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Abstract Parkinson’s disease (PD) is the second most
common neurodegenerative disease and is typically asso-
ciated with progressive motor and non-motor dysfunctions.
Currently, dopamine replacement therapy is mainly used to
relieve the motor symptoms, while its long-term applica-
tion can lead to various complications and does not cure the
disease. Numerous studies have demonstrated that many
brain-gut peptides have neuroprotective effects in vivo and
in vitro, and may be a promising treatment for PD. In
recent years, some progress has been made in studies on the
neuroprotective effects of some newly-discovered brain-
gut peptides, such as glucagon-like peptide 1, pituitary
adenylate cyclase activating polypeptide, nesfatin-1, and
ghrelin. However, there is still no systematic review on the
neuroprotective effects common to these peptides. Thus,
here we review the neuroprotective effects and the
associated mechanisms of these four peptides, as well as
other brain-gut peptides related to PD, in the hope of
providing new ideas for the treatment of PD and related
clinical research.
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Introduction

Parkinson’s disease (PD) is a progressive age-related
degenerative disease with the loss of dopaminergic neurons
(DA neurons) in the substantia nigra, leading to progressive
motor impairment including akinesia, bradykinesia,
hypokinesia, postural instability, rigidity, stooped posture,
and tremor at rest, which commonly present along with gait
impairment [1]. Furthermore, various non-motor symptoms
are also involved including hyposmia, constipation, depres-
sion, appetite and rapid eye movement sleep behavior
disorder [2, 3]. DA replacement therapy is widely used to
improve the motor impairment, while long-term applica-
tion can lead to various complications and cannot cure the
disease.

It is widely accepted that PD is often associated with a
variety of gastrointestinal symptoms [4], suggesting that
dysfunction of the brain-gut axis might be involved in its
occurrence. For this reason, a link between brain-gut
peptides and the central nervous system (CNS) has been
considered. Numerous studies have demonstrated that
many brain-gut peptides have neuroprotective effects
in vivo and in vitro, improving the motor impairment in
PD. The mechanisms of their neuroprotective effects may
be related to anti-inflammation, anti-oxidative stress, anti-
apoptosis, neurotrophic action, and autophagy.

In this review, we discuss the common neuroprotective
effects on PD and associated molecular mechanisms of
brain-gut peptides including glucagon-like peptide 1 (GLP-
1), pituitary adenylate cyclase activating polypeptide
(PACAP), nesfatin-1, and ghrelin, as well as their latest
application in the treatment of PD. In addition, the prospect
of the potential treatment of PD by some brain-gut peptides
is also presented.
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GLP-1

GLP-1, a 30-amino-acid peptide hormone, is the transcrip-
tion product of a pro-glucagon gene. Nutrients absorbed in
the small intestine induce GLP-1 secretion from L cells in
the ileum [5]. Distributed in central and peripheral regions,
it can freely cross the blood-brain barrier (BBB) by
diffusion, so most of the GLP-1 in the CNS is from the
periphery, while it is also produced by neurons and glial
cells [6]. The GLP-1 receptor (GLP-1R), a G-protein-
coupled receptor, is widely expressed not only in the
pancreas, but in most regions of the brain as well as other
organs, such as in the kidney, heart, lung, intestine, and
stomach [7]. GLP-1 has a variety of biological functions,
including inhibition of gastric emptying and intestinal
peristalsis, stimulation of insulin secretion, inhibition of
glucagon secretion, reduction of appetite and food intake,
weight reduction, and protection against § cell apoptosis
[8]. In addition to the effects on the digestive system, it has
been suggested that GLP-1 has protective effects on the
cardiovascular system and takes part in the regulation of
bone turnover. Moreover, neuroprotective effects of GLP-1
have also been demonstrated [9].

Although currently there are no large-scale statistical
data to show that PD is directly related to changes in the
GLP-1 levels, a substantial number of epidemiological
studies indicate that there is a higher risk for several
neurodegenerative diseases including PD among people
with type 2 diabetes mellitus (T2DM) [10, 11]. And
dysregulated insulin signaling due to the development of
insulin resistance may underlie the pathological processes
shared by T2DM and PD and furthermore can influence
neurodegeneration [6].

In the past few years, many drugs related to GLP-1 have
been approved by the Food and Drug Administration for
the treatment of diabetes [12], such as the GLP-1R agonists
liraglutide, exenatide, and exenatide extended-release,
which have a long half-life and stability, and inhibitors
of dipeptidyl peptidase 4 (DDP-IV), an exopeptidase that
inactivates GLP-1, such as sitagliptin, saxagliptin, lina-
gliptin, and alogliptin. Most of these have been used as
experimental agents to explore the neuroprotective effects
of GLP-1 on PD. Besides, some are the subject of ongoing
clinical trials in PD, such as exenatide and liraglutide.

Many studies have indicated that GLP-1 analogues have
neuroprotective effects and improve the motor impairment
in PD models [13, 14]. In a study using the PD rat model
induced by rotenone, the levels of tumor necrosis factor
alpha (TNF-0) and malondialdehyde (MDA), an indicator
of oxidative stress, decreased distinctly after exenatide
treatment. Besides, exenatide-treated rats had lower apo-
morphine-induced rotation test scores, and it significantly
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reduced the loss of DA neurons in the striatum of the
treated group compared with the control group [13].
Another study based on PD rodent models suggested that,
in the group treated with sitagliptin and liraglutide, the pro-
apoptotic protein Bax and the pro-inflammatory cytokines
including interleukin (IL)-1B, IL-6, and transforming
growth factor-f1 decreased, while the anti-apoptotic pro-
tein Bcl-2 and the levels of striatal DA, nigral glial cell
line-derived neurotrophic factor (GDNF), and tyrosine
hydroxylase-positive cells clearly increased [14]. These
studies suggest that GLP-1 has anti-inflammatory, anti-
apoptotic, and antioxidant effects in PD models [13, 14]. In
addition, it has been demonstrated that GLP-1 analogues
and DDP-IV inhibitors have neurotropic effects, which
promote neuron growth and the processes of synaptic
plasticity in PD models [7, 14-16].

Abnormal activation of microglia plays a role in
neuroinflammation and oxidative stress in PD. GLP-1
reduces oxidative stress and apoptosis in microglia,
affecting several of their important homeostatic functions.
It has been demonstrated that in BV-2 microglia, GLP-1
inhibits the accumulation of intracellular reactive oxygen
species (ROS) and release of nitric oxide, as well as
increasing the expression of the antioxidants glutathione
peroxidase 1 (GPx1) and superoxide dismutase 1 (SOD1),
which reduce oxidative stress. And GLP-1 reduces the
apoptosis of microglia by inhibiting caspase-3/7 activity
and lowering the level of TNF-a. Moreover, GLP-1 also
upregulates the expression of the brain-derived neu-
rotrophic factor (BDNF), GDNF, and nerve growth factor
by BV-2 microglia [17]. And the anti-inflammatory effects
of GLP-1 are now considered to be mediated by multiple
signaling pathways. In primary mouse microglia, the
activation of GLP-1 activates phosphoinositide 3-kinase
(PI3K), which triggers downstream protein kinase B
(AKT), and through the PI3K/AKT pathway, the activation
of GLP-1Rs leads to the inhibition of nuclear factor-kappa
B (NFkB), a key factor in the occurrence of inflammation,
which inhibits the activation of microglia and release of
pro-inflammatory factors [7, 18, 19]. Moreover, another
study of primary rat cortical astrocytes indicated that the
anti-inflammatory effect of liraglutide is also mediated by
the cyclic AMP (cAMP)/protein kinase A (PKA)/cAMP
response element-binding protein (CREB) signaling path-
way, which inhibits pro-inflammatory factors including
TNF-q, IL-6, and IL -1 [20].

Mitochondria are the major producers of ROS, as well
as being susceptible targets of ROS and oxidative stress. It
has been demonstrated that GLP-1 preserves the function
of mitochondria mainly by elevating the mitochondrial
membrane potential, promoting mitochondrial biogenesis,
and improving the activity of mitochondrial antioxidant
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enzymes such as Mn-SOD, catalase, and glutathione
peroxidase, and its effects may be cooperative with the
inhibition of glycogen synthase kinase 3 beta (GSK-3f)
[19, 21]. The molecular mechanism of the anti-oxidant
effect of GLP-1 is now considered to be mainly accom-
plished by the PI3K/AKT/GSK-3B pathway. After PI3K
activation, GSK-3p is inhibited through the AKT pathway,
which reduces oxidant stress [22]. Besides, another study
indicated that a GLP-1R agonist protects PC12 cells
against oxidative damage via the c-Raf/mitogen-activated
protein kinase kinase (MEK)/mitogen-activated protein
kinase (MAPK) pathway, which enhances the expression of
anti-oxidative proteins including heme oxygenase-1 and
Bcl-2 (B cell lymphoma 2) [23] Moreover, in a study based
on rat f3 cells, GLP-1 effectively improved their antioxidant
capacity via PKA-dependent activation of extracellular
regulated protein kinases (ERK) and nuclear factor erythroid
2-related factor 2 (Nrf2) nuclear translocation, a factor that
regulated cellular stress responses, induces the expression of
antioxidant and detoxification enzymes, and protects against
oxidative stress-induced cell damage [24]. However, further
research is still needed to determine whether this pathway
plays a role in neurons or glial cells. And another study [25]
suggested that acting on the receptor for advanced glycation
end product (RAGE), vildagliptin, a DDP-IV inhibitor,
exerted its anti-oxidant effects in rat rotenone PD models via
the RAGE/Nrf2 signaling pathway, which reduces the
neutrophil infiltration marker myeloperoxidase and oxida-
tive stress in the striatum.

It has been demonstrated that GLP-1 and it analogues
have anti-apoptotic effects on DA neurons. For example, in
PD mouse models induced by MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine), geniposide, a novel GLP-1
agonist, upregulates the expression of Bcl-2 with subse-
quently reduced caspase 3 activation, resulting in the
preservation of DA neurons [19]. The detailed signaling
pathway has been indicated by another study based on
cortical neurons. This study showed that GLP-1 increases
the expression of phosphorylated AKT and ERK but
decreases the expression of phosphorylated p38 and c-jun-
NH2-terminal kinase in vitro, which has also been reported
in the right cerebral cortex of rat models of middle cerebral
artery occlusion. Besides, the anti-apoptotic effects are
reduced by inhibitors of PI3K and/or ERK, which suggests
that the effects are achieved by the PI3K/AKT and ERK
pathways. And the Bcl-2/Bax ratio is increased via these
pathways, while the caspase 3 system is inhibited, exerting
the anti-apoptotic effects of GLP-1 [26].

Furthermore, GLP-1 has neurotrophic effects and pro-
motes neurogenesis. A study based on human neuroblas-
toma SH-SYSY cells suggested that GLP-1 stimulates cell
proliferation and increases cell viability, and this trophic
action is primarily mediated through the PKA and PI3K

pathways since the selective inhibition of either PKA or
PI3K signaling abolishes these effects. These pathways can
activate CREB, which could increase the level of BDNF.
By contrast, this study suggested that MEK1/2 signaling
have a minor or no effect on GLP-1-mediated neuronal
proliferation [27]. However, another in vitro study sug-
gested that GLP-1 promotes cortical neurite outgrowth, and
the effect was partially suppressed by an MAPK-ERK
inhibitor, suggesting that the effect was at least partially
achieved by the MEK-ERK/CERB pathway [28]. Thus, the
signaling pathway involved in the neurotrophic effects of
GLP-1 is not very clear.

GLP-1 analogues have also been shown to have
neuroprotective effects on PD in clinical studies. A small,
proof-of-concept, open-label trial in which PD patients
were treated with exenatide, a GLP-1 analogue, has shown
that the motor and non-motor symptoms of the treated
group improved more than the control group [29]. Fur-
thermore, the improvement still existed beyond the
12-month period of exenatide exposure [30]. Next, a
single-center, double-blind, randomized, placebo-con-
trolled trial, in which moderate PD patients were treated
with exenatide or placebo once a week for 48 weeks,
followed by a washout period of 12 weeks was carried out
[31]. The results strongly suggested that GLP-1 analogues
has positive effects on the symptoms of PD, though
commonly with slight weight loss.

In addition, some studies based on PD rat models
indicated that novel dual GLP/GIP (glucose-dependent
insulinotropic polypeptide) receptor agonists with few side
effects, such as DA-CH3 and DA-JC4, have neuroprotec-
tive effects superior to a single GLP-1 R agonist [32].
Furthermore, a triple receptor agonist is currently under
development. In brief, GLP-1 analogues may be a promis-
ing therapy for PD, while further research is still needed
before they go on the market.

PACAP

PACAP, a neuropeptide composed of 32 amino-acids that
belongs to the vasoactive intestinal polypeptide (VIP)-
secretin-growth  hormone-releasing hormone-glucagon
superfamily, is widely distributed in tissues, especially in
the gastrointestinal system and brain [33]. PACAP has two
isoforms, PACAP38 and PACAP27. PACAP38 is actively
transported across the BBB, while PACAP27 crosses the
BBB by diffusion across the membrane [34]. It works
through three major receptors: the PACI receptor
(PACIR), the VPACI1 receptor (VPACIR), and the
VPAC2 receptor (VPAC2R) [33].

In the digestive system, PACAP regulates gastrointesti-
nal tract motility [35], and stimulates the secretion of
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saliva, gastric acid, and bicarbonate as well the release of
other regulatory peptides including gastrin, somatostatin,
atrial natriuretic factor, and peptide YY. Besides, PACAP
stimulates insulin and glucagon secretion. And due to the
wide distribution in the body, PACAP has complex
biological functions in many other systems, such as
stimulation of thyroxine secretion, regulation of reproduc-
tive function, bronchodilation, immune modulation, stim-
ulation of cell proliferation and/or differentiation,
stimulation of steroid hormone secretion from adrenocor-
tical cells, promotion of adrenal gland development, and
anti-apoptosis in cardiomyocytes [33].

The link between changes in PACAP levels in the brain
and PD need further research, and related studies at present
are very limited. Interestingly, it has been demonstrated
that the DA neurons in the substantia nigra of PACAP-
knockout mice are more vulnerable to paraquat (a pesticide
that increases the risk of PD) than the wild type [36].
Furthermore, data support the idea that PACAP improves
the motor symptoms of PD [36-38], and has neuroprotec-
tive effects against commonly-used neurotoxic agents such
as MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine),
6-OHDA (6-hydroxydopamine), and glutamate [39].

A recent study in a cellular model of PD has demon-
strated that PACAP38 and its analogues have neuropro-
tective characteristics superior to PACAP27 [40]. The anti-
apoptotic effects are mainly mediated by the PACIR, while
the VPACIR contributes to the anti-inflammatory effects.
Besides, other side effects, such as dilating blood vessels,
are mainly mediated by the VPAC2R [41]. For the above
reasons, selective receptor agonists have been developed. It
has been demonstrated that the selective receptor agonist
Ac-[Phe(pI)ﬁ,Nlel7]PACAP(1—27), an anti-inflammatory
and anti-apoptotic peptide, have fewer cardiovascular
side-effects and better stability in PD models in vivo and
in vitro than the native peptide hormone [41].

The anti-apoptotic effect is one of the important
mechanisms underlying the neuroprotective effect of
PACAP. In a study based on neuronally-differentiated
PC12 cells treated with rotenone, activation of the PACIR
increases the activity of adenylate cyclase (AC), making
cAMP accumulate. Downstream of PKA, ERK is activated
through Rapl and Ras, which inhibit the expression of the
cJun gene closely associated with apoptosis. Besides,
activated ERK regulates c-fos gene expression and thus
increases Bcl-2, both of which decrease the level of Bax.
Via this signaling pathway, PACAP prevents the release of
cytochrome c and inhibits caspase-9, which in turn
regulates caspase-3, the key factor in apoptosis
[33, 42, 43]. Moreover, a study based on primary cultures
of cerebellar granule cells has suggested that, in addition to
the cAMP/PKA signaling pathway, PACAP also activates
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the PI3K/AKT pathway, which also inhibits caspase-3 and
exerts an anti-apoptotic effect [44].

The high levels of unsaturated lipids and high metabolic
rate contribute to the fact that the CNS is more vulnerable
to oxidative stress. It is widely known that astrocytes play
an important role in anti-oxidative stress via many
mechanisms including catalase antioxidant enzymes and
SOD [45]. However, astrocytes themselves are also
susceptible to oxidative stress. Numerous studies have
demonstrated that, in combating oxidative stress, PACAP
has neuroprotective effects on many types of cells such as
neurons and astrocytes. In astrocytes, PACAP mainly
exerts its neuroprotective effects through the AC/PKA,
phospholipase C (PLC)/diacylglycerol (DAG)/protein
kinase C (PKC), and MAPK/ERK pathways [46]. Via
these signaling pathways, PACAP prevents the inhibition
of SOD and catalase activity, the increase in caspase-3
mRNA levels, mitochondrial respiratory chain damage,
and the accumulation of superoxide anion [47]. Otherwise,
mitochondrial dysfunctions are closely associated with
apoptosis caused by oxidative stress. Impaired mitochon-
drial integrity, increased respiratory rate, and ROS-induced
mitochondrial dysfunction are all reduced by treatment
with PACAP [47, 48]. To summarize, PACAP mainly
exerts its neuroprotective effects against oxidative stress by
inhibiting the ROS and the activation of caspase3 through
the PKA, PKC, and MAPK signaling pathways.

Neuroinflammation triggered by the activation of glial
cells drives the progression of neurodegenerative diseases,
including PD [49]. Numerous studies have demonstrated
that PACAP has anti-inflammatory effects not only in the
CNS [36, 50], but in the periphery, such as the airway [51],
intestine [52] and kidney [53]. In a study based on SH-
SYSY DA cells, it has been demonstrated that PACAP
pretreatment protects against inflammation-mediated toxi-
city, and PACAP reverses the decreases in BDNF and
phosphorylated CREB (p-CREB) induced by inflammatory
mediators. This suggests that phosphorylation of CREB by
PACAP results in BDNF induction, which leads to reduced
caspase-3 levels and/or activity, and therefore inhibition of
neuronal apoptosis and toxicity [54]. Besides, PACAP has
its effects by maintaining the balance between pro- and
anti-inflammatory cytokines. When inflammation occurs,
the PACAP level is up-regulated in neurons and immune
cells, which inhibits the production of pro-inflammatory
cytokines such as TNF-q, interferon-y, and IL-6 in vitro
and in vivo, and stimulates the release of anti-inflammatory
cytokines including IL-10 and IL-1 [50]. PACAP down-
regulates the expression of pro-inflammatory cytokines
mainly through the classical PKA signaling pathway,
resulting in the attenuation of NFkB [50]. Besides, PACAP
down-regulates Toll-like receptor 4 (TLR4), myeloid
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differentiation protein 88 (MyD88), and NF«kB, suppress-
ing the activation of the TLR4/MyD88/NF«B signaling
pathway, and decreasing the inflammatory cytokine levels
and apoptosis in microglia [55].

The neurotrophic effect of PACAP has also been
demonstrated in numerous studies. A study based on SH-
SY5Y DA cells demonstrated that Salsolinol, an endoge-
nous DA metabolite selectively toxic to DA neurons,
decreases the BDNF level and its signal transduction
protein, p-CREB, both of which are attenuated by PACAP
treatment; in addition, PACAP promotes DA synthesis
[56]. In neurons, several signaling pathways account for the
upregulation of BDNF, one of which is a Ca**-dependent
pathway. PACAP directly activates the AC/PKA or the
PLC/PKC pathway, both of which activate the N-methyl-
D-aspartate receptor/Ca®*/calcineurin/CREB-regulated
transcriptional coactivator 1/CREB signaling pathway,
causing the expression of BDNF mRNA. The other is the
Ca**-independent pathway, in which PACAP phosphory-
lates CREB directly through the AC/PKA and PLC/PKC
pathways via the PACIR [57].

In brief, PACAP has neuroprotective effects in PD
models, while its complex pharmacological actions, as well
as the short half-life, limit its clinical application. Further
research is needed to determine whether PACAP can
become a promising pharmacological target for the treat-
ment of PD.

Nesfatin-1

Nesfatin-1, an 82-amino-acid anorexigenic polypeptide
proteolytically cleaved from Nucleobindin 2, was discov-
ered in 2006 [58], and it has a wide distribution both in the
CNS and peripheral regions [59]. Besides, nesfatin-1 can
penetrate the BBB in both the blood-to-brain and brain-to-
blood directions via non-saturable mechanisms [60].
Numerous studies [61, 62] have demonstrated that nes-
fatin-1 interacts with a G protein-coupled receptor to exert
it biological effects, while the corresponding receptor has
not yet been cloned.

In addition to the originally-discovered effects in the
digestive system (loss of appetite, inhibition of gastric
emptying and gastric acid secretion, and regulation of
gastroduodenal motility), nesfatin-1 has other important
functions, many of which are related to energy homeosta-
sis, such as energy expenditure and glucose homeostasis.
Besides, it also plays a role in increasing blood pressure
and heart rate, the stress response, behavior, sleep, and
reproduction [63].

Interestingly, a study showed that nesfatin-1 postsynap-
tically suppresses the electrical activity of nigral DA
neurons [64]. Besides, it has been suggested that the

abnormal electrophysiological properties of DA neurons
might be responsible for their vulnerability in PD [65]. In
order to identify the effect of nesfatin-1 on PD, another
experiment [66] finally demonstrated that nesfatin-1 has
similar protective effects on DA neurons both in vivo and
in vitro, suggesting that it might have therapeutic potential
for PD. The neuroprotective effect of nesfatin-1 may be
associated with anti-apoptosis, anti-inflammation, and anti-
oxidant stress. However, there is not enough evidence at
present to support a link between PD and changes of
nesfatin-1 levels.

The anti-inflammatory effect of nesfatin-1 in brain has
been demonstrated in numerous studies. A study [67] based
on rat models of traumatic brain injury showed that the
administration of nesfatin-1 significantly decreases the
gene expression of NFkB and the concentrations of TNF-o,
IL-6, and IL-1p, suggesting that nesfatin-1 might suppress
NF«B-dependent inflammatory responses. Besides, another
study demonstrated that acute brain injury after subarach-
noid hemorrhage-induced neutrophil infiltration and the
increasing levels of pro-inflammatory cytokines are also
inhibited by nesfatin-1 treatment [68].

The antioxidant capacity of nesfatin-1 has been proposed
as a possible mechanism for its neuroprotective potential. It
is widely accepted that the antioxidant system is responsible
for the balance between the formation and elimination of
ROS. And ROS in mitochondria increase the mitochondrial
membrane permeability, which causes the leakage of
cytochrome C into the cytoplasm, inducing caspase-3-
dependent apoptosis [69]. Interestingly, nesfatin-1 in
MES23.5 DA neurons has been shown to rescue the
mitochondrial transmembrane potential collapse induced by
rotenone and restore the function of mitochondrial respira-
tory chain complex I [70]. Besides, a recent study also
strongly suggested that nesfatin-1 inhibits lipid peroxida-
tion and increases the activity of antioxidant enzymes (SOD
and GSH) in cerebral ischemia [71]. Moreover, the
antioxidant capacity of nesfatin-1 has also been demon-
strated in models of subarachnoid hemorrhage [68].

Pretreatment with nesfatin-1 protects MES23.5 DA
neurons against rotenone-induced neurotoxicity by its
anti-apoptotic effect and ameliorating mitochondrial dys-
function [70]. Further study [66] by this team showed that
the anti-apoptotic effect of nesfatin-1 in DA neurons is
achieved through the C-Raf/ERK1/2-dependent anti-apop-
totic pathway, through which nesfatin-1 markedly sup-
presses the activity of caspase-3, leading to the inhibition
of apoptosis. Moreover, in this study, the inhibitor of PKA
did not block the effect of nesfatin-1, suggesting that the
PKA pathway is not involved in the anti-apoptotic
mechanism.

The molecular mechanisms of the neuroprotective
effects of nesfatin-1 have yet to be fully identified, because
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the corresponding receptor has not been cloned. A study in
the NB41A3 neural cell line indicated that nesfatin-1 might
utilize Ca®* influx and/or the MAPK signaling pathway to
phosphorylate CREB rather than the PKA pathway [62].
On the contrary, another study suggested that the activation
of PKA is closely associated with Ca®* influx in rat
hypothalamic neurons [72]. The opposite results may be
due to the differences between hypothalamic neurons and
NB41A3 cells. Besides, one study indicated that PKC
pathway is responsible for the Ca®* influx in rat dorsal root
ganglion neurons [61]. Taken together, the detailed molec-
ular mechanisms still need to be studied.

It is worth noting that nesfatin-1 downregulates the level
of GNDF, which decreases exploration and induces
anxiety-like behavior in rats [73]. Besides, although the
mechanisms underlying neuroprotective effects of nesfatin-
1 have been demonstrated in a variety of models of
neurological disease, whether these mechanisms involved
in neuroprotection are applicable to PD remains to be
determined. Thus, long-term research is still needed before
nesfatin-1 can be used in clinical practice.

Ghrelin

Ghrelin, a 28-amino-acid peptide hormone discovered in
1999 [74], stimulates growth hormone (GH) release from
the anterior pituitary as the endogenous ligand for GH
secretagogue receptor (GHSR)la, which is expressed
predominantly in the anterior pituitary, pancreatic islets,
adrenal gland, thyroid, myocardium, hippocampus, sub-
stantia nigra pars compacta, ventral tegmental area, and
raphe nuclei [75]. Importantly, ghrelin occurs in the plasma
in two major forms, acyl-ghrelin (AG) and unacylated
ghrelin (UAG) [76]. The acylation of ghrelin not only
contributes to the specificity of its transport across the BBB
[77], but facilitates its binding to GHSR1a [74].

Ghrelin has a wide range of functions in the digestive
system including regulation of food intake, glucose
metabolism and adiposity, stimulation of gastric acid
secretion and gut motility. Besides, it also modulates
anxiety and stress, protects against muscle atrophy,
improves cardiovascular functions, and modulates sleep
[75].

Furthermore, accumulating evidence suggests that ghre-
lin, as a neuron survival agent, is closely associated with
PD. And in a recent study [78], a significant decrease in
GHSR expression was reported in PD-specific induced
pluripotent stem cell -derived DA neurons generated from
patients carrying parkin gene (PARK?2) mutations com-
pared to those from healthy controls, and delivery of a
selective GHSR1a inhibitor into the substantia nigra pars
compacta of normal mice induced PD-like motor
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dysfunction. Besides, a reduced postprandial ghrelin
response in patients at clinical or presumably pre-clinical
stages of PD, was observed in another study, which
suggested ghrelin might qualify as a potential peripheral
PD biomarker [79]. Besides, it has also been demonstrated
by another recent study that total and active plasma ghrelin
levels are decreased in PD patients; moreover, pre-prandial
peak responses and post-prandial ghrelin suppression are
both attenuated in PD [80], indicating a close link between
ghrelin and PD.

A new ghrelin agonist, HMOI, alleviates constipation
and L-dopa-delayed gastric emptying in the mouse model
of PD induced by 6-OHDA, suggesting effects on non-
motor dysfunction of PD [81]. In addition, it is worth
noting that ghrelin increases DA release and turnover in the
striatum by inhibiting voltage-gated K* Kv7/KCNQ/M
channels through its receptor GHS-R1a and activation of
the PLC/PKC pathway [82]. And inhibition of the Kv7/
KCNQ channel has been shown to have neuroprotective
effects against 6-OHDA-induced degeneration of the
nigrostriatal DA system and motor dysfunction, so it might
be a potential target for treatment of PD [83]. Moreover,
ghrelin, in various studies, has also been shown to have
neuroprotective effects in PD models [84-86], and might
be involved in anti-apoptotic, anti-inflammatory, anti-
oxidant stress, and neurotrophic effects, as well as
autophagy.

The anti-apoptotic effects of ghrelin in brain, in vivo and
in vitro, have been indicated in various studies. Ghrelin
antagonizes the apoptosis of nigral DA neurons induced by
MPTP [87]. In this study, compared to the control group,
the administration of ghrelin contributed to a clear increase
in the Bcl-2 level, while the Bax level was suppressed,
accompanied by the inhibition of caspase-3. Besides, a
study based on primary rat cortical neurons suggested that
the anti-apoptotic effects of ghrelin may also be mediated
by the PI3K/AKT signaling pathway, resulting in an
increase of the nuclear translocation of B-catenin and the
inhibition of GSK-3B, a pre-apoptotic protein [88]. In
addition, ghrelin attenuates apoptosis in hypothalamic
neurons during oxygen-glucose deprivation. This study
demonstrated that ghrelin contributes to marked activation
of ERK1/2 and triggers downstream signals, exerting anti-
apoptotic effects. And ghrelin-induced activation of ERK1/
2 and the anti-apoptotic effect were eliminated by the
inhibition of PKA, PKC, MAPK, and PI3K [89], suggest-
ing that these signaling pathways are involved in its anti-
apoptotic effects.

A recent study [90] demonstrated that ghrelin suppresses
oxidative stress in dorsal root ganglia neurons induced by
paclitaxel by restoring mitochondrial function. In this
study, peroxisome proliferator-activated receptor gamma
coactivator 1l-alpha was induced by ghrelin, which
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increased the number of mitochondria. Besides, It also
increased the level of SOD2 and Uncoupling protein 2
(UCP2), a mitochondrial protein that decreases reactive
ROS. And it has been demonstrated that ghrelin exerts its
neuroprotective effects via a UCP2-dependent mitochon-
drial mechanism in models of PD [91] and traumatic brain
injury [92]. Moreover, ghrelin protects MES23.5 cells
against the cytotoxicity induced by 1-methyl-4-phenylpyri-
dinium ion. In this study, ghrelin lowered the level of MDA
and THE Bax/Bcl2 ratio and improved the levels of Cu—Zn
SOD and catalase, all of which might be mediated by
inhibition of the NFxB pathway [93].

Autophagy also plays an important role in maintaining
cellular homeostasis, disorder of which has been deemed
one of the pathogenic factors of neurodegenerative dis-
eases. Besides, a correlation between autophagy and PD
has been demonstrated by numerous studies [94]. Calorie
restriction (CR) has dramatic neuroprotective effects on
neurodegenerative diseases, and may be a promising
therapy for PD [95]. It has been suggested that the
beneficial effects of CR are most likely mediated by
ghrelin, and CR induces autophagy in rat cortical neurons
to exert its neuroprotective effects through neuropeptide Y
and ghrelin receptor activation [96]. Furthermore, autop-
hagy induced by ghrelin attenuates the liver injury induced
by non-alcoholic fatty liver disease [97], and protects the
small intestinal epithelium against sepsis-induced injury
[98] and vascular calcification [99]. One of the related
molecular mechanisms is the AMPK/mTOR (mechanistic
target of rapamycin) signaling pathway. More specifically,
in PD models induced by MPTP, when ghrelin binds to
GHSR1a, the activated downstream AMPK inhibits the
phosphorylation of mTOR, removing its inhibitory effect
on autophagy [100]. Furthermore, activated AMPK
increases the number of autophagosomes and phosphory-
lated unc-51-like kinase (ULK), an autophagy-related
protein, which directly induces autophagy [94, 101].
Besides, in neuronal models of PD, the CaMK/AMPK/
SIRT signaling pathway is involved in the mechanisms of
the autophagy induced by ghrelin [94].

It has been demonstrated that ghrelin, as an anti-
inflammatory agent, suppressing the cerebral cortical
inflammation in epileptic rats induced by pilocarpine via
inhibiting NFxB and TNF-o [102], Besides, ghrelin
attenuates the secretion of IL-6, a pro-inflammatory factor,
in mid-brain DA neurons induced by lipopolysaccharide
[103]. Activated microglia and astroglia release many
inflammatory factors, triggering downstream inflammatory
responses. A study [86] showed that ghrelin suppresses
MPTP-induced microglial activation and the release of pro-
inflammatory mediators in the substantia nigra pars com-
pacta and striatum, having neuroprotective effects. And
due to the lack of GHSR1a in microglia, inhibition of the

activation of microglia is achieved by indirectly suppress-
ing matrix metalloproteinase-3 gene expression in stressed
DA neurons. Furthermore, by acting on GHSRla of
astroglia, ghrelin also prevents their activation, avoiding
the excessive release of pro-inflammatory factors that
affect neurons and endothelial cells in neurodegenerative
or injury processes [104].

It has been demonstrated that the peripheral adminis-
tration of AG to mouse models significantly enhances
hippocampal neurogenesis and synaptic plasticity, while
the systemic administration of physiological levels of AG
produces long-lasting improvements in spatial memory that
persist after the end of treatment [105], and so might be a
potential therapeutic target for neurodegenerative diseases
such as PD and Alzheimer’s disease. Furthermore, the
neurogenesis effect of UAG, independent of GHSR, has
also been demonstrated in another study based on primary
cultured cells from the fetal spinal cord [106]. As noted
above, most of the beneficial effects of CR are mediated by
ghrelin: CR significantly enhances the levels of neu-
rotrophic factors including GDNF and BDNF, attenuating
the neurochemical and behavioral deficits in primate
models of PD [107]. However, further research is still
needed to determine whether this neurotrophic effect is
mediated by ghrelin or not.

In summary, numerous pre-clinical studies have shown
that ghrelin has neuroprotective effects, and may be a novel
potential target for the treatment of PD and other neurode-
generative diseases. However, currently available studies
cannot confirm that ghrelin has any clinical benefit in PD
patients. Thus, long-term research is needed before ghrelin
can be used in clinical practice (Fig. 1).

Other Brain-Gut Peptides Associated with PD

In addition to the four peptides discussed above, many
brain-gut peptides have been reported to participate in PD,
such as vasoactive intestinal peptide (VIP), pancreatic
polypeptide (PP), and neurotensin (NT). It has been clearly
demonstrated that VIP has a neuroprotective effect on DA
neurons, microglia, and astrocytes, and may be a promising
target for the treatment of PD [108] It is notable that
PACAP belongs to the VIP/glucagon/secretin family,
showing particularly high homology (68%) to VIP.
Because of the high homology of the amino-acid sequences
of PACAP and VIP, these peptides share the same
receptors [109]. Thus, the mechanisms of the neuroprotec-
tive effects of PACAP and VIP, as well as the signaling
pathways, are almost identical.

PP, a 36-amino-acid peptide, may function as an
important feedback inhibitor of pancreatic secretion after
a meal. It arises from both islet and acinar cells of the
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Fig. 1 The neuroprotective effects of the brain-gut peptides GLP-1,
PACAP, nesfatin-1, and ghrelin, as well as related signaling
pathways. PACIR, PAC1 receptor; VPACIR, VPACI receptor;
TLR4, Toll-like receptor 4; RAGE, receptor for advanced glycation
end product; GHSR1a, growth hormone secretagogue receptor la;
nesfatin-1R, nesfatin-1 receptor; PKC, protein kinase C; cAMP,
cyclic AMP; PKA, protein kinase A; MEK, mitogen-activated protein
kinase kinase; ERK, extracellular regulated protein kinase; PI3K,
phosphoinositide 3-kinase; AKT, protein kinase B; Nrf2, nuclear

pancreas [110]. The early secretion of PP induced by a
meal is mediated by the vagus nerve, and has been
suggested as a marker of vagal integrity. A recent study
showed that PD patients have significantly decreased PP
ratios after sham feeding compared with controls, suggest-
ing that PP may be a marker of the presence of vagal
denervation in early-to-moderate stage PD patients [111].
However, this conclusion is very controversial; another
study [112] indicated that postprandial PP levels are
normal in PD patients compared with the controls,
suggesting that postprandial PP secretion is not a suit-
able marker of vagal nerve integrity in PD. The opposite
conclusion may be due to differences in experimental
methods. Besides, there is no enough evidence suggesting
that PP has any neuroprotective effects on PD. Further
research on the relationship between PP and PD is needed.

NT, a 13-amino-acid hormonal peptide, is present in the
digestive system as well as in the CNS. The physiological
functions of NT include stimulation of pancreatic and
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factor erythroid 2-related factor 2; caspase 3, cysteinyl aspartate-
cleaving protease 3; CREB, cAMP response element-binding protein;
NF«B, nuclear factor-kappa B; Bcl2, B-cell lymphoma 2; GSK-38,
glycogen synthase kinase 3 beta; CaMK, CaM-dependent protein
kinase; AMPK, AMP-activated protein kinase; ULK, Unc-51 like
autophagy activating kinase; mTOR, mammalian target of rapamycin;
SIRT sirtuin; UCP2, uncoupling protein 2; |, activation;
1nh1b1t10n, , many steps omitted.

biliary secretion, inhibition of gastric and small bowel
motility, stimulation of colonic motility, and a trophic
effect on numerous tissues of the gastrointestinal tract. It
also has various biological effects as a central neurotrans-
mitter or neuromodulator, for example, the regulation of
DA release [113].

Numerous studies [114, 115] have demonstrated that the
NT receptor (NTR), in the substantia nigra of PD patients is
dramatically lower than in controls, suggesting a NT-DA
interaction in human nigro-striatal circuits and dysfunc-
tional NTRs may be involved in PD. Also, a variety of
studies [116] indicate that plasma NT concentrations in PD
patients are consistently higher than in controls and PD
patients treated with levodopa, which may be a compen-
satory mechanism for the loss of DA neurons to preserve
motor function [117].

A study based on mouse models of PD have demon-
strated that pretreatment with an NT analogue evidently
decreases apomorphine-induced contralateral rotation and
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D-amphetamine-induced ipsilateral rotation, suggesting
anti-PD-like effects of NT [118]. Furthermore, in a recent
study, the same neuroprotective effects of two new NT
analogues, NT2 and NT4, have been reported inn rat models
of PD, avoiding the rapid biodegradation of NT [119].

Interestingly, it has been shown that NT increases
glutamate release and simultaneously amplifies the respon-
siveness of N-methyl-D-aspartate receptors (NMDARs),
And the extracellular accumulation of glutamate and the
excessive activation of NMDARs is known to be an
important factor in the induction of the glutamate-mediated
neuronal damage occurring in PD [120], so using NT
receptor antagonists in the treatment of PD has been
considered. However, in a randomized, double-blind,
placebo-controlled study, the motor symptoms of PD did
not improve after administration of the NT receptor
antagonist SR 48692 [121].

In short, some studies suggest potential effects of NT for the
treatment of PD, while the detailed mechanisms are still unclear,
and the relationship between NT and PD are still not clear.

Conclusion

Numerous studies in vivo and in vitro have demonstrated
that the four brain-gut peptides GLP-1, PACAP, nesfatin-1,
and ghrelin play roles in neuroprotection and improve the
motor symptoms of PD. Surprisingly, although different
receptors are activated, these brain-gut peptides exert their
neuroprotective effects through similar molecular mecha-
nisms and signal pathways that are mainly involved in anti-
inflammatory, anti-apoptotic, anti-oxidative, and neu-
rotrophic effects. Moreover, analogues and receptor ago-
nists of brain-gut peptides have been developed and used in
clinical trials for PD. Further, various brain-gut peptides
have been reported to participate in PD, suggesting a close
link between dysfunction of the gut-brain axis and
neurodegenerative diseases, providing a novel potential
treatment strategy for PD.

In the future, multiple co-receptor agonists targeting
different brain-gut peptide receptors in the brain may
provide a promising treatment for PD. This requires further
research into whether the combined application of multiple
brain-gut peptides plays a synergistic role in neuroprotec-
tion. In addition, the precise mechanisms underlying the
relationship between brain-gut peptides and the CNS need
to be further elucidated.
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