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INTRODUCTION

ABSTRACT

The hypothalamus is a center of food intake and energy metabolism regulation. Informa-
tion signals from peripheral organs are mediated through the circulation or the vagal
afferent pathway and input into the hypothalamus, where signals are integrated to deter-
mine various behaviors, such as eating. Numerous appetite-regulating peptides are
expressed in the central nervous system and the peripheral organs, and interact in a com-
plex manner. Of such peptides, gut peptides are known to bind to receptors at the vagal
afferent pathway terminal that extend into the mucosal layer of the digestive tract, modu-
late the electrical activity of the vagus nerve, and subsequently send signals to the solitary
nucleus and furthermore to the hypothalamus. All peripheral peptides other than ghrelin
suppress appetite, and they synergistically suppress appetite through the vagus nerve. In
contrast, the appetite-enhancing peptide, ghrelin, antagonizes the actions of appetite-sup-
pressing peptides through the vagus nerve, and appetite-suppressing peptides have atten-
uated effects in obesity as a result of inflammation in the vagus nerve. With greater
understanding of the mechanism for food intake and energy metabolism regulation, med-
ications that apply the effects of appetite-regulating peptides or implantable devices that
electrically stimulate the vagus nerve are being investigated as novel treatments for
obesity in basic and clinical studies.

APPETITE REGULATION IN THE CENTRAL NERVOUS

The number of obese individuals is increasing globally as well
as domestically in Japan, and the number of obese patients with
multiple obesity-related diseases, such as diabetes, hypertension,
cardiovascular diseases and sleep apnea syndrome, is also
increasing, leading to a large issue both socially and economi-
cally. Although obesity complications often improve if obese
individuals are able to successfully lose weight, in reality it is
not an easy task to lose weight and to maintain a reduced
weight. It is therefore essential to elucidate the full mechanistic
picture of appetite and energy metabolism regulation for the
purpose of establishing an effective and safe method for weight
loss. In the present article, we reviewed the mechanism of
appetite regulation by the central nervous system and the
peripheral organs, as well as the vagal afferent pathway that
exists between these two entities.
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SYSTEM

The hypothalamus is the center of appetite regulation, and
neuropeptide Y  (NPY)/agouti-related ~ regulatory  peptide
(AgRP) neurons that enhance appetite and pro-opiomelano-
cortin (POMC) neurons that suppress appetite are both
present in the hypothalamic arcuate nucleus (Figure 1)". The
a-melanocyte-stimulating hormone produced by POMC neu-
rons suppresses appetite by acting as an agonist of the
melanocortin 4 receptor (MC4R)’. MCAR-deficient mice show
hyperphagia and obesity’, and humans carrying the MC4R
mutation present with hyperphagia and obesity” ”. NPY and
AgRP enhance appetite through the NPY receptor and
MCA4R, respectively. AgRP was reported to be an inverse ago-
nist of MC4R, and competes with o-melanocyte-stimulating
hormone to increase appetite®®. In addition to this mecha-
nism, AgRP also acts as an agonist to increase K' efflux
through inwardly rectifying potassium channel Kir7.1, and
produces a strong hyperpolarization in MC4R-expressing neu-
rons in the paraventricular nucleus of mice’. Clinical studies
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Figure 1 | Mechanism of appetite regulation by the hypothalamus and peripheral tissues. Leptin secreted by adipocytes travels through the
circulation and acts on the hypothalamic arcuate nucleus, and gut peptides such as ghrelin and glucagon-like peptide-1 (GLP-1) act on the
hypothalamus through the vagus nerve. Black letters indicate appetite-enhancing peptides and white letters indicate appetite-suppressing peptides;
the interactions of these peptides are mediated by the melanocortin 4 (MC4R), gamma amino butyric acid (GABA) and leptin receptors. The a-
melanocyte-stimulating hormone produced by the pro-opiomelanocortin (POMC) neuron is an MC4R agonist, and the agouti-related regulatory
peptide (AgRP) is an inverse agonist of MC4R, and these antagonistically regulate appetite. Suppression of POMC neurons by NPY/AgRP neurons
through the GABA receptors is also important. Solid lines and dashed lines show the representative transmission of enhancing and suppressing
actions, respectively, in the hypothalamus. CCK, cholecystokinin; CRH, corticotropin-releasing hormone; MCH, melanin-concentrating hormone; NPY,
neuropeptide Y; PACAP, pituitary adenylate cyclase-activating peptide; PYY, peptide YY; SF-1, steroidogenic factor 1; TRH, thyrotropin-releasing

hormone.

examining the effects of MC4R agonists as an anti-obesity
medication are currently underway'’.

Adipocytes-derived leptin passes through the sparse blood—
brain barrier near the hypothalamus, and suppresses appetite
by activating POMC neurons and inhibiting NPY/AgRP neu-
rons in the arcuate nucleus (Figure 1)*'"'*. In contrast, gastric-
derived ghrelin acts on the arcuate nucleus primarily through
the vagal afferent pathway and nuclei tractus solitary (NTS),
and enhances appetite by activating NPY/AgRP neurons and

suppressing POMC neurons (Figure 1)'>'°. The axons of

POMC neurons and NPY/AgRP neurons are projected to the
paraventricular nucleus, ventromedial nucleus, lateral nucleus
and dorsomedial nucleus, and to non-hypothalamic brain
regions, thereby controlling the neuronal activity at the projec-
tion target. Furthermore, the NPY/AgRP neurons also release
gamma amino butyric acid (GABA) and suppress POMC neu-
rons through the GABA receptor'®. Indeed, specific deletion of
the vesicular GABA transporter gene in AgRP neurons of mice
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showed a lean phenotype under both normal chow and high-
fat diet. The orexigenic effect of ghrelin was robustly attenuated
in these mice, indicating that GABA release from AgRP neu-
rons is required for ghrelin-stimulated food intake'”.

In the hypothalamic paraventricular nucleus, specific neurons
for the appetite suppressants, corticotropin-releasing hormone,
nesfatin, oxytocin and thyrotropin-releasing hormone, are pre-
sent, and neuronal inputs from the hypothalamic lateral
nucleus and arcuate nucleus are observed (Figure 1)'*". Neu-
ronal projections to histamine neurons that suppress appetite
are also observed. In addition, NPY/AgRP neurons enhance
appetite by suppressing oxytocin neurons through GABA
receptors expressed on oxytocin neurons in the paraventricular
nucleus®. Prader-Willi syndrome, a condition in which hyper-
phagia and obesity is present from the childhood, exhibits a
partial disappearance of oxytocin neurons>'. Oxytocin has also
been studied as an anti-obesity medication, and peripherally
administered oxytocin activated vagal afferent neurons and sup-
pressed food intake through the NTS*’. A double-blind single-
dose study of intranasal oxytocin in humans showed that the
energy intake through voluntary food consumption was signifi-
cantly reduced in the oxytocin group compared with placebo™.

Neurons containing appetite-enhancing orexin or melanin-
concentrating hormone are present in the hypothalamic lateral
nucleus, and MC4Rs expressed on each of these neurons medi-
ate the actions of POMC and NPY/AgRP neurons (Fig-
ure 1)**2°, Although melanin-concentrating hormone receptor
antagonists have been tried as an anti-obesity medication®”*%,
there are currently no clinical trials in progress investigating
such drugs. The ventromedial nucleus of the hypothalamus has
been classically referred to as the ‘satiety center,” and expresses
high levels of the leptin receptor and MCA4R; furthermore, neu-
rons containing steroidogenic factor 1 or pituitary adenylate
cyclase-activating peptide are also present in this region (Fig-
ure 1)*>*°. Steroidogenic factor 1 is a transcription factor that
regulates energy homeostasis by modulating energy expenditure
and leptin receptor expression in the ventromedial nucleus™.
Mechanisms of central anorectic action of pituitary adenylate
cyclase-activating peptide are the activation of the POMC neu-
ron and the increase of POMC messenger ribonucleic acid
expression in the arcuate nucleus’”. Pituitary adenylate
cyclase-activating peptide was also required for leptin’s effects
including the reduction of food intake and increase in sympa-
thetic nerve activity in white adipose tissue’***.

Other molecules, such as serotonin and noradrenaline, are
also involved in appetite suppression, and anti-obesity medica-
tions that target these amines have been developed. One such
example is mazindol, which is the only anti-obesity medication
presently available in Japan. Mazindol inhibits the re-uptake of
noradrenaline at the presynapse, and shows its effects by par-
aventricular nucleus excitation and lateral nucleus suppres-
sion’®. However, caution against drug dependency is necessary,
because its pharmacological action is similar to that of amphe-
tamine”’. Furthermore, it is contraindicated in severe hyperten-
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sion and cerebrovascular disorders, and careful administration
is essential in diabetes. Lorcaserin, an anti-obesity medication
approved in Western countries, is a serotonin 2C receptor
agonist, and suppresses appetite through the serotonin 2C
receptor expressed on POMC neurons™ *',

VAGUS NERVE THAT LINKS THE DIGESTIVE TRACT
AND THE CENTRAL NERVOUS SYSTEM

The vagus nerve is the 10th cranial nerve that transmits various
information from the digestive tract to the central nervous sys-
tem. The vagus nerve is composed of both afferent fibers (vis-
ceral sensory nerve) and efferent fibers (motor nerves),
although more than 70% of the subdiaphragmatic trunks are
composed of afferent fibers*”. The vagus afferent nerve is a
bipolar neuron with the cell body located in the nodose gan-
glion, exhibiting a projection to the NTS and one to various
peripheral organs (Figure 1). A part of the peripheral nerve ter-
minals of the vagal afferent fibers is distributed along the
mucosal and submucosal layers of the digestive tract, and sends
information from molecules, such as gut peptides, to the central
nervous system through the NTS*. Meal-induced stretching
signals through gastric mechanoreceptors are also sent by the
vagal afferent fibers. Nesfatin neurons also contribute to this
mechanism, at least in part, because gastric distension activates
nesfatin-expressing neurons in the NTS of rats*. In addition,
the glucagon-like peptide-1 (GLP-1) receptor in the NTS plays
a role in appetite suppression by detecting mechanical-stretch-
ing stimuli of the stomach®.

GUT PEPTIDES AND THE VAGUS NERVE

Although there are many types of gut peptides, ghrelin, which
is produced and secreted by the stomach, alone enhances
appetite’> ">, All other peptides, such as cholecystokinin (CCK),
peptide YY (PYY) and GLP-1, play a role in appetite suppres-
sion®. Peptides produced in the digestive tract bind to their
respective receptors located at the vagus nerve fiber terminals,
which extend to the mucosal layer of the digestive tract. Each
of these receptors is synthesized in the nodose ganglion, and is
subsequently transported to the terminals on the digestive tract
end. When the gut peptide binds with its receptor, the vagal
afferent discharge is suppressed in the case of appetite-enhan-
cing peptide ghrelin, and is increased for appetite-suppressing
peptides CCK, peptide YY and GLP-1'°. As described, gut pep-
tide information is converted to electrical signals and reaches
the brainstem (NTS), thereby controlling neurotransmitter
release from the brainstem and sending information to the
superior neuron towards the hypothalamus (Figure 1). For
ghrelin, information that ascends the vagal afferent pathway is
transmitted to noradrenaline neurons at NTS, and appetite-
enhancing actions are exhibited through the promotion of
noradrenaline secretion from the hypothalamus'. Peptide YY
promotes the electrical activity of vagal afferent fibers, sends
satiety signals to the hypothalamus, and activates appetite-sup-
pressing POMC neurons and suppresses appetite-enhancing
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NPY neurons in the hypothalamic arcuate nucleus®. Nesfatin
is expressed in the hypothalamus and the peripheral organs
including the stomach and duodenum. Peripherally adminis-
tered nesfatin reduced food intake through activation of vagal
afferent fibers and subsequently post-synaptic neurons in the
NTS-50

INTERACTION BETWEEN MULTIPLE PEPTIDES

In the vagus nerve, multiple receptors are co-expressed on one
cell body, and affect food intake in an additive, synergistic or
antagonistic manner. For example, both leptin and CCK recep-
tors are expressed on the vagus nerve. Cultured vagus nerve
ganglion cells treated with CCK alone showed activation at
10 nmol/L, which is approximately 1,000-fold the physiological
concentration; however, cells simultaneously treated with both
leptin and CCK showed activation at 10 pmol/L, which is the
physiological concentration of CCK”". In vivo experiments have
also shown that the combination of CCK and leptin exhibits a
greater appetite-suppressing effect than CCK treatment alone™.
The mechanism of CCK action promotes the translocation of
early growth response-1 (EGR1), an immediate-early gene in
the vagal afferent pathway, into the nucleus, thereby upregulat-
ing the expression of appetite-suppressing cocaine- and amphe-
tamine-regulated transcript, and consequently suppressing
appetite’’. The mechanism of leptin action upregulates EGR1
expression through signal transducer and activator of transcrip-
tion 3, and synergistically suppresses appetite with CCK. In
contrast, ghrelin blocks EGRI nuclear translocation and signal
transducer and activator of transcription 3, and also competes
with both CCK and leptin, thereby enhancing appetite®’. CCK
activates nesfatin-expressing neurons in the paraventricular
nucleus and NTS in rats™. In contrast, the orexin and CCK
receptors are expressed in vagal afferent neurons in humans
and rats. The vagal afferent discharge increased by CCK was
attenuated by prior administration of orexin>*, This is an exam-
ple of the antagonistic interaction between anorectic and orexi-
genic peptides through the vagus nerve.

Although ghrelin and GLP-1 exhibit opposite effects on food
intake and the electrical activity of the vagus nerve, we showed
that appetite suppression and increased vagus nerve discharge
observed with GLP-1 administration are canceled when rats are
pretreated with ghrelin 30 min before GLP-1 (unpublished
data). Similarly, appetite enhancement and suppressed vagus
nerve discharge observed with ghrelin administration are can-
celed when rats are pretreated with GLP-1 30 min before ghre-
lin. Similar results were also shown in a study that investigated
CCK and ghrelin®. However, when the two peptides are
administered 60 min apart, the interaction disappears, and the
normal effects of the peptide administered secondarily are
observed (unpublished data). This indicates that satiety signals
after eating are canceled when time passes to some extent, play-
ing an essential role in the time-dependent control of satiety
and hunger. It has also been reported in humans that postpran-
dial CCK and GLP-1 secretion peaks earlier when eating
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quickly, as compared with eating slowly™. Ghrelin reaches peak
circulating concentrations in a fasting state immediately before
a meal”’, thereby showing appetite-enhancing effects; however,
because elevation in the circulating levels of CCK and GLP-1
occurs early with fast eating, appetite suppression by CCK and
GLP-1 is not fully shown, potentially leading to loss of satiety
and hyperphagia. Furthermore, it has been reported that ghrelin
inhibits GLP-1 receptor translocation to the cell membrane in
the vagus nerve™, and when the circulating ghrelin concentra-
tion decreases postprandially, the GLP-1 receptor is translocated
to the cell membrane, facilitating the GLP-1 actions.

VAGUS NERVE IN OBESITY AND DIABETES

It has been reported that there are alterations in vagus nerve
responses toward appetite-regulating peptides in an obese state.
In high-fat diet-fed obese mice, the vagus nerve response to
CCK and leptin is known to decrease®. As a result, the effects
of appetite-suppressing peptides are attenuated in obesity, and
this is thought to contribute to the further promotion of obe-
sity. In addition, the intestinal flora is altered (decreases in phy-
lum Bacteroidetes and increases in phylum Firmicutes), and
lipopolysaccharide production is increased in obesity®.
Lipopolysaccharide upregulates the expression of suppressor of
cytokine signaling-3 that elicits leptin resistance through Toll-
like receptor 4 expressed in the vagal afferent pathway®'. Con-
sequently, responses to CCK decline as previously described,
leading to disrupted appetite suppression. It has been reported
that such leptin resistance occurs at the vagus nerve before it
occurs at the hypothalamus in an obese animal model®. We
also showed that mice fed a high-fat diet develop inflammation
in the intestinal tract as a result of changes in the intestinal
flora, and that this inflammation spreads to the vagus nerve
ganglion cells and the hypothalamus through the vagal afferent
pathway distributed along the intestinal tract®’. Furthermore,
inflammation also spreads to the vagus nerve ganglia and
hypothalamus similarly in mice given a high-fat diet for only
1 day®. In contrast, although plasminogen activator inhibitor-1
is known to increase in obesity, plasminogen activator inhibi-
tor-1 is reported to antagonize the appetite-suppressing effects
of CCK by blocking the translocation of EGRI into the nucleus
in vagus nerve ganglion cells**. Therefore, a vicious cycle ensues
in obesity, where the actions of appetite-suppressing peptides
are decreased through changes in the intestinal flora, leading to
the development of inflammation and increased plasminogen
activator inhibitor-1.

Autonomic neuropathy is one of the complications of
diabetes, and conditions such as orthostatic hypotension, gastric
atony or neurogenic bladder are sometimes observed. In dia-
betes, demyelination of the vagus nerve, and damage to the
axon and dendrite of the sympathetic ganglion are also
observed at times®. This might lead to inadequate transmission
of food intake signals through the vagus nerve from the afore-
mentioned gut peptides to the central nervous system and the
consequent development of appetite regulation abnormalities,
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such as hyperphagia. However, there are no appropriate meth-
ods at the present time to functionally evaluate the vagal affer-
ent pathway of the digestive tract in humans. Future
investigation is therefore necessary.

WEIGHT LOSS THERAPY TARGETING THE VAGUS
NERVE

The vagus nerve is also currently the focus of study as a target
for weight loss. During the time-period when vagotomy was
carried out to treat peptic ulcers, postoperative weight loss and
decreased appetite were frequently observed®®. However, these
effects were not long-term, and were attributed to the physical
adaptation that occurs after vagotomy. In recent years, clinical
studies in which the vagus nerve is electrically stimulated with
an implantable device have been ongoing®. In an open-label
observational study, an implantable device with electrodes posi-
tioned at the anterior and posterior vagal trunks was evaluated
for 6 months, and a 14.2% (mean) decrease in excess weight
(total bodyweight — ideal bodyweight) was observed in study
participants with a mean body mass index of 41.2. In a study
that followed obese patients with type 2 diabetes for 1 year, the
mean excess weight loss was 25%, HbAlc declined by 1.0%
and systolic blood pressure was reduced by 8 mmHg®. In a
recently reported double-blind controlled trial that included 239
morbidly obese individuals (mean body mass index of 41.0), a
8.6 x 7.1 x 1.6-cm device was ligated to the vagus nerve by a
laparoscopic procedure under general anesthesia, and a con-
troller was implanted subcutaneously®”. Both the treatment and
control groups received diet and exercise counseling, as well as
weight management education, and were followed for 1 year.
Device manipulations, such as periodic battery recharging, were
required for both groups. Participants in the treatment group
received at least 12 h of vagal blocking by electrical stimulation
during waking hours per day, whereas those in the control
group received a sham device that did not deliver electrical
stimuli. Although a 6% initial bodyweight loss was observed in
the control group after 1 year, a significantly greater weight loss
of 9.2% was observed in the treatment group. At 1 year, 52%
and 38% of the treatment group achieved an excess weight loss
of at least 20% and at least 25%, respectively, and both of these
levels were significantly greater than that of the control group.
Although serious adverse events were not observed, mild to
moderate heartburn, dyspepsia and abdominal pain were
observed in the treatment group®. The 18-month follow-up
results from this trial were recently reported; the treatment
group weight loss was maintained at 8.8% (similar to the level
at 12 months), whereas the control group rebounded to 3.8%
weight loss”. There are several unclear points regarding the
mechanism of weight loss induced by electrical stimulation to
the vagus nerve. Although conditions, such as reduced gastric
motility, reduced gastric excretion, increased postprandial satiety
and decreased hunger between meals, are presumed to play a
role in such a mechanism, future investigations regarding the
role of gut peptides are anticipated.

http://onlinelibrary.wiley.com/journal/jdi

CONCLUSION

The vagus nerve serves to link and exchange signals between
the periphery and central nervous system, and is an essential
pathway in the regulation of food intake and energy metabo-
lism. It has become clear that abnormalities, such as inflamma-
tion, are elicited in the vagus nerve in obesity, leading to
disrupted transmission of signals for appetite regulation. In
addition, although the vagus nerve has become a target for
weight loss therapy, it is anticipated that the mechanism of
food intake and energy metabolism regulation involving the
vagus nerve will be clarified, and that the application of such
findings will lead to the development of novel therapeutics in
the future.
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