Tocci et al. Alzheimer's Research & Therapy
https://doi.org/10.1186/513195-025-01706-w

(2025) 17:60

Alzheimer's Research &
Therapy

: : o e ®
Beyond expectations: investigating nilotinib’s =

potential in attenuating neurodegeneration

in alzheimer’s disease

Darcy Tocci', Maiah Fogel?, Vanya Gupta', Peter Kim', Jean Latimer', Aida Adlimoghaddam**?, Lisa S. Robison® and

Benedict C. Albensi"’#"

Abstract

for improved efficacy and safety profiles.

Neurodegenerative diseases, such as Alzheimer’s disease (AD), pose a formidable global challenge. While
therapeutic options are available, their limitations are significant, necessitating the development of innovative
treatment approaches. Here, we highlight the importance of repurposing drugs and discuss the future of drug
treatments for AD. We review the potential of tyrosine kinase inhibitors (TKI) for mitigating AD pathology and
symptoms, as well as neurodegenerative processes more broadly. We focus on nilotinib, a selective BCR-ABL
tyrosine kinase inhibitor, which has unique mechanisms of action involving the modulation of cell responses and
removal of toxic proteins associated with AD pathogenesis. Encouraging studies have demonstrated its efficacy,
calling for further investigation through clinical trials to assess its potential in various neurodegenerative conditions.
However, despite these promising preclinical findings, no clinical studies have yet conclusively demonstrated its
efficacy in treating AD. Considering the future directions in AD research, personalized medicine approaches hold
promise by incorporating patient-specific factors, including sex and gender differences, to tailor nilotinib treatment
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Introduction

Alzheimer’s disease (AD) constitutes the foremost con-
tributor to dementia cases, with symptoms that include
cognitive impairment in domains of memory, thinking,
and language abilities, as well as the inability to indepen-
dently carry out activities of daily living [1]. An estimated
6.2 million elderly individuals aged 65 and above are cur-
rently living with AD in the United States [2]. It is esti-
mated that 9.3 million individuals in the United States
will be affected by AD by the year 2060 [3], highlighting
the need for more effective treatment strategies. AD is
a complex neurodegenerative disorder characterized by
the accumulation of amyloid beta (AP) plaques and neu-
rofibrillary tangles (NFTs) within the brain, consequently
leading to neuronal damage (Fig. 1) [4]. The generation of
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Fig. 1 Schematic depicting glial cell AR clearance. AD is characterized by A accumulation, which can cause reactive gliosis in the brain. Nilotinib has
been shown to have anti-inflammatory effects and to protect neurons from reactive microglia-induced inflammatory damage. (A) To protect neurons
from injury by AB, microglia form a physical barrier around the AR plaque. (B) Microglial proteases cause AB degradation and increase AP clearance. (C)
Microglial phagocytosis is enhanced by targeting the receptors and pathways involved in this response. (D) Anti-inflammatory cytokines promote mi-
croglial phagocytosis and AR clearance, whereas proinflammatory cytokines inhibit phagocytosis. (E) Astrocytes can be activated by cytokines secreted

by microglia. (F)
Available under Creative Commons BY 4.0 license

insoluble protein aggregates in the form of AP plaques,
caused by abnormal cleavage of the amyloid precursor
protein (APP), primarily occurs extracellularly [5]. Con-
versely, hyperphosphorylation of tau protein leads to
the collapse of microtubules, resulting in the formation
of intracellular NFTs [5]. Due to the complex nature of
AD and limited number of effective and safe treatment
options approved by the FDA, researchers are actively
exploring various molecular mechanisms as potential
targets for the development of novel drug therapies. This
review aims to explore the potential of repurposing nilo-
tinib, a selective BCR-ABL tyrosine kinase inhibitor orig-
inally developed for chronic myeloid leukemia (CML), as
a therapy for AD. By examining nilotinib’s mechanisms of
action, including enhanced autophagy and the reduction
of pathological protein aggregates, we evaluate its prom-
ise as a disease-modifying treatment for AD.

Current AD treatments

Presently, most FDA-approved drugs for the treat-
ment of AD, including acetylcholinesterase inhibitors
(AChEIs) and N-methyl-D-aspartate (NMDA) recep-
tor antagonists, serve to regulate symptoms rather
than modify disease processes [6]. These drugs address
the neurotransmitter imbalance associated with AD,

AR can cause microglia to become reactive and impair synaptic function. Reprinted from https://www.mdpi.com/2218-273X/13/2/313

employing mechanisms aimed at restoring equilibrium
and optimal neuronal functioning [7]. The approved
ACKhEIs for treating AD are donepezil, galantamine, and
rivastigmine [8]. AChEIs work (Fig. 2) by enhancing the
availability of acetylcholine in the synapse and have dem-
onstrated clinical effectiveness in slowing down cognitive
decline in individuals with AD [7].

Another treatment option that has been authorized
for moderate to severe AD is memantine, an NMDA
receptor antagonist with low-to-moderate affinity, which
functions via a noncompetitive mechanism of action [9].
Memantine exhibits the potential to modulate calcium
flux that is operated by the NMDA receptor/ion complex.
This results in impeding the ion conductance mediated
by the NMDA complex and mitigating the troublesome
consequences caused by abnormally elevated glutamate
levels, which subsequently result in neuronal dysfunction
[7,9,10].

The newest class of FDA-approved drugs for Alzheim-
er’s disease (AD) target amyloid, with one such drug, lec-
anemab, being a recently approved monoclonal antibody
for patients with mild AD and confirmed A[} aggregates.
Lecanemab has been shown to decrease the burden
of AP and moderately slow cognitive and functional
decline in early-stage cases of the disease [11]. Similarly,
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Fig. 2 Reprinted from “Alzheimer’s Disease (AD) Treatment Model, by BioRender.com (2024). Retrieved from https://app.biorender.com/biorender-templ
ates/figures. Showing the most common drugs used in the treatment of AD; memantine functioning on the NMDA receptor and donepezil, galantamine,
and rivastigmine working on acetylcholinesterase. Not pictured are the newest class of drugs, monoclonal antibodies, that target amyloid to decrease

AB plague burden

donanemab, another anti-Ap monoclonal antibody, binds
to the APp3-42 subtype targeting AP fibrils and has
been shown to reduce amyloid levels and detectable tau
pathology in the brain as well as potentially slow AD pro-
gression in patients with mild AD [12].

Drug repurposing

In the realm of pharmaceutical research, there has been
a longstanding practice of employing a de novo design
strategy to discover drugs [13]. Currently, there has been
increasing recognition and acceptance of an alternative
approach called “drug repurposing” This approach inves-
tigates the potential of existing drugs to treat diseases
beyond their originally intended purposes.

One notable advantage of this approach is that the
drug already has an existing safety and pharmacokinetic
profile. This removes the need for further clinical test-
ing and toxicology studies [14]. Another advantage of
this approach is that it allows for circumventing time-
consuming early preclinical, phase 1I, and phase Ila tri-
als, all of which are associated with considerable drug
attrition [15]. Various avenues can be explored to identify

potential candidates for drug repurposing, and one such
methodology involves leveraging expansive datasets to
unveil drug-related patient outcomes that may have oth-
erwise remained undiscovered [14, 16]. Another route of
investigation lies in hypothesis-driven repurposing [17],
where information about the disease of interest and the
characteristics and targets of existing drugs for differ-
ent conditions are integrated to identify potential candi-
dates. Given the current therapeutic strategies and their
constrained efficacy, drug repurposing holds significant
potential for uncovering novel treatments for AD.

Artificial intelligence and drug repurposing

The impact of artificial intelligence (AI) on drug repur-
posing is noteworthy in light of its growing prominence.
An article of particular interest emphasizes the pivotal
role of Al specifically machine learning, in drug repur-
posing, with a specific focus on its relevance amidst the
COVID-19 pandemic [15]. Additionally, one Nature arti-
cle delves into the computational methods employed in
drug repurposing, employing Al algorithms to uncover
novel applications for approved or investigational drugs.
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Among the available datasets, electronic health records
(EHRs) offer valuable longitudinal and pathophysiologi-
cal insight, enabling the effective generation and valida-
tion of drug repurposing strategies [18]. Similarly, this
approach can be employed for repurposing drugs aimed
at treating cancer and AD. Capitalizing on machine
learning approaches, researchers can identify and repur-
pose existing drugs that hold potential efficacy against
various forms of cancer. The integration of interpretable
deep learning and causal learning can aid in unraveling
the intricate biological systems underlying cancer, ulti-
mately revealing novel targets and biomarkers for per-
sonalized therapies.

Tyrosine kinase inhibition on the rise

Kinases are a group of enzymes that transfer a phos-
phate group to a protein, modulating the activities of
these proteins. Kinases have garnered significant atten-
tion in pharmaceutical research due to their signifi-
cant influence on a broad range of cellular processes
and their potential for treating a wide range of diseases.
There are two primary categories of kinases: tyrosine
kinases (TKs) and serine-threonine kinases [19]. TKs
are divided into distinct subsets known as receptor and
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non-receptor proteins. Receptor tyrosine kinases (RTKs)
encompass noteworthy members such as Platelet-derived
growth factor receptors (PDGFR), Fibroblast growth fac-
tor receptor (FGFR), Epidermal growth factor receptor
(EGFR), and Insulin receptor (IR) [20]. RTKs mediate by
facilitating the transmission of signals from outside the
cell to the interior cytoplasm (Fig. 3 [21]). These com-
plex proteins are made up of three essential components
that play distinct roles in cellular signaling [19]. Extensive
oncology research has explored tyrosine kinase pathways
and the efficacy of kinase inhibitors (TKIs) based on
tumor DNA sequencing. Originally focused on cancer,
such as chronic myeloid leukemia (CML) and gastroin-
testinal stromal tumors via the VEGF pathway, TKIs have
transformed malignancy management [19]. Their use has
since expanded to include autoimmune disorders and
neurodegenerative conditions like Alzheimer’s disease
(AD) [22].

To review the application of TKIs in AD, it is impor-
tant to understand their mechanism of action. TKs refer
to a group of kinases that facilitate the phosphorylation
of tyrosine residues [23]. Firstly, RTKs have an extracellu-
lar ligand-binding domain. This domain is situated on the
outer surface of the cell and is responsible for interacting
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Fig.3 Receptor Tyrosine Kinase (RTK) domains and activation process. RTKs are being investigated as therapeutic targets for neurodegenerative diseases
such as AD. This graphic depicts RTK activation by their specific ligands followed by dimerization of RTKs. Intracellularly, autophosphorylation and phos-
phorylation of proteins attached to the intracellular domain of tyrosine activates downstream signaling.

Reprinted from https://www.mdpi.com/2072-6694/12/8/20424#. Available under Creative Commons BY 4.0 license.
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with specific molecules present in the external environ-
ment. The external nature of RTKs has allowed for the
development of monoclonal antibodies designed to pre-
vent signaling via this extracellular domain [23]. When
ligands bind to the receptor, they initiate a cascade of
reactions that ultimately transmit signals to the inte-
rior of the cell. Secondly, RTKs possess an intracellular
catalytic domain that is crucial for carrying out tyrosine
kinase activity. Drug developers have exploited the intra-
cellular catalytic domain for the development of specific
TK small molecule inhibitors used heavily for cancer,
particularly for hormone receptor-positive breast cancers
that have become resistant to hormonal antagonists.

Lastly, RTKs include a transmembrane domain that
connects both the ligand-binding and catalytic regions.
This domain contains a disulfide bond, forming a stable
connection between the extracellular and intracellular
portions of the receptor. Through this transmembrane
domain, signals initiated by ligand binding can be trans-
mitted across the cell membrane, activating downstream
signaling pathways in the cytoplasm [20]. In summary,
RTKs possess a sophisticated structure comprising an
external domain that binds to specific ligands, an inter-
nal domain responsible for kinase activity and regula-
tion, and a transmembrane domain that facilitates signal
transmission between the external and internal compart-
ments (Fig. 3 [21]).

Non-receptor tyrosine kinases (NRTKs), unlike RTKs
that are membrane-bound and interact with extracel-
lular ligands, function intracellularly. The activation of
NRTXKs involves the phosphorylation of specific tyrosine
residues, which in turn modulates downstream signal-
ing pathways and influences various cellular responses
[20]. NRTKs display significant diversity in their struc-
tural composition, characterized by the presence of a
kinase domain and various protein-protein interacting
domains such as SH2, SH3, and PH domains [24, 25].
These domains allow NRTKs to interact with other pro-
teins and mediate crucial signaling events within cellular
processes [24]. NRTKs play essential roles in numerous
physiological processes, including cell growth, differenti-
ation, and survival. NRTKs can also control gene activity,
such as the activation of the signal transducer and activa-
tor of transcription (STAT) through IL-6-induced phos-
phorylation of the membrane-bound TK, Janus kinase
[26]. The targeted inhibition of NRTKs, like the tyrosine
kinase inhibitor nilotinib, represents a valuable therapeu-
tic strategy for diseases driven by dysregulated tyrosine
kinase activity, such as certain types of cancers [20].

Nilotinib overview

Nilotinib (Tasigna®, AMN107) is a BCR-ABL tyrosine
kinase inhibitor originally developed for the treatment
of CML patients who either demonstrated resistance or
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intolerance to imatinib [27, 28]. Nilotinib has shown con-
siderable efficacy and has significantly improved patient
outcomes in the management of CML [29]. Nilotinib
was shown to have greater potency in CML cell lines and
demonstrated consistent efficacy in 32 out of 33 imatinib-
resistant BCR-ABL mutant cell lines [30].

BCR-ABL is a fusion protein linked to specific types
of cancer, mainly CML. It forms when the Abelson (Abl)
tyrosine kinase gene on chromosome 9 merges with the
breakpoint cluster region (Bcr) gene on chromosome
2231, When these genes combine, the BCR-ABL protein
remains constantly active, causing uncontrolled growth
and multiplication of cells. To counteract this abnormal
signaling that fuels cancer growth, inhibiting the activ-
ity of BCR-ABL is crucial [32]. Like imatinib, nilotinib
exerts its pharmacological effects by selectively inhibit-
ing the activity of BCR-ABL by binding to the ABL kinase
domain and preventing the enzyme from phosphorylat-
ing tyrosine residues on other proteins [29]. Through its
targeted inhibition of BCR-ABL, nilotinib disrupts the
aberrant signaling pathways that lead to uncontrolled cel-
lular proliferation in cancer cells.

Nilotinib use in neurodegenerative diseases

Abl kinase inhibition by nilotinib has been proposed as
a potential disease-modifying therapy for synucleinopa-
thies like Parkinson’s disease (PD) and dementia with
Lewy bodies (DLB) [33]. Nilotinib promotes the elimi-
nation of a-synuclein by enhancing autophagy, a criti-
cal cellular process responsible for clearing misfolded or
damaged proteins such as amyloid-beta and phosphory-
lated tau, key pathological markers in AD [34]. By acti-
vating AMPK and inhibiting PP2A, nilotinib restores
proteostasis, reducing toxic protein aggregates that dis-
rupt neuronal function. These mechanisms, demon-
strated in preclinical AD models, highlight nilotinib’s
potential as a disease-modifying therapy, targeting fun-
damental pathological processes in AD [33] and restoring
homeostatic processes [35] (Fig. 4 [36]).

There have been various studies testing nilotinib in pre-
clinical models of PD and DLB. In one group, researchers
found, when using a 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP) toxicity model of parkinsonism, that
nilotinib prevented dopaminergic cell death and behav-
ioral deficits [37]. In another study, Hebron et al. [38]
found that nilotinib degraded a-synuclein in PD and in
other a-synuceinopathies. In yet another preclinical study
of PD, investigators found that nilotinib had anti-inflam-
matory effects and protected dopaminergic neurons from
activated microglia-induced inflammatory damage by
suppressing NF-kB signaling [39]. However, it should be
noted that nilotinib can not only reduce inflammation,
but in some contexts, it can also trigger inflammation.
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Adapted from “Targeting autophagy as a therapeutic strategy to prevent dopamine neuron loss in early stages of Alzheimer disease” by A. Nobili et al,,
2021, Taylor & Francis, 17(5), 1278-1280. Adapted with permission from Taylor & Francis Ltd, available on https://www.tandfonline.com/doi/full/https://d

0i.0rg/10.1080/15548627.2021.1909409.

For example, in a study in CML patients, nilotinib was
pro-inflammatory [40].

Another study demonstrated how nilotinib reduced
the levels of a-synuclein and phosphorylated tau in the
brains of mice that were overexpressing a-synuclein [22].
This treatment increased brain dopamine and showed
improvements in the motor skills and cognition of the
animals [22].

It is important to note that nilotinib does not exhibit
inhibitory effects on serine-threonine kinases (STKs),
distinguishing its specificity towards tyrosine kinase
inhibition [41]. By precisely modulating the activity of
tyrosine kinases, nilotinib offers a promising therapeutic

mechanism for combating tyrosine kinase-driven dis-
eases [41]. It is also noteworthy that some TKIs, such as
nilotinib, dasatinib, and bosutinib are relatively effective
at penetrating the blood-brain barrier [42], suggesting
another potential use for treating neurological diseases.
In pharmacokinetic studies, nilotinib penetrated the
blood-brain barrier and efficiently targeted c-Abl and dis-
coidin domain receptors [43].

Similarly, nilotinib has been investigated for its poten-
tial to modulate AD pathology [44]. Researchers from
Georgetown University highlighted significant reduc-
tions in cerebrospinal fluid (CSF) amyloid and p-tau
levels, as well as a noteworthy decrease in hippocampal
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volume loss, among patients with AD who received nilo-
tinib compared to those administered a placebo [44]. A
single-center, phase II, randomized, double-blind, pla-
cebo-controlled study completed in 2020 concluded that
up to 12 months of treatment with nilotinib (150 mg/day
for 26 weeks followed by 300 mg/day for 26 weeks) was
safe, tolerable, and effective in patients with mild to mod-
erate AD. Nilotinib-treated patients exhibited reduced
amyloid pathology in the frontal lobe, CSF levels of A40
and AB42, and phospho-tau-181, as well as sparing of
hippocampal volume [45]. These results from the phase
II trial led to the approval of a larger, longer multicenter
phase III study that was scheduled to being in February
2022, using two lower doses of nilotinib (84 or 112 mg/
day for 72 weeks) [46].

Another particularly noteworthy study aimed to inves-
tigate the effects of nilotinib on astroglia derived from
the brains of 3xTg-AD mice, a transgenic mouse model of
AD [47]. The study’s purpose was to determine whether
nilotinib can target cellular mechanisms associated with
mitochondrial dysfunction, which is believed to play a
critical role in AD [2]. Nilotinib-treated astroglia from
3xTg-AD mice demonstrated increased oxygen consump-
tion rate (OCR), ATP production, cytochrome C oxidase
(COX) activity, and Mfn1 levels, suggesting an improve-
ment in mitochondrial function [47]. This study repre-
sents a significant advancement in our understanding of
the potential therapeutic benefits of nilotinib in the con-
text of AD treatment. The findings not only demonstrate
a favorable impact of nilotinib on improving mitochon-
drial function, but also provide compelling evidence sup-
porting the concept that astroglia could serve as a pivotal
target for therapeutic interventions in AD. This shows
the capacity of nilotinib to enhance astroglial mitochon-
drial function in a transgenic mouse model of AD which
implies that directing nilotinib towards astroglia may
have the potential to ameliorate mitochondrial func-
tion within the brain; strengthening neuronal health and
functionality. Nilotinib may have the potential to alleviate
the deleterious effects of mitochondrial dysfunction on
neuronal activity, potentially impeding the advancement
of neurodegenerative conditions like AD.

These discoveries offer promising insights from pre-
clinical studies and the PD field into the development of
novel strategies aimed at mitigating the pathogenesis of
AD and enhancing the prospects of efficiently managing
this debilitating neurodegenerative disorder, though no
clinical trials have yet been conducted in AD.

Moreover, research findings indicate that nilotinib
exhibits the capacity to activate AMPK and inhibit PP2A,
leading to the stimulation of autophagy in hepatocellu-
lar carcinoma (HCC) cell lines and subsequent cell death
in xenograft tumor models [48]. Fascinatingly, emerg-
ing evidence links nilotinib and autophagy in various
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scenarios. Notably, studies highlight that nilotinib treat-
ment, in conjunction with an AMPK activator, can
enhance LC3 cleavage [48]. These intriguing connections
suggest a potential role for nilotinib-induced autophagy
in AD research and warrant further investigation in
exploring its therapeutic implications for this neurode-
generative condition.

Nilotinib adverse events (AE)

The safety, tolerability, and efficacy of nilotinib were
assessed through reported adverse events (AEs), elec-
trocardiograms (ECGs), cognitive and behavioral evalu-
ations, and laboratory tests. In one study, these factors
were measured in participants with Alzheimer’s Disease
(AD) from baseline to 6 months (150 mg nilotinib vs. pla-
cebo) and 12 months (300 mg nilotinib vs. placebo) [45].
No serious adverse events (SAEs) such as rhabdomyoly-
sis, bronchitis, vertigo, psychosis, or hypertension were
observed in the nilotinib group, while 25% of SAEs were
noted in the placebo group [45].

Additional assessments such as electrocardiograms
(ECGs) were carried out to evaluate the safety of nilo-
tinib. No corrected QT (QTc) prolongation or other
cardiovascular disease was observed in the nilotinib
group vs. the placebo group. Moreover, suicide risks and
depression were assessed in AD participants with no
significant differences observed in the nilotinib group
vs. the placebo group. Overall, no significant differences
between the nilotinib and placebo groups were found on
cognitive, functional, and behavioral outcomes suggest-
ing that a larger, longer, and multicenter study must be
adequately powered to test the safety and efficacy of nilo-
tinib in AD.

Moreover, the pharmacokinetics of nilotinib in AD
individuals was measured to evaluate whether nilotinib
enters the central nervous system. Plasma and cerebro-
spinal fluid (CSF) levels of nilotinib were monitored at
baseline, 6 months, and 12 months. At the 150 mg daily
dosage, Cmax was found to be 1,099 nM in plasma and
3.46 nM in CSEF, while at the 300 mg daily dosage, Cmax
was 1,410 nM in plasma and 4.7 nM in CSF [45].

In discussing the adverse events associated with
higher doses of nilotinib, specifically the 300 mg dose,
it is important to consider differences in disease pathol-
ogy and pharmacokinetics between PD and AD. While
150 mg may not provide sufficient benefit in PD, studies
show that 300 mg leads to slightly better effects in this
population [45]. Turner et al. [45] proposed that due to
potential differences in disease pathology, including gut-
related factors or interactions with concurrent medica-
tions, nilotinib plasma levels are higher in AD patients
than in PD patients. This may explain why a lower dose,
such as 150 mg, could achieve greater relative efficacy
in AD while potentially reducing adverse events. This
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further emphasizes the need for deeper investigation into
disease-specific dosing strategies to optimize the thera-
peutic potential of nilotinib in AD.

However, as with any treatment method for any medi-
cal condition, one must consider the risks of undergoing
said therapy. The potential use of nilotinib for AD is no
exception. Among its users, nilotinib has been reported
to cause the following adverse events (AEs): fatigue, head-
aches, nausea, vomiting, diarrhea, edema, mood swings,
and sudden cardiac death (SCD) [45, 49]. Researchers
recently conducted an up-to-date review regarding TKIs
and noted several of the following: compared to its tar-
get-specific counterparts like bevacizumab, nilotinib has
multiple molecular targets that lead to a greater likeli-
hood of adverse non-target reactions [49]. Given the
positive correlation between the number of kinases a
TKI inhibits and the drug’s toxic effects, it is essential to
closely examine nilotinib’s potential adverse effects [49].
Furthermore, a twelve-month phase 2 trial revealed that
although nilotinib reduced AD biomarkers, such as CSF
AB42, CSF AP40, p-tau, relative to the control group, the
drug treatment group had higher diarrheal incidences
[45]. One possibility was an interaction between nilotinib
and other drugs, such as acetylcholinesterase inhibitors
[45]. Therefore, while nilotinib’s benefits against AD have
been shown in both animal and human studies, research-
ers and policymakers must not be hasty in promoting the
drug for this condition without fully understanding its
potential complications.

Additionally, along with imatinib and sunitinib, nilo-
tinib is indicated to have a link with glucose metabolism
[49]. The ENESTfreedom trial - a single-arm, phase 2
study - found that 39.5% of individuals in the consolida-
tion phase experienced elevated glucose levels when tak-
ing nilotinib [50]. Thus, caution is necessary in patients
with or without glycemic issues when using the TKI
Other notable elevations observed during the phase 2
study were alanine aminotransferase (ALT) and bilirubin
[50], as well as a potential for increased risk of cardiovas-
cular events such as ischemic heart disease or periph-
eral vascular disease with long-term use of the drug
[51]. Another side effect of nilotinib is an elevated risk
of hypophosphatemia, which tends to be persistent and
occurs at an earlier stage than other AEs [49].

Moreover, the dosage is another factor to consider.
Researchers revealed that mood swings were signifi-
cantly more frequent with the 300 mg dosage of nilotinib,
whereas 150 mg held no difference in AEs compared to
the placebo [45]. A retrospective cohort study in South
Korea further supports the dosage impact, finding that
dosages >300 mg had a 3.5-fold greater risk of develop-
ing hepatotoxicity than dosages <300 mg [52]. As stated
before, the elevations in ALT, bilirubin, and glucose in the
ENESTfreedom trial occurred in its consolidation period,
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where patients received doses of nilotinib ranging from
400 mg to 600 mg [50]. Similarly, the treatment’s dura-
tion must also be taken into consideration. Data from
the ENESTfreedom trial’s five-year follow-up revealed
that patients who retook nilotinib due to loss of mis-
match repair experienced more adverse events [51]. For
instance, patients in the re-initiation phase had a 12.5%
and 13.6% increase in cardiovascular events and rising
blood cholesterol, respectively, compared to those in the
consolidation phase [51].

Patient characteristics influencing the safety and
efficacy of nilotinib

Simultaneously, the physiology between biological males
and females differs, leading to varied pharmacokinet-
ics and pharmacodynamics. These differences can lead
to one biological sex experiencing a particular AE more
profoundly when compared to the other sex. During the
ENESTfreedom trial, female patients with CML (33%)
experienced more musculoskeletal pain-related symp-
toms than their male counterparts (18.8%) after stopping
nilotinib usage [50]. In another study utilizing multiple
machine-learning approaches, male patients were found
to be at a 2.3-fold higher risk of developing hepatotoxic-
ity than females when taking nilotinib [52]. A multicenter
retrospective study in Vietnam found that, when using
nilotinib as a second-line therapy, females had statisti-
cally significantly higher symptom scores than males in
fatigue, dyspnea, appetite loss, and insomnia [53].

Researchers also speculated on genetic and biological
grounds as to why CML-afflicted females experienced a
lower quality of life (QoL) than similarly affected males
[53]. A study published in 2017 showed that when orally
administered with nilotinib, healthy female C57BL6 mice
exhibited a significantly lower number of primary folli-
cles and irregular ovarian structure. The nilotinib-treated
male mice, on the other hand, displayed no difference
from their control counterparts in either spermatogenic
activity or morphologically [54].

Regarding remission rates between nilotinib-treated
males and females, the ENESTfreedom trial’s treatment-
free remission (TFR) phase showed that 53.1% of patients
remaining after 48 weeks were females, while only 46.9%
were males [50]. Among the 190 patients who entered the
TER phase, 94 and 96 were female and male, respectively
[50]. Approximately 55% of females remained in TFR,
while 47.9% of males achieved the same result [50]. How-
ever, upon conducting a multivariate logistic regression
analysis, biological sex was revealed to not be a strong
predictor for TFR [50]. Nevertheless, this finding could
encourage future studies to investigate the differences
in remission rates between biological sexes, particularly
considering additional factors such as ethnicity and diet.
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Despite these findings, there is still a lack of insight
regarding sex differences in nilotinib administration,
especially in the context of AD. Furthermore, there is
conflicting information regarding nilotinib’s effects on
males and females. A cross-sectional study on 121 CP-
CML patients revealed that the QoL between males and
females taking TKIs, which included nilotinib, was not
dissimilar [55]. This finding contradicts the previously
mentioned, more recent publication in Vietnam that
CML-afflicted females suffer a poorer QoL than their
male counterparts when taking nilotinib [53]. Another
conflicting report is a 2021 study, where researchers
assessed the drug’s biological effect on mice and found
that both sexes were affected, in contrast to the earlier
finding that nilotinib did not affect male mice [54, 56].
More specifically, males had significant testicular damage
by the Johnsen criteria, while female mice’s primordial
follicles significantly decreased [56]. Moreover, the con-
trol mice had higher pregnancy rates than their nilotinib-
treated counterparts of both sexes [56].

It is also important to note gender bias in Alzheimer’s
research as it is a crucial issue that begs further atten-
tion. Historically, research and clinical trials in AD have
predominantly focused on male participants, leading to
a lack of understanding regarding potential sex-specific
differences in disease progression and treatment, despite
the rise in female patients being impacted by AD [57-59].
Given the known physiological and hormonal differences
between males and females, it is essential to consider the
impact of gender on disease manifestation and treatment
efficacy. By acknowledging and addressing gender bias in
AD research, we can strive for tailored treatment strate-
gies in both male and female patients.

Aside from sex or gender differences, other factors
deserve closer attention. While increasing age is linked
with poorer QoL, the 4-point decline in QoL from mid-
dle-aged patients (40—59 years) to old (=60 years) was not
statistically significant, in contrast to the decrease from
young-aged adults (18-39 years) to middle-aged [53] in
the aforementioned study. Researchers reasoned that the
cause of this phenomena was middle-aged adults’ inabil-
ity to fulfill societal expectations and personal respon-
sibilities, leading to another avenue for future nilotinib
studies [53]. Another area would be drug’s impact on
different racial groups or ethnicities. While researchers
did observe nilotinib’s benefits in AD-afflicted individu-
als, the patient composition mainly consisted of white
individuals [45]. In using a more diversified patient com-
position, researchers could better assess how the drug
impacts various groups. Overall, there remains a greater
need to understand nilotinib’s difference in effects and
outcomes on different patient populations before its
potential approval for use against AD.
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Summary from meta-analyses

As discussed above, specific preclinical studies and also
patient data focusing on the safety, tolerability, and effi-
cacy of TKIs have showed many benefits. However, some
recent meta-analyses have also pointed out some out-
come limitations of specific TKIs and also differences in
efficacy among the TKIs that need further discussion.

For example, to assess the efficacy and tolerability of
front-line treatments for patients with newly diagnosed
CML, a multiple-treatments meta-analysis was per-
formed by Tang et al. [60] in 2019. In this analysis, 21
randomized controlled trials compared 15 different inter-
ventions for chronic-phase CML patients and several
conclusions were made. Firstly, nilotinib (300/400 mg
BID), dasatinib (100 mg QD) and radotinib (300 mg
BID) proved to be the most recommended front-line
treatments with the greatest efficacy and tolerability for
chronic-phase CML patients [60]. However, high-dose
therapies were recommended only for patients in accel-
erated phase/blast phase or with suboptimal CML-CP
response. Finally, it was recommended that the manage-
ment of adverse events should avoid compromising the
clinical efficacy [60].

Moreover, in a 2020 systematic review by Vener et al.
[61], the efficacy and safety of imatinib vs. second-gen-
eration (dasatinib, nilotinib, bosutinib) and third-gener-
ation TKIs (ponatinib) in adults with newly diagnosed
Ph + chronic-phase CML, concentrating on progression-
free survival, and hematological and nonhematological
adverse events were studied. In this analysis, 19 rel-
evant studies plus 15 relevant abstracts (corresponding
to 7 randomized controlled trials) were evaluated, and
conclusions were generated. These conclusions were as
follows: patients with newly diagnosed chronic-phase
CML without comorbidities should receive second- or
third-generation TKIs; however, on the basis of toxicity
outcomes, patients with comorbidities should be treated
with imatinib. The use of imatinib was further supported
by the current availability of a cheaper generic imatinib
[61].

In a recent meta-analysis in 2022 by Xie et al. [62], nilo-
tinib was evaluated to determine the outcomes of differ-
ent doses in patients with Parkinson’s Disease (PD). In
this study, three randomized clinical trials were examined
that compared two doses. The major conclusion was that
the study demonstrated favorable tolerability and safety
of the different doses of nilotinib, and improvement in
CSF biomarker levels of 300 mg nilotinib. However, the
drug also showed poor efficacy on motor outcomes that
indicated that nilotinib had no advantages in the clinic
for PD [62].
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Conclusions

This paper explores the potential usage of nilotinib in
attenuating neurodegeneration in AD. Created as a TKI
for CML, nilotinib continues to show great promise in
preclinical models of both Parkinson’s disease as well as
AD. Through groundbreaking studies, it has been dem-
onstrated that nilotinib effectively enhances autophagy
and inhibits the Abl kinase enzyme, thereby promoting
the elimination of a-synuclein and phosphorylated tau.
These proteins are pivotal in the development of neuro-
degenerative diseases. Remarkably, this treatment has
shown significant improvements in motor skills, cogni-
tion, and the reduction of a-synuclein and tau pathology
in animal models. As with any treatment, it is imperative
to consider the sex differences as well as potential toxic-
ity. For nilotinib it has been shown that careful dosage
adjustments and monitoring may be necessary to mini-
mize adverse effects and maximize the safety and toler-
ability of nilotinib in future studies. Additionally, larger,
longer, and multicenter studies are needed to adequately
evaluate the safety and efficacy of nilotinib in AD. While
there are not yet definitive conclusions in its efficacy
in AD treatment, the investigation into the potential of
nilotinib demonstrates a beacon of hope for developing
effective, disease-modifying therapies in AD and pos-
sibly other neurodegenerative ailments. By embracing
personalized medicine approaches that encompass con-
siderations of gender differences and individual patient
characteristics, we have the potential to establish the
foundation for revolutionary advancements in the treat-
ment of these debilitating neurodegenerative conditions.
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