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Abstract

Alzheimer’s disease (AD) poses significant health challenges for 
the elderly due to its complex origins and heterogeneous etiology. 
Currently, there are no medications specifically aimed at halting its 
progression through any preventive signaling mechanism. There-
fore, there is a pressing need to explore alternative pathways that 
could guide researchers towards new avenues in drug development 
for managing AD sustainability. This article is the first to simulta-
neously review several potential signaling pathways that were pre-
viously reported as individual signaling conduits in AD. Through 
meticulous analysis, we assess the pathophysiological roles of these 
pathways in AD. Extensive literature searches across databases in-
cluding PubMed, Cochrane Library, Web of Science, Scopus, Re-
searchGate, Google Scholar, X-Mol, EBSCO, Loop, and Google, 
encompassing both research articles and highly cited reviews, were 
conducted. In addition to the cholinergic and N-methyl D-aspartate 
(NMDA) glutamate signaling pathways, we have observed four 
other less-explored, but promising molecular pathways relevant to 
AD onset and progression. We delved into the detailed signaling 
mechanisms of these pathways, spanning from preclinical to clinical 
studies. Remarkably, each pathway demonstrates distinct molecular 
signaling patterns and offers diverse perspectives on AD treatment. 
This review highlights six pivotal signaling pathways that may hold 
promise as future targeting pathways in managing AD.
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Introduction

Alzheimer’s disease (AD), initially described by German 

neuropathologist Alois Alzheimer in 1907, is characterized 
by neurotoxic presenile plaques. These plaques are believed 
to gradually impair memory and cognitive functions, leading 
to behavioral abnormalities in older individuals. Thus, AD 
manifests as difficulties in performing daily tasks, particularly 
those related to memory [1]. Increasing prevalence of AD is 
a growing societal concern, with the disease representing a 
significant global health crisis. From a statistical perspective, 
AD accounts for approximately 60% of all cases of dementia 
among individuals aged 65 years or older. Projections suggest 
that by the year 2050, the number of AD patients will reach 
13.8 million [2, 3].

Despite extensive research, the precise etiopathophysiol-
ogy of AD remains incompletely understood. However, two 
widely recognized pathological hallmarks are thought to play 
pivotal roles in its pathogenesis: the formation of extra-neu-
ronal plaques composed of beta-amyloid (Aβ) peptides and 
the presence of intra-neuronal fibrillary tangles (NFTs) con-
sisting of hyper-phosphorylated tau proteins. These patho-
mechanisms are reported to contribute to neurodegeneration 
and further to onset and progression of AD [4, 5]. Numerous 
mechanisms have been proposed to elucidate the pathophysi-
ological processes occurring in the brain during AD progres-
sion, ultimately culminating in symptomatic presentation. The 
elusive nature of AD pathologies poses challenges to identi-
fying potential therapeutic targets, resulting in current phar-
macotherapies primarily addressing symptomatic relief rather 
than disease prevention [6-8].

Contemporary pharmacological interventions for AD 
primarily target three distinct pathophysiological pathways: 
the cholinergic system signaling, N-methyl D-aspartate 
(NMDA) receptor signaling and antibody (Ab)-Aβ clear-
ance. Currently, six pharmacological agents are available for 
AD management. Among these, three modulate cholinergic 
neurotransmission (Fig. 1): rivastigmine (Exelon), galan-
tamine (Razadyne), and donepezil (Aricept), while one acts 
as an NMDA receptor antagonist (Table 1) [9-14], namely 
memantine (Namenda). Additionally, two recently approved 
therapeutic agents, aducanumab (Aduhelm) and lecanemab 
(Leqembi), are antibodies designed to reduce neuronal levels 
of neurotoxic Aβ-oligomers or plaques [15, 16]. Despite the 
limited availability of medications for AD treatment, existing 
therapy options have demonstrated notable side effects upon 
prolonged use [17]. This challenging scenario underscores 
the necessity to explore alternative neurobiological pathways 
relevant to AD pathophysiology. Moreover, beyond these ap-
proved classes of anti-AD compounds targeting neurotrans-
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mission of acetylcholine (ACh) and glutamate, researchers 
are continued to explore other chemical entities targeting 
diverse therapeutic pathways, including the signaling path-
ways involving neurotransmitters other than ACh and gluta-
mate (Table 2) [18-23]. Numerous studies have highlighted 
the potential therapeutic value of various novel pathological 
pathways in mitigating AD, with investigations conducted 
through in-silico, in-vitro, in-vivo or preclinical, and clinical 
testing [24, 25]. The objective of this study was to investigate 
essential signaling pathways that could serve as potential tar-

gets for the management of AD.

Literature Review

To ensure a comprehensive review, we conducted a thor-
ough search of major scholarly databases, including PubMed, 
Cochrane Library, Web of Science, Scopus, ResearchGate, 
Google Scholar, X-Mol, EBSCO, Loop, and Google. Our 
search utilized keywords related to AD pathophysiology, novel 

Table 1.  Important Signaling Cascades and Their Primary Targets in the Pathophysiology of AD [9-14]

Novel signaling pathways Major signaling components Effectors Effects
Cholinergic signaling pathway Acetylcholinesterase, an enzyme Donepezil Inhibitory
NMDA-glutamate signaling pathway Glutamate, a neurotransmitter Memantine Antagonism
Serotonin signaling pathway Serotonin, a monoamine Clozapine Modulatory
GABAergic signaling pathway GABA, a neurotransmitter Homo-taurine Upregulatory
Adenosine signaling pathway Adenosine, a nucleoside Caffeine Modulatory/antagonism
Histamine signaling pathway Histamine, an immunogenic Dimebolin Antihistamine

AD: Alzheimer’s disease; GABA: gamma-amino butyric acid; NMDA: N-methyl D-aspartate.

Figure 1. A schematic representation of the activity of acetylcholinesterase and the processing of the neurotransmitter acetyl-
choline. The enzyme choline acetyltransferase converts acetyl-CoA and choline into acetylcholine (ACh). Furthermore, ACh is 
released from ACh vesicles (ACh-V) to bind ACh receptors and performs a variety of neurological tasks that are impaired by 
the degrading action of another enzyme, acetylcholinesterase (AChE). In this way, the acetylcholinesterase inhibitors (AChEIs) 
reverse the brain functioning by blocking the activity of AChE in Alzheimer’s disease (AD).
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signaling pathways, multi-target therapies, neurotransmission 
disruptions, and clinical trials. This extensive search yielded a 
diverse selection of original as well as review articles, which 
forms the foundation of our analysis.

Following the literature review, the authors of this manu-
script have identified numerous potential targets of a distin-
guished substance known to modulate neuronal dysfunctions, 
specifically in the progression of the disease. Besides the cho-
linergic system and NMDA receptor signaling pathways, four 
additional neurotransmission signaling pathways are discussed 
in the context of their potential therapeutic roles in AD: sero-
tonin receptor signaling, GABAergic system signaling, adeno-
sine receptor (AR) signaling, and histaminergic system signal-
ing. These pathways hold promise as potential drug targets for 
AD management that could shape the future of AD therapeu-
tics (Table 1).

Emerging signaling pathways in AD pathophysiology

In this study, we have comprehensively examined the physiol-
ogy of neuromodulation within the pathological pathways im-
plicated in AD, whether directly or indirectly. Our focus lies on 
analyzing insights gleaned from both preclinical and clinical 
investigations (Table 2) concerning these signaling pathways. 
This article emphasizes the significance of pathway-specific 
pathological consideration, which is poised to guide research-
ers towards identifying pivotal signaling targets essential for 
developing potential pharmacological interventions for AD 
management. The detailed discussion of these crucial signal-
ing pathways underscores their importance in advancing our 
understanding of AD.

Serotonin receptor signaling

The literature extensively documents serotonin (5-hydroxy-
tryptamine (5-HT)) as a pivotal neurochemical investigated 
across brain and gastrointestinal contexts due to its multifac-
eted regulatory functions, including mood control, aggression 

modulation, sleep regulation, pain perception, body tempera-
ture maintenance, and appetite regulation [9]. Serotonin is 
synthesized and released by serotonergic neurons clustered 
in the raphe nuclei of the brain stem’s pons. Its physiologi-
cal roles encompassing neural development and differentiation 
underscore its significance in sustaining learning processes 
and memory storage throughout adulthood and aging (Fig. 2). 
Dysregulated serotonin metabolism or impaired serotonergic 
neuron function has been implicated as an etiological factor 
in various central nervous system (CNS) disorders, including 
AD (Table 1). Reduced levels of serotonergic neurons are as-
sociated with symptomatic manifestations of AD, although the 
extent to which serotonergic neuron atrophy contributes to AD 
pathogenesis remains unclear [9]. Studies utilizing an amy-
loid precursor protein (APP)-transgenic mouse model have 
reported Aβ deposits at serotonergic neuron projection sites, 
suggesting a potential link between Aβ protein toxicity and 
serotonergic neuron degeneration. Furthermore, diminished 
serotonin levels in projection areas [10] may also contribute 
to AD progression.

The activation of 5-HT6 receptors (5-HT6Rs) has been 
shown to directly interact with and activate the enzyme cy-
clin-dependent kinase-5 (CDK-5), a key tau phosphorylating 
kinase, while also modulating non-proline directed protein 
kinase activity. However, the precise impact of 5-HT6R-me-
diated CDK-5 activation on tau pathophysiology remains un-
clear [25, 26], necessitating further investigation to elucidate 
its role in the production of NFTs. Recent findings from the 
clinical trials phase-II involving a combination of donepezil 
(an ACh esterase (AChE) enzyme inhibitor) and idalopirdine 
(a 5-HT6R antagonist) and phase-III (Table 2) have demon-
strated improved cognition in patients with moderate AD. At 
the cellular level, inhibition of 5-HT6R has been shown to 
prevent further mammalian target of rapamycin (mTOR) sign-
aling rather than activating neuromodulation mediated by the 
stimulatory GDP-directed (sG) proteins (sGP).

Serotonin operates through specific 5-HT receptors (5-
HTRs), which are categorized into seven receptor classes 
based on their structural and functional characteristics. All 
5-HTRs are seven-transmembrane protein subunits that inter-

Table 2.  Drug Entities Under Phase 3 Clinical Trials Against Possible Molecular Cascades for the Potential Futuristic Therapeutics 
in AD Treatment Scenario

Molecular signaling cascades Agents in phase 3 clinical trials References
Cholinergic system signaling Blarcamesine (ANAVEX2-73) 18-20

KarXT 21, 22
NMDA receptor signaling AXS-05 20, 22, 23
Serotonin receptor signaling Masupirdine 21, 22

OPC-34712 19-23
Piromelatine 21, 22

GABAergic system signaling None -
Adenosine receptor signaling Caffeine 19-22
Histaminergic system signaling None -

AD: Alzheimer’s disease; GABA: gamma-amino butyric acid; NMDA: N-methyl D-aspartate.
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act with intracellular regulatory proteins via heterotrimeric G-
proteins, except for the transmitter-gated Na+/K+ channel and 
5-HT3R. The 5-HT1R inhibits adenylyl cyclase (AC) activity 
through coupling with inhibitory G-proteins (iGP), while the 
three isoforms of 5-HT2R (5-HT2A, 5-HT2B, and 5-HT2C) 
activate phospholipase-C (PLC) by coupling with heterotrim-
eric subtype alpha11 G-proteins (qGP). The effector system 
for 5-HT5AR and 5-HT5BR remains unclear, although evi-
dence suggests activation of ACs through coupling with PTX-
sensitive iGP. Additionally, specific coupling between 5-HTR 
subfamilies (5-HT4R, 5-HT6R, and 5-HT7R) and sGP can ac-
tivate AC [26, 27]. It has been hypothesized that protein phos-
phatase 2A (PP2A) inhibitors selectively upregulate serotonin 
transporter (SERT) phosphorylation, suggesting PP2A may 
target phosphorylation sites on SERT itself. Furthermore, ac-
tivation of 5-HT4 and 5-HT7 receptors can stimulate G12/13 
proteins [28], leading to morphological changes at the cellular 
level. This discussion represents that it is still a matter of de-
bate whether actually the inhibition or activation of 5-HTRs 
would be beneficial clinically. Therefore, the serotonin recep-
tor signaling has been a prominent neuromodulation pathway 
in the brain to study, with its diverse signaling targets as dis-
cussed above, which should be investigated for the develop-
ment of novel drug agents for AD treatment.

GABAergic system signaling

Gamma-amino butyric acid (GABA), the principal inhibitory 
neurotransmitter, plays a pivotal role in modulating excitabil-
ity and responsiveness in cortical regions, as well as in syn-
chronizing neuronal signaling within the cortex. The wide-
spread regulation of GABA neurotransmission in the brain 
contributes significantly to various biochemical processes in 
the body. Both the stimulation and inhibition of GABA recep-
tors (rGABA) have been shown to have beneficial effects in 
AD. Therefore, the use of GABAergic compounds can influ-
ence learning and memory processes and performance. In this 
context, researchers have investigated the potential role of 
rGABA in streptozotocin-induced behavioral and biochemical 
abnormalities in rats [29].

Numerous lines of evidence support the pathological 
involvement of the GABAergic system in the neurodegen-
erative processes underlying AD. Previous research has pre-
sented a complex, intricate, and often conflicting portrayal of 
AD-associated GABA remodeling. Alterations in GABA re-
ceptor subtypes (GABA-a, -b, and -c) may represent key fac-
tors in the pathogenesis of both early-onset AD (EOAD) and 
late-onset AD (LOAD). GABA-a/b receptors are ligand-gat-
ed chloride channels, while GABA-b receptors are G-protein 

Figure 2. A diagrammatic presentation of the role of the serotonergic system signaling in aging and Alzheimer’s disease (AD). As 
we grow older, the serotonergic neurons tend to get damaged which leads to impair the normal serotonergic signaling in elderly. 
In case of AD, the chronic stimulation of the serotonin type-4 receptor leads to the non-amyloidogenic α-secretase cleavage of 
amyloid precursor proteins (APPs). This cleavage type results in the increased production of non-neurotoxic beta-amyloid (Aβ) 
fragments (i.e., soluble forms) and the depleted production of neurotoxic Aβ (i.e., non-soluble forms).
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coupled receptors. In comparison to the well-documented de-
ficiencies in the excitatory cholinergic and glutamatergic sys-
tems in AD, findings related to the GABAergic system in the 
nervous system have been notably less consistent [30]. The 
dynamic balance between inhibitory GABA and excitatory 
glutamate neurotransmitters is crucial for proper neuronal 
function. Dysregulated synaptic activity is implicated in 
various neurological disorders, including AD-type dementia, 
where neuronal hyperexcitability is considered a major con-
tributor to neuronal cell death [31]. Consequently, enhancing 
GABAergic neurotransmission with GABA receptor agonists 
(Table 1) might be inverse to the NMDA pathophysiology 
of AD and may represent a promising approach to mitigate 
glutamate-hyperexcitability and prevent neuronal cell death 
in AD in the future.

Adenosine receptor signaling

1) Adenosine type-1 (A1) receptors in AD pathophysiology

Adenosine exerts its inhibitory effects on synaptic communica-
tion through the modulation of neurotransmitter transmission 

and release via A1 receptor activity inhibition. Specifically 
within the hippocampus, adenosine inhibits ACh release. This 
modulation of synaptic activity by adenosine is implicated in 
various learning and memory tasks (Fig. 3), suggesting a role 
for synaptic plasticity in cognitive processes across different 
brain regions [32]. Activation of ARs disrupts learning and 
memory tasks in animal models, while non-selective blockade 
with theophylline or caffeine (Table 1), or selective inhibition 
of A1 and A2a receptors, enhances performance in behavioral 
tasks [33].

A1 receptors are notably abundant in the cornu ammonis-1 
(CA1) region of the hippocampus in healthy brains, but their 
expression is reduced in the hippocampus and basal ganglia 
of aging and AD brains. Altered A1 receptor expression in AD 
patients is associated with decreased adenosine agonist and an-
tagonist bindings in regions like the dentate gyrus (DG), CA1, 
and CA3 [34]. The precise role of A1 receptors in AD pathol-
ogy remains unclear, although evidence suggests involvement 
in abnormal APP processing and formation of NFTs. Hence, 
we must investigate into this role of adenosine type-1 receptors 
and their signaling in a more transparent fashion for manag-
ing AD-associated neurodegenerative consequences connected 
with this hypothesis.

Figure 3. A flow chart mechanism of the adenosine type-1 (A1) and type-2 (A2) receptors involvement in Alzheimer’s disease 
(AD) pathophysiology. Adenosine receptors activation seems to induce degenerative consequences. Increased expressions of 
type-2 adenosine receptors (A2aR) in microglia may favor the production of neurotoxic beta-amyloid (Aβ) proteins, whereas 
type-1 adenosine receptors are responsible for acetylcholine (ACh) release inhibition which leads to the degenerative changes 
in the neuronal activity pattern in AD. In this way, the inhibition of these receptors activity presents the cognition improvement.
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2) Adenosine type-2a (A2a) receptors in AD pathophysiology

A2a receptors exhibit lower expression levels in healthy brains, 
although this expression pattern may change in pathological 
conditions. Limited data are available regarding the distribution 
of A2a receptors in AD patients, but increased expression has 
been observed in specific brain regions such as the hippocam-
pus and cerebral cortex, particularly in microglia [33, 35]. In 
addition to AD, elevated A2a receptor expression has been not-
ed in patients with Parkinson’s disease, stress conditions, and 
Pick’s disease. Modulation of A2a receptors is implicated in 
neurophysiological mechanisms underlying learning and mem-
ory, offering potential relief from cognitive impairment in AD 
patients following combating their expression levels [35, 36].

Brain-derived neurotrophic factor (BDNF), a receptor for 
specific amino alkanoic acids belonging to the neurotrophin 
family (i.e., tropomyosin receptor kinase B, TrKB), is highly 
expressed in the hippocampus. Blocking A2a receptors and de-
pleting extracellular adenosine abolishes BDNF’s facilitated 
effect on long-term potentiation (LTP), a process crucial for 
synaptic plasticity underlying memory formation. Neurotro-
phins serve as potent survival factors for both developing and 
mature neurons. Activation of TrKB through transactivation 
pathways, such as using A2a receptor agonists, can stimulate 
neuronal survival. However, clinical efficacy of A2a receptor 
agonists is limited due to excitotoxic glutamate-mediated neu-
ronal damage, leading to desensitization of A2a receptors even 
after short exposure to agonists [32, 35, 36]. Although the in-
vitro stimulatory effects of A2a receptors are promising, their 
translation to the in-vivo setting has limitations. Nevertheless, 
modulating A2a receptor activity could represent a neuropro-
tective strategy in the treatment of AD (Fig. 3).

3) Relationship among caffeine, ARs, and AD

It is noteworthy that CNS activation by caffeine leads to in-
creased levels and activity of ACh in the brain. Caffeine, a 
prominent component in beverages and natural products, acts 
as an antioxidant, protecting neurons from oxidative damage 
by inhibiting free radical formation and reducing the risk of 
neurodegeneration (Table 2). Additionally, caffeine enhances 
cerebral glucose utilization rates, thereby contributing to im-
proved cognitive function. As a neuromodulator, caffeine has 
associative effects on motor behavior, information processing, 
and cognitive functioning. Acting as a non-selective antagonist 
of A1 and A2a receptors, caffeine inhibits pre-synaptic gluta-
mate release via A1 receptor activation, thereby dampening ex-
citatory synaptic transmission [11]. Furthermore, post-synap-
tically, A1 receptor activation inhibits potassium conductance, 
ultimately leading to neuronal hyperpolarization. A2a receptors 
have been implicated in regulating synaptic transmission and 
LTP in the CA1 region of the hippocampus, suggesting poten-
tial relevance to the pathogenesis of AD [32]. Despite limited 
studies examining the relationship between coffee consump-
tion and cognitive decline, dementia, or AD [33], it is proposed 
that further investigation into the specific pathways through 
which caffeine exerts its beneficial effects via AR-mediated 

signaling in AD pathophysiology could enhance our under-
standing of caffeine’s role in ameliorating neurodegeneration-
associated brain complications such as memory impairment 
and cognitive dysfunction.

In the nutshell, we conclude that adenosine signaling more 
potential found with the concept of its antagonism rather than 
activation. Therefore, we recommend researcher to perform 
detailed studies for looking into new drug development strate-
gies by targeting AR signaling.

Histaminergic system signaling

Histamine, a biogenic monoamine, acts as an inflammatory 
mediator released primarily from mast cells, neurons, and ba-
sophils in response to various external and internal stimuli, 
including the processing of the antibody immunoglobulin E 
release. Its presence in the bloodstream triggers the activation 
of various immunological cells, including natural killer cells, 
epithelial cells, and T and B lymphocytes. Histamine is recog-
nized for its pivotal regulatory role in the autoimmune model 
of multiple sclerosis, known as experimental allergic encepha-
lomyelitis [37]. In addition to its immunological effects, hista-
mine facilitates cell growth, tissue regeneration, wound heal-
ing, and other physiological processes. Moreover, it modulates 
the T-helper cells type-1 and 2 balance and hematopoiesis. 
Histamine (H) is categorized into four subtypes, namely H1, 
H2, H3, and H4. G-protein coupled receptors are present in 
all four histamine receptors. Human H3 receptors (H3R) share 
40% homology with human H4 receptors (H4R) [12].

Histamine enhances the synthesis and release of various 
proinflammatory mediators, including chemokines such as 
chemokine (CC motif) ligand-5 (CCL-5 or RANTES) and cy-
tokines such as interleukin (IL): IL-1, 3, 6, and 8, leading to the 
development of allergic-inflammatory responses across differ-
ent cell types and tissues. While it remains uncertain whether 
abnormalities in brain histamine processing significantly con-
tribute to neurological disorders [37], the development of ago-
nists and antagonists targeting histamine receptors is consid-
ered crucial for the treatment of brain-related illnesses (Table 
1). Particularly, the H3R has emerged as a promising target 
for conditions like narcolepsy, neuropathic pain, and cognitive 
impairment. Many cellular behaviors induced by histamine in 
leukocytes, including cytokine production and cell migration, 
are also mediated by the H4R. Recent findings suggest that 
histamine signaling via H4R exhibits anti-pruritic and anti-no-
ciceptive properties. Additionally, histamine may influence the 
function of the brain’s striatum by regulating thalamo-striatal 
synapse dynamics, ultimately facilitating thalamic input [12, 
37]. Despite these insights, the precise role of histamine in 
regulating brain activities in AD remains incompletely under-
stood, both from preclinical and clinical perspectives.

Cholinergic system signaling

Cholinergic neurotransmission is primarily regulated by the 
neurotransmitter ACh. In AD, there is typically a decrease 
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in ACh levels in the brain, which correlates with symptoms 
related to memory and cognition dysfunction. The enzyme 
AChE plays a crucial role in breaking down ACh to maintain 
brain homeostasis under normal conditions; however, this en-
zymatic activity is considered pathological in case of AD (Ta-
ble 1). Thus, inhibiting AChE activity is seen as a potential 
therapeutic approach for AD treatment, as evidenced by the 
use of the United States Food and Drug Administration (US 
FDA)-approved anti-cholinergic drugs (Fig. 1).

While it was initially hypothesized that AChE inhibition 
might also help counter the formation of presenile plaques, con-
clusive evidence for these remains elusive [38]. Studies have 
shown that as AD progresses, there is significantly reduced AChE 
activity in the temporal lobe and hippocampus [16, 39]. This 
understanding led to the development of the first AChE inhibi-
tor, tacrine, approved for mild to moderate AD in 1993 but later 
withdrawn from the market in 2013 due to severe side effects. 
Currently, novel approaches such as bio-oxidizable prodrugs are 
being explored to improve AChE inhibition in AD treatment.

Additionally, butyrylcholinesterase (BuChE), a similar 
enzyme to AChE, has also been implicated in AD pathogene-
sis, leading to investigations into its inhibition as a therapeutic 
target. Numerous compounds targeting either AChE or BuChE 
have undergone preclinical or clinical testing, with some still 
in various phases of clinical trials [7]. In addition to targeting 
individual enzymes, there is interest in exploring multi-target 
strategies with new chemical entities to potentially reduce side 
effects in AD management (Table 2). Overall, AChE and Bu-

ChE enzymes represent valid and promising targets for thera-
peutic intervention in AD [40].

NMDA-glutamate receptor signaling

Cholinergic system-based therapy, while improving cogni-
tive abilities, lacks neuroprotective properties and was the 
sole medication available for AD until recently. Numerous 
prospective neuroprotective medications evaluated in clinical 
trials were unsuccessful due to poor tolerability. However, me-
mantine emerged as a new drug, the first approved by both the 
US and European Union for AD treatment. Memantine acts as 
an antagonist by blocking NMDA receptors, which mediate 
excitotoxicity following glutamate binding (Table 1). Excito-
toxicity refers to excessive stimulation of these receptors by 
glutamate (Fig. 4), leading to neuronal damage or death [41]. 
Calcium ion influx through receptor-associated ion channels 
results in free radical generation, contributing to excitotoxic 
neuronal damage via NMDA receptor over-activation [13]. 
Neuroprotective drugs that completely inhibit NMDA receptor 
activation often entail undesirable side effects.

Memantine selectively blocks excessive NMDA receptor 
activity without disrupting normal receptor function, thereby 
clinically benefiting cognition and memory deficits by normal-
izing the glutamatergic system. Second generation memantine 
derivatives and other NMDA receptor antagonists are cur-
rently undergoing various phases of drug development [42], 

Figure 4. A key relationship among the N-methyl D-aspartate (NMDA) receptor signaling, glutamate, and Alzheimer’s disease 
(AD). The neurotransmitter glutamate causes neuronal excito-toxicity upon its binding to the NMDA receptors. A prolonged ac-
tivation of the NMDA glutamate receptors leads to the neuronal dysfunctioning which is potentially inhibited by using an NMDA 
receptor antagonist such as memantine. This mechanistic effect of memantine is therefore counted as beneficial in AD.
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with researchers aiming for agents with enhanced neuroprotec-
tive properties (Table 2). NMDA receptor signaling remains a 
pharmacologically valuable target in AD management.

Therapeutic approaches for AD management

Acetylcholinesterase inhibition

The decline in cholinergic transmission observed in AD has 
led to the development of AChE inhibitors as the primary line 
of treatment. These agents offer clinical benefits including im-
provements, stabilization, or partial decline in cognition, mem-
ory, and behavioral abnormalities. The common mechanism of 
action among this class of agents involves increasing available 
ACh levels by inhibiting the catabolic enzyme AChE. There is 
substantial evidence indicating that various AChE inhibitors, 
including the US FDA-approved drugs such as donepezil, gal-
antamine, and rivastigmine, reduce AChE activity by impeding 
the breakdown of neurotransmitter ACh within several brain re-
gions, both preclinically and in patients with AD. Furthermore, 
a significant correlation exists between AChE inhibition and ob-
served cognitive enhancement (Table 1). Therefore, AChE inhi-
bition remains the primary therapeutic target for managing AD 
patients [43, 44]. In this context, there is a rationale for exploring 
more potent anti-AChE agents and cholinergic receptor modula-
tors (Table 2) than the currently available cholinergic therapeu-
tics, which have been associated with undesired effects in a sub-
stantial portion of AD patients during long-term management.

NMDA-glutamate receptor antagonism

In the treatment of mild to severe AD, NMDA receptor antago-
nism is a viable approach supported by the US FDA approval 
of memantine, an NMDA receptor antagonist. Memantine 
functions by reducing excitotoxicity induced by the glutamate 
neurotransmitter, thereby mitigating neurodegeneration result-
ing from excessive glutamatergic neurotransmission (Fig. 4). 
Additionally, memantine has demonstrated efficacy in reduc-
ing tau phosphorylation levels and protecting neurons from 
Aβ-induced neurotoxicity. Thus, the pharmacological potential 
of memantine lies in its role as an NMDA receptor antagonist 
[45, 46]. This discussion suggests the possibility of identifying 
novel NMDA receptor antagonists with minimal side effects 
and greater potency than memantine (Table 2).

Serotonin receptors modulation

The 5-HT6R, one of the latest cloned serotonin receptors, is 
intricately linked to AC via a soluble sGP, making it a well-
known member of the 5-HTR family. Among various brain 
regions, including the corpus striatum, hippocampus, and cor-
tex, this receptor exhibits particularly robust expression within 
the CNS. Notably, antipsychotic medications such as loxapine 
and clozapine (Table 1), as well as tricyclic antidepressants 
like amitriptyline, clomipramine, and amoxapine, have dem-

onstrated strong affinity for the 5-HT6R. Given their preva-
lence in the limbic region of the brain, which plays a crucial 
role in mood regulation, these receptor proteins have garnered 
considerable attention. Significantly, a notable reduction in the 
density of 5-HT6Rs has been observed in cortical brain regions 
of patients with AD [14]. This insight into serotonin receptor 
activity underscores the importance of these receptors in brain 
function. Consequently, further research, particularly focused 
on elucidating the pathological processes of AD, holds great 
significance and has the potential to facilitate the development 
of new drugs (Table 2) targeting novel therapeutic pathways, 
such as the modulation of 5-HTR expression.

GABA neurotransmission upregulation

GABA is a physiologically inhibitory neurotransmitter within 
the nervous system, exerting a suppressive effect on neural ac-
tivity. GABAergic neurons densely innervate cholinergic and 
glutamatergic neurons. Dysfunction within the GABAergic 
system has been implicated in impairments of psychological 
function in humans. Severe cases of AD have been associ-
ated with significant reductions in GABA levels, which may 
contribute to the behavioral and psychological symptoms of 
the disease [47]. Correction of hyper-excitability and preven-
tion of cell death in AD could potentially be achieved through 
the use of GABA agonists such as homotaurine to enhance 
GABAergic neurotransmission (Table 1). Therefore, exploring 
upregulators of GABA neurotransmission represents a novel 
and promising approach for addressing AD-related behavioral 
and psychological symptoms.

Adenosine receptors antagonism

Adenosine and ARs have emerged as significant therapeutic 
targets due to their dual roles within the CNS, which involves 
regulating cognition under normal conditions and modulating 
neural activity during diseased states. Adenosine exerts its effects 
through both inhibitory and facilitatory actions on A1 and A2A 
receptors, respectively, thereby integrating signaling pathways 
involving neurochemicals such as glutamate, dopamine, and 
BDNF to modulate synaptic plasticity, specifically in the form of 
long-term depression-LTP. This molecular and cellular modula-
tion of ARs contributes to the regulation of cognitive functions 
[38, 48, 49]. Targeting ARs for drug development in AD manage-
ment represents a crucial strategy (Table 2), particularly in the 
absence of preventive treatments despite a century of research 
into the disease’s origins. Therefore, the drugs such as caffeine 
and istradefylline, which act as antagonists of AR, are being ex-
plored to enhance brain function, particularly in mental impair-
ment states observed in Parkinson’s disease and AD patients.

Histaminergic system modulation

The actions of histamine are mediated through the four G-
protein-coupled aminoalkane receptors (H1R-H4R) located on 
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its surface, thereby implicating the histaminergic system in the 
treatment of brain disorders [13]. Specifically, H1R and H4R 
molecules are considered pivotal in allergic inflammation pro-
cesses. Recent studies have indicated that antagonism of H3R 
[42] and modulation of H2R may present alternative therapeutic 
approaches in the management of AD [50]. The significance of 
histaminergic receptor signaling suggests that down-regulating 
histamine activity and modulating its receptors could serve as ef-
fective therapeutic avenues in AD pathophysiology [51]. How-
ever, the precise role of histamine remains a subject of debate. 
Some researchers have noted that benadryl, an antihistamine with 
inverse agonist activity on H1R, may elevate the disease risk, 
highlighting antihistamines’ potential role as anticholinergics.

Conclusion and Future Directions

The discussion presented in the article underscores the contin-
ued relevance of AChE as a promising therapeutic target for AD 
management, given the prevalent use of this signaling pathway 
in numerous medications and ongoing clinical trials aimed at 
identifying more potent anti-AD compounds. Additionally, tar-
geting NMDA receptor signaling remains a valid approach in 
AD treatment. Researchers have also highlighted the detrimental 
effects of disrupted serotonin metabolism and reduced seroton-
ergic neuron activity as potential etiological factors in AD, sug-
gesting that addressing these factors may constitute an important 
additional therapeutic target for addressing neuronal metabolic 
dysfunction in AD. Enhancing GABAergic neurotransmission 
through the use of rGABA agonists, such as homotaurine, shows 
promise in mitigating neuronal death by correcting hyperexcit-
ability. AR antagonists like caffeine have demonstrated effective 
neuromodulatory actions in AD patients. However, the role of 
histamine in modulating brain activity, whether through receptor 
inhibition or activation, remains poorly understood in AD patho-
physiology and requires further detailed investigation as a po-
tential target within the histaminergic system for anti-AD treat-
ment. Overall, the article extrapolates and elucidates the specific 
molecular underpinnings of these pathways based on their pre-
clinical and clinical studies. Presently, no single pathway stands 
out as paramount for targeting, as each neuromodulatory path-
way represents a crucial target in the drug development land-
scape. Consequently, the authors advocate for the design and 
development of multi-target agents rather than solely focusing 
on single-target approaches in drug discovery endeavors.
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