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Abstract

A huge number of patients suffering from certain neurodegenerative disorder, which are collectively called as
tauopathies, may exhibit pathological tau protein aggregates in their brains. This category of diseases includes
Alzheimer's disease (AD). In AD, post translational modifications such as phos phorylations, glycosylations, truncations,
and subsequent aggregation into oligomers, paired helical filaments (PHFs), and neurofibrillary tangles (NFTs) are
closely associated with cognitive decline and neurodegeneration. As a result, tau oligomers have emerged as the primary
toxic species in AD and tauo pathies. Tau oligomers are soluble, self-assembled tau proteins that are formed prior to
fibrils and have been demonstrated to play a pivotal role in neuronal cell death and the induction of neurodegeneration
in animal models. In this succinct review, we collate and summarize literature pertaining to tau oligomer formation and
its role in Alzheimer's disease. Secondly, we explore the crucial role of zinc ions (Zn?*) in tau aggregation, as studies
suggest that zinc induces reversible tau oligomerization and can lead to tau hyper phosphorylation. The concentration
of zinc is critical, as excessive levels can promote harmful tau aggregation, while normal levels are essential for
physiological functions. We also examine natural and chemical compounds that can modulate tau aggregation, and lastly,
we discuss how Tau protein can undergo liquid-liquid phase separation (LLPS) in neurons, forming droplets that can
later develop into toxic oligomers, which are the primary hallmark of AD. We mention some molecules, such as proteins,
nucleic acids, and metal ions, that influence tau LLPS and aggregation.

Keywords: Alzheimer's Disease; Tau Protein; Oligomerization; Modulation; Zinc lons; Liquid-Liquid Phase Separation
(LLPS).

1. Introduction

Alzheimer's disease (AD) and other forms of dementia are among the top seven causes of death worldwide, affecting
over 50 million individuals [1]. AD is the most prevalent cause of dementia in older people. It is estimated that annually,
there are 7.7 million new cases of dementia globally, or one case every four seconds. In the United States, AD affects 5.5
million people, and projections suggest that the number of AD cases will reach 13.8 million by 2050 [2,3]. In the United
States, there are approximately 7 million individuals who are 85 years old or more. Although significant advancements
have been made in understanding the cellular and molecular processes involved in Alzheimer's disease (AD), there is
still no effective treatment or cure for this condition. Therefore, further research is necessary in this field, and we may
need to reconsider the hypothesis that aggregated proteins contribute to the neurodegeneration seen in AD. This could
lead to the development of new research paradigms that enhance our understanding of the disease and enable the
design of more effective therapies. Multiple mechanisms have been proposed to contribute to AD, including
mitochondrial dysfunction [4]. oxidative stress [5]. imbalance of metal ions [6]. Tau is a protein that naturally lacks a
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well-defined structure, and its primary role is to control the stability of microtubules and the movement of cargo along
axons [7]. Under normal circumstances, tau proteins are responsible for binding to microtubules. When these proteins
become detached under pathological conditions, they misfold and accumulate in the cytosol [8]. The fibrillogenesis
cascade, essential in AD and tauopathies, begins with tau oligomer formation and progresses to PHFs and NFTs
nucleation. NFTs and PHFs are critical histopathological markers, with NFTs being the hallmark of AD and tauopathies
[9]. Recent research indicates that large insoluble fibrils are unlikely to be the main toxic form, and instead, soluble tau
oligomers may be the principal toxic species [10,11]. In vitro and in vivo experiments have demonstrated that tau
oligomers play a significant role in promoting neurotoxicity, which can be linked to neurodegeneration and cognitive
disorders in mice [12,13]. The controversy surrounding the neurotoxic potential of filamentous tau aggregates persists.
Studies indicate that neuronal dysfunction occurs prior to the formation of these insoluble fibrillar deposits, implying
that earlier non-fibrillar tau aggregates may be responsible for neurotoxicity [14]. In vitro assembly assays have
identified prefibrillar aggregates of recombinant tau. Additionally, tau-containing pretangle neurons lacking NFTs have
been detected in Alzheimer’s disease patients' brains. Recent research also indicates a four-fold increase in tau
oligomers in Alzheimer's brains compared to healthy controls [15]. The recent discovery of the role of toxic soluble tau
oligomers is changing our understanding of the pathogenesis of tau. Oligomers have been proposed to be the main toxic
form of the tau pathology observed in tauopathies. Fibrillary tau aggregates, such as NFTs, are now considered a late
event and not directly responsible for early synaptic dysfunctions [16].
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Figure 1 Mechanism of tau oligomer formation in it role in synaptic impairment and memory loss. Adopted from
reference [16].

1.1. Tau oligomers

Since tau aggregates and hyperphosphorylation increase with time in AD brains, they may play a significant role in
cognitive decline as they have a positive correlation with neurodegeneration and synaptic loss [17]. Tau is a
multifunctional protein that has the ability to have both beneficial and negative effects on cells [18]. Tau NFTs are more
strongly correlated with neural loss and clinical symptoms [19]. Tau regulates the dynamics and stability of
microtubules and is involved in numerous physiological processes, including DNA protection, glucose metabolism, iron
homeostasis, myelination, axonal transport, neurogenesis, motor function, learning and memory, and neuronal
excitability [20]. Furthermore, hyperphosphorylated tau proteins self-assemble into paired helical filaments and
tangled tau strands, two dangerous opaque aggregates. because AD symptoms don't show up for decades after the
tauopathy first manifests [21]. The tau protein belongs to the group of proteins called microtubule-associated proteins
(MAPs). It affects axonal growth and transport, neuronal polarization, and ultimately normal brain and neuron function
[22]. Many post-translational changes, most notably tau hyperphosphorylation, have been linked to AD and have been
shown to have a significant impact on microtubule assembly and tau aggregation. The hyperphosphorylation of tau
results in a conformational shift. NFTs are created when tau oligomerizes from tau monomer and aggregates into pair
helical filaments [23]. Tau oligomers primarily consist of monomeric or dimeric units derived from the protein that has
been either pathologically truncated or highly phosphorylated. However, it is also thought that tau can assemble into
two distinct dimers and higher-order oligomers at its full length. Granular tau oligomers, contains approximately 40 tau
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protein molecules, have also been detected in the brain tissue of many Alzheimer's disease patients [24]. By lowering
levels of critical synaptic proteins, upsetting mitochondrial balance, and contributing to DNA and RNA damage, tau
oligomers accumulate in synapses and interfere with proteostatic processes, ultimately resulting in synaptic
dysfunction [25]. Additionally, tau oligomers may nonspecifically promote the aggregation of other disease-related
proteins via the biophysical mechanism known as LLPS, which has been used to explain a number of pathomechanisms
involving aggregation-prone proteins [26]. In a physiological state, tau is soluble and non-toxic, but in pathological
conditions, it may alter and acquire toxic properties despite its solubility. Tau's dissociation from microtubules may be
one effect of post-translational modifications, leading to the disintegration of MTs in axons [27]. When cut off from MTs,
tau diffuses quickly into other neuronal compartments and can lead to aberrant sorting within neuronal cells, which
can cause synaptic dysfunction. Furthermore, a decrease in synaptic vesicles and, eventually, the loss of synapses are
the outcomes of pathological Tau forms entering dendrites and postsynaptic compartments [28].

1.2. Structural features

Tau Oligomers has a progressively ordered (-sheet) structure. It is currently unclear how exactly Tauo forms. Model
peptide research emphasizes the significance of membranes in oligomerization. The most hazardous species of tau are
believed to be granular tau oligomers (gTau0), a form of tau that can be extracted from AD brains [29]. Tau protein,
which is generally unstructured, can adopt a misfolded beta-sheet conformation that aggregates into fibrils with a
filament core made of MTBRs. As illustrated in (Figure 2) [30]. this conformation enables the N-terminus to make
contact with the core domains and form paired helical filaments (PHFs), which subsequently assemble into NFTs. New
research suggests that soluble tau oligomers, rather than these large insoluble fibrils, may be the main toxic tau species,
even though NFTs have long been acknowledged as the histological hallmark of AD and tauopathies [31]. Furthermore,
the formation of inactive tau fibrils has been suggested to have neuroprotective effects by enclosing harmful tau
oligomers [32]. At first, NFTs were thought to be the toxic species causing neuronal loss. The toxicity of tau fibrils is
dependent on its disintegration into short fibrils and small soluble oligomers, as demonstrated by recent studies. For
example, sonicating tau fibrils increased their cytotoxicity in vitro. Furthermore, due to its ability to trigger a
translational stress response, oligomeric tau—rather than fibrillar tau—was demonstrated to be physiologically active
in both in vitro and in vivo studies [33].

Formation of toxic tau oligomers, PHFs and NFTs from monomers.
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Figure 2 Formation of Paired helical filaments (PHFs) and Neurofibrillary tangles (NFTs).
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2. Role in Alzheimer's pathology

In AD, tau protein makes up the majority of NFTs [34,35]. Although tau is mostly found in axons in neurons, it is also
present in other cellular compartments [36]. In multistructure, tau is also expressed. Oligomers then develop into NFTs,
PHFs (paired helical filaments), and straight helical filaments. Loss of microtubule binding and hyperphosphorylation
of tau are associated with this progression [37]. Notably, there are structural variations in oligomeric tau between in
vivo and in vitro preparations [38]. The in vivo toxicity of different oligomeric tau preparations has been confirmed by
anumber of functional studies, indicating the presence of common pathogenic elements in otherwise distinct oligomeric
configurations. For instance, the injection of tau oligomers derived from the recombinant full-length human tau into the
hippocampal region of wild-type mice results in defects in recognition memory, neuronal damage, mitochondrial
dysfunction, and synaptic dysfunction [39]. More recent studies have revealed that answerable tau blocks AB-dependent
hyperactivity, thereby leading to disabled neuronal circuit function despite the presence of NFTs [40]. also, several
answerable tau species which differ in sowing exertion, phosphorylation, and oligomerization rather than tau
accumulation have been described to determine the diversity in announcement progression 41. These reports suggest
that answerable tau species are the main protagonists of announcement [42]. Studies have also shown that specific Tau
species in the CSF or Tau pathology in the brain detected through positron emission tomography (PET) imaging can be
indicators of the disease. In pathological conditions, insoluble tau aggregates can accumulate inside neurons, in the
extracellular space, and in other brain cells like astrocytes and oligodendrocytes [43]. The formation of stable material
is caused by abnormally modified and truncated tau proteins that self-aggregate and mature into paired helical
filaments (PHF) and neurofibrillary tangles (NFT), which are characteristic of several neurodegenerative diseases [44].
Inflammation is present when these aggregates form, which may facilitate their removal but may also aggravate
underlying pathological processes. Frontotemporal dementia and other neurodegenerative diseases, such as
Alzheimer's disease, are primarily caused by tau pathology [45].

3. Chemical regulation of Tau oligomerization

A typical phosphorylation of tau results in a loss of affinity for MTs in tau pathologies like AD. The consequence of this
is a primary lesion known as tau mislocalization from the axon to the cytoplasm and dendrites, which leads to function
loss [46]. Thus, pathogenic forms such as soluble oligomers, insoluble fibrils, and NFTs are formed by the mislocalized
tau proteins aggregating [47]. While each of these tau aggregates is harmful to the brain, tau pathologies are primarily
caused by the oligomers. Consequently, research on tau oligomerization and TO characterization with respect to
aberrant phosphorylation is highly valuable in order to facilitate the development of treatments for diseases associated
with tau aggregation [48]. Much work has been done in recent years to try and modify AD pathology by focusing on Af,
but the results have been dismal. Tau-targeting studies and strategies are therefore gaining a lot of attention [49]. A
recent research study has focused on the impact of zinc on Tau physiology and aggregation. Specifically, studies have
shown that zinc can cause a temperature-dependent, reversible oligomerization of Tau, which occurs in the absence of
heparin [50]. Additionally, study shows that Zn2+ binds to Tau and activates Tau phosphorylation kinases, inactivating
protein phosphatase and promoting Tau's hyperphosphorylation. But according to recent pre clinical research, Zn2+
may influence Tau pathology through a phosphorylation-independent mechanism by directly binding to Tau and
thereby encouraging its aggregation [51]. The range of physiological Zn2+ concentration in cells is 1 nM to 10 nM, while
the pathological Zn2+ concentration in cells is between 10-300 pM. Therefore, we are interested in learning whether
and how a pathological concentration of Zn2+ influences the cytotoxicity and fibrillization of a pathological mutant
AK280 of human Tau that is associated with frontotemporal dementia, a tauopathy [52]. This buildup could be
connected to zinc-bound protein function, which can be compromised by pathological changes in neuronal metabolism
[53]. A physiological setting, where zinc concentrations are lower, has also highlighted the significance of zinc binding
to tau [54]. Therefore, at low levels of zinc within neurons, zinc's interaction with tau could produce physiological effects
[55]. while at high concentrations, it may have an impact on the pathological aggregation observed in tauopathies.
Because zinc homeostasis is crucial for physiopathology, the concentration of zinc may therefore be a significant
contributing factor to tau aggregation [56]. In addition to zinc and a few other inhibitors of tau aggregation, monoclonal
antibodies 2B10 and 6H1, which are specific to tau oligomers, are useful in preventing tau from aggregating in vitro and
halting the growth of tau at the oligomer state. These antibodies are particularly effective in stopping the formation of
tau aggregates and are widely used in research and therapeutic applications [57]. Tau aggregates have demonstrated
both dis aggregation and aggregation inhibition by azaphilones, a class of fungal metabolites. Strong inhibitors of Tau
aggregation are the secondary metabolites of Aspergillus nidulans, such as 2,w-Dihydroxyemodin, Asperthecin, and
Asperbenzaldehyde, which possess aromatic rings [58]. Research has also demonstrated the critical role curcumin
derivative molecules play in tau oligomers. By interacting with the toxic TauO, curcumin derivatives change it into
higher molecular weight aggregates, which reduces its toxicity [59]. According to additional research, isobavachalcone
interacts with tau protein to prevent neuronal apoptosis brought on by tau oligomers, inhibit tau protein aggregation,
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and lessen tau protein hyperphosphorylation. It is said that isobavachalcone inhibits the aggregation of tau proteins. In
vitro, it has the ability to disassemble tau filaments and stop tau proteins from aggregating. a substance that protects
the tau protein from aggregating into harmful forms may be useful in preventing AD [60]. Two distinct pharmacological
approaches have been created with the goal of preventing tau aggregation. One is the direct binding to tau, which
prevents it from aggregating by maintaining an interaction-incompetent conformation [61]. The other tactic relies on
interactions that support the stabilization of non-toxic species—direct binding is not necessary [62]. Additionally, MB
has been proven to reduce the buildup of abnormal tau proteins in mice with the P301L mutation. It was the first
compound to be investigated in clinical trials as a suppressor of tau aggregation [63]. In vitro, purpurin's interaction
with the PHF6 segment inhibited heparin-induced tau fibrillization and disintegrated pre-formed fibrils. In Drosophila
overexpressing human tau, purpurin prevented eye neurodegeneration. Observed purpurin permeability in the
cultured blood-brain barrier (BBB) model suggests potential for treating tau-related dementia [64]. Both the
autophagylysosome and the ubiquitinproteasome systems break down tau, and when AD disrupts either of these
systems, aberrant tau forms appear. Previous studies have shown that activating the autophagy lysosome system or the
ubiquitin-proteasome system directly or indirectly can greatly improve the removal of harmful tau variants, leading to
improvements in synaptic function and neuronal health [65].

4. Chemical regulation of Tau oligomers in phase separation

LLPS is essential for a variety of cellular functions, such as gene expression, cellular stress response, and mitotic spindle
assembly [66]. Additionally, pathological processes like virus replication and protein aggregation are linked to LLPS
[67]. Diseases may therefore arise as a result of LLPS dysregulation [68]. According to some research, tau aggregation
begins with LLPS [69]. Tau is primarily the subject of LLPS research in AD. The gene encoding tau, an intrinsically
disordered protein (IDP) associated with microtubules and LLPS, is known as the microtubule-associated protein tau
(MAPT) gene [70]. IDPs, like the well-known AD molecule tau are principally involved in this protein misfolding.
Because it serves as a link between various stages, toxic oligomerization is an essential component of the toxicity
mechanism. Tau, for example, undergoes LLPS in tauopathies to form condensates, which then aggregate into droplets
and oligomers. Because oligomers are somewhat toxic, they can exacerbate neuronal damage, which can eventually
result in neurodegeneration and traumatic brain injury [71]. A number of studies have confirmed that neurofibrillary
tangles, the typical pathological change and basis for diagnosis in AD, are caused by pathological aggregation of tau, and
that LLPS may provide a pathological mechanism to explain these tangles. Analogously, LLPS also influences other
molecules involved in the development of AD disease and the production of A amyloid plaques. Some LLPS-prone
proteins have even been shown in studies to form fibrils with structural motifs and stability that are essentially distinct
from those of classical amyloid proteins [72]. Research conducted on additional LLPS-prone proteins demonstrated that
liquid droplets undergo a transformation over time known as droplet aging. A network of amyloid fibrils forms as a
result of this aging process for some proteins [73,74]. Determining how LLPS affects tau's aggregation characteristics is
therefore very important, since the buildup of intracellular tau filaments is a defining feature of AD and other
tauopathies [75]. The exact roles of liquid tau droplets created through liquid-liquid phase separation in the progression
of Alzheimer's disease are still not fully understood. The recruitment of tubulin into these tau droplets helps in the
formation of micro tubules. [76,77] Additionally, tau condensates that form on the surface of micro tubules play a role
in regulating their functions [78]. There is evidence suggesting that the liquid-liquid phase separation of tau may play a
role in tau aggregation and the creation of stress granules [79,80]. Various tau-binding molecules, such as proteins,
nucleic acids, organic compounds, and metal ions, are involved in regulating both the liquid-liquid phase separation and
aggregation of tau, further emphasizing the close relationship between the two processes. One such molecule, the green
tea polyphenol (-)-epigallocatechin-3-gallate (EGCG), known for its antioxidant and anti-inflammatory properties,
shows promise in treating neurodegenerative diseases [81,82]. According to studies, the green tea polyphenol EGCG
has a unique function that involves tau LLPS promotion. While EGCG encourages the formation of amorphous aggregates,
or protein hazes, at acidic pH values, we discovered that this polyphenol also encourages the formation of liquid tau
droplets at neutral pH values [83]. According to recent reports, LLPS speeds up the aggregation of Tau. It is evident from
the data that acetylation reduces or eliminates Tau LLPS. Our study support a model of aggregation mediated by LLPS,
but they do not establish the existence of such a mechanism in vivo. Unlike hyperphosphorylation, which has been
shown to increase or directly cause condensation-mediated aggregation, we conclude that acetylation in vivo is unlikely
to enhance or cause Tau to undergo LLPS [84]. A Tau-rich condensed phase has been demonstrated to be able to attract
tubulin dimers and promote their assembly through a mechanism known as Tau LLPS. Tau is involved in microtubule
formation and stabilization. This function would be affected by both acetylation that blocks Tau from partitioning into
a Tau-rich phase and acetylation at critical Tau sites that obstruct tubulin binding. LLPS-mediated microtubule assembly
initiation, and decreased binding to tubulins/microtubules; figure 3) [85].
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Figure 3 Model for Tau’ loss of physiologic function and gain of pathologic dysfunction linked to its ability to undergo
LLPS as modulated by acetylation.

EFhd2 exhibits similar molecular and biochemical properties to intrinsically disordered proteins that have been linked
to neurodegenerative disorders. This implies that the pathophysiology of neurodegenerative diseases may involve
EFhd2. Further evidence that EFhd2 may regulate the formation of pathological protein aggregates other than tau comes
from its association with poly-GA C90rf72 aggregates in amyotrophic lateral sclerosis and frontotemporal lobar
degeneration [86]. Furthermore, tau phase separation at physiological protein concentrations can be driven by its
interaction with RNA and the RNA binding protein TIA1, without the need for artificial crowding agents like PEG,
according to other studies. By using this system, the researchers show that TIA1 also encourages the vitrification and
oligomerization of tau. The discovery that TIA1 can selectively copartition with tau in physiological settings is
noteworthy and highlights the significance of TIA1 in tau biology [87]. When combined with RNA, tau rapidly forms
oligomers and gradually transforms into fibrils. Initially, tau appears uniformly distributed within TIA1 droplets,
indicating miscibility. Over time, tau becomes gelated and consolidates into microdomains that exclude TIA1. These tau
microdomains may act as centers for oligomeric tau formation. Inhibiting the transition from tau oligomers to fibrils, as
TIA1 does, promotes tau oligomerization and is associated with accelerated tau vitrification. [88].

5. Conclusion

This review article underscores the crucial part played by tau oligomers in the progression of Alzheimer's disease (AD),
and tauopathies, Showing their substantial impact on neurodegeneration and cognitive decline. Various post
translational modifications, such as phosphorylation, glycosylation, and truncation, promote tau aggregation into paired
helical filaments (PHFs) and neurofibrillary tangles (NFTs), which are the main causes of Alzheimer’s diseases with
oligomers emerging as the most detrimental species. The dual role of zinc in tau physiology beneficial at normal levels
but harmful when elevated emphasis the importance of precise regulation of metal ions. Additionally, this review article
examines the influence of natural and chemical compounds on tau aggregation and investigates the process of liquid-
liquid phase separation (LLPS) in tau aggregation, which is affected by proteins, nucleic acids, and metal ions.
Developing therapies that target early toxic tau forms and their regulatory mechanisms presents promising prospects
for improving the treatment of Alzheimer's disease and related tauopathies.
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