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Abstract

Complex mechanisms have evolved that control feeding and energy homeostasis in mammals. Centrally, particularly in the hypothalamus, numerous neurotransmitters have been identified that regulate appetite and energy homeostasis. On the other hand, hormones released from the gut signal states of hunger and satiety to the brain. From the large number of players involved in this interplay, peptides from the neuropeptide Y (NPY) family are unique, with the predominantly neuronally expressed NPY being one of the most strongly stimulating agents for food intake while its two other closely related family members peptide YY (PYY) and pancreatic polypeptide (PP) released from the gut induce satiety. Another major player in this circuitry is ghrelin, which is released from the stomach and is the only known hormone that signals hunger to the brain. It is doing this by stimulating hypothalamic NPY production and release, subsequently leading to increased appetite and feeding behaviour. Deregulation of these processes can lead to either the development of obesity or the other extreme, anorexia. The aim of this review is to summarize the recent literature on NPY and ghrelin and its involvement in anorexia nervosa.



1. Introduction
Eating disorders, which include anorexia nervosa, bulimia nervosa, and binge eating have reached epidemic levels world-wide. Anorexia nervosa is a complex multi-factorial psychiatric and somatic disease with high heritability and is characterised by low body weight and body image distortion, which most seriously impacts on young adolescents. The average length of the illness is 5-7 years, with 1 in 5 people suffering chronically. The pre-puberty prevalence in boys vs. girls is 1:6 (1) and this changes after puberty to 1:10. Anorexia nervosa has a very high mortality rate (20% eventually die of the consequences) (2) and also has one of the highest rate of suicide and suicide attempts (at least 1 in 5) (3) (4).
 
Children suffering anorexia nervosa commonly resort to abnormal eating behaviour, excessive exercise or drug use to control their body weight. Anorexia nervosa is associated with adolescent issues such as a fear of growing up, low self-esteem, depression and anxiety arising from family or peer pressure. The beginning of anorexia nervosa is a lingering process and the majority of patients show increasingly restrictive eating habits resulting in cachexia. Patients are obsessed by the predominant idea of being obese in spite of having a significant underweight. Patients suffering from bulimia break the strict regimen by eating enormous amounts of high calorie food. Such eating attacks are followed by weight reducing measures, mostly vomiting. Most of the physical changes caused by anorexia nervosa are due to starvation and weight loss. The most significant medical complications are alterations of the cardiovascular system accompanied by decreased contractility of the heart, bradycardia, electrocardiographic changes as well as disequilibrium of electrolytic and water balance, decreased bone density, and reduced fertility. While some aspects of anorexia can be reversed by putting back on weight, others like loss of bone mass can have serious long-term consequences such as early onset of osteoporosis.
Decreased body weight and food intake in anorexia nervosa appear to be associated with defects in hormones that regulate appetite or stimulate satiety. Studies on the molecular risk factors that contribute to obesity have yielded significant insights into mechanisms regulating energy balance and appetite. One of the major players in long-term energy balance regulation is leptin, a hormone released by adipocytes that induces satiety via receptors in the arcuate nucleus of the hypothalamus. Activation of leptin receptors leads to release of anorexigenic peptides, such as -melanocyte stimulating hormone (-MSH) and cocaine and amphetamine regulated transcript (CART) and suppression of the expression and release of orexigenic Agouti-related protein (AGRP) and neuropeptide Y (NPY) (5). Malfunctioning within this appetite circuitry can lead to excessive food consumption and obesity or disturbances in the activity of this feeding network may also precipitate abnormally diminished consummatory behavior, leading to anorexia. In line with that hypothesis, association studies on polymorphisms in genes involved in energy intake control and associations to anorexia nervosa have identified both orexigenic and anorexigenic factors as potential contributors to the disease. 

One of the most important peptides involved in this circuitry are members of the neuropeptide Y (NPY) family, which also includes peptide YY (PYY) and pancreatic polypeptide (PP) (6). Peptides of the NPY family are unique, with the predominantly neuronally expressed NPY being one of the most potent stimulating agents for food intake, while its two other closely related family members, PYY and PP, hormones that are released from the gut in response to caloric intake, induce satiety. However, more recent studies also suggest that NPY is not only regulating food intake, but also influences behaviors which precedes food intake (7, 8). For example, intracerebroventricular administration of NPY can increase physical activity and decrease food intake resulting in weight loss in rats with limited food access (9). Consistent with the observation in rodents, patients with anorexia nervosa have pathologically up-regulated hypothalamic NPY levels, but are physically hyperactive and eat only a little food in spite of having depleted body fat stores (9, 10). 

Another critical player in the feeding regulatory circuitry is ghrelin, which is synthesized in the stomach and signals changes in energy levels to the central nervous system by stimulating specific ghrelin receptors directly on NPY neurons in the arcuate nucleus of the hypothalamus (11) or by a brainstem circuit. The induced upregulation of NPY then stimulates appetite and associated alterations in energy homeostasis. Ghrelin levels are dependent on energy status and altered ghrelin levels have been found in obese subjects (12) as well as in patients with anorexia nervosa. For example, fasting plasma ghrelin levels in underweight anorexia nervosa patients have been shown to be increased (13-16), suggesting that the principal response to low energy balance is intact but downstream effects might be impaired in anorexia patients. 
The purpose of this review is to summarize the existing recent literature on the role of peptides from the NPY family and ghrelin in the regulation of energy homeostasis and their contributions to anorexia. Another major focus will be how these peptides influence bone homeostasis - a major clinical complication in patients with anorexia nervosa. 


2. NPY and Y-receptors and energy homeostasis
Under physiologic conditions, complex and redundant mechanisms control the homeostasis of food intake and body weight. Neuronal, metabolic, and humoral signals from peripheral tissues inform the brain, particular the hypothalamus, of the level of energy stores in the body (17). Within the hypothalamus, the arcuate nucleus situated between the third ventricle and the median eminence, containing a large proportion of NPY expressing neurons, is considered to act as a primary sensor of alterations in energy stores to control appetite and body weight (Figure 1). NPY expression is also highly concentrated in the basal ganglia and in the limbic system and the expression pattern of NPY in the human brain closely resembles its central distribution in rats and mice, in which most of the investigations into NPY functions have been carried out (18). Central administration of NPY to rats and mice induces hyperphagia, decreases energy expenditure, activates lipogenic enzymes in the liver and adipose tissues, collectively contributing to the development of obesity (19). On the other hand, neutralization of endogenous NPY with NPY antibody induces a dose-dependent inhibition of feeding in rats (20), demonstrating a role for NPY in normal feeding. 

NPY, PYY and PP all signal through a family of G-protein coupled receptors known as Y- receptors. These Y-receptors couple to pertusis toxin-sensitive inhibitory G-proteins (Gi/Go), and activation of these receptors leads to inhibitory responses such as inhibition of adenylate cyclase and subsequent inhibition of cyclic AMP accumulation (21-23). Additionally, activation of Y receptors has been shown to inhibit K+ and stimulate Ca2+ channels (24-28), thereby imparting significant effects on cellular polarization and electrical signaling.  

There are 5 known Y-receptors, Y1, Y2, Y4, Y5 and y6 – which have distinct tissue expression profiles (29). NPY and PYY have similar affinity to all Y-receptors with a rank order of potency of Y2>Y1>Y5>>Y4>Y6 (30). PP has only high affinity to the Y4 and the Y6 receptors. The Y1 receptor is implicated in mediating NPY-induced hyperphagia, vasoconstriction, proliferation of neuronal precursor cells and vascular smooth muscle cells, as well as modulating immune function (31-34). Y2 receptors are mostly expressed pre-synaptically. Their activation by NPY, PYY and N-terminal truncation products of these peptides, such as NPY3-36 and PYY3-36, leads to the inhibition of neurotransmitter release (35).
Moreover, the Y2 receptor is also the critical Y-receptor that mediates satiety when activated by peripherally released PYY (36). Y2 receptors are also involved in promoting the proliferation and differentiations of adipocytes as well as stimulating angiogenesis of capillaries in adipose tissue (37). The Y4 receptor modulates the vago-vagal reflex in the arcuate nucleus, and in the area postrema relays anorexigenic signaling from PP in the peripheral circulation to the hypothalamus (38, 39), as well as being critically important in the regulation of reproductive functions (40). Y5 receptors are primarily expressed in the paraventricular nucleus (PVN) of the hypothalamus and interact synergistically with the Y1 receptor in regulating energy homeostasis (41, 42).
The existence of a Y3 receptors was postulated based on pharmacological studies in a number of tissues (43), but has not been confirmed by cloning. The y6 receptor only exists as a functional receptor in a few species including mouse and rabbit (44). It is completely absent in the rat genome and has a truncated structure in most mammalian genomes, like the human genome. Interestingly, despite the presence of a mutation in the y6 receptor coding sequence in humans, the level of transcription of the y6 receptor is considerable in several human tissues including skeletal muscle, small intestine, colon and adrenal gland (44-47), suggesting a possible functional role for the mRNA itself or the truncated receptor in humans. In the mouse, Y6 receptors are highly expressed in the hypothalamic suprachiasmatic nucleus (48), suggesting a role in the regulation and coordination of diurnal rhythms and energy homeostasis. 


3. PYY and energy homeostasis
PYY and PP are the evolutionary and structurally conserved members of the NPY family (49). However, while NPY is predominantly expressed in neurons, both PYY and PP are produced in peripheral tissues where they act as hormones in an auto-, para- and endocrine fashion (50). PYY and PP are released in response to food intake primarily by L cells in the ileum and colon and PP cells in the pancreas, respectively (51)]. There are two major forms of circulating PYY, the full length PYY1-36 and the shorter form PYY3-36 processed by the dipeptidyl-4 protease (DPP-IV) (52). While PYY, like NPY can bind with high affinity to all known Y-receptors, the truncated version PYY3-36 has lost its ability to bind the Y1 receptor with its activity on Y2 receptor intact. On the other hand, PP has only high affinity for the Y4 and in some species also the Y6 receptor.

PYY release from the endocrine L-cells in the gut can be triggered by a number of mechanisms. Circulating levels rise within 15 minutes of meal ingestion, and reach a peak at approximately 60 minutes postprandially (53). PYY plasma concentration can remain elevated for as long as 6 hours, depending on the calorie load of the meal ingested. Meal components shown to stimulate PYY secretion include glucose, bile salts, lipids, short-chain fatty acids and amino acids. Of these, dietary lipids are the most potent stimulant of secretion (54). The sustained postprandial production of PYY is consistent with the hypothesis that the L-cells of the distal bowel and colon detect levels of these macronutrients and release PYY in response. However, plasma PYY levels become already elevated before nutrients reach the distal gastrointestinal tract. This suggests that the initial postprandial PYY release may be modulated by indirect neural or humoral pathways, such as the vagus nerve (55). The presence of regulatory peptides such as cholecystokinin and vasoactive intestinal polypeptide (VIP) may also stimulate PYY release in the absence of a meal cue (55). PYY secretion has been further shown to be stimulated by exercise, both long-term and after only a single session of high intensity exercise (56). Interestingly, another source of PYY has also been identified in the tongue, which releases PYY into the saliva in response to food intake (57).

PYY’s main action in the gastrointestinal tract is to enhance nutrient absorption by suppressing gastric motility and inhibiting electrolyte secretion in the small intestine and colon. In particular PYY reduces VIP-induced increases in cAMP levels and in turn modulates secretion of water and chloride ions in the small intestine (58). High postprandial PYY levels ensure that electrolytes are optimally absorbed at the intestinal mucosa, whereas in the fasted state low level of PYY allow secretory hormones to maintain fluid homeostasis. Furthermore, PYY inhibits gastric acid secretion in the ileum (59). 

Within the pancreas PYY controls both exocrine and endocrine secretion (60). Treatment with anti-PYY serum causes enhanced pancreatic secretion, demonstrating PYY’s importance in this feedback mechanism. In mouse and dog studies it was demonstrated that PYY in the postprandial state inhibits glucose-dependent insulin secretion (61). These effects are also seen in vitro with PYY dose-dependently inhibited insulin production in the presence of glucose, but not under basal conditions. Knockout mouse models confirm this function of PYY in the control of insulin secretion from the islets of Langerhans with mice lacking PYY having significantly elevated insulin levels (62). However, these insulin-inhibitory effects of PYY have not been replicated in clinical studies. Intravenous administration of PYY has not been found to influence insulin secretion in humans, either basally or under glucose-dependent conditions. 

Importantly, the by far greatest effect of postprandially released PYY is its strong satiety action (36) (Figure 1). Both, the full length PYY1-36 and the processed PYY3-36 through their action on hypothalamic Y2 receptors can dose dependently reduce food intake, an effect that is absent in Y2 knockout mice (36). There is also new evidence that PYY produced in salivary gland in the tongue might be an early signal to the brain for food intake (57). Lack of PYY in mice also leads to a late onset obesity phenotype, which is more pronounced in females then in males. However, under conditions of high fat feeding, obesity is induced in an accelerated fashion in both genders (62). Elevated levels of PYY during embryonic development is lethal due to a lack of midline formation in the brain (63). Transgenic animals overproducing PYY only in the adult mice have a lean phenotype which is more pronounced when crossed onto a genetically obesity models like the functional leptin deficient ob/ob mouse (64). 
In obese humans PYY levels are significantly reduced and the normal rise after food intake is also diminished compared to normal weight subjects (65). Interestingly, gastric bypass operations used to treat extreme cases of obesity leads to a normalisation of PYY levels, which might also be an additional benefit for the following weight loss. Similarly to rodent models with elevated PYY levels, patients with anorexia nervosa show high to very high PYY serum levels potentially causing increased satiety and thereby contributing to the lean and wasting phenotype. 

4. Ghrelin and energy homeostasis
Ghrelin, derived from the stomach, is the first known peripheral hormone that shows orexigenic effects through its action on hypothalamic appetite-regulating pathways (66). Ghrelin exists in two forms, the active (acyl-ghrelin) and the inactive (des-acyl ghrelin) isoform.  This unique modification of ghrelin with a medium length fatty acid occurs through the enzyme ghrelin O-acyltransferase (GOAT), that adds an N-octanoylated serine in position 3 to the proghrelin peptide (67). This posttranslational modification is essential for ghrelin to bind to its receptor, the growth hormone secretagogue receptor (GHS-R) type 1a.  GHS-R is found in a variety of tissues in the periphery, but importantly is abundantly expressed in neurons of the hypothalamus.
[bookmark: bbib0235]Within the hypothalamus, circulating ghrelin activates NPY/AgRP neurons (68), promoting the production and secretion of these orexigenic neuropeptides that subsequently suppress POMC neuronal activity while at the same time promote food intake (69), (70). Moreover, there is also evidence that ghrelin signaling can reach the arcuate nucleus via vagal afferents (71) and regulate food intake via this pathway. Importantly, double knockout mice lacking both NPY and AgRP completely lack the orexigenic action of ghrelin, confirming that these two neuropeptides mediate and are essential for the orexigenic effect of ghrelin (72). 
Ghrelin release increases during fasting and decrease upon re-feeding (73). This pre-prandial rise and postprandial fall in plasma ghrelin levels is consistent with ghrelin’s function as an initiator signal for meal consumption in humans (74). In fact, ghrelin initiates meal consumption voluntarily in man, without time- or food-related cues (75). Furthermore, the postprandial ghrelin decrease is proportional to the caloric intake (76) suggesting a feedback inhibition (Figure 1). 

In addition to its prominent food stimulatory action, ghrelin is also known for its powerful effect on growth hormone (GH) release from somatotroph cells of the anterior pituitary (77); thereby significantly influencing the growth hormone axis and IGF production. Ghrelin also appears to be a peripheral counterpart of insulin and leptin, contributing to the long-term regulation of energy homeostasis (78) via peripheral mechanisms. For example, ghrelin reverses the down-regulating effect of insulin on phosphoenolpyruvate carboxykinase (PEPCK) mRNA levels, the rate-limiting enzyme of gluconeogenesis (79). Furthermore, ghrelin has been shown to be able to reduce glucose-stimulated insulin secretion in humans and rodents (80, 81) that can lead to increases in blood glucose levels and impairs glucose tolerance. Ghrelin is also known to reduce the use of fat as fuel source and promotes an increase in adipose tissue and body weight (82). Increases in ghrelin can induce abdominal obesity, independently of its central orexigenic activity, via GHS-R-dependent lipid retention (83).

5. NPY and anorexia
It has now been clearly established that two particular populations of neurons the orexigenic NPY/AGRP neurons and the anorexic POMC/CART neurons in the hypothalamus are the critical components that control and coordinate feeding behavior and energy homeostasis in mammals. Under conditions of positive energy balance, hormones like leptin produced by adipocytes, inhibit these NPY neurons reducing its expression level and release. One of the primary function of NPY in this part of the brain is to inhibit POMC neuronal activity and through this mechanism trigger increased hunger feeling, food intake and a reduction in energy expenditure to preserve energy. Reducing NPY levels via leptin signaling removes this action and the appetite drive is diminished. In the scenario of negative energy balance, where fat stores and leptin levels are low, this inhibitory action of leptin on NPY neurons is lacking. At the same time ghrelin levels are elevated resulting in elevated NPY levels that cause the reduction in POMC neuron activity and subsequent increase in appetite and feeding behavior. 
Through this feedback mechanism of energy balance and body weight is tidily controlled under normal physiological conditions and can compensate for short periods of excess energy intake by balancing it out with following short periods of reduced energy intake. However, when longer periods of either occur resistance to this normal homeostatic feedback develops leading either to the development of obesity or the other extreme anorexia.

The NPY levels in the central nervous system measured by immunohistochemistry in the CSF of underweight and short-term weight-restored anorectics with amenorrhea is significantly elevated compared with healthy volunteers consistent with the expected feedback regulatory mechanism being induced by the negative energy balance in these subjects (84). However, the normal feeding driving action of central NPY seems to have been lost or disrupted. One explanation for the failure to stimulate feeding behavior in anorexic patient with elevated NPY levels could be the coinciding down regulation of its Y-receptor a common occurrence typical for G-coupled receptor systems where chronic elevation in ligand levels causes a down regulation of its corresponding receptor (85, 86) (87).
In addition, animal studies have suggested that NPY is not just an orexigenic neurotransmitter but also acts to stimulate behaviors which precede the intake of food and actually inhibits intake per se (7, 88). Similarly, patients with anorexia nervosa also engage in such food anticipatory activities (89). Increases of hypothalamic NPY induced by food restriction also causes an increase in physical activity, an adaptation which facilitates the search for more food (90). Consistent with this, anorexic patients are physically overactive particular before food intake (10).
Interestingly, rats run progressively more in running wheels when food availability is progressively reduced and finally lose control over body weight if food is available for only 1–2h each day (91), while at the same time their hypothalamic level of NPY mRNA are increasing. Importantly, while icv NPY in normal fed rats without running wheels induces food intake as would be predicted, icv administration into rats that only had food available for 2 hours per day and access to a running wheel caused an even greater activity–induced anorexia compared to non-injected controls (9). Hence, the behavioral effects of NPY seem to depend on the physiological context. Considering that multiple adaptations, including behavioral adaptation, occur during the course of starvation it seems likely that NPY, has roles beyond the regulation of food intake depending upon physiological state. 

In addition to its effects on feeding, it is important to note that a disturbance of central NPY activity is also of interest for other aspects of anorexia nervosa since icv NPY administration to animals produces several other physiological and behavioral changes that are classically associated with anorexia nervosa. For example, NPY administration has gonadal steroid-dependent effects on LH secretion, suppresses sexual activity, increases CRH levels in the hypothalamus, and produces hypotension (84, 92-94).  These additional effects of NPY deregulation may explain some of the aspects why many people with anorexia nervosa cannot easily reverse their illness and even after weight gain and normalizing their eating patterns still have physiological, behavioral and psychological symptoms that persist for extended periods of time.

Interestingly, NPY system appears to have different implications in cancer-related anorexia as oppose to anorexia in non-cancer patients. Whereas also characterized with weight loss and fat depletion, cancer-related anorexia is associated with a decreased NPY-ergic activity. Thus, tumour-bearing rats with anorexia exhibit a significantly reduced NPY-immunoreactive innervation of hypothalamic nuclei (95), which is normalized by tumour section (96). Consistently, NPY protein concentrations in the hypothalamus of anorectic tumour-bearing rats was found to be decreased relative to sham-operated control rats, and this decrease in NPY levels could be reversed by tumour resection (97). In keeping with reduced NPY-ergic activity, anorectic tumour-bearing rats were reported also to display significantly reduced Y1 receptor immunostaining in ARC and PVN (98). Whereas data on human hypothalamic NPY level and activity in cancer are lacking, plasma levels of NPY have been reported to be significantly lower in anorectic cancer patients compared to control subjects (99). This decreased central NPY-ergic activity is consistent with the reduced appetite in anorexic cancer patients. However, it is inconsistent with the regulatory feedback mechanism predicting high NPY-ergic activity in response to weight and fat loss. This inconsistence indicates that hypothalamic NPY system is resistance to peripheral inputs, which may underline the pathogenesis of cancer anorexia. Importantly, the decrease in hypothalamic NPY-ergic activity in cancer anorexia brings the possibility that pharmacological modifications to enhance NPY-mediated obesogenic and anabolic effects may have therapeutic value in treating cancer anorexia and ameliorating associated catabolic conditions. In support of this notion, megestrol acetate, an orexigenic drug used in the treatment of human anorectic cachexia, has been shown to increase hypothalamic NPY levels (100). 

6. PYY and anorexia
Decreased levels of PYY are consistently found in obese subjects compared to lean controls, both at baseline as well as postprandially suggesting a critical role of this hormone in the development of obesity (65). It is therefore conceivable that PYY levels in patients with anorexia nervosa would be increased and that this could play a significant role in the etiology of this disorder, by sending an inappropriately strong signal of food intake inhibition to the hypothalamus compared to controls. However, in contrast to studies in obese humans, reports on the PYY levels in patients with anorexia are inconsistent with some studies reporting no change compared to control subjects where others do see an increase in PYY serum levels (101-103). Overall, however, there are more reports that point to increases rather then decreases in PYY levels and studies in adolescent girls with anorexia nervosa, have shown that BMI and PYY levels were inversely correlated, and a trend toward a decrease in PYY levels is noticeable following weight recovery in these patients (104). 

One of the reasons for these controversial findings could be the rather small sample sizes limiting the statistical power of the studies. A probably even more critical factor is the poor quality of the available assays to measure PYY levels. Most assays are only able to measure total (PYY1-36 and PYY3-36) levels thereby not taking into account the ratio between these two forms of the peptide. Whereas it is not so critical for the satiety action of the hormone as both forms are able to activate the Y2 receptor, the lack of Y1 activity due to the increased amount of conversion to the short form PYY3-36, however, may play a critical role in other peripheral energy homeostasis controlling processes that can also influence body weight. Furthermore, PYY1-36 and PYY3-36 have only a very short half-life in serum of approximately 20 min being degraded at the carboxyterminal by specific proteases such as kallikrein to form PYY1-35 and PYY3-35, which have lost all activity to any Y-receptor (105). As most PYY assays use polyclonal antibodies as their tools, these assays are not able to distinguish the different forms or degradation products leading to false or unreliable results. 
More convincing results have been obtained in rodent models where lack of PYY in mice leads to the development of late onset obesity which can be accelerated by high fat feeding (106). Importantly, increased levels of PYY in transgenic mice does lead to a reduction in fat mass, a resistance to high fat feeding induced obesity and a significant reduction in body weight when crossed onto a genetically obese model like the leptin deficient ob/ob mouse (62). Some other preliminary data from our laboratory using conditional overproducing PYY transgenic mice and experiments with neutralizing antibodies for PYY also confirm that elevated PYY levels have a negative effect on food intake and body weight.

Anorexia nervosa is more common in girls than boys and has its onset in adolescence or early adulthood (107). Studies have shown that during midpuberty PYY levels in both boys and girls are lowest at a time when growth hormone levels are the highest. These data are consistent with the hypothesis that PYY levels would be the lowest at the time of maximum growth. Interestingly, PYY has been demonstrated in animal models to inhibit gonatropin releasing hormone (GnRH) and gonadotropin secretion (108), which indicate that a decrease in PYY levels might facilitate pubertal progression. During periods of rapid growth, like in puberty, increased food intake becomes necessary, and the increased appetite of adolescents is likely an adaptive mechanism to facilitate the pubertal growth spurt. The exact mechanism that leads to lower PYY levels during puberty is not known. However, administration of GH in animal models leads to a suppression of PYY levels (109). GH concentrations also peak at the time of the pubertal growth spurt suggesting that an increase in GH levels in puberty causes a suppression of PYY levels, thereby facilitating increased energy intake and growth. This is consistent with a study showing an inverse association between log PYY and log nadir GH concentrations, which also remained significant after controlling for BMI (110). Failure to down regulate PYY levels during this critical growth phase may be one of the major reasons for the increased incidence of the development of anorexia nervosa at that particular age.

Another situation in which a strong reduction in food intake and a rapid weight loss occurs is following bariatric surgery mimicking in some way an anorexic stage. Interestingly, following bariatric surgery basal and meal-stimulated levels of PYY increase even before significant weight loss occurs and ongoing weight loss further elevates PYY’s basal and meal-stimulated secretion (111, 112). PYY likely participates in the changes observed following weight loss surgery that lead to decreased appetite and weight loss further confirming that elevated PYY levels are significantly contributing to weight loss. 
Importantly, taking this animal and human data together the possibility arises that interference with the levels of serum PYY though specific antibodies might help to reduce the levels of PYY in subjects with anorexia nervosa and thereby promote increase in food intake and body weight. 


7. Ghrelin and anorexia
Advances in our understanding of the complexity of feeding circuitry and the identification of the critical players (i.e., NPY, PYY, ghrelin) have lead to investigations into whether hormones such as ghrelin may be involved in the pathogenesis of anorexia nervosa. Paradoxically ghrelin levels in anorexia nervosa patients are actually elevated (113-115), which could be interpreted as a compensatory mechanism of the organism to try to stimulate appetite under conditions of negative energy balance. Another theory for this discrepancy of reduced food intake that is characteristic of anorexia nervosa despite chronically increased ghrelin levels is that anorexia nervosa represents a state of ghrelin insensitivity or resistance (116, 117). This is consistent with results showing that anorexia nervosa patients do not increase appetite and food intake in response to ghrelin administration compared to healthy controls. Since Ghrelin acts on arcuate NPY neurons to exert its effects, the ghrelin insensitivity or resistance would be consistent with the hypothesis of defective metabolic regulation of hypothalamic NPY in anorexia nervosa patients. In addition, ghrelin level in anorexia nervosa normalize when patients regain their body weight (103, 118, 119). This is similar to reports showing that ghrelin levels increase under conditions of weight loss or caloric deficit such as cachexia caused by chronic illness (120-122), and decrease in the presence of obesity (123, 124). 
On the other hand, it has also been hypothesized that a loss-of-function mutation in the ghrelin system could decrease orexigenic signals induced by ghrelin and cause food restriction in anorexia nervosa patients that leads to weight loss. The gene encoding ghrelin actually encodes a pro-peptide, which is cleaved to produce orexigenic ghrelin and an anorexigenic peptide, obestatin (125). Alteration in that process due to mutations might influence the overall balance between these two opposing hormones and could lead to the decrease in food intake on the background of elevated ghrelin levels. However, so far no conclusive results on the analysis of polymorphisms in the gene encoding preproghrelin to the development of anorexia nervosa has been found (126). 
Other studies have shown that obestatin has a suppressive effect on food intake in mice when injected peripherally or into the brain (127). However, others could not replicate these findings on the anorexigenic property of obestatin that was initially reported (128, 129). 
In a study with healthy humans a decrease in obestatin and ghrelin levels was observed following a high-carbohydrate meal whereas an increase in fasting plasma ghrelin and obestatin levels can be seen in anorexia nervosa patients (130). Furthermore, the same study also revealed a decrease in fasting plasma ghrelin and obestatin levels in obese patients (131). Taken this into account, together with the fact that ghrelin exerts its orexigenic effect mainly by activation of hypothalamic NPY neurons (132)) a clear link between ghrelin action and the pathophysiology of anorexia nervosa can be established.

Although there is now good evidence that altered ghrelin levels are major contributors to the initiation of anorexia lesser knowledge is available on how ghrelin contributes to the maintenance of the anorectic stage. Ghrelin secretion in healthy individuals is suppressed after a meal (133) and, both acyl- and total ghrelin levels are significantly reduced following the intake of carbohydrates and protein and to a lesser extend by lipids (134). Furthermore, a positive association with caloric content and macronutrient composition and the degree of suppression of ghrelin can be found (135, 136). 

Interestingly, significant changes in ghrelin levels can be found in anorexia nervosa patient following food intake or oral glucose administration (13, 137), which in some cases are similar in degree as seen in normal subjects (138, 139) suggesting that this could be a potential mechanism by which the disorder is maintained. This also suggests that food intake in patients with anorexia nervosa, even at low levels of calories might be sufficient to suppress ghrelin levels to a degree that hunger and food intake is not stimulated through ghrelin. Other studies in women with anorexia nervosa showed that fasting ghrelin levels were higher in anorexia nervosa patients, and that after an euglycemic hyperinsulinemic clamp the fall in ghrelin was greater than in anorexic patients compared to control or obese subjects (140). This greater reduction of ghrelin in anorexia nervosa women by insulin may lead to a quicker feeling of satiety thereby leading to overall reduction in food intake (140). This is also consistent with the hypothesis that hormones such as ghrelin and insulin and potentially others may interact in anorexia nervosa to promote and maintain the disorder.


8. Anorexia and osteoporosis:
Osteoporosis is characterized by low bone mass and reduction of the microarchitectual structure of bone. If continued over a longer period this results in increased risk of nontraumatic fractures. Osteoporosis particular affects trabecular bone in the lumbar spine and hips, exposing patients with anorexia nervosa to increased risks for vertebral compression fractures and hip fractures. The highest level of bone mass is achieved as a result of normal growth, and a normal peak bone mass is critical for bone health throughout life. Peak bone mass is generally achieved in the late teens and early twenties. This age unfortunately also correlates with the majority of onset of anorexia nervosa in many patients. It is therefore not surprising that almost 40% of anorexia nervosa patients have osteoporosis, and over 90% of women show a milder state of bone density loss, osteopenia (141). Importantly, the bone loss in patients with anorexia nervosa is more severe than the commonly seen post-menopausal-induced bone loss. Bone homeostasis is achieved by a coordinated process of bone resorption (osteoclast activity) and bone synthesis (osteoblast activity), which is necessary for normal growth and repair of bone. Weight is an important factor for bone formation, with increased body weight triggering increases in bone formation due to loading effects and longitudinal studies have demonstrated that low body weight is a very consistent predictor of reduced bone mineral density (142). 
Patients with anorexia nervosa have low body weight and altered body composition both negatively influencing bone homeostasis eventually leading to aggressive bone resorption along with decreased bone formation. In addition to body weight, bone mineral density (BMD) in women is also dependent on fat cell and muscle mass. When total body fat mass is reduced below a certain level (app 10%) which is commonly seen in anorexia nervosa patient menstrual function is impaired. This induced estrogen-progesterone deficiency is then responsible for diminished bone formation and increased bone resorption leading to the significant bone loss seen in anorexia nervosa. Furthermore, low IGF-1 levels and low testosterone levels as well as excess cortisol secretion, all known factors to influence bone mass are also found to be altered in anorexia nervosa patient. Particularly, low levels of IGF-1 cause abnormalities in osteoblasts function due to reduces levels of osteocalcin which is a major contributor to the lack of bone formation in anorexia nervosa patients (143). 
Exercise, although having certain positive effects on bone due to increased loading, in patients with anorexia nervosa excessive exercise can also contribute to amenorrhea. Amenorrhea is typically caused by disordered eating, menstrual irregularity, and osteoporosis and is seen in competitive female athletes. The low estrogen levels found in some competitive athletes causes lower bone density and places these women at risk for stress fractures and it has been shown that young estrogen–deficient women may lose bone mass at 3–5% per year (144).
Importantly, males with anorexia nervosa are also at increased risk for loss of bone density, and their bone density may actually be worse than their female counterparts with anorexia nervosa (145). Since body weight is a critical determinant of bone density, intervention that promote weight restoration early in the course of anorexia nervosa, before significant bone mass has occurred, is important. Unfortunately, most treatments for osteoporosis, such as estrogen therapy, that have been proven to be effective in postmenopausal women, have been found to be ineffective in patients with anorexia nervosa. Because of the significantly increased long-term risk of fracture in patients with anorexia nervosa, there is an urgent need to define an effective and safe treatment in anorexia nervosa patient to both prevent and reverse bone loss. Prevention, however, remains the key intervention. Therefore, early identification and treatment of patients with anorexia nervosa, to promote weight gain, before they have suffered irreparable bone density loss is of critical importance.


9. NPY and bone homeostasis
Endocrine- and paracrine-regulated processes have been traditionally been viewed as the major controller of bone homeostasis. This view is rapidly changing, with growing evidence demonstrating that neuronal factors are also critical for normal bone homeostasis. Moreover, efferent neural pathways from the hypothalamus potently modify the activity of bone cells. Leptin, in addition to its actions as an important circulating indicator of the level of adiposity, also modulates bone formation through activation of central, hypothalamic relays via efferent sympathetic nervous output which directly modulates osteoblast activity (146-148). A major target of leptin in the hypothalamus is the neuropeptide Y (NPY) system a major controller of energy homeostasis. Since the well defined actions of loading from body weight on bone mass are known, it is conceivable that the central ‘perception’ of energy status may also have an important influence on bone mass and that the NPY system is ideally placed to coordinate bodyweight changes with bone mass changes.
Consistent with this, studies showed that intracerebroventricular infusion of NPY into the cerebral spinal fluid of wild type mice leads to a significant reduction in cancellous bone volume (149). Furthermore, hypothalamus-specific NPY over expression via viral injection into the arcuate nucleus decreased osteoblast activity up to 7-fold via reduction in mineral apposition rate, with changes evident on cortical and cancellous surfaces (150). Moreover, germline NPY knockout mice display skeleton-wide increases in bone mass, associated with enhanced osteoblast activity (150). These changes are supported by increased expression of bone osteogenic transcription factors, RUNX2 and Osterix (151), indicating the critical role of NPY in the control of bone formation. 

NPY regulates energy homeostasis in the hypothalamus mainly through its Y1 and Y2 receptors. Interestingly, these Y-receptors have also been reported to be critical in the regulation of bone homeostasis with germline deletion of both, the Y1 and Y2-receptor resulting in a bone anabolic phenotype (152). Adult-onset, hypothalamus-specific Y2 receptor deletion, corresponding to a loss of Y2 receptors from the arcuate nucleus, produces an identical bone anabolic phenotype to germline Y2 receptor deletion (149).  This anabolic change is characterized by increased osteoblast activity with no measurable changes in parameters of osteoblast or osteoclast surface (152). Importantly, this greater bone accretion was not associated with changes in the concentrations of hormones that are known to regulate bone physiology, notably leptin, thyroid hormones, insulin-like growth factor 1 (IGF-1), corticosterone, or testosterone (153), suggesting that hypothalamic Y2 receptors modulate bone formation by neural mechanisms, rather than endocrine mechanisms (Figure 1). 

Although hypothalamic NPY signaling has a powerful impact on peripheral activity of osteoblasts and osteoclasts, it is interesting to note that increased osteoblastic activity seen in the NPY knockout mice was not completely normalized by the replenishment of NPY into the hypothalamus of NPY knockout mice (150). This suggests that hypothalamic NPY is not solely responsible for the bone anabolic phenotype observed in NPY knockout mice, and that non-hypothalamic NPY may also play a potential role in bone formation. This is also consistent with the fact that hypothalamic specific Y1 receptor deletion did not reproduce the same bone phenotype as its germline counterpart, suggesting that Y1 receptors expressed elsewhere must have an additional regulatory function on bone mass, most likely in the periphery. Indeed, recent in vitro studies have identified Y1 receptors expressed on osteoblasts suggesting that the Y1 receptor plays a direct osteoblastic role in the regulation of bone formation (151, 152) (Figure 2).
NPY has long been known to be important for vasoconstriction.  Therefore, as NPY-immunoreactive fibres in bone tissue are commonly associated with blood vessels, their presence in bone tissue was presumed to be solely for vasoregulation (154, 155). However, NPY-immunoreactive fibres have also been shown located around bone lining and marrow cells (156). NPY is co-stored and co-released with noradrenaline from sympathetic nerves (157, 158) and from the adrenal medulla. Importantly, NPY is also present in osteoblasts, osteocytes (151, 159) and osteoclasts. Thus, given the presence of Y1 receptors in osteoblasts, peripheral NPY may act in a paracrine/autocrine manner in bone cells (Figure 2). Moreover, the absence of Y2 receptor in bone and NPY expression in osteoblasts and osteocytes, suggested a direct anabolic effect of the NPY system on osteoblastic cells acting through locally-expressed Y1 receptors. This has now been confirmed with tissue specific deletion of the Y1 receptor in osteoblasts resulting in a similar high bone mass phenotype then the corresponding germline Y1 knockout model (160). 

Taken together, this highlights the critical role of NPY in the co-ordinated regulation of body weight and bone homeostasis. Hypothalamic NPY is ideally placed to modify bone mass to match changes in body weight induced by altered energy homeostasis, like in situations where hypothalamic NPY expression is decreased, as in short-term overfeeding in which serum leptin levels rise and in turn reduces central NPY signaling (161-163), bone formation is stimulated matching the increase in body weight with increased bone strength. Moreover, when central NPY levels are elevated as in situations of negative energy balance, bone formation is inhibited thereby conserving energy. Importantly, this interplay between leptin and NPY is also reflecting in situations of anorexia nervosa where reduced fat mass leading to low levels of leptin will lead to increase central NPY signaling which can have devastating effects on the bone mass of these patients. 


10. Peptide YY and Bone Homeostasis
In recent years a novel endocrine axis in addition to the one that originates from the hypothalamo-pituitary axis has emerged that is important for bone homeostasis, which involves peptides released from the gut (55). In addition to its roles in regulating energy homeostasis and appetite (74, 124), glucose metabolism (164), the neural system (165) and factors associated with higher functions such as mood and depression (166), the gut is now recognized as a fundamental regulator of bone health. One of the gut hormones that may play an important role in regulation of bone mass, particularly under conditions of altered energy balance is PYY. PYY released post-prandially into the bloodstream from L cells in the mucosa of the ileum and colon (59), in proportion to calorie intake, acts predominantly to inhibit food intake and increase satiety (36, 167).

However, lack of PYY in mice also results in an increase in bone mass that occurs already before the late onset obesity in these mice, suggesting that bone increases in this model are not due to additional weight barring effects. This is consistent with results from germline Y1 and Y2 knockout models they also show increased bone mass. PYY can act on both of these Y-receptors with high affinity and its truncated version PYY3-36 is effective on Y2 receptors. Conditional knockout of hypothalamic (arcuate nucleus) Y2 receptors and osteoblastic Y1 receptors, respectively, also replicate this increase in bone mass suggesting that PYY and PYY3-36 might be able to have direct as well as indirect routes to control bone mass (Figure 1+2). The central, Y2 route might also be used to coordinate appetite and body weight control with bone mass

Obese subjects have lower serum PYY levels and also diminished increases of PYY in response to food intake. Furthermore, administration of PYY to obese adults causes a decrease in food intake, suggesting that a decrease in PYY levels should be associated with increased food intake and also an increase bone formation. Importantly, PYY has been demonstrated in animal models to inhibit GnRH and gonadotropin secretion (108), which would indicate that a decrease in PYY levels might facilitate pubertal progression. This is however, also the period in life where most people develop anorexia nervosa and it is conceivable that the lack in drop of PYY levels during this time may contribute to the reduced food intake and reduced bone mass.
Consistent with this, the greater circulating PYY levels in patients with anorexia nervosa are significantly associated with altered bone homeostasis and diminished bone mass (168), particularly in the spine (104). Furthermore, elevated PYY levels are a negative predictor of the bone formation serum marker, pro-collagen type I N-terminal pro-peptide (PINP) and lumbar spine bone mineral density in amenorrheic athletes (56). Interestingly, baseline PYY levels are inversely associated with subsequent changes in whole body bone mass in anorexia nervosa patients (56), consistent with the anti-osteogenic actions of the Y2 receptor, described above (149). Amenorrheic athletes who display hypogonadism and lower BMD compared with eumenorrheic athletes also have higher PYY levels (169). Together, this evidence clearly demonstrates a negative correlation between PYY levels and BMD. However, more work is required to determine the exact mechanism on how PYY controls bone metabolism and how this is linked with altered energy metabolism, particular in patients with anorexia nervosa.


11. Ghrelin and bone homeostasis
Both, ghrelin’s stimulatory effects on central NPY and its effect on growth hormone (GH) secretion indicate a possible involvement in bone metabolism via either the well-known GH-IGF axis or central NPYergic pathways (164). On the other hand, ghrelin infusion into GH-deficient rats increases BMD compared to saline control, to a similar extent to what can be observed in rats with intact GH signaling, demonstrating an additional GH-independent effect of ghrelin on bone metabolism (165).  Consistent with this it has been demonstrated that GHS-R and ghrelin are expressed by osteoblasts in vitro (166) as well as in vivo (165). In response to ghrelin, osteoblasts were found to have increased proliferation and differentiation (54, 165, 166, 170). The mechanism of this proliferative effects of ghrelin was also confirmed by showing that ghrelin activates the mitogen-activated protein kinase (MAPK)/phosphoinositide 3-kinase (PI3K) pathways (170) as well as the intracellular nitric oxide/cyclic GMP (cGMP) signaling pathway in osteoblasts (54). This is clear evidence of a direct stimulatory effect of ghrelin on osteoblasts, however, the relative contributions of gastric and osteoblastic ghrelin to the control of bone homeostasis are yet to be defined.

Interestingly, knockout of ghrelin in mice shows unaltered BMD and bone mineral content (BMC) and only minor alterations of other metabolic effects of ghrelin, indicating that compensatory pathways might be activated under ghrelin deficiency (59). In a similar way, lack of GHS-R in mice, does not show significant changes in BMD and BMC, despite the fact that these mice have suppressed IGF-1 serum levels (167). These findings clearly indicate the need for conditional knockout models to dissect the exact mechanism on how ghrelin controls bone homeostasis both under normal as well as under pathophysiological conditions such as reduced body weight and food intake like in anorexia nervosa.

Under conditions of positive energy balance ghrelin levels are down-regulated and under conditions of negative energy balance, such as seen in anorexia nervosa ghrelin concentration is up-regulated (104, 168). Bone mass in anorexia nervosa patient, however, is generally low, which is in contrast to in vitro as well as animal studies demonstrating a positive effect of ghrelin on osteoblast activity and bone density (165, 166). One possible explanation for this inverse association may be that ghrelin is known to stimulate increases in ACTH with consequent elevation of cortisol, which has deleterious effects on bone. On the other hand, ghrelin-stimulated increases in GH are not associated with bone anabolic effects because of GH resistance in anorexia nervosa (56). Furthermore, the two distinct forms of ghrelin (acyl-ghrelin and ghrelin) may influence BMD in a different manner in subjects with different levels of energy balance. For example, in normal weight children, acylated ghrelin has been shown to be a negative predictor of whole body BMD. In contrast, in obese children a positive association was observed between des-acyl ghrelin and whole body BMD (171). Moreover, in boys, ghrelin concentration decreased during puberty, while regular physical activity maintained ghrelin levels. Thus in addition to actions associated with energy levels, ghrelin appears to be an important hormonal predictor for BMD in physically active boys, while in physically inactive boys BMD is mostly determined by IGF-1 (172). 


12. Summary
Our understanding of the regulation of appetite and energy homeostasis has greatly advanced over the last decade and the critical players and the circuitries important in this process have been identified. However, there are still gaps in our knowledge to why the identified feedback mechanism fail to prevent the consequences of chronic imbalances in energy homeostasis that lead to either obesity or anorexia. One possibility could be that constant activation of feedback mechanisms may trigger reduced responses and eventually resistance develops to a particular stimulus. In the case of anorexia, both major feeding driving components, ghrelin and NPY, are strongly upregulated but fail to deliver the expected response. While elevated ghrelin levels are consistent with the increase in NPY levels, NPY does not fulfill its role in promoting energy intake. Alterations in the level of its corresponding Y-receptors might be one possible explanation. However, NPY is not only a neurotransmitter that stimulates appetite and reduces energy expenditure, it also has many additional important regulatory roles in controlling other important physiological functions including control of blood pressure and cardiovascular function, regulation of sexual function, coordinating bone mass with body weight, influencing anxiety and other emotional aspects of feeding as well as having an influence on physical activity. These are all processes that are also being altered in patients with anorexia nervosa.  One could therefore hypothesize that a vicious cycle develops in anorexia nervosa in the sense that consequences of malnutrition perpetuate pathological behavior and NPY is a major contributor to this. Furthermore, the additional functions of ghrelin and PYY in the regulation of peripheral energy homeostasis might also play a critical role in worsening the condition of anorexia nervosa. Moreover, the failure to reduce PYY levels during puberty where greater energy requirements are critical for the burst in growth could be a key trigger for initiating the decease. Importantly, this however also presents a potential intervention point that could be utilized to prevent or improve the conditions of anorexia nervosa by treating patients with neutralizing PYY antibodies.
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