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Alzheimer’s disease (AD) is one of the major causes of dementia and its incidence represents approximately 60–

70% of all dementia cases worldwide. Many theories have been proposed to describe the pathological events in

AD, including deterioration in cognitive function, accumulation of β-amyloid, and tau protein hyperphosphorylation.

Infection as well as various cellular molecules, such as apolipoprotein, micro-RNA, calcium, ghrelin receptor, and

probiotics, are associated with the disruption of β-amyloid and tau protein hemostasis.

Alzheimer’s  β-amyloid  tau protein  calcium  probiotics

1. Introduction

Alzheimer’s disease (AD) is the most frequent cause of dementia, accounting for 60–70% of all cases globally .

In 2019, AD was ranked the sixth most common cause of death in the US, while in 2020 and 2021 AD was the

seventh leading cause of death in the US . Furthermore, AD is the fifth most common cause of death in US

citizens aged 65 and older . Various molecular theories have been proposed to explain the pathological events in

AD, including the accumulation of β-amyloid and hyperphosphorylation and aggregation of tau protein. The

disruption of β-amyloid and tau protein hemostasis are associated with several cellular molecules and interactions,

such as apolipoprotein, micro-RNA, calcium, and ghrelin receptor (GHSR1α). Gut microflora and infection are also

associated with their dysregulation. This research will shed a light on the integrating cellular and signaling

molecules that may have a complementary role in β-amyloid and tau protein dysregulation (Figure 1).
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Figure 1. Different molecular modalities and signaling pathways intersecting with β-amyloid and tau protein in AD.

β-amyloid plaques affect several pathways that may contribute to AD progression. For example, they facilitate Ca

permeation, eventually leading to neurotoxicity, and increase the extent of inflammation via microglial and astrocyte

activation. Furthermore, β-amyloid counteracts the protective effect of GHSR1α and causes cerebral capillary

vasocontraction while potentiating tau phosphorylation. Tau hyperphosphorylation has a role in AD etiology

together with infection and apolipoprotein E-4 (ApoE-4). Probiotics demonstrate protective effects.

2. β-Amyloid in Alzheimer’s Disease

β-amyloid (Aβ) aggregation has long been thought to be a key and first event in the etiology of Alzheimer’s

disease. Amyloid protein precursors (APPs) are enzymatically cleaved into Aβ peptides that range in length from

38 to 43 amino acids , giving rise to oligomers, polymers, and eventually insoluble amyloid aggregates upon

linking with each other . Aβ released by neurons, then enters the bloodstream and cerebrospinal fluid (CSF), with

clearance mechanisms preventing Aβ deposition physiologically. However, the imbalance between Aβ production

and clearance can result in its sedimentation , causing synaptic and neuronal dysregulation , and eventually

contributing to AD pathogenesis . Furthermore, the relationship between apoptosis and Aβ have been

investigated, for example, Yao et al.  showed that Aβ affect the expression of Bcl2 family proteins. Aβ

significantly reduce expression of the antiapoptotic proteins, Bcl-w and Bcl-x , together with increasing the

mitochondrial release of second mitochondrion-derived activator of caspase (Smac) . Han et al.  reported that

Aβ induces apoptosis via promoting mitochondrial fission, disrupting mitochondrial membrane potential, increasing

intracellular reactive oxygen species (ROS) level, and activating the process of mitophagy. Barrantes et al.  also

showed that Aβ 42 causes DNA strand breaks, leading to p53-mediated apoptosis.

3. Tau Protein and Formation of Neurofibrillary Tangles
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Neurofibrillary pathology is one of the most common characteristics of AD, and includes neurotic plaques,

neurofibrillary tangles, and threads generated by tau protein aggregation, which is a microtubule-associated protein

. In pathological situations, tau undergoes hyperphosphorylation, forming insoluble fibers (“paired helical

filaments”) . Hyperphosphorylated paired helical filaments combine to generate neurofibrillary tangles (NFTs).

Physiologically, tau phosphorylation is controlled by the balance between kinases and phosphatases . This

balance can be disrupted via oxidative stress and through an increase in the activity of protein kinases, mainly

glycogen synthase kinase 3 (GSK-3𝛽), which has been shown to be upregulated in AD . Furthermore, the

reduced phosphatase activity in the brain of AD patients can augment the hyperphosphorylation induced by protein

kinases .

Lovell et al.  has shown that tau phosphorylation is significantly increased with higher GSK-3𝛽 activity in primary

rat cortical neuron cultures, stimulated through cuprizone, a copper chelator, in combination with oxidative stress

(Fe /H O ) . Moreover, they demonstrated a reduction in tau hyperphosphorylation through the inhibition of

GSK-3𝛽 activity with lithium, as confirmed by transglutaminase 3 staining . Consistently with Lovell et al., Su et

al.  showed that a fragment of tau protein possesses copper reduction activity, initiating the copper-mediated

generation of hydrogen peroxide. The generated hydrogen peroxide has been shown to increase GSK-3𝛽 activity,

causing tau hyperphosphorylation in human embryonic renal cells 293 .

Tau hyperphosphorylation also affects the stability of microtubules, resulting in axonal and neural dysfunction .

Therefore, many efforts have been made to utilize microtubule-stabilizing drugs in AD. For example, Zhang et al.

 showed that the administration of paclitaxel in mouse models with tau pathology restored fast axonal transport

in spinal axons and improved motor impairment. Recently, Zhang et al.  showed that triazolopyrimidine, a

microtubule-stabilizing drug, significantly lowered tau pathology and improved cognitive function in transgenic

mouse models of tauopathy.

4. Prion-like Conformation of β-Amyloid and Tau Proteins

Prion protein (PrPSc) is a unique protein form that has enhanced infectivity, self-replication ability, and persistent

survival—even in the denaturing conditions of the gut. In humans, prions can cause different neuronal disorders,

including Creutzfeldt–Jakob disease (CJD), and fatal familial insomnia (FFI) , which can either develop

spontaneously from hereditary factors or as a result of infection.

Aβ aggregates into different forms, including polymorphic amyloid fibrils and a variety of intermediate assemblies,

including oligomers and protofibrils . Several studies reported that Aβ spreads through the brain in a harmful

configuration similar to PrPSc . Condello et al. demonstrated that the injection of brain-derived Aβ from AD

patients into the brains of transgenic mice exhibited a prion-like appearance  together with significant Aβ

deposition. In addition, in the human brain prion-like Aβ forms in one or more regions before spreading to other

regions, suggesting cross-synaptic transmission . Pignataro et al.  discussed different findings to explain how

Aβ spreads through the brain regions. One hypothesis mentioned by Pignataro et al.  is that Aβ can spread in
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the AD brain by advancing through synaptically connected regions since Aβ is released from synaptic terminals,

thus making brain nodes vulnerable to Aβ accumulation.

Tau protein has been reported to spread in a prion-like manner in the brain, although earlier investigations focused

mainly on total insoluble tau, as the presence of NFT correlates with the degree of brain atrophy and cognitive

impairment in AD . Clifford et al. reported that low activity of prion-like tau has been linked to extended life

spans. Furthermore, they showed that both prion-like Aβ and prion-like tau proteins were found in 100 postmortem

brain tissue samples from patients who died of AD . Levels of both prion-like Aβ and prion-like tau are reported

to be associated with age and dysregulation in production or clearance , however, more investigation is still

required to uncover the mechanisms by which prion-like Aβ and prion-like tau proteins spread through the brain

regions, in addition to the ability to target these conformations.

5. The Intervention of Glial Cells in β-Amyloid and Tau
Protein Dysregulation

5.1. Astrocytes

Various neuronal cells, including astrocytes and microglia, help in maintaining the physiological levels of Aβ and tau

protein. Astrocytes are specialized glial cells that construct the central nervous system (CNS) scaffold and can be

found in two forms: fibrous (mostly in white matter) and protoplasmic (mostly in gray matter) . Astrocytes

contribute to various physiological activities, including fluid maintenance, cerebral blood flow regulation,

neurotransmitter balance, and synaptic hemostasis . Astrocytes also constitute the glymphatic system, which

eliminates neurotoxic waste products such as amyloid and tau species . Astrocytes, which are near amyloid

plaques in human brains, have been found to contain amyloid-containing granules, implying that astrocytes work to

remove amyloid accumulation during the disease progression . In vitro and in vivo investigations have revealed

that astrocytes move towards amyloid plaques and work to clear Aβ aggregation .

Astrocytes have two major phenotypes: A1, which is neurotoxic, and A2, which is thought to be protective. A1

astrocytes are expressed by activation of inflammatory cascades, mainly through NF-κB induction, a finding that is

supported by the abundance of A1 astrocytes in postmortem brain tissues from persons with AD . On the other

hand, the A2 phenotype is induced by ischemia through activation of signal transducers and activators of the

transcription 3 (STAT3) pathway. The neurotoxic A1 cells are marked by the expression of inflammatory mediators,

while the protective A2 cells are marked by the expression of neurotrophic factors .

Interestingly, in animal models of AD, reactive astrocytes were discovered to release excessive GABA and

glutamate, leading to impaired memory and synaptic loss . Moreover, these cells contributed to microcirculation

dysregulation and disruption of the blood–brain barrier (BBB), which facilitated Aβ accumulation and therefore

disease progression . Different molecules have been studied as possible treatments of AD through modulation

of astrocyte phenotypes. One of these molecules is minocycline, where its intrathecal injection drastically

downregulated A1 and upregulated A2 astrocyte levels .
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5.2. Microglia

Microglia are innate immune cells of the myeloid lineage that exist in the CNS. Microglial activity is thought to be

involved in CNS development, maturation, and senescence via the modulation of different regulatory networks .

Microglia play critical roles in neuronal apoptosis, synaptic maintenance, immune surveillance, and developmental

synaptic pruning, in which the process of removing embryonic excess synapses improves the effectiveness of the

neural network . Dysregulated synaptic pruning is thought to be linked to autism disorders; moreover, it may

be associated with weakened immune surveillance functions found in various neurodegenerative diseases .

Microglia express pattern recognition receptors (PRRs) recognizing two types of ligands: pathogen-associated

molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs, including Aβ species). These

receptors are responsible for triggering a microglial response in the presence of an exogenous or endogenous

pathological insult . The pathogenic species are then internalized by activated microglia via pinocytosis,

phagocytosis, or receptor-mediated endocytosis. Through such endocytic processes, microglia attempt to degrade

such pathogens and insults, additionally activating the release of various molecules, including interferons and

chemokine receptors . This process generally ceases once the immunological stimulus is removed, however,

microglia have functional impairments and may be persistently activated in older brains, playing a role in AD

pathogenesis .

Under pathological conditions, the morphology of microglia changes depending on the stage of the disease. In

mouse models of AD, transcriptomic investigations have revealed that disease development is mirrored in microglia

by progressive changes from a homeostatic to a disease-associated state, including less branching, which limits

their surveillance functions . The transition to the latter stage is often associated with the downregulation of

homeostatic genes and upregulation of AD-associated genes, including apolipoprotein E (ApoE), protein tyrosine

kinase binding protein (TYROBP), and triggering receptor expressed on myeloid cells 2 (TREM2) . TREM2 plays

a critical role in microglial activation processes, suggesting its possible role in the pathogenesis of neuronal

disorders . These studies confirmed the effects of aging on the human microglial phenotypes, including the

downregulation of genes encoding cytoskeleton proteins, adhesion molecules, and cell surface receptors as well

as the upregulation of certain genes, such as chemokine receptor type 4 (CXCR4), vascular endothelial growth

factor 4 (VEGF4), and interleukin-15 (IL-15) .

5.3. Cellular Cross Talk between Astrocyte and Microglia

Aβ has been found to stimulate the NF-κB pathway in astrocytes, increasing complement C3 release, which then

causes neuronal impairment and microglial activation . The activated microglia secrete several factors, including

interleukin 1 alpha (IL-1α), tumor necrosis factor (TNF), and complement component 1q (C1q), inducing astrocyte

differentiation to the A1 phenotype . Under AD inflammatory conditions, the interplay between astrocytes and

microglia may generate a positive feedback loop, causing an inflammatory response .
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