPY neurons [37]. All available data can be 

summarized as follows: when leptin levels increase after food intake, the latter binds to its 

receptors in the hypothalamus which leads to discontinuation of NPY secretion. When 

production of leptin from adipose tissue is reduced, the circulating leptin concentrations fall, 

and this lead to enhanced production of NPY that strongly increase food intake.  

Receptors for ghrelin are also located on arcuate AgRP/NPY neurons, which are activated by 

central ghrelin administration. Ghrelin acts by depolarizing the orexigenic NPY/AgRP 

neurons, and by increasing the tonic inhibition exerted by the NPY/AgRP neurons over the 

anorexigenic POMC/CART neurons [11]. c-Fos expression increases within NPY-

synthesizing neurons in the ARC after peripheral administration of ghrelin [38], and ghrelin 

fails to increase food intake following ablation of the ARC [39]. Studies of knockout mice 

demonstrate that both NPY and AgRP signalling mediate the effect of ghrelin, although 

neither neuropeptide is obligatory [40]. 

Insulin is a major metabolic hormone produced by the pancreas and the first adiposity signal 

to be described. Little or no insulin is produced in the brain itself [41, 42]. Insulin levels are 

dependent on peripheral insulin sensitivity that is related to total body fat stores and fat 

distribution, with visceral fat being a key determinant of insulin sensitivity [12]. Once insulin 

enters the brain, it acts as an anorexigenic signal, decreasing food intake and subsequently 

body weight. It was found that both the NPY and melanocortin systems are important 

downstream targets for the effects of insulin on food intake and body weight. Insulin 
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penetrates the blood–brain barrier via a saturable, receptor-mediated process, at levels which 

are proportional to the circulating insulin [43]. Insulin receptors are widely distributed in the 

brain, with highest concentrations found in the olfactory bulbs and the hypothalamus [44]. 

Within the hypothalamus, there is particularly high expression of insulin receptors in the ARC; 

they are also present in the DMH, PVN, and suprachiasmatic and periventricular regions [45]. 

Hypothalamic NPY is a potential mediator of the regulatory effects of insulin. The increase of 

NPY levels in the PVN and prepro-NPY mRNA in the ARC during fasting are inhibited by 

intracerebroventricular (icv) administration of insulin. Fasting, therefore, increases NPY 

biosynthesis along an ARC-PVN pathway in the hypothalamus via a mechanism dependent 

on low insulin levels [46]. NPY expression is increased in insulin-deficient, streptozocin-

induced diabetic rats and this effect is reversed with insulin therapy [47, 48]. Insulin receptors 

have been found also on POMC neurons in the ARC [49]. Administration of insulin into the 

third ventricle of fasted rats increases POMC mRNA expression and the reduction of food 

intake caused by icv injection of insulin is blocked by a POMC antagonist [49]. Furthermore, 

POMC mRNA is reduced by 80% in rats with untreated diabetes, and this can be attenuated 

by peripheral insulin treatment which partially reduces the hyperglycaemia [50].  

Glucocorticoid hormones play a critical role in energy balance and also appear to mediate at 

least some of their actions through the central NPY axis. They may regulate NPY-induced 

insulin release and NPY signaling within the VMH of the hypothalamus. Glucocorticoid-

receptor immunoreactivity is found within the rat CNS, including the ARC, VMH, and PVN 

[51]. Many of these receptors are expressed at the nucleus of NPY-containing, endocrine-

related neurons and coexist in regions containing high NPY receptor density [52]. In rats, 

excessive corticosterone promotes body fat gain and hyperinsulinemia [53] and also 

increases NPY synthesis and Y1-receptor mRNA expression, at least within the ARC ([54, 

55]. Conversely, removal of glucocorticoids by adrenalectomy reduces hyperphagia and 

body weight of obese (fa/fa) rats [56], abolishes obesity induced by VMH lesions [57], and 

prevents obesity induced by chronic central NPY infusion in normal rats [58]. However, it 

has been reported that adrenalectomy does not alter NPY-1 (Y1)-receptor mRNA expression 

in the ARC [54]. Chronic icv infusion of NPY induces hyperphagia, hyperinsulinemia, and 

insulin resistance in rats, and these effects are blocked by previous adrenalectomy [59]. 

Wisialowski et al. [60] have demonstrated that adrenalectomy also abolishes the insulin 

release caused by an acute icv injection of NPY and this is associated with significant 

reduction in Y1- and Y5-receptor mRNA expression specifically within the VMH. These 

experiments imply that glucocorticoids are necessary for icv NPY to stimulate insulin 

release and suggest that the latter manifest this regulatory role through alterations in Y1- 

and Y5-receptor expression in the VMH [60]. Taken together, all these observations indicate 

that glucocorticoids have a regulatory role in long-term central NPY signaling. 

As concerns plasma NPY, its concentrations rise in response to muscular exercise [61] and in 

disorders such as pheochromocytoma and renal failure [62]. 

Mechanisms of action of NPY – NPY receptors 

PP-fold family of peptides bind to seven transmembrane-domain G-protein-coupled 

receptors [63]. Heterogeneity among NPY (and PYY) receptors was first proposed on the 
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basis of studies on sympathetic neuroeffector junctions, where NPY (and PYY) can exert 

three types of action: 1) a direct (e.g., vasoconstrictor) response; 2) a postjunctional 

potentiating effect on norepinephrine (NE)-evoked vasoconstriction; and 3) a prejunctional 

suppression of stimulated NE release. The two latter phenomena are probably reciprocal, 

since NE affect NPY mechanisms similarly [64]. Six different NPY receptors have been 

identified ([65], of which five have been cloned and characterized. Y1–Y5 receptors have 

been demonstrated in rat brain, but Y6, identified in mice, is absent in rats and inactive in 

primates [66]. The Y1, Y2, Y4 and Y5 receptors, cloned in the hypothalamus, have all been 

postulated to mediate the orexigenic effects of NPY. Biological redundancies are likely to 

exist between Y1 and Y5 receptor signaling [67].  

NPY initiates appetite drive directly through its receptors, particularly the Y1-5 (NPY5-R), 

and by the simultaneous inhibition of anorexigenic melanocortin signalling in the ARC [68]. 

NPY5-R is thought to be the main receptor involved in NPY-induced food intake since a 

reduction in food intake after an icv injection of antisense oligonucleotides directed against 

NPY5-R is demonstrated in rats [69].  

Although the large number of Y receptors has made it difficult to delineate their individual 

contributions, recent studies analyzing  NPY and Y receptor-overexpressing, knockout, and 

conditional-knockout mouse models have started to unravel some of the complexity.  To 

elucidate the role of NPY1-R in food intake, energy expenditure, and other possible 

functions, Kushi et al. [70] have generated  NPY1-R-deficient mice (Y1-R-/-) by gene 

targeting. Contrary to their hypothesis that the lack of NPY signaling via Y1-R would result 

in impaired feeding and weight loss, Y1-R-/- mice showed a moderate obesity and mild 

hyperinsulinemia without hyperphagia. The authors suggest either that the Y1-R in the 

hypothalamus is not a key molecule in the leptin/NPY pathway, which controls feeding 

behavior, or that its deficiency is compensated by other receptors, such as NPY5-R. Probably 

the mild obesity found in Y1-R-/- mice was caused by the impaired control of insulin 

secretion and/or low energy expenditure [70]. This model could be useful for studying the 

mechanism of mild obesity and abnormal insulin metabolism in noninsulin-dependent 

diabetes mellitus. 

In order to investigate the role of different Y receptors in the NPY-induced obesity 

syndrome, Lin et al. [71] used recombinant adeno-associated viral vector to overexpress 

NPY in mice deficient of selective single or multiple Y receptors (including Y1, Y2, and Y4). 

Results from this study demonstrated that long-term hypothalamic overexpression of NPY 

lead to marked hyperphagia, hypogonadism, body weight gain, enhanced adipose tissue 

accumulation, hyperinsulinemia, and other hormonal changes characteristic of an obesity 

syndrome. NPY-induced hyperphagia, hypogonadism, and obesity syndrome persisted in 

all genotypes studied (Y1−/−, Y2−/−, Y2Y4−/−, and Y1Y2Y4−/− mice). However, triple deletion of 

Y1, Y2, and Y4 receptors prevented NPY-induced hyperinsulinemia. These findings suggest 

that Y1, Y2, and Y4 receptors under this condition are not crucially involved in NPY’s 

hyperphagic, hypogonadal, and obesogenic effects, but they are responsible for the central 

regulation of circulating insulin levels by NPY [71].  
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A lot of investigators’ data point that NPY5-R mediates the feeding response to exogenous 

and endogenous NPY. It may be involved in energy balance and is, therefore, a 

susceptibility candidate gene for obesity and related disorders such as the metabolic 

syndrome and type 2 diabetes mellitus. It is hypothesized that the feeding effect of NPY 

may indeed be mediated by a combination of receptors rather than a single one. Also, 

increasing evidence points to the existence of other as yet unidentified Y receptors, which 

may mediate NPY’s orexigenic actions, and it remains possible that, under certain 

physiological conditions, NPY may bind and activate receptors for which it normally has no 

or only low affinities. 

Analogs of NPY with high selectivity for the Y1 and Y5 receptor subtypes strongly stimulate 

food intake in rodents, and icv administration of specific Y5 receptor agonists increases food 

intake and body weight in mice [72]. A clinical study examining a therapeutic intervention 

based on the NPY system has been performed by Erundu et al. [73]. The authors tested the 

hypothesis that blockade of the NPY5-R will lead to weight loss in humans using MK-0557, 

a potent, highly selective, orally active NPY5-R antagonist. MK-0557 has no significant 

binding to the human NPY1-R, NPY2-R, NPY4-R, or mouse NPY6-R at concentrations of 10 

μM. These data indicate a >7500-fold selectivity for the NPY5-R relative to the other NPY 

receptor subtypes. MK-0557 was administered to 547 obese subjects, who showed 

statistically significant weight loss at 12 weeks compared to subjects treated with placebo 

[73]. These observations clearly indicate that antagonizing the NPY5-R induces weight loss 

in humans. After that a long-term trial over 52 weeks was performed in 1661 subjects (832 

completed). There was a a mean weight loss of 3.4 kg in those who completed the trial, 

which was significantly greater than the weight loss seen in the placebo-treated group. 

Significantly more subjects lost ≥5% and ≥10% of initial body weight with the NPY5-R 

antagonist than did so on placebo. The authors conclude, however, that the magnitude of 

the weight loss observed was not clinically significant, and this conclusion is supported by 

the observation that there were no significant improvements in secondary endpoints such as 

glucose and lipid levels and blood pressure measurements [73]. While several potential new 

obesity therapies that act through the CNS pathways or peripheral adiposity signals are in 

early-phase clinical trials, the above study serves to point out that manipulation of the 

homeostatic mechanisms involving hypothalamic/brainstem pathways for a clinically 

significant outcome in obese patients remains a major challenge [74]. 

Link between NPY, obesity and insulin resistance 

NPY is a powerful stimulant of food intake. Numerous studies in rodent models have 

demonstrated that administration of NPY into the PVN stimulates feeding [75, 76] and that 

repeated injections of NPY result in persistent feeding and the development of obesity by 

promoting fat accumulation [77, 78]. Central administration of NPY was found to reduce 

energy expenditure, resulting in reduced brown fat thermogenesis [79], suppression of 

sympathetic nerve activity [80] and inhibition of the thyroid axis [81]. There are some data 

that NPY activates hypothalamic-pituitary-adrenal axis (HPA) [82], that is implicated in the 

regulation of metabolism and energy balance. An acute injection of NPY into the PVN 

produces increases in circulating ACTH and corticosterone in both conscious and 
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anesthetized rats [83]. ARC NPY neurons project to the ipsilateral PVN [84], and repeated 

icv injection of NPY into the PVN in normal rats causes hyperphagia, an increase in basal 

plasma insulin level and morning cortisol level, independent of increased food intake, 

increased metabolic activity of white adipose tissue and muscle insulin resistance, and 

results in obesity [85, 86]. Several of these metabolic effects are still present when increased 

food intake is prevented by food restriction [85]. It was shown that Y5 receptor subtype is 

involved in the activation of HPA axis mediated by NPY [82].  

Interestingly, injection of NPY directly into the VMH significantly increases food intake [75], 

and NPY-induced feeding is enhanced in VMH-lesioned rats [87]. Lesions of the VMH in 

rodents also cause multiple changes in metabolic status, including hyperphagia, 

hyperglycemia, and hyperinsulinaemia [88]. Enhanced NPY expression in the VMH is 

associated with obesity [89]. Furthermore, NPY has been shown to directly inhibit over one 

fifth of spontaneously active rat VMH neurons, and this inhibition is potentiated by 

overfeeding [90]. Therefore, the mechanism by which acute icv NPY stimulates insulin 

release in the absence of feeding may be by inhibiting the spontaneous activity of the VMH 

through Y1 and Y5 receptors. A reduction of these receptors with adrenalectomy would 

then reduce the ability of NPY to inhibit VMH neurons. These data suggest the VMH may 

also be a site of action for NPY in the development of obesity; however, the mechanisms by 

which NPY is involved in each aspect of central energy regulation remain to be defined.  

Some investigators found that acute icv NPY administration had no affect on plasma 

glucose levels, indicating that NPY-induced insulin release is not simply a secondary 

response to changes in peripheral glucose [60, 91]. The decreased basal insulin levels and 

lack of insulin release in response to NPY injection in adrenalectomized rats with 

downregulation of Y1-and Y5-receptor mRNA in the VMH, demonstrated in the study of 

Wisialowski et al. [60], highlights the role for Y1-and Y5-receptors in the etiology of NPY-

induced hyperinsulinemia, insulin resistance, and obesity.  

Van den Hoek et al. [92] found that icv administration of NPY in the third ventricule in rats 

acutely hampers the capacity of insulin to suppress endogenous glucose production via 

activation of sympathetic nerves innervating the liver The authors discusssed a possible 

explanation for the role of NPY in sympathetic overdrive and hepatic insulin resistance that 

are typical for obese subjects with the metabolic syndrome [92]. In a study of Singhal et al. 

[93] the ability of resistin to increase hepatic insulin resistance and modulate the levels of 

various mediators in the liver was abolished in mice lacking NPY as well as in mice 

pretreated with icv NPY Y1 receptor antagonist. The authors established a crucial link 

between NPY and resistin’s ability to regulate hepatic insulin resistance possibly via 

induction of SOCS3 (suppressor of cytokine signaling-3), tumor necrosis factor (TNF)-α and 

interleukin 6 (IL6). Additionally, NPY is critical to mediating the decrease in STAT3 (signal 

transducer-activated transcript-3) phosphorylation by central resistin [93]. 

It was found that the obesity syndrome, induced by injection of NPY into the CNS of rats, 

closely resembles the phenotype of either leptin deficient ob/ob mice, or leptin resistant db/db 

mice [58, 85]. In these animals, genetic alterations of the satiety effect of leptin within the 
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hypothalamus result in an overexpression of NPY leading to a complex syndrome including 

hyperphagia, increased fat storage and obesity. The experimental studies in ob/ob mice 

demonstrate that systemic administration of leptin inhibits NPY gene overexpression 

through a specific action in the ARC and exerts a hypoglycemic action that is partly 

independent of its weight-reducing effects. It must be pointed that both effects occur before 

reversal of the obesity syndrome. Defective leptin signaling due to either leptin deficiency 

(in ob/ob mice) or leptin resistance (in db/db mice) therefore leads directly to hyperglycemia 

and the overexpression of hypothalamic NPY, that is implicated in the pathogenesis of the 

obesity syndrome [94]. Moreover, the obesity syndrome produced by icv administration of 

NPY is characterised by increased expression of the ob gene in adipose tissue [58]. On the 

other hand leptin, the ob gene product, has been shown to inhibit NPY synthesis and release 

from hypothalamic nuclei in ob/ob mice. Correction of the obese state induced by genetic 

leptin deficiency reduces elevated levels of both blood glucose and hypothalamic NPY 

mRNA [95].  

Although NPY seems to be an important orexigenic signal, NPY-null mice have normal 

body weight and adiposity [96, 97]. This absence of an obese phenotype may be due to the 

presence of compensatory mechanisms or alternative orexigenic pathways, such as those 

which signal via AgRP [98]. It is possible that there is evolutionary redundancy in orexigenic 

signalling in order to avert starvation. This redundancy may also contribute to the difficulty 

elucidating the receptor subtype that mediates NPY-induced feeding [99].  

In searching the role of NPY in human obesity and metabolic disorders, polymorphisms in 

the NPY5-R gene have been studied by other authors in several populations. Thus, NPY5-R 

gene was sequenced by Jenkinson et al. [100], and several single nucleotide polymorphisms 

(SNPs) were genotyped in the Pima Indians with three novel SNPs being identified, which 

were described as polymorphism 1, 2, and 3 (P1, P2, and P3). All three SNPs are in non-

coding regions. There were genotype differences in lean and obese Pima Indians for P2 and 

for a 3 SNP haplotype [100]. A silent single nucleotide polymorphism within the NPY5-R 

coding sequence showed no evidence of association with BMI in children and adolescents 

[101]. In contrast, a novel polymorphism in the intervening segment between exons of the 

genes encoding NPY1-R and NPY5-R was associated with reduced serum triglyceride (TG) 

levels and HDL-cholesterol in a severely obese cohort [102] that should be considered as a 

protective lipid profile. Roche et al. [103] investigated the potential implication of NPY, 

NPY-Y1 and -Y5 subtype receptors [rNPY-Y1/-Y5] in the development of human obesity. 

Two complementary genetic approaches were used: 1) linkage analyses between obesity and 

polymorphic markers located nearby NPY and rNPY-Y1/-Y5 genes in 93 French Caucasian 

morbidly obese families; 2) single strand conformation polymorphism (SSCP) scanning of 

the coding region of the NPY and rNPYY1 genes performed in 50 unrelated obese patients 

ascertained. No evidence of linkage between morbid obesity or obesityrelated quantitative 

traits and NPY and rNPY-Y1/Y5 regions was found in this population. Moreover, SSCP 

scanning revealed no mutation in the coding region of NPY and rNPY-Y1 genes among 

obese subjects. The authors suggest that NPY and NPY-Y1/ Y5 receptors are unlikely to be 

implicated in the development of human morbid obesity, at least in the French Caucasian 

population [103]. 
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In addition to the above data, genetic association of NPY receptor Y5 (NPY5R) SNPs with 

metabolic syndrome was studied in 439 Mexican American individuals by Coletta et al. 

[104]. Minor alleles for five of nine genetic variants (rs11100493, rs12501691, P1, rs11100494, 

rs12512687) of the NPY5-R SNPs were found to be significantly associated with both 

increased plasma TG levels and decreased high-density lipoprotein (HDL) concentrations 

[104]. In addition, the minor allele for SNP P2 was significantly associated with a decreased 

homeostasis model assessment of -cell function (HOMA-%). Linkage disequilibrium 

between SNPs pairs indicated one haplotype block of five SNPs (rs11100493), and low HDL-

cholesterol are highly associated with insulin resistance states, such as type 2 diabetes 

mellitus, obesity, and the metabolic syndrome. So, these results provide evidence for 

association of SNPs in the NPY5R gene with atherogenic dyslipidemia in insulin resistance. 

In the course of identification of genes implicated in the development of human obesity, 

further genome-wide searches could be successful for identifying multiple predisposing 

loci. 

It has become apparent, that upon vigorous electrical stimulation or intense stressors motor 

neurons on the sympathetic nerve system (SNS) may secrete NPY as well as NE [105]. 

Acting through NPY receptors on vascular and adipose tissue, secreted NPY may play an 

important role in the pathophysiology of obesity and metabolic syndrome. Thus, Kuo et al. 

[105] demonstrated that stress exaggerated diet-induced obesity through a peripheral 

mechanism in the abdominal white adipose tissue that is mediated by NPY. The authors 

found that stressors such as exposure to cold or aggression lead to NPY release from SNS, 

which in turn upregulates NPY and its Y2 receptors (NPY2-R) in a glucocorticoid-dependent 

manner in the abdominal fat. This positive feedback response by NPY lead to abdominal fat 

enhancement. Release of NPY and activation of NPY2-R stimulated fat angiogenesis, 

macrophage infiltration, and the proliferation and differentiation of new adipocytes, 

resulting in abdominal obesity and a metabolic syndrome-like condition. NPY, like stress, 

stimulated fat growth, whereas pharmacological inhibition or fat-targeted knockdown of 

NPY2R is anti-angiogenic and anti-adipogenic. Thus, manipulations of NPY2-R activity 

within fat tissue offer new ways to remodel fat and treat obesity and metabolic syndrome 

[105]. 

NPY may be an important intra-islet paracrine hormone [38]. When produced by pancreatic 

islets, its expression is dependent on the prevailing endocrine environment. Islet NPY 

appears to constrain insulin release under a variety of conditions. Whether peripheral NPY 

has a hormone-like action and directly influences glucose metabolism and/or insulin 

secretion in vivo is under investigation. It this context NPY, at high concentrations, may 

contribute to the modulation of insulin secretion in vitro. NPY nerve fibers occur in the 

mouse pancreas and that most of these NPY nerve fibers are nonadrenergic. Furthermore, in 

the mouse, NPY enhances basal plasma insulin levels at high dose levels under in vivo 

conditions. At lower dose levels it inhibits glucose-induced, but not cholinergically induced 

insulin secretion [106]. It has also been reported that NPY may reduce plasma glucose 

concentrations during exercise by inhibiting glycogen breakdown in the splanchnic 

compartment [107, 108]. Moreover, the potential relation between circulating NPY and the 

pathophysiological consequences of obesity need further investigation.  



 

Insulin Resistance 100 

Vettor et al. [109] found that peripheral NPY infusion in normal rats increased the overall 

rate of glucose disposal by increasing insulin responsiveness in skeletal muscle. Plasma 

leptin was significantly increased by hyperinsulinaemia, but was not affected by NPY 

infusion. Both the early and late phase of the insulin response to hyperglycaemia were 

significantly reduced by NPY. Based on their data for an increased glycolytic flux combined 

with a blunted increase in lactate, the authors suggested that NPY may raise insulin 

mediated glucose disposal by increasing its utilisation through the oxidative pathways. 

Intravenous NPY did not influence glucose metabolism in adipose tissue and leptin release 

[109].  

The above data indicate that NPY has different effects on insulin secretion when 

administered acutely via intracerebroventricular or intravenous routes. Thus, peripheral 

NPY plays a clear inhibitory role in glucose-induced insulin secretion. It is also possible that 

the duration of treatment, and not just the route of administration, may be a relevant factor. 

Several appetite-regulating genes (MCH, CRH, NPY, cholecystokinin, etc.) as well as their 

corresponding receptors, are expressed in the adipose tissue. The coexistance of locally 

produced NPY and NPYR-2 suggests a NPY autocrine/paracrine system of regulation of 

adipocyte function. Kos et al. reported that NPY is not only expressed but also secreted by 

human adipose tissue and insulin increases NPY secretion [110]. Direct effects of NPY on 

adipocyte function are also described. Thus, NPY was as potent as insulin in increasing both 

leptin and resistin secretion from pre-adipocytes from visceral fat in vitro [105]. Treatment 

of human subcutaneous adipocytes with recombinant human NPY downregulates leptin 

receptor [110], exerts an anti-lipopytic effect probably mediated by adenylate cyclase 

inhibition [111], and promotes the proliferation of pre-adipocytes [105, 112]. Probably, the 

enhanced local expression of NPY within visceral adipose tissue may contribute to the 

molecular mechanisms underlying increased visceral adiposity. The anti-lipolytic action on 

NPY can promote an increase in adipocyte size in hyperinsulinaemic conditions, such as 

abdominal obesity and metabolic syndrome.  

As compared to the numerous experimental and genetic studies, the clinical studies on 

circulatory NPY in obesity are not so many. It is interesting that significant alteration of NPY 

circulatory levels is not found in adults after weight reduction [113] as well as in adolescents 

[114] besides the progressive decrease of leptin levels. Probably, the leptin control on 

hypothalamic production of NPY cannot be estimated by the levels of the latter in 

peripheral circulation. 

In one of our recent studies on different morphological types of obesity [115], NPY levels in 

obese women were lower than those of the normal weight controls, the differences being 

significant when comparing the obese group as a whole and the subgroup with android 

obesity only (Table 1). There was a reverse correlation between NPY and body weight, and 

percentage body fat. In analogy with the comparisons regarding NPY, leptin levels did not 

differ significantly between the two groups of obese women. Our data are in accordance 

with the data of Zahorska-Markiewicz et al. in obese women and in women with normal 

weight [113]. Notwithstanding the absence of statistically significant differences in leptin 
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and NPY levels between our obese patients, we observed that at relatively highest leptin 

levels NPY had relatively lowest levels, and vice versa. This was supported by the 

ascertained negative correlation between the two hormones. In the control group, 

significantly lower leptin levels were associated with significantly higher NPY levels as 

compared to the obese group. We can suggest that the decrease of NPY concentration in 

obesity may play a role of a counter-regulatory factor intended to prevent further weight 

gain. In this and previous study of ours [116] we did not find significant differences in 

circulatory levels of resistin and TNF between lean women and women with both gynoid 

and android obesity. The latter were insulin-resistant with significantly higher basal 

insulinaemia and HOMA-index, respectively (Table 1).  

 

Hormones 
Leptin

(ng/ml) 

Resistin

(ng/ml) 

TNFα
(pg/ml) 

NPY

(ng/ml) 

Insulin

(μIU/ml) 

HOMA 

index 

Android obesity

(n=32) 
21.28±11.14* 2.350.59 15.756.79 4.591.13* 20.138.17*# 4.341.68*# 

Gynoid obesity

(n=27) 
17.149.05 2.240.76 18.186.07 5.211.19 10.475.24 2.181.34 

Controls 

(n=24) 
10.025.98 2.091.19 19.179.08 5.991.18 8.033.22 1.690.98 

(All data are expressed as meanSD.* - significant difference as compared to the control group; # - significant difference 

as compared to the group with gynoid obesity) 

Table 1. Hormonal parameters and HOMA-index in the women with obesity and normal weight 

women [115].  

The NPY levels were found similar in a group of patients with gestational diabetes mellitus 

and in pregnant women with normal glucose tolerance in a study of Ilhan et al [117]. 

Notably, the NPY concentration correlated positively with insulin levels in patients with 

type 2 diabetes mellitus [117]. These data suggest a potential involvement of circulating 

NPY in diabetes pathology that needs further purposeful studies.  

NPY and reproductive function 

Having in mind the fact, that NPY secretion is increased in response to metabolic challenges 

that inhibit luteinizing hormone releasing hormone (LHRH) secretion (e.g., fasting) and 

decreased by treatments that restore the metabolic deficit and reinstate reproductive 

function (e.g., re-feeding) [20], several studies have focused on the role of NPY in 

reproductive processes.  

A modulating action of NPY on the gonadotropic and somatotropic systems in experimental 

animals has been reported. NPY affects luteinizing hormone (LH) and follicle-stimulating 

hormone (FSH) release from anterior pituitary cells in vitro and enhances LHRH-induced 

LH secretion [118]. In female rats NPY decreased LH release in pituitary cell culture in vitro 

[119]. Barb et al. [120] conducted 2 experiments in ovariectomized prepubertal gilts to test 

the hypothesis that NPY stimulates appetite and modulates LH and growth hormone (GH) 
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secretion, and that leptin modifies such acute effects of NPY on feeding behavior and LH 

and GH secretion. In the first one, gilts received icv injections of NPY. In the second one gilts 

received icv injections of leptin, NPY or NPY + leptin, and feed intake was measured. The 

authors found that NPY suppressed LH secretion and the 100 μg dose stimulated GH 

secretion. NPY reversed the inhibitory effect of leptin on feed intake and suppressed LH 

secretion, but serum GH concentrations were unaffected [120]. In another experiment in 

prepubertal gilts, Barb et al. [121] demonstrated that NPY did not alter basal LH secretion 

nor 10(-8) M LHRH-induced increase in LH secretion but 10(-9) M LHRH-stimulated LH 

secretion was reduced by NPY and was not different from control or LHRH alone. At the 

same time NPY increased basal GH secretion and enhanced the GH response to growth 

hormone releasing factor (GRF) at the level of the pituitary gland [121]. These data support 

the modulating role of NPY on GH and LH secretion. Experimental evidence in rodents and 

monkeys suggests that NPY preferentially exerts inhibitory effects on LHRH-LH secretion 

when estrogen levels are low [122, 123]. In primates, the role of NPY as a regulator of 

gonadotropin secretion is complicated by the observation that age may influence the effects 

of NPY (inhibitory or stimulatory), as does the site of exogenous NPY administration [124, 

125]. An important physiological role for NPY as a modulator of neuroendocrine activity 

which culminates in the preovulatory surge of LH is discussed [118] 

All above mentioned and many similar results support the hypothesis that NPY modulates 

feed intake, and LH and GH secretion and may serve as a neural link between metabolic 

state and the reproductive, as well as the growth axis. 

Clinical evidence suggests that NPY exerts primarily an inhibitory effect on the 

hypothalamic-pituitary-ovarian (HPO) axis in humans. Thus, a role for NPY in 

hypothalamic amenorrhea is inferred from the observation that NPY levels in the 

cerebrospinal fluid and serum are elevated in underweight amenorrheic women, and are 

returned to normal after long-term weight restoration in women who resumed normal 

menstrual cycling [126-128]. Starvation-induced alterations of neuropeptide activity 

probably contribute to neuroendocrine dysfunctions in anorexia nervosa. Kaye et al. [126] 

made the conclusion, that in girls with anorexia nervosa a disturbance of CNS corticotropin 

releasing hormone (CRH) activity is likely to be responsible for hypercortisolemia, while a 

disturbance of CNS NPY may contribute to amenorrhea [126]. In addition, disturbances of 

these neuropeptides could contribute to other symptoms such as increased physical activity, 

hypotension, reduced sexual interest, depression, and pathological feeding behavior [129]. 

Similarly, a role for NPY in the initiation of puberty is suggested by the observation that 

concentrations of NPY in girls with delayed puberty are higher than in girls matched for 

weight and body composition who exhibited normal pubertal development [130].  Higher 

concentrations of NPY in girls with constitutional delay of puberty (CDP) may be 

responsible for the disorder and reduced levels of IGF-I. Correlation of NPY with % body fat 

suggests an involvement of this neuropeptide in the process of fat accumulation associated 

with CDP [130]. 
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Of great interest is to focus on the role of NPY in one of the most common endocrine-

metabolic diseases, affecting up to 10% of women of reproductive age, the polycystic ovary 

syndrome (PCOS) [131, 132]. It is widely accepted that PCOS is a prototype of a sex specific 

metabolic syndrome [132-134]. Obesity is present in 30–70% of affected women depending 

on the setting of the study and the ethnical background of the subjects, and it is 

characterized by central distribution of fat [133, 135, 136]. In women with PCOS, 

hyperinsulinemia, dyslipidemia, and/or hypertension are highly dependent on obesity, 

which worsens all of the clinical manifestations of PCOS [133, 136-138]. At present there is 

an increasing body of evidence of high levels of atherogenic adipocytokines and low levels 

of adiponectin in women with PCOS that change according to variations of fat mass [139]. 

Endocrine function of the adipocytes is regulated mainly by nutritional status, and both 

these factors are complexly interweaved in the energy storing mechanism in the adipose 

tissue [140]. It is still not fully elucidated if there are consistent differences in the levels or in 

the effects of appetite-regulating hormones as is NPY in PCOS.  

Manneras et al. [141] demonstrated an enhanced mesenteric (visceral) adipose tissue 

expression of NPY in a rat model of PCOS in comparison with normal rats. Exercise reduced 

adiposity and adipose NPY expression and additionally normalized ovarian cyclicity [141]. 

Women with PCOS may exhibit altered leptin sensitivity of the hypothalamic NPY neurons 

to leptin inhibition, and higher plasma NPY levels have been observed in women with 

PCOS compared to nonPCOS controls; this may perturb LHRH secretion [142]. Thus, 

Baranowska et al. [143] found elevated NPY levels in both lean and overweight women with 

anovulatory PCOS. The increase in NPY in their study was independent of the increase in 

BMI. In obese women with PCOS, plasma leptin was increased compared to lean women 

[143]. Bidzińńska-Speichert et al. [144] also found higher leptin and NPY levels and lower 

galanin levels in PCOS women as compared to healthy controls [144]. These data are in 

conformity with observations from our recent on-going study where we found significantly 

higher NPY and leptin levels in obese insulin-resistant PCOS women as compared to 

nonPCOS weight matched women [Orbetzova, unpublished data]. It can be suggested that 

the feedback system in the interaction between leptin and NPY is disturbed in PCOS.  

In contrast, Romualdi et al. [145] demonstrated that in basal conditions, obese PCOS women 

exhibited lower NPY levels than obese controls. Ghrelin injection markedly increased NPY 

in controls, whereas PCOS women showed a deeply blunted NPY response to the stimulus. 

Metformin treatment induced a significant decrease in insulin levels and the concomitant 

recovery of NPY secretory capacity in response to ghrelin in PCOS women. Leptin levels, 

which were similar in the two groups, were not modified by ghrelin injection; metformin 

did not affect this pattern. The authors conclude that hyperinsulinaemia seems to play a 

pivotal role in the alteration of NPY response to ghrelin in obese PCOS women. This 

derangement could be implicated in the pathophysiology of obesity in these patients [145]. 

The limitations of this very interesting study on the ghrelin–NPY relationship in PCOS is the 

small number of patients (seven obese, hyperinsulinaemic subjects with PCOS and seven 

obese control women) and the data need further purposeful investigation. 
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Interventions that influence reproductive and metabolic function in PCOS may also affect 

levels of the adipose tissue hormones and regulators of appetite, such as NPY. It has been 

postulated that some of the effects of insulin-sensitizing agents in PCOS may be mediated 

through changes in adipocytokines levels. Some authors demonstrated that treatment of 

women with PCOS with insulin-sensitising agents induces a reduction in serum leptin levels 

[146-149]. In this context our recent data from a study comprising of 2 groups of overweight 

insulin-resistant PCOS women [150] showed that a 3-month treatment with metformin 

(Group 1) and rosiglitazone (Group 2), added to an oral hormone contraceptive (OHC) (a 

standard combination of ethynil oestradiol 35 g plus cyproterone acetate 2 mg) resulted in 

decrease of atherogenic adipocytokines (leptin, resistin, and TNFα) (Table 2) that may have 

beneficial effects in the future prevention of atherosclerosis and cardiovascular diseases in 

this risk cohort of young women. But the serum concentrations of NPY also decreased that 

is in support of some our previous [151] and other authors [143, 144] data for impaired NPY-

leptin link in PCOS. The change of NPY and adipocytokines was associated with weight loss 

only in the metformin group that is an expected effect of the drug and in conformity with 

other studies [150].  

 

Groups 

 

Parameters 

Group 1 (n=32) 

Metformin + OHC 

Group 2 (n= 34) 

Rosiglitazone +OHC 

0 months 3 months 0 months 3 months 

Leptin (ng/ml) 13.173.42 6.401.40** 15.544.49 7.171.59** 

Resistin (ng/ml) 2.190.67 1.630.45** 2.610.79 1.680.41** 

TNF (pg/ml) 12.525.78 8.473.09*** 13.454.30 9.604.16**** 

NPY (ng/ml) 4.511.18 3.640.46* 4.541.47 3.211.25**** 

Weight (kg) 78.2420.14 75.5018.66** 82.4116.17 82.2315.80 

BMI (kg/m2) 28.454.38 27.453.73** 29.274.24 29.224.27 

Waist (cm) 88.697.72 86.635.92* 88.978.05 88.247.63 

Fats (%) 35.5610.10 33.988.77 35.5512.40 34.7213.09 

Fats (kg) 29.7715.20 27.2313.39* 32.3017.86 31.3317.94 

* - p<0.05 – vs basal; ** - p<0.01 – vs basal; *** - p=0.001 – vs basal; ****- p<0.001 – vs basal 

Table 2. NPY, adipose tissue hormones, and some clinical characteristics of the groups before and after 

treatment [150] 

Having in mind that the decrease in NPY and adipocytokines was not in parallel with 

changes in body weight and composition in the rosiglitazone group and was associated with 

only slignt and non significant influence on hyperinsulinaemia, resp. insulin resistance, 

additional direct adipose tissue and/or disease specific effects of the treatment may come 

into consideration that needs further elucidation. 

3. Ghrelin  

Ghrelin was discovered by Kojima et al. [152] in rat stomach extracts in 1999. This peptide 

has been identified in many species, including mammals, avians, amphibians, reptiles, and 
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fish [153-159] and the sequence of first seven amino acids of the N-terminal region of ghrelin 

are highly conserved between species [160]. 

Ghrelin is an orexigenic factor released primarily from the oxyntic cells of the stomach, but 

also from duodenum, ileum, caecum and colon [161, 162]. Gastric ghrelin cells had been 

classified as X/A-like cells by their round, compact, electron-dense secretory granules that 

distinguish them electron-microscopically from other previously characterized gastric 

endocrine cell types before the discovery of ghrelin [161, 163]. Ghrelin has also been 

detected in many other organs, such as the bowel, pancreas, kidney, placenta, lymphatic 

tissue, gonads, thyroid, adrenal, lung, pituitary and hypothalamus, and in different human 

neoplastic tissues and related cancer cell lines, such as gastric and intestinal carcinoids, 

lymphomas and thyroid, breast, liver, lung and prostate carcinomas. Levels of ghrelin 

expression in these normal and tumoral tissues or cell lines are lower than in the 

stomach, and although the potential physiological role of ghrelin as an autocrine/paracrine 

factor in these tissues is still under investigation [164].  

In mice, rats and humans, ghrelin is an acyl-peptide consisting of 28 amino acids, sharing a 

36% structural resemblance to motilin [165]. A hydroxyl group of serine at position 3 of the 

ghrelin molecule is esterified with an octanoic acid. The esterification increases the 

hydrophobicity of the ghrelin molecule, and is essential for most of its biological activities 

[152,166-168]. An enzyme that catalyses the acyl-modification of ghrelin was discovered in 

2008 by Yang et al. [169], was renamed ghrelin O-acyltransferase (GOAT). In vivo studies 

showed that GOAT gene disruption in mouse models completely abolished ghrelin 

acylation [170, 171]. GOAT inhibition leading to weight reduction and beneficial metabolic 

effects [172] is therefore a useful target for future development of therapeutic compounds 

for obesity and metabolic syndrome. 

Ghrelin receptor 

Ghrelin was discovered via its growth hormone releasing effect as an endogenous agonist of 

the GHS-R, that is still the only receptor so far described [152, 173, 174]. The GHS-R was first 

identified in 1996 as a seven transmembrane domain peptide totaling 366 amino acids. It is a 

G protein-coupled receptor (GPCR) that is linked to both Gq and Gs signaling pathways. It 

generates intracellular signaling through its Gα11 subunit, although the specific intracellular 

pathways elicited by this receptor are dependent on the tissue type in which it is expressed 

[175].  

There are two splice variants - GHS-R type 1a that is the receptor to which ghrelin binds and 

through which it exerts its stimulatory effects on growth hormone release [152, 161, 176, 

177], and GHS-R type 1b, which is a COOH-terminal truncated form of the type 1a receptor, 

and is physiologically inactive [178]. Ghrelin administration does not increase food intake in 

mice lacking GHS-R type 1a, suggesting that the orexigenic effects may be mediated by the 

above receptor; however, these mice have normal appetite and body composition [173, 179]. 

Ghrelin exists as two different molecular forms in both gastric ghrelin-producing cells and 

circulation: 1) acylated ghrelin (with the n-octanoic acid at the serine-3 position), which is 
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essential for activation of GHS-R1a and modulation of neuroendocrine and orexigenic 

effects; and 2) nonacylated ghrelin (des-acyl ghrelin), which is the most abundant form in 

the stomach and circulation but is unable to activate GHS-R1a, and to exhibit further GH-

releasing activity [180] (Figure 3). Nonetheless, food intake is induced by des-acyl ghrelin, 

administered by icv injection, to the same extent as ghrelin [181]. Nonacylated ghrelin exerts 

some cardiovascular and antiproliferative actions. Because the genome database does not 

contain another GPCR that resembles GHS-R, probably des-acyl ghrelin acts by binding 

different GHS-R subtypes or as yet unidentified receptor families  [178, 182]. 

 

Figure 3. Structure of nonacylated and acylated ghrelin 

GHS-R1a is widely distributed in the body with high expression levels in the hypothalamus 

and in all three components of the dorsal vagal complex, including the area postrema, the 

nucleus of the solitary tract (NTS), the dorsal motor nucleus of the vagus and 

parasympathetic preganglionic neurons [183]. Low expression is detected in other brain 

areas and in numerous other tissues including the myocardium, stomach, small intestine, 

pancreas, colon, adipose tissue, liver, kidney, lung, placenta and peripheral T-cells [152, 161, 

182, 184-187].  

The ghrelin receptor is well conserved across all vertebrate species examined, including a 

number of mammals, bird and fish. This strict conservation suggests that ghrelin and its 

receptor serve essential physiological functions [188]. Some studies have also described 

ghrelin analogues which show dissociation between the feeding effects and stimulation of 

GH, suggesting that GHS-R type 1a may not be the only receptor mediating the effects of 

ghrelin on food intake [189]. 

The gene encoding ghrelin also encodes another peptide, called obestatin. The administration 

of obestatin reduces food intake and weight gain in rats via activation of GPR3, an orphan 

G-protein coupled receptor [190, 191]. Therefore, one gene produces two products with 

opposing metabolic effects, which are exercised through different receptors [192]. 
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Ghrelin as a member of the ‘gut-brain axis’ 

The human body is endowed with a complex physiological system that maintains relatively 

constant body weight and fat stores despite the wide variations in daily energy intake and 

energy expenditure. With weight loss, compensatory physiological adaptations result in 

increased hunger and decreased energy expenditure, while opposite responses are triggered 

when body weight increases. This regulatory system is formed by multiple interactions 

between the gastrointestinal tract (GIT), adipose tissue, and the CNS and is influenced by 

behavioural, sensorial, autonomic, nutritional, and endocrine mechanisms [2, 3]. 

The hypothalamus (particularly the ARC) and the brain (particularly the NTS) are the main 

sites of convergence and integration of the central and peripheral signals that regulate food 

intake and energy expenditure [193, 194]. There are mechanisms of short-term regulation 

(satiety signals) which determine the beginning and the end of a meal (hunger and satiation) 

and the interval between meals (satiety) [195], and long-term regulatory factors (signals of 

adiposity) which help the body to regulate energy depots. Thus, meal-generated satiety 

signals from the GIT do interact with longer-term adiposity signals, such as insulin and 

leptin in maintaining energy balance. Satiety signals from the GIT are transmitted primarily 

through vagal and spinal nerves to the NTS. There is, however, a large integration and 

convergence of these signals by neural connections between the ARC nucleus, NTS, and 

vagal afferent fibres. The nervous system, in turn, influences gastric and pancreatic exocrine 

secretion, gastrointestinal motility, blood supply, and secretion of gut hormones [191].  

The GIT contributes with several peptides that have incretin-, hunger-, and satiety-

stimulating actions, such as ghrelin, glucagon-like peptide 1 (GLP-1), peptide YY (PYY), 

oxyntomodulin (OXM), and cholecystokinin (CCK) and that are considered as members of 

the ‘gut-brain axis’. Many of the GIT hormones that affect food intake are also synthesized 

in the brain, such as CCK, GLP-1, apolipoprotein A-IV, gastrin-releasing peptide, PYY, and 

ghrelin. Generally, peptides that reduce (or increase) food intake when administered 

systemically usually have the same action when administered centrally. This has been 

demonstrated for CCK, GLP-1, apolipoprotein A-IV, gastrin-releasing peptide, neuromedin 

B, and ghrelin [5, 6, 191]. 

Ghrelin is expressed in a group of neurons adjacent to the third ventricle, between the 

DMN, VMN, PVN and ARC. These neurons terminate on NPY/AgRP, POMC and 

corticotrophin-releasing hormone neurons, and are able to stimulate the activity of ARC 

NPY neurons, forming a central circuit which could mediate energy homeostasis [17]. The 

central ghrelin neurons also terminate on orexin-containing neurons within the LHA [18], 

and icv administration of ghrelin stimulates orexin-expressing neurons [18, 196]. The 

feeding response to centrally administered ghrelin is attenuated after administration of anti-

orexin antibody and in orexin-null mice [18].  

Ghrelin reaches the hypothalamus through the circulation, and the brain stem through vagal 

innervation. The integrity of the vagus nerve is crucial for ghrelin effects since vagotomy 

prevents its orexigenic effect in animal models and humans. Ghrelin is thought to exert its 

orexigenic action via the ARC in a pattern representing a functional antagonism to leptin. c-
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Fos expression increases within ARC NPY-synthesizing neurons after peripheral 

administration of ghrelin [197], and ghrelin fails to increase food intake following ablation 

of the ARC [198]. Studies of knockout mice demonstrate that both NPY and AgRP signalling 

mediate the effect of ghrelin, although neither neuropeptide is obligatory [179]. GHS-R are 

also found on the vagus nerve [185], and administration of ghrelin leads to c-Fos expression 

in the area postrema and NTS [196, 199], suggesting that the brainstem may also participate 

in ghrelin signalling. The orexigenic action of ghrelin occurs independently of its 

stimulatory effects on GH secretion [176, 198, 200]. It is more likely that the physiological 

role of ghrelin is to prepare the body for an influx of metabolic energy [201-203]. 

Administration of ghrelin, either centrally or peripherally, increases food intake and body 

weight and decreases fat utilization in rodents [176, 204]. Furthermore, central infusion of 

anti-ghrelin antibodies in rodents inhibits the normal feeding response after a period of 

fasting, suggesting that ghrelin is an endogenous regulator of food intake [199]. Human 

subjects who receive ghrelin intravenously demonstrate a potent increase in food intake of 

28% [205], and rising pre-prandial levels correlate with hunger scores in humans initiating 

meals spontaneously [202]. Chronic administration increases body weight, not only by 

stimulating food intake, but also by decreasing energy expenditure and fat catabolism [165, 

176, 199]. 

In summary, the orexigenic effect of hypothalamic ghrelin is regulated through a neuronal 

network involving food intake. Fasting results in increased release of ghrelin from the 

stomach (the exact mechanism of this remains obscure) leading to increased plasma ghrelin 

levels, which reach the hypothalamus either via the blood stream directly in areas with no 

blood–brain barrier, or by crossing the blood–brain barrier via a saturable transport system 

or via the vagus nerve and the NTS [206]. Ghrelin's effect on appetite is mediated by an 

effect both on the hypothalamus and the NTS.To stimulate the release of the orexigenic 

peptides, ghrelin-containing neurons send efferent fibers onto NPY/AgRP-expressing 

neurons. On the other hand, to suppress the release of the anorexigenic peptide, ghrelin-

containing neurons send efferent fibers onto POMC neurons [17]. Leptin directly inhibits 

appetite-stimulating effects of NPY and AgRP, whereas hypothalamic ghrelin augments 

NPY gene expression and blocked leptin-induced feeding reduction. Thus, ghrelin and 

leptin have a competitive interaction in feeding regulation [188].  

Regulation of ghrelin secretion 

Serum ghrelin concentrations vary widely throughout the day. The most known factor for 

the regulation of ghrelin secretion is feeding [201] - ghrelin decreases after food intake, and 

increases when fasting with higher values during the night sleep [180, 201, 207]. In people 

on a fixed feeding schedule, circulating ghrelin levels are thought to be regulated by both 

calorie intake and circulating nutritional signals [162, 176]. Thus, blood glucose levels may 

play an important role in the regulation of ghrelin secretion: oral or intravenous 

administration of glucose decreases plasma ghrelin concentration [208].  Ghrelin levels fall 

in response to the ingestion of food, but not following gastric distension by water intake 

suggesting that mechanical distension of the stomach alone clearly does not induce ghrelin 
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release [176, 209, 210]. In healthy subjects, a longer fasting period during the day (i.e. 

irregular meal pattern typical for several eating disorders) increases ghrelin concentration, 

but does not affect postprandial ghrelin response to a mixed meal [211]. The described 

pattern of secretion raised the concept of ghrelin as a hunger hormone, responsible for meal 

initiation. However, one study has failed to show a correlation between the ghrelin level and 

the spontaneous initiation of a meal in humans [212], and an alteration of feeding schedule 

in sheep has been shown to modify the timing of ghrelin peaks [213]. Recently Schüssler et 

al. showed that ghrelin levels increased significantly during a 30-min. interval following a 

presentation of pictures with food in healthy volunteers and suggested that in addition the 

sight of food can elevate ghrelin levels [214]. 

The most remarkable inhibitory input on ghrelin secretion is represented by the activation of 

somatostatin (SS) receptors as indicated by evidence that native SS, its natural analog 

cortistatin, and a synthetic analog such as octreotide lower circulating ghrelin levels in 

humans [215]. Ghrelin secretion in humans is under the stimulatory control of the 

cholinergic, namely muscarinic receptors, and acetylcholine is the first stimulatory 

neurotransmitter shown to play a stimulatory role on ghrelin secretion in humans [216]. 

In rats, ghrelin shows a bimodal peak, which occurs at the end of the light and dark periods 

[217]. In humans, ghrelin levels vary diurnally in phase with leptin, which is high in the 

morning and low at night [201].  

It should be considered that ghrelin secretion may be a conditioned response which occurs 

to prepare the metabolism for an influx of calories. But, whatever the precise physiological 

role of ghrelin, it appears not to be an essential regulator of food intake, as ghrelin-null 

animals do not have significantly altered body weight or food intake on a normal diet [218]. 

Relationship between ghrelin and glucose-insulin homeostasis  

Current extensive study data of ghrelin’s role in metabolic processes indicate its 

unambiguous relation with control on glucose homeostasis and β-cell function. Both GHS-

R1a and GHS-R1b are present in animal and human endocrine pancreas [219, 220]. Ghrelin 

is also present in pancreas, and epsilon pancreatic cells have been suggested to be a putative 

ghrelin-expressing cell type [221]. Moreover, a specific receptor able to bind both acylated 

and nonacylated ghrelin has also been demonstrated within the human pancreas; this is 

therefore a non-GHS-R1a [168, 222]. Ongoing studies support the hypothesis that ghrelin, 

independently of its acylation, modulates glucose metabolism at the hepatic level [223].  

Exogenic ghrelin short-tem effects induce hyperglycaemia in experimental rodents via an GH-

independent mechanism of action [224]. In contrast, ghrelin-receptor antagonists may 

improve glucose tolerance in rats, with no weight gain due to increased insulin secretion 

[225]. Acute administration of ghrelin to humans increases plasma glucose levels and 

amplifies the hyperglycaemic effect of arginine [226]. This hyperglycaemic effect might 

result from the endocrine effects of ghrelin as well as from direct effects on hepatocytes in 

which it modulates glycogen synthesis and gluconeogenesis [227]. Although data of ghrelin 

long-term effects are insufficiently clarified, a tendency of an increase in plasma glucose levels 
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appears to be presented [224]. Many of the studies in patients with type 1 diabetes show low 

ghrelin levels, probably as a manifestation of a compensatory mechanism against 

hyperglycaemia [225]. 

Numerous studies indicate a negative association between systemic ghrelin and insulin 

levels [184, 228]. Thus, ghrelin is found to inhibit insulin secretion both in vitro and in vivo in 

most human and animal studies [226, 229]. In humans the acute administration of ghrelin 

inhibits spontaneous and arginine-stimulated insulin secretion but does not affect the 

insulin response to the oral glucose tolerance test (OGTT) [226, 230, 231]. In addition, the 

regulation of insulin secretion by ghrelin is closely related to the blood glucose level. Date et 

al. [232] reported that ghrelin stimulates insulin release in the presence of high levels of 

glucose (8.3mM) that could independently cause insulin release from cultured islet cells. In 

contrast, ghrelin had no effect on insulin release in the context of a basal level of glucose (2.8 

mM) [232]. Antagonism of the pancreatic ghrelin can enhance insulin release to meet 

increased demand for insulin in high-fat diet-induced obesity of mice [233].  

Ghrelin might influence some of the peripheral effects of insulin. Thus, it is found to 

stimulate hepatic glucose production [227], reinforce the action of insulin on glucose 

disposal in mice [234], inhibit adinopectin secretion [235] and stimulate secretion of the 

counter-regulatory hormones, including GH, cortisol, adrenaline [236] and possibly 

glucagon [237]. In healthy subjects, in the absence of GH and cortisol secretion, ghrelin 

acutely decreased peripheral, but not hepatic, insulin sensitivity together with stimulation of 

lipolysis. These effects occurred without detectable suppression of AMP-activated protein 

kinase phosphorylation (an alleged second messenger for ghrelin) in skeletal muscle [238]. 

So, ghrelin also exerts direct metabolic effects towards induction of insulin resistance 

independent of the regulation by counter-regulatory hormones.  

Insulin in turn decreases ghrelin levels, regardless of changes in glucose concentrations  

[239]. Broglio et al. [240] have found that both oral and intravenous insulin suppress ghrelin, 

although they exhibit opposite effects on glucose levels. The same authors have shown that 

protein-induced inhibition of ghrelin is enabled by oral administration, while intravenous 

arginine does not lead to ghrelin reduction regardless of insulin elevations, which is a fact of 

interest and of relation to protein diets [240]. 

Given all the above data, it is proposed that ghrelin could have an important function in 

glucose homeostasis and insulin release, independent of GH secretion [241]. Data of 

administration of GHSR1a antagonists suggest that these compounds improve long-term 

glucose tolerance and insulin resistance. Since there are some differences about the role of 

ghrelin on insulin secretion [188], further research on ghrelin-insulin interrelationship is 

expected. At least theoretically, ghrelin and/or its signalling manipulation could be used for 

the treatment or prevention of diseases of glucose homeostasis. 

Ghrelin in obesity, diabetes mellitus and metabolic syndrome 

In addition to a probable role in meal initiation, ghrelin seems to be an adiposity-related 

hormone that is involved in the long-term regulation of body weight Plasma ghrelin levels 

are inversely correlated with body mass index and current evidence strongly suggests that 



 
Appetite Regulatory Peptides and Insulin Resistance 111 

ghrelin could contribute to obesity and the metabolic syndrome [225]. Variations within the 

ghrelin gene may contribute to early-onset obesity [242, 243] or be protective against fat 

accumulation [225], but the role of ghrelin polymorphisms in the control of body weight 

continues to be controversial [244, 245].  

It has been shown that ghrelin secretion differs between lean and obese subjects. Thus, 

plasma ghrelin concentration is found to be low in obese people and high in lean people in 

some studies [207, 208, 246]. The expression of ghrelin receptors in the hypothalamus 

increases markedly with either fasting or chronic food restriction [247], as does the 

hypothalamic response to a ghrelin-receptor agonist [248], which is consistent with a feed-

forward loop that enhances ghrelin-mediated stimulation of appetite during energy deficit. 

Anorexic individuals have high circulating ghrelin which falls to normal levels after weight 

gain [249]. The suppressed plasma ghrelin levels in obese subjects normalize after diet-

induced weight loss [250]. The postprandial falls of serum ghrelin concentrations are 

proportional to energy intake in lean subjects, but not in obese subjects. Unlike lean 

individuals, obese subjects do not demonstrate the same rapid post-prandial drop in ghrelin 

levels [251]. Moreover, obesity is associated with much lower overall reduction of 

postprandial ghrelin levels and an absence of nocturnal elevations as seen in subjects of 

normal weight [194, 195, 210]. This may result in increased food intake and contribute to 

obesity.  The fall in plasma ghrelin concentration after bariatric surgery, despite weight loss, 

is thought to be partly responsible for the suppression of appetite and weight loss seen after 

these operations [252].  

The severe hyperphagia seen in Prader–Willi syndrome is associated with elevated ghrelin 

levels [253] that is in contrast to other forms of obesity, and it has been hypothesized that 

ghrelin might contribute to the nature of this syndrome. Moreover, there are similarities 

between the clinical features of Prader–Willi syndrome and those predicted from 

overstimulation of NPY by ghrelin (e.g. hyperphagic obesity, hypogonadotropic 

hypogonadism and dysregulation of GH) and the correlation between ghrelin levels and 

hyperphagia and excessive obesity, in these patients [254]. Indeed, the high ghrelin levels in 

obese people with Prader–Willi syndrome make the carriers of the syndrome logical first-

line candidates for testing the weight reducing effects of ghrelin-blocking agents 

Recently, the role of ghrelin in diabetes mellitus has been investigated: polymorphisms of 

the ghrelin gene are associated with the risk of diabetes [255], ghrelin promotes regeneration 

of b-cells in streptozocin-treated newborn rats, preventing the development of diabetes in 

disease-prone animals after b-cell destruction [256], and ghrelin antagonists partially reverse 

hyperphagia in uncontrolled, streptozocin-diabetic rats [257]. It has been found that fasting 

ghrelin concentrations are lower in people with type 2 diabetes mellitus than in non-diabetic 

people, even after adjusting for BMI. It has also been shown that the decrease in circulating 

ghrelin is proportionate to the degree of insulin insensitivity. We also found significant 

negative correlation between ghrelin and fasting insulin, and HOMA-index, respectively, in 

insulin resistant women with type 2 diabetes mellitus [258]. These observations suggest that 

ghrelin and insulin sensitivity are linked. All the data indicate that ghrelin might have a role 

in the pathogenesis and therapy of diabetes, contributing to either the impairment of insulin 
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sensitivity or to the restraint of body-mass gain. Nonetheless, because of the controversy 

about the cause-and-effect relationship between ghrelin levels and diabetes mellitus, further 

investigations are needed to elucidate the precise role of ghrelin (and its variants) in the 

development and treatment of this disease.  

Low plasma ghrelin levels are associated with metabolic cluster per se, which indicates that 

ghrelin might be a useful biomarker for the metabolic syndrome [228, 259]. Thus, conditions 

of severe metabolic syndrome due to insulin resistance, such as in obese Pima Indians, are 

related with reduced fasting ghrelin plasma levels [207]. In a study on the relation between 

metabolic parameters, ghrelin, leptin and IGF-1 in a cohort of 1,045 individuals, Ukkola et al. 

[260] have found that low ghrelin levels are associated with metabolic syndrome and type 2 

diabetes mellitus only in presence of insulin and leptin resistance. At high leptin levels, 

ghrelin concentrations decrease linearly with increasing the number of metabolic syndrome 

components [260]. In patients on haemodialysis, fasting ghrelin levels negatively correlate 

with metabolic syndrome manifestation, ghrelin shows a tendency to decrease with 

increasing the number of the metabolic syndrome components, and the waist circumference 

appears to be an independent predictor of its levels [261]. 

In patients with the metabolic syndrome and low ghrelin levels, intraarterial administration 

of ghrelin rapidly improves endothelial function [262]. Similar to insulin, ghrelin stimulates 

an increased nitrogen oxide (NO) production in cultured bovine aortic endothelial cells in a 

dose- and time-dependent manner. It has been found that ghrelin-induced NO production 

in human aortic endothelial cells is arrested by their pre-treatment with a NO-synthase 

inhibitor, phosphatidylinositol synthase (PI 3)-kinase inhibitor, selective GHSR-1а 
antagonist or “exclusion” of these receptors. On the other hand, ghrelin has been found to 

stimulate enhanced phosphorylation of Akt (Ser473) and endothelial NO-synthase in human 

aortic endothelial cells, as well as phosphorylation of mitogen-activated protein (МАР) 

kinase, but not of МАР-kinase-dependent production of the vasoconstrictor endothelin-1 in 

bovine aortic endothelial cells. With regard to these data it may be concluded that ghrelin 

exhibits characteristic, rapid vascular effects, presented as stimulated NO production in the 

endothelium via signal pathways including the GHSR-1a, PI 3-kinase, Akt and endothelial 

NO-synthase, which may be taken into consideration for the development of innovative 

therapeutic strategies for endothelial dysfunction in diabetes and insulin resistance [262]. 

Vlasova et al. have found that peripheral injection of a ghrelin antagonist in experimental 

animals (rats) increases arterial pressure and pulse rate via at least partial activation of the 

sympathetic nervous system [263]. These findings direct our attention to eventual 

cardiovascular adverse effects, when administering ghrelin antagonists as a therapeutic 

strategy for reducing food intake, particularly in patients at a high cardiovascular (CV) risk 

(e.g., patients with metabolic syndrome). 

Ghrelin’s role in processes of reproduction and PCOS 

Presently not so much is known of ghrelin effects on processes of reproduction. 

Experimental models in rats have shown that ghrelin plays a role at different levels of the 

hypothalamic-pituitary-ovary axis regulation. Its central route of administration in female 
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rats results in suppression of the LH secretion at various stages of estrus [264]. In in vitro 

settings, ghrelin also inhibits gonadotropin-releasing hormone (GnRH) secretion from the 

hypothalamus [264]. At a pituitary level, ghrelin exhibits either stimulating or inhibiting 

action on basal LH secretion, depending on the menstrual cycle stage. However, the in vitro 

GnRH-stimulated LH release is inhibited by ghrelin, regardless of the steroid medium [265]. 

In rhesus monkeys, the confirmed inhibitory effect of ghrelin on the GnRH-LH system 

suggests that in primates, ghrelin exhibits a central regulatory effect on processes of 

reproduction [266].  

It was shown by Kluge et al. that ghrelin suppresses the secretion of LH and FSH in healthy 

women [267]. Ghrelin levels have been found to be higher in anovulatory women with 

excessive physical loading-induced anorexia nervosa and amenorrhea, as well as in normal 

weight-women with hypothalamic amenorrhea [268-270]. In normal-weight women with 

amenorrhea, the increased ghrelin levels have been associated with disturbed dietary habits 

and regimen [271]. It is not clear whether disturbances in ghrelin secretion play a direct role 

in neuroendocrine regulation of the hypothalamic-pituitary-ovary axis or present a marker 

of the metabolic status itself.  

In males, ghrelin has an additional inhibitory role, decreasing human chorionic 

gonadotropin (hCG)- and cAMP-stimulated testosterone secretion [272] and the expression 

of the gene encoding stem cell factor that is a key mediator of spermatogenesis and a 

putative regulator of Leydig-cell development [273]. In hypogonadal males, a positive 

correlation between ghrelin and androgens persists after testosterone replacement therapy 

[274]. 

There is no consensus on whether alterations in levels of appetite-regulating hormones, such 

as ghrelin, are associated with PCOS. Fasting ghrelin levels were found decreased in most 

[275-279], but not in all studies [280, 281] in women with PCOS. Thus in 2002, Pagotto et al. 

[275] first demonstrated that ghrelin levels were lower in obese women with PCOS, 

compared with these in weight-matched healthy controls. Ghrelin has been inversely 

correlated with insulin resistance markers. These correlations have persisted even after 

therapy (hypocaloric diet plus metformin or placebo) for improving insulin sensitivity. In 

both groups, weight reduction has resulted in minimal changes of plasma ghrelin levels. 

The observed negative correlation between ghrelin and androstenedione, but not between 

ghrelin and testosterone or other androgens, is interesting [275]. In PCOS, Schofl et al. have 

confirmed lower ghrelin levels that are in a close correlation with insulin resistance rates 

[276]. After therapy with metformin in insulin-resistant women, ghrelin levels have 

increased, but in insulin-sensitive women with PCOS, ghrelin levels have been comparable 

to these in controls. Furthermore, the authors have found no correlation between ghrelin 

and the body mass index (BMI) [276], which suggests a ghrelin-insulin resistance 

interrelation apart from ghrelin activity in controlling appetite, body weight, respectively. 

Panidis et al. [282] have reported that women with PCOS and hyperandrogenaemia have 

significantly lower ghrelin levels compared to healthy controls and PCOS carriers with 

clinical hyperandrogenism but normal androgen levels. Ghrelin levels in the latter are lower 

than these found in the control group, but the differences are not statistically significant. The 
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authors have concluded that PCOS-associated hyperandrogenaemia results in reduced 

ghrelin concentrations [282]. Although PCOS-associated hyperandrogenaemia and 17-OH-

progesterone levels are inversely related to ghrelin levels, anovulation and polycystic ovary 

morphology are associated with higher ghrelin concentrations [283]. Thus, it has been 

hypothesized that different clinical and biochemical manifestations of the syndrome might 

be associated with different concentrations of ghrelin. 

In support of the relation between PCOS and ghrelin, there are data of increased ghrelin 

levels after a 3-month treatment with an oral contraceptive containing both ethinyl 

oestradiol and drospirenone in women with PCOS [284]. Similar to other studies, ghrelin is 

negatively correlated with the BMI, waist/hip ratio, insulin, homeostatic model assessment 

(HOMA) index and free testosterone [284]. According to a study conducted by Fusco et al., 

ghrelin administration in normal weight-women and obese PCOS patients has exerted 

glucose-enhancing and insulin-lowering effects, the latter absent in the normal weight-

controls [285], which supports the relation between ghrelin and hormonal/metabolic 

disorders in PCOS. 

One of studies that have not confirmed changes in ghrelin levels in women with PCOS is 

this conducted by Orio et al. [280]. The authors have found no correlation between ghrelin 

and either of the hormonal or biochemical parameters (including insulin and insulin 

resistance markers), but only a correlation between ghrelin and the BMI [280]. These data 

support the relation determined between ghrelin and the body weight only and exclude the 

effects of the disease itself. These findings are in a sense similar to those observed by Bik et 

al., who have not found significant differences in ghrelin levels between a group of normal 

weight PCOS women and a group of normal weight healthy women; however, ghrelin was 

significantly lower in healthy obese women compared to lean women with PCOS [286]. 

Impaired ghrelin suppression after a test meal and increased feeling of hunger and 

decreased feeling of satiety (according to visual analogue scales) have been described in a 

small group of obese women with PCOS, even after weight reduction [287], which has been 

also confirmed by another study, comparing lean and obese women with PCOS and 

relevant, weight-matched controls [288]. Romualdi et al. [289] gave more detailed evaluation 

of ghrelin and polypeptide YY responses following oral load with a test meal (527 kcal, 

distributed by contents in 24.1% fats, 54.4% carbohydrates and 21.5% proteins) in women 

with PCOS. Low baseline ghrelin levels and reduced suppression after meals, more 

pronounced in the obese than in the lean patients was shown. The authors have found no 

correlation between ghrelin and the androgens; however, a negative correlation has been 

established between ghrelin and the НОМА-index. Compared to controls, PCOS women 

had a significantly suppressed neuropeptide Y response to injected ghrelin, as the response 

has restored after treatment with metformin and significant insulin reduction. In this 

experimental setting, leptin has undergone no significant changes [289]. Obviously, 

hyperinsulinaemia is the factor which exerts effect on the ghrelin-neuropeptide Y relation. 

We found significantly lower ghrelin levels in women with PCOS compared to healthy 

controls (21.78 ± 2.12 ng/ml versus 34.67 ± 3.57 ng/ml; p = 0.04), as ghrelin was inversely 

correlated with insulin levels at a degree similar to these of insulin resistance markers. 
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Negative correlations were also found with the BMI, waist measurement and waist-to-hip 

ratio, in conformity with most of the studies at present. Furthermore, the observed negative 

correlation between ghrelin and testosterone (r = −0.315; p < 0.05), and this between ghrelin 

and leptin (r = −0.306; p<0.05) disappear after the exclusion of BMI, waist-to-hip ratio and 

HOMA-index [290]. In a comparative study on ghrelin levels in insulin-resistant women 

with PCOS and women with type 2 diabetes and higher insulin resistance, ghrelin levels 

have been significantly lower in syndrome carriers versus diabetics [291]. Based on our data 

we consider that ghrelin levels in women with PCOS reflect both the metabolic and 

hormonal disturbances, typical for the syndrome. 

A recent study conducted by Panidis et al. [292] has confirmed that alterations in ghrelin 

secretion are intrinsic for the disease itself and has demonstrated that active (acetylated) 

ghrelin/total ghrelin ratio is decreased in normal weight-women with PCOS, as the 

anomalies are most pronounced in the severe forms of the syndrome, including all 

diagnostic criteria: hyperandrogenia, chronic anovulation and morphologically polycystic 

ovaries [292]. Based on the proven changes in women with PCOS and various phenotype 

manifestations, some authors have even suggested ghrelin to be used as a predictive marker 

of PCOS and have found through a plot-analysis of the receiver operating characteristic 

curve (ROC) a sensitivity of 70% and specificity of 86% with a cut-off value of 34.1 ng/ml, 

below which the diagnosis of PCOS is likely, while a cut-off ghrelin value below 9 ng/ml is 

highly specific for PCOS [293].  

In conclusion, there is, probably, an anomaly in ghrelin regulation in PCOS, related not only 

to overweight and insulin resistance. The mechanisms associating abnormal ghrelin 

regulation with the disease are still to be elucidated. However, the pathological and 

therapeutic importance of this association is unclear. Independent effects of ghrelin on the 

hypothalamic-pituitary-gonadal axis with an inhibitory effect on the LH secretion and a 

decreased LH response to GnRH, typical for the syndrome, may also be taken into 

consideration. 

4. Conclusion 

Given the growing epidemic of obesity, it has become increasingly important to understand 

the physiological processes that regulate body weight. Regulation of food intake and 

metabolism is maintained by complex pathways and neuronal circuits which themselves 

receive peripheral signals such as gut hormones. Metabolically important abdominal obesity 

with an excess of visceral fat accumulation results in altered release of adipokines, leading 

to CNS mediated skeletal muscle and hepatic insulin resistance. The central regulation of 

energy balance has become even more fascinating and complex with the characterization of 

mechanisms of action of NPY, the most abundant hypothalamic orexigenic factor. Much 

attention has recently centered on ghrelin, the only known circulating orexigen. Insulin 

resistance and compensatory hyperinsulinemia are independently associated with 

suppression of ghrelin that furthers our understanding of the variable expression of ghrelin 

in humans.  
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With continued research, it should be possible to elucidate exactly how the associations 

among insulin resistance, hyperinsulinemia, and orexigens (NPY and ghrelin) participate in 

the more intricate web of factors that regulate body weight. Better understanding of the 

mechanisms involved in the regulation of energy metabolism will become a background for 

development of new therapeutic approaches against obesity, insulin resistance, metabolic 

syndrome, and other nutritional disorders. 

Author details 

Maria Orbetzova 

Clinic of Endocrinology and Metabolic Diseases, “Sv.Georgy” University Hospital, Medical 

University, Plovdiv, Bulgaria 

5. References 

[1] Ahima RS, Filer J (2000) Adipose tissue as an endocrine organ. Trends. Endocrinol. 

Metab. 11; 327-329. 

[2] Milcheva B, Orbetzova М (2004) Adipose tissue – an endocrine organ. Endokrinologiya 

9(2): 64-72 (in Bulgarian). 

[3] Wilding JP (2002) Neuropeptides and appetite control. Diabet. Med. 19: 619-627. 

[4] Lopaschuk GD, Ussher JR, Jaswal JS (2010) Targeting intermediary metabolism in the 

hypothalamus as a mechanism to regulate appetite. Pharmacol. Rev. 62: 237–264. 

[5] Simpson KA, Martin NM, Bloom SR (2009) Hypothalamic regulation of food intake and 

clinical therapeutic applications. Arq. bras. Endocrinol. Metab. 53(2): 120-128. 

[6] Higgins S, Gueurguiev M, Korbonits M (2007) Ghrelin, the peripheral hunger hormone. 

Annals med. 39: 116–136. 

[7] Suzuki K, Simpson KA, Minnion JS, Shillito JC, Bloom SR (2010) The role of gut 

hormones and the hypothalamus in appetite regulation. Endocrine J. 57 (5), 359-372. 

[8] Zhang Y, Ning G, Handelsman Y, Bloomgarden ZT (2010) Gut hormones and the brain. J. 

Diab. 2: 138–145. 

[9] Schwartz MW, Woods SC, Porte DJr, Seeley RJ, Baskin DG (2000) Central nervous system 

control of food intake. Nature 404: 661–671. 

[10] Bouret SG, Draper SJ, Simerly RB (2004) Formation of projection pathways from the 

arcuate nucleus of the hypothalamus to hypothalamic regions implicated in the neural 

control of feeding behavior in mice. J. Neurosci.  24(11): 2797-2805. 

[11] Benoit SC, Tracy AL, Davis JF, Choi D (2008) Novel functions of orexigenic 

hypothalamic peptides: From genes to behavior. Nutrition 24(9): 843–847. 

[12] Porte D Jr, Baskin DG , Schwartz MW (2002) Leptin and insulin action in the central 

nervous system. Nutrition Rev. 60: S20–S29. 

[13] Cowley MA, Smart JL, Rubinstein M, Cerdan MG, Diano S, Horvath TL, Cone RD, Low 

MJ (2001) Leptin activates anorexigenic POMC neurons through a neural network in the 

arcuate nucleus. Nature 411(6836): 480-484. 

[14] Bagnol D, Lu XY, Kaelin CB, Day HE, Ollmann M, Gantz I, Akil H, Barsh GS, Watson SJ 

(1999) Anatomy of an endogenous antagonist: relationship between Agouti-related 

protein and proopiomelanocortin in brain. J. Neurosci. 19(18): RC26. 



 
Appetite Regulatory Peptides and Insulin Resistance 117 

[15] Rosenbaum M, Leibel RL, Hirsch J (1997) Obesity. NEJM 337(6): 396-407. 

[16] Wynne K, Stanley S, McGowan B, Bloom S (2005) Appetite control. J. Endocrinol. 184: 

291–318. 

[17] Cowley MA, Smith RG, Diano S, Tschop M, Pronchuk N, Grove KL, Strasburger CJ, 

Bidlingmaier M, Esterman M, Heiman ML, Garcia-Segura LM, Nillni EA, Mendez P, 

Low MJ, Sotonyi P, Friedman JM, Liu H, Pinto S, Colmers WF, Cone RD, Horvath 

TL  (2003) The distribution and mechanism of action of ghrelin in the CNS 

demonstrates a novel hypothalamic circuit regulating energy homeostasis. Neuron 

37(4): 649-661. 

[18] Toshinai K, Date Y, Murakami N, Shimada M, Mondal MS, Shimbara T, Guan JL, Wang 

QP, Funahashi H, Sakurai T, Shioda S, Matsukura S, Kangawa K, Nakazato M (2003) 

Ghrelin-induced food intake is mediated via the orexin pathway. Endocrinology 144(4): 

1506-1512. 

[19] Greenman Y, Golani N, Gilad S, Yaron M, Limor R, Stern N (2004) Ghrelin secretion is 

modulated in a nutrient- and gender-specific manner. Clin. Endocrinol. 60, 382–388. 

[20] Van Vugt DA, Lujan ME, Froats M, Krzemien A, Couceyro PR, Reid RL (2006) Effect of 

fasting on cocaine-amphetamine-regulated transcript, neuropeptide Y, and leptin 

receptor expression in the non-human primate hypothalamus. Neuroendocrinology 

84(2): 83–93. 

[21] Tatemoto K (1982) Neuropeptide Y: complete amino acid sequence of the brain peptide. 

Proc Natl. Acad. Sci. USA 79: 5485–5489. 

[22] Cerda-Reverter JM, Larhammar D (2000). Neuropeptide Y family of peptides: structure, 

anatomical expression, function, and molecular evolution. Biochem. Cell Biol. 78: 371-

392.  

[23] Frankish HM, Dryden S, Hopkins D, Wang Q, Williams G (1995) Neuropeptide Y, the 

hypothalamus, and diabetes: insights into the central control of metabolism. Peptides 

16: 757-771. 

[24] Dryden S, Frankish H, Wang Q, Williams G (1994) Neuropeptide Y and energy balance: 

one way ahead for the treatment of obesity? Eur. J. Clin. Invest. 24: 293–308. 

[25] Zukowska-Grojec Z (1995) Neuropeptide Y: a novel sympathetic stress hormone and 

more. Ann. N Y Acad. Sci. 771: 219-233 

[26] Taborsky GJ, Beltramini LM, Brown M, Veith RC, Kowalyk S (1994) Canine liver 

releases neuropeptide Y during sympatheticnerve stimulation. Am.j. physiol. 266: E804-

E812. 

[27] Sundler F, Ekblad E, Hakanson R (1991) The neuroendocrine system of the gut - an 

update. Acta oncol. 30: 419-427. 

[28] Pettersson M, Ahren B, Lundquist I, Bottcher G, Sundler F (1987) Neuropeptide Y: 

intrapancreatic neuronal localization and effects on insulin secretion in the mouse. Cell 

tissue res. 248: 43-48. 

[29] Sanacora G, Kershaw M, Finkelstein JA, White JD (1990) Increased hypothalamic 

content of preproneuropeptide Y messenger ribonucleic acid in genetically obese 

Zucker rats and its regulation by food deprivation. Endocrinology 127: 730-737. 



 

Insulin Resistance 118 

[30] Kalra SP, Dube MG, Fournier A, Kalra PS (1991) Structurefunction analysis of 

stimulation of food intake by neuropeptide Y: effects of receptor agonists. Physiol. 

Behav. 50: 5–9. 

[31] Swart I, Jahng JW, Overton JM, Houpt TA (2002) Hypothalamic NPY, AGRP, and 

POMC mRNA responses to leptin and refeeding in mice. Am. J. Physiol. 283: R1020-

R1026. 

[32] Chavez M, Seeley RJ, Havel PJ, Friedman M, Woods SC, Schwartz MW (1998). Effect of 

a high-fat diet on food intake and hypothalamic neuropeptide gene expression in 

streptozotocin diabetes. J. Clin. Invest. 102: 340-346. 

[33] Widdowson PS, Upton R, Henderson L, Buckingham R, WilsonS, Williams G (1997) 

Reciprocal regional changes in brain NPY receptor density during dietary restriction 

and dietary-induced obesity in the rat. Brain Res. 774: 1–10. 

[34] Arora S, Anubhuti. (2006) Role of neuropeptides in appetite regulation and obesity–a 

review. Neuropeptides 40: 375–401. 

[35] Kalra SP, Ueno N, Kalra PS (2005) Stimulation of appetite by ghrelin is regulated by 

leptin restraint: peripheral and central sites of action. J.  Nutrition 135: 1331–1335. 

[36] Faouzi M, Leshan R, Bjornholm M, Hennessey T, Jones J, Munzberg H (2007) 

Differential accessibility of circulating leptin to individual hypothalamic sites. 

Endocrinology 148(11): 5414-5423. 

[37] Mercer JG, Hoggard N, Williams LM, Lawrence CB, Hannah LT, Morgan PJ, Trayhurn 

P (1996) Coexpression of leptin receptor and preproneuropeptide Y mRNA in arcuate 

nucleus of mouse hypothalamus. J. Neuroendocrinol. 8(10):733–735. 

[38] Wang ZL, Bennet WM,Wang RM, Ghatei MA (1994) Evidence of a paracrine role of 

neuropeptide Y in the regulation of insulin  

[39] Tamura H, Kamegai J, Shimizu T, Ishii S, Sigihara H, Oikawa S (2002) Ghrelin 

stimulates GH but not food intake in arcuate nucleus ablated rats. Endocrinology 

143(9): 3268-3275. 

[40] Chen HY, Trumbauer ME, Chen AS, Weingarth DT, Adams JR, Frazier EG, Shen Z, 

Marsh DJ, Feighner SD, Guan XM, Ye Z, Nargund RP, Smith RG, van der Ploeg LH, 

Howard, AD, MacNeil DJ, Quian S (2004) Orexigenic action of peripheral ghrelin is 

mediated by neuropeptide Y (NPY) and Agouti-related protein (AgRP). Endocrinology 

145 (10): 1210. 

[41] Woods SC, Seeley RJ, Baskin DG, Schwartz MW (2003) Insulin and the blood-brain 

barrier. Curr. pharm. des. 9: 795–800. 

[42] Banks WA (2004) The source of cerebral insulin. Eur. J. Pharmacol. 490: 5–12. 

[43] Baura GD, Foster DM, Porte D Jr, Kahn SE, Bergman RN, Cobelli C, Schwartz MW 

(1993) Saturable transport of insulin from plasma into the central nervous system of 

dogs in vivo. A mechanism for regulated insulin delivery to the brain. J. Clin. Invest. 92: 

1824–1830. 

[44] Marks JL, Porte DJr, Stahl WL, Baskin DG (1990) Localization of insulin receptor mRNA 

in rat brain by in situ hybridization. Endocrinology 127: 3234–3236. 

[45] Corp ES, Woods SC, Porte DJr, Dorsa DM, Figlewicz DP, Baskin DG (1986) Localization 

of 125I-insulin binding sites in the rat hypothalamus by quantitative autoradiography. 

Neurosci. Lett. 70: 17–22. 



 
Appetite Regulatory Peptides and Insulin Resistance 119 

[46] Schwartz MW, Sipols AJ, Marks JL, Sanacora G, White JD, Scheurink A, Kahn SE, 

Baskin DG, Woods SC, Figlewicz DP (1992) Inhibition of hypothalamic neuropeptide Y 

gene expression by insulin. Endocrinology 130: 3608–3616. 

[47] Williams G, Gill JS, Lee YC, Cardoso HM, Okpere BE, Bloom SR (1989) Increased 

neuropeptide Y concentrations in specific hypothalamic regions of streptozocin-

induced diabetic rats. Diabetes 38: 321–327. 

[48] White JD, Olchovsky D, Kershaw M, Berelowitz M (1990) Increased hypothalamic 

content of preproneuropeptide-Y messenger ribonucleic acid in streptozotocin-diabetic 

rats. Endocrinology 126: 765–772. 

[49] Benoit SC, Air EL, Coolen LM, Strauss R, Jackman A, Clegg DJ, Seeley RJ, Woods SC 

(2002) The catabolic action of insulin in the brain is mediated by melanocortins. J. 

Neurosci. 22: 9048–9052. 

[50] Sipols AJ, Baskin DG, Schwartz MW (1995) Effect of intracerebroventricular insulin 

infusion on diabetic hyperphagia and hypothalamic neuropeptide gene expression. 

Diabetes 44: 147–151. 

[51] Fuxe K, Wikström AC, Okret S, Agnati LF, Härfstrand A, Yu ZY, Granholm L, Zoli 

M, Vale W, Gustafsson JA (1985) Mapping of glucocorticoid receptor immunoreactive 

neurons in the rat tel- and diencephalon using a monoclonal antibody against rat liver 

glucocorticoid receptor. Endocrinology 117: 1803–1812. 

[52] Harfstrand A, Cintra A, Fuxe K, Aronsson M, Wikström AC, Okret S, Gustafsson 

JA, Agnati LF (1989) Regional differences in glucocorticoid receptor immunoreactivity 

among neuropeptide Y immunoreactive neurons of the rat brain. Acta Physiol. Scand. 

135: 3–9. 

[53] Rebuffe-Scrive M, Walsh UA, McEwen B, Rodin J (1992) Effects of chronic stress and 

exogenous glucocorticoids on regional fat distribution and metabolism. Physiol. Behav. 

52: 583–590. 

[54] Larsen PJ, Jessop DS, Chowdrey HS, Lightman SL, Mikkelsen JD (1994) Chronic 

administration of glucocorticoids directly upregulates prepro-neuropeptide Y and Y1-

receptor mRNA levels in the arcuatenucleus of the rat. J. Neurendocrinol. 6: 153–159. 

[55] Akabayashi A, WatanabeY, Wahlestedt C, McEwen BC, Paez X, Leibowitz SF (1994) 

Hypothalamic neuropeptide Y, its gene expression and receptor activity: relation to 

circulating corticosterone in adrenalectomized rats. Brain Res. 665: 201–212. 

[56] Freedman MR, Horwitz BA, Stern JS (1986) Effect of adrenalectomy and glucocorticoid 

replacement on development of obesity. Am. J. Physiol. 250: R595–R607.  

[57] King BM, Banta AR, Tharel GN, Bruce BK, Frohman LA (1983) Hypothalamic 

hyperinsulinaemia and obesity: role of adrenal glucocorticoids. Am. J. Physiol. 245: 

E194–E199. 

[58] Sainsbury A, Cusin I, Doyle P, Rohner-Jeanrenaud F, Jeanrenaud B (1996) 

Intracerebroventricular administration of neuropeptide Y to normal rats increases obese 

gene expression in white adipose tissue. Diabetologia 39: 353–356. 

[59] Sainsbury A, Cusin I, Rohner-Jeanrenaud F, Jeanrenaud B (1997). Adrenalectomy 

prevents the obesity syndrome produced by chronic central neuropeptide Y infusion in 

normal rats. Diabetes 46: 209–214. 



 

Insulin Resistance 120 

[60] Wisialowski T, Parker Rl, Preston E, Sainsbury A, Kraegen E, Herzog H, Cooney G 

(2000) Adrenalectomy reduces neuropeptide Y–induced insulin release and NPY 

receptor expression in the rat ventromedial hypothalamus. J. Clin. Invest. 105:1253–1259  

[61] Sundkvist G, Bramnert M, Bergstrom B, Manhem P, Lilja B, Ahren B (1992) Plasma 

neuropeptide Y (NPY) and galanin before and during exercise in type 1 diabetic 

patients with autonomic disfunction. Diabetes Res. Clin. Pract. 15: 219-226. 

[62] Takahashi K, Mouri T, Itoi K, Sone M, Ohneda M, Murakami O, Nozuki M, Tachibana 

Y, Yoshinaga K (1987) Increased plasmaimmunoreactive neuropeptide Y concentrations 

in phaeochromocytoma and chronic renal failure. J. Hypertens. 5: 749-753 

[63] Larhammar D (1996) Structural diversity of receptors for neuropeptide Y, peptide YY 

and pancreatic polypeptide. Regulatory Peptides 65: 165–174. 

[64] Wahlestedt C, Grundemar L, Håkanson R, Heilig M, Shen GH, Zukowska-Grojec 

Z, Reis DJ (1990) Neuropeptide Y receptor subtypes, Y1 and Y2. Ann. N Y Acad. 

Sci.  611: 7-26. 

[65] Blomqvist AG, Herzog H (1997) Y-receptor subtypes: how many more? Trends 

Neurosci. 20: 294–298. 

[66] Inui A (1999) Neuropeptide Y feeding receptors: are multiple subtypes involved? 

Trends Pharmacol. Sci. 20: 43–46. 

[67] Parker E, Van Heek M, Stamford A (2002) Neuropeptide Y receptors as targets for anti-

obesity drug development: perspective and current status Eur. J. Pharmacol. 440: 173–

187. 

[68] Kalra SP, Kalra PS (2004) NPY and cohorts in regulating appetite, obesity and metabolic 

syndrome: beneficial effects of gene therapy. Neuropeptides 38: 201–211. 

[69] Schaffhauser AO, Stricker-Krongrad A, Brunner L, Cumin F, Gerald C, Whitebread 

S, Criscione L, Hofbauer KG. (1997) Inhibition of food intake by neuropeptide Y Y5 

receptor antisense oligodeoxynucleotides. Diabetes 46: 1792–1798. 

[70] Kushi A, Sasai H, Koizumi H, Takeda N, Yokoyama M, Nakamura M (1998) Obesity 

and mild hyperinsulinemia found in neuropeptide Y-Y1 receptor-deficient mice. Proc. 

Natl. Acad. Sci. U S A.  95(26): 15659-15664. 

[71] Lin E-JD, Sainsbury A, Lee NJ, Boey D, Couzens M, Enriquez R, Slack K, Bland 

R, During MJ, Herzog H (2006) Combined Deletion of Y1, Y2, and Y4 Receptors 

Prevents Hypothalamic Neuropeptide Y Overexpression-Induced Hyperinsulinemia 

despite Persistence of Hyperphagia and Obesity. Endocrinology  147: 5094-5101. 

[72] Parker EM, Balasubramaniam A, Guzzi M, Mullins DE, Salisbury BG, Sheriff S, Witten 

MB, Hwa JJ (2000) [D-Trp34] neuropeptide Y is a potent and selective neuropeptide Y 

Y5 receptor agonist with dramatic effects on food intake.  Peptides 21: 393–399. 

[73] Erundu N, Gantz I, Musser B, Suryawanshi S, Mallick M, Addy C, Cote J, Bray G, 

Fujioka K, Bays H, Hollander P, Sanabria-Bohórquez SM, Eng WS, Långström B, 

Hargreaves RJ, Burns HD, Kanatani A, Fukami T, MacNeil DJ, Gottesdiener 

KM,  Amatruda JM,  Kaufman KD,  Heymsfield SB (2006) Neuropeptide Y5 receptor 

antagonism does not induce clinically meaningful weight loss in overweight and obese 

adults. Cell Metab.  4(4): 275-282. 

[74] Farooq S (2006) Treating obesity: Does antagonism of  NPY fit the bill? Cell Metab. 4(4): 

260-262. 



 
Appetite Regulatory Peptides and Insulin Resistance 121 

[75] Stanley BG, Leibowitz SF (1985) Neuropeptide Y injected into the paraventricular 

hypothalamus: a powerful stimulant of feeding behavior. Proc. Natl. Acad. Sci. USA 82: 

3940 –3943. 

[76] Morley JE, Levine AS, Gosnell BA, Kneip J, Grace M (1987) Effect of neuropeptide Y on 

ingestive behaviors in the rat. Am. J. Physiol. 252: 599–609. 

[77] Stanley BG, Anderson KC, Grayson MH, Leibowitz SF (1989) Repeated hypothalamic 

stimulation with neuropeptide Y increases daily carbohydrate and fat intake and body 

weight gain in female rats. Physiol. Behav. 46: 173–177. 

[78] Beck B, Stricker-Krongrad A, Nicols JP, Burlet C (1992) Chronic and continuous 

intracerebroventricular infusion of neuropeptide Y in Long-Evans rats mimics the 

feeding of obese Zucker rats. Int. J. Obesity 16: 295–302. 

[79] Billington CJ, Briggs JE, Grace M, Levine AS (1991) Effects of intracerebroventricular 

injection of neuropeptide Y on energy metabolism. Am. J. Physiol. – Regulatory, 

Integrative and Comparative Physiology 260: R321–R327. 

[80] Egawa M, Yoshimatsu H, Bray GA (1991) Neuropeptide Y suppresses sympathetic 

activity to interscapular brown adipose tissue in rats. Am. j. physiol. – Regulatory, 

Integrative and Comparative Physiology 260: R328–R334. 

[81] Fekete C, Sarkar S, Rand WM, Harney JW, Emerson CH, Bianco AC, Lechan RM (2002) 

Agouti-related protein (AGRP) has a central inhibitory action on the hypothalamic-

pituitary-thyroid (HPT) axis; comparisons between the effect of AGRP and 

neuropeptide Y on energy homeostasis and the HPT axis. Endocrinology 143: 3846–

3853. 

[82] Kakui N, Kitamura K (2007) Direct Evidence that Stimulation of Neuropeptide Y 

Y5 Receptor Activates Hypothalamo-Pituitary-Adrenal Axis in Conscious Rats via both 

Corticotropin-Releasing Factor- and Arginine Vasopressin-Dependent Pathway. 

Neuroendocrinology 148 (6): 2854 

[83] Wahlestedt C, Skagerberg G, Ekman R, Heilig M, Sundler F, Hakanson R (1987) 

Neuropeptide Y (NPY) in the area of the hypothalamic paraventricular nucleus 

activates the pituitary-adrenocortical axis in the rat. Brain Res. 417: 33–38 

[84] Bai FL, Yamano M, Shiotani Y, Emson PC, Smith AD, Powell JF, Tohyama M (1985) An 

arcuato-paraventricular and –dorsomedial hypothalamic neuropeptide Y-containing 

system which lacks noradrenaline in the rat. Brain Res. 331: 172–175. 

[85] Zarjevski N, Cusin I, Vettor R, Rohner-Jeanrenaud F, Jeanrenaud B (1993) Chronic 

intracerebroventricular neuropeptide-Y administration to normal rats mimics hormonal 

and metabolic changes of obesity. Endocrinology 133: 1753–1758 

[86] Vettor R, Zarjevski N, Cusin I, Rohner-Jeanrenaud F, Jeanrenaud B (1994) Induction and 

reversibility of an obesity syndrome by intracerebroventricular neuropeptide Y 

administration to normal rats. Diabetologia 37: 1202–1208 

[87] Kalra PS, Dube MG, Xu B, Kalra SP (1997) Increased receptor sensitivity to 

neuropeptide Y in the hypothalamus may underlie transient hyperphagia and body 

weight gain. Regul. Pept. 72: 121–130 

[88] Penicaud L, Kinebanyan MF, Ferré P, Morin J, Kandé J, Smadja C, Marfaing-Jallat P, 

Picon L (1989) Development of VMH obesity: in vivo insulin secretion and tissue 

insulin sensitivity. Am. J. Physiol. 257: E255–E260 



 

Insulin Resistance 122 

[89] Guan XM, Yu H, Trumbauer M, Frazier E, Van der Ploeg LH, Chen H (1998) Induction 

of neuropeptide Y expression in dorsomedial hypothalamus of diet-induced obese 

mice. Neuroreport. 9: 3415–3419 

[90] Heidel E, Plagemann A, Davidowa H (1999) Increased response to NPY of 

hypothalamic VMH neurons in postnatally overfed juvenile rats. Neuroreport. 10: 1827–

1831. 

[91] Leibowitz SF, Sladek C, Spencer L, Tempel D (1988) NeuropeptideY, epinephrine and 

norepinephrine in the paraventricular nucleus: stimulation of feeding and the release of 

corticosterone, vasopressin and glucose. Brain Res. Bull. 21: 905–912.  

[92] van den Hoek AM, van Heijningen C, Schro¨der-van der Elst JP,  Ouwens DM, Havekes 

LM, Romijn JA, Kalsbeek A, Pijl H (2008) Intracerebroventricular Administration of 

Neuropeptide Y Induces Hepatic Insulin Resistance via Sympathetic Innervation. 

Diabetes 57: 2304–2310.  

[93] Singhal NS, Lazar MA, Ahima RS (2007) Central Resistin Induces Hepatic Insulin 

Resistance via Neuropeptide Y. J. Neurosci. 27(47): 12924 –12932. 

[94] Schwartz MW, Baskin DG, Bukowski TR, Kuijper JL, Foster D, Lasser G, Prunkard 

DE, Porte D Jr, Woods SC, Seeley RJ, Weigle DS (1996) Specificity of leptin action on 

elevated blood glucose levels and hypothalamic neuropeptide Y gene expression in 

ob/ob mice. Diabetes 45(4): 531–535 

[95] Stephens TW, Basinski M, Bristow PK, Bue-Valleskey JM, Burgett SG, Craft L, et al. 

(1995) The role of neuropeptide Y in the antiobesity action of the obese gene product. 

Nature 377: 530-532 

[96] Thorsell A, Heilig M (2002) Diverse functions of neuropeptide Y revealed using 

genetically modified animals. Neuropeptides 36: 182–193.  

[97] Bannon AW, Seda J, Carmouche M, Francis JM, Norman MH, Karbon B, McCaleb ML 

(2000) Behavioral characterization of neuropeptide Y knockout mice. Brain Res. 868: 79–

87. 

[98] Marsh DJ, Miura GI, Yagaloff KA, Schwartz MW, Barsh GS, Palmiter RD (1999) Effects 

of neuropeptide Y deficiency on hypothalamic agouti-related protein expression and 

responsiveness to melanocortin analogues. Brain Res. 848: 66–77 

[99] Raposinho PD, Pedrazzini T, White RB, Palmiter RD, Aubert ML (2004) Chronic 

neuropeptide Y infusion into the lateral ventricle induces sustained feeding and obesity 

in mice lacking either Npy1r or Npy5r expression. Endocrinology 145: 304–310 

[100] Jenkinson CP, Cray K, Walder K, Herzog H, Hanson R, Ravussin E (2000) Novel 

polymorphisms in the neuropeptide-Y Y5 receptor associated with obesity in Pima 

Indians. Int. J. Obes. 24: 580–584 

[101] Rosenkranz K, Hinney A, Ziegler A, Vonprittwitz S, Barth N, Roth H (1998) Screening 

for mutations in the neuropeptide Y Y5 receptor gene in cohorts belonging to different 

weight extremes. Int .J. Obes. 22: 157–163  

[102] Blumenthal JB, Andersen RE, Mitchell BD, Seibert MJ,  Yang H,  Herzog H, Beamer 

BA,  Franckowiak SC,  Walston JD (2002) Novel neuropeptide Y1 and Y5 receptor gene 

variants: associations with serum triglyceride and high-density lipoprotein  cholesterol 

levels. Clin. Genet. 2002; 62:196 –202. 



 
Appetite Regulatory Peptides and Insulin Resistance 123 

[103] Roche C, Boutin P, Dina1 C, Gyapay G, Basdevant A, Hager J, Guy-Grand B, Cle´ment 

K, Froguel P (1997) Genetic studies of neuropeptide Y and neuropeptide Y receptors Y1 

and Y5 regions in morbid obesity. Diabetologia 40: 671–675 

[104] Colletta, DK, J Schneider J, Stern MP, Blangero J, Defronzo RA, Duggirala R, Jenkinson 

CP (2007) Association of neuropeptide Y receptor Y5 polymorphisms with dyslipidemia 

in Mexican Americans. Obesity 15: 809–815. 

[105] Kuo LE, Kitlinska JB, Tilan JU, Li L, Baker SB, Johnson MD, Lee EW, Burnett 

MS, Fricke ST, Kvetnansky R, Herzog H, Zukowska Z (2007) Neuropeptide Y acts 

directly in the periphery on fat tissue and mediates stress-induced obesity and 

metabolic syndrome Nat. Med. 13(7): 803-811 

[106] Petterson M, Ahren B (1990) Insulin secretion in rats: effects of neuropeptide Y and 

noradrenaline. Diabetes Res. 13: 35-42 

[107] Ahlborg G, Weitzberg E, Sollevi A, Lundberg JM (1992) Splanchnic and renal 

vasoconstrictor and metabolic responses to neuropeptide Y in resting and exercising 

man. Acta Physiol. Scand. 145: 139-149. 

[108] Ahlborg G, Lundberg JM (1994) Inhibitory effects of neuropeptide on splanchnic 

glycogenolysis and renin release in humans. Clin. Physiol. 14: 187-196. 

[109] Vettor R, Pagano C, Granzotto M, Englaro P, Angeli P, BlumWF, Federspil G, Rohner-

Jeanrenaud F,  Jeanrenaud B (1998) Effects of intravenous neuropeptide Y on insulin 

secretion and insulin sensitivity in skeletal muscle in normal rats Diabetologia 41: 1361-

1367. 

[110] Kos K, Harte AL, James S, Snead DR, O’Hare JP, McTernan PG, Kumar S (2007) 

Secretion of neuropeptide Y in human adipose tissue and its role in maintenance of 

adipose tissue mass. Am. J. Physiol. Endocrinol. Metab. 293: E1335-E1340. 

[111] Valet P, Berlan M, Beauville M, Crampes F, Montastruc JL, Lafoutan MJ (1990) 

Neuropeptide Y and Peptide YY Inhibit Lipolysis in Human and Dog Fat Cells through 

a Pertussis Toxin-sensitive G Protein. J. Clin. Invest. 85 : 291-295 

[112] Yang K, Guan H, Arany E, Hill DJ, Cao X (2008) Neuropeptide Y is produced in 

visceral adipose tissue and promotes proliferation of adipocyte precursor cells via the 

Y1 receptor. FASEB J. 22: 2452-2464 

[113] Zahorska-Markiewicz B, Obuchowicz E, Waluga M, Tkacz E, Herman ZS (2001) 

Neuropeptide Y in obese women during treatment with adrenergic modulation drugs. 

Med. Sci. Monit. 7(3): 403-408 

[114] Moro D, Mazzilli G, Grugni G, Guzzaloni G, Tedeschi S, Morabito F (1998) Leptin and 

neuropeptide Y serum levels in young obese during weight loss. Minerva Endocrinol; 

23(4): 105-110. 

[115] Orbetzova M, Koleva D, Mitkov M, Atanassova I, Nikolova J, Atanassova P, Genchev 

G (2012) Adipocytokines, neuropeptide Y and insulin resistance in overweight women 

with gynoid and android type of adipose tissue distribution. Folia Medica (in press) 

[116] Orbetzova M, Аtanassova I, Milcheva B,  Shigarminova R, Genchev G, Zacharieva S  

(2004) Adipose tissue hormones in women with different morphological types of 

overweight. Еndokrinologyia 9(4): 214-223 (in Bulgarian). 



 

Insulin Resistance 124 

[117] Ilhan A,  Rasul S, Dimitrov A, Handisurya A, Gartner W, Baumgartner-Parzer 

S, Wagner L, Kautzky-Willer A, Base W (2010) Plasma neuropeptide Y levels differ in 

distinct diabetic conditions Neuropeptides 44 (6): 485–489. 

[118] McDonald JK (1990) Role of neuropeptide Y in reproductive function. Ann. N Y Acad. 

Sci.  611: 258-272. 

[119] Borowiec M, Wasilewska-Dziubiñska E, Chmielowska M, Woliñska-Witort E, 

Baranowska B (2002) Effects of leptin and neuropeptide Y (NPY) on hormones release 

in female rats. Neuro. Endocrinol. Lett. 23(2): 149-154. 

[120] Barb CR, Kraeling RR, Rampacek GB, Hausman GJ (2006) The role of neuropeptide Y 

and interaction with leptin in regulating feed intake and luteinizing hormone and 

growth hormone secretion in the pig. Reproduction 131(6): 1127-1135. 

[121] Barb CR, Barrettt GB (2005) Neuropeptide Y modulates growth hormone but not 

luteinizing hormone secretion from prepuberal gilt anterior pituitary cells in culture. 

Domest Anim Endocrinol.  29(3):548-555. 

[122] Kaynard AH, Pau KY, Hess DL, Spies HG (1990) Third-ventricular infusion of 

neuropeptide Y suppresses luteinizing hormone secretion in ovariectomized rhesus 

macaques. Endocrinology 127(5): 2437–2444. 

[123] Kalra SP, Horvath T, Naftolin F, Xu B, Pu S, Kalra PS (1997) The interactive language of 

the hypothalamus for the gonadotropin releasing hormone (GNRH) system. J. 

Neuroendocrinol. 9(8): 569–576. 

[124] Plant TM, Shahab M (2002) Neuroendocrine mechanisms that delay and initiate 

puberty in higher primates. Physiol. Behav. 77(4–5): 717–722. 

[125] Shahab M, Balasubramaniam A, Sahu A, Plant TM (2003) Central nervous system 

receptors involved in mediating the inhibitory action of neuropeptide Y on luteinizing 

hormone secretion in the male rhesus monkey (Macaca mulatta). J Neuroendocrinol. 

15(10): 965–970. 

[126] Kaye WH, Berrettini WH, Gwirtsman HE, Gold PW, George DT, Jimerson DC, Ebert 

MH (1989) Contribution of CNS neuropeptide (NPY, CRH, and beta-endorphin) 

alterations to psychophysiological abnormalities in anorexia nervosa. 

Psychopharmacol. Bull. 25(3): 433–438. 

[127] Kaye WH (1996) Neuropeptide abnormalities in anorexia nervosa. Psychiatry Res. 

62(1): 65–74. 

[128] Ooewiecimska J, Ziora K, Geisler G, Broll-Waoeka K (2005) Prospective evaluation of 

leptin and neuropeptide Y (NPY) serum levels in girls with anorexia nervosa. Neuro 

Endocrinol. Lett. 26(4): 301–304. 

[129] Mircea CN, Lujan ME, Pierson RA (2007) Metabolic Fuel and Clinical Implications for 

Female Reproduction. J. Obstet . Gynaecol. Can. 29(11): 887–902. 

[130] Błogowska A, Krzyzanowska-Swiniarska B, Zieliñska D, Rzepka-Górska I (2006) Body 

composition and concentrations of leptin, neuropeptide Y, beta-endorphin, growth 

hormone, insulin-like growth factor-I and insulin at menarche in girls with 

constitutional delay of puberty. Gynecol. Endocrinol. 22(5): 274–278. 

[131] Azziz R, Woods KS, Reyna R, Key TJ, Knochenhauer ES, Yildiz BO (2004) The 

prevalence and features of the polycystic ovary syndrome in an unselected population. 

J. Clin. Endocrinol. Metab.  89: 2745–2749. 



 
Appetite Regulatory Peptides and Insulin Resistance 125 

[132] Orbetzova M (2009) Adipose tissue hormones in women with polycystic ovary 

syndrome.  Nauka Endocrinologia, 6: 258-261 (in Bulgarian). 

[133] Orbetzova М, Кamenov Z, Kolarov G, Orbetzova V, Andreeva M, Genchev G, Genov 

G, Zacharieva S (2003) Metabolic disturbances in women with polycystic ovary 

syndrome. Folia Medica 3: 12-20  

[134] Hahn S, Tan S, Sack S, Kimmig R, Quadbeck B, Mann K, Janssen OE (2007) Prevalence 

of the metabolic syndrome in German women with polycystic ovary syndrome. Exp. 

Clin. Endocrinol. Diabetes 115: 130–135 

[135] Martinez-Bermejo E, Luque-Ramirez M, Escobar- Morreale HF (2007) Obesity and the 

polycystic ovary syndrome. Minerva Endocrinol; 32: 129–140. 

[136] Orbetzova M, Orbetzova V, Kamenov Z, Kolarov G, Andreeva M, Genchev G, 

Zacharieva S, Borissov I. Comparison of the diagnostic indexes for establishing 

disturbances in of carbohydrate metabolism in women with polycystic ovary syndrome 

(PCOS). Akusherstvo i Ginekologiya 2003; 42 (4): 10-15 (in Bulgarian)  

[137] Vrbikova J, Hainer V (2009) Obesity and polycystic ovary syndrome. Obesity Facts 2: 

26–35. 

[138] Gambineri A, Pelusi C, Vicennati V, Pagotto U, Pasquali R (2002) Obesity and the 

polycystic ovary syndrome. Int. J. Obes. Relat. Metab. Disord. 26: 883–896  

[139] Escobar-Morreale HF, Villuendas G, Botella-Carretero JI, Alvarez-Blasco F, Sanchon R, 

Luque-Ramirez M, San Millan JL (2006) Adiponectin and resistin in PCOS: a clinical, 

biochemical and molecular genetic study. Hum. Reprod. 21: 2257–2265 

[140]Garruti G, Depalo R, Vita MG, Lorusso F, Giampetruzzi F, DamatoAB, Giorgino F 

(2009) Adipose tissue, metabolic syndrome and polycystic ovary syndrome: from 

pathophysiology to treatment. Reproduct. Biomed. Online 19 (4): 552–563 

[141] Manneras L, Cajander S, Holmang A, Seleskovic Z, Lystig T, Lonn M, Stener-Victorin, 

E  (2007) A new rat model exhibiting both ovarian and metabolic characteristics of 

polycystic ovary syndrome. Endocrinology 148: 3781-3791.  

[142] Brannian JD, Hansen KA (2002) Leptin and ovarian folliculogenesis:implications for 

ovulation induction and ART outcomes. Seminars Reprod. Med. 20 103–112. 

[143] Baranowska B, Radzikowska M, Wasilewska-Dziubiñska E, Kapliñski A,Roguski K, 

Płonowski A (1999) Neuropeptide Y, leptin, galanin and insulin in women with 

polycystic ovary syndrome. Gynecol. Endocrinol. 13(5): 344–351 

[144] Bidzińńska-Speichert B,  Lenarcik A, Tworowska-Bardzińńska U, Ślęęzak R, Bednarek-

Tupikowska G,  Milewicz A (2012) Pro12Ala PPAR γ2 gene polymorphism in PCOS 

women: the role of compounds regulating satiety  Gynecol. Endocrinol. 28(3): 195-198. 

[145] Romualdi D, De Marinis L, Campagna G, Proto C, Lanzone A, Guido M (2008) 

Alteration of ghrelin–neuropeptide Y network in obese patients with polycystic ovary 

syndrome: role of hyperinsulinism. Clin. Endocrinol. 69:562–567 

[146] Krassas GE, Kaltsas TT, Pontikides N, Jacobs H, Blum W, Messinis I (1998) Leptin 

levels in women with polycystic ovary syndrome before and after treatment with 

diazoxide. Euro. J. Endocrinol. 139: 184–189. 

[147] Morin-Papunen LC, Koivunen RM, Tomas C, Ruokonen A, Martikainen HK (1998) 

Decreased serum leptin concentrations during metformin therapy in obese women with 

polycystic ovary syndrome. J. Clin. Endocrinol. Metab. 83(7): 2566-2568. 



 

Insulin Resistance 126 

[148] Pasquali R, Gambineri A, Biscotti D, Vicennati V, Gagliardi L, Colitta D, Fiorini S, 

Cognigni GE, Filicori M & Morselli-Labate AM (2000) Effect of long-term treatment 

with metformin added to hypocaloric diet on body composition, fat distribution, and 

androgen and insulin levels in abdominally obese women with and without the 

polycystic ovary syndrome. J. Clin. Endocrinol. Metab. 85(8): 2767 2774. 

[149] Kowalska I, Kinalski M, Straczkowski M, Wolczyski S, Kinalska I (2001) Insulin, leptin, 

IGF-1 and insulin dependent protein concentrations after insulin sensitizing therapy in 

obese women with polycystic ovary syndrome. Eur. J. Endocrinol. 144: 509-515. 

[150] Orbetzova M, Pehlivanov В, Mitkov M, Atanassova I, Kamenov Z, Kolarov G, 

Genchev G (2011). Effect of short-term standard therapeutic regimens on Neuropeptide 

Y and adipose tissue hormones in overweight insulinresistant women with polycystic 

ovary syndrome (PCOS). Folia Medica 3: 15-24. 

[151] Orbetzova M, Каmenov Z, Zacharieva S, Hristov V, Kolarov G, Atanassova I, 

Shigarminova R, Milcheva B, Genchev G (2007) Adipose tissue hormones, 

anthropometric and metabolic parameters in women with polycystic ovarian syndrome 

(PCOS) before and after standard therapeutic regimens. Endokrinni Zaboliavaniya, 

36(1): 3-27 (in Bulgarian). 

[152] Kojima K, Hosoda H, Date Y, Nakazato M, Matsue H, Kangawa K (1999) Ghrelin is a 

novel growth-hormone releasing acylated peptide from stomach. Nature 402: 656-660.  

[153] Kaiya H, Van Der Geyten S, Kojima M, Hosoda H, Kitajima Y, Matsumoto M, 

Geelissen S, Darras VM, Kangawa K (2002) Chicken ghrelin: purification, cDNA cloning 

and biological activity. Endocrinology 143: 3454–3463. 

[154] Kaiya H, Kojima M, Hosoda H, Koda A, Yamamoto K, Kitajima Y, Matsumoto M, 

Minamitake Y, Kikuyama S, Kangawa K (2001) Bullfrog ghrelin is modified by n-

octanoic acid at its third threonine residue. J. Biol. Chem. 276: 40441–40448. 

[155] Kaiya H, Kojima M, Hosoda H, Riley LG, Hirano T, Grau EG,  Kangawa K (2003) 

Identification of tilapia ghrelin and its effects on growth hormone and prolactin release 

in the tilapia, Oreochromis mossambicus. Comp. Biochem. Physiol. B 135: 421–429. 

[156] Kaiya H, Kojima M, Hosoda H, Moriyama S, Takahashi A, Kawauchi H, Kangawa K 

(2003)  Peptide purification, complementary deoxyribonucleic acid (DNA) and genomic  

DNA cloning, and functional characterization of ghrelin in rainbow trout. 

Endocrinology 144: 5215-5226. 

[157] Kaiya H, Darras VM, Kangawa K (2007) Ghrelin in birds: its structure, distribution and 

function. J Poult. Sci. 44: 1–18. 

[158] Kaiya H, Furuse M, Miyazato M, Kangawa K (2009) Current knowledge of the roles of 

ghrelin in regulating food intake and energy balance in birds. Gen. Compar. 

Endocrinol. 163 (1-2): 33–38.  

[159] Miura T, Maruyama K, Kaiya H, Miyazato M, Kangawa K, Uchiyama M, Shioda S, 

Matsuda K (2009) Purification and properties of ghrelin from the intestin e of the 

goldfish, Carassius auratus. Peptides 30:758–765.  

[160] Kojima M, Kangawa K (2010) Ghrelin: more than endogenous growth hormone 

secretagogue Ann. NY Acad. Sci.  1200: 140-148.  

[161] Date Y, Kojima M, Hosoda H, Sawaguchi A, Mondal MS, Suganuma T, Matsukura S, 

Kangawa K, Nakazato M (2000) Ghrelin, a novel growth hormone-releasing acylated 



 
Appetite Regulatory Peptides and Insulin Resistance 127 

peptide, is synthesized in a distinct endocrine cell type in the gastrointestinal tracts of 

rats and humans. Endocrinology 141: 4255-4261. 

[162] Sakata I, K Nakamura, M Yamazaki, M Matsubara, Y Hayashi, K Kangawa, T Sakai 

(2002)  Ghrelin-producing cells exist as two types of cells – closed- and opened-type 

cells, in rat gastrointestinal tract. Peptides 23: 531-536. 

[163] Dornonville De La Cour C, Bjorkqvist M, Sandvik AK, Bakke I, Zhao CM, Chen D, 

Hakanson R (2001) A-like cells in the rat stomach contain ghrelin and do not operate 

under gastrin control. Regulat. Pept. 99: 141-150. 

[164] Ghigo E, Broglio F, Arvat E, Maccario M, Papotti M, Muccioli G (2005) Ghrelin: More 

Than a Natural GH Secretagogue and/or an Orexigenic Factor. Clin. Endocrinol. 62 (1): 

1-17. 

[165] Asakawa A, Inui A, Kaga T, Yuzuriha H, Nagata T, Ueno N, Makino S, Fujimiya M, 

Niijima A, Fujino MA, Kasuga M (2001) Ghrelin is an appetite-stimulatory signal from 

stomach with structural resemblance to motilin. Gastroenterology 120: 337-345.  

[166] Hosoda H, Kojima M, Matsuo H, Kangawa K (2000) Ghrelin and des-acyl ghrelin: two 

major forms of rat ghrelin peptide in gastrointestinal tissue. Biochem. Biophys. Res. 

Commun. 279: 909-913.  

[167] Banks WA, Tschop M, Robinson SM, Heiman ML (2002) Extent and direction of 

ghrelin transport across the bloodbrain barrier is determined by its unique primary 

structure. J. Pharmacol. Exp. Ther. 302: 822-827. 

[168] Broglio F, Benso A, Gottero C, Prodam F, Gauna C, Filtri L, Arvat E, van der Lely AJ, 

Deghenghi R, Ghigo E (2003) Non-acylated ghrelin does not possess the pituitaric and 

pancreatic endocrine activity of acylated ghrelin in humans. J. Endocrinol. Invest. 26: 

192-196.  

[169] Yang J, Brown MS, Liang G, Grishin NV, Goldstein JL (2008) Identification of the 

acyltransferase that octanoylates ghrelin, an appetite-stimulating peptide hormone. Cell 

132: 387–396. 

 [170] Gutierrez JA, Solenberg PJ, Perkins DR, Willency JA, Knierman MD, Jin Z, Witcher 

DR, Luo S, Onyia JE, Hale JE (2008) Ghrelin octanoylation mediated by an orphan lipid 

transferase. PNAS  105: 6320–6325. 

[171] Kirchner H, Gutierrez JA, Solenberg PJ, Pfluger PT, Czyzyk TA, Willency JA, 

Schurmann A, Joost HG, Jandacek RJ, Hale JE, Heiman ML, Tschop MH (2009) GOAT 

links dietary lipids with the endocrine control of energy balance. Nature Med.  15: 741–

745.  

[172] Barnett BP, Hwang Y, Taylor MS, Kirchner H, Pfluger PT, Bernard V, Lin YY, Bowers 

EM, Mukherjee C, Song WJ, Longo PA, Leahy DJ, Hussain MA, Tschop MH, Boeke JD, 

Cole PA (2010) Glucose and weight control in mice with a designed ghrelin O-

acyltransferase inhibitor. Science 330, 1689-1692. 

[173] Sun Y, Wang P, Zheng H, Smith RG (2004) Ghrelin stimulation of growth hormone 

release and appetite is mediated through the growth hormone secretagogue receptor. 

Proc. Natl. Acad. Sci. USA 101: 4679–4684. 

[174] Zigman JM, Nakano Y, Coppari R, Balthasar N, Marcus JN, Lee CE, Jones JE, Deysher 

AE, Waxman AR, White RD, Williams TD, Lachey JL, Seeley RJ,Lowell BB, Elmquist JK 



 

Insulin Resistance 128 

(2005) Mice lacking ghrelin receptors resist the development of diet-induced obesity. J. 

Clin. Invest. 115: 3564–3572. 

[175] Soares JB, Roncon-Albuquerque R, Leite-Moreira A (2008) Ghrelin and ghrelin receptor 

inhibitors: agents in the treatment of obesity. Expert. Opin. Ther. Targets 12(9): 1177–

1189.  

[176] Tschop M, Smiley DL, Heiman ML (2000) Ghrelin induces adiposity in rodents. Nature 

407: 908-913. 

[177] Wren AM, Small CJ, Ward HL, Murphy KG, Dakin CL, Taheri S, Kennedy AR, Roberts 

GH, Morgan DG, Ghatei, MA, Bloom SR (2000) The novel hypothalamic peptide ghrelin 

stimulates food intake and growth hormone secretion. Endocrinology 141: 4325-4328. 

[178] Kojima M, Kangawa K (2005) Ghrelin: structure and function. Physiol. Rev. 85: 495–

522. 

[179] Chen HY, Trumbauer ME, Chen AS, Weingarth DT, Adams JR, Frazier EG, Shen Z, 

Marsh DJ, Feighner SD, Guan XMYeZ, Nargund RP, Smith RG, Van der Ploeg LH, 

Howard AD, MacNeil DJ, Qian S (2004) Orexigenic action of peripheral ghrelin is 

mediated by neuropeptide Y and agouti-related protein. Endocrinology 145: 2607-2612. 

[180] Ariyasu H, Takaya K, Tagami T, Ogawa Y, Hosoda K, Akamizu T, Suda M, Koh T, 

Natsiu K, Toyooka S, Shirakami G, Usui T, Shimatsu A, Doi K, Hosoda H, Kojima M, 

Kangawa K, Nakao K (2001) Stomach is a major source of circulating ghrelin and 

feeding state determines plasma ghrelin-like immunoreactivity levels in humans. J. 

Clin. Endocrinol. Metab.  86: 4753-4758. 

[181] Toshinai K, Yamaguchi H, Sun Y, Smith RG, Yamanaka A, Sakurai T, Date Y, Mondal 

MS, Shimbara T, Kawagoe T, Murakami N, Miyazato M, Kangawa K, Nakazato M 

(2006) Des-acyl ghrelin induces food intake by a mechanism independent of the growth 

hormone secretagogue receptor. Endocrinology 147: 2306-2314.  

[182] van der Lely AJ, Tschop M, Heiman ML, Ghigo E (2004) Biological, physiological, 

pathophysiological, and pharmacological aspects of ghrelin. Endocr. Rev. 25: 426–457. 

[183] Zigman JM, Jones JE, Lee CE, Saper CB, Elmquist JK (2006) Expression of ghrelin 

receptor mRNA in the rat and the mouse brain. J. Comp. Neurol. 494: 528–548. 

[184] Kojima S, Nakahara T, Nagai N, Muranaga T, Tanaka M, Yasuhara D, Masuda A, Date 

Y, Ueno H, Nakazato M, Naruo T (2005) Altered ghrelin and peptide YY responses to 

meals in bulimia nervosa. Clin. Endocrinol. (Oxf.) 62: 74–78. 

[185] Date Y, Nakazato M, Hashiguchi S, Dezaki K, Mondal MS, Hosoda H, Kojima M, 

Kangawa K, Arima T, Matsuo H, Yada T, Matsukura S (2002) Ghrelin is present in 

pancreatic alpha-cells of humans and rats and stimulates insulin secretion. Diabetes 51: 

124-129. 

[186] Gualillo O, Caminos J, Blanco M, Garcia-Caballero T, Kojima M,Kangawa K, Dieguez 

C & Casanueva F 2001 Ghrelin, a novel placental-derived hormone. Endocrinology 142: 

788–794. 

[187] Hattori N, Saito T, Yagyu T, Jiang BH, Kitagawa K, Inagaki C (2001) GH, GH receptor, 

GH secretagogue receptor, and ghrelin expression in human T cells, B cells, and 

neutrophils. J. Clin. Endocrinol. Metab. 86: 4284–4291. 

[188] Sato T, Nakamura Y, Shiimura Y, Ohgusu H, Kangawa K, Kojima M (2012) Structure, 

regulation and function of ghrelin. J. Biochem. 151(2): 119–128.  



 
Appetite Regulatory Peptides and Insulin Resistance 129 

[189] Torsello A, Locatelli V, Melis MR, Succu S, Spano MS, DeghenghiR, Muller EE, 

Argiolas A (2000) Differential orexigenic effects of hexarelin and its analogs in the rat 

hypothalamus: indication for multiple growth hormone secretagogue receptor 

subtypes. Neuroendocrinology 72: 327–332. 

[190] Zhang JV, Ren PG, Avsian-Kretchmer O, Luo CW, Rauch R, Klein C, Hsueh AJ (2005) 

Obestatin, a peptide encoded by the ghrelin gene, opposes ghrelin’s effects on food 

intake. Science 310: 996–999. 

[191] Zhang JV, Ning G, Handelsman Y, Bloomgarden ZT (2010) Gut hormones and the 

brain. J. Diab. 2: 138–145. 

[192] Boguszewski CL, Paz-Filho G, Velloso LA (2010) Neuroendocrine body weight 

regulation: integration between fat tissue, gastrointestinal tract, and the brain. Pol. J. 

Endocrinol. 61 (2): 194–206. 

[193] Horvath TL (2005) The hardship of obesity: a soft-wired hypothalamus. Nat. Neurosci. 

8: 561–565. 

[194] Murphy KG, Dhillo WS, Bloom SR (2006) Gut peptides in the regulation of food intake 

and energy homeostasis. Endocr. Rev. 27: 719–727.  

[195] Cummings DE, Overduin J. Gastrointestinal regulation of food intake (2007) J. Clin. 

Invest. 117: 13–23. 

[196] Lawrence CB, Snape AC, Baudoin FM, Luckman SM (2002) Acute central ghrelin and 

GH secretagogues induce feeding and activate brain appetite centers. Endocrinology 

143: 155-162. 

[197] Wang L, Saint-Pierre DH, Tache Y (2002) Peripheral ghrelin selectively increases Fos 

expression in neuropeptide Y-synthesizing neurons in mouse hypothalamic arcuate 

nucleus. Neurosci. Lett. 325: 4751. 

[198] Tamura H, Kamegai J, Shimizu T, Ishii S, Sugihara H, Oikawa S (2002) Ghrelin 

stimulates GH but not food intake in arcuate nucleus ablated rats. Endocrinology 143: 

3268–3275.  

[199] Nakazato M, Murakami N, Date Y, Kojima M, Matsuo H, Kangawa K, Matsukura S 

(2001) A role for ghrelin in the central regulation of feeding. Nature 409: 194-198.  

[200] Shintani M, Ogawa Y, Ebihara K, Izawa-Abe M, Miyanaga F, Takaya K, Hayashi T, 

Inoue G, Hosoda K, Kojima M, Kangawa K, Nakao K (2001) Ghrelin, an endogenous 

growth hormone secretagogue, is a novel orexigenic peptide that antagonizes leptin 

action through the activation of hypothalamic neuropeptide Y/Y1 receptor pathway. 

Diabetes 50: 227-232.  

[201] Cummings DE, Purnell JQ, Frayo RS, Schmidova K, Wisse BE, Weigle DS (2001) A 

preprandial rise in plasma ghrelin levels suggests a role in meal initiation in humans. 

Diabetes 50: 1714-1719.  

[202] Cummings DE, Frayo RS, Marmonier C, Aubert R, Chapelot D (2004) Plasma ghrelin 

levels and hunger scores in humans initiating meals voluntarily without time- and 

food-related cues. Am. J. Physiol. Endocrinol. Metab. 287: E297–E304. 

[203] Drazen DL, Vahl TP, D’Alessio DA, Seeley RJ, Woods SC (2006) Effects of a fixed meal 

pattern on ghrelin secretion: evidence for a learned response independent of nutrient 

status. Endocrinology: 147: 23–30. 



 

Insulin Resistance 130 

[204] Wren AM, Seal LJ, Cohen MA, Brynes AE, Frost GS, Murphy KG, Dhillo WS, Ghatei 

MA, Bloom SR (2001a) Ghrelin enhances appetite and increases food intake in humans. 

J. Clin. Endocrinol. Metab. 86: 5992. 

[205] Wren AM, Small CJ, Abbott CR, Dhillo WS, Seal LJ, Cohen MA, Batterham RL, Taheri 

S, Stanley SA, Ghatei MA, Bloom SR (2001b) Ghrelin causes hyperphagia and obesity in 

rats. Diabetes 50: 2540-2547. 

[206] Kola B, Korbonits M (2009) Shedding light on the intricate puzzle of ghrelin's effects on 

appetite regulation. J. Endocrinol. 202 (2): 191-198. 

[207] Tschop M, Weyer C, Tataranni PA, Devanarayan V, Ravussin E, Heiman ML (2001) 

Circulating ghrelin levels are decreased in human obesity. Diabetes 50: 707-709. 

[208] Shiiya T, Nakazato M, Mizuta M, Date Y, Mondal MS, Tanaka M, Nozoe S, Hosoda H, 

Kangawa K, Matsukura S (2002) Plasma ghrelin levels in lean and obese humans and 

the effect of glucose on ghrelin secretion. J. Clin. Endocrinol. Metab. 87: 240-244. 

[209] Dzaja A, Dalal MA, Himmerich H, Uhr M, Pollmacher T, Schuld A (2004) Sleep 

enhances nocturnal plasma ghrelin levels in healthy subjects. Am. J. Physiol. 

Endocrinol. Metab. 286: E963-E967.  

[210] Yildiz BO, Suchard MA, Wong ML, McCann SM, Licinio J (2004). Alterations in the 

dynamics of circulating ghrelin, adiponectin, and leptin in human obesity. Proc. Natl. 

Acad. Sci. USA 101: 10434-10439.  

[211] Briatore L, Andraghetti G, Cordera R (2006) Effect of two fasting periods of different 

duration on ghrelin response to a mixed meal. Nutr. Metab. Cardiovasc. Dis. 16: 471-

476.  

[212] Callahan HS, Cummings DE, Pepe MS, Breen PA, Matthys CC, Weigle DS (2004) 

Postprandial suppression of plasma ghrelin level is proportional to ingested caloric load 

but does not predict intermeal interval in humans. J. Clin. Endocrinol. Metab. 89: 1319-

1324. 

[213] Sugino T, Yamaura J, Yamagishi M, Kurose Y, Kojima M, Kangawa K, Hasegawa Y, 

Terashima Y (2003) Involvement of cholinergic neurons in the regulation of the ghrelin 

secretory response to feeding in sheep. Biochem. Biophys. Res. Commun. 304: 308-312. 

[214] Schüssler P, Kluge M, Yassouridis A, Dresler M, Uhr M, Steiger A (2012) Ghrelin 

Levels Increase After Pictures Showing Food. Obesity| doi:10.1038/oby.2011.385 

[215] Norrelund H, Hansen TK, Ørskov H, Hosoda H, Kojima M, Kangawa K, Weeke J, 

Møller N, Christiansen JS, Jørgensen JO (2002) Ghrelin immunoreactivity in human 

plasma is suppressed by somatostatin. Clin. Endocrinol. (Oxf).57(4): 539-546. 

[216] Broglio F, Gottero C, Van Koetsveld P, Prodam F, Destefanis S, Benso A, Gauna C, 

Hofland L, Arvat E, van der Lely AJ, Ghigo EJ (2004) Acetylcholine regulates ghrelin 

secretion in humans.Clin. Endocrinol. Metab. 89(5): 2429-2433. 

[217] Murakami N, Hayashida T, Kuroiwa T, Nakahara K, Ida T, Mondal MS, Nakazato M, 

Kojima M, Kangawa K (2002) Role for central ghrelin in food intake and secretion 

profile of stomach ghrelin in rats. J. Endocrinol. 174: 283–288.  

[218] Sun Y, Ahmed S, Smith RG  (2003) Deletion of ghrelin impairs neither growth nor 

appetite. Mol. Cell. Biol. 23: 7973–7981.  

[219] Gnanapavan S, Kola B, Bustin SA, Morris DG, McGee P, Fairclough P, Bhattacharya S, 

Carpenter R, Grossman AB, Korbonits M (2002) The tissue distribution of the mRNA of 



 
Appetite Regulatory Peptides and Insulin Resistance 131 

ghrelin and subtypes of its receptor, GHS-R, in humans. J. Clin. Endocrinol. Metab. 87: 

2988–2991. 

[220] Anderson LL, Jeftinija S, Scanes CG,  Stromer MH,  Lee J-S,  Jeftinija K,  Glavaski-

Joksimovic A (2005) Physiology of ghrelin and related peptides. Domest. Anim. 

Endocrinol. 29: 111–144. 

[221] Wierup N, Yang S, McEvilly RJ, Mulder H, Sundler F (2004) Ghrelin is expressed in a 

novel endocrine cell type in developing rat islets and inhibits insulin secretion from 

INS-1 (832/13) cells. J. Histochem. Cytochem. 52: 301–310. 

[222] Muccioli G, Papotti M, Locatelli V, Ghigo E, Deghenghi R (2001) Binding of 125I-

labeled ghrelin to membranes from human hypothalamus and pituitary gland. J. 

Endocrinol. Invest. 24: RC7-RC9.  

[223] Gauna C, Delhanty P, Hofland L, Broglio F, Janssen J, Ross R, Ghigo E, van der Lely AJ 

(2004) Ghrelin and des-octanoyl ghrelin modulate glucose output by primary 

hepatocytes. In: The Endocrine Society's 86th Annual Meeting, June 1619 2004, New 

Orleans, USA 

[224] Soriano-Guillen L, Barrios V, Campos-Barros A, Argente J (2004) Ghrelin levels in 

obesity and anorexia nervosa: effect of weight reduction or recuperation. J. Pediatr. 144: 

30–35. 

[225] Ukkola O (2009) Ghrelin and metabolic disorders. Curr. Protein Pept. Sci. 10 (1): 2–7. 

[226] Broglio F, Gottero C, Benso A, Prodam F, Destefanis S, Gauna C, Maccario M, 

Deghenghi R, van der Lely AJ, Ghigo E (2003) Effects of ghrelin on the insulin and 

glycemic responses to glucose, arginine, or free fatty acids load in humans. J. Clin. 

Endocrinol. Metab. 88: 4268-4272. 

[227] Murata M, Okimura Y, Iida K, Matsumoto M, Sowa H, Kaji H, Kojima M, Kangawa K, 

Chihara K (2002) Ghrelin modulates the downstream molecules of insulin signaling in 

hepatoma cells. J. Biol. Chem. 277: 5667–5674. 

[228] Pöykkö SM, Kellokoski E, Hörkköe S, Kauma H, Kesäniemi YA, Ukkola O (2003) Low 

plasma ghrelin is associated with insulin resistance, hypertension, and the prevalence of 

type 2 diabetes. Diabetes 52(10): 2546–2553.   

[229] Egido EM, Rodriguez-Gallardo J, Silvestre RA, Marco J (2002) Inhibitory effect of 

ghrelin on insulin and pancreatic somatostatin secretion. Europ. J. Endocrinol. 146: 241-

244. 

[230] Broglio F, Arvat E, Benso A, Gottero C, Muccioli G, Papotti M, van der Lely AJ, 

Deghenghi R, Ghigo E (2001) Ghrelin, a natural GH secretagogue produced by the 

stomach, induces hyperglycemia and reduces insulin secretion in humans. J. Clin. 

Endocrinol. Metab. 86: 5083-5086. 

[231] Arosio M, Ronchi CL, Gebbia C, Cappiello V, Beck-Peccoz P, Peracchi M (2003) 

Stimulatory effects of ghrelin on circulating somatostatin and pancreatic polypeptide 

levels. J. Clin. Endocrinol. Metab. 88: 701-704. 

[232] Date Y, Nakazato M, Murakami N, Kojima M, Kangawa K, Matsukura S (2001) Ghrelin 

acts in the central nervous system to stimulate gastric acid secretion. Biochem. Biophys. 

Res. Commun. 280 (3): 904-907. 



 

Insulin Resistance 132 

[233] Dezaki K, Sone H, Koizumi M, Nakata M, Kakei M, Nagai H, Hosoda H, Kangawa K, 

Yada T (2006) Blockade of pancreatic islet-derived ghrelin enhances insulin secretion to 

prevent high-fat dietinduced glucose intolerance. Diabetes 55: 3486-3493. 

[234] Heijboer AC, van den Hoek AM, Parlevliet ET, Havekes LM, Romijn JA, Pijl H, 

Corssmit EP M (2006) Ghrelin differentially affects hepatic and peripheral insulin 

sensitivity in mice. Diabetologia 49: 732–738. 

[235] Ott V, Fasshauer M, Dalski A, Meier B, Perwitz N, Klein HH, Tschöp M, Klein J (2002) 

Direct peripheral effects of ghrelin include suppression ofadiponectin expression. 

Horm. Metab. Res. 34: 640–645.  

[236] Malagón MM, Luque RM, Ruiz-Guerrero E, Rodríguez-Pacheco F, García-Navarro 

S, Casanueva FF, Gracia-Navarro F, Castaño JP (2003) Intracellular signalling 

mechanisms mediating ghrelin-stimulated growth hormone release in somatotropes. 

Endocrinology 144, 5372–5380  

[237] Salehi A, Dornonville de la Cour C, Håkanson R, Lundquist I (2004) Effects of ghrelin 

on insulin and glucagons secretion: a study of isolated pancreatic islets and intact mice. 

Regul. Pept. 118: 143–150. 

[238] Vestergaard ET, Gormsen LC, Jessen N, Lund S, Hansen TK, Moller N, Jorgensen JO 

(2008) Ghrelin Infusion in Humans Induces Acute Insulin Resistance and Lipolysis 

Independent of Growth Hormone Signaling. Diabetes 57: 3205–3210.  

[239] Flanagan DE, Evans M L, Monsod TP, Rife F, Heptulla RA, Tamborlane WV, Sherwin 

RS (2003) The influence of insulin on circulating ghrelin. Am. J. Physiol. Endocrinol. 

Metab. 284: E313–E316.  

[240] Broglio F, C Gottero, F Prodam, Destefanis S, Gauna C, Me E, Riganti F, Vivenza D, 

Rapa A, Martina V, Arvat E, Bona G, van der Lely AJ, Ghigo E (2004) Ghrelin secretion 

is inhibited by glucose load and insulin-induced hypoglycaemia but unaffected by 

glucagon and arginine in humans. Clin. Endocrinol. (Oxf); 61:503–509. 

[241] Leite-Moreira AF, Soares J-B (2007) Physiological, pathological and potential 

therapeutic roles of ghrelin. Drug Discov. Today 12, 7/8: 276-288. 

[242] Korbonits M, Gueorguiev M, O’Grady E, Lecoeur C, Swan DC, Mein CA, Weill J, 

Grossman AB, Froguel P (2002) A variation in the ghrelin gene increases weight and 

decreases insulin secretion in tall, obese children. J. Clin. Endocrinol. Metab. 87: 4005–

4008. 

[243] Miraglia dG, Santoro N, Cirillo G, Raimondo P, Grandone A, D’Aniello A, Di Nardo 

M, Perrone L (2004) Molecular screening of the ghrelin gene in Italian obese children: 

the Leu72 Met variant is associated with an earlier onset of obesity. Int. J. Obes. Relat. 

Metab. Dis. 28: 447–450.  

[244] Hinney A, Hoch A, Geller F, Schafer H, Siegfried W, Goldschmidt H, Remschmidt H, 

Hebebrand J (2002) Ghrelin gene: identification of missense variants and a frameshift 

mutation in extremely obese children and adolescents and healthy normal weight 

students. J. Clin. Endocrinol. Metab. 87: 2716–2719.  

[245] Wang HJ, Geller F, Dempfle A, Schauble N, Friedel S, Lichtner P, Fontenla-Horro F, 

Wudy S, Hagemann S, Gortner L et al. (2004) Ghrelin receptor gene: identification of 

several sequence variants in extremely obese children and adolescents, healthy normal-



 
Appetite Regulatory Peptides and Insulin Resistance 133 

weight and underweight students, and children with short normal stature. J. Clin. 

Endocrinol. Metab. 89 157–162. 

[246] Bellone S, Rapa A, Vivenza D, Castellino N, Petri A, Bellone J, Me E, Broglio F, Prodam 

F, Ghigo E, Bona G (2002) Circulating ghrelin levels as function of gender, pubertal 

status and adiposity in childhood. J. Endocrinol. Invest. 25: RC13-RC15  

[247] Kurose Y, Iqbal J, Rao A, Murata Y, Hasegawa Y, Terashima Y, Kojima M, Kangawa 

K, Clarke IJ (2005) Changes in expression of the genes for the leptin receptorand the 

growth hormone-releasing peptide/ghrelin receptor in the hypothalamicarcuate nucleus 

with long-term manipulation of adiposity by dietary means. J. Neuroendocrinol. 17: 

331–340. 

[248] Tung YC, Hewson AK, Carter RN, Dickson SL (2005) Central responsiveness to a 

ghrelin mimetic (GHRP-6) is rapidly altered by acute changes in nutritional status in 

rats. J. Neuroendocrinol. 17: 387–393. 

[249] Otto B, Cuntz U, Fruehauf E, Wawarta R, Folwaczny C, Riepl RL, Heiman ML, Lehnert 

P, Fichter M, Tschop M (2001) Weight gain decreases elevated plasma ghrelin 

concentrations of patients with anorexia nervosa. Europ. J. Endocrinol. 145 669–673. 

[250] Hansen TK, Dall R, Hosoda H, Kojima M, Kangawa K, Christiansen JS, Jørgensen JO 

(2002) Weight loss increases circulating levels of ghrelin in human obesity.Clin. 

Endocrinol. (Oxf).56 (2): 203-206. 

[251] English PJ, Ghatei MA, Malik IA, Bloom SR, Wilding JP (2002) Food fails to suppress 

ghrelin levels in obese humans. J. Clin. Endocrinol. Metab. 87: 2984-2987.  

[252] Cummings DE, Weigle DS, Frayo RS, Breen PA, Ma MK, Dellinger EP, Purnell JQ 

(2002b) Plasma ghrelin levels after diet-induced weight loss or gastric bypass surgery. 

N Engl. J. Med. 346: 1623–1630. 

[253] Cummings DE, Clement K, Purnell JQ, Vaisse C, Foster KE, Frayo RS, Schwartz MW, 

Basdevant A, Weigle DS (2002a) Elevated plasma ghrelin levels in PraderWilli 

syndrome. Nature Med. 8: 643-644. 

[254] Erdie-Lalena CR Holm VA, Kelly PC, Frayo RS, Cummings DE (2006) Ghrelin levels in 

very young children with Prader–Willi syndrome. J. Pediatr. 149, 199–20 

[255] Mager U, Lindi V, Lindström J, Eriksson JG, Valle TT, Hämäläinen H, Ilanne-Parikka 

P, Keinänen-Kiukaanniemi S, Tuomilehto J, Laakso M, Pulkkinen L, Uusitupa M (2006) 

Association of the Leu72Met polymorphism of the ghrelin gene with the risk of Type 2 

diabetes in subjects with impaired glucose tolerance in the finnish diabetes prevention 

study. Diabet. Med. 23, 685–689 

[256] Ishii S, Kamegai J, Tamura H, Shimizu T, Sugihara H, Oikawa S (2002) Role of ghrelin 

in streptozocin-induced diabetic hyperphagia. Endocrinology 143, 4934–4937 

[257] Irako T, Akamizu T, Hosoda H, Iwakura H, Ariyasu H, Tojo K, Tajima N, Kangawa K 

(2006) Ghrelin prevents development of diabetes at adult age in streptozotocin-treated 

newborn rats. Diabetologia 249, 1264–1273. 

[258] Orbetzova M, Mitkov M, Pehlivanov B  (2010) Ghrelin – role in the regulation of body 

weight, metabolic and reproductive disturbances. Endokrinologiya 4: 212-223 (in 

Bulgarian). 

[259] Barazzoni R, Zanetti M, Ferreira C, Vinci P, Pirulli A, Mucci M, Dore F, Fonda M, 

Ciocchi B, Cattin L, Guarnieri G (2007) Relationships between desacylated and acylated 



 

Insulin Resistance 134 

ghrelin and insulin sensitivity in the metabolic syndrome. J. Clin. Endocrinol. Metab. 92: 

3935–3940.  

[260] Ukkola O, S Poykko, M Paivansalo, YA Kesaniemi (2008) Interactions between ghrelin, 

leptin and IGF-1 affect metabolic syndrome and early atherosclerosis. Annm Med. 40 

(6): 465-473. 

[261] Lee CC, RP Lee, YM Subeg, CH Wang, TC Fang, BG Hsu (2008) Fasting serum total 

ghrelin level universly correlates with metabolic syndrome in hemodialysis patients. 

Arch. Med. Res. 39(8): 785-790 

[262] Iantorno M, H Chen, J Kim, Tesauro M, Lauro D, Cardillo C, Quon MJ (2007) Ghrelin 

has novel vascular actions that mimic PI 3-kinase-dependent actions of insulin to 

stimulate production of NO from endothelial cells. Am. J. Physiol. Endocrinol. Metab. 

292: E756-E764. 

[263] Vlasova MA, K Jarvinen, KH Herzig (2009) Cardiovascular effects of ghrelin antagonist 

in conscious rats. Regul. Pept. 156: 72–76. 

[264] Fernandez-Fernandez R, M Tena-Sempere, VM Navarro, ML Barreiro, JM Castellano, E 

Aguilar, Pinilla L (2006) Effects of Ghrelin upon gonadotropin-releasing hormone and 

gonadotropin secretion in adult female rats: in vivo and in vitro studies. 

Neuroendocrinology 82 (5–6): 245–55. 

[265] Fernandez-Fernandez R, VM Navarro, ML Barreiro, EM Vigo, S Tovar, AV Sirotkin, 

Casanueva FF, Aguilar E, Dieguez C, Pinilla L, Tena-Sempere M (2005) Effects of 

chronic hyperghrelinemia on puberty onset and pregnancy outcome in the rat. 

Endocrinology 146(7): 3018–3025.  

[266] Vulliémoz NR, E Xiao, L Xia-Zhang, M Germond, J Rivier, M Ferin (2004) Decrease in 

luteinizing hormone pulse frequency during a five-hour peripheral ghrelin infusion in 

the оvariectomized rhesus monkey. J. Clin. Endocrinol. Metab. 89(11): 5718–5723.  

[267] Kluge M, Schüssler P, Schmidt D, Uhr M, Steiger A (2012) Ghrelin suppresses secretion 

of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) in women. J. Clin. 

Endocrinol. Metab. 97(3): E448-E451  

[268] De Souza MJ, HJ Leidy, E O’Donnell, B Lasley, NI Williams (2004) Fasting ghrelin 

levels in physically active women: relationship with menstrual disturbances and 

metabolic hormones. J. Clin. Endocrinol. Metab. 89(7): 3536–3542.  

[269] Misra M, KK Miller, K Kuo, K Griffin, V Stewart, E Hunter, Herzog DB, Klibanski A 

(2005) Secretory dynamics of ghrelin in adolescent girls with anorexia nervosa and 

healthy adolescents. Am. J. Physiol. Endocrinol. Metab. 289(2): E347–E356.  

[270] Garcia JM, M Garcia-Touza, RA Hijazi, G Taffet, D Epner, D Mann, Smith RG, 

Cunningham GR, Marcelli M (2005) Active ghrelin levels and active to total ghrelin 

ratio in cancer-induced cachexia. J. Clinlin. Endocrinol. Metab. 90(5): 2920–2926.  

[271] Schneider LF, MP Warren (2006) Functional hypothalamic amenorrhea is associated 

with elevated ghrelin and disordered eating. Fertil. Steril. 86(6): 1744–1749.  

[272] Tena-Sempere M, Barreiro ML, Gonzalez LC, Gaytan F, Zhang FP, Caminos JE, Pinilla 

L, Casanueva FF, Dieguez C and Aguilar E (2002) Novel expression and functional role 

of ghrelin in rat testis. Endocrinology 143, 711–725 

[273] Barreiro ML, Gaytan F, Castellano JM, Suominen JS, Roa J, Gaytan M, Aguilar E, 

Dieguez C, Toppari J, Tena-Sempere M (2004) Ghrelin inhibits the proliferative activity 



 
Appetite Regulatory Peptides and Insulin Resistance 135 

of immature Leydig cells in vivo and regulates stem cell factor messenger RNA 

expression in rat testis. Endocrinology 145, 4825–4834 

[274] Pagotto U, Gambineri A, Pelusi C, Genghini S, Cacciari M, Otto B, Castañeda T, 

Tschöp M, Pasquali R (2003) Testosterone replacement therapy restores normal ghrelin 

in hypogonadal men. J. Clin. Endocrinol. Metab.  88: 4139–4143. 

[275] Pagotto U, Gambineri A, Vicennati V, Heiman ML, Tschop M, Pasquali R (2002) 

Plasma ghrelin, obesity, and the polycystic ovary syndrome: correlation with insulin 

resistance and androgen levels. J. Clin. Endocrinol. Metab. 87: 5625-5629. 

[276] Schofl C, Horn R, Schill T, Schlosser HW, Müller MJ, Brabant G (2002) Circulating 

ghrelin levels in patients with polycystic ovary syndrome. J. Clin. Endocrinol. Metab. 

87: 4607–4610.  

[277] Moran LJ, Noakes M, Clifton PM, Wittert GA, Tomlinson L, Galletly C, Luscombe ND, 

Norman RJ (2004) Ghrelin and measures of satiety are altered in polycystic ovary 

syndrome but not differentially affected by diet composition. J. Clin. Endocrinol. Metab. 

89: 3337–3344.  

[278] Glintborg D, Andersen M, Hagen C, Frystyk J, Hulstrom V, Flyvbjerg A, Hermann AP 

(2006) Evaluation of metabolic risk markers in polycystic ovary syndrome (PCOS). 

Adiponectin, ghrelin, leptin and body composition in hirsute PCOS patients and 

controls. Eur. J. Endocrinol. 155: 337–345.  

[279] Micic D, Sumarac-Dumanovic M, Kendereski A, Cvijovic G, Zoric S, Pejkovic D, Micic 

J, Milic N, Dieguez C, Casanueva FF (2007) Total ghrelin levels during acute insulin 

infusion in patients with polycystic ovary syndrome. J. Endocrinol. Invest. 30: 820–827. 

[280] Orio FJr, Lucidi P, Palomba S, Tauchmanova L, Cascella T, Russo T, Zullo F, Colao A, 

Lombardi G, De Feo P (2003) Circulating ghrelin concentrations in the polycystic ovary 

syndrome. J. Clin. Endocrinol. Metab. 88: 942–945. 

[281] Kos-Kudla B, Malecka-Mikosz O, Foltyn W, Ostrowska Z, Kudla M, Mazur B (2006) 

Plasma ghrelin concentrations in patients with polycystic ovary syndrome before and 

after 6months therapy: correlation with androgen levels. Neuro Endocrinol. Lett. 27: 

763–767. 

[282] Panidis D, Farmakiotis D, Koliakos G, Rousso D, Kourtis A, Katsikis I, Asteriadis C, 

Karayannis V, Diamanti-Kandarakis E (2005) Comparative study of plasma ghrelin 

levels in women with polycystic ovary syndrome, in hyperandrogenic women and in 

normal controls. Hum. Reprod. 20(8): 2127–2132. 

[283] Skommer J, Katulski K, Poreba E, Meczekalski B, Slopień R, Plewa R, Gozdzicka-

Józefiak A, Warenik-Szymankiewicz A (2005) Ghrelin expression in women with 

polycystic ovary syndrome–a preliminary study. Eur. J. Gynaecol. Oncol. 26 : 553–556. 

[284] Sağsöz N, Orbak Z, Noyan V, Yücel A, Uçar B, Yildiz L (2009) The effects of oral 

contraceptives including low-dose estrogen and drospirenone on the concentration of 

leptin and ghrelin in polycystic ovary syndrome Fertil. Steril. 92(2): 660-666.  

[285] Fusco A, Bianchi A, Mancini A, Milardi D, Giampietro A, Cimino V, Porcelli T, 

Romualdi D, Guido M, Lanzone A, Pontecorvi A, De Marinis L (2007) Effects of ghrelin 

administration on endocrine and metabolic parameters in obese women with polycystic 

ovary syndrome. J. Endocrinol. Invest.  30(11): 948-956. 



 

Insulin Resistance 136 

[286] Bik W, Baranowska-Bik A, Wolinska-Witort E, Chmielowska M, Martynska L, 

Baranowska B (2007) The relationship between metabolic status and levels of 

adiponectin and ghrelin in lean women with polycystic ovary syndrome. Gynecol. 

Endocrinol. 23(6): 325-331.  

[287] Barber TM, Casanueva FF, Karpe F, Lage M, Franks S, McCarthy MI, Wass JA (2008) 

Ghrelin levels are suppressed and show a blunted response to oral glucose in women 

with polycystic ovary syndrome. Eur. J. Endocrinol. 158: 511–516. 

[288] Zwirska-Korczala K, Sodowsky K, Konturek SJ, Kuka D, Kukla M, Brzozowski T, 

Cnota W, Woźniak-Grygiel E, Jaworek J, Bułdak R, Rybus-Kalinowska B, Fryczowski M 

(2008) Postprandial response of ghrelin and PYY and indices of low-grade chronic 

inflammation in lean young women with polycystic ovary syndrome. J. Physiol 

Pharmacol. 59(2): 161-178.  

[289] Romualdi D, De Marinis L, Campagna G, Proto C, Lanzone A, Guido M (2008) 

Alteration of ghrelin-neuropeptide Y network in obese patients with polycystic ovary 

syndrome: role of hyperinsulinism. Clin. Endocrinol. (Oxf). 69(4): 562-567. 

[290] Mitkov M, Pehlivanov B, Orbetzova M (2008) Serum ghrelin level in women with 

polycystic ovary syndrome and its relationship with endocrine and metabolic 

parameters. Gynecol. Endocrinol. 24 (11): 625-630. 

[291] Mitkov M, Terzieva D, Nonchev B, Orbetzova M (2006) Ghrelin in women with 

polycystic ovary syndrome and type 2 diabetes mellitus. Endokrinologiya suppl. 3: 101-

102 (in Bulgarian).  

[292] Panidis D, Asteriadis C, Georgopoulos NA, Katsikis I, Zournatzi V, Karkanaki A, 

Saltamavros AD, Decavalas G, Diamanti-Kandarakis E (2010) Decreased active, total 

and altered active to total ghrelin ratio in normal weight women with the more severe 

form of polycystic ovary syndrome. Eur. J. Obstet. Gynecol. Reprod. Biol. 149: 170–174. 

[293] Kamal M, Mohi A, Fawzy M, El-Sawah H (2010) Fasting plasma ghrelin in women 

with and without PCOS. Middle East Fertil. Soc. J. 15: 91–94. 


