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Summary

The vast majority of new neuropeptides feature unique biochemical properties as well as
awide spectrum of physiological activity applied in numerous neuronal pathways, including hy-
pothalamus and the limbic system. Special interest should be paid to nesfatin-1 — the relatively
recently discovered and still intensively studied regulatory factor and a potential modulator
of eating behaviors. New information about it now allows to consider this neuropeptide as
apotentially important factor involved in the pathogenesis of many different mental disorders.
The considered pharmacomodulation of nesfatinergic signaling may be potentially helpful
in the future treatment of some neuropsychiatric and metabolic disorders including anorexia
nervosa. Although the results of some basic and clinical tests seem to be promising, all possible
applications of the aforementioned neuropeptides, together with their agonists and antagonists
still remain in the area of speculation. The intensive search of selective modulators of their
known receptors may facilitate the opening of a promising chapter in the eating disorders
therapy. This paper provides a review of recent scientific reports regarding the hypothetical
role of nesfatin-1 in the neuronal pathways related to pathophysiology of anorexia nervosa.
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Introduction

Anorexia nervosa (AN) is a relatively frequent disorder which is especially com-
mon in female teenagers as well as young, adult women and which is characterized
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by restricted food intake as compared to energetic requirements, anxiety and usually
distorted perception of body image. Unfortunately, many AN patients deny their serious
condition, which is life-threatening as its standardized mortality rate may reach up to
18% [1]. The most frequent comorbid mental issues in AN females are mood disorders,
while among male patients anxiety and psychosis prevail. Borderline personality can
be observed mainly in females, while narcissistic, or even sociopathic traits seem to be
correlated with the male sex [2]. As far as AN is concerned, the male to female ratio
equals one to five (males 16.5% vs. 83.5%).

Recovering from AN is often a slow process and AN is usually linked with
an increased risk of development of other psychiatric conditions, including bulimic
symptoms which are frequent in the first two years of AN onset [3]. At present, there
are numerous premises which postulate that there are at least indirect connections
between anxiety and AN pathogenesis, and abnormalities in the brain peptidergic
circuits [4-6]. Despite a growing number of neurochemical studies, there is not
enough information on the effect of central peptidergic signaling on the course of
anxiety and eating disorders. Moreover, there is not a single coherent model explain-
ing the origin of these disorders at the level of hypothalamic and extrahypothalamic
regulatory factors and their receptors. Furthermore, there is no fully satisfactory
animal experimental AN model. Recently a considerable progress can be observed
in explaining the significance of hypothalamic mechanisms engaged in regulation of
food intake and energetic balance. The functional description of intracellular reactions
within the hypothalamic nuclei has lately been improved; new neuron populations
have been characterized and new, multifunctional neuropeptides have been discovered
in the brain [7-10]. Nevertheless, relatively few scientific papers are devoted to the
newly discovered brain regulation factors, such as nesfatin-1, phoenixin, spexin and
kisspeptin in the context of AN pathogenesis.

Classic neuropeptides in the mechanisms of anorexia nervosa

At present, there are a few molecular and functional models of AN pathogenesis.
One of them assumes that AN is a form of a selective, central resistance to circulating
ghrelin [11] and in some cases administration of ghrelin could be an alternative and
promising strategy of AN treatment [12]. Another theory defines AN as a result of dis-
turbances of the peptidergic pathways associated with the immune system dysfunction
[13]. Finally, some assumptions refer to the supposed role of various intestinal bacteria
in the AN etiology [14]. As compared to the aforementioned models, a hypothesis
stating that anorexia nervosa is the result of a prolonged stimulation of the reward
circuitry by orexigenic hypothalamic neuropeptides seems to be best documented and
commonly accepted [5, 15]. In AN patients, expressions of ghrelin, orexin and 26RFa
are generally increased, which reflects the homeostatic mechanism aimed at stimula-
tion of eating behaviors and minimization of severe undernutrition. However, in AN
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this regulatory pathway may be severely damaged and insufficient, which makes the
brains of patients resistant to a series of orexigenic factors.

There is also an alternative viewpoint which speculates that a prolonged increase of
the activity of neurons revealing orexin expression, the melanin concentrating hormone
(MCH) and 26RFa in the lateral hypothalamus strengthens food aversion throughout
stimulation of dopamine-dependent anxiety in the reward circuitries of the brain. What
is interesting, in patients who recovered from AN the response to eating stimuli in the
reward circuitries remains increased [ 16], which supports the thesis that AN is a result
of the abnormally increased process of reward for pathologically restricted food intake.

Orexins A and B belong to the group of neuropeptides derived from a well-pre-
served among species family of incretins. Orexin-A is composed of 33 amino acids and
is more stable in the cerebrospinal fluid and serum than orexin-B. On the other hand,
orexin-B is a linear 28-amino acid molecule, but its concentration in the brain is 2-5
times higher as compared to orexin-A [17]. Orexins are ligands of the metabotropic
OX1R and OX2R receptors with diverse affinity to lisoforms of orexins; OX1R reveals
a higher affinity to orexin-A, while OX2R reveals an approximately equal affinity to
both molecules [18]. Anatomic distribution of orexinergic neurons both in the human
and animal brain is limited almost entirely to the lateral hypothalamus [19]. In the ani-
mal model, fasting leads to the increase of the pro-orexin mRNA level — preproorexin
(PPOX), while in obese mice there is a decreased expression of the PPOX gene [19].
On the other hand, insufficient orexinergic signaling in mice strongly inhibits food
intake [20]. There are two independent parallel studies regarding changes in orexin
concentrations in plasma of AN patients. The first study conducted by Janas-Kozik et al.
[21] revealed a decreased level of orexin-A (OxA) in untreated AN females, while the
second study showed an increase in the level of this neuropeptide in the same clinical
conditions [22]. Despite this discrepancy, both authors observed a drop in OxA level in
the course of refeeding, which may suggest an increase in orexinergic signaling in AN.

Interestingly, while refeeding the AN patients it seemed that ghrelin changes in
the same manner as orexin [23]. It should be stressed that the plasma concentration
of the neuropeptide is not a simple reflection of secretory changes which take place
in the hypothalamus. On the other hand, contrary results may in a certain way sup-
port the hypothesis of the mixed signal in AN [24]. Orexinergic neurons seem to play
a key role in the aspects of eating behavior associated with reward, their activation
is closely linked with an reward as a response to food or drugs [25]. A central orexin
infusion increases sugar intake in rats [26], and its directed injection into the ventral
tegmental area (VTA) stimulates synaptic ends towards dopamine secretion to nucleus
accumbens (NAc), which increases consumption [27]. The OX1R antagonist suppressed
these effects in satiated rats [5].

Another well-known and strongly orexigenic neuropeptide is MCH with a high
expression in the lateral hypothalamus [28]. Intraventricular administration of MCH
leads to a considerable increase of food intake in rats throughout stimulation of two
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metabotropic receptors MCHR1 [29]. Importantly, it is believed that MCH is engaged
in orexigenic signaling at the level of reward loops, especially in the NAc. Upon
a directed injection of MCH antagonists into the rat NAc there is a clear decrease of
food intake [30]. This may suggest a potential, however not studied yet, role of MCH
in a molecular event underlying AN.

Both the lateral and ventromedial hypothalamus include the group of recently de-
scribed neurons which show the 26RFa expression [31]. 26RFa (QRFP) is a different
orexigenic neuropeptide, a ligand of the metabotropic receptor GPR103 (QRFPR) [32].
Cells revealing the GPR103 expression are also located outside the hypothalamus, in
the structures which created the reward system, such as the VTA, amygdala and NAc
[33]. Intraventricular injection of 26RFa strongly promotes eating behavior in rats [34].
The 26RFa gene expression may be regulated by disturbances of energy expenditure,
e.g., in the hypothalamus of obese ob/ob mice the level of 26RFa is increased [32].
An interesting chronobiologic study carried out by Galusca et al. [35] shows that females
with restrictive AN had an increased daily level of 26RFa in plasma as compared to
the control group. Oxytocin is also a strong anorexic factor which inhibits food intake,
probably throughout blocking the reward signaling pathways [36, 37]. It should be
noted that in AN females the severity of anxiety, depression and food restrictions is
positively correlated with the oxytocin level in plasma measured after a meal [38].
On the other hand, it has also been suggested recently that damage to the oxytocin
pathways may facilitate maintaining anxiety and depressive symptoms after a partial
weight recovery in the course of AN [39].

Nesfatin-1 in the mechanisms of energetic homeostasis control

Nesfatin-1, an 82-amino acid molecule, is composed of 3 domains: N-teminal
(N23), middle (M30) and C-terminal (C-29). The M30 domain seems to play a key
role in inducing physiological, mainly anorectic effects of this neuropeptide [40].
Nesfatin-1 is secreted after the post-translational cleavage from the NEFA precursor/
nucleobindin-2 (NUCB2) by means of the activity of specific convertases PC2 and
PC3/1 [9]. In the course of proteolytic processing of NUCB?2, the following inactive
derivatives also emerge: nesfatin-2 and 3 [40]. NUCB?2, the prohormone consisting of
396 amino acids, proceeded by a 24-amino acid signal peptide, undergoes expression
both in the cell membrane and in cytoplasm [9].

The nesfatin-1 receptor has not been identified yet, which renders a directed phar-
macomodulation of signaling of this neuropeptide impossible. The autoradiographic
test revealed a high signal for nesfatin-1 in the periventricular nucleus, paraventricular
nucleus (PVN), neocortex, cerebellum, and the brainstem [41]. In the brain, neurons
revealing nesfatin-1 expression are situated mainly in the arcuate nucleus (ARC),
PVN and in the supraoptic nucleus (SON), and also in the dorsomedial hypothalamus
(DMH) and lateral hypothalamus (LH) [42]. Release of nesfatin-1 from the proopi-
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omelanocortin/cocaine and amphetamine-regulated transcript (POMC/CART) results
directly in inhibition of the orexigenic cells of neuropeptide Y/Agouti-related protein
(NPY/AgRP), leading to their hyperpolarization [43]. Suppression of the orexigenic
ARC neurons may play a key role in nesfatin-1-induced anorexia nervosa [44]. Most
probably, unacylated ghrelin may also inhibit the ghrelin-sensitive NPY/AgRP neurons,
acting through the nesfatin-1-releasing cells [45].

An initial study revealed that leptin did not modulate the NUCB2 and nesfatin-1
expression in rat hypothalamus and inhibition of the nesfatinergic pathways did not
affect the anorexigenic signaling of leptin [40]. However, recent evidence suggests
that nesfatin-1 activity and mRNA expression for NUCB2 in the PVN neurons is
directly increased by leptin. Two hours upon leptin injection into this PVN nucleus
there is a considerable growth of the mRNA expression for NUCB2 [46]. Peripherally
administered bombesin and cholecystokinine-8S (CCK-8S) may also activate nesfatin
neurons [47]. And inversely, the POMC-originating a-melanotropin (a-MSH) increased
calcium level in nesfatin cells in the PVN [48].

Nesfatin-1 is a factor which considerably stimulates oxytocin secretion throughout
the magno — and parvocellular neurons (in the PVN) in rats. However, this did not lead
to an oxytocin increase in serum [49]. Satiety, caused by a central nesfatin-1 infusion,
is mitigated by the administration of the antagonist of corticotropin-releasing factor2
(CRF2) — astressin 2-B [49]. The melanocortin MC4 receptor in the PVN plays an
important role in regulation of eating process, therefore it may be speculated that
nesfatin neurons — by revealing the co-expression of oxytocin, vasopressin, MCH,
and the corticotropin-releasing factor (CRF) — are the effectors in the melanocortin
signaling pathway [50]. It was also observed that the a-MSH injection into a rat cerebral
ventricles increases mRNA expression for NUCB2 in the PVN neurons. This suggests
that the cells which synthesize this peptide act through melanocortin receptors [51].
Although the mechanisms of this activity have not been fully understood yet, the ac-
curacy of the proposed hypothesis is confirmed by the fact that a change of NUCB2
expression level after a previous administration of SHU9119 — a selective antagonist
of melanocortin MC3 and MC4 receptors — was not observed [43].

There are also suggestions that neurons showing nesfatin-1 expression may be
sensitive to the circulating oxytocin in rats. The count of nesfatin cells in the ARC
and PVN increased upon an oxytocin intraperitoneal injection, and on the other hand,
a central administration of the antisense nesfatin-1 reduced the oxytocin inhibitory
effect on food intake [52]. Recent studies have reported that the intraperitoneal injec-
tion of cisplatin stimulated nesfatin neurons in the hypothalamus and inhibited food
intake in rats [53], which seems to be interesting from the oncological point of view.
A direct nesfatin-1 injection into the lateral ventricle of the rat brain caused a dose-
dependent inhibition of consumption behavior. A prolonged infusion to the third
ventricle results in a considerable reduction of body weight and a reduction of white
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adipose tissue amount. Intraperitoneal nesfatin-1 injection in mice induces a three-hour
inhibition of food intake, and its subcutaneous administration causes a similar effect,
however, the anorexigenic effect persisted for 14 hours. Repeated intraperitoneal in-
jections significantly inhibited body weight growth in a six-day period. A prolonged
subcutaneous nesfatin-1 infusion also caused a considerable drop in food intake in
rats [54]. It should be stressed that the peripheral nesfatin-1 doses required to reduce
food intake are approximately one thousand-times higher than those having an effect
in the central nervous system. The serum nesfatin-1 level is significantly reduced in
the fasting mode, and refeeding leads to its normalization.

Nesfatin-1 crosses the blood-brain barrier, which potentially may result in its thera-
peutic application. It seems that after reaching the hypothalamic centers, nesfatin-1
will inhibit appetite and food intake. It has recently been observed that in humans the
ratio of nesfatin-1 in cerebrospinal fluid (CSF) vs. nesfatin-1 in plasma is consider-
ably negatively correlated with the body mass index (BMI) and body weight, which
may suggest that nesfatin-1 is a protein-bound neuropeptide. A hypothesis was also
put forward that body weight-dependent changes in effectiveness of nesfatin-1 uptake
by CSF may be caused by saturation of its transporters. It was also suggested that
the hypothalamic NUCB2/nesfatin-1 are engaged in the hepatic, insulin-dependent
glucose homeostasis throughout activation of the mTOR-STAT3 signaling pathways
[55]. Nesfatin-1 levels in plasma were also measured in AN patients with high and low
anxiety scores assessed in line with the GAD-7 protocol. In patients with high anxiety
levels, an increased level of nesfatin-1 was observed, which suggested a positive cor-
relation between the GAD-7 score and the level of this neuropeptide. The perceived
stress questionnaire (PSQ-20), patient health questionnaire (PHQ-9) and the eating
disorder inventory (EDI-2) were not linked with nesfatin-1, yet, its level was increased
in patients with high level of anxiety [56].

To summarize, nesfatin-1 levels in plasma positively correlate with perceived
anxiety, and may also change in the course of eating disorder. The aforementioned
clinical results may be compared with a recent study conducted by Lu et al. [57] in
which they observed a sex-dependent changes in orexin-A and OX2R levels in the
brain of patients suffering from depression. Immunoreactivity of orexin-A in the post
mortem tested hypothalami was considerably increased in females suffering from
depression (but not in males) as compared to healthy controls. Furthermore, in the
anterior part of the cingulated cortex of men who had committed suicide a consider-
able increase in OX2R was observed [57]. Due to highly anorexigenic properties of
nesfatin-1, it seems justified to carry out further research to analyze its potential role
in pathogenesis of psychogenic eating disorders. It has recently been observed that
plasma nesfatin-1 levels in patients suffering from restricting-type anorexia nervosa
(AN-R) were significantly lower as compared to healthy individuals. This may point to
anegative correlation with ghrelin and unacylated ghrelin levels. However, a positive
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correlation was shown between nesfatin-1 levels and BMI [58]. A reverse phenom-
enon was demonstrated in healthy males with a normal BMI, in whom the nesfatin-1
concentration on empty stomach negatively correlated with their BMI [59]. This ob-
servation was similar to the one documented in rats [60]. Nevertheless, there is still
no convincing evidence to support the thesis that an increased nesfatin-1 level lies at
the basis of anxiety disorders, which frequently accompany AN-R. On the other hand,
it cannot be ruled out that in the periods of extreme fasting, even a lower nesfatin-1
level does not affect the level of anxiety, which usually remains high in patients with
AN, and does not stimulate food intake.

A hypothetical mechanism of nesfatin-1 action in pathogenesis of anorexia nervosa

The mechanism of food intake adaptation to energetic expenditure, as well as
a proper balance in both the orexi — and anorexigenic hypothalamic neuropeptides are
severely damaged in AN patients. In this case, the activity of anorexigenic POMC/
CART, CRF, CCK-8S and oxytocinergic neurons in the ARC/PVN may be pathologi-
cally overstimulated by nesfatin-1 and probably spexin. On the other hand, the promot-
ing food intake AgRP/NPY, MCH, 26RFa, and orexigenic neurons may be blocked by
the same regulatory neuropeptides [44], yet the receptor mechanisms of their action
have not been understood so far. Since the brain-derived neurotrophic factor (BDNF)
is a strong anorexigenic factor engaged in AN pathogenesis [61], a potential effect of
nesfatin-1 on its signaling pathway may be another possible strategy in restricting food
intake in the course of this disorder. Similarly to nesfatin-1, the BDNF level is strictly
linked both with energetic balance and the reproductive phase. Nesfatin-1 administra-
tion reduced the BDNF expression in the rat brain [ 62], however, the nature of the
dependency between these two neuropeptides in the context of eating habits in humans
has not been explained yet. It was observed that BDNF levels in serum of patients
with active AN-R were lower than in healthy individuals of the control group [63].
Some previous genetic studies also suggested that the BDNF gene may be engaged
in the AN development [64].

BDNF levels in plasma were increased in the bulimic-type AN patients as com-
pared to those with the restricting-type (AN-R) [65]. Another discovery revealed
that bulimic females with normal body weight had higher BDNF levels in serum as
compared to AN patients [66]. BDNF concentrations in plasma in AN patients un-
dergo fluctuations in the course of the disorder. For instance, BDNF levels in serum
in women who recovered from AN were higher as compared to AN patients with se-
vere underweight and showed a tendency to increase together with body weight gain.
It should be stressed that in AN — but not in healthy control females — BDNF levels
were inversely correlated with psychomotor activation [67]. It may be postulated that
nesfatinergic projections from the ARC to VMH and/or local nesfatin neurons in the
VMH may stimulate the BDNF synthesis and exocytosis, which leads to a prolonged
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inhibition of food intake in AN, despite the fact that the receptor mechanism of this
effect remains unknown.

Interestingly, the BDNF expression regulation in the rat VMH seems to be de-
pendent on the sex. It was reported that fasting male rats — but not females — revealed
areduced BDNF level in the VMH as compared to normally fed specimens upon a 24-
hour reduction of food. In obese rats on a high-fat diet (HFD) and in normal-weight
rats (HFD-PF), a lower BDNF expression was observed as compared to the low-fat
diet rats (LFD), which suggests that inhibition of the BDNF signaling was related
to taking a diet rich in fat and not with an increased obesity. It is worth mentioning
that a decreased BDNF expression during the HFD may strengthen eating behaviors
and promote obesity in males. And inversely, the hypothalamic level of BDNF in
female rats remains stable even in the conditions of severe energetic imbalance
[68]. Despite the above-mentioned results, the latest evidence has not recommended
BDNF as a reliable biomarker in women who recovered from AN, since an inverse
significant correlation between the BDNF in plasma and anxiety was present only in
healthy controls [69].

Eating behavior is strictly controlled by complex cerebral mechanisms of rewarding
with food, regardless of the fact whether these signaling circuitries act in a normal or
a disturbed mode. It has not been explained so far whether the limited pattern of food
intake in AN is caused by structurally visible damages to the cerebral reward circuitries,
including nesfatin neurons. A possible pharmacological treatment of these deformed
pathways with medications affecting the reward-related neuronal complexes in the VTA
or NAc still remains a hypothetical strategy. Moreover, it has not been proved so far
in an unanimous way whether any causes of AN significantly depend on the cerebral
reward system and how the cerebral food-rewarding substrates are related to eating
disorders. However, it should be taken into consideration that mesolimbic dopamine
and opioid systems which create hedonic inflammatory “wanting and liking” points in
the brain, may be engaged in the pathogenesis of AN and other eating disorders [70].
These mechanisms may facilitate generating anxiety behaviors, e.g., a continuous and
compulsive focus on being extremely thin [71].

The results published by Chen et al. [72] shed new and intriguing light on the hy-
pothesis about the role of nesfatin-1 in the AN genesis, suggesting its direct action on
dopaminergic reward circuitries. Directed nesfatin-1 injection into the VTA strongly
reduced both food intake and dopamine release in the NAc. The effect of nesfatin-1 on
the VTA seems to be analogous to the activity of leptin, but different than that of ghrelin
[73, 74]. Therefore, it is possible that the nesfatin neurons in the lateral amygdala send
their inhibitory efferent branches to the VTA neurons, which results in the anorexigenic
effect. The mode of action of nesfatin-1 in the reward circuitries may remind the activity
of oxytocin in the NAc, while its injection to this structure caused a considerable drop
in food intake in rats [75]. It should not be excluded that the nesfatin-1 activity which
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restricts food intake in AN may be initiated by the release of endogenic anorexigenic
factor GLP-1 (glucagon-like peptide 1) to the hypothalamus. The GLP-1 neurons in
rat’s NTS send their long, stimulating projections to the CRF and nesfatin cells in the
PVN. GLP-1 administered in vitro initiates a cascade of calcium signaling in nesfatin
neurons isolated from the PVN. Interestingly, a precise injection of the GLP-1 receptor
antagonist —exendin (9-39) to the PVN increased food intake [76].

Recapitulation

The recently identified neuropeptide nesfatin-1 is characterized by the wide spec-
trum of its sex-dependent regulatory activity in the brain. There is a growing body of
evidence to accept it as a new, potentially significant factor which is engaged in the
pathogenesis of a few mental conditions. Therefore, it should not be excluded that the
considered pharmacomodulation of signaling of this neuropeptide may be potentially
helpful in the future treatment of some neuropsychiatric and metabolic disorders, such
as anorexia nervosa. Undoubtedly, more advanced studies in this field are of a special
interest. Although the results of some basic and clinical tests seem to be promising, all
possible applications of the aforementioned neuropeptides, together with their agonists
and antagonists still remain in the area of speculation. Nevertheless, the intensive
search of selective modulators of their known receptors may facilitate the opening of
a promising chapter in the eating disorders therapy.
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