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Abstract

Alzheimer’s disease (AD) signifies a devastating impact on the quality of life of patients and
their families. At abiomolecular level, AD is characterized by the deposition of extracellular
plaques of 3-amyloid (Af), affecting language, spatial navigation, recognition abilities and
memory. Among the selected 30 articles about polyoxometalates (POMs) and AD published
from 2011 to 2025, pure POMs, hybrid POMs and POM nanoparticles can be found. The
majority of POMs are polyoxotungstates (62%), the Keggin-type SiW;1039 being the most
studied in AD. The main effect described is the inhibition of Af3 aggregates. Other effects
include reversing the neurotoxicity induced by A3 aggregates, decreasing ROS production
and neuroinflammation, restoring memory and sequestering Zn?* and Cu?*, among others,
features that are well known to be associated with the pathology of AD. POMs have also
shown the ability to induce the disaggregation of Ap fibrils, particularly after irradiation,
and to inhibit acetylcholinesterase activity at an nM range. Putting it all together, this
review highlights a predominant trend in the exploration of POMs to act directly at the
level of the formation and/or disaggregation of A3 aggregates in the treatment of AD.
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1. Introduction

The 21st century poses new challenges with regard to the growing prevalence of
diseases associated with aging, particularly neurodegenerative diseases [1]. Neurodegener-
ative diseases define disorders characterized by the progressive dysfunction of synapses,
neurons and glial cells, inducing the decline of the central nervous system (CNS) and,
therefore, leading to debilitating conditions that impair the cognitive and physical char-
acteristics of individuals [2]. At a more advanced stage, these disorders culminate in
situations of total loss of autonomy and, eventually, death [3]. Studies identify changes in
the physiological conformation of certain proteins [4], the formation of protein aggregates
(intra- or extracellular) [5], mitochondrial dysfunction [6] and oxidative stress [7] as crucial
elements that contribute to neurological diseases such as Parkinson’s disease, amyotrophic
lateral sclerosis, multiple sclerosis, Huntington’s disease and Alzheimer’s disease, among
others [8].
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At the molecular level, AD is characterized, in the majority of the cases, by the de-
position of extracellular senile plaques of 3-amyloid (Af), the formation of intracellular
neurofibrillary tangles of hyperphosphorylated tau protein (NFT) and, in rarer cases, the
formation of intracellular actin aggregates and actin-associated proteins in neurons, pre-
dominantly in the hippocampus, although the cause of AD is not yet known [9]. Approved
medications include acetylcholinesterase inhibitors such as donepezil, rivastigmine and
galantamine, which increase the concentration of acetylcholine in the synaptic cleft and are
indicated for the treatment of mild to moderate symptoms [10]. Normally, these drugs are
often associated with side effects, which may include nausea, vomiting and heart problems,
limiting their usefulness in certain patients with associated comorbidities [11]. Therefore,
the development of new treatments for AD is challenging due to multiple factors, including
the need for long follow-up periods to assess the effectiveness of treatments, as well as the
difficulty in recruiting and retaining participants [12,13].

In recent decades, POMs have played an increasingly important role as a new age
treatment for diseases. The wide range of POM uses in medicine may be due to the modu-
lation of several proteins, as referred to elsewhere [14], possibly being the reason why these
metal-based compounds, particularly in cancer treatment, offer unique mechanisms of
action and have spurred research into alternative and enhanced therapies [14-16]. Beyond
oncology, POMs are also being explored for their potential in treating viral infections,
bacterial resistance to antibiotics and neurodegenerative disorders, among other incurable
diseases [14-16]. Herein, we provide an overview from an inorganic biochemistry perspec-
tive of the evolution of the utilization of POMs in AD studies, focusing on the diverse types
of POM structures, the POMs’ effects and future directions in the field.

2. Alzheimer’s Disease

AD represents one of the main global public health challenges due to its devastating
impact on the quality of life of patients and their families, as well as the costs associated
with providing healthcare [17]. Approximately 57 million people suffer from dementia,
with prospects for this number to triple by 2050 due to population growth and aging [18].
According to data from the World Health Organization (WHO), AD and other types of
dementia are the 7th leading cause of deaths worldwide. Women are disproportionately
represented, accounting for 65% of deaths [17]. The pathophysiology of AD encompasses
both anatomical changes in the brain and biomolecular changes that disrupt neuronal
function [19]. AD is characterized by generalized brain atrophy, which begins in regions
involved in memory and cognition and progressively covers larger areas of the brain [19].
The hippocampus, entorhinal cortex and other medial temporal lobe structures, essential
for forming and retrieving memories, are among the first to exhibit neurodegeneration [20].

Alzheimer’s disease was first described in 1906 by Alois Alzheimer as “a severe
pathological process peculiar to the cerebral cortex” [21]. AD is currently an irreversible
and incurable neurodegenerative disease and the leading cause of dementia in adults
over 65 years of age (50-70%). In an initial phase, AD manifests itself as a dysfunction
in short-term memory, which progressively evolves into more serious clinical conditions
characterized by dementia, aphasia, temporal and spatial disorientation, cognitive deficits,
behavioral changes such as apathy, agitation, aggression and irritability, mood changes
such as depressive and anxiety syndromes, mutism, insomnia, seizures, paranoia and
hallucinations, among others [22].

Although the main risk factor for the development of AD is age, there are a multitude
of factors associated with the development of the pathology, namely a family history of
dementia, genetic factors such as mutations in the genes coding for amyloid precursor
protein (APP), presenilin-1 (PS1) and presenilin-2 (PS2), environmental factors, race, low
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socioeconomic and /or educational level, hypertension, diabetes, dyslipidemia, obesity and
traumatic brain injury, among others [23].

B-amyloid (Af) is a peptide, originating from APP, that plays a central role in the
pathogenesis of AD. A3 accumulates in the brain, forming senile plaques, one of the main
pathological biomarkers of the disease [24]. APP is a transmembrane protein expressed
in various parts of the organism, particularly in neurons [25]. Synapses, fundamental in
neurotransmission and neuroplasticity, are particularly sensitive to the presence of Af3
aggregates and NFTs (neurofibrillary tangles), two major pathological hallmarks of AD [26].
The loss of neural connectivity due to A3 aggregates is reflected in memory decline, changes
in executive capabilities and a decrease in the ability to process information [26]. In parallel,
the activity of microglia and astrocytes, glial cells with supportive and protective functions
in the central nervous system, is also stimulated by A and NFTs [27]. This hyperactive state
results in the excessive production of reactive oxygen species (ROS) and pro-inflammatory
cytokines, which favor chronic states of neuroinflammation and oxidative stress. These
factors, together with the disturbance of calcium homeostasis, contribute to neurotoxicity
and cell death [27,28].

Currently, treatments for AD focus primarily on managing the cognitive and behav-
ioral symptoms of the disease [11]. Memantine, an N-methyl-D-aspartate (NMDA) receptor
antagonist that inhibits glutamate-induced calcium-mediated excitotoxicity, is prescribed to
alleviate moderate to severe symptoms [29]. However, these therapies offer limited benefits
and do not prevent disease progression [11]. Acetylcholinesterase inhibitors, for example,
may temporarily improve cognitive function or stabilize symptoms in some patients, but do
not alter the underlying course of neurodegeneration [10,11]. In short, the complexity of the
pathological mechanisms involved (some of which are certainly yet to be discovered) makes
the therapeutic target extremely challenging [30]. At the same time, individual variability
in the progression and symptoms of the disease makes it difficult to create treatments that
are effective across the board [30]. Another significant obstacle is the blood-brain barrier
(BBB) [31]. This consists of a highly selective structure that separates the systemic circula-
tion from the brain tissue, protecting the brain from potentially toxic substances present
in the blood, allowing the passage of the essential nutrients and metabolites necessary
for normal brain functioning [31]. Even so, the blood-brain barrier also prevents many
drugs from reaching brain tissue in therapeutic concentrations [13,31]. This panorama
demonstrates the urgent need for new therapeutic approaches that not only prevent the
symptoms but additionally can act on the original causes of AD (Figure 1). In fact, one of
the take-home messages of the present review is to bring together the biochemistry side of
AD (left side of Figure 1), illustrated by the synapses, the APP, the A} and Af} aggregates,
the neurons and the brain, and AD symptoms (right side of Figure 1), illustrated by the
loss of memories of anniversaries and keys, among others. Alzheimer’s caregivers, doctors,
psychologists, nurses and family members are in the middle between AD biochemistry and
symptoms, and the current review is also aimed at them (Figure 1).
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Figure 1. Alzheimer’s disease, “a severe pathological process peculiar to the cerebral cortex”. In
an initial phase, it manifests itself as a dysfunction in short-term memory, which progressively
evolves into more detrimental clinical conditions characterized by dementia, aphasia, temporal
and spatial disorientation, cognitive deficits and behavioral changes such as apathy and agitation,
among others. 3-amyloid becomes a central figure in the pathogenesis of AD. Alzheimer’s caregivers,
doctors, psychologists, nurses and family members are in the middle between AD biochemistry and
symptoms, and the current review is also aimed at them.

3. Polyoxometalates

POMs represent a fascinating and diverse class of inorganic compounds that have
captured the attention of researchers due to their unique structures, chemical versatility
and wide range of potential applications [32]. These compounds consist of molecular
clusters formed by transition metal oxoanions, such as tungsten (W), molybdenum (Mo)
and vanadium (V), linked by oxygen atoms [14,15,32]. The concept of POMs as a distinct
class of compounds dates back to 1826 through the studies of Swedish chemist Jéns Jacob
Berzelius, who extensively studied metallic acids and their properties [33]. Since then, the
practically unlimited ability to chemically modify, adjust properties and structures and
form hybrid systems with other particles, compounds or molecules has turned the study
of POMs into a vibrant and constantly evolving area of research [14,15]. The structure of
POM:s is remarkably diverse, varying in size, shape and composition, which is due to the
highly modular nature of oxoanions [32]. The basic skeleton of a POM generally consists of
a central cluster of metal atoms surrounded by oxygen atoms, forming polyhedral units
such as tetrahedra and/or octahedra, among others [32,34]. These units can be linked in
different ways, removed, added or even replaced by other elements, creating structures
that range from simple rings or chains to complex three-dimensional clusters [32,34].

The applications of POMs are as diverse as their structures [14,15,34]. Due to their
catalytic action, POMs can be used to facilitate chemical reactions such as the oxidation
of organic compounds and the degradation of environmental pollutants [35-37]. In the
energy industry, POMs have been explored as components of energy storage devices, such
as batteries and supercapacitors, due to their ability to reversibly accept and donate elec-
trons [38,39]. In the field of medicine, the antiviral, antibacterial, antifungal, anticancer and
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antidiabetic properties (among many others), as well as the inhibition of the formation of
Ap aggregates, of certain POMs pave the way for the development of new pharmaceutical
treatments [14-16,40-47].

4. Polyoxometalate Studies in Alzheimer’s Disease

On 18 August 2025, the number of articles published with the keyword “polyoxometa-
late” was 15,894, determined after a literature search on the Web of Science. The number of
articles found with the keywords “polyoxometalate” and “Alzheimer’s disease” was 33,
also considering review articles. From the articles analyzed, about 65 POMs were found
(Table S1). Most POMs found in AD research studies are polyoxotungstates, POTs (62%),
followed by polyoxomolybdates, POMos (32%), with minor contributions from polyoxo-
niobates, PONbs (5%), and polyoxovanadates, POVs (2%). From these, several POM types
and structures that were studied in AD were selected for this study (Figure 2). As can
be observed in Figure 2, not all were just pure POMs—for example, the one described
in the first studies (2011) [48]—but also POM nanoparticles with a peptide with speci-
ficity for AP [49] (2013); Wells—-Dawson POMds with histidine-chelating metals [50] (2014);
systems combining cerium nanoparticles with POMs [51] (2016); POM gold nanorods
(AuNRs) [52] (2017); hybrid POMs [53,54] (2018, 2019) and those functionalized with a
platinum-substituted POT [55] (2019); other pure POMs [56] (2020); and a nanohybrid
system consisting of gold nanoparticles covered with POMs and polyethylene glycol [57]
(2023), among others (Figure 2). Not all are pure POMs (46%), and, as described below,
hybrid POMs (27%) and hybrid nanoparticle POM systems (27%) can also be found.

SiW11030]"
15i%110us) [PWs0s4]' -

Figure 2. Timeline of selected POM structures included in this review. POMs alone (2011, 2013, 2014 and
2020) or combined in nanoparticles and/or nanorods (2016, 2017), and hybrid POMs (2018, 2019) with a
platinum-substituted (2019) and nanohybrid system (2023) showed promising applications in AD.

4.1. Pure Polyoxometalate Studies in Alzheimer’s Disease

In the first study described, in 2011, Geng et al. explored the inhibition of Af3 ag-
gregate formation between different POMs [48]. The results suggest that POTs such as



BioChem 2025, 5, 41

6 of 23

KS[P2COW17061], K7[PT12W10040], (X—NagH[SiW9034] and Kg[B—SiWnOgg] prevent AB
fibrillation by establishing electrostatic interactions with the peptide, with IC5y values
of inhibition between 10 and 39 uM. On the other hand, polyoxomolybdates (POMos)
such as H3[PMo012049] and Nas[IMogOy4] did not demonstrate an inhibitory activity. The
study highlighted that POMs appear to specifically bind to charged recognition motifs in
the structure of the A peptide, suggesting that this interaction is crucial for preventing
fibril formation. In the same year, Zhou et al. [58] showed that two representative POMs,
the Keggin-type [W1,04]'% (abbreviated Wy,) and the donut-shaped [PsW3Oq10]1
(abbreviated PsW3y), interact with Ap1-40, affecting the degree of aggregation, being W1,
more potent than PsW3g, and inhibiting its fibrillization upon 5 days of incubation in
PBS medium at pH 7.4 [58]. A thioflavin T (ThT) fluorescence assay was used. Upon the
binding of ThT, a fluorescent dye, to the 3 sheet conformation of A fibrils, a fluorescence
emission at 480 nm is observed that is proportional to the number of fibrils formed [58].
Most relevant were the findings that both POMs dramatically prevent the A31-40 random
coil changes to the 3 sheet secondary structure and therefore prevent the formation of
aggregates. In order to understand the POM binding patterns of interaction with A1-40, a
complete characterization was performed using dynamic light scattering (DLS) and isother-
mal titration calorimetry (ITC). Different binding patterns were found for the two POMs
(Figure 3), and the mode of interaction was mainly electrostatic [58].

@ Tu

Ab1-40
P5W30

Figure 3. Different binding patterns upon Wy, and PsW3 interaction with AB1-40 [58]. Reproduced
from Ref. [58] with permission from Elsevier.

Two years later, Li et al. [59] used a phosphotungstate (Kg[P2CoW17041]) to test a new
therapeutic approach specifically focused on A aggregation. The innovative aspect of
this study lies in the application of the photocatalytic properties of phosphotungstate to
inhibit A aggregation. Moreover, it induces the degradation of preformed A3 monomers
and oligomers, while also decreasing ROS production [59]. The phosphotungstate com-
pounds used in this study demonstrated the ability not only to inhibit the aggregation of
Ap peptides, but also to degrade both A3 monomers and oligomers when exposed to UV
light radiation. In the same year, Igbal et al. described several POMs as inhibitors of acetyl-
cholinesterase and butyrylcholinesterase activities [60]. They state that [HyW1,04,]10
and [TeW¢O4]° are the most potent acetylcholinesterase inhibitors, with ICsy values of
0.29 and 0.31 uM, respectively, while [(O3PCH,PO3),W1,056]'%~ was the most potent and
selective inhibitor of butyrylcholinesterase, with an ICsy value of 0.18 uM, pointing to
POMs as a new class of acetyl and butyrylcholinesterase inhibitors [60].
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In 2014, Chen et al. [61] described the inhibition of A3 aggregation by three spherically
shaped anionic POMo nanoclusters, based in a cluster skeleton with a basic Mo (Mos) unit
and built up of 12 Moy; fragments. All three POMo nanoclusters prevent A3 aggregation,
induced by Zn?* and by Cu?*. Circular dicroism (CD) spectroscopy studies also showed
that these POMos prevent the conformational conversion of AB40 from random coils to
B sheets. The PC12 cell neurotoxicity induced by AB40 (20 uM) with or without Zn?*
or Cu?* is partially reverted by the POMs (10 ug/mL), from about 50% to almost 80%
for the most potent POM (the POM cluster 3). It was also observed that Zn%* induces
AP40 aggregates, which in turn also promote H,O, production, both these effects being
inhibited by these POMos. It was suggested that A(340 induces PC12 cell death through
apoptosis. Moreover, the depolarization of mitochondria was reduced from 74% to 6-12%
(depending on the POMo) when the cells were incubated with these POMos [61]. In
the same year, Gao et al. [50] designed a series of transition metal-functionalized POM
derivatives, Wells—Dawson POMds such as Kg[P,NiW17041] and Kg[P,CuW17041] with
defined histidine-chelating metals (such as Ni, Co, Cu, Fe and Mn) (Figure 4), which have
much better Af3 aggregation inhibition and peroxidase-like activity inhibition effects than
the parent POM [50] and the ones found previously [48].

Figure 4. Structures of POM and POMds. (Left) Wells-Dawson structure; (Right) Wells—Dawson
POMds with histidine-chelating metals (such as Ni, Co, Cu, Fe and Mn). The PO4 and WOg, polyhedra
are shown in blue and light pink, respectively. The histidine-chelating metal is shown as a purple
ball. The O, C, N and H atoms are shown as red, gray, dark blue and white balls, respectively [50].
Reproduced from Ref. [50] with permission from Springer Nature.

In 2017, two Keggin-type heteropolytungstates, Ky[Ti;PW19O49]-6H,O and K¢H
[SiV3W9Oy0]-3H,0O, with different inhibitory potencies toward acetylcholinesterase ac-
tivity (ICsq values of 1.04 uM and 4.80 mM, respectively) were evaluated regarding their
toxicity [62]. Although no severe toxicity was verified, further toxicological studies are
needed [62]. Two years later, Li et al. used nanoclusters of MoOy in neurons to test its
protective properties against oxidative stress in a cerebral ischemia/reperfusion injury
(I/R) model [63]. These POMo clusters were intrathecally administrated and effectively
scavenged ROS. It was also found that the treatment with these POMos recovered super-
oxide dismutase (SOD) and lipid peroxidation (LPO) levels, in addition to inflammatory
parameters such as TNF& and IL6. Moreover, edema volume in the brain was also reduced
upon POM administration [63]. The authors point out that POMs play a role in ROS
and LPO.

Recently, several features of ROS and LPOs induced in vivo by POMs were reviewed,
particularly polyoxovanadates (POVs), where associations with cancer, diabetes and neuro-
logical diseases were also analyzed [64]. It was suggested that, because POMs can directly
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and indirectly induce ROS formation, the study of LPOs arising from increased ROS should
analyze the contribution of both processes [64]. Therefore, by inhibiting amyloid aggre-
gation, POMs might also prevent, indirectly, the neurotoxicity induced by A aggregates,
decreasing ROS production and neuroinflammation, among other effects.

In 2020, a POT (H4[SiW12040] (WSiA) with an nM potency (72.3 nM) of achetylcol-
inesterase (AChE) inhibition was described [56], at least 2.5x and 13 x more potent than
was described before [60,62]. A new allosteric binding site, termed the (-allosteric site (3-
AS), which was considered responsible for the inhibition of AChE by POMs, was deduced
through a molecular docking approach [56]. No POM genotoxic effects in human lympho-
cytes were observed, which indicates their potential to be used as medicinal drugs. In fact,
as discussed above, acetylcholinesterase inhibitors may temporarily improve cognitive
function or stabilize symptoms in some patients [10,11].

However, at pH 8, both studied POTs (H4[SiW12040] (WSiA) and H3[PW1,040] (WPA))
suffered transformations in the experimental medium solution. That is, WSiA was con-
verted into [SiW1;039]”~, while WPA was converted into PWgO34]'' . The studies were
performed in a phosphate buffer at pH 8. A speciation analysis deduced that [SiW;;039]”~,
a derivative of WSiA, and [PWyO34]'1~, a derivative of WPA, were considered as the
active species present in the solution [56]. Thus, care must be taken to deduce which POM
chemical species are responsible for the effects observed [43,65]. In fact, the stability of
the POM compounds at all experimental conditions and times upon exposition should be
ascertained, highlighting the importance of POMs’ speciation for deducing their biological
effects [43,65,66]. Determining POMs’ speciation and stability under physiological condi-
tions is critical for understanding their biological effects. Without this knowledge, POM
biomedical applications could be compromised [66,67].

One year later, Chandry et al. studied the effects of decaniobate [Nb19O,5]°~ (abbre-
viated Nbjp) and monotitanoniobate [TiNbgO,g] (abbreviated TiNbjp) on S100A9 protein
amyloide assembly (Figure 5) [68]. S100A9 is pro-inflammatory and amyloidogenic protein
central to the amyloid-neuroinflammatory cascade in neurodegenerative diseases. The
inhibition of fibril formation from 37.5 to 700 uM for Nbyg and TiNbg respectively, was
verified. These polyoxoniobates (PONDbs) inhibit amyloid aggregation at an early stage of
the aggregation process of the SI00A9 protein, and not when added to preformed amyloid
fibrils. In fact, these POMs do not disaggregate preformed fibrils [68].

e O+ O— 0000
+O— O+ O

S N RS Nb10 / TiNbg *
S100A9 m

Figure 5. Niobium POMs, Nbjy and TiNby, can act as potent inhibitors of SI00A9 amyloid assem-
bly [68]. Reproduced from Ref. [68] with permission from American Chemical Society.

It was suggested that these PONDb interactions are favored by a Lys-rich cluster in the
S100A9 surface. The S100A9-Nbg complex interacts with Lys50, Lys51 and Lys54, while
the S100A9-TiNbg complex forms interactions additionally with Lys106 [68] (Figure 5).
Aureliano’s group and collaborators extensively studied the interactions of POMs with
proteins [14,43,44,64,65] such as Nby( and, particularly, the isostructural Vg [69]. In several
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cases, these POM-protein interactions are mainly electrostatic in nature between the neg-
atively charged metal clusters and the positively charged regions of proteins [43,65]. For
specific proteins such as actin, it was determined that V1o prevents G-actin aggregation into
F-actin [43,65], a feature that can explain, at least in part, many of the POMs’ associated
biological activities, such as the ones preventing amyloid assembly. However, in the case of
G-actin, it was found that the POMs’ interaction is prevented by the native protein ligand
ATP [69].

In 2022, Blasco et al. [70] focused on the dual functionality of POMs K4[a-SiW12040]
and Kg[x-S5iW11039] as copper-chelating agents and inhibitors of A} aggregate forma-
tion [70]. Their results suggest that these POTs can prevent the deleterious effects of Cu(Il)
(Ap) interactions through Cu(Il) sequestration, giving rise to redox-inert complexes, thus
inhibiting the production of ROS associated with Cu(Il)-bound Af. Furthermore, they
demonstrated that POMs can induce the formation of less toxic A aggregates [70]. One
year later, Wang et al. [71] described a Kg{[Co(H20)4][HP2Mo0503]5}» Strandberg-type
POM (abbreviated CoPOM) with the ability to inhibit AB self-induced misfolding [71]. It is
suggested that the CoPOM prevents A(340 from misfolding into itself. Thus, it interferes
with the formation of (3 sheets. While CoPOM was able to reduce A[340 misfolding into
fibrils, induced by Zn?*, it has also reduced ROS formation in AB40 induced by Cu?*.
However, it is suggested that CoPOM works as an interfering agent, rather than a metal
ion chelator [71].

In the same year, Lei et al. studied the antioxidant properties of Keggin-type PO-
Mos [72]. They analyzed the effects of 11 POMos for the scavenging capacities of ROS,
particularly the anion superoxide and hydroxyl radical, in addition to measuring the total
antioxidant capacity. As discussed above, POMos have been used for preventing oxidative
stress in the brains of mice suffering from I/R [63]. Thus, it was verified that POMos
present in vitro antioxidant activity, PMoj, being the one with the most potent scavenger
activity [72]. On the contrary, as discussed above, POMs can induce ROS formation both
directly and indirectly [64]. However, as previously reviewed, POMs’ effects on oxidative
stress may differ between in vitro and in vivo studies [43,64].

Recently (2025), molecular docking was used to predict the binding pose and affinities
of POTs such as ZrPW11039%~, SiW11039”~ and TeW0,4°~ to the top 10 targets associated
with AD, such as A3, acetylcholinesterase (AChE) and butyryl acetylcholinesterase (BChE),
among others [73]. POMs can synergistically address multiple hallmarks of AD by acting
as multi-target agents. This includes their established role in inhibiting A3 aggregation
and simultaneously inhibiting acetylcholinesterase (AChE) by binding to its catalytic site.
Through such binding, POMs offer the potential to mitigate APP cleavage, A3 oligomer
neurotoxicity and Af3 aggregation, thereby attenuating disease progression [74].

As mentioned above, molecular docking studies represent a powerful tool facilitating
the development of novel treatments for AD [73]. In order to elucidate specific POM—-
peptide interactions, molecular docking and multiscale simulations can be used as a strategy
to accelerate the rational design and optimization of next-generation POMs against AD [75].

The major side effects of clinically approved acetylcholinesterase inhibitors for
Alzheimer’s include a loss of appetite and weight loss, followed by agitation, insomnia
and depression [76]. Although, as mentioned above, the toxicity of POMs with anti-
acetylcholinesterase activity cannot be considered as severe, it was suggested that the
potential clinical application would require a more complex toxicological study [62]. These
studies reinforce the necessity for rigorous toxicological and pharmacokinetic POM studies
in AD to be conducted in parallel with efficacy assessments in preclinical models. There-
fore, establishing a robust safety profile is essential for any potential clinical development.
Moreover, a translational strategy for POM-based therapeutics and the development of
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POM informatics should promote the developed of appropriate drugs for fighting against
AD, among others diseases and POMs applications [77,78].

4.2. Hybrid Polyoxometalate Studies in Alzheimer’s Disease

Modified POMs, such as those with peptide functionalization, show an enhanced abil-
ity to target AP and block metal-induced aggregation, as described elsewhere [40]. In 2018,
Ma et al. introduced a modified POV “CAM” [CoL(H,0)]>[CoL],[HAsVMoVgMoVisOy0],
where L = 2-(1H-pyrazol-3-yl)pyridine and functions as a group targeting A3, giving it
specificity [53]. This hybrid POV acts as a conformational modulator, converting the A3
structure, rich in B sheets, into other less toxic conformers and potentially disrupting
the aggregation pathway. It has been demonstrated that CAM prevents the formation of
self-induced and metal-induced AP aggregates (Cu?* and Zn?*) through the formation of
hydrogen bonds with 3 sheets.

One year later, Gao et al. [54] showed that D/L-amino acid-functionalized POMo
derivatives bind to the A313-23 segment and exhibit a strong enantioselectivity in in-
hibiting A aggregation. A series of D- and L-amino acid-modified POMo (MnMogOy¢)
derivatives were synthesized, including positively charged amino acids (D-His and L-His)
and negatively charged (D-Glu and L-Glu) and hydrophobic amino acids (D-Leu, L-Leu,
D-Phe and L-Phe), to modulate A3 aggregation [54]. It was suggested that chiral POT
binds to the cationic cluster from His13 to Lys16 [54]. In the same year, Zhao et al. [55]
explored the use of a platinum-substituted POT (Me4N)s[PW11040(5iCsHgNH,),PtCly)
that prevents the oligomerization and fibril formation of A [55]. The study highlights the
interaction of Pt** platinum with an amine group of A 42 through electrostatic interactions,
hydrogen bonds and Van der Waals forces, which not only inhibited A deposition but
also rescued memory loss in APP/PS1 transgenic mice (used as AD models).

In 2022, Hua et al. [79] studied the effects of a nanoscale POT base on a tetra-Cd
cluster, sandwiched by trivacant Keggin-type tungstoarsenate POT, (Hpdap)[Cd4-Cly(B-a-
AsWyO34),]-8H,0 (dap = 1,2-diaminopropane, abbreviated as CdAW), in the modulation
of beta sheet-rich fibrils of Af3 peptides. CD was used to verify that CdAAW can block the
beta sheet conformation with or without Cu?*/Zn?* (Figure 6). Moreover, using the ThT
assay, it was verified that, after the incubation of the A {340 solution (20 pM) with CdAW, a
gradual decrease in fluorescence was observed from 15 to 120 min. As mentioned before,
the ThT assay has been widely used to detect the 3 sheet content in Ap aggregates [80].
These results point out that CdAW not only inhibits the formation of 3 sheet-rich aggregates
but also has an ability to reverse the formed {3 sheet conformation [79].

A

—.=-- AB40 + CdAW
AB40 + Cu®* + CdAW
- == AB40 + Zn* + CdAW

] —— AB40
=104 — — AB40 +Cu*
—12] —— AB40 + Zn?*

Ellipticity (deg-cm?-dmol-'-10-%)
&

-14 x T L T ¥ T z T y T ¥ T ¥ 1
190 200 210 220 230 240 250 260
Wavelength (nm)

Figure 6. CD spectra of AB340 (20 uM) and A 340 in the presence of Cu?* or Zn%* (20 uM), with or
without CdAAW (20 uM), after incubation at 37 °C for 24 h [79]. Reproduced from Ref. [79] with
permission from Royal Society of Chemistry.
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In the same year, Gao et al. [81] followed previous studies but now presented a
new approach to inhibiting amyloid aggregation through the chemical post-translational
modification (PTM) of protein modification using POMs as inhibitors of A3 aggregates [81].
Thus, after the POMs were modified with thiazolidinethione (TZ), the resulting POMD-TZ
(POMD is a-KgP,W1304-14H,0) covalently modified A site-selectively at Lys16. Thus, a
new way of regulating amyloid aggregation by preventing inhibitor loss was suggested
(Figure 7).
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Figure 7. (A) Synthetic route to POMD-TZ (the chemical composition of POMD is «-
KePyW18Ogp-14H;0). (B) POMD-TZ can specifically modify A at the Lys16 site and inhibit A3
aggregation [81]. Reproduced from Ref. [81] with permission from Royal Society of Chemistry.

Also in 2022, Hu et al. [82] suggested novel chiral Af inhibitors based on POTs
[(CH3)2NH;z]15{[-P2W15055(H20)]Zr3(13-O)(H2O)(L-tartH)[«-P2 W16Os9]} (L-POM) and
[(CH3)2NH;]15{[o-P2W15055(H20)]Zr3(13-O) (H2O)(D-tartH) [o-Po W16 Os0]} (D-POM). Tt
was found that, in contrast to L-POT, D-POT displayed a higher A340-binding affinity,
greater brain biodistribution and the ability to reduce A40 accumulation, scavenge ROS
and better rescue memory deficits in a mouse model of AD. Thus, chiral POMs can improve
the enantioselectivity and specificity for the A protein and for AD treatment [81].

One year earlier, Diaz et al. [83] focused on the effects of decavanadate (V1) and
metforminium decavanadate on cognitive decline associated with pathophysiological pro-
cesses of aging, such as increased ROS and neuroinflammation (also present in AD) [83].
As mentioned above, Vqg, belonging to the class of POVs, is perhaps the most studied POM
in biological systems, as well in biomedical applications [14,43,44,64,67], although studies
in AD, to our knowledge, were not yet described. Their results indicated that these POMs
modulate Nrf2 activity, a transcription factor that regulates the expression of antioxidant en-
zymes promoting redox balance and reducing oxidative stress and neuroinflammation [84].
POMs mitigate neurodegeneration by inhibiting microglial activation and modulating the
Nrf2 signaling pathway by preventing ROS production and iron overload, thus reducing
the formation of aggregates. Moreover, POMs’ Nrf2 pathway activation leads to an increase
in antioxidant enzymes, reducing the oxidative stress and inflammation that contribute to
neurodegenerative diseases [85].
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In 2025, it was shown that a nano-linear nickel-substituted Strandberg-type phospho-
molybdate (Hyen)q{[Ni(H20)4](P2Mo5053)}3 (abbreviated as NiPM) (en = ethanediamine)
can modulate the 3 sheet-rich conformation of A} aggregates [86]. The interaction between
NiPM and Ap involves metal ions in NiPM coordinating with the imidazole group of
histidine residues present in the A3 peptide. This interaction can influence Ap’s aggre-
gation process, potentially affecting the formation of amyloid plaques associated with
AD [86]. In another recent study, in order to further explore the inhibitory mechanisms
of action of POMs in AD, a multiscale computational strategy integrating active-learning
Bayesian Optimization (BO) and density functional theory (DFT) was employed to explore
low-energy configurations of isolated amino acids, [PMo01,040]°~—amino acid complexes
and [PM012040]3_—peptide systems [87]. The simulations predict that the cluster preferen-
tially targets hydrophobic amino acids with alkyl chains (valine, lysine, leucine, isoleucine)
located in peptide regions critical for A} aggregation, pointing out the role of multivalent
weak interactions in POM-mediated inhibition [87].

4.3. Nanoparticle-Based Polyoxometalate Studies in Alzheimer’s Disease

Besides using pure POMs [48], Li et al. [49] reported in another study the putative
AD applications of a self-assembly of AB15-20 peptides and a POT (Kg[P,CoW170¢1])
formation of hybrid colloidal spheres in water. These POM@P hybrid particles were
tested as bifunctional A3 aggregation inhibitors (Figure 8). As evidenced by AFM and
spectral analysis and demonstrated in PC12 cells, the POT@P was effective in inhibiting
the aggregation of A{31-40 [49].

further
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Figure 8. Schematic representation of the peptide-POT conjugates used for AD treatment. Upper
panel: The schematic illustration of self-assembly of A315-20 and POMs to hybrid spheres. Lower
panel: The assembled peptide and POM nanoparticles can effectively inhibit A(31-40 aggregation [49].
Reproduced from Ref. [49] with permission from Wiley.

One year later (2014), Gao et al. studied a hybrid system that acts as a multifunctional
inhibitor of AP [88]. This system combines POMs, gold nanorods (AuNRs) and a peptide
with a specificity for Ap. A synergistic effect was observed between the constituents of the
system, culminating in the inhibition of A aggregation, the dissociation of preformed A
fibrils and the decrease in AB-mediated peroxidase activity and A-induced cytotoxicity.
Furthermore, AuNRs functioned as a vehicle for crossing the blood-brain barrier [88]. In
2016, another study from Gao et al. also involved a hybrid system, this time Cerium/POMs,
describing proteolytic and antioxidant effects, the latter similar to superoxide dismutase
(SOD) [51]. This hybrid system was shown to effectively degrade Af3 aggregates and
decrease oxidative stress (due to SOD activity), attenuating A3-mediated toxicity. Notably,
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it has also demonstrated the ability to inhibit microglial activation, thereby reducing
neuroinflammation, and also to cross the blood-brain barrier (BBB) [51].

Two years later, also with proteolytic and antioxidant abilities as described previ-
ously [51], but now with a completely different approach, Gao et al. described a POM-
based nanozyme, AuNPs@POMD, and octa-peptides, AuNPs@POMD-8pep, both with
a protease-like activity for depleting A3 aggregates (Figure 9). As before, an SOD-like
activity for scavenging A{3-mediated ROS was described. Furthermore, this nanozyme acts
as a metal chelator to remove Cu from Cu-induced Af3 oligomers [89].

His

\° ‘l‘o / °° Alzheimer’s disease
) ! - % —

Figure 9. Proteolytic degradation of amyloid-f (Af3) aggregates and clearance of Af3-induced reactive
oxygen species (ROS) by a POM based nanozyme, AuNPs@POMD, for the treatment of AD [89].
Reproduced from Ref. [89] with permission from Springer Nature.

Healthy

In 2017, four years after the study described above by Li et al. [49], the same research
group published a new study where they again studied photothermal therapy, while also
using a hybrid system (AuP; Figure 10A) that combines the benefits of gold nanoparticles
(AuNRs), POT (Kg[P2CoW17041) and a specific AB inhibitor, AB15-20 [52]. This system
relies on the strong NIR (near-infrared) optical absorption of AuNRs to generate localized
hyperthermia, which effectively disaggregates the preformed A fibrils (Figure 10B).

B e
= —S— W = NIR irradiation %3 ‘
-
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Figure 10. Degradation of Af fibrils by AuP. (A) Representative scheme of the AuP hybrid system;
(B) representative scheme of the degradation mechanism of A fibrils through NIR irradiation;
(C) morphology of A31-40 fibrils in the presence of AuP, without NIR irradiation. (D) Morphology
of AP1-40 fibrils in the presence of AuP, with NIR irradiation. Reproduced from Ref. [52] with
permission from Ivyspring International.
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The results demonstrated the ability of AuP to disaggregate preformed Af fibrils
after NIR irradiation (Figure 10D), reduce A-induced cytotoxicity by about 45% and also
cross the blood-brain barrier. The A1-40 fibrils were incubated in an aggregation buffer
(10 mM Tris, 150 mM NaCl, pH 7.3) with AuP for 20 min at 37 °C. Next, the morphology
of Ap fibrils was observed through atomic force microscopy (AFM). It was observed that
AB15-20 cannot establish stable bonds with AuNRs. Thus, the POT (P,CoW170¢1) has the
dual function of a link between AuNRs and A15-20, and also functions as an inhibitor of
fibril formation [52]. It was possible to observe long well-defined fibrils on the left side of
the image, as well as clusters of fibrils near the right margin (Figure 10C). Dispersed Af3
segments of reduced size are observed in comparison to the fibrils present in C, without it
being possible to observe evident aggregates, suggestive of the photocatalytic activity of
AuP after NIR irradiation (Figure 10D).

One year later, Ma et al. [90] developed a redox-activated POM-based nanoplatform
sensitive to NIR radiation [90]. The nanoplatform, (rPOMs@MSNs@copolymer), silica
nanoparticles (MSNs), rPOMs (rPOMs with various structures, which included Wells—
Dawson structure (rPOMDs), Keggin structure (rPOMKSs) and Anderson structure (rPO-
MAs)) and the thermal responsive copolymer poly(N-isopropylacrylamide-co-acrylamide)
are activated by NIR radiation, which induces a thermal response capable of disaggregat-
ing the Ap fibrils. This response is particularly advantageous, as it allows non-invasive
activation and a localized effect, reducing off-target effects. Furthermore, the nanoplatform
demonstrated antioxidant properties that give it the ability to inhibit the production of ROS
induced by Af, as well as the ability to cross the blood-brain barrier [90].

Compared with unmodified POMs, POM-based inorganic—-organic hybrids and POM-
based nanocomposite structures show a significantly enhanced bioactivity and reduced side
effects in AD [40]. Moreover, POM-based nanomedicine developed hybrid and nanopar-
ticle systems that enhance BBB penetration, increase efficiency and reduce toxicity. In
fact, nanotechnology has emerged as a transformative strategy for precise brain-targeted
treatment [91,92].

In 2019, Liu et al. verified that Zn induces A3 aggregation, but this is prevented by
peptide@Mo-POM nanoparticles [93]. Only with the peptide-POM is a strong prevention of
beta aggregation observed. By preventing ROS production induced by Af3, the peptide@Mo-
POM nanoparticles block neuron shrinkage. It was also observed that the peptide enhanced
BBB penetration and the affinity for A3 species. No morphological changes and no toxicity
effects were evaluated in several tissues. Moreover, it was suggested that Mo-POMs can
also sequester Zn?* [93].

In the year 2023, Perich et al. [57] developed a nanohybrid system (Figure 11A) con-
sisting of gold nanoparticles covered with [32-SiW1;039]%~ (Figure 11B) and polyethylene
glycol (PEG), AuNPs@POM®@PEG, with the aim of reducing the fibrillization of A [61]. In
order to evaluate the inhibitory capacity of AuNPs@POM®@PEG in vitro, A(31-42 peptides
were incubated with increasing concentrations of AuNPs@POM@PEG (1, 2.5 and 5 nM) for
2 h at 37 °C. The results demonstrated a strong inhibitory effect of AuNPs@POM@PEG,
with an inhibition of approximately 75% for the highest concentration (5 nM) compared to
the untreated A sample (Figure 10C).

The above recent insights into the use of POMs in the treatment of AD has demon-
strated a growing potential in different forms of action, particularly with regard to the
inhibition of the formation of aggregates, one of the main pathophysiological hallmarks of
the disease. Reflecting the increasing interest of the putative applications of POMs in AD
treatment and research, several review papers have been published recently pointing out
different points of view [40,45,75,94]. Moreover, POM nanoparticle-based systems have
also emerged as promising tools for AD treatment not only because they improve drug
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delivery across the blood-brain barrier, but also because they improve efficiency, stability
and bioavailability [92,95,96].
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Figure 11. Inhibition of A aggregation by AuNPs@POM@PEG. (A) Representative scheme of the
AuNPs@POM@PEG system, where AuNP is the central gold nanoparticle, the surrounding blue
structures are the POM and the intercalated filaments are the PEG. (B) Schematic representation of
the POM structure. In yellow you can see the silicon core (Si) and in blue the tungstates. The red
spheres correspond to oxygen atoms. (C) The % aggregation of Ap fibrils compared to untreated Af.
** p < 0.0001. Reproduced from Ref. [57] with permission from MDPI.

In summary, from the selected papers described above in Figure 2, in addition to A3
aggregation, we can find other effects induced by POMs, such as the following: (1) the
disaggregation of A fibrils; (2) acetylcholinesterase inhibition activity; (3) SOD activity;
(4) reduced neuroinflammation; (5) reduced ROS; (6) reduced A citotoxicity; (7) reduced
peroxidase-like activity; (8) the prevention of A conformational shift (Figure 12).
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Figure 12. Timeline of POMs’ effects in Alzheimer’s disease [48-57].

However, several other effects were described, such as the chelation of transition
metals (4 articles) and the improvement of memory (2 articles), among others (Figure 13).
The main effect observed in the selected articles was exactly the inhibition of A3 aggregation
(76%), with the majority of the studies (23 articles, from 30) describing this result [48-57].
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Other major effects found to be promoted by POMs included the following: (i) the decrease
in neurotoxicity induced by A3 (66%); (ii) the crossing of the blood-brain barrier (53%);
(iii) the decrease in ROS (33%); and (iv) A3 degradation (26%). Other effects, such as the
inhibition of AChE (13%) and transition metal chelators (13%) among other effects, were
described only in a few studies (Figure 13).

Memory
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Decrease of neuroinflammation
(2‘111)2" and Zn?* Chelators (1)
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Figure 13. POMSs’ effects in Alzheimer’s disease studies from 2011 to 2025. Note that the numbers in
parentheses refer to the number of articles, from a total of 30.

Globally, the majority of the POM/AD studies used POTs (62%), but also POMos
(32%), PONDs (5%) and POVs (2%) (Table S1). However, in the first seven years (2011-2018),
we found that the majority of the studies were performed with POTs (80%), with minor con-
tributions from POMos (13%) and POVs (7%), whereas, in the last seven years (2019-2025),
POMos (44%) increased but were still below POTs (50%), while PONbs (6%) also had
a fresh contribution. Among the POMs described above, the ones most referred to in
the AD studies were Wy (six articles) followed by Wy and Wi, (three articles). The
first one (W11) was said to (1) prevent A fibrillation (2011); (2) be used in a platinum-
substituted POT (Me4N)3[PW1104(SiC3HgNH;), PtCly) that prevents the oligomerization
and fibril formation of Ap [55] (2018); (3) induce achetylcolinesterase inhibition (2020);
(4) be a copper-chelating agent (2022) [58]; (5) be also present in a nanohybrid system
consisting of gold nanoparticles covered with [32-SiW11039]®~ and polyethylene glycol
(AuNPs@POM@PEG), with the aim of reducing the fibrillization of Ap [61] (2023); and
(6) be analyzed in docking studies as a POM target for AD. Conversely, the Keggin-type
Wi also interacts with Ap1-40, affecting the degree of aggregation (2011) [50], and also is a
potent acetylcholinesterase inhibitor (2011) [60] and a copper-chelating agent and inhibitor
of AB aggregate formation (2020) [68]. Regarding the POMs present in the nanohybrid
systems, the most common POM used is the Wells-Dawson-type P,W17 (Table S1).

While much AD research has focused on amyloid-beta and tau proteins, the role of
POMs in modulating calcium signaling offers a promising but underexplored alternative
therapeutic strategy [97]. In fact, calcium dysregulation also plays a key role in AD pro-
gression [98]. As described above, AD chronic states of neuroinflammation and oxidative
stress, together with the disturbance of calcium homeostasis, contribute to neurotoxicity
and cell death [27]. A growing number of studies identify the dysregulation of calcium
(Ca2+) homeostasis, particularly the anomalous increase in cytosolic Ca?* concentrations, as
being implicated in the cascade of pathophysiological events that trigger the clinical picture
of AD [28]. Recent studies suggest that calcium dysregulation is not just a consequence
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of the pathological processes of AD, but rather a central player in the pathogenesis of
the disease [99]. It is becoming increasingly clear that strategies aimed at correcting or
modulating calcium signaling pathways constitute promising approaches for the study of
therapeutic alternatives for AD [100]. Recently, polyoxometalates (POMs) were described
as presenting agonistic properties on purinergic P2 receptors from neuron cells [47]. Thus,
POMs inhibited the P-type ATPases [46] and also modulated the cytosolic calcium concen-
trations in neurons, proving to be a useful tool in the studies of pathological processes of
AD [46,47], as well as in others neurodegenerative diseases [101].

Taking into consideration the articles described in the present review, interdisciplinary
collaborations are fundamental for bringing together experienced and also young re-
searchers for the evolution of the applications of POMs in the treatment of AD. Moreover,
we believe that inorganic biochemistry also represents an extraordinary platform for pro-
moting communication between Alzheimer’s caregivers, doctors, psychologists, nurses
and family members, just like a key cog in the “clock of the knowledge”, dynamically
moving chemistry, biology and medicine, among others, to promote innovation and urgent
developments in the treatment of AD [102,103].

As summarized in Figure 12, the POM studies in AD started in 2011, with POMs
such as W1; and Wyy being pure or in nanoparticle (NP) systems and finished also with
Wi, that was pure and/or in NPs, but now with a higher potency of inhibition, that is,
with ranging nM concentrations as inhibitors of AChE activity and A aggregation, well-
known hallmarks of AD. Therefore, POMs’ progress in AD shows an increased efficiency
that, together with a decreased toxicity, potentiate the development of more effective
and sustainable applications in this challenging 21st-century neurodegenerative disease
(Figure 14). In fact, Figure 14 was based on the observation of a relative with AD who, upon
arriving at the beach, sat with her back to the sea, as if disoriented. It is suggested that
POMs can reverse this disorientation and allow a return to the sun (Figure 14). However, it
should be realized that POMs’ putative applications in the treatment of AD are yet in the
early stages. Collaborations from several fields and points of view are absolutely essential
for the progress of the usage of new drugs against this disease, which is devastating to the
lives of patients and their families.
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Figure 14. Sunflower on the beach: Alzheimer’s disease and polyoxometalates.

5. Conclusions and Outlook

Polyoxometalates are evolving in AD treatment through an increased understanding
of their roles in disease and the development of POM-based therapies, including hybrids
and POM nanoparticles (NPs@POMs) for preventing A3 aggregates and the subsequent
neurotoxicity induced by 3-amyloid aggregates and decreasing ROS production and neu-
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roinflammation, in addition to restoring memory and sequestering transition metals ions
such as Zn?* and Cu?*, features that are well known to be associated with the pathology of
Alzheimer’s disease.

Herein, we investigated the potential of POMs in modulating the pathophysiology of
Alzheimer’s disease, with a special focus on the possible associated neuroprotective effects.
From an in-depth analysis of the studies, relevant data emerged on how polyoxometalates
interact with the pathogenic mechanisms of Alzheimer’s disease. The majority of the AD
studies use POTs (62%), but also POMos (32%), PONbs (5%) and POVs (2%), W11 being the
most studied. Not all are pure POMs (46%), and we also found hybrid POMs (27%) and
hybrid nanoparticle POM systems (27%).

Notably, most studies have focused on interactions with A3 aggregates, which play a
central role in the cascade of pathological events present in Alzheimer’s disease. POMs have
the ability to reverse the formed 3 sheet conformation and also to induce the disaggregation
of A fibrils, particularly after NIR and/or UV /Vis irradiation. POMs were also described
as a novel class of acetylcholinesterase inhibitors known to improve cognitive function in
AD. Thus, by inhibiting acetylcholinesterase and the formation of protein aggregates, or by
removing the formed aggregates, POMs represent a promising therapeutic strategy for AD.

In the pathology of Alzheimer’s disease, other processes can be prevented by POMs,
pointing to putative applications in AD treatment. Future studies will point out POMs’
ability to inhibit microglial activation, thereby reducing neuroinflammation, and also to
cross the blood-brain barrier. Still, applications of POMs in AD could be associated with
many other mechanisms of action. For instance, we cannot exclude the possibility that
POMs can be used as the modulators of neurons for calcium homeostasis, since it is also
known that neurodegenerative diseases are associated with calcium dysregulation.

Putting it all together, the studies performed so far suggested that, in several ways,
POMs can be used in AD treatment, though it should be stated that putative applications
in the treatment of the disease are yet in their early stages. In fact, while the applications of
POM:s in cancer and in bacterial and/or viral infections are clearly in progress, POM studies
in neurodegenerative diseases are still very few. Moreover, a current limitation, besides
the paucity of in vivo validation, is the need for greater interdisciplinary collaboration
between chemistry, neuroscience and pharmacology. We believe that the present review,
with an inorganic biochemistry perspective on the evolution of the utilization of POMs
in AD studies, will push forward those interdisciplinary collaborations, particularly with
neurosciences, in order to promote new insights into POM applications in AD, among other
neurodegenerative diseases with overlapping proteinopathies.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /biochem5040041/s1. Table S1: POM studies associated with
Alzheimer s disease (2011-2025). Year, POM information and POM composition, referred to as pure
(P), combined with a organic ligand (H) or POM nanoparticles-based compounds (NP), and the
classes of POMs, namely polyoxotungstates (POTs), polyoxomolybdates (POMos), polyoxobiobates
(PONDs) and polyoxovanadates (POVs) [48-63,68,70-73,79,81,82,86-90,93].

Author Contributions: Conceptualization, M.A.; methodology, M.A., D.M.R. and ].M.; validation,
M.A; formal analysis, M. A ; investigation, M.A., D.M.R. and ].M.; resources, M. A.; data curation,
M.A.; writing—M.A.; writing—review and editing, M.A., D.M.R. and ].M.; visualization, M.A.,
D.M.R. and J.M.; supervision, M.A.; project administration, M.A.; funding acquisition, M.A. All
authors have read and agreed to the published version of the manuscript.

Funding: Thanks to Algarve University and to Portuguese national funds from FCT—Foundation
for Science and Technology, through contracts UID/04326/2025, UID/PRR/04326/2025 and
LA/P/0101/2020 (DOI:10.54499 /LA /P /0101 /2020).


https://www.mdpi.com/article/10.3390/biochem5040041/s1
https://www.mdpi.com/article/10.3390/biochem5040041/s1

BioChem 2025, 5, 41 19 of 23

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding author.

Acknowledgments: M.A. thanks Algarve University and Portuguese national funds from FCT—
Foundation for Science and Technology through contracts UID/04326/2025, UID/PRR /04326 /2025
and LA/P/0101/2020.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

AD Alzheimer’s disease

AChE  Achetylcolinesterase

AFM Atomic force microscopy
APP Amyloid precursor protein
AuNRs  Gold nanorods

AB -amyloid

BBB Blood-brain barrier

BO Bayesian Optimization

CD Circular dicroism

CNS Central nervous system

DFT Density functional theory
DLS Dynamic light scattering

1Cs Half maximal inhibitory concentration
IL6 Interleukin-6
ITC Isothermal titration calorimetry

LPO Lipid peroxidation
NFT Neurofibrillary tangles
NIR Near-infrared radiation
NMDA  N-methyl-D-aspartate
NPs Nanoparticles

Nrf2 Transcription factor

P2 Purinergic P2 receptors

PBS Phosphate-buffered solution

PC12 Cell line from rat pheochromocytoma

PEG Polyethylene glycol
POMo  Polyoxmolybdates
POMs  Polyoxometalates
POVs Polyoxovanadates

PS1 Presenilin-1

PSs2 Presenilin-2

PTM Post-translational modification
ROS Reactive oxygen species

SOD Superoxide dismutase

TNF Tumor necrosis factor

TZ Thiazolidinethione

WHO World Health Organization
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