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The central nervous system (CNS) and the immune system might cooperate with each other on various levels in a body. In-
terestingly, signaling pathways linked to several G protein-coupled receptors (GPCRs) have been shown to be involved in the
pathology both of CNS disorders including neurodegenerative diseases and/or immune-related diseases. Oxidative stress and
inflammation are likely to contribute to cell damage and death in these disorders, which in turn could cause mitochondrial in-
jury. Interestingly, it has been revealed that gut microbiota could play a significant role in changing the phenotype of various
neuron and/or immune-related disorders. Remarkably, GPCR signaling has been recognized as a key upstream regulator for au-
tophagy/mitophagy via the action of the mammalian/mechanistic target of rapamycin (mTOR) signaling. In addition, adjusting
the composition of gut microbiota could be applied to modulate the autophagy/mitophagy by the alteration of GPCR signaling
to ameliorate the mitochondrial injury. Collectively, this approach may contribute to the innovative development of promising
therapeutics for neurodegenerative diseases and/or immune-related diseases. This review describes that concept, highlighting

the intracellular mTOR signaling from the cell surface GPCRs within cells of Gut-brain-immune axis.

Keywords: GPCR; mTOR; autophagy; mitophagy; gut microbiota; neurodegenerative disease; immune-related disease

Introduction

Neurodegenerative diseases are caused by the loss of
neuronal cells, resulting in cognitive or motor impairments
[1]. Parkinson’s disease, Alzheimer’s disease, Huntington’s
disease and Amyotrophic lateral sclerosis (ALS) are general
types of these neurodegenerative diseases [2] (Fig. 1). Un-
fortunately, limited therapeutic options are presently avail-
able despite ongoing research efforts. The gut microbiota
and its metabolites may play a substantial role in altering the
functions of microglia in the brain with neurodegenerative
diseases [3]. Interestingly, it has been shown that magni-
fication of microglial activation caused by gut microbiota-
derived short-chain fatty acids (SCFAs) may lead to inten-
sified a-synuclein aggregates in the model mice of Parkin-
son’s disease [4]. The gut-brain axis might play a key role
in the development of neurodegenerative diseases through
bidirectional effects of the gut and brain, which may be the
intricate link for neurodegeneration. In this complicated
bidirectional communication, the gut microbiota could in-
teract with the central nervous system (CNS) via spinal
nerves and/or vagus nerve [5] as well as with immune sys-
tem and enteroendocrine system [6,7], which may facilitate
various signal transductions in neuronal cells (Fig. 1). In
addition, a lot of neurotransmitters and various metabolites

produced by gut microorganisms such as gut hormones, cy-
tokines, peptides, and neuroactive substances may also play
pivotal roles in keeping this communication for the host
homeostasis [8]. Therefore, the conformation of gut mi-
crobiota can affect many parts of gut and/or brain func-
tions, including the integrity of the gut barrier, the per-
meability of the blood-brain barrier (BBB), the matura-
tion of neuronal cells, and the stability of the immune sys-
tem. In fact, gut dysbiosis has been shown to participate in
the pathophysiology of various systemic diseases [9]. Key
molecules such as neurotransmitters (dopamine, serotonin,
norepinephrine, gamma-aminobutyric acid (GABA)), cy-
tokines (interleukin (IL)-13, IL-6, IL-10, tumor necrosis
factor-a (TNF-a)), and metabolites (SCFAs, amine com-
pounds, vitamins) can play important roles in the process
of neurodegenerative disorders [10].

The precise mechanisms through which a changed gut
microbiota can impact the CNS remain unclear. Here, an
overview of the hypothetical mechanisms may be provided
according to the identified signaling pathways linked to
several G protein-coupled receptors (GPCRs). It has been
shown that signaling, internalization, and desensitization of
several GPCRs are involved in the pathogenesis of a va-
riety of neurodegenerative diseases [11,12]. GPCRs have
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Fig. 1. Schematic representation for the development of neurodegenerative diseases such as Parkinson’s disease, Alzheimer’s

disease, Huntington’s disease, Amyotrophic lateral sclerosis (ALS), and/or immune-related diseases such as inflammatory bowel

disease (IBD), Nonalcoholic fatty liver disease (NAFLD), Gaucher disease, and so on. Gut-brain-immune axis may be involved in

the pathogenesis. Interestingly, G protein-coupled receptors (GPCRs) are expressed in these cells of the gut-brain-immune axis organ.

The arrowhead means stimulation and/or augmentation whereas the hammerhead represents inhibition. Some critical events have been

omitted for clarity. SCFAs, short-chain fatty acids; GABA, gamma-aminobutyric acid. This illustration was created using Microsoft

PowerPoint 2013 (Microsoft Corporation, Redmond, WA, USA).

emerged as promising targets in the CNS, offering new av-
enues for drug development against neurodegenerative dis-
eases [13]. In addition, GPCRs are deeply involved in other
human diseases via the effects of a multitude of endoge-
nous and exogenous cues [14]. For example, GPCRs are
promising targets in research on new strategies for the di-
agnostics and/or treatment of colorectal cancer [15]. Fur-
thermore, GPCRs can participate in immune cell recruit-
ment and immune modulations [16]. Subsequently, it has
been shown that GPCRs may be potential targets for can-
cer immunotherapy [17]. In these ways, GPCRs are pivotal
in mediating diverse physiological and pathological pro-
cesses, providing promising targets for drug discovery [18].
Here, we discuss the key role of GPCRs in various cell types
for brain homeostasis, which would facilitate the study of
GPCR mechanisms for accelerating the process of GPCR-
targeted drug discovery against various disorders.

GPCRs Expressed in Cells of the
Gut-Brain-Immune Axis

GPCRs represent membrane receptors comprising
seven transmembrane helix proteins playing a vital role
in various physiological and pathological processes, which
comprise the largest class of receptor family in the human
proteins [19,20]. There are more than 150 GPCRs, for
which the natural ligands are still unknown. These orphan

receptors remain unexplored in terms of their molecular sig-
naling pathways and functions [21]. Various GPCR lig-
ands have been recognized at present, such as prostaglandin
E2, sphingosine 1-phosphate, lysophosphatidic acid, car-
bachol, stromal cell-derived factor, isoproterenol, follicle-
stimulating hormone (FSH), thyroid-stimulating hormone
(TSH), and luteinizing hormone (LH)/choriogonadotropin
(CQG), ranging from hormonal peptides, chemokines, neu-
rotransmitters, lipids, nucleotides, amino acids, biogenic
amines to ions and so forth [22]. Therefore, GPCRs could
perceive a diversity of extracellular stimuli. As a result, in-
tracellular G protein-coupled pathways may regulate many
biological processes involved in normal physiological func-
tions of the body as well as in the pathological progression
of diseases [23]. Interestingly, GPCRs are selectively ex-
pressed on specific human cells including enteric, brain,
and immune cells, suggesting clues to gut-brain-immune
intricate interactions, which may importantly represent an
opportunity to address several diseases [24,25].

Many approved drugs may target GPCRs, which are
mostly expressed within the CNS. Notably, biogenic amine,
endocannabinoids, and opioid receptors are key targets for
treating neuropsychiatric disorders [26]. Meanwhile, as-
trocytes have an active structural and functional interaction
with neurons at the synapse [27]. The wide variety of re-
ceptors expressed by astrocytes, including GPCRs, could be
activated by neurotransmitters and other small molecules,
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thereby allowing the detection of alterations in synaptic ac-
tivity [28]. GPCRs are known to activate several intracel-
lular signaling pathways hanging on their binding to G,
inhibitory G proteins (Gj), or stimulatory G proteins (Gs)
[29]. GPCR signaling in astrocytes may mainly focus on
the hippocampus memories [30]. Interestingly, GPCRs in
the gut enteroendocrine cells can respond to nutritional,
and microbial signals, which may modulate the release of
gut hormones [31]. For example, GPCRs could regulate
the glucagon-like peptide-1 (GLP-1) production/secretion
in entero-endocrine cells by responding to the rise of car-
bohydrates [32], which in turn activate downstream sig-
naling pathways through various second messengers [33].
Understanding the biological actions of GPCRs would pro-
vide insight into developing novel diabetes therapeutics
by stimulating endogenous GLP-1 discharge [25,34]. It
has been suggested that the G protein-coupled orphan re-
ceptor 17 (GPR17) can contribute to the control of glu-
cose metabolism by modifying the GLP-1 discharge [31].
In addition, SCFAs are known to play a key role in gut-
brain communication [35], which have been shown to in-
teract with some GPCRs including GPR41, GPR43, and
GPR109A localized on the intestinal epithelial cells [36].
On these GPCR activations, a series of signaling actions are
started, which could also have an impact on the function of
the immune cells. For example, the roles of GPCR signal-
ing can facilitate a virus entry into lymphocytes inducing
immune cell handling [37,38]. Some GPCRs could also
promote tumor growth and its dissemination by the alter-
ation of the immune system [39]. The character of the im-
mune cell infiltrating the tumor microenvironment (TME)
is principally determined by chemokines and their associ-
ation with GPCRs [40]. Several inflammatory mediators
such as reactive oxygen species (ROS) that accumulate in
the TME may act on the Gas-coupled receptors to exhibit
an immunosuppressive activity [41]. Furthermore, GPCRs
may be indispensable for the control of immune dynamics,
where several immune cells could organize their behaviors
during tumor immune responses.

Most immune cells may express more than one GPCR
on their cell surfaces, permitting them to sense a wide
range of chemo-attractants and/or chemokines in various
tissues. Based on the GPCR expression patterns, immune
cells can recognize the same ranges of chemo-attractants,
which may control the total functionality of the immune
system [42]. It has been shown that similar expression pat-
terns of GPCRs from human intestinal epithelial cells and
different brain regions to various immune cells such as den-
dritic cells B-cells, T-cells, natural killer cells (NK-cells),
neutrophils, monocytes, and macrophages. Probably, in-
formation about all of these signaling events could be used
to treat various diseases with certain diets via the alter-
ation of the gut-brain-immune axis. Interestingly, trypto-
phan metabolites have been shown to diffuse through the in-
testinal epithelium and modulate innate and/or adaptive im-

mune responses via the G protein-coupled orphan receptor
35 (GPR35) and 5-hydroxytryptamine receptors, also ex-
pressed in the brain neuronal cells [43]. The capacity of the
gut-brain-immune axis to modulate different immune cells
and inflammation-related processes including ROS produc-
tion makes it a promising therapeutic target for managing
immune-related diseases [44]. However, further studies
are warranted to elucidate the molecular mechanisms caus-
ing their effects in the development of immune-related dis-
eases.

GPCRs and mTOR Pathway Involved in the
Regulation of Autophagy

GPCRs are crucial for regulating essential biologi-
cal processes that alter cell states and pivotal targets for
medication development [45,46]. These GPCRs could
begin to activate heterotrimeric G proteins for the pro-
duction of second messengers, stimulating several effec-
tor kinases in an extracellular stimulus-dependent man-
ner [47]. Structurally, GPCRs share a typical architec-
ture comprising an intracellular domain and an extracellu-
lar domain, a transmembrane domain stabilized by seven
alpha helix structures, which significantly interact with
G proteins including Gs, Ggi1, Gions, and G; [48,49].
Remarkably, they can respond to various external stim-
uli such as odorants, chemokines, neurotransmitters, and
ions, which could structurally change the proteins into an
active position [50,51]. The phosphoinositide-3 kinase
(PI3K)/protein kinase B (AKT)/mammalian/mechanistic
target of rapamycin (mTOR) signaling pathway is indis-
pensable for cell metabolism, cell survival, cell migration,
and immune function, which may be administrated by cell
surface GPCRs [52] (Fig. 2). In addition, stimulation of
GPCRs can also regulate intracellular other signaling ef-
fectors such as phospholipases, mitogen-activated protein
kinases (MAPKSs), ion channels, and adenylyl/guanylyl cy-
clases [53,54]. For example, human serotonin can bind
to the 5-hydroxytryptamine (5-HT)-GPCR, which is im-
portant for angiogenesis [54,55]. In addition, serotonin
might activate dopaminergic neuron activity in a region-
dependent manner through the GPCR, contributing to neu-
rological functions [55]. Interestingly, several medicinal
herbs including curcumin, danshensu, and/or puerarin have
been examined to initiate neuroprotective effects via the
GPCR/PI3K/AKT pathway [54]. In addition, docosahex-
aenoic acid (DHA) and polyunsaturated fatty acid may also
influence the oligomerization of GPCRs by changing the
cell membrane composition, which may be observed to
increase neuronal survival by GPCR signaling [56]. In
fact, the free fatty acids can increase glucose uptake via
the PI3K/AKT signaling [57]. Additionally, activation of
the mTOR protein kinase represents another consequen-
tial downstream process initiated by GPCR/PI3K/AKT ac-
tivation. It is triggered by TSC2 phosphorylation, lead-


https://www.discovmed.com/

ing to the activation of mTORCI1, a multiprotein complex.
The mTORCI1 could in turn drive the downstream activa-
tion of the elF4 complex, which afterward inhibits apop-
tosis and regulates the cell cycle [58]. Remarkably, this
PI3K/AKT/mTOR signaling has been recognized as a key
upstream regulator of autophagy [59]. Similarly, it has been
shown that the PI3K/AKT/mTOR signaling is also involved
in the alteration of autophagy [60]. Autophagy is a funda-
mental component of cell-autonomous immunity, targeting
intracellular pathogens including viruses and cytosolic bac-
teria to lysosomes for degradation. The mTOR is a ser-
ine/threonine protein kinase. As mentioned above, there
are two mTOR-complexes, mTORC1 and mTORC2. The
mTORCI is considered a major negative regulator of au-
tophagy with a major upstream modulator of the PI3K/AKT
signaling pathway [61]. The function of mMTORC2 might be
controlling the organization of the cytoskeleton [62]. The
inhibition of the GPCRs/PI3K/AKT/mTOR signaling path-
way can promote autophagy, while the activation of this
pathway obstructs autophagy [36]. Therefore, the dysregu-
lation of this GPCRs/PI3K/AKT/mTOR pathway has been
described in various pathologies [63]. For example, the ac-
tivation of GPCRs is a crucial factor contributing to cardiac
hypertrophy, in which the dysregulation of autophagy is im-
plicated [64]. Inflammation and immune responses may
play important roles in the development of cardiac hypertro-
phy [65]. Taken together, GPCRs could play roles in regu-
lating the PI3K/AKT/mTOR signaling pathway associated
with autophagy and potentially improve various patholo-
gies.

GPCRs Involved in the Regulation of
Neurodegenerative Diseases and
Immune-Related Diseases via the Alteration of
Autophagy/Mitophagy

Dysfunction of the autophagy machinery may lead
to the accumulation of abnormal proteins or damaged or-
ganelles, which are linked to various human diseases such
as diabetes, autoimmune diseases, cancers, and neurode-
generative diseases [66]. In addition, autophagy-related re-
search has increasingly focused on its role in inflammation
and/or immune responses. Interestingly, restoration of mi-
croglial autophagy has been shown to be critical for alle-
viating symptoms of neuroinflammation and/or neurode-
generation [67,68]. Mitophagy is a selective form of au-
tophagy, devoted to degrade damaged mitochondria. As
mitophagy is a crucial process for mitochondrial quality
control, the failure of mitophagy could lead to the accumu-
lation of flawed mitochondria, causing a risk of damage to
energy-asking neuronal cells. Therefore, mitophagy dys-
function is a key factor in the incidence and/or progression
of various neurodegenerative diseases such as ALS, Hunt-
ington’s disease, Parkinson’s disease, and Alzheimer’s dis-
ease [09]. In general, mitophagy can play an essential role
in many cellular processes, such as inflammation, apop-
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tosis, cell differentiation and proliferation, and mitochon-
drial turnover, modifying mitochondrial numbers. Chronic
neuro-inflammation via dysregulated immune activation
triggers the accumulation of neurotoxic misfolded proteins
in and around CNS cells resulting in neuronal death. The
neuronal death is probably induced by the inability to con-
trol protein aggregates, mitochondrial instability, and ex-
cess oxidative stress [70]. Hence, mitochondria dynamics
have been linked to many human diseases including neu-
rodegenerative diseases [71].

A positive relationship between mitophagy rate, mi-
tochondrial health, and individual longevity has been rec-
ognized in many model systems. Furthermore, it has been
detected that mitophagy also contributes to the regulation of
the immune responses. Mitophagy has the potential to ex-
ert an anti-inflammatory effect by repressing the excessive
production of cytokines such as IL-13 [72]. Accordingly,
the dysregulation of mitophagy could cause inflammation
by stimulating the NLR family pyrin domain-containing
protein 3 (NLRP3) inflammasomes, resulting in an over-
production of the IL-15 [73]. In addition, mitochondrial
impairment has been shown to activate the transcription of
other inflammatory factors including TNF-« [74]. Further-
more, abnormal mitophagy is connected to several autoim-
mune disorders, which are regulated by the association be-
tween innate and adaptive immune responses with the pro-
duction of various cytokines [75]. Genetic mutations in
components of the autophagy/mitophagy pathway may re-
sult in autoinflammatory and neurodegenerative disorders
[76].

Interestingly, emerging evidence links gut dysbiosis
to the aggravation and/or spread of proteinopathies from
the peripheral nervous system to the CNS and defective
autophagy-mediated proteinopathies, which contribute to
the development of neurodegeneration [77]. An altered
microbiome coupled with defects in autophagy can also
drive chronic immune activation in a drosophila model of
immune-related Gaucher disease [78] (Fig. 1). In addition,
the potential targeting of the microbiota and modulating au-
tophagic pathways have been addressed for the therapy of
inflammatory bowel disease (IBD) [79]. Further studies
are necessary to explore restoring microbial balance and
regulating autophagy mechanisms, which may offer new
therapeutic avenues for brain and/or immune management.
In this regard, comprehension of GPCR function with the
modification of autophagy/mitophagy would be beneficial
for the development of GPCR-targeted therapeutics in the
future. For instance, it has been reported that GLP-1 and/or
serotonin, whose receptors are GPCRs, may play a favor-
able role in the treatment of Alzheimer’s disease [80,81],
in which GPCR signaling pathway has been shown for the
modification of autophagy/mitophagy [80,81]. Therefore,
certain GPCRs could regulate the pathology of neurodegen-
erative diseases and immune-related diseases via the modi-
fication of autophagy/mitophagy.
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Fig. 2. An illustrative representation of the GPCR signaling pathways. Several modulator molecules associated with the receptors
in their downstream pathway are also demonstrated. For example, the stimulation of serotonin (5-hydroxytryptamine (5-HT)) receptor,
a GPCR, may result in the activation of the adenylyl cyclase (AC) that can transform adenosine triphosphate (ATP) into 3-5-cyclic
adenosine monophosphate (cAMP), which may then activate the cAMP-dependent protein kinase (PKA) as well as the following AMPK
for the alteration of autophagy and/or mitophagy. Note that some pathways critical for the development of disease-related signaling
have been omitted for clarity. Arrowhead means stimulation whereas hammerhead represents inhibition. ROS, reactive oxygen species;
MAPK, mitogen-activated protein kinases; AKT, protein kinase B; AMPK, adenosine monophosphate-activated protein kinase; mTOR,
mammalian/mechanistic target of rapamycin; PI3K, phosphoinositide-3 kinase; PKA, protein kinase A; PTEN, Phosphatase and Tensin
Homolog Deleted from Chromosome 10; PDK1, Pyruvate Dehydrogenase (Acetyl-Transferring) Kinase Isozyme 1; ULK1, Unc-51-like
autophagy-activating kinases 1; AC, adenylate cyclase; Gs, stimulatory G proteins; S6, Ribosomal protein S6; S6K, Ribosomal protein
S6 kinase; Nrf2, nuclear factor-erythroid 2-related factor 2. This illustration was created using Microsoft PowerPoint 2013 (Microsoft

Corporation, Redmond, WA, USA).

Diet, Probiotics, and Gut-Brain-Immune Axis
for the Therapeutic Implication of Several
Diseases Possibly via the Modification of

GPCRs Signaling Pathway

Neuroimaging techniques have been used to analyze
the assembly, function, and molecular features of brain ac-
tivity in healthy humans and patients, which has resulted
in a comprehension of the microbiota-gut-brain axis [82].
There has been a noteworthy stream of interest encompass-
ing the gut-brain axis due to its accepted roles in the reg-
ulation of health and the development of various diseases,
as well as its latent therapeutic targets [83]. Experimental
evidence underlines the deep influence of the microbiota
via the gut-brain axis on neurodegenerative diseases such
as Parkinson’s disease and Alzheimer’s disease [84], which
also underlines the key role of the gut microbiota in preserv-
ing general health [85]. The gut microbiota is involved in
the regulation of mental health and/or social behaviors [86].
The crosstalk between the gut microbiota and the brain is
critical in the development of neurodegenerative diseases,

in which modifying the gut microbiota could hold promise
as a therapeutic possibility for neurodegenerative diseases
[87]. Remarkably, it has been shown that the gut micro-
biome has the potential to control brain functions through
the immunological pathway and lymphatic circulation [88].
The relationship between gut microbiota and neurological
diseases has become a key focus of recent research.

The human gut microbiome plays a crucial role in reg-
ulating systemic health, impacting host immune responses.
Therefore, dysbiosis of the gut microbiome is linked to var-
ious immune-related diseases including steatotic liver dis-
eases [89]. Gut dysbiosis can trigger inflammation and
metabolic dysfunction, which are intensely associated with
diabetes, IBD, and/or cancers [90,91]. The gut microbiota
could affect disease progression by regulating the host’s im-
mune responses either directly or indirectly [92]. There-
fore, alterations in the composition of gut microbes may
have potential applications in the diagnosis and/or treat-
ment of these diseases [93]. For the application of this
to the immune system, it has been revealed that certain
gut microbiota could play an integral role in optimal im-
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mune function for the treatment of immune-related diseases
and/or cancers, which is a dynamic component of the multi-
directional communication among gut, brain, and immune
system, known as gut-brain-immune axis [94-96]. In par-
ticular, probiotics and/or the relevant diet can induce pre-
ventative and therapeutic effects for these diseases [82,97]
(Fig. 3). Probiotics are live microorganisms that can de-
liver health benefits to their hosts by administration within
appropriate amounts [98]. Probiotics have been broadly
used in the pharmaceutical and medical areas for years [99].
Dietary intake of probiotics may be in the form of several
products such as yogurt, some beverages, and supplements
[100]. For instance, probiotic species such as Lactobacil-
lus Casei, and Bifidobacterium Lactis have been used by
humans [101]. These probiotics may support immunity
and improve symptoms of immune-related diseases and/or
cancers [102]. It has been shown that certain probiotics
could reduce the risk of colorectal cancer and inhibit tu-
mor growth [103]. In these ways, probiotics have a wide
range of human health benefits. Interestingly, it has been
revealed that probiotic therapy may be applied to modulate
the function of GPCRs to ameliorate liver metabolism syn-
drome [104]. Nonalcoholic fatty liver disease (NAFLD)
patients with progressive liver fibrosis have a prevalence
of developing cirrhosis and hepatocellular carcinoma [105].
GPCRs and their signaling pathways are promising targets

for NAFLD treatment [104]. In addition, oral adminis-
tration of probiotics can ameliorate chronic metabolic in-
flammation in NAFLD model rats via the alteration of the
GPRA43 signaling pathway [106].

Future Perspectives

The CNS and the immune system might cooperate
on various levels in a body. However, the mechanisms
of holding the specific immune challenge have remained
vague. There are several advantages to targeting GPCRs to
treat neurodegenerative diseases and immune-related dis-
eases compared with other therapeutics. Therapeutic can-
didate drugs may be effortlessly found. About one-third of
Food and Drug Administration-approved drugs may target
various GPCRs [21,107]. GPCRs are involved in the de-
velopment and/or progression of various disorders includ-
ing inflammation, metabolism, and cell proliferation. How-
ever, current GPCRs-mediated treatments in diseases are
mainly achieved either in in-vitro cells or in-vivo animals.
Further research is desirable to reveal the role of GPCRs in
clinical settings. For example, a more comprehensive un-
derstanding of the molecular mechanisms that can regulate
GPCR expression has a great deal of potential therapeutic
significance. In particular, the predicted gut microbiota-
GPCRs interaction may shed insight into further promis-
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ing validations. Although the precise pathogenesis of neu-
rodegenerative diseases remains unclear, some clues of the
pathology have been shown to be associated with the abnor-
mal accumulation of aggregation proteins such as the alpha-
synuclein and the tau protein in Parkinson’s disease and
Alzheimer’s disease respectively [108]. Several GPCRs
signaling within CNS cells might participate in the modifi-
cation of autophagy, which could remove these pathologi-
cal proteins via the action of autophagy [109]. Interestingly,
it has been shown that several GPCRs can play integral
roles in Alzheimer’s disease pathogenesis [110]. In addi-
tion, GPCRs-targeted therapies for neurodegenerative dis-
eases have been suggested as candidate therapeutics [111].
Cutting-edge technologies may help resolve the distinct role
of'each GPCR in both physiological and pathological stages
to accelerate GPCR-mediated therapies.

Conclusions

Several GPCR signaling pathways are involved in
the regulation of autophagy/mitophagy. Alteration of
the autophagy/mitophagy could regulate the pathology of
neurodegenerative diseases and immune-related diseases.
Therefore, certain GPCRs signaling with their respective
ligands could be beneficial for the treatment of neurode-
generative diseases and/or immune-related diseases via the
modification of autophagy/mitophagy. Probiotics and/or
fecal microbiota transplantation (FMT) could cause the al-
teration of gut microbiota, which might be beneficial for the
modification of autophagy/mitophagy.
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