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Abstract
Changes in the transition metal homeostasis in the brain are closely linked with Alzheimer’s disease (AD), including intra-
neuronal iron accumulation and extracellular copper and zinc pooling in the amyloid plague. The brain copper, zinc, and iron 
surplus are commonly acknowledged characteristics of AD, despite disagreements among some. This has led to the theory 
that oxidative stress resulting from abnormal homeostasis of these transition metals may be a causative explanation behind 
AD. In the nervous system, the interaction of metals with proteins appears to be an essential variable in the development or 
suppression of neurodegeneration. Chelation treatment may be an option for treating neurodegeneration induced by transi-
tion metal ion dyshomeostasis. Some clinicians even recommend using chelating agents as an adjunct therapy for AD. The 
current review also looks at the therapeutic strategies that have been attempted, primarily with metal-chelating drugs. Metal 
buildup in the nervous system, as reported in the AD, could be the result of compensatory mechanisms designed to improve 
metal availability for physiological functions.
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Abbreviations
AD	� Alzheimer’s disease
ABAD	� Aβ binding alcohol dehydrogenase
APP	� Amyloid precursor protein
ATP	� Adenosine triphosphate

BBB	� Blood-brain barrier
CNS	� Central nervous system
COX	� Cytochrome oxidase
Cu	� Copper
ETC	� Electron transport chain
Fe	� Iron
GWAS	� Genome-wide association studies
GSH	� Glutathione
NFTs	� Neurofibrillary tangles
NMDARs	� N-Methyl-d-aspartic acid receptors
ROS	� Reactive oxygen species
SNP	� Single-nucleotide polymorphisms
Zn	� Zinc

Introduction

Alzheimer’s disease (AD) has long been accepted as the 
most prevalent type of dementia, constituting 60–70% of all 
dementia cases globally. As per the Alzheimer’s Associa-
tion’s 2022 US report, AD-related deaths have surged by 
145% from 2000 to 2019 in the USA [1]. AD was associated 
with 121,499 deaths in 2019, making it the seventh-highest 
cause of human death for individuals of age 65 years and 
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over. Conversely, the predicted cost to treat and care for this 
dementia in 2022 was roughly $321 billion USD. By 2050, 
this sum is predicted to rise to roughly $1.0 trillion USD 
[2]. In spite of the fact that AD is thought to be a disease 
of specific protein aggregation in the brain, it is also being 
researched as a disease of several metal dyshomeostasis. 
Age-related metal dyshomeostasis consequently has a causal 
association with the pathogenesis of AD because it is a key 
factor for AD. A change in the metal ion concentrations in 
the neurons, as well as the buildup of protein deposits due 
to metal-induced oxidative damage, serves as an indicator of 
AD. In the brain, transition metal ions such as copper (Cu), 
zinc (Zn), and iron (Fe) are essential for the normal opera-
tion of enzymes, neurotransmission, and aging. Additionally, 
mounting research has connected metal dyshomeostasis to a 
number of neurodegenerative disorders. For example, in AD, 
the presence of Cu, Zn, and Fe in the plaques is proportional 
to their localization with Aβ protein in the brain [3]. The 
field of metallobiology has remarkably contributed in the 
study of the relationship between metals, metalloproteins, 
and neurodegenerative disorders, including AD. Aging is the 
key cause of AD, but there is evidence that AD is also linked 
to the dysregulation of some trace metal ions such as Cu, Zn, 
and Fe, as well as other elements like aluminum (Al), man-
ganese (Mn), lead (Pb), and cadmium (Cd). The biochemi-
cal and physiological processes of the human body depend 
on Fe, Zn, Cu, and Mn, which also play important roles in 
protein regulation and structural activities, cellular signal-
ing, and oxygen transport. Each organ’s metal distribution 
inside the human body varies [4]. For instance, Fe, which 
typically originates as heme Fe (Fe attached to hemoglobin 
inside the red blood cells), is the most predominant trace 
metal in the brain. Along with helping to transport oxygen, 
Fe work as a cofactor for numerous enzymes involved in the 
production of neurotransmitters, including tryptophan and 
tyrosine hydroxylase. Fe also has a number of other roles in 
the central nervous system (CNS), such as controlling syn-
aptic plasticity, myelinating neuronal axons, and controlling 
neuronal energy status [5, 6]. In the humanoid brain, Zn is 
the second most predominant trace element that modulates 
synaptic plasticity similarly to Fe. Furthermore, it controls 
neurogenesis, neuronal migration, and differentiation in 
addition to participating in neurotransmission [7]. Over 
300 enzymes utilize Zn as a cofactor, making it an essential 
structural and catalytic component of proteins. Additionally, 
it affords stability to numerous transcription factors. Last but 
not least, Zn has neuroprotective properties and can protect 
against oxidative damage [8, 9]. The 3rd most common trace 
element identified in the brain is Cu. Cu, like Zn, functions 
as an enzymatic cofactor for a number of other biological 
enzymes and is essential for the biosynthesis of neurotrans-
mitters [10]. Several biological enzymes, including pyruvate 
carboxylase, glutamine synthetase, MnSOD, arginase, and 

threonine phosphatase-1/protein serine, require manganese 
as a cofactor. As a result, trace metals play a vital role in the 
regulation of gene expression, the activation of enzymes and 
defense against reactive oxygen species (ROS). The proper 
growth, development, and function of the brain depend on 
them. The blood–brain barrier (BBB) tightly controls the 
homeostasis of these charged elements, and numerous trans-
port proteins actively move metal ions across the BBB. Any 
alteration in the balance of metals, which may be brought 
on by defects in the mechanisms of absorption, bio-distribu-
tion and excretion, mutations in the proteins that transport 
or bind metals, or competition between metals ions for the 
specific binding sites (such as Zn and Cu), may result in 
inequity of vital trace metals or improved the levels of trace 
elementsspecifically non-essential [11, 12].

Transition Metals in AD

Transition metals, such as Cu, Fe, and Zn, are essential for 
numerous bio-processes and brain neuronal activities. When 
compared to those seen in healthy brains, Cu, Fe, and Zn 
are overexposed and assemble in the amyloid plaques of 
AD patients by up to 5.7-, 2.9-, and 2.8-fold, respectively 
[13]. The synaptic clefts in the brain need high concentra-
tions of free metal ions for synaptic transmission [14]. Even 
while metal ions are crucial for many biological functions, a 
disturbance of the brain's equilibrium can result in neuronal 
degeneration and death [15]. According to studies, roughly 
50% of all proteins need to be combined with metals to form 
metalloproteins in order to function more effectively [16]. 
As a result, the CNS needs rather high levels of several met-
als, including Cu, Fe, and Zn. These metals are useful for 
regulating gene expression, enzyme activity, neural activity, 
and cell structure maintenance. A substantial malfunction of 
numerous enzymes, such as Cu–Zn superoxide dismutase 
(SOD-1) and cytochrome oxidase (COX), has been linked to 
a disproportion in the concentration of Cu ions. Through the 
generation of ROS and oxidative stress, elevated Fe levels in 
the neutrophils of an AD brain are closely associated with 
disease [13, 17, 18].

Zinc

Zn ion is one of the most predominant divalent metals in the 
brain and a non-redox-active essential element that plays a 
significant role in the chemistry of brain neurons [19, 20]. 
Apart from Fe, Zn is the most widespread metal in the body, 
with the olfactory bulb, neocortex, hippocampus, and amyg-
dale regions of the brain having the highest amounts [21, 
22]. Either static or labile describes the Zn ion pool in the 
brain. While Zn is strongly attached to different metallo-
proteins in the static pool, its protein binding can be easily 
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broken in the labile pool, making Zn more moveable. Addi-
tionally, 90% of the Zn in the brain is bound; this Zn primar-
ily serve as a structural constituent of transcription factors 
like c-Fos and p53 as well as receptors for vitamin D, reti-
noic acid, and thyroid hormone, all of which comprise Zn-
binding motifs. Zn is also necessary for the normal operation 
of metalloenzymes such as superoxide dismutase-1 (Zn, Cu-
dependent SOD) [23]. Zn ions have also been linked to the 
degeneration of neurons, particularly in AD, where it has 
been found to play a key role in the formation of amyloid 
plaques as well as the exact operation and control of a num-
ber of Zn proteins [24]. Neurological problems have been 
linked to both Zn excess and deficiency.

Additionally, Zn plays a dual role, both exacerbating 
neurotoxicity and offering neuroprotection. In AD, dis-
rupted Zn levels, particularly elevated levels in amyloid 
plaques, worsen the disease by fostering the aggrega-
tion of Aβ peptides and subsequent neuronal harm. Con-
versely, Zn exhibits neuroprotective qualities: it acts as 
an antioxidant, regulates synaptic function, and enhances 
synaptic plasticity, all of which are impaired in AD [25]. 
Research indicates that Zn supplementation in animal 
models of AD can mitigate cognitive decline, reduce Aβ 
accumulation, and improve synaptic function. However, 
caution is necessary with Zn supplementation, as exces-
sive levels can be toxic. Thus, understanding the optimal 
dosage and timing of Zn supplementation is crucial for 
its potential therapeutic benefits in AD, highlighting its 
intricate and multifaceted role in the disease [26]. The 
Zn therapy offers a promising approach to tackling AD, 
supported by its neuroprotective properties and ability to 
counteract neurodegeneration. Its well-tolerated nature, 
with minimal gastric issues and no long-term side effects, 
establishes it as a safe treatment option, reinforced by 
regular biomarker monitoring to ensure safety and effi-
cacy. With its natural composition and mechanism of 
inducing metallothionein to regulate Cu absorption, Zn 
emerges as an appealing therapeutic avenue for individu-
als with mild cognitive impairment and disrupted Cu lev-
els, reminiscent of Wilson disease (WD). Despite earlier 
clinical trials falling short of primary endpoints, Zn has 
shown effectiveness in reducing non-ceruloplasmin Cu 
levels and enhancing cognitive function without notable 
adverse effects [27].

Copper

Cu, an essential micronutrient, is crucial for all the aero-
bic species because it acts as a prosthetic group to speed 
up the transfer of electrons to key enzymatic processes 
[28]. The brain needs Cu for healthy growth and opera-
tion, and an average adult’s brain contains roughly 7.3% 
of the body’s total Cu [29]. The nucleus, mitochondria, 

and cytosol are the three main cell compartments in the 
brain that contain Cu. However, it is not evenly distrib-
uted throughout the CNS. For instance, adult rats’ brains 
contain high concentrations of Cu in the lateral amyg-
dale, some regions of the midbrain, forebrain, and gray 
matter, whereas the levels in the hippocampus are modest 
[30]. But in humans, the hippocampus has higher Cu con-
centrations than other parts of the brain. Consequently, 
different species have diverse distribution patterns for 
Cu. Numerous brain areas may have higher Cu concentra-
tions due to increased Cu demand [30]. Ceruloplasmin, 
dopamine hydroxylase, cytochrome-c oxidase, and Cu, 
Zn-dependent superoxide dismutase (Cu-ZnSOD) are 
just a few of the key enzymes to which Cu can readily 
bind. Cu is a redox-active solid metal that can exist in 
oxidized and reduced states. These states are all crucial 
for various metabolic processes. On the other hand, due 
to Cu’s redox activity, it can take part in Fenton and 
Haber–Weiss reactions that result in the production of 
ROS, which are thought to be a pathological component 
of neurodegenerative illnesses [31]. Due to Cu’s dual 
purpose, import, export, and distribution must all be 
strictly regulated [29]. Similar to Zn, there is a dispute 
regarding Cu’s contribution to AD’s onset and progres-
sion. However, there is general agreement that the inter-
actions between the amyloid precursor protein (APP) and 
the cleavage result, amyloid-β (Aβ), play a significant 
role in the link between Cu and AD [32].

Iron

The body and the brain contain the greatest amounts of Fe, 
a transition metal. All kinds of brain cells, including astro-
cytes, neurons, microglia, and oligodendrocytes, contain it 
[33]. The brain requires a lot of energy, but it also needs 
a lot of Fe. Because it is an integral part of cytochrome 
oxidase, cytochromes a, b, and c, as well as the Fe-sulfur 
ion complexes of the electron transport chain (ETC), Fe 
plays a crucial role in the synthesis of adenosine triphos-
phate (ATP). Additionally, it functions as a co-factor for 
essential brain enzymes like tyrosine hydroxylase and tryp-
tophan hydroxylase, which are crucial for the synthesis 
of neurotransmitters [34]. Both an excess and a shortage 
of Fe are linked to neurodegeneration, much like Cu and 
Zn [35]. Motor impairments, reduced dopamine activity, 
and irregularities in myelinogenesis have all been linked 
to Fe shortage in the brain [34]. Due to its redox activ-
ity, Fe poses a hazard to the brain when present in excess. 
Similar to Cu, Fe can take part in Fenton reactions that 
consequence in the production of superoxide and hydroxyl 
radicals that can interrelate with DNA, lipids, and proteins. 
Highly controlled systems are in place to maintain brain 
Fe homeostasis [23].
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Transition Metal Dyshomeostasis in AD

Transition metal dyshomeostasis, involving Cu, Fe, and 
Zn, is a complicated aspect of AD pathogenesis. The con-
sequence of interactions between the metal ions and the 
crucial proteins APP and its derivatives, Aβ and tau, metal 
imbalances in the brain are seen in AD [4, 36] (Fig. 1). This 
imbalance led to oxidative stress, protein aggregation, and 
synaptic dysfunction in the CNS, all of which are the most 
critical components of AD pathology. APP, which is primar-
ily expressed in the humanoid brain, has a role in neurite out-
growth and neuronal cell migration [37]. Between residues 
142 and 166 of APP, Cu binds to the protein, playing crucial 
functions in the protein’s structural stability, including fold-
ing stability and homodimerization, as well as expression 
levels [38]. In order to control the homodimerization of APP, 
Zn can also cooperate with APP at the location between 170 
and 188 positions of amino acid [39]. Furthermore, there is 
reciprocal regulation between Fe and APP: Fe can directly 
control the translation of APP, and levels of APP regulate 
the Fe export in the neurons [40]. The Aβ is resulting from 
APP in the process of consecutive proteolysis produced by β 
and γ-secretases. A pathogenic aspect of AD, insoluble amy-
loid fibrils of Aβ are linked to metals like Fe, Cu, and Zn. By 
binding to Aβ at the histidine-13 (His-13) and His-6 sites, 
Zn aids in the constancy of amyloid fibrils [41]. The crucial 
involvement of Zn in this process has been highlighted by 

the discovery of high Zn concentrations at the level of senile 
plaques in postmortem tissues of AD patients and in plaques 
of hereditary AD animal models. The neurotoxicity of Aβ is 
thought to be significantly influenced by Cu. Three highly 
affine His Cu-binding sites are present on the monomeric 
A: His-6, His-13, and His-14. They have been observed to 
combine with Cu ions, the N-terminal of an amino group, 
and aspartate to create a tetragonal complex [42]. Addition-
ally, Cu has a functional role in the production of β-sheet 
structures, which serve as the building blocks for the poi-
sonous complexes of the fibrillary form of Aβ. Cu chelators 
were found to be able to stop the buildup of Aβ in transgenic 
AD animal models, according to a number of investigations 
[43]. At the binding sites of Glu3, Asp1, and the three His 
residues (His6, His13, and His14), Fe also interacts with 
Aβ. This interaction results in the generation of free radicals 
through Fenton chemistry [6, 44].

Meta-analyses investigating the complicated relationship 
between Cu, Fe, and Zn in AD provide a systematic and 
quantitative approach to consolidating our understanding of 
their roles within the pathology. These analyses offer crucial 
insights into how these metals interconnect and influence 
the progression of AD, predominantly within the context 
of human serum/plasma and brain specimens [45, 46]. By 
focusing on the levels of Zn and Fe, future meta-analyses 
can expand our comprehension of their interplay with Cu, 
specifically through pathways involving ceruloplasmin 

Fig. 1   Metal ion, oxidative 
stress, and Aβ-cascade hypoth-
eses in AD. Transition metal 
ions induce the production of 
ROS through an oxidative state 
and subsequently stimulate 
mitochondrial dysfunction and 
accumulation of ROS in mito-
chondria. Metals ion induces 
the Aβ-aggregation via direct 
binding to Aβ proteins. Aβ can 
also show oligomeric alteration 
to the proto-fibrils and fibrils, 
which actuate the mitochondria 
and finally lead to extra ROS 
production. Ultimately, ROS 
damages the proteins and other 
biological molecules in the 
CNS, increasing the risk of AD
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and metallothioneins (MTs). Addressing the gaps in pre-
sent research involves investigating the specific roles of 
genes encoding enzymes and transporters responsible for 
regulating Cu balance in AD. By employing a sequencing 
hypothesis-driven approach, researchers can identify metal-
related gene variants in individuals with Cu imbalance, thus 
illuminating their prevalence and potential contributions to 
AD pathogenesis [46]. The hypothesis posits that variants 
in genes like ATP7B may confer a percentage of the risk for 
intermittent AD. Despite previous genome-wide association 
studies (GWAS) failing to establish a significant association 
between AD and single-nucleotide polymorphisms (SNP 
predominantly decent Aβ-plaque collectors) in the ATP7B 
chromosomal region, this could be due to the limitations 
of GWAS in detecting multiple rare variants [47]. Such 
variants may play a crucial role in explaining the missing 
heritability of complex diseases like AD. To advance our 
understanding further, it is imperative to integrate chemi-
cal and biochemical scientific studies into future research 
efforts. This approach will offer valued insights into the 
molecular mechanisms underlying Cu dysregulation and its 
implications for AD. By amalgamating findings from meta-
analyses with genetic and biochemical studies, researchers 
can unravel the complex network of interactions between 
Cu, Zn, and Fe. This integrative approach paves the way 
for the development of targeted therapeutic interventions for 
AD. Moreover, meta-analyses have clarified the multifaceted 
roles of Cu, Fe, and Zn in AD pathology [48].

Numerous scientific studies suggest that Cu, Fe, and Zn 
dysregulation and metal-catalyzed oxidative damage con-
tribute to AD [6]. Neocortex Cu, Fe, and Zn levels were 
not supported by a new meta-analysis study that reported 
on the metal ion levels in the AD brain, while neocortex Cu 
levels were considerably lower when evaluating quantita-
tive analyses. In the same study, it was discovered that there 
was a strong scientific publication bias, with research papers 
mentioning higher Fe levels being referenced far more regu-
larly than those reporting lower or unchanged levels [49]. 
Nevertheless, there is highly strong indication to support 
the idea that some Aβ-plaque forms contain Fe, Cu, and Zn, 
and that intracellular or local metal ions levels may vary 
[49, 50]. While Aβ-plaque related Fe and Cu ions can redox 
cycle and generate ROS, Zn does not, but has been described 
to be a predominant Aβ-plaque collector and a tau-protein 
hyperphosphorylation inducer [51, 52]. The Fe-export fer-
roxidase activity of APP may also be inhibited by Zn [18]. 
There is evidence of considerable brain A-plaque deposi-
tions in 20–40% of elderly individuals with normal cognitive 
function, indicating that not all plaque types are harmful 
[53]. An additional recent meta-analysis discovered that AD 
patients had considerably higher serum Cu levels than con-
trols. In clinical research on AD in humans and AD animal 

models, positive results predominate when metal chelators 
are administered therapeutically [15].

Cu, is the most important trace element, has been impli-
cated in AD pathology through its involvement in Aβ 
aggregation and deposition, oxidative stress induction, and 
synaptic dysfunction. Meta-analyses have revealed that Cu 
dysregulation may exacerbate neurodegeneration by facili-
tating Aβ plaque formation and promoting oxidative damage 
to neurons. Additionally, disruptions in Cu homeostasis have 
been linked to impaired synaptic transmission, contributing 
to cognitive decline in AD. Squitti et al. conducted a study to 
explore Cu dysregulation as a potential susceptibility factor 
for AD using meta-analysis and replication studies. Their 
findings demonstrated reduced Cu levels in AD brain speci-
mens, elevated Cu and non-bound ceruloplasmin (Non-Cp) 
Cu in serum/plasma samples from humans, with no signifi-
cant change in ceruloplasmin levels [54]. They observed that 
excess Cu in serum/plasma was linked to a three to four-
fold increase in the risk of developing AD. Additionally, 
they noted a higher frequency of carriers of the ATP7B AG 
haplotype, associated with the Cu transporter ATPase7B, 
in the AD group. These results suggest a failure to maintain 
Cu metabolic balance in AD patients and imply a subset of 
individuals predisposed to Cu imbalance. The study under-
scores the potential for precision medicine-based approaches 
targeting Cu dysregulation in specific AD subtypes [54]. 
Another study investigates the possible etiological role of 
Cu imbalance in AD, emphasizing the need for a detailed 
understanding of the fundamental biochemical mechanisms 
rather than merely observing correlations. It offers that as 
the brain ages, there is a shift in Cu balance from bound to 
loosely bound metal ions, which may lead to mitochondrial 
dysfunction, neuronal energy depletion, and aggravated pro-
tein misfolding, all contributing to neurodegeneration. The 
findings highlight the importance of integrating Cu imbal-
ance with genetic predispositions, ageing-related changes, 
metabolic dysregulation, and other pathological processes 
like neuroinflammation and protein aggregation. Notably, 
the study highlights the intricate relationship between Cu 
imbalance and the amyloid hypothesis, suggesting that inter-
actions between Cu and Aβ may play a significant role in 
AD pathogenesis. This holistic perspective highlights the 
complexity of AD and the necessity for multifaceted thera-
peutic approaches targeting Cu homeostasis together with 
other pathological factors [55].

Similarly, Fe accumulation in the brain has been associ-
ated with oxidative stress, neurotoxicity, and tau protein 
aggregation, all of which are hallmarks of AD pathol-
ogy. Meta-analyses highlight the role of Fe in catalyzing 
the production of ROS, leading to neuronal damage and 
BBB dysfunction, thus exacerbating neurodegeneration in 
AD. Gong and co-workers performed the meta-analysis 
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and presented valuable insights into the role of Fe and 
its related proteins in AD. It reveals notable distinctions 
in Fe levels in blood, ferritin levels in CSF, and lactofer-
rin levels in serum between AD patients and healthy con-
trols. Specifically, AD patients exhibited lower Fe levels 
in blood, higher ferritin levels in CSF, and lower lactofer-
rin levels in serum compared to healthy controls. These 
findings suggest a potential link between disturbances in 
Fe metabolism and AD pathology. Elevated ferritin levels 
in CSF imply possible Fe accumulation in brain tissues, 
contributing to neurodegeneration, while decreased lacto-
ferrin levels in serum may indicate a risk factor for AD 
progression. The study emphasizes the need for further 
research to explore the diagnostic potential of Fe-related 
biomarkers and investigate the association between Fe 
status and AD symptoms. Overall, the study underscores 
the importance of understanding Fe dysregulation in AD 
and the necessity for continued investigation into its clini-
cal implications [56]. Ayton et al. recently updated the Fe 
hypothesis of AD by incorporating recent large-scale evi-
dence. While early AD research focused on the potential 
role of Fe in triggering the disease through its associa-
tion with proteinopathies, new findings suggest a more 
complex relationship. Specifically, normal-range brain 
levels of Fe appear to accelerate disease progression in 
individuals with underlying proteinopathic neuropathol-
ogy, representing an independent effect of Fe on neurode-
generation. This hypothesis suggests that tissue Fe levels 
may influence the likelihood of neurodegeneration in AD, 
potentially through mechanisms such as ferroptosis. The 
outcomes of the subsequent study are expected to provide 
further insights into the role of Fe in AD pathology, offer-
ing potential therapeutic targets and diagnostic avenues 
[57].

Zn, another essential metal, exhibits dual roles in AD 
pathology, influencing Aβ metabolism and synaptic func-
tion. While some studies suggest that Zn may promote Aβ 
aggregation, others propose that it enhances Aβ clearance 
from the brain. Moreover, dysregulation of Zn homeostasis 
has been associated with neurotoxicity and synaptic dys-
function, further contributing to cognitive impairment in 
AD. Squitti et al. performed a meta-analysis of 27 studies 
conducted between 1983 and 2014, revealing significant 
heterogeneity in both the demographic characteristics and 
methodological approaches of the included studies, which 
persisted despite our attempts to address them. However, a 
constant finding across the studies was a decrease in serum 
Zn levels among AD patients compared to healthy con-
trols. This decrease remained statistically significant even 
when serum and plasma studies were combined. Interest-
ingly, when we specifically looked at age-matched stud-
ies, the difference in Zn levels between AD patients and 
healthy controls was not significant, suggesting a potential 

influence of age on Zn metabolism in the context of AD. 
We hypothesize that the observed reductions in serum Zn 
may indicate a possible dietary Zn deficiency and propose 
that alterations in Zn levels could interact with Cu metabo-
lism in AD [58]. These findings have prompted further 
investigation into the relationship between Zn and Cu dys-
regulation in AD progression, with the aim of identifying 
potential therapeutic targets or diagnostic markers.

Mechanisms

Multiple mechanisms have been identified as contributing 
to AD; however, these changes do not occur in all cases. 
The pathophysiology of AD is thought to be caused by 
neuronal extracellular deposition of Aβ peptides (senile/
amyloid plaques) and intracellular accumulation of hyper-
phosphorylated tau protein, which forms neurofibrillary 
tangles (NFTs). The changes in the protein dynamics and 
the accumulation of proteins occur due to the deficiency 
of the ubiquitin-proteosome-autophagy system. However, 
synaptic disruption is the most common underlying cause 
of cognitive and behavioral dysfunction in AD cases. The 
neural dysfunction is linked to higher levels of Aβ and 
phosphorylated tau, which diminish synaptic strength 
by aggregating in the dendritic spine and internalizing 
N-methyl-d-aspartic acid receptors (NMDARs). Other 
factors, such as oxidative stress, which increases in the 
brain with age, have been linked to the formation of senile 
plaques and the deposition of NFTs [59, 60]. Because Aβ 
causes oxidative stress which further increases Aβ depo-
sition, oxidative stress and Aβ are inevitably intertwined. 
Further, mitochondrial dysfunction, impaired bioener-
getics, dysfunction of neurotrophins, and disruptions of 
neuronal Golgi apparatus and axonal transport are also 
factors that contribute to AD. Furthermore, elevated 
inflammatory cytokine levels and related genes have been 
associated with the development of AD. These interrelated 
mechanisms result in neuronal death over a long period of 
time, which is known as “neurodegeneration” [61]. In the 
upcoming sub-sections, some well-accoladed hypotheses 
linked to the etiology of AD have been discussed briefly.

Oxidative Stress

Evidence suggests that clinical and pathological signs 
of AD, including Aβ accumulation, NFTs development, 
metabolic changes, and psychological impairments, result 
from long-term progressive oxidative damage [62–64]. 
Furthermore, oxidative stress is a contributing aspect in 
the pathophysiology of numerous risk factors of AD. Free 
radicals-induced damage, as identified in AD, comprises 



Molecular Neurobiology	

advanced glycation end products (AGEs), nitration, per-
oxidation of lipids, carbonyl-related post-translational 
modifications of neurofilament protein, and free carbonyls 
[65–67]. Because the brain membrane has polyunsaturated 
fatty acids (PUFA), it is highly sensitive to free radicals-
induced injury. PUFA enables the elimination of hydrogen 
ions and increases lipid peroxidation, which is a majorly 
noticeable characteristic of degenerative change in the AD 
brain [68]. Furthermore, protein oxidation by increased 
levels of ROS is another important phenomenon in AD. 
This is because oxidation of CNS-associated proteins 
might impair the functions of proteins necessary for neu-
ron and glial cell activities. Two enzymes are particularly 
susceptible to oxidative variations in AD brains: glutamine 
synthetase and creatine kinase. Both of these enzymes 
are significantly decreased in AD brains. This reduction 
reflects changes in the glutamate level and increased exci-
totoxicity. Additionally, alterations in the creatine kinase 
activity due to oxidative stress may impair energy homeo-
stasis in AD [69]. The NFTs are distinguished by protein 
aggregation and Tau-protein hyperphosphorylation into 
the paired helical filaments. Phosphorylation is connected 
to the oxidation via microtubule-associated protein kinase 
pathway and transcription factor nuclear factor-κB (NF-
κB) activation, significantly correlating oxidation with the 
protein hyperphosphorylation [70].

While it is yet unknown what causes the redox imbal-
ance in AD, it is probable that the phenomenon is mainly 
reliant on redox-sensitive transition metals like Cu, Zn, and 
Fe [18, 71]. Dyshomeostasis of these redox-sensitive metals 
is noteworthy in context with an increase in the oxidative 
stress parameters, including lipid peroxidation and oxida-
tive damage to NFTs, amyloid plaques, and nucleic acids 
[72, 73]. The N-terminal metal-binding domain of Aβ and 
its precursor APP contain high affinity binding sites for Cu 
and Zn [38, 74]. Cu is a potent carrier of the highly reactive 
hydroxyl radical (OH•), which subsequently contributes to 
the increase in oxidative burden and is found in high con-
centrations in the plaques. This appears to be dependent on 
the length of Aβ fragments, with Aβ (1–42) being more haz-
ardous and capable of producing hydrogen peroxide (H2O2) 
and other free radicals than Aβ (1–40) [75]. Furthermore, 
elevated Zn concentration has been linked to memory and 
cognitive brain regions such as the neocortex, amygdala and 
hippocampus, all of which are impaired in AD. The bind-
ing of Zn induces a conformational change in Aβ (1–40), 
which eventually leads to the accumulation of toxic fibril-
lary Aβ aggregates. Therefore, the immunological/inflam-
matory response against non-soluble Aβ deposits includes 
dyshomeostasis of Zn content and uncontrolled cerebral Zn 
release. Thus, unregulated Zn or Aβ accumulation causes 
Zn- and Aβ-mediated oxidative stress and neurotoxicity 
[12, 76]. Recent histochemical studies have shown that prior 

treatment of tissue sections to Cu and Fe selective chelators 
inhibits the redox activity in lesions associated with AD. 
Re-exposing the chelator-treated tissues to Cu or Fe salts 
can restore activity, implying that the redox changes in AD 
relies on these metals [77]. As a result, it is likely that Fe 
and Cu accumulation is a key source of ROS generation, 
which is accountable for more widespread oxidative stress in 
AD. Further, free Fe has been associated with redox changes 
in-vivo, resulting in the formation of ROS. Neurodegenera-
tive disorders, including AD have been linked to abnormally 
elevated levels of free Fe and oxidative stress [78, 79].

Aβ disrupts healthy mitochondrial function and induces 
redox imbalance [80]. Aberrant mitochondrial functioning is 
also associated with the etiology of AD, as increased mito-
chondrial DNA (mtDNA) oxidation is one of the early signs 
of the disease [81]. Actually, age-related dysfunctionality of 
mitochondria might be among the initial events in the patho-
physiology of sporadic, late-onset AD. As per the mitochon-
drial cascade theory, age-related reduced mitochondrial 
activity impacts APP expression and processing, result-
ing in Aβ oligomers that subsequently aggregate to form 
plaques in AD [82, 83]. Decreased efficiency of electron 
transport caused by alteration of oxidative phosphorylation 
(OXPHOS) increases ROS formation, primarily at complex 
I and complex III sites [84]. These ROS negatively affect 
mitochondrial macromolecules when they are released into 
the environment. Besides increasing ROS production at the 
mitochondrial level, the peptide Aβ also prevents ROS clear-
ance. In fact, studies have demonstrated that Aβ can prevent 
oxidative damage by inhibiting mitochondrial superoxide 
dismutase (MnSOD), the enzyme most crucial for scaveng-
ing superoxide radicals [85, 86]. Aβ can also bind to and 
inhibit mitochondrial alcohol dehydrogenase, commonly 
known as Aβ binding alcohol dehydrogenase (ABAD). 
ABAD plays a beneficial role in the body by detoxifying 
aldehydes, including 4-hydroxinonenal. The interaction 
between Aβ peptide and ABAD disrupts the enzyme’s detox-
ifying activity, causes ROS production, lipid peroxidation, 
and mitochondrial dysfunction [87]. It is known that ROS 
or lipid peroxidation products can upregulate uncoupling 
proteins (UCP2 and UCP3) to lower proton motive force 
and decrease mitochondrial membrane potential and ATP 
synthesis. Eventually, it results in mitochondrial uncoupling 
and a decrease in ROS formation from mitochondria [88]. 
As a result, UCP expression and activation are considered 
defensive mechanisms against oxidative stress. These pro-
tective phenomenons seem to be defective in the AD brains, 
where UCP2, 4, and 5 are downregulated [89]. The activa-
tion of UCP2 and UCP4 proteins in response to superoxide 
exposure was prevented in SH-SY5Y neuroblastoma cells 
over-expressing APP or APP mutant; although the mecha-
nistic pathways were unknown, it indicated that Aβ deposi-
tion could contribute to permanent neuronal alterations [90].
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Neuroinflammation

Neuroinflammation is an immune response characterized 
by glial cell activation and the generation of inflammatory 
mediators [91]. Several research findings prove neuroinflam-
mation is a key player in AD pathology. Further, inflam-
matory mediators have been linked to the development of 
moderate cognitive deficit to apparent AD. Misfolded and 
aggregated proteins interact to the pattern recognition recep-
tors (PRR) on microglia and astrocytes, eliciting an innate 
immune response demonstrated by the production of pro-
inflammatory cytokines including IL-1, IL-6, and IL-18, 
chemokines like C–C motif chemokine ligand 1 (CCL1), 
CCL5, and C-X-C motif chemokine ligand 1 (CXCL1) 
[92–94]. Microarray analysis conducted by Cribbs and col-
leagues on young, old, and AD cases revealed an upsurge of 
the innate immune activity in the ageing brains and a minor 
rise in the associated genes, implying that inflammation is 
involved in the pathogenesis of AD [95]. Neuroinflammation 
in AD is a persistent response because microglia are already 
“primed” and hence extremely susceptible to subsequent 
insults, resulting in an immediate switch to the harmful 
M1 phenotype [96]. This microglial priming is presumably 
caused by a combination of activators, including chronic Aβ 
exposure, neuronal debris and chronic vascular alterations 
such as cerebrovascular dysfunction and cerebral micro-
infarcts. Aβ may bind to many microglial receptors, causing 
the release of not only inflammatory mediators, but also a 
considerable number of ROS (•OH and O2

− •), nitric oxide 
(•NO) and tumor necrosis factor-α (TNF-α) [97, 98]. The 
formation and secretion of inflammatory mediators can be 
responsible for the loss of synaptic plasticity, neuronal dam-
age, and perturbations in the neurogenesis [99]. The TNF-α 
causes neurodegeneration by activating TNF-α- receptor 1 
(TNFR1) and recruiting caspase 8. IL-1 induces loss of syn-
aptic plasticity by increasing prostaglandin E2 production, 
which eventually increases release of presynaptic glutamate 
and activates postsynaptic NMDA receptors [100, 101].

Furthermore, the complement system can be activated by 
enhancing the phagocytic activity of microglia, which even-
tually may result in erroneous synaptic pruning [102]. Anti-
inflammatory cytokines such as IL-1 receptor antagonists, 
IL-4, IL-10, and IL-11 are also involved in the neuroinflam-
matory cascade and may be a component of the complex 
mechanism for avoiding exaggeration of neuroinflammation 
[103]. However, neuroinflammation is a persistent phenom-
enon that does not get ameliorated on its own and is seen 
as a critical cause of the neurodegenerative diseases. The 
deposition of Aβ itself may be enough to cause an inflam-
matory response, which then promotes to cognitive loss 
and the onset and progression of AD. Neuroinflammation 
in AD is not a passive process activated by the continuously 
aggregating senile plaques and NFTs, but rather is equally 

responsible for the plaques and tangles formation [104]. The 
importance of neuroinflammation is reinforced by findings 
that immunological receptor genes, such as TREM22 and 
CD33, are linked to AD [105, 106]. Considering the possi-
bility that Aβ deposition follows “cognitive deficits” by dec-
ades, exogenous or intrinsic factors may be able to affect the 
innate immune response that results from Aβ exposed micro-
glia. Thus, modifiable environmental risk factors for AD, 
such as systemic inflammation, obesity, and traumatic brain 
injury, may influence risk via prolonged neuroinflammation.

The NLR family pyrin domain containing 3 (NLRP3) 
inflammasome is a protein complex that resides in the cyto-
plasm. It has recently been discovered to be implicated in 
the neuronal damage and innate immune response [108]. 
Recently, it has been shown that Aβ activates NLRP3 in 
microglia and astrocytes. This phenomenon leads to the pro-
duction of caspase 1 and release of cytokines such as IL-1 
and IL-18, which causes permanent damage. Conversely, 
inhibiting the NLRP3 inflammasome reduces Aβ accumula-
tion and has a neuroprotective effect in a transgenic AD mice 
model [109–111]. Hence, accumulating evidence indicate 
Aβ as a key player in AD-related inflammation and oxida-
tive stress (Fig. 2).

Protein Misfolding and Aggregation

Protein misfolding is a cellular phenomenon which is fre-
quently observed over the course of a cell’s existence. Sev-
eral phenomenons, including translational error, inappro-
priate protein modification, stress, and genetic mutations 
ultimately results in protein misfolding and aggregation 
[112]. Comparable to other neurodegenerative disorders, 
the primary cause of AD is the aggregation of brain pro-
teins. Specific protein aggregation, including those of Aβ, 
phosphorylated tau and synuclein, is typically linked to AD.

Aβ Aggregation

In healthy neurons, alpha (α) and gamma (γ) secretase 
enzymes degrade the APP. This reaction generates some sol-
uble polypeptides, which can later be broken down and recy-
cled in the cell. In contrast, if the β-secretase and γ-secretase 
collaborate, the situation goes wrong. This digestive process-
ing results in the formation of 40–42 amino acids long Aβ 
peptide fragments. These fragments come together to form 
oligomers, which can subsequently combine to form harmful 
insoluble Aβ plaques in the vicinity of neurons [113]. When 
Aβ plaques arise, it can cause significant problems in the 
cell. Aβ plaques may bind to the healthy neurons and inter-
rupt their signalling pathways [114, 115]. When neurons 
fail to transmit impulses, the brain may be severely injured 
and some functions including memory are lost. It has also 
been shown that Aβ plaques can trigger an immunological 
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response, causing inflammation and potentially damaging 
adjacent neurons [116]. Aβ aggregates can also deposit on 
the outside of blood vessels, causing angiopathy. Angiopathy 
will eventually result in haemorrhage or vascular rupture 
[117]. The widely accepted amyloid protein-based hypoth-
esis suggests Aβ aggregation as the main cause driving 
AD pathogenesis [118]. Most of the characteristics of AD, 
namely the development of tau protein-containing NFTs, 
synaptic and neuronal damage, and neuroinflammation, are 
considered to be caused by an imbalance between Aβ pro-
duction and elimination. However, there is still debate about 
whether Aβ plaques are a causal factor or an outcome of AD, 
but the existing evidence suggests the former is the main 
factor in AD pathology [119]. This ambiguity persists, espe-
cially in the context of the multiple AD medication failures, 
most of which were directed at key mechanisms important 
to the amyloid hypothesis. Although the amyloid hypoth-
esis remains the most accepted theory, medicines aiming at 
decreasing Aβ levels have mainly proven unsuccessful. For 
instance, monoclonal antibodies against Aβ which have been 
approved as an anti-amyloid AD drug, such as lecanemab, 
only improve 27% of cognitive decline in early AD patients 
[120]. Additionally, aducanumab, the first to be approved by 
the Food and Drug Administration (FDA), was withdrawn 
from the market a few days ago due to poor efficacy and 

more side effects [121]. This strongly shows that Aβ does not 
cause the majority of the damage in AD. Other pathogenetic 
processes must therefore exist in AD, and these may account 
for the majority of the damage.

Structural modifications in the conformations of certain 
proteins or peptides, followed by their aggregation to form 
insoluble fibrils, have been hypothesized as the root cause 
of various neurodegenerative diseases, including AD [122]. 
These conformational changes can be established as a valu-
able tool for distinguishing different diseases [123]. As pre-
viously stated, mounting evidence suggests that monomeric 
Aβ peptides act as a basic unit and lead to the formation of 
amyloid fibers through several intermediary stages [124]. 
Aβ aggregation in AD has been reported to include a con-
formational transition from α-helix to expanded β-sheet in 
the protein [125]. The role of anti-parallel sheet structures 
is proposed for fibrils generated by short peptides with only 
one β-strand segment.

Metal dysmetabolism, involving the dysregulation of met-
als such as Cu, Fe, and Zn, extends its detrimental effects 
beyond its association with beta-amyloid in AD. Primar-
ily, this dysmetabolism leads to oxidative stress, result-
ing in increased production of ROS and subsequent dam-
age to cellular components such as lipids, proteins, and 
DNA. Additionally, dysregulated metal levels aggravate 

Fig. 2   Interplay of Metal Ions 
in Oxidative Stress and Protein 
Activity. A Redox-active metal 
ions (Cu2+ and Fe3+) and asso-
ciated complexes (along with 
Aβ) generate ROS via Fenton-
like reactions, while Zn.2+ 
inhibits mitochondrial oxidative 
phosphorylation, leading to 
ROS production. SOD1 modi-
fication by ROS contributes to 
oxidative stress. B Aggregated 
Ab may serve as a reservoir 
for metal ions, influencing 
their bioavailability. Metal ion 
dyshomeostasis and/or oxidative 
stress can disrupt critical bio-
logical functions, such as ATP 
production, ROS breakdown, 
and maintenance of metal ion 
homeostasis, affecting protein 
activity. Proteins implicated 
include cytochrome c oxidase 
(CcO), Cu/Zn superoxide dis-
mutase (SOD1), ceruloplasmin 
(Cp), metallothioneins (MTs), 
and hemeoxygenase 1 (HO1). 
[Reproduced from Lee et al. 
with kind permission of the 
Copyright holder, Royal Society 
of Chemistry, 2014] [107]
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neuroinflammatory responses by activating microglia, which 
release pro-inflammatory cytokines and chemokines, even-
tually leading to neuronal injury and neurodegeneration. 
Disrupted metal homeostasis also impairs synaptic func-
tion and plasticity, thereby contributing to the cognitive 
deficits observed in AD [71, 126]. Moreover, mitochondrial 
dysfunction ensues from dysmetabolism, which diminishes 
energy production, elevates oxidative stress, and induces cel-
lular dysfunction and apoptosis. Beyond beta-amyloid, metal 
dysmetabolism fosters protein misfolding and aggregation 
by binding to other proteins, such as tau, thereby exacer-
bating neurodegeneration. Furthermore, impaired metal ion 
transport disrupts essential metal-dependent processes and 
signaling pathways, further exacerbating cellular dysfunc-
tion and neurodegeneration. Consequently, metal dysmetab-
olism orchestrates multifaceted effects on neuronal function 
and viability, significantly contributing to the pathogenesis 
of AD [71, 127].

Tau Protein Aggregation

The Tau proteins on the surface of microtubules improve 
the packing architecture of microtubules. They interact to 
microtubules from the carboxy-terminal side, which con-
tains three or four semi-homologous repeats of 31 or 32 
amino acids [128]. It has been shown that Aβ plaques pro-
duced in extracellular regions activate signalling pathways 
within the cell that lead to the activation of kinases. Acti-
vated kinases provide a phosphate group to the tau protein, 
which then exits the microtubule. The phosphorylated tau 
proteins then aggregate and form NFTs. The absence of 
tau proteins weakens the microtubule, causing it to lose its 
signalling function, which can ultimately lead to cell death 
[113]. The aggregated tau protein conformation disrupts the 
axonal transport and contributes to microtubule destabiliza-
tion [129]. When compared to healthy controls, AD patients 
have four times the number of aberrant or hyperphosphoryl-
ated tau proteins. Furthermore, the misfolded tau proteins 
lose their fundamental action of microtubule stabilization, 
possess increased aggregation ability, and are discovered to 
be potential neurotoxic agents [130, 131]. Finally, the func-
tions of tau-microtubule are disrupted, resulting in the loss 
of synaptic plasticity and aberrant axonal transport, culmi-
nating in cognition related impairments.

Tau aggregates are capable of moving from one cell to 
other and are secreted in the extracellular space via a prion-
like mechanism, resulting in the spread of tau related adverse 
effects in the distinct regions of the brain. These fundamen-
tal mechanisms have been used as therapeutic targets in the 
treatment of tau related pathologies and other neurodegen-
erative diseases [132, 133]. Several in-vivo investigations 
have provided significant evidence that establishes a syner-
gistic relation between different pathogenic proteins, such as 

synthetic Aβ fibrils and tau-related pathologies [134, 135]. 
Besides this, these research findings showed a significant 
mechanistic relationship between amyloid and tau proteins 
and neurodegenerative disease. Tau protein has been proven 
to be an essential component in Aβ-induced cognitive fail-
ure, implying that the interaction between Aβ and tau is criti-
cal for the onset as well as progression of AD. As a result, 
investigating the possible molecular interactions between Aβ 
and tau pathology can be a valuable approach to understand-
ing AD progression. The in-vitro investigations with sev-
eral cell types, ranging from neuronal cell lines to cortical 
neurons, organotypic hippocampus, and native hippocampal 
cultures, revealed Aβ-mediated tau hyperphosphorylation 
and cytosolic as well as dendritic tau translocation [136, 
137]. According to some recent findings, amyloid disease 
causes tau hyperphosphorylation in both the cytosol and 
synaptic regions. Reports have also shown that the presence 
of misfolded Aβ can increase the seeding properties and 
aggregation of human tau protein. It is also observed that the 
exposure of neuronal cell lines to the Aβ potentially activates 
the GSK-3β and thus enhances tau protein phosphorylation. 
This method of Aβ-mediated tau phosphorylation was sub-
sequently tested using antisense suppression of GSK-3β and 
tau knockout mice, both of which failed to show Aβ-induced 
mortality [138, 139].

Therapeutic Strategy

For several decades, several therapeutic options have been 
investigated; nonetheless, there is currently no curative 
treatment, and the ultimate objective remains prevention. 
Since metallic burden is one of the causative factors for the 
development of AD, implementing metal restricted diet can 
be one of the therapeutic approaches for the disease. Fur-
ther, chelating the excessive metals with a suitable chelating 
agent also serves the purpose of alleviating AD. Antioxidant 
therapy might be helpful in AD patients as oxidative stress 
is a primary phenomenon having an important role in the 
pathogenesis of AD.

Copper‑Restricted Diet

A Cu-restricted diet exerts beneficial effects in AD manage-
ment by minimizing oxidative damage and neuroinflamma-
tion. A metal-restricted diet reduces the production of ROS 
and ameliorates oxidative stress in the brain by reducing 
the intake of metals including Cu and Fe. This may assist 
in protecting neurons and slow down disease development. 
Furthermore, lowering metal-induced neuroinflammation 
may aid in cognitive preservation and neuronal function 
[47, 140]. Cu is recognized as an essential element vital for 
numerous physiological functions. Both Cu deficiency and 
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excess can have serious health implications, including poten-
tial involvement in AD. Recent studies have highlighted 
alterations in Cu metabolism as a potential pathogenic 
mechanism in AD. Cu is primarily acquired through dietary 
sources, with food contributing around 75% and drinking 
water approximately 25% of the general population’s intake 
[47, 141]. This underscores the significance of dietary inter-
ventions in modulating Cu levels for AD prevention. Indi-
viduals with AD have been found to show disturbances in Cu 
metabolism, characterized by elevated levels of non-cerulo-
plasmin (non-Cp) Cu. While these elevations are less severe 
compared to those seen in Wilson’s disease (WD), they are 
still correlative with AD symptomatology and cerebrospinal 
fluid (CSF) markers. Postmortem analysis of brain tissue 
from AD patients has also revealed discriminating non-Cp 
Cu levels, indicating potential Cu accumulation within the 
brain. This accumulation may disrupt homeostatic mecha-
nisms, thereby contributing to the activation of Cu-mediated 
amyloid cascades implicated in AD pathogenesis. Although 
AD and WD are distinct conditions, they share commonali-
ties in Cu dysregulation mechanisms, suggesting a patho-
genic overlap. Accordingly, insights gleaned from WD 
treatment strategies may inform preventive approaches for 
AD. A future preventive measure involves implementing a 
Cu-restricted diet, particularly for individuals with disrupted 
Cu metabolism [140]. Such a diet would involve reducing 
the intake of Cu-rich foods such as shellfish, nuts, organ 
meats, seeds, and certain whole grains. Furthermore, indi-
viduals may be advised to limit Cu-containing supplements 
and avoid high-Cu water sources. The rationale behind a 
Cu-restricted diet lies in the hypothesis that by reducing Cu 
intake, the accumulation of non-Cp Cu in the body, includ-
ing the brain, could be mitigated. This, in turn, might slow 
down the progression of the AD. However, further research 
is warranted to elucidate the precise role of Cu in AD pathol-
ogy and to ascertain the efficacy of dietary interventions. So, 
a Cu-restricted diet shows promise as a defensive strategy 
for AD; its application should be approached judiciously in 
combination with other preventive measures and therapeutic 
interventions [47, 141].

Chelation Therapy

The concept of metal chelation encouraged the “therapeutic 
chelation” approach to treat AD. According to this concept, 
small compounds can be potential enough to inhibit metal-
induced Aβ accumulation and oxidative damage in the dif-
ferent regions of AD brain. Numerous in-vitro studies have 
been conducted over the last 20 years to characterize metal 
binding, its effect on amyloid accumulation, redox imbal-
ance, and cytotoxicity [142–144]. Regardless of the absence 
of proven benefits in clinical cases, the concept of thera-
peutic chelation is widely exploited in preclinical studies 

for the treatment of AD. Metal chelation therapy involves 
the administration of chelators (chelating agents) into the 
biological system, which further binds to and removes the 
targeted metals [145, 146]. Only a few chelator medications 
are suitable for AD. Desferrioxamine (DFO), bathophenan-
throline, bathocuproine (BC), trientine, penicillamine, bis 
(thiosemicarbazone), quinoline derivatives, and tetrathiomo-
lybdate (TTM) are typical chelator medicines used to treat 
AD [147–149].

DFO was found to be beneficial in clinical research, 
including in 48 AD patients. In one of the studies, DFO 
reduced the aluminium level in the neocortical region of 
the brain in AD patients who received DFO (125 mg each 
injection, twice daily, 5 days a week) [150]. Although it 
demonstrated results for aluminium, one study claimed 
that, given DFO’s affinity for Fe, the result could pos-
sibly have been attributable to Fe elimination [151]. DFO 
has a high affinity for Cu in addition to Fe [152]. In a 
recent study, 1.6 mg deferasirox administration thrice 
weekly had no effect on the memory and motor functions 
as determined by contextual fear conditioning and rotarod 
respectively, but it decreased the content of hyperphos-
phorylated tau as measured by immune-reactive antibodies 
[153]. There are multiple plausible pathways for defera-
sirox’s ability to lower hyperphosphorylated tau levels. 
Since Feca uses aggregation of hyperphosphorylated tau, 
the beneficial outcomes of deferasirox can be attributed to 
Fe chelation [154]. Another theory is that deferasirox pre-
vents the aggregation of tau proteins by binding directly to 
them. Many chemicals inhibit tau aggregation, and a few 
of them are structurally identical to the deferasirox [155, 
156]. Other chelators, including curcumin and clioquinol 
(CQ), have been shown to prevent neurotoxicity or behav-
ioural dysfunctions in transgenic APP mice model [157, 
43]. Similar to deferasirox, these medicines may reduce 
neurodegeneration through mechanisms apart from metal 
chelation, such as curcumin, which has the capacity to 
directly prevent the formation and accumulation of Aβ 
plaques. Cu chelators such as penicillamine, bathophen-
anthroline, bathocuproine, and trientine have also been 
demonstrated to act against the neuropathology in AD. 
In one of the experiments, these drugs increased the Aβ 
solubility by eliminating the Cu from Cu-Aβ pair. Fur-
thermore, bathocuproine has been constantly shown to 
be most effective in the AD-affected regions of the brain 
[149]. Moreover, bis(thiosemicarbazone) has an ability to 
modulate Cu concentrations in AD brain [158]. Analogues 
of the bis(thiosemicarbazone) metal chelator were found to 
be effective in the AD animal model [159]. Another study 
employing an APP/PS1 transgenic AD mouse model found 
comparable results. Bis(thiosemicarbazone) removed Cu 
from Cu-Aβ complex, increased soluble Aβ levels, and 
restored the cognitive ability [160].
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A series of 8-hydroxyquinoline derivatives (VK-28, 
HLA-20, and MA-30) have shown promising results for 
the management of several neurological disorders. One of 
the 8-hydroxyquinoline analogues, CQ, has made its way to 
the phase 2 clinical trial, indicating that it improves cogni-
tive and behavioral abilities and decreases Aβ levels in the 
plasma of AD patients [161, 162]. CQ is a small, lipophilic, 
and metal chelating agent with good bioavailability. It effi-
ciently breaches the BBB and dissolves Aβ aggregates in the 
brain, most likely by excluding metal ions from the structure 
and redistributing them [163, 164].

Although the metal chelating drugs mentioned above 
have demonstrated positive results in lowering Aβ forma-
tion and accumulation in AD patients, the concerns regard-
ing metal chelation therapy still persist. First, along with the 
intended effects, metal chelators may have adverse effects. 
The requirement for the chelating agent to penetrate the BBB 
necessitates a lipophilic and low molecular weight chela-
tor. This poses a significant hurdle for the development and 
selection of metal chelators playing a beneficial role in AD 
[165, 166]. Most of the currently approved chelators are 
hydrophilic and designed to operate on peripheral tissues, 
hence they are not appropriate agents for the treatment of 
AD [167, 168]. One study found that the administration of 
divalent metal chelators, including Cu, Fe, and Zn, in severe 
AD patients reduced the levels of essential metals along with 
the targeted metal ions. As a result, critical metal loss exac-
erbated rather than cured AD pathogenesis [169]. Further, 
metal chelators have been shown to induce solubilization of 
Aβ deposits. However, it remains disputed whether chelating 
agents can only solubilize the Aβ aggregates or can degrade 
them to monomers, oligomers, protofibrils, short fibrils, and 
elongated fibrils [166, 169]. Furthermore, there are several 
concerns about the efficacy of specific metal-chelating 
candidates. A Cu–Zn chelator, CQ, is being employed in 
a number of therapeutic investigations. However, pre-clin-
ical and clinical studies reveal that the efficacy of CQ is 
still controversial [169, 170]. In one research investigation, 
CQ disrupted Cu and Zn homeostasis and increased their 
concentrations, which contradicted the intended outcomes. 
CQ also resulted in adverse outcomes in the mouse model, 
including astrogliosis, spongiosis and brain edema [171].

Antioxidant Therapy

Various natural and synthetic polyphenolic compounds are 
currently employed as antioxidants; however, they have not 
been formally accepted as a therapeutic approach for AD. 
Flavonoids are an essential class of polyphenolic antioxi-
dants and are the most common component of the human 
diet. Natural flavonoids are abundantly found in plants and 
seeds such as cocoa beans and grape seeds [172]. Several 

flavonoids have been shown to exert neuroprotective effects 
in AD cases [172, 173]. A recent investigation by Singh 
et al. reveals that a synthetic flavonoid derivative has a neu-
roprotective impact, as indicated by in-silico and in-vivo 
approaches in a Drosophila model of AD [174]. Moreover, 
flavonoids protect brain cells from oxidative damage and 
prevent the accumulation of Aβ fibrils in-vitro [175]. Other 
antioxidants exerting neuroprotective effects in the brain of 
AD cases include vitamins and polyphenolic compounds.

Vitamin E

Vitamin E is one of the highly potential peroxyl radical 
antioxidants [176]. It has the ability to target lipid-soluble 
membrane lipoproteins as well as low-density lipoproteins. 
Vitamin E can help AD patients to overcome the enhanced 
production of α-tocopherol transfer protein (α-TTP) in their 
brains [177]. A systematic review reported a decreased con-
tent of vitamin E in the blood plasma of AD patients [178]. 
Vitamin E and Ginkgo biloba extracts significantly improved 
cognitive performance in one clinical research [179]. Fur-
thermore, a low serum vitamin E concentration has been 
linked to AD in another meta-analysis. Furthermore, evi-
dence suggests vitamin E potentially inhibits tau-based neu-
ronal damage in Drosophila [45, 180, 181]. According to 
one recent study, vitamin E has the potential to significantly 
diminish oxidative and nitrosative stress-induced toxicity 
in AD [182]. In-vitro and in-vivo experiments with apoE 
have shown that vitamin E can help in preventing neuro-
degenerative diseases. Further, it has been shown to be 
neuroprotective in apoE-deficient animals and to decrease 
Aβ-mediated neurotoxicity in the cultured hippocampus 
neurons [183, 184]. Furthermore, in-vivo investigations have 
shown that vitamin E has neuroprotective action by prevent-
ing Aβ-induced damage [185]. Vitamin E reversed cognitive 
and behavioural impairments caused by synthetic Aβ infu-
sions into the cerebro-ventricles. Conversely, evidence from 
human clinical studies is less compelling as vitamin E is 
unable to reverse the cognitive changes in AD patients, and 
there is minimal improvement in living performance [186]. 
However, the positive effects of vitamin E on the cognition 
and behavior in AD cases are currently being studied.

Glutathione

Glutathione (GSH) is capable of scavenging adducts of lipid 
peroxidation such as acrolein, 4-hydroxy-2-nonenal (HNE) 
and others [187]. Further, it maintains thiol redox balance 
in cells, detoxes free radicals, binds metal ions, and pro-
tects against oxidative burden. It can also chelate metals, 
which lowers metallic burden and enables metal elimina-
tion from the tissues [187, 188]. However, the mechanism 
conferring the exact role of GSH in AD is still unknown. It 
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was recently reported that cholesterol-mediated mitochon-
drial GSH depletion is associated with enhanced Aβ-induced 
redox imbalance in the mitochondria [189]. The adminis-
tration of GSH-ethyl ester to the transgenic model of AD 
with increased sterol regulatory element-binding protein-2 
(SREBP-2) expression has been found to reduce neuronal 
damage and inflammation [190]. Recently, a study uncov-
ered a redox mechanism related to the antioxidant capacity 
of GSH, which was crucial for controlling mitochondrial 
functions in the axons [191].

Curcumin

Curcumin has several favourable properties to be considered 
for neuroprotection. It is considered a potent antioxidant, 
protein aggregation inhibitor, and an anti-inflammatory 
agent [192]. Curcumin attenuated inflammation, oxidative 
damage, and cognitive impairments in several rodent mod-
els of AD. Curcumin has significant free radical scavenging 
characteristics, in which it targets NO-derived reactive spe-
cies to scavenge them, hence inhibiting lipid peroxidation 
[193]. Additionally, curcumin has the property to chelate 
metal ions, which eventually prevents Aβ aggregation and 
reduces oxidative damage [194]. It was also reported to 
restore GSH levels in the brain and decrease oxidized pro-
teins in AD mouse models [157, 195]. However, the benefit 
of curcumin in AD could not be determined in one of the 
clinical trials; this could be due to its extremely weak phar-
macokinetic and pharmacodynamic characteristics [196]. 
Curcumin, surprisingly, has been demonstrated to inhibit 
Aβ-mediated production of several inflammatory mediators 
in both THP-1 monocytic cells and peripheral blood mono-
cytes [197]. The neuroprotective capacity of curcumin has 
been demonstrated in several rodent models of AD. When 
Aβ-injected rats were given curcumin, their cognitive and 
brain function were increased significantly in comparison 
to the Aβ-injected rats alone [198]. Furthermore, curcumin 
exerted similar type of effects in the aged Tg2576 mice 
[157]. The additional evidence suggests that curcumin is 
BBB permeable and can target and remove the accumulated 
Aβ plaques in animal models of AD.

Catechins

Catechins are found in tea, particularly green tea, and have 
several biological effects. They are classified into four types: 
Epicatechin (EC), Epicatechin Gallate (ECG), Epigallocat-
echin (EGC), and Epigallocatechin Gallate (EGCG) [199]. 
Catechins exert antioxidant effects by scavenging free radi-
cals and lowering the deposition of metals, including Cu, 
Fe, and Zn, in the cerebral regions of AD patients by chelat-
ing them [200]. In the rat hippocampus, EGCG has been 

reported to decrease caspase levels, oxidative stress, and 
lipid peroxidation [201]. Long-term research in rats found 
that administration of green tea catechins (0.5% aqueous 
solution) prevented Aβ-mediated cognitive deficits and 
lowered plasma lipid peroxidation and ROS levels [202]. 
Catechins have been reported to have anti-inflammatory 
and anti-acetylcholinesterase (AChE) activity, besides anti-
oxidant effects. Simultaneously, EGCG was discovered to 
directly bind with Aβ peptides and inhibit their aggregation 
and deposition in the brain [200, 203]. Additionally, cat-
echins are able to cross the BBB as demonstrated in several 
rodent models, therefore they may serve as potential thera-
peutic candidates for AD [200].

Resveratrol

Resveratrol has been shown to have antioxidant capabilities 
by lowering concentrations of lipid peroxidation adducts 
and nitrite and increasing GSH levels [204]. Resveratrol was 
found to have an anti-amyloidogenic effect in several types 
of cell lines (with mutant APP695) by decreasing secreted 
intracellular Aβ peptide levels [199]. Resveratrol increased 
the intracellular antioxidant capacity as evidenced by the 
upregulation of enzymes, including SOD, CAT, GPx, and 
HO-1 while decreasing lipid peroxidation [205]. Another 
important action of resveratrol was to reduce free radical 
generation in the cerebral region by inhibiting mitochondrial 
membrane potential disturbance [206]. Metals bind to Aβ 
and NFTs and increase their aggregation, resulting in an 
elevation in free radicals. Resveratrol mitigates this by dis-
rupting the metallic ion’s equilibrium [204]. In addition to 
antioxidant capabilities, resveratrol has the ability to produce 
an anti-inflammatory response, lower tau protein hyperphos-
phorylation and tangles formation, and increase SIRT-1 
expression [206]. As a result, resveratrol is an intriguing 
natural antioxidant in the fight against AD pathogenesis.

Recent Investigation on Cu, Fe, and Zn 
Targeting Therapy

Recent therapeutic approaches include novel metal-focused 
therapy, metal protein attenuating compounds (MPACs), and 
nanotechnological interventions (Table 1). Efforts to regu-
late cellular metal ion homeostasis are critical to ensuring 
that freely available metals, such as Cu and Zn, are main-
tained at low levels while ensuring adequate metals are 
obtainable for essential metal-binding proteins.

Peptides‑Based Chelators

The MPACs class includes a compound with a peptide 
ligand, exemplified by GSH-LD. GSH, is a vital antioxidant 
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peptide found in human cells, comprising three main amino 
acids: Cys, Glu, and Gly. This peptide is renowned for its 
multifaceted role in addressing neurodegenerative diseases. 
On the other hand, l-Dopa, also recognized as Levodopa 
(l-3,4-dihydroxyphenylalanine), is an important amino acid 
naturally occurring in humans, as well as in some animals. 
When l-Dopa and GSH are combined, they form GSH-LD. 
This compound exhibits a remarkable ability to selectively 
eliminate excessive Cu2+ ions and partially reduce the sur-
plus of Zn2+ ions present in Aβ peptides [214]. One com-
monly explored pathway is metal chelation, which is con-
sidered an indirect antioxidant mechanism. This is because 
metal complexation can inhibit radical reactions within the 
chain, delaying oxidation processes. These radicals have the 
potential to interact with biomolecules, leading to disrup-
tions and damage in body tissues. It is worth noting that 
the relatively lower concentrations of naturally occurring 
bioactive peptides can contribute to pathological conditions 
in humans. In specific studies, fresh phaseolin and bean 
protein hydrolysates, obtained through enzymatic diges-
tion with pancreatin and pepsin, have been assessed for 
their metal-chelating and antioxidant properties [215]. The 
antioxidant activity of peptides often relies on their capac-
ity to chelate transition metals and scavenge free radicals. 
Residues of certain amino acids play a pivotal role in this 
process. Residues with nucleophilic sulfur comprising side 
chains, such as Methionine (Met) and Cysteine (Cys), as 
well as those with aromatic side chains like Tyrosine (Tyr), 
Tryptophan (Trp), and Phenylalanine (Phe), are adept at 
donating hydrogen atoms. Consequently, these residues 
are generally considered to possess antioxidant potential, 
while they can exhibit pro-oxidant effects under specific 
conditions [215]. Additionally, the imidazole group in His-
tidine (His) is known to have metal-chelating properties. 

Furthermore, basic and acidic amino acids may also play a 
vital role in chelating metal ions like Fe2+ and Cu2+ [216]. 
Methanobactins (MBs), also known as chalkophores, are 
small peptides (< 1300 Da) manufactured by the methano-
trophic bacterium Methlylosinus trichosporium OB3b in its 
growth medium. MBs exhibit a variable binding affinity for 
Cu depending on the ratio of MBs to Cu ions. However, the 
precise details of this affinity remain unclear, as Cu (II) may 
undergo reduction in the presence of MBs. Notably, MBs 
have a preference for binding to Cu over other metals like 
Zn and Fe. They play a crucial role in regulating the meth-
ane oxidase system and effectively mitigating Cu toxicity, 
making them valuable in chelation therapy for Cu-related 
disorders [217, 217, 218].

Nanochelators or Nanoparticle‑Based Approaches

The recent developments in nanotechnology-based strate-
gies for AD have focused on targeting transition metals, 
including Cu, Fe, and Zn, which play crucial roles in the 
pathology of AD. The smart materials such as nanoparticles 
(NPs) are designed to chelate these transition metals, pre-
venting their accumulation in the brain and thereby reduc-
ing metal-induced oxidative stress and neuroinflammation 
[219]. Another approach involves using NPs as carriers for 
metal-based therapeutics, improving drug delivery to the 
brain and allowing for precise modulation of transition metal 
levels while minimizing adverse effects on other tissues 
[220–222]. Moreover, NPs can be customized to specifically 
target regions of the brain rich in transition metals, such as 
amyloid plaques, maximizing the effectiveness of therapeu-
tic interventions. These innovative approaches hold great 
promise for addressing various aspects of AD pathology 
and may lead to advancements in disease modification and 

Table 1   Drugs and their target metal ions in AD

Drug Targeted metal Model species Comments Reference

Clioquinol (CQ) Fe, Cu, and Zn Mouse Tg2576 Reduction of Aβ, and increase in soluble Aβ-fraction [43]
CQ Fe, Cu, and Zn AD patients Inhibition of the cognitive deterioration and decrease in 

Aβ plasma concentration levels
[207]

Deferiprone Fe, Cu, Zn, Co, and Ni Rabbit Decrease in Aβ aggregates levels and shown anti-hyper-
cholesterolemic effects

[2]

Curcumin Cu and Zn Mice Decrease in Aβ aggregation [2]
Curcumin Cu and Zn AD patients Shown anti-inflammatory and disaggregation potential [2]
Triethylenetetramine (TETA) Cu Mouse APP/PS1 Decrease of Aβ deposition in mouse APP/PS1 but not in 

mice Tg2576
[208]

Zn7MT3 Zn Mouse Tg2576 Decrease in Aβ aggregation, behavioral deficits, neurode-
generation and oxidative damage

[209]

XH1 Fe, Cu, and Zn Mouse APP/PS1 Decrease in Aβ load [210]
Desferrioxamine (DFO) Fe and Al AD patients Decrease in mental deterioration [211]
PBT2 Fe, Cu, and Zn AD patients Decrease in AβCSF and plasma levels [212]
DP109 Fe, Cu, and Zn Mouse Tg2576 Decrease in Aβ plaques and cerebral amyloid angiopathy [213]
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neuroprotection, pending further optimization and validation 
through preclinical and clinical studies [223].

Despite their proven efficacy, metal chelators face limita-
tions, including their restricted ability to penetrate the BBB 
and their inability to differentiate between toxic metals 
associated with Aβ aggregates and those crucial for normal 
biological functions. To surmount these challenges, encap-
sulating metal chelators within NPs presents a promising 
solution [218, 224]. These NPs have demonstrated a pivotal 
role in extracting chelator-Fe complexes from the brain, 
thus mitigating the toxicity of Fe ions [225]. Extensive prior 
research has discussed the strategic amalgamation of NPs 
with chelating agents to enhance their delivery to the brain 
for AD management. This approach has proven both safe 
and highly effective in reducing elevated metal concentra-
tions in the AD-afflicted brain. Some studies have delved 
into the coupling of hexadentate Fe chelators with NPs for 
brain delivery and exhibited the ability to sequester Fe from 
AD brain tissues as well as from essential Fe storage proteins 
like ferritin [18]. Recent work by Haung et al. introduced a 
multifunctional treatment approach utilizing polydopamine 
(PDA) NPs with inherent properties for chelating metal 
ions and scavenging ROS. Adorned with the KLVFF pep-
tide (PDA@K), these NPs effectively cross the pathological 
BBB and accumulate at lesion sites by hitchhiking on Aβ. 
Both in vitro and in vivo trials demonstrated that PDA@K 
displayed a strong affinity for Aβ and improved their BBB 
crossing, ultimately reducing Aβ aggregation and alleviat-
ing neuroinflammation [226]. Kowalczyk et al. investigated 
the potential of Prussian blue (PB), a medication included 
in the World Health Organization (WHO) Model List of 
Essential Medicines, as an AD management. Both in in-vitro 
and in-cellular studies demonstrate that PB-nanoparticles 
(PB-NPs) exhibit the ability to diminish the formation of 
characteristic Aβ fibers, which are identified through thiofla-
vin T fluorescence. Furthermore, PB-NPs can reinstate the 
regular process of amyloid fibrillation by effectively binding 
or isolating Cu. This metal tends to accumulate in significant 
amounts within senile plaques linked to AD. PB-NPs hold 
promise in alleviating oxidative stress through dual mecha-
nisms, acting as both Cu2+ ion adsorbers and scavengers for 
hydroxyl radicals [227].

Inspired by stimuli-responsive drug delivery systems, 
Shi et al. introduced a unique dual-responsive system 
for releasing a “caged metal chelator” based on near-
infrared (NIR)-absorbing gold nanocages. In this system, 
the chelator CQ was enclosed within the gold nanocages, 
and the pore was sealed by human IgG using a therma-
landredox-sensitive arylboronic ester bond. Excess H2O2 
triggered the cleavage of the aryl boronic ester bond, 
leading to the release of CQ. Additionally, exposure to 
NIR light generated localized heat, further facilitating 
the release of CQ and dissolution of Aβ deposits, all 

achieved through noninvasive remote control [227]. Li 
et al. devised a dual-responsive approach utilizing light-
responsive magnetic NPs prochelator conjugates to com-
bat metal ions induced Aβ-aggregation. In this intricate 
system, they employed Fe3O4 NPs to encapsulate CQ 
through a photoactive o-nitrobenzyl-bromide linkage. 
Importantly, in its prochelator form within the conju-
gates, CQ did not interact with Cu2+. Upon exposure to 
UV radiation at 365 nm, the o-nitrobenzyl-bromide link-
age undergoes photolytic cleavage, releasing the caged 
CQ from the NPs. This liberated CQ then effectively 
stops metal-induced Aβ-aggregation, reduces the pres-
ence of cellular ROS, and provides cellular protection 
against Aβ-related toxicity [228]. Another similar plat-
form devised by Li et al. that hinged on the responsive 
release of antioxidant CeO2 NPs and the metal ion chela-
tor CQ, triggered by H2O2 [229].

To address AD through numerous pathways, Guan 
et al. developed CeO2 NPs encapsulated within a func-
tional MnMoS4 shell (CeNPs@MnMoS4-n; n = 1–5). The 
MnMoS4 component was capable of eliminating toxic intra-
cellular Cu2+ through ion exchange. Furthermore, the release 
of Mn2+encouraged neurite outgrowth. Notably, CeNPs@
MnMoS4-3, with its SOD activity, contributed to a reduction 
in oxidative stress [230] (Fig. 3).

Li et al. discovered that graphene-like carbon nitride 
nanosheets (g-C3N4 nanosheets) possess a remarkable abil-
ity to adsorb metal ions. They found that these nanosheets 
can function as chelators to effectively inhibit Cu2+-induced 
aggregation of Aβ, break down pre-existing Aβ-Cu2+ aggre-
gates, diminish the levels of ROS caused by Aβ-Cu2+, and 
mitigate Aβ-induced toxicity [231]. Gong et al. have engi-
neered an intelligent Aβ nanocaptor. They achieved this by 
affixing C3N4 nanodots onto Fe3O4@MSNs and then altering 
them with benzothiazole aniline to create B-FeCN. Within 
this nanocomposite, the C3N4 nanodots play a crucial role 
in capturing Cu2+, thereby preventing the formation of the 
Aβ-Cu2+ complex and reducing Aβ aggregation. Addition-
ally, the presence of Fe3O4 enables localized low-tempera-
ture hyperthermia, which enhances BBB permeability and 
aids in dissolving Aβ plaques. Furthermore, the inclusion 
of BTA imparts the nanocaptor with specific targeting capa-
bilities and the ability to fluorescently image Aβ aggregates 
for monitoring purposes [232]. Another intriguing approach 
in metal-based therapeutics for AD focuses on addressing 
elevated brain Fe levels. This approach involves traditional 
Fe chelation therapy utilizing compounds designed to pass 
the BBB and possesses multifunctional properties, such as 
antioxidant or monoamine oxidase inhibition achieved by 
hydroxy pyridine-coumarin hybrids. Moreover, compound 
hybrids exhibited protective effects against oxidative stress, 
leading to a substantial improvement in cognitive function 
in a Morris water maze model [233, 234].
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Conclusions and Future Perspective

AD is the most prevalent form of dementia worldwide. The 
disease’s intricate mechanisms involve oxidative stress, neuro-
inflammation, and protein misfolding and aggregation. Oxida-
tive stress arises from imbalances in redox-sensitive transition 

metals, leading to ROS generation, mitochondrial dysfunc-
tion, and neurodegeneration. Neuroinflammation exacerbates 
AD pathology, while protein misfolding, especially of Aβ and 
tau proteins, contributes to neuronal damage and cognitive 
decline. The traditional view of AD as a brain protein aggre-
gation disease has shifted toward understanding its connection 

Fig. 3   Schematic representation of PDA@K compound mechanism: 
melanin-like metal ion chelators and neuroinflammation regulators 
designed for AD therapy. These compounds synergistically reduce Aβ 
burden and normalize microglia dysfunction through metal chelation 
and ROS scavenging.  Reproduced from Huang et al. [226] with the 

kind permission of the Copyright © holder, AAAS, 2023, an open-
access article distributed under a Creative Commons Attribution 
License 4.0 (CC BY 4.0), which permits unrestricted use, distribu-
tion, and reproduction in any medium
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to metal imbalances, particularly Cu, Zn, and Fe. Research 
in metallobiology has revealed how metals relate to neuro-
degenerative disorders like AD. These transition metals play 
vital roles in brain functions like enzyme operations, neu-
rotransmission, and aging. Disrupted metal balance impacts 
gene expression, enzyme activation, and defense against ROS, 
affecting brain growth, development, and function. Metal 
imbalances, particularly involving Cu, Fe, and Zn, disrupt 
brain function in AD by interacting with proteins like APP, 
Aβ, and tau, leading to oxidative stress, protein aggregation, 
and synaptic dysfunction—key elements in AD pathology. 
Studies suggest these imbalances and associated oxidative 
damage significantly contribute to AD progression. The thera-
peutic strategy for AD primarily focuses on prevention due 
to the lack of a curative treatment. It involves metal-restricted 
diets, chelation therapy to remove excess metals, and anti-
oxidant therapy to counter oxidative stress. Recent investi-
gations exploring innovative peptide-based chelators, such 
as GSH-LD (combining GSH and l-Dopa), show promise in 
selectively removing excess Cu and partially reducing surplus 
Zn present in Aβ peptides. Metal chelation is an indirect anti-
oxidant mechanism that inhibits radical reactions and prevents 
biomolecular disruptions caused by radicals. Amino acids like 
Cysteine, Methionine, and Tyrosine in peptides contribute to 
their antioxidant potential by chelating transition metals and 
scavenging free radicals. NPs-based approaches address the 
limitations of metal chelators by enhancing brain penetration 
and targeting specific metal imbalances associated with AD. 
Examples include polydopamine NPs (PDA@K) that cross 
the BBB and reduce Aβ aggregation, Prussian blue NPs (PB-
NPs) that bind Cu, and stimuli-responsive systems releasing 
chelators to dissolve Aβ deposits. Other innovations involve 
graphene-like carbon nitride nanosheets (g-C3N4) inhibiting 
Aβ-Cu2+ aggregation and nanocaptors capturing Cu2+ to pre-
vent Aβ complex formation. Additionally, research focuses 
on Fe chelation therapy with compounds designed to pass 
the BBB, exhibiting antioxidant properties and cognitive 
function improvement in AD models. These multifunctional 
compounds offer a potential therapeutic avenue for address-
ing elevated brain Fe levels in AD. Metal-targeted therapies 
using peptides and NPs to regulate cellular metal ion balance, 
offering potential avenues for AD treatment. However, these 
approaches necessitate further validation and clinical trials to 
assess their effectiveness in humans.
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