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INTRODUCTION 
 

Cellular senescence contributes to pathogenesis of 

numerous chronic diseases related to old age [1]. Aging 

endothelial cells exhibit a decreased capability of 

regeneration, contributing to increased permeability of 

vessels, accumulation of lipids, and development of 

cardiovascular diseases, such as atherosclerosis, for 

example. The accumulation of senescent cells of the 

glia and neurons in the brain is associated with 

Alzheimer’s disease, Parkinson’s disease, and other 

neurodegenerative disorders. Chronic inflammation and 

a protein metabolism disorder in neurons aggravate with 

age. Senescence of muscular and bone tissues can result 

in disorders in their metabolism and the loss of 

structural integrity, leading to the development of 
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ABSTRACT 
 

Research in the field of mitochondrial biomarkers plays an important role in understanding the processes of 
cellular aging. Mitochondria are not only the energy centers of the cell, but also key regulators of signaling 
within the cell. They significantly affect the life and function of the cell. The aging process of cells is associated 
with various factors, including DNA damage, disruption of the cell cycle, changes in mitochondria, and problems 
with signal transmission. 
Mitochondrial dysfunction is a major contributor to cellular and organismal aging. As we age, there is an 
accumulation of dysfunctional mitochondria, leading to decreased efficiency of oxidative phosphorylation and 
increased production of reactive oxygen species. 
This review focuses on the main mitochondrial markers involved in the mechanisms of cell aging: DRP1, 
Prohibitin, Parkin, PINK1, MFF, VDAC, TOM. These signaling molecules are involved in mitochondrial fission and 
the mechanisms of mitochondria-dependent apoptosis, in the regulation of mitochondrial respiratory activity, 
ensuring the stability of the organization and copying of mitochondrial DNA, protecting cells from oxidative 
stress, in the process of autophagy of damaged mitochondria, in protective mechanisms during stress-induced 
mitochondrial dysfunction. 
Analysis of mitochondrial markers can provide valuable information about the state of cells and their functional 
significance at various stages of aging, which could promote our understanding of cellular aging mechanisms 
and developing corrective methods. These insights highlight mitochondrial proteins as potential therapeutic 
targets to combat age-related diseases. 
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sarcopenia and osteoporosis. The senescence-associated 

secretory phenotype (SASP) may contribute to onco-

genesis through changing the microenvironment, 

stimulating inflammation, and affecting neighboring 

cells [2]. Senescent cells in the liver, lung and kidney 

promote excessive accumulation of extracellular matrix, 

which can lead to fibrosis and decreased function of 

these organs. Key features of aging cells include cell 

cycle arrest, resistance to apoptosis, and secretome shift 

to senescence-associated secretory phenotype, which 

results in increased secretion of various intermediate 

bioactive factors that are relevant for senescence 

pathophysiology [3]. 

 

Mitochondria, often referred to as cellular power-

houses, are crucial regulators of cellular energy 

production and intracellular signaling [4]. Cellular 

senescence involves a variety of factors associated with 

different physiological processes, such as DNA damage, 

cell-cycle arrest, formation of senescence secretory 

phenotype, mitochondrial dysfunction, autophagy/ 

mitophagy dysfunction, signaling disorder and intra-

cellular communication. However, one of the main 

pathophysiological mechanisms of aging in cells and 

organism is a decrease in mitochondrial function. 

 

Mitochondrial dysfunction may be both a cause and a 

consequence of cell senescence. Cells that accumulate 

dysfunctional mitochondria may be subject to apoptosis 

as they become incapable to provide for energy 

demands. Moreover, increased levels of ROS may lead 

to the modulation of senescence signals and activate 

various stress pathways, which further aggravates the 

aging process. Thus, cell senescence and mitochondrial 

dysfunction are interlinked, creating a kind of vicious 

circle where each state exacerbates the other [5]. 

 

Senescent cells accumulate dysfunctional mitochondria, 

the efficiency of oxidative phosphorylation decreases, 

while the production of reactive oxygen species 

increases. The oxidation of nutrients in mitochondria 

promotes the synthesis of a high-energy compound — 

adenosine triphosphate (ATP), which serves as a 

universal source of energy for biochemical processes. 

 

Electron transport chain dysfunction can cause an 

electron leakage and excessive production of reactive 

oxygen species (ROS). ROS increased levels accelerate 

damage of key cell components, including DNA, protein 

structure, and lipid membranes, contributing to the 

activation of cellular senescence processes and initiating 

the development of chronic inflammatory states. 

Mitochondrial dysfunction triggers apoptosis activation 
signaling pathways or the process of ‘somatic 

senescence’ (a non-proliferative but metabolically active 

state of cells). Mitochondria participate in the processes 

of cell signaling associated with inflammation. When 

damaged, they trigger the mitochondrial pathway of 

inflammasome activation, thereby contributing to the 

development of inflammaging [5]. 

 

This process is accompanied by the formation of 

“wastes,” mostly ROS. It was previously believed that 

ROS are just a dangerous by-product that damages cell 

structures and accelerates senescence. In recent decades, 

it has been found, however, that these compounds, 

which contain oxygen ions, free radicals, and peroxides, 

play an important role in regulating various processes, 

promoting the development of an immune response, and 

contributing to inflammatory processes of different 

origins [6–9]. 

 

Lipofuscin is a marker of biological aging as its 

accumulation is related to the degradation of cell 

components, impairment of their utilization, along with 

an overall decrease in autophagy processes and 

lysosomal activity [10]. Lipofuscin accumulates as a 

result of long-term oxidative stress and disorders in 

mitochondrial functioning. As mitochondria undergo 

progressive degradation, damaged organelles are 

transferred to lysosomes for utilization. However, due 

to lipoperoxidation caused by free radicals, their 

components often fail to undergo fission, which leads to 

the formation of lipofuscin deposits. It is believed that 

the accumulation of lipofuscin in neurons may 

contribute to the development of neurodegenerative 

pathologies, Parkinson’s and Alzheimer’s diseases, etc. 

 

Mutations in some mitochondrial or nuclear genes coding 

mitochondrial proteins may cause various chronic and 

progressing mitochondriopathies (mitochondria-related 

diseases) [11–13]. 

 

Mitochondria are involved not only in energy regulation 

of cells, but also in the mechanisms of cellular 

senescence. Thus, recent studies have revealed a 

connection between disorders in structural and functional 

integrity of mitochondria followed by excessive 

production of mitochondrial reactive oxygen species 

(mtROS) and enhanced programmed cell death and 

cellular senescence [14]. The accumulation of mito-

chondrial defects is a consequence of disorders in 

mitochondrial integrity regulation, such as mitophagy. 

Mitophagy is a highly conservative mechanism of 

selective delivery of damaged mitochondria for 

lysosomal degradation, and it is primarily regulated by 

phosphatase and tensin homolog (PTEN)-induced protein 

kinase 1 (PINK1) and PARK2. Published literature 

suggests that PINK1-PARK2 mediated mitophagy plays 
an important role in pathogenesis of such age-dependent 

lung diseases as idiopathic pulmonary fibrosis (IPF) or 

chronic obstructive pulmonary disease (COPD). 
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This review focuses on the main mitochondrial markers 

involved in the cellular senescence mechanisms: 

 

- Dynamin-related protein 1 (DRP1) – triggers 

mitochondrial fission and participates in the 

mechanisms of mitochondria-dependent apoptosis; 

 

- Prohibitin – a protein involved in the regulation of 

mitochondrial respiratory activity, providing the 

stability of organization and copying of 

mitochondrial DNA, protection of cells against 

oxidative stress; 

 

- Parkin – a protein involved in autophagy of 

damaged mitochondria and suppression of 

mitochondria-dependent apoptosis; 

 

- PINK1 (PTEN-induced protein kinase 1) – 

participates in protective mechanisms against 

stress-induced mitochondrial dysfunction; 

 

- MFF (mitochondrial fission factor) – inhibits 

fission induced by the loss of mitochondrial 

membrane potential, hampers the release of 

cytochrome from mitochondria and further 

development of apoptosis, and inhibits peroxisomal 

fission; 

 

- VDAC (voltage-dependent anion channel) – forms 

ion channels in the outer mitochondrial membrane, 

triggers apoptosis; 

 

- TOM (translocase of the outer membrane) – 

supports protein transport and the functioning of 

mitochondria, maintains the inner mitochondrial 

membrane potential. 

 

The characteristics, localization, and functional 

interactions of these biomarkers are detailed in  

Tables 1, 2 and Figure 1. (The Tables are presented in 

a separate file). 

 

Dynamin-related protein 1 
 

As a GTPase protein, dynamin-related protein 1 

(DRP1) with the molecular weight of 80 kDa belongs 

to the superfamily of dynamins. Dynamins trigger 

peroxisome and mitochondria fission, particularly 

during cellular mitosis. DRP1 in humans is coded by 

the gene OPA1 and participates in degradation of old 

mitochondrial material, ensuring the quality control of 

those organelles [15]. 

 

DRP1 mediates membrane fission by means of 

oligomerization into ring-shaped structures which 

wind around the break site, thereby constricting and 

breaking the mitochondrial membrane through  

the GTP-hydrolysis-dependent mechanism. DRP1 

protein activation and its translocation to the outer 

mitochondrial membrane occurs as a consequence of 

its post-translational regulation by phosphorylation 

and SUMOylation [16]. 

 

Bax oligomerization increases outer mitochondrial 

membrane permeability, promoting cytochrome C 

release and apoptosis. These events are followed by 

mitochondrial fission, which requires the presence of 

the DRP1 protein that regulates caspase activation. Loss 

of DRP1 inhibits cytochrome C release, disrupting 

apoptosis pathways [17]. 

 

It has been found that DRP1 stimulates Bax protein 

iBid-induced oligomerization and the release of C 

cytochrome, contributing to the binding of mitochondria 

and fusion of their outer membranes in vitro. This 

function of DRP1 depends not on its GTPase activity 

but on arginine 247 and the presence of cardiolipin in 

the membranes. Overexpression of DRP1 in cells delays 

oligomerization of the Bax protein and induces cell 

death [18]. Beyond mitochondrial fission, proteins like 

prohibitin ensure mitochondrial stability and play 

protective roles against oxidative stress 

 

It should be noted that DRP1 overexpression might lead 

to excessive mitochondrial fission, which promotes 

mitochondrial dysfunction and might be linked to the 

development of various pathologies and senescence. At 

the same time, the lack of DRP1 may also lead to the 

inability of cells to effectively get rid of damaged or 

dysfunctional mitochondria, which will lead to the 

accumulation of cellular stress and aging. Mitochondrial 

dynamics is regulated through the PKA-DRP1 pathway 

with direct involvement of the key transcription factor 

p53 [19–21]. 

 

The role of DRP1 in cardiovascular diseases is 

particularly noteworthy. Recent studies have shown that 

lipid overload-induced acetylation of DRP1 contributes 

to cardiomyocyte dysfunction, a critical phenomenon in 

the development of heart failure and other cardiovascular 

pathologies. Moreover, DRP1 has been associated with 

increased mitochondrial fission triggered by ischemia, 

exacerbating right ventricular dysfunction in pulmonary 

hypertension conditions [22]. 

 

An overflow of lipids creates an intracellular 

environment that facilitates DRP1 acetylation, which, 

in turn, increases its activity and mitochondrial 

translocation, resulting in cardiomyocyte dysfunction 

and death [22]. Thus, DRP1 may be a critical mediator 

of cardiac dysfunction caused by lipid overload as well 

as a potential target for therapy [23]. 
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Table 1. Mitochondrial biomarkers:  isoforms, subcellular localization, function. 

Mitochondrial 

biomarker 
Isoforms Subcellular localization Function 

DRP1 
9 isoforms obtained by 

alternative splicing 

Mostly cytosolic, translocates to the 

mitochondrial membrane through 

interaction with FIS1. Colocalized with 

MARCH5 at the mitochondrial mem-

brane, localized in mitochondria at 

fission sites, may also be associated 

with endoplasmic reticulum tubules and 

cytoplasmic vesicles  

Triggers mitochondrial and peroxisomal fission, 

participates in mitochondria-dependent apoptosis 

mechanisms, required for cytochrome C release 

and caspase activation during apoptosis, for 

mitochondria fission during mitosis, involved in 

vesicular transport 

Prohibitin 

Subunits: Prohibitin 1 

and Prohibitin 2 

(PHB1, PHB2) 

Localized at the inner mitochondrial 

membrane 

Participates in the regulation of mitochondrial 

respiratory activity and aging, providing the 

stability of organization and copying of 

mitochondrial DNA, protection of cells against 

oxidative stress, inhibits DNA synthesis 

Parkin 
8 isoforms obtained by 

alternative splicing 

Mostly localized in the cytosol. Moves 

into dysfunctional mitochondria that lost 

mitochondrial membrane potential, 

recruiting to mitochondria depends on 

PINK1 

 

Participates in autophagy of damaged mito-

chondria, inhibition of mitochondria-dependent 

apoptosis; regulates the motility of damaged 

mitochondria by promoting the ubiquitination and 

subsequent degradation 

PINK1 
2 isoforms obtained by 

alternative splicing 

Mostly localized in mitochondria at the 

outer membrane; with loss of mito-

chondrial membrane potential due to 

damage, PINK1 import is terminated 

leading to its accumulating on the outer 

mitochondrial membrane where it 

acquires kinase activity 

Involved in protective mechanisms against stress-

induced mitochondrial dysfunction, possibly via 

the phosphorylation of mitochondrial proteins. 

Promotes clearance of damaged mitochondria via 

selective autophagy (mitophagy) 

MFF 
5 isoforms obtained by 

alternative splicing 

Localized at the outer mitochondrial 

membrane, peroxisomes, cytoplasmic, 

secretory, and synaptic vesicles 

Inhibits fission induced by the loss of 

mitochondrial membrane potential, hampers the 

release of cytochrome from mitochondria and 

further development of apoptosis, and inhibits 

peroxisomal fission 

VDAC1  
VDAC1 is localized at the outer 

mitochondrial membrane 

Forms ion channels at the outer mitochondrial 

membrane, allow diffusion of small hydrophilic 

molecules, and are involved in cell volume 

regulation and apoptosis in the plasma membrane. 

Promotes mitophagy in depolarized mito-

chondria. Participates in the formation of the 

permeability transition pore complex (PTPC) 

responsible for the release of mitochondrial 

products that triggers apoptosis, may mediate ATP 

export from cells 

TOM70  The outer mitochondrial membrane 

Supports protein transport and the functioning of 

mitochondria, maintains the inner mitochondrial 

membrane potential. 

Acts as a receptor of the preprotein translocase 

complex of the outer mitochondrial membrane 

(TOM complex), recognizes and mediates the 

translocation of mitochondrial preproteins from 

the cytosol into the mitochondria in a chaperone-

dependent manner 

TOM20  The outer mitochondrial membrane 

Involved in the recognizing and translocation of 

cytosolically synthesized mitochondrial pre-

proteins; together with TOM22, functions as the 

transit peptide receptor at the surface of the 

mitochondrion outer membrane and facilitates the 

movement of preproteins into the TOM40 

translocation pore; required for the translocation 

across the mitochondrial outer membrane of 

cytochrome P450 monooxygenases 

 



www.aging-us.com 5 AGING 

Table 2. Mitochondrial biomarkers:  tissue specificity, disease associations, intermolecular interactions. 

Mitochondrial 

biomarker 
Tissue specificity 

Correlation with 

age-associated 

disease 

Intermolecular interactions 

DRP1 

Strongly expressed in various tissues, 

with the highest levels found in skeletal 

muscles, heart, kidney, and brain. 

Isoform 1 is brain-specific. Isoform 2 

and isoform 3 are predominantly 

expressed in the testis and skeletal 

muscles respectively. Isoform 4 is weak-

ly expressed in the brain, heart, and 

kidney. Isoform 5 is predominantly 

expressed in the liver, heart, and kidney. 

Isoform 6 is expressed in neurons 

Alzheimer’s disease  

Through beta-amyloid-induced increased S-

nitrosylation of DNM1L, which triggers, directly or 

indirectly, excessive mitochondrial fission, synaptic 

loss and neuronal damage. 

Prohibitin Widely expressed in various tissues  

Interacts with STOML2, with MAP1LC3B 

(membrane-bound form LC3-II); the interaction 

requires PHB2 upon Parkin-mediated mitochondrial 

damage, with STAT3 (unphosphorylated or 

phosphorylated), with CLPB; interacts with CD86 

via cytoplasmic domain; the interactions increase 

after priming with CD40.  

Parkin 

Highly expressed in the brain, 

including the substantia nigra. 

Expressed in heart, testes, and skeletal 

muscles. Expression is down-regulated 

or absent in tumor biopsies, and absent 

in the brain of PARK2 patients. Over-

expression protects dopamine neurons 

from kainate-mediated apoptosis 

Parkinson’s disease 

Participates in protein modifications and ubi-

quitination, forms an E3 ubiquitin ligase complex 

with UBE2L3 or UBE2L6, mediates Lys-63-linked 

polyubiquitination via binding to UBE2V1. 

Interacts with SNCAIP, interacts with and regulates 

the turnover of SEPTIN5, complex STUB1, HSP70 

and GPR37, facilitating PRKN-mediated GPR37 

ubiquitination; regulates the E3 PRKN activity; 

interacts with SUMO1 but not SUMO2, which 

promotes nuclear localization and auto-

ubiquitination.  Forms a complex with PINK1 and 

PARK7, promotes PRKN and FBXO7 localization 

in dysfunctional depolarized mitochondria.  

Interacts with heat shock proteins 

PINK1 

Highly expressed in the heart, skeletal 

muscles, and testis; lower expression 

levels — in the brain, placenta, liver, 

kidney, pancreas, prostate, ovary, and 

small intestine.  

Type 6 Parkinson’s 

disease  

Activated by autophosphorylation with the loss of 

mitochondrial membrane potential and accumulates 

at the outer mitochondrial membrane (OMM); upon 

import into depolarized mitochondria, it is cleaved 

by the inner mitochondrial membrane protease 

OMA1, followed by proteasomal degradation 

MFF 
Highly expressed in the heart, kidney, 

liver, brain, and intestine. 

Encephalopathy due 

to defective 

mitochondrial and 

peroxisomal fission 

2 (EMPF2) 

Promotes the recruitment and association of the 

fission mediator dynamin-related protein 1 (DNM1L) 

to the mitochondrial surface, regulates the synaptic 

vesicle membrane dynamics by recruitment of 

DNM1L to clathrin-containing vesicles 

VDAC 
Expressed in erythrocytes, heart, liver, 

and skeletal muscles. 

Type 8 Parkinson’s 

disease 

Interacts with hexokinases, with forming the HK1-

VDAC1 complex, reactive with ATF2, interacts 

with BCL2L1, BAK1, RTL10/BOP, with beta-

amyloid and APPАРР, induces VDAC1 

dephosphorylization; it is a component of the mito-

chondrial permeability transition pore complex 

TOM70 Widely expressed in various tissues  

Forms part of the preprotein translocase of outer 

membrane (TOM) complex that consists of at least 

7 different proteins (TOM5, TOM6, TOM7, 

TOM20, TOM22, TOM40, and TOM70) 

TOM20 Widely expressed in various tissues  

Forms part of the preprotein translocase of outer 

membrane (ТОМ) complex that consists of at least 

7 different proteins (TOM5, TOM6, TOM7, 

TOM20, TOM22, TOM40, and TOM70); interacts 

with ТОМ22 and APEX1. 
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DRP1 hyperactivation in ischemic and lipid-induced 

damages of the myocardium promotes the enhancement 

of mitochondrial fission, ROS accumulation, and 

triggering of apoptotic cascade, which aggravates 

cardiomyocyte dysfunction. Even following the blood 

flow recovery (reperfusion) after ischemia, a further 

increase is observed in the levels of ROS, which leads 

to DRP1 activation and enhances mitochondrial fission. 

This is often followed by mitochondrial membrane 

damage, which prevents the myocardium from restoring 

its normal function [21]. 

 

Mitochondrial dysfunction is ROS overproduction, 

disturbance of ATP synthesis, and a decrease of 

mitochondrial membrane potential. It is often associated 

with changes in mitochondrial morphology, including 

their irregular dynamics, such as an increased level of 

DPR1 [24]. 

 

Studies have shown that increased activity of DRP1 is 

observed in neurodegenerative diseases (Alzheimer's 

disease, Parkinson's disease, etc.), and may lead to a 

significant decrease in mitochondrial function and 

increased oxidative stress, which, in turn, contributes to 

further neurodegeneration. The key regulatory fission 

(DRP1, FIS1) and fusion (MFN1, MFN2, OPA1) 

proteins, including their post-translational modifications, 

are involved in the pathogenesis of these diseases [25]. 

 

The DRP1 protein may also be involved in Alzheimer 

disease through β-amyloid-induced increased  

S-nitrosylation of DNM1L, which triggers excessive 

mitochondrial fission, synaptic loss and neuronal 

damage [23]. 

 

Prohibitin 
 

Prohibitin, a multifunctional protein of the inner 

mitochondrial membrane, is encoded in humans by the 

Phb gene and participates in regulating the respiratory 

activity of mitochondria, being responsible for the 

stability of organization and copying of mitochondrial 

DNA and protecting the cell from oxidative stress  

[26, 27]. 

 

The role of prohibitin in the disease pathogenesis is 

complex and diverse, since prohibitin is involved in 

maintaining mitochondrial dynamics, regulation of 

proliferation, apoptosis, and inflammatory processes. 

Certain disorders of prohibitin expression and function 

are associated with various pathologies, including 

metabolic, cancerous, neurodegenerative, cardiovascular, 

immune, and infectious diseases. 

 

Prohibitin is localized in multiple cellular 

compartments, including mitochondria, nucleus, plasma 

membrane, and endoplasmic reticulum. The highest 

concentration of the protein is found in the inner 

mitochondrial membrane. Its absence in the cytosolic 

fraction is evidence of the protein’s insolubility. 

 

Localization of prohibitin determines its function, 

particularly in tumor cells. Thus, increased expression 

of this protein on the surface of tumor cells is an 

 

 
 

Figure 1. Localization of biomarkers in mitochondria. 
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important factor of drug resistance. In normal 

mammary cells, prohibitin is primarily localized in 

mitochondria, whereas in the case of breast cancer  

it is located in the nucleus. However, certain 

therapeutic agents, such as camptothecin, can induce 

the translocation of prohibitin from the nucleus  

to the mitochondria, suggesting a potential therapeutic 

target to enhance the efficacy of anti-cancer  

treatments [28]. 

 

Mitochondrial prohibitin can be subject to 

posttranslational modifications. It acts as a chaperon of 

respiratory chain proteins and a structural framework of 

optimal mitochondrial morphology. 

 

Modulation of the structure and/or function of prohibitin 

involved in remodeling the lipid structure of the inner 

mitochondrial membrane may become a therapeutic 

strategy for correcting not only mitochondrial 

dysfunction but other intracellular defects as well [29]. 

 

This protein participates in regulating the mitochondria 

respiratory activity and it is responsible for the stability 

of organization and the number of copies of 

mitochondrial DNA. Mitochondrial prohibitin protects 

cells from oxidative stress and related inflammatory 

processes [30, 31]. 

 

Neurons are especially sensitive to oxidative stress,  

and the prohibitin imbalance is associated with 

neurodegenerative diseases. Prohibitin can reduce beta-

amyloid toxicity, preventing mitochondrial dysfunction 

and VDAC impairment in Alzheimer's disease. 

Prohibitin is involved in protecting neurons from 

mitochondrial stress and accumulation of defective 

mitochondria, playing an important role in mitophagy in 

Parkinson's disease. Prohibitin also regulates anti-

apoptotic and anti-inflammatory mechanisms in brain 

cells, which decreases the risk of neurotoxic damage. 

As prohibitin level in cells decreases with age, it leads 

to impairment of mitochondrial functions, accumulation 

of ROS, and decrease in the reparative ability of cells. 

Decreased prohibitin has been observed not only in 

neurodegenerative diseases but also in cardiovascular 

diseases and sarcopenia [32]. 

 

Prohibitin deficiency leads to disorders in the formation 

and integrity of the inner mitochondrial membrane. In B 

lymphocytes, prohibitin is anchored in the plasma 

membrane by the N-end fragment, its remaining part 

being exposed to cytoplasm and associated with the 

antigen receptor. 

 

Mitochondrial prohibitin forms large ring-shaped 

complexes in the inner mitochondrial membrane and 

functions as a chaperon protein, stabilizing mitochondrial 

respiratory enzymes and maintaining the mitochondrial 

integrity. This is necessary for mitochondrial morpho-

genesis, as well as for the survival and normal life span 

of the cell. 

 

The prohibitin complex plays the role of mitophagy 

receptor involved in targeting mitochondria for 

autophagic degradation. It participates in mitochondria-

mediated antiviral innate immunity, activating the 

DDX58/RIG-I signaling and production of anti-

inflammatory IL6 cytokine IL6 [26, 27]. 

 

Prohibitins are directly involved in the processes of 

cellular senescence, apoptosis, and oxidative stress. 

They play an important role in the pathogenesis of  

such age-related diseases as Alzheimer’s disease, 

Parkinson’s disease, diabetes, and cancer. Modulation 

of cellular senescence by prohibitin is realized mostly 

through mitophagy as well as through the shift of 

oxidative phosphorylation to anaerobic respiration. 

Studies regarding the role of prohibitins in apoptosis  

are contradictory: no factors have been found that  

may make prohibitins tumor promoters or tumor 

suppressors [33]. 

 

Parkin 
 

The parkin protein is a type of E3 ubiquitin ligase that 

consists of 465 amino acids. It plays a crucial role  

in the process of autophagy, which involves  

the degradation of dysfunctional mitochondria and  

the inhibition of mitochondria-dependent apoptosis. 

Ubiquitin ligases are enzymes that are involved in the 

process of ubiquitination, which is the process of 

attaching ubiquitin (Ub) to molecules and subsequently 

degrading them in proteasomes or lysosomes. This 

process involves the sequential actions of three 

enzymes. First, a ubiquitin-activating enzyme (E1) 

binds to inactive ubiquitin in eukaryotic cells through a 

thioester bond. Then, this enzyme engages in an ATP-

dependent reaction. Finally, ubiquitin is transferred to 

the enzyme conjugating with E2 ubiquitin before it is 

conjugated with the target protein by an E3 ubiquitin 

ligase [27, 28, 34]. 

 

There are many different types of E3 ligases, each with 

its own unique structure and substrate specificity. 

Parkin is one such E3 ligase that recognizes proteins in 

the outer mitochondrial membrane after cellular damage 

and helps to eliminate damaged mitochondria through 

autophagy and proteasome mechanisms. It also helps to 

increase cell survival by suppressing mitochondria-

dependent and independent apoptosis [35]. 

 

Parkin mutations can disrupt mitochondrial function, 

leading to neurodegeneration in Parkinson's disease and 
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metabolic dysregulation in cancer. Parkin is believed to 

help degrade certain proteins that are toxic to 

dopaminergic neurons. Its substrates include synphilin-

1, cyclin E, and p38 tRNA synthase [36, 37]. 

 

Parkin is a pivotal component of the mitochondrial 

quality control system, primarily involved in the 

elimination of damaged mitochondria through 

mitophagy. This intricate process is mediated by a 

complex interplay between Parkin and PTEN-induced 

kinase 1 (PINK1), forming a positive feedback loop 

that enhances the recruitment of Parkin to damaged 

mitochondria. 

 

Under conditions of cellular stress, the import of PINK1 

into the mitochondrial matrix is impeded by a reduction 

in mitochondrial membrane potential, leading to its 

accumulation on the outer mitochondrial membrane 

(OMM). Restoration of membrane potential initiates  

a cascade of events wherein Parkin is recruited to  

the mitochondria and phosphorylated by PINK1. 

Simultaneously, PINK1 promotes the phosphorylation of 

ubiquitin, which is already conjugated to mitochondrial 

membrane proteins. This dual phosphorylation of PINK1 

and ubiquitin primes Parkin for activation and facilitates 

the formation of mono-ubiquitin and poly-ubiquitin 

chains. These ubiquitin chains, in close proximity to 

PINK1, undergo further phosphorylation at serine 65 

(Ser65), thereby enhancing the mobilization of Parkin 

and augmenting the ubiquitination of mitochondrial 

substrates in a self-reinforcing cycle [38]. 

 

The substrates targeted by Parkin, such as mitofusins 

Mfn1 and Mfn2, are large GTPases that play a crucial 

role in mitochondrial fusion. The fusion of 

mitochondria into tubular structures facilitated by Mfn1 

and Mfn2 enhances oxidative phosphorylation, thereby 

improving cellular energy homeostasis [35]. 

 

During mitophagy, Parkin interacts with voltage-

dependent anion channel 1 (VDAC1), a crucial 

component of the mitochondrial outer membrane. 

Under conditions of mitochondrial depolarization, 

VDAC1 undergoes a conformational change, exposing 

its cytosolic domain for ubiquitination. Inhibition of 

VDAC1 expression in cell lines such as HeLa 

significantly impairs Parkin recruitment to depolarized 

mitochondria, thereby reducing their clearance. These 

findings suggest that VDAC1 functions as a selective 

marker of mitochondrial damage, triggering the 

initiation of mitophagy [39]. 

 

Parkin emerges as a pivotal transcriptional target of p53 
within lung tissue cells (H460), potentially contributing 

to its tumor-suppressive function. This protein not only 

facilitates mitochondrial respiration but also modulates 

glucose uptake and lactate production, resulting in 

elevated cytosolic glutathione levels and enhanced 

cellular protection against oxidative stress [40]. 

 

Elevated cytokine levels have been observed in patients 

with mono- and biallelic mutations, underscoring the 

role of PINK1- and Parkin-mediated mitophagy in 

attenuating innate immune responses. 

 

The dysfunction of PINK1 and Parkin is intricately 

linked to mitochondrial deficiency and the chronic 

accumulation of dysfunctional mitochondria, leading to 

elevated oxidative stress and apoptosis, particularly 

relevant in neurodegenerative diseases. The diminished 

activity of these proteins results in the accumulation  

of damaged mitochondrial proteins, triggering 

inflammatory cascades via the inflammasome pathway 

and the subsequent release of pro-inflammatory 

cytokines, thereby exacerbating neurodegeneration [41]. 

 

PINK1 and Parkin are crucial proteins regulating 

mitophagy, a process essential for the degradation of 

damaged mitochondria and the maintenance of cellular 

homeostasis. Investigating molecules capable of 

modulating the activity of these proteins holds promise 

for elucidating mitophagy mechanisms and developing 

therapeutic strategies for aging and metabolic 

disorders [42]. 

 

During myocardial infarction, Parkin expression in the 

myocardium significantly decreases by approximately 

fivefold compared to non-ischemic myocardium. 

Research has demonstrated that mitochondrial damage 

plays a critical role in acetaminophen-induced liver 

necrosis and injury. Cells adapt and protect themselves 

by removing damaged mitochondria through mito-

phagy, with the PINK1-Parkin pathway serving as a 

primary regulator of this process. 

 

Given Parkin's crucial role in mitophagy, which impacts 

mitochondrial integrity, it is unsurprising that it is  

also involved in cellular senescence processes. While 

PINK1 is indispensable for effective mitophagy, Parkin 

levels are considered the primary regulator of the 

PINK1-PRKN pathway. Inducing PRKN expression 

holds promise as a geroprotective strategy to enhance 

mitophagy and mitigate age-related diseases such as 

chronic obstructive pulmonary disease (COPD) [43]. 

 

Pten-induced kinase 1 
 

PTEN-induced kinase 1 (PINK1) is a mitochondrial 

serine/threonine-protein kinase encoded by the PINK1 

gene. PINK1 is believed to protect cells from  

stress-induced mitochondrial dysfunction through 

phosphorylation of mitochondrial proteins. PINK1 is 
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involved in clearance of damaged mitochondria via 

selective autophagy (mitophagy) by recruiting the 

Parkin protein in dysfunctional mitochondria to initiate 

their degradation [44]. 

 

The PINK1 protein is localized in the outer membrane 

of mitochondria but can also be found in the cellular 

cytosol. Healthy mitochondria maintain a membrane 

potential that can be used to import PINK1 into the 

inner membrane where it is cleaved by presenilin-

associated rhomboid-like protease (PARL) and cleared 

from the outer membrane [22, 45]. 

 

Loss of membrane potential in damaged mitochondria 

prevents PINK1 import, leading to its accumulation on 

the outer membrane and recruits the Parkin protein to 

target the damaged mitochondria for degradation 

through autophagy. 

 

In addition to autophagy of mitochondria, PINK1 is 

involved in the motility of these organelles. PINK1 

aggregation and Parkin recruitment are aimed at 

mitochondria for degradation, and PINK1 may enhance 

degradation rates by arresting the motility of mito-

chondria. PINK1 overexpression acts in a way like the 

silencing of the Miro protein which is closely related to 

mitochondrial migration [41]. 

 

Active basal mitophagy, i.e. mitophagy without any 

external stimulation, is initiated by mitochondrial 

superoxide signaling and mediated by PINK1/Parkin-

dependent pathway involving p62 glycoprotein as a 

selective autophagy receptor (SAR). This pathway is 

suppressed upon the induction of cellular senescence 

and in naturally aged cells, which results in inhibition of 

mitophagy. Reactivation of mitophagy by ligand 

molecules to p62 might be a promising method of 

mitochondrial quality control for interventions into 

correcting cellular senescence [46]. 

 

PINK1 has been shown to contribute to the creation of 

mitochondrial vesicles which can move reactive oxygen 

species toward lysosomes for further degradation  

[40, 47]. 

 

Dysfunctions of the PINK1 mitochondrial proteins have 

been found in familial forms of Parkinson’s disease. 

Reduced aconitase activity associated with the Krebs 

cycle was found in mitochondria of PINK knockout mice. 

 

The PINK1/Parkin system not only regulates mitophagy 

but also has implications in neurodegenerative diseases. 

Studies on PINK1 deficient mice have demonstrated 

reduced mitochondrial respiratory activity with aging, 

suggesting that PINK1 decline may be linked to 

conditions such as Parkinson's disease. This is 

supported by observations that mutations in PINK1 alter 

mitochondrial motility and increase vulnerability to 

oxidative stress. 

 

Mitochondrial respiratory activity in cortical cells of 

PINK1 deficient mice was reduced at the age of 2 years 

as compared with the control group, which suggests  

that aging enhances mitochondrial dysfunction in those 

mice [48]. 

 

Respiratory defects in mitochondria of PINK-deficient 

mice can be induced by cellular stress, for instance by 

hydrogen peroxide or heat shock. This data indicates 

that PINK1 protects mitochondria from stress and is 

involved in neurodegenerative disease pathogenesis, 

including Parkinson’s disease [48, 49]. 

 

Furthermore, PINK 1 regulates the activity of the 

respiratory electron transport chain, a system of 

transmembrane proteins and electron carriers that 

maintain the energy balance of the cell. The activity of 

respiratory chain complex I NdufA10 subunit is 

phosphorylated in a PINK1-dependent fashion [50]. 

 

Mitochondrial fission factor 
 

Mitochondrial fission factor (MFF) is a mitochondrial 

outer membrane protein, crucial for mitochondrial and 

peroxisomal fission. MFF binds to the DRP1, and the 

MFF-DRP1 complex promotes mitochondrial fission. 

MFF activates association of a fission mediator, 

dynamin-related protein (DNM1L), with the surface of 

mitochondria. MFF is involved in regulating the 

synaptic vesicular membrane dynamics by recruiting 

DNM1L to clathrin-containing vesicles [51]. 

 

Mitochondrial fission is a complex process that is of 

great importance for the growth and survival of cells. 

Like siRNA of established fission proteins, DRP1 and 

mitochondrial fission 1 protein (FIS1), mitochondrial 

MFF RNA also inhibits fission induced by the loss of 

mitochondrial membrane potential, hampers the release 

of cytochrome from mitochondria and further 

development of apoptosis, and inhibits peroxisomal 

fission [4, 52]. 

 

MFF and FIS1 are both tail anchored in the 

mitochondrial outer membrane, but other parts of these 

proteins are very different and exist in separate 

complexes with the molecular weight of 200 kDa. The 

MFF protein is a component of a conserved membrane 

fission pathway used for constitutive and induced 

fission of mitochondria and peroxisomes [53]. 

 

MFF knockdown causes mitochondrial network 

extension (by release of DRP1 foci from the outer 
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mitochondrial membrane), while MFF over-expression 

induces its fragmentation (by stimulating DRP1 

recruitment to mitochondria [54, 55]. 

 

Under physiological conditions, mitochondria change 

their morphology dynamically via fusion and fission 

processes, thereby maintaining the cellular homeostasis 

[56]. 

 

Such proteins as Mfn1, Mfn2, and OPA1 primarily act 

as mitochondrial fusion regulators. Mfn1 and Mfn2 are 

localized in the outer mitochondrial membrane. Their 

GTPase site faces the cytosol and regulates the fusion 

with the opposing mitochondria outer membrane, while 

OPA1 regulates the inner mitochondrial membrane 

fusion in the intermembrane space. 

 

This process is primarily coordinated by DRP1, MFF, 

and FIS1. During the fission process, DRP1, which is 

normally localized in the cytosolic space, is recruited to 

the outer mitochondrial membrane. FIS1 and MFF, 

localized in the outer mitochondrial membrane, act as 

adaptor proteins for DRP1 [56]. 

 

Loss of DRP1 or MFF function leads to a block in 

mitochondrial and peroxisomal fission, which results in 

elongated organelles and disrupts mitophagy. However, 

the metabolic functions of both peroxisomes and 

mitochondria are typically not or only slightly altered 

[4, 16, 52, 57]. 

 

MFF deficiency is connected with developmental delay, 

peripheral neuropathy, optic nerve atrophy, and 

encephalopathy [47, 54]. The mitochondria of 

fibroblasts in MFF-deficient patients show no 

significant alteration in oxidative phosphorylation or 

mtDNA [58]. 

 

It has been observed that MFF expression is elevated at 

non-small cells lung cancer and multiple myeloma. The 

Myc transcription factor is one of the main triggers of 

prostate cancer. Myc was found to bind to the MFF 

gene promoter, and Myc knockdown with RNA 

interference reduced MFF expression [59]. 

 

The VDAC1 protein, which forms ionic channels in the 

outer mitochondrial membrane, actively interacts with 

MFF. MFF knockdown triggered increased permeability 

of the mitochondrial outer membrane, comparable to the 

effect induced by the presence of hydrogen peroxide. 

MFF knockdown caused membrane depolarization in 

tumor cells, which drastically reduced ATP production 

and led to the arrest of the Krebs cycle and eventually to 

apoptosis. No such effect was caused by MFF 

knockdown in healthy cells. Elevated expression of MFF 

has been observed in various types of tumors, including 

lung cancer and multiple myeloma. Its upregulation 

promotes mitochondrial fission, contributing to tumor 

progression. Inhibition of MFF expression through 

knockdown has been shown to reduce tumor 

proliferation and apoptosis, suggesting potential for the 

development of MFF inhibitors as targeted anti-cancer 

therapies [51, 60]. 

 

It has been also found that a high concentration of MFF 

in cancer cells results in inhibition of the activity of 

VDAC1 that triggers their apoptosis. MFF knockdown 

inhibited the growth of prostate tumor, glio- and 

neuroblastoma. Such a wide variety of tumors 

demonstrates a potential for development of MFF 

inhibitor drugs for target treatment of oncological 

diseases [35, 61]. 

 

Voltage-dependent anion channel 
 

The Voltage-Dependent Anion Channel (VDAC1) 

molecule is involved in forming ion channels in the 

outer mitochondrial membrane and triggering apoptosis. 

VDAC1 forms a channel through both the outer 

mitochondrial membrane and the plasma membrane. 

The channel in the outer mitochondrial membrane 

provides diffusion of small hydrophilic molecules, 

while in the plasma membrane it is involved in cell 

volume regulation and apoptosis. 

 

VDAC1 has an open conformation when the 

membrane potential is low or zero, and it takes a 

closed conformation when the potential is higher than 

30–40 mV. The open conformation is characterized  

by a weak anion selectivity, while the closed 

conformation is cation-selective [62]. VDAC1 may 

also be involved in building the permeability transition 

pore complex (PTPC) which is responsible for  

the release of mitochondrial products triggering 

apoptosis [63]. The VDAC1 molecule is structurally 

homologous with its VDAC2 and VDAC3 isoforms, 

which are involved in regulating cell metabolism and 

mitochondrial apoptosis., it is VDAC1 that is the most 

transcribed of the three isoforms, and it acts as the 

main channel for calcium ions transport. VDAC1 

participates in the cellular metabolism by moving ATP 

and other metabolites through the outer mitochondrial 

membrane. It is involved in regulating the tri-

carboxylic acid (TCA) cycle and ROS production [57, 

64]. 

 

VDAC1 overexpression in cells may lead to disruption 

of the apoptotic process. Its dysfunction as the major 

channel of calcium ion transport is linked to cancer, 

Parkinson's and Alzheimer's diseases. Besides, VDAC1 

overexpression may be associated with Type 2 Diabetes 

[65, 66]. 
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The VDAC1 protein is involved in oncogenesis, 

interacting with the antiapoptotic family of proteins 

(such as Bcl-2, Bcl-xl, and Mcl-1), which are 

overexpressed in cancer cells. These proteins bind to 

VDAC1 and regulate the transport of calcium ions 

across the mitochondrial membrane and stimulate ROS 

production. Excessive levels of ROS cause cell death, 

whereas lower levels may disrupt signal transduction 

pathways, which promotes cells induction to tumor 

cells, their proliferation, migration, and invasion [66]. 

 

In Parkinson’s disease, VDAC1 increases the level of 

calcium ions in mitochondria, thereby increasing mito-

chondrial permeability, disrupting the mitochondrial 

membrane potential, contributing to higher ROS 

production, cell death, and the degeneration of neurons. 

In Alzheimer’s disease, VDAC1 interacts with amyloid β 

(Aβ), which results in increased mitochondrial channel 

permeability and eventually in apoptosis [67, 68]. 

 

Translocase of the mitochondrial outer 

membrane 
 

Around 99% of mitochondrial proteins in eukaryotes 

are synthesized by cytosolic ribosomes and coded by 

nuclear DNA [4, 69]. The process of effective selection 

and engagement of newly synthesized proteins is 

controlled by a complex mechanism in the mito-

chondrial membranes together with certain soluble 

factors. Mitochondrial proteins synthesized in the 

cytosol are imported into mitochondria post-

translationally [4]. The mitochondrial channel, through 

which nuclear-coded mitochondrial proteins are 

imported, is formed by the so-called TOM complex 

(translocase of the mitochondrial outer membrane) [70]. 

 

The Translocase of the Mitochondrial Outer Membrane 

(TOM) complex on the outer mitochondrial membrane 

functions as a common protein entry gate. The TOM 

complex is a membrane protein complex consisting of 

the Tom40 β-barrel channel and six membrane proteins. 

Two Tom40 β-barrels are surrounded by two sets of 

small Tom subunits, forming a dimeric structure. 

Biochemical analyses have shown that each Tom40 

channel has two distinct pathways and exits for protein 

translocation and the formation of different sets of 

mitochondrial preproteins. TOM40 forms a translocase 

pore, while TOM20, TOM22 and TOM70 function as 

receptors. TOM22 plays an auxiliary role in complex 

assembling. TOM5, TOM6, and TOM7 regulate 

complex dynamics and assembly. The TIM22 complex 

on the inner membrane mediates the import of multipath 

transmembrane proteins into the inner membrane. 
 

TOM70 is an adaptor protein with molecular weight of 

70 kDa. Localized in the outer mitochondrial 

membrane, it maintains the inner membrane potential 

and accelerates the import of all precursor proteins of 

mitochondria. Forming a site for cytosolic chaperones 

and co-chaperones, TOM70 participates in the uptake of 

such newly synthesized proteins in the mitochondrial 

biogenesis [71]. 

 

In mammalian cells, TOM70 promotes (Ca2+)-mediated 

protein transfer from the endoplasmic reticulum (ER) to 

mitochondria by associating with the inositol-1,4,5-

triphosphate receptor type 3 (IP3R3). TOM70 is a target 

of the myeloid cell leukemia (MCL-1) protein related to 

Bcl-2. MCL-1 acts as an anti-apoptotic protein in tumor 

cells and in macrophages infected by intracellular 

pathogens [31]. Studies on macrophages infected by 

Leishmania donovali revealed a function of TOM70 

associated with cell death regulation: the parasite 

survives in macrophages by enhancing the expression of 

MCL-1, which targets TOM70 on the mitochondria 

surface, acting as an apoptosis inhibitor since it is 

structurally similar to Bcl-2. 17. 

 

TOM70 acts as an external receptor for a set of 

mitochondrial proteins. It binds metabolite carrier 

proteins, such as the ADP/ATP carrier [58]. 

 

TOM20 was also found to act as a receptor for 

precursor proteins that are targeted to an amino-

terminal sequence. TOM40 was identified as the main 

pore-forming component. These two import receptors, 

in association with TOM40, have been considered as 

the central structure of the TOM complex [72]. 

TOM70 cooperates with the TOM complex core 

components, promoting the import of mitochondrial 

proteins, but not always in association with TOM40 

[14, 73]. 

 

Mechanisms of TOM70 selectivity still remain vague, 

and most preproteins may only bind to TOM70 

indirectly, mediated by chaperone proteins associated 

with preprotein [71]. 

 

Mitochondrial outer membrane permeabilization 

(MOMP) is a crucial event in the process of cell death, 

playing an important role in its various forms such as 

apoptosis, ferroptosis, and pyroptosis. This process is 

not binary; under sub-lethal stress conditions, so called 

minority MOMP (miMOMP) may occur, where only 

some part of mitochondria undergo impairment. This 

can have a negative impact on vital activities of cells 

and lead to pathological changes such as cellular 

senescence, tumor formation, immune dysfunction, and 

chronic inflammation [74]. 
 

Along with ROS, epigenetic dysregulation, changes  

in mTOR-related signaling pathways, and tumor 
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suppressors, miMOMP also plays a critical role in 

inducing phenotype associated with senescent cells [75]. 

 

The SASP can cause cellular senescence both locally  

and systematically. Mechanistically, chronic low-grade 

inflammation is viewed as one of the factors contributing 

to cellular senescence, which is associated with increased 

levels of pro-inflammatory cytokines, such as IL-6 and 

TNF-α. This points to the relevance of inflammation as a 

consequence of aging and as a process contributing to 

further progression of cellular senescence [76]. 

 

Mitochondrial dysfunction is known to play a decisive 

role in the pathogenesis of diabetic cardiomyopathy. 

The TOM70 protein primarily promotes the import of 

mitochondrial preproteins which may participate in 

regulating oxidative stress and mitochondrial function. 

A study investigating the role of TOM70 in the 

development of myocardial damage in mice with leptin 

receptor deficiency (db/db) in diabetes showed that 

TOM70 levels were lowered in diabetic mouse hearts 

compared to those in wild-type mouse hearts. A 

decrease in levels of the TOM70 protein aggravated 

cardiac hypertrophy, fibrosis, and ventricular dys-

function in db/db mice. TOM70 has a protective role in 

diabetic cardiomyopathies. Studies in murine models 

have demonstrated that reduced TOM70 levels 

aggravate cardiac hypertrophy and ventricular 

dysfunction. Conversely, restoring TOM70 levels 

reduces oxidative stress and improves mitochondrial 

function, indicating its potential as a therapeutic target 

to prevent cardiac damage in diabetic patients [77]. 

 

Similarly, in vitro data showed that a decrease in 

TOM70 expression enhances mitochondrial superoxide 

production in a high-glucose and high-fat (HGHF) 

medium, reduces ATP production and mitochondrial 

membrane potential, and promotes cell apoptosis in 

neonatal cardiomyocytes. It is important to note that 

overexpression of TOM70 attenuated HGHF-induced 

oxidative stress, mitochondrial dysfunction, and cell 

apoptosis. As evidenced by in vivo data, restoring 

TOM70 levels reduced cardiac hypertrophy, interstitial 

fibrosis, and ventricular dysfunction in db/db mice. 

Besides, overexpression of TOM70 eliminated 

mitochondrial fragmentation and dysfunction in the 

hearts of db/db mice. 

 

Taken together, these data suggest that a decrease in 

TOM70 expression promotes the development of 

diabetic cardiomyopathy, and restoring the level of this 

protein may become a new therapeutic strategy for the 

prevention and treatment of this disease [17, 77]. 

 

As revealed by screening of mRNA transcription and 

protein levels, TOM70 expression was downregulated 

in hypertrophic cardiac samples of humans and in 

cardiac hypertrophy rat models [78, 79]. Cardio-

myocyte hypertrophy was induced by TOM70 

knockdown and reduced by overexpression of TOM70, 

in vitro and in vivo. TOM70 knockdown resulted in 

increased ROS levels and decreased import of the 

inner membrane protein Opa1, an important mediator 

of mitochondrial fusion, which led to anomalous 

mitochondrial morphology. 

 

These results are consistent with a reported deficiency of 

TOM70 that caused mitochondrial damage and ROS 

overproduction, thereby aggravating heart tissue injury 

after myocardial infarction in mice [80]. Administration 

of antioxidant N-acetylcysteine or melatonin eliminated 

the TOM70 knockdown effect. This correlated with 

overexpression of TOM70 and confirmed its involvement 

in the regulation of ROS production by mitochondria. 

 

In an experimental mouse model, it was found that 

mRNA levels and protein expression of TOM70 were 

lowered in heart cells of diabetic mice, and TOM70 

knockdown resulted in exacerbated cardiac hypertrophy 

and fibrosis in rats and in higher levels of ROS induced 

by HGHF apoptosis in neonatal cardiomyocytes [47]. 

 

The expression of TOM70 in cardiomyocytes is reduced 

in older humans [65]. In a cardiac insufficiency rat 

model, TOM70 was found to be phosphorylated at 

serine 94 [47]. 

 

As we have learned from research on yeast cells, the 

phosphorylation of a single serine side chain can 

influence the activity of TOM70 [73]. Mitochondria 

not only produce ATP, but they also generate reactive 

oxygen species (ROS), which can cause damage to  

the mitochondria themselves [31]. To prevent this 

damage, mitochondria employ a specific type of 

autophagy called mitophagy, which is essential for 

maintaining mitochondrial health [14]. Abnormal 

mitochondria and impaired mitophagy are frequently 

observed in various pathological conditions. such as, 

for example, amyotrophic lateral sclerosis, Parkinson’s 

and Alzheimer’s disease [55, 72] 

 

Some types of stress-induced mitophagy in humans are 

regulated by two proteins — the kinase PINK1 

localized in mitochondria and the cytosolic E3 ubiquitin 

ligase Parkin [34]. 

 

Early forms of Parkinson’s disease may be associated 

with mutations of the PINK1 and PARK2 genes that 

code PINK1 and Parkin respectively. The PINK1/Parkin 
system is activated after mitochondrial membrane 

potential loss and acts as an indicator of the quality of 

mitochondria [16]. 
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Normally, PINK1 mitochondrial proteins are 

transported into mitochondria through the complexes 

TOM and TIM23 and then processed by the matrix 

processing peptidase and mitochondrial intramembrane 

cleavage protease. The resulting product is moved into 

the cytoplasm where it is cleaved by the proteasome. 

Protein import may be disrupted in the case of 

mitochondrial damage. PINK1 accumulates in the 

TOM70, TOM20, TOM22, and TOM40 complex at the 

outer mitochondrial membrane, leading to Parkin 

phosphorylation, increased E3 ligase activity, and 

ultimately to mitophagy [44, 81]. 

 

TOM70 is regarded as a major receptor for PINK1. An 

enhanced mitophagy was found after TOM70 deletion 

from the TOM complex [13, 82, 83]. TOM70 is also 

identified as a ligand of Parkin, ubiquitinylated across 

its TPR motifs [77]. It is suggested that such 

ubiquitinylated TOM70 could recruit proteins that are 

crucial for the autophagosome formation [83]. 

 

The TOM70 molecule is considered a multifunctional 

mediator in the traffic of proteins, signaling, and contact 

sites of the mitochondrial membranes. And TOM20, an 

outer mitochondrial membrane receptor, is a core 

component of the receptor complex, responsible for  

the recognition and translocation of cytosolically 

synthesized mitochondrial preproteins. Together with 

TOM22, it functions as the transit peptide receptor at 

the surface of the mitochondrial outer membrane and 

facilitates the movement of preproteins into the TOM40 

translocation pore, being necessary for the translocation 

of cytochrome monooxygenase P450 through the outer 

mitochondrial membrane [84]. 

 

TOM20 was found to compete with TOM70 for binding. 

However, antibody blocking of the TOM20 receptor did 

not improve the efficiency of TOM70-dependent import 

of preprotein. Instead, an impaired pathway of TOM70 

was found in addition to the TOM20 pathway. The 

functional interaction between TOM20 and TOM70 may 

be observed at a later stage of the TOM70-mediated 

import, after chaperone docking. It is probable that 

TOM20 binds TOM70 to facilitate preprotein release 

from the chaperones by competition [79] 

 

The therapeutic potential of mitochondrial 

biomarkers 
 

The therapeutic methods, including inhibition of anti-

apoptotic regulators, suppression of SASP, and 

deletion of senescent cells through apoptosis 

(senolytics such as Quercetin, Fisetin, Navitoclax), as 
well as immunological approaches to elimination of 

senescent cells, are the most promising for treatment 

of aging and related diseases. Recent research into 

cellular senescence aims at creating methods that  

slow down this process or delete senescent cells.  

Such approaches include senolytics, senomorphics, 

telomerase activation, decreasing oxidative stress, and 

epigenetic modification [76]. 

 

Senescent cells become vulnerable to inhibiting anti-

apoptotic mechanisms, which creates possibilities for 

developing a class of drugs referred to as senolytics. 

Decreased potential of the mitochondrial membrane 

may be the main reason for their hypersensitivity to 

apoptosis [85]. 

 

Senolysis offers great opportunities for treating 

Alzheimer’s and Parkinson’s diseases. Notably, many 

first-generation senolytics also provide other useful 

neuroprotective effects, such as powerful antioxidant 

and anti-inflammatory activity [86]. 

 

Studies aimed at modifying autophagy and mitophagy 

have found many compounds that can act as senolytics. 

However, to effectively prolong cell life, drugs should 

act not only on one molecular knot but on the entire 

molecular signaling network, including the proteins that 

regulate mitophagy, SAMD, and SASP [16]. 

 

Studies have shown that deletion of senescent cells can 

not only relieve symptoms of some diseases but also 

restore tissue and organ functions. Yet, a full 

understanding of senolytics effects on mitochondrial 

dysfunction requires further clinical and experimental 

studies to establish optimal dosing regimens and to find 

out long-term consequences of their usage. 

 

The mechanisms of dietary antioxidant action may 

include the restoration of mitochondrial membrane 

potential and functional activity, augmentation of 

transport systems involved in ion exchange, and 

activation of signaling pathways responsible for 

autophagy, which contributes to the clearing of cells 

from damaged components [87]. 

 

Mitochondria play a key role in cell metabolism and can 

adapt to different metabolic conditions, which makes 

them an important target for cancer therapy. They 

participate in cellular energy production, oxidative 

stress, and cell cycle regulation and provide 

mechanisms promoting the formation of new blood 

vessels required for tumor growth. Tumor cells are the 

site of significant metabolic alterations associated with 

mitochondria. These alterations affect oxidative 

phosphorylation, fatty acid oxidation, the tricarboxylic 

acid cycle, and glutamine metabolism. Destabilization 

of mitochondria provides a promising approach to 

tumor therapy where mitochondrial respiration is a 

primary energy source in the cell. Pharmacological, 
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photodynamic and chemodynamic apoptogenic effects 

on mitochondria can be a basis for cancer therapy  

[88, 89]. The administration of drugs aimed at 

destabilization of cancer cell mitochondria may become 

a potent therapeutic approach in treating tumors where 

mitochondrial respiration is the main energy source. In 

addition to the pharmacological action on mitochondria, 

researchers investigate photodynamic, photothermal and 

chemodynamic, as well as transport agents to deliver 

drugs directly into mitochondria. 

 

For instance, modulation of the prohibitin expression 

may be viewed as a potential anticancer therapy 

strategy, since it can suppress tumor growth or increase 

cell sensitivity to chemotherapy by regulating 

metabolism and ROS production in cells [32]. 

 

The modulation of DRP1 activity aimed at restoration 

of mitochondrial dynamics and prevention of damages 

associated with excessive fission can be considered as 

an effective therapy strategy for the treatment of 

cardiovascular diseases caused by metabolic and 

ischemic stress (e.g. coronary heart disease, idiopathic 

fibrosis and obstructive lung’s disease, Crohn's disease, 

ulcerative colitis, etc.) [26].  

 

Since the processes associated with PINK1 and  

Parkin proteins related are capable of modulating 

neurodegeneration and neuroinflammatory reactions by 

the removal of dysfunctional mitochondria, controlling 

mitochondrial DNA release and promoting the formation 

of neuroprotective and anti-inflammatory phenotypes, 

Parkin and PINK1 gene augmentation seems a promising 

approach for the treatment of neurodegenerative disorders 

of the central nervous system and the retina [36]. 

 

Recent studies confirm that mitochondria-associated 

membranes (MAMs) play a major role in the process of 

cellular senescence. This is due to the gradual decrease 

in mitochondrial calcium uptake and the lower number 

of contacts between mitochondria and the endoplasmic 

reticulum (MERCs) in senescent cells. The involvement 

of MAMs in regulation of lipid and protein metabolism 

and autophagy confirms their role in the pathogenesis of 

age-related neurological and metabolic disorders and 

their potential therapeutic significance [45]. 

 

Inhibition of miMOMP, which maintains mitochondrial 

function and particularly inhibiting SASP, is also 

considered as a therapeutic approach for treatment of 

age-related diseases [75]. 

 

CONCLUSIONS 
 

Mitochondrial dysfunction is a hallmark of aging and 

cellular senescence, contributing to age-related diseases. 

Defects in mitochondrial signaling pathways lead to 

metabolism disorders, proliferation, apoptosis, and 

mitophagy, which contribute to the development of age-

associated diseases. These findings allow us to consider 

mitochondrial biomarkers as integral regulators of 

cellular senescence. Further detailed studies into the 

cause-and-effect relationship and interactions between 

these signaling molecules will deepen our understanding 

of the molecular mechanisms of aging and open new 

opportunities for developing drugs that could slow aging. 

 

Further research into mitochondrial biomarkers could 

pave the way for targeted therapies to delay aging and 

treat age-related diseases. 

 

AUTHOR CONTRIBUTIONS 
 

Conceptualization, P.Y., G.M. and I.K.; literature 

analysis, A.P. and M.G.P.M.; writing—original draft 

preparation, T.Z. and E.M.; writing—review and 

editing, S.B. and I.K..; supervision, P.Y. All authors 

have read and agreed to the published version of the 

manuscript. 

 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest. 

 

FUNDING 
 

This research received no external funding. 

 

REFERENCES 
 
1. Gorgoulis V, Adams PD, Alimonti A, Bennett DC, 

Bischof O, Bishop C, Campisi J, Collado M, Evangelou K, 
Ferbeyre G, Gil J, Hara E, Krizhanovsky V, et al. Cellular 
Senescence: Defining a Path Forward. Cell. 2019; 
179:813–27. 

 https://doi.org/10.1016/j.cell.2019.10.005 
PMID:31675495 

2. Tominaga K. The emerging role of senescent cells in 
tissue homeostasis and pathophysiology. Pathobiol 
Aging Age Relat Dis. 2015; 5:27743. 

 https://doi.org/10.3402/pba.v5.27743 PMID:25994420 

3. Lucas V, Cavadas C, Aveleira CA. Cellular Senescence: 
From Mechanisms to Current Biomarkers and 
Senotherapies. Pharmacol Rev. 2023; 75:675–713. 

 https://doi.org/10.1124/pharmrev.122.000622 
PMID:36732079 

4. Anderson AJ, Jackson TD, Stroud DA, Stojanovski D. 
Mitochondria-hubs for regulating cellular biochemistry: 
emerging concepts and networks. Open Biol. 2019; 
9:190126. 

https://doi.org/10.1016/j.cell.2019.10.005
https://pubmed.ncbi.nlm.nih.gov/31675495
https://doi.org/10.3402/pba.v5.27743
https://pubmed.ncbi.nlm.nih.gov/25994420
https://doi.org/10.1124/pharmrev.122.000622
https://pubmed.ncbi.nlm.nih.gov/36732079


www.aging-us.com 15 AGING 

 https://doi.org/10.1098/rsob.190126  
PMID:31387448 

5. Korolchuk VI, Miwa S, Carroll B, von Zglinicki T. 
Mitochondria in Cell Senescence: Is Mitophagy the 
Weakest Link? EBioMedicine. 2017; 21:7–13. 

 https://doi.org/10.1016/j.ebiom.2017.03.020 
PMID:28330601 

6. Bajwa E, Pointer CB, Klegeris A. The Role of 
Mitochondrial Damage-Associated Molecular Patterns 
in Chronic Neuroinflammation. Mediators Inflamm. 
2019; 2019:4050796. 

 https://doi.org/10.1155/2019/4050796 
PMID:31065234 

7. Banoth B, Cassel SL. Mitochondria in innate immune 
signaling. Transl Res. 2018; 202:52–68. 

 https://doi.org/10.1016/j.trsl.2018.07.014 
PMID:30165038 

8. Koenig A, Buskiewicz-Koenig IA. Redox Activation of 
Mitochondrial DAMPs and the Metabolic 
Consequences for Development of Autoimmunity. 
Antioxid Redox Signal. 2022; 36:441–61. 

 https://doi.org/10.1089/ars.2021.0073 
PMID:35352943 

9. Mansouri A, Gattolliat CH, Asselah T. Mitochondrial 
Dysfunction and Signaling in Chronic Liver Diseases. 
Gastroenterology. 2018; 155:629–47. 

 https://doi.org/10.1053/j.gastro.2018.06.083 
PMID:30012333 

10. Georgakopoulou EA, Tsimaratou K, Evangelou K, 
Fernandez Marcos PJ, Zoumpourlis V, Trougakos IP, 
Kletsas D, Bartek J, Serrano M, Gorgoulis VG. Specific 
lipofuscin staining as a novel biomarker to detect 
replicative and stress-induced senescence. A method 
applicable in cryo-preserved and archival tissues. Aging 
(Albany NY). 2013; 5:37–50. 

 https://doi.org/10.18632/aging.100527 
PMID:23449538 

11. Beecher G, Gavrilova RH, Mandrekar J, Naddaf E. 
Mitochondrial myopathies diagnosed in adulthood: 
clinico-genetic spectrum and long-term outcomes. 
Brain Commun. 2024; 6:fcae041. 

 https://doi.org/10.1093/braincomms/fcae041 
PMID:38434220 

12. Stenton SL, Prokisch H. Genetics of mitochondrial 
diseases: Identifying mutations to help diagnosis. 
EBioMedicine. 2020; 56:102784. 

 https://doi.org/10.1016/j.ebiom.2020.102784 
PMID:32454403 

13. Wang H, Ni HM, Chao X, Ma X, Rodriguez YA, Chavan 
H, Wang S, Krishnamurthy P, Dobrowsky R, Xu DX, 
Jaeschke H, Ding WX. Double deletion of PINK1 and 
Parkin impairs hepatic mitophagy and exacerbates 

acetaminophen-induced liver injury in mice. Redox 
Biol. 2019; 22:101148. 

 https://doi.org/10.1016/j.redox.2019.101148 
PMID:30818124 

14. Pfanner N, Warscheid B, Wiedemann N. Mitochondrial 
proteins: from biogenesis to functional networks. Nat 
Rev Mol Cell Biol. 2019; 20:267–84. 

 https://doi.org/10.1038/s41580-018-0092-0 
PMID:30626975 

15. Brand CS, Tan VP, Brown JH, Miyamoto S. RhoA 
regulates Drp1 mediated mitochondrial fission through 
ROCK to protect cardiomyocytes. Cell Signal. 2018; 
50:48–57. 

 https://doi.org/10.1016/j.cellsig.2018.06.012 
PMID:29953931 

16. Atkins K, Dasgupta A, Chen KH, Mewburn J, Archer SL. 
The role of Drp1 adaptor proteins MiD49 and MiD51 in 
mitochondrial fission: implications for human disease. 
Clin Sci (Lond). 2016; 130:1861–74. 

 https://doi.org/10.1042/CS20160030 PMID:27660309 

17. Cooper HA, Eguchi S. Inhibition of mitochondrial fission 
as a novel therapeutic strategy to reduce mortality 
upon myocardial infarction. Clin Sci (Lond). 2018; 
132:2163–7. 

 https://doi.org/10.1042/CS20180671 PMID:30341226 

18. Qi Z, Huang Z, Xie F, Chen L. Dynamin-related protein 
1: A critical protein in the pathogenesis of neural 
system dysfunctions and neurodegenerative diseases. J 
Cell Physiol. 2019; 234:10032–46. 

 https://doi.org/10.1002/jcp.27866  
PMID:30515821 

19. Kim YY, Um JH, Shin DJ, Jeong DJ, Hong YB, Yun J. p53-
mediated regulation of mitochondrial dynamics plays a 
pivotal role in the senescence of various normal cells 
as well as cancer cells. FASEB J. 2021; 35:e21319. 

 https://doi.org/10.1096/fj.202002007R 
PMID:33433933 

20. Kim YY, Um JH, Yoon JH, Lee DY, Lee YJ, Kim DH, Park JI, 
Yun J. p53 regulates mitochondrial dynamics by 
inhibiting Drp1 translocation into mitochondria during 
cellular senescence. FASEB J. 2020; 34:2451–64. 

 https://doi.org/10.1096/fj.201901747RR 
PMID:31908078 

21. Phadwal K, Tang QY, Luijten I, Zhao JF, Corcoran B, 
Semple RK, Ganley IG, MacRae VE. p53 Regulates 
Mitochondrial Dynamics in Vascular Smooth Muscle 
Cell Calcification. Int J Mol Sci. 2023; 24:1643. 

 https://doi.org/10.3390/ijms24021643 
PMID:36675156 

22. Jin JY, Wei XX, Zhi XL, Wang XH, Meng D. Drp1-
dependent mitochondrial fission in cardiovascular 
disease. Acta Pharmacol Sin. 2021; 42:655–64. 

https://doi.org/10.1098/rsob.190126
https://pubmed.ncbi.nlm.nih.gov/31387448
https://doi.org/10.1016/j.ebiom.2017.03.020
https://pubmed.ncbi.nlm.nih.gov/28330601
https://doi.org/10.1155/2019/4050796
https://pubmed.ncbi.nlm.nih.gov/31065234
https://doi.org/10.1016/j.trsl.2018.07.014
https://pubmed.ncbi.nlm.nih.gov/30165038
https://doi.org/10.1089/ars.2021.0073
https://pubmed.ncbi.nlm.nih.gov/35352943
https://doi.org/10.1053/j.gastro.2018.06.083
https://pubmed.ncbi.nlm.nih.gov/30012333
https://doi.org/10.18632/aging.100527
https://pubmed.ncbi.nlm.nih.gov/23449538
https://doi.org/10.1093/braincomms/fcae041
https://pubmed.ncbi.nlm.nih.gov/38434220
https://doi.org/10.1016/j.ebiom.2020.102784
https://pubmed.ncbi.nlm.nih.gov/32454403
https://doi.org/10.1016/j.redox.2019.101148
https://pubmed.ncbi.nlm.nih.gov/30818124
https://doi.org/10.1038/s41580-018-0092-0
https://pubmed.ncbi.nlm.nih.gov/30626975
https://doi.org/10.1016/j.cellsig.2018.06.012
https://pubmed.ncbi.nlm.nih.gov/29953931
https://doi.org/10.1042/CS20160030
https://pubmed.ncbi.nlm.nih.gov/27660309
https://doi.org/10.1042/CS20180671
https://pubmed.ncbi.nlm.nih.gov/30341226
https://doi.org/10.1002/jcp.27866
https://pubmed.ncbi.nlm.nih.gov/30515821
https://doi.org/10.1096/fj.202002007R
https://pubmed.ncbi.nlm.nih.gov/33433933
https://doi.org/10.1096/fj.201901747RR
https://pubmed.ncbi.nlm.nih.gov/31908078
https://doi.org/10.3390/ijms24021643
https://pubmed.ncbi.nlm.nih.gov/36675156


www.aging-us.com 16 AGING 

 https://doi.org/10.1038/s41401-020-00518-y 
PMID:32913266 

23. DuBoff B, Götz J, Feany MB. Tau promotes 
neurodegeneration via DRP1 mislocalization in vivo. 
Neuron. 2012; 75:618–32. 

 https://doi.org/10.1016/j.neuron.2012.06.026 
PMID:22920254 

24. Tian L, Neuber-Hess M, Mewburn J, Dasgupta A, 
Dunham-Snary K, Wu D, Chen KH, Hong Z, Sharp WW, 
Kutty S, Archer SL. Ischemia-induced Drp1 and Fis1-
mediated mitochondrial fission and right ventricular 
dysfunction in pulmonary hypertension. J Mol Med 
(Berl). 2017; 95:381–93. 

 https://doi.org/10.1007/s00109-017-1522-8 
PMID:28265681 

25. Grel H, Woznica D, Ratajczak K, Kalwarczyk E, 
Anchimowicz J, Switlik W, Olejnik P, Zielonka P, 
Stobiecka M, Jakiela S. Mitochondrial Dynamics in 
Neurodegenerative Diseases: Unraveling the Role of 
Fusion and Fission Processes. Int J Mol Sci. 2023; 
24:13033. 

 https://doi.org/10.3390/ijms241713033 
PMID:37685840 

26. Chowdhury D, Kumar D, Sarma P, Tangutur AD, Bhadra 
MP. PHB in Cardiovascular and Other Diseases: Present 
Knowledge and Implications. Curr Drug Targets. 2017; 
18:1836–51. 

 https://doi.org/10.2174/1389450117666160824161225 
PMID:27557820 

27. Alves da Costa C, Duplan E, Rouland L, Checler F. The 
Transcription Factor Function of Parkin: Breaking the 
Dogma. Front Neurosci. 2019; 12:965. 

 https://doi.org/10.3389/fnins.2018.00965 
PMID:30697141 

28. Gladkova C, Maslen SL, Skehel JM, Komander D. 
Mechanism of parkin activation by PINK1. Nature. 
2018; 559:410–14. 

 https://doi.org/10.1038/s41586-018-0224-x 
PMID:29995846 

29. Ban T, Kuroda K, Nishigori M, Yamashita K, Ohta K, 
Koshiba T. Prohibitin 1 tethers lipid membranes and 
regulates OPA1-mediated membrane fusion. J Biol 
Chem. 2025; 301:108076. 

 https://doi.org/10.1016/j.jbc.2024.108076 
PMID:39675719 

30. Moskal N, Riccio V, Bashkurov M, Taddese R, Datti A, 
Lewis PN, Angus McQuibban G. ROCK inhibitors 
upregulate the neuroprotective Parkin-mediated 
mitophagy pathway. Nat Commun. 2020; 11:88. 

 https://doi.org/10.1038/s41467-019-13781-3 
PMID:31900402 

31. Pfanner N, Douglas MG, Endo T, Hoogenraad NJ, 
Jensen RE, Meijer M, Neupert W, Schatz G, Schmitz UK, 
Shore GC. Uniform nomenclature for the protein 
transport machinery of the mitochondrial membranes. 
Trends Biochem Sci. 1996; 21:51–2. 

 PMID:8851659 

32. Theiss AL, Sitaraman SV. The role and therapeutic 
potential of prohibitin in disease. Biochim Biophys 
Acta. 2011; 1813:1137–43. 

 https://doi.org/10.1016/j.bbamcr.2011.01.033 
PMID:21296110 

33. Belser M, Walker DW. Role of Prohibitins in Aging and 
Therapeutic Potential Against Age-Related Diseases. 
Front Genet. 2021; 12:714228. 

 https://doi.org/10.3389/fgene.2021.714228 
PMID:34868199 

34. Dionísio PE, Oliveira SR, Amaral JS, Rodrigues CM. Loss 
of Microglial Parkin Inhibits Necroptosis and 
Contributes to Neuroinflammation. Mol Neurobiol. 
2019; 56:2990–3004. 

 https://doi.org/10.1007/s12035-018-1264-9 
PMID:30074231 

35. Sliter DA, Martinez J, Hao L, Chen X, Sun N, Fischer TD, 
Burman JL, Li Y, Zhang Z, Narendra DP, Cai H, Borsche 
M, Klein C, Youle RJ. Parkin and PINK1 mitigate STING-
induced inflammation. Nature. 2018; 561:258–62. 

 https://doi.org/10.1038/s41586-018-0448-9 
PMID:30135585 

36. Quinn PM, Moreira PI, Ambrósio AF, Alves CH. 
PINK1/PARKIN signalling in neurodegeneration and 
neuroinflammation. Acta Neuropathol Commun. 2020; 
8:189. 

 https://doi.org/10.1186/s40478-020-01062-w 
PMID:33168089 

37. Sauvé V, Sung G, Soya N, Kozlov G, Blaimschein N, 
Miotto LS, Trempe JF, Lukacs GL, Gehring K. 
Mechanism of parkin activation by phosphorylation. 
Nat Struct Mol Biol. 2018; 25:623–30. 

 https://doi.org/10.1038/s41594-018-0088-7 
PMID:29967542 

38. Sekine S, Youle RJ. PINK1 import regulation; a fine 
system to convey mitochondrial stress to the cytosol. 
BMC Biol. 2018; 16:2. 

 https://doi.org/10.1186/s12915-017-0470-7 
PMID:29325568 

39. Guarino F, Zinghirino F, Mela L, Pappalardo XG, Ichas F, 
De Pinto V, Messina A. NRF-1 and HIF-1α contribute to 
modulation of human VDAC1 gene promoter during 
starvation and hypoxia in HeLa cells. Biochim Biophys 
Acta Bioenerg. 2020; 1861:148289. 

 https://doi.org/10.1016/j.bbabio.2020.148289 
PMID:32810507 

https://doi.org/10.1038/s41401-020-00518-y
https://pubmed.ncbi.nlm.nih.gov/32913266
https://doi.org/10.1016/j.neuron.2012.06.026
https://pubmed.ncbi.nlm.nih.gov/22920254
https://doi.org/10.1007/s00109-017-1522-8
https://pubmed.ncbi.nlm.nih.gov/28265681
https://doi.org/10.3390/ijms241713033
https://pubmed.ncbi.nlm.nih.gov/37685840
https://doi.org/10.2174/1389450117666160824161225
https://pubmed.ncbi.nlm.nih.gov/27557820
https://doi.org/10.3389/fnins.2018.00965
https://pubmed.ncbi.nlm.nih.gov/30697141
https://doi.org/10.1038/s41586-018-0224-x
https://pubmed.ncbi.nlm.nih.gov/29995846
https://doi.org/10.1016/j.jbc.2024.108076
https://pubmed.ncbi.nlm.nih.gov/39675719
https://doi.org/10.1038/s41467-019-13781-3
https://pubmed.ncbi.nlm.nih.gov/31900402
https://pubmed.ncbi.nlm.nih.gov/8851659
https://doi.org/10.1016/j.bbamcr.2011.01.033
https://pubmed.ncbi.nlm.nih.gov/21296110
https://doi.org/10.3389/fgene.2021.714228
https://pubmed.ncbi.nlm.nih.gov/34868199
https://doi.org/10.1007/s12035-018-1264-9
https://pubmed.ncbi.nlm.nih.gov/30074231
https://doi.org/10.1038/s41586-018-0448-9
https://pubmed.ncbi.nlm.nih.gov/30135585
https://doi.org/10.1186/s40478-020-01062-w
https://pubmed.ncbi.nlm.nih.gov/33168089
https://doi.org/10.1038/s41594-018-0088-7
https://pubmed.ncbi.nlm.nih.gov/29967542
https://doi.org/10.1186/s12915-017-0470-7
https://pubmed.ncbi.nlm.nih.gov/29325568
https://doi.org/10.1016/j.bbabio.2020.148289
https://pubmed.ncbi.nlm.nih.gov/32810507


www.aging-us.com 17 AGING 

40. Miller S, Muqit MM. Therapeutic approaches to 
enhance PINK1/Parkin mediated mitophagy for the 
treatment of Parkinson’s disease. Neurosci Lett. 2019; 
705:7–13. 

 https://doi.org/10.1016/j.neulet.2019.04.029 
PMID:30995519 

41. Li J, Yang D, Li Z, Zhao M, Wang D, Sun Z, Wen P, Dai Y, 
Gou F, Ji Y, Zhao D, Yang L. PINK1/Parkin-mediated 
mitophagy in neurodegenerative diseases. Ageing Res 
Rev. 2023; 84:101817. 

 https://doi.org/10.1016/j.arr.2022.101817 
PMID:36503124 

42. Huang D, Peng Y, Li Z, Chen S, Deng X, Shao Z, Ma K. 
Compression-induced senescence of nucleus pulposus 
cells by promoting mitophagy activation via the 
PINK1/PARKIN pathway. J Cell Mol Med. 2020; 
24:5850–64. 

 https://doi.org/10.1111/jcmm.15256  
PMID:32281308 

43. Araya J, Tsubouchi K, Sato N, Ito S, Minagawa S, Hara 
H, Hosaka Y, Ichikawa A, Saito N, Kadota T, Yoshida M, 
Fujita Y, Utsumi H, et al. PRKN-regulated mitophagy 
and cellular senescence during COPD pathogenesis. 
Autophagy. 2019; 15:510–26. 

 https://doi.org/10.1080/15548627.2018.1532259 
PMID:30290714 

44. Sim CH, Gabriel K, Mills RD, Culvenor JG, Cheng HC. 
Analysis of the regulatory and catalytic domains of 
PTEN-induced kinase-1 (PINK1). Hum Mutat. 2012; 
33:1408–22. 

 https://doi.org/10.1002/humu.22127 PMID:22644621 

45. Janikiewicz J, Szymański J, Malinska D, Patalas-
Krawczyk P, Michalska B, Duszyński J, Giorgi C, Bonora 
M, Dobrzyn A, Wieckowski MR. Mitochondria-
associated membranes in aging and senescence: 
structure, function, and dynamics. Cell Death Dis. 
2018; 9:332. 

 https://doi.org/10.1038/s41419-017-0105-5 
PMID:29491385 

46. Kelly G, Kataura T, Panek J, Ma G, Salmonowicz H, 
Davis A, Kendall H, Brookes C, Ayine-Tora DM, Banks P, 
Nelson G, Dobby L, Pitrez PR, et al. Suppressed basal 
mitophagy drives cellular aging phenotypes that can be 
reversed by a p62-targeting small molecule. Dev Cell. 
2024; 59:1924–39.e7. 

 https://doi.org/10.1016/j.devcel.2024.04.020 
PMID:38897197 

47. Lazarou M, Jin SM, Kane LA, Youle RJ. Role of PINK1 
binding to the TOM complex and alternate intracellular 
membranes in recruitment and activation of the E3 
ligase Parkin. Dev Cell. 2012; 22:320–33. 

 https://doi.org/10.1016/j.devcel.2011.12.014 
PMID:22280891 

48. Kitada T, Tong Y, Gautier CA, Shen J. Absence of nigral 
degeneration in aged parkin/DJ-1/PINK1 triple 
knockout mice. J Neurochem. 2009; 111:696–702. 

 https://doi.org/10.1111/j.1471-4159.2009.06350.x 
PMID:19694908 

49. Nan J, Zhu W, Rahman MS, Liu M, Li D, Su S,  
Zhang N, Hu X, Yu H, Gupta MP, Wang J. Molecular 
regulation of mitochondrial dynamics in cardiac 
disease. Biochim Biophys Acta Mol Cell Res. 2017; 
1864:1260–73. 

 https://doi.org/10.1016/j.bbamcr.2017.03.006 
PMID:28342806 

50. Voigt A, Berlemann LA, Winklhofer KF. The 
mitochondrial kinase PINK1: functions beyond 
mitophagy. J Neurochem. 2016; 139 Suppl 1:232–9. 

 https://doi.org/10.1111/jnc.13655  
PMID:27251035 

51. Seo JH, Chae YC, Kossenkov AV, Lee YG, Tang HY, 
Agarwal E, Gabrilovich DI, Languino LR, Speicher DW, 
Shastrula PK, Storaci AM, Ferrero S, Gaudioso G, et al. 
MFF Regulation of Mitochondrial Cell Death Is a 
Therapeutic Target in Cancer. Cancer Res. 2019; 
79:6215–26. 

 https://doi.org/10.1158/0008-5472.CAN-19-1982 
PMID:31582380 

52. Giri J, Srivastav S, Basu M, Palit S, Gupta P, Ukil A. 
Leishmania donovani Exploits Myeloid Cell Leukemia 
1 (MCL-1) Protein to Prevent Mitochondria-
dependent Host Cell Apoptosis. J Biol Chem. 2016; 
291:3496–507. 

 https://doi.org/10.1074/jbc.M115.672873 
PMID:26670606 

53. Passmore JB, Carmichael RE, Schrader TA, Godinho LF, 
Ferdinandusse S, Lismont C, Wang Y, Hacker C, Islinger 
M, Fransen M, Richards DM, Freisinger P, Schrader M. 
Mitochondrial fission factor (MFF) is a critical regulator 
of peroxisome maturation. Biochim Biophys Acta Mol 
Cell Res. 2020; 1867:118709. 

 https://doi.org/10.1016/j.bbamcr.2020.118709 
PMID:32224193 

54. Lewis TL Jr, Kwon SK, Lee A, Shaw R, Polleux F. MFF-
dependent mitochondrial fission regulates presynaptic 
release and axon branching by limiting axonal 
mitochondria size. Nat Commun. 2018; 9:5008. 

 https://doi.org/10.1038/s41467-018-07416-2 
PMID:30479337 

55. Poot M, Zhang YZ, Krämer JA, Wells KS, Jones LJ, 
Hanzel DK, Lugade AG, Singer VL, Haugland RP. 
Analysis of mitochondrial morphology and function 
with novel fixable fluorescent stains. J Histochem 
Cytochem. 1996; 44:1363–72. 

 https://doi.org/10.1177/44.12.8985128  
PMID:8985128 

https://doi.org/10.1016/j.neulet.2019.04.029
https://pubmed.ncbi.nlm.nih.gov/30995519
https://doi.org/10.1016/j.arr.2022.101817
https://pubmed.ncbi.nlm.nih.gov/36503124
https://doi.org/10.1111/jcmm.15256
https://pubmed.ncbi.nlm.nih.gov/32281308
https://doi.org/10.1080/15548627.2018.1532259
https://pubmed.ncbi.nlm.nih.gov/30290714
https://doi.org/10.1002/humu.22127
https://pubmed.ncbi.nlm.nih.gov/22644621
https://doi.org/10.1038/s41419-017-0105-5
https://pubmed.ncbi.nlm.nih.gov/29491385
https://doi.org/10.1016/j.devcel.2024.04.020
https://pubmed.ncbi.nlm.nih.gov/38897197
https://doi.org/10.1016/j.devcel.2011.12.014
https://pubmed.ncbi.nlm.nih.gov/22280891
https://doi.org/10.1111/j.1471-4159.2009.06350.x
https://pubmed.ncbi.nlm.nih.gov/19694908
https://doi.org/10.1016/j.bbamcr.2017.03.006
https://pubmed.ncbi.nlm.nih.gov/28342806
https://doi.org/10.1111/jnc.13655
https://pubmed.ncbi.nlm.nih.gov/27251035
https://doi.org/10.1158/0008-5472.CAN-19-1982
https://pubmed.ncbi.nlm.nih.gov/31582380
https://doi.org/10.1074/jbc.M115.672873
https://pubmed.ncbi.nlm.nih.gov/26670606
https://doi.org/10.1016/j.bbamcr.2020.118709
https://pubmed.ncbi.nlm.nih.gov/32224193
https://doi.org/10.1038/s41467-018-07416-2
https://pubmed.ncbi.nlm.nih.gov/30479337
https://doi.org/10.1177/44.12.8985128
https://pubmed.ncbi.nlm.nih.gov/8985128


www.aging-us.com 18 AGING 

56. Saotome M., Hajnóczky G., Katoh H., Satoh H., Hayashi 
H. «Mitochondrial remodeling» in coronary heart dis-
ease. Research Reports in Clinical Cardiology. 2022, 5, 
111–22. 

 https://doi.org/10.2147/RRCC.S43364 

57. Zhou H, Hu S, Jin Q, Shi C, Zhang Y, Zhu P, Ma Q, Tian F, 
Chen Y. Mff-Dependent Mitochondrial Fission 
Contributes to the Pathogenesis of Cardiac Micro-
vasculature Ischemia/Reperfusion Injury via Induction 
of mROS-Mediated Cardiolipin Oxidation and HK2/ 
VDAC1 Disassociation-Involved mPTP Opening. J Am 
Heart Assoc. 2017; 6:e005328. 

 https://doi.org/10.1161/JAHA.116.005328 
PMID:28288978 

58. Osellame LD, Singh AP, Stroud DA, Palmer CS, 
Stojanovski D, Ramachandran R, Ryan MT. Cooperative 
and independent roles of the Drp1 adaptors Mff, 
MiD49 and MiD51 in mitochondrial fission. J Cell Sci. 
2016; 129:2170–81. 

 https://doi.org/10.1242/jcs.185165  
PMID:27076521 

59. Bunkar N, Sharma J, Chouksey A, Kumari R, Gupta PK, 
Tiwari R, Lodhi L, Srivastava RK, Bhargava A, Mishra PK. 
Clostridium perfringens phospholipase C impairs innate 
immune response by inducing integrated stress 
response and mitochondrial-induced epigenetic 
modifications. Cell Signal. 2020; 75:109776. 

 https://doi.org/10.1016/j.cellsig.2020.109776 
PMID:32916276 

60. Zhang L, Yang F, Li Y, Cao H, Huang A, Zhuang Y, Zhang 
C, Hu G, Mao Y, Luo J, Xing C. The protection of 
selenium against cadmium-induced mitophagy via 
modulating nuclear xenobiotic receptors response and 
oxidative stress in the liver of rabbits. Environ Pollut. 
2021; 285:117301. 

 https://doi.org/10.1016/j.envpol.2021.117301 
PMID:34049137 

61. Shoshan-Barmatz V, Shteinfer-Kuzmine A, Verma A. 
VDAC1 at the Intersection of Cell Metabolism, 
Apoptosis, and Diseases. Biomolecules. 2020; 10:1485. 

 https://doi.org/10.3390/biom10111485 
PMID:33114780 

62. Martínez-Reyes I, Chandel NS. Mitochondrial TCA cycle 
metabolites control physiology and disease. Nat 
Commun. 2020; 11:102. 

 https://doi.org/10.1038/s41467-019-13668-3 
PMID:31900386 

63. Fang D, Maldonado EN. VDAC Regulation: A 
Mitochondrial Target to Stop Cell Proliferation. Adv 
Cancer Res. 2018; 138:41–69. 

 https://doi.org/10.1016/bs.acr.2018.02.002 
PMID:29551129 

64. Pittala S, Krelin Y, Kuperman Y, Shoshan-Barmatz V. A 
Mitochondrial VDAC1-Based Peptide Greatly 
Suppresses Steatosis and NASH-Associated Pathologies 
in a Mouse Model. Mol Ther. 2019; 27:1848–62. 

 https://doi.org/10.1016/j.ymthe.2019.06.017 
PMID:31375359 

65. Klapper-Goldstein H, Verma A, Elyagon S, Gillis R, 
Murninkas M, Pittala S, Paul A, Shoshan-Barmatz V, 
Etzion Y. VDAC1 in the diseased myocardium and the 
effect of VDAC1-interacting compound on atrial 
fibrosis induced by hyperaldosteronism. Sci Rep. 2020; 
10:22101. 

 https://doi.org/10.1038/s41598-020-79056-w 
PMID:33328613 

66. Shoshan-Barmatz V, Krelin Y, Shteinfer-Kuzmine A. 
VDAC1 functions in Ca2+ homeostasis and cell life and 
death in health and disease. Cell Calcium. 2018; 
69:81–100. 

 https://doi.org/10.1016/j.ceca.2017.06.007 
PMID:28712506 

67. Shoshan-Barmatz V, Maldonado EN, Krelin Y. VDAC1 at 
the crossroads of cell metabolism, apoptosis and cell 
stress. Cell Stress. 2017; 1:11–36. 

 https://doi.org/10.15698/cst2017.10.104 
PMID:30542671 

68. Zhang E, Mohammed Al-Amily I, Mohammed S, Luan C, 
Asplund O, Ahmed M, Ye Y, Ben-Hail D, Soni A, Vishnu 
N, Bompada P, De Marinis Y, Groop L, et al. Preserving 
Insulin Secretion in Diabetes by Inhibiting VDAC1 
Overexpression and Surface Translocation in β Cells. 
Cell Metab. 2019; 29:64–77.e6. 

 https://doi.org/10.1016/j.cmet.2018.09.008 
PMID:30293774 

69. Araiso Y, Tsutsumi A, Qiu J, Imai K, Shiota T, Song J, 
Lindau C, Wenz LS, Sakaue H, Yunoki K, Kawano S, 
Suzuki J, Wischnewski M, et al. Structure of the 
mitochondrial import gate reveals distinct preprotein 
paths. Nature. 2019; 575:395–401. 

 https://doi.org/10.1038/s41586-019-1680-7 
PMID:31600774 

70. Ernster L, Schatz G. Mitochondria: a historical review. J 
Cell Biol. 1981; 91:227s–55s. 

 https://doi.org/10.1083/jcb.91.3.227s PMID:7033239 

71. Di Maio R, Barrett PJ, Hoffman EK, Barrett CW, 
Zharikov A, Borah A, Hu X, McCoy J, Chu CT, Burton EA, 
Hastings TG, Greenamyre JT. α-Synuclein binds to 
TOM20 and inhibits mitochondrial protein import in 
Parkinson’s disease. Sci Transl Med. 2016; 8:342ra78. 

 https://doi.org/10.1126/scitranslmed.aaf3634 
PMID:27280685 

72. Kreimendahl S, Rassow J. The Mitochondrial Outer 
Membrane Protein Tom70-Mediator in Protein Traffic, 

https://doi.org/10.2147/RRCC.S43364
https://doi.org/10.1161/JAHA.116.005328
https://pubmed.ncbi.nlm.nih.gov/28288978
https://doi.org/10.1242/jcs.185165
https://pubmed.ncbi.nlm.nih.gov/27076521
https://doi.org/10.1016/j.cellsig.2020.109776
https://pubmed.ncbi.nlm.nih.gov/32916276
https://doi.org/10.1016/j.envpol.2021.117301
https://pubmed.ncbi.nlm.nih.gov/34049137
https://doi.org/10.3390/biom10111485
https://pubmed.ncbi.nlm.nih.gov/33114780
https://doi.org/10.1038/s41467-019-13668-3
https://pubmed.ncbi.nlm.nih.gov/31900386
https://doi.org/10.1016/bs.acr.2018.02.002
https://pubmed.ncbi.nlm.nih.gov/29551129
https://doi.org/10.1016/j.ymthe.2019.06.017
https://pubmed.ncbi.nlm.nih.gov/31375359
https://doi.org/10.1038/s41598-020-79056-w
https://pubmed.ncbi.nlm.nih.gov/33328613
https://doi.org/10.1016/j.ceca.2017.06.007
https://pubmed.ncbi.nlm.nih.gov/28712506
https://doi.org/10.15698/cst2017.10.104
https://pubmed.ncbi.nlm.nih.gov/30542671
https://doi.org/10.1016/j.cmet.2018.09.008
https://pubmed.ncbi.nlm.nih.gov/30293774
https://doi.org/10.1038/s41586-019-1680-7
https://pubmed.ncbi.nlm.nih.gov/31600774
https://doi.org/10.1083/jcb.91.3.227s
https://pubmed.ncbi.nlm.nih.gov/7033239
https://doi.org/10.1126/scitranslmed.aaf3634
https://pubmed.ncbi.nlm.nih.gov/27280685


www.aging-us.com 19 AGING 

Membrane Contact Sites and Innate Immunity. Int J 
Mol Sci. 2020; 21:7262. 

 https://doi.org/10.3390/ijms21197262  
PMID:33019591 

73. Neupert W, Herrmann JM. Translocation of proteins 
into mitochondria. Annu Rev Biochem. 2007;  
76:723–49. 

 https://doi.org/10.1146/annurev.biochem.76.052705.
163409 PMID:17263664 

74. Liu D, Liu Z, Hu Y, Xiong W, Wang D, Zeng Z. MOMP: A 
critical event in cell death regulation and anticancer 
treatment. Biochim Biophys Acta Rev Cancer. 2025; 
1880:189280. 

 https://doi.org/10.1016/j.bbcan.2025.189280 
PMID:39947442 

75. Liao X, Guo Z, He M, Zhang Y. Inhibition of miMOMP-
induced SASP to combat age-related disease. Front 
Aging. 2025; 6:1505063. 

 https://doi.org/10.3389/fragi.2025.1505063 
PMID:39944655 

76. Iske J, Seyda M, Heinbokel T, Maenosono R, Minami K, 
Nian Y, Quante M, Falk CS, Azuma H, Martin F, Passos 
JF, Niemann CU, Tchkonia T, et al. Senolytics prevent 
mt-DNA-induced inflammation and promote the 
survival of aged organs following transplantation. Nat 
Commun. 2020; 11:4289. 

 https://doi.org/10.1038/s41467-020-18039-x 
PMID:32855397 

77. Wang P, Wang D, Yang Y, Hou J, Wan J, Ran F, Dai X, 
Zhou P, Yang Y. Tom70 protects against diabetic 
cardiomyopathy through its antioxidant and 
antiapoptotic properties. Hypertens Res. 2020; 
43:1047–56. 

 https://doi.org/10.1038/s41440-020-0518-x 
PMID:32724135 

78. Givvimani S, Pushpakumar SB, Metreveli N, Veeranki S, 
Kundu S, Tyagi SC. Role of mitochondrial fission and 
fusion in cardiomyocyte contractility. Int J Cardiol. 
2015; 187:325–33. 

 https://doi.org/10.1016/j.ijcard.2015.03.352 
PMID:25841124 

79. Hira S, Packialakshmi B, Tang E, Zhou X. 
Dexamethasone upregulates mitochondrial Tom20, 
Tom70, and MnSOD through SGK1 in the kidney cells. J 
Physiol Biochem. 2021; 77:1–11. 

 https://doi.org/10.1007/s13105-020-00773-x 
PMID:33201408 

80. Jhun BS, O-Uchi J, Adaniya SM, Mancini TJ, Cao JL, King 
ME, Landi AK, Ma H, Shin M, Yang D, Xu X, Yoon Y, 
Choudhary G, et al. Protein kinase D activation induces 
mitochondrial fragmentation and dysfunction in 
cardiomyocytes. J Physiol. 2018; 596:827–55. 

 https://doi.org/10.1113/JP275418  
PMID:29313986 

81. Wiedemann N, Pfanner N. Mitochondrial Machineries 
for Protein Import and Assembly. Annu Rev Biochem. 
2017; 86:685–714. 

 https://doi.org/10.1146/annurev-biochem-060815-
014352 PMID:28301740 

82. Sun L, Shen R, Agnihotri SK, Chen Y, Huang Z, Büeler H. 
Lack of PINK1 alters glia innate immune responses and 
enhances inflammation-induced, nitric oxide-mediated 
neuron death. Sci Rep. 2018; 8:383. 

 https://doi.org/10.1038/s41598-017-18786-w 
PMID:29321620 

83. Valentin-Vega YA, Maclean KH, Tait-Mulder J, Milasta 
S, Steeves M, Dorsey FC, Cleveland JL, Green DR, 
Kastan MB. Mitochondrial dysfunction in ataxia-
telangiectasia. Blood. 2012; 119:1490–500. 

 https://doi.org/10.1182/blood-2011-08-373639 
PMID:22144182 

84. Klionsky DJ, Saltiel AR. Autophagy works out. Cell 
Metab. 2012; 15:273–4. 

 https://doi.org/10.1016/j.cmet.2012.02.008 
PMID:22405064 

85. Atayik MC, Çakatay U. Mitochondria-targeted 
senotherapeutic interventions. Biogerontology. 2022; 
23:401–23. 

 https://doi.org/10.1007/s10522-022-09973-y 
PMID:35781579 

86. Richardson M, Richardson DR. Pharmacological 
Targeting of Senescence with Senolytics as a New 
Therapeutic Strategy for Neurodegeneration. Mol 
Pharmacol. 2024; 105:64–74. 

 https://doi.org/10.1124/molpharm.123.000803 
PMID:38164616 

87. Barbouti A, Goulas V. Dietary Antioxidants in the 
Mediterranean Diet. Antioxidants (Basel). 2021; 
10:1213. 

 https://doi.org/10.3390/antiox10081213 
PMID:34439460 

88. Musicco C, Signorile A, Pesce V, Loguercio Polosa P, 
Cormio A. Mitochondria Deregulations in Cancer Offer 
Several Potential Targets of Therapeutic Interventions. 
Int J Mol Sci. 2023; 24:10420. 

 https://doi.org/10.3390/ijms241310420 
PMID:37445598 

89. Sainero-Alcolado L, Liaño-Pons J, Ruiz-Pérez MV, 
Arsenian-Henriksson M. Targeting mitochondrial 
metabolism for precision medicine in cancer. Cell 
Death Differ. 2022; 29:1304–17. 

 https://doi.org/10.1038/s41418-022-01022-y 
PMID:35831624 

https://doi.org/10.3390/ijms21197262
https://pubmed.ncbi.nlm.nih.gov/33019591
https://doi.org/10.1146/annurev.biochem.76.052705.163409
https://doi.org/10.1146/annurev.biochem.76.052705.163409
https://pubmed.ncbi.nlm.nih.gov/17263664
https://doi.org/10.1016/j.bbcan.2025.189280
https://pubmed.ncbi.nlm.nih.gov/39947442
https://doi.org/10.3389/fragi.2025.1505063
https://pubmed.ncbi.nlm.nih.gov/39944655
https://doi.org/10.1038/s41467-020-18039-x
https://pubmed.ncbi.nlm.nih.gov/32855397
https://doi.org/10.1038/s41440-020-0518-x
https://pubmed.ncbi.nlm.nih.gov/32724135
https://doi.org/10.1016/j.ijcard.2015.03.352
https://pubmed.ncbi.nlm.nih.gov/25841124
https://doi.org/10.1007/s13105-020-00773-x
https://pubmed.ncbi.nlm.nih.gov/33201408
https://doi.org/10.1113/JP275418
https://pubmed.ncbi.nlm.nih.gov/29313986
https://doi.org/10.1146/annurev-biochem-060815-014352
https://doi.org/10.1146/annurev-biochem-060815-014352
https://pubmed.ncbi.nlm.nih.gov/28301740
https://doi.org/10.1038/s41598-017-18786-w
https://pubmed.ncbi.nlm.nih.gov/29321620
https://doi.org/10.1182/blood-2011-08-373639
https://pubmed.ncbi.nlm.nih.gov/22144182
https://doi.org/10.1016/j.cmet.2012.02.008
https://pubmed.ncbi.nlm.nih.gov/22405064
https://doi.org/10.1007/s10522-022-09973-y
https://pubmed.ncbi.nlm.nih.gov/35781579
https://doi.org/10.1124/molpharm.123.000803
https://pubmed.ncbi.nlm.nih.gov/38164616
https://doi.org/10.3390/antiox10081213
https://pubmed.ncbi.nlm.nih.gov/34439460
https://doi.org/10.3390/ijms241310420
https://pubmed.ncbi.nlm.nih.gov/37445598
https://doi.org/10.1038/s41418-022-01022-y
https://pubmed.ncbi.nlm.nih.gov/35831624

