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Abstract

Neuropeptides are small protein like messenger molecules that are involved in regulation of various activities in living spe-
cies. These neuropeptides have been isolated from variety of sources ranging from small insects to mammals. They regulate
multiple activities and functions of body in both vertebrates and invertebrates. A wide range of neuropeptides have been
isolated from different invertebrate species like insects, bees, beetles, drosophila to understand role of peptide sequences
in controlling homeostasis and behavior. Along with more than 100 peptides have been identified in mammals and most
of them are synthesized and secreted by hypothalamus. Neuropeptides not only act via nervous system but some of them
also act peripherally through endocrine systems to regulate various functions. Further, they are involved in regulation of
functions like cell signaling, respiration, growth, social behavior, reproduction, inflammation, stress, anxiety, sexual activ-
ity, glucose homeostasis, feeding behavior, memory and learning. Common known neuropeptides, involved in different
regulation mechanisms, are oxytocin, vasopressin, orexins, bradykinin, neuropeptide Y, tachykinins, opiod neuropeptides,
angiotensin, somatostatin, ghrelin, galanin and hemokinins. Not only this, neuropeptides are also involved in management
of diseases like Alzheimer’s, Parkinsonism, Seizures and epilepsy, diabetes, high blood pressure, obstructive sleep apnea
and various skin diseases. Diversified roles of neuropeptides make them promising candidates for prospective therapeutics.
A lot of research has been done on antimicrobial peptides but research works related to neuropeptides has received attention
of researchers recently only. This review sheds light on various neuropeptides involved in regulation and control of body
functions in living species.
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Abbreviations Introduction

BBB Blood brain barrier

CCAP Crustacean cardioactive peptide The concept of neuropeptides came into light in late 1960s
GnRH Gonadotropin releasing hormone and early 1970s; during this time various scientists working
GnlH  Gonadotropin inhibitory hormone either independently or in groups gave this concept, that
DM Diabetes mellitus neuropeptides are the peptides that are produced in the brain
AT2R  Angiotensin II type 2 receptor and gut that directly affect the neuron. Some neuropeptides

were even found to affect the non-neural tissues and organs;

that gave an indication that the major role of neuropeptides

is the integration of brain functions and systems of the body.

Major contributors to the neuropeptides concept were De

Wied et al. 1969 and Kastin et al. 1979. But, other research-
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style; as per Burbach et al. 2011 neuropeptides are small
protein-like molecules that are synthesized and secreted by
neurons; comprising subfamilies like granins, cerebellins,
neural chemokines and neurexophillins (Burbach 2011).
Similarly another group defined neuropeptides as chemi-
cal messengers that are released from nerve cells and act
in endocrine and paracrine manner. Where in, they directly
reach their target cells via blood in endocrine route and co
transmitters modulate their functions following paracrine
pathway (Elewa et al. 2013).

Moreover, it is the largest class of signaling molecules
that contributes to diverse physiological processes (Fric-
ker and Devi 2018); these molecules modulate signaling
between cells in endocrine and nervous system, along with
regulation of homeostasis, immunomodulation and neuro-
protection (Catalani et al. 2017). Neuropeptides play key
role in transfer of information and regulation of growth,
development, reproduction and metabolism in multi cellular
animal organisms (Derst et al. 2016). For research purpose
neuropeptides have been chemically extracted from tissues
(Stemmler et al. 2013). Since ages, Crustaceans have been
used as major source for neuropeptide research. First fully
characterized neuropeptide from an invertebrate was also
isolated from a shrimp. Crustacean cardiac, nervous and
somatogastric systems are used as models to understand neu-
ral circuit functioning and modulation by peptides (Christie
et al. 2010). The sinus gland of crustacean is a well-reported
site of endocrine signaling neuropeptides secretion. There
are over seventy different neuropeptides that have been
isolated from this species, few are: proctolin, RYamides,
RFamides, orcomyotropin, pigment dispersing hormone
and orcokinins etc. (Hui et al. 2011). Crustacean cardioac-
tive peptide (CCAP) and its related peptides are involved
mainly in the regulation of ecdysis and act as neuro-hormone
secreted into the haemolymph. A CCAP-related peptide
named conoCAP-a, from cone snail acts as cardio-active
peptide and CCAP isolated from arthropod acts as cardio-
accelerator (Moller et al. 2010).

In parallel, about 250 neuropeptides have been identified
in nematodes (Knickelbine et al. 2018). In nematode systems
such neuropeptide operate within a structurally simple nerv-
ous system comprising of 300 neurons (Marks and Maule
2010). Other well-known sources for neuropeptides are
echinoderms and cicadas. Echinoderms are known for SAL-
Famides neuropeptides like S1 and S2 neuropeptides; they
have been isolated from starfish, while more neuropeptides
have recently been isolated from P. miniata (Elphick et al.
2013, Jones et al. 2014). These neuropeptides act as muscle
relaxants in echinoderms (Jones et al. 2014). Another rich
source of neuropeptides includes neurosecretory glands of
the cicadas. The corpora cardiac, have been known for more
than 20 years as source of isobaric peptides with hypertre-
halosemic activity (Konig et al. 2017). Few more sources
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that have been used to study nature of neuropeptides are C.
elegans (Holden-Dye and Walker 2013), Beetles (Marciniak
et al. 2013), Chelicerata (Christie et al. 2011), Burying bee-
tles (Urbanski et al. 2018), and Drosophila (Kahsai et al.
2010).

More than thirty families of neuropeptides having differ-
ent structures and functions have been discovered so far in
insects. Most of the molecules affect the insect’s physiol-
ogy. However activity of these molecules depends on type
of species and age of species. While as far as animals are
concerned, neuropeptides control various complex behavio-
ral actions in animals (Chowanski et al. 2016). Gonadotropin
releasing hormone (GnRH) was discovered in mammals at
beginning of 1970s, at that time it was believed that (GnRH)
was the only neuropeptide in hypothalamus that regulated
gonadotropin release in vertebrates. Later on in year 2000,
a new hypothalamic hormone, gonadotropin inhibitory hor-
mone (GnlH) was discovered that inhibited the gonadotropin
release (Tsutsui 2016). In humans neuropeptides influence
multiple activities; there are more than 100 well known
neuropeptides that have been identified till date in humans
and more than 1000 predicted neuropeptides encoded in
genome that are yet to be identified (Russo 2017). Humans
have approximately more than 90 neuropeptide genes;
while a relatively simple organism like nematode possesses
a slightly higher quota of neuropeptide genes (Chang et al.
2015). Recently two RF amide peptides have been cloned
in humans. RF- amide neuropeptides spans from corner to
corner in the entire life of organism. They play important
roles in regulation of reproduction and feeding behavior in
vertebrates as well as invertebrates (Quillet et al. 2016). RF
amide neuropeptides affect diverse functions in vertebrates
and invertebrates that influence the pituitary hormone secre-
tion (Qaiser et al. 2012). Examples of C-terminal RFamide
motif are gonadotropin-inhibitory hormone, kisspeptin, neu-
ropeptide FF, prolactin-releasing peptide, and pyroglutamyl-
ated RFamide peptide (Elphick and Mirabeau 2014).

Mechanism of Action of Neuropeptides and their
Fragments

The interaction between host and pathogen involves count-
less host proteins and various peptide families. Neuropep-
tides is one such family that is integral part of nervous
system and host defense system (Augustyniak et al. 2012).
Various evidences suggest that when the nervous system
is challenged by any stress, injury, or drug abuse; neuro-
peptides have been found to play important role (Hokfelt
et al. 2003). The mechanism of action of neuropeptides still
remain indescribable, evidence suggest that peptides may
exert their main actions under specific conditions (Hokfelt
et al. 2000). There are three different ways by which neurons
handle peptides. Mode 1: when there are substantial levels
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under normal conditions. Mode 2: when there are very low
levels under normal conditions. Mode 3: transient expres-
sion during development. One such common example that
gives explanation of these modes is Galanin. As Galanin in
hypothalamic neurons acts by Mode 1, Galanin in sensory
neurons acts by Mode 2 and Galanin in primary sensory
neurons acts by Mode 3 (Tohyama 1992).

On the other hand interaction of neuropeptides with their
receptors has been explained in a unique way, as the neuro-
peptides have been found to undergo proteolysis into frag-
ments; these peptide fragments interact with those receptors
that are not recognized by their parent peptides from which
fragments are formed. For example, neuropeptides like brad-
ykinin, substance P, angiotensin I and II, neuropeptide Y,
and dynorphin A are all degraded into bioactive fragments.
Most of neuropeptides degrade into bioactive fragments that
contain amino acid residues; hence they can become useful
starting points for developing drugs that have the ability to
mimic the effects of these fragments. Therefore such sub-
stances could serve as a rich source of novel drugs (Hallberg
2015). Mechanism of action of neuropeptides as suggested
by Merighi, Adalberto is described in Fig. 1 (Merighi et al.
2011).

Role of Neuropeptides

Neuropeptides not only regulate physiological functions but
they also play a major role in pathology of diseases. These
roles of neuropeptides have been explained below.

Regulation of Body Functions by Neuropeptides

These are distinct protein based small molecules that are
present in animals. They control growth, digestion, develop-
ment and various other processes. They regulate the wide
variety of behavioral actions associated with sleep, feeding,
memory, addiction, courtship, social interactions, learning

Neuropeptides bind to G-protein couped
receptors

Activate cascade of molecular

enzymatic steps

Cellular response (seconds or
milliseconds)

Fig. 1 Mechanism of action of neuropeptides

and stress (Schoofs et al. 2017). Brief account of regulation
of body functions by neuropeptides is given below:

Regulation of Blood Pressure

Bradykinin is a polypeptide that is found in higher concen-
tration in body tissues as compared to blood plasma. Brad-
ykinin is formed by conversion of kininogens into plasma
kallikrein (bradykinin) and glandular kallikrein (tis-
sue kallikrein) via enzymatic actions of kininogenases
enzymes. It is a vasoactive kinin that regulates pressure of
blood. Kinins are involved in numerous biologic actions like
inflammation, nociception, reactive hyperemia, capillary
permeability and glucose uptake (Palkhiwala et al. 2001).
Neuropeptide Y is yet another 36 amino acid polypeptide.
It regulates blood pressure and angiogenesis. It also acts as
orexigenic agent to regulate eating behavior. Various activi-
ties like fasting, glucosuria and energy loss stimulate neu-
ropeptide Y-ergic arcuate—paraventricular nucleus pathway
(Kokot and Ficek 1999).

Regulation of Sodium Water Intake

Angiotensin II is a hormone that is produced locally within
the kidney. Main actions of Angiotensin II are regulation
of sodium water intake, formation and release of hormones
and regulation of sympathoadrenal systems. It works via
feedback mechanism by detecting changes in hormone, elec-
trolyte and sympathetic systems to modulate activity of the
brain (Malpas et al. 2006), (Durvasula and Shankland 2006),
(Wassmann and Nickenig 2006), (Saavedra 2005).

Perception of Pain

Tachykinin and opioid neuropeptides play a major role in
perception of pain (Saidi and Beaudry 2015). The prote-
olysis control of these endogenous neuropeptides has a sig-
nificant influence on pain perception (Saidi and Beaudry
2017). Examples of tachykinins involved in pain perception
are neurokinin A, neurokinin B, and substance P (Mostafa
et al. 2016). All tachykinins are known to interact with NK1,
NK?2, and NK3 receptors. Among all tachykinins Substance
P express the highest selectivity for NK1 receptors. This
receptor plays a major role in neurogenic plasma extravasa-
tion and in the transmission of nociceptive signals (Folkers
et al. 1982). Tachykinins and their corresponding peptid-
omimetics form a very attractive approach to design a new
series of analgesics (Lipkowski et al. 2004). Peptidomi-
metic approach has also been utilized to design antagonists
to substance P. Example of peptide based peptidomimetic
having antagonistic activity to substance P is FR 113,680
Fig. 2 (Morimoto et al. 1992) and examples of non peptide
based peptidomimetics (Fig. 3) having antagonistic activity
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Fig.2 FR 113,680, a peptide based peptidomimetic having antagonis-
tic activity to substance P

to substance P are RP67580 (Garret et al. 1991), CP96345
(Snider et al. 1991), CP9994 (Rosen et al. 1993).

Cell-Cell Communication

Neuropeptides are able to signal to neighboring cells or are
released as neurohormones into the blood flow (Galoian and
Patel 2017). Proteolytic processing of proneuropeptide pre-
cursors in secretory vesicles produces active neuropeptides
(Funkelstein et al. 2010). Neuropeptides are vital signaling
molecules that participate in the regulation of various physi-
ological activities in invertebrates and vertebrates (Gui et al.
2017).

Regulation of Glucose, Growth and Pancreatic Functions

Neuropeptides released from brain along with peptides
and hormones released from other body parts like GIT and
muscles, regulate secretions from pancreas which in turn
regulate endocrine function of islets within exocrine pan-
creatic tissue that is responsible for release of hormones

RP67580

CP96345

like glucagon, insulin, ghrelin, pancreatic polypeptide, and
somatostatin. Ghrelin, somatostatin, glucose dependent insu-
linotropic polypeptide and glucagon like peptide regulate
exocrine as well as endocrine functions of pancreas (Ges-
mundo et al. 2017).

Somatostatin regulates growth in vertebrates (Liu et al.
2010). Somatostatin and its receptor have distinctive func-
tional complexity and versatility. It is widely distributed and
frequently co-expressed with its subtypes. It has multiple
functions like central nervous system functions, cell pro-
liferation and endocrine-exocrine secretions (Gahete et al.
2010). It is a peptide made up of 14 amino acids that inhibit
exocrine and endocrine secretions of pancreas. It has a very
short half-life and hence limited clinical applications. How-
ever its synthetic analogue octreotide, a peptide made up of
8 amino acids has a longer duration of action and possesses
similar pharmacological effects. It inhibits secretions of
glucagon, insulin, gastrin, pancreatic polypeptide and gastric
inhibitory polypeptide. Along with this, it regulates release
of thyroid stimulating hormone and growth hormone secre-
tion in response to insulin induced hypoglycemia, exercise
and arginine stimulation. It regulates gastric emptying and
gall bladder emptying. This is regulated via the absorption
of water and electrolytes (Harris 1994).

Regulation of Feeding Behavior

Hypothalamic neurons release neuropeptides that regulate
feeding by acting at various appetite centres and hypothala-
mus in the brain. Neuropeptides have the ability to diffuse
over greater distances as compared to classical neurotrans-
mitters, hence affecting neuronal extra synaptic recep-
tors expressed by neuron and triggering behavioral output
(Parker and Bloom 2012). For example: glucagon like pep-
tide-2 has been hypothesized to affect appetite via hypo-
thalamus (Dalvi and Belsham 2012) and another glucagon
like peptide-1 receptor agonist neuropeptide, exendin-4,

N?;!N’H H
N
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CP9994

Fig.3 Non-peptide peptidomimetics having antagonistic activity to substance P neuropeptide
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induce satiety and reduce food intake to regulate feeding
behavior (Dalvi et al. 2012). Orexins and neuromedins are
other two neuropeptides that regulate feeding behavior.
Orexins affect energy balance by stimulating both feeding
and energy expenditure. While on the other hand neurome-
dins suppress feeding behavior and give anorectic action. It
reduces appetite and increases physical activity to produce
a negative energy balance. These two neuropeptides along
with other substances act on the appetite system and balance
the feeding and physical activity behaviors. Overall orexins
and neuromedins regulate body weight (Nixon et al. 2012).

Regulation of Social Behavior

Oxytocin is a well-known neuropeptide that controls social
behavior (Hashimoto et al. 2012). Oxytocin and vasopres-
sin like peptides are present in most of vertebrates. They
are produced and released by the pituitary gland. Oxytocin
and vasopressin regulate various physiological functions
in vertebrates (Gruber 2014). These two peptides are also
involved in mediating various aspects of social behavior like
social recognition and responses to noticeable social threats
(Kavaliers and Choleris 2011). Oxytocin regulates bonding,
attachment, parental behaviors, trust, lactation, and various
other functions like touch, pain, homeostasis of cardiovascu-
lar system, analgesia and satiety. Social bonds are associated
with the stimulation of cell signaling pathways that promote
neurotrophic and synaptic maturation. While on the other
hand any abnormality in these cells signaling pathway or
any defect in function of neurotransmitters in brain leads
to antisocial behavior; factors that lead to improper social
behavior are stress, chemical, diet, noise, and air pollution
(Vargas-Martinez et al. 2014).

Sexual Behaviour

Neuropeptides like adrenocorticotropin, oxytocin, opioid
peptides, and alpha-melanocyte stimulating hormone are
few examples of most studied neuropeptides in brain that
regulate the sexual behavior. Studies on some of mammalian
species suggest that among these neuropeptides all expedite
sexual behavior except opioid peptides that inhibit sexual
performance. Others neuropeptides that are also involved in
regulating sexual behavior are: neuropeptide Y, cholecysto-
kinin, vasopressin, substance P, hypocretins/orexins, vaso-
active intestinal peptide, angiotensin II, and corticotrophin
releasing factor. Neuropeptides that regulate sexual activity
act via hypothalamic nuclei, spinal cord, and medial preop-
tic area. Well it is still not clear that whether these neuro-
peptides act on sexual arousal phase or sexual performance
phase during sexual activity except in cases of oxytocin and
opioid peptides. Apart from most studied neuropeptides that
affect the sexual behavior, very less information has been

gathered in last few years on mechanism of action of neu-
ropeptides regulating sexual behavior (Argiolas and Melis
2013).

Reproduction

Neuropeptides and receptors that are involved in repro-
duction of vertebrate species are gonadotropin-releasing
hormone and kisspeptin, and their receptors gonadotropin-
releasing hormone receptor and kisspeptin receptor (Kim
et al. 2012). Hormones affect most tissues of body and play
an important role in regulating reproduction at all stages
of life. Gonadotropin releasing hormone is synthesized in
the hypothalamus that regulates reproduction by stimulating
the secretion of gonadotropins. Therapeutics based on these
neuropeptides are being developed to treat hormone based
diseases in humans (Newton et al. 2016). Different body
functions that are regulated by neuropeptides are given in
Table 1 and Fig. 4.

Role of Neuropeptides in Different Ailments
and Diseases

Diabetes

According to a report of year 2010 diabetes has affected 285
million adults. Patients affected with diabetes have a risk of
developing neuropathy and delayed wound healing that can
lead to diabetic foot ulcers and sometimes amputation of
foot. Another complication that is associated with diabetes is
diabetic retinopathy. Various considerable efforts have been
made in the recent years to find solutions for this condition.
Neuropeptides that are released from autonomous nervous
system and skin cells play a significant role in healing of
wounds in diabetes (da Silva et al. 2010).

Migraine

Migraine is a common disabling neurovascular primary
headache condition that affects people and can last for days.
It can often strike multiple times in a month. It is often char-
acterized by throbbing pain in head, fatigue, yawning and
irritability. There is a diversity of symptoms associated with
migraine. The exact mechanism behind migraine’s pathol-
ogy is still not clear (Tajti et al. 2015). Trigeminovascu-
lar system neuropeptides may act as potential biomarkers
for chronic primary headaches and migraine (Riesco et al.
2017).
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Table 1 Different body functions that are regulated by neuropeptides

S.No Peptide Function/role

Reference

1 Angiotensin Regulate blood pressure via vasoconstriction

2 Neuropeptide Y Regulation of arousal and anxiety

3 Oxytocin Play a role in mammalian behavior and health

4 Brain opioid peptides Play a vital role in attachment, emotion, motivation, stress, pain, and
feeding behavior

5 Bradykinin Regulate blood pressure via vasodilation

6 Ghrelin Regulation of appetite and energy

7 Galanin Regulation of sleep, cognition, feeding, blood pressure, and mood

8 Kisspeptin (Kp) Regulation of reproductive functions

9 Somatostatin Regulation of growth in vertebrates

10 Neurokinin B

11 Hemokinin

12 Ghrelin

13 Neuropeptide Y
14 Neuropeptide W
15 Vasopressin

Anticonvulsant activity
Regulation of itching

16 Galanin, spexin and kisspeptin Regulation of metabolism, mood and behaviour

Pregnancy in females and maturation in young adults

Regulation of energy homeostasis
Central Autonomic Control and Blood Pressure Regulation

(Basso and Terragno 2001)
(Kask et al. 2002)

(Carter et al. 2020)
(Rebillard et al. 1977)

(Marcos-Contreras et al. 2016)
(Magrill 1973)

(Mechenthaler 2008)

(Dudek et al. 2018)

(Liu et al. 2010)

(Navarro 2013)

Regulation of respiratory, endocrine, inflammatory, and immune system (Borbély and Helyes 2017)

(Portelli et al. 2012)
(Jakobsson et al. 2019)
(Li et al. 2018)

(Lozié et al. 2018)
(Mills et al. 2021)

Breathing

Glucose

homeostatis Inflamation

Neuropeptides

Cell cell

i Olfaction
communication

Reproduction Feeding

Fig.4 Regulation of different body functions by neuropeptides

Seizures and Epilepsy

Seizures are neurological disorders that affect nearly 50
million people worldwide. Balance between excitatory and
inhibitory neurotransmitters gets imbalanced which leads
to abnormal and repetitive firing of the neurons in seizures.
Neuropeptides regulate these seizures by resolving imbal-
ance of excitatory and inhibitory neurotransmitters. Such
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neuropeptides are released on excitation from dense core
synaptic vesicles (Menon et al. 2017). Epilepsy is another
neuronal disorder in which recurrent seizures occurs. It is
caused by imbalance between inhibition and excitation. Neu-
ropeptides act by modulating the effect of excitatory and
inhibitory neurotransmitters in maintaining this imbalance.
Neuropeptides like somatostatin, ghrelin, cortistatin, gala-
nin, adrenocorticotropic hormone, cholecystokinin, neuro-
peptide Y, dynorphin, thyrotropin-releasing hormone, neu-
rotensin, and angiotensin, have the ability to suppress such
seizures in the brain (Clynen et al. 2014). Anticonvulsant
neuropeptides like neuropeptide Y, galanin, neurotensin,
somatostatin, dynorphin have been validated as potential
anti-epileptic compounds in animal models of epilepsy.
These neuropeptides can serve as attractive templates for
developing novel neurotherapeutics (Robertson et al. 2011).
Adrenocorticotropic hormone neuropeptide is already in use
in clinical practice to suppress seizures (Kovac and Walker
2013).

Depression

According to world health organization depression is the
most common disability that has affected western popula-
tion. Stress related type of mood disorders not only has a
deleterious effect on patients but they also affect healthcare
system. Information on neurobiology of such conditions is
scarce as the high percentages of patients do not respond
to currently existing medications that target monoaminer-
gic systems. Studies indicate that brain neuropeptides not
only participate in stress physiology but are also clinically
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important in treatment of depression (Kormos and Gaszner
2013).

Parkinsonism

It is a disorder in which neurons of midbrain nigral dopa-
minergic neurons are deteriorated. Its etiology is not known
exactly but various factors like neuroinflammation, protein
misfolding, oxidative stress and mitochondrial dysfunction
are involved in its pathology. Presently Parkinsonism is
treated with replacement of dopamine with levodopa. Vari-
ous therapeutic approaches are being explored; therapy with
neuropeptides is one such approach that offers wide-ranging
effects in the nervous system. A neuropeptide named pitui-
tary adenylate cyclase-activating polypeptide belonging to
secretin/glucagon superfamily has shown beneficial effects
in models of neuro-degeneration, they have shown protec-
tive effect in dopaminergic neurons. Thus, neuropeptides
are novel therapeutic candidates that have potential to treat
Parkinson's disease (Reglodi et al. 2017).

Alzheimer's Disease

It is a brain disorder associated with abnormal cognition
and behavior. Neuropeptides are distributed throughout the
whole nervous system as neuromodulators, neurohormones,
and neurotransmitters. They play a vital role in regulation of
cognition and behavior (Van et al. 2015). Tachykinin also
plays a major role in amyloid formation and hence might
decrease the toxic effects of amyloids associated with this
disease (Singh and Maji 2012).

Obstructive Sleep Apnea

It is a sleep disorder associated with obesity and other meta-
bolic disorder. Its major symptoms are excessive sleepiness
during daytime and snoring. Neuropeptides like neuropep-
tide Y, Hypocretin-1, ghrelin, adiponectin, and leptin have
been found to play a role in sleep regulation (Sanchez-de-
la-Torre et al. 2011). Different neuropeptides play differ-
ent roles in management of diseases (Fig. 5). Along with
advantages Neuropeptides also suffer from certain limita-
tions, which restrict their use. Their limitations (in brief)
have been described in below.

Limitations of Neuropeptides

Peptides are useful in treatment of brain disorders, but the
treatment option is limited due to their inability in crossing
BBB. Various drug delivery strategies have been designed
so far to target neuropeptides to brain, in most brain target-
ing approaches prodrug concept has been used by covalently

Migraine

> X { y B
\J Parkinsonism | \f | Epilepsy
l Heart failure Role of [ Wound
—

| healing

\\—/ | neuropeptides

\ Olfaction [ Alzheimers
\
disease

p, \ \
\—/ 4 \
| Obstructive U

| sleep apnea

Fig.5 Role of neuropeptides in different diseases

linking the lipophilic and bio reversible moieties to pep-
tides. This improves the metabolic stability in body fluids
and brain uptake of peptide drugs but on the other hand it
results in loss of activity of parent peptide. The moment pep-
tide prodrug conjugates reach BBB; the parent active peptide
is released from its prodrug due to enzymatic action (Prokai-
Tatrai and Prokai 2011). Another concept that is used as an
alternative route for administration of peptides to brain is
via intra nasal route. This route is a preferred route due to
existence of a direct pathway between brain and olfactory
neuroepithelium (Veronesi et al. 2011). Neuropeptides that
are hydrophilic in nature are ineffective in crossing BBB;
like thyrotropin releasing hormone is unstable as well as
hydrophilic due to its peptidic nature and hence somewhat
ineffective to enter the blood brain barrier (Kaur et al. 2016).

Current Status

Natural peptides found in various organisms perform dif-
ferent biological functions; therefore they have the ability
to become ideal therapeutic candidates. But their success as
therapeutic moieties is hindered by their poor pharmacoki-
netic profiles. This problem can be solved by developing
nonpeptide peptidomimetics, as they overcome these limi-
tations as well as retain the activity of the parent peptide
(Smith et al. 2011). Different strategies have been exploited
so far to develop peptidomimetics and neuropeptide ligands,
such strategies are: use of unnatural amino acids (Fig. 6)
(Bihel et al. 2015), by placing ring constrained spacers
(Sivertsen et al. 2011), grafting of pharmacophoric amino
acid side chains to a scaffold (Gouin and Murphy 2005)
and utilization of nonhydrolizable amide bond surrogates
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Fig. 6 Neuropeptidomimetic Compound 12e
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Fig.7 Alkenyl-bridged macrocycle of Heicokinin I

(Valverde et al. 2014). These peptidomimetics distribute
well in the space and mimic the bioactivity of parent pep-
tide. Both linear and oligoheterocyclic peptidomimetics of
parent peptide can be synthesized via solid phase synthesis
(Hammami et al. 2014). One such example is mimetic of
insect diuretic neuropeptide Helicokinin I. Strategy that was
used to prepare this neuro-peptidomimetic was ring closing
metathesis reaction. The alkenyl-bridged macrocycle (Fig. 7)
retained the activity of parent peptide helicokinin I (Van
et al. 2015).

Peptidomimetics not only bind to neuropeptide receptors
but also show activity at low nanomolar ranges. In a study
by Karad SN et al., a fluoroalkene and trifuoroethylamine
peptidomimetics of opioid neuropeptide Leu-enkephalin
was synthesized. Synthesized analogue not only bound to
8- and p-opioid receptors but also displayed low nanomolar
functional activity. On the other hand the trifluoroethylamine
peptidomimetic with a bulky CF3 substituent was not able
to activate these receptors (Karad et al. 2017).

Peptidomimetics have also been designed to enhance the
stability and prolong the bioactivity. In a study, neurokinin
3 receptor agonist was developed to regulate reproductive
functions. These peptidomimetics were designed based upon
their degradation profiles. The alteration of senktide with
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(E)-alkene dipeptide isostere produced a NK3R agonist that
enhanced the stability and prolonged the bioactivity (Misu
et al. 2014).

Peptidomimetic approach can also be utilized for neuro-
peptides that have a short half-life. An example is the neu-
ropeptide kisspeptin that regulates the growth by stimulating
gonadotrophin-releasing hormone secretion. But it suffers
from a drawback that is has a short half-life, proteolytic deg-
radation and rapid renal clearance. However, their modi-
fied analogs have the tendency to open new possibilities for
the treatment of reproductive disorders in humans (Decourt
et al. 2016). Another neuropeptide, neurotensin suffers with
a drawback of short biological half-life due to rapid prote-
olysis in vivo. A strategy that has been utilized to stabilize
this peptide is utilization of nonhydrolizable 1,4-disubsti-
tuted, 1,2,3-triazoles as amide bond surrogates (Mascarin
et al. 2015).

Neuropeptides and Neuropeptide Agonists
in Clinical Trials

AT2R (Angiotensin Il Type 2 Receptor) Agonist

Peptidomimetics like AT2R agonists are in clinical trial and
nonpeptide selective angiotensin II type 2 receptor agonist
(C21) was reported in 2004, this nonpeptide agonist has
shown anti-inflammatory and antifibrotic actions in vivo. It
is one of the most explored nonpeptide agonist and it is cur-
rently under clinical trials (Hallberg et al. 2017).

Apelin-13

It is a neuropeptide that plays an important role in memory,
learning and neuroprotection. It is generally isolated from
bovine stomach. It is currently under clinical trial to study its
effect in Alzheimer's disease. No treatment options are avail-
able till date that cures this disease completely. Different
studies have shown apelin as potential therapeutic that can
prevent the production of A cells or may increase its deg-
radation directly or indirectly. Various in vitro and in vivo
studies on apelin have shown that it prevents the death of
neurons (Masoumi et al. 2018).

Kisspeptin

It is a reproductive hormone whose effect has been studied
on limbic brain activity and behavior. Its effect has been
evaluated in heterosexual men; kisspeptin administration
not only regulated sexual and emotional behaviors but they
also reduced the negative moods of individuals. Results of
this study suggested that kisspeptin has the potential to act
as therapeutic agent in patients suffering from disorders of
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reproductive functions (Comninos et al. 2017). Another form
of kisspeptin that has been studied in humans is kisspep-
tin-54. It stimulates the secretion of reproductive hormones
in humans (Jayasena et al. 2014a, b). Since this neuropeptide
is essential for human reproduction, as it acts on the hypo-
thalamus to stimulate secretion of gonadotrophin-releasing
hormone. It is presently under evaluation as a novel thera-
peutic for treatment of infertility conditions in women (Jaya-
sena et al. 2014a, b).

Somatostatin Analogues

Octreotide is a somatostatin analog that is used in treatment
of hypoglycemia caused by congenital hyperinsulinisim. It
was evaluated in a clinical trial in Japanese population. Its
efficacy was determined in patients with diazoxide-unre-
sponsive congenital hyperinsulinism; this analogue was well
tolerated by majority of patients when given by subcutane-
ous route (Hosokawa et al. 2017). Another somatostatin ana-
logue that has been evaluated in clinical trials is lantreotide,
its structure is given in (Fig. 8) (Pandit et al. 2008). This
analogue was found to possess efficacy against enteropan-
creatic neuroendocrine tumor in the phase III study. This was
also evaluated in Japanese population, by single arm study.
Results of study suggested that lanreotide can be used as
treatment option for patients suffering with neuroendocrine
tumor (Ito et al. 2017).

Oxytocin
Oxytocin is one of the widely studied neuropeptide. It modu-

lates social behavior of individuals. However the mechanism
behind social bonding and affection via oxytocin are still not

Fig.8 Chemical structure of
Lanreotide

clear. A clinical study on male healthy volunteer has shown
that oxytocin affects key center in brain for social cogni-
tion and introspective processing, the precuneus (Kumar
et al. 2014). Another role of oxytocin is control of feeding
behavior. Preclinical studies have shown that oxytocin acts
on hypothalamus to limit food intake that is why it has the
potential to control obesity. Clinical study of oxytocin in
normal and obese young men has shown that oxytocin has
a higher inhibitory effect on food intake in obese men in
comparison to men with normal weights. From this type of
action, this study suggests that oxytocin has the potential to
control this metabolic disorder (Thienel et al. 2016).

Neurokinin B

It is a neuropeptide that acts via hypothalamus and it pref-
erentially binds to the neurokinin 3 receptor. Preclinical
studies in rodents suggest that NKB signaling mediates hot
flushes in menopausal women. Therefore its effects were
also evaluated in healthy women. Results suggested that
administration of NKB in women may lead to hot flushes.
However further studies are required to understand the role
of NKB signaling in inhibition of hot flushes in menopausal
women (Jayasena et al. 2015).

Conclusion

Neurons communicate information via different chemical
signals. There are more than 100 different peptides; most of
them evoke precise behavior (Ludwig 2011). Central nerv-

ous system integrates peripheral and autonomic signals to
sense energy homeostasis and responds to them by releasing
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neurotransmitters and neuropeptides (Maldonado-Ruiz et al.
2017). Instinctive behavior is controlled via limbic system,
brainstem and hypothalamus. Studies on different appe-
tite and energy homeostatis models in rodents suggest that
hypothalamic neuropeptides are responsible for maintaining
appetite. Some of these neuropeptides also influence loco-
motor or psychomotor activity in rodents (Matsuda et al.
2011). Neuropeptides along with some peptide hormones
are involved in the regulation of most if not all physiologi-
cal functions (Kunz, Chen et al. 2018). Most of neuropep-
tides are abundantly expressed in brain regions to control
anxiety and emotional behavior (Lin 2012).That is why, in
past few years, there has been a remarkable growth in the
number of identified neuropeptides. There are about 3455
and 2406 neuropeptides in invertebrates and vertebrates in
neuropeptide database, NeuroPep (Wang et al. 2015). Dur-
ing the past half century research related to neuropeptides
has emerged at an enormous rate. These neuropeptides have
opened the gates for designing new therapeutic strategies for
the management of various neurological disorders (Nyberg
and Hallberg 2011).
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