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Osteocalcin (OCN) is a hormone secreted by osteoblasts and has attracted
widespread attention for its role in regulating brain function. Clinical studies
indicate a positive correlation between levels of circulating OCN and cognitive
performance. Indeed, lower circulating OCN has been detected in various
neurodegenerative diseases (NDs), while OCN supplementation under certain
conditions may improve cognitive function. GPR37, a G protein-coupled
receptor, has recently been identified as a receptor for OCN. It exhibits
distinct expression patterns across various brain regions and cell types,
potentially influencing its functional roles within the brain. Research indicates
that GPR37 regulates neuronal migration, cell proliferation, differentiation, and
myelination. Furthermore, GPR37 has been shown to mitigate inflammation and
apoptosis through various mechanisms, exerting neuroprotective effects.
However, its regulatory influence on brain function exhibits inconsistency,
highlighting a duality in its actions. Therefore, this review thoroughly
summarizes the roles and mechanisms of GPR37 in modulating cellular
physiological activities and its involvement in immune responses, stress
reactions, and neuroprotection. It aims to enhance the understanding of how
GPR37 modulates brain function and facilitate the identification of novel
therapeutic targets or strategies for related diseases.
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1 Introduction

Osteocalcin (OCN), a protein composed of 44–56 amino acids, is secreted by osteoblasts
(Komori, 2020; Nowicki and Jakubowska-Pietkiewicz, 2024) and was initially considered
primarily involved in bone mineralization. Subsequent research has revealed that OCN can
circulate through the bloodstream and enter various tissues and organs, such as skeletal
muscle and liver. In these regions, OCN regulates insulin sensitivity, glucose and lipid
metabolism, and skeletal muscle function (Komori, 2020; Nowicki and Jakubowska-
Pietkiewicz, 2024). Furthermore, OCN crosses the blood-brain barrier (BBB) and exerts
regulatory effects on the central nervous system (CNS), particularly regarding cognitive
function andmood regulation (Shan et al., 2023). Several clinical studies have demonstrated
a positive correlation between circulating levels of OCN and cognitive function. In various
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neurodegenerative diseases (NDs), such as Alzheimer’s disease (AD)
and Parkinson’s disease (PD), lower circulating levels of OCN are
observed (Hou et al., 2021; Liu et al., 2023). Mice deficient in OCN
exhibit deficits in spatial learning and hippocampus-dependent
memory (Oury et al., 2013). The supplementation of OCN can
potentially improve spatial learning and memory by reducing
amyloid-beta (Aβ) deposition and gliosis, elevating levels of
monoamine neurotransmitters, and promoting neuroplasticity
within the hippocampus and cortex (Shan et al., 2023).

The functions of OCN are contingent upon its receptors. To
date, three OCN receptors have been identified in mammals: GPR37
(G protein-coupled receptor 37), GPR158, and GPRC6A, all
classified as G protein-coupled receptors (Karsenty, 2023). These
receptors exhibit distinct regional distributions and fulfill various
functions within the body. This review focuses on GPR37, the most
recently identified central receptor for OCN. Notably,
GPR37 exhibits high expression in the brain and is significantly
associated with the development and prognosis of various CNS
diseases. The deficiency of GPR37 can result in dopaminergic
neuronal damage and disrupt long-term potentiation (LTP)
(Hertz et al., 2019; Zhang et al., 2020a). GPR37 may also exhibit
bidirectional effects in certain physiological phenomena. In a stroke
model, GPR37 negatively correlates with serum inflammatory factor
levels (McCrary et al., 2019; Zhang et al., 2022). Conversely, in
lipopolysaccharide (LPS)-induced inflammation models, the
expression of GPR37 is significantly elevated, further activating
glial cells and exacerbating the inflammatory response (Qian
et al., 2022).

Given the complex and uncertain roles of GPR37 in various
functions, along with the incomplete understanding of its
regulations in the CNS, this review aims to summarize the roles

and mechanisms of GPR37 to enrich the “bone-brain axis” theory
further and offer new targets for the treatment of NDs.

2 Identification and distribution
of GPR37

In 1997, GPR37 was identified by analyzing cDNA expression
sequence tags from the human frontal cortex, utilizing RACE-PCR
technology to study neuropeptide-specific receptor genes (Marazziti
et al., 1997). Subsequent research has revealed that GPR37 is
expressed in multiple brain regions of the CNS (Yang et al.,
2016; Mouhi et al., 2022) and different types of cells, including
substantia nigra dopaminergic neurons (Imai et al., 2001; Morato
et al., 2021), neural progenitor cells (NPCs) (Berger et al., 2017;
Owino et al., 2021), oligodendrocytes (OLs), and astrocytes (Bang
et al., 2018). However, in microglia, GPR37 is unidentified (Bang
et al., 2018). The expression of GPR37 may vary even in the same
type of cells, whichmay depend on the stage of cell development. For
example, GPR37 is highly expressed in mature OLs but not in
oligodendrocyte precursor cells (OPCs) (Yang et al.,
2016) (Figure 1).

Previous studies have demonstrated that OCN binds specifically
to GPR37 but not to its homolog GPR37L1, as confirmed by affinity
assays and immunoprecipitation techniques (Qian et al., 2021).
Further investigations reveal that OCN is involved in myelination
via GPR37. Exogenous injection of OCN in wild-type (WT) mice
significantly decreases the levels of myelin-associated
proteins—proteolipid protein 1 (PLP1) and myelin basic protein
(MBP) in the corpus callosum and spinal cord. Notably, this effect is
absent in GPR37−/− mice, indicating that OCN’s actions are

FIGURE 1
Systemic and brain distribution of GPR37. GPR37 is expressed in various cell types, including vascular smooth muscle cells, macrophages, alveolar
and renal tubular epithelial cells, keratinocytes, and myocardial cells. In the brain, it is found in dopaminergic neurons, neural progenitors,
oligodendrocytes, and astrocytes.
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mediated through GPR37 (Qian et al., 2021). In primary cultured
OLs, inhibition of GPR37 using shRNA or antibodies significantly
attenuates the OCN-induced reduction of PLP1 and MBP, whereas
silencing GPR37L1 does not affect this downregulation (Qian et al.,
2021). These in vivo and in vitro findings demonstrate that OCN
exerts specific effects through GPR37, establishing a distinct ligand-
receptor relationship between them.

3Central regulatory functions of GPR37

The role of GPR37 can be traced back to studies on its homolog,
SCGPR1, in chicken embryos. SCGPR1 demonstrates significant
developmental expression in the neural tube, forebrain, midbrain,
and spinal cord. This experiment suggests that GPR37 may be
expressed in varying temporal and spatial patterns depending on
the developmental stage and needs of the organism as it progresses
from an embryo to an adult (Odani et al., 2007). The involvement of
OCN in embryonic development offers insights into the
developmental regulation of GPR37 expression. During
pregnancy, maternal OCN crosses the placental barrier and
enters the embryonic bloodstream, which plays a neuroprotective
role by preventing apoptosis of hippocampal neurons (Oury et al.,
2013). OCN levels synchronize with cognitive changes from growth
and development to aging. Maternal and embryonic OCN
contribute to establishing and maintaining body homeostasis in
newborns and adult offspring, influencing brain development (Oury
et al., 2013; Correa Pinto Junior et al., 2024). With aging, the decline
in bone mass and OCN levels, along with a progressive decrease in
the activity of critical molecules essential for cellular functions, such
as nicotinamide adenine dinucleotide (NAD) and NRF2, collectively
contribute to cognitive decline (Nishimoto et al., 1985; Silva-
Palacios et al., 2018; Fania et al., 2019).

A deficiency in OCN contributes to a range of peripheral
metabolic disorders and markedly reduces the expression of
genes related to glucose metabolism in the brain. With advancing
age, OCN−/− mice develop insulin resistance and glucose
intolerance, while supplementation with OCN mitigates these
metabolic disturbances (Ferron et al., 2008; Ferron et al., 2012;
Zhang et al., 2020b; Paracha et al., 2024). Dysregulation of peripheral
glucose metabolism is closely associated with central insulin
resistance (Guo et al., 2020). Impaired insulin signaling in the
brain—particularly involving the IRS/PI3K/Akt pathway—often
exacerbates the pathogenesis of NDs (Dewanjee et al., 2022).
These disruptions are associated with profound impairments in
learning and memory during adulthood (Oury et al., 2013; Correa
Pinto Junior et al., 2024). These findings highlight that maintaining
optimal maternal skeletal health and adequate OCN levels during
pregnancy may be critical strategies for ensuring physiological
homeostasis in offspring and reducing the risk of
neurodevelopmental disorders.

Furthermore, there appears to be a reciprocal interaction
between brain development and bone formation during
embryogenesis. Fetal chondrocytes produce OCN and
differentiate into osteoblasts only when co-cultured with brain
tissue, indicating a tissue-specific response (Groot et al., 1994).
Additionally, the Wnt/β-catenin signaling pathway, pivotal in
bone formation, shares overlapping mechanisms with GPR37-

mediated signaling pathways involved in neuronal physiology
(Jiang et al., 2014; Berger et al., 2017).

3.1 Cellular physiological activities

Research on olfactory ensheathing cells (OECs), a specialized
type of glial cell primarily located in the olfactory bulb, has
confirmed the pivotal role of GPR37 in facilitating neuronal
migration and supporting the regeneration and repair of
olfactory neurons. Treatment of primary OECs and embryonic
cultures containing olfactory regions with the GPR37 inhibitor
Macitentan significantly reduces the migration of gonadotropin-
releasing hormone (GnRH) neurons and OECs. Conversely, the
GPR37 agonist TX14A directly promotes the migration of GnRH
neurons (Saadi et al., 2019). These functions of GPR37 were also
validated in GPR37−/− mice, where GPR37 knockout resulted in
reduced migration capacity of OECs and GnRH cells (Saadi et al.,
2019). The impact of GPR37 on cell migration may be linked to
reduced Akt phosphorylation or decreased RhoA-GTPase activity in
OECs, which disrupts cytoskeletal reorganization and impairs
GnRH cell migration (Saadi et al., 2019).

In megalencephalic leukoencephalopathy with subcortical cysts
(MLC), GPR37 preserves the stability of intercellular connections by
negatively regulating the expression and function of glial MLC1 and
glial cell adhesion molecule (GlialCAM), thereby ensuring normal
cell adhesion and signal transmission (Pla-Casillanis et al., 2022). In
NPCs, knocking down GPR37 reduces the expression of
doublecortin (Dcx), a neuronal marker, and the number of
terminally differentiated Microtubule-associated protein 2
(MAP2)-positive cells, a marker of mature neurons. At the same
time, increasing the expression of chondroitin sulfate proteoglycan 4
(Cspg4), a microglial marker (Massey et al., 2008). These findings
demonstrate the crucial role of GPR37 in neuronal and glial
differentiation and neurogenesis. OCN/GPR37 is involved in the
differentiation of NPCs, primarily through alterations in Wnt
signaling (Berger et al., 2017). Wnt signaling is more active in
younger individuals and declines significantly with age, showing
an age-dependent reduction (Inestrosa et al., 2020). Activating the
Wnt/β-catenin pathway can prevent Aβ-induced damage to brain
endothelial cells, promote BBB repair (Wang et al., 2022), and
enhance hippocampal synaptic plasticity (Hu et al., 2019).
Inhibition of Wnt signaling disrupts the expression of genes
closely associated with the differentiation, such as vimentin
(VIM), leading to excessive activation of glial cells, which
interferes with neurite extension and synaptic plasticity
(Pebworth et al., 2021). The changes in VIM are analogous to
the perspective that molecular drivers of AD vary with age:
compared to normal aging, VIM is significantly enriched in
elderly patients with AD. Furthermore, the increase in VIM is
more pronounced in younger AD patients than in their older
counterparts (Panizza and Cerione, 2024). Excessive activation of
GPR37 has been implicated in aberrant cell proliferation,
particularly in tumor cells. Research indicates that GPR37 is
highly expressed in gliomas, where it plays a crucial role in
promoting tumor cell proliferation and migration. Its
overexpression is correlated with poor clinical outcomes and is
linked to the activation of critical oncogenic signaling pathways,
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including the PI3K-Akt and Ras pathways. Conversely, silencing
GPR37 has been shown to suppress these malignant behaviors
(Liang et al., 2023). In cultured human glioma U251 cells,
GPR37 expression is significantly upregulated after 2 days. This
phenomenon correlates with a decreased proportion of cells in the
G1/G0 phase and an increased proportion in the S and G2/M phases,
thus driving accelerated cell proliferation. This proliferation is
further supported by a marked increase in phosphorylated Akt
(Ser473) levels (Zhang and Wang, 2018).

The OCN/GPR37 signaling pathway also maintains myelin
homeostasis (Smith et al., 2017; Qian et al., 2021). The absence
of OCN could lead to excessive myelination in the CNS,
characterized by the abundant expression of MBP and PLP1,
along with an increased number of OLs. The underlying
mechanism may involve the regulation of OCN on the
expression of myelin-associated gene Myrf, which is a crucial
transcription factor for OLs myelination and myelin
maintenance. This regulation may inhibit OPCs differentiation
into mature OLs (Qian et al., 2021). This process may be closely
related to the effects of GPR37 on maintaining low-density
lipoprotein receptor-related protein 6 (LRP6) levels and Wnt
signaling in NPCs. Research indicates that the knockdown of
GPR37 in NPCs leads to decreased levels of LRP6 and a
reduction in the expression of Sp5, a target gene of Wnt.
Furthermore, in LRP6-deficient HEK293 cells, neither GPR37 nor
GPR37-1TM (the N-terminal domain of GPR37) can activate Wnt
signaling unless LRP6 is reintroduced, which subsequently
reactivates Wnt signaling (Berger et al., 2017). Additionally,
GPR37 can promote OLs differentiation and myelination through
ERK signaling (Yang et al., 2016). The influence of GPR37 on OLs
differentiation is also modulated by the zinc finger transcription
factor Zfp488, Nk homology domain protein Nkx2.2, and Sox10
(Schmidt et al., 2024).

GPR37 exerts a significant and broad regulatory influence on
various cellular activities within the CNS. It involves cell
proliferation, migration, differentiation, and myelination
processes through diverse signaling pathways and molecular
mechanisms. However, its dual role as a therapeutic target under
different physiological and pathological conditions warrants further
investigation (Figure 2).

3.2 Inflammation and immune responses

GPR37 is a crucial factor closely associated with inflammation
and immune responses. Activation of GPR37 through
neuroprotectin D1 (NPD1) and artesunate (ARU) has been
shown to decrease serum interleukin-6 (IL-6) levels in WT mice
infected with LPS, Listeria, and malaria parasites, thereby mitigating
inflammation and reducing mortality (Bang et al., 2021). However, it
failed to resolve inflammation in GPR37−/−mice (Bang et al., 2021).
Research indicates that inflammatory pain, encompassing thermal
hyperalgesia and mechanical allodynia, is notably delayed in
GPR37−/− mice. These mice demonstrate significantly elevated
levels of the pro-inflammatory cytokine IL-1β alongside reduced
levels of the anti-inflammatory cytokines IL-10 and transforming
growth factor-β (TGF-β) in the skin of their hind paws (Bang et al.,
2018). Additionally, GPR37 activation could reduce the degree of
cardiac ischemia-reperfusion injury by upregulating the activity of
the JNK/PPAR-γ pathway, promoting phagocytic function of
cardiac macrophages, M2-type polarization, and expression of
anti-inflammatory factors (Zeng et al., 2019).

Acute inflammation and edema frequently occur following
injury or infection, initially involving polymorphonuclear
neutrophils (PMNs) infiltration. During this process, GPR37 can
bind to specialized pro-resolving mediators (SPMs) to exert anti-

FIGURE 2
GPR37 regulates a range of physiological and pathological activities within cells. Specifically, GPR37 influences critical cellular functions across
various cell types, includingmigration in GnRH/OECs, cell adhesion in glial cells, neurogenesis and glial differentiation in NPCs, proliferation in gliomas, as
well as OLs differentiation and myelin homeostasis in OPCs.

Frontiers in Cell and Developmental Biology frontiersin.org04

Bian et al. 10.3389/fcell.2024.1510666

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1510666


inflammatory effects (Park et al., 2020), which may be related to
macrophage activation. In macrophages, OCN treatment
significantly reduces IL-6 and tumor necrosis factor-alpha (TNF-
α) induced by LPS while upregulating the expression of anti-
inflammatory factors such as IL-10, TGF-β, and Arginase 1
(Arg1). However, in GPR37−/− macrophages, OCN fails to exert
the anti-inflammatory effects (Qian et al., 2022). Furthermore,
GPR37 has the potential to activate the calcium signaling
pathway, leading to an increase in intracellular calcium levels and
an enhancement of the phagocytic activity of WT macrophages
(Bang et al., 2018; Bang et al., 2021). This process is mainly
dependent on Gi protein-coupled signaling. Notably,
pretreatment of macrophages with pertussis toxin (PTX), a Gi/o
protein inhibitor, abolishes the rapid alterations in intracellular
Ca2+, cAMP, and pERK levels that OCN triggers in WT
macrophages (Qian et al., 2022).

Further studies have linked OCN/GPR37 to neuroinflammation
caused by brain dysfunction. In PD models, OCN treatment has
been shown to mitigate dopaminergic neuron loss, significantly
decreasing the numbers of astrocytes and microglia in the
substantia nigra and striatum, along with reductions in TNF-α
and IL-1β (Guo et al., 2018). Lower serum GPR37 levels and
higher levels of inflammatory markers such as S100β, neuron-
specific enolase (NSE), IL-1β, and TNF-α are observed in stroke
patients compared to healthy controls. In addition, GPR37 levels are
significantly negatively correlated with the NIH Stroke Scale
(NIHSS) scores (Li et al., 2024). Animal studies further
substantiate the link between GPR37 and neuroinflammation. In
a model of fetal alcohol spectrum disorders (FASD) induced by
alcohol exposure, significant increases in the expression of pro-
inflammatory cytokines, including IL-1β, TNF-α, and chemokine
CCL2, were observed in the cerebellum, accompanied by a notable
decrease in GPR37 (Kane et al., 2021). These findings suggest that
GPR37 may regulate brain dysfunction by modulating central
inflammation.

GPR37−/− mice exhibit significant changes in glial and
progenitor cell dynamics in the middle cerebral artery occlusion
(MCAO) lesion area. These alterations include a reduction in
astrocyte response (McCrary et al., 2019) and increased NPCs
and OPCs (Owino et al., 2021). Notably, at earlier time points
within 24 h post-stroke, microglial M1 polarization is significantly
enhanced, accompanied by elevated levels of pro-inflammatory
cytokines like TNF-α, IL-1β, IL-6, and chemokines C-C motif
chemokine ligand 2/3 (CCL2/3) (McCrary et al., 2019). CCL2/
3 may contribute to the recruitment and infiltration of
macrophages into the lesion of brain injury (Ciechanowska et al.,
2020; Popiolek-Barczyk et al., 2020). Though these infiltrating
macrophages exhibit functional similarities to microglia, they
originate from distinct sources (Davies and Miron, 2018). In
certain inflammatory conditions, such as multiple sclerosis (MS),
macrophages collaborate with microglia, contributing to the
pathological processes (Dong and Yong, 2019). Extensive studies
in macrophages have established the role of the OCN-GPR37 axis in
counteracting peripheral inflammation (Qian et al., 2022).
Moreover, findings from GPR37−/− models suggest that
GPR37 exerts significant anti-inflammatory effects on the CNS
(McCrary et al., 2019). Nevertheless, direct evidence
demonstrating the anti-inflammatory function of OCN through

GPR37 in the brain remains limited despite the strong
plausibility of this mechanism.

While GPR37 is primarily recognized for its substantial anti-
inflammatory effects, some individual studies present opposing
views. For instance, in glioma, elevated GPR37 is positively
correlated with increased infiltration of M2 macrophages, which
is associated with a poor prognosis (Liang et al., 2023). In an LPS-
induced inflammation model, the enhanced reactivity of enteric glial
cells is accompanied by increased GPR37 expression, whereas this
response is diminished in GPR37−/− mice (Robertson et al.,
2024a) (Table 1)

3.3 Stress responses

Emerging evidence indicates that GPR37 activation is crucial in
protecting primary astrocytes from H2O2-induced cell death.
Notably, this protective function is substantially compromised
when endogenous GPR37 expression is downregulated (Meyer
et al., 2013). In ischemic stroke models of MCAO, the absence of
GPR37 results in elevated apoptosis and autophagy, accompanied by
a pronounced increase in infarct size within the damaged region
(McCrary et al., 2019). Furthermore, in these regions, GPR37 has
been shown to mitigate neuronal apoptosis, promote cell survival,
and shrink infarct size through the PI3K/Akt/ASK1 signaling
pathway (Yu et al., 2024).

The involvement of GPR37 in cell survival appears to be
intricately linked to oxidative stress and endoplasmic reticulum
(ER) stress (ERS). A CHIP-Seq experiment in human
neuroblastoma cells identified GPR37 as a downstream target
gene of NRF1. As a transcription factor, NRF1 is intricately
associated with mitochondrial function and oxidative stress,
suggesting that GPR37 plays a significant role in the cellular
responses to oxidative stress (Satoh et al., 2013). Clinically,
elevated levels of GPR37 have been detected in the cerebrospinal
fluid (CSF) of patients with medulloblastoma. Moreover,
metabolomic profiling reveals that under hypoxic conditions,
cyclooxygenase metabolites are almost absent in the CSF, while
epoxygenase products and the lipid hormone 12,13-DIHOME,
which promotes β-oxidation, are significantly upregulated (Reichl
et al., 2020). This increase may reflect a tumor self-regulatory
mechanism aimed at reducing inflammation by increasing
GPR37 expression, facilitating adaptation to hypoxia, and
enhancing invasiveness. While GPR37 overexpression might
contribute to tumor progression, it also underscores its protective
role in stress-related cellular processes.

A multitude of proteins undergo folding and modification
within the ER. When incorrectly folded or improperly assembled,
proteins accumulate in the ER lumen, triggering ERS. To mitigate
ERS, cells initiate the unfolded protein response (UPR) and activate
ER-associated degradation (ERAD), facilitating the
retrotranslocation of misfolded proteins to the cytosol for
degradation. Consequently, the accumulation of proteins in the
cytosol directly results from ER protein aggregation and ERS
(Hwang and Qi, 2018). The overexpression of GPR37 further
exacerbates protein accumulation in the cytosol, intensifying ERS
and promoting neuronal apoptosis (Imai et al., 2001; Marazziti et al.,
2009). In PD models, this overexpression activates ERS, enhances
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autophagy, and selectively degenerates GPR37-expressing neurons
by converting LC3-I to LC3-II (Marazziti et al., 2009). Conversely,
reducing GPR37 expression can inhibit ERS (Kubota et al., 2006).
Dexmedetomidine, an alpha-2 adrenergic receptor (A2AR) agonist,
significantly reduces ERS by preventing the accumulation of
GPR37 and decreasing the activity of the procaspase-3/CHOP
apoptotic pathway in the hippocampus of neonatal mice exposed
to buprenorphine (Lin et al., 2021). Two fundamental mechanisms
are involved in the role of GPR37 in alleviating ERS. First, the
degradation of cytosolic GPR37 represents a pivotal mechanism in
mitigating ERS. Research has elucidated that the ubiquitin ligase
HRD1 facilitates the ubiquitination and proteasomal degradation of
GPR37, thereby attenuating GPR37-mediated ERS and preventing
apoptosis (Kaneko, 2016). Second, by promoting the translocation
of GPR37 from the cytosol to the plasma membrane (Hertz et al.,
2019), the ERS inhibitor 4-phenylbutyric acid effectively reduces the
accumulation of misfolded proteins, including GPR37. As a result, it
alleviates ERS and mitigates cytosolic protein aggregation and
related stress responses (Kubota et al., 2006). In contrast to the
potential adverse effects of GPR37 accumulation in the cytosol, the
transmission of GPR37 signaling may positively influence ER
function. GPR37 facilitates the maturation of LRP6, a
glycoprotein essential for maintaining ER homeostasis, thereby
ensuring effective Wnt/β-catenin signaling. Additionally,
GPR37 protects LRP6 from ER-associated degradation.
Consequently, GPR37 mitigates cellular damage induced by ERS
(Berger et al., 2017).

In summary, GPR37 can potentially alleviate cellular damage
induced by oxidative stress or ERS in challenging environments.

However, excessive GPR37 expression may exacerbate stress
responses and hasten disease progression in specific scenarios,
underscoring its dual functionality. This paradox indicates that
the functional regulation of GPR37 is highly dependent on the
cellular environment and the nature of the stressors. Further
investigation is essential to elucidate its therapeutic potential
across various pathological conditions (Figure 3).

3.4 Neuronal functions

GPR37 was initially identified as related to PD in NDs and was
termed the parkin-associated endothelin receptor-like receptor
(Pael-R) (Marazziti et al., 2004). Subsequent research has
revealed that the function of GPR37 extends beyond PD, playing
roles in various physiological processes, including neuroprotection,
neurodevelopment, and, notably, synaptic plasticity. In GPR37−/−
mice, lower levels of dopamine and dopamine transporter (DAT)
have been observed, along with significantly reduced
phosphorylation of the AMPA receptor subunit GluA1 and the
NMDA receptor subunit GluN2B (Zhang et al., 2020a). These mice
also exhibit impaired LTP in striatal neurons, reduced synaptic
plasticity, and pronounced motor function deficits (Zhang et al.,
2020a). Moreover, the activation of GPR37 by various factors,
including OCN, has been shown to exert neuroprotective effects
(Meyer et al., 2013; Qian et al., 2021).

The cytoplasmic accumulation of proteins can trigger cytotoxic
effects through autophagic overload, stress, and inflammatory
responses, collectively leading to cellular dysfunction and

TABLE 1 Effects of GPR37 on inflammation or immune response.

Species Model 1
(GPR37)

Model 2 Tissue/
cell

Phenotype Treatment
(GPR37)

Phenotype
after

treatment

Reference

GPR37 Inflammation

Mice WT Peripheral
inflammation

Serum - ↑ ↑ Macrophage
ablation↓

Inflammation↓
Survival rate↑

Bang et al. (2021)

Macrophage

Mice KO Inflammatory
pain

Hind paw
skin

- ↑ - Delayed pain↑ Bang et al. (2018)

Human WT Stroke Serum ↓ ↑ - NIHSS↑ Li et al. (2024)

Mice WT FASD Cerebellum ↓ ↑ - Inflammation↑ Kane et al. (2021)

Mice KO MCAO Brain - ↑ - Inflammation↑ McCrary et al.
(2019), Owino et al.

(2021)WT ↓ -

Mice WT LPS Serum ↓ ↑ ↑ Survival rate↑
Inflammation↓

Park et al. (2020),
Qian et al. (2022)

Macrophage

KO Serum - Survival rate↓
Inflammation↑

Macrophage

- - - Cardiac
macrophage

- - ↑ M2-type
polarization↑

(Zeng et al., 2019)

Mice KO LPS Enteric glial
cells

- ↓ - Reactivity of enteric
glial cells↓

Robertson et al.
(2024a)
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potentially accelerating disease progression. Adequately folded and
membrane-localized GPR37 exerts neuroprotective effects, whereas
misfolded and aggregated GPR37 has been associated with
neurodegenerative changes in PD (Zhang et al., 2020a). In a
neurotoxicity rat model induced by subcutaneous kainic acid
injection, GPR37 was initially strongly expressed in the
cytoplasm of Purkinje cells. Still, its levels significantly decreased
a few days post-injection (Li et al., 2017). This reduction may be
attributed to either increased degradation of cytoplasmic GPR37 or
enhanced translocation to the plasma membrane. Inhibition of
GPR37 aggregation within the ER or facilitation of its
translocation to the plasma membrane may enhance cell viability
(Dunham et al., 2009; Lundius et al., 2014). Furthermore, treatment
with GM1, a brain-expressed ganglioside, significantly improved the
survival of cells stably expressing GPR37 compared to WT cells
lacking GPR37 in an MPP + -induced N2a PD cell model (Hertz
et al., 2021). These findings indicate that GPR37 is crucial for cell
survival. However, PCR analysis showed no significant alterations in
GPR37 RNA expression following GM1 treatment, suggesting that
the levels of GPR37 expression may not be the determining factor.
Instead, forming plasma membrane complexes involving
GPR37 may be instrumental in this process (Hertz et al., 2021).

Like other GPCRs, GPR37, located on the plasma membrane, is
crucial for signaling recognition and response to external signals,
regulating cellular functions, and as a drug target. When it binds to
its ligand, such as OCN, GPR37 exerts neuroprotective effects
through GPCR-mediated signaling pathways. GPR37 regulates
the activity of proteins, including PI3K, Akt, and CaMKII, and
promotes Ca2⁺ influx via transient receptor potential (TRP) family

Ca2⁺ channels, facilitating cell mitosis (Rezgaoui et al., 2006).
Additionally, GPR37 engages the ERK signaling pathway to
promote neuroprotective functions such as OLs differentiation
and myelination (Yang et al., 2016). The interaction between
GPR37 and membrane proteins is crucial during signal
transduction, particularly in modulating synaptic plasticity. While
no significant changes in long-term depression (LTD) are observed
in striatal and hippocampal neurons in the absence of GPR37,
chronic blockade of the A2AR under GPR37−/− conditions
enhances LTD and motor sensitization in the striatum (Hertz
et al., 2019; Morato et al., 2019). GPR37 also regulates the DAT
and dopamine D2 receptors (D2R), influencing dopamine
neurotransmission (Leinartaite and Svenningsson, 2017). Loss of
GPR37 results in increased DAT expression on the plasma
membrane and enhanced DAT-mediated dopamine uptake,
which may exacerbate symptoms in patients with PD (Marazziti
et al., 2007).

Some studies suggest that downregulation of GPR37 may reduce
apoptosis and improve cell survival in PD models, with apoptosis
rates decreasing from 39.1% to 29% and cell survival increasing from
56% to 63% when GPR37 is downregulated (Zou et al., 2012).
Additionally, though GPR37 inhibits DAT in PD and is beneficial
for restoring dopamine signaling, the loss of GPR37 might have
positive implications from an addiction treatment perspective. In
GPR37−/− mice, the conditioned place preference response to
amphetamine and cocaine is significantly reduced. These findings
suggest that the absence of the GPR37 affects the reward response to
stimulants, which may be beneficial for addiction treatment
(Marazziti et al., 2011).

FIGURE 3
GPR37 and its roles in cellular stress responses. GPR37 regulates oxidative stress and endoplasmic reticulum stress (ERS), which can lead to
apoptosis. It influences ROS production in mitochondria and modulates ERS, with misfolding or abnormal aggregation potentially triggering
apoptotic pathways.
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The role of GPR37 in the nervous system is complex. The
expression and localization of GPR37 significantly influence the
regulation of the dopamine system, the maintenance of synaptic
plasticity, and the response to neuroprotective factors such as OCN.
When GPR37 is translocated to the plasma membrane and interacts
with its ligands, it can exert neuroprotective effects through GPCR
signaling pathways, including regulating the PI3K/Akt and ERK
signaling pathways. However, dysfunction of GPR37 or its abnormal
accumulation within cells can weaken its neuroprotective functions
and is associated with developing various NDs (Figure 4).

4 OCN/GPR37 and NDs

Lower OCN levels are associated with alterations in brain
microstructure (Puig et al., 2016). Mutations in the runt-related
transcription factor 2 (RUNX2), which acts as an upstream regulator
of OCN, result in cleidocranial dysplasia, frequently presenting as
cognitive impairment (Takenouchi et al., 2014). In NDs, research on
OCN has primarily focused on PD and various forms of dementia.
In PD rat models, CSF OCN levels were significantly reduced, while
OCN treatment mitigated the loss of tyrosine hydroxylase, a key
enzyme involved in DA synthesis within the nigrostriatal pathway
(Guo et al., 2018). Additionally, OCN was shown to reduce
apoptosis of dopaminergic neurons in PD mouse models,
alleviate neurotoxicity, and improve motor function impairments
by modulating the Akt/glycogen synthase kinase 3beta (GSK3β)
signaling pathway (Hou et al., 2021). A Mendelian randomization
study explored the causal relationship between OCN and various
forms of dementia, including AD, PD, Lewy body dementia (LBD),
and vascular dementia (VD). The findings indicated that OCN

exerts a significant impact on dementia, with its potential
protective effect being more pronounced in AD compared to
other types (Liu et al., 2023). Furthermore, animal studies
demonstrated that intraperitoneal injection of OCN reduced Aβ
levels in the hippocampus and cortex of AD mouse models,
enhanced the power of high gamma band in medial prefrontal
cortex, and improved anxiety-like behavior and cognitive
dysfunction (Shan et al., 2023).

Remarkably, OCN supplementation has been demonstrated to
ameliorate diabetes-associated cognitive deficits in a dose-
dependent manner, an effect abrogated by the administration of
Akt inhibitors (Zhao et al., 2024). In AD, OCN enhances cognitive
function by reducing Aβ accumulation and upregulating glycolysis
in glial cells (Shan et al., 2023). Moreover, alterations in glucose
metabolism across multiple brain regions indicate the abnormal
distribution of α-synuclein aggregates, contributing to the
progression of PD (Scholefield et al., 2023). In Huntington’s
disease (HD) models, neuropathological alterations and motor
deficits are accompanied by the progression of glucose
intolerance and tissue wasting (Duan et al., 2003; Patassini et al.,
2016). These findings indicate that OCN may play a crucial role in
modulating cognitive function associated with aging and NDs,
potentially through its influence on glucose metabolism.

The GPR37 is integral to the pathological processes underlying
various brain disorders, with its deletion shown to impair
oligodendrocyte function and elevate susceptibility to
demyelinating diseases, notably MS (Smith et al., 2017).
Additionally, proteomic analyses of brain tissue have identified
that the s100 calcium-binding protein A5 (S100A5), implicated
in mood disorders, exhibits marked alterations in the absence of
GPR37, underscoring GPR37’s potential role as a biomarker for

FIGURE 4
Potential mechanisms of GPR37 in mediating neuroprotective effects. GPR37 enhances synaptic plasticity by regulating multiple ion channels and
receptors (left). However, in disease models (right), its mechanisms of action may be reversed entirely compared to physiological conditions, potentially
leading to an increase in addictive behaviors.
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neurological damage (Nguyen et al., 2020). Interestingly, a GPR37-
Del321F mutation was detected in the unaffected father of an
individual with autism spectrum disorder (ASD), while the
GPR37-R558Q mutation was present in the affected brother and
the unaffected mother (Fujita-Jimbo et al., 2012). The
pathophysiological impact of the R558Q mutation is likely due to
its interference with GPR37’s synaptic localization, as it prevents co-
localization with synaptic scaffolding proteins multi-PDZ domain
protein 1 (MUPP1) and contactin-associated protein-like 2
(CASPR2), leading to GPR37 retention within the endoplasmic
reticulum and a consequent increased ASD risk (Tanabe
et al., 2015).

Although the extent to which GPR37 mediates the functions of
OCN remains uncertain, several studies have shed light on the
complex role of GPR37. Similar to OCN, GPR37 is involved in the
regulation of DA levels. In GPR37−/− mice, striatal DA levels were
reduced to 60% of those in control groups. Conversely, in GPR37-
overexpressing mice, striatal levels of 3,4-dihydroxyphenylacetic
acid and vesicular DA were elevated (Imai et al., 2007).
Additionally, GPR37−/− mice displayed dopaminergic neuron
loss, LTP deficits, and increased susceptibility to neurotoxicity
induced by 6-hydroxydopamine (Zhang et al., 2020a) along with
pronounced anxiety- and depression-like behaviors (Mandillo et al.,
2013). Notably, under pathological conditions, particularly in NDs,
GPR37 activation may aggravate disease progression.
Overexpression of GPR37 has been found to increase the
vulnerability of dopaminergic neurons to chronic DA toxicity
and promote apoptosis (Imai et al., 2007; Kitao et al., 2007). In
contrast, the downregulation of GPR37 enhanced cell survival in PD
models (Zou et al., 2012).

GPR37 shows potential as a biomarker for NDs. Both the
correlations and distinctions in the unique processing
mechanisms of GPR37 across various types of NDs (Argerich
et al., 2024). In the striatum of AD patients, GPR37 levels were
significantly elevated, though no corresponding increase was
observed in CSF. In contrast, PD patients exhibited significantly
higher levels of GPR37 in the CSF, suggesting that GPR37 might
serve as a biomarker for PD progression rather than AD. Notably,
this elevation was restricted to patients with slow progressive PD
(Morato et al., 2021; Argerich et al., 2024). Beyond NDs,
GPR37 expression also varies across psychiatric conditions. It
was markedly downregulated in major depressive disorder but
significantly upregulated in bipolar disorder (Tomita et al., 2013).
Additionally, GPR37 plays a pivotal role in myelination, making it
relevant to MS, a disorder characterized by progressive axonal
demyelination in the central nervous system. These findings offer
valuable insights into the roles of OCN and GPR37 in disease
pathogenesis and progression, underscoring the importance of
further investigation into their mechanisms.

5 Conclusion and prospective

Current evidence underscores the predominantly beneficial role
of OCN in regulating brain function. This effect is linked to several
signaling pathways, including RhoA/GTPase, PI3K/Akt/ASK1,
ERK, Wnt/β-catenin, IP3/CaMKII, and cAMP/PKA. Under most
physiological conditions, GPR37 serves a complementary or

mediating role in enhancing the effects driven by OCN. The
absence of either OCN or GPR37 results in excessive
myelination, with GPR37 mediating the effects of OCN (Qian
et al., 2021). In inflammatory responses, both OCN and
GPR37 have predominantly demonstrated anti-inflammatory
effects (McCrary et al., 2019; Qian et al., 2021), though the anti-
inflammatory role of OCN in the central nervous system has yet to
be fully validated. Additionally, both OCN and GPR37 display
neuroprotective properties in NDs. Nevertheless, GPR37 may
also display roles that diverge from OCN. For instance, the
intracellular accumulation of GPR37 has been linked to
aggravated stress responses (Marazziti et al., 2009). Furthermore,
GPR37 is highly expressed in peripheral inflammatory models
(Robertson et al., 2024b) and certain NDs, where it has been
identified as a potential prognostic biomarker (Morato et al.,
2021; Argerich et al., 2024).

While evidence has supported a connection between OCN
and GPR37, their multi-receptor and multi-ligand interactions
warrant further investigation to clarify whether their effects are
synergistic or divergent. In addition to OCN, GPR37 binds a
range of ligands including head activator (Rezgaoui et al., 2006),
prosaposin (Bhattacharya et al., 2023; Yu et al., 2024),
regenerating islet-derived family member 4 (Wang et al.,
2016), NPD1(Bang et al., 2018), and the agonist ARU (Bang
et al., 2021). The diversity of ligands increases the complexity of
GPR37 in brain cognitive function and may explain the dual roles
of GPR37 under different physiological and pathological
conditions. Understanding the effects of these ligands will
provide a theoretical foundation for developing novel
therapeutic strategies based on the OCN/GPR37 axis,
potentially achieving significant breakthroughs in treating
cognitive dysfunctions and NDs.

Future research should prioritize exploring the specific signaling
pathways and molecular mechanisms through which OCN affects
GPR37, particularly its dual roles in different brain regions and
pathological states. Understanding how to regulate OCN levels and
GPR37 activity is crucial for future studies. Exercise is currently
recognized as the most effective non-invasive strategy for enhancing
circulating and brain OCN levels, with evidence suggesting that this
elevation is independent of exercise modality, duration, gender, or
age (Chahla et al., 2015; Armamento-Villareal et al., 2020; Hiam
et al., 2021; Mohammad Rahimi et al., 2021; Koltun et al., 2024).
However, further investigation is required to identify the specific
exercise type that optimally promotes OCN secretion and
GPR37 activation. Moreover, the recent discovery of GPR158 as
an additional central receptor for OCN raises the possibility of
functional overlap with GPR37 (Khrimian et al., 2017). Elucidating
the relationship and functional differentiation between these two
receptors is a critical area of ongoing research.

Author contributions

XB: Resources, Writing–original draft, Writing–review and
editing. YW: Writing–original draft. WZ: Writing–original draft.
CY: Supervision, Writing–original draft, Writing–review and
editing. JL: Funding acquisition, Supervision, Writing–original
draft, Writing–review and editing, Resources.

Frontiers in Cell and Developmental Biology frontiersin.org09

Bian et al. 10.3389/fcell.2024.1510666

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1510666


Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work
was funded by Innovation Research and Development Project of
General Administration of Sport of China, grant number
23KJCX048 and Young Talents Sailing Program, Shanghai
University, grant number N.13-G210-23-358.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their
affiliated organizations, or those of the publisher, the
editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made
by its manufacturer, is not guaranteed or endorsed by
the publisher.

References

Argerich, J., Garma, L. D., Lopez-Cano, M., Alvarez-Montoya, P., Gomez-Acero, L.,
Fernandez-Duenas, V., et al. (2024). GPR37 processing in neurodegeneration: a
potential marker for Parkinson’s Disease progression rate. NPJ Park. Dis. 10 (1),
172. doi:10.1038/s41531-024-00788-x

Armamento-Villareal, R., Aguirre, L., Waters, D. L., Napoli, N., Qualls, C., and
Villareal, D. T. (2020). Effect of aerobic or resistance exercise, or both, on bone mineral
density and bone metabolism in obese older adults while dieting: a randomized
controlled trial. J. Bone Min. Res. 35 (3), 430–439. doi:10.1002/jbmr.3905

Bang, S., Donnelly, C. R., Luo, X., Toro-Moreno, M., Tao, X., Wang, Z., et al. (2021).
Activation of GPR37 in macrophages confers protection against infection-induced
sepsis and pain-like behaviour in mice.Nat. Commun. 12 (1), 1704. doi:10.1038/s41467-
021-21940-8

Bang, S., Xie, Y. K., Zhang, Z. J., Wang, Z., Xu, Z. Z., and Ji, R. R. (2018).
GPR37 regulates macrophage phagocytosis and resolution of inflammatory pain.
J. Clin. Invest 128 (8), 3568–3582. doi:10.1172/JCI99888

Berger, B. S., Acebron, S. P., Herbst, J., Koch, S., and Niehrs, C. (2017). Parkinson’s
disease-associated receptor GPR37 is an ER chaperone for LRP6. EMBO Rep. 18 (5),
712–725. doi:10.15252/embr.201643585

Bhattacharya, P., Dhawan, U. K., Hussain, M. T., Singh, P., Bhagat, K. K., Singhal, A.,
et al. (2023). Efferocytes release extracellular vesicles to resolve inflammation and tissue
injury via prosaposin-GPR37 signaling. Cell Rep. 42 (7), 112808. doi:10.1016/j.celrep.
2023.112808

Chahla, S. E., Frohnert, B. I., Thomas, W., Kelly, A. S., Nathan, B. M., and Polgreen, L.
E. (2015). Higher daily physical activity is associated with higher osteocalcin levels in
adolescents. Prev. Med. Rep. 2, 568–571. doi:10.1016/j.pmedr.2015.06.017

Ciechanowska, A., Popiolek-Barczyk, K., Pawlik, K., Ciapala, K., Oggioni, M.,
Mercurio, D., et al. (2020). Changes in macrophage inflammatory protein-1 (MIP-1)
family members expression induced by traumatic brain injury in mice. Immunobiology
225 (3), 151911. doi:10.1016/j.imbio.2020.151911

Correa Pinto Junior, D., Canal Delgado, I., Yang, H., Clemenceau, A., Corvelo, A.,
Narzisi, G., et al. (2024). Osteocalcin of maternal and embryonic origins synergize to
establish homeostasis in offspring. EMBO Rep. 25 (2), 593–615. doi:10.1038/s44319-
023-00031-3

Davies, C. L., and Miron, V. E. (2018). Distinct origins, gene expression and function
of microglia and monocyte-derived macrophages in CNS myelin injury and
regeneration. Clin. Immunol. 189, 57–62. doi:10.1016/j.clim.2016.06.016

Dewanjee, S., Chakraborty, P., Bhattacharya, H., Chacko, L., Singh, B., Chaudhary, A.,
et al. (2022). Altered glucose metabolism in Alzheimer’s disease: role of mitochondrial
dysfunction and oxidative stress. Free Radic. Biol. Med. 193 (Pt 1), 134–157. doi:10.
1016/j.freeradbiomed.2022.09.032

Dong, Y., and Yong, V. W. (2019). When encephalitogenic T cells collaborate with
microglia in multiple sclerosis. Nat. Rev. Neurol. 15 (12), 704–717. doi:10.1038/s41582-
019-0253-6

Duan, W., Guo, Z., Jiang, H., Ware, M., Li, X. J., and Mattson, M. P. (2003). Dietary
restriction normalizes glucose metabolism and BDNF levels, slows disease progression,
and increases survival in huntingtin mutant mice. Proc. Natl. Acad. Sci. U S A. 100 (5),
2911–2916. doi:10.1073/pnas.0536856100

Dunham, J. H., Meyer, R. C., Garcia, E. L., and Hall, R. A. (2009). GPR37 surface
expression enhancement via N-terminal truncation or protein-protein interactions.
Biochemistry 48 (43), 10286–10297. doi:10.1021/bi9013775

Fania, L., Mazzanti, C., Campione, E., Candi, E., Abeni, D., and Dellambra, E. (2019).
Role of nicotinamide in genomic stability and skin cancer chemoprevention. Int. J. Mol.
Sci. 20 (23), 5946. doi:10.3390/ijms20235946

Ferron, M., Hinoi, E., Karsenty, G., and Ducy, P. (2008). Osteocalcin differentially
regulates beta cell and adipocyte gene expression and affects the development of
metabolic diseases in wild-type mice. Proc. Natl. Acad. Sci. U S A. 105 (13),
5266–5270. doi:10.1073/pnas.0711119105

Ferron, M., McKee, M. D., Levine, R. L., Ducy, P., and Karsenty, G. (2012).
Intermittent injections of osteocalcin improve glucose metabolism and prevent type
2 diabetes in mice. Bone 50 (2), 568–575. doi:10.1016/j.bone.2011.04.017

Fujita-Jimbo, E., Yu, Z. L., Li, H., Yamagata, T., Mori, M., Momoi, T., et al. (2012).
Mutation in Parkinson disease-associated, G-protein-coupled receptor 37 (GPR37/
PaelR) is related to autism spectrum disorder. PLoS One 7 (12), e51155. doi:10.1371/
journal.pone.0051155

Groot, C. G., Thesingh, C.W., Wassenaar, A. M., and Scherft, J. P. (1994). Osteoblasts
develop from isolated fetal mouse chondrocytes when co-cultured in high density with
brain tissue. Vitro Cell Dev. Biol. Anim. 30 (8), 547–554. doi:10.1007/BF02631328

Guo, X. Z., Shan, C., Hou, Y. F., Zhu, G., Tao, B., Sun, L. H., et al. (2018). Osteocalcin
ameliorates motor dysfunction in a 6-hydroxydopamine-induced Parkinson’s disease
rat model through AKT/GSK3β signaling. Front. Mol. Neurosci. 11, 343. doi:10.3389/
fnmol.2018.00343

Guo, Y., Ma, X., Li, P., Dong, S., Huang, X., Ren, X., et al. (2020). High-fat diet induced
discrepant peripheral and central nervous systems insulin resistance in APPswe/
PS1dE9 and wild-type C57BL/6J mice. Aging (Albany NY) 13 (1), 1236–1250.
doi:10.18632/aging.202262

Hertz, E., Saarinen, M., and Svenningsson, P. (2021). GM1 is cytoprotective in
GPR37-expressing cells and downregulates signaling. Int. J. Mol. Sci. 22 (23), 12859.
doi:10.3390/ijms222312859

Hertz, E., Terenius, L., Vukojevic, V., and Svenningsson, P. (2019). GPR37 and
GPR37L1 differently interact with dopamine 2 receptors in live cells.
Neuropharmacology 152, 51–57. doi:10.1016/j.neuropharm.2018.11.009

Hiam, D., Landen, S., Jacques, M., Voisin, S., Alvarez-Romero, J., Byrnes, E., et al.
(2021). Osteocalcin and its forms respond similarly to exercise in males and females.
Bone 144, 115818. doi:10.1016/j.bone.2020.115818

Hou, Y. F., Shan, C., Zhuang, S. Y., Zhuang, Q. Q., Ghosh, A., Zhu, K. C., et al. (2021).
Gut microbiota-derived propionate mediates the neuroprotective effect of osteocalcin in
a mouse model of Parkinson’s disease. Microbiome 9 (1), 34. doi:10.1186/s40168-020-
00988-6

Hu, Y., Chen, W., Wu, L., Jiang, L., Liang, N., Tan, L., et al. (2019). TGF-β1 restores
hippocampal synaptic plasticity and memory in alzheimer model via the PI3K/Akt/
Wnt/β-Catenin signaling pathway. J. Mol. Neurosci. 67 (1), 142–149. doi:10.1007/
s12031-018-1219-7

Hwang, J., and Qi, L. (2018). Quality control in the endoplasmic reticulum: crosstalk
between ERAD and UPR pathways. Trends Biochem. Sci. 43 (8), 593–605. doi:10.1016/j.
tibs.2018.06.005

Imai, Y., Inoue, H., Kataoka, A., Hua-Qin, W., Masuda, M., Ikeda, T., et al. (2007).
Pael receptor is involved in dopamine metabolism in the nigrostriatal system. Neurosci.
Res. 59 (4), 413–425. doi:10.1016/j.neures.2007.08.005

Imai, Y., Soda, M., Inoue, H., Hattori, N., Mizuno, Y., and Takahashi, R. (2001). An
unfolded putative transmembrane polypeptide, which can lead to endoplasmic

Frontiers in Cell and Developmental Biology frontiersin.org10

Bian et al. 10.3389/fcell.2024.1510666

https://doi.org/10.1038/s41531-024-00788-x
https://doi.org/10.1002/jbmr.3905
https://doi.org/10.1038/s41467-021-21940-8
https://doi.org/10.1038/s41467-021-21940-8
https://doi.org/10.1172/JCI99888
https://doi.org/10.15252/embr.201643585
https://doi.org/10.1016/j.celrep.2023.112808
https://doi.org/10.1016/j.celrep.2023.112808
https://doi.org/10.1016/j.pmedr.2015.06.017
https://doi.org/10.1016/j.imbio.2020.151911
https://doi.org/10.1038/s44319-023-00031-3
https://doi.org/10.1038/s44319-023-00031-3
https://doi.org/10.1016/j.clim.2016.06.016
https://doi.org/10.1016/j.freeradbiomed.2022.09.032
https://doi.org/10.1016/j.freeradbiomed.2022.09.032
https://doi.org/10.1038/s41582-019-0253-6
https://doi.org/10.1038/s41582-019-0253-6
https://doi.org/10.1073/pnas.0536856100
https://doi.org/10.1021/bi9013775
https://doi.org/10.3390/ijms20235946
https://doi.org/10.1073/pnas.0711119105
https://doi.org/10.1016/j.bone.2011.04.017
https://doi.org/10.1371/journal.pone.0051155
https://doi.org/10.1371/journal.pone.0051155
https://doi.org/10.1007/BF02631328
https://doi.org/10.3389/fnmol.2018.00343
https://doi.org/10.3389/fnmol.2018.00343
https://doi.org/10.18632/aging.202262
https://doi.org/10.3390/ijms222312859
https://doi.org/10.1016/j.neuropharm.2018.11.009
https://doi.org/10.1016/j.bone.2020.115818
https://doi.org/10.1186/s40168-020-00988-6
https://doi.org/10.1186/s40168-020-00988-6
https://doi.org/10.1007/s12031-018-1219-7
https://doi.org/10.1007/s12031-018-1219-7
https://doi.org/10.1016/j.tibs.2018.06.005
https://doi.org/10.1016/j.tibs.2018.06.005
https://doi.org/10.1016/j.neures.2007.08.005
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1510666


reticulum stress, is a substrate of Parkin. Cell 105 (7), 891–902. doi:10.1016/s0092-
8674(01)00407-x

Inestrosa, N. C., Tapia-Rojas, C., Lindsay, C. B., and Zolezzi, J. M. (2020). Wnt
signaling pathway dysregulation in the aging brain: lessons from the Octodon degus.
Front. Cell Dev. Biol. 8, 734. doi:10.3389/fcell.2020.00734

Jiang, Z., Von den Hoff, J. W., Torensma, R., Meng, L., and Bian, Z. (2014). Wnt16 is
involved in intramembranous ossification and suppresses osteoblast differentiation
through the Wnt/β-catenin pathway. J. Cell Physiol. 229 (3), 384–392. doi:10.1002/jcp.
24460

Kane, C. J. M., Douglas, J. C., Rafferty, T., Johnson, J. W., Niedzwiedz-Massey, V. M.,
Phelan, K. D., et al. (2021). Ethanol modulation of cerebellar neuroinflammation in a
postnatal mouse model of fetal alcohol spectrum disorders. J. Neurosci. Res. 99 (8),
1986–2007. doi:10.1002/jnr.24797

Kaneko, M. (2016). Physiological roles of ubiquitin ligases related to the endoplasmic
reticulum. Yakugaku Zasshi 136 (6), 805–809. doi:10.1248/yakushi.15-00292-2

Karsenty, G. (2023). Osteocalcin: a multifaceted bone-derived hormone. Annu. Rev.
Nutr. 43, 55–71. doi:10.1146/annurev-nutr-061121-091348

Khrimian, L., Obri, A., Ramos-Brossier, M., Rousseaud, A., Moriceau, S., Nicot, A. S.,
et al. (2017). Gpr158 mediates osteocalcin’s regulation of cognition. J. Exp. Med. 214
(10), 2859–2873. doi:10.1084/jem.20171320

Kitao, Y., Imai, Y., Ozawa, K., Kataoka, A., Ikeda, T., Soda, M., et al. (2007). Pael
receptor induces death of dopaminergic neurons in the substantia nigra via endoplasmic
reticulum stress and dopamine toxicity, which is enhanced under condition of parkin
inactivation. Hum. Mol. Genet. 16 (1), 50–60. doi:10.1093/hmg/ddl439

Koltun, K. J., Sterczala, A. J., Sekel, N.M., Krajewski, K. T., Martin, B. J., Lovalekar, M.,
et al. (2024). Effect of acute resistance exercise on bone turnover in young adults before
and after concurrent resistance and interval training. Physiol. Rep. 12 (3), e15906. doi:10.
14814/phy2.15906

Komori, T. (2020). Functions of osteocalcin in bone, pancreas, testis, and muscle. Int.
J. Mol. Sci. 21 (20), 7513. doi:10.3390/ijms21207513

Kubota, K., Niinuma, Y., Kaneko, M., Okuma, Y., Sugai, M., Omura, T., et al. (2006).
Suppressive effects of 4-phenylbutyrate on the aggregation of Pael receptors and
endoplasmic reticulum stress. J. Neurochem. 97 (5), 1259–1268. doi:10.1111/j.1471-
4159.2006.03782.x

Leinartaite, L., and Svenningsson, P. (2017). Folding underlies bidirectional role of
GPR37/pael-R in Parkinson disease. Trends Pharmacol. Sci. 38 (8), 749–760. doi:10.
1016/j.tips.2017.05.006

Li, M., Wang, X., Chen, Q., Wang, B., Zhang, W., and Wang, X. (2024). The role of
GPR37 in modulating inflammatory responses and promoting recovery from brain
injury in ischemic stroke rats. Chin. J. Gerontology 44 (08), 1983–1989.

Li, X., Nabeka, H., Saito, S., Shimokawa, T., Khan, M. S. I., Yamamiya, K., et al. (2017).
Expression of prosaposin and its receptors in the rat cerebellum after kainic acid
injection. IBRO Rep. 2, 31–40. doi:10.1016/j.ibror.2017.02.002

Liang, K., Guo, Z., Zhang, S., Chen, D., Zou, R., Weng, Y., et al. (2023).
GPR37 expression as a prognostic marker in gliomas: a bioinformatics-based
analysis. Aging (Albany NY) 15 (19), 10146–10167. doi:10.18632/aging.205063

Lin, C. H., Tao, P. L., Tsay, H. J., Chiang, Y. C., Chang, W. T., Ho, I. K., et al. (2021).
Dextromethorphan dampens neonatal astrocyte activation and endoplasmic reticulum
stress induced by prenatal exposure to buprenorphine. Behav. Neurol. 2021, 6301458.
doi:10.1155/2021/6301458

Liu, W., Hu, Q., Zhang, F., Shi, K., and Wu, J. (2023). Investigation of the causal
relationship between osteocalcin and dementia: a Mendelian randomization study.
Heliyon 9 (10), e21073. doi:10.1016/j.heliyon.2023.e21073

Lundius, E. G., Vukojevic, V., Hertz, E., Stroth, N., Cederlund, A., Hiraiwa, M., et al.
(2014). GPR37 protein trafficking to the plasmamembrane regulated by prosaposin and
GM1 gangliosides promotes cell viability. J. Biol. Chem. 289 (8), 4660–4673. doi:10.
1074/jbc.M113.510883

Mandillo, S., Golini, E., Marazziti, D., Di Pietro, C., Matteoni, R., and Tocchini-
Valentini, G. P. (2013). Mice lacking the Parkinson’s related GPR37/PAEL receptor
show non-motor behavioral phenotypes: age and gender effect. Genes Brain Behav. 12
(4), 465–477. doi:10.1111/gbb.12041

Marazziti, D., Di Pietro, C., Golini, E., Mandillo, S., Matteoni, R., and Tocchini-
Valentini, G. P. (2009). Induction of macroautophagy by overexpression of the
Parkinson’s disease-associated GPR37 receptor. FASEB J. 23 (6), 1978–1987. doi:10.
1096/fj.08-121210

Marazziti, D., Di Pietro, C., Mandillo, S., Golini, E., Matteoni, R., and Tocchini-
Valentini, G. P. (2011). Absence of the GPR37/PAEL receptor impairs striatal Akt and
ERK2 phosphorylation, DeltaFosB expression, and conditioned place preference to
amphetamine and cocaine. FASEB J. 25 (6), 2071–2081. doi:10.1096/fj.10-175737

Marazziti, D., Golini, E., Gallo, A., Lombardi, M. S., Matteoni, R., and Tocchini-
Valentini, G. P. (1997). Cloning of GPR37, a gene located on chromosome 7 encoding a
putative G-protein-coupled peptide receptor, from a human frontal brain EST library.
Genomics 45 (1), 68–77. doi:10.1006/geno.1997.4900

Marazziti, D., Golini, E., Mandillo, S., Magrelli, A., Witke, W., Matteoni, R., et al.
(2004). Altered dopamine signaling and MPTP resistance in mice lacking the

Parkinson’s disease-associated GPR37/parkin-associated endothelin-like receptor.
Proc. Natl. Acad. Sci. U S A. 101 (27), 10189–10194. doi:10.1073/pnas.0403661101

Marazziti, D., Mandillo, S., Di Pietro, C., Golini, E., Matteoni, R., and Tocchini-
Valentini, G. P. (2007). GPR37 associates with the dopamine transporter to modulate
dopamine uptake and behavioral responses to dopaminergic drugs. Proc. Natl. Acad.
Sci. U S A. 104 (23), 9846–9851. doi:10.1073/pnas.0703368104

Massey, J. M., Amps, J., Viapiano, M. S., Matthews, R. T., Wagoner, M. R., Whitaker,
C. M., et al. (2008). Increased chondroitin sulfate proteoglycan expression in denervated
brainstem targets following spinal cord injury creates a barrier to axonal regeneration
overcome by chondroitinase ABC and neurotrophin-3. Exp. Neurol. 209 (2), 426–445.
doi:10.1016/j.expneurol.2007.03.029

McCrary, M. R., Jiang, M. Q., Giddens, M. M., Zhang, J. Y., Owino, S., Wei, Z. Z., et al.
(2019). Protective effects of GPR37 via regulation of inflammation and multiple cell
death pathways after ischemic stroke in mice. FASEB J. 33 (10), 10680–10691. doi:10.
1096/fj.201900070R

Meyer, R. C., Giddens, M. M., Schaefer, S. A., and Hall, R. A. (2013). GPR37 and
GPR37L1 are receptors for the neuroprotective and glioprotective factors prosaptide
and prosaposin. Proc. Natl. Acad. Sci. U S A. 110 (23), 9529–9534. doi:10.1073/pnas.
1219004110

Mohammad Rahimi, G. R., Niyazi, A., and Alaee, S. (2021). The effect of exercise
training on osteocalcin, adipocytokines, and insulin resistance: a systematic review and
meta-analysis of randomized controlled trials. Osteoporos. Int. 32 (2), 213–224. doi:10.
1007/s00198-020-05592-w

Morato, X., Cunha, R. A., and Ciruela, F. (2019). G protein-coupled receptor 37
(GPR37) emerges as an important modulator of adenosinergic transmission in the
striatum. Neural Regen. Res. 14 (11), 1912–1914. doi:10.4103/1673-5374.259610

Morato, X., Garcia-Esparcia, P., Argerich, J., Llorens, F., Zerr, I., Paslawski, W., et al.
(2021). Ecto-GPR37: a potential biomarker for Parkinson’s disease. Transl.
Neurodegener. 10 (1), 8. doi:10.1186/s40035-021-00232-7

Mouhi, S., Martin, B., and Owino, S. (2022). Emerging roles for the orphan GPCRs,
GPR37 and GPR37 L1, in stroke pathophysiology. Int. J. Mol. Sci. 23 (7), 4028. doi:10.
3390/ijms23074028

Nguyen, T. T., Dammer, E. B., Owino, S. A., Giddens, M. M., Madaras, N. S., Duong,
D. M., et al. (2020). Quantitative proteomics reveal an altered pattern of protein
expression in brain tissue from mice lacking GPR37 and GPR37L1. J. Proteome Res. 19
(2), 744–755. doi:10.1021/acs.jproteome.9b00622

Nishimoto, S. K., Chang, C. H., Gendler, E., Stryker, W. F., and Nimni, M. E. (1985).
The effect of aging on bone formation in rats: biochemical and histological evidence for
decreased bone formation capacity. Calcif. Tissue Int. 37 (6), 617–624. doi:10.1007/
BF02554919

Nowicki, J. K., and Jakubowska-Pietkiewicz, E. (2024). Osteocalcin: beyond bones.
Endocrinol. Metab. Seoul. 39 (3), 399–406. doi:10.3803/EnM.2023.1895

Odani, N., Pfaff, S. L., Nakamura, H., and Funahashi, J. (2007). Cloning and
developmental expression of a chick G-protein-coupled receptor SCGPR1. Gene
Expr. Patterns 7 (4), 375–380. doi:10.1016/j.modgep.2006.12.003

Oury, F., Khrimian, L., Denny, C. A., Gardin, A., Chamouni, A., Goeden, N., et al.
(2013). Maternal and offspring pools of osteocalcin influence brain development and
functions. Cell 155 (1), 228–241. doi:10.1016/j.cell.2013.08.042

Owino, S., Giddens, M.M., Jiang, J. G., Nguyen, T. T., Shiu, F. H., Lala, T., et al. (2021).
GPR37 modulates progenitor cell dynamics in a mouse model of ischemic stroke.
Exp. Neurol. 342, 113719. doi:10.1016/j.expneurol.2021.113719

Panizza, E., and Cerione, R. A. (2024). An interpretable deep learning framework
identifies proteomic drivers of Alzheimer’s disease. Front. Cell Dev. Biol. 12, 1379984.
doi:10.3389/fcell.2024.1379984

Paracha, N., Mastrokostas, P., Kello, E., Gedailovich, Y., Segall, D., Rizzo, A., et al.
(2024). Osteocalcin improves glucose tolerance, insulin sensitivity and secretion in older
male mice. Bone 182, 117048. doi:10.1016/j.bone.2024.117048

Park, J., Langmead, C. J., and Riddy, D. M. (2020). New advances in targeting the
resolution of inflammation: implications for specialized pro-resolving mediator GPCR
drug discovery. ACS Pharmacol. Transl. Sci. 3 (1), 88–106. doi:10.1021/acsptsci.9b00075

Patassini, S., Begley, P., Xu, J., Church, S. J., Reid, S. J., Kim, E. H., et al. (2016).
Metabolite mapping reveals severe widespread perturbation of multiple metabolic
processes in Huntington’s disease human brain. Biochim. Biophys. Acta 1862 (9),
1650–1662. doi:10.1016/j.bbadis.2016.06.002

Pebworth, M. P., Ross, J., Andrews, M., Bhaduri, A., and Kriegstein, A. R. (2021).
Human intermediate progenitor diversity during cortical development. Proc. Natl.
Acad. Sci. U S A. 118 (26), e2019415118. doi:10.1073/pnas.2019415118

Pla-Casillanis, A., Ferigle, L., Alonso-Gardon, M., Xicoy-Espaulella, E., Errasti-
Murugarren, E., Marazziti, D., et al. (2022). GPR37 receptors and megalencephalic
leukoencephalopathy with subcortical cysts. Int. J. Mol. Sci. 23 (10), 5528. doi:10.3390/
ijms23105528

Popiolek-Barczyk, K., Ciechanowska, A., Ciapala, K., Pawlik, K., Oggioni, M.,
Mercurio, D., et al. (2020). The CCL2/CCL7/CCL12/CCR2 pathway is substantially
and persistently upregulated in mice after traumatic brain injury, and CCL2 modulates
the complement system in microglia. Mol. Cell Probes 54, 101671. doi:10.1016/j.mcp.
2020.101671

Frontiers in Cell and Developmental Biology frontiersin.org11

Bian et al. 10.3389/fcell.2024.1510666

https://doi.org/10.1016/s0092-8674(01)00407-x
https://doi.org/10.1016/s0092-8674(01)00407-x
https://doi.org/10.3389/fcell.2020.00734
https://doi.org/10.1002/jcp.24460
https://doi.org/10.1002/jcp.24460
https://doi.org/10.1002/jnr.24797
https://doi.org/10.1248/yakushi.15-00292-2
https://doi.org/10.1146/annurev-nutr-061121-091348
https://doi.org/10.1084/jem.20171320
https://doi.org/10.1093/hmg/ddl439
https://doi.org/10.14814/phy2.15906
https://doi.org/10.14814/phy2.15906
https://doi.org/10.3390/ijms21207513
https://doi.org/10.1111/j.1471-4159.2006.03782.x
https://doi.org/10.1111/j.1471-4159.2006.03782.x
https://doi.org/10.1016/j.tips.2017.05.006
https://doi.org/10.1016/j.tips.2017.05.006
https://doi.org/10.1016/j.ibror.2017.02.002
https://doi.org/10.18632/aging.205063
https://doi.org/10.1155/2021/6301458
https://doi.org/10.1016/j.heliyon.2023.e21073
https://doi.org/10.1074/jbc.M113.510883
https://doi.org/10.1074/jbc.M113.510883
https://doi.org/10.1111/gbb.12041
https://doi.org/10.1096/fj.08-121210
https://doi.org/10.1096/fj.08-121210
https://doi.org/10.1096/fj.10-175737
https://doi.org/10.1006/geno.1997.4900
https://doi.org/10.1073/pnas.0403661101
https://doi.org/10.1073/pnas.0703368104
https://doi.org/10.1016/j.expneurol.2007.03.029
https://doi.org/10.1096/fj.201900070R
https://doi.org/10.1096/fj.201900070R
https://doi.org/10.1073/pnas.1219004110
https://doi.org/10.1073/pnas.1219004110
https://doi.org/10.1007/s00198-020-05592-w
https://doi.org/10.1007/s00198-020-05592-w
https://doi.org/10.4103/1673-5374.259610
https://doi.org/10.1186/s40035-021-00232-7
https://doi.org/10.3390/ijms23074028
https://doi.org/10.3390/ijms23074028
https://doi.org/10.1021/acs.jproteome.9b00622
https://doi.org/10.1007/BF02554919
https://doi.org/10.1007/BF02554919
https://doi.org/10.3803/EnM.2023.1895
https://doi.org/10.1016/j.modgep.2006.12.003
https://doi.org/10.1016/j.cell.2013.08.042
https://doi.org/10.1016/j.expneurol.2021.113719
https://doi.org/10.3389/fcell.2024.1379984
https://doi.org/10.1016/j.bone.2024.117048
https://doi.org/10.1021/acsptsci.9b00075
https://doi.org/10.1016/j.bbadis.2016.06.002
https://doi.org/10.1073/pnas.2019415118
https://doi.org/10.3390/ijms23105528
https://doi.org/10.3390/ijms23105528
https://doi.org/10.1016/j.mcp.2020.101671
https://doi.org/10.1016/j.mcp.2020.101671
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1510666


Puig, J., Blasco, G., Daunis-i-Estadella, J., Moreno, M., Molina, X., Alberich-Bayarri,
A., et al. (2016). Lower serum osteocalcin concentrations are associated with brain
microstructural changes and worse cognitive performance. Clin. Endocrinol. (Oxf) 84
(5), 756–763. doi:10.1111/cen.12954

Qian, Z., Li, H., Yang, H., Yang, Q., Lu, Z., Wang, L., et al. (2021). Osteocalcin
attenuates oligodendrocyte differentiation and myelination via GPR37 signaling in the
mouse brain. Sci. Adv. 7 (43), eabi5811. doi:10.1126/sciadv.abi5811

Qian, Z., Liu, C., Li, H., Yang, H., Wu, J., Liu, J., et al. (2022). Osteocalcin alleviates
lipopolysaccharide-induced acute inflammation via activation of GPR37 in
macrophages. Biomedicines 10 (5), 1006. doi:10.3390/biomedicines10051006

Reichl, B., Niederstaetter, L., Boegl, T., Neuditschko, B., Bileck, A., Gojo, J., et al.
(2020). Determination of a tumor-promoting microenvironment in recurrent
medulloblastoma: a multi-omics study of cerebrospinal fluid. Cancers (Basel) 12 (6),
1350. doi:10.3390/cancers12061350

Rezgaoui, M., Susens, U., Ignatov, A., Gelderblom, M., Glassmeier, G., Franke, I., et al.
(2006). The neuropeptide head activator is a high-affinity ligand for the orphan
G-protein-coupled receptor GPR37. J. Cell Sci. 119 (Pt 3), 542–549. doi:10.1242/jcs.
02766

Robertson, K., Hahn, O., Robinson, B. G., Faruk, A. T., Janakiraman, M.,
Namkoong, H., et al. (2024a). Gpr37 modulates the severity of inflammation-
induced GI dysmotility by regulating enteric reactive gliosis. bioRxiv 588619.
doi:10.1101/2024.04.09.588619

Robertson, K., Hahn, O., Robinson, B. G., Faruk, A. T., Janakiraman, M., Namkoong,
H., et al. (2024b). Gpr37 modulates the severity of inflammation-induced GI dysmotility
by regulating enteric reactive gliosis. bioRxiv. doi:10.1101/2024.04.09.588619

Saadi, H., Shan, Y., Marazziti, D., and Wray, S. (2019). GPR37 signaling modulates
migration of olfactory ensheathing cells and gonadotropin releasing hormone cells in
mice. Front. Cell Neurosci. 13, 200. doi:10.3389/fncel.2019.00200

Satoh, J., Kawana, N., and Yamamoto, Y. (2013). Pathway analysis of ChIP-seq-based
NRF1 target genes suggests a logical hypothesis of their involvement in the pathogenesis
of neurodegenerative diseases. Gene Regul. Syst. Bio 7, 139–152. doi:10.4137/GRSB.
S13204

Schmidt, A. L., Kremp, M., Aratake, T., Cui, S., Lin, Y., Zhong, X., et al. (2024). The
myelination-associated G protein-coupled receptor 37 is regulated by Zfp488, Nkx2.2,
and Sox10 during oligodendrocyte differentiation. Glia 72 (7), 1304–1318. doi:10.1002/
glia.24530

Scholefield, M., Church, S. J., Taylor, G., Knight, D., Unwin, R. D., and Cooper, G. J. S.
(2023). Multi-regional alterations in glucose and purine metabolic pathways in the
Parkinson’s disease dementia brain. NPJ Park. Dis. 9 (1), 66. doi:10.1038/s41531-023-
00488-y

Shan, C., Zhang, D., Ma, D. N., Hou, Y. F., Zhuang, Q. Q., Gong, Y. L., et al. (2023).
Osteocalcin ameliorates cognitive dysfunctions in a mouse model of Alzheimer’s
Disease by reducing amyloid β burden and upregulating glycolysis in neuroglia. Cell
Death Discov. 9 (1), 46. doi:10.1038/s41420-023-01343-y

Silva-Palacios, A., Ostolga-Chavarria, M., Zazueta, C., and Konigsberg, M. (2018).
Nrf2: molecular and epigenetic regulation during aging. Ageing Res. Rev. 47, 31–40.
doi:10.1016/j.arr.2018.06.003

Smith, B. M., Giddens, M. M., Neil, J., Owino, S., Nguyen, T. T., Duong, D., et al.
(2017). Mice lacking Gpr37 exhibit decreased expression of the myelin-associated

glycoprotein MAG and increased susceptibility to demyelination. Neuroscience 358,
49–57. doi:10.1016/j.neuroscience.2017.06.006

Takenouchi, T., Sato, W., Torii, C., and Kosaki, K. (2014). Progressive cognitive
decline in an adult patient with cleidocranial dysplasia. Eur. J. Med. Genet. 57 (7),
319–321. doi:10.1016/j.ejmg.2014.04.015

Tanabe, Y., Fujita-Jimbo, E., Momoi, M. Y., and Momoi, T. (2015). CASPR2 forms a
complex with GPR37 via MUPP1 but not with GPR37(R558Q), an autism spectrum
disorder-related mutation. J. Neurochem. 134 (4), 783–793. doi:10.1111/jnc.13168

Tomita, H., Ziegler, M. E., Kim, H. B., Evans, S. J., Choudary, P. V., Li, J. Z., et al.
(2013). G protein-linked signaling pathways in bipolar and major depressive disorders.
Front. Genet. 4, 297. doi:10.3389/fgene.2013.00297

Wang, H., Hu, L., Zang, M., Zhang, B., Duan, Y., Fan, Z., et al. (2016). REG4 promotes
peritoneal metastasis of gastric cancer through GPR37.Oncotarget 7 (19), 27874–27888.
doi:10.18632/oncotarget.8442

Wang, Q., Huang, X., Su, Y., Yin, G., Wang, S., Yu, B., et al. (2022). Activation ofWnt/
β-catenin pathway mitigates blood-brain barrier dysfunction in Alzheimer’s disease.
Brain 145 (12), 4474–4488. doi:10.1093/brain/awac236

Yang, H. J., Vainshtein, A., Maik-Rachline, G., and Peles, E. (2016). G protein-coupled
receptor 37 is a negative regulator of oligodendrocyte differentiation and myelination.
Nat. Commun. 7, 10884. doi:10.1038/ncomms10884

Yu, J., Li, J., Matei, N., Wang, W., Tang, L., Pang, J., et al. (2024). Intranasal
administration of recombinant prosaposin attenuates neuronal apoptosis through
GPR37/PI3K/Akt/ASK1 pathway in MCAO rats. Exp. Neurol. 373, 114656. doi:10.
1016/j.expneurol.2023.114656

Zeng, Y., Zhou, Q., Xiong, Q., and Chen, Y. (2019). Protectin D1 alleviates cardiac
ischemia-reperfusion injury in rats by up-regulating GPR37/JNK/PPAR-γ signaling
pathway in cardiac macrophages. J. Third Mil. Med. Univ. 41 (16), 1511–1519. doi:10.
16016/j.1000-5404.201903197

Zhang, Q., Bang, S., Chandra, S., and Ji, R. R. (2022). Inflammation and infection in
pain and the role of GPR37. Int. J. Mol. Sci. 23 (22), 14426. doi:10.3390/ijms232214426

Zhang, X., Mantas, I., Fridjonsdottir, E., Andren, P. E., Chergui, K., and Svenningsson,
P. (2020a). Deficits in motor performance, neurotransmitters and synaptic plasticity in
elderly and experimental parkinsonian mice lacking GPR37. Front. Aging Neurosci. 12,
84. doi:10.3389/fnagi.2020.00084

Zhang, X. L., Wang, Y. N., Ma, L. Y., Liu, Z. S., Ye, F., and Yang, J. H. (2020b).
Uncarboxylated osteocalcin ameliorates hepatic glucose and lipid metabolism in KKAy
mice via activating insulin signaling pathway. Acta Pharmacol. Sin. 41 (3), 383–393.
doi:10.1038/s41401-019-0311-z

Zhang, Y., and Wang, L. (2018). Up-regulation of GPR37 promotes the proliferation
of human glioma U251 cells. Xi Bao Yu Fen Zi Mian Yi Xue Za Zhi 34 (4), 341–345.
doi:10.13423/j.cnki.cjcmi.008584

Zhao, Y., Yang, L., Chen, M., Gao, F., Lv, Y., Li, X., et al. (2024). Study on
undercarboxylated osteocalcin in improving cognitive function of rats with type
2 diabetes mellitus by regulating PI3K-AKT-GSK/3β signaling pathwaythrough
medical images. Biotechnol. Genet. Eng. Rev. 40 (3), 2246–2261. doi:10.1080/
02648725.2023.2199238

Zou, T., Xiao, B., Tang, J., Zhang, H., and Tang, X. (2012). Downregulation of Pael-R
expression in a Parkinson’s disease cell model reduces apoptosis. J. Clin. Neurosci. 19
(10), 1433–1436. doi:10.1016/j.jocn.2011.12.024

Frontiers in Cell and Developmental Biology frontiersin.org12

Bian et al. 10.3389/fcell.2024.1510666

https://doi.org/10.1111/cen.12954
https://doi.org/10.1126/sciadv.abi5811
https://doi.org/10.3390/biomedicines10051006
https://doi.org/10.3390/cancers12061350
https://doi.org/10.1242/jcs.02766
https://doi.org/10.1242/jcs.02766
https://doi.org/10.1101/2024.04.09.588619
https://doi.org/10.1101/2024.04.09.588619
https://doi.org/10.3389/fncel.2019.00200
https://doi.org/10.4137/GRSB.S13204
https://doi.org/10.4137/GRSB.S13204
https://doi.org/10.1002/glia.24530
https://doi.org/10.1002/glia.24530
https://doi.org/10.1038/s41531-023-00488-y
https://doi.org/10.1038/s41531-023-00488-y
https://doi.org/10.1038/s41420-023-01343-y
https://doi.org/10.1016/j.arr.2018.06.003
https://doi.org/10.1016/j.neuroscience.2017.06.006
https://doi.org/10.1016/j.ejmg.2014.04.015
https://doi.org/10.1111/jnc.13168
https://doi.org/10.3389/fgene.2013.00297
https://doi.org/10.18632/oncotarget.8442
https://doi.org/10.1093/brain/awac236
https://doi.org/10.1038/ncomms10884
https://doi.org/10.1016/j.expneurol.2023.114656
https://doi.org/10.1016/j.expneurol.2023.114656
https://doi.org/10.16016/j.1000-5404.201903197
https://doi.org/10.16016/j.1000-5404.201903197
https://doi.org/10.3390/ijms232214426
https://doi.org/10.3389/fnagi.2020.00084
https://doi.org/10.1038/s41401-019-0311-z
https://doi.org/10.13423/j.cnki.cjcmi.008584
https://doi.org/10.1080/02648725.2023.2199238
https://doi.org/10.1080/02648725.2023.2199238
https://doi.org/10.1016/j.jocn.2011.12.024
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1510666


Glossary
A2AR alpha-2 adrenergic receptor

AD Alzheimer’s disease

Arg1 Arginase 1

ARU artesunate

ASD autism spectrum disorder

Aβ amyloid-beta

BBB blood-brain barrier

CCL2/3 chemokines C-C motif chemokine ligand 2/3

CNS central nervous system

CSF cerebrospinal fluid

Cspg4 chondroitin sulfate proteoglycan 4

D2R D2 receptors

DAT dopamine transporter

Dcx doublecortin

ERS endoplasmic reticulum stress

FASD fetal alcohol spectrum disorders

GlialCAM glial cell adhesion molecule

GnRH gonadotropin-releasing hormone

GPR37 G protein-coupled receptor 37

LPS lipopolysaccharide

LRP6 lipoprotein receptor-related protein 6

LTD long-term depression

MAP2 Microtubule-associated protein 2

MBP myelin basic protein

MCAO middle cerebral artery occlusion

MLC megalencephalic leukoencephalopathy with subcortical cysts

NDs neurodegenerative diseases

NPCs neural progenitor cells

NPD1 neuroprotectin D1

NSE neuron-specific enolase

OCN Osteocalcin

OECs olfactory ensheathing cells

OLs oligodendrocytes

OPCs oligodendrocyte precursor cells

Pael-R parkin-associated endothelin receptor-like receptor

PD Parkinson’s disease

PLP1 proteolipid protein 1

PMNs polymorphonuclear neutrophils

PTX pertussis toxin

SPMs specialized pro-resolving mediators

TGF-β transforming growth factor-β

TNF-α tumor necrosis factor-alpha

TRP transient receptor potential

VIM vimentin
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