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Summary

The protein nucleobindin 2 (NUCB2) or NEFA (DNA binding/EF-hand/acidic amino acid rich

region) was identified over a decade ago and implicated in intracellular processes. New

developments came with the report that post-translational processing of hypothalamic NUCB2

may result in nesfatin-1, nesfatin-2 and nesfatin-3 and convergent studies showing that nesfatin-1

and full length NUCB2 injected in the brain potently inhibit the dark phase food intake in rodents

including leptin receptor deficient Zucker rats. Nesfatin-1 also reduces body weight gain,

suggesting a role as a new anorexigenic factor and modulator of energy balance. In light of the

obesity epidemic and its associated diseases, underlying new mechanisms regulating food intake

may be promising targets in the drug treatment of obese patients particularly as the vast majority

of them display reduced leptin sensitivity or leptin resistance while nesfatin-1’s mechanism of

action is leptin independent. Although much progress on the localization of NUCB2/nesfatin-1 in

the brain and periphery as well as on the understanding of nesfatin-1’s anorexic effect have been

achieved during the past three years, several important mechanisms have yet to be unraveled such

as the identification of the nesfatin-1 receptor and the regulation of NUCB2 processing and

nesfatin-1 release.
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Introduction and historical note on nucleobindin 2

In the early 1990s, a protein was identified in mouse (1) and human cell lines (2) and termed

nucleobindin or NEFA (DNA binding/EF-hand/acidic amino acid rich region). This protein

contains multiple functional domains including a signal peptide on the N-terminal side, a

leucine/isoleucine rich region, a DNA binding domain and a putative nuclear targeting

signal, while the second half contains two Ca2+-EF-hand motifs and a leucine zipper motif
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in the C-terminal region (2). Until now, two nucleobindins have been identified, namely

nucleobindin 1 (NUCB1 or CALNUC, rat: NM 053463.1) (3) and nucleobindin 2 (NUCB2

or NEFA, rat: NM 021663.2) (4). Both are part of a homologous gene family and likely

derived from one four-domain EF-hand ancestor (5). NUCB2 contains a 24-amino acid (aa)

N-terminal signal peptide and a 396 aa sequence that is highly conserved in rodents and

humans (4) pointing towards its physiological relevance.

Localization of nucleobindin 2 and functions as intracellular signal

Nucleobindin 2 was localized on the plasma membrane and in the cytoplasm (2). Based on

NUCB2 mutants, it has been established that the N-terminal leucine/isoleucine rich region is

essential for NUCB2 to be retained in the Golgi complex although its action within the

Golgi is still not well understood (2,6). Early on, it has been suggested that NUCB2 may be

involved in autoimmunity as indicated by the increased production of anti-DNA antibodies

following treatment of B-cells from lupus-prone MRL/1 mice with NUCB2 in vitro, whereas

no effect was detected when B-cells from BALB/c mice were used (1). In line with these

findings, NUCB2 and nucleosomal DNA were detected in vitro in the supernatant of

KML1-7 cells obtained from lupus-prone MRL/1 mice (1) suggesting the release of

nucleosomal DNA and binding to NUCB2 resulting in the formation of immunogenic DNA

in vivo. These DNA-NUCB2 complexes may trigger the increased production of anti-DNA

antibodies by activated B-cells (4) and therefore point towards a pathophysiological role of

NUCB2 in the maintenance of autoimmune diseases such as lupus erythematosus under

already primed conditions. Studies using mutation or over-expression of NUCB2 will help

to clarify this role.

Processing of nucleobindin 2 into nesfatin-1, nesfatin-2 and nesfatin-3

In 2006, Oh-I and colleagues were the first to describe that putative post-translational

processing of NUCB2 by the enzyme pro-hormone convertase (PC)-1/3 results in nesfatin-1

(aa 1–82), nesfatin-2 (aa 85–163) and nesfatin-3 (aa 166–396) (7). So far, a biological

activity has only been demonstrated for nesfatin-1 and the fragment, nesfatin-124– 53. The

initial study was the only one to report mature nesfatin-1 (aa 1–82) in the cerebrospinal fluid

of rats (7), whereas the 82 aa polypeptide was not detectable in hypothalamic protein

extracts in the initial report and confirmed by an independent group (7,8). Likewise, two

other studies were unable to detect endogenous mature nesfatin-1 (9.7 kDa) in the stomach,

pancreas or plasma, whereas full length NUCB2 was present (9,10). These negative data do

not seem to be due to the lack of sensitivity in the detection method as the synthetic

nesfatin-1 peptide (50 ng) was detectable on the Western Blot (9). Whether rapid peptide ex

vivo degradation contributes to the lack of detectability of nesfatin-1 will have to be

investigated. However, the absence of circulating mature nesfatin-1 in the blood may also

point towards an autocrine or paracrine mode of action. In addition, the vast number of

reports on the expression of nesfatin-1 immunoreactivity in brain or other tissues used an

antibody raised against full length nesfatin-1 that also recognizes NUCB2 and thus does not

distinguish between nesfatin-1 and NUCB2 (9–11). Therefore, so far it is not clear whether

nesfatin-1 or full length NUCB2 is the biologically active molecule because NUCB2 also

displays biological activity upon third ventricular injection in rats (7).
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Central nervous system distribution of nesfatin-1/nucleobindin 2 and co-

localization with other transmitters

The initial report described the expression of NUCB2 mRNA substantiated by nesfatin-1

immunohistochemistry in rat hypothalamic and brainstem nuclei involved in the regulation

of ingestive behaviour, such as the paraventricular nucleus of the hypothalamus (PVN),

supraoptic nucleus, arcuate nucleus, lateral hypothalamic area, zona incerta and the nucleus

of the solitary tract (7). These findings were confirmed and extended in a number of studies

reporting nesfatin-1 immunopositive cells in additional hypothalamic, midbrain and

hindbrain nuclei, namely the dorsomedial hypothalamic nucleus, tuberal hypothalamic area,

periventricular nucleus, Edinger-Westphal nucleus, locus coeruleus, medullary raphe nuclei

and the dorsal motor nucleus of the vagus nerve (8,12–14). This brain mapping was recently

completed by our group with the detection of nesfatin-1 immunoreactivity in the rat insular

cortex, central amygdaloid nucleus, ventrolateral medulla, cerebellum and pre-ganglionic

sympathetic as well as parasympathetic neurons of the thoracic, lumbar and sacral spinal

cord (11).

Nesfatin-1 immunopositive neurons co-localize with a number of brain transmitters (8,12–

17). A major proportion of hypothalamic nesfatin-1 immunoreactive neurons co-express

melanin-concentrating hormone (MCH), cocaine-and amphetamine-regulated transcript

(CART)/pro-opiomelanocortin (POMC), α-melanocyte-stimulating hormone (α-MSH),

mammalian target of rapamycin (m-TOR), vasopressin, oxytocin, neuropeptide Y (NPY),

somatostatin, growth hormone-releasing hormone (GHRH), thyrotropin-releasing hormone

(TRH), corticotropin-releasing factor (CRF) and neurotensin (8,12–17) (Table 1). In

midbrain nuclei, nesfatin-1 immunoreactivity was detected in cholinergic and urocortin-1

containing neurons of the Edinger-Westphal nucleus (12,17) (Table 1) and in the brainstem,

in serotonin (5-HT)-positive neurons of the medullary raphe (12). Collectively, nesfatin-1

immunoreactivity is localized in forebrain and hindbrain nuclei that are also immunoreactive

for several peptidergic transmitters regulating food intake (POMC/CART, α-MSH, MCH,

oxytocin, NPY, CRF), pituitary hormone regulation (TRH, GHRH, CRF, somatostatin) and

stress (CRF) giving rise to potentially expanded biological actions of nesfatin-1 including

neuroendocrine regulation, autonomic control of viscera, pain and stress.

Secretion of nesfatin-1/nucleobindin 2

Based on the structure of NUCB2, it was suspected that the protein acts as an intracellular

signal. However, early reports indicated protein secretion either in vitro by detection in the

culture medium (2,18) or in vivo in the serum of lupus prone MRL lpr−1 mice (19).

Likewise, nesfatin-1 was suggested to be secreted based on the initial Western blot detection

of a 9.7 kDa band corresponding to nesfatin-1 in the cerebrospinal fluid of rats (7).

However, in the brain, nesfatin-1 immunoreactivity has only been localized in the cytoplasm

of the neuronal soma including membrane bound Golgi structures and proximal processes

but not varicosities and axon terminals (8,11,12,15) pointing towards an action of nesfatin-1/

NUCB2 as an intracellular transmitter. In light of the finding that cell bodies can also release

cellular contents (20,21), nesfatin-1/NUCB2 may as well have extracellular regulatory

properties. This assumption is also supported by a recent electron microscopy study showing
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nesfatin-1 immunoreactivity in secretory granules in neurons of the rat hypothalamic PVN

(15).

Central action of nesfatin-1 to reduce food intake and body weight

Nesfatin-1 reduces dark phase food intake

The initial report showed that nesfatin-1, but not nesfatin-2 or nesfatin-3, reduced dark phase

food intake from 1–6 h post third ventricular (3v) injection at low doses (5 and 25 pmol =

0.05 and 0.25 µg rat−1, respectively) in freely fed rats (7). This effect was not restricted to

one species as it could be reproduced in chronically 3v cannulated mice following injection

of nesfatin-1 (1 µg mouse−1) (15). Similarly, injection of nesfatin-1 into the lateral brain

ventricle (intracerebroventricular, icv) of ad libitum fed rats reduced the dark phase food

intake with a delayed onset and a long-lasting action (22,23). Likewise, microinjection of

nesfatin-1 directly into the PVN suppresses the dark phase food intake in male Wistar rats

during the first 3 h post injection (15). When administered at the level of the hindbrain either

into the fourth ventricle (4v) or the cisterna magna (ic), nesfatin-1 induces a rapid in onset

and sustained reduction of dark phase food intake (22). This differential onset of food intake

reduction upon icv vs. 3v/4v/cisterna magna injection points towards distinct forebrain and

hindbrain sites of action for nesfatin-1. This is also supported by immunohistochemical

studies indicating that nesfatin-1 injected into the 3v increases the number of Fos-positive

neurons in the PVN in the forebrain and the nucleus of the solitary tract in the hindbrain

(15). However, additional microinjection studies are required to localize, in addition to the

PVN, other specific forebrain and hindbrain nuclei responsive to nesfatin-1 and, more

importantly, the identification of the cognate receptor will help to identify the sites of

nesfatin-1’s action.

Divergent results have been reported when nesfatin-1 was investigated during the light

phase. There was no reduction of food consumption during the light phase in overnight

fasted rats when injected icv at a similar dose reducing the dark phase food intake in freely

fed rats (22). However, when a higher dose was injected icv (1.8 µg rat−1) nesfatin-1

reduced food ingestion during the light phase re-feeding period after an overnight fast

between 3 h and 5 h post injection (23). Taken together, these data suggest a lower efficacy

of nesfatin-1 to reduce food intake under conditions outside of the physiological feeding

period in rats. This could indicate an interaction between nesfatin-1 and clock genes or other

transmitters specifically activated during the dark phase and/or reflect differential intensity

of drive to eat in response to fasting compared with nocturnal physiological feeding which

warrant further investigations. Collectively, independent reports indicate that nesfatin-1

injected into the cerebrospinal fluid at low picomolar doses either at the level of lateral, 3rd

or 4th ventricle, cisterna magna or into the brain parenchyma at the level of the PVN

reproducibly induces a sustained reduction of nocturnal feeding in freely fed rats and less

potently reduces the hyperphagia to a fast in rodents.

In addition to the effects on food ingestion, continuous central infusion of nesfatin-1 into the

3v reduced body weight gain in rats (7). Conversely, 3v administration of a NUCB2

antisense oligonucleotide increased body weight gain in rats suggesting a physiological role

for brain nesfatin-1/NUCB2 as inhibitory regulator of body weight (7). In line with these
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findings, we reported that an acute injection of nesfatin-1 icv (5 pmol rat−1) reduced body

weight by 1.8 ± 0.5% at 24 h post injection in the absence of alterations in the 24-h

cumulative food intake (22). These data point towards a possible stimulatory effect of

nesfatin-1 on energy expenditure which needs to be characterized.

Implication of leptin independent hypothalamic signalling systems in the anorexigenic
action of central nesfatin-1

Peptides regulating food intake often act in concert or series with other neurotransmitters to

exert their actions (24) and NUCB2/nesfatin-1 is co-localized with a number of

hypothalamic peptides regulating food intake (8,12–17). Consistent with these premises,

several interactions have been described to underlie the central anorexic effect of nesfatin-1.

In vitro, electrophysiologic experiments demonstrated that nesfatin-1 directly inhibits

arcuate hypothalamic neurons containing the orexigen NPY as shown by the

hyperpolarization of NPY neurons in the arcuate nucleus (Fig. 1) (25). This effect could

involve an autocrine or intracellular mode of action as nesfatin-1 immunoreactivity has been

described in a portion of NPY-positive neurons in the arcuate nucleus (Table 1) (16).

Recently, we demonstrated that 59% of the pm-TOR-positive neurons in the arcuate nucleus

of the hypothalamus were also immunoreactive for nesfatin-1 (16). As m-TOR signalling

has been established to exert an inhibitory tone on NPY mRNA expression (26), nesfatin-1

may also influence this circuitry in an autocrine or intracellular fashion. In contrast,

nesfatin-1’s action is independent of central leptin signalling as suggested by the finding that

nesfatin-1’s central food intake reducing effect is retained in leptin-receptor deficient Zucker

rats (7). Conversely, leptin injected into the 3v does not modulate 3v nesfatin-1’s inhibitory

effect on dark phase food intake (7).

A recent study provided compelling evidence for the involvement of an oxytocin pathway in

nesfatin-1’s inhibitory effect on food intake (15). First, oxytocin injected into the 3v reduces

food intake via a leptin-independent mechanism (15). Second, nesfatin-1 injected into the 3v

activates oxytocin-positive neurons in the magnocellular part of the PVN as assessed by

double labelling for Fos/oxytocin immunoreactivity and in vitro it stimulates the release of

oxytocin from PVN neurons (15). Third, there is pharmacologic and anatomical support for

oxytocinergic projections from the PVN to the nucleus of the solitary tract to be involved in

the anorexigenic signalling of nesfatin-1. An oxytocin receptor antagonist injected into the

hindbrain at the level of the 4v blocked the food intake reducing effect of nesfatin-1 injected

into the PVN and tracing studies showed synaptic contacts between oxytocinergic nerve

terminals and POMC neurons in the nucleus of the solitary tract that can be activated by

oxytocin (15) (Fig. 1). Likewise, an independent group also showed that an oxytocin

antagonist injected icv blocks the food intake suppressing effects of icv nesfatin-1 and α-

MSH (27). Whether the hypothalamic/nesfatin-1-oxytocin-brainstem/POMC signalling is

the predominant pathway or an intrahypothalamic nesfatin-1-POMC/oxytocin network

exists as well, warrants further investigation.

Based on the observation of a delayed and long lasting anorexigenic effect following icv

injection of nesfatin-1 which mimics the characteristics of the food intake reducing effect of

CRF2 receptor agonists, urocortins (28,29), we investigated the possible involvement of the
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CRF2 receptors in the mediation of nesfatin-1’s effect. The CRF2 antagonist, astressin2-B

(30) injected icv completely abolished the dark phase food intake reduction induced by icv

nesfatin-1 (22). By contrast, a control peptide of similar structure as astressin2-B but without

affinity to the CRF2 receptor did not influence icv nesfatin-1’s action (22). These data

indicate a specific blockade on the CRF2 receptor rather than a direct peptide-peptide

interaction and therefore a role of CRF2 signalling pathways in nesfatin-1’s action (Figs 1

and 2). However, astressin2-B injected ic did not modulate the rapid onset reduction of food

intake observed after ic injection of nesfatin-1 (Fig. 2) (22) supporting differential forebrain

and hindbrain sites and mechanisms of nesfatin-1’s food intake inhibitory action. In contrast

to the effect on food intake, the CRF2 antagonist, astressin2-B injected icv did not alter the

icv nesfatin-1 induced delayed gastric emptying (22) giving rise to different downstream

signalling pathways mediating icv nesfatin-1’s inhibitory effects on food intake and gastric

transit. Lastly, the melanocortin 3/4 receptor antagonist, SHU9119 injected icv diminished

(23), and into the 3v abolished (7), the anorexigenic effect of nesfatin-1. As hypothalamic

CRF is a well-established downstream effector of α-MSH- or melanocortin4 receptor

agonist-induced suppression of the dark phase feeding (31,32) with CRF being responsible

for the acute reduction and urocortins mediating the delayed suppression of feeding (32),

nesfatin-1 is likely to act in series through the recruitment of the central melanocortin and

CRF2 signalling systems to reduce food intake (Fig. 1).

Regulation of nesfatin-1/nucleobindin 2 pathways under different metabolic conditions

Besides the potent inhibitory effect observed after exogenous brain administration of

nesfatin-1, 3v injection of a NUCB2 antisense oligonucleotide increases food intake in rats

(7). Moreover, hypothalamic NUCB2/nesfatin-1 expression varies under different metabolic

conditions, which also supports a physiological role as regulator of food intake. NUCB2

mRNA expression in the PVN decreased after a 24-h fast resulting in reduced NUCB2

protein expression (Table 2) (7). In addition, NUCB2 mRNA expression in the supraoptic

nucleus was downregulated after 24 h fasting and restored after re-feeding (Table 2) (14).

Lastly, re-feeding after a 24-h fasting period activated nesfatin-1 immunopositive neurons in

the supraoptic nucleus as assessed by double staining for Fos and nesfatin-1

immunoreactivity (Table 2) (22) suggesting the activation of those neurons may be involved

in satiety signalling. The regulation of NUCB2/nesfatin-1 expression by changes in

metabolic status seems to be specific for the hypothalamus as no changes have been

observed in the Edinger-Westphal nucleus after two days of fasting in rats (33). There is also

evidence that NUCB2 mRNA expression in the hypothalamus is up-regulated by

anorexigenic compounds such as the serotonin 5-HT1B/2C receptor agonist, m-

chlorophenylpiperazine (34) or α-MSH (7) (Table 2). In addition, the anorexigenic gut-brain

hormone, cholecystokinin injected intraperitoneally activated nesfatin-1 immunopositive

cells in forebrain (PVN) and hindbrain nuclei (nucleus of the solitary tract) of rats (Table 2)

(22,35) pointing towards a role for central nesfatin-1 in the mediation of gut peptides’ satiety

signalling.

Activation of nesfatin-1/nucleobindin 2 pathways by various stressors

The expression of nesfatin-1 immunoreactivity in CRF containing neurons (8) and the

mediation of its anorexigenic effects via a CRF2 dependent pathway (22) led to the
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assumption that central nesfatin-1 may play a role in the response to stress. Abdominal

surgery is well established to induce postoperative gastric ileus in rats and reduces food

intake (36). As we observed that icv nesfatin-1 induced a dose-dependent inhibition of

gastric emptying (22), we applied abdominal surgery to investigate whether this visceral

stressor would activate nesfatin-1 immunoreactive neurons assessed by Fos

immunohistochemistry as marker for neuronal activation. Abdominal surgery that

encompassed laparotomy and cecal palpation for 1 min performed in rats under short

anesthesia activated nesfatin-1 immunopositive neurons in the magnocellular

neuroendocrine system, anterior parvicellular part of the PVN, Edinger-Westphal nucleus

and nuclei of the catecholaminergic and serotonergic system (Table 3) (37). Likewise,

intraperitoneal injection of lipopolysaccharide originating from gram-negative bacterial cell

walls activated nesfatin-1 immunoreactive neurons in the hypothalamic supraoptic, PVN and

arcuate nuclei as well as in the nucleus of the solitary tract in the hindbrain (38) giving rise

to a role of nesfatin-1 in the reduction of food intake observed after infections or surgery. In

contrast to physical/immunological stressors, emotional stressors require processing and

integration by the brain, particularly in cortical limbic and pontine structures and also

hypothalamic nuclei to result in a stress response (39). Restraint, a model of emotional stress

(40) also activates nesfatin-1 immunopositive neurons in various hypothalamic and

hindbrain nuclei (Table 3) (17,41). In addition, when injected icv at higher doses compared

with those effective to reduce dark phase food intake, nesfatin-1 induces anxiogenic and

fear-related behaviours. This is supported by the reduction of time spent in the open arms in

the elevated plus maze test and the startle response and freezing behaviour in an emotional

response test without overall changes in locomotor activity (42), effects similar to those

exerted by central injection of CRF (43,44) and urocortins 1 and 2 (45,46). As the

anorexigenic effect of icv nesfatin-1 is dependent on downstream activation of CRF2

receptors, the central CRF signalling system may be involved in the anxiogenic and fear-

related behaviours induced by nesfatin-1 as well. As nesfatin-1 immunoreactivity was also

described in the central amygdaloid nucleus (11), a brain area primarily implicated in the

mediation of fear and anxiety (47), central nesfatin-1 may also directly recruit this circuitry.

Based on the consistent activation of nesfatin-1 neurons in key brain areas involved in

processing the efferent limb of the stress response following exposure to visceral and

psychological stressors (Table 3), nesfatin-1 may have an implication in the

pathophysiology of stress including related eating disorders.

Distribution and effects of peripheral nesfatin-1

Distribution of nesfatin-1/nucleobindin 2 in peripheral organs

Recently, two independent groups reported that nesfatin-1 can cross the blood-brain barrier

bidirectionally from the peripheral circulation to the brain and brain to the peripheral

circulation in a non-saturable manner (48,49). As several peptides expressed in the gut are

also produced in the brain (50), we hypothesized that nesfatin-1 is also produced in the

periphery. We found that NUCB2 mRNA expression in the rat gastric oxyntic mucosa was

20-fold higher compared with the brain and 12-fold compared with other viscera such as the

heart as assessed by microarray analysis and substantiated by RT-qPCR (9).

Immunostaining in peripheral tissues confirmed the expression of nesfatin-1/NUCB2 protein
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in the rat stomach and additionally in pancreatic endocrine islets of Langerhans, in testis and

the pituitary gland (9). Nesfatin-1 immunoreactivity was mainly co-expressed with ghrelin

in X/A-like cells of the gastric oxyntic mucosa although in different populations of vesicles

(9). Similarly, nesfatin-1 immunopositive cells of the endocrine pancreas exclusively co-

localize with insulin in β-cells in mouse, rat and human (10,51). These findings suggest a

differential release of nesfatin-1 and ghrelin from the stomach and nesfatin-1 and insulin

from the pancreas which warrants further investigation. The prominent and exclusive

endocrine distribution of nesfatin-1/NUCB2 in cells of the stomach and pancreas support

that nesfatin-1 may act as a gut-brain peptide to influence food intake and glucose

homeostasis.

Effects of peripheral nesfatin-1 on food intake and glucose control

When administered intraperitoneally, nesfatin-1 (~70 µg mouse−1) also reduces the dark

phase food intake in mice during the 3 h post injection (52). Similar to the observations after

central injection, peripheral administration of nesfatin-1 reduces food intake under

conditions of leptin resistance as assessed in high fat diet-induced obese or leptin receptor

deficient db/db mice (52). Structure activity studies established that a fragment of nesfatin-1,

consisting of aa 24–53, also reduced the dark phase food intake upon peripheral injection,

whereas the N-terminal and C-terminal fragments were inactive giving rise to the active core

of nesfatin-1 in this middle fragment (52). Pretreatment with capsaicin to ablate afferent C

fibres abolished the ip nesfatin-124–53-induced reduction of food intake (53). These data

indicate a potential role of vagal afferents in peripheral nesfatin-1 signalling to the brain.

This is further supported by the demonstration that nesfatin-11–82 activates neurons in the

nodose ganglion in vitro which contains cell bodies of vagal afferents projecting to the gut

and the nucleus of the solitary tract (54) (Fig. 1). In addition, peripherally injected

nesfatin-124–53 increases the number of Fos-positive neurons in the nucleus of the solitary

tract and up-regulates CART and POMC mRNA expression in this nucleus (52). However,

as also pointed out by the authors (52), it is still unknown whether processing of NUCB2/

nesfatin-1 leads to this fragment in vivo. Taken together, peripheral nesfatin-1/NUCB2’s

anorexic action may be mediated by vagal afferents projecting to the nucleus of the solitary

tract in addition to a potential hormonal action through crossing of the blood-brain barrier

(Fig. 1). Supportive of this assumption, fasting reduced NUCB2 mRNA expression in an

enriched population of gastric endocrine cells as assessed by microarray analysis and

substantiated by RT-qPCR (9) resulting in decreased nesfatin-1/NUCB2 plasma levels

which were restored after re-feeding (22). One has to keep in mind that peripheral doses

required to influence food intake are >1000-fold higher than those effective in the brain

suggesting a preferential central mode of action for nesfatin-1. However, as nesfatin-1/

NUCB2 is very prominently expressed in the stomach, these levels may be reached in the

blood or at local peripheral sites of action. Recent clinical studies showed a reduction in

fasting plasma nesfatin-1/NUCB2 in type 2 diabetic patients compared with healthy controls

which has been suggested to play a potential role in diabetic hyperphagia (55).

Because of the dense expression of nesfatin-1/NUCB2 in the pancreas and the exclusive co-

localization of nesfatin-1 immunoreactivity with insulin in endocrine β-cells (10,51) a

potential implication for nesfatin-1 in glucose control has been suspected. In contrast to the
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acute regulation observed in gastric endocrine cells, overnight fasting did not change the

expression of NUCB2 protein in the islets of Langerhans (51). However, Goto-Kakizaki

rats, an animal model for type 2 diabetes, had reduced pancreatic islet content of NUCB2

protein compared with non-diabetic Wistar rats (51). An increased expression of NUCB2

mRNA in islets of Langerhans has also been reported in hyperinsulinemic diet induced

obese mice as assessed by microarray analysis (56). These data suggest that chronic

conditions associated with dys-regulation of glucose homeostasis are associated with

alterations of nesfatin-1/NUCB2 expression in the pancreas. As Goto-Kakizaki rats have an

impaired β-cell secretory machinery (57) contributing to the compromised release of insulin

(58), an impaired release of nesfatin-1/NUCB2 could be suspected as well. However, serum

NUCB2 levels did not differ between Wistar and Goto-Kakizaki rats and in vitro the glucose

induced NUCB2 release from isolated pancreatic islets of Wistar rats was much less

pronounced compared with that of insulin (51). A recent study reported the dose-dependent

reduction of blood glucose following intravenous injection of nesfatin-1 under conditions of

hyperglycemia as observed in leptin receptor deficient db/db mice, whereas no effects were

observed in normoglycemic C57BLKS/J mice (59). Taken together, these data indicate that

chronic alterations in glucose concentrations affect pancreatic NUCB2 expression

suggesting a regulatory role in glucose homeostasis, especially under conditions of

pathologically altered blood glucose levels. Evidence so far points towards an intracellular

or auto/paracrine rather than endocrine mode of action of pancreatic nesfatin-1/NUCB2.

Future developments

Nesfatin-1 as a potential target for the drug treatment of obesity

Reduced leptin sensitivity or leptin resistance is a common phenomenon in obese

individuals (60). In the light of this and the pre-clinical findings that central and peripheral

injection of nesfatin-1 exerts its food reducing effects via a leptin-independent mechanism

(7,52), targeting nesfatin-1 may be a promising approach in the drug treatment of obesity

and associated diseases. Ongoing pre-clinical data suggest the possible use of subcutaneous

and intranasal routes of nesfatin-1 administration (61), which needs to be further explored.

Another important aspect to be unraveled is the body weight reduction upon chronic

administration of nesfatin-1 and possible related changes in energy expenditure for which

reports so far are limited.

Processing and release of nesfatin-1

Although nesfatin-1 and nesfatin-124–53 display biological activity upon peripheral injection,

at this point it is not clear whether these polypeptides are expressed endogenously. So far

only one study reported the presence of nesfatin-1 in the cerebrospinal fluid of rats (7),

whereas nesfatin-124–53 has not been detected yet. As full length NUCB2 also has an

anorexigenic effect upon 3v injection (7), this may be the biologically active compound. In

addition, in light of the co-localization of nesfatin-1 and ghrelin immunoreactivity in gastric

X/A-like cells or nesfatin-1 and insulin signals in pancreatic β-cells, mechanisms involved in

their differential regulation and release are largely unknown and need to be investigated.

Stengel et al. Page 9

Obes Rev. Author manuscript; available in PMC 2014 July 02.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Identification and characterization of the yet unknown nesfatin-1 receptor

Contrasting with the increasing evidence of nesfatin-1/NUCB2’s biological action to reduce

feeding behaviour, the understanding of cellular signalling and receptors involved are

unknown. One in vitro study reported that nesfatin-1 increases Ca2+ flux in rat hypothalamic

neurons linked with protein kinase A suggesting a mediation by a G-protein coupled

receptor (12). The identification of the nesfatin-1 receptor along with its localization in

peripheral as well as central tissues will represent an essential leap forward to the

understanding of the nesfatin-1 signalling system, site(s) of action and development of

pharmacological interventions to further assess nesfatin-1’s physiological role.

Conclusion

Since the seminal report by Oh-I et al. (7), a growing number of consistent reports

established that nesfatin-1/NUCB2 injected into the cerebrospinal fluid of brain ventricles

(lateral, 3v, 4v) and cisterna magna at low picomolar doses inhibits nocturnal physiological

feeding behaviour in rodents. Few reports have explored the impact on body weight gain;

however, these studies point towards a body weight loss. Physiological relevance is

indicated by the expression of nesfatin-1/NUCB2 in brain areas involved in the regulation of

food intake, alterations of expression under different metabolic conditions and inducibility

of long-lasting anorexigenic effects following brain injections of low doses of nesfatin-1.

However, studies using selective antagonists and/or conditional knockouts will be required

to further investigate whether nesfatin-1 is an essential modulator of food intake and to what

extent other factors can compensate its function. The additional expression of nesfatin-1/

NUCB2 in brain areas outside of feeding regulatory centres, in particular in brain nuclei

responsive to various stress paradigms, suggests the involvement in stress-related neuronal

circuitries. Consistent with the brain-gut axis, after the initially described central expression

of NUCB2, nesfatin-1/NUCB2 was also found to be prominently expressed in peripheral

viscera, especially in endocrine cells of stomach and pancreas. The intracellular co-

localization of nesfatin-1 immunoreactivity with ghrelin in the stomach and insulin in the

endocrine pancreas in different vesicles points towards differential regulation, release and

consequently function in the control of food intake and glucose homeostasis. As centrally

and peripherally injected nesfatin-1 acts independently of leptin signalling, nesfatin-1

nurtures the hope of representing a new target in the drug treatment of obesity, a condition

usually associated with leptin resistance.
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Figure 1.
Potential pathways by which nesfatin-1 induces a sustained and prolonged reduction of dark

phase food intake and delays gastric emptying in rats as suggested by pharmacological

interventions and neuroanatomical approaches. Central nesfatin-1/NUCB2 mediates its

anorexigenic effect via activation of melanocortin3/4 and CRF2 signalling and also by

hyperpolarizing neurons containing the orexigenic peptide, neuropeptide Y. Nesfatin-1 also

activates the hypothalamic magnocellular oxytocinergic system which could reduce food

intake and delay gastric emptying. Peripheral nesfatin-1 can reach the brain via the

circulation and crossing the blood-brain barrier and/or direct action on circumventricular

organs as well as modulation of vagal afferent activity. +, stimulation; −, inhibition; ↓,

reduction; Arc, arcuate nucleus; NPY, neuropeptide Y; NTS, nucleus of the solitary tract;

PVN, paraventricular nucleus of the hypothalamus; SON, supraoptic nucleus

(7,15,22,23,25).
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Figure 2.
Corticotropin-releasing factor receptor antagonists injected intracerebroventricularly (icv)

prevent the icv nesfatin-1 induced reduction of dark phase food intake in freely fed rats (A).

Chronically icv cannulated rats were injected with 30 µg rat−1 of astressin-B astressin2-B or

astressin2-B analog devoid of CRF2 binding affinity (inactive peptide) or vehicle before icv

nesfatin-1 (0.05 µg rat−1) or vehicle; cumulative food intake was monitored for 6h. *P<0.02

and **P< 0.001 vs. vehicle/vehicle. CRF receptor antagonists injected intracisternally (ic)

do not prevent the ic nesfatin-1 induced reduction of dark phase food intake (B). Rats under
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brief anesthesia were injected ic with 30 µg rat−1 of astressin-B, astressin2-B or vehicle

before ic injection of nesfatin-1 (0.5 µg rat−1) or vehicle and cumulative food intake

monitored for 6h. *P<0.05 and **P < 0.005 vs. vehicle/vehicle. Bars represent the mean ±

SEM of number of rats indicated at the bottom. Reproduced with permission from reference

(22); Copyright 2009, The Endocrine Society.
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Table 1

Co-localization of nesfatin-1 immunoreactivity with other brain transmitters in forebrain and hindbrain nuclei

Nucleus % of neurons positive for other marker co-labelling with
nesfatin-1 immunoreactivity

Reference

Hypothalamus
Supraoptic nucleus

59% with arginine vasopressin
49% with oxytocin

(14)

Paraventricular nucleus 47–57% with arginine vasopressin
40–45% with oxytocin
18–27% with thyrotropin-releasing hormone
13–24% with corticotropin-releasing factor

(8,14)

Periventricular nucleus 38% with somatostatin (8)

Lateral hypothalamic area 82–84% with melanin-concentrating hormone
70% with cocaine-and amphetamine-regulated transcript

(8,13)

Arcuate nucleus 60–65% with cocaine-and amphetamine-regulated transcript
64% with α-melanocyte-stimulating hormone
59% with mammalian target of rapamycin
46% with neuropeptide Y
29% with growth hormone-releasing hormone
14% with neurotensin

(8,16)

Midbrain
Edinger-Westphal nucleus

90% with cocaine-and amphetamine-regulated transcript
90% with urocortin-1

(17)

Obes Rev. Author manuscript; available in PMC 2014 July 02.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Stengel et al. Page 19

Table 2

Regulation of central nesfatin-1/NUCB2 under different metabolic conditions and signals associated with

alterations of food intake behaviour

Condition Species Effect Reference

24 h fasting Rat ↓ NUCB2 mRNA and protein in PVN (7)

48 h fasting Rat ↓ NUCB2 mRNA in SON (14)

48 h fasting + 2 h re-feeding Rat ↑ NUCB2 mRNA in SON (14)

24 h fasting + 2 h re-feeding Rat Activation of nesfatin-1 ir SON neurons assessed by Fos (22)

m-chlorophenylpiperazine (5–10 mg kg−1, ip) Mouse ↑ NUCB2 mRNA in the hypothalamus (34)

α-melanocyte-stimulating hormone (1.5 µg rat−1, 3v) Rat ↑ NUCB2 mRNA in the hypothalamus (7)

Cholecystokinin-8S (3–10 µg kg−1, ip) Rat Activation of nesfatin-1 ir PVN and NTS neurons assessed by
Fos

(22,35)

↑ increase; ↓, decrease; 3v, third brain ventricle; ip, intraperitoneal; ir, immunoreactive; NTS, nucleus of the solitary tract; NUCB2, nucleobindin 2;
PVN, paraventricular nucleus of the hypothalamus; SON, supraoptic nucleus.

Obes Rev. Author manuscript; available in PMC 2014 July 02.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Stengel et al. Page 20

T
ab

le
 3

A
ct

iv
at

io
n 

of
 b

ra
in

 n
es

fa
tin

-1
 im

m
un

op
os

iti
ve

 n
eu

ro
ns

 a
ss

es
se

d 
by

 d
ou

bl
e 

im
m

un
oh

is
to

ch
em

is
tr

y 
fo

r 
Fo

s/
ne

sf
at

in
-1

 in
du

ce
d 

by
 v

is
ce

ra
l a

nd

ps
yc

ho
lo

gi
ca

l s
tr

es
so

rs
 in

 r
at

s

B
ra

in
 n

uc
le

us
A

bd
om

in
al

 s
ur

ge
ry

W
ra

p 
re

st
ra

in
t

F
os

F
os

 +
 n

es
fa

ti
n-

1
F

os
F

os
 +

 n
es

fa
ti

n-
1

Sh
am

Su
rg

er
y

Sh
am

Su
rg

er
y

C
on

tr
ol

R
es

tr
ai

nt
C

on
tr

ol
R

es
tr

ai
nt

Su
pr

ao
pt

ic
 n

uc
le

us
+

+
+

+
+

**
*

+
+

+
+

+
**

*
+

+
+

+
*

+
+

+
+

*

A
nt

er
io

r 
pa

rv
ic

el
lu

la
r 

PV
N

+
+

+
+

**
*

+
+

+
+

**
*

+
+

+
+

**
*

−
+

+
**

*

L
at

er
al

 m
ag

no
ce

llu
la

r 
PV

N
+

+
+

+
+

+
**

*
+

+
+

+
**

*
−

+
+

+
+

*
−

+
+

*

M
ed

ia
l m

ag
no

ce
llu

la
r 

PV
N

+
+

+
+

+
+

**
*

+
+

+
+

+
**

*
−

+
+

+
+

**
−

+
+

**

M
ed

ia
l p

ar
vi

ce
llu

la
r 

PV
N

+
+

+
+

+
+

+
**

*
+

+
+

**
*

+
+

+
+

+
**

*
−

+
+

**

L
oc

us
 c

oe
ru

le
us

+
+

+
+

*
+

+
+

+
*

−
+

+
+

**
*

−
+

+
**

*

R
os

tr
al

 r
ap

he
 p

al
lid

us
+

+
+

*
+

+
+

*
+

+
+

+
**

*
−

+
+

**
*

E
di

ng
er

-W
es

tp
ha

l n
uc

le
us

+
+

+
+

+
+

+
**

+
+

+
+

+
**

N
D

N
D

N
D

N
D

V
en

tr
ol

at
er

al
 m

ed
ul

la
+

+
+

+
+

**
*

+
+

+
+

**
−

+
+

**
*

1
+

+
**

*

N
uc

le
us

 o
f 

th
e 

so
lit

ar
y 

tr
ac

t†
+

+
+

+
+

+
+

**
+

+
+

**
+

+
+

+
**

*
−

+
+

**
*

D
at

a 
ar

e 
nu

m
be

rs
 o

f 
Fo

s-
po

si
tiv

e 
or

 d
ou

bl
e-

la
be

lle
d 

ne
sf

at
in

-1
/F

os
 im

m
un

or
ea

ct
iv

e 
ne

ur
on

s 
ex

pr
es

se
d 

as
 −

 0
 p

os
iti

ve
 c

el
ls

, +
 1

–4
 p

os
iti

ve
 c

el
ls

, +
+

 5
–1

0 
po

si
tiv

e 
ce

lls
, +

+
+

 1
1–

20
 p

os
iti

ve
 c

el
ls

 a
nd

 +
+

+
+

>
20

 p
os

iti
ve

 c
el

ls
.

* P
 <

 0
.0

5;

**
P

 <
 0

.0
1;

**
* P

 <
 0

.0
01

 v
s.

 s
ha

m
/c

on
tr

ol
.

† M
ed

ia
l p

ar
t o

f 
th

e 
nu

cl
eu

s 
sh

ow
n 

af
te

r 
ab

do
m

in
al

 s
ur

ge
ry

, c
au

da
l p

ar
t a

ft
er

 r
es

tr
ai

nt
 (

37
,4

1)
.

N
D

, n
ot

 d
et

ec
te

d;
 N

U
C

B
2,

 n
uc

le
ob

in
di

n 
2;

 P
V

N
, p

ar
av

en
tr

ic
ul

ar
 n

uc
le

us
 o

f 
th

e 
hy

po
th

al
am

us
.

Obes Rev. Author manuscript; available in PMC 2014 July 02.


