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Abstract: Adult hippocampal neurogenesis—the generation of new functional neurones in the adult
brain—is impaired in aging and many neurodegenerative disorders. We recently showed that the
acylated version of the gut hormone ghrelin (acyl-ghrelin) stimulates adult hippocampal neurogenesis
while the unacylated form of ghrelin inhibits it, thus demonstrating a previously unknown function of
unacyl-ghrelin in modulating hippocampal plasticity. Analysis of plasma samples from Parkinson’s
disease patients with dementia demonstrated a reduced acyl-ghrelin:unacyl-ghrelin ratio compared
to both healthy controls and cognitively intact Parkinson’s disease patients. These data, from mouse
and human studies, suggest that restoring acyl-ghrelin signalling may promote the activation of
pathways to support memory function. In this short review, we discuss the evidence for ghrelin’s
role in regulating adult hippocampal neurogenesis and the enzymes involved in ghrelin acylation
and de-acylation as targets to treat mood-related disorders and dementia.
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1. Introduction

The gut hormone ghrelin was identified as the natural ligand of the growth hormone
secretagogue receptor la (GHS-R1a) in 1999 [1]. It is often referred to as the “hunger hor-
mone” thanks to its ability to stimulate food intake and regulate energy homeostasis [2]. In
the years since its discovery, ghrelin has been implicated in a variety of other physiological
responses linked with homeostasis, including the regulation of gastric acid secretion and
motility [3], pancreatic cell proliferation and apoptosis [4], sleep [5], and cardiovascular
function [6]. Notably, in the central nervous system (CNS), ghrelin has been reported to
regulate action potential firing [7], mitochondrial function [7,8], immune signalling [9], neu-
ron survival [7,10], and neural stem/progenitor cell (NSPC) differentiation into adult-born
hippocampal granule cells [11-13].

Human ghrelin, encoded by the GHRL gene, generates the 117-amino-acid preproghrelin
peptide that is enzymatically processed to the native 28-amino-acid peptide, unacyl-ghrelin
(UAG). UAG undergoes enzymatic modification in the endoplasmic reticulum by ghrelin-
O-acyl transferase (GOAT) to generate acyl-ghrelin, the so-called active form of the hor-
mone [14,15]. This post-translational modification includes the addition of a medium-chain
fatty acid (generally octanoic acid) at Serine residue 3 (Ser3), which is essential to bind and
activate GHS-R1a signalling [16]. Notably, ghrelin is the only known peptide that requires
a fatty acid modification to regulate binding to its cognate receptor. In the Golgi apparatus,
either the acylated or unacylated forms of proghrelin are cleaved by the prohormone con-
vertase 1 and 3 (PC1/3) [17]. The N-terminal of ghrelin peptide is cleaved to produce the
mature 28-amino-acid form of ghrelin [17], while the C-terminal peptide is generated to form
C-ghrelin, which results in the production of the hormone, obestatin [18,19].
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2. Central Actions of Ghrelin

As ghrelin is not produced in the brain [1,20-22], its effects in the CNS are due to
the actions of peripherally derived ghrelin. Indeed, this hypothesis is consistent with
ghrelin’s ability to cross the blood-brain barrier (BBB) [7,20,23,24] and bind GHSR-1a in the
brain [7,20]. From the circulation, ghrelin can cross the BBB either as acyl-ghrelin or UAG,
which can be re-acylated on-site by ghrelin-O-acyl transferase (GOAT) activity, permitting
fine modulation of its activity in a cell-specific manner [25,26].

The generation of new functional neurons from adult NSPCs [27-31] is essential for
hippocampal-dependent pattern separation memory, which is the ability to discriminate be-
tween very similar contexts [32,33]. A decline in the ability to perform pattern separation is
associated with age-related cognitive decline and anxiety-related behaviour, and is therefore
of considerable interest to the fields of neuroscience and neurology. Notably, environmental
factors such as exercise and enriched home cages for rodents enhance NSPC prolifera-
tion [34] and the differentiation and survival [35] of new adult-born neurones, respectively.
These phenomena have led to the identification of several factors generated outside of the
CNS that regulate adult hippocampal neurogenesis (AHN), including irisin [36], klotho [37],
cathepsin B [38], clusterin [39], eotaxin [40], growth differentiation factor11 (GDF11) [41],
(32 microglobulin (B2M) [42], and glycosylphosphatidylinositol-specific phospholipase D1
(Gpld1) [43]. Similarly, calorie restriction increases AHN primarily by supporting differen-
tiation and survival [44] via ghrelin signalling [12,45]. The precise molecular mechanisms
underpinning these pro-neurogenic effects require further elucidation; however, soluble
neurotrophic factors, such as brain-derived neurotrophic factor (BDNF), are known to
promote AHN [46]. In a recent study from our lab, we examined whether acyl-ghrelin
stimulated the production and/or the release of such factors. Firstly, BDNF gene expression
was quantified after treating primary hippocampal cells with acyl-ghrelin. BDNF mRNA
was significantly increased after acyl-ghrelin treatment and the survival of new-born cells
was increased in a BDNF-dependent mechanism [47]. These findings are consistent with
previous in vitro studies demonstrating increased BDNF in ghrelin-treated spinal cord neu-
rones [48] and evidence that ghrelin increases BDNF levels in the mouse hippocampus [49].
To assess the acyl-ghrelin effect in vivo, adult wild-type mice were intraperitoneally in-
jected with acyl-ghrelin and, 24 h later, the brains were analysed using in situ hybridisation
to show that acyl-ghrelin significantly increased BDNF IXa mRNA, in the rostral gran-
ule cell layer (GCL) of the dentate gyrus (DG). This, to our understanding, is the first
demonstration that acyl-ghrelin regulates BDNF specifically within the neurogenic niche of
the hippocampus’ GCL. A more recent study supports the notion that ghrelin regulates
BDNF mRNA from hippocampal homogenates collected from ex-vivo-treated tissue [50].
In this study, the authors note that ghrelin increased BDNF mRINA in a promoter- and
age-specific manner, suggesting that further in situ hybridisation or spatial transcriptomic
approaches are warranted to delineate the cell-specific molecular mechanisms that support
ghrelin-mediated neurogenesis. To show that acyl-ghrelin regulates secreted BDNF protein,
we treated NSPCs, which do not express GHS-R1a, with conditioned media from acyl-
ghrelin-treated primary hippocampal cultures and reported a significant increase in the
number of surviving new-born cells. This effect was completely blocked by the addition
of a BDNF-neutralising antibody, suggesting that acyl-ghrelin supports the survival of
new-born hippocampal cells via increased BDNF signalling [47].

Collectively, the above studies are in line with acyl-ghrelin stimulating the hippocam-
pal BDNF pathway and are consistent with previous reports linking BDNE, AHN, and
pattern separation memory [46]. However, little was known about the neurogenic role
of UAG, the most prevalent form of circulating ghrelin. As mentioned earlier, UAG was
considered biologically inactive as it lacks the acyl-motif necessary for binding GHS-R1a.
Despite this, reports suggested that it stimulated genome-wide changes in gene expres-
sion independently of the ghrelin receptor [51] and blocked acyl-ghrelin-induced food
intake [52]. To shed light on whether UAG regulated AHN, hippocampal cell cultures
co-treated with acyl-ghrelin and UAG at equimolar (1:1) and non-equimolar doses (1:10
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and 1:30) demonstrated that UAG inhibited the pro-survival effect of acyl-ghrelin at each of
the ratios tested. Consistent with this finding, UAG-treated WT and GOAT~/~ mice had
significantly fewer proliferating cells and immature neurons in the DG of the hippocampus.
Moreover, in GOAT~/~ mice, which lack acyl-ghrelin but have high levels of UAG, the
number of immature neurons was also significantly reduced after treatment with saline,
suggesting that UAG can regulate AHN independently of acyl-ghrelin via an unknown
mechanism. In addition, the reduction in new non-neuronal adult-born cells in both UAG-
treated WT mice and GOAT~/~ mice suggested that UAG may regulate new astroglia or
new NSPCs in the hippocampus.

The alterations in markers of new adult-born neurons were accompanied by di-
minished plasticity-related markers—c-Fos expression and dendritic spines—and with
impaired performance on the hippocampal-dependent spatial memory Y-maze task in
GOAT~/~ mice. However, treatment of GOAT~/~ mice with acyl-ghrelin once daily
for 7 days restored performance to WT levels [47]. These data suggest that acyl-ghrelin
signalling is activating both neurogenic and other hippocampal pathways to support mem-
ory function and is consistent with previous studies identifying enhanced hippocampal
long-term potentiation (LTP) [7,53,54], increased expression of GluAl-containing amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors [55], as well as the phospho-
GluN2B [56] and the NR2B subunit of the N-methyl-D-aspartate receptor (NMDA) recep-
tor [57], in response to acyl-ghrelin. Our findings support a role for UAG in blocking
acyl-ghrelin-mediated GHS-R1a signalling in the hippocampus [47]. Could this also in-
volve UAG modulating other plasticity mechanisms, such as LTP, AMPA, and NMDA
receptor function, in the hippocampus? These studies are warranted to further our under-
standing of ghrelin-regulated hippocampal plasticity.

Collectively, these findings suggest that reducing UAG and increasing acyl-ghrelin
in the blood may lead to the promotion of hippocampal plasticity and pro-neurogenic
signalling. Modulation of the acyl-ghrelin to UAG (AG:UAG) ratio may be relevant to
disorders associated with impairments in AHN and hippocampal-dependent behaviours.
Indeed, acyl-ghrelin ameliorates hippocampal neuroinflammation, nerve cell loss, and
cognitive decline in rodent models of neurodegenerative disorders, including Alzheimer’s
disease (AD) [58]. In the 5XFAD mouse (express human Amyloid precursor protein and
Presenilin-1 transgenes with a total of five AD-linked mutations), acyl-ghrelin increased
the number of immature hippocampal neurons, albeit without reducing amyloid beta
deposits [59]. The anxiolytic effect and pro-neurogenic effect of calorie restriction was also
dependent on acyl-ghrelin signalling [60], suggesting that mood-related disorders linked
with impairments in new adult-born neuron function may benefit from an increase in the
AG:UAG ratio.

3. Neurogenesis in Humans—Relevance to Ghrelin Signalling

The quantification of AHN in post-mortem human tissues is often restricted due to the
sub-optimal methods used for brain tissue collection and preservation. However, recent
studies using an optimised protocol for the collection, fixation, and immunofluorescent
detection of native proteins expressed in NSPCs, neuroblasts, and new neurons [61] reveal
that AHN is impaired in AD [30] and other age-related neurodegenerative diseases [31]. In
this study, diseases associated with impaired AHN included the alpha-synucleinopathies,
dementia with Lewy bodies, and Parkinson’s disease (PD). PD dementia (PDD) has been
linked with impairments in NSPC division and hippocampal immature neuron forma-
tion [62], as well as poor pattern separation memory performance [63]. Our analysis of
plasma samples collected from individuals diagnosed with PDD demonstrated a reduction
in the AG:UAG ratio, compared to cognitively intact PD and control groups. On first inspec-
tion, these plasma data deviate from previous reports describing a reduction in circulating
acyl-ghrelin in PD subjects [64,65]. However, this difference may be due to the stratification
of PD groups by cognitive performance and our reporting of the AG:UAG ratio rather than
acyl-ghrelin alone. We also reported that the levels of octanoic acid (C8:0), the predominate
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substrate for the acylation of ghrelin, were similar among the three experimental groups [47].
Therefore, the reduction in the AG:UAG ratio seems to be caused by the altered activity of
ghrelin acylation and/or de-acylation enzymes, rather than by reduced octanoic acid. These
findings in humans diagnosed with PDD support the position that elevating AG:UAG
levels may restore pro-neurogenic signalling and hippocampal function. However, for such
an approach to be effective, a wider pathway supporting this complex circuitry would also
need to remain intact. To this end, we reported that the expression of GHSR-1a mRNA in the
adult human hippocampal GCL remained unaltered across the three experimental groups
tested [47]. As GHSR-1a is expressed in the hippocampus of PDD patients, an increase
in the AG:UAG ratio may promote the activation of pro-neurogenic GHSR-1a signalling.
As mentioned, GHSR-1a activation has been linked with promoting neurogenesis as well
as hippocampal synaptic and memory function [7,13,55,60,66]. However, impairments in
the GHS-R1a pathway were recently described in the 5xFAD mouse model of familial AD
that were overcome by co-treatment with GHS-R1a and Drd1 agonists [67]. Interestingly,
GOAT protein expression was significantly decreased in crude human hippocampal lysate
from both PD and PDD brains, when quantified using Western blot. Moreover, the number
of cells immunopositive for GOAT within the DG of the hippocampus was significantly
reduced in the PDD brain relative to the control and PD groups [47].

Together, the reduction in both plasma AG:UAG ratio and hippocampal GOAT may
lead to attenuated GHS-R1a signalling in the hippocampus and contribute to the cognitive
deficits in PDD.

4. Targeting the AG:UAG Ratio

Several distinct ghrelin-receptor agonists have been developed for the treatment of
disorders associated with reductions in lean mass or gastric motility. For example, the
GHS-R1a agonist, anamorelin, was given regulatory approval in Japan as a new therapy
for cachexia [68]. Notably, the efficacy of these compounds in models of neurodegeneration
has raised the possibility of drug re-purposing to treat CNS-related disorders [58,69-72].
The GHS-R1a agonist, MK-0677, when administered alongside the Drd1 agonist, SKF81297,
restored synaptic function in the 5xFAD mouse without affecting amyloid plaques [67].
Meanwhile, a higher dose of MK-0677 ameliorated A3 deposition, neuroinflammation,
and neurodegeneration in the 5xFAD mouse model [71] and promoted the accumulation
of a AMPA receptor on excitatory hippocampal synapses and improved LTP [55]. How-
ever, a clinical trial of MK0677 reported no clinical effect on disease progression in AD
patients [73]. The GHS-R1a agonist, LY444711, improved spatial memory performance in
the APPSwDI mouse model of AD without altering glucose metabolism [72], suggesting
that this treatment may be well tolerated in AD patients, who often present with impaired
glucose metabolism [74]. Therefore, GHS-R1a agonists may be an appropriate target to treat
neurodegenerative disorders and diseases affecting cognition. Further work is necessary to
determine their effects on AHN and pattern-separation-dependent memory, particularly in
models of age-related neurodegeneration [75].

Despite their promise, synthetic GHS-R1a agonists are unlikely to address the in-
hibitory action of UAG on AHN and hippocampal-dependent memory. The level of
circulating acyl-ghrelin depends on its rate of synthesis as well as enzymatic processing. In
2004, the acyl-ghrelin half-life in serum was reported to vary between humans (240 min)
and rats (30 min), suggesting that, unlike ghrelin acylation—which is performed uniquely
by GOAT—several enzymes may be involved in its de-acylation [76].

The first enzyme reported to promote the de-acylation of acyl-ghrelin in human serum
was the serine esterase Butyrylcholinesterase (BChE). However, treatment with the BChE
inhibitors eserine salicylate and sodium fluoride only partially inhibited the reaction,
suggesting that it was not the only esterase responsible for ghrelin de-acylation [76]. More
recently, a correlation between BChE over-expression in rodents and decreased acyl-ghrelin
plasma levels was reported [77]. BChE is expressed in the human hippocampus, with
increased expression reported in the AD brain [78]. Thus, increased activity of BChE—if
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confirmed—could decrease the AG:UAG ratio, which is linked with PDD [47]. In 2004,
de-acylation of acyl-ghrelin in rat stomach homogenate was reportedly mediated by acyl-
protein thioesterase 1 (APT1) [79]. Subsequently, both APT1 and its close homologue, APT2,
were reported to catalyse the de-acylation of ghrelin in murine macrophage (RAW264.7) and
liver hepatocellular carcinoma (HepG2) cells. HepG2 cells released functional APT1—but
not APT2—into the media, suggesting that APT1 is secreted and may de-acylate substrates
in an endocrine manner, while APT2 activity may be restricted to the intracellular space [80].
Notably, an increase in APT1 protein expression in the hippocampus of aged mice correlated
with decreased performance in the novel object recognition test, suggesting that APT1
may play a role in age-related memory function [81]. In addition to de-acylating acyl-
ghrelin, APT1 de-palmitoylates PSD-95 [82] and huntingtin [83]. These studies report
that pharmacological inhibition of APT1 ameliorates disease phenotypes associated with
AD and Huntington’s disease (HD), respectively. Furthermore, another recent study [84]
demonstrated that inhibition of APT1 reversed neuropathology, locomotor deficits, and
anxio-depressive behaviours in HD knock-in mice. Therefore, whilst the precise mechanism
of action of APT1 inhibitors remains unclear, they represent a novel therapeutic approach
to treat neurodegenerative diseases and mood-related disorders.

In addition to BChE and APT1, enzymes such as APT2 [80] and «2-macroglobulin [85]
have been shown to de-acylate acyl-ghrelin, while others, such as platelet-activating
factor (PAF), have also been proposed [79]. Moreover, a carboxylesterase inhibitor (bis-
p-nitrophenyl-phosphate) completely inhibited ghrelin de-acylation, indicating a link
between ghrelin de-acylation and carboxylesterase activity [76]. Indeed, Notum, a car-
boxylesterase known for de-acylating proteins involved in the Wnt signalling pathway [86],
de-acylates ghrelin [87]. Targeting the activities of these enzymes represents a potentially
novel approach to regulate the AG:UAG ratio with, perhaps, relevance to human disease.

5. Conclusions

As diagnostic biomarkers play an important role in characterising disease onset and
progression, the need for blood-based markers to complement the expensive and invasive
cerebrospinal fluid (CSF)-based and positron emission tomography (PET)-based biomarkers
such as 3-amyloid, tau, and neurofilament light chain are eagerly anticipated in demen-
tia [88]. The newly discovered role of UAG in reducing AHN, combined with the fact
that its acylated counterpart has been shown to exert an opposing—beneficial—effect,
may be important in the search for novel blood-based biomarkers of dementia. In the
future, longitudinal studies that clarify whether AG:UAG represents a prognostic dementia
biomarker are warranted. Moreover, larger cohorts of clinically distinct groups are required
to further delineate the role of ghrelin in other forms of neurodegeneration and dementia.

In neurodegenerative disorders, the loss of existing developmentally born neurones
is often combined with impaired AHN, indicating that the capacity for cell renewal is
compromised or lost [89]. Recently, several studies focused on the ability of acyl-ghrelin
to promote AHN and memory in rodent models of health and disease [75,90-92] (see
Table 1). Indeed, promoting GHS-R1a signalling, using synthetic agonist compounds, or
inhibiting ghrelin de-acylation enzymes may be a valuable tool in promoting hippocampal
ghrelin-GHS-R1a signalling, offering novel therapies to ameliorate cognitive decline and
mood-related disorders in humans. Moreover, a novel role for UAG in the context of AHN
is evident from the pre-clinical and clinical data reported [47], supporting the hypothesis
that UAG blocks acyl-ghrelin-mediated GHS-R1a signalling in the hippocampus resulting
in impaired hippocampal plasticity and neurogenesis.
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Table 1. Studies analysing the effect of ghrelin peptide adult hippocampal neurogenesis. Abbrevia-
tions: GH = growth hormone, KO = knock-out, WT = wild type, 6-OHDA = 6-hydroxydopamine,
CUMS = chronic unpredictable mild stress.

Model & Methods Outcome Reference
Ghrelin KO mice (8._9 weeks of age) given Increased proliferation and neuronal differentiation. [66]
acyl-ghrelin for 8 days.
GH-deficient sPontaneous dw;.n'f rats (8-12 weeks of Increased proliferation and neuroblast number. [90]
age) given acyl-ghrelin for 8 days.
5XFAD mice (8 weeks of age) given acyl-ghrelin Increased proliferation and neuroblast number. [20]
every 2 days for 30 days.
C57B1/6NCrlVr mice (8-10-weeks of age) given Increased new immature neurone and mature [91]
acyl-ghrelin for 8 days. neurone number.
Lister hooded rats i.p. injected with acyl-ghrelin for ~ Increased neuroblast and mature neurone number. [13]
14 days. No change in stem cell self-renewal.
Sprague Dawley rats with 6-OHDA lesion i.p.
injected with acyl-ghrelin for 8 weeks. Increased neuroblast number. [11]
7-8 weeks old male CUMS mice (on C57BL/6 . . .
S . . Increased proliferation and new immature
background) i.p injected with acyl-ghrelin once a [92]
neurone number.
day for 2 weeks.
Decreased proliferation, neuroblasts, new
UAG-treated WT and GOAT~/~ mice immature neurones. [47]

Decreased new non-neuronal cells.

The increasingly recognised role of ghrelin as an important modulator of AHN and
memory function [75] comes at a time when aberrant neurogenesis is firmly implicated in
age-related cognitive impairment and neurodegenerative disorders in humans [30,31]. We
suggest that the relationship between ghrelin acylation and AHN may be relevant to brain
ageing, mood-related disorders, and dementias—warranting further investigation in humans.

Author Contributions: M.S. and J.5.D., writing; A.H.M., review and editing. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported by funding from BRACE Dementia Research and The Galen
and Hilary Weston Foundation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Kojima, M.; Hosoda, H.; Date, Y.; Nakazato, M.; Matsuo, H.; Kangawa, K. Ghrelin is a growth-hormone-releasing acylated peptide
from stomach. Nature 1999, 402, 656—660. [CrossRef] [PubMed]

2. Tschop, M.; Smiley, D.L.; Heiman, M.L. Ghrelin induces adiposity in rodents. Nature 2000, 407, 908-913. [CrossRef] [PubMed]

3. Masuda, Y.; Tanaka, T.; Inomata, N.; Ohnuma, N.; Tanaka, S.; Itoh, Z.; Hosoda, H.; Kojima, M.; Kangawa, K. Ghrelin Stimulates
Gastric Acid Secretion and Motility in Rats. Biochem. Biophys. Res. Commun. 2000, 908, 905-908. [CrossRef] [PubMed]

4.  Granata, R.; Settanni, F.; Biancone, L.; Trovato, L.; Nano, R.; Bertuzzi, F.; Destefanis, S.; Annunziata, M.; Martinetti, M.;
Catapano, F; et al. Acylated and unacylated ghrelin promote proliferation and inhibit apoptosis of pancreatic 3-cells and human
islets: Involvement of 3’,5'-cyclic adenosine monophosphate/protein kinase A, extracellular signal-regulated kinase 1/2, and
phosphatidyl inositol. Endocrinology 2007, 148, 512-529. [CrossRef] [PubMed]

5. Szentirmai, E.; Sun, Y.; Smith, R.G.; Kapa, L.; Krueger, ] M. The preproghrelin gene is required for the normal integration of
thermoregulation and sleep in mice. Proc. Natl. Acad. Sci. USA 2009, 106, 14069-14074. [CrossRef] [PubMed]

6. Nagaya, N.; Kangawa, K. Ghrelin improves left ventricular dysfunction and cardiac cachexia in heart failure. Curr. Opin. Pharmacol.
2003, 3, 146-151. [CrossRef]

7. Diano, S.; Farr, S.A ; Benoit, S.C.; McNay, E.C.; da Silva, I.; Horvath, B.; Gaskin, ES.; Nonaka, N.; Jaeger, L.B.; Banks, W.A.; et al.
Ghrelin controls hippocampal spine synapse density and memory performance. Nat. Neurosci. 2006, 9, 381-388. [CrossRef]

8.  Bayliss, J.A.; Lemus, M.B.; Stark, R.; Santos, V.V.; Thompson, A.; Rees, D.J.; Galic, S.; Elsworth, ].D.; Kemp, B.E.; Davies, ].S.; et al.

Ghrelin-AMPK Signaling Mediates the Neuroprotective Effects of Calorie Restriction in Parkinson’s Disease. |. Neurosci. 2016,
36, 3049-3063. [CrossRef]


http://doi.org/10.1038/45230
http://www.ncbi.nlm.nih.gov/pubmed/10604470
http://doi.org/10.1038/35038090
http://www.ncbi.nlm.nih.gov/pubmed/11057670
http://doi.org/10.1006/bbrc.2000.3568
http://www.ncbi.nlm.nih.gov/pubmed/11027567
http://doi.org/10.1210/en.2006-0266
http://www.ncbi.nlm.nih.gov/pubmed/17068144
http://doi.org/10.1073/pnas.0903090106
http://www.ncbi.nlm.nih.gov/pubmed/19666521
http://doi.org/10.1016/S1471-4892(03)00013-4
http://doi.org/10.1038/nn1656
http://doi.org/10.1523/JNEUROSCI.4373-15.2016

Cells 2022, 11, 765 7 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

Beynon, A.L.; Brown, M.R.; Wright, R.; Rees, MLL; Sheldon, .M.; Davies, J.S. Ghrelin inhibits LPS-induced release of IL-6 from
mouse dopaminergic neurones. J. Neuroinflamm. 2013, 10, 40. [CrossRef]

Jiang, H.; Li, L.J.; Wang, J.; Xie, ].X. Ghrelin antagonizes MPTP-induced neurotoxicity to the dopaminergic neurons in mouse
substantia nigra. Exp. Neurol. 2008, 212, 532-537. [CrossRef]

Elabi, O.F,; Duskova, K.; Davies, ].S.; Lane, E.L. The Impact of Ghrelin on the Survival and Efficacy of Dopaminergic Fetal Grafts
in the 6-OHDA-Lesioned Rat. Neuroscience 2018, 395, 13-21. [CrossRef]

Hornsby, A K.E.; Redhead, Y.T,; Rees, D.J.; Ratcliff, M.S.G.; Reichenbach, A.; Wells, T.; Francis, L.; Amstalden, K.; Andrews, Z.B,;
Davies, J.S. Short-term calorie restriction enhances adult hippocampal neurogenesis and remote fear memory in a Ghsr-dependent
manner. Psychoneuroendocrinology 2016, 63, 198-207. [CrossRef]

Kent, B.A.; Beynon, A.L.; Hornsby, A.K.E.; Bekinschtein, P; Bussey, TJ.; Davies, ].S.; Saksida, L.M. The orexigenic hormone acyl-ghrelin
increases adult hippocampal neurogenesis and enhances pattern separation. Psychoneuroendocrinology 2015, 51, 431-439. [CrossRef]
[PubMed]

Gutierrez, ].A.; Solenberg, PJ.; Perkins, D.R.; Willency, ].A.; Knierman, M.D,; Jin, Z.; Witcher, D.R.; Luo, S.; Onyia, ].E.; Hale, J.E.
Ghrelin octanoylation mediated by an orphan lipid transferase. Proc. Natl. Acad. Sci. USA 2008, 105, 6320-6325. [CrossRef]
[PubMed]

Yang, J.; Brown, M.S; Liang, G.; Grishin, N.V.; Goldstein, J.L. Identification of the Acyltransferase that Octanoylates Ghrelin, an
Appetite-Stimulating Peptide Hormone. Cell 2008, 132, 387-396. [CrossRef] [PubMed]

Wang, Y,; Guo, S.; Zhuang, Y.; Yun, Y.; Xu, P; He, X; Guo, J.; Yin, W,; Eric Xu, H.; Xie, X.; et al. Molecular recognition of an
acyl-peptide hormone and activation of ghrelin receptor. Nat. Commun. 2021, 12, 5064. [CrossRef]

Zhu, X,; Cao, Y.; Voodg, K.; Steiner, D.F. On the processing of proghrelin to ghrelin. J. Biol. Chem. 2006, 281, 38867-38870.
[CrossRef] [PubMed]

Zhang, J.V,; Klein, C.; Ren, P--G.; Kass, S.; Donck, L.V.; Moechars, D.; Hsueh, A.J.W. Obestatin, a Peptide Encoded by the Ghrelin
Gene, Opposes Ghrelin’s Effects on Food Intake. Science 2005, 310, 996-999. [CrossRef] [PubMed]

Seim, I.; Walpole, C.; Amorim, L.; Josh, P.; Herington, A.; Chopin, L. The expanding roles of the ghrelin-gene derived peptide
obestatin in health and disease Ghrelin Research Group, Institute of Health and Biomedical Innovation, Queensland University
of Technology, Brisbane, Australia. Commonwealth Scientific and Indus. Mol. Cell. Endocrinol. 2011, 340, 111-117. [CrossRef]
Banks, W.A.; Tschop, M.; Robinson, S.M.; Heiman, M.L. Extent and direction of ghrelin transport across the blood-brain barrier is
determined by its unique primary structure. J. Pharmacol. Exp. Ther. 2002, 302, 822-827. [CrossRef]

Cabral, A.; Lopez Soto, E.; Epelbaum, J.; Perell6, M. Is Ghrelin Synthesized in the Central Nervous System? Int. . Mol. Sci. 2017,
18, 638. [CrossRef] [PubMed]

Furness, J.B.; Hunne, B.; Matsuda, N.; Yin, L.; Russo, D.; Kato, I.; Fujimiya, M.; Patterson, M.; McLeod, J.; Andrews, Z.B.; et al.
Investigation of the presence of ghrelin in the central nervous system of the rat and mouse. Neuroscience 2011, 193, 1-9. [CrossRef]
[PubMed]

Cabral, A.; Fernandez, G.; Perello, M. Analysis of brain nuclei accessible to ghrelin present in the cerebrospinal fluid. Neuroscience
2013, 253, 406—415. [CrossRef] [PubMed]

Uriarte, M.; De Francesco, PN.; Fernandez, G.; Cabral, A.; Castrogiovanni, D.; Lalonde, T.; Luyt, L.G.; Trejo, S.; Perello, M.
Evidence Supporting a Role for the Blood-Cerebrospinal Fluid Barrier Transporting Circulating Ghrelin into the Brain. Mol.
Neurobiol. 2018, 56, 4120-4134. [CrossRef]

Zeidman, R.; Jackson, C.S.; Magee, A.I Protein acyl thioesterases (Review). Mol. Membr. Biol. 2009, 26, 32—41. [CrossRef]
Murtuza, M.L; Isokawa, M. Endogenous ghrelin-O-acyltransferase (GOAT) acylates local ghrelin in the hippocampus. J. Neurochem.
2018, 144, 58-67. [CrossRef]

Altman, J. Are New Neurons Formed in the Brains of Adult Mammals? Science 1962, 135, 1127-1128. [CrossRef]

Eriksson, P.S.; Perfilieva, E.; Bjork-Eriksson, T.; Alborn, A.M.; Nordborg, C.; Peterson, D.; Gage, FH. Neurogenesis in the adult
human hippocampus. Nat. Med. 1998, 4, 1313-1317. [CrossRef]

Spalding, K.L.; Bergmann, O.; Alkass, K.; Bernard, S.; Salehpour, M.; Huttner, H.B.; Bostrom, E.; Westerlund, I.; Vial, C.;
Buchholz, B.A; et al. XDynamics of hippocampal neurogenesis in adult humans. Cell 2013, 153, 1219-1227. [CrossRef]
Moreno-Jiménez, E.P,; Flor-Garcia, M.; Terreros-Roncal, J.; Rabano, A.; Cafini, E; Pallas-Bazarra, N.; Avila, J.; Llorens-Martin, M.
Adult hippocampal neurogenesis is abundant in neurologically healthy subjects and drops sharply in patients with Alzheimer’s
disease. Nat. Med. 2019, 25, 554-560. [CrossRef]

Terreros-Roncal, J.; Moreno-Jiménez, E.P.; Flor-Garcia, M.; Rodriguez-Moreno, C.B.; Trinchero, M.E; Cafini, F.; Rabano, A;
Llorens-Martin, M. Impact of neurodegenerative diseases on human adult hippocampal neurogenesis. Science 2021, 32, 1106-1113.
[CrossRef] [PubMed]

Clelland, C.D.; Choi, M.; Romberg, C.; Clemenson, G.D.; Fragniere, A.; Tyers, P.; Jessberger, S.; Saksida, L.M.; Barker, R.A;
Gage, EH.; et al. A functional role for adult hippocampal neurogenesis in spatial pattern separation. Science 2009, 325, 210-213.
[CrossRef] [PubMed]

Ge, S.; Yang, C.H.; Hsu, K.S.; Ming, G.L.; Song, H. A Critical Period for Enhanced Synaptic Plasticity in Newly Generated Neurons
of the Adult Brain. Neuron 2007, 54, 559-566. [CrossRef] [PubMed]

Van Praag, H.; Christie, B.R.; Sejnowski, T.].; Gage, FH. Running enhances neurogenesis, learning, and long-term potentiation in
mice Henriette. Proc. Natl. Acad. Sci. USA 1999, 96, 13427-13431. [CrossRef]


http://doi.org/10.1186/1742-2094-10-40
http://doi.org/10.1016/j.expneurol.2008.05.006
http://doi.org/10.1016/j.neuroscience.2018.10.045
http://doi.org/10.1016/j.psyneuen.2015.09.023
http://doi.org/10.1016/j.psyneuen.2014.10.015
http://www.ncbi.nlm.nih.gov/pubmed/25462915
http://doi.org/10.1073/pnas.0800708105
http://www.ncbi.nlm.nih.gov/pubmed/18443287
http://doi.org/10.1016/j.cell.2008.01.017
http://www.ncbi.nlm.nih.gov/pubmed/18267071
http://doi.org/10.1038/s41467-021-25364-2
http://doi.org/10.1074/jbc.M607955200
http://www.ncbi.nlm.nih.gov/pubmed/17050541
http://doi.org/10.1126/science.1117255
http://www.ncbi.nlm.nih.gov/pubmed/16284174
http://doi.org/10.1016/j.mce.2011.03.018
http://doi.org/10.1124/jpet.102.034827
http://doi.org/10.3390/ijms18030638
http://www.ncbi.nlm.nih.gov/pubmed/28294994
http://doi.org/10.1016/j.neuroscience.2011.07.063
http://www.ncbi.nlm.nih.gov/pubmed/21835225
http://doi.org/10.1016/j.neuroscience.2013.09.008
http://www.ncbi.nlm.nih.gov/pubmed/24042041
http://doi.org/10.1007/s12035-018-1362-8
http://doi.org/10.1080/09687680802629329
http://doi.org/10.1111/jnc.14244
http://doi.org/10.1126/science.135.3509.1127
http://doi.org/10.1038/3305
http://doi.org/10.1016/j.cell.2013.05.002
http://doi.org/10.1038/s41591-019-0375-9
http://doi.org/10.1126/science.abl5163
http://www.ncbi.nlm.nih.gov/pubmed/34672693
http://doi.org/10.1126/science.1173215
http://www.ncbi.nlm.nih.gov/pubmed/19590004
http://doi.org/10.1016/j.neuron.2007.05.002
http://www.ncbi.nlm.nih.gov/pubmed/17521569
http://doi.org/10.1073/pnas.96.23.13427

Cells 2022, 11, 765 8 of 10

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Kempermann, G.; Kuhn, H.G.; Gage, FH. More hippocampal neurons in adult mice living in an enriched environment. Nature
1997, 386, 493-495. [CrossRef]

Islam, M.R;; Valaris, S.; Young, M.E; Haley, E.B.; Luo, R.; Bond, S.E; Mazuera, S.; Kitchen, R.R.; Caldarone, B.J.; Bettio, L.E.B.; et al.
Exercise hormone irisin is a critical regulator of cognitive function. Nat. Metab. 2021, 3, 1058-1070. [CrossRef]

Dias, G.P; Murphy, T.; Stangl, D.; Ahmet, S.; Morisse, B.; Nix, A.; Aimone, L.J.; Aimone, J.B.; Kuro, M.; Gage, EH.; et al.
Intermittent fasting enhances long-term memory consolidation, adult hippocampal neurogenesis, and expression of longevity
gene Klotho. Mol. Psychiatry 2021, 26, 6365-6379. [CrossRef]

Moon, H.Y.; Becke, A.; Berron, D.; Becker, B.; Sah, N.; Benoni, G.; Janke, E.; Lubejko, S.; Greig, N.H.; Mattison, J.A.; et al.
Running-induced systemic cathepsin B secretion is associated with memory function. Cell Metab. 2016, 24, 332-340. [CrossRef]
De Miguel, Z.; Khoury, N.; Betley, M.].; Lehallier, B.; Willoughby, D.; Olsson, N.; Yang, A.C.; Hahn, O.; Lu, N.; Vest, R.T.; et al.
Exercise plasma boosts memory and dampens brain inflammation via clusterin. Nature 2021, 600, 494-499. [CrossRef]

Villeda, S.A.; Luo, ].; Mosher, K.I.; Zou, B.; Britschgi, M.; Bieri, G.; Stan, T.M.; Fainberg, N.; Ding, Z.; Eggel, A ; et al. The ageing
systemic milieu negatively regulates neurogenesis and cognitive function. Nature 2011, 477, 90-94. [CrossRef]

Katsimpardi, L.; Litterman, N.K,; Schein, P,; Miller, C.M.; Loffredo, ES.; Wojtkiewicz, G.R.; Chen, JW.; Lee, R.T.; Wagers, A.J.; Rubin, L.L.
Vascular and Neurogenic Rejuvenation of the Aging Mouse Brain by Young Systemic Factors. Science 2014, 344, 630—-634. [CrossRef]
[PubMed]

Smith, L.K.; He, Y,; Park, J.S.; Bieri, G.; Snethlage, C.E.; Lin, K.; Gontier, G.; Wabl, R.; Plambeck, K.E.; Udeochu, J.; et al. B2-
Microglobulin Is a Systemic Pro-Aging Factor That Impairs Cognitive Function and Neurogenesis. Nat. Med. 2015, 21, 932-937.
[CrossRef] [PubMed]

Horowitz, A.M.; Fan, X.; Bieri, G.; Smith, L.K.; Sanchez-Diaz, C.I.; Schroer, A.B.; Gontier, G.; Casaletto, K.B.; Kramer, J.H.;
Williams, K.E.; et al. Blood factors transfer beneficial effects of exercise on neurogenesis and cognition to the aged brain. Science
2020, 369, 167-173. [CrossRef] [PubMed]

Lee, J.; Seroogy, K.B.; Mattson, M.P. Dietary restriction enhances neurotrophin expression and neurogenesis in the hippocampus
of adult mice. J. Neurochem. 2002, 80, 539-547. [CrossRef] [PubMed]

Kim, Y,; Kim, S.; Kim, C.; Sato, T.; Kojima, M.; Park, S. Ghrelin is required for dietary restriction-induced enhancement of
hippocampal neurogenesis: Lessons from ghrelin knockout mice. Endocr. J. 2015, 62, 269-275. [CrossRef]

Bekinschtein, P.; Kent, B.; Oomen, C.A.; Clemenson, G.D.; Gage, F.H.; Saksida, L.M.; Bussey, T.]. BDNF in the dentate gyrus is
required for consolidation of “pattern-separated” memories. Cell Rep. 2013, 5, 759-768. [CrossRef]

Hornsby, A.K.E.; Buntwal, L.; Carisi, M.C.; Santos, V.V.; Johnston, F.; Roberts, L.D.; Sassi, M.; Mequinion, M.; Stark, R,;
Reichenbach, A.; et al. Unacylated-Ghrelin Impairs Hippocampal Neurogenesis and Memory in Mice and Is Altered in Parkinson’s
Dementia in Humans. Cell Rep. Med. 2020, 1, 100120. [CrossRef]

Lee, J.Y,; Chung, H.; Yoo, Y.S.; Oh, YJ.; Oh, TH.; Park, S.; Yune, T.Y. Inhibition of apoptotic cell death by ghrelin improves
functional recovery after spinal cord injury. Endocrinology 2010, 151, 3815-3826. [CrossRef]

Ma, L.; Zhang, D.; Tang, Y.; Lu, Y,; Zhang, Y.; Gao, Y.; Xia, L.; Zhao, K.; Chai, L.; Xiao, Q. Ghrelin-Attenuated Cognitive
Dysfunction in Streptozotocin-induced Diabetic Rats. Alzheimer Dis. Assoc. Disord. 2011, 25, 352-363. [CrossRef]

Perea Vega, M.L.; Sanchez, M.S.; Ferndndez, G.; Paglini, M.G.; Martin, M.; de Barioglio, S.R. Ghrelin treatment leads to dendritic
spine remodeling in hippocampal neurons and increases the expression of specific BDNF-mRINA species. Neurobiol. Learn. Mem.
2021, 179, 107409. [CrossRef]

Delhanty, P].D.; Sun, Y.; Visser, J.A.; van Kerkwijk, A.; Huisman, M.; van Ijcken, W.E].; Swagemakers, S.; Smith, R.G.; Themmen,
A.PN,; van der Lely, A.J. Unacylated ghrelin rapidly modulates lipogenic and insulin signaling pathway gene expression in
metabolically active tissues of GHSR deleted mice. PLoS ONE 2010, 5, e11749. [CrossRef] [PubMed]

Stevanovic, D.M.; Grefhorst, A.; Themmen, A.P.N.; Popovic, V.; Holstege, J.; Haasdijk, E.; Trajkovic, V.; Van Der Lely, AJ;
Delhanty, PJ.D. Unacylated ghrelin suppresses grelin-induced neuronal activity in the hypothalamus and brainstem of male rats.
PLoS ONE 2014, 9, €98180. [CrossRef] [PubMed]

Carlini, V.P,; Perez, M.F,; Salde, E.; Schi6th, H.B.; Ramirez, O.; de Barioglio, S.R. Ghrelin induced memory facilitation implicates
nitric oxide synthase activation and decrease in the threshold to promote LTP in hippocampal dentate gyrus. Physiol. Behav. 2010,
101, 117-123. [CrossRef] [PubMed]

Chen, L.; Xing, T.; Wang, M.; Miao, Y.; Tang, M.; Chen, J.; Li, G.; Ruan, D. Local infusion of ghrelin enhanced hippocampal
synaptic plasticity and spatial memory through activation of phosphoinositide 3-kinase in the dentate gyrus of adult rats. Eur. |.
Neurosci. 2011, 33, 266-275. [CrossRef]

Ribeiro, L.F.; Catarino, T; Santos, S.D.; Benoist, M.; Van Leeuwen, ].F,; Esteban, ].A.; Carvalho, A.L. Ghrelin triggers the synaptic
incorporation of AMPA receptors in the hippocampus. Proc. Natl. Acad. Sci. USA 2014, 111, E149-E158. [CrossRef]

Berrout, L.; Isokawa, M. Ghrelin upregulates the phosphorylation of the GIluN2B subunit of the NMDA receptor by activating
GHSR1a and Fyn in the rat hippocampus. Brain Res. 2018, 1678, 20-26. [CrossRef]

Ghersi, M.S.; Gabach, L.A.; Buteler, F,; Vilcaes, A.A.; Schioth, H.B.; Perez, M.F.; De Barioglio, S.R. Ghrelin increases memory
consolidation through hippocampal mechanisms dependent on glutamate release and NR2B-subunits of the NMDA receptor.
Psychopharmacology 2015, 232, 1843-1857. [CrossRef]


http://doi.org/10.1038/386493a0
http://doi.org/10.1038/s42255-021-00438-z
http://doi.org/10.1038/s41380-021-01102-4
http://doi.org/10.1016/j.cmet.2016.05.025
http://doi.org/10.1038/s41586-021-04183-x
http://doi.org/10.1038/nature10357
http://doi.org/10.1126/science.1251141
http://www.ncbi.nlm.nih.gov/pubmed/24797482
http://doi.org/10.1038/nm.3898
http://www.ncbi.nlm.nih.gov/pubmed/26147761
http://doi.org/10.1126/science.aaw2622
http://www.ncbi.nlm.nih.gov/pubmed/32646997
http://doi.org/10.1046/j.0022-3042.2001.00747.x
http://www.ncbi.nlm.nih.gov/pubmed/11905999
http://doi.org/10.1507/endocrj.EJ14-0436
http://doi.org/10.1016/j.celrep.2013.09.027
http://doi.org/10.1016/j.xcrm.2020.100120
http://doi.org/10.1210/en.2009-1416
http://doi.org/10.1097/WAD.0b013e31820ce536
http://doi.org/10.1016/j.nlm.2021.107409
http://doi.org/10.1371/journal.pone.0011749
http://www.ncbi.nlm.nih.gov/pubmed/20668691
http://doi.org/10.1371/journal.pone.0098180
http://www.ncbi.nlm.nih.gov/pubmed/24852945
http://doi.org/10.1016/j.physbeh.2010.04.026
http://www.ncbi.nlm.nih.gov/pubmed/20451534
http://doi.org/10.1111/j.1460-9568.2010.07491.x
http://doi.org/10.1073/pnas.1313798111
http://doi.org/10.1016/j.brainres.2017.09.028
http://doi.org/10.1007/s00213-014-3817-6

Cells 2022, 11, 765 90f 10

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Santos, V.V; Stark, R.; Rial, D,; Silva, H.B.; Bayliss, J.A.; Lemus, M.B.; Davies, ].S.; Cunha, R.A.; Prediger, R.D.; Andrews, Z.B. Acyl
ghrelin improves cognition, synaptic plasticity deficits and neuroinflammation following amyloid beta (A1-40) administration
in mice. J. Neuroendocrinol. 2017, 9, 1-11.

Moon, M.; Cha, M.Y.; Mook-Jung, I. Impaired hippocampal neurogenesis and its enhancement with ghrelin in 5XFADL
J. Alzheimer’s Dis. 2014, 41, 233-241. [CrossRef]

Walker, A K,; Rivera, PD.; Wang, Q.; Chuang, J.C; Tran, S.; Osborne-Lawrence, S.; Estill, S.J.; Starwalt, R.; Huntington, P;
Morlock, L.; et al. The P7C3 class of neuroprotective compounds exerts antidepressant efficacy in mice by increasing hippocampal
neurogenesis. Mol. Psychiatry 2015, 20, 500-508. [CrossRef]

Flor-Garcia, M.; Terreros-Roncal, J.; Moreno-Jiménez, E.P; Avila, J.; Rdbano, A.; Llorens-Martin, M. Unraveling human adult
hippocampal neurogenesis. Nat. Protoc. 2020, 15, 668—693. [CrossRef] [PubMed]

Hoglinger, G.U.; Rizk, P; Muriel, M.P,; Duyckaerts, C.; Oertel, W.H.; Caille, I.; Hirsch, E.C. Dopamine depletion impairs precursor
cell proliferation in Parkinson disease. Nat. Neurosci. 2004, 7, 726-735. [CrossRef]

Wesnes, K.A_; Burn, D.J. Compromised Object Pattern Separation Performance in Parkinson’s Disease Suggests Dentate Gyrus
Neurogenesis may be Compromised in the Condition. J. Alzheimer’s Dis. Park. 2014, 04, 5-8.

Unger, M.M.; Moller, ].C.; Mankel, K.; Eggert, KM.; Bohne, K.; Bodden, M.; Stiasny-Kolster, K.; Kann, PH.; Mayer, G.; Tebbe, ].].; et al.
Postprandial ghrelin response is reduced in patients with Parkinson’s disease and idiopathic REM sleep behaviour disorder: A peripheral
biomarker for early Parkinson’s disease? J. Neurol. 2011, 258, 982-990. [CrossRef] [PubMed]

Song, N.; Wang, W.; Jia, F;; Du, X,; Xie, A.; He, Q.; Shen, X.; Zhang, ].; Rogers, ].T.; Xie, ].; et al. Assessments of plasma ghrelin
levels in the early stages of parkinson’s disease. Mov. Disord. 2017, 32, 1487-1491. [CrossRef] [PubMed]

Li, E; Kim, Y;; Kim, S.; Park, S. Ghrelin-induced hippocampal neurogenesis and enhancement of cognitive function are mediated
independently of GH / IGF-1 axis: Lessons from the spontaneous dwarf rats. Endocr. J. 2013, 60, 1065-1075. [CrossRef] [PubMed]
Tian, J.; Guo, L.; Sui, S.; Driskill, C.; Phensy, A.; Wang, Q.; Gauba, E.; Zigman, ] M.; Swerdlow, R.H.; Kroener, S.; et al. Disrupted
hippocampal growth hormone secretagogue receptor 1« interaction with dopamine receptor D1 plays a role in Alzheimer’s
disease. Sci. Transl. Med. 2019, 11, eaav6278. [CrossRef]

Wakabayashi, H.; Arai, H.; Inui, A. The regulatory approval of anamorelin for treatment of cachexia in patients with non-small
cell lung cancer, gastric cancer, pancreatic cancer, and colorectal cancer in Japan: Facts and numbers. J. Cachexia. Sarcopenia Muscle
2021, 12, 14-16. [CrossRef]

Atcha, Z.; Chen, W.-S.; Ong, A.B.; Wong, F.-K.; Neo, A.; Browne, E.R.; Witherington, J.; Pemberton, D.]. Cognitive enhancing
effects of ghrelin receptor agonists. Psychopharmacology 2009, 206, 415-427. [CrossRef]

Dhurandhar, E.J.; Allison, D.B.; van Groen, T.; Kadish, I. Hunger in the Absence of Caloric Restriction Improves Cognition and
Attenuates Alzheimer’s Disease Pathology in a Mouse Model. PLoS ONE 2013, 8, e60437. [CrossRef]

Jeong, Y.O,; Shin, S.J.; Park, ].Y,; Ku, B.K,; Song, ].S.; Kim, ].].; Jeon, S.G.; Lee, S.M.; Moon, M. Mk-0677, a ghrelin agonist, alleviates
amyloid beta-related pathology in 5XFAD mice, an animal model of Alzheimer’s disease. Int. ]. Mol. Sci. 2018, 19, 1800. [CrossRef]
[PubMed]

Kunath, N.; van Groen, T.; Allison, D.B.; Kumar, A.; Dozier-Sharpe, M.; Kadish, I. Ghrelin agonist does not foster insulin resistance
but improves cognition in an Alzheimer’s disease mouse model. Sci. Rep. 2015, 5, 11452. [CrossRef] [PubMed]

Sevigny, J.J.; Ryan, ].M.; Van Dyck, C.H.; Peng, Y.; Lines, C.R.; Nessly, M.L. Growth hormone secretagogue MK-677: No clinical
effect on AD progression in a randomized trial. Neurology 2008, 71, 1702-1708. [CrossRef] [PubMed]

Arnold, S.E.; Arvanitakis, Z.; Macauley-Rambach, S.L.; Koenig, A.M.; Wang, H.-Y.; Ahima, R.S; Craft, S.; Gandy, S.; Buettner,
C.; Stoeckel, L.E.; et al. Brain insulin resistance in type 2 diabetes and Alzheimer disease: Concepts and conundrums. Nat. Rev.
Neurol. 2018, 14, 168-181. [CrossRef]

Buntwal, L.; Sassi, M.; Morgan, A.H.; Andrews, Z.B.; Davies, ].S. Ghrelin-Mediated Hippocampal Neurogenesis: Implications for
Health and Disease. Trends Endocrinol. Metab. 2019, 30, 844-859. [CrossRef]

De Vriese, C.; Gregoire, F.; Lema-Kisoka, R.; Waelbroeck, M.; Robberecht, P.; Delporte, C. Ghrelin degradation by serum and
tissue homogenates: Identification of the cleavage sites. Endocrinology 2004, 145, 4997-5005. [CrossRef]

Brimijoin, S.; Chen, V.P,; Pang, Y.; Geng, L.; Gao, Y. Physiological Roles for Butyrylcholinesterase: A BChE-Ghrelin Axis. Chem.
Biol. Interact. 2016, 259, 271-275. [CrossRef]

Macdonald, I.R.; Maxwell, S.P; Reid, G.A.; Cash, M.K.; Debay, D.R.; Darvesh, S. Quantification of Butyrylcholinesterase Activity
as a Sensitive and Specific Biomarker of Alzheimer’s Disease. |. Alzheimer’s Dis. 2017, 58, 491-505. [CrossRef]

Shanado, Y.; Kometani, M.; Uchiyama, H.; Koizumi, S.; Teno, N. Lysophospholipase I identified as a ghrelin deacylation enzyme
in rat stomach. Biochem. Biophys. Res. Commun. 2004, 325, 1487-1494. [CrossRef]

Satou, M.; Nishi, Y.; Yoh, J.; Hattori, Y.; Sugimoto, H. Identification and characterization of acyl-protein thioesterase 1/lysophos-
pholipase I as a ghrelin deacylation/lysophospholipid hydrolyzing enzyme in fetal bovine serum and conditioned medium.
Endocrinology 2010, 151, 4765-4775. [CrossRef]

Tatro, E.T.; Risbrough, V.; Soontornniyomkij, B.; Young, J.; Shumaker-Armstrong, S.; Jeste, D.V.; Achim, C.L. Short-term recognition
memory correlates with regional CNS expression of microRNA-138 in mice. Am. J. Geriatr. Psychiatry 2013, 21, 461-473. [CrossRef]
[PubMed]

Dore, K.; Carrico, Z.; Alfonso, S.; Marino, M.; Koymans, K.; Kessels, H.W.; Malinow, R. PSD-95 protects synapses from 3-amyloid.
Cell Rep. 2021, 35, 109194. [CrossRef] [PubMed]


http://doi.org/10.3233/JAD-132417
http://doi.org/10.1038/mp.2014.34
http://doi.org/10.1038/s41596-019-0267-y
http://www.ncbi.nlm.nih.gov/pubmed/31915385
http://doi.org/10.1038/nn1265
http://doi.org/10.1007/s00415-010-5864-1
http://www.ncbi.nlm.nih.gov/pubmed/21181542
http://doi.org/10.1002/mds.27095
http://www.ncbi.nlm.nih.gov/pubmed/28681931
http://doi.org/10.1507/endocrj.EJ13-0045
http://www.ncbi.nlm.nih.gov/pubmed/23774069
http://doi.org/10.1126/scitranslmed.aav6278
http://doi.org/10.1002/jcsm.12675
http://doi.org/10.1007/s00213-009-1620-6
http://doi.org/10.1371/journal.pone.0060437
http://doi.org/10.3390/ijms19061800
http://www.ncbi.nlm.nih.gov/pubmed/29912176
http://doi.org/10.1038/srep11452
http://www.ncbi.nlm.nih.gov/pubmed/26090621
http://doi.org/10.1212/01.wnl.0000335163.88054.e7
http://www.ncbi.nlm.nih.gov/pubmed/19015485
http://doi.org/10.1038/nrneurol.2017.185
http://doi.org/10.1016/j.tem.2019.07.001
http://doi.org/10.1210/en.2004-0569
http://doi.org/10.1016/j.cbi.2016.02.013
http://doi.org/10.3233/JAD-170164
http://doi.org/10.1016/j.bbrc.2004.10.193
http://doi.org/10.1210/en.2010-0412
http://doi.org/10.1016/j.jagp.2012.09.005
http://www.ncbi.nlm.nih.gov/pubmed/23570889
http://doi.org/10.1016/j.celrep.2021.109194
http://www.ncbi.nlm.nih.gov/pubmed/34077732

Cells 2022, 11, 765 10 of 10

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Lemarié, FL.; Caron, N.S,; Sanders, S.S.; Schmidt, M.E.; Nguyen, Y.T.N.; Ko, S.; Xu, X,; Pouladi, M.A.; Martin, D.D.O.; Hayden, M.R.
Rescue of aberrant huntingtin palmitoylation ameliorates mutant huntingtin-induced toxicity. Neurobiol. Dis. 2021, 158, 105479.
[CrossRef] [PubMed]

Virlogeux, A.; Scaramuzzino, C.; Lenoir, S.; Carpentier, R.; Louessard, M.; Genoux, A.; Lino, P.; Hinckelmann, M.V,; Perrier, A.L,;
Humbert, S.; et al. Increasing brain palmitoylation rescues behavior and neuropathology in Huntington disease mice. Sci. Adv.
2021, 7, eabb0799. [CrossRef] [PubMed]

Eubanks, L.M.; Stowe, G.N.; De Lamo Marin, S.; Mayorov, A.V.; Hixon, M.S.; Janda, K.D. Identification of « 2 macroglobulin as a
major serum ghrelin esterase. Angew. Chem.-Int. Ed. 2011, 50, 10699-10702. [CrossRef]

Kakugawa, S.; Langton, PF,; Zebisch, M.; Howell, S.A.; Chang, TH.; Liu, Y.; Feizi, T.; Bineva, G.; O'Reilly, N.; Snijders, A.P; et al.
Notum deacylates Wnt proteins to suppress signalling activity. Nature 2015, 519, 187-192. [CrossRef]

Zhao, Y.; Schuhmacher, L.N.; Roberts, M.; Kakugawa, S.; Bineva-Todd, G.; Howell, S.; O'Reilly, N.; Perret, C.; Snijders, A.P;
Vincent, ].P; et al. Notum deacylates octanoylated ghrelin. Mol. Metab. 2021, 49, 101201. [CrossRef]

Zetterberg, H.; Blennow, K. Moving fluid biomarkers for Alzheimer’s disease from research tools to routine clinical diagnostics.
Mol. Neurodegener. 2021, 16, 10. [CrossRef]

Winner, B.; Winkler, J. Adult Neurogenesis in Neurodegenerative Diseases: Figure 1. Cold Spring Harb. Perspect. Biol. 2015, 7, a021287.
[CrossRef]

Li, E.; Chung, H.; Kim, Y.; Kim, D.H.; Ryu, J.H.; Sato, T.; Kojima, M.; Park, S. Ghrelin directly stimulates adult hippocampal
neurogenesis: Implications for learning and memory. Endocr. J. 2013, 60, 781-789. [CrossRef]

Zhao, Z.; Liu, H.; Xiao, K.; Yu, M; Cui, L.; Zhu, Q.; Zhao, R.; Li, G.-D.; Zhou, Y. Ghrelin administration enhances neurogenesis
but impairs spatial learning and memory in adult mice. Neuroscience 2014, 257, 175-185. [CrossRef] [PubMed]

Huang, HJ.; Chen, X.R.; Han, Q.Q.; Wang, J.; Pilot, A; Yu, R;; Liu, Q.; Li, B.; Wu, G.C.; Wang, Y.Q.; et al. The protective effects of
Ghrelin/GHSR on hippocampal neurogenesis in CUMS mice. Neuropharmacology 2019, 155, 31-43. [CrossRef] [PubMed]


http://doi.org/10.1016/j.nbd.2021.105479
http://www.ncbi.nlm.nih.gov/pubmed/34390831
http://doi.org/10.1126/sciadv.abb0799
http://www.ncbi.nlm.nih.gov/pubmed/33789888
http://doi.org/10.1002/anie.201104512
http://doi.org/10.1038/nature14259
http://doi.org/10.1016/j.molmet.2021.101201
http://doi.org/10.1186/s13024-021-00430-x
http://doi.org/10.1101/cshperspect.a021287
http://doi.org/10.1507/endocrj.EJ13-0008
http://doi.org/10.1016/j.neuroscience.2013.10.063
http://www.ncbi.nlm.nih.gov/pubmed/24211302
http://doi.org/10.1016/j.neuropharm.2019.05.013
http://www.ncbi.nlm.nih.gov/pubmed/31103617

	Introduction 
	Central Actions of Ghrelin 
	Neurogenesis in Humans—Relevance to Ghrelin Signalling 
	Targeting the AG:UAG Ratio 
	Conclusions 
	References

