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Abstract  Oxidative stress plays a critical role in the functional activity of cells in Alzheimer's disease (AD). In AD, 

oxidative stress leads to increased production of reactive oxygen species (ROS), which disrupt cellular processes and 

contribute to neuronal damage. This oxidative imbalance affects key cellular functions, including signal transduction, protein 

phosphorylation/dephosphorylation, and overall cellular homeostasis. The accumulation of ROS exacerbates 

neurodegeneration by impairing mitochondrial function, inducing protein aggregation, and altering cellular signaling 

pathways. Understanding the interplay between oxidative stress and cellular function in AD is essential for developing 

targeted therapeutic strategies to mitigate disease progression and improve cognitive function.  
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1. Introduction 

Reactive oxygen species (ROS) are known to actively 

participate in the regulation of cellular functional activity 

under both normal and pathological conditions. This 

influence of ROS is exerted through their involvement in the 

functioning of cellular regulatory systems, one of which 

includes phosphorylation/DE phosphorylation processes.  

In cell metabolism and functioning, phosphorylation/DE 

phosphorylation acquires critical importance and depends on 

the balanced action of enzymes involved in these processes. 

Phosphorylation involves enzymes belonging to the group of 

protein kinases, while DEphosphorylation is carried out by 

protein phosphatases, which cleave phosphate groups. The 

phosphorylation/DE phosphorylation of proteins is a crucial 

regulatory link in the processes of cell division, differentiation, 

proliferation, transformation, and secretion [1]. 

Recently, significant attention has been paid to the 

disruption of the balance between protein phosphorylation/ 

DE phosphorylation processes. In Alzheimer's disease, this 

primarily concerns the phosphorylation of tau protein, proteins 

involved in mitosis, and brain tissue enzymes [2-4]. 

The enhancement of proteolysis and phosphorylation of 

APP and tau protein in brain tissue leads to an increase in 

β-amyloid (βA) production and the formation of neurofibrillary 

tangles (NFT), which are a neuronal component of the 

neuron’s cytoskeleton [4]. The tau protein plays an important 

role in the polymerization of tubulin and the stabilization  
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of microtubules, which support the neuronal skeleton. Its 

post-translational modification, driven by phosphorylation, 

is involved in the regulation of these processes. Consequently, 

phosphorylation processes regulate the binding function of 

tau protein in relation to tubulin [5]. 

In the progression of Alzheimer’s disease (AD), an 

accumulation of neurofibrillary tangles is observed. These 

tangles are represented as bundles of paired helical filaments 

composed of phosphorylated and aggregated tau protein 

associated with neuronal microtubules [5]. Normally,    

tau protein contains three moles of phosphate per mole of 

protein, while paired helical filaments of tau protein (PFH) 

contain 11 moles of phosphate per mole of protein. Aberrant 

phosphorylation of tau protein may be a critical factor in the 

formation of PFH [6]. 

Numerous studies have shown that excessive activation of 

mitotic exit may be associated with hyper phosphorylation of 

tau protein, leading to disruption of the axonal transport 

mechanism, loss of cellular shape, degeneration of affected 

neurons, and the progression of AD [5]. Hyper phosphorylation 

of proteins is caused by an imbalance between kinase and 

phosphatase activities. 

In physiological conditions, peptidyl-prolyl isomerases 

participate in maintaining the balanced state of these 

processes in cells [4].  

One representative of the peptidyl-prolyl isomerase family 

is Pin1 (peptidyl-prolyl cis/trans isomerase). Pin1 is involved 

in the regulation of the activity of enzymes that catalyze the 

phosphorylation and DE phosphorylation of the cytoskeletal 

protein tau and also influences β-amyloid (βA) production by 

interacting with APP [5]. The action of Pin1 is associated 
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with the isomerization of the peptide bond between pSer/ 

Thr-Pro in proteins, which affects their assembly, folding, 

and multiple functions, including intracellular transport, 

intracellular signaling, transcription, mitosis, and apoptosis 

[4,7,8]. 

Under conditions of oxidative stress (OS) with mild cognitive 

impairment and Alzheimer’s disease (AD), a decrease in 

Pin1 activity has been detected in the hippocampus, caused 

by its oxidative modification. This leads to the intense 

phosphorylation of APP at the Thr668-Pro site and an 

increase in βA production. It has been shown that in AD, 

neurodegeneration and apoptosis may be associated with the 

oxidative destruction of nuclear Pin1, which participates in 

the regulation of phosphorylation and the activity of mitotic 

and nuclear proteins [4]. 

It is known that the state of oxidative stress (OS) in 

Alzheimer's disease (AD) is accompanied by the intensification 

of neuronal apoptosis, which is regulated by reactive oxygen 

species (ROS) such as hydrogen peroxide and hydroxyl 

radicals, as well as lipid peroxidation (LPO) products, 

particularly 4-HNE, and β-amyloid peptides (βA1–40 and 

βA1–42). Their effects are mediated through the influence 

on key metabolic cascades involved in the induction of 

apoptosis, including p53 mobilization, induction of Box 

(which has pro-apoptotic effects), reduction of Bcl-2 (which 

has anti-apoptotic effects), release of cytochrome c from 

mitochondria into the cytosol, and activation of caspase-3 

[9]. 

2. Materials and Methods 

One of the central links in triggering these processes is the 

disruption of the balance between phosphorylation/DE 

phosphorylation processes and the intensification of protein 

phosphorylation. Several studies highlight the key role of 

p53 in oxidative stress-mediated apoptosis in neurodegenerative 

diseases. The action of p53 is explained by its ability to bind 

to specific DNA regions that regulate the expression of key 

genes encoding proteins that control cell cycle progression 

and apoptosis. The regulation of p53's transcriptional activity 

and its activation depend on the degree of phosphorylation. 

Both JNK (c-Jun N-terminal kinase)/SAPK (stress-activated 

protein kinases) and p38 MAP kinase (mitogen-activated 

protein kinase) are involved in the phosphorylation process. 

JNK/SAPK-mediated phosphorylation of the tyrosine residue 

of p53 occurs at position 81 [10,11]. 

In Alzheimer's disease (AD), there is a sharp intensification 

of p53 phosphorylation processes due to decreased Pin1 

activity resulting from its oxidative destruction. It has been 

shown that in mild cognitive impairment and AD, p53 levels 

significantly increase in the inferior parietal lobe [6]. The 

activation of apoptosis involving p53 leads to the induction 

of pro-apoptotic Bax genes. Box's influence on apoptosis is 

linked to mitochondrial dysfunction, which is accompanied 

by the release of cytochrome c into the cytoplasm, the 

formation of apoptosomes, and the activation of caspases 9 

and 3. The disruption of mitochondrial structure and function 

may be directly caused by the effects of ROS and β-amyloid 

(βA). 

It is also possible that Box proteins, which stimulate 

apoptosis, contribute to the formation of specific channels  

in the mitochondrial membrane for cytochrome c [10]. The 

presence of free ceramide around mitochondrial membranes 

facilitates the formation of mitochondrial pores [12]. 

Oxidative stress (OS) is associated with the activation of the 

sphingomyelin-ceramide complex, which is accompanied by 

the hydrolysis of sphingomyelins and the formation of 

ceramides. It has been shown that βA, in complex with 

transition metals, can activate the sphingomyelin-ceramide 

complex and contribute to the disruption of mitochondrial 

structure. Treatment of glial cells with the βA peptide (25–35) 

leads to the activation of the sphingomyelin-ceramide cascade, 

increasing cellular ceramide levels [13]. 

A higher level of ceramide has been found in the brain 

tissue of individuals with Alzheimer's disease compared   

to elderly individuals of the same age, indicating the 

pathogenic role of ceramides in the development of AD. The 

intensity of βA peptide-induced neuronal apoptosis is 

significantly reduced by α-tocopherol and N-acetyl cysteine 

and is completely eliminated by the administration of a 

specific inhibitor of stress-activated protein kinases (SAPKs), 

such as JNK and p38 MAPK [13]. 

Thus, the inclusion of oxidative stress mechanisms leads 

to the activation of apoptosis mechanisms (Picture 1). This 

represents a type of physiological protective response of the 

body to the state of oxidative stress, during the initial stages 

of which the body attempts to eliminate damaged cells 

through apoptosis. As the disease progresses, it is likely that, 

alongside the intensification of apoptosis, mechanisms of 

necrotic neuronal damage are also activated. Academician S. 

Saatov and others study the mechanisms of lipid and enzyme 

action in the process of apoptosis. 

Neurodegenerative processes, including AD, are associated 

with disruptions in the regulatory control of the cell cycle 

and its aberrant activation in neurons [14,15]. The initiation 

of the cell cycle is driven by extracellular signals that cause 

the expression and activation/deactivation of specific regulatory 

proteins. The progression of cells through all phases of the 

cell cycle or its interruption at the G1 phase, leading to cell 

death, depends on the precise balance of numerous triggering 

mechanisms. These processes are based on a coordinated 

relationship between mitogenic stimuli and differentiation 

factors (Picture 2). 

Differentiated neurons possess specific biochemical, 

physiological, and morphological properties, which normally 

render them incapable of division, although these cells are 

characterized by the expression of cell cycle modulators 

even after neuronal differentiation. 
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Picture 1.  The effect of reactive oxygen species on the apoptosis process in Alzheimer’s disease. MAP kinase - mitogen-activated protein kinase; 

JNK/SAPK - N-terminal protein kinase 

 
Picture 2.  The role of cyclin expression in cell progression through the mitotic cycle. CnD, CnE, CnA, CnB - Cyclins D, E, A, B; Cdk - Cyclin-dependent 

kinases 
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Picture 3.  The Role of Retinoblastoma Protein (pRb) in Cell Cycle Regulation. 4-HNE - 4-Hydroxynonenal 

Hypothetically, neuronal division could lead to the 

destruction of synapses and the cytoskeleton, which in turn 

leads to disruption of neuronal connections and functions. In 

practice, neuronal cell cycle activation exists but is abortive 

with final initiation of apoptosis [15]. This dysregulation   

is observed under stress conditions, particularly oxidative 

stress, in the presence of DNA-damaging factors, and in 

neurodegenerative diseases. In this context, the neuronal cell 

cycle acts as a mediator of cell death. It is believed that in 

AD, damaged neurons, despite their terminally differentiated 

status, re-enter the cell cycle. The subsequent dysfunction of 

mitosis may play a significant role in the pathogenesis of the 

disease. Thus, in AD, one can speak of a loss of control over 

the neuronal cell cycle and its aberrant activation. Currently, 

scientists are trying to determine the cause of cell cycle 

disruption in neurodegenerative diseases, including AD. 

Analyzing the literature on the mechanisms of this 

phenomenon leads to the conclusion that untimely expression 

of cell division regulators causes subsequent cell death. 

Attempts by neurons to re-enter mitosis are associated with 

external growth stimuli, leading to abortive exit from the  

cell cycle and neuronal degeneration. Data exist on the 

re-expression of cell cycle proteins in damaged neurons in 

Alzheimer's disease (AD) [13,15]. Post-mortem analysis of 

brain tissue from AD patients has revealed aberrant 

expression of several cell cycle proteins, leading to their 

reactivation [16,17]. It has been shown that in AD, regulators 

of each cell cycle phase in affected neurons are in a 

hyperregulated state, with successful DNA replication but 

unsuccessful mitosis, ultimately resulting in cell death. There 

is an observed increase in the potential of cyclins, Cdks 

(cyclin-dependent kinases), and other cell cycle proteins 

[14,18]. 

A high level of hyper phosphorylated retinoblastoma 

protein (pRb) and changes in the subcellular distribution of 

the E2F transcription factor in the cytoplasm of brain and 

spinal cord neurons have been detected in AD [19,20]. 

One of the central elements in cell cycle regulation      

is the process of phosphorylation/DE phosphorylation of 

regulatory proteins. It is known that the passage of cells 

through the G1 phase is controlled by the functional state of 

pRb, which depends on its phosphorylation level. In the G0 

phase, pRb is in a hypo phosphorylated state, which allows it 

to bind to members of the E2F transcription factor family and 

prevent E2F-dependent transcription. 

3. Result and Discussion 

The reduction in the phosphorylation level of pRb protein 

is caused by the action of ant proliferative stimuli [20]. One 

of the initial steps in cell transition to the G1 phase is the 

activation of Cdk4/2 by their mitogen-controlled regulatory 

subunits, cyclins D1, D2, and A, and the removal of their 

inhibitors—p21 and p16. The levels of these cyclins 

decrease under the influence of 4-HNE, which positively 

affects p21 content. The Cdk4/2-cyclin complex participates 

in the phosphorylation of pRb, leading to the inhibition of  

its ability to bind to the E2F transcription factor. E2F is     

a heterodimeric transcription factor that binds to promoter 

regions of many genes involved in the cell cycle. E2F is 

involved in the transcription of specific genes that encode 

proteins necessary for the next stage of the cell cycle. 

Consequently, phosphorylation of pRb leads to the expression 

of E2F-dependent genes required for the transition of the cell 

into the S phase of the cell cycle, followed by cell division. 

The regulatory effect of reactive oxygen species, particularly 
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4-HNE, on the expression of cyclins D1, D2, and A, on   

the activity of Cdk4/6 and Cdk2, on the regulation of E2F 

expression, and on the formation of the pRb/E2F complex 

has been demonstrated [21,22] (Picture 3). 

A critical regulator of mitosis is Cdc2/cyclin B kinase, 

which is normally absent in terminally differentiated neurons 

of the adult brain. However, unplanned expression and 

activation of Cdc2/cyclin B kinase are observed in neurons 

undergoing degeneration in Alzheimer's disease (AD). The 

presence of these mitotic kinases correlates with the 

accumulation of mitotic phosphoepitopes in the protein 

components of the neurofibrillary network. This leads to the 

erroneous initiation of the mitotic cascade, which mediates 

neurodegeneration. It has been shown that the activation of 

Cdc2/cyclin B kinase and the onset of mitosis are associated 

with Wee1 tyrosine kinase [23]. This enzyme normally 

functions actively in post mitotic neurons and decreases in 

AD. Changes in Wee1 tyrosine kinase activity provoke the 

activation of the Cdc2/cyclin B1 kinase complex. Wee1 

tyrosine kinase is considered one of the regulators involved 

in neurodegeneration processes in AD [23]. 

To explain this atypical mitotic activation of Cdc2/cyclin 

B kinase in neurons, the activity of the enzyme Cdc25B 

tyrosine phosphatase was investigated [18]. Cdc25B tyrosine 

phosphatase is involved in the activation of Cdc2/cyclin B 

and is a component of neurons in the healthy human brain.  

In Alzheimer's disease (AD), the level and activity of    

this enzyme increase sharply, particularly in the cytoplasm 

of neurons. Thus, the aberrant expression of Cdc2/cyclin B 

kinase in AD leads to potential mitotic activation mediated 

by the increased neuronal activity of Cdc25B tyrosine 

phosphatase [18]. It is suggested that there is a connection 

between hyper phosphorylation of tau protein in AD, the 

activity of kinases/phosphatases, their ratio, and the cell cycle. 

In Alzheimer's disease (AD), mitotic kinases are involved 

in the phosphorylation of tau protein, and abnormal 

phosphorylation of tau is observed during mitosis [18]. The 

mechanisms leading to intense phosphorylation of proteins 

in AD are not fully understood. Using monoclonal antibodies, 

PHF phosphoepitopes were detected in brain tissue from AD 

patients. To investigate potential causes of intense protein 

phosphorylation, the role of protein kinases responsible for 

this process was studied. In vitro experiments showed that 

the protein kinases related to the production of PHF epitopes 

are mitotic kinases—p34 Cdc2 and Cdk2, which are activated 

during mitosis. Elevated levels of p34 Cdc2 were found in 

brain extracts from AD patients. Pin1 plays an important role 

in regulating normal mitotic progression and the re-entry of 

cells into the cell cycle from a resting state. Numerous cell 

cycle regulators of the G1 phase and mitosis can be identified 

as proteins interacting with Pin1. Functionally, Pin1 regulates 

several phases of the cell cycle, including G1/S and G2/M 

transitions and DNA replication. In vitro studies have shown 

that Pin1 protects neurons from age-related degeneration. 

Depletion of Pin1 in AD leads to cell cycle arrest in mitosis 

and cell death through apoptosis [24,25]. Pin1 increases 

cyclin D1 expression and induces cell proliferation. 

It has been shown that Pin1 prevents cell death caused  

by oxidative stress (OS) or DNA damage and also increases 

cell lifespan [26,27]. Additionally, it regulates the activity  

of several transcription factors, such as p53, AP-1, and 

NF-kB [28]. Thus, Pin1 is considered a regulator of mitotic      

and nuclear protein activity through a phosphorylation- 

dependent pathway. Pin1 participates in the isomerization 

and DE phosphorylation of tau protein, preserving its 

function and conformation, thereby regulating the cell's entry 

into the mitotic cycle. The reduction of Pin1 levels in 

neuronal nuclei due to oxidative destruction, its appearance 

in the cytoplasm, and in the area of NFTs may be associated 

with cell death in Alzheimer's disease (AD) [29,30]. 

In the temporal cortex and pyramidal neurons of the 

hippocampus in AD, there is an increased amount of Cdk 

inhibitors—p16INK4a, p15INK4b, p18INK4c, and p19INK4d 

[31]. Moreover, in the cytoplasm of damaged neurons, there 

is an increased level of p27Kip1, which plays a negative role 

in cell cycle progression. It can undergo phosphorylation 

(Thr187) and degrade via the ubiquitin-proteasome pathway. 

The degree of phosphorylation of p27 (Thr187) positively 

correlates with neurofibrillary pathology caused by tau protein 

phosphorylation. 

4. Conclusions 

It is believed that the initiation of abortive cell cycles is a 

type of cellular adaptation response to stress conditions, 

including OS. Accordingly, increased levels of inhibitors are 

seen as a protective reaction against premature activation of 

cell cycle initiators. Other studies have highlighted the 

localization of phosphorylated histone H3 in cells, which is 

one of the nuclear components of nucleosomes and plays a 

key role in chromosome condensation during division. 

Compared to the nuclei of actively dividing cells, its quantity 

in the cytoplasm of hippocampal neurons in AD is significantly 

increased. The presence of phosphorylated histone H3 in the 

cytoplasm of neurons indicates mitotic catastrophe, leading 

to neuronal dysfunction and neurodegeneration [32]. Analyzing 

the literature, Popov and Stepanichev concluded that cell 

cycle arrest in the G1 phase is associated with the induction 

of p53-dependent apoptosis. It is likely that in this case, some 

essential components ensuring the continuity of the cell cycle 

are missing, despite the presence of proteins controlling the 

G2/M transition—cyclins B1, Cdk2, and Cdk1. 

The cessations of cell arrest in the G2 phase after 

replication is also accompanied by death involving various 

mechanisms, including apoptosis. It has been shown that in 

brain regions affected by neurodegenerative changes, signs 

of cell activation for re-entry into the cell cycle are observed. 

In the neurons of the cerebral cortex in Alzheimer's disease 

(AD), cells with tetraploid DNA content and cyclin B1 

expression have been identified [33]. 

Thus, AD is characterized by the initiation of abortive 

mitosis, leading to neuronal death caused either by apoptosis 

or neurodegeneration. It is likely that attempts by neurons  

to re-enter the cell cycle are primarily driven by external 
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growth factors, while at the cellular signaling level, reactive 

oxygen species (ROS) act as secondary messengers, leading 

to abortive re-entry into the cell cycle and subsequent 

neuronal degeneration. 

Currently, there is no clear understanding of the causes 

behind the initiation of abortive mitosis. Given the 

multifactorial control of the cell cycle, this process may need 

to be considered from the perspective of the overall 

metabolic state of the organism during aging. In the context 

of stress adaptation, oxidative damage in cells may signal the 

activation of mechanisms aimed at initiating apoptosis and 

restoring cell numbers through mitosis. However, aging 

occurs against a background of chronic oxidative stress. 

Under these conditions, neurons, after differentiation, cannot 

re-enter a full cell cycle due to initial disruptions in many 

aspects of this process, the severity of which increases   

over time. All of this indicates the exhaustion of the body's 

compensatory abilities during aging, driven by disturbances 

in oxidative-reductive status. 

Thus, oxidative stress, associated with the intense 

generation of reactive oxygen species (ROS), depletion of 

antioxidant defenses, and imbalance of their components, 

oxidative destruction of lipids, proteins, nucleic acids, and 

carbohydrates, is one of the primary causes of neuronal death 

in Alzheimer's disease. It is possible that only an integrated 

approach to studying the state of key metabolic pathways in 

cells, as well as investigating hormonal and immunological 

status and functional activity of cells, will reveal the triggering 

mechanisms of AD development. 
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