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Abstract: Alzheimer’s disease (AD) is a chronic neurodegenerative disease affecting the elderly. 
AD is associated with a progressive decline in memory and cognitive abilities, drastic changes in 
behavioural patterns and other psychiatric manifestations. It leads to a significant decline in the 
quality of life at personal, household as well as national level. Although AD was described about 
hundred years back and multiple theories have been proposed, its exact pathophysiology is un-
known. There is no cure for AD and the life expectancy of AD patients remains low at 3-9 years. 
An accurate understanding of the molecular mechanism(s) involved in the pathogenesis of AD is 
imperative to devise a successful treatment strategy. This review explains and summarises the cur-
rent understanding of different therapeutic strategies based on various molecular pathways known 
to date. Different strategies based on anti-amyloid pathology, glutamatergic pathway, anti-tau, neu-
roprotection through neurotrophic factors and cholinergic neurotransmission have been discussed. 
Further, the use of anti-inflammatory drugs, nutraceuticals, and dietary interventions has also been 
explained in the management of AD. It further describes different pharmacological and dietary in-
terventions being used in treating and/or managing AD. Additionally, this article provides a thor-
ough review of the literature for improving the therapeutic paradigm of AD. 
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1. INTRODUCTION 

 Alzheimer's disease (AD) is the most common cause of 
dementia and a type of untreatable neurodegenerative condi-
tion. It is the third most expensive medical condition [1, 2]. 
Multiple cognitive and non-cognitive functions get disturbed 
in AD, thereby impacting the quality of life. A wide range of 
genetic and environmental factors lead to late-onset AD 
(LOAD). Beta-amyloid and abnormal tau proteins play a 
major role in disease development. The basic pathways of 
the basal forebrain and cerebral cortex are compromised in 
AD with the neurotransmitter acetylcholine being affected 
[2]. This degenerative disease is progressive in nature, with 
the entorhinal cortex being one of the first regions to get 
affected, which then spreads to other Neighboring parts, such 
as the hippocampus [3]. The appearance of neurofibrillary 
tangles (made of tau proteins) and plaques (aggregates of 
amyloid-beta protein) are the characteristics of the onset of  
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this disease followed by neurodegeneration and synaptic 
dysfunction [1, 4]. 

 Most clinical studies have focused on reducing the 
pathogenic amyloid-beta (Aβ) and tau levels. However, such 
strategies have failed to bring about any long-term relief. 
The role of Aβ in the normal physiological functioning of the 
cells, as described by recent research studies have made AD 
treatment even more complex. Although Aβ pathology has 
been long thought of as a risk factor for AD, there is still no 
conclusive evidence of its causal role in AD onset. This has 
even led some scientists to believe that its aetiology could be 
due to another pathway that leads to AD, and Aβ might just 
be one metabolite of its consequence. The mechanism(s) 
involved in the pathogenesis of AD remain elusive till date. 
The availability of brain samples from only late-stage AD 
patients as well as limitations of in vivo models has posed a 
challenge for pinpointing the molecular changes that take 
place in prodromal AD. To describe AD, there are many 
evidence-based theories that have been proposed by re-
searchers. The list includes the theories of free radical dam-
age, inflammatory response, cholinergic damage, and the 
most popular ones like β-amyloid and anomalous tau protein 
metabolism, among others. 
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 The lack of understanding of the underlying molecular 
mechanisms and the unavailability of credible strategies for 
its early prediction make the prevention and treatment of AD 
difficult. Understanding the exact pathophysiology of AD 
would facilitate the finding of appropriate biomarkers and 
drug-­‐targets to tackle the growing burden of the disease. The 
development of efficient and potent therapeutic drugs is the 
key to tackle the situation. Hence, the search for a diverse 
range of treatments for this multifactorial disease has shifted 
the therapy dynamics since the past decade as researchers are 
inclining towards other non-conventional means of treatment. 

2. ANTI-AMYLOID THERAPEUTIC STRATEGIES 

 Aβ pathology is one of the major characteristic features 
of AD, besides tau aggregates. Its role in initiating a cascade 
of degenerative events is unquestionable. It starts aggregat-
ing in the brain of AD patients years before the onset of the 
symptoms [1]. It is a 4 kD peptide obtained from the integral 
cellular trans-membrane protein - the amyloid precursor pro-
tein (APP). Although not fully understood, APP has its role 
in a number of cellular processes in the brain ranging from 
synapse formation, neuroprotection, cell-cell interaction, 
among others, as observed in various APP knock out ex-
periments [5]. Differential APP processing results in a num-
ber of products, each with a distinct role yet to be elucidated. 
Aβ is generated in the amyloidogenic processing of APP, 
involving initial cleavage by β-secretase, deviating from the 
non-amyloidogenic pathway, which employs α-secretase in 
the initial step (Fig. 1). The end-product of β-secretase is 
cleaved by γ-secretases, generating Aβ peptide of varying 
residues such as Aβ40, Aβ42 or Aβ38. Several studies have 
correlated amyloid toxicity with an elevated ratio of 
Aβ42/Aβ40 species in AD. The presence of an extra two resi-
dues Ile41 and Ala42 in Aβ42 affects the hydrophobicity of 
monomers and may assist in its aggregation and oligomeriza-
tion. Thus, mutations in genes such as APP and PSEN1 
which affect the differential processing of amyloid precursor 
protein has garnered interest and has led to the development 
of novel therapeutic measures to modulate the synthesis of 
APP [6, 7]. 

2.1. Modulating Precursor Synthesis and Aβ Concentration 

 The elucidation of Aβ synthesis led researchers to target 
it at various stages of its production. Key enzymes such as γ-
secretases and β-secretases were of interest, which led to the 
development of their respective inhibitors. Early attempts at 
using γ-secretase inhibitors (GSI) were appealing as it could 
halt the production of Aβ completely. A number of pre-
clinical and clinical trials were conducted using a variety of 
GSIs. However, these attempts were short-lived as the side 
effects vastly outnumbered the amelioration offered. Further, 
the existence of multiple γ-secretase substrates with critical 
biological functions, in addition to APP, proved a major hin-
drance. Interaction of γ-secretase with Notch receptors is 
crucial, as one of its end products, called Notch Intracellular 
Domain (NICD) is a major transcriptional regulator. Inhibi-
tion of NICD is known to cause defects in somite develop-
ment, neurogenesis, and immune cell maturation, among 
others in animal studies. GSIs such as Semagacestat and 
Avagacestat had been of particular interest for their potency 

and selectivity. However, they faced similar issues for their 
side effects and efficacy. The rise and fall of GSIs and rec-
ognition of the functions of γ-secretase eventually shifted the 
spotlight towards γ-secretase modulators (GSM). Compared 
to GSIs, GSMs differ in their activity by regulating the proc-
essing of γ-secretases rather than relying on its selectivity 
towards APP over Notch. Although its interaction with γ -
secretases is still not clear, it is believed that it could alter the 
activity of its proteolytic sub-unit, resulting in a decreased 
ratio of Aβ42/Aβ40 [6]. 

 Another approach to counter Aβ aggregates is via immu-
notherapy, which includes active immunisation to produce 
natural antibodies by stimulating the immune system and 
passive immunisation through exogenous antibody admini-
stration [8]. These antibodies target various intermediary 
substrates, such as Aβ dimers and oligomers, in the forma-
tion of plaques and fibrils (Fig. 1). The inspiration for this 
approach came from individuals having an innate advantage 
with their immune system successfully defending against the 
amyloid based pathology, paving the way for immune-based 
therapy. Not surprisingly, these donors did not display any 
cognitive impairment, which is a sure sign of AD. As of 
now, several anti-amyloid antibodies have reached Phase 2 
and Phase 3 clinical trials based on their promising outcomes 
in early in vivo and in vitro experiments. However, human 
trials have been disappointing so far with a few notable ex-
ception(s), making it clear that immunotherapy for AD is 
still in infancy and needs a mix of creativity and innovation 
for this strategy to succeed. 

2.1.1. Aducanumab (BIIB037) 

 It is an IgG1 type human monoclonal antibody (mAb) 
that primarily binds to Aβ aggregates, soluble oligomers and 
also insoluble fibrils. However, it does not seem to target Aβ 
monomers. Aducanumab analogue can cross the blood-brain 
barrier and engage its target efficiently, thus clearing beta-
amyloid toxicity. The effects can be monitored effectively by 
positron emission tomography (PET). Phagocytic activity of 
microglia enhances the engulfing of amyloid plaques by 
binding to the Fc region of the antibody. This drug showed 
good tolerability and safety outcomes since its inception in 
early clinical trials. Phase 1 trials on patients with mild to 
moderate AD reported a decrease in Aβ concentration, as 
well as improved cognitive scores as assessed by Clinical 
Dementia Rating-Sum of Boxes and Mini-Mental State Ex-
amination. In March 2019, the current license holder of this 
drug - Biogen had to halt the project in Phase 3 trials, as the 
data accumulated were apparently inconsistent with the pre-
dicted trajectory of the outcome. However, soon after, this 
drug bounced back to relevancy with the surprising an-
nouncement by Biogen in the same year (October 2019) after 
a re-evaluation of its previous trials highlighting its robust-
ness in reducing amyloid pathology. Common side effects 
include headache associated with amyloid-related imaging 
abnormalities (ARIA), especially ARIA-E in which fluid 
deposition occurs, leading to edema. Even though some ad-
ditional side effects have been reported, including urinary 
tract infection, nausea, anxiety, cough and upper respiratory 
tract infection, it still lacks scientific consensus whether the 
drug has any involvement with it [4, 9-11]. 
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2.1.2. Bapineuzumab 

 It is a type of humanized immunoglobulin, IgG1 anti-Aβ 
mAb that binds to the five N-terminal residues and helps in 
clearing both fibrillary and soluble form of Aβ. Phase 3 tri-
als, however, did not find any significant reduction of CSF 
Aβ in mild to moderate AD volunteers compared to placebo 
controlled subjects. It also failed in efficacy scores, with 
ARIA-E being the notable adversity. Participants also dis-
played variable symptoms including headache, gastrointesti-
nal problems and psychological confusion [8, 12, 13]. 

2.1.3. Solanezumab 

 It is a humanized IgG1 mAb that binds at the mid-
domain of Aβ (around residues 16-26) and increases the 
clearance rate of monomers. Studies in transgenic PDAPP 
mice disclosed that the drug reduced Aβ burden without 
binding to the Aβ deposits, suggesting that the soluble pool 
of Aβ to be the target [8]. However, human trials have re-
peatedly failed to replicate the outcomes of pre-clinical tests, 
as noted in several Phase 3 studies. A series of Phase 3 trials 
initiated by Eli Lilly (EXPEDITION 1, 2 and 3) demon-

 

Fig. (1). Beta-amyloid treatment strategies at various levels of its maturation. The non-amyloidogenic pathway results in the sequential 
cleavage of transmembrane Amyloid Precursor Protein (APP) by the enzymes α-secretase and γ-secretase resulting in soluble APPα frag-
ment, P83 fragment (proteolytically degraded at later stages) and APP Intracellular Domain fragment (AICD). In amyloidogenic pathway, 
APP is first processed by β-secretase, releasing soluble APPβ, followed by γ-secretase which cleaves the remaining fragment generating 
either Aβ1-40 or Aβ1-42, the length of which is determined by the site at which γ-secretase cuts. These Aβ monomers assemble together in 
series of steps, forming dimers to cytotoxic oligomers, developing into protofibrils and mature fibrils. (A higher resolution / colour version of 
this figure is available in the electronic copy of the article). 
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strated no significant improvement in cognition as well as 
reduction of Aβ. Moreover, studies also indicate that increas-
ing the dosage could lead to a rise in Aβ concentrations. 

2.1.4. Gantenerumab 

 It is one of the first fully human IgG1 anti-Aβ mAb that 
binds to a conformational epitope, which is expressed on Aβ 
fibrils. This epitope encompasses both N-terminal (3-12) and 
central (18-27) amino acids of Aβ and thus requires that the 
peptide be folded with its mid-region near the N-terminus. In 
PS2APP transgenic mice, gantenerumab significantly re-
duced Aβ plaques by recruiting microglia and prevented new 
plaque formation without altering plasma Aβ levels [8]. 
Consistent with pre-clinical observations, Phase 3 trials have 
shown robust activity in human subjects. PET imaging re-
vealed that almost 51% of the subjects with an early stage 
and moderate AD displayed a significant reduction in Aβ 
plaque when gantenerumab was administered for a period of 
two years [14]. 

2.1.5. Crenezumab 

 The drug is engineered on an IgG4 backbone in order to 
minimize the Fc gamma receptors activation. When tested on 
transgenic mice, it resulted in the reduction of Fc gamma 
receptor-mediated activation of microglia, which enabled a 
decrease in the level of release of pro-inflammatory cytokine 
tumor necrosis factor-alpha which is responsible for neuro-
toxicity. Crenezumab attacks at the mid-domain of the Aβ 
peptide (residues 13-24) and then binds to the multiple con-
formations of Aβ, i.e., monomers, oligomers, fibrils [8]. 
Phase 2 trials assessed the pharmacokinetics as well as 
evaluated the CSF Aβ levels. Although many were unable to 
meet their goal points, few studies did find a decrease in CSF 
Aβ concentration. Phase 3 trials such as CREAD 1 and 2 
have also ended pre-maturely and await further evaluation 
[15-17]. 

3. GLUTAMATERGIC PATHWAY BASED THERAPY 

 Glutamate serves as the major excitatory neurotransmit-
ter in the mammalian brain and is involved in memory as 
well as several executive functions. Its effect has been impli-
cated in proper working of the synapses, neuroprotective 
pathways and synaptic plasticity, which includes long-term 
potentiation (LTP) and long-term depression (LTD). Hence, 
the progressive degradation of glutamatergic connections in 
Alzheimer's correlates with the loss of the aforementioned 
cognitive and executive functions. For example, the loss of 
hippocampal CA1 neurons in AD, an area implicated in LTP 
and LTD, results in dementia-like symptoms such as mem-
ory deficit in LOAD. Increased excitability of neurons is one 
of the salient features of glutamate dysfunction, which oc-
curs in AD. Convincingly number of evidences have shown 
a strong association of Aβ with neuronal hyperactivity. Nev-
ertheless, establishing a causal link, like Aβ toxicity, synap-
tic failure and the eventual collapse of the glutamatergic sys-
tem, is still an ongoing pursuit. Although the role of soluble 
oligomeric Aβ in inducing cytotoxicity is undisputed, studies 
have also found an abnormality in neuronal firing around 
regions with localised Aβ plaques, especially the hippocam-
pus. This hyperactive state has been correlated with the se-
verity of mild cognitive impairment, as noted by several re-

searchers [18-20]. These functional observations could be 
related to changes in cellular morphology, as seen in histopa-
thological studies in AD, highlighting the shrinkage of the 
dendritic tree, axonal dystrophy, enlargement of axon termi-
nals and decrease in dendritic branching. Interestingly, a 
decreased glutamatergic activity is observed in later stages of 
AD, which could be attributed to the loss of synaptic func-
tion and neuronal death as the disease progresses, leading to 
a decline in glutamate facilitated stimulation of neurons [19, 
21, 22]. A study by Zott and colleagues gave a plausible in-
sight into the perpetuation and spread of the glutamate dy-
shomeostasis [23]. They noted that neuronal cells with a 
relatively elevated baseline activity are more susceptible to 
Aβ mediated hyperactivity. These neurons are termed active 
neurons and play a key role in initiating a chain of events, 
which propagates the pathology to other neurons. Indeed, 
soluble Aβ dimers were shown to selectively disrupt the re-
uptake of glutamate in the synaptic cleft. Therefore increas-
ing the membrane potential and baseline activity of the post-
synaptic neuron makes it susceptible to Aβ. This model also 
sheds light on epilepsy like phenotype seen both in humans 
and animal models in early-stage AD [23]. Altered release of 
glutamate from pre-synaptic boutons could also be related to 
Aβ accumulation in its vicinity. Sokolow et al. found that Aβ 
accumulates within the synaptic boutons co-localised with 
VGluT1, a vesicular glutamate transporter, hinting at a pos-
sible interaction, which could modulate glutamate traffick-
ing. Interestingly, downregulation of both VGluT1 and 
VGluT2 was observed in several in vivo experiments, but a 
slight upregulation of VGluT1 was seen when acute effects 
of Aβ were investigated in early stages. Moreover, only pa-
tients with mild cognitive impairment (MCI) displayed 
VGluT2 downregulation, but not VGluT1. This is suggestive 
of increased vesicular transport of glutamate in the early 
stages of AD. This is also in line with the early stage hyper-
activity and late-stage hypoactivity of the glutamatergic sys-
tem [21, 24, 25]. 

 Glutamatergic pathology is also attributed to Aβ interac-
tions with glutamate receptors. Among all the known gluta-
mate receptor subtypes, the NMDAR family has displayed a 
major association with AD pathology. NMDA receptors play 
a vital role in learning and memory, and hence, their dys-
function leads to the eventual loss of memory and cognition 
in late-stage AD. NMDARs are blocked by Mg2+ ions, which 
get removed via subsequent depolarization, leading to the 
entry of Ca2+ ions and various Ca2+ mediated transductions. 
Overstimulation of NMDAR by the efflux of glutamate  
results in heavy Ca2+ influx, which causes excitotoxicity. 
This further induces cell-apoptotic signals and an increased 
reactive oxygen species (ROS) production leading to oxida-
tive damage and neurodegeneration. Such excitotoxicity is 
mostly linked to extra-synaptic NMDARs, whereas synaptic 
NMDARs, in general, regulate neuroprotective pathways. 
Soluble Aβ is also shown to preferentially interact with ex-
tra-synaptic NMDARs mediating toxic signaling, mainly by 
interacting with specific subunit GluN2B, which also serves 
as a promising drug target (discussed later). Glutamate 
transporters play an important role in AD pathology as its 
gene expression is significantly suppressed. Neurophar-
macalogists are also trying to find better glycine transporter-1 
(GlyT1) inhibitors for additional therapeutic benefits. Aβ  
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has been shown to cause downregulation of synaptic 
NMDARs while increasing the susceptibility of extra-
synaptic NMDARs to glutamate (Fig. 2); thus, the search for 
selective NMDAR drugs has remained a crucial research 
area to explore [21, 26]. 

3.1. Targeting NMDA Receptors 

 Among the glutamate receptor family, NMDARs are the 
primary drug targets because of their relatively higher per-
meability to Ca2+ ions as compared to other ligand-gated 
ionotropic receptors [27]. Although NMDAR inhibition is an 
effective therapy, reduced activation of NMDARs may result 
in a depleted amount of neuroprotective signal transduction. 
Hence, an ideal glutamatergic drug should have an interme-
diate affinity, i.e., neither it should bind too strongly disrupt-
ing the physiology, learning and memory functioning path-
ways, nor too weakly for any substantial therapeutic benefit. 
Memantine is an FDA approved non-competitive NMDAR 
antagonist with low affinity and has been widely used for its 

neuroprotective effect, providing symptomatic relief and 
improving cognitive impairment in patients with moderate to 
severe AD conditions [28]. The NMDA receptors are com-
posed of various subunits such as GluN1, GluN2, GluN3 and 
GluN4 heterogeneously. These subunits are present in the 
receptors depending upon their function and location. Out of 
these, GluN2 sub-types: GluN2A and GluN2B have been the 
research focus for their involvement in NMDAR associated 
with AD. The extra-synaptic NMDARs are comprised 
mainly of the GluN2B subunit, while synaptic NMDARs are 
dominantly comprised of GluN2A. Thus, drugs that selec-
tively target GluN2B are ideal as they can specifically act on 
extra-synaptic NMDA receptors alleviating the excitotoxic-
ity without altering the neuroprotection pathways associated 
with synaptic NMDARs. Drugs such as ifenprodil, which 
selectively binds to GluN2B has been experimentally shown 
to reduce Ca2+ mediated neurotoxicity [29, 30]. These dem-
onstrations have provided incentives for developing a more 
efficacious drug than the already available memantine. 

 

Fig. (2). Shifting the balance to pro-survival signaling by selective inhibition of extra synaptic NMDARs. Synaptic NMDARs activation is 
associated with upregulation of neuroprotective downstream pathways such as CREB while extra-synaptic NMDARs are linked with apop-
totic signaling via caspases, PUMA, etc. Drugs which could act as selective antagonist to extra-synaptic NMDARs while showing low affin-
ity to synaptic NMDARs as well as drugs which modulate glutamate levels in extra-synaptic vicinity could restore this disrupted equilibrium 
in AD. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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3.2. Targeting Glutamate Transport Channel 

 The regulation of extra-synaptic glutamate levels is done 
by excitatory amino acid transport channels (EAATs) which 
can be found on various glia and neuronal cells, of which the 
role of astrocytic EAATs is crucial as they comprise 90-95% 
of the total EAATs in the brain and recycle the majority of 
glutamate neurotransmitters. In comparison, the amount of 
neuronal EAATs expressed is relatively low. Excess levels 
of glutamate are recycled back into glutamine by a process 
known as a glutamate-glutamine shuttle. Among the five 
existing subtypes of EAATs, EAAT-2 or glutamate trans-
porter-1 (GLT-1) is predominant and recycles, almost 90% 
of glutamate [31]. Several studies have reported a marked 
decrease in GLT-1 expression in AD patients, which has 
been associated with a decline in cognitive output, as seen 
with GLT-1 knocked-out mice. In vitro experiments suggest 
that Aβ might be a causative factor in GLT-1 decline and 
negatively affect its expression in astrocytes [32-35]. This 
downregulation of EAATs has been implicated with addi-
tional anomalies besides impaired glutamate clearance. 
Sharma et al. demonstrated alterations in several signaling 
and metabolic pathways in both neuronal as well as astro-
cytic EAAT-2 knockout mice [36]. Loss of astrocytic 
EAAT-2 displayed cognitive as well as spatial memory de-
fect, which is consistent with previous observations. How-
ever, neuronal EAAT-2 deletion also displayed late-onset 
cognitive impairment giving further incentives to look into 
its role in AD pathogenesis. The transcriptomic analysis also 
showed that gene expression profile varies between astro-
cytic and neuronal EAAT-2 knock-outs, with inflammatory 
and kynurenine pathways (a metabolic pathway associated 
with tryptophan breakdown and NAD+ production) being 
disrupted the most among them, respectively. Overall, the 
deletion of EAAT-2 in the hippocampal region mimics the 
age-dependent cognitive decline in AD. Such functionality 
could be regained to an extent when the EAAT-2 expression 
is restored [36, 37]. Thus, various therapeutic strategies have 
focused on GLT-1 upregulation, which can be done by tar-
geting its transcription. For instance, beta-lactam antibiotic 
such as LDN/OSU-0212320, a pyridazine derivative which 
activates protein kinase C, has been shown to increase GLT-
1 gene expression, as well as translation [38, 39]. Such GLT-
1 modulating drugs have been used in various other diseases 
and the current focus has shifted to repurposing their action 
for the treatment of AD. Riluzole, a drug used to treat ALS, 
has given positive results when used for AD in pre-clinical 
trials, having increased glutamate transport, and improved 
cognition in mice and also downregulated various gene ex-
pressions thought to play a role in AD [39]. 

3.3. Targeting Glycine Transporters 

 Glycine is a co-agonist of NMDARs. Therefore, activa-
tion of hyperactive NMDARs can be modulated by altering 
the level of glycine. This can be achieved by blocking the 
Glycine transporters present on astrocytic glia and pre-
synaptic neurons. GlyT1 has gained attraction because of its 
close association with NMDA expressing neurons. Glycine 
transport inhibitor such as sarcosine has been used in the past 
to treat schizophrenia symptoms, hence, repurposing these 
drugs for AD might reveal some therapeutic benefit [40]. 

ASP2535, a GlyT1 inhibitor, was shown to alleviate cogni-
tive impairment in schizophrenia and AD mouse models 
[41]. Another GlyT1 inhibitor, BI 425809, has entered in 
Phase-1 trials for AD and is currently being investigated for 
more therapeutic relief [42]. 

4. ANTI-TAU BASED THERAPY 

 Tau based pathology has been well known and studied 
since early attempts over the elucidation of AD took place. 
Tau is a protein that normally binds to microtubule and con-
fers stability to it, which is essential for proper cytoskeletal 
functioning and cellular trafficking. Tauopathies, which are 
common in multiple neurodegenerative diseases, result from 
the formation of intracellular neurofibrillary tangles (NFTs). 
These are a result of multiple post-translational changes such 
as hyper-phosphorylation, acetylation, N-glycosylation and 
C-terminal truncation. Phosphorylated tau has notably been 
the earliest sign of pathogenesis, which hinders its interac-
tion with tubulin as well as facilitates its relocalization and 
aggregation. This correlates with the elevation in the levels 
of tau kinases, such as glycogen synthase kinase - 3β (GSK-
3β) or CDK5 in several AD brain samples and serves as a 
promising site for therapy (discussed later). NFTs are one of 
the major hallmarks of AD besides Aβ plaques and marks 
the earliest sign of pathology by its deposition in the entorhi-
nal cortex and hippocampus. The formation of NFT takes 
place in a series of steps, and results in multiple intermediary 
fragments, such as pre-tangles, tau oligomers, paired helical 
filaments, etc., just like Aβ plaques. However, unlike Aβ 
burden, tau load shows a better correlation to cognitive de-
cline making it an appealing target [43]. 

 Tau, is a major type of microtubule associated proteins 
(MAPs) which has six isoforms coded by a single gene via 
alternative splicing. These isoforms are distributed heteroge-
nously throughout the brain and differ in amino acid repeats 
at the N-terminal coded by different exons. Few studies have 
suggested that these tau isoforms could have a diverse range 
of functions in addition to cytoskeletal stabilization such as 
regulation of synaptic vesicles, nuclear localization, chroma-
tin remodeling, etc. This suggests that tau pathology is not 
simply a defect in cellular trafficking and there may be other 
existing pathways, which confer its pathogenesis and symp-
toms associated with it. It is also known that AD contains a 
specific mix of tau isoforms (3-repeats and 4-repeats), which 
separates it from other tau pathologies such as Pick disease. 
Thus, anti-tau strategies have evolved over time with the 
knowledge about their underlying mechanisms getting con-
tinuously updated [43, 44]. 

4.1. Targeting Tau-phosphorylating Kinases 

 The involvement of multiple tau phosphorylating kinases 
has complicated the search for an effective therapeutic target. 
It is yet to be established if any specific kinase has a major role 
in tau pathology or whether targeting multiple such kinases 
would be an appropriate approach. Researchers have identi-
fied promising candidates such as GSK-3β, MARK, Fyn and 
CDK5 in this context [45]. Targeting GSK-3β has yielded posi-
tive results encouraging further trials. Tideglusib, a GSK-3β 
inhibitor, specially reduced tau phosphorylation and showed 
symptomatic benefits in transgenic mice in vivo [46]. Drugs 
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such as tadalafil, morin, etc. have also been shown to reduce 
GSK-3β induced tau phosphorylation [47, 48]. Saracatinib, a 
Fyn kinase inhibitor, has also provided similar alleviations [49]. 

4.2. Targeting Tau Post-translation Modifications 

 The formation of NFTs also involves the addition of  
several compounds to tau besides phosphorylation. Acetyla-
tion of lysine group in tau has been shown to facilitate its 
aggregation. Thus, targeting these acetylation enzymes has 
been proposed as another potential therapy in tau based pa-
thologies [50]. Salsalate, a drug used for the treatment of 
rheumatoid arthritis, decreased tau aggregates, improved 
dementia symptoms and reduced shrinkage in the hippocam-
pal region, which can be attributed to its inhibitory effect on 
the acetyltransferase p300 enzyme [51]. Additionally, target-
ing other modifications such as tau glycosylation is also an 
active area of research. It has been proposed that drug action 
on enzyme O-GlcNAcase (OGA) that reversibly cleave the 
β-glycosidic O-linkage with carbohydrate N-acetyl glucosa-
mine (GlcNAc), can positively affect tau aggregates and 
phosphorylation [52]. In fact, OGA inhibitors such as MK-
8719 and ASN120290 have shown relief for non-AD 
tauopathies such as progressive supranuclear palsy (PSP) 
and few have even entered the Phase-1 trials for further 
evaluation [53]. 

4.3. Tau-focused Immunotherapy 

 Antibody-mediated immunotherapy has proven advanta-
geous over other therapeutics, mainly for their specificity 
towards the toxic species while preserving the normal func-
tioning of tau and its associated enzymes. These antibodies 
preemptively target tau phosphorylation sites, aggregation 
epitopes as well as toxic assemblies. The efficacy of these 
antibodies depends on their endocytosis by the cells, which 
then directs it to tau aggregates leading to the eventual deg-
radation of the tau-antibody complex by lysosomal mediated 
autophagy. Two different strategies are employed in tau im-
munotherapy, namely active and passive immunization. The 
active vaccine approach uses a self-generated antibody via 
stimulation of the host's immune system. Although conven-
ient and long-lasting, it is prone to auto-immune damage due 
to its low specificity. In contrast, passive immunization using 
monoclonal antibodies has fared better in terms of sheer effi-
cacy and specificity. A study by Carranza and his team dis-
played a significant reduction of toxic oligomeric tau species 
in Htau mice after the long term administration of tau oli-
gomer-specific mouse monoclonal antibody (TOMA) [54]. 
These oligomeric tau aggregates correlate better with cogni-
tive decline than NFTs and have been accepted as a suitable 
biomarker for tauopathy [54, 55]. 

 Tau-based immunotherapeutics are relatively new, and it 
is worth noting that most of the ameliorating effects de-
scribed have only been observed in pre-clinical models. 
Translating these studies in human trials face a long road 
ahead. Although with the advent of novel techniques, few 
drugs did manage to enter Phase I and Phase II trials [55]. 

4.3.1. ACI-35 

 It is an active vaccine consisting of 16-mer peptide and is 
administered via liposomal packaging. It contains tau residue 

at 393-408 and is phosphorylated at two sites on Ser396 and 
Ser404. In vivo trials with transgenic mice models, C57BL/6 
and P301L resulted in IgG with high specificity towards the 
phosphorylated tau compared to physiologically normal tau; 
however, the effect of Ser404p tau was not significant, un-
like Ser396p. Studies also highlighted the absence of glial 
scars and pro-inflammatory markers. It entered a Phase 1b 
trial in 2015 with the objective of testing its efficacy against 
mild to moderate AD patients [56, 57]. (Clinical Trial Identi-
fier: ISRCTN13033912). 

4.3.2. AADvac-1 

 It is a synthetic peptide derived from tau residues 294–
305, which got its epitope selected using the target site of 
DC8E8 monoclonal antibody. It is an active vaccine, which 
yielded positive results with a significant reduction of tau 
aggregates in pre-clinical trials. Phase-1 trials with an alum-
adjuvanted vaccine displayed IgG1 in 29 out of 30 patients. 
An ongoing Phase 2 study is also currently in progress  
with mild AD patients [43] (Clinical Trial Identifier: 
NCT02579252). 

4.3.3. BMS-986168 

 This passive immunization therapy uses a stem cell-
derived IgG4 monoclonal antibody. It targets the 9-18 amino 
acid portion of e-tau fragments (end-terminal fragments) 
obtained from familial AD patients. Preclinical studies re-
ported a decreased Aβ40 as well as interstitial tau species. 
Four clinical trials with BMS-986168 have been initiated 
since 2014. A multiple-ascending-dose Phase 1b trial with 
48 patients having PSP yielded a significant decrease in CSF 
e-tau and showed good tolerability [58]. Biogen also initi-
ated a randomized parallel-group Phase 2 trial with 654 pa-
tients displaying MCI, which is expected to run till the year 
2024 (Clinical Trial Identifier: NCT03352557). 

4.3.4. RG7345 

 It is a humanized monoclonal antibody, which shows 
specificity for phosphorylated tau at site Ser422, which is 
implicated in tau relocation towards the somatodendritic 
region. An experiment conducted in transgenic TauPS2APP 
mice showed a reduction of phosphorylated tau [59]. In 
2015, it entered a Phase 1 trial with 48 healthy participants 
for the assessment of its pharmacokinetics. However, the 
study was later discontinued for unknown reasons. (Clinical 
Trial Identifier: NCT02281786). 

4.3.5. C2N-8E12 

 This humanized IgG4 antibody targets the tau protein at a 
25-30 amino-acid site. In vitro studies displayed a reduced 
misfolding and propagation of tau aggregates when this anti-
body was administered [60]. In vivo studies by Yanamandra 
et al. also found positive results, with improved motor func-
tions, reduction of pathogenic tau and lowered brain degen-
eration [61]. It entered Phase 1 trials in 2015 with a single-
ascending dose test conducted on 30 PSP subjects, with re-
sults labelling it safe; however, the tolerability limit was not 
determined [43]. A Phase 2 trial has also been initiated in 
2016 with more than 400 early-stage AD participants for 
assessment based on several cognitive parameters. (Clinical 
Trial Identifier: NCT02880956). 
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4.3.6. LY3303560 

 Also known as Zagotenemab, this monoclonal antibody 
preferentially binds to tau clusters compared to monomers, 
possibly via its interaction with a conformational epitope 
region. Two Phase 1 trials were initiated on MCI patients by 
Eli Lilly in 2016 and 2017, respectively, with the goal of 
CSF antibody level assessment and evaluation of the safety 
and pharmacokinetics of the drug. A Phase 2 trial has also 
been initiated in 2018, with 285 participants displaying a 
progressive decline in cognition for a minimum duration of 
six months [43]. (Clinical Trial Identifier: NCT03518073). 

4.3.7. UCB0107 

 Developed by UCB Biopharma, this monoclonal anti-
body targets 235–246 amino acid sites, which falls in the 
mid-segment of tau aggregates. Studies have implied that 
targeting the N-terminal segment of tau may result in non-
specific binding to degenerated tau fragments, which could 
hinder clearance and tau seeding. In 2018, UCB0107 entered 
Phase 1 trials with the aim of testing the efficacy and safety 
of single ascending doses in healthy male volunteers [43, 
62]. (Clinical Trials Identifier: NCT03464227). 

4.3.8. RO 7105705 

 It is a monoclonal IgG4 antibody, which possibly inter-
acts with the Ser409 phosphorylation site. Its research is 
sponsored jointly by AC Immune and Genentech and it is 
reported to bind N-terminals of all the conformers of tau, 
including monomers and oligomers. It entered Phase 1 trials 
in 2016, which compared the dosage effects on mild to mod-
erate AD subjects with placebo controls. (Clinical Trials 
Identifier: NCT02820896). A Phase 2 trial also started in 
February 2019, screening its efficacy on moderate AD pa-
tients and is expected to be completed by June 2023 [43, 63] 
(Clinical Trials Identifier: NCT03828747). 

4.3.9. JNJ-63733657 

 This humanized monoclonal antibody shares a similar 
mechanism with UCB0107, targeting the mid-region of tau 
aggregates and removes tau spread and seeding. It entered 
Phase 1, in 2017, testing its tolerability and efficacy in 64 
patients with AD phenotype and healthy subjects [43] (Clini-
cal Trials Identifier: NCT03375697). 

5. NEUROPROTECTION BASED THERAPY 

 This type of therapy is aimed at potentiating the intrinsic 
pro-survival signaling that prevents the cells from all kinds 
of degenerative cascades, making the cells less vulnerable to 
accumulating damages. With respect to AD, it includes tar-
geting as well as reversing the destructive effects of Aβ, 
NFT, inflammation, etc. and restoring synaptic plasticity, 
inhibiting the pro-apoptotic signals, preventing the excito-
toxic effects of Ca2+ ion dyshomeostasis, etc. The main high-
lights that shall be covered here are neurotrophin (NT) recep-
tors that regulate various pro-survival and pro-apoptotic 
pathways. It uses a wide array of ligands belonging to NT 
families such as brain-derived neurotrophic factors (BDNFs), 
nerve growth factors (NGFs), neurotrophin-3 (NT-3), etc. 
which bind to one of the two types of NT receptors, namely, 
tyrosine kinase receptors (Trks) and p75 neurotrophin recep-

tors (p75NTR). The same NT family can co-activate both of 
these types of receptors; however, different isoforms of Trk 
get activated by only certain NTs, an example being TrkB 
having the ligand BDNF. 

 It is plausible that Aβ binds to these neurotropic receptors 
and initiate cascading events leading to cell death. Inhibiting 
such interactions by blocking these receptors without dis-
rupting the normal physiology is challenging. However, re-
cent clinical trials have yielded promising results. 

5.1. p75NTR Based Therapy 

 The receptor p75NTR is activated differentially by a 
wide variety of NT molecules, which results in the activation 
of multiple downstream pathways such as c-Jun N-terminal 
kinases (JNKs), caspase, etc., leading to either pro-survival 
signals such as synaptic stability, or degenerative signals 
such as synaptic pruning. In AD, the degenerative signaling 
becomes dominant as the p75NTR levels rise and the activat-
ing molecules such as pro-NGF levels also increase, which 
explain the early degeneration of p75 expressing cells [64-
67]. The therapy is thus focused on shifting the balance from 
degenerative to pro-survival signaling. The use of p75 an-
tagonists in pre-clinical trials has proven efficacious and is 
supported by the experiments where transgenic mice lacking 
p75 receptors showed a reduction of Aβ induced degenera-
tion [68-70]. Two key drugs, namely LM11A-24 and 
LM11A-31, have been shown to increase cognition and de-
crease NFT levels leading to a reduction in the degeneration 
of cholinergic neurons of the basal forebrain. This positively 
affected Aβ induced degeneration as well as Aβ induced tau 
phosphorylation and minimized the Aβ induced CREB and 
AKT inhibition, which is vital for proper synaptic function 
[71] (Fig. 3). Targeting p75 for anti-tau therapy also has an 
added benefit as it affects the action of multiple tau phos-
phorylating kinases without directly inhibiting them and dis-
rupting their normal function [72]. 

5.2. Trk Based Therapy 

 Trk receptor family includes TrkA, TrkB and TrkC, 
which are differentially expressed in multiple brain regions 
such as the entorhinal cortex, hippocampus, basal forebrain, 
etc. They are activated by different families of NTs. TrkB 
and TrkC play important roles in various survival pathways, 
including synapse stabilisation, synapse function, plasticity, 
LTP, etc. It has been observed that natural agonists of these 
receptors, such as BDNF (TrkB agonist), progressively de-
cline in the ageing brain and neurodegenerative disorders 
such as AD. Reduced signaling of these molecules has been 
associated with major hallmarks of AD, such as Aβ aggrega-
tion, NFTs, etc [73-75]. This has invoked attempts to in-
crease the levels of BDNF in patients; however, its low BBB 
permeability and poor stability have made it a challenging 
task for researchers [76]. Adopting different diets and physi-
cal exercise have shown to positively influence BDNF lev-
els. However, the cognitive benefits imparted by these meas-
ures are still under question. Interestingly, a study demon-
strated that enhancing BDNF levels in mouse models via 
exercise is effective in combination with induced neurogene-
sis in the adult hippocampus [77-81]. Therefore drugs that 
act as a direct agonists to Trk receptors such as 7, 8-DHF 
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and LM22A-4, which can simulate BDNF effects, have 
caught the attention of researchers. LM22A-4 has shown 
similar neuroprotective effects, such as activating synapse 
functioning pathways (AKT and CREB) [82, 83]. Targeting 
TrkA receptors, on the other hand, imparts neuroprotection 
to the cholinergic cell population in the basal forebrain [84]. 
TrkA ligands such as D3, positively affect the AKT signaling 
in the hippocampus region, reduced Aβ levels and show im-
provement in short-term memory [85]. Another TrkA agonist 
MT2 also is reported to increase cell survival and reduction 
in amyloid genesis [86]. 

5.3. Modulating the JNK Pathway 

 JNKs are a family of protein kinases, which activated 
during stress signals and involved with plasticity, cell apop-
tosis, senescence, etc. Studies suggest that Aβ aggregates 
may activate this pathway, especially the JNK3, which re-
sults in early degeneration of neuronal cells via activation of 
apoptotic signals. Its role in generating NFTs via tau phos-
phorylation has also been suggested [87-89]. Thus, potential 
therapies include inhibition of Aβ activated JNK down-
stream signaling. JNK inhibitors such as bentamapimod, 
tanzisertib, D-JNKi1, etc., have been previously used for 
non-AD diseases, but are now underway for getting repur-
posed to see the effect on AD patients [90]. Moreover, ex-
perimental data on JNK inhibitors have shown promising 
results for AD in pre-clinical models. Novel drugs such as CEP-
1347 and SP600125 have improved cognition in mouse models 
as well as lowered Aβ induced cell degeneration [91-93]. 

6. CHOLINERGIC NEUROTRANSMISSION BASED 
THERAPY 

 Acetylcholinesterase (AChE) is a type of serine hydro-
lase found at the neuromuscular junctions and also at the 
cholinergic synapses in the brain. The biological role played 
by it is in the termination of impulse transmission at cho-
linergic synapses followed by rapid hydrolysis of the neuro-
transmitter acetylcholine (ACh) to acetate and choline. In the 
mammalian brain, the majority of AChE occurs as a 
tetrameric G4 form, while a marginal quantity exists as the 
monomeric G1 form [94]. 

6.1. Targeting Acetylcholinesterase 

 Anti-cholinesterases are a class of drugs that inhibit cho-
linesterase enzyme from breaking down ACh and this leads 
to an increase, both in the level and duration of the neuro-
transmitter action. According to the mode of its action, 
AChE inhibitors are divided into two groups: irreversible 
and reversible. Reversible inhibitors, whether competitive or 
non-competitive, have therapeutic applications, while toxic 
effects have been associated with irreversible AChE activity 
modulators. Irreversible inhibitors of AChE are known to 
result in convulsions, muscular paralysis, bronchial constric-
tion and even death by asphyxiation. Inhibition of AChE 
activity helps in maintaining the ACh level by decreasing 
ACh breakdown rate. Therefore, they help in boosting up the 
cholinergic neurotransmission in regions of the forebrain, 
which compensates the loss of functioning neurons [94]. 

 

Fig. (3). Inhibition of neurotrophin receptor p75 by LM11A-24 and LM11A-31 which disrupts the various apoptotic signaling pathways.  
(A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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6.1.1. Donepezil 

 It is a selective and reversible AChE inhibitor that func-
tions after binding to the peripheral anionic site. It shows 
both symptomatic and causative effects in the treatment of 
AD, possibly by modulating Aβ levels, as seen in animal 
studies [95]. It is an approved treatment for Alzheimer’s and 
is used to treat mild to moderate form of AD. Donepezil also 
improves cognitive function in patients with severe AD 
symptoms. The drug is found in both the forms of tablet and 
oral solution that easily cross the blood-brain barrier with a 
slow rate of excretion. It has a half-life of about 70 hours, so 
it is prescribed to take it once a day. Tablets are available in 
5 and 10 mg dose strengths and the maximum dose is 23 mg 
per day. Adverse effects include gastrointestinal problems, 
as well as an increase in cardiac vagal tone, causing brady-
cardia [94]. 

6.1.2. Rivastigmine 

 It is a powerful and low-reversible carbamate inhibitor 
that functions by blocking the cholinesterase activity after 
binding to esteratic part of the active site. It has been intro-
duced in Phase 3 clinical trials under the support of Novartis 
Pharma [2]. Rivastigmine inhibits both BuChE (Butyrylcho-
linesterase) and AChE, unlike donepezil. It is used for the 
treatment of mild-to-moderate forms of AD. The drug can be 
administered orally in the form of capsules and liquid, pro-
viding a good absorption with the bioavailability of 40% in 
the 3 mg dose. It gets eliminated easily through urine and 
shows few drug-to-drug interactions. Treatment with rivas-
tigmine has beneficial effects in the treatment of AD but has 
also been shown to negatively impact cognitive function. 
Side effects prevail with the cholinergic actions of the drug 
that include nausea, vomiting, diarrhea, anorexia, headache, 
syncope, abdominal pain and dizziness [94]. 

6.1.3. Galantamine 

 It is an alkaloid that is isolated from the plant Galanthus 
woronowii. It is a selective, competitive as well as rapidly 
reversible inhibitor of AChE that interacts with the anionic 
subsite and the aromatic gorge. Galantamine also induces 
modulation because it is an allosteric ligand at nicotinic cho-
linergic receptors. Cognitive impairment in Alzheimer’s cor-
relates with loss of nicotinic receptors and this particular 
effect appears to be a positive point for the treatment. Ab-
sorption of galantamine is rapid, with oral bioavailability 
lying between 80 and 100% and with seven hours half-life. 
Treatment is initiated with a 4mg dose twice in a day, which 
is increased gradually. Side-effects include severe gastroin-
testinal symptoms [94]. 

6.1.4. Tacrine 

 It is an aminocridine that specifically interacts with the 
subtypes of muscarinic and nicotinic receptors. It shows a 
reversible activity and gets easily absorbed. It gets cleared by 
the liver during the metabolic process but with low bioavail-
ability of 2% to 3% when administered orally. Multiple doses 
of tacrine increase its half-life from 1.4 to 3.6 hours. Patients 
who were on the effective dosage of the drug showed elevated 
alanine aminotransferase (ALT) than the upper limit [2]. 

6.1.5. Metrifonate 

 It carries an irreversible activity, which leads to an in-
crease in its bioavailability in the CNS. It has reached Phase 
3 clinical trials for further evaluation. Its mechanism of ac-
tion relies on its hydrolysis product 2, 2 - dimethyl di-
chlorovinyl phosphate (DDVP), which binds to the catalytic 
sites of the enzyme for AChE inhibition. It evades the cyto-
chrome P50 system in plasma and gets absorbed and distrib-
uted in the brain rapidly [2]. 

7. USE OF ANTI-INFLAMMATORY DRUGS FOR 
ALZHEIMER’S DISEASE 

 Altered inflammatory response leading to neurodegenera-
tion has long been studied in AD and their cross-talk with 
the glial cells has been well implicated in its pathogenesis. 
Studies have reported elevated levels of cytokines such as 
TNFα in the AD brain compared to healthy controls, which 
might downstream a cascade of disruptions in brain metabo-
lism. It is still debatable whether this anomaly is an effect or 
a cause leading to AD. Epidemiological data suggest that the 
majority of AD cases are not familial but sporadic in nature 
and this has prompted researchers to undertake rigorous ge-
netic screening for identifying the risk genes and associated 
variants. Several studies have demonstrated that certain 
GWAS genes such as TREM2, CLU, EPHA1, CR1, ABCA7 
that are expressed in microglia are highly upregulated in AD 
condition, which again suggests a strong link to neuro-
inflammation. Triggering receptor expressed on myeloid 
cells 2 (TREM-2) is strongly associated with AD and is pos-
sibly a hub gene, regulating a network of other downstream 
processes. This is supported by the fact that mutations in it, 
confer a significant risk almost comparable to the widely 
known APOE ε4 allele. In congruence with this, a study by 
Sierksma et al. demonstrated the altered microglial expres-
sion of a few genes (PC2, TREML2, SYK, GRN, SLC2A5, 
etc.) in response to Aβ interaction and hinted that their ef-
fects may be additive which explains their low genome-wide 
significance. Thus, it is important to understand the function 
and downstream regulation of these genes, which could add 
to the arsenal of effective therapeutics against AD [96, 97]. 

 The role of microglia is quintessential, from clearing the 
local debris to mediating brain immune response. Generally, 
microglia stay in a quiescent stage and probe the brain for 
pathogens and cell debris. Once such an encounter happens, 
it induces a transition in its morphology, leading to activated 
microglia state. Although not in consensus, it is believed that 
in the active state, microglia can adopt a differential charac-
teristic, either taking part in anti-inflammatory (M2) or pro-
inflammatory (M1) signaling. M2 state of microglia is neu-
roprotective in nature, secreting a number of growth factors 
such as glial-derived neurotrophic factors (GDNF), BDNF 
and nerve growth factors. In juxtaposition to this, M1 state 
releases inflammatory mediators as well as free radicals such 
as ROS, which can cause a number of insults to the sur-
rounding brain region. In AD, Aβ has been shown to interact 
with microglia and take part in its activation, exacerbating 
the inflammatory response [98]. 

 Based on the aforementioned role of neuroinflammation 
in AD, researchers have explored the role of anti-
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inflammatory drugs as a potential treatment option. Several 
classes of non-steroidal anti-inflammatory drugs (NSAIDs) 
have been designed and have garnered attention for their 
dual role in functioning as GSMs. In vivo experiments have 
shown that NSAIDs could repress glial activation and cyto-
kine-induced neuroinflammation. Ibuprofen is a well-known 
NSAID which decreased Aβ plaques and repressed glial ac-
tivation in animal studies. However, recent meta-analysis 
questioned its efficacy for its lack of any significant associa-
tion to cognitive benefit in humans. Other related NSAIDs 
such as Tarenflurbil and Celecoxib have undergone Phase 3 
trials; however, results have mostly been negative. Apart 
from NSAIDs, glucocorticoids have also been investigated 
for their anti-inflammatory properties. In vitro and in vivo 
studies displayed lowered NOS production from microglia as 
well as decreased Aβ concentration. This, however, failed to 
show significant benefits in human trials, just like NSAIDs. 
These studies indicate that there is much room for improve-
ment for anti-inflammatory therapy especially with evidences 
piling up indicating the role of microglial genes in AD 
pathophysiology [98-100]. 

8. NUTRACEUTICALS AND DIETARY INTERVEN- 
TIONS 

 Although the therapeutic potential of the discussed drugs 
in clinical and pre-clinical trials is undisputed, their benefits 
are not without complications and drawbacks. For instance, 
most of the tested histone acetylase inhibitor compounds 
carry toxic side-effects [101]. Hence, the current paradigm 
shift towards the natural products and their derivatives has 
driven a multitude of researches to analyse their efficacy on 
patients (Table 1). These natural compounds are well toler-
ated with minimal or no side effects. They are easily obtain-
able and have good bioavailability. Due to their important 
therapeutic roles, it is quintessential to take nutrition into 
account during the dietary supplementation in pre-clinical as 
well as clinical studies as it can lead to inconsistency in re-
sults. Individual dietary patterns differ from individual to 
individual and have given incentives to reconsider previ-
ously done epidemiological studies without nutrition ad-
justed controls. 

8.1. Resveratrol 

 It is a polyphenolic compound that is commonly ex-
tracted from grapes, blueberries, peanuts, etc. It is a phytoa-
lexin in nature, i.e., it is released in response to pathogens 
that infect them. Known for its antioxidant properties, it has 
been the focus of many researchers for its ameliorating effect 
on cancer, cardiovascular diseases and neurodegenerative 
diseases such as AD. Recent studies have highlighted its 
effect on the upregulation of SIRT1, a member of sirtuin 
proteins, which plays an important role in ageing and vital-
ity. SIRT1 signals various neuroprotective pathways that aid 
in Aβ clearance and aggregation, ROS scavenging, and fa-
cilitation of synaptic plasticity involved in learning, memory 
and autophagy induction [102-104]. This has been supported 
by various in vivo and in vitro trials, such as the one carried 
out by Zhao et al., where it was shown that resveratrol fed 
rats had a marked reduction in Aβ1-42 level in the hippo-
campus [105]. Another study showed a reduction in micro-

glial inflammation using a resveratrol diet, which plays an 
important part in ROS induced degenerative cascade [106]. 

8.2. Curcumin 

 Curcumin belongs to a family of compounds known as 
polyphenolic curcuminoids. This natural, yellowish chemical 
is extracted from Curcuma longa tubers and has been widely 
used in various industrial sectors, ranging from cosmetics to 
the food industry for its anti-oxidant and anti-inflammatory 
properties. Its effect in in vitro and in vivo experiments have 
shown that it is a strong candidate against AD, following its 
inhibition of AchE and Beta-secretase 1 (BACE1) [107]. It 
also works against Aβ oligomerization, possibly via the inhi-
bition of PSEN1 activation [108]. This candidate, however, 
needs further investigation due to it being less stable and 
with low bioavailability [109]. 

8.3. Vitamin B 

 Vitamin B plays an important role in the homocysteine-
methionine cycle, which includes the generation of S-
adenosylmethionine, a key substrate for the methylation of 
DNA [110, 111]. DNA methylation epigenetically regulates 
gene expression, which is relevant because epidemiological 
studies have linked AD patients with less methylated DNA, 
leading to over-expression of AD-related genes [112]. 
Among vitamin B family, vitamin B6, B9 and B12 supple-
mentation have especially been shown with ameliorative 
properties [113, 114]. However, contrary results have also 
been shown, in that the intake of only vitamin B is not very 
efficient in reducing dementia-like symptoms [115]. Even 
though conflicting data is there, this does not undermine the 
therapeutic potential of vitamin B supplementation in AD as 
further validations are still under process. 

8.4. Other Vitamins 

 Although not strongly correlated, vitamin C, D and E 
also have gained traction following epidemiological studies 
[116]. Vitamin D has been reported to be low in AD patients 
and linked with dementia and cognitive deficiency. Its role 
has been implicated in amyloid plaque clearance, anti-
inflammation, reducing oxidative stress and offering neuro-
protection mediated by vitamin D receptors (VDR) [117]. 
Vitamin E, like others, has also been reported to have low 
CSF concentration in AD patients. Its therapeutic potential 
has been recognised for its anti-oxidative role, having shown 
reduced ROS induced damage in animal models [118]. Vi-
tamin C, on the other hand, has been reported for its epige-
netic regulation of AD-related genes and ROS scavenging 
property [119]. 

8.5. Genistein 

 Genistein belongs to the isoflavone group. It is a dietary 
component rich in plants belonging to the Leguminosae fam-
ily. It has been the research focus for its protective role in 
cancer, cardiomyopathies as well as neurological diseases 
[120, 121]. The most interesting aspect of genistein is its 
similarity to estrogen through which it imbibes its neuropro-
tective effects. Estrogen rapidly declines in women after the 
menopause. This has been correlated with higher than aver-



894    Current Neuropharmacology, 2020, Vol. 18, No. 9 Ghosh et al. 

age AD cases in post-menopausal women when compared to 
men. This has also been supported by symptomatic relief 
brought about by estrogen therapy in AD patients. However, 
the results are not without its harmful side-effects, and in 
some cases, have also been oncogenic in nature [122, 123]. 
Hence, genistein, with its low side-effects, could serve as a 
potential alternative and even act as a selective agonist to 
estrogen receptors specifically located in the hippocampal 
region involved in learning and memory [124]. Genistein has 
also been shown to reduce Aβ generation and Aβ induced 
toxicity via modulating the protein kinase C pathway (PKC) 
and downregulating β-secretase activity [125]. 

8.6. Calorie Restriction Diet 

 Changing dietary regimes could have a profound effect in 
combating various degenerative diseases. Calorie restricted 
(CR) diet has long been shown to slow down the effects of 
ageing and Alzheimer's in animal models as well as humans. 
A reduction of 20-40% in daily calorie intake, which in-
cludes decreasing the amount of proteins, carbohydrates and 
fats (without undernourishment due to lack of essential mi-
cronutrients), has resulted in a multitude of benefits. In some 
cases, it increased the lifespan of rats up to 30% and also 
improved insulin resistance [126]. In AD mouse models, 

Table 1. List of emerging nutraceutical compounds for treatment of Alzheimer's disease. 

Nutraceutical  
Compounds 

Type/Effect Mechanism of action Model Used/Mode 
of Study 

Source  Refs. 

Curcumin 
(curcuminoid) 

Neuroprotective; Reduced Aβ 
oligomerization and aggregation; 

Reduction of Tau phosphorylation; 
Reduced ROS induced damage 

BACE1 inhibition; AchE 
inhibition 

- Curcuma longa plant [136] 

Resveratol 
(Stilbenoid) 

Anti-oxidant; Neuroprotective; 
reduced Aβ plaques 

SIRT1 activation; AMP-
phosphokinase pathway 

activation 

Tg19959 mice Grapes, peanuts,  
blueberries, red  

wine etc. 

[137, 138] 

Quercetin 
(Flavonol) 

Reduced Aβ induced toxicity; 
Anti-taupathic; Improved Long-

term and spatial memory 

Modulates pro-apoptotic 
signaling and increases  

cell survival 

3xTg-AD mice Ubiquitous among a 
variety fruits and 

vegetables such as 
onions, berries etc. 

[139] 

Dihydromyricetin 
(DHM)/ Ampelopsin 

(AMP) (flavanol) 

Anti-inflammatory; Improved 
learning skills 

Modulates AMPK/SIRT1 
signaling  

Sprague Dawley 
(SD) male rats 

Found majorly in 
Ampelopsis plants 

[140] 

Catechin 
(flavanol) 

Anti-oxidative; Anti-inflammatory Free radical scavenging; 
Metal ion chelation  

Clinical trials 
(Longitudinal) 

Green tea [141] 

Taurin Reduced Aβ induced toxicity; 
Improved cognitive skills 

Binds to oligomeric Aβ C57Bl/6 mice Animal products such 
as meat and dairy 

[142] 

Anthocyanin Suppressed Aβ1–42 cytotoxicity Inhibition of co-
chaperonin GroES fibrills 

Neuro2a cells  
(in vitro)  

Bilberry (Vaccinium 
myrtillus anthocya-

noside (VMA)) 

[143] 

Tannic Acid Reduced β-amyloid oligomer 
deposits; Enhanced cognition 

Inhibition of β-secretase 
function 

PSAPP mouse Flowering Plant 
sources such as Rhus 

semialata 

[144] 

Arjunolic Acid Neuroprotection Anti-cholinesterasic 
(AChE and BuChE)  

activity 

- Combretum leprosum 
roots 

[145, 146] 

Ferulic Acid 
(hydroxycinnamic 

acid) 

Anti-β-Amyloid effect β-secretase modulator PSAPP mice  
(in vivo) and N2a 
cell line (in vitro) 

Ubiquitous among a 
variety of plant cell 
walls, such as flax 
seeds, barley etc. 

[147] 

Genistein Anti-β-Amyloid effect Inhibits ubiquilin 1 which 
downregulates presenilin 1 

expression 

Daudi, Jurkat, 
U937 and 

K562 cell lines 

Leguminous plants; 
soybean products 

[148] 

Mangiferin Reduced NFT aggregates; anti-
inflammatory; improved episodic 

and spatial memory 

- APP/PS1 mice Mangifera indica [149] 

 



Therapeutic Strategies in AD Current Neuropharmacology, 2020, Vol. 18, No. 9    895 

Table 2. List of different therapeutic drugs for combating Alzheimer's disease. 

S. 
No. 

Name of Drug Action of Drug Clinical 
Status 

Models Effects Refs. 

1. CPC-201 
(Donepezil + 
Solifenacin) 

Acetylcholine-
neurotransmitter based 

Phase 2 Patients with AD type 
dementia  

Cholinergic signaling is 
improved  

[150] 

2. Galantamine Anti-cholinesterase, 
Allosteric modulator of 

nAChRs 

FDA approved Patients with dementia 
related to cerebrovascular 

disease 

Prevent and slow down 
the symptoms 

[151] 

3. Bisnorcymserine Anti-
Butyrylcholinesterase, 
amyloid protein pre-

cursor inhibitor  

Phase 1 AD patients above 55 years 
of age 

Neurotransmission of 
acetylcholine  

[152] 

4. TRx0237 
(LMTX) 

Anti-tau Phase 3 Patients with mild form of 
AD up to 89 years of age  

Inhibits misfolded tau 
protein aggregation 

[153] 

5. NP001 Anti-inflammatory  Phase 1 Neuroinflammation in mild 
to moderate form of AD 

patients 

Activates the immune 
system  

[154] 

6. Solanezumab Anti-amyloid Phase 3 Mild dementia in patients 
due to AD 

Slow down cognitive 
decline and decrease 

fibrillary plaques  

[155] 

7. BAN2401 
  

Anti-amyloid immuno-
therapy 

Phase 3 Transgenic mouse models Reduction amyloid beta 
protofibrils, cognitive 
decline and APOE4 

[156] 

8. Candesartan  Neuroprotective, glial 
cell functions 

FDA approved Spontaneous hypertensive 
rats  

Targets on vascular func-
tioning, angiotensin II 
type 1 receptor blocker 

[157] 

9. ANAVEX2-73 Anti-tau, metabolic High dose – 
Phase 2, 

Mid dose -
Phase 3 

In-vivo mouse models of 
AD 

Reduce tau phosphoryla-
tion and cell signaling is 

improved  

[158] 

10. Bryostatin-1  Anti-amyloid, prevent 
tumor growth 

Phase 2 Mild to moderate form of 
AD in patients 

Improved cellular proc-
esses 

[159] 

11. Donepezil  Anti-cholinesterase FDA approved Mild to moderate form of 
AD in patients 

Slow down the symptoms 
of AD 

[160] 

12. Memantine Glutamate – NMDA 
receptor antagonist 

FDA approved  Moderate to severe form of 
AD in patients 

Slow down the symptoms 
in learning and memory 

pathways  

[161] 

13. Formoterol Metabolic  Phase 2 Ts65Dn Mouse model  Improvement in multicel-
lular pathways 

[162] 

14. hUCB-MSCs Regenerative   Phase 1 Zebrafish, murid rodents, 
nonhuman primates and 

invertebrates such as Dro-
sophila and C elegans 

Regenerating neurons, 
proliferation of K562 (an 
erythromyeloblastoid cell 

line) and the cytokine 
secretion pattern 

[163] 

15. Semorinemab Anti-tau monoclonal 
antibody 

Phase 2 Mouse models and clinical 
patients of AD 

Targets N-terminus of all 
six isoforms of human 

type tau 

[164] 
[https://clinicaltrials.
gov/ct2/show/NCT0

3828747] 

(Table 2) contd…. 
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S. 
No. 

Name of 
Drug 

Action of Drug Clinical 
Status 

Models Effects Refs. 

16. STA-1 Neuroprotective Phase 2 Patients with vascular dementia, 
Caenorhabditis elegans 

Reduction in oxidative stress [165] 

17. Probucol Neuroprotective, anti-
inflammatory 

Phase 2 Aged male rats (26 months old) Synaptic functions improve and 
APOE gene activity is induced 

[166] 

18. DAOIB Neurotransmitter-NMDA 
based  

Phase 2 Behavioral and psychological 
patients of AD  

NMDA activity is enhanced [153] 

19. Ifenprodil Neuroprotective  Phase 1 In-vitro and in-vivo models  NMDA receptor antagonist -inhibits 
receptors containing NR2B subunits 

[167] 

20. Riluzole  Neuroprotective, inhibits 
release of glutamic acid  

Phase 2 5XFAD Transgenic mouse 
models of familial AD  

Protection of neurons in brain  [168] 

21. Saracatinib Anti-tau based therapy Phase 1 Transgenic mouse models Fyn kinase inhibitor to inhibit synap-
totoxicity 

[49] 

22. Morin Interacts with nucleic acids, 
proteins and enzymes  

- Rats Acts on free radicals, reduces oxida-
tive stress and hyperammonemia 

[169] 

 

CR was able to enhance cognitive abilities, attenuate Aβ 
plaques in various brain regions and reduce NFT generation. 
The results have mostly remained consistent in different 
mouse strains indicating that CR diet working is not linear 
and regulates multiple causative factors in AD [127-129]. 

CONCLUSION 

 The past decade has seen a multitude of attempts to push 
forward the seemingly stagnant status quo in Alzheimer's 
disease research. While pinpointing the exact aetiology of 
the disease is important, it is still conceivable to plan inter-
ventions based on our limited understanding of AD. Still, we 
do not know much about the perinatal conditions [130] that 
can aggravate or program the body of an individual to de-
velop neurodegenerative disorders later in life [131]. AD is 
multifactorial in nature and raises the question of the feasi-
bility of finding a miraculous all-curing drug. This has led to 
an array of prophylactic measures, targeting numerous as-
pects of AD at its various stages of severity (Table 2). Such 
measures include glutamatergic approaches tackling the ex-
citotoxicity, anti-amyloid and anti-tau based medications 
acting on extracellular and intracellular aggregates, respec-
tively. Further, cholinergic based approaches that reduce the 
degradation of cholinergic neurons have also been tested. 
Techniques that enhance neuroprotective signaling and anti-
inflammatory medications also have been shown to be prom-
ising (Table 2). While these pharmacological approaches have 
undeniable benefits, alternative means of treatment such as 
nutraceuticals and lifestyle changes resulting in epigenomic 
maintenance [132] have also grasped attention for their rela-
tively lower side-effects (Table 1). How efficacious these 
measures are and whether they are limited to symptomatic 
relief is yet an open-ended question that needs rigorous clinical 
and pre-clinical trials to unveil any meaningful answer. 

 It is worth pointing out that mitigating AD induced  
damage via pharmacological interventions relies heavily on 
its early detection. As yet, no biological marker for AD has 

been approved for clinical diagnosis. A plethora of molecu-
lar and imaging tools have spurted out in recent years, which 
could gauge the subtle changes that occur years before the 
onset of this disease. These methods, however, are still in 
their preliminary stage and their reliability is still under veri-
fication. It is known that the two major hallmarks of AD, viz, 
amyloidosis and tauopathy precede the behavioral identifiers 
by many decades, such as MCI. The screening methods usu-
ally employed include CSF assessment and PET imaging 
techniques. These diagnostic tools are considered as the gold 
standard for affirming the AD pathology in both asympto-
matic as well as MCI patients. However, their exorbitant cost 
and invasiveness have incentivized researchers to look for 
other novel techniques, which could effectively identify di-
agnostic markers unique to neurodegeneration. Screening 
plasma-based biomarkers are relatively easy, takes less time 
and is a lot less invasive. A recent plasma-based amyloid-
assay has already shown some efficacy in amyloidosis as-
sessment years before the onset of symptoms. Identifying tau 
based biomarkers, on the other hand, has been challenging as 
tauopathy is not unique to AD, as previously discussed. 
Notwithstanding, a tau fragment, which is phosphorylated at 
181 residues (P-tau181), has shown to reliably predict the 
onset AD [133]. Aside from its robust diagnostic features, 
recent studies have also validated it as a good prognostic 
marker, with higher P-tau181 levels correlating effectively 
with the risk of developing dementia [133, 134]. Thus, 
plasma-based biomarkers could be a turning point in AD 
therapeutics even at the prodromal stage [135]. There is one 
major caveat, however. Neurodegeneration often precedes 
cognitive deficit and it would appear counter-intuitive for the 
population to undergo screening for AD detection before the 
onset of any symptoms. Perhaps, assessment of individual 
genetic risk profile combined with a routine check-up for 
approved markers in the future could offer a solution. The 
experiments in the drug discovery endeavors and further 
refining the strategies of contemporary and conventional 
diagnosis would help. Additionally, changes in strategies 
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involved in drug designing, understanding the disease path-
ways and drug targets would also contribute to finding a pos-
sible cure for AD. 

LIST OF ABBREVIATIONS 

ACh = Acetylcholine 

AChE = Acetylcholinesterase 

AD = Alzheimer’s disease 

APP = Amyloid precursor protein 

ARIA = Amyloid-related imaging abnormalities 

Aβ = Amyloid beta 

BACE1 = Beta-secretase 1 

BDNF = Brain-derived neurotrophic factor 

BuChE = Butyrylcholinesterase 

CR = Calorie restriction 

DDVP = 2, 2 - dimethyl dichlorovinyl phosphate 

EAAT = Excitatory amino acid transport channel 

GDNF = Glial derived neurotrophic factor 

GlcNAc = N-acetyl glucosamine 

GLT-1 = Glutamate transporter-1 

GlyT1 = Glycine transporter-1 

GSI = γ-secretase inhibitor 

GSK-3β = Glycogen synthase kinase - 3β 

GSM = γ-secretase modulator 

JNK = C-Jun N-terminal kinase 

LOAD = Late onset Alzheimer's disease 

LTD = Long-term depression 

LTP = Long-term potentiation 

mAb = Monoclonal antibody 

MAP = Microtubule associated protein 

MCI = Mild Cognitive impairment 

NFT = Neurofibrillary tangle 

NGF = Nerve growth factor 

NICD = Notch Intracellular Domain 

NSAID = Non-steroidal anti-inflammatory drug 

NT = Neurotrophin 

NT-3 = Neurotrophin-3 

OGA = O-GlcNAcase 

p75NTR = P75 neurotrophin receptor 

PET = Positron emission tomography 

PKC = Protein kinase C 

PSP = Progressive supranuclear palsy 

P-tau181 = Phosphorylated tau181 

ROS = Reactive oxygen species 

TOMA = Tau oligomer-specific monoclonal anti-
body 

TREM-2 = Triggering receptor expressed on myeloid 
cells 2 

Trk = Tyrosine kinase receptor 

VDR = Vitamin D receptor. 

VGluT1 = Vesicular glutamate transporter-1 

VGluT2 = Vesicular glutamate transporter-2 
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