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Abstract

Alzheimer’s disease (AD) is a progressive, complex, multifactorial, neurodegenerative
disease and accounts for most cases of dementia. The currently approved therapy includes
cholinesterase inhibitors, NMDA-receptor antagonists and monoclonal antibodies. How-
ever, these medications were gradually discovered to be ineffective in removing the root of
AD pathogenesis, having only symptomatic effects. Thus, the priority remains prevention
and clarifying AD etiology. A better understanding of the neuroprotective mechanisms
undertaken by specific genes is crucial to guide the design of novel therapeutic agents via
selective ligands and precision medicine. In this review, we present a perspective of the
physiological phase of the AD spectrum, of risk factors in AD with a focus on therapeutic
approaches in three categories: neurotransmitters/ion modulations, peptide deposit control
and aspecific treatments, followed by a discussion of treatment limitations. An overview of
innovative strategies and non-pharmaceutical ancillary support is given.

Keywords: Alzheimer’s disease; therapeutics strategies; risk factors; FDA approved drugs;
non-pharmacological treatments; prevention

1. Introduction
Alzheimer’s disease (AD) is a neurodegenerative disorder, leading to progressive and

irreversible functional and cognitive impairment [1–3]. AD represents the prevalent cause
of dementia and cognitive impairment in aged people (>65 y/o) [4], and is responsible
for 60–80% of dementia cases [5]. In 2021, dementia cases overcame 56 billion people [6],
with more than 119,000 deaths officially attributed to AD within only the United States of
America [5,7]. AD is prevalently found among the elderly population: only 5% of cases
occur before the age of 65 (early onset AD) [8].

AD prevalence further increases after the age of 65: as many as 5% of people in the age
range between 65 and 74 have AD. The percentage increases to 13.2% when considering
people aged 75 to 84, and 33.4% of people aged 85 or older [5].

Several classifications of the advancement stages of the disease were proposed, leading
to the definition of several AD stages. However, AD progression is not a discrete process
and is referred to as a “continuum” [9]. The classification adopted by the 2024 Alzheimer’s
disease facts and figures divides the AD continuum into three phases: (1) preclinical
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AD, (2) Mild Cognitive Impairment (MCI) phase, and (3) Alzheimer’s dementia. The
AD dementia phase can also be sub-divided into mild, moderate, and severe dementia
(Figure 1) [5].

Figure 1. Scheme of the Alzheimer’s disease progression [1].

During the preclinical phase, individuals do not manifest symptoms such as memory
loss or thinking difficulties [10]. However, Alzheimer’s-related brain changes can be
observed at this stage, comprehending increased levels of beta-amyloid (Aβ) and Tau
protein, decreased metabolism of glucose, and changes in Tau protein in cerebrospinal
fluid (CSF) [11,12]. Noticeably, not all patients carrying such modifications develop MCI or
dementia before their death, and the ones that result in the development of clinical AD can
live for a long time without any symptoms [13].

A combination between fluid biomarkers, imaging, and (more recently) machine learn-
ing algorithm can be used to diagnose AD before the development of symptoms [14,15].

The MCI phase instead is characterized by the onset of memory loss, language, and
thinking problems. Generally, during this phase, the disease does not interfere with
an individual’s daily life. Among MCI patients, about one-third develop Alzheimer’s
dementia within five years [16]: 26% of MCI patients, instead, were shown to revert to
normal conditions [17].

During the Alzheimer’s dementia phase, the individual experiences degenerative
impairment in memory and language properties, and behavioral problems progressively
increase their impact on the patient’s daily life [3,5,12]. The early phase generally includes a
certain amount of autonomy, but patients may require assistance to perform complex tasks,
such as planning, organizing, or making financial decisions. At the moderate AD stage,
memory and language impairment are worsened and often accompanied by personality
changes, agitation, and suspiciousness. In the last stage of the disease, language skills are
severely affected. As a result of damage to brain areas involved in movement, patients are
often forced to use a wheelchair or bed [3,12]. Such a condition makes the patients more
vulnerable to complications [5,12]: respiratory and urinary infections are among the most
common AD-induced co-morbidities.

Depression is frequently observed in AD patients, possibly influencing sleep quality
and favoring social withdrawal. In some cases, agitation and delirium can occur. Other AD-
derived symptoms or pathologies can include confusion about time and places, problems
concerning spatial relationships, changes in personality or mood, urinary incontinence,
osteoarthritis, osteoporosis, hearing impairment, epilepsy, and psychosis [12,18,19].

In addition to the complications previously reported, AD often coexists with medi-
cal conditions deriving from age or previously existing pathologies [19] such as hyperc-
holesterolemia, hypertension, diabetes mellitus type 2, and atherosclerosis [19,20]. Such
co-morbidities can play an important role in AD progression and complicate the scenario
for the development of therapeutic opportunities.
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2. AD Risk Factors, Genetics and Etiology
2.1. Risk Factors

AD is a multifactorial pathology associated with high genotypical and phenotypical
heterogeneity [21]. A large amount of risk factors was proposed to be correlated with
AD onset, such as pre-existing diseases, lifestyle aspects, psychosocial conditions, and
environmental factors [22]. Very recently, a Lancet study proposed an updated list of
fourteen modifiable risk factors (Figure 2) which, if correctly treated, would prevent the
onset of AD in 50% of cases [23].

Figure 2. Infographics on the modifiable risk factors for AD development [1] as reported by
Lancet [23].

The method of study privileged meta-analyses and research comparisons, conferring
strong statistical evidence for the presented factors. The list suggests preventing and/or
treating (i) hearing loss, (ii) vision loss, (iii) depression, and vascular risk factors such as
(iv) hypertension (e.g., via blood pressure control), (v) diabetes, (vi) high levels of LDL
cholesterol, and (vii) obesity. Additional suggestions regard lifestyle by showing benefits
in (viii) reducing or eliminating smoking, (ix) limiting alcohol intake, and (x) investing in
physical activity. Cognitive stimulation (xi) is regarded as a protective factor as well as a
reduction in social isolation (xii). Finally, traumatic brain injuries (xiii) should be avoided,
and air pollution minimized (xiv).

Along with this, in the literature several non-pharmacological treatments were pro-
posed to alleviate and slow down AD-associated symptoms. Cognitive-oriented training is
among the most utilized to reduce functional impairments in patients’ daily life [24].

Physical exercise is an established protective factor for AD development, and when
associated with other non-pharmacological treatments such as diet control and cognitive
training, an improvement of cognitive parameters was observed [25].

Pro-cognitive effects were highlighted upon dietary modification [26] in AD patients,
possibly representing a gut microbiota-mediated effect. Moreover, diets rich in healthy
ingredients (fruits, vegetables, whole grains, legumes, nuts, fish, and olive oil) were shown
to reduce inflammation, oxidative stress, and insulin resistance. On the contrary, diets
with high levels of fat and sugar contribute to higher levels of inflammation and AD
biomarkers. Obesity and malnutrition further have a negative influence on AD onset and
progression [27]. A multicomponent protocol involving physical, cognitive, social, and
other recreational activity exhibits effective reduction in cognitive impairment in MCI and
moderate stages of dementia [28]. Noticeably, several clinical cases reported reverting
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cognitive impairment or cognitive amelioration especially in the first phases of AD when
treatment comprehended functional and lifestyle intervention [29–31].

The suggested modifications to prevent AD should be implemented as early as possible
and maintained over time. On the contrary, advanced age, family history, as well as several
genetic factors are regarded as non-modifiable risk factors for AD development [32,33].

2.2. Genetics

Around 0.1% of AD cases are caused by genetic inheritance, leading to early devel-
opment of AD symptoms (30–50 y/o) [34]. The most studied mutations are related to
Presenilin 1 (PSEN1), Presenilin 2 (PSEN2), and Amyloid precursor protein (APP) genes,
all influencing the Aβ42 formation [35]. Mutation of PSEN1 leads to severe AD forms
appearing even at 25 y/o [32]. Mutations in the PSEN2 exhibit incomplete penetrance,
sometimes failing to lead to its pathology, and the onset is later with respect to the PSEN1
cases [32].

Regarding the APP gene, 32 pathogenic mutations were identified [32], reported to
increase the Aβ42/40 ratio, total Tau quantity, and its phosphorylation [32,36,37]. Addi-
tionally, Down Syndrome is regarded as a further risk factor for AD development due to
the location of the APP gene on chromosome 21 [38]. Its triplication in Down Syndrome
patients leads to APP overexpression and an increased production of Aβ peptides [38].
Polymorphisms of the apo-lipoprotein such as ε3 or ApoE-ε4 also may influence the risk of
developing AD [39]. Mechanistically, ApoE-ε4 binds to Aβ weakening Aβ clearance [40].
Additionally, ApoE-ε4 is less efficient than other ApoE isoforms at promoting the degra-
dation of soluble Aβ within microglia [41]. Several other genes were associated with an
enhanced risk of developing AD or were proposed to have a role in AD pathogenesis [32]
(e.g., the Triggering receptor expressed on myeloid cells 2 (TREM2) [42], the ATP-binding
cassette subfamily A member 7 (ABCA7) [43], the Bridging integrator 1 (BIN1) [44], etc.).

2.3. Etiology

AD is considered a multifactorial disease, in which complex interactions among
different processes occur. Beyond genetic factors, other hypotheses were formulated,
such as the presence of the Tau Disease Protein 43 (TDP-43) pathology [45], deriving
from the accumulation of truncated/phosphorylated forms of the nuclear protein TPD-43,
Vitamin B5 deficiency [46], Fyn kinase overexpression [47], cyclin dependent kinase 5
(Cdk5) hyperactivation [48], and many others.

The most relevant AD etiology hypotheses [34,49] and have been deeply explored in
drug design include mechanisms influencing AD pathogenesis, such as neurotransmitter-
or ion-based hypotheses, peptide-based hypotheses, and aspecific pathways (Figure 3).

Among the neurotransmitter-based hypotheses, the serotonine-based one is intercon-
nected with the amyloid beta and Tau pathologies, while ACh level depletion turns into
Presenilin-1 (PS-1) mediated amyloid beta production. In addition, compromised ACh
levels directly correlate with cognitive impairment. Glutamate dysregulation is strictly
related to cellular toxicity and stress events, causing altered calcium signaling and mi-
tochondrial dysfunction. Altered calcium signaling induces mitochondrial dysfunction
and oxidative stress, acting also at the amyloid beta formation. Among the peptide-based
hypotheses, the amyloid-based one is strictly interconnected with most of what has been
previously mentioned, impairing neurotransmitters systems such as the ACh one (directly)
and the glutamate one via altered calcium signaling. Tau pathologies are mainly involved
in mitochondrial dysfunction. Aspecific events, such as neuroinflammation and vascular
alterations, participate in both the two peptide-based hypotheses. As a result, as a pre-
ventive approach, inflammation control and putative vascular disease interventions could
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contribute to reducing amyloid beta formation. Care in serotoninergic-based prescriptions
could be of help in preventing AD-associated pathologies. More details are described in
the following sections.

 

Figure 3. The most relevant hypotheses on AD etiology [1]. Neurotransmitters/ion-based, peptide-
based and aspecific hypotheses are highlighted in cyan, green, and gray.

3. Neurotransmitter- and Ion-Based AD Hypotheses and Therapeutics
3.1. Cholinergic Hypothesis and Therapeutics
3.1.1. Cholinergic Hypothesis

Acetylcholine (Ach) binds to the cholinergic receptors helping learning, synaptic
plasticity, and memory functions [50]. The central role of ACh in the cholinergic hypothesis
was due to the observation of a significant loss of cholinergic neurons in the brains of
AD patients, accompanied by a lowering of ACh levels [51]. This turns into AD-related
mechanisms, such as neuroinflammation [52]. Additionally, reduction in the activity of the
enzyme responsible for ACh synthesis (choline acetyltransferase, ChAT) correlates with
cognitive impairment observed in AD [53]. Inhibiting ACh esterase (AChE), a hydrolase
which catalyzes the hydrolysis of acetylcholine to choline and acetate, contributes to
preventing ACh decrease at the synaptic cleft. In addition, AChE enhances presenilin-1
(PS-1) expression [54], a subunit of the gamma-secretase complex with catalytic activity
positively correlated with the production of Amyloid β. Conversely, Amyloid β seems to
cause cholinergic synaptic loss and impairs ACh release [12]. As a consequence, inhibiting
AChE can also be evaluated to limit PS-1 mediated Amyloid β production.

AChE was targeted by several drug discovery campaigns, resulting in the approval
of four drugs for the treatment of AD (donepezil, rivastigmine, galantamine, tacrine), as
AChE inhibitors (AChEIs) [55].

3.1.2. Cholinergic-Based Therapeutics

Significant research efforts were employed in targeting the cholinergic hypothesis.
To improve cholinergic transmission, the concomitant use of AChEIs and Ach precursors
was proposed. An example is given by the use of donepezil and choline alphoscerate,
evaluated in clinical trials. Behavioral and cognitive improvements were highlighted in
AD patients [56,57].
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The most explored design of AChEIs led to the approval of the aforementioned
donepezil, and of rivastigmine and galantamine (see Figure 4).

 
Figure 4. Chemical structure of cholinergic- and glutamate-based therapeutics exploited in AD [1].

Additionally, there have been attempts to combine the pro-cholinergic dual inhibi-
tion action of AChE and other enzymatic targets with other favorable pharmacological
effects, such as the hybrid AChE/MAO-B inhibitor Ladostigil (Figure 4) [58]. Clinical
tests of Ladostigil showed its good tolerability but lack of efficacy in slowing down AD
progression [59] (NCT01429623). The same strategy was applied to the design of dual
AChE/GSK-3β inhibitors [60,61] and dual AChE/PDE4D [62].

Furthermore, the design of allosteric modulators on AChR subtypes [63–66] was
explored. α7 nAChR positive allosteric modulators exhibited a promising pro-cognitive
effect in animal models [67–70]. Clinical studies highlighted the unclear efficacy of this
class of drug candidates [71]. M1-mAChRs were also explored in this perspective, in some
cases reaching early clinical experimentation [72]. Nerve Growth Factor administration was
attempted to contrast the degeneration and loss of cholinergic neurons; moderate success
was achieved [73].

3.2. Glutamate Excitotoxicity Hypothesis and Therapeutics
3.2.1. Glutamate-Based Hypothesis

Glutamate (L-glutamic acid) is an important excitatory neurotransmitter involved in
learning and memory and hypothesized to be at the basis of AD-inducing processes [74].
Dysregulation in the glutamatergic system leading to excessive extracellular concentrations
of glutamate was shown to cause neurotoxicity (excitotoxicity), inducing nervous cell
death [75]. According to a recent meta-analysis, the glutamatergic system is significantly
altered in AD patients [76]. The altered expression of the glutamatergic receptor and
transport protein was also observed in sporadic AD [77]. The excitotoxic effect seems to be
exerted through an overstimulation of the post synaptic response, which causes a major
entrance of calcium into neurons [78]. The consequences of abnormal calcium increase in
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cytoplasm are Reactive Oxygen Species (ROS) production increase, cellular collapse via
cytoskeletal damage and membrane disruption, and tau hyperphosphorylation induction
via kinase stimulation [79]. Proposed therapies related to the glutamate hypothesis com-
prehend different mechanisms of action, such as the modulation of glutamate transporter-1
(GLT-1) or the blocking of the N-methyl-D-aspartate receptor (NMDAR).

3.2.2. Glutamate-Based Therapeutics

The glutamate excitotoxicity hypothesis received significant attention over the years,
and its study resulted in the approval of the selective E-NMDAR antagonist memantine
(Figure 4). Memantine exerts a moderate pro-cognitive effect in moderate-to-severe AD.
Lower efficacy was observed in earlier AD stages [80]. A modified version of memantine,
namely nitromemantine [81], combined the affinity of E-NMDARs with the introduction
of a nitro group acting as a NO/redox modulator. Preclinical studies underline a possible
improved effect with respect to memantine [82].

Another strategy to develop AD treatments involves the upregulation of glutamate
transporters such as Glutamate Transporter-1 (GLT-1). Such macromolecules, in fact,
remove glutamate from the synaptic cleft after glutamate release, reducing its excess and
subsequently its excitotoxicity [83]. In aging and AD, the number of glutamate transporters
is significantly diminished [84].

A few examples of drugs activating/upregulating GLT-1 are Ceftriaxone, Riluzole
(Figure 4), corticosteroids, estrogen, and insuline, among others. Ceftriaxone is an an-
tibiotic upregulating GLT-1 expression. In preclinical models, a pro-cognitive effect and
an amelioration of the AD neuropathological scenario were observed [85]. In other ones,
ceftriaxone was shown to impair synaptic plasticity and memory recognition [86]. Rilu-
zole, a drug in use for the treatment of Lateral Amyotrophic Sclerosis, was repurposed for
AD as it increases glutamate uptake via several glutamate transporters (GLT-1, GLAST,
EAAC1) [87].

Phase II clinical test involving riluzole (NCT01703117) highlighted poor pharma-
cokinetics, leading to the design of a riluzole analog (troriluzole) recently evaluated in
a phase II/III clinical trial (NCT03605667). Unfortunately, lack of efficacy was reported
upon trial completion [88]. Corticosteroids upregulate GLT-1 via post-translational mod-
ification [89] and were shown to reduce Aβ levels in cerebrospinal fluid of AD patients
(NCT00912886). Estrogen increases GLT-1 and glutamate aspartate transporter (GLAST)
expression, enhancing glutamate uptake [90]. Clinical studies, however, did not confirm
the expected benefits [91]. Accordingly, administration of the antidiabetic Rosiglitazone,
associated with glutamate uptake regulation via GLT-1 upregulation [92], resulted in poor
efficacy outcomes [93,94]. Finally, animal models highlighted that insulin-induced increase
of sodium-dependent glutamate uptake occurs in a way independent of GLT-1 [95]. Nasal
insulin administration ameliorated memory and function in daily life in several clinical
studies [96] (NCT01547169, NCT01595646, NCT00438568). Other clinical studies, however,
reported less encouraging results [97] (NCT01767909).

3.3. Serotoninergic Hypothesis and Therapeutics
3.3.1. Serotoninergic Hypothesis

The serotoninergic hypothesis was born from the observation of large neuron loss in
the serotonergic nucleus raphe dorsalis (NRD) in AD patients [98]. Moreover, low levels of
serotonin (5-HT) [99,100] were observed in early AD tissue analysis, and correlations were
observed between cognitive decline and the loss of serotonin receptors (5-HTRs) such as
5-HT2A [101]. Preclinical studies highlighted the linkage between some 5-HTRs and AD
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hallmarks such as Aβ deposition and tau hyperphosphorylation in animal models and
cells [102–105].

Different 5-HTRs are known and often specifically expressed in brain areas devoted
to different functions. However, each of the 5-HTRs contributes in different manners to
promote/prevent AD progression, and their pharmacological modulation needs careful
evaluation. An example is the 5-HT4 receptor, whose agonism represents a protective
factor for AD [106,107]; in contrast, the 5-HT6 receptor was proven to have a precognitive
role when antagonized [108,109]. Nevertheless, the mechanisms of the 5-HTRs influence
on cognition are not completely clear. On the other hand, well known serotonin-related
diseases frequently appear as co-morbidities of AD [110]. Behavioral and Psychological
Symptoms of Dementia (BPSD), comprehending cognitive and memory impairment [111],
depression [112], hyperactivity [113], apathy [114], and psychosis [115], were connected
to serotoninergic dysfunctions [110]. Based on the above, optimization of serotoninergic
targeting strategies would require further investigation to elucidate in detail the connection
between the serotoninergic system and AD pathogenesis.

3.3.2. Serotoninergic-Based Therapeutics

Several drugs targeting serotoninergic receptors are currently used to treat neuropsy-
chiatric symptoms associated with AD. 5-HT1AR antagonists such as Lecozotan (Figure 5)
were shown to enhance cognition in animal models [116]. Unfortunately, clinical trials did
not confirm the efficacy of such compounds [117] (NCT00151398, NCT00277810).

 

Figure 5. Chemical structure of serotoninergic therapeutics exploited in AD [1].

The antiallergic drug desloratadine (Figure 5) was tested against the 5-HT2A receptor
in a repositioning perspective and was shown to ameliorate AD pathology in animal
models [118]. Other animal studies highlighted the potential of 5-HT2A antagonists in the
AD field [119].

The chronic administration of the 5-HT4R partial agonist RS-67333 (Figure 5) to 5XFAD
mice was shown to ameliorate amyloid pathology and neuroinflammation as well as cogni-
tive aspects [120]. Early administration, instead, prevents the onset of cognitive impairment
and behavioral symptoms [121]. The compound was also tested in animal models in com-
bination with galantamine, exhibiting the ability to reverse cognitive impairment and
better management of adverse effects [122]. Another 5-HT4R partial agonist, PRX-03140
(Figure 5), was shown to exert a promnesic effect and enhance visuospatial memory in
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animal models, possibly by elevating ACh and brain-derived neurotrophic factors [123].
Despite the encouraging results deriving from early clinical trials, PRX-03140 advanced ex-
perimentation was discontinued (NCT00384423, NCT00672945) [124]. More recently, other
5-HT4R partial agonists such as Usmarapride (SUVN-D4010) (Figure 5) [106] were devel-
oped. Usmarapride phase I clinical evaluation highlighted a satisfying safety, tolerability,
and PK profile [125].

5-HT6R antagonists were submitted to extensive investigation in the field of AD. Sev-
eral compounds belonging to this class were observed to exert promising pro-cognitive
effects in preclinical and early clinical trials [126–128]. SB-271046 (Figure 5) was shown to
exert a favorable action on dopaminergic neurons in animal models [129]. Cerlapirdine
(Figure 5) is a potent 5-HT6 receptor antagonist also targeting 5-HT7 and 5-HT2B recep-
tors [130]. Early clinical studies exhibited a moderate pro-cognitive effect as well as a good
tolerability profile [131]. Idalopirdine (Figure 5) is a 5-HT6 receptor antagonist, with addi-
tional affinity for adrenergic receptors (α1A and α1B) and (to a minor extent) for 5-HT2A and
5-HT2C receptors [132]. It was shown to potentiate the pro-cognitive effect of donepezil
in animal models [133]. However, advanced clinical trials failed in demonstrating the
pro-cognitive effect of idalopirdine [134] and of the other 5-HT6 antagonists Intepirdine
(Figure 5) [135], Latrepirdine (Figure 5) (NCT00675623, NCT00829374), and Masupirdine
(Figure 5) [136]. Regarding the 5-HT7R targeting compounds, the selective 5-HT7R agonist
AS-19 (Figure 5) was shown to improve cognition and memory in animal models [137,138].
The 5-HT7R agonist, LP-211 (Figure 5), was shown to preserve neurons from Aβ-induced
damage as well as avoid cognitive impairment in preclinical studies [139].

3.4. Calcium Signaling Hypothesis and Therapeutics
3.4.1. Calcium Signaling Hypothesis

Ca2+ ion is present in the neuronal cytoplasm and other organelles, and it has several
roles in synaptic plasticity, neurotransmitter transmission, learning ability, and memory.
The calcium signaling hypothesis individuates the dysregulation of calcium homeostasis
induced by the activation of the amyloidogenic pathway as a critical factor in AD devel-
opment [140,141]. Several studies documented that disruption of Ca2+ regulation causes
degeneration, apoptosis, autophagy deficit, and abnormal neuronal plasticity [142]. Ca2+

signaling disturbance resulting in increased concentration of Ca2+ in the cytoplasm may
exacerbate Aβ deposition and tau hyperphosphorylation, leading to the formation of a
vicious circle [49].

Conversely, Ca2+ signaling is altered by the Tau protein hyperphosphorylation [142].
The interplay between calcium signaling and Tau phosphorylation is linked to Ca2+/Calmo-
dulin-dependent protein kinase II (CaMKII) and calcineurin (CaN), two proteins involved
in calcium signaling. CaMKII is involved in Tau phosphorylation, while calcineurin
is involved in Tau dephosphorylation. Altered expression levels or dysregulation of
the CaMKII/CaN system lead to calcium imbalance and abnormal Tau phosphoryla-
tion [143,144]. Aβ oligomers, instead, can increase calcium concentration through different
mechanisms, including the formation of membrane pores [145], NMDA receptors activa-
tion [146], voltage-gated calcium channels (VGCCs) [147] regulation, and metabotropic
glutamate receptor 5 (mGluR5) activation [148]. Additionally, cytoplasmic calcium level
increase can result from the Aβ-induced release of Ca2+ from the Endoplasmic Reticulum
(ER) through calcium channel receptors, such as ryanodine receptors (RyRs) and inositol
1,4,5-trisphosphate receptors (IP3Rs) [142]. In addition to ER, mitochondrial Ca2+ home-
ostasis was proposed to be involved in AD pathogenesis [49,149]. In neurons, mitochondria
are particularly needed at the synapse, where they produce a buffer Ca2+ concentration
as well as ATP, inducing the formation of the membrane potential along the axon to allow
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neurotransmission. In AD patients, mitochondrial function, as well as ATP levels and Ca2+

buffering [150,151], is shown to be reduced.

3.4.2. Calcium-Signaling Modulators

Different strategies were applied to target the calcium signaling hypothesis, involving
the regulation of cytosolic, ER, and mitochondrial Ca2+ levels [152]. Both the voltage-
gated Ca2+channels (VGCCs) [153] (allowing Ca2+ entrance upon neuronal depolarization)
and receptor-operated Ca2+ channels (ROCs) (subsequently enabling calcium influx to
the binding of a proper agonist) were targeted. A few examples of VGCC inhibitors are
represented by nilvadipine, nifedipine, and verapamil (Figure 6) [152].

Figure 6. Chemical structure of calcium-signaling modulators exploited in AD [1].

The most advanced of the class is Nilvadipine. Its phase III clinical evaluation
highlighted a good safety profile, but a lack of efficacy in slowing down cognitive im-
pairment [154]. Among the ROCs class, the NMDARs represent a subfamily of relevance
in the field of AD: NMDAR blockage and were shown to reduce abnormal AD-related
calcium influx [155]. The FDA-approved drug Memantine belongs to the NMDARs blocker
class, restricting Ca2+ influx, reducing excitotoxicity as well as maintaining physiological
functionality of the receptor. (see par. 5). AChEIs as well as the monoclonal antibody
aducanumab (see Paragraph 4.3) are hypothesized to exert their action also by involv-
ing Ca2+ signaling [156–159]. ER calcium pumps such as 1,4,5-trisphosphate receptors
(IP3Rs) [160] or ryanodine receptors (RyRs) [161] are considered targets of relevance for AD.
In 2017, an in vivo study explored the potential of the RyR receptor as a drug target for AD,
hypothesizing a leak of such receptors in the presence of the pathology. A RyR/clastabin2
stabilizer (Rycal) was able to reverse this leak, inducing pro-cognitive effects and behavioral
benefits in animal models [162]. Moreover, a negative allosteric modulator (NAM) of RyR
(Ryanodex as dantrolene sodium) was shown to reduce Aβ load, rescue synaptic plasticity,
and normalize ER Ca2+ signaling in animal models [163–165].

Nonsteroidal anti-inflammatory drugs such as Salicylate and (R)-Flurbiprofene
(Figure 6) were shown to mildly depolarize mitochondria, inhibiting Ca2+ mitochon-
drial uptake without altering cytosolic Ca2+ levels [166]. The novel compound TG-2112x
(Figure 6) [167] was shown to inhibit mitochondrial Ca2+ overload and was shown to exert
a neuroprotective action against glutamate excitotoxicity. The compound that was eval-
uated exhibited neuroprotective potential from β-amyloid-induced cell death in animal
models [168]. Anavex 2-73 (blarcamesine) (Figure 6) [169] is a small molecule activating
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the sigma 1 receptor (S1R), a receptor expressed on mitochondria-associated endoplasmic
reticulum membranes. S1Rs activation was found to be involved in synaptic plasticity and
neuroprotection and was downregulated in AD [170]. Blarcamesine has recently completed
a clinical phase 2a/3 trial with encouraging results [171,172]. On this basis, further efforts
in the search for selective S1R agonists could be attempted, in order to enhance synaptic
plasticity and to design neuroprotective agents.

4. Peptide-Based AD Hypotheses and Therapeutics
4.1. Amyloid Deposits Hypotheses and Therapeutics
4.1.1. Amyloid Hypothesis (Amyloid Cascade)

The amyloid hypothesis individuates the deposition of Aβ peptide in the brain
parenchyma as the cause of AD development [173]. Additionally, the hypothesis requires
that in AD conditions, the normal clearance of Aβ is disrupted. Aβ is derived from the
Amyloid Precursor Protein (APP), a transmembrane protein, which is cleaved by alpha- and
gamma-secretases. The APP gene mutation was individuated as the cause of early onset
and familiar forms of the pathology [174], as well as other Aβ-related genes (PSEN1/2).

Such cleavage produces several peptides of different lengths. Of particular interest
is the formation of Aβ40 and Aβ42 (40 and 42 amino acid peptides, respectively). Aβ40

is a soluble form of Aβ, while Aβ42 (42 amino acids peptide) is less soluble and tends to
aggregate [12,34]. An abnormal production of Aβ42 leads to the formation of senile plaques
and was supposed to trigger a cascade of processes such as inflammation, oxidative stress,
and Tau protein accumulation, leading to neuronal loss and finally to AD symptoms [49].
The amyloid cascade hypothesis is supported by the direct observation of Aβ plaques in
the brain tissues of AD patients [175,176].

Genetic variation of the apo-lipoprotein-E (ApoE), a protein involved in the clearance
of Aβ, is identified as a strong risk factor leading to the AD development [177]. Trans-
genic mice were extensively used to prove the pro-cognitive efficacy of pharmacological,
genetic, and immunological interventions in reducing Aβ load [178–180]. However, sev-
eral criticisms of the amyloid cascade hypothesis were continuously formulated [181]. In
particular, the correlation between Aβ plaques and AD symptoms is not well assessed;
on the contrary, it is possible to observe Aβ deposition without any sign of cognitive
impairment [182]. More recently, the cause of the disease was switched to soluble forms of
Aβ, better correlating with AD symptomatology and cognitive impairment with respect to
plaques [183].

4.1.2. Aβ-Targeted Therapeutics

Amyloid-targeted treatments addressed both the modulation of APP cleavage by
means of secretases [184] and Aβ aggregation inhibition [185]. The three classes of secre-
tases (α, β, γ) were targeted. α-secretases are involved in the non-amyloidogenic pathway
of Aβ cleavage and activators were designed to favor this pathway. A few examples of
α-secretase activators reaching clinical evaluation are Etazolate and Acitretin (Figure 7).
Etazolate (EHT0202) exhibited safety and tolerability, but the pilot study did not highlight
significant improvement in cognitive performance upon drug administration [186]. Ac-
itretin was proven to elevate sAPP levels in CSF and lower the Aβ levels in early clinical
studies [187]. β-secretases are involved in the cleavage of APP, leading to the formation
of Aβ. Inhibition of β-secretases 1 (BACE1) is thus expected to decrease amyloid beta
production (and deposition) [188]. BACE1 inhibitors such as Verubecestat, Lanabecestat,
Elenbecestat, atabecestat, LY3202626, and Umibecestat (Figure 7) exhibited promising
effects on preclinical and phase I–II clinical trials, but further clinical studies revealed a lack
of efficacy and/or significant adverse effects [188].
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Figure 7. Chemical structure of peptide-based deposit modulators exploited in AD [1].

Then, γ-secretases are also involved in APP cleavage, representing a promising target
for the anti-amyloid strategy [189]. However, γ-secretases inhibitors were shown to exert
important off-target effects (e.g., due to Notch signaling alteration) [190] and toxicity
issues [191], causing the failure of clinical trials. The development of allosteric γ-secretases
inhibitors may lead to the revaluation of this therapeutic strategy [192].

Peptides and peptidomimetics targeting Aβ were also developed to inhibit Aβ aggre-
gation [193,194]. In some cases, peptidomimetics were proven to stabilize the monomeric
form of Aβ as well as reduce ROS generation [195]. Furthermore, small molecules such
as TGR-63 (Figure 7) were evaluated in vitro and were shown to possess anti-aggregation
potential towards Aβ aggregates [196]. Aβ load reduction and ameliorated memory, as
well as learning and cognitive parameters were highlighted in mouse models [196].

Immunotherapy approaches were also applied, including active immunization
(through vaccines developed on the antigen peptide) and passive immunization (mon-
oclonal antibodies directly targeting the undesired protein), not leading to encouraging
results as cognitive improvement [197].

4.2. Tau Hypothesis and Therapeutics
4.2.1. Tau Hypothesis

In addition to Aβ plaques, the formation of neurofibrillary tangles is regarded as a ma-
jor hallmark of AD development [176]. Neurofibrillary tangles (NFTs) are intracytoplasmic
fibrils formed by the aggregation of hyperphosphorylated Tau protein, a phosphoprotein
involved in the stabilization of microtubules. The Tau hypothesis [198] individuates, in
the formation of neurofibrillary tangles, the cause of the loss of neuron functionality and
subsequent cognitive impairment associated with AD. Their presence is related to cognitive
impairment symptoms [199–201], and their number and distribution are strongly correlated
with the severity of such effects [202]. Genetic evidence highlights the importance of the
mutation of the Tau gene in the development of neurodegeneration [203].

The interplay between amyloid and Tau processes in the AD pathogenesis was hy-
pothesized to be of the “trigger and bullet” type, with amyloid initiating the pathogenic
process (trigger), and Tau provoking the NFTs formation, inducing neurodegeneration
(bullet) [12,204]. However, such a hypothesis was confuted as NFTs are observed before
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the comparison of Aβ aggregates [205–207]. Moreover, Tau pathology was shown to be
independent from the Aβ mechanism, leading to the conclusion that Aβ clearing strategies
may not impair Tau pathology [208]. However, other studies highlight the mutual influence
between Tau and Aβ mechanisms, hypothesizing a synergistic effect between the two pro-
cesses [209,210]. Tau pathology was further shown to interact with other mechanisms such
as microglia activation, which was shown to drive tau pathology onset and progression
in animal models [211]. Further limitations include the fact that Tau abnormalities can be
found in several other neurodegenerative diseases, such as progressive supranuclear palsy
and corticobasal degeneration, highlighting its non-specificity to AD [212].

4.2.2. Tau-Targeted Therapies

A possible strategy to target Tau pathology is to correct abnormal tau phosphorylation.
Several relevant kinases were considered in this perspective. Among them, the GSK-3β is
among the most studied, leading to the development of several inhibitors over the years.
One of them, Tideglusib (Figure 7), reached clinical trial with a good safety profile; unfor-
tunately, Tideglusib lacked therapeutic efficacy [213]. Fyn kinase inhibitor AZD0530 was
evaluated for AD in clinical trials, unfortunately, with no effects on cognition decline [214].
Isoform selective JNK3 kinase inhibitors were designed and evaluated in mouse models,
highlighting ameliorated cognitive performances [215]. A hybrid between an AChE in-
hibitor and a Calcium channel blocker (SCR1693; Figure 7) was shown to promote tau
dephosphorylation as well as Aβ reduction in vitro [216]. Multi-kinase inhibitors were
also evaluated, such as the dual CDK5 and GSK-3β inhibitor LDN-193594. Animal model
studies highlighted its efficacy in the treatment of cognitive impairment and reduction in
hyperphosphorylated tau levels [217]. Recently, hyperphosphorylated tau degradation was
attempted through the use of dephosphorylation targeting chimera (DEPTAC), which are
molecules that promote the molecular interaction between tau and phosphatase [218]. As a
result, pTau dephosphorylation is enhanced.

In addition to targeting post-translational modifications, a tau-related strategy aimed
at enhancing microtubule stabilization was developed [219]. Several cancer therapies
were proven to exert microtubule stabilization and were then repurposed for AD treat-
ment [219,220]. As an example, Epothilone D (Figure 7) was tested in a mouse model,
and exhibited enhancement of microtubule density, resulting in proper axonal transport
and improved cognitive outcomes [221–223].

Small molecules such as methylene blue (Figure 7) [224] and related analogs [225,226]
proved to inhibit tau aggregation in vitro.

Regarding immunotherapy, a few vaccines were developed on pathogenic fragments
and phosphorylated tau. AADvac1 [227], targeting a sequence involved in pathogenic
tau–tau interaction, was effective in mouse models in reducing tau and Aβ burden, as
well as microglia activation [228] even if ineffective in enhancing cognition levels in clini-
cal trials [229]. AV-1980D, a DNA-based vaccine targeting tau N-terminus, reduced Tau
burden in animal models [230]. Passive immunization was also explored, with the de-
sign of several monoclonal anti-tau antibodies (Abs). ABBV-8E12/Tilavonemab [231]
and Gosuranemab [232], two monoclonal Abs (mAbs) with a tau clearing function, ex-
hibited promising Tau clearance and reversal of cognitive impairment in mouse models.
Early clinical studies highlighted good tolerability [233,234]; however, clinical evaluation
(NCT02880956) was discontinued [234] due to a lack of pro-cognitive efficacy. Currently,
the phase III clinical trial of E2814 (Etalanetug) is ongoing [235].

The PROTAC technology was also applied to target tau proteins, with the aim of
reducing tau levels. A chimeric peptide composed of a peptidic tau-recognizing sequence
and a second sequence binding E3 ligase was combined with a third segment for improved
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cell permeability. The corresponding candidate was evaluated in AD mouse models,
showing efficacy in lowering tau levels [236]. More recently, a small molecule PROTAC
was designed with the same purpose, exhibiting efficient tau clearance and significant
pro-cognitive effects in animal models [237].

5. AD Aspecific Hypotheses and Therapeutics
5.1. Neuroinflammation-Based Hypotheses and Therapeutics
5.1.1. Neuroinflammation

AD pathology is associated with higher levels of inflammation markers such as cy-
tokines and chemokines in the CNS [238,239], and pathologies associated with chronic
inflammatory states such as obesity [12,240] or diabetes [240] are risk factors for the de-
velopment of AD. Of particular interest for the analysis of neuroinflammation in AD is
the role of microglia, a type of glia cell devoted to the immune response in the CNS [241].
Microglia, when activated, is able to release cytokines, chemokines, free radicals, and
different inflammatory responses. In addition, the microglia cells have a clearance function,
being involved in the apoptosis induction of damaged neurons and plaques. Accordingly,
microglia seem to exert a dual role on AD [241].

It has been suggested that microglia activation in early phases of AD may be beneficial
for Aβ clearance, but at later stages it induces inflammation and apoptosis [34,241,242].
Similar considerations can be made for astrocytes, which are glial cells involved in brain
homeostasis maintenance, GABA system regulation and metabolism, BBB support, and
ionic concentration regulation, among others [243,244]. In AD conditions, astrocytes were
found in different states, including both reactive astrocytes and atrophic astrocytes [244].
Reactive astrogliosis possesses a neuroprotective role by favoring Aβ clearance, releas-
ing transforming growth factor β (TGF-β), supporting homeostasis, phagocytosing sub-
functional neurons, and intervening to synthesize and release GABA to contrast neuron
hyperexcitability. In contrast, reactive astroglia can induce neuronal damage, as well as
the release of excessive quantities of complement protein C3 and hydrogen peroxide [244].
Moreover, astrocytic atrophy associated with impaired astrocyte function was shown to
lead to impaired homeostatic support and blood–brain barrier (BBB) integrity disruption,
as well as synaptic hyperexcitability [244]. Non-neuronal cells, such as endothelial cells,
can also contribute to the release of pro-inflammatory agents. In the brain blood vessels
of AD patients, for example, the release of IL-6, IL-1b, and TNF-alpha was enhanced with
respect to healthy people [245].

5.1.2. Therapeutics for Neuroinflammation

Beyond natural compounds as potential anti-inflammatory agents in AD, synthetic
small molecules have been explored. Among them, the selective tyrosine kinase inhibitor
Masitinib (Figure 8) [246] was developed to contrast AD-associated neuroinflammation.

Masitinib mechanism of action is exerted via the mast cells, a type of immune system
cell in the brain. Phase II/III clinical trials (NCT01872598) highlighted a certain potential
in slowing down AD progression in mild-to-moderate AD patients [247]. A clinical evalu-
ation of Masitinib as adjunct to AChEIs and/or memantine is scheduled and expected
to be completed in 2026 (NCT05564169). Simufilam [248] is a small molecule acting on
neuroinflammation by targeting an incorrect form of filamin A occurring in AD pathology.
This event corrects the aberrant interaction of filamin A with other Ach and chemokine
receptors, reducing the release of inflammation chemokines [248] by Aβ-stimulated astro-
cytes. The phase IIa clinical trial highlights the reduction in biomarkers associated with
microglia activation, and the reduction of pro-inflammatory cytokines and general AD
biomarkers [249]. Anticipated results of the phase III trials highlight the slowing or small
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amelioration of cognitive parameters in Simufilam-treated patients with mild-to-moderate
AD [250]. Repurposed molecules such as cromolyn and ibuprofen were proposed in
combination and the resulting product (ALZT-OP1, phase III) was proven to target mi-
croglia by inducing phagocytosis and reducing Aβ levels [251]. Clinical studies were
completed (NCT02547818), but no outcome has been published yet. Triggering Receptor
Expressed on Myeloid cells 2 (TREM2) is a microglial transmembrane receptor associated
with important functions in neuroinflammation, whose disturbances were associated with
AD progression [252]. mAbs activating TREM2 were proposed such as AL002 exhibiting
promising results in animal models [253]. Phase II clinical trials are ongoing (NCT05744401).
TAK-920/DNL919 is another antibody targeting TREM2 by modulating its expression via
microglia function improvement [254]. The phase I trial in healthy volunteers is ongoing
(NCT05450549). Recently, the potential of targeting microglia-induced inflammation via
selective CB2 receptor agonists was explored [255,256]. Studies in animal models underline
a reduction of inflammation, Aβ clearance, and cognition/memory improvement [255,256].
Phase II clinical studies are ongoing or imminent [257].

Figure 8. Chemical structure of neuroinflammation modulators exploited in AD [1].

5.2. Mitochondrial Cascade Hypothesis and Therapeutics
5.2.1. Mitochondrial Cascade Hypothesis

The relation of mitochondrial dysfunction to AD led to the mitochondrial cascade
hypothesis [258,259]. Decline in mitochondrial function which induced decreased ATP
levels, ROS production increase, and oxidative phosphorylation were highlighted in AD
patients [260]. Mitochondrial dynamics, mitophagy, number of mitochondria, and their
transport along the axon were also found to be altered [261].

Since the mitochondrial dysfunction appears very early it was hypothesized to be
the primary factor inducing Aβ deposition and NFTs formation in late-onset sporadic AD
cases [258]. Mitochondrial dysfunctions (e.g., ROS increase) promote Tau hyperphospho-
rylation and aggregation. Meanwhile, Tau pathology has a negative impact on the mito-
chondrial axonal transport, mitochondrial dynamics, and function [262]. Moreover, Aβ has
toxic effects on mitochondrial basic functions such as respiration and ATP production [263].
Conversely, mitochondrial-derived ROS species promote amyloid formation [264]. Thus,
the reversal of mitochondrial function impairment seems to be a viable approach to contrast
neurodegeneration [265].
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5.2.2. Targeting Oxidative Stress and Mitochondrial Dysfunction

The potential of natural antioxidants as AD-preventing agents and in AD treatment
has been largely explored (Figure 9), both in the form of dietary supplements and as
monotherapies [266–268].

Figure 9. Chemical structure of aspecific therapeutics exploited in AD [1].

Important examples of this class of candidates are represented by Vitamin E [269],
Selenium [270], Flavonols [271–274], and Resveratrol (Figure 9) [275–277].

N-acetyl-L-cysteine (NAC) (Figure 9) was shown to enhance GSH levels and is a
naturally occurring tripeptide which acts as a ROS scavenger whose levels are lowered
in the presence of AD [278]. Moreover, administration of NAC-loaded nanoparticles was
shown to prevent microglia activation and reduce Aβ levels in animal models [279].

Mitochondrial oxidative stress was targeted by the combination of a mitochondria
interacting group (tri-phenyl phosphine) and an antioxidant (hydroquinone), resulting in
the drug candidate MitoQ (Figure 9) [280]. In mouse models, MitoQ was shown to reduce
Aβ, oxidative stress, neuroinflammation, and alleviate cognitive impairment [280].

Mitochondrial damage results in an abnormal increase in mitochondrial fragmen-
tation (fission) and biogenesis. SS31 (Figure 9), a tetrapeptide, was proved to inhibit
mitochondrial fission and reduce sAβ, leading to ameliorated synapsis function in animal
models [281]. P110 peptide (Figure 9) was instead designed to disrupt the interaction be-
tween dynamin related protein 1 (Drp1) and its mitochondrial adaptor fission 1 (Fis1). P110
treatment was proven to decrease mitochondrial fission, relieve oxidative stress, and have
a positive impact on Aβ deposition in preclinical studies [282,283]. Targeting mitophagy
by means of mitophagy inducers such as urolithin A (Figure 9) may represent a promising
strategy to combat AD. The selective degradation of defective mitochondria, in fact, was
shown to diminish Aβ levels, reduce neuroinflammation, and abolish AD-related tau
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hyperphosphorylation. Prevention of cognitive impairment and even memory impairment
reversal were highlighted in animal models [284].

Partial inhibition of mitochondrial complex 1 was attempted by the design of small
molecule CP2 (Figure 9), resulting in a favorable metabolic reprogramming of the cell.
Ameliorated cognitive and behavioral profiles were also highlighted [285].

5.3. Vascular Hypothesis and Therapeutics
5.3.1. Vascular Hypothesis

The vascular hypothesis [286] arose from the observation of several changes in the
cerebral vascular system of AD patients. The revealed modifications include changes in
the capillary architecture, BBB damage, reduced cerebral blood flow, glucose metabolism,
and oxygen utilization [286,287], which are hypothesized to be involved in AD patho-
genesis [286]. Supporting the vascular hypothesis, pre-existing cardiovascular diseases
are established risk factors for AD development, [288]. The presence of atrophy of the
vascular system in the brain [289] and the tendency of capillaries to exhibit ruptures and
bleeding [290] were observed in AD patients. The decreased cerebral blood flow triggers
Aβ production via BACE1 upregulation and promotes Tau hyperphosphorylation [291].
Low blood perfusion induces mitochondrial malfunction, leading to ROS generation [292].
However, the role of vascular risk factors in AD development remains unclear; not all
patients with such risk factors develop AD. The scarce success of treatments targeting
vascular diseases to stop AD progress has led to underlining the necessary presence of
other factors to trigger AD development [293].

5.3.2. Therapeutics for Vascular-Based Diseases

According to the vascular hypothesis, several drugs used to treat cardiovascular
diseases were evaluated as potential treatments for AD. Statins are a very commonly
prescribed medication used to reduce cholesterol levels in the blood. Clinical studies
assessing the effect of AD cognitive decline reported mixed results. Recent meta-analysis
and studies showed the amelioration of certain cognitive indicators (Mini-Mental State
Examination, MMSE) upon statins administration in the short term [294] and after three
years of treatment [295]. Several other meta-analyses, however, highlighted the lack of
evidence for the pro-cognitive effect of statins [296] in randomized controlled trials. Two
clinical studies highlight the detrimental effect of simvastatin (Figure 9) on cognitive
abilities [297]. Most studies and reviews are cautious in proposing statins as beneficial
agents to improve AD [298,299]. To date, no clinical trial involving statins has led to their
approval for AD treatment. As an example, simvastatin testing in AD clinical trials failed
to reduce AD biomarkers in the cerebrospinal fluid [300]. Antidiabetic medications such
as rosiglitazone (Figure 9) were also evaluated towards AD. While beneficial effects of
rosiglitazone were observed in preclinical studies, the compound posed inactive results in
clinical models [93,301,302]. Antihypertensive medications such as ramipril were evalu-
ated based on the higher burden of AD symptoms in the presence of hypertension [303].
Unfortunately, ramipril did not succeed in a pilot clinical trial [304]. The use of angiotensin
receptor blockers highlighted a limited pro-cognitive effect in AD patients (9.4%) [305],
while angiotensin-converting enzyme inhibitors (ACE-Is) exhibited less efficacy, possibly
due to low BBB penetrance. No clear scenario on the use of renin-angiotensin system
(RAS)-targeting antihypertensive drugs on cognitive decline in AD has emerged [306].

6. FDA-Approved Drugs for Alzheimer’s Disease
Extensive effort was applied to the development of AD treatment, leading to the design

and (pre)clinical evaluation of a plethora of candidates. However, only a few compounds
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reached the market. An outline of the most relevant milestones in AD drug development
over the years is given in Figure 10.

Figure 10. Timeline of the approval and withdrawal of AD treatments [1,307].

Initially, small molecules targeting AChE were proposed [308–313], such as tacrine
in 1993, then donepezil, rivastigmine, galantamine, as well as the NMDAR antagonist
memantine [314]. In 2014, a dual-acting compound (namzaric) was proposed, based on its
AChEI and NMDAR antagonist behavior. In 2017 the definition of “disease modifying ther-
apy” arose [315], inspiring, in 2021 and later, the design of anti-Aβ monoclonal antibodies.
An overview of the cited medication is given in Table 1.

Table 1. List of the approved (and withdrawn) anti-AD drugs. Approval year (appr. year), references
(ref.), and side effects are reported.

Entry n. Drug Name Class AD Stage Appr. Year Withdrawn Side Effects Administration Ref.

1 Tacrine AchEI
Mild-to-

moderate
1993 Yes (2013) Hepatotoxicity oral [308,309]

2 Donepezil AchEI
Mild,

moderate,
severe AD

1996 No
Nausea, Vomiting,
Diarrhea, Fatigue

Oral
transdermal

[310]

3 Rivastigmine AchEI
Mild-to-

moderate
2000 No

Dizziness, Vertigo,
Upper respiratory

tract infection

Oral
transdermal

[311,312]

4 Galantamine AchEI
Mild-to-

moderate
2001 No

Salivation,
Bradycardia,

Dizziness,
Abdominal pain

Oral [313]

5 Memantine
NMDAR

antagonist
Moderate-to-

severe
2003 No

Headache,
Confusion, Dizziness,

Urinary infections,
Constipation,
Somnolence,

Agitation

Oral [314]

6 Namzaric
AChEI

NMDAR
antagonist

Moderate-to-
severe

2014 No

Dizziness, Agitation,
Confusion, Diarrhea,

Nasopharyngitis,
Falls

Oral [316]
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Table 1. Cont.

Entry n. Drug Name Class AD Stage Appr. Year Withdrawn Side Effects Administration Ref.

7
Sodium

oligomannate
Not

known
Mild-to-

moderate
2019 No

Infections,
Gastrointestinal tract
disorders, Nervous

system problems

Oral [317]

8 Aducanumab
Anti-Aβ

mAbs
MCI, mild AD 2021

No (dis-
continued

after
approval)

ARIA a side effects Intravenous [318]

9 Lecanemab
Anti-Aβ

mAbs
MCI, mild AD 2023 No ARIA side effects Intravenous [319]

10 Donanemab
Anti-Aβ

mAbs
MCI, mild AD 2024 No ARIA side effects Intravenous [320]

a ARIA: Amyloid-Related Imaging Abnormalities.

In addition to FDA-approved drugs, in 2019 an oligosaccharide extracted from marine
algae (sodium oligomannate, or GV-971, Table 1 entry 7) was conditionally approved in
China [321]. While the mechanism of action of such therapeutics is still under elucidation,
clinical data highlights a good tolerability profile and a certain efficacy [317]. Phase IV
clinical trials (NCT05181475 and NCT05058040) are expected to furnish more information
by 2025.

Details of the aforementioned most relevant drugs developed to contrast AD are
discussed as follows.

6.1. AChEIs-Approved Drugs

The AChEI Tacrine (Table 1 entry 1) was the first drug approved for AD treatment [308].
A few years ago (2013), it was withdrawn from the market mainly because of its hepatotox-
icity [322]. More recently, the tacrine scaffold was re-evaluated and modified to avoid liver
toxicity issues [323], but no approval has been obtained so far.

Donepezil [324,325] (Table 1 entry 2) is a selective and reversible AChE inhibitor. The
FDA approved Donepezil in 1996 for the symptomatic treatment of mild, moderate, and
severe AD [326]. The most common side effects are nausea, vomiting, and diarrhea [327].
Again, Donepezil was shown to be inefficacious in altering AD progression [325]. Rivastig-
mine (Table 1 entry 3) was approved in 1997 for mild-to-moderate AD. It acts as a reversible
AChE and butyrylcholinesterase [328] inhibitor. However, due to its higher AChE inhi-
bition time with respect to donepezil, rivastigmine is classified as a pseudo-irreversible
AChEI [311]. The most common side effects include gastrointestinal disturbances [329].
Galantamine (Table 1 entry 4) is another reversible AChE inhibitor approved by the FDA
in 2001 for the treatment of mild and moderate AD stages. In addition to the AChE inhibi-
tion, Galantamine acts as positive allosteric modulator of the nicotinic receptors [328,330].
Galantamine is also a ROS scavenger, acting as a protecting agent from apoptosis [331].
The main side effects are nausea, cramping, salivation, and vomiting [332]. Additionally,
musculoskeletal, respiratory, and cardiovascular conditions may arise [333]. It cannot be
considered as a disease-modifying drug [334].

A review on the efficacies of AChEIs was carried out in 2021 [335], highlighting the
low efficacy of this class of drugs in ameliorating cognitive impairment and behavioral
symptoms. The combination of AChEIs and memantine was proven to moderately en-
hance the efficacy with respect to monotherapy [336]. A combination of donepezil and
memantine was approved for moderate and severe AD (Namzaric, Table 1 entry 6) [337].
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6.2. NMDAR Antagonists as Approved Drugs

As an NMDAR antagonist, memantine (Table 1 entry 5) regulates the glutamatergic
system, thus influencing the correlated calcium signaling. More precisely, memantine
acts as a selective, moderate-affinity and uncompetitive E-N-methyl-d-aspartate receptor
blocker [338], inhibiting the excess of calcium from entering neuronal cells while allowing
physiological glutamate activity [339,340].

The selectivity of memantine towards the E-NMDAR (extra synaptic) with respect
to the S-NMDAR (synaptic) represents a favorable factor to recover physiological glu-
tamate balance. While E-NMDAR overstimulation induces the activation of pro-death
pathways, prolonged S-NMDAR and AMPAR activation causes their desensitization and
internalization, leading to the loss of glutamatergic signaling [341].

Memantine was shown to be safe and tolerable, with an adverse effect frequency
comparable to placebo [342]. Memantine was shown to slow down cognitive decline
in various clinical studies when considering moderate-to-severe AD [343]. On the other
hand, no evidence of efficacy was highlighted in earlier stages of the disease [343,344].
Memantine was also shown to antagonize 5-HT3 receptors at therapeutic NMDAR blocking
concentration [345]. Despite the presence of several studies supporting the potential of
Memantine (especially in preclinical models), Kuns et al. report that in clinical practice the
response to Memantine was mild, leading to limited benefits [346].

6.3. Monoclonal Antibodies

To date, three monoclonal antibodies directed towards Aβ clearance have been recently
approved by the FDA: Aducanumab, Lecanemab, and Donanemab (Table 1 entries 8, 9, 10,
respectively) [347].

In detail, Aducanumab was approved in 2021, being selective towards protein ag-
gregates with respect to Aβ monomers and binding both soluble and insoluble Aβ [348].
The corresponding complexes are recognized and phagocyted by microglia [349]. Ad-
ditionally, Aducanumab was shown to limit Aβ toxicity by preventing Aβ release from
plaques [349]. Pro-cognitive effects of Aducanumab were established via cognitive tests,
giving encouraging results [349,350]. However, some trials failed to reproduce these pos-
itive outcomes [351]. Very recently, Biogen, the company that developed Aducanumab,
decided to discontinue the development and production of this monoclonal antibody [352]
to prioritize the development of the novel mAb Lecanemab, approved in 2023 for the
treatment of MCI or mild AD dementia [347,353].

Lecanemab was shown to bind soluble Aβ aggregates, comprehending oligomers
and protofibrils [353]. Lecanemab decreases brain Aβ and reduces the presence of several
biomarkers [354]. This monoclonal antibody exhibited moderate slowing of cognitive
decline in a large-scale phase III clinical trial, involving participants with mild AD [355,356].
No data are available on more advanced stages of the disease [357].

Donanemab is a recently approved (2024) monoclonal antibody specifically designed
to bind the pyroglutamate Aβ p3-7 epitope, a type of truncated Aβ exclusively found in
deposited Aβ [358,359]. Reduction in the levels of AD biomarkers (such as Aβ plaques and
plasma p-Tau217) was observed during clinical trials [360]. A certain slowing of cognitive
decline was observed in clinical trials concerning the early AD phase [361].

Anti-Aβ monoclonal antibodies were proven to efficiently exert an Aβ clearance func-
tion, being designed as a disease-modifying therapy for AD at a conceptual level [362,363].
Nevertheless, the clinical outcome was less convincing, resulting in limited efficacy in several
clinical trials and real-life situations [363].
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7. Therapeutic Approaches: Lights and Shadows
In this study, we reported neurotransmitter- or ion-based AD pathogenesis hypotheses

as well as peptide-based ones and aspecific pathways. None of them can be considered
an exhaustive and complete explanation of the AD etiology and the related biological pro-
cesses. Targeting receptor-based systems such as the cholinergic pathways and NMDARs
is controversial, as it has been debatably proved to adopt the role played by peptide-based
deposits (Aβ and tau plaques).

Cognitive impairment due to the manipulation of the cholinergic system was observed
in animal models of AD [364,365]. However, despite the large amount of data supporting
the cholinergic hypothesis, AChEI proved poor efficacy in AD patients [366]. Thus, it was
attempted to combine the pro-cholinergic dual inhibition action of the AChE and other
enzymatic targets with other favorable pharmacological effects. An example previously
mentioned is the hybrid AChE/MAO-B inhibitor Ladostigil showing its good tolerability
but lack of efficacy in slowing down AD progression [59] (NCT01429623). The same
strategy was applied to guide the design of dual AChE/GSK-3β inhibitors and dual
AChE/PDE4D [62]. On the other hand, the design of allosteric modulators on AChR
subtypes [63–66] was explored to confer higher selectivity to the compound.

Targeting allosteric sites rather than orthosteric ones is expected to confer higher
selectivity to the compound, given the lowest degree of residue conservation observed
for allosteric sites. In addition, receptor desensitization upon repeated doses associated
with ligands binding the orthosteric site can be reduced. α7 nAChR positive allosteric
modulators exhibited promising pro-cognitive effect in animal models [67–70]. Conversely,
other clinical studies suggested unclear efficacy of this class of compounds [71].

Memantine is also an antagonist of nACh and 5-HT3 receptors, suggesting once
again the design of multi-target molecules. Indeed, memantine hybrids were recently
proposed as potential disease-modifying agents for AD, as they are expected to target
multiple AD typical processes [367]. Memantine is also included in the therapeutic
strategies targeting the Ca2+ signaling disruption hypothesis. The compound exhibited
promising results in clinical studies justifying its approval for AD [368]. On the other
hand, limited efficacy was highlighted over time [80]. Clinical studies concerning Ca2+

channels gave mixed results [369]. The therapeutic potential of calcium modulators is
moderated by the ubiquitous presence of Ca2+ in cellular processes, which may be the
cause of side effects arising.

Examples of Aβ targeting strategies involve monoclonal antibodies, with Aβ clearing
function [370] and inhibitors of β-site amyloid precursor protein cleaving enzyme 1 (BACE1)
being thie enzyme involved in Aβ production [371]. The design of BACE inhibitors led
to compounds exhibiting promising effects on preclinical and phase I–II clinical trials.
On the other hand, significant side effects were reported [217]. In addition, clinical trials
involving compounds targeting Aβ failed in ameliorating or stopping cognitive impairment
associated with AD, possibly underlying that Aβ accumulation is not sufficient to cause
AD [49].

Recently, the amyloid hypothesis was further revised, decreasing the weight of Aβ

deposition and increasing the weight of stochastic factors [372], switching the cause of
AD to soluble Aβ oligomers in place of plaques [373] and introducing higher attention
to interactions with other pathology-associated mechanisms [374]. Three anti-Aβ mAbs
were recently approved by the FDA for clinical use. Early data concerning mAbs as
potential AD-modifying therapeutics exhibited only moderate efficacy in slowing the
disease, but were not shown to reverse AD pathology, possibly questioning the amyloid
hypothesis itself [375]. Thus, the clinical efficacy of Aβ directed monoclonal antibodies is
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controversial as limited improvement of cognition is observed while adverse effects are
relatively frequent [376,377].

Furthermore, the development of several kinase inhibitors was evaluated as a therapeu-
tic approach. In particular, GSK-3β inhibitors such as Tideglusib and Fyn kinase inhibitors
such as AZD0530 were studied, unfortunately with poor therapeutic efficacy [213] or no
effects on cognition decline [214].

Isoform selective JNK3 kinases inhibitors and hybrids between an AChE inhibitor and
a Calcium channel blocker (SCR1693) led to more promising results in terms of ameliorated
cognitive performances [215] and Aβ reduction in vitro [216], respectively. Additionally,
multi-kinase inhibitors such as LDN-193594 showed efficacy in the treatment of cognitive
impairment and reduction in hyperphosphorylated tau levels [217].

In addition, monoclonal antibodies such as ABBV-8E12 targeting tau proteins were
proved to reduce Tau protein in Cerebrospinal fluid but did not lead to a reverse of the
cognitive impairment [378] (NCT03712787).

A tau-related strategy led to the evaluation of Epothilone D in mouse models, resulting
in improved cognitive outcomes [221–223].

Despite the encouraging results in reducing Tau and Aβ burden, the overall clinical
experimentation of Tau-directed monoclonal antibodies was largely unsuccessful [379]
and lacking efficacy. Conversely, the PROTAC technology proved to be advantageous;
chimeric peptides led to candidates endowed with efficacy in lowering Tau levels [236] and
significant pro-cognitive effects [237].

Beyond the cited therapeutic approaches, aspecific treatments have been considered,
such as agents to contrast neuroinflammation or mitochondria dysfunction.

Major limitations of the inflammation hypothesis lay in the aspecificity of the inflam-
mation response, which is common to many other pathological conditions. It is also not
clear whether inflammation is effectively a cause which contributes to AD development
or is instead the consequence of neuronal damage. Nevertheless, a few pharmacologi-
cal strategies targeting neuroinflammation were proposed [257]. In particular, targeting
microglia-induced inflammation via selective CB2 receptor agonists was reported as advan-
tageous [255,256].

The decline in mitochondrial function, causing diminished ATP levels and an increased
ROS production, was highlighted in AD patients [258,259]. Thus, products with antioxidant
action, as well as anti-inflammatory agents and habits reducing ROS levels (exercise, diet,
etc.) were proposed as therapeutic interventions for AD [380,381]. However, further
studies are required to better clarify the mitochondrial alterations in relation to AD onset
and progression, and to better validate the potential of antioxidants for AD treatment.

In addition to the aforementioned drugs, additional treatments are suggested to treat
behavioral and psychological symptoms associated with AD, including orexin receptor
antagonists, antipsychotics, antidepressants, and anticonvulsants.

Suvorexant, an orexin receptor antagonist, is utilized to treat insomnia in mild-to-
moderate AD patients [382]. Such use is associated with multiple side effects such as
impaired alertness and motor coordination, worsening depression or suicidal thinking,
sleep paralysis, and respiratory function problems [383].

The use of atypical antipsychotics (Risperidone, Olanzapine, Quietiapine, and
Apiprazole) can be considered to treat agitation, psychosis, and aggression when the symp-
toms represent a danger for the patient or caregiver. The treatment with antipsychotics
should be limited to a few months, as longer therapy was shown to be ineffective [384] and
could increase the risk of death in the long term [385].

Brexpiprazole is a partial agonist of dopamine D2 and serotonin receptor 5HT1a,
and an antagonist of the serotonin receptor 5HT2a [386]. As an atypical antipsychotic,
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Brexpiprazole has been approved to treat AD-associated agitation [387–389]. The use of
Brexpiprazole is associated with several side effects (weight gain, sleepiness, dizziness,
cold symptoms, and restlessness) as well as an increased risk of death when administered
to patients with dementia-related psychosis [383].

The use of selective serotonin reuptake inhibitors (SSRIs) was proved to induce a mod-
erate pro-cognitive effect in AD patients [390]. However, results on their efficacy and safety
profile depict a contradictory scenario [390–394]. A few studies proposed the possibility that
AD-associated depression may exhibit different features with respect to non-AD-associated
depression, thus making classical antidepressant treatment inefficacious [392].

Anticonvulsants such as Carbamazepine can also be considered for the treatment of
AD-associated agitation, aggression, and hostility. However, its lower tolerability as well as
interactions with other drugs makes it a less attractive option with respect to SSRIs [395,396].
Psychostimulants such as methylphenidate was proven to decrease the severity of apathy
in AD patients, exhibiting good tolerability profile [397].

8. Medicinal Chemist Opportunities and Challenges
The multi-faceted character of AD often requires a combined approach to develop

effective pharmacological strategies targeting AD, going beyond the targeting of amyloid
beta or of a single hypothesis but integrating multiple pathways of interventions. Indeed,
the individuation and pharmacological modulation of new targets involved in the multiple
biochemical pathways altered in AD may help in the optimization of an explorative thera-
peutic strategy. A few hints for rational approaches by medicinal chemists in the search for
putative effective ligands in AD are described as follows.

8.1. Mutated Proteins Interventions

As previously described, genetic factors are thought to be in AD pathogenesis. Among
them, APP gene mutations, as well as PSEN-1 gene mutations are reported as involved in
AD forms. In the first case, mutated APP enzymes lead to an improved Tau quantity, while
mutated PS-1 proteins can enhance the production of toxic amyloid peptide. Furthermore,
polymorphisms of ApoE-ε4 result in less efficient proteins in the degradation of soluble
Aβ. Conversely, other ApoE isoforms work to remove Ab plaques.

Since APP interaction with secretase proteins is required to derive amyloid peptides,
the design and evaluation of APP-interfering modulators could be hypothesized, with the
aim of developing small molecules that are able to prevent the proteolytic cleavage turning
in the Ab amyloid peptides and fibrils. Approximately 25 mutations in APP are pathogenic
and cause AD, many of which located in the transmembrane helix domains (TMDs). The
APP structure has been investigated by several research groups [398], and biophysical
studies were conducted to explore any structural or folding variations due to specific APP
mutations affecting recognition by secretases [399,400]. As a consequence, there are data
available at the protein data bank, enabling computational studies to be pursued to probe
protein pockets for the design of modulators. A deep analysis and comparison of the
available APP mutants could allow us to identify the most variable protein regions, in
terms of ability to be exposed to the putative secretase recognition in comparison to the WT
APP. The results should be compared with the known severe AD forms in order to map
druggable protein regions for the design of modulators.

The choice of PS1 modulators can also be useful to avoid the PSNE-1 mutation con-
sequences in AD. Research studies reported mesenchymal stromal (stem) cells (MSCs) as
models of early-onset familial AD (FAD) [401]. MSCs with the FAD mutation PSEN1 E280A
and wild-type (WT) PSEN1 from umbilical cords were cultured and characterized for their
transdifferentiation into cholinergic-like neurons (ChLNs). PSEN1 E280A ChLNs, but not
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WT PSEN1 ChLNs, exhibited increased intracellular soluble amyloid precursor protein
(sAPPf) fragments and extracellular Aβ42 peptide, as described for FAD caused by mutant
PSEN1. In addition, PSEN1 E280A ChLNs presented oxidative stress. Very recently, authors
investigated whether the phosphodiesterase type 5 inhibitor Sildenafil modifies the pheno-
type of ChLNs, bearing the PSEN-1 E280A mutation [402]. To this purpose, WT ChLNs and
ChLNs expressing PSEN 1 E280A were left untreated or treated with the PDE5 inhibitor.
While sildenafil treatment caused no alterations in APP metabolism in WT neurons, Aβ

accumulation decreased in mutant ChLNs, if compared to the untreated mutant cells. In
addition, Sildenafil did not affect Tau levels in WT ChLNs but reduced them in ChLNs har-
boring the PSEN 1 E280A mutation with respect to the untreated mutant cells. As a result,
the compound was proposed as a functional neuronal enhancer. To further investigate the
potential therapeutic role of this compound as a PS-1 modulator, the PS-1 E280A mutant
should be modeled in silico and compared to the experimental data of the WT PS-1 in order
to enlighten the corresponding putative druggable pockets. PS-1 E208A correctors could
be screened via computational methods and molecular dynamics simulations, prior to
chemical synthesis and biological evaluation. In addition, since PDE5 is highly upregulated
in AD patients [403], the efficacy of further PDE5 inhibitors series could be evaluated also
in other AD forms. Interestingly, cAMP-selective PDE inhibitors, such cilostazol, have
been reported as neuroprotective agents based on their anti-inflammatory properties [404].
In particular, cilostazol caused an elevation of cAMP, which may be responsible for the
drug-induced upregulation of SIRT1. This effect is suggested to contribute to the observed
anti-inflammatory, antioxidant, and antiapoptotic activities of cilostazol also at the central
nervous system [404]. More recently, cilostazol proved to mitigate neuroinflammation, also
counteracting mitochondrial dysfunction in encephalopathy models [405]. Based on the
above, the design of dual-acting PDE3/5 inhibitors could be attempted.

With regard to ApoE-ε4 polymorphisms, among subjects without Aβ deposition,
APOE-ε2 carriers have better-maintained cognitive functions if compared to APOE-ε4
carriers [406]. Moreover, in the presence of AD pathology, APOE-ε2 carriers present
slower cognitive decline, while APOE-ε4 carriers experience faster decline compared with
APOE-ε3 homozygotes. In a medicinal chemistry point of view, designing selective APOE-
ε4 modulators to prevent AD and/or diminish symptoms could be attempted, relying on
structural information of the biological target.

8.2. Neurotrasmitter- and Ion-Based Interventions

Since AChE impairs the Ach levels and enhances PS-1 expression, the choice of dual-
acting compounds exhibiting inhibitory ability towards the two proteins could represent a
feasible strategy. Indeed, experimental data of both the two biological targets are available,
allowing structure-based studies as well as numerous series on related inhibitors. This
piece of information could be exploited to develop the main pharmacophore features to
be merged in putative dual-acting derivatives. In the scenario of hybrid compounds, we
previously briefly reviewed a number of studies suggesting AChE/GSK-3β inhibitors or
dual AChE/PDE4D. This kind of approach could be enhanced by combined structure- and
ligand-based studies, as described for dual-acting AChE/PS-1 modulators. Notably, while
dual AChE/PDE4D could result in improved ACh levels and anti-inflammatory responses,
AChE/GSK-3β or AChE/PS-1 could be efficient in reducing Aβ levels.

Targeting GLT-1 and NMDARs has been attempted, with the final aim of reducing
glutamate excitotoxicity. This event results in the major entrance of calcium into neurons
and ROS production increase, and also in tau hyperphosphorylation induction via kinase
stimulation. While GLT-1 modulators gained modest results in clinical trials, recently
NMDARs inhibitors gained attention and guided the design of several series of memantine
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analogs. This approach sounds worthy of further efforts towards novel derivatives to
mitigate neuroinflammation, and conceivably to design multi-target compounds also
exhibiting the AChE inhibitory ability.

With regard to the serotoninergic hypothesis, the role of 5-HTRs in cognition needs to
be better clarified. Based on the previously reported information, 5-HT4 and/or 5-HT7 ago-
nism gave promising results in clinical data, supporting new studies for the development of
selective ligands. Conversely, the effectiveness of 5-HT6 antagonists in clinical trials proved
to be modest. In 2022, the electron microscopy data of 5-HT4 and of 5-HT7 became available
(PDB code = 7XT9; PDB code = 7XTC) [407], paving the way for the rational design of new
ligands. In 2023, the structural information of 5-HT6 (PDB code = 7YS6) [408] also offered
the opportunity to better investigate putative binding pockets to design novel antagonists.

8.3. Calcium Signaling Modulator Interventions

Among plausible interventions to modulate calcium levels, targeting NMDARs or
RyRs could be attempted. Furthermore, S1Rs are widely expressed throughout the CNS
and modulate neuron intracellular calcium levels, leading to changes in neurotransmitter
release and neuronal activity [409]. Thus, as previously shown for Anavex 2-73, ligands
interacting with S1Rs represent a promising approach in drug design for the treatment of
AD. Notably, the FDA drug donepezil also features the S1R binding ability [410]. In this
perspective, dual AChEIs and S1R agonists should be designed and scouted for models of
cognitive decline.

8.4. Peptide-Based Level Interventions

We reported amyloid-targeted treatments including APP cleavage and Aβ aggregation
inhibition. During the last few years, different series of γ-secretases inhibitors have been
proposed, even if with safety limitations. Accordingly, allosteric inhibitors have been
suggested. With regard to Aβ aggregation inhibition, peptidomimetics targeting Aβ were
proposed, also relying on immunotherapy approaches.

The design of optimized compounds modifying the APP proteolytic event can be
managed by the secretase inhibitors design or by the PS-1 unit one. Recently, the electron
microscopy analysis of human g-secretase in complex with the inhibitor Avagacestat (PDB
code = 6LQG) [411] has been reported, giving pivotal information for the design of further
new molecules. Indeed, structural analyses revealed a set of shared interactions and contact
regions for inhibitor and modulator recognition to be exploited for the future development
of substrate-selective inhibitors. More recently, authors reported cryo-electron microscopy
structures of human γ-secretase bound to five clinically tested inhibitors (RO4929097,
crenigacestat, BMS906024, nirogacestat, and MK-0752) [412]. All of them occupied the
substrate-binding site of PS-1 even if exhibiting different protein-contact interactions based
on their chemical structure. A comparison of the main chemical features of the compounds
should be attempted to derive the main pharmacophore features for the optimization of a
new series; while RO4929097 and crenigacestat displayed a tricyclic main core, bearing a
flexible chain, the other ones were bicyclic or monocyclic derivatives tethered to electron-
rich aliphatic substituents. Based on the overall flexibility of the aforementioned inhibitors,
molecular dynamics simulations could be beneficial in interpreting the enzyme-ligand
binding event.

In the search for Tau phosphorylation modulators, kinase inhibition can be managed
via computational methods. A few X-Rays of the crystallographic data of GSK-3β, in
complex with inhibitors, are available (PDB code = 3SAY) [413], supporting structure-based
design strategies of new compounds.
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9. Innovative Strategies and Future Perspectives
Extensive research effort in recent decades was applied to the design of therapeu-

tic agents for Alzheimer’s disease, as previously reviewed. The scarce success of such
candidates is inserted into a larger frame of uncertainty regarding the pathogenic mech-
anism(s) determining the disease. The elucidation of the biochemical pathways to be
targeted for intervention is strongly required to allow a rational approach of drug design
and development.

However, several obstacles are present to achieve such results, such as the extreme
complexity and interconnection observed among different pathogenic pathways. Then,
preclinical translation to clinical tests is also a limiting factor in AD therapeutic attempts,
mainly due to current AD animal model limitations [414]. Nevertheless, continuous effort
in optimizing existing experimental models [415] or introducing new ones has been applied,
leading to novel tools such as organoids and patient-derived AD cells for screening, in
place of mouse models for AD [416,417].

In addition to the most studied mechanisms herein reviewed, several emerging hy-
potheses are likely to furnish more insights on AD pathogenesis. A few examples include
the infectious hypothesis [418,419], the iron dyshomeostasis hypothesis [420], lipid inva-
sion [421], the Carnitine Palmitoyl-Transferase 2 Cascade Hypothesis [422], studies on the
role of neurotropins [423], and gut microbiota [424], among others. Such theories are often
neglected or underconsidered in general AD studies but may be included in a holistic
vision of the disease to highlight previously uninvestigated links and concepts. Thus,
future intervention on newly discovered pathogenic mechanisms may lead to improved
therapeutic approaches.

In particular, the multi-target approach [425] is regarded as an attractive avenue for
the future development of AD treatment(s), combining multiple pharmacological actions
within a single molecule and influencing multiple pathways at a single time. Such an
approach possesses great potential in the case of multifactorial pathologies, where it can
be argued that various processes are involved in the genesis of the disease. Multitarget
therapy exhibits several advantages with respect to combination therapy, as the risk of
adverse effects and drug resistance development is significantly lowered [426]. Moreover,
drug–drug interactions influencing the drug bioavailability are avoided [427], and often
better compliance is achieved due to a simpler therapy regimen [428].

Gene-therapy development also represents a promising strategy for AD treatment,
despite the presence of several challenges such as the regulatory and commercial aspects,
as well as the need for efficient and secure gene delivery systems [429]. Gene therapy
consists of gene manipulation including the deletion, silencing, or editing of faulty genes
and insertion of healthy genes [430]. Carriers (mainly viral carriers) are used as a delivery
strategy for the gene material. A few promising results were highlighted for complex
neurological diseases such as AD [431,432], as low bioavailability at the CNS still represents
a critical aspect in anti-AD drug development [433].

The growth of the nanobiotechnology field represents an interesting opportunity to
enhance brain penetrance of AD drug candidates. Nanoparticles (NPs) facilitate the passage
of therapeutics through the BBB, with relevant potential both in the diagnostic and thera-
peutic areas [434,435]. PROTACs [436] and protein–protein interaction modulators [437]
are also developing strategies in AD research. More recently, photobiomodulation (PBM)
based on specific light wavelengths to regulate cellular metabolism, signal transduction,
and gene expression has been reported as a promising opportunity to enhance AD cognitive
function [438]. This study underlined the PBM ability to improve BBB integrity impairing
Aβ pathology in AD mice models.
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Improvements in AD diagnosis, whose technical limitations have been extensively
reviewed [417], should be achieved. In particular, a subjective use of neurophysiological
scales, the expensiveness or low compliance of diagnostic procedures, and once again ques-
tionable adequateness of currently used diagnostic biomarkers are regarded as improvable
factors in the AD diagnostic process. It has been shown that such biomarkers [439] do not
always correlate with disease severity, do not cover the full spectrum of AD pathology [440],
and are highlighted in other brain diseases [441]. Recently, the search for periphery biomark-
ers for the preclinical diagnosis of AD has been investigated [417] and screenings were
suggested for high-risk populations.

Additional measures aiding research proficiency in addressing such a complex matter
have been proposed. A few examples [442] include a global effort in the sharing of data,
developing accessible diagnostic tools and affordable therapeutics, correcting the manage-
ment of risk factors and developing AD-focused educational programs, as well as new
clinical trial practices (e.g., patient stratification and precision medicine model use [443]).
Finally, technologies such as computer-aided drug design (CADD) and artificial intelligence
(AI) are also thought to produce relevant outcomes at the drug design level [444,445].

10. Conclusions
To date, the FDA approved four small-molecule drugs for the treatment of Alzheimer’s

disease. Three of them (Donepezil, Galantamine, and Rivastigmine) can be classified as
acetylcholinesterase inhibitors (AChEIs), while the fourth (Memantine) is an N-methyl-d-
aspartate receptor (NMDAR) antagonist [328]. In addition, a few monoclonal antibodies
(mAbs) were recently approved [446]. Non-pharmacological interventions such as care
and quality of life are commonly prescribed as first-line intervention to prevent cognitive
decline; exercise, diet attention, and vascular- or metabolism-related disease prevention
should be beneficial to limiting AD risk factors.

The current AD scenario highlights a complex intricacy of processes in which it is not
easy to distinguish the key factor(s) from ancillary factors, or to elucidate the synergistic
effect that may arise from concomitant pathogenic signs. From a therapeutic perspective,
this is reflected in difficulties in finding disease-modifying strategies, which results in the
lack of adequate/resolving treatment for AD patients. Further efforts to clarify druggable
biochemical pathways are still needed to guide the drug design process.
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224. Huang, Y.; Wen, J.; Ramirez, L.-M.; Gümüşdil, E.; Pokhrel, P.; Man, V.H.; Ye, H.; Han, Y.; Liu, Y.; Li, P.; et al. Methylene Blue
Accelerates Liquid-to-Gel Transition of Tau Condensates Impacting Tau Function and Pathology. Nat. Commun. 2023, 14, 5444.
[CrossRef]

225. Wilcock, G.K.; Gauthier, S.; Frisoni, G.B.; Jia, J.; Hardlund, J.H.; Moebius, H.J.; Bentham, P.; Kook, K.A.; Schelter, B.O.; Wischik,
D.J.; et al. Potential of Low Dose Leuco-Methylthioninium Bis(Hydromethanesulphonate) (LMTM) Monotherapy for Treatment
of Mild Alzheimer’s Disease: Cohort Analysis as Modified Primary Outcome in a Phase III Clinical Trial. J. Alzheimer’s Dis. 2017,
61, 435–457. [CrossRef]

226. Gauthier, S.; Feldman, H.H.; Schneider, L.S.; Wilcock, G.K.; Frisoni, G.B.; Hardlund, J.H.; Moebius, H.J.; Bentham, P.; Kook, K.A.;
Wischik, D.J.; et al. Efficacy and Safety of Tau-Aggregation Inhibitor Therapy in Patients with Mild or Moderate Alzheimer’s
Disease: A Randomised, Controlled, Double-Blind, Parallel-Arm, Phase 3 Trial. Lancet 2016, 388, 2873–2884. [CrossRef]

227. Kontsekova, E.; Zilka, N.; Kovacech, B.; Novak, P.; Novak, M. First-in-Man Tau Vaccine Targeting Structural Determinants
Essential for Pathological Tau–Tau Interaction Reduces Tau Oligomerisation and Neurofibrillary Degeneration in an Alzheimer’s
Disease Model. Alzheimer’s Res. Ther. 2014, 6, 44. [CrossRef]

228. Rajamohamedsait, H.; Rasool, S.; Rajamohamedsait, W.; Lin, Y.; Sigurdsson, E.M. Prophylactic Active Tau Immunization Leads to
Sustained Reduction in Both Tau and Amyloid-β Pathologies in 3xTg Mice. Sci. Rep. 2017, 7, 17034. [CrossRef]

https://doi.org/10.1007/s00401-013-1139-0
https://doi.org/10.1038/s41583-019-0240-3
https://doi.org/10.7150/ijbs.57078
https://doi.org/10.1038/s41593-020-0687-6
https://doi.org/10.1093/brain/awv081
https://www.ncbi.nlm.nih.gov/pubmed/25833819
https://doi.org/10.3233/JAD-141959
https://www.ncbi.nlm.nih.gov/pubmed/25537011
https://doi.org/10.1001/jamaneurol.2019.2050
https://www.ncbi.nlm.nih.gov/pubmed/31329216
https://doi.org/10.1021/acs.jmedchem.9b00537
https://doi.org/10.1016/j.ejphar.2015.02.022
https://doi.org/10.1074/jbc.M112.436402
https://doi.org/10.2174/1389203723666220519154229
https://doi.org/10.1021/jm301079z
https://doi.org/10.1186/s13195-021-00831-6
https://doi.org/10.1523/JNEUROSCI.3059-10.2010
https://doi.org/10.1016/j.neurobiolaging.2020.09.011
https://doi.org/10.3389/fnmol.2023.1198299
https://doi.org/10.1038/s41467-023-41241-6
https://doi.org/10.3233/JAD-170560
https://doi.org/10.1016/S0140-6736(16)31275-2
https://doi.org/10.1186/alzrt278
https://doi.org/10.1038/s41598-017-17313-1


Int. J. Mol. Sci. 2025, 26, 6980 38 of 46

229. Novak, P.; Kovacech, B.; Katina, S.; Schmidt, R.; Scheltens, P.; Kontsekova, E.; Ropele, S.; Fialova, L.; Kramberger, M.; Paulenka-
Ivanovova, N.; et al. ADAMANT: A Placebo-Controlled Randomized Phase 2 Study of AADvac1, an Active Immunotherapy
against Pathological Tau in Alzheimer’s Disease. Nat. Aging 2021, 1, 521–534. [CrossRef]

230. Davtyan, H.; Chen, W.W.; Zagorski, K.; Davis, J.; Petrushina, I.; Kazarian, K.; Cribbs, D.H.; Agadjanyan, M.G.; Blurton-Jones, M.;
Ghochikyan, A. MultiTEP Platform-Based DNA Epitope Vaccine Targeting N-Terminus of Tau Induces Strong Immune Responses
and Reduces Tau Pathology in THY-Tau22 Mice. Vaccine 2017, 35, 2015–2024. [CrossRef]

231. West, T.; Hu, Y.; Verghese, P.B.; Bateman, R.J.; Braunstein, J.B.; Fogelman, I.; Budur, K.; Florian, H.; Mendonca, N.; Holtzman, D.M.
Preclinical and Clinical Development of ABBV-8E12, a Humanized Anti-Tau Antibody, for Treatment of Alzheimer’s Disease and
Other Tauopathies. J. Prev. Alzheimers Dis. 2017, 4, 236–241. [CrossRef]

232. Sopko, R.; Golonzhka, O.; Arndt, J.; Quan, C.; Czerkowicz, J.; Cameron, A.; Smith, B.; Murugesan, Y.; Gibbons, G.; Kim, S.-J.; et al.
Characterization of Tau Binding by Gosuranemab. Neurobiol. Dis. 2020, 146, 105120. [CrossRef]

233. Budur, K.; West, T.; Braunstein, J.B.; Fogelman, I.; Bordelon, Y.M.; Litvan, I.; Roberson, E.D.; Hu, H.; Verghese, P.B.; Bateman, R.J.;
et al. Results of a phase 1, single ascending dose, placebo-controlled study of abbv-8e12 in patients with progressive supranuclear
palsy and phase 2 study design in early Alzheimer’s disease. Alzheimer’s Dement. 2017, P599. [CrossRef]

234. Shulman, M.; Kong, J.; O’Gorman, J.; Ratti, E.; Rajagovindan, R.; Viollet, L.; Huang, E.; Sharma, S.; Racine, A.M.; Czerkowicz, J.;
et al. TANGO: A Placebo-Controlled Randomized Phase 2 Study of Efficacy and Safety of the Anti-Tau Monoclonal Antibody
Gosuranemab in Early Alzheimer’s Disease. Nat. Aging 2023, 3, 1591–1601. [CrossRef]

235. ALZFORUM-THERAPEUTICS (E2814). Available online: https://Www.Alzforum.Org/Therapeutics/E2814 (accessed on
5 December 2024).

236. Chu, T.-T.; Gao, N.; Li, Q.-Q.; Chen, P.-G.; Yang, X.-F.; Chen, Y.-X.; Zhao, Y.-F.; Li, Y.-M. Specific Knockdown of Endogenous Tau
Protein by Peptide-Directed Ubiquitin-Proteasome Degradation. Cell Chem. Biol. 2016, 23, 453–461. [CrossRef]

237. Wang, W.; Zhou, Q.; Jiang, T.; Li, S.; Ye, J.; Zheng, J.; Wang, X.; Liu, Y.; Deng, M.; Ke, D.; et al. A Novel Small-Molecule PROTAC
Selectively Promotes Tau Clearance to Improve Cognitive Functions in Alzheimer-like Models. Theranostics 2021, 11, 5279–5295.
[CrossRef]

238. Chen, Z.; Balachandran, Y.L.; Chong, W.P.; Chan, K.W.Y. Roles of Cytokines in Alzheimer’s Disease. Int. J. Mol. Sci. 2024, 25, 5803.
[CrossRef]

239. Jorda, A.; Campos-Campos, J.; Iradi, A.; Aldasoro, M.; Aldasoro, C.; Vila, J.M.; Valles, S.L. The Role of Chemokines in Alzheimer’s
Disease. Endocr. Metab. Immune Disord. Drug Targets 2020, 20, 1383–1390. [CrossRef]

240. Rohm, T.V.; Meier, D.T.; Olefsky, J.M.; Donath, M.Y. Inflammation in Obesity, Diabetes, and Related Disorders. Immunity 2022, 55,
31–55. [CrossRef]

241. Merighi, S.; Nigro, M.; Travagli, A.; Gessi, S. Microglia and Alzheimer’s Disease. Int. J. Mol. Sci. 2022, 23, 12990. [CrossRef]
242. Cai, Z.; Hussain, M.D.; Yan, L.-J. Microglia, Neuroinflammation, and Beta-Amyloid Protein in Alzheimer’s Disease. Int. J.

Neurosci. 2014, 124, 307–321. [CrossRef]
243. Liao, Y.; Xing, Q.; Li, Q.; Zhang, J.; Pan, R.; Yuan, Z. Astrocytes in Depression and Alzheimer’s Disease. Front. Med. 2021, 15,

829–841. [CrossRef]
244. Preman, P.; Alfonso-Triguero, M.; Alberdi, E.; Verkhratsky, A.; Arranz, A.M. Astrocytes in Alzheimer’s Disease: Pathological

Significance and Molecular Pathways. Cells 2021, 10, 540. [CrossRef]
245. Grammas, P. Inflammatory Factors Are Elevated in Brain Microvessels in Alzheimer’s Disease. Neurobiol. Aging 2001, 22, 837–842.

[CrossRef]
246. Piette, F.; Belmin, J.; Vincent, H.; Schmidt, N.; Pariel, S.; Verny, M.; Marquis, C.; Mely, J.; Hugonot-Diener, L.; Kinet, J.-P.; et al.

Masitinib as an Adjunct Therapy for Mild-to-Moderate Alzheimer’s Disease: A Randomised, Placebo-Controlled Phase 2 Trial.
Alzheimer’s Res. Ther. 2011, 3, 16. [CrossRef]

247. Dubois, B.; López-Arrieta, J.; Lipschitz, S.; Doskas, T.; Spiru, L.; Moroz, S.; Venger, O.; Vermersch, P.; Moussy, A.; Mansfield, C.D.;
et al. Masitinib for Mild-to-Moderate Alzheimer’s Disease: Results from a Randomized, Placebo-Controlled, Phase 3, Clinical
Trial. Alzheimer’s Res. Ther. 2023, 15, 39. [CrossRef]

248. Wang, H.-Y.; Cecon, E.; Dam, J.; Pei, Z.; Jockers, R.; Burns, L.H. Simufilam Reverses Aberrant Receptor Interactions of Filamin A
in Alzheimer’s Disease. Int. J. Mol. Sci. 2023, 24, 13927. [CrossRef]

249. Wang, H.-Y.; Pei, Z.; Lee, K.-C.; Lopez-Brignoni, E.; Nikolov, B.; Crowley, C.A.; Marsman, M.R.; Barbier, R.; Friedmann, N.; Burns,
L.H. PTI-125 Reduces Biomarkers of Alzheimer’s Disease in Patients. J. Prev. Alzheimers Dis. 2020, 7, 256–264. [CrossRef]

250. Cassava Sciences Announces Positive Top-Line Clinical Results in Phase 2 Study Evaluating Simufilam in Alzheimer’s Disease.
Available online: https://Www.Cassavasciences.Com/News-Releases/News-Release-Details/Cassava-Sciences-Announces-
Positive-Top-Line-Clinical-Results (accessed on 6 December 2024).

251. Zhang, C.; Griciuc, A.; Hudry, E.; Wan, Y.; Quinti, L.; Ward, J.; Forte, A.M.; Shen, X.; Ran, C.; Elmaleh, D.R.; et al. Cromolyn
Reduces Levels of the Alzheimer’s Disease-Associated Amyloid β-Protein by Promoting Microglial Phagocytosis. Sci. Rep. 2018,
8, 1144. [CrossRef]

https://doi.org/10.1038/s43587-021-00070-2
https://doi.org/10.1016/j.vaccine.2017.03.020
https://doi.org/10.14283/jpad.2017.36
https://doi.org/10.1016/j.nbd.2020.105120
https://doi.org/10.1016/j.jalz.2017.07.241
https://doi.org/10.1038/s43587-023-00523-w
https://Www.Alzforum.Org/Therapeutics/E2814
https://doi.org/10.1016/j.chembiol.2016.02.016
https://doi.org/10.7150/thno.55680
https://doi.org/10.3390/ijms25115803
https://doi.org/10.2174/1871530320666200131110744
https://doi.org/10.1016/j.immuni.2021.12.013
https://doi.org/10.3390/ijms232112990
https://doi.org/10.3109/00207454.2013.833510
https://doi.org/10.1007/s11684-021-0875-0
https://doi.org/10.3390/cells10030540
https://doi.org/10.1016/S0197-4580(01)00276-7
https://doi.org/10.1186/alzrt75
https://doi.org/10.1186/s13195-023-01169-x
https://doi.org/10.3390/ijms241813927
https://doi.org/10.14283/jpad.2020.6
https://Www.Cassavasciences.Com/News-Releases/News-Release-Details/Cassava-Sciences-Announces-Positive-Top-Line-Clinical-Results
https://Www.Cassavasciences.Com/News-Releases/News-Release-Details/Cassava-Sciences-Announces-Positive-Top-Line-Clinical-Results
https://doi.org/10.1038/s41598-018-19641-2


Int. J. Mol. Sci. 2025, 26, 6980 39 of 46

252. Kulkarni, B.; Kumar, D.; Cruz-Martins, N.; Sellamuthu, S. Role of TREM2 in Alzheimer’s Disease: A Long Road Ahead. Mol.
Neurobiol. 2021, 58, 5239–5252. [CrossRef]

253. Wang, S.; Mustafa, M.; Yuede, C.M.; Salazar, S.V.; Kong, P.; Long, H.; Ward, M.; Siddiqui, O.; Paul, R.; Gilfillan, S.; et al.
Anti-Human TREM2 Induces Microglia Proliferation and Reduces Pathology in an Alzheimer’s Disease Model. J. Exp. Med. 2020,
217, e20200785. [CrossRef]

254. van Lengerich, B.; Zhan, L.; Xia, D.; Chan, D.; Joy, D.; Park, J.I.; Tatarakis, D.; Calvert, M.; Hummel, S.; Lianoglou, S.; et al. A
TREM2-Activating Antibody with a Blood–Brain Barrier Transport Vehicle Enhances Microglial Metabolism in Alzheimer’s
Disease Models. Nat. Neurosci. 2023, 26, 416–429. [CrossRef]

255. Wu, J.; Bie, B.; Yang, H.; Xu, J.J.; Brown, D.L.; Naguib, M. Activation of the CB2 Receptor System Reverses Amyloid-Induced
Memory Deficiency. Neurobiol. Aging 2013, 34, 791–804. [CrossRef]

256. Magham, S.V.; Thaggikuppe krishnamurthy, P.; Shaji, N.; Mani, L.; Balasubramanian, S. Cannabinoid Receptor 2 Selective
Agonists and Alzheimer’s Disease: An Insight into the Therapeutic Potentials. J. Neurosci. Res. 2021, 99, 2888–2905. [CrossRef]

257. Kiraly, M.; Foss, J.F.; Giordano, T. Neuroinflammation, Its Role in Alzheimer’s Disease and Therapeutic Strategies. J. Prev.
Alzheimer’s Dis. 2023, 10, 686–698. [CrossRef]

258. Swerdlow, R.H.; Burns, J.M.; Khan, S.M. The Alzheimer’s Disease Mitochondrial Cascade Hypothesis: Progress and Perspectives.
Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2014, 1842, 1219–1231. [CrossRef]

259. Swerdlow, R.H. The Alzheimer’s Disease Mitochondrial Cascade Hypothesis: A Current Overview. J. Alzheimer’s Dis. 2023, 92,
751–768. [CrossRef]

260. Tönnies, E.; Trushina, E. Oxidative Stress, Synaptic Dysfunction, and Alzheimer’s Disease. J. Alzheimer’s Dis. 2017, 57, 1105–1121.
[CrossRef]

261. Wang, W.; Zhao, F.; Ma, X.; Perry, G.; Zhu, X. Mitochondria Dysfunction in the Pathogenesis of Alzheimer’s Disease: Recent
Advances. Mol. Neurodegener. 2020, 15, 30. [CrossRef]

262. Cheng, Y.; Bai, F. The Association of Tau With Mitochondrial Dysfunction in Alzheimer’s Disease. Front. Neurosci. 2018, 12, 163.
[CrossRef]

263. Huang, Z.; Yan, Q.; Wang, Y.; Zou, Q.; Li, J.; Liu, Z.; Cai, Z. Role of Mitochondrial Dysfunction in the Pathology of Amyloid-β.
J. Alzheimer’s Dis. 2020, 78, 505–514. [CrossRef]

264. Leuner, K.; Müller, W.E.; Reichert, A.S. From Mitochondrial Dysfunction to Amyloid Beta Formation: Novel Insights into the
Pathogenesis of Alzheimer’s Disease. Mol. Neurobiol. 2012, 46, 186–193. [CrossRef]

265. Burtscher, J.; Romani, M.; Bernardo, G.; Popa, T.; Ziviani, E.; Hummel, F.C.; Sorrentino, V.; Millet, G.P. Boosting Mitochondrial
Health to Counteract Neurodegeneration. Prog. Neurobiol. 2022, 215, 102289. [CrossRef] [PubMed]

266. Knight, E.; Geetha, T.; Broderick, T.L.; Babu, J.R. The Role of Dietary Antioxidants and Their Potential Mechanisms in Alzheimer’s
Disease Treatment. Metabolites 2023, 13, 438. [CrossRef] [PubMed]

267. Wang, Y.; Huang, Y.; Ma, A.; You, J.; Miao, J.; Li, J. Natural Antioxidants: An Effective Strategy for the Treatment of Alzheimer’s
Disease at the Early Stage. J. Agric. Food Chem. 2024, 72, 11854–11870. [CrossRef]

268. Collins, A.E.; Saleh, T.M.; Kalisch, B.E. Naturally Occurring Antioxidant Therapy in Alzheimer’s Disease. Antioxidants 2022, 11,
213. [CrossRef]

269. Kontush, A.; Schekatolina, S. Vitamin E in Neurodegenerative Disorders: Alzheimer’s Disease. Ann. N. Y. Acad Sci. 2004, 1031,
249–262. [CrossRef]

270. Hertzog da Silva Leme, A.G.; Cardoso, B.R. Selenium and Alzheimer’s Disease. In Genetics, Neurology, Behavior, and Diet in
Dementia; Elsevier: Amsterdam, The Netherlands, 2020; pp. 739–748.

271. Holland, T.M.; Agarwal, P.; Wang, Y.; Leurgans, S.E.; Bennett, D.A.; Booth, S.L.; Morris, M.C. Dietary Flavonols and Risk of
Alzheimer Dementia. Neurology 2020, 94, e1749–e1756. [CrossRef]

272. Khan, H.; Ullah, H.; Aschner, M.; Cheang, W.S.; Akkol, E.K. Neuroprotective Effects of Quercetin in Alzheimer’s Disease.
Biomolecules 2019, 10, 59. [CrossRef]

273. Sun, X.; Li, L.; Dong, Q.-X.; Zhu, J.; Huang, Y.; Hou, S.; Yu, X.; Liu, R. Rutin Prevents Tau Pathology and Neuroinflammation in a
Mouse Model of Alzheimer’s Disease. J. Neuroinflamm. 2021, 18, 131. [CrossRef]

274. Punmiya, A.; Prabhu, A. Structural Fingerprinting of Pleiotropic Flavonoids for Multifaceted Alzheimer’s Disease. Neurochem.
Int. 2023, 163, 105486. [CrossRef]

275. Buglio, D.S.; Marton, L.T.; Laurindo, L.F.; Guiguer, E.L.; Araújo, A.C.; Buchaim, R.L.; de Goulart, R.A.; Rubira, C.J.; Barbalho, S.M.
The Role of Resveratrol in Mild Cognitive Impairment and Alzheimer’s Disease: A Systematic Review. J. Med. Food 2022, 25,
797–806. [CrossRef]

276. Ullah, A.; Munir, S.; Badshah, S.L.; Khan, N.; Ghani, L.; Poulson, B.G.; Emwas, A.-H.; Jaremko, M. Important Flavonoids and
Their Role as a Therapeutic Agent. Molecules 2020, 25, 5243. [CrossRef] [PubMed]

277. Moussa, C.; Hebron, M.; Huang, X.; Ahn, J.; Rissman, R.A.; Aisen, P.S.; Turner, R.S. Resveratrol Regulates Neuro-Inflammation
and Induces Adaptive Immunity in Alzheimer’s Disease. J. Neuroinflamm. 2017, 14, 1. [CrossRef] [PubMed]

https://doi.org/10.1007/s12035-021-02477-9
https://doi.org/10.1084/jem.20200785
https://doi.org/10.1038/s41593-022-01240-0
https://doi.org/10.1016/j.neurobiolaging.2012.06.011
https://doi.org/10.1002/jnr.24933
https://doi.org/10.14283/jpad.2023.109
https://doi.org/10.1016/j.bbadis.2013.09.010
https://doi.org/10.3233/JAD-221286
https://doi.org/10.3233/JAD-161088
https://doi.org/10.1186/s13024-020-00376-6
https://doi.org/10.3389/fnins.2018.00163
https://doi.org/10.3233/JAD-200519
https://doi.org/10.1007/s12035-012-8307-4
https://doi.org/10.1016/j.pneurobio.2022.102289
https://www.ncbi.nlm.nih.gov/pubmed/35636655
https://doi.org/10.3390/metabo13030438
https://www.ncbi.nlm.nih.gov/pubmed/36984879
https://doi.org/10.1021/acs.jafc.4c01323
https://doi.org/10.3390/antiox11020213
https://doi.org/10.1196/annals.1331.025
https://doi.org/10.1212/WNL.0000000000008981
https://doi.org/10.3390/biom10010059
https://doi.org/10.1186/s12974-021-02182-3
https://doi.org/10.1016/j.neuint.2023.105486
https://doi.org/10.1089/jmf.2021.0084
https://doi.org/10.3390/molecules25225243
https://www.ncbi.nlm.nih.gov/pubmed/33187049
https://doi.org/10.1186/s12974-016-0779-0
https://www.ncbi.nlm.nih.gov/pubmed/28086917


Int. J. Mol. Sci. 2025, 26, 6980 40 of 46

278. Hara, Y.; Fillit, H.M.; Dacks, P.A.; McKeehan, N. Evaluation of the neuroprotective potential of n-acetylcysteine for prevention
and treatment of cognitive aging and dementia. J. Prev. Alzheimers Dis. 2017, 4, 201–206. [CrossRef] [PubMed]

279. Xu, P.; Wang, M. Brain-targeted N-Acetyl Cysteine-loaded Nanoparticle for AD Treatment. Alzheimer’s Dement. 2022, 18, e069329.
[CrossRef]

280. McManus, M.J.; Murphy, M.P.; Franklin, J.L. The Mitochondria-Targeted Antioxidant MitoQ Prevents Loss of Spatial Memory
Retention and Early Neuropathology in a Transgenic Mouse Model of Alzheimer’s Disease. J. Neurosci. 2011, 31, 15703–15715.
[CrossRef]

281. Reddy, P.H.; Manczak, M.; Kandimalla, R. Mitochondria-Targeted Small Molecule SS31: A Potential Candidate for the Treatment
of Alzheimer’s Disease. Hum. Mol. Genet. 2017, 26, 1483–1496. [CrossRef]

282. Srivastava, A.; Johnson, M.; Renna, H.A.; Sheehan, K.M.; Ahmed, S.; Palaia, T.; Pinkhasov, A.; Gomolin, I.H.; De Leon, J.; Reiss,
A.B. Therapeutic Potential of P110 Peptide: New Insights into Treatment of Alzheimer’s Disease. Life 2023, 13, 2156. [CrossRef]

283. Joshi, A.U.; Saw, N.L.; Shamloo, M.; Mochly-Rosen, D. Drp1/Fis1 Interaction Mediates Mitochondrial Dysfunction, Bioenergetic
Failure and Cognitive Decline in Alzheimer’s Disease. Oncotarget 2018, 9, 6128–6143. [CrossRef]

284. Fang, E.F.; Hou, Y.; Palikaras, K.; Adriaanse, B.A.; Kerr, J.S.; Yang, B.; Lautrup, S.; Hasan-Olive, M.M.; Caponio, D.; Dan, X.;
et al. Mitophagy Inhibits Amyloid-β and Tau Pathology and Reverses Cognitive Deficits in Models of Alzheimer’s Disease. Nat.
Neurosci. 2019, 22, 401–412. [CrossRef] [PubMed]

285. Zhang, L.; Zhang, S.; Maezawa, I.; Trushin, S.; Minhas, P.; Pinto, M.; Jin, L.-W.; Prasain, K.; Nguyen, T.D.T.; Yamazaki, Y.; et al.
Modulation of Mitochondrial Complex I Activity Averts Cognitive Decline in Multiple Animal Models of Familial Alzheimer’s
Disease. EBioMedicine 2015, 2, 294–305. [CrossRef] [PubMed]

286. de la Torre, J.C.; Mussivan, T. Can Disturbed Brain Microcirculation Cause Alzheimer’s Disease? Neurol. Res. 1993, 15, 146–153.
[CrossRef] [PubMed]

287. Chakraborty, A.; de Wit, N.M.; van der Flier, W.M.; de Vries, H.E. The Blood Brain Barrier in Alzheimer’s Disease. Vascul.
Pharmacol. 2017, 89, 12–18. [CrossRef]

288. O’Brien, J.T.; Markus, H.S. Vascular Risk Factors and Alzheimer’s Disease. BMC Med. 2014, 12, 218. [CrossRef]
289. Perry, G.; Smith, M.A.; McCann, C.E.; Siedlak, S.L.; Jones, P.K.; Friedland, R.P. Cerebrovascular Muscle Atrophy Is a Feature of

Alzheimer’s Disease. Brain Res. 1998, 791, 63–66. [CrossRef]
290. Cheng, Z.; Dai, L.; Wu, Y.; Cao, Y.; Chai, X.; Wang, P.; Liu, C.; Ni, M.; Gao, F.; Wang, Q.; et al. Correlation of Blood–Brain Barrier

Leakage with Cerebral Small Vessel Disease Including Cerebral Microbleeds in Alzheimer’s Disease. Front. Neurol. 2023, 14,
1077860. [CrossRef]

291. Korte, N.; Nortley, R.; Attwell, D. Cerebral Blood Flow Decrease as an Early Pathological Mechanism in Alzheimer’s Disease.
Acta Neuropathol. 2020, 140, 793–810. [CrossRef]

292. Aliev, G.; Palacios, H.H.; Walrafen, B.; Lipsitt, A.E.; Obrenovich, M.E.; Morales, L. Brain Mitochondria as a Primary Target in the
Development of Treatment Strategies for Alzheimer Disease. Int. J. Biochem. Cell Biol. 2009, 41, 1989–2004. [CrossRef]

293. Liu, P.-P.; Xie, Y.; Meng, X.-Y.; Kang, J.-S. History and Progress of Hypotheses and Clinical Trials for Alzheimer’s Disease. Signal
Transduct. Target Ther. 2019, 4, 29. [CrossRef]

294. Xuan, K.; Zhao, T.; Qu, G.; Liu, H.; Chen, X.; Sun, Y. The Efficacy of Statins in the Treatment of Alzheimer’s Disease: A
Meta-Analysis of Randomized Controlled Trial. Neurol. Sci. 2020, 41, 1391–1404. [CrossRef]

295. Petek, B.; Häbel, H.; Xu, H.; Villa-Lopez, M.; Kalar, I.; Hoang, M.T.; Maioli, S.; Pereira, J.B.; Mostafaei, S.; Winblad, B.; et al.
Statins and Cognitive Decline in Patients with Alzheimer’s and Mixed Dementia: A Longitudinal Registry-Based Cohort Study.
Alzheimer’s Res. Ther. 2023, 15, 220. [CrossRef]

296. Schultz, B.G.; Patten, D.K.; Berlau, D.J. The Role of Statins in Both Cognitive Impairment and Protection against Dementia: A Tale
of Two Mechanisms. Transl. Neurodegener. 2018, 7, 5. [CrossRef]

297. Suraweera, C.; de Silva, V.; Hanwella, R. Simvastatin-Induced Cognitive Dysfunction: Two Case Reports. J. Med. Case Rep. 2016,
10, 83. [CrossRef] [PubMed]

298. Alsubaie, N.; Al-kuraishy, H.M.; Al-Gareeb, A.I.; Alharbi, B.; De Waard, M.; Sabatier, J.-M.; Saad, H.M.; Batiha, G.E.-S. Statins Use
in Alzheimer Disease: Bane or Boon from Frantic Search and Narrative Review. Brain Sci. 2022, 12, 1290. [CrossRef] [PubMed]

299. Vitiello, A.; Troiano, V.; La Porta, R. Statins in Alzheimer’s Disease (AD). Eur. J. Clin. Pharmacol. 2022, 78, 1201–1202. [CrossRef]
[PubMed]

300. Li, G.; Mayer, C.L.; Morelli, D.; Millard, S.P.; Raskind, W.H.; Petrie, E.C.; Cherrier, M.; Fagan, A.M.; Raskind, M.A.; Peskind,
E.R. Effect of Simvastatin on CSF Alzheimer Disease Biomarkers in Cognitively Normal Adults. Neurology 2017, 89, 1251–1255.
[CrossRef]

301. Tzimopoulou, S.; Cunningham, V.J.; Nichols, T.E.; Searle, G.; Bird, N.P.; Mistry, P.; Dixon, I.J.; Hallett, W.A.; Whitcher, B.; Brown,
A.P.; et al. A Multi-Center Randomized Proof-of-Concept Clinical Trial Applying [18F]FDG-PET for Evaluation of Metabolic
Therapy with Rosiglitazone XR in Mild to Moderate Alzheimer’s Disease. J. Alzheimer’s Dis. 2011, 22, 1241–1256. [CrossRef]

https://doi.org/10.14283/jpad.2017.22
https://www.ncbi.nlm.nih.gov/pubmed/29182711
https://doi.org/10.1002/alz.069329
https://doi.org/10.1523/JNEUROSCI.0552-11.2011
https://doi.org/10.1093/hmg/ddx052
https://doi.org/10.3390/life13112156
https://doi.org/10.18632/oncotarget.23640
https://doi.org/10.1038/s41593-018-0332-9
https://www.ncbi.nlm.nih.gov/pubmed/30742114
https://doi.org/10.1016/j.ebiom.2015.03.009
https://www.ncbi.nlm.nih.gov/pubmed/26086035
https://doi.org/10.1080/01616412.1993.11740127
https://www.ncbi.nlm.nih.gov/pubmed/8103579
https://doi.org/10.1016/j.vph.2016.11.008
https://doi.org/10.1186/s12916-014-0218-y
https://doi.org/10.1016/S0006-8993(98)00006-7
https://doi.org/10.3389/fneur.2023.1077860
https://doi.org/10.1007/s00401-020-02215-w
https://doi.org/10.1016/j.biocel.2009.03.015
https://doi.org/10.1038/s41392-019-0063-8
https://doi.org/10.1007/s10072-020-04243-6
https://doi.org/10.1186/s13195-023-01360-0
https://doi.org/10.1186/s40035-018-0110-3
https://doi.org/10.1186/s13256-016-0877-8
https://www.ncbi.nlm.nih.gov/pubmed/27048383
https://doi.org/10.3390/brainsci12101290
https://www.ncbi.nlm.nih.gov/pubmed/36291224
https://doi.org/10.1007/s00228-022-03315-0
https://www.ncbi.nlm.nih.gov/pubmed/35347343
https://doi.org/10.1212/WNL.0000000000004392
https://doi.org/10.3233/JAD-2010-100939


Int. J. Mol. Sci. 2025, 26, 6980 41 of 46

302. Nelson, M.L.; Pfeifer, J.A.; Hickey, J.P.; Collins, A.E.; Kalisch, B.E. Exploring Rosiglitazone’s Potential to Treat Alzheimer’s Disease
through the Modulation of Brain-Derived Neurotrophic Factor. Biology 2023, 12, 1042. [CrossRef]

303. Moonga, I.; Niccolini, F.; Wilson, H.; Pagano, G.; Politis, M. Hypertension Is Associated with Worse Cognitive Function and
Hippocampal Hypometabolism in Alzheimer’s Disease. Eur. J. Neurol. 2017, 24, 1173–1182. [CrossRef]

304. Wharton, W.; Stein, J.H.; Korcarz, C.; Sachs, J.; Olson, S.R.; Zetterberg, H.; Dowling, M.; Ye, S.; Gleason, C.E.; Underbakke, G.;
et al. The Effects of Ramipril in Individuals at Risk for Alzheimer’s Disease: Results of a Pilot Clinical Trial. J. Alzheimer’s Dis.
2012, 32, 147–156. [CrossRef]

305. Ouk, M.; Wu, C.-Y.; Rabin, J.S.; Jackson, A.; Edwards, J.D.; Ramirez, J.; Masellis, M.; Swartz, R.H.; Herrmann, N.; Lanctôt,
K.L.; et al. The Use of Angiotensin-Converting Enzyme Inhibitors vs. Angiotensin Receptor Blockers and Cognitive Decline in
Alzheimer’s Disease: The Importance of Blood-Brain Barrier Penetration and APOE E4 Carrier Status. Alzheimer’s Res. Ther. 2021,
13, 43. [CrossRef]

306. Ye, R.; Hu, Y.; Yao, A.; Yang, Y.; Shi, Y.; Jiang, Y.; Zhang, J. Impact of Renin-Angiotensin System-Targeting Antihypertensive Drugs
on Treatment of Alzheimer’s Disease: A Meta-Analysis. Int. J. Clin. Pract. 2015, 69, 674–681. [CrossRef] [PubMed]

307. Zhang, J.; Zhang, Y.; Wang, J.; Xia, Y.; Zhang, J.; Chen, L. Recent Advances in Alzheimer’s Disease: Mechanisms, Clinical Trials
and New Drug Development Strategies. Signal Transduct. Target Ther. 2024, 9, 211. [CrossRef] [PubMed]

308. Crismon, M.L. Tacrine: First Drug Approved for Alzheimer’s Disease. Ann. Pharmacother. 1994, 28, 744–751. [CrossRef] [PubMed]
309. Bautista-Aguilera, Ó.M.; Ismaili, L.; Iriepa, I.; Diez-Iriepa, D.; Chabchoub, F.; Marco-Contelles, J.; Pérez, M. Tacrines as Therapeutic

Agents for Alzheimer’s Disease. V. Recent Developments. Chem. Rec. 2021, 21, 162–174. [CrossRef]
310. Benjamin, B.; Burns, A. Donepezil for Alzheimer’s Disease. Expert Rev. Neurother. 2007, 7, 1243–1249. [CrossRef]
311. Jann, M.W. Rivastigmine, a New-Generation Cholinesterase Inhibitor for the Treatment of Alzheimer’s Disease. Pharmacother. J.

Hum. Pharmacol. Drug Ther. 2000, 20, 1–12. [CrossRef]
312. Nguyen, K.; Hoffman, H.; Chakkamparambil, B.; Grossberg, G.T. Evaluation of Rivastigmine in Alzheimer’s Disease. Neurodegener.

Dis. Manag. 2021, 11, 35–48. [CrossRef]
313. Prvulovic, D.; Hampel, H.; Pantel, J. Galantamine for Alzheimer’s Disease. Expert Opin. Drug Metab. Toxicol. 2010, 6, 345–354.

[CrossRef]
314. Tang, B.; Wang, Y.; Ren, J. Basic Information about Memantine and Its Treatment of Alzheimer’s Disease and Other Clinical

Applications. Ibrain 2023, 9, 340–348. [CrossRef] [PubMed]
315. Cummings, J.; Fox, N. Defining disease modifying therapy for Alzheimer’s Disease. J. Prev. Alzheimers Dis. 2017, 4, 109. [CrossRef]

[PubMed]
316. Howard, R.; McShane, R.; Lindesay, J.; Ritchie, C.; Baldwin, A.; Barber, R.; Burns, A.; Dening, T.; Findlay, D.; Holmes, C.; et al.

Donepezil and Memantine for Moderate-to-Severe Alzheimer’s Disease. N. Engl. J. Med. 2012, 366, 893–903. [CrossRef] [PubMed]
317. Nourelden, A.Z.; Kamal, I.; Tawfik, A.G.; Hagrass, A.I.; Fathallah, A.H.; Zaazouee, M.S. Safety and Efficacy of Sodium Oligoman-

nate in Patients with Alzheimer’s Disease: A Systematic Review and Meta-Analysis. Egypt J. Neurol. Psychiatr. Neurosurg. 2023,
59, 82. [CrossRef]

318. Dhillon, S. Aducanumab: First Approval. Drugs 2021, 81, 1437–1443. [CrossRef]
319. Hoy, S.M. Lecanemab: First Approval. Drugs 2023, 83, 359–365. [CrossRef]
320. Kang, C. Donanemab: First Approval. Drugs 2024, 84, 1313–1318. [CrossRef]
321. Syed, Y.Y. Sodium Oligomannate: First Approval. Drugs 2020, 80, 441–444. [CrossRef]
322. Novak, M.; Vajrychova, M.; Koutsilieri, S.; Sismanoglou, D.-C.; Kobrlova, T.; Prchal, L.; Svobodova, B.; Korabecny, J.; Zarybnicky,

T.; Raisova-Stuchlikova, L.; et al. Tacrine First-Phase Biotransformation and Associated Hepatotoxicity: A Possible Way to Avoid
Quinone Methide Formation. ACS Chem. Biol. 2023, 18, 1993–2002. [CrossRef]

323. Bubley, A.; Erofeev, A.; Gorelkin, P.; Beloglazkina, E.; Majouga, A.; Krasnovskaya, O. Tacrine-Based Hybrids: Past, Present, and
Future. Int. J. Mol. Sci. 2023, 24, 1717. [CrossRef]

324. Bryson, H.M.; Benfield, P. Donepezil. Drugs Aging 1997, 10, 234–239. [CrossRef]
325. Kumar, A.; Gupta, V.; Sharma, S. Donepezil. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2023.

[PubMed]
326. FDA Approved Drug Products: Aricept/Aricept ODT (Donepezil Hydrochloride) Tablets for Oral Use. Available online:

https://Www.Accessdata.Fda.Gov/Drugsatfda_docs/Label/2018/020690s042,021720s014,022568s011lbl.Pdf (accessed on 6
December 2024).

327. Birks, J.S.; Harvey, R.J. Donepezil for Dementia Due to Alzheimer’s Disease. Cochrane Database Syst. Rev. 2018, 2018, CD001190.
[CrossRef]

328. Singh, B.; Day, C.M.; Abdella, S.; Garg, S. Alzheimer’s Disease Current Therapies, Novel Drug Delivery Systems and Future
Directions for Better Disease Management. J. Control. Release 2024, 367, 402–424. [CrossRef]

329. Desai, A.K.; Grossberg, G.T. Rivastigmine for Alzheimer’s Disease. Expert Rev. Neurother. 2005, 5, 563–580. [CrossRef]

https://doi.org/10.3390/biology12071042
https://doi.org/10.1111/ene.13374
https://doi.org/10.3233/JAD-2012-120763
https://doi.org/10.1186/s13195-021-00778-8
https://doi.org/10.1111/ijcp.12626
https://www.ncbi.nlm.nih.gov/pubmed/25721930
https://doi.org/10.1038/s41392-024-01911-3
https://www.ncbi.nlm.nih.gov/pubmed/39174535
https://doi.org/10.1177/106002809402800612
https://www.ncbi.nlm.nih.gov/pubmed/7919566
https://doi.org/10.1002/tcr.202000107
https://doi.org/10.1586/14737175.7.10.1243
https://doi.org/10.1592/phco.20.1.1.34664
https://doi.org/10.2217/nmt-2020-0052
https://doi.org/10.1517/17425251003592137
https://doi.org/10.1002/ibra.12098
https://www.ncbi.nlm.nih.gov/pubmed/37786758
https://doi.org/10.14283/jpad.2017.12
https://www.ncbi.nlm.nih.gov/pubmed/29071250
https://doi.org/10.1056/NEJMoa1106668
https://www.ncbi.nlm.nih.gov/pubmed/22397651
https://doi.org/10.1186/s41983-023-00682-y
https://doi.org/10.1007/s40265-021-01569-z
https://doi.org/10.1007/s40265-023-01851-2
https://doi.org/10.1007/s40265-024-02087-4
https://doi.org/10.1007/s40265-020-01268-1
https://doi.org/10.1021/acschembio.3c00219
https://doi.org/10.3390/ijms24021717
https://doi.org/10.2165/00002512-199710030-00007
https://www.ncbi.nlm.nih.gov/pubmed/30020629
https://Www.Accessdata.Fda.Gov/Drugsatfda_docs/Label/2018/020690s042,021720s014,022568s011lbl.Pdf
https://doi.org/10.1002/14651858.CD001190.pub3
https://doi.org/10.1016/j.jconrel.2024.01.047
https://doi.org/10.1586/14737175.5.5.563


Int. J. Mol. Sci. 2025, 26, 6980 42 of 46

330. Lilienfeld, S. Galantamine—A Novel Cholinergic Drug with a Unique Dual Mode of Action for the Treatment of Patients with
Alzheimer’s Disease. CNS Drug Rev. 2002, 8, 159–176. [CrossRef] [PubMed]

331. Villarroya, M.; García, A.G.; Marco-Contelles, J.; López, M.G. An Update on the Pharmacology of Galantamine. Expert Opin.
Investig. Drugs 2007, 16, 1987–1998. [CrossRef] [PubMed]

332. FDA Approval. Available online: https://Www.Accessdata.Fda.Gov/Drugsatfda_docs/Label/2015/021615s021lbl.Pdf (accessed
on 6 December 2024).

333. Kalola, U.K.; Patel, P.; Nguyen, H. Galantamine. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2024.
334. Ferreira-Vieira, T.H.; Guimaraes, I.M.; Silva, F.R.; M. Ribeiro, F. Alzheimer’s Disease: Targeting the Cholinergic System. Curr.

Neuropharmacol. 2016, 14, 101–115. [CrossRef] [PubMed]
335. Moreta, M.P.-G.; Burgos-Alonso, N.; Torrecilla, M.; Marco-Contelles, J.; Bruzos-Cidón, C. Efficacy of Acetylcholinesterase

Inhibitors on Cognitive Function in Alzheimer’s Disease. Review of Reviews. Biomedicines 2021, 9, 1689. [CrossRef]
336. Salehipour, A.; Bagheri, M.; Sabahi, M.; Dolatshahi, M.; Boche, D. Combination Therapy in Alzheimer’s Disease: Is It Time?

J. Alzheimer’s Dis. 2022, 87, 1433–1449. [CrossRef]
337. Guo, J.; Wang, Z.; Liu, R.; Huang, Y.; Zhang, N.; Zhang, R. Memantine, Donepezil, or Combination Therapy—What Is the Best

Therapy for Alzheimer’s Disease? A Network Meta-Analysis. Brain Behav. 2020, 10, e01831. [CrossRef]
338. Chen, H.; Pellegrini, J.; Aggarwal, S.; Lei, S.; Warach, S.; Jensen, F.; Lipton, S. Open-Channel Block of N-Methyl-D-Aspartate

(NMDA) Responses by Memantine: Therapeutic Advantage against NMDA Receptor-Mediated Neurotoxicity. J. Neurosci. 1992,
12, 4427–4436. [CrossRef]

339. Kavirajan, H. Memantine: A Comprehensive Review of Safety and Efficacy. Expert Opin. Drug Saf. 2009, 8, 89–109. [CrossRef]
340. Rossom, R.; Adityanjee; Dysken, M. Efficacy and Tolerability of Memantine in the Treatment of Dementia. Am. J. Geriatr.

Pharmacother. 2004, 2, 303–312. [CrossRef]
341. Escamilla, S.; Sáez-Valero, J.; Cuchillo-Ibáñez, I. NMDARs in Alzheimer’s Disease: Between Synaptic and Extrasynaptic

Membranes. Int. J. Mol. Sci. 2024, 25, 10220. [CrossRef]
342. McKeage, K. Memantine. CNS Drugs 2009, 23, 881–897. [CrossRef]
343. Lo, D.; Grossberg, G.T. Use of Memantine for the Treatment of Dementia. Expert Rev. Neurother. 2011, 11, 1359–1370. [CrossRef]

[PubMed]
344. Schneider, L.S. Lack of Evidence for the Efficacy of Memantine in Mild Alzheimer Disease. Arch. Neurol. 2011, 68, 991. [CrossRef]

[PubMed]
345. Rammes, G.; Rupprecht, R.; Ferrari, U.; Zieglgänsberger, W.; Parsons, C.G. The N-Methyl-d-Aspartate Receptor Channel Blockers

Memantine, MRZ 2/579 and Other Amino-Alkyl-Cyclohexanes Antagonise 5-HT3 Receptor Currents in Cultured HEK-293 and
N1E-115 Cell Systems in a Non-Competitive Manner. Neurosci. Lett. 2001, 306, 81–84. [CrossRef] [PubMed]

346. Kuns, B.; Rosani, A.; Patel, P.; Varghese, D. Memantine. In StatPearls [Internet]; StatPearls Publishing: Treasure Island, FL, USA, 2024.
347. Neat,u, M.; Covaliu, A.; Ionit,ă, I.; Jugurt, A.; Davidescu, E.I.; Popescu, B.O. Monoclonal Antibody Therapy in Alzheimer’s Disease.

Pharmaceutics 2023, 16, 60. [CrossRef]
348. Arndt, J.W.; Qian, F.; Smith, B.A.; Quan, C.; Kilambi, K.P.; Bush, M.W.; Walz, T.; Pepinsky, R.B.; Bussière, T.; Hamann, S.; et al.

Structural and Kinetic Basis for the Selectivity of Aducanumab for Aggregated Forms of Amyloid-β. Sci. Rep. 2018, 8, 6412.
[CrossRef]

349. Sevigny, J.; Chiao, P.; Bussière, T.; Weinreb, P.H.; Williams, L.; Maier, M.; Dunstan, R.; Salloway, S.; Chen, T.; Ling, Y.; et al. The
Antibody Aducanumab Reduces Aβ Plaques in Alzheimer’s Disease. Nature 2016, 537, 50–56. [CrossRef]

350. Herring, W.L.; Gould, I.G.; Fillit, H.; Lindgren, P.; Forrestal, F.; Thompson, R.; Pemberton-Ross, P. Predicted Lifetime Health
Outcomes for Aducanumab in Patients with Early Alzheimer’s Disease. Neurol. Ther. 2021, 10, 919–940. [CrossRef]

351. Kuller, L.H.; Lopez, O.L. ENGAGE and EMERGE: Truth and Consequences? Alzheimer’s Dement. 2021, 17, 692–695. [CrossRef]
352. Biogen Abandons Aducanumab, Pivots Focus to Lecanemab for Alzheimer Disease. Available online: https://Www.Ajmc.Com/

View/Biogen-Abandons-Aducanumab-Pivots-Focus-to-Lecanemab-for-Alzheimer-Disease (accessed on 6 December 2024).
353. Yadollahikhales, G.; Rojas, J.C. Anti-Amyloid Immunotherapies for Alzheimer’s Disease: A 2023 Clinical Update. Neurotherapeu-

tics 2023, 20, 914–931. [CrossRef] [PubMed]
354. Swanson, C.J.; Zhang, Y.; Dhadda, S.; Wang, J.; Kaplow, J.; Lai, R.Y.K.; Lannfelt, L.; Bradley, H.; Rabe, M.; Koyama, A.; et al. A

Randomized, Double-Blind, Phase 2b Proof-of-Concept Clinical Trial in Early Alzheimer’s Disease with Lecanemab, an Anti-Aβ

Protofibril Antibody. Alzheimer’s Res. Ther. 2021, 13, 80. [CrossRef] [PubMed]
355. van Dyck, C.H.; Swanson, C.J.; Aisen, P.; Bateman, R.J.; Chen, C.; Gee, M.; Kanekiyo, M.; Li, D.; Reyderman, L.; Cohen, S.; et al.

Lecanemab in Early Alzheimer’s Disease. N. Engl. J. Med. 2023, 388, 9–21. [CrossRef] [PubMed]
356. Lancet, T. Lecanemab for Alzheimer’s Disease: Tempering Hype and Hope. Lancet 2022, 400, 1899. [CrossRef]
357. Qiao, Y.; Chi, Y.; Zhang, Q.; Ma, Y. Safety and Efficacy of Lecanemab for Alzheimer’s Disease: A Systematic Review and

Meta-Analysis of Randomized Clinical Trials. Front. Aging Neurosci. 2023, 15, 1169499. [CrossRef]

https://doi.org/10.1111/j.1527-3458.2002.tb00221.x
https://www.ncbi.nlm.nih.gov/pubmed/12177686
https://doi.org/10.1517/13543784.16.12.1987
https://www.ncbi.nlm.nih.gov/pubmed/18042006
https://Www.Accessdata.Fda.Gov/Drugsatfda_docs/Label/2015/021615s021lbl.Pdf
https://doi.org/10.2174/1570159X13666150716165726
https://www.ncbi.nlm.nih.gov/pubmed/26813123
https://doi.org/10.3390/biomedicines9111689
https://doi.org/10.3233/JAD-215680
https://doi.org/10.1002/brb3.1831
https://doi.org/10.1523/JNEUROSCI.12-11-04427.1992
https://doi.org/10.1517/14740330802528420
https://doi.org/10.1016/j.amjopharm.2004.12.006
https://doi.org/10.3390/ijms251810220
https://doi.org/10.2165/11201020-000000000-00000
https://doi.org/10.1586/ern.11.132
https://www.ncbi.nlm.nih.gov/pubmed/21955192
https://doi.org/10.1001/archneurol.2011.69
https://www.ncbi.nlm.nih.gov/pubmed/21482915
https://doi.org/10.1016/S0304-3940(01)01872-9
https://www.ncbi.nlm.nih.gov/pubmed/11403963
https://doi.org/10.3390/pharmaceutics16010060
https://doi.org/10.1038/s41598-018-24501-0
https://doi.org/10.1038/nature19323
https://doi.org/10.1007/s40120-021-00273-0
https://doi.org/10.1002/alz.12286
https://Www.Ajmc.Com/View/Biogen-Abandons-Aducanumab-Pivots-Focus-to-Lecanemab-for-Alzheimer-Disease
https://Www.Ajmc.Com/View/Biogen-Abandons-Aducanumab-Pivots-Focus-to-Lecanemab-for-Alzheimer-Disease
https://doi.org/10.1007/s13311-023-01405-0
https://www.ncbi.nlm.nih.gov/pubmed/37490245
https://doi.org/10.1186/s13195-021-00813-8
https://www.ncbi.nlm.nih.gov/pubmed/33865446
https://doi.org/10.1056/NEJMoa2212948
https://www.ncbi.nlm.nih.gov/pubmed/36449413
https://doi.org/10.1016/S0140-6736(22)02480-1
https://doi.org/10.3389/fnagi.2023.1169499


Int. J. Mol. Sci. 2025, 26, 6980 43 of 46

358. Song, C.; Shi, J.; Zhang, P.; Zhang, Y.; Xu, J.; Zhao, L.; Zhang, R.; Wang, H.; Chen, H. Immunotherapy for Alzheimer’s Disease:
Targeting β-Amyloid and Beyond. Transl. Neurodegener. 2022, 11, 18. [CrossRef]

359. Alawode, D.O.T.; Heslegrave, A.J.; Fox, N.C.; Zetterberg, H. Donanemab Removes Alzheimer’s Plaques: What Is Special about
Its Target? Lancet Healthy Longev. 2021, 2, e395–e396. [CrossRef]

360. Mintun, M.A.; Lo, A.C.; Duggan Evans, C.; Wessels, A.M.; Ardayfio, P.A.; Andersen, S.W.; Shcherbinin, S.; Sparks, J.; Sims, J.R.;
Brys, M.; et al. Donanemab in Early Alzheimer’s Disease. N. Engl. J. Med. 2021, 384, 1691–1704. [CrossRef]

361. Sims, J.R.; Zimmer, J.A.; Evans, C.D.; Lu, M.; Ardayfio, P.; Sparks, J.; Wessels, A.M.; Shcherbinin, S.; Wang, H.; Monkul Nery, E.S.;
et al. Donanemab in Early Symptomatic Alzheimer Disease. JAMA 2023, 330, 512. [CrossRef]

362. FDA’s Decision to Approve New Treatment for Alzheimer’s Disease. Available online: https://Www.Fda.Gov/Drugs/Our-
Perspective/Fdas-Decision-Approve-New-Treatment-Alzheimers-Disease (accessed on 6 December 2024).

363. Ackley, S.F.; Zimmerman, S.C.; Brenowitz, W.D.; Tchetgen Tchetgen, E.J.; Gold, A.L.; Manly, J.J.; Mayeda, E.R.; Filshtein, T.J.;
Power, M.C.; Elahi, F.M.; et al. Effect of Reductions in Amyloid Levels on Cognitive Change in Randomized Trials: Instrumental
Variable Meta-Analysis. BMJ 2021, 372, n156. [CrossRef]

364. Anandakrishnan, R.; Tobey, H.; Nguyen, S.; Sandoval, O.; Klein, B.G.; Costa, B.M. Cranial Manipulation Affects Cholinergic
Pathway Gene Expression in Aged Rats. J. Osteopath. Med. 2022, 122, 95–103. [CrossRef]

365. Rapaka, D.; Adiukwu, P.C.; Bitra, V.R. Experimentally Induced Animal Models for Cognitive Dysfunction and Alzheimer’s
Disease. MethodsX 2022, 9, 101933. [CrossRef]

366. Raina, P.; Santaguida, P.; Ismaila, A.; Patterson, C.; Cowan, D.; Levine, M.; Booker, L.; Oremus, M. Effectiveness of Cholinesterase
Inhibitors and Memantine for Treating Dementia: Evidence Review for a Clinical Practice Guideline. Ann. Intern. Med. 2008, 148, 379.
[CrossRef]

367. Singh, Y.P.; Kumar, H. Recent Advances in Medicinal Chemistry of Memantine Against Alzheimer’s Disease. Chem. Biol. Drug
Des. 2024, 104, e14638. [CrossRef]

368. Kishi, T.; Matsunaga, S.; Oya, K.; Nomura, I.; Ikuta, T.; Iwata, N. Memantine for Alzheimer’s Disease: An Updated Systematic
Review and Meta-Analysis. J. Alzheimer’s Dis. 2017, 60, 401–425. [CrossRef]

369. Chakroborty, S.; Stutzmann, G.E. Calcium Channelopathies and Alzheimer’s Disease: Insight into Therapeutic Success and
Failures. Eur. J. Pharmacol. 2014, 739, 83–95. [CrossRef]

370. Shi, M.; Chu, F.; Zhu, F.; Zhu, J. Impact of Anti-Amyloid-β Monoclonal Antibodies on the Pathology and Clinical Profile of
Alzheimer’s Disease: A Focus on Aducanumab and Lecanemab. Front. Aging Neurosci. 2022, 14, 870517. [CrossRef]

371. Bazzari, F.H.; Bazzari, A.H. BACE1 Inhibitors for Alzheimer’s Disease: The Past, Present and Any Future? Molecules 2022, 27, 8823.
[CrossRef]

372. Frisoni, G.B.; Altomare, D.; Thal, D.R.; Ribaldi, F.; van der Kant, R.; Ossenkoppele, R.; Blennow, K.; Cummings, J.; van Duijn, C.;
Nilsson, P.M.; et al. The Probabilistic Model of Alzheimer Disease: The Amyloid Hypothesis Revised. Nat. Rev. Neurosci. 2022, 23,
53–66. [CrossRef] [PubMed]

373. Selkoe, D.J.; Hardy, J. The Amyloid Hypothesis of Alzheimer’s Disease at 25 Years. EMBO Mol. Med. 2016, 8, 595–608. [CrossRef]
[PubMed]

374. Musiek, E.S.; Holtzman, D.M. Three Dimensions of the Amyloid Hypothesis: Time, Space and “Wingmen”. Nat. Neurosci. 2015,
18, 800–806. [CrossRef] [PubMed]

375. Granzotto, A.; Sensi, S.L. Once upon a Time, the Amyloid Cascade Hypothesis. Ageing Res. Rev. 2024, 93, 102161. [CrossRef]
376. Salemme, S.; Ancidoni, A.; Locuratolo, N.; Piscopo, P.; Lacorte, E.; Canevelli, M.; Vanacore, N. Advances in Amyloid-Targeting

Monoclonal Antibodies for Alzheimer’s Disease: Clinical and Public Health Issues. Expert Rev. Neurother. 2023, 23, 1113–1129.
[CrossRef]

377. Lacorte, E.; Ancidoni, A.; Zaccaria, V.; Remoli, G.; Tariciotti, L.; Bellomo, G.; Sciancalepore, F.; Corbo, M.; Lombardo, F.L.;
Bacigalupo, I.; et al. Safety and Efficacy of Monoclonal Antibodies for Alzheimer’s Disease: A Systematic Review and Meta-
Analysis of Published and Unpublished Clinical Trials. J. Alzheimer’s Dis. 2022, 87, 101–129. [CrossRef]

378. Slomski, A. Anti-Tau Antibody Semorinemab Fails to Slow Alzheimer Disease. JAMA 2022, 328, 415. [CrossRef]
379. Mullard, A. Anti-Tau Antibody Stumbles in Phase II Alzheimer Trial. Nat. Rev. Drug Discov. 2024, 23, 883. [CrossRef]
380. Dubey, S.; Singh, E. Antioxidants: An Approach for Restricting Oxidative Stress Induced Neurodegeneration in Alzheimer’s

Disease. Inflammopharmacology 2023, 31, 717–730. [CrossRef]
381. Pritam, P.; Deka, R.; Bhardwaj, A.; Srivastava, R.; Kumar, D.; Jha, A.K.; Jha, N.K.; Villa, C.; Jha, S.K. Antioxidants in Alzheimer’s

Disease: Current Therapeutic Significance and Future Prospects. Biology 2022, 11, 212. [CrossRef]
382. Herring, W.J.; Ceesay, P.; Snyder, E.; Bliwise, D.; Budd, K.; Hutzelmann, J.; Stevens, J.; Lines, C.; Michelson, D. Polysomno-

graphic Assessment of Suvorexant in Patients with Probable Alzheimer’s Disease Dementia and Insomnia: A Randomized Trial.
Alzheimer’s Dement. 2020, 16, 541–551. [CrossRef]

383. Medications for Memory, Cognition and Dementia-Related Behaviors. Available online: https://Www.Alz.Org/Alzheimers-
Dementia/Treatments/Medications-for-Memory (accessed on 6 December 2024).

https://doi.org/10.1186/s40035-022-00292-3
https://doi.org/10.1016/S2666-7568(21)00144-6
https://doi.org/10.1056/NEJMoa2100708
https://doi.org/10.1001/jama.2023.13239
https://Www.Fda.Gov/Drugs/Our-Perspective/Fdas-Decision-Approve-New-Treatment-Alzheimers-Disease
https://Www.Fda.Gov/Drugs/Our-Perspective/Fdas-Decision-Approve-New-Treatment-Alzheimers-Disease
https://doi.org/10.1136/bmj.n156
https://doi.org/10.1515/jom-2021-0183
https://doi.org/10.1016/j.mex.2022.101933
https://doi.org/10.7326/0003-4819-148-5-200803040-00009
https://doi.org/10.1111/cbdd.14638
https://doi.org/10.3233/JAD-170424
https://doi.org/10.1016/j.ejphar.2013.11.012
https://doi.org/10.3389/fnagi.2022.870517
https://doi.org/10.3390/molecules27248823
https://doi.org/10.1038/s41583-021-00533-w
https://www.ncbi.nlm.nih.gov/pubmed/34815562
https://doi.org/10.15252/emmm.201606210
https://www.ncbi.nlm.nih.gov/pubmed/27025652
https://doi.org/10.1038/nn.4018
https://www.ncbi.nlm.nih.gov/pubmed/26007213
https://doi.org/10.1016/j.arr.2023.102161
https://doi.org/10.1080/14737175.2023.2284305
https://doi.org/10.3233/JAD-220046
https://doi.org/10.1001/jama.2022.12727
https://doi.org/10.1038/d41573-024-00180-7
https://doi.org/10.1007/s10787-023-01173-5
https://doi.org/10.3390/biology11020212
https://doi.org/10.1002/alz.12035
https://Www.Alz.Org/Alzheimers-Dementia/Treatments/Medications-for-Memory
https://Www.Alz.Org/Alzheimers-Dementia/Treatments/Medications-for-Memory


Int. J. Mol. Sci. 2025, 26, 6980 44 of 46

384. Sultzer, D.L.; Davis, S.M.; Tariot, P.N.; Dagerman, K.S.; Lebowitz, B.D.; Lyketsos, C.G.; Rosenheck, R.A.; Hsiao, J.K.; Lieberman,
J.A.; Schneider, L.S. Clinical Symptom Responses to Atypical Antipsychotic Medications in Alzheimer’s Disease: Phase 1
Outcomes From the CATIE-AD Effectiveness Trial. Am. J. Psychiatry 2008, 165, 844–854. [CrossRef]

385. Arai, H.; Nakamura, Y.; Taguchi, M.; Kobayashi, H.; Yamauchi, K.; Schneider, L.S. Mortality Risk in Current and New Antipsy-
chotic Alzheimer’s Disease Users: Large Scale Japanese Study. Alzheimer’s Dement. 2016, 12, 823–830. [CrossRef]

386. Siwek, M.; Wojtasik-Bakalarz, K.; Krupa, A.J.; Chrobak, A.A. Brexpiprazole—Pharmacologic Properties and Use in Schizophrenia
and Mood Disorders. Brain Sci. 2023, 13, 397. [CrossRef] [PubMed]

387. FDA Approval. Available online: https://Www.Accessdata.Fda.Gov/Drugsatfda_docs/Label/2023/205422s009lbl.Pdf (accessed
on 6 December 2024).

388. Ballard, C. Brexpiprazole for the Treatment of Agitation and Aggression in Alzheimer Disease. JAMA Neurol. 2023, 80, 1272.
[CrossRef] [PubMed]

389. Lee, D.; Clark, E.D.; Antonsdottir, I.M.; Porsteinsson, A.P. Brexpiprazole for Agitation Associated With Dementia Due to
Alzheimer’s Disease. J. Am. Med. Dir. Assoc. 2024, 25, 105173. [CrossRef] [PubMed]

390. Wang, H.; Li, S.; Zhang, J.; Peng, W.; Li, T.; Zhang, J. Efficacy of Selective Serotonin Reuptake Inhibitors-Related Antidepressants
in Alzheimer’s Disease: A Meta-Analysis. Eur. J. Med. Res. 2024, 29, 438. [CrossRef]

391. He, Y.; Li, H.; Huang, J.; Huang, S.; Bai, Y.; Li, Y.; Huang, W. Efficacy of Antidepressant Drugs in the Treatment of Depression in
Alzheimer Disease Patients: A Systematic Review and Network Meta-Analysis. J. Psychopharmacol. 2021, 35, 901–909. [CrossRef]

392. Costello, H.; Roiser, J.P.; Howard, R. Antidepressant Medications in Dementia: Evidence and Potential Mechanisms of Treatment-
Resistance. Psychol. Med. 2023, 53, 654–667. [CrossRef]

393. Dudas, R.; Malouf, R.; McCleery, J.; Dening, T. Antidepressants for Treating Depression in Dementia. Cochrane Database Syst. Rev.
2018, 2018, CD003944. [CrossRef]

394. Padovani, A.; Antonini, A.; Barone, P.; Bellelli, G.; Fagiolini, A.; Ferini Strambi, L.; Sorbi, S.; Stocchi, F. Exploring Depression
in Alzheimer’s Disease: An Italian Delphi Consensus on Phenomenology, Diagnosis, and Management. Neurol. Sci. 2023, 44,
4323–4332. [CrossRef]

395. Gallagher, D.; Herrmann, N. Antiepileptic Drugs for the Treatment of Agitation and Aggression in Dementia: Do They Have a
Place in Therapy? Drugs 2014, 74, 1747–1755. [CrossRef]

396. Nagata, T.; Shinagawa, S.; Nakajima, S.; Noda, Y.; Mimura, M. Pharmacological Management of Behavioral Disturbances in
Patients with Alzheimer’s Disease. Expert Opin. Pharmacother. 2020, 21, 1093–1102. [CrossRef]

397. Mintzer, J.; Lanctôt, K.L.; Scherer, R.W.; Rosenberg, P.B.; Herrmann, N.; van Dyck, C.H.; Padala, P.R.; Brawman-Mintzer, O.;
Porsteinsson, A.P.; Lerner, A.J.; et al. Effect of Methylphenidate on Apathy in Patients with Alzheimer Disease. JAMA Neurol.
2021, 78, 1324. [CrossRef]

398. Moser, C.; Guschtschin-Schmidt, N.; Silber, M.; Flum, J.; Muhle-Goll, C. Substrate Selection Criteria in Regulated Intramembrane
Proteolysis. ACS Chem. Neurosci. 2024, 15, 1321–1334. [CrossRef]

399. Pester, O.; Barrett, P.J.; Hornburg, D.; Hornburg, P.; Pröbstle, R.; Widmaier, S.; Kutzner, C.; Dürrbaum, M.; Kapurniotu, A.;
Sanders, C.R.; et al. The Backbone Dynamics of the Amyloid Precursor Protein Transmembrane Helix Provides a Rationale for
the Sequential Cleavage Mechanism of γ-Secretase. J. Am. Chem. Soc. 2013, 135, 1317–1329. [CrossRef] [PubMed]

400. Lemmin, T.; Dimitrov, M.; Fraering, P.C.; Dal Peraro, M. Perturbations of the Straight Transmembrane α-Helical Structure of the
Amyloid Precursor Protein Affect Its Processing by γ-Secretase. J. Biol. Chem. 2014, 289, 6763–6774. [CrossRef] [PubMed]

401. Soto-Mercado, V.; Mendivil-Perez, M.; Velez-Pardo, C.; Lopera, F.; Jimenez-Del-Rio, M. Cholinergic-like Neurons Carrying PSEN1
E280A Mutation from Familial Alzheimer’s Disease Reveal Intraneuronal SAPPβ Fragments Accumulation, Hyperphosphory-
lation of TAU, Oxidative Stress, Apoptosis and Ca2+ Dysregulation: Therapeutic Implications. PLoS ONE 2020, 15, e0221669.
[CrossRef] [PubMed]

402. Giraldo-Berrio, D.; Jimenez-Del-Rio, M.; Velez-Pardo, C. Sildenafil Reverses the Neuropathological Alzheimer’s Disease Pheno-
type in Cholinergic-Like Neurons Carrying the Presenilin 1 E280A Mutation. J. Alzheimer’s Dis. 2024, 99, 639–656. [CrossRef]

403. Xu, M.; Zhang, D.; Luo, R.; Wu, Y.; Zhou, H.; Kong, L.; Bi, R.; Yao, Y. A Systematic Integrated Analysis of Brain Expression Profiles
Reveals YAP1 and Other Prioritized Hub Genes as Important Upstream Regulators in Alzheimer’s Disease. Alzheimer’s Dement.
2018, 14, 215–229. [CrossRef]

404. Elshazly, S.M.; Elhassanny, A.E.M.; Mahmoud, N.M. Cilostazol Protects against Acetic Acid-Induced Colitis in Rats: Possible Role
for CAMP/SIRT1 Pathway. Eur. J. Pharmacol. 2020, 881, 173234. [CrossRef]

405. Gad, E.S.; Aldossary, S.A.; El-Ansary, M.R.; Abd El-Galil, M.M.; Abd-El-Hamid, A.H.; El-Ansary, A.R.; Hassan, N.F. Cilostazol
Counteracts Mitochondrial Dysfunction in Hepatic Encephalopathy Rat Model: Insights into the Role of CAMP/AMPK/SIRT1/
PINK-1/Parkin Hub and p-CREB /BDNF/ TrkB Neuroprotective Trajectory. Eur. J. Pharmacol. 2025, 987, 177194. [CrossRef]

406. Li, Z.; Martens, Y.A.; Ren, Y.; Jin, Y.; Sekiya, H.; Doss, S.V.; Kouri, N.; Castanedes-Casey, M.; Christensen, T.A.; Miller Nevalainen,
L.B.; et al. APOE Genotype Determines Cell-Type-Specific Pathological Landscape of Alzheimer’s Disease. Neuron 2025, 113,
1380–1397.e7. [CrossRef]

https://doi.org/10.1176/appi.ajp.2008.07111779
https://doi.org/10.1016/j.jalz.2016.03.006
https://doi.org/10.3390/brainsci13030397
https://www.ncbi.nlm.nih.gov/pubmed/36979208
https://Www.Accessdata.Fda.Gov/Drugsatfda_docs/Label/2023/205422s009lbl.Pdf
https://doi.org/10.1001/jamaneurol.2023.3967
https://www.ncbi.nlm.nih.gov/pubmed/37930677
https://doi.org/10.1016/j.jamda.2024.105173
https://www.ncbi.nlm.nih.gov/pubmed/39053890
https://doi.org/10.1186/s40001-024-02006-z
https://doi.org/10.1177/02698811211030181
https://doi.org/10.1017/S003329172200397X
https://doi.org/10.1002/14651858.CD003944.pub2
https://doi.org/10.1007/s10072-023-06891-w
https://doi.org/10.1007/s40265-014-0293-6
https://doi.org/10.1080/14656566.2020.1745186
https://doi.org/10.1001/jamaneurol.2021.3356
https://doi.org/10.1021/acschemneuro.4c00068
https://doi.org/10.1021/ja3112093
https://www.ncbi.nlm.nih.gov/pubmed/23265086
https://doi.org/10.1074/jbc.M113.470781
https://www.ncbi.nlm.nih.gov/pubmed/24469457
https://doi.org/10.1371/journal.pone.0221669
https://www.ncbi.nlm.nih.gov/pubmed/32437347
https://doi.org/10.3233/JAD-231169
https://doi.org/10.1016/j.jalz.2017.08.012
https://doi.org/10.1016/j.ejphar.2020.173234
https://doi.org/10.1016/j.ejphar.2024.177194
https://doi.org/10.1016/j.neuron.2025.02.017


Int. J. Mol. Sci. 2025, 26, 6980 45 of 46

407. Huang, S.; Xu, P.; Shen, D.-D.; Simon, I.A.; Mao, C.; Tan, Y.; Zhang, H.; Harpsøe, K.; Li, H.; Zhang, Y.; et al. GPCRs Steer Gi
and Gs Selectivity via TM5-TM6 Switches as Revealed by Structures of Serotonin Receptors. Mol. Cell 2022, 82, 2681–2695.e6.
[CrossRef] [PubMed]

408. He, L.; Zhao, Q.; Qi, J.; Wang, Y.; Han, W.; Chen, Z.; Cong, Y.; Wang, S. Structural Insights into Constitutive Activity of 5-HT6
Receptor. Proc. Natl. Acad. Sci. USA 2023, 120, e2209917120. [CrossRef] [PubMed]

409. Djebari, S.; Jiménez-Herrera, R.; Iborra-Lázaro, G.; Jiménez-Díaz, L.; Navarro-López, J.D. Social and Contextual Memory
Impairments Induced by Amyloid-β Oligomers Are Rescued by Sigma-1 Receptor Activation. Biomed. Pharmacother. 2025, 184,
117914. [CrossRef] [PubMed]

410. Maurice, T.; Meunier, J.; Feng, B.; Ieni, J.; Monaghan, D.T. Interaction with Σ1 Protein, but Not N-Methyl-d-Aspartate Receptor, Is
Involved in the Pharmacological Activity of Donepezil. J. Pharmacol. Exp. Ther. 2006, 317, 606–614. [CrossRef]

411. Yang, G.; Zhou, R.; Guo, X.; Yan, C.; Lei, J.; Shi, Y. Structural Basis of γ-Secretase Inhibition and Modulation by Small Molecule
Drugs. Cell 2021, 184, 521–533.e14. [CrossRef]

412. Guo, X.; Li, H.; Lu, X.; Liu, H.; U, K.; Yan, C.; Lei, J.; Huang, J.; Zhou, R.; Shi, Y. Structural Basis of Human γ-Secretase Inhibition
by Anticancer Clinical Compounds. Nat. Struct. Mol. Biol. 2025, 32, 719–728. [CrossRef]

413. Mazanetz, M.P.; Cheng, R.K.Y.; Rowan, F.; Laughton, C.A.; Barker, J.J.; Fischer, P.M. Crystal Structure of Human Glycogen
Synthase Kinase 3 Beta (GSK3b) in Complex with Inhibitor 142. Worldwide Protein Data Bank 2012. [CrossRef]

414. Drummond, E.; Wisniewski, T. Alzheimer’s Disease: Experimental Models and Reality. Acta Neuropathol. 2017, 133, 155–175.
[CrossRef]

415. Vitek, M.P.; Araujo, J.A.; Fossel, M.; Greenberg, B.D.; Howell, G.R.; Rizzo, S.J.S.; Seyfried, N.T.; Tenner, A.J.; Territo, P.R.; Windisch,
M.; et al. Translational Animal Models for Alzheimer’s Disease: An Alzheimer’s Association Business Consortium Think Tank.
Alzheimer’s Dement. Transl. Res. Clin. Interv. 2020, 6, e12114. [CrossRef] [PubMed]

416. Trujillo-Estrada, L.; Sanchez-Mejias, E.; Sanchez-Varo, R.; Garcia-Leon, J.A.; Nuñez-Diaz, C.; Davila, J.C.; Vitorica, J.; LaFerla, F.M.;
Moreno-Gonzalez, I.; Gutierrez, A.; et al. Animal and Cellular Models of Alzheimer’s Disease: Progress, Promise, and Future
Approaches. Neuroscientist 2022, 28, 572–593. [CrossRef] [PubMed]

417. Liu, E.; Zhang, Y.; Wang, J.-Z. Updates in Alzheimer’s Disease: From Basic Research to Diagnosis and Therapies. Transl.
Neurodegener. 2024, 13, 45. [CrossRef] [PubMed]

418. Devanand, D.P. Viral Hypothesis and Antiviral Treatment in Alzheimer’s Disease. Curr. Neurol. Neurosci. Rep. 2018, 18, 55.
[CrossRef]

419. Whitson, H.E.; Colton, C.; El Khoury, J.; Gate, D.; Goate, A.; Heneka, M.T.; Kaddurah-Daouk, R.; Klein, R.S.; Shinohara, M.L.;
Sisodia, S.; et al. Infection and Inflammation: New Perspectives on Alzheimer’s Disease. Brain Behav. Immun. Health 2022, 22,
100462. [CrossRef]

420. Wang, F.; Wang, J.; Shen, Y.; Li, H.; Rausch, W.-D.; Huang, X. Iron Dyshomeostasis and Ferroptosis: A New Alzheimer’s Disease
Hypothesis? Front. Aging Neurosci. 2022, 14, 830569. [CrossRef]

421. Rudge, J.D. A New Hypothesis for Alzheimer’s Disease: The Lipid Invasion Model. J. Alzheimers Dis. Rep. 2022, 6, 129–161.
[CrossRef]

422. Keizer, H.G.; Brands, R.; Oosting, R.S.; Seinen, W. The Carnitine Palmitoyl-Transferase 2 Cascade Hypothesis for Alzheimer’s
Disease. J. Alzheimer’s Dis. 2024, 97, 553–558. [CrossRef]

423. Allen, S.J.; Watson, J.J.; Dawbarn, D. The Neurotrophins and Their Role in Alzheimers Disease. Curr. Neuropharmacol. 2011, 9,
559–573. [CrossRef] [PubMed]

424. González Cordero, E.M.; Cuevas-Budhart, M.A.; Pérez Morán, D.; Trejo Villeda, M.A.; Gomez-Del-Pulgar Ga-Madrid, M.
Relationship Between the Gut Microbiota and Alzheimer’s Disease: A Systematic Review. J. Alzheimer’s Dis. 2022, 87, 519–528.
[CrossRef] [PubMed]

425. Cheong, S.L.; Tiew, J.K.; Fong, Y.H.; Leong, H.W.; Chan, Y.M.; Chan, Z.L.; Kong, E.W.J. Current Pharmacotherapy and Multi-Target
Approaches for Alzheimer’s Disease. Pharmaceuticals 2022, 15, 1560. [CrossRef] [PubMed]

426. Makhoba, X.H.; Viegas, C., Jr.; Mosa, R.A.; Viegas, F.P.; Pooe, O.J. Potential Impact of the Multi-Target Drug Approach in the
Treatment of Some Complex Diseases. Drug Des. Devel Ther. 2020, 14, 3235–3249. [CrossRef]

427. Monzani, F.; Pasqualetti, G.; Tognini, S.; Calsolaro, V.; Polini, A. Potential Drug-Drug Interactions in Alzheimer Patients with
Behavioral Symptoms. Clin. Interv. Aging 2015, 10, 1457. [CrossRef]

428. Morphy, R.; Rankovic, Z. Designed Multiple Ligands. An Emerging Drug Discovery Paradigm. J. Med. Chem. 2005, 48, 6523–6543.
[CrossRef]

429. Ataei, B.; Hokmabadi, M.; Asadi, S.; Asadifard, E.; Aghaei Zarch, S.M.; Najafi, S.; Bagheri-Mohammadi, S. A Review of the
Advances, Insights, and Prospects of Gene Therapy for Alzheimer’s Disease: A Novel Target for Therapeutic Medicine. Gene
2024, 912, 148368. [CrossRef]

430. Iqubal, A.; Iqubal, M.K.; Khan, A.; Ali, J.; Baboota, S.; Haque, S.E. Gene Therapy, A Novel Therapeutic Tool for Neurological
Disorders: Current Progress, Challenges and Future Prospective. Curr. Gene Ther. 2020, 20, 184–194. [CrossRef]

https://doi.org/10.1016/j.molcel.2022.05.031
https://www.ncbi.nlm.nih.gov/pubmed/35714614
https://doi.org/10.1073/pnas.2209917120
https://www.ncbi.nlm.nih.gov/pubmed/36989299
https://doi.org/10.1016/j.biopha.2025.117914
https://www.ncbi.nlm.nih.gov/pubmed/39999645
https://doi.org/10.1124/jpet.105.097394
https://doi.org/10.1016/j.cell.2020.11.049
https://doi.org/10.1038/s41594-024-01439-8
https://doi.org/10.2210/pdb3say/pdb
https://doi.org/10.1007/s00401-016-1662-x
https://doi.org/10.1002/trc2.12114
https://www.ncbi.nlm.nih.gov/pubmed/33457489
https://doi.org/10.1177/10738584211001753
https://www.ncbi.nlm.nih.gov/pubmed/33769131
https://doi.org/10.1186/s40035-024-00432-x
https://www.ncbi.nlm.nih.gov/pubmed/39232848
https://doi.org/10.1007/s11910-018-0863-1
https://doi.org/10.1016/j.bbih.2022.100462
https://doi.org/10.3389/fnagi.2022.830569
https://doi.org/10.3233/ADR-210299
https://doi.org/10.3233/JAD-230991
https://doi.org/10.2174/157015911798376190
https://www.ncbi.nlm.nih.gov/pubmed/22654716
https://doi.org/10.3233/JAD-215224
https://www.ncbi.nlm.nih.gov/pubmed/35367961
https://doi.org/10.3390/ph15121560
https://www.ncbi.nlm.nih.gov/pubmed/36559010
https://doi.org/10.2147/DDDT.S257494
https://doi.org/10.2147/CIA.S87466
https://doi.org/10.1021/jm058225d
https://doi.org/10.1016/j.gene.2024.148368
https://doi.org/10.2174/1566523220999200716111502


Int. J. Mol. Sci. 2025, 26, 6980 46 of 46

431. Mandel, R.J. CERE-110, an Adeno-Associated Virus-Based Gene Delivery Vector Expressing Human Nerve Growth Factor for the
Treatment of Alzheimer’s Disease. Curr. Opin Mol. Ther. 2010, 12, 240–247.

432. Piedrahita, D.; Hernández, I.; López-Tobón, A.; Fedorov, D.; Obara, B.; Manjunath, B.S.; Boudreau, R.L.; Davidson, B.; LaFerla, F.;
Gallego-Gómez, J.C.; et al. Silencing of CDK5 Reduces Neurofibrillary Tangles in Transgenic Alzheimer’s Mice. J. Neurosci. 2010,
30, 13966–13976. [CrossRef]

433. Liu, N.; Liang, X.; Chen, Y.; Xie, L. Recent Trends in Treatment Strategies for Alzheimer’s Disease and the Challenges: A Topical
Advancement. Ageing Res. Rev. 2024, 94, 102199. [CrossRef]

434. Liu, Y.; Shen, Y. Applications of Nanoparticles in Alzheimer’s Disease. J. Alzheimer’s Dis. 2023, 96, 459–471. [CrossRef] [PubMed]
435. Gupta, J.; Fatima, M.T.; Islam, Z.; Khan, R.H.; Uversky, V.N.; Salahuddin, P. Nanoparticle Formulations in the Diagnosis and

Therapy of Alzheimer’s Disease. Int. J. Biol. Macromol. 2019, 130, 515–526. [CrossRef] [PubMed]
436. George, N.; Akhtar, M.d.J.; Al Balushi, K.; Safi, S.Z.; Azmi, S.N.H.; Khan, S.A. The Emerging Role of Proteolysis Targeting

Chimeras (PROTACs) in the Treatment of Alzheimer’s Disease. Med. Chem. Res. 2023, 32, 601–616. [CrossRef]
437. Ganeshpurkar, A.; Swetha, R.; Kumar, D.; Gangaram, G.P.; Singh, R.; Gutti, G.; Jana, S.; Kumar, D.; Kumar, A.; Singh, S.K.

Protein-Protein Interactions and Aggregation Inhibitors in Alzheimer’s Disease. Curr. Top Med. Chem. 2019, 19, 501–533.
[CrossRef]

438. Ma, C.; Ye, Y.; Shi, X.; Li, N.; Mu, Z.; Tan, T.; Yin, H.; Dai, J.; Liu, Y.; Chen, H. Photobiomodulation Mitigates Blood–Brain Barrier
Disruption in APP/PS1 Mouse Model of Alzheimer’s Disease by Activating the AMPK Pathway. Alzheimer’s Res. Ther. 2025, 17, 141.
[CrossRef]

439. Jack, C.R.; Bennett, D.A.; Blennow, K.; Carrillo, M.C.; Dunn, B.; Haeberlein, S.B.; Holtzman, D.M.; Jagust, W.; Jessen, F.; Karlawish,
J.; et al. NIA-AA Research Framework: Toward a Biological Definition of Alzheimer’s Disease. Alzheimer’s Dement. 2018, 14,
535–562. [CrossRef]

440. Huang, S.; Wang, Y.-J.; Guo, J. Biofluid Biomarkers of Alzheimer’s Disease: Progress, Problems, and Perspectives. Neurosci. Bull.
2022, 38, 677–691. [CrossRef]

441. Jiang, A. Challenges in Early Diagnosis and Treatment of Alzheimer’s Disease. Highlights Sci. Eng. Technol. 2023, 74, 713–718.
[CrossRef]

442. Twiss, E.; McPherson, C.; Weaver, D.F. Global Diseases Deserve Global Solutions: Alzheimer’s Disease. Neurol. Int. 2025, 17, 92.
[CrossRef]

443. Gong, C.X.; Liu, F.; Iqbal, K. Multifactorial Hypothesis and Multi-Targets for Alzheimer’s Disease. J. Alzheimer’s Dis. 2018, 64,
S107–S117.

444. Niu, Y.; Lin, P. Advances of Computer-Aided Drug Design (CADD) in the Development of Anti-Azheimer’s-Disease Drugs. Drug
Discov. Today 2023, 28, 103665. [CrossRef]

445. Zeng, H.; Wu, X. Alzheimer’s Disease Drug Development Based on Computer-Aided Drug Design. Eur. J. Med. Chem. 2016, 121,
851–863. [CrossRef]

446. Mullard, A. FDA Approves Third Anti-Amyloid Antibody for Alzheimer Disease. Nat. Rev. Drug Discov. 2024, 23, 571. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1523/JNEUROSCI.3637-10.2010
https://doi.org/10.1016/j.arr.2024.102199
https://doi.org/10.3233/JAD-230098
https://www.ncbi.nlm.nih.gov/pubmed/37807779
https://doi.org/10.1016/j.ijbiomac.2019.02.156
https://www.ncbi.nlm.nih.gov/pubmed/30826404
https://doi.org/10.1007/s00044-023-03026-w
https://doi.org/10.2174/1568026619666190304153353
https://doi.org/10.1186/s13195-025-01787-7
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1007/s12264-022-00836-7
https://doi.org/10.54097/3knv6p63
https://doi.org/10.3390/neurolint17060092
https://doi.org/10.1016/j.drudis.2023.103665
https://doi.org/10.1016/j.ejmech.2015.08.039
https://doi.org/10.1038/d41573-024-00116-1

	Introduction 
	AD Risk Factors, Genetics and Etiology 
	Risk Factors 
	Genetics 
	Etiology 

	Neurotransmitter- and Ion-Based AD Hypotheses and Therapeutics 
	Cholinergic Hypothesis and Therapeutics 
	Cholinergic Hypothesis 
	Cholinergic-Based Therapeutics 

	Glutamate Excitotoxicity Hypothesis and Therapeutics 
	Glutamate-Based Hypothesis 
	Glutamate-Based Therapeutics 

	Serotoninergic Hypothesis and Therapeutics 
	Serotoninergic Hypothesis 
	Serotoninergic-Based Therapeutics 

	Calcium Signaling Hypothesis and Therapeutics 
	Calcium Signaling Hypothesis 
	Calcium-Signaling Modulators 


	Peptide-Based AD Hypotheses and Therapeutics 
	Amyloid Deposits Hypotheses and Therapeutics 
	Amyloid Hypothesis (Amyloid Cascade) 
	A-Targeted Therapeutics 

	Tau Hypothesis and Therapeutics 
	Tau Hypothesis 
	Tau-Targeted Therapies 


	AD Aspecific Hypotheses and Therapeutics 
	Neuroinflammation-Based Hypotheses and Therapeutics 
	Neuroinflammation 
	Therapeutics for Neuroinflammation 

	Mitochondrial Cascade Hypothesis and Therapeutics 
	Mitochondrial Cascade Hypothesis 
	Targeting Oxidative Stress and Mitochondrial Dysfunction 

	Vascular Hypothesis and Therapeutics 
	Vascular Hypothesis 
	Therapeutics for Vascular-Based Diseases 


	FDA-Approved Drugs for Alzheimer’s Disease 
	AChEIs-Approved Drugs 
	NMDAR Antagonists as Approved Drugs 
	Monoclonal Antibodies 

	Therapeutic Approaches: Lights and Shadows 
	Medicinal Chemist Opportunities and Challenges 
	Mutated Proteins Interventions 
	Neurotrasmitter- and Ion-Based Interventions 
	Calcium Signaling Modulator Interventions 
	Peptide-Based Level Interventions 

	Innovative Strategies and Future Perspectives 
	Conclusions 
	References

