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Abstract: Alzheimer’s disease is the most general type of cognitive impairments. Until recently, strategies that
prevent its clinical progression have remained more elusive. Consequently, research direction should be for finding
effective neuroprotective agents. It has been suggested oxidative stress, mitochondrial injury, and inflammation
level might lead to brain cell death in many neurological disorders. Therefore, several autophagy-targeted bioactive
compounds may be promising candidate therapeutics for the prevention of brain cell damage. Interestingly, some
risk genes to Alzheimer’s disease are expressed within brain cells, which may be linked to cholesterol metabo-
lism, lipid transport, endocytosis, exocytosis and/or caveolae formation, suggesting that caveolae may be a fruitful
therapeutic target to improve cognitive impairments. This review would highlight the latest advances in therapeutic
technologies to improve the treatment of Alzheimer’s disease. In particular, a paradigm that serotonin and N-methyl-
d-aspartate (NMDA) receptors agonist/antagonist within caveolae structure might possibly improve the cognitive
impairment. Consequently, cellular membrane biophysics should improve our understanding of the pathology of the
cognitive dysfunction associated with Alzheimer’s disease. Here, this research direction for the purpose of therapy
may open the potential to move a clinical care toward disease-modifying treatment strategies with certain benefits
for patients.
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Introduction

Neurodegenerative diseases may be character-
ized by persistent behavioral and cognitive
impairment, which may include memory loss
and/or apathy [1]. Alzheimer’s disease is the
most representative type of neurodegenerative
disease characterized by deficit of cognition
and/or alteration of behavior. Despite the huge
efforts against Alzheimer’s disease, there has
been yet no successful treatment for this dis-
ease [2]. Alzheimer’s disease is considered as
one of the most difficult medical problems with
large financial and/or social costs. The histopa-
thology of Alzheimer’s disease is mostly defin-
ed by the accumulation of amyloid-B plaques
and the development of neurofibrillary tangles
in brains [3]. Extracellular plaques in the brain
of Alzheimer’s disease are mostly formed by
amyloid-f3 aggregation, which is supposed to be

a crucial stage in the pathogenesis of this dis-
ease [4]. In general, some developments of
novel therapeutics in neurodegenerative dis-
eases may be targeting molecular pathologies
in the neurodegeneration. Additionally, recent
treatments for behavioral symptoms may inclu-
de several serotonin reuptake inhibitors (SSRI)
approved for behavioral disorders including
Alzheimer’s disease [5]. However, only about a
third of clinical patients may act in response to
such medications even in the precision medi-
cine [6]. Apparently, there is a necessity to find
out new interventions to lessen the pathology
of cognitive impairment with Alzheimer’s dis-
ease. Accumulating evidences may suggest
that the serotonin (5HT) receptor family could
act for potential new targets for the treatment
of behavioral dysfunctions associated with Al-
zheimer’s disease, in which some types of G
protein-coupled receptor (GPCR) may principal-
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Interestingly, it has been sh-
own that gut microbial trypto-
phan metabolites may be neg-
atively correlated with several
markers of Alzheimer’s disea-
se [15]. The gut microbiota
metabolism could also influ-
ence on the signaling of sero-
tonin and/or orexin receptors
[16]. Remarkably, some effica-
cious drugs against Alzheimer’s
disease may target important
brain receptors including for
serotonin and orexin signaling
pathways involved in memory
and/or learning [17]. For exam-
ple, an orexin could partially

Neuroprotection/ Neurogenesis / Apoptosis,
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rescue the cognitive impair-
ment induced by the NMDA
receptor antagonist in female

Figure 1. Schematic diagram for some biological effects of tryptophan (Trp)
metabolites. In particular, kynurenic acid (KA), quinolinic acid (QA) and se-
rotonin (5HT) may be involved in the N-methyl-D-aspartate (NMDA) recep-
tor, 5-hydroxytryptamine (5-HT, serotonin) receptor, and G protein-coupled
receptors (GPCRs) signaling, which might eventually result in the pathogen-
esis of Alzheimer’s disease via the regulation of autophagy. The arrowhead
means stimulation and/or augmentation whereas hammerhead represents
inhibition. Some critical events have been omitted for clarity.

ly be coupling to the relevant signal transduc-
tion pathway [6]. For example, the 5HT2A
receptor is a subtype of serotonin receptor
belonging to the serotonin receptor family [7],
which may generally expresses throughout the
central nervous system (CNS) with various
brain functions including thermoregulation,
appetite, and cognition control [8]. In addi-
tion, the dysfunction of the neurotransmission
associated with glutamatergic N-methyl-D-as-
partate (NMDA) receptor is also well-known to
direct to behavioral changes and/or cognitive
impairment in Alzheimer’'s disease [9]. The
NMDA receptor is a type of glutamatergic ion
channel. Stimulatingly, the NMDA-induced mo-
tor depression effect may be due to the protec-
tive mechanism to evade the NMDA-induced
excito-toxic effect to cells [10]. In fact, a neuro-
protective agent memantine is a kind of the
NMDA antagonist [11]. Memantine could tem-
porarily improve the cognitive function [12, 13].
The identification for the more efficient dis-
ease-modifying treatment for Alzheimer’s dis-
ease has been required, which could also tar-
get the early stage of the diseases [13, 14].

mice [18]. In addition, it has
also been revealed that endog-
enous orexins could modify
hippocampal NMDA receptor
function, suggesting that they
may influence neuron plasticity
and/or memory performance
[19]. Remarkably, several neu-
rotransmitters including sero-
tonin and/or orexin could be regulated by sev-
eral dietary nutrients involved in their metabolic
pathways [20]. In these ways, therefore, the
intricate metabolic pathway from dietary nutri-
ents might have highlighted its implications for
the treatment of neurodegenerative diseases
including Alzheimer’s disease (Figure 1).

Tryptophan metabolite involved in the patho-
genesis of Alzheimer’s disease

The tryptophan metabolic pathway may involve
complex interactions between host cellular and
bacteria processes, producing bioactive com-
pounds such as serotonin (5-hydroxytrypta-
mine; 5-HT) and kynurenine derivatives. Dy-
sregulation of this pathway may be implicated
in various diseases including Alzheimer’s dis-
ease, Parkinson’s disease, and/or multiple
sclerosis [21]. In addition, this pathway has
been also associated with stroke and impaired
cognitive functioning [22]. Therefore, aberrant
tryptophan metabolism and metabolic interme-
diates of tryptophan have accumulated sub-
stantial attention. For example, serotonin is
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mediated by tryptophan hydroxylase, which
may be a precursor of melatonin [23]. Inter-
estingly, pathophysiological roles of this meta-
bolic pathway have also been recognized to
immune tolerance in the placenta and fetal pro-
tection from maternal immune elimination [24].
In entero-chromaffin cells of gut, dietary trypto-
phan is converted by the tryptophan hydroxy-
lase 1 to 5-hydroxytryptophan, which is subse-
quently changed into serotonin by aromatic
amino acid decarboxylase [25]. Serotonin could
influence on gut immune cells activity [26, 27].
In addition, it has been shown that increased
gut serotonin may also hamper autophagy with
enhanced colitis susceptibility [28]. Therefore,
serotonin could be a therapeutic target for
gut inflammatory disorders with dysregulated
autophagy [28]. Some of the serotonin recep-
tors have been shown to belong to the G pro-
tein-coupled receptor (GPCR) family, by which
serotonin could regulate intracellular signaling
processes with arrangements of G proteins
constituted of Ga, GB, and Gy molucules [29].
Some of the GPCR agonists have been reveal-
ed possibly to have promising activities on the
brain with neurological deficits via the phos-
phoinositide-3 kinase (PI3K)/AKT/mTOR signal-
ing pathway [30]. One serotonin receptor, the
5-HT1A receptor is broadly expressed in the
brain, predominantly being found in regions
such as the hippocampus, nasal septum, and
cortical periphery [31]. Changes in the expres-
sion of hippocampal 5-HT1A receptor during
the prodromal stages of Alzheimer’s disease
have inspired discussions [32]. Interestingly,
it has been suggested that the 5HT receptor
family, especially the 5HT-2b receptor, may
represent potential new targets for treatment
of behavioral dysfunctions associated with
Alzheimer’s disease [6, 33]. In addition, the lev-
els of the 5HT-2b receptor may be increased in
the brain of Alzheimer’s disease rather than
that of age-matched controls, and 5HT-2b
receptor inhibition with a selective antagonist
could prevent amyloid-B and tau-based dys-
function in mouse models [34].

Stimulatingly, it has been shown that the NMDA
receptor and GPCR activation may be involved
in establishing synaptic value and/or neuron
excitability in hippocampus [35]. In particular,
the kynurenine pathway could account for the
metabolism of tryptophan, which may include

both an agonist (quinolinic acid) and an antago-
nist (kynurenic acid) at NMDA receptors [36].
As an important consequence of inflammation
may be the enhanced breakdown of tryptophan
to kynurenine, it is crucial for the NMDA recep-
tor within a neuron and/or brain to change the
metabolism of kynurenine into several neuro-
active metabolites including the neurotoxic
agonist quinolinic acid or the neuroprotective
antagonist kynurenic acid [37]. While the CNS
and immune system have been considered as
independent units, it is understandable that
some immune cells could influence the CNS,
and that the activity of CNS could also affect
the immune system [38]. For example, the kyn-
urenic acid is well-known as an anti-inflamma-
tory, neuroprotective, and/or anti-epileptic mol-
ecule that can inhibit ionotropic NMDA re-
ceptors, which exhibits the high affinity toward
the glycine site of the receptor in addition to the
G protein-coupled orphan receptor 35 (GPR35)
[39]. Correspondingly, the insufficiency of kyn-
urenic acid might contribute to the develop-
ment of various brain disorders and/or immune
related cardiovascular diseases [40]. Actually,
NMDA receptors with kynurenic acid may play
an indispensable role for synaptic plasticity in
the CNS [41]. However, excess-activation of
NMDA receptors might promote the elevation
of intracellular Ca?* levels leading to neuronal
cell damage/death with synaptic dysfunction
[42]. Likewise, the elevation of quinolinate may
also direct to neuronal cell damage/death with
synaptic dysfunction through the NMDA recep-
tor-facilitated excitotoxicity [43]. Interestingly, it
has been revealed that NMDA receptors signal-
ing pathway may be involved in the regulation
of autophagy, which could reduce the neuronal
excitotoxic cell damage/death [44]. Therefore,
the dysfunction of NMDA receptors may be
linked to neurodegenerative disorders includ-
ing Alzheimer’s disease [45]. Indeed, synaptic
NMDA receptors may be essential for mediat-
ing neuronal healthy cell survival, synaptic plas-
ticity, long-term potentiation, learning, and/or
memory [46]. As such, therapeutic implications
of aberrant tryptophan metabolism targeting
the NMDA receptors have been suggested
to be therapeutically relevant and useful in
addressing various neurodegenerative disor-
ders. This concept would eventually provide the
framework to begin to identify compounds that
can selectively target the downstream metabo-
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lism of tryptophan, thereby serving as a panel
of immune modulatory agents that may be
applied in neurodegenerative diseases.

Caveolae with NMDA receptors involved in
Alzheimer’s disease

Cholesterol is one of the essential molecules
in cellular physiology by reason of its involve-
ment in important biochemical processes. For
instance, cholesterol forms caveolae that facili-
tate the localization of significant molecules
including several receptors and downstream
signal transduction enzymes in cells. In addi-
tion, cholesterol also plays an important func-
tion in the plasticity of synapse in CNS [47].
Remarkably, the CNS is different from the other
peripheral cells/organs in terms of certain cho-
lesterol metabolism [48]. A decrease in choles-
terol level could result in neural cell apoptosis
via the impairment of the survival signaling in
the brain [48]. The depletion of cholesterol
from the plasma membrane within some neu-
rons might also lead to the total loss of ca-
veolae formation, which may drastically impair
their functional reactions [49]. Some risk genes
to Alzheimer’s disease are commonly express-
ed in brain neurons/cells, which may be linked
to cholesterol metabolism and/or caveolae for-
mation [50, 51]. Caveolae are around 100-nm
flagon-shaped invaginations of the plasma
membrane with the existence of several ca-
veolin proteins [52]. Caveolae may also have
various signaling molecules including trans-
membrane receptors through their association
with caveolin proteins, which have been thought
to act as vital centers for supporting intracellu-
lar signaling [53] (Figure 2). Therefore, caveo-
lae might also be involved in the synapse for-
mation and/or its plasticity in CNS. For instan-
ce, neuron-targeted caveolin-1 may improve
the NMDA receptor-mediated signaling, which
might enhance the growth of dendritic cells in
CNS [54]. Consequently, these biological alter-
ations in hippocampal cells may be related with
the modification in hippocampal roles such as
memory and/or learning [55]. In addition, a
study has revealed that caveolin-1 could inter-
act with various glutamate receptors in hippo-
campus, sustaining their expression [56]. Ca-
veolin-1 can also regulate the transport of glu-
tamate receptors to the plasma-membrane,
which may be responsible for the synaptic
excursion in the development of long-term

potentiation (LTP) [57]. In relation to this,
caveolin-1 may be involved in the endocytosis
of a-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA) receptor, another type of
glutamatergic ion channel, in hippocampus,
which can reverse the glutamate receptors-
associated long-term depression (LTD) [58].
Actually, overexpression of caveolin-1 might
encourage the endocytosis of AMPA receptor
from caveolae-like structures in neuronal cells,
which may support the caveolin-1 connected
receptor trafficking [59]. Interestingly, it has
been exhibited that the AMPA receptor traffick-
ing could amend the pathology of various be-
havioral disorders [58, 60]. Therefore, caveo-
lin-1 might be significant for the intensification
of glutamate receptors-related function such
as memory and/or learning in CNS.

The key protein of caveolae is the caveolin-1, a
23 kDa of membrane protein with a hairpin-
like structure, ubiquitously expressed in vari-
ous cells, while caveolin-3 is predominantly
expressed in muscle cells [61]. Both amino-
and carboxy-terminal domains of caveolins are
grasped in the cytoplasm, whereas the central
hairpin loop is within transmembrane region.
The juxtamembrane region in the amino-termi-
nus of caveolin-1 through the hetero-oligomeric
complex with caveolin-2 might specifically work
as a scaffold platform, connecting with various
signaling molecules such as G-proteins [62,
63]. Notably, it has been shown that the defi-
ciency of caveolin-1 could abrogate the sero-
tonin-induced contraction of extrapulmonary
airways, suggesting that caveolin-1 is indis-
pensable for the serotonergic action [64]. The
serotonin receptor mainly belong to the GPCR
family [65]. Interestingly, it has been revealed
that caveolin-1 could support structural pla-
sticity of neuronal cells as well as neurogenesis
in brain, suggesting that caveolae could be an
effective therapeutic target against several
neurodegenerative diseases including Alzhei-
mer’s disease [66, 67]. Amazingly, the altera-
tion of caveolin-1 could trigger memory deficits
that may look like a behavioral phenotype of
Alzheimer’'s disease [68]. Moreover, it has
been reported that caveolin-1 may relate with
the pathological amyloid precursor protein of
Alzheimer’s disease [69]. Some roles of caveo-
lae could influence the neuro-pathological situ-
ation of Alzheimer’s disease, possibly via the
oxidative stress-associated mechanism during
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Figure 2. An illustrative representation of caveolae associated with caveolins, in which various signaling molecules
including serotonin and NMDA receptors may work with. Several modulator molecules linked to these receptors
for their downstream pathways are also demonstrated. For example, NMDA receptors may require the binding of
several amino acid molecules of glycine, glutamate, and/or aspartate, which could modulate the receptor function.
The stimulation of serotonin (5HT) receptor may result in the stimulation of adenylyl cyclase (AC) that transforms
adenosine triphosphate (ATP) into 3-5-cyclic adenosine monophosphate (cCAMP), which may then stimulate the
cAMP-dependent protein kinase (PKA) as well as the following AMPK for the modification of autophagy/mitophagy.
Glutamate is to the glutamate-binding site and glycine is to the glycine-binding site in the NMDA receptor subunit
within caveolae. The stimulation of NMDA receptors may allow Ca?* entry into the cytoplasm of neurons, which may
contribute to long-term potentiation (LTP) or long-term depression (LTD) as well as to a phase of excitotoxicity and/
or apoptosis. Note that some critical pathways for the development of various disease-related signaling have been
omitted for clarity. Arrowhead means stimulation whereas hammerhead represents inhibition. Abbreviation: GLP-1,
glucagon-like peptide-1; AMPK, adenosine monophosphate-activated protein kinase; mTOR, mammalian/mecha-
nistic target of rapamycin; PI3K, phosphoinositide-3 kinase; PKA, protein kinase A.

the neurodegeneration [70, 71]. Therefore, it
has been revealed that caveolin-1 may be a
candidate with anti-oxidative and/or neuropro-
tective properties against neurodegenerative
diseases [72]. Further studies are required to
evaluate the comprehensive consequence of
caveolae-impairment for the development of
neurodegenerative diseases.

Autophagy and mitophagy involved in the
pathogenesis of Alzheimer’s disease

It is of importance to find positive interventions
that could prevent neurodegenerative diseases
including Alzheimer’s disease. In this regard, it

has been revealed that the dysregulation of
autophagy may be a significant pathophysio-
logical feature of Alzheimer’s disease, as the
hyper-activation of mTOR in patients with
Alzheimer’s disease may spoil the autophagy,
providing to the exacerbation of Alzheimer’s
disease with the increase of neurofibrillary tan-
gles [73]. Interestingly, it has been revealed
that orexin may participate in the modulation
of autophagy via the mTOR-p70S6K signaling
pathway [74]. Orexin has neuroprotective prop-
erties for several neurons [75]. In a neuropa-
thology, there is also degeneration of orexiner-
gic neurons [75]. In oxygen and glucose de-
privation, orexin may exert its neuroprotective
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role by regulating autophagy [76]. In addition,
an autophagy receptor, p62 molecule, is well-
known to be associated with the pathology of
Alzheimer’s disease [77]. An impairment of
mitophagy with increased levels of impaired
mitochondria has been shown to lead to the
neuro-degeneration [78]. Therefore, correct-
ed autophagy/mitophagy with the decreased
mTOR activity could improve the pathology of
Alzheimer’s disease [79]. Interestingly, a prom-
ising easy-use candidate substance for the
modulation of autophagy may be the disaccha-
ride trehalose, which has been revealed the
effectiveness for inhibiting neurodegeneration
in experimental animal models of Alzheimer’s
disease [80]. Trehalose, a natural compound,
could also stimulate autophagy improving dis-
ease phenotype in multiple models of neurode-
generative diseases [81]. In Alzheimer’s dis-
ease, trehalose could inhibit the accumula-
tion of the amyloid- by encouraging autopha-
gy, which might clinically retain a substantial
therapeutic activity against Alzheimer’s disea-
se [82]. Auto-phagosomal activation with the
treatment of trehalose could also remove the
cytotoxic matters including hyper-phosphorylat-
ed tau protein and/or impaired mitochondria
[83, 84]. Remarkably, the chemical modifica-
tion of autophagy/mitophagy could impede the
neuroprotective effect of trehalose [85]. It has
been shown that the dose-dependent effect of
autophagy with trehalose in the hippocampus
or frontal cortex could improve the behavioral
disturbances of model animals with Alzheimer’s
disease [86]. Now, autophagy/mitophagy has
been accepted as a key player in the pathology
of various neurodegenerative diseases.

In general, autophagy/mitophagy might be
developed to clear misfolded proteins and/or
damaged mitochondria thereby supporting cel-
lular survival [87], which is predominantly regu-
lated by the adenosine monophosphate-acti-
vated protein kinase (AMPK) and mammalian/
mechanistic target of rapamycin (MTOR) signal-
ing cascade [88]. Interestingly, the activation of
GLP-1 receptor could accelerate the autophagy
[89]. And, the GLP-1 receptor is also a member
of GPCR family. Interventions of GLP-1 mediat-
ed modulation of autophagy/mitophagy have
been applied in the clinical practice to decrea-
se the incidence of type 2 diabetes mellitus
[90]. It is known that amyloid-B could act to-
gether with the neuronal NMDA receptor, result-

ing in the excessive entry of calcium thereby
causing excitotoxicity induced-cell death/dam-
age for neurons [91]. Memantine, an approved
drug usually prescribed for patients with Al-
zheimer’s disease, is a non-competitive inhibi-
tor for the NMDA receptor, which could work in
the appropriate regulation of calcium entry
[92]. Additionally, memantine has been shown
to stimulate autophagy, which may reduce the
amyloid- improving the survival of neuronal
cells [93, 94]. Another calcium channel-block-
ing non-competitive NMDA receptor antagonist
might also exhibit to slowdown the pathology
of cognitive decline [95]. The 3,4-methylene-
dioxymethamphetamine (MDMA) is a wide-
spread recreational drug, which may eventually
lead to serotonergic neurotoxicity and/or psy-
chiatric disorders. The MDMA induced neuro-
toxicity may involve autophagy induction in
serotonergic neurons [96]. While several stud-
ies have explored the involvement of autophagy
in synaptic plasticity, the early steps of auto-
phagosomes may remain unknown. Interest-
ingly, it has been revealed that inhibition of
mTOR coupled with the NMDA receptor activa-
tion could modulate the autophagy via the
association of Rab11 with Atg9A [97]. Synaptic
plasticity is a process that shapes neuronal
connections during neurodevelopment, in whi-
ch autophagosomes might appear in response
to the plasticity-inducing stimuli.

Tryptophan metabolic pathway, autophagy,
lifestyle, diet, and Gut-Brain axis for the thera-
peutic implication and clinical translation

The microbiota-gut-brain axis may be a com-
plex cooperating network between the gut and
brain involved in neurodegeneration (Figure 3).
Gut microbial metabolites may regulate the
communication between astrocytes and micro-
glia in the CNS. As shown here, one of the
potential links in bilateral gut-brain communi-
cation may be the tryptophan metabolism. In
addition, the microbiota-originated tryptophan
and its metabolites could move in the CNS to
manipulate microglial activation, and the acti-
vated microglia may consequently influence
brain functions [98]. In fact, several metabo-
lites of tryptophan are associated with different
neurodegenerative/neurological disorders in-
cluding Alzheimer’s disease [99]. Alterations in
the tryptophan metabolic pathway may also be
involved in the pathogenesis of Parkinson’s dis-
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Figure 3. Possible tactics for the neuroprotection and/or against the pathology of Alzheimer’s disease have been
shown. One ideal approach might be to utilize agonists of serotonin (5HT) and GLP-1 receptors and/or antagonists
of NMDA receptors with the use of tryptophan (Trp) metabolites to pause the neuron-damaging process for the
neuroprotection. Probiotics and/or fecal microbiota transplantation (FMT) might contribute to the alteration of gut
microbiota, which could also be advantageous for the treatment of Alzheimer’s disease. Note that several important
activities such as inflammatory reaction, autophagy initiation/regulation, and reactive oxygen species (ROS) produc-
tion have been omitted for clarity. Stimulatory effects are indicated with arrows; inhibitory effects with a line ending

with hammerhead. “?” means for author speculation.

ease with potential therapeutic implication
[100]. High efficacy with less adverse events
would be critical applied for the clinical transla-
tion. An excito-toxicity brought from stimulated
NMDA receptors has directed to the finding of
several molecules that could be employed to
treat neurodegenerative diseases by hinder-
ing the NMDA receptor activation. In general,
NMDA receptors are activated by glutamate
and glycine, in which glycine acts as a co-ago-
nist at the glycine modulatory site on the NMDA
receptor. Therefore, inhibition of glycine trans-
porter might improve the hypofunction of NMDA
receptor by elevating the concentration of gly-
cine in the synaptic split [101]. It is hypothe-
sised that an appropriate increase in NMDA
receptor signaling could lead to an increase in
synaptic plasticity, which should improve cog-
nitive function and/or memory. Remarkably, it
has been shown that some NMDA receptors
are expressed in astrocytes [102]. Astrocytes
may play a crucial role in the regulation of syn-

aptic strength, synaptic plasticity, and/or mem-
ory. As glycine and/or D-serine are co-agonists
for the NMDA receptor regulating the strength
and direction of synaptic plasticity, activity-
dependent D-serine release mediated by astro-
cytes may therefore be a candidate for mediat-
ing between LTD and LTP during learning [103].
Additionally, the amino acid racemases, which
can lead to the synthesis of D-amino acids from
L-amino acids, have been broadly identified in
gut microbiota species [104]. Furthermore, it
has been shown that both GLP-1 and GLP-1
receptor proteins are also expressed in neu-
rons as well as astrocytes and/or microglia in
normal mice, which could promote neuro-
protection in autoimmune encephalomyelitis
[105]. Interestingly, importance of GLP-1 pro-
duction in the gut-brain disorders such as
Parkinson’s disease has been suggested for
the neuroprotective strategies [106]. Dietary
polyphenols such as anthocyanins could also
improve the cognition, learning, and/or memo-
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ry by modifying autophagy [107]. It has been
shown that mild fasting might stimulate autoph-
agy for the beneficial effects in the brain [108].
Recent studies have suggested that a form of
intermittent fasting involving daily caloric in-
take within a limited time window may have a
promise in the treatment of neurodegenerative
diseases, which might improve brain cognitive
function, mitochondrial function, up-regulate
autophagy, reduce oxidative stress [109]. Si-
milarly, it has been shown that a diet restricted
to the circadian rhythm may induce increased
expression of brain-derived neurotrophic fac-
tor (BDNF) in the forebrain region, regulating
autophagy and increasing synaptic plasticity,
thus enhancing cognitive function [110].

Among the pharmacological NMDA receptor-
inhibitors, memantine has been permitted for
the clinical treatment of Alzheimer’s disease
[111]. Memantine, an NMDA receptor channel
blocker, could prevent glutamine hyperactivity
in Alzheimer’s disease by modulating autopha-
gy [92, 112], which has been used for the treat-
ment of cognitive dysfunctions by acting as a
channel blocker [113]. Excess activation of
superfluous NMDA receptors could cause the
death of glial cells/neurons that is considered
as a causative factor in the development of
Alzheimer’s disease, which could be partially
prevented by memantine [114]. Another recep-
tor antagonist ifenprodil has been found to be a
potent negative modulator for NMDA receptors
[115]. Combination memantine with ifenprodil
or a selective serotonin reuptake inhibitor
(SSRI) has been significantly more efficient in
amending cognitive consequences of Alzhei-
mer’s disease [115, 116]. Interestingly, it has
been shown that one of the SSRI, citalopram,
could activate autophay/mitophagy in patients
with Alzheimer’s disease [117]. GLP-1 receptor
agonists, presently encouraged for type 2 dia-
betes and/or obesity, may evoke original me-
chanisms to prevent neurotoxicity associated
with Alzheimer’s disease. One of the GLP-1
receptor agonists, semaglutide, has been in-
vestigated for the reduction of neuroinflamma-
tion as well as amyloid-B and/or cortical tau
protein in the brain with Alzheimer’s disease
[118]. Exenatide, another GLP-1 receptor ago-
nist may be an obtainable therapeutic agent
used in the treatment of diabetes or obesity,
which might have additional effects on cogni-
tive function in human patients [119]. Intere-

stingly, the impact of GLP-1 from dipeptidyl
peptidase-4 inhibitors has also been evaluated
on cognitive function in type 2 diabetes melli-
tus [120]. Since diet with natural products
involved in the GLP-1 signaling may be be-
lieved safe for long-term use, they could also
be a promising therapeutic approach against
Alzheimer’s disease [30, 120].

Future perspectives

Tryptophan is an indispensable amino acid
used for protein synthesis, and it is metabo-
lized into several biologically active compounds
including kynurenines, melatonin, and sero-
tonin [121]. Increasing evidence suggests that
changes in the composition of the gut micro-
biota may affect the tryptophan metabolism,
which may in turn impact several brain func-
tions [122] (Figure 3). Especially, dietary altera-
tions for the tryptophan pathway might be of
potential value as comparatively safe, easy,
and real therapeutic approach to improve cer-
tain neurodegenerative diseases [123]. Cogni-
tive impairment is a central feature of neurode-
generative diseases such as Alzheimer’s dis-
ease as well as of psychiatric disorders such as
schizophrenia [124, 125]. Interestingly, both
schizophrenia and Alzheimer’s disease may be
characterized by abnormalities in glutamater-
gic pathways associated to NMDA receptor
dysfunction [126]. In addition, it has been
revealed that the NMDA receptor antagonism
with the GLP-1 receptor agonism may effective-
ly reverse the hyper-glycaemia, dyslipidaemia
and/or obesity in animal models of metabolic
disease [127]. Probably, the ideal approach
might be to utilize agonists of serotonin recep-
tors and antagonists of NMDA receptors to halt
the neuron-damaging process for the neuro-
protection, as both GLP-1 receptor and certain
serotonin receptor may be comparable each
other in the same GPCR family [29, 128].

Currently, this approach for the treatment of
cognitive dysfunctions does have only its li-
mitation due to detrimental adverse effects.
However, many competitive or noncompetitive
agonists/antagonists of GLP-1 receptors or
NMDA receptors might have been manifested
by undesirable adverse effects, which may be
connected to the receptors-binding affinity
and/or allosteric modulation of receptors func-
tion. At present, cognitive disorders and/or
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dementia are notorious owing to several limita-
tions of therapy. As a result, a more detailed
exploration of the structure and function of
these receptors would have led to the develop-
ment of some selective modulators with satis-
factory side-effect profiles. Again, there is an
urgent necessity for diagnostics and/or thera-
peutic options against cognitive dysfunctions
with Alzheimer’s disease. New treatment strat-
egies targeting depression are also urgently
required.

Conclusions

Caveolae with serotonin and NMDA receptors
are structural cholesterol-rich microdomains
involved in active intracellular signal transduc-
tion for the survival of brain cells, which could
also be involved in a broad range of neurode-
generative diseases including Alzheimer’s dis-
ease. Noteworthy function of those structures
have been identified on several cell types in the
CNS including astrocytes, microglia, and/or
neurons. Built on the accessible evidence of
caveolae with serotonin and NMDA receptors,
this structure with the adjustment of autophagy
could be a favorable treatment tactic of Al-
zheimer’s disease.
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