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The redox process and cellular senescence are involved in a range of essential physiological functions. However,
they are also implicated in pathological processes underlying age-related neurodegenerative disorders, including
Alzheimer’s disease (AD). Elevated levels of reactive oxygen species (ROS) are generated as a result of abnormal
accumulation of beta-amyloid peptide (Af), tau protein, and heme dyshomeostasis and is further aggravated by
mitochondria dysfunction and endoplasmic reticulum (ER) stress. Excessive ROS damages vital cellular com-
ponents such as proteins, DNA and lipids. Such damage eventually leads to impaired neuronal function and cell

death. Heightened oxidative stress can also induce cellular senescence via activation of the senescence-associated
secretory phenotype to further exacerbate inflammation and tissue dysfunction. In this review, we focus on how
changes in the redox system and cellular senescence contribute to AD and how they are affected by perturbations
in heme metabolism and mitochondrial function. While potential therapeutic strategies targeting such changes
have received some attention, more research is necessary to bring them into clinical application.

1. Introduction

It has been estimated that the central nervous system (CNS) con-
sumes approximately 20 % of the body’s total energy [1]. Of the various
cell types present in the brain, neurons expend much of this energy,
where it is used to power both electrical activity as well as synaptic
transmission [2,3]. The brain is heavily dependent on glycolysis in the
cytoplasm and oxidative phosphorylation in mitochondria to generate
sufficient amounts of ATP to sustain its energy needs [4,5]. The high
metabolic rate makes it particularly susceptible to oxidative damage,
with an estimated 1 to 2 % of oxygen used during respiration being
converted to superoxide [1]. Moreover, despite its high iron content, the
brain possesses lower amounts of antioxidant enzymes as compared to
other organs [6]. These properties further exacerbate the potential to
generate excessive reactive oxygen species (ROS) that can contribute to
neuronal dysfunction and loss underlying neurodegenerative disorders
and aging.

In parallel to oxidative stress, cellular senescence also contributes to
neuronal dysfunction and neurodegenerative disorders. Cellular senes-
cence describes the process of irreversible growth arrest that can be
triggered by various factors, including DNA damage, telomere

dysfunction, mitochondrial dysfunction, activation of oncogenes, aging,
as well as oxidative stress [7,8]. Furthermore, oxidative stress is one of
the major factors that triggers stress-induced premature senescence
(SIPS) and the senescence-associated secretory phenotype (SASP),
which releases proinflammatory chemokines, cytokines, and metal-
loproteinases that have the potential to induce age-related pathology [9,
10]. Further, in Alzheimer’s disease (AD), studies have unveiled an
intricate network of molecular pathways connecting abnormal accu-
mulation of amyloid beta peptides (Ap40 and AP42) and/or hyper-
phosphorylated tau proteins with redox dyshomeostasis, mitochondrial
dysfunction, cellular senescence, synaptic impairment, endoplasmic
reticulum (ER) stress, calcium imbalance, inflammatory responses, as
well as heme/iron dyshomeostasis [11-15]. Indeed, oxidative stress and
cellular senescence could be a prominent early event in the pathogenesis
of AD [16-21]. In this review, we outline how redox dyshomeostasis and
senescence can contribute to neurodegenerative disorders, and also
highlight the intricate relationship between redox reactions, cellular
senescence, Ap and Tau proteins, heme dyshomeostasis, ER stress and
mitochondrial dysfunction in the context of AD. Finally, we examine
some of the therapeutic interventions that are currently being evaluated
or being developed.
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Abbreviations

Ap, Ap1-42, Ap40, Ap42 Amyloid beta peptide

Ach Acetylcholine
AChE Acetylcholinesterase
AD Alzheimer’s disease

ATP Adenosine triphosphate
BAX Bcl-2 Associated X-protein
Bcl-2 B-cell lymphoma 2

CNS Central nervous system
CSF Cerebrospinal fluid

D +Q Dasatinib and quercetin
ER Endoplasmic reticulum
Fe2+ Ferrous iron

GPX Glutathione peroxidase

HEBP1 Heme-binding protein 1
MAO Monoamine oxidase

MB Methylene blue

MCI Mild cognitive impairment
MRI Magnetic resonance imaging
mtDNA  Mitochondrial DNA

Na'/K'-ATPase Sodium-potassium ATPase
OH8dG  8-hydroxy-2-deoxyguanosine

PP2A Protein phosphatase 2 A

ROS Reactive oxygen species

SA-p-gal Senescence-associated beta-galactosidase

SAMD  Senescence-associated mitochondrial dysfunction
SASP Senescence-associated secretory phenotype
SIPS Stress-induced premature senescence

2. Redox dyshomeostasis and cellular senescence in AD
2.1. Redox dyshomeostasis

Redox reactions, involving both reduction and oxidation of relevant
biomolecules, are important for a range of physiological functions,
including ATP generation, cell signaling, antioxidant defense, embry-
onic development, wound healing, and cancer prevention [22-25].
Conversely, their perturbations have been implicated in pathological
events such as oxidative stress, mitochondrial dysfunction, and cancer
promotion [26-28]. As aging occurs, altered redox homeostasis can be
observed as levels of hydrogen peroxide or nitric oxide increase but
additionally, in advanced aging and neurodegenerative disorders
(including AD), other highly reactive molecules such as hydroxyl radi-
cals and superoxide cause further damage like synaptic impairment,
mitochondrial dysfunction, and cell death [29]. The involvement of
oxidative stress in AD is well documented (Fig. 1). Indeed, studies in
transgenic Tg2576 mice [30], SK-N-BE neuroblastoma cells,
PS1/PS2-deficient, APP deficient and JNK-deficient mouse embryonic
fibroblasts [31], and in the brain of AD patients [32] have showed that
oxidative stress increases the accumulation of Ap and the deposition of
neurofibrillary tangles. Upregulation of oxidative stress markers such as
Fy-isoprostanes, malondialdehyde, trans-4-hydroxy-2-nonenal in brain
samples and biological fluids (cerebrospinal fluid, plasma and urine
samples) obtained from AD and mild cognitive impairment patients
have also been documented [33-35].

Notably, a reduction in the levels of antioxidant enzymes (including
glutathione, glutathione S-transferase, and glutathione peroxidase)
correlating with disease severity has been observed in the synaptosomal
fractions isolated from both Mild Cognitive Impairment (MCI) and AD
patients [36,37]. Moreover, immunohistochemical staining of
post-mortem AD brain samples showed increased and decreased levels
of glutaredoxin-1 and thioredoxin-1 in neurons, respectively [38]. Thus,
disrupted redox homeostasis, characterized by heightened oxidative
stress, and decreased antioxidant enzymes, can significantly impact the
onset and progression of AD.

2.2. Cellular senescence

Cellular senescence has been shown to play a pivotal role in the
progression of AD [20,21]. Increased senescence, with high expression
of senescence-associated beta-galactosidase (SA-p-gal), p53 (a mediator
of cellular senescence), DNA/telomere damage, and SASP have been
observed in various types of brain cells, including astrocytes, microglia,
and neurons [7,14,39,40]. Accumulation of senescent cells over time
releases SASP and can promote inflammation, oxidative stress, synaptic
dysfunction, and neuronal cell death [19,39,40]. Studies have shown

Alzheimer's disease

Fig. 1. Schematic representation of the various processes and stimuli that
trigger neurodegeneration in AD. Redox dyshomeostasis and cellular senes-
cence accompanied by SASP plays a pivotal role in influencing key pathological
processes in AD, including mitochondrial dysfunction, ER stress, increased
deposition of metal ions (Fe2+, Cu2+, Zn2+, Mn 2+, Ca2+) as well as Af and
tau. These processes can also directly contribute to the generation of ROS,
thereby exacerbating redox dyshomeostasis. Ultimately, these intricately linked
pathways collectively culminate in neurodegeneration observed in AD. (Figure
created with BioRender.com).

that removal of senescent cells can slow down aging processes and
pathophysiological changes observed in age-related disease models [41,
42]. Importantly, terminally differentiated neurons, which are
post-mitotic, can also release SASP [39]. Furthermore, excessive ROS,
which can be caused for instance by senescence-associated mitochon-
drial dysfunction (SAMD), originating from a DNA damage response,
also triggers cellular senescence [43,44].

2.3. Crosstalk between oxidative stress and cellular senescence

Studies employing a mouse model of AD (APP/PS1) suggested a link
between oxidative stress and cellular senescence, wherein, mice exposed


http://BioRender.com

N. Yuetal

to prolonged oxidative stress exhibited cellular alterations that closely
resembled those observed in various senescent states like elevated
expression of SA-p-gal, cell cycle arrest, and changes in the shape and
structure of cells [45,46]. Zhang et al. demonstrated the upregulation of
ROS production and p53 expression in a human astrocyte cell line (U87)
upon exposure to Ap1-40, and this effect was reversed by galantamine
pretreatment [47]. Recently, Wang et at. showed that neuronal senes-
cence is triggered by AP oligomers, primarily through increased pro-
duction of ROS in cultured M17 neuronal cells, and Olmesartan
mitigates cellular senescence by downregulating p21and p16 through a
SIRT1-dependent deacetylation of p53 [48]. In addition, fibroblasts
obtained from AD patients showed increased levels of ROS, reduced
growth rates, elevated expression of cell cycle regulators like p21, p16,
and p53, and exhibited a senescence-like phenotype [49]. Therefore,
these findings provide evidence suggesting that oxidative stress associ-
ated with cellular senescence plays a pivotal role in mediating patho-
logical processes associated with AD.

3. Ap, tau and redox dyshomeostasis in AD
3.1. Ap and oxidative stress

Increased levels of ROS can originate from a number of biological
processes, including impaired heme metabolism, mitochondrial
dysfunction, ER stress. The ability of pathological species of Af and tau
to affect these processes and also alter others (including changes in
mitochondrial function, disruption in synaptic dysfunction, excitotox-
icity, altered calcium homeostasis, and oxidative stress with increased
production of ROS-like superoxide, hydrogen peroxide, and hydroxyl
radicals) have been extensively documented in recent years [16-18,50].
These studies show that excessive A} accumulation triggers oxidative
stress resulting in lipid peroxidation through the interaction of
oxygen-derived free radicals with polyunsaturated fatty acids and sub-
sequent formation of 4-hydroxy-2-nonenal and acrolein (reactive prod-
ucts of lipid peroxidation). This sequence of events disrupts neuronal ion
homeostasis  including impaired sodium-potassium  ATPase
(Na'/K'-ATPase) activity, increased calcium concentration, increased
susceptibility to glutamate toxicity, and causes structural changes in
synaptic membranes, eventually resulting in neuronal cell death
[51-53]. Paradis et al. showed that neurons exposed to Ap1-42
exhibited increased susceptibility to oxidative stress, possibly due to the
downregulation of anti-apoptotic protein B-cell lymphoma 2 (Bcl-2) and
increased levels of pro-apoptotic Bcl-2-Associated X-protein (BAX) [54].
Conversely, high levels of ROS can impact the formation of Ap by
elevating the levels of amyloid precursor protein and modifying the
activity of key enzymes involved in its processing, like p-secretase and
y-secretase. Consequently, oxidative stress promotes autophagy, leading
to intra-lysosomal accumulation of AB, and the release of lysosomal
enzymes, ultimately resulting in neuronal death [55-59].

3.2. Tau and Oxidative stress

Pathological tau has also been implicated in causing changes in
redox status. Cente et al. demonstrated that the presence of a truncated
tau protein in a transgenic rat model of tauopathy results in the accu-
mulation of ROS and sensitizes neurons to stress-induced cell death [60].
Conversely, oxidative stress also induces the formation of intracellular
neurofibrillary tangles composed of hyperphosphorylated tau protein in
neuronal cells via upregulating the activity of tau protein kinase
(glycogen synthase kinase-38) and PP2A-like phosphatase [61,62].
Furthermore, other studies have shown that Ap triggers the accumula-
tion of hyperphosphorylated tau by activating glycogen synthase kin-
ase-3f and mitogen-activated protein kinase [63-65]. These Ap- and
tau-dependent mechanisms can operate in parallel and reinforce each
other, contributing to the pathological changes observed in AD. Never-
theless, the abovementioned findings have mostly been based on
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preclinical models.
4. The role of heme in causing redox dyshomeostasis in AD

In addition to Ap and Tau, imbalances in heme and its metabolism
have been implicated in redox changes in AD. Heme, a complex of
ferrous iron and protoporphyrin IX, is an important iron-containing co-
factor that plays a pivotal role in oxygen transport (haemoglobin),
electron transfer (mitochondria), storage (myoglobin), and in signal
transduction and gene regulation (via the heme response elements)
[66-68]. However, an excess of free heme and its cofactor, iron, is
detrimental to cells by promoting oxidative stress and lipid peroxida-
tion, eventually resulting in membrane damage and apoptosis. Thus,
heme metabolism, its synthesis, transport, utilization and its degrada-
tion must be finely balanced [66,69]. Indeed, studies have shown that
altered heme homeostasis results in the dysregulation of heme proteins
(e.g., heme oxygenase) and affects iron regulation and mitochondrial
function in AD [70-72]. Findings also revealed that free heme/iron
binds with amyloidogenic and tau proteins leading to the formation of
senile plaques and neurofibrillary tangles in AD [73-75].

Atamna et al. showed that heme and AP can form a complex, initi-
ating heme deficiency and the generation of oxidants like hydrogen
peroxide from mitochondria, which ultimately resulted in oxidative
stress and cellular toxicity [76]. Using fast kinetics and freeze-quenching
techniques, Pal et al. reported that the Af-heme complex generates a
highly reactive intermediate, compound I. This compound oxidizes
neurotransmitters such as serotonin, reducing their levels, thereby
causing abnormalities in neurotransmission—an essential pathological
event in AD [77]. Furthermore, heme and Ap can trigger
mitochondrial-dependent apoptotic neuronal cell death via
heme-binding protein 1 (HEBP1), which is elevated in a subset of pa-
tients diagnosed with rapidly progressing forms of AD [78].

Several studies using brain tissue from the APP/PS1 mouse model,
human AD tissue, and isolated amyloid plaque cores have also revealed
that iron could be chemically reduced in the presence of Af, and this
process was implicated as a source of excess free radical generation
[79-82]. Interestingly, MRI data from AD subjects have shown elevated
levels of iron, transferrin, and ferritin, as well as reduced levels of
ferroportin-1 in hippocampus, cortex, and basal ganglia. The imbalance
originated from an increase in free Fe2* within cells, ultimately trig-
gering the activation of the ferroptosis pathway, which is a form of cell
death that depends on iron [83-86]. In addition to iron, anomalous
accumulation of other metal ions such as copper [87], zinc [88], man-
ganese [89], or calcium [90], in various brain regions can potentially
contribute to the excessive production of ROS, Ap and tau proteins,
which are closely linked to the development and progression of AD [91,
92].

5. Mitochondrial dysfunction, redox changes, and cellular
senescence in AD

The mitochondrial electron transport chain is one of the primary
intracellular sources of ROS. Ironically, heightened oxidative stress
negatively impacts mitochondrial integrity and function [93,94]. In
turn, damaged mitochondria, characterized by decreased mitochondrial
membrane potential and reduced respiratory capacity, further exacer-
bates ROS levels and trigger cellular senescence, marked by telomere
shortening [95-97]. Using long-term hippocampal neuronal cultures,
Dong et al. demonstrated that decrease in mitochondrial membrane
potential follows an increase in the proportion of senescent cells (as
indicated by SA-p-gal), and is accompanied by increased levels of ROS
[981.

Mitochondrial dysfunction with elevated levels of ROS appears to be
a prominent and early characteristic of AD. Calkins et al. reported that
neurons from an APP transgenic AD mouse model exhibited abnormal
mitochondrial structure with reduced membrane potential and
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increased levels of ROS [99]. Mecocci et al. observed a significant in-
crease in oxidized nucleoside, 8-hydroxy-2-deoxyguanosine (OH8dG)
within mitochondrial DNA (mtDNA) extracted from AD patients
compared to controls [100]. Similarly, Wang et al. observed higher
levels of multiple oxidized bases in both nuclear and mitochondrial DNA
in individuals with AD as compared to control subjects [101]. Collec-
tively, these studies highlight that oxidative stress, senescence, and
mitochondria dysfunction work in synergy, reinforcing each other to
contribute to AD pathology, with oxidative stress playing a central role.
Thus, gaining a comprehensive understanding of these interconnected
pathways could assist in identifying additional potential therapeutic
approaches for AD.

6. ER and oxidative stress in AD

ER stress is characterised by the accumulation of misfolded or
unfolded proteins within the ER, leading to the disturbance of cellular
homeostasis. ER and oxidative stress are closely linked, given that pro-
tein folding in the ER requires a tightly controlled redox environment
and excess ROS generation can severely affect ER homeostasis [102,
103]. Excessive and prolonged perturbation of ER stress enhances
y-secretase activity and Ap secretion, which could eventually lead to the
aggregation and accumulation of misfolded/unfolded proteins (e.g.,
oligomerized Af) that can contribute to the progression of AD
[104-106]. Increased expression of various ER stress markers, including
phospho-PERK phospho-IREla, phospho-elF2a, XBP1, and CHOP, have
been documented in post-mortem brain tissues obtained from AD pa-
tients [107-109].

Of note, the ER and mitochondria are closely interconnected physi-
cally and functionally, at multiple contact sites (ER-mitochondrial
contact sites) [110]. These sites regulate a range of cellular functions,
including oxidative stress, inflammatory response, metabolite exchange
(phospholipids), iron, and calcium homeostasis [111-114]. Area-Gomez
et al. observed increased accumulation of presenilin 1 and 2 (presenilins
are the catalytic components of the y-secretase complex) in a sub-
compartment of the ER-mitochondria associated membranes, thus,
corresponds to enhance y-secretase activity, leading to the accumulation
of AB [115]. Schreiner et al. demonstrated the generation of Af at
mitochondria-ER contact sites, including mitochondria-associated ER
membranes and outer mitochondrial membrane in the brains of
C57BL6/J mice [116]. Similarly, studies have showed that Ap modulates
ER-mitochondrial contact sites and alters calcium homeostasis in the
human AD brain and different AD mouse models (AppS"®*°" mice,
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App™t ~F, and App™t© —F) [117,118]. Consequently, accumulation of Ap
could affect the signaling and metabolic pathways at ER-mitochondrial
contact sites. Moreover, as mentioned earlier, the aggregation of Af
leads to an increase production of ROS. Thus, ER stress in AD has the
potential to extend to the mitochondria, subsequently amplifying the
release of ROS. Therefore, directing therapeutic interventions towards
these cellular sources of oxidative stress may provide robust outcomes in
the treatment AD.

7. Treatments and interventions targeting redox in AD

There are only a limited number of approved drugs currently avail-
able for the treatment of AD. In the United States, FDA-approved drugs
targeting disease progression and cognitive symptoms only include anti-
amyloid treatments such as Aducanumab and Lecanemab, cholines-
terase inhibitors, and glutamate regulators [119]. Although most of
these drugs do not directly target oxidative stress, there are efforts to
identify and develop strategies targeting components of redox and
oxidative stress for clinical treatment of AD. An overview of the thera-
peutic interventions for AD discussed in this review is presented in
Fig. 2.

7.1. Treatments targeting heme-related dyshomeostasis

As heme dyshomeostasis and the occurrence of heme deficiency can
lead to mitochondrial decay observed in AD [120,121], some efforts
have been made to identify therapeutic strategies targeting heme
(Fig. 2). Studies have indicated that neuroglobins such as apoNeur-
oglobin can sequester heme from the heme(II)-Ap complex, which re-
duces ROS production by heme-Af and heme-IAPP complexes. This can,
in turn, reduce heme-induced cytotoxicity observed in AD [122].
Although identified, these have yet to be tested clinically. Another drug
of interest that could be associated with heme in AD is methylene blue
(MB), which has been implicated in senescence [123], and has been
suggested as a possible therapeutic [124]. However, there have been
reported adverse effects of MB including CNS-related symptoms like
confusion, dizziness, and headaches, as well as some increased tone in
limbs, sweating, and agitation [125]. Clinical trial findings also found
mixed results of MB administration in AD patients, in that the effects of
MB could be dependent on dose; moderate doses (138 mg) showed
cognitive benefits but there were no effects at higher (228 mg) or lower
doses (69 mg) [126].
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Fig. 2. An overview of the therapeutic interventions for AD. Redox dyshomeostasis, cellular senescence, mitochondrial dysfunction, and heme dyshomeostasis are major
contributors to the pathogenesis of AD. Various current and proposed interventions to mitigate neurodegeneration include antioxidant treatments targeting oxidative stress and
mitochondrial dysfunction (such as donepezil, vitamin C and E, selenium, and flavonoids), heme/iron (such as apoNeuroglobin and desferrioxamine), metal ions (clioquinol
and PBT2), anti-amyloid antibodies that reduce the accumulation of Af and tau proteins (such as Aducanumab and Lecanemab) and senolytic agents (such as Dasatinib and

Quercetin) (Figure created with BioRender.com).
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7.2. Treatments targeting metal dyshomeostasis

Aside from heme dyshomeostasis, metal dyshomeostasis and subse-
quent elevated ROS activity have been also implicated in AD. Accord-
ingly, improving metal homeostasis could be another possible
therapeutic strategy. Specifically, the chelation of metals such as iron,
zinc, and copper has been suggested as a treatment option in order to
reduce the accumulation of these metals. A clinical study using desfer-
rioxamine (a chelator of free iron) was found to slow down AD pro-
gression [127]. Clioquinol, a chelator of zinc and copper that is able to
cross the blood-brain barrier, was also introduced as a drug candidate
for AD but had conflicting data [128]. The successor to clioquinol, PBT2,
was developed as another drug candidate for AD by targeting
metal-induced Ap oligomers. Patients treated with the drug demon-
strated improved executive function components on tests as well as a
significantly reduced Ap42 concentration in their cerebrospinal fluids
(CSF) [129]. However, metal chelation therapies can come with side
effects [130], resulting from the sequestration of healthy functional
metal ions and redistribution of other metal ions [131], and hence these
therapies are no longer being clinically pursued [132].

7.3. Treatments using acetylcholinesterase inhibitors

Acetylcholinesterase (AChE), the enzyme that degrades acetylcho-
line (ACh), has been identified as an important target for AD interven-
tion and AChE inhibitors have since been approved for clinical use.
Lower levels of ACh have been observed in AD patients [133,134] and
AChE has been suggested to play a role in Ap-aggregation during plaque
formation by increasing the neurotoxicity of Af} aggregates [135]. It has
been found that AChE inhibitors can exert therapeutic effects by
increasing acetylcholine levels, which can then lead to increased
cholinergic neurotransmission and improved cognitive functions in pa-
tients [136]. Preclinical findings have also shown that AChE inhibitors
may suppress oxidative stress, as treatment using AChE inhibitors
mitigated streptozotocin-induced oxidative stress in mice [137]. More-
over, AD patients treated with the AChE inhibitor, donepezil, showed
reduced levels of proteins linked to impaired redox homeostasis as
compared to untreated patients [138]. Donepezil has been frequently
used in FDA-approved clinical treatment of AD and recently, there have
been efforts to develop metal directed donepezil, through modifying the
drug with copper [139]. Additionally, the development of novel
donepezil-related compounds has led to the discovery of compounds
that can modulate Ap misfolding coupled with antioxidant properties
[140], as well as those that are multi-functional anti-AD agents that can
inhibit both cholinesterase and monoamine oxidase (MAO) activity
[141].

7.4. Antioxidant treatments

Other antioxidant treatments for AD - primarily involving Vitamin E,
Vitamin C, and selenium - have had mixed results regarding their
effectiveness, however. Some findings on Vitamin E have indicated that
its combination with Vitamin C could be associated with reduced
prevalence of AD [142] and slowing of functional decline [143],
whereas other findings suggested only modest reductions in long-term
AD risk [144] or no association with AD [145] in participants.
Another antioxidant supplement that also has anti-inflammatory prop-
erties is selenium, which is a trace element that is found in selenopro-
teins [146]. One of these proteins, selenoprotein P, has been found to be
increased in the CSF of AD patients [147], which made selenium a
possible therapeutic target for AD. Nevertheless, although
meta-analytical findings suggest that it could alleviate certain AD and
MCI symptoms such as glutathione peroxidase (GPX) activity and
cognitive deficits, its long-term effects have yet to be ascertained [148].
Altogether, these natural antioxidants that have been approved for
clinical trials may come with limitations and results that are not yet
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conclusive.

Other potential treatments targeting redox mechanisms for AD
include redox enzymes such as peroxiredoxins, glutaredoxins, and thi-
oredoxins [149], herbal medicines such as Ginkgo biloba that can in-
crease the activity of antioxidant enzymes like catalase and superoxide
dismutase [150,151] as well as induce heme oxygenase-1 (HO-1)
resulting in a neuroprotective effect [152], and flavonoids that can have
antioxidative neuronal effects [153]. Further efforts to develop treat-
ments targeting redox-related mechanisms are important, given the
strong evidence that these mechanisms contribute an important role in
the pathophysiology of AD.

7.5. Treatments targeting cellular senescence

In addition to redox-related therapies, interventions targeting
senescence, specifically the clearance of senescent cells in AD, by
senolytic agents have also been explored. These include dasatinib, an
FDA-approved Src/tyrosine kinase inhibitor, and flavonoids such as
quercetin and fisetin. Studies have indicated that compared to no
senolytic treatment, a combination of dasatinib and quercetin (D + Q)
senolytic treatment can help to remove senescent cells and mitigate age-
dependent degeneration [154]. Further, in AD, it has been found that D
+ Q treatment reduced levels of AB40 and Ap42 in the hippocampus and
entorhinal cortex of AD mice, as well as alleviated AB-plaque associated
inflammation and cognitive deficits [155]. Many clinical trials involving
senolytic therapeutic interventions are ongoing [156], with a recently
completed D + Q trial (NCT04063124) that has focused on AD [157,
158]. However, the short- and long-term side effects of senolytic
administration in humans remain undetermined [159] and further
clinical trials involving senolytics are required.

8. Conclusion and future directions

There is strong evidence that dyshomeostasis and imbalances in
redox play a critical role in neurodegenerative diseases like AD.
Oxidative stress and senescence-related processes, triggered and/or
modulated by heavy metals, primarily heme and iron, together with Ap
and tau proteins, contribute to the pathophysiology of AD. Therapeutic
interventions have been approved for use in patients and there are
ongoing clinical trials with novel interventions targeting redox based on
preclinical evidence. However, the limitations to these still persist.
Additional research and clinical trials are required before effective
treatment with minimal side effects can be achieved and applied on a
wider scale.
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