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The role of nesfatin-1 in the regulation of food intake and body
weight – recent developments and future endeavors
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2Department of Medicine and Molecular Science, Gunma University Graduate School of
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3Department of Medicine, CURE Digestive Diseases Research Center and Center for
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Summary
Nesfatin-1 was discovered in 2006 and introduced as a potential novel anorexigenic modulator of
food intake and body weight. The past years have witnessed increasing evidence establishing
nesfatin-1 as a potent physiological inhibitor of food intake and body weight and unraveled
nesfatin-1's interaction with other brain transmitters to exert its food consumption inhibitory
effect. As observed for other anorexigenic brain neuropeptides, nesfatin-1 is also likely to exert
additional, if not pleiotropic, actions in the brain and periphery. Recent studies established the
prominent expression of the nesfatin-1 precursor, nucleobindin2 (NUCB2) in the stomach and
pancreas, where nesfatin-1 influences endocrine secretion. This review will highlight the current
experimental state-of-knowledge on the effects of NUCB2/nesfatin-1 on food intake, body weight
and glucose homeostasis. Potential implications in human obesity will be discussed in relation
with evidence of changes in circulating levels of NUCB2/nesfatin-1 in disease states, the
occurrence of genetic NUCB2 polymorphisms – and in contrast to several other hormones – the
independence of leptin signaling known to be blunted under conditions of chronically increased
body weight.
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Introduction
Discovery of nesfatin-1

In 2006, Mori and his group identified a gene in brain medulloblastoma (HTB185) and 3T3-
L1 adipocyte cells that was highly responsive to troglitazone, a ligand for the peroxisome
proliferator-activated receptor (PPAR)γ [1]. Detailed analysis of this gene showed
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correspondence to the gene encoding nucleobindin2 [1]. Nucleobindin2 (NUCB2) consists
of a 24-amino acid (aa) N-terminal signal peptide followed by 396 aa with a highly
conserved sequence across mammalian and non-mammalian vertebrates indicative of its
phylogenetic relevance [2].

Processing of NUCB2: nesfatin-1, nesfatin-2 and nesfatin-3
The NUCB2 precursor protein is possibly post-translationally cleaved by the enzyme pro-
hormone convertase (PC)-1/3 into the N-terminal nesfatin-1 (aa 1-82), nesfatin-2 (aa
85-163) and the C-terminal nesfatin-3 (aa 166-396) [1]. Until now, several biological actions
have been identified for nesfatin-1 [3], whereas none have been described for nesfatin-2 and
nesfatin-3. Mori et al.'s initial report showed the occurrence of the 9.7 kDa peptide
nesfatin-1 in rat hypothalamic extracts and a pooled sample of cerebrospinal fluid monitored
by a competitive ELISA for nesfatin-1 using ab24 [1] as well as in human plasma using a
nesfatin-1 specific sandwich-type ELISA assay [4]. Although nesfatin-1 has been reported
to be present in human cerebrospinal fluid [5], all subsequent studies using the commercially
available Phoenix NUCB2/nesfatin-1 antibody for Western blot analysis detected only the
full length NUCB2 in the rat hypothalamus, pituitary, pancreas, gastric mucosa and adipose
tissue and goldfish brain [6-10], while synthetic nesfatin-1 used as a positive control was
detectable in the same Western blot analysis as a 10 kDa band [9, 10]. These discrepant
results may be related to differences between antibodies used in the initial (affinity purified
Ab24 nesfatin-1 antibody) and subsequent (Phoenix NUCB2/nesfatin-1 antibodies) reports.
However, it remains unclear why the mature processed nesfatin-1 form is not detectable in
most tissue samples analyzed so far. Of note, it cannot be ruled out that the unprocessed
protein may be the active native form as full length NUCB2 exerts a similar food intake
reducing effect as nesfatin-1 when injected into the rat 3rd brain ventricle [1].

It is also important to highlight that except the initial report on the distribution of nesfatin-1
[1], all subsequent immunohistochemical studies did not distinguish between full length
NUCB2 and nesfatin-1 since the antibodies used (Phoenix rabbit anti-rat nesfatin-1 and
Gunma University rabbit anti-nesfatin-1 antibody) were raised against the full length
nesfatin-1 and also recognize NUCB2 [6, 11-14]. Therefore, immunohistochemical studies
performed with these antibodies should refer to NUCB2/nesfatin-1 based on their cross-
reactivity between NUCB2 and nesfatin-1. Specific detection of nesfatin-1 will require the
use of the initially developed Ab24 nesfatin-1 antibody [1] or the recently developed
sandwich-type human nesfatin-1 ELISA assay using N-terminal (sequence Val-Pro-Ile-Asp-
Ile-Asp-Lys-Cys) and C-terminal (Cys-His-His-Val-Arg-Thr-Lys-Leu-Asp-Glu-Leu)
antibodies without cross-reaction with full length NUCB2, nesfatin-2 or nesfatin-3 as
reported in human plasma [4].

Central nervous system actions of nesfatin-1 to reduce food intake
Brain distribution of NUCB2/nesfatin-1 and co-localization with other transmitters

Initially, NUCB2 mRNA and protein expression have been identified in the rat brain in
hypothalamic nuclei implicated in the regulation of food intake including the supraoptic
nucleus (SON), lateral hypothalamic area, arcuate nucleus and paraventricular nucleus
(PVN) [1]. Subsequent studies corroborated and extended these findings by showing the
distribution of NUCB2/nesfatin-1 in various additional regions/nuclei of the brain, namely
the insular cortex, central amygdaloid nucleus, periventricular nucleus, tuberal hypothalamic
area, dorsomedial hypothalamic nucleus, Edinger-Westphal nucleus, the medullary raphe
nuclei, ventrolateral medulla (VLM), locus coeruleus (LC), cerebellum, dorsal motor
nucleus of the vagus nerve (DMV), nucleus of the solitary tract (NTS) and preganglionic
sympathetic and parasympathetic neurons of the spinal cord in rats [6, 11-13, 15-17], mice
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[14] and pigs [18]. Interestingly, in mice, a novel brain nucleus was identified which
strongly expressed NUCB2/nesfatin-1 immunoreactivity that was named the intermediate
dorsomedial area of the hypothalamus [14]. Overall, the pattern of brain NUCB2/nesfatin-1
distribution encompasses stress-related circuitries and autonomic regulatory centers. This
strongly suggests additional stress or autonomic related biological actions outside of the
initially reported regulation of ingestive behavior as recently reviewed [19, 20].

Following central mapping studies, several groups provided a detailed phenotypic
characterization of brain NUCB2/nesfatin-1 containing neurons. NUCB2/nesfatin-1
immunoreactivity was colocalized with several other peptides and neurotransmitters known
to be involved in the regulation of food intake, namely urocortin 1 (~90%), melanin-
concentrating hormone (MCH, ~80%), pro-opiomelanocortin (POMC, ~60-80%), cocaine-
and amphetamine-regulated transcript (CART, ~70%), α-melanocyte-stimulating hormone
(α-MSH, ~60%), %), vasopressin (~50%), neuropeptide Y (NPY, ~40%), oxytocin (~40%),
growth hormone-releasing hormone (GHRH, ~30%), corticotropin-releasing factor (CRF,
~20%), thyrotropin-releasing hormone (TRH, ~20%), somatostatin or neurotensin (~10%)
and serotonin [6, 11, 12, 15, 16, 21, 22]. The extensive overlap of NUCB2/nesfatin-1 with
other transmitters provides neuroanatomical support for the pleiotropic relevance of
nesfatin-1 in addition to food intake regulation [3].

Characteristics of nesfatin-1's central anorexigenic action
The initial report showed that full length NUCB2 or mature nesfatin-1 injected through a
chronically implanted cannula into the third brain ventricle dose-dependently reduce the
dark phase food intake in freely fed rats [1]. Thereafter, a number of independent groups
corroborated and expanded these findings and showed that nesfatin-1 injected into the brain
ventricles at different levels (lateral or 4th) at doses ranging from 5 to 20 pmol inhibited the
dark phase food intake in rodents [21, 23-29] or goldfish [7, 30]. When nesfatin-1 was
injected at a low dose (5 pmol) into the rat lateral brain ventricle (intracerebroventricular,
icv), the reduction of food intake had a delayed onset with a robust peak reduction of 87%
during the third hour post injection. The suppression was long lasting and observed over 6 h
and up to 48 h at a higher dose (25 pmol) [23, 28]. Similarly, in mice the icv injection of
nesfatin-1 induces an anorexigenic action that was apparent at 2 h after administration and
lasted for 8 h [27]. However, when injected into the third or fourth brain ventricle or into the
cisterna magna, the nesfatin-1 induced reduction of nocturnal feeding occurred during the
first hour post injection in rats [1, 23]. This rapid onset contrasts with the icv injection
indicating a difference in nesfatin-1's kinetic and/or mechanisms of action in the forebrain
versus the midbrain/hindbrain. It is to note that the food intake suppressive effect of
nesfatin-1 was not related to an overall alteration of locomotor activity [1, 23, 28] or
changes in grooming including scratching, licking and washing [23] pointing towards a
direct modulation of feeding behavior.

Insight into hypothalamic sites responsive to nesfatin-1 came from microinjection studies of
the peptide directly into different nuclei. When microinjected into the PVN, there was a
pronounced reduction of dark phase food intake during the 1st to 5th h post injection [21].
This finding was reproduced following injection of nesfatin-1 into the lateral hypothalamic
area although higher doses were required, whereas injection into the ventromedial
hypothalamus or subfornical organ had no effect [31, 32]. Therefore, existing data along
with the greatest number of Fos-labeled neurons induced by icv injection of nesfatin-1 (5
pmol) occurring in the PVN [32] point towards the PVN as a primary responsive forebrain
site for nesfatin-1 to reduce food intake, while responsive sites within midbrain/hindbrain
nuclei remain to be localized.
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Recent studies provided additional insight into the alterations of food intake microstructure
underlying the anorexigenic action using an automated monitoring system that allows for
recording of the nocturnal ingestion of standard chow every second in undisturbed mice.
Nesfatin-1 injected acutely icv at a dose of 0.3 nmol under short isoflurane anesthesia
reduces the cumulative dark phase food intake in freely fed mice which resulted from the
decrease in both, the size of the meal (as a characteristic for satiation) and the meal
frequency associated with the prolongation of the inter-meal intervals (as a characteristic for
satiety) [24]. Similar to full length nesfatin-11-82, the icv injection of nesfatin-130-59
prolonged inter-meal intervals and reduced meal frequency of nocturnal feeding in mice,
however, the meal size was not altered (Table 1) [33]. By contrast, the N- and C-terminal
fragments, nesfatin-11-29 and nesfatin-160-82 respectively had no effect when tested under
the same conditions [33]. These studies identified the 30 aa mid fragment nesfatin-130-59 as
the main active core exerting the food inhibitory action of nesfatin-1. The induction of
satiety by icv nesfatin-130-59 versus satiety and satiation by nesfatin-1 may be due to
additional binding sites at the receptor outside of the active core that are only targeted by
full length nesfatin-1. However, one has to keep in mind that it is currently not known
whether the processing of nesfatin-1 to nesfatin-130-59 occurs endogenously.

Other central actions of nesfatin-1 with potential influence on food intake
Anxiogenic behavior—Although lower doses (5 pmol) injected icv specifically reduce
feeding [1, 23], higher doses (25-80 pmol) induce anxiety-like behaviors assessed by a
heightened startle response and decreased time spent in the open arms of the elevated plus
maze in rats [25, 34] which may also contribute to the sustained anorexigenic effect
observed at higher doses.

Sleeping behavior—Disturbance of sleep profoundly affects food intake, resulting in the
development of obesity [35]. Several secreted molecules regulating sleep, such as MCH and
orexin, have been identified [36]. It is particularly interesting that NUCB2/nesfatin-1
neurons are co-localized with neurons expressing MCH, but not orexin, in the lateral
hypothalamic area. As recent observations have shown that endogenous nesfatin-1
associated with MCH plays an important role in the regulation of sleep [37, 38], the
mechanisms underlying nesfatin-1-induced anorexia with respect to sleeping behavior will
become clearer in the future.

Drinking behavior—In addition to its anorexigenic action, icv injected nesfatin-1 at doses
ranging from 160 to 540 pmol reduces water consumption under various stimulated
conditions: after injection of angiotensin II, following a hypertonic challenge or after 18 h of
water restriction [39]. Although food and drinking consumptive behaviors are intrinsically
linked [40], the antidipsogenic effect is separated from the anorexigenic action of nesfatin-1
and required doses superior to 60 pmol injected icv in rats [25]. While these studies
emphasize that nesfatin-1 is able to control both thirst and hunger independently, the
increased anorexigenic potency of nesfatin-1 at higher dose may encompass the
compromised ratio of food to water intake. By contrast, recent studies showed that
nesfatin-1 microinjected into the subfornical organ at a low dose of 5 pmol elicits a
dipsogenic effect independently of the angiotensinergic pathways and in the absence of
food. Moreover, icv injected nesfatin-1 at a similar dose induces a prominent activation of
circumventricular organs [32]. These data support a potential important role of nesfatin-1 in
fluid balance.

Gastric emptying—Nesfatin-1 injected icv inhibits gastric emptying in mice [14] and rats
[23] and reduces gastroduodenal motility in mice [27]. Several peptides regulating food
intake also affect digestive functions such as gastric emptying and thereby may negatively
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impact on food consumption by increasing vagal afferent activity linked with gastric
distension [41, 42]. Whether the gastric stasis associated with icv injection of nesfatin-1 is a
contributing factor to the sustained anorexigenic action of nesfatin-1 deserves further
considerations.

Gastric acid secretion—Besides the effect on gastric motility, nesfatin-1 acts in the
brain to influence gastric secretion. When injected into the fourth brain ventricle, nesfatin-1
inhibited the vagally mediated stimulation of gastric acid secretion by 2-deoxy-D-glucose-,
while basal or pentagastrin stimulated gastric acid secretion was not affected [29]. These
data indicate that the anorexigenic effect of centrally injected nesfatin-1 is integrated with
the inhibition of gastric digestive processes as observed for other brain peptides [43].

Interaction of nesfatin-1 with brain transmitters regulating food intake
Pharmacological and molecular approaches were used to investigate the functional relevance
of the extensive co-localization of brain NUCB2/nesfatin-1 with several neuropeptides and
transmitters established to influence food intake. Early on, the anorexigenic effect of
nesfatin-1 was established to be independent from leptin signaling as evidenced by the
retained food intake suppression in leptin receptor deficient Zucker rats [1, 21]. Moreover,
leptin did not alter the expression level of hypothalamic NUCB2 mRNA [1].

On the other hand, nesfatin-1 shows a downstream interplay with oxytocin and melatonin
signaling. When injected into the 3rd brain ventricle, nesfatin-1 activates oxytocin containing
neurons in the PVN as shown by increased Fos expression as well as Ca2+ influx into these
neurons [21]. Moreover, nesfatin-1 stimulated the release of oxytocin from PVN slices in
vitro [21] and the 4th ventricular injection of the oxytocin receptor antagonist H4928
blocked nesfatin-1's anorexigenic action in vivo in rats [21, 26]. Further downstream of
oxytocin, POMC in the hindbrain is likely to play a role in the mediation of nesfatin-1's food
intake inhibitory effect based on the observations that oxytocinergic nerve terminals in the
NTS originating from the PVN [44] are in close proximity to POMC containing neurons and
that oxytocin stimulates the release of POMC in the NTS [21]. POMC is proteolytically
cleaved into several peptides including α-MSH which is the endogenous ligand of the
melanocortin 3/4 receptor [45]. Additional studies showed that blockade of the α-MSH-
melanocortin 3/4 receptor with the antagonist, SHU9119 injected icv or into the 3rd ventricle
completely blocked the food intake suppressive effect of nesfatin-1 injected icv or into the
3rd ventricle [1, 25]. In addition, 3rd ventricular injection of α-MSH up-regulates NUCB2
mRNA expression in the PVN [1]. Whether this feed-forward feedback is also part of the
mechanism underlying the long lasting reduction of food intake induced by central NUCB2/
nesfatin-1 is yet to be investigated. In summary, convergent evidence points towards a
downstream mediation of nesfatin-1's anorexigenic action by the activation of a
hypothalamic-pontine oxytocin-POMC-α-MSH-melanocortin3/4 receptor signaling pathway
(Fig. 1).

In addition to oxytocin and α-MSH, the CRF2 receptor signaling system, well established to
reduce food intake [46, 47], was implicated in the food intake regulatory action of
nesfatin-1. The peptide injected into the 3rd brain ventricle in rats increases the CRF content
in the PVN [48]. When administered directly onto PVN neurons in vitro, nesfatin-1
increases the excitability of CRF positive neurons [49]. In addition, nesfatin-1 injected icv
increases plasma levels of ACTH and corticosterone, while in vitro nesfatin-1 did not alter
ACTH release from cultured pituitary cells [50]. Collectively, these data provide conclusive
evidence that nesfatin-1 stimulates the hypothalamic-pituitary-adrenal axis through CRF
release from the PVN. In addition, pharmacological studies showed that blockade of CRF2
receptors by icv injection of the selective peptide CRF2 antagonist, astressin2-B abolished
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(Fig. 1) and 3rd ventricle injection of the CRF1/CRF2 antagonist, α-helical CRF9-41 blunted
nesfatin-1's anorexigenic effect [23, 48]. By contrast, when nesfatin-1 was injected into the
cisterna magna, astressin2-B did not influence the suppression of dark phase feeding in rats
[23] supporting a primary role of POMC-melanocortin3/4 receptor as downstream pathway
in the brainstem [1, 25].

Additionally, hypothalamic histamine and serotonin (5-HT) are likely to contribute to
modulate the anorexigenic effect of nesfatin-1 via interaction with the H1 and 5-HT2C
receptors, respectively [48, 51]. Injection of nesfatin-1 into the 3rd brain ventricle in rats
increases the turnover of hypothalamic histamine which seems to be part of a feed forward
loop as histamine increases NUCB2/nesfatin-1 in the PVN but not in the lateral
hypothalamus and VMH [48]. In line with these findings, mice lacking the H1 receptor or
rats with blunted hypothalamic histamine signaling due to inhibition of histidine
decarboxylase by icv injection of α-fluoromethyl histidine showed a reduced food intake
suppressive effect following 3rd ventricular injection of nesfatin-1 (Fig. 1) [48]. The
histaminergic pathways may be downstream of hypothalamic CRF. Indeed, the injection of
α-helical CRF9-41 into the 3rd brain ventricle reduced the nesfatin-1 induced stimulation of
histamine turnover in the PVN along with its anorexigenic effect [48]. The role of
serotonergic pathways in nesfatin-1's food intake inhibitory action has been established in
studies showing that intraperitoneal (ip) injection of the 5-HT1B/2C agonist, m-
chlorophenylpiperazine (mCPP) up-regulates hypothalamic NUCB2 mRNA resulting in the
reduction of food intake, whereas mice lacking the 5-HT2C displayed a reduction of
hypothalamic NUCB2 and POMC and an increased food intake [51]. These data suggest a
physiological negative tone of serotonin-5-HT2C-NUCB2/nesfatin-1 on food consumption
that needs to be further confirmed (Fig. 1).

Limited investigation also indicated that the hypothalamic tripeptide thyrotropin-releasing
hormone (TRH) may be implicated in the anorexigenic effect of nesfatin-1 as TRH mRNA
expression in the PVN is up-regulated following 3rd ventricular injection of nesfatin-1, and a
TRH antibody injected into the 3rd ventricle blunted the nesfatin-1 induced reduction of
feeding (Fig. 1) [48].

Besides the involvement of several anorexigenic pathways, nesfatin-1 can also influence the
activity of neurons containing the well-established orexigenic brain peptide NPY.
Administration of nesfatin-1 directly onto arcuate neurons in vitro results in the
hyperpolarization of NPY positive neurons [52] which is likely to promote an anorexigenic
effect (Fig. 1). It is important to note that the food intake suppressive effect of nesfatin-1 is
predominantly observed during the dark phase in ad libitum fed animals [1, 21, 23, 25, 48],
whereas during the light phase in fasted rodents, inconsistent data were reported [23, 25].
Such a specificity towards the nocturnal feeding suggests that central injection of nesfatin-1
is targeting brain transmitters specifically involved in driving the physiological food
consumption occurring in the dark photoperiod in rodents [53-55]. Alternatively, as recent
evidence established that NUCB2/nesfatin-1 rises selectively in the PVN in synchrony with
feeding suppression in the early light phase [56], this may render the hypothalamus less
responsive to exogenous administration of nesfatin-1 during the light phase.

Interaction between NUCB2/nesfatin-1 and metabolic factors
Recent in vitro studies demonstrated a direct effect of meal-evoked metabolic factors,
glucose and insulin, on PVN NUCB2/nesfatin-1 neurons [57]. Using changes in cytosolic
calcium concentration monitored by ratiometric fura-2 fluorescence imaging, it was found
that 58.2% of glucose-responsive and 62.5% of insulin-responsive neurons were
immunoreactive for NUCB2/nesfatin-1 [57]. Furthermore, nesfatin-1 differentially
modulates glucosensing neurons in the hypothalamus as assessed by microinjection. In the

Stengel et al. Page 6

Obes Rev. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PVN nesfatin-1 excited most of the glucose-inhibited neurons and inhibited most of the
glucose-excited neurons [31]. By contrast, nesfatin-1 induced the stimulation of glucose-
excited neurons in the ventromedial hypothalamus, and the inhibition of most of the
glucose-inhibited neurons in the lateral hypothalamus [31]. Other studies showed that icv
injected nesfatin-1 increases the number of Fos positive neurons in the hypothalamic nuclei
involved in glucose homeostasis including the arcuate, PVN and SON [32, 58]. Nesfatin-1's
involvement in glucose homeostasis and insulin signaling was further supported by the
demonstration that third ventricular injection of nesfatin-1 inhibits the hepatic glucose
production, increases insulin signaling through the phosphorylation of insulin receptor
(InsR)/insulin receptor substrate-1 (IRS-1)/AMP-dependent protein kinase (AMPK)/Akt
kinase (Akt)/target of rapamycin complex (TORC) 2 in the liver and promotes muscle
glucose uptake in both standard and high fat diet fed rats [59].

Conversely, nesfatin-1 is regulated by glucose homeostasis as injection of insulin or 2-
deoxyglucose activated NUCB2/nesfatin-1 immunoreactive neurons in the arcuate nucleus,
PVN, lateral hypothalamic area, dorsal NTS and DMV [60]. This activation is likely to
directly impact on gastrointestinal glucose regulatory effector sites based on the observation
that NUCB2/nesfatin-1 immunoreactive neurons of the DMV project to the stomach, liver
and pancreas [60]. It will have to be delineated to what extent the additional function of
nesfatin-1 to regulate hypothalamic glucose sensing and insulin sensitivity contributes to its
anorexigenic property.

Physiological roles of hypothalamic NUCB2/nesfatin-1
Earlier studies provided evidence for a physiological role of NUCB2/nesfatin-1 in the
regulation of food intake based on the increased food intake when endogenous brain
NUCB2/nesfatin-1 signaling was blocked by 3rd ventricular injection of an anti-nesfatin-1
antibody (Ab24) acutely or of an anti-NUCB2 antisense oligonucleotide for 10 days in rats
[1]. In a consistent manner, 3rd ventricular injection of an anti-nesfatin-1 antibody
neutralizing endogenous nesfatin-1 also produces hyperphagia [1, 21]. However, in other
studies when hypothalamic NUCB2/nesfatin-1 was knocked down using chronic icv
delivery of anti-NUCB2 morpholino oligonucleotides for 7 days in young female rats or for
2 days in male rats, no changes in daily food intake was observed although hypothalamic
NUCB2 content was reduced by 75% in female and 29% in male rats [8, 39]. These
divergent findings may be related to compensatory actions of other anorexigenic brain
transmitters or differences in treatment conditions (third ventricle versus lateral ventricle 10
days versus two days) or sex (male versus female).

The regulation of hypothalamic NUCB2/nesfatin-1 mRNA and/or protein in relation with
the feeding status or the nocturnal pattern of eating is also consistent with a physiological
role of this pathway. In particular, convergent studies reported the reduction of NUCB2
mRNA and protein in the SON and PVN under conditions of fasting and the restoration of
these levels following re-feeding in rats [1, 8, 12] and goldfish [7] (Table 2). In addition,
there are circadian changes of NUCB2 mRNA levels in the PVN with an increase during the
early light phase associated with the inhibition of feeding and low levels maintained during
the dark phase, the eating period. The physiological significance was demonstrated by the
elevation of light but not dark phase food intake in rats with PVN-selective knockdown of
NUCB2 mRNA by shRNA or immunoneutralization of PVN NUCB2/nesfatin-1 by anti-
nesfatin-1-IgG [56]. Although the exact cellular mechanisms controlling the responsiveness
of NUCB2/nesfatin-1 to acute changes in metabolic status remain largely unknown, these
data indicate a tight inverse relationship with the drive to eat.

Of interest, brain NUCB2/nesfatin-1 neurons are activated by gut peptides inhibiting food
intake or experimental stress conditions associated with a decrease in food intake. For
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instance, the well-established satiety hormone, cholecystokinin (CCK) [61] injected ip
activated NUCB2/nesfatin-1 neurons in the hypothalamus and brainstem [23, 62] which may
indicate a role of nesfatin-1 in the downstream signaling of CCK (Table 2). Similarly,
NUCB2/nesfatin-1 expressed in the arcuate nucleus is selectively activated by the ip
injection of desacyl ghrelin plus ghrelin which may play a role in the desacyl ghrelin-
induced reduction of ghrelin-stimulated food intake (Table 2) [17]. Similarly, several
stressors including psychological/physical (restraint) [22, 50, 58, 63, 64], immunological
(intraperitoneal injection of low doses of lipopolysaccharide) [65], chemical (mycotoxin,
hypoglycemia) [18, 60] and visceral (abdominal surgery) [66] activate NUCB2/nesfatin-1
expressing cells as indicated by the occurrence of c-Fos in NUCB2/nesfatin-1 positive cells
mainly in the hypothalamus (SON, PVN), midbrain (LC) and brainstem (NTS, VLM, raphe
pallidus) (Table 3) [19]. These stressors are also known to inhibit food intake [18, 67-69]
and the activation of NUCB2/nesfatin-1 in these nuclei may play a role in the mediation/
modulation of the stress response including the anorexigenic effect. However, the
identification of the NUCB2-nesfatin-1 receptor(s) and the development of selective
antagonists will be required to assess and ascertain the cause-effect relationship between
activation of hypothalamic NUCB2-nesfatin-1 neurons under these conditions and the
decrease in food intake.

Effects of peripheral nesfatin-1 on food intake and body weight
Peripheral distribution of NUCB2/nesfatin-1

Subsequent to reports of NUCB2/nesfatin-1 expression throughout the brain, NUCB2/
nesfatin-1 immunoreactivity was also detected in peripheral tissues, namely the stomach,
adipose tissue, pancreas, pituitary gland and testis of rat and goldfish [7, 9, 10, 70, 71].
Surprisingly, the expression of NUCB2 mRNA as assessed by RT-qPCR was found to be
10-times higher in the rat gastric mucosa than in the brain [9]. The gastric cells within the
oxyntic mucosa expressing NUCB2/nesfatin-1 immunoreactivity had an endocrine
phenotype [9] and are regulated by the mammalian target of rapamycin (mTOR) as recently
reviewed (Table 2) [72]. Double labeling immunohistochemistry unraveled that NUCB2/
nesfatin-1 immunosignals were primarily co-localized in the cytoplasm of cells expressing
ghrelin, indicating the co-expression of these two peptides in gastric X/A-like cells [9]. In
rats, ghrelin and NUCB2/nesfatin-1 are – although expressed in the same cell – present in
separate pools of vesicles [9]. This finding was recently extended to humans where ghrelin
and NUCB2/nesfatin-1 were also co-localized in the gastric oxyntic mucosa of severely
obese patients [73]. However, one has to note that ghrelin and NUCB2/nesfatin-1 in humans
seem to be localized in the same cytoplasmic vesicles [73]. Whether this differential
expression reflects a species difference or metabolic conditions (lean vs. obese) warrants
further investigation in other species and healthy human subjects. In the pancreas of rats, β-
cells express both insulin and NUCB2/nesfatin-1 with a different subcellular localization in
rats [70]. These data support a differential regulation and release of ghrelin and NUCB2/
nesfatin-1 in the rat stomach and insulin and NUCB2/nesfatin-1 in the rat pancreas.

The wide peripheral distribution of NUCB2/nesfatin-1 in endocrine cells of the gut, pituitary
and testis along with the expression in adipose tissue strongly points towards a release of
this peptide and a humoral action to influence feeding and other metabolic actions. This
hypothesis is supported by the observation that NUCB2/nesfatin-1 can cross the blood-brain
barrier bidirectionally by a non-saturable mechanism [74, 75] making it a likely candidate
for bidirectional brain-gut interactions.
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Effect on food intake
In light of the prominent expression of NUCB2/nesfatin-1 in the stomach in the same cells
as ghrelin, a peripheral effect of nesfatin-1 on food intake has been assumed. However,
compared to the brain much less data have been obtained so far and they are less consistent.
One group showed an anorexigenic effect following injection of a large dose of full length
nesfatin-1 and mid fragment nesfatin-124-53 at the beginning of the dark phase in ad libitum
fed outbred mice, an effect that was independent of leptin signaling [76]. This finding was
recently extended to Fischer 344 rats where continuous peripheral infusion of nesfatin-1 at a
dose of 100 μg/kg body weight/d decreased cumulative food intake compared to controls
[77]. However, this effect was not observed in other studies when nesfatin-1 was injected
intraperitoneally at similarly high doses in C57Bl/6 mice [24] and Sprague-Dawley rats [23].
Likewise, in goldfish the robust anorexigenic effect of nesfatin-1 readily observed following
icv application was not reproduced upon peripheral injection even at 102-3 higher doses that
reduce food intake by only 18% [7].

The mechanisms through which peripherally injected nesfatin-1 acts involve vagal afferent
pathways based on the findings that nesfatin-1 activates Ca2+ influx in primary cultured
nodose ganglion neurons in vitro [78] and that chemical vagal de-afferentiation by capsaicin
abolishes the food intake suppressing effect of peripherally injected nesfatin-124-53 in mice
[79]. Taken together, existing data clearly point towards a central site of action for
nesfatin-1's anorexigenic effect and the action and role of peripheral nesfatin-1 is yet to be
ascertained. However, it is to note that fasting for 24 h decreases circulating plasma levels of
NUCB2/nesfatin-1 which were restored upon re-feeding for 12 h in rats (Table 2) [23]
indicative of a regulation of release by nutritional status.

Implication in glucose control
Expression in the pancreas—Besides the prominent expression in the stomach,
convergent reports delineated NUCB2/nesfatin-1's protein expression mainly in pancreatic
islets co-localized with insulin in β-cells in rodents and humans [70, 71, 80-82].

Implication in insulin signaling and glucose control—Functional in vitro studies
using rat or mouse isolated islets or cultured MIN cells demonstrated that nesfatin-1
stimulates the expression of pre-proinsulin mRNA expression and increases the glucose-
induced insulin release through stimulation of calcium influx involving L-type channels [77,
81, 83]. Another study using isolated mouse islets or INS-1 (832/13) cells did not observe an
increase in insulin secretion but showed a stimulation of glucagon release [82]. However,
the data on insulin action hold true in vivo where intravenous injection of nesfatin-1 reduces
blood glucose levels in hyperglycemic db/db mice indicating an insulinotropic effect [84].
These effects were associated with an increased basal and insulin-induced glucose uptake of
adipocytes in rats [77]. Extending these findings, NUCB2/nesfatin-1 is locally released from
rat pancreatic islets following stimulation with glucose (Table 2) [70, 77] supporting a
regulatory action of nesfatin-1 in response to increasing glucose levels. However, in healthy
human subjects, an oral glucose tolerance test does not alter circulating NUCB2/nesfatin-1
levels [4, 85] suggesting a rather local/paracrine mode of action of NUCB2/nesfatin-1 within
the endocrine pancreas.

Regulation under condition of diabetes mellitus—The expression of NUCB2 in the
endocrine pancreas is regulated by the glycemic state with a reduced protein expression in
type 2 diabetic Goto-Kakizaki rats compared to normoglycemic Wistar rats [70] and in
human islets of type 2 diabetic subjects obtained from an islet transplantation center [82].
Likewise, the circulating levels of NUCB2/nesfatin-1 show an inverse relationship with
circulating glucose in Goto-Kakizaki rats [70], a finding confirmed in type 2 diabetic human
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subjects [85]. Since reduced NUCB2/nesfatin-1 plasma levels are already observed in
normoglycemic subjects with insulin resistance, the regulatory interaction is likely to occur
predominantly with insulin [86]. In addition, NUCB2/nesfatin-1 levels in breast milk and
serum of mothers with gestational diabetes and cord blood of babies that were large for
gestational age were lower compared to healthy subjects and newborns appropriate for
gestational age, respectively [87-89]. Collectively, existing experimental and clinical studies
are consistent with lower NUCB2/nesfatin-1 levels as an underlying mechanism
contributing to the impaired glucose tolerance under conditions of diabetes. However, two
recent studies reported increased plasma NUCB2/nesfatin-1 levels in Chinese patients with
newly diagnosed type 2 diabetes mellitus or impaired glucose tolerance compared to healthy
controls [90] and in Chinese newborns that were small for gestational age and displayed a
greater homeostasis model assessment-insulin resistance index compared to infants
appropriate for gestational age [91]. The reasons for these divergent results are not clear and
should take into account potential specific racial and genetic factors.

Correlation of NUCB2/nesfatin-1 with body weight and implication as a new
drug target in the treatment of obesity
Changes of NUCB2/nesfatin-1 under conditions of chronically altered body weight

Obese Tsumura Suzuki diabetic mice, a polygenic model of obesity, display decreased
hypothalamic NUCB2 mRNA and protein levels compared to non-diabetic controls leading
to the speculation of an underlying role for hypothalamic NUCB2/nesfatin-1 deficiency in
the hyperphagia observed in these mice [92]. In humans, the cerebrospinal fluid (CSF)/
plasma NUCB2/nesfatin-1 ratio is negatively associated with body mass index (BMI) and
body fat mass due to a strong increase of plasma NUCB2/nesfatin-1 with rising BMI,
whereas CSF NUCB2/nesfatin-1 levels were only moderately increased [5]. In addition,
NUCB2/nesfatin-1 plasma levels are decreased in female patients with anorexia nervosa
[93] and increased under conditions of obesity in a mixed population of patients [5, 10]
resulting in a positive correlation with BMI (Table 2) [10, 93]. In line with these findings,
gastric NUCB2/nesfatin-1 protein expression was increased with increasing BMI in a
population of male and female obese patients undergoing bariatric surgery that may be
related to a compensatory feedback regulatory mechanism to stimulate nesfatin-1's
anorexigenic signaling [73]. Conversely, a decrease in plasma nesfatin-1 levels in non-
morbid obese type 2 diabetes mellitus patients was observed 12 months after undergoing
bariatric surgery which was positively correlated with the decrease of BMI [94]. The
elevation of gastric NUCB2/nesfatin-1 protein expression in obese patients and the reduction
of circulating levels after bariatric surgery may suggest that the stomach contributes
prominently to the circulating levels of NUCB2/nesfatin-1. However, another study reported
a negative correlation of plasma nesfatin-1 levels with BMI in non-obese males [4]. Whether
gender differences (females versus males), different assessment methods (ELISA
recognizing NUCB2 and nesfatin-1 versus sandwich-type ELISA recognizing only
nesfatin-1), or the body weight range (normal weight versus underweight and obesity)
account for these differences will have to be further investigated.

Genetic variants of NUCB2 in obesity
Genetic variants of the NUCB2 gene may play a role in the susceptibility for or protection
against the development of obesity. So far, three single nucleotide polymorphisms were
identified to be associated with obesity when investigating a large population of 1049 obese
and 315 normal weight male and female Caucasian subjects [95]. Interestingly, this
association only held true when investigating male subjects [95] possibly pointing towards a
sex difference in the NUCB2/nesfatin-1-modulated susceptibility to develop obesity. In
another cohort of 471 obese children and adolescents seven sequence variants of the NUCB2
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gene were observed [96]. However, this did not result in differences in plasma NUCB2/
nesfatin-1 levels from those observed in body weight matched controls. It may be speculated
that the mutation impairs the signaling primarily in the brain where NUCB2/nesfatin-1 is
prominently involved in appetite regulation.

Pharmacological approaches targeting nesfatin-1 to treat obesity
The observation that NUCB2/nesfatin-1's anorexigenic action is independent of leptin
signaling in rats [1, 21] and mice [76] nourishes hope for NUCB2/nesfatin-1 to become a
relevant anti-obesity target, since leptin resistance is a common feature in obesity [97]. New
routes and durations of application will have to be tested such as acute intranasal [98] and
continuous peripheral application [77] to show the effect on food intake and body weight in
order to approach the goal of testing NUCB2/nesfatin-1 as drug treatment option in the
battle against obesity.

Future endeavors to fill our gaps of knowledge
Identification and characterization of the yet unknown nesfatin-1 receptor

So far, receptors through which NUCB2/nesfatin-1 interacts have eluded attempts to
molecular identification. Many efforts to identify a receptor specific to nesfatin-1 have failed
so far (Mori, unpublished observations). The existing indirect evidence supports a signaling
through a Gi/o-protein-coupled receptor [11, 99] and nesfatin-1 in vitro evokes Ca2+ influx
via L- and P/Q type Ca2+ channels in cultured rat hypothalamic neurons [11, 21], T-type
channels in DMV neurons [29], N-type channels in mouse vagal afferent nodose ganglion
neurons [78] and via L-type Ca2+ channels in pancreatic endocrine β-cells [83]. Additional
evidence for the mediation of nesfatin-1's effects through a cell surface Gi/o protein-coupled
receptor came from a recent report showing that full length nesfatin-1 as well as the mid
fragment of nesfatin-1 increased cAMP response element (CRE) reporter activity in the
mouse NB41A3 neuroblastoma cell line, an effect abolished by an L-type Ca2+ channel
blocker [99]. Moreover, radiolabeled 125I-nesfatin-1 binds to these cells as well as the
mouse hypothalamus [99] suggesting the expression of the nesfatin-1 receptor on these cells.

Cellular release
Immunohistochemical characterization of NUCB2/nesfatin-1 cells in the brain conclusively
showed immunosignals in the cytoplasm of the cell body and primary dendrites, whereas no
staining was detected in axons and nerve terminals [1, 6, 11-14]. This subcellular expression
pattern in brain neurons may indicate an intracellular signaling pathway rather than a
function as a secreted peptide. Nonetheless, also cell bodies and primary dendrites are able
to release peptide products. In addition, in the PVN nesfatin-1 immunoreactivity was
demonstrated in secretory granules by the use of electron microscopy supporting the action
as a secreted peptide [21]. However, no data are available so far to support the existence of
nesfatin-1 immunoreactivity on the surface of cells or in a membrane protein complex. In
addition to these findings in the brain, in the periphery NUCB2/nesfatin-1 is clearly located
in secretory vesicles in rat [9] and human [73] endocrine cells supporting a hormonal or
paracrine mode of action. Lastly, the soluble fraction of gastric mucosal and pancreatic
protein homogenates stained for NUCB2/nesfatin-1 showed a reduction of 3 kDa compared
to full length NUCB2 which may point towards the release of full-length protein into a
secretory vesicular compartment of the endocrine cells by cleavage of a 3 kDa signal
sequence [9].

Investigation of the physiological role of nesfatin-1 using NUCB2/nesfatin-1 knockout mice
So far, animals with genetic manipulations of NUCB2/nesfatin-1 have not yet been
established and reported in the literature. However, in several groups work is in progress to
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generate a conditional knockout mouse model. In the near future it is likely that these new
advances will uncover new insight into the physiological functions of NUCB2/nesfatin-1 in
vivo.

Conclusion
Conclusive experimental evidence supports a central action of nesfatin-1 as a physiological
anorexigenic peptide, while the action of peripheral NUCB2/nesfatin-1 to influence feeding
behavior is less clear in rodents. Another important function which is receiving growing
interest is the involvement of nesfatin-1 expressed in endocrine cells of the pancreas in the
regulation of glucose homeostasis through its insulinotropic action in both experimental and
clinical studies. NUCB2/nesfatin-1 levels are altered under conditions of obesity in rodent
hypothalamus and in blood of human subjects. This, combined with nesfatin-1's
anorexigenic action independently of leptin, opened new venues to target this peptide as a
promising approach in the drug treatment of obesity and type 2 diabetes mellitus. Important
breakthrough will come from the identification of the NUCB2/nesfatin-1 receptor allowing
the subsequent development of stable and highly selective pharmacological tools to interfere
with this signaling pathway.
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Figure 1.
Upstream pathways stimulating central NUCB2/nesfatin-1 signaling and downstream
mediators involved in the brain nesfatin-1 injection-induced reduction of food intake.
Symbols: +, stimulation; −, inhibition; ↑, increase. Abbreviations: 5-HT2 receptor, serotonin
receptor 2; α-MSH, alpha-melanocyte stimulating hormone; CRF2 receptor, corticotropin
releasing factor receptor 2; H1 receptor, histamine receptor 1; MC3/4 receptors, melanocortin
receptors 3 and 4; NUCB2, nucleobindin2; POMC, proopiomelanocortin, TRH, thyrotropin
releasing hormone.
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Table 1

Alteration of food intake microstructure by intracerebroventricular injection of nesfatin-1 and nesfatin-130–59

in mice.

Characteristic Nesfatin-1 (0.3 nmol) Nesfatin-130–59 (0.3 nmol)

Effect Comment Effect Comment

Acute onset no No alteration of first meal no No alteration of first meal

Delayed action yes Onset in 3rd h post injection yes Onset in 3rd h post injection

Long lasting yes Reduction of 12-h cumulative food intake yes Reduction of 24-h cumulative food intake

Satiation yes Reduction of meal size no No effect on meal size

Satiety yes Prolongation of inter-meal intervals yes Prolongation of inter-meal intervals

Data are derived from [24, 33].
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Table 2

Regulation of NUCB2/nesfatin-1.

Condition Effect Reference

Circadian rhythm Increase of NUCB2 mRNA expression in the PVN during the light phase, decrease during
the dark phase

[56]

Fasting Decrease of NUCB2 mRNA in PVN, SON and NUCB2/nesfatin-1 in circulation,
restoration after re-feeding

[1, 7, 8, 12, 23]

Body weight Decrease of circulating NUCB2/nesfatin-1 in anorexic and increase in obese subjects [5, 10, 93]

Cholecystokinin ip Activation of NUCB2/nesfatin-1 positive neurons in the PVN and NTS [23, 62]

Desacyl ghrelin ip Activation of NUCB2/nesfatin-1 positive neurons in the arcuate nucleus [17]

Inhibition of mTOR by
rapamycin

Reduction of gastric NUCB2 mRNA and protein expression in vivo and in vitro [100]

Glucose Release of NUCB2/nesfatin-1 from pancreatic islets [77]

Abbreviations: ip, intraperitoneal; mTOR, mammalian target of rapamycin; NTS, nucleus of the solitary tract; PVN, paraventricular nucleus of the
hypothalamus; SON, supraoptic nucleus of the hypothalamus.
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Table 3

Activation of brain nesfatin-1 immunoreactive neurons by different stressors.

Brain nucleus [References]

Psychological Immunological Chemical Visceral

Restraint LPS Mycotoxin Hypoglycemia Surgery

[22, 50, 58, 63, 64] [65] [18] [60] [66]

Amygdala n.i. n.i. yes n.i. n.i.

Supraoptic nucleus yes yes yes n.i. yes

Arcuate nucleus no yes yes yes no

PVN yes yes yes yes yes

Anterior parvicellular PVN yes n.i. n.i. n.i. yes

Lateral magnocellular PVN yes n.i. n.i. n.i. yes

Medial magnocellular PVN yes n.i. n.i. n.i. yes

Medial parvicellular PVN yes n.i. n.i. n.i. yes

Locus coeruleus yes n.i. no/yes n.i. yes

Rostral raphe pallidus yes n.i. no/yes n.i. yes

Dorsal raphe nucleus yes n.i. no/yes n.i. n.i.

Edinger-Westphal nucleus yes n.i. n.i. n.i. yes

Ventrolateral medulla yes n.i. yes n.i. yes

NTS yes yes yes yes yes

LPS, lipopolysaccharide; n.i., not investigated; NTS, nucleus of the solitary tract; PVN, paraventricular nucleus.
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