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Abstract

Apelin, an endogenous ligand for the G protein-coupled receptor APJ, is extensively expressed in various systems, especially
the nervous system. This article reviews the role of apelin/APJ system in neurological diseases. In detail, apelin/APJ system
can relieve acute brain injury including subarachnoid hemorrhage, traumatic brain injury, and ischemic stroke. Also, apelin/
APJ system has therapeutic effects on chronic neurodegenerative disease models, involving the regulation of neurotrophic
factors, neuroendocrine, oxidative stress, neuroinflammation, neuronal apoptosis, and autophagy. In addition, through differ-
ent routes of administration, apelin/APJ system has a biphasic effect on depression, epilepsy, and pain. However, apelin/APJ
system exacerbates the proliferation and invasion of glioblastoma. Thus, apelin/APJ system is expected to be a therapeutic

target for the treatment of nervous system diseases.
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Introduction

APJ, a G protein-coupled receptor identified from the
human gene by O’Dowd in 1993, was then called an orphan
G protein-coupled receptor, consisting of 380 amino acids
with 40% to 50% homology to the hydrophobic region of
the angiotensin type I receptor [1]. In 1998, Tatemoto et al.
extracted and purified the endogenous ligand of APJ from
bovine gastric secretions, naming it apelin [2]. Genomics
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further revealed that the human apelin gene is localized in
the q25 to 26.1 region of the X chromosome and consists
mainly of 2 introns and 3 exons. The natural apelin peptide is
processed from the C-terminal portion of a precursor protein
consisting of 77 amino acid residues. The post-translational
processing of the precursor protein results in a mature ape-
lin active peptide consisting of 12, 13, 15, 16, 17, 19, 28,
31, and 36 amino acid residues [2—4]. Among these apelin
isoforms, apelin-13 has the strongest biological potency.
The metabolism of apelin can be regulated by ACE-2, and
Neprilysin (a metalloprotease) degrades apelin by truncating
the RPRL (Arg2-Leu-5) region of apelin. [5, 6]. In addition
to apelin, Elabela/Toddler has recently been proved to be
another endogenous ligand for APJ [7].

To date, increasing evidence has found that the apelin/
APJ system is widely present in diverse tissues, such as
heart, liver, kidney, adipose tissue, lung, brain, and so on
[8, 9]. Besides, apelin/APJ system acts as a stress receptor
in the body and is extensively and sensitively involved in
various diseases. Apelin promotes iron citrate-induced mito-
chondrial ROS and total ion production to induce myocar-
dial hypertrophy via NCOA4-mediated ferritinophagy [10].
Apelin significantly reduces the uptake and oxidation of fatty
acids in the myocardium of type 2 diabetic rats [11]. Recent
studies have shown that apelin ameliorates acute lung injury
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and cardiovascular/coagulopathy complications associated
with elevated Ang-1I/Ang (1-7) ratios in COVID-19 [12].
Indeed, it is found that tumor necrosis factor-o, lipopoly-
saccharide, hypoxia, and insulin all modulate the activation
of the apelin/APJ system under different physiological or
pathological conditions [8, 13—15]. Altogether, apelin/APJ
system engages in the regulation of pathophysiological pro-
cesses with pleiotropic actions in the various organs.

Actually, the role of apelin/APJ system in the nervous
system is of particular interest to us. Apelin-immunoreactive
neuronal cell bodies are distributed throughout the extent
of the hypothalamic arcuate nucleus [16], which implies a
potential role in neuroendocrine. Apelin mRNA and pro-
tein have strong signal expression in learning and memory
related areas such as caudate nucleus, corpus callosum, and
hippocampus gray matter [17]. Wang et al. have analyzed
and identified 352 differentially expressed miRNAs and their
target genes that play an instrumental role in neuroprotec-
tion of apelin-13 [18]. Besides, microinjection of apelin-13
into the nucleus tractus solitarius results in a significant
reduction in apnea or phrenic nerve discharge amplitude.
In contrast, apelin-13 injection into the rostral ventrolateral
medulla resulted in an increase in phrenic nerve discharge
amplitude [19]. In rats with experimental autoimmune neu-
ritis, the infiltration of inflammatory cells and demyelination
in the apelin-13 group decreased significantly [20]. More
importantly, apelin relieves the nerve damage caused by the
abuse of many drugs, such as methamphetamine, manifest-
ing as reduced oxidative stress, apoptosis, and autophagy
[21].Consequently, the regulation of the apelin/APJ axis in
the nervous system is widespread and effective. Herein, the
modulatory role of the apelin/APJ system in neurological
disorders is reviewed, and its new therapeutic strategies for
neurological disorders require exploration.

Apelin/APJ system alleviates cerebrovascular
diseases

Cerebrovascular diseases are mostly caused by brain inju-
ries, and drug applications are mainly focused on recovery
after surgery. The palliative effect of the apelin/APJ system
in brain injuries such as subarachnoid hemorrhage, ischemic
stroke has been widely reported (Fig. 1). Therefore, apelin/
APJ system may be a potential target for cerebrovascular
diseases therapy.

Subarachnoid hemorrhage

Subarachnoid hemorrhage (SAH) is one of the most seri-
ous causes of brain injury. In the early stages of SAH,
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perfused blood diffuses directly through the subarachnoid
space and is not fully absorbed by the cerebral cortex,
resulting in increased cerebral blood pressure, as well
as the production of toxic cellular debris, inflammatory
factors, and reactive oxygen species(ROS), which conse-
quently inhibits normal protein folding and activates endo-
plasmic reticulum stress, causing irreversible damage to
neuronal cells [22].

Apelin activates AMPK inhibition to reduce endoplas-
mic reticulum stress-mediated oxidative stress and neu-
roinflammation. The expression of endogenous apelin-13
and APJ in microglia and neurons rose within 24 h after
SAH, while contributing to a significant increase and peak
of p-AMPK [23]. AMPK reduces neutrophil infiltration
after stroke and the neurotoxicity of glutamate in the hip-
pocampus caused by the elevation of TXNIP (Thioredoxin-
interacting protein)/NLRP3 (NOD-like receptor protein 3)
inflammatory bodies under endoplasmic reticulum over-
stress [24]. However, after the application of exogenous
apelin-13, the level of AMPK continued to increase and
significantly decreased the level of NLRP3 and TXNIP,
alleviating the nerve injury under oxidative stress and
inflammation, which is reflected in the decrease of Bip,
cleaved caspase-1, IL-1p and TNF-a, MPO, and ROS [23].
On the other hand, excessive endoplasmic reticulum stress
leads to an unfolded protein response (UPR). Activating
transcription factor 6 (ATF6), a crucial transmembrane
protein that conducts endoplasmic reticulum pressure [25],
increased significantly in the cytoplasm and nucleus of
neurons after SAH, as did downstream target molecule C/
EBP homologous protein (CHOP), and then played a role
in promoting apoptosis in the brain [26]. However, this
phenomenon is reversed by the application of apelin-13
in the lateral ventricle [27].

In addition to inflammation and endoplasmic reticulum
stress, neuronal damage is another risk factor for early
brain injury after SAH, which is associated with neuronal
apoptosis. Emerging evidence indicates that glucagon-like
peptide 1 receptor (GLP-1R) acts as an anti-apoptotic tar-
get and attenuates neuronal apoptosis through the PI3K/
Akt pathway [28, 29]. The level of GLP-1R increases sig-
nificantly after SAH and exogenous apelin-13 further up-
regulates the expression of GLP-1R in ipsilateral cortical
neurons after SAH, and increases the expression of apop-
tosis-related protein Bcl-2 through PI3K/Akt signal path-
ways, thus relieving the symptoms of neuronal apoptosis
and complicated brain edema. The APJ inhibitor ML221
counteracted these neuroprotective gains [30, 31].

In conclusion, the apelin/APJ system alleviates SAH
symptoms by inhibiting endoplasmic reticulum stress
and neuronal apoptosis. Further studies should focus on
whether apelin upregulation is significantly sufficient to
affect ER stress in response to SAH.



Molecular Biology Reports (2023) 50:1639-1653

1641

Qo O —_—

TNF-a IL-1p MPO caspase-1

Bcl-2

—

Neuronal apoptosis Neuroninflammation  ER Stress

Subarachnoid hemorrhage

Fig.1 Apelin/APJ system alleviates cerebrovascular diseases. The
mechanisms of apelin/APJ system alleviates SAH include the follow-
ing: Apelin/APJ system inhibits Bcl-2-mediated apoptosis through
PI3K/Akt agonism of GLP-1R. Apelin/APJ system inhibits TXNIP/
NLRP3-mediated caspase-1, IL-1p and TNF-a, and MPO release
through AMPK. The apelin/APJ system inhibits endoplasmic reticu-
lum stress through the ATF6/CHOP pathways. The mechanisms of
apelin/APJ system alleviates ischemic stroke include the following:
Apelin/APJ system inhibits oxidative stress via PLC/IP3/CAMKK/
AMPK/GSK-3p/Nrf-2 pathways. Apelin/APJ system inhibits AQP4-
mediated edema via PI3K/Akt. Apelin/APJ system inhibits MCP-1

Ischemic stroke

and MIP-la-mediated inflammation. SAH subarachnoid hemor-
rhage, Bcl-2 B-cell lymphoma 2, PI3K phosphatidylinositol-3-ki-
nase, Akt protein kinase B, TXNIP thioredoxin-interacting protein,
NLRP3 NOD-like receptor protein 3, /L-1f interleukin-1p, TNF-a
tumor necrosis factor-a, MPO myeloperoxidase, AMPK AMP-acti-
vated kinase, ATF6 activating transcription factor 6, CHOP C/EBP
homologous protein, PLC phospholipase C, IP3 inositol triphosphate,
CAMKK calmodulin dependent protein kinase kinase, GSK-3 f gly-
cogen synthase kinase-3p, Nrf-2 nuclear erythroid 2-related factor
2, AQP4 aquaporin 4, MCP-1 monocyte chemoattractant protein-1,
MIP-1a macrophage inflammatory protein la
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Ischemic stroke

Ischemic stroke accounts for about 87% of all stroke
patients [32]. Akin to hemorrhagic stroke, oxidative stress
and post-ischemic inflammation are considered to be the
key pathogenic mechanisms of brain damage caused by
ischemic stroke [33].

Duan et al. have concretely elaborated on the process
by which apelin-13 protects the brain from ischemic injury
[34]. Administration of apelin-13 activates phospholipase
C (PLC) following coupling with Ga proteins, and inositol
triphosphate (IP3) opens calcium channels after receiv-
ing this signal, which promotes the signal transduction
of cytoplasmic Ca**, and calmodulin dependent protein
kinase kinase (CaMKK) is activated after binding to cal-
cium [35]. Immediately after, AMPK is activated and
phosphorylated by CaMKK in the absence of energy. Gly-
cogen synthase kinase-3p (GSK-3p), as a serine/threonine
protein kinase involved in oxidative stress, is then phos-
phorylated, and mediates the binding of Nrf2, which has
been dissociated from its molecular chaperone keapl and
translocated to the nucleus in response to oxidative stress,
to antioxidant response elements (ARs), then upregulates
heme oxygenase-1 (HO-1) and NADPH quinone oxidore-
ductase (NQO1), so as to play a neuroprotective role. In
summary, apelin-13 protects against oxidative damage
through AMPK/GSK-3p/Nrf2 pathways. In addition to the
above observation, various subtypes of apelin have been
found to protect neurons by inhibiting apoptosis through
different pathways, apelin-36 activates PI3K/Akt signal-
ing pathways and drops the levels of cleaved caspase-3
and Bax, ultimately reduces infarct size [36]. Analogously,
in cerebral ischemic injury, apelin-13 inhibits apoptosis
through the PI3K/Akt and ERK pathways, and suppresses
excessive autophagy through PI3K/Akt/mTOR pathways
[37-39]. For the members of the apoptosis-related MAPKs
family such as JNK and P38MAPK, apelin-12 inhibits
them thus offering protection to neurons [40].

In terms of brain edema symptoms, aquaporin 4 (AQP4)
is a key downstream protein of the apelin/APJ system.
AQP4 produces a biphasic effect on the relief of brain
edema, which is characterized by promoting the forma-
tion of cytotoxic edema but promoting the clearance of
angiogenic edema [41]. The main type in the early stage
of cerebral ischemia is cytotoxic edema [42]. Consistent
with observations by Chu et al. [43], apelin-13 upregu-
lates AQP4 through ERK and PI3K/Akt pathways, and
thus relieves brain edema, protects endothelial function
and guards the blood-brain barrier in the short term. How-
ever, the role of AQP-4 in relatively complex brain edema
needs to be further clarified. In addition, apelin-13 pro-
tects the blood—brain barrier from oxidative stress damage
by inhibiting ocludin, claudin-5, endothelin B receptors
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(ETBR) and matrix metalloproteinases (MMPs), thereby
alleviating edema [44].

Apelin-13 saves brain nerves damaged by ischaemia.
Endangered nerves injured by ischemia will synthesize and
release chemokines, and induce the release of pro-inflamma-
tory mediators. Apelin-13 inhibits inflammation by decreas-
ing the chemokines monocyte chemoattractant protein-1
(MCP-1) and macrophage inflammatory protein 1 (MIP-1)
and increasing the anti-apoptotic cytokine IL-10 [45]. What's
more, in cerebral hemorrhage, MMPs mediate the imbalance
of collagenase activity and brain edema. Apelin-13 inhibits
the expression of MMP-9 and activates apoptosis-related
proteins to rescue nerve cells [46]. However, the expression
of vascular endothelial growth factor (VEGF) and MMP-9
increases in animals with focal ischemia 14 days after treat-
ment with apelin-13 [45]. It is suggested that apelin-13 is a
potential target to promote angiogenesis and local cerebral
blood flow restoration after ischemic stroke.

In conclusion, apelin/APJ system regulates ischemic
stroke through various transcription factors, including
AQP4, MMPs, MAPKs, AMPK/GSK-38/Nrf2 signaling,
PI3K/Akt signaling, MIP-1a/MCP-1. Further experiments
are needed to disentangle the exact mechanism of apelin/
APJ in ischaemic stroke, with a view to targeting apelin as a
potential clinical indicator in cerebrovascular disease.

Apelin/APJ system inhibits traumatic brain
injury

Under severe traumatic brain injury (TBI), endogenous
apelin-13 is depleted, and reduced serum apelin-13 con-
centration is negatively correlated with the disease and
independently related to the mortality within 30 days [47].
The course of TBI can be divided into primary injury and
secondary injury, and the changes of biomarkers and drug
treatment are generally concentrated in the secondary injury
stage.

Indeed, apelin-13 alleviated typical critical condi-
tions such as cerebral edema, elevated intracranial pres-
sure, because application of apelin-13 may inhibit cellu-
lar autophagy in the cortex and hippocampus in vivo and
promote restoration of mitochondrial function and protein
aggregation [48]. In addition, due to the destruction of the
blood-brain barrier, the brain's water content reaches its
peak within 24-48 h of TBI. The AQP4 protein present in
astrocytes, which regulates water transport, also increased
at the same time, and the expression of AQP4 is down-reg-
ulated by apelin-13, as well as the brain edema is signifi-
cantly relieved [49]. In addition, apelin-13 may eliminate
brain edema by preventing NMDA receptor cytotoxicity,
inhibiting TNF-a synthesis, reducing ROS production,
and blocking programmed cell death [50]. Another notable
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finding is that endogenous apelin inhibits VEGF, histamine,
or inflammation-induced increases in vascular permeability
[51], which may counteract the development of hyperperme-
ability-induced edema. Thus, autophagy may be a key target
of the apelin/APJ system to inhibit secondary impairment of
TBI. In addition, inhibition of brain edema may be an impor-
tant phenotype of apelin/APJ system gain, and its molecular
mechanism may involve AQP4, inflammatory factors, and
angiogenic factors. The exact mechanism still needs to be
further explored.

Apelin/APJ system attenuates
neurodegenerative diseases

There is growing evidence for a role of the apelin/APJ sys-
tem in Parkinson's disease and Alzheimer's disease (Table 1).
The involvement of the apelin/APJ system in Huntington's
disease, and Amyotrophic lateral sclerosis (ALS)has also
been reported. Given the high prevalence and overlap of

Table 1 Apelin/APJ system attenuates neurodegenerative diseases

neurodegenerative diseases, apelin/APJ system may be a
promising target for neurodegenerative diseases.

Alzheimer's disease

Till date, three cerebrospinal fluid biomarkers have been
described for the diagnosis of AD, namely f-amyloid (Ap),
total tau (t-tau), and phospho-tau (p-tau) [52]. Toxic free
radicals, pro-inflammatory and nutrient factors are also
involved in the progression of the disease [53]. Due to
the complex pathogenesis of AD, elucidation of crosstalk
between apelin and the pathological targets of ADfacilitates
the discovery of new targets.

Apelin-13 can improve the AD-like phenotype induced
by streptozotocin(STZ) [54], which effect is mainly depend-
ent on the brain-derived neurotrophic factor/tyrosine recep-
tor kinase B (BDNF/TrkB) pathway. Reduced IL-1, TNF-,
and elevated Ach are observed in the hippocampus of AD
rats via the apelin/BDNF/TrkB pathway, which contrib-
utes to the reduction of amyloid plaques, decrease in tau

Species Models Apelin treatments Mechanisms Pathways Refs.
Rat STZ-induced dementia Apelini.c.v Ameliorating TNF-a [54]
neuroinfammation
Rat STZ-induced AD Apelin-13 Anti-inflammatory and anti-tau BDNF/TrkB [55]
2ugicv phosphorylation
AP 25-35 induced AD Apelin-13 suppressing autophagy and apop- mTOR [59, 60]
1,2,2.5,5pg tosis
intra-CA1 injection
Rat AP 25-35 induced Apelin-13 Improving avoidance memory FKBP5/GR [57, 60]
memory impairment 2 g deficit and HPA axis feedback
and anxiety behaviors intra-CA1 injection mechanism as well as anxiogenic
behaviors
Mice = MPTP-induced PD Apelin-13 Alleviating a-synuclein aggregation IREa/XBP-1/CHOP [63]
0.3 pg/day
SNpc injection
Mice = MPTP-induced PD Apelin-36 Decreasing the aggregation of ASK1/INK/caspase-3 SOD/GSH/ [64]
0.1,0.3,0.5 pg/day  nitrated a-synuclein and alleviat- MDA
SNpc injection ing oxidative stress
Mice MPTP/MPP +induced PD Apelin-36 Induction of a-synuclein expression GRP78/CHOP/ cleaved caspase-12  [65]
0.5 pg/day
SNpc injection
Rat Rotenone-treated apelin-13 Attenuating neurotoxicity AMPK/mTOR/ULK-1 [66]
2,5 pg/kg
icv
Rat 6-hydroxydopamine apelin-13 Ameliorating E-LTP impairment PSD-95, DR1, mGluR1 [67, 69]
infused right substantia 2,3 pg

nigra

SNpc injection

AD Alzheimer's disease, IL-1f interleukin-1p, TNF-a tumor necrosis factor-a, BDNF brain-derived neurotrophic factor, 7rkB tyrosine recep-
tor kinase B, GC glucocorticoid receptor, FKBP5 FK506 binding protein 5, PI3K phosphatidylinositol-3-kinase, Akt protein kinase B, mTOR
mammalian target of rapamycin, /RE] inositol-requiring enzyme 1, XBP] X-box binding protein 1, CHOP C/EBP homologous protein, ASK/
signal-regulated kinase 1, JNK c-Jun N-terminal kinase, PSD-95 postsynaptic density protein 95, mGIluRI metabotropic glutamate receptor 1,
MPP + 1-methyl-4-phenylpyridinium, MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridin, SNpc substantia nigra compacta, SOD superoxide
Dismutase, GSH glutathione, MDA malondialdehyde, GRP78 glucose-regulated protein 78, AMPK AMP-activated kinase, mTOR mammalian
target of rapamycin, ULK! unc-51-like kinase 1, E-LTP early-long-term potentiation
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phosphorylation, and recovery of cholinergic neurons [55].
In addition, apelin/APJ system regulates BDNF transcription
through PI3K/Akt, ERK, or eNOS signaling pathways [17].
Thus, apelin may regulate the BDNF/TrkB axis through the
above transcription factors thereby producing anti-inflam-
matory and anti-tau phosphorylation effects.

On the other hand, AP aggregation interferes with the
function of hippocampal neurons and damages the hypotha-
lamic—pituitary—adrenal axis. Glucocorticoids are released
in a stressful manner with the abnormality of HPA axis,
and FK506 binding protein 5 (FKBPS) is a helper protein
of glucocorticoid receptor, which inhibits its sensitivity and
translocation [56]. Apelin promotes the nuclear translocation
of glucocorticoid receptor (GC) and enhance the sensitivity
of insulin receptor by inhibiting FKBP5 [57, 58]. Another
point of view suggests that Ap-induced autophagy stress is
involved in the development of AD. For details, autophagy is
inhibited and neuronal apoptosis rises after intrahippocam-
pal injection of AP25-35, and 2 pg of apelin treatment inhib-
its the autophagy flux in the early stage of AP aggregation
through mTOR pathway, alleviates the autophagy load and
maintains the turnover of autophagy and apoptosis [59]. In
addition, apelin-13 at doses of 1, 2.5 and 5 pg/mL but not
10 pg/mL has inhibited intracellular reactive oxygen spe-
cies and calcium production in Af-treated neuroblastoma
cell lines [60]. Excitingly, calcium homeostasis is thought
to play an instrumental role in the regulation of AP as well
as familial Alzheimer's disease proteins such as PSENs [61].
Altogether, apelin counteracts the damage of A aggrega-
tion by balancing neuroautophagy and apoptosis, alleviating
oxidative stress and restoring HPA axis function. Whether
apelin perturbs A effects or even Alzheimer's disease pro-
gression by modulating calcium signaling needs to be sup-
ported by new evidences.

Thus, apelin/APJ system inhibits inflammation via the
BDNF/TrkB axis thereby suppressing p-tau production
and protects the HPA axis by inhibiting FKBPS5 thereby
counteracting A production. Its role in balancing neuronal
autophagy and apoptosis in the brain via PI3K/Akt/mTOR
pathway cannot be ignored either.

Parkinson's disease

Parkinson's disease, characterized by resting tremors and
bradykinesia, is a progressive neurodegenerative disease.
Currently, oxidative stress, enhanced autophagy, and apop-
tosis inhibition are widely involved in the progression of
Parkinson's disease. In addition, the restoration of learning
and memory functions helps to alleviate the symptoms of
Parkinson's disease. To highlight the association between
apelin and Parkinson's disease, various studies focus on the
potential roles and mechanisms of apelin/APJ system in
autophagy, apoptosis, oxidative stress, memory and learning.
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After the accumulation of -synuclein, inositol-requiring
enzyme 1 (IRE1) is overactivated in drosophila PD models.
IRE1 catalyzes the transcription of X-box binding protein
1 (XBP1) mRNA to induce the production of XBP1, which
causes autophagy-dependent dopaminergic neuronal death
[62]. However, in the nigrostriatal injection of apelin-13 in
mice, the IRE1/XBP1/CHOP pathway is significantly inhib-
ited, and autophagy is repaired so itreduces the aggrega-
tion of a-synuclein [63]. In addition, under oxidative stress
caused by neurotoxins that cannot be removed reasonably
by autophagy, reactive oxygen species (ROS) are produced
in large quantities. Attractively, apelin-36 has been cen-
trally reported in alleviating oxidative stress and apoptosis.
In MPTP-induced Parkinson's disease model mice, ape-
lin-36 restores antioxidant system activity by increasing
superoxide dismutase (SOD) and glutathione (GSH) while
decreasing malondialdehyde (MDA), and simultaneously
inhibits apoptosis signal-regulated kinase 1(ASK1)/JNK/
caspase-3 apoptosis signaling pathway [64]. A separate
report said apelin-36 mainly inhibits the increase of endo-
plasmic reticulum stress-related proteins GRP78, CHOP
and cleaved caspase-12, then reverses neuroapoptosis [65].
Intuitively, apelin-13 enhances autophagy while reducing
misfolded proteins via the AMPK/mTOR/ULKI1 pathway
[66]. Together, the above results suggest that apelin allevi-
ates neuronal damage caused by oxidative stress, insufficient
autophagy, and excessive apoptosis in drug-induced Parkin-
son's disease models.

Except for the central role of the above axis in PD, apelin
is also related to proteins in the brain that are related to the
transmission of memory and learning signals. Long-term
potentiation (LTP) is the foundation of learning and con-
solidating memory. Postsynaptic density protein 95(PSD-95)
and dopaminergic receptor (DR1) are driven by dopamine
and affect LTP and many synaptic signals. apelin restores
the expression of PSD-95 and DR1 in the hippocampus
and striatum, and improves the early long-term potentiation
of the hippocampal CAl area of Parkinson’s disease rats,
thereby inducing and maintaining LTP [67, 68]. Notably,
metabotropic glutamate receptors (mGluRs) are new medi-
cations used to relieve PD dyskinesia. In the striatum of the
substantia nigra characterized by acute dopamine exhaus-
tion, exogenous apelin reduces overexpressed mGluR1 to
a normal level [69], and behaviorally improves PD mice's
completion of novel object recognition and object location
tasks [70].

In conclusion, various factors including autophagy, apop-
tosis, and oxidative stress are involved in the aggregation
of a-synuclein. The apelin/APJ system alleviates PD by
normalizing such effects. Additionally, apelin alleviates PD
symptoms such as impaired learning memory and slowed
movements in animal models. Thus, targeting apelin/APJ
system might be a potential therapeutic strategy for PD.
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Other neurodegenerative diseases

Huntington's disease, named for the causative gene Hun-
tingtin (HTT), which encodes the Htt protein. The mutated
HTT protein not only contributes to an increase in the
abnormal function of the protein but also leads to a loss
of normal function [71]. Although there is no direct evi-
dence about the crosstalk of the Apelin/APJ system on HTT
proteins,Considering the existence of prodromal molecular
mechanisms in Huntington's disease, the crosstalk of the
apelin/APJ system in Huntington's disease is worth discuss-
ing. Mutant HTT protein (mHTT), one of the biomarkers of
Huntington's disease, has been reported to be an autophagic
substrate and is promoted for clearance by autophagy
inducers [72]. Apelin may promote the degradation of HTT
proteins by initiating the autophagic pathway. Moreover,
ferroptosis, as an emerging target for the treatment of neu-
rodegenerative diseases, affects Huntington's disease by
influencing iron metabolism, lipid metabolism, and oxidative
stress [73]. Elabela/APJ system promotes ferroptosis through
the IL-6/STAT3/GPX4 signaling pathway [74], apelin-13
causes mitochondrial iron overload and ferritinophagy [10],
which may lead to ferrous ion concentration-dependent fer-
roptosis. Apelin/APJ system scavenges HTT and promotes
ferroptosis, which may be a mechanism of interest as a future
therapeutic target for Huntington's disease.

ALS is a fatal neurodegenerative disease caused by
the loss of motor neurons from the brain and spinal cord.
Current hypotheses to explain motor neuron degeneration
include glutamate toxicity and oxidative damage [75]. The
expression of apelin in the spinal cord of ALS model mice
decreases with the paralytic phenotype, which is attributed
to the enhanced protective effect of apelin on oxidative
stress-induced neuronal death by VEGF [76]. Moreover,
apelin alleviates the neurotoxicity of glutamate receptor
NMDA, which has been widely reported [77, 78]. These
studies illustrate apelin/APJ system is involved in ALS via
inhibiting redox injury and saving NMDA receptor. Maybe
in some cases, apelin/APJ system could be a key factor in
hindering the development of ALS.

Apelin/APJ system is involved in psychosis
Depression

Depression is a psychological disorder with complex origins,
and apelin/APJ system currently has crosstalk through neu-
roendocrine, trophic factors in the brain, and inflammation
(Fig. 2).

Neuroendocrine is considered as a new target to under-
stand the occurrence of depression. The link between the
abnormalities of the hypothalamic—pituitary—adrenal (HPA)

axis and depression has been one of the most consistently
reported findings in psychiatry [79]. Importantly, the plasma
cortisol in patients with depression is excessively secreted,
and the circadian rhythm of secretion is changed, which also
indicates that patients with depression may have HPA axis
dysfunction [80]. Moreover, the serum glucocorticoid level
in patients with depression increased significantly, which
in turn attacked the hippocampus, which is rich in gluco-
corticoid receptors and vulnerable to stress [81]. Intrigu-
ingly, increased expression of apelin/AP]J is found in the hip-
pocampus of rats with forced swimming stress and chronic
water-immersion restraint stress [82]. Apelin-13 ameliorates
HPA hyperactivity, as evidenced primarily by dexametha-
sone-mediated negative feedback resistance and increased
relative adrenal weight, to attenuate depression-like mani-
festations in rats exposed to CWIRS [58]. Therefore, the
mechanism of apelin/APJ system involvement in depression
via neuroendocrine needs to be urgently elucidated.

Recently, the involvement of neurotrophic factors in
the development of depression has also been emphasized.
BDNF, as a member of the neurotrophic factor family, is a
pivotal indicator of antidepressant treatment in clinical and
animal models [83]. Apelin-13 activates PI3K/Akt signaling
pathways related to the activation of BDNF/TrkB [84]. In
detail, the therapeutic effects of apelin-13 on depression and
memory impairment in rats in the forced swim test (FST)
are blocked by LY294002 (PI3K inhibitor) or PD98059
(ERK1/2 inhibitor) [85]. In a word, apelin/APJ system plays
a vital role in the neuroprotection mediated by BDNF/PI3K/
Akt signaling pathway.

On the other hand, inflammatory processes also play
a significant role in depression. Nowadays, a wealth of
evidence demonstrates the role of the apelin/APJ system
in the mitigation of stress and inflammation [86, 87].
Zhang et al. [88]. have detailed the protective mecha-
nism of apelin under lipopolysaccharide (LPS)-induced
inflammation. LPS induces microglia to transform to
the M1 phenotype, phosphorylate and directly activate
NF-kB, thereby activating NF-kB nuclear translocation,
leading to increase of cytokines IL-1f, IL-6 and TNF-a,
the hippocampus will suffer additional damage leading
to inflammation attack, synaptic neuron damage and cog-
nitive dysfunction. However, repeated ventricular injec-
tions of apelin-13 can reverse LPS/NF-kB-mediated neu-
roinflammation. Moreover, apelin inhibits LPS-induced
polarization of N9 microglia [89]. Carefully, apelin-13
regulates microglial polarization by inhibiting the acti-
vation of IL-6/STAT3 pathway induced by LPS. In this
process, apelin-13 decreased N9 microglial pro-inflam-
matory factor iNOS and upregulated anti-inflammatory
factors Arg-1 [90]. Interestingly, pSTAT3 is co-expressed
with NLRP3-positive cells in dorsal root ganglion neu-
rons, and apelin-13 alleviates acute lung injury caused
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Fig.2 Apelin/APJ system is involved in depression. Apelin/APJ sys-
tem inhibits depression by agonizing BDNF/Trk through PI3K/Akt
and ERK pathways. Apelin/APJ system protects the HPA axis and
thus suppresses depression. LPS promotes NF-kB nuclear translo-
cation and promotes STAT3-mediated rise in the pro-inflammatory
factor iNOS and fall in the anti-inflammatory factor Arg-1, thereby

by LPS-mediated NLRP3 activation [8, 89]. Thus, apelin
may further inhibit STAT3-activated NLRP3 to exert anti-
inflammatory effects. In short, apelin-13 can reduce glial
cell activation and relieve depression-like inflammation
in rats by acting via NF-kB and STAT3.

There are complex brain mechanisms involved in the
pathogenesis and treatment of depression, with strong
links to both neuroendocrine and neuroinflammatory
conditions. apelin alleviates the development of depres-
sion with its function of supporting neurotrophic factor
BDNF production and anti-inflammation. In addition,
central administration of apelin is reported to induce
depressive behavior via x-opioid receptors [91], and also
intrahypothalamic injection of apelin-13 fails to reverse
immobility in FST rats [82]. Therefore, apelin targeting to
the hippocampus may be a novel target for the treatment
of depression.

@ Springer

promoting inflammation, and apelin reverses this effect. PI3K phos-
phatidylinositol-3-kinase, Akt protein kinase B, ERK extracellular
regulated protein kinases, HPA axis hypothalamic—pituitary—adrenal
axis, STAT3 signal transducer and activator of transcription 3, iNOS
inducible nitric oxide synthase, Arg-1 Arginase 1

Epilepsy

More than 30% of patients do not respond to any of the
20 available antiepileptic drugs [92]. Currently, apelin has
been identified as one of the biomarkers for temporal lobe
epilepsy. Its expression shows elevated levels in patients
with temporal lobe epilepsy than in healthy controls,
increases gradually after seizures, and reaches higher lev-
els in the chronic epileptic phase [93]. Severe seizures and
repeated brief seizures will induce intensifying deprivation
of hippocampal neurons, and rats with seizure-induced hip-
pocampal damage show prolonged episodes of recurrent
seizures and more frequent severe epileptic seizures [94].
Excitotoxicity is thought to be a crucial contributor for
seizure-induced neuronal injury, in which excessive gluta-
matergic transmission leads to a massive influx of calcium
ions into cells, ultimately results in the death of the neuron.
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Meanwhile, up-regulation of mGluR1 mRNA and protein
occurs in the hippocampus of different animal models of
epilepsy, and apelin inhibits their abnormal high expression
[95]. On the other hand, the critical role of brain inflamma-
tion in epilepsy is highlighted. Expression of IL-1p, TNF-
a, and high-mobility group box protein 1 (HMGB1), has
elevated during seizure [92, 96]. Such inflammatory factors
are mainly secreted by astrocytes. Aperin/APJ signaling
disruption exacerbates PTZ-induced seizures, and apelin-13
treatment inhibits astrocyte activation and subsequent neuro-
inflammation. [96].

Indeed, the expression of apelin is up-regulated in the
epileptic models, but the neurological death is still observed
[97]. Maybe endogenous apelin is not enough to maintain
a large amount of nerve survival, more experiments are
necessitated about the pathophysiologic effects of exogenous
apelin.

Apelin/APJ system is related to pain

Pain is a complex psychological activity that is difficult to
describe. Concurrently, as one of the most common clinical
symptoms, it can be used as a warning of injury to the body
and cause a series of defensive protective responses, while
some long-term severe pain has become an unbearable tor-
ture to the body. So far, apelin/APJ system is mainly related
to acute pain, inflammatory pain, and neuropathic pain [98].

For inflammatory pain, the existing findings indicate
that in the experiment of electroacupuncture stimulation to
relieve inflammatory pain, the transcription and expression
of the apelin/APJ system are significantly improved [99].
Attractively, Lv et al. have concretely elaborated the mecha-
nism of apelin attenuating inflammatory pain [100, 101].
In the lumbar spinal cord of mice with Complete Freund's
Adjuvant (CFA)-induced inflammatory pain, apelin is found
to reduce the significant increase of GluN2B, one of the sub-
types of NMDAR. Fos, as a proto-oncogene involved in the
transmission of pain information to the brain, its expression
is also decreased by intrathecal injection of apelin. Besides,
in the murine formalin-induced paw inflammatory pain
model, intravenous and intramuscular injection of (pyr)ape-
lin-13 (10 and 20 mg/kg) reduced licking caused by inflam-
matory pain, which effect is thought to be caused by the
up-regulation of Adenylate cyclase (ADCY) in the prefrontal
cortex by apelin/APJ system [102]. Meanwhile, i.v. (pyr)
apelin-13 significantly upregulates prodynorphin (PDYN)
and k1 opioid receptor, kappa 1(OPRK1) gene expression
in the mouse prefrontal cortex. Conformably, Naloxone, a
non-selective opioid receptor antagonist, blocked the antino-
ciceptive effect of (Pyr) apelin-13. Collectively, the anti-pain
effect of apelin/APJ system may be achieved by inhibiting
the release of excitatory neurotransmitters in spinal cord,

reducing Fos in spinal dorsal horn neurons, and upregulating
dynorphin and KOR gene expression and protein levels in
the mouse prefrontal cortex.

Only a few studies have illustrated the relationship
between apelin and pain other than inflammatory pain.
In general, apelin-13(0.3 pg/mouse, i.c.v. or i.t) triggers
an analgesic effect in an acetic acid-induced visceral pain
model [103]. In addition, in vaso-occlusive episodes (VOE)
of sickle cell disease (SCD), molecules that contract and
dilate blood vessels are assumed to play a key role in severe
pain. Smith et al. have demonstrated that apelin and vaso-
constrictor endothelin-1 (ET-1) are potent targets to relieve
the pain of VOE in children with SCD [104]. In a tail immer-
sion test, intraventricular injection of apelin-13 suppresses
pain over time and the p1 opioid receptor is involved [105].
Whereas, there are reports show that peripheral application
of apelin to increase pain sensitivity [106, 107], and apelin-
mediated synovial vascular endothelial growth factor causes
painful knee osteoarthritis [108]. Perhaps because of the dif-
ference in the site of action, more experiments are needed to
elucidate the specific mechanisms of apelin for pain.

Apelin/APJ system promotes glioblastoma

Apelin is a marker of increased angiogenesis in many tumor
types including glioblastoma (GBM) [109]. Apelin levels
in glioblastoma are reduced by bevacizumab, one of the
traditional therapeutic agents for GBM [110]. Furthermore,
APJ is expressed in putative stem cell niche in GBM tumor
tissue, high Elabela expression is associated with poor sur-
vival in glioblastoma patients, and Elabela expression is also
associated with glioma grade [111]. Thus, the apelin system
is a significant influential factor in GBM.

Nowadays, inhibition of vascular growth signaling to
target tumor endothelial cells is a new concept in oncology
therapy. Although VEGFA inhibition failed to prolong over-
all patient survival in clinical trials of GBM treatment [112],
blocking VEGFA/VEGFR2 signaling in glioblastoma accel-
erates the invasion of APJ* glioblastoma cells. Furthermore,
co-administration of F13A and DC101, a blocking antibody
to VEGFR2, synergistically attenuates the vascularization
of glioblastoma and reduces the pro-invasive side effects
associated with VEGFA/VEGFR?2 inhibition [110]. Notably,
the GBM vascular system in the brain of Apelin KO mice
was greatly reduced, the survival rate of tumor-bearing mice
was improved, and in situ injection of apelin-13 specifically
restored tumor angiogenesis [113]. Thus, apelin, but not
VEGTF, specifically controls GBM angiogenesis in the brain.

The heterogeneity of glioblastoma is thought to be inti-
mately related to glioblastoma stem-like cells (GSCs). GSC
interacts with the tumor microenvironment and resides in a
hypoxic niche near the endothelial vasculature. In a model
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in which brain endothelial cells are co-cultured with patient-
derived GSCs, exogenous and endothelial secreted apelin
are shown to be one of the signals that maintain GSC [114].

|

GP130

Glioblastoma

Fig.3 Apelin/APJ system promotes glioblastoma invasion. Ape-
lin/APJ system promotes RGC aggregation for GBM growth via
GSK-3p, the effect is promoted by hypoxia. GP130 regulates ARF to
control apelin binding to APJ. GBM glioblastoma, RGC glioblastoma
stem-like cell, GP130 glycoprotein 130, GSK-3f glycogen synthase
kinase 3

Table 2 Clinicalapplication of apelin/APJ system in nervous system

Elizabeth et al. have found that apelin is released by endothe-
lial cells in a hypoxic microenvironment and upregulated
GSK-3p levels in tumor cells, and that the APJ inhibitor
MM54 reduced GSC self-renewal and enhanced sensitivity
to Temozolomide [115]. Trillet et al.[116] depict a novel
perspective on the involvement of the apelin/APJ system in
GSC self-renewal, the arbitration of APJ expression on the
GSC plasma membrane surface by the glycoprotein GP130
through ELMO domain containing 1(ELMOD1)-mediated
GSC vesicle transport of ADP ribosylation factor (ARF),
and GP130 modulates apelin binding to the receptor via
an endocytosis/cycling mechanism. On the contrary, when
GP130 is missing, apelin/GSK3p-mediated GSC comple-
mentation of tumors is abolished.

Together, apelin/APJ system intervenes in the complex
GBM heterogeneity both through its pro-angiogenic capacity
and through its involvement in the sorting of GSC (Fig. 3).
As research advances, targeting apelin/APJ system may be
a promising GBM therapy.

Clinical application of apelin/APJ system
in nervous system

To date, a large number of reports have emerged on the
use of apelin as an indicator of neurological disorders in
clinical settings (Table 2). In a series of cerebrovascular
diseases, apelin has also demonstrated neuroprotective
capabilities similar to those of biochemical experiments.
Serum apelin-13 concentrations in patients with ischemic
stroke are strongly associated with disability and mortality
[47]. Patients with high apelin-13 levels had a lower inci-
dence of stroke over one year [117]. Apelin is used as an
independent protective factor and predictor of hemorrhagic

Origin and subtypes of apelin Related Diseases Potential mechanisms Variation Refs.
Serum apelin-13 sTBI Lower [47]
Serum apelin-13 AIS Lower [117]
Serum total apelin First episode psychosis Inhibiting inflammation Higher [119]
Serum apelin-13 AD Promoting oxidative stress Lower [120]
Serum total apelin Preeclampsia Regulating blood pressure Lower [122]
Maternal plasma apelin, Preeclampsia Promoting endothelial function Lower [123]
neonatal

veno-arterial cord blood apelin

Serum apelin-13 Preeclampsia Reducing maternal hypertension and proteinuria Lower [121]
Serum apelin-36

Placental chorionic villus apelin Preeclampsia Regulated by Ang II Lower [124]
Serum total apelin Diabetic peripheral neuropathy Promoting condition and weight Higher [126]
Serum total apelin Diabetic peripheral neuropathy Associating with endothelial glycoproteins and Higher [127]

endothelial glycans

sTBI severe traumatic brain injury, AIS acute ischemic stroke, Ang II Angiotensin II
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transformation after intravenous thrombolytic therapy [118].
In clinical cases of psychiatric disorders, plasma apelin lev-
els are significantly higher in the first episode psychosis
group than in the chronic schizophrenia and healthy groups
[119]. Meanwhile, serum apelin-13 indicates total oxida-
tion levels and may be used to screen for progression of
AD development [120]. Notably, clinical testing for apelin
appears to have different implications in patients with preec-
lampsia. Serum apelin-13 and apelin-36 concentrations are
significantly lower in patients with preeclampsia compared
to healthy pregnant women [121-123], and in placental sam-
ples, apelin concentration was proportional to the disease
[124]. Another investigation has shown low intraplacental
apelin mRNA and protein levels but elevated circulating
apelin in patients with pre-eclampsia. The reason for this
conflicting report may be attributed to the fact that previous
studies on apelin serum concentrations measured total apelin
rather than its active fragment. There are also many reports
on the use of apelin for the diagnosis of diabetic neuropa-
thy. Apelin negatively correlates with diabetic peripheral
nerve conduction velocity [125-127], which is thought to
be related to apelin's function regarding pro-endothelial
dysfunction, angiogenesis, and inflammation. In conclu-
sion, apelin has been used clinically to diagnose brain injury,
preeclampsia, psychosis, and diabetic neuropathy and to pre-
dict the onset of AD by indicating total oxidative status. As
clinical samples increase and a deeper understanding of the
biological function of apelin is gained, the significance of
apelin as an accurate and efficient clinical indicator will be
elucidated, ultimately bridging the gap between theory and
clinical application.

Conclusion

In summary, the above results prove the extensive and unique
role of apelin/APJ system in neurological diseases. Apelin
is highly expressed in special parts of the brain, such as the
hypothalamus and hippocampus, and its levels increase when
pathological changes occur in the brain area. More impor-
tantly, apelin/APJ system alleviates the secondary damage of
acute brain injuries such as SAH, TBI, and ischemic stroke
to the brain area, and inhibits the generation of pathological
indicators in chronic neurodegenerative diseases such as AD,
PD, ALS, and HTT. In addition, targeting apelin/APJ system
in the hippocampus suppressed the depressive phenotype
and relieved the severity of inflammatory pain. Furthermore,
apelin/APJ promotes the invasion and mutation of GBM. In
view of the intricate role of apelin/APJ in the nervous system,
rationally design experiments to distinguish the effects of ape-
lin/APJ system at different levels, different parts, and different

experimental models on the nervous system in order to design
it as a reasonable target for neurological diseases point.

Prospects

Notably, apelin/APJ system promotes the growth of GBM
while generally alleviating brain edema, epilepsy, and other
brain tumor symptoms as reviewed previously. Considering
the unclear pathogenesis and complex microenvironment
of GBM. We speculate that singular targeting of cellular
pathways in glioblastoma would lead to redundant com-
pensatory mechanisms, inadequate coverage of foci-related
targets, or poor tolerability and safety. Multiple pathways
and precise targeting may be potential avenues to combat
GBM. In our opinion, specifically targeting APJ-positive
cerebrovascular tumors and precisely depleting apelin is a
promising pathway. This strategy will specifically prevent
sprouting angiogenesis by not targeting the established cer-
ebral vasculature, while avoiding increased GBM cell inva-
sion and potentially reducing tumor hypoxia and edema
formation. Interestingly, an apelin-based synNotch receptor
has been designed to recognize the surface marker APJ in
the neovascular endothelium [128]. The synNotch circuit
appears to be a promising precision therapeutic strategy for
targeting tumor microenvironmental xenobiotic vessels. In
addition, many fluorescent probes that can precisely target
tumors and lose small molecule signals have emerged [129].
There is an urgent need to develop a probe that targets GBM
tracing apelin concentration changes in order to facilitate
high-fidelity reproduction of apelin fluctuations and thus
facilitate accurate surgical navigation. By taking advantage
of the biological effects of the apelin/APJ system, combined
with the precision targeting advantages of technologies such
as immune delivery and molecular probes, treatments that
combine safety and efficacy for complex tumors may open
up in the future.
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