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CLINICALLY SIGNIFICANT MOLECULAR

ALTERATIONS OF MITOCHONDRIA IN CARCINOGENESIS

AND AGE-RELATED DISEASES: PART 2. EXPOSOME INFLUENCES,

BIOMARKERS AND THERAPEUTIC STRATEGIES

The second part of the review presents an analysis of a number of exposome factors that influence the development of
molecular disorders and metabolic shifts in mitochondria in cancer and age-related diseases. A number of mitochon-
drial biomarkers have been demonstrated to serve as biochemical, genetic, and molecular biological indicators for the
diagnosis, prognosis, and treatment of cancer and age-related diseases. Certain areas of therapy and new modern thera-
peutic approaches to the treatment of cancer and age-related diseases are analyzed in the context of the pathogenetic
effect on mitochondrial dysfunction in human cells and organs for the improvement of pathological conditions and the
promotion of healthy longevity.
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Introduction

The first part of this review already discussed the
main structural and functional mitochondrial fea-
tures that are important for many physiological
and pathological cellular processes exhibiting dis-
tinct tissue-specific manifestations [1]. Multilevel
mitochondrial dysfunction has been observed in a
variety of human diseases, including cancer and
age-related diseases. This phenomenon is influ-

enced by a combination of endogenous and exoge-
nous factors that exert their influence throughout
the human lifespan [2, 3]. This section of the review
will emphasize several critical factors that influence
the genetic and metabolic state of mitochondria.
The genetic features of mitochondrial DNA, en-
compassing both germinal (haplotypes, familial,
and individual) and somatic alterations, exhibit a
close correlation with mitochondrial metabolism
and the development of diseases. These features are
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frequently detected in patients with age-related and
oncological diseases [4]. Metabolic dysfunction of
the mitochondria is prevalent, manifesting in a
broad spectrum of both general and specific forms
These include changes in the levels and activities of
proteins and their complexes, as well as structural
mitochondrial aberrations. These phenomena are
detected in the development and progression of
age-related and oncological diseases [5]. A number
of these features have been previously discussed in
the initial section of this review. The subsequent
stage in the analysis of clinically significant mito-
chondrial disorders is to identify the most signifi-
cant groups of human life factors that lead to the
mitochondrial metabolic dysfunction and promote
the development of diseases. Another salient aspect
of this subject is the establishment of informative
biomarkers and clinically relevant indicators of the
metabolic mitochondrial disorders, which facilitate
the assessment of the patient’s condition and the
extent of the pathological process. These biomark-
ers also allow us to predict the course of disease , to
determine the effective treatment methods and the
recovery of mitochondrial function [6, 7]. The
therapeutic interventions developed by scientists
and doctors are aimed at the structural and func-
tional regeneration of mitochondria in age-related
diseases and differentiated effects on the mitochon-
dria of cancer cells and normal cells of the body for
the treatment of oncological diseases [8, 9]. The
present review will concentrate on these aspects
with the objective of providing a more comprehen-
sive overview of the current state of research on
clinically significant molecular alterations of mito-
chondria in age-related and oncological diseases.

Exposome factors in the
development of mitochondrial
dysfunctions in age-related
and oncological diseases

The exposome concept, as it was defined in mo-
lecular epidemiology, is the combination of exog-
enous and endogenous factors that have the capac-
ity to affect human health and the development of

diseases, including age-related and oncological
diseases, as well as the body’s response to these in-
fluences [10, 11]. A schematized representation of
the impact of the most potent and widely studied
groups of exposome factors on the mitochondrial
state is illustrated in Fig. 1. These factors can influ-
ence, starting from the prenatal period through all
subsequent stages of the human life cycle, the
health and illness of individuals [12]. Exposomes
are conventionally categorized into three distinct
classifications: external, general, and specific ex-
posomes, as well as internal exposomes. In the
context of disease development, these groups in-
clude harmful environmental, physical, lifestyle
factors, psychosocial influences, and the body’s re-
sponse to these exposures [13]. Multilevel mito-
chondrial dysfunctions play an important role in
this concept, both in the transduction of biological
effects of exogenous influences and in the patho-
genesis of cancer and age-related diseases [2, 14].

In contrast, positive exogenous exposures of the
exposome have the potential to support human
health and promote mitochondrial function. This
assumption is confirmed by studies of exogenous
protective factors of the exposome and reduced
levels of age-related and oncological diseases in
people from different populations in the so-called
Blue Zones [15, 16, 17, 18]. Recent studies have
demonstrated that specific factors, such as clean
air, mineral-rich water, balanced nutrition pat-
terns, support for circadian rhythms, an active life-
style, and strong social cohesion, can promote
metabolic, energetic, and neuroimmune homeo-
stasis, protect against age-related diseases, and
promote healthy longevity [19].

Among the damaging factors of the exposome,
the effects of air pollution (particularly polycyclic
aromatic compounds, heavy metals, nanoplastics,
and others) and environmental pollution with
chemicals (pesticides, herbicides, carcinogens,
and others) have been the focus of active research
in recent decades [20, 21]. Consequently, these
effects have been shown to result in an increase
in mtDNA heteroplasmy, an increase in the
generation of reactive oxygen species (ROS), and
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Fig. 1. Influence of some exposome factors on the mitochondrial states

a disruption of the regulation of mitochondrial
structure and their interaction with other cell
components, particularly the nucleus and endo-
plasmic reticulum [20]. These disturbances mani-
fest directly in mitochondrial metabolism, specif-
ically in alterations of mitochondrial membrane
potential, calcium levels, and ATP levels [22].
They have been shown to affect the functioning of
most organs and systems of the body, as well as to
accelerate the development of age-related diseases
and the induction of cancer [21, 23].

The next group of harmful factors of the expo-
some is related to the lifestyle of modern humans.
These factors include a sedentary lifestyle, a diet
high in carbohydrates and unhealthy foods, dis-
ruption of circadian rhythms, and harmful habits
such as smoking, alcohol consumption, and drug
use [13, 14]. It has been established that a seden-
tary lifestyle constitutes a primary risk factor for

the escalating prevalence of non-infection diseases
among adults worldwide. Among these non-infec-
tion diseases, age-related and oncological diseases
are the foremost contributors to mortality [24].
A significant component of the etiology of these
diseases is mitochondrial metabolic dysfunction,
impaired regulation of AMPK, SIRT1/3, PGC-1a,
increased ROS, mitochondrial metabolic repro-
gramming, decreased OXPHOS/ETS capacity, and
impaired mitochondrial quality. This, in turn,
leads to chronic inflammation, activation of pro-
oncogenic pathways, and dysfunction of both links
of immunity [25, 26]. The impact of a sedentary
lifestyle on mitochondrial dysfunction is also
manifested in accelerated loss of cardiovascular
and strength fitness, reduced healthspan, and ear-
lier onset of the first chronic age-related disease
[27]. A diet with a high carbohydrate content has
been shown to lead to persistently elevated glucose
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and insulin levels, as well as the development of
insulin resistance. This phenomenon is particu-
larly pronounced in individuals who maintain a
sedentary lifestyle, a condition that can result in
the onset of mitochondrial dysfunction in various
organs and body systems [28]. Signs of mitochon-
drial dysfunction manifest in a high-glucose diet
include increased mito-ROS, damage to OXPHOS/
intermembrane potential, and impaired mitochon-
drial dynamics/quality control [29]. Chronic acti-
vation of the insulin/IGF-1 pathway has been de-
monstrated to result in increased functioning of
PI3K-AKT-mTOR Raf/MAPK signaling pathways
and aberrant expression of oncogenes, particularly
KRAS and MYC. These alterations, in turn, con-
tribute to the formation of the Warburg phenotype
of cells and the metabolic reprogramming of epi-
thelial cells into cancer cells [30]. The typical Wes-
tern diet is characterized by a high consumption of
carbohydrates and unhealthy fats. This combina-
tion is considered the most significant damaging
factor in the functioning of mitochondria in terms
of diet due to a decrease in mitochondrial respira-
tion, a decrease in mitochondrial bioenergetics,
and a disruption in the functioning and dynamics
of mitochondria [31—34].

The modern lifestyle has been shown to pro-
mote the disruption of natural circadian rhythms,
which, with prolonged exposure, can result in a
range of health imbalances. These imbalances
may include metabolic dysfunction, cognitive de-
cline, immunosenescence, sleep disturbances, and
an elevated risk of developing age-related and on-
cological diseases due to the occurrence of vari-
ous cellular and molecular changes [35]. The pro-
teins involved in circadian rhythms have been
shown to directly affect mitochondrial function,
for example through DRP1 on mitochondrial bio-
genesis [36], or indirectly through disruption of
the circadian clock network (CLOCK/BMALI,
PER/CRY). This aberration has been shown to in-
duce metabolic dysregulation, inflammation, de-
creased mitochondrial function, and accelerated
aging phenotype [37]. Furthermore, the circadian
rhythm hormone melatonin has been demonstra-

ted to exert a direct influence on cell proliferation,
including cancer cells, without altering the ex-
pression of clock genes, but rather through modu-
lations in the activity of cell mitochondria [38].
Conversely, diminished expression of clock genes
has been linked to telomere shortening, resulting
in telomere attrition. This, in turn, can lead to mi-
tochondrial dysfunction in three ways: PARP1-
NAD+-SIRT1, ATM/R-P53-PGC1a/f, and ATM-
AKT-mTOR-PGCI1p. The combination of these
two dysfunctions has been demonstrated to sig-
nificantly exacerbate the aging process and the
development of age-related diseases [8].

The next group of negative exposome factors
that enhance mitochondrial dysfunction is psy-
chotraumatic factors, chronic stress, and social
maladjustment. Chronic psychosocial and meta-
bolic stress could create chronically elevated levels
of cortisol and, as a result, glucose, leading to mi-
tochondrial allostatic load. This phenomenon is
characterized by the impairment of both mito-
chondria and mitochondrial DNA, resulting in the
production of toxic byproducts. These byproducts,
in turn, induce alterations in the expression of
pro-inflammatory genes, which can contribute
to systemic inflammation and accelerate cellular
aging [39].

Chronic psychological stress has been demon-
strated to induce metabolic and neuroendocrine
mediators that result in structural and functional
mitochondrial defects, which in turn affect the
brain, endocrine system, and immune system.
These defects serve to modulate the rate of cellular
and organismal aging [40, 41]. Chronic psycholo-
gical stress activates neuroendocrine pathways,
particularly p-adrenergic and glucocorticoid sig-
nals. These pathways have been associated with tu-
mor progression, decreased immune surveillance,
and reduced survival in some types of cancer [42].

Disruption of the microbiome in various organs
and systems of the body is considered an endoge-
nous factor that is closely related to many negative
exogenous factors, including a sedentary lifestyle,
poor diet, and chronic stress [43]. The pathophysi-
ological role of microbiome-derived metabolites,
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including amino acids, fatty acids, and extracellu-
lar vesicles, in the development of mitochondrial
disorders has been proven [44]. Changes in the
microbiome have specific effects and mechanisms
on the development of mitochondrial dysfunction
in cancer and age-related diseases [45].

Thus, to date, the influence of a number of genetic
factors on mitochondrial function and the develop-
ment of multifactorial diseases, such as age-related
and oncological diseases, has been studied. Howe-
ver, exposome factors that act throughout life play a
very important role in the onset, progression, course,
and prognosis of a number of these pathologies [15,
46]. A comprehensive investigation of the interac-
tion and interrelationships between endogenous
and exogenous factors is necessary to identify the
most critical polygenic combinations and exposome
influences. This investigation will facilitate the iden-
tification of risks and characteristics associated with
the development of age-related and oncological di-
seases in humans. These findings will provide the
foundation for the development of methods to pre-
vent, diagnose, and effectively treat these diseases.

Biomarkers, associated

with molecular alterations

and metabolism of mitochondria
in cancer and age-related diseases

The presence of mitochondrial dysfunction in age-
related and oncological diseases can be ascertained
at various levels, including genetic, transcripto-
mic, proteomic, and metabolic, by employing a
range of modern methods [47, 48]. These tech-
niques permit the evaluation of a variety of para-
meters, including but not limited to: cellular bio-
energetics, mitochondrial DNA levels and genetic
abnormalities, mitochondrial membrane poten-
tial, mitochondrial reactive oxygen species, mito-
chondrial enzyme levels, circulating extracellular
mtDNA, levels of mitochondrial and oncometabo-
lites, and others. The application of these tech-
niques is integral to the assessment of patient con-
dition, diagnosis of diseases, and selection of effec-
tive treatments [49—52].

In clinical practice, immuno-histochemical
methods are most often used to visualize indica-
tors of metabolic processes in tissues and biop-
sies, in particular SDHB, FH/2-SC [53, 54]. Po-
sitron emission tomography (PET) with various
labeled substrates (tracers) is a widely utilized
clinical modality for real-time assessment of
metabolic processes in tumors [55].

Plasma lactate dehydrogenase (LDH) levels ha-
ve been identified as a significant prognostic indi-
cator of various types of cancer, exhibiting a cor-
relation with systemic inflammatory response in
advanced pancreatic cancer [56] and urothelial
carcinoma [57]. The assessment of oncometabolite
levels is a critical component of clinical practice,
serving to facilitate diagnosis, classification, and
ongoing monitoring of tumors [50]. The detection
of elevated plasma 2-hydroxyglutarate levels in
cancer patients has been found to correlate with
reduced survival [58]. Abnormal changes in suc-
cinate concentration have been observed to be as-
sociated with pathological conditions, including
chronic inflammation, ischemia/reperfusion, and
cancer [59]. Accumulation of succinate is the hall-
mark of tumorigenesis in paraganglioma and phe-
ochromocytoma [60] and may indicate increased
cancer angiogenesis in tumors through an HIF-1a
independent mechanism [61].

Elevated levels of the oncometabolite fumarate
have been shown to be indicative of an increased
risk for inherited cancer syndromes. Furthermore,
these levels have been demonstrated to serve as a
prognostic indicator, providing insights into the
behavior of tumors and the status of the tumor mi-
croenvironment [62]. The ratio of succinate/fuma-
rate oncometabolites is determined in order to de-
tect asymptomatic germline pathogenic variants
of the SDHB and SDHD genes, and to reclassify
SDHx VUS variants [63].

The implementation of molecular markers in the
diagnosis of mitochondrial disorders remains limi-
ted in clinical practice, though certain markers have
been integrated into medical protocols. The gene se-
quencing or polymerase chain reaction (PCR) is
performed to identify mutations in genes associated
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with mitochondrial dysfunction, including IDHI1/
IDH2, SDHx, and FH. A number of mutations in
these genes are clinically significant for the diagnosis
and treatment of tumors [64, 65], in particular glio-
mas [66] and cholangiocarcinoma [67].

Biochemical and molecular biomarkers are cur-
rently being actively researched for inclusion in di-
agnostic and therapeutic protocols for the treatment
of cancer and age-related diseases. The 13 metabolic
biomarkers identified as the most clinically relevant
include lactate, pyruvate, the lactate: pyruvate ratio,
creatine kinase, creatine, amino acid profiles, glu-
tathione, malondialdehyde, GDF-15, FGF-21, gel-
solin, light chain neurofilament, and circulating
extracellular mtDNA [68, 69]. Mitokines GDEF-15,
FGF-21, and humanin are all considered systemic
signals of mitochondrial stress and metabolic reor-
ganization. In the context of age-related and onco-
logical diseases, these levels are known to be subject
to disruption, and their potential as biomarkers for
diagnosis has been well-documented [70].

Mitochondrial DNA (mtDNA) abnormalities,
including mutations and copy number variations,
have been identified as significant biomarkers for
various cancer-related applications. These genetic
alterations can be detected in both tumors and bi-
ological fluids, offering a comprehensive approach
to cancer diagnosis, monitoring of metastasis, and
evaluation of disease progression. Furthermore,
these biomarkers play a crucial role in predicting
treatment response and resistance across different
cancer types, facilitating personalized treatment
strategies. The detection of circulating cf-mtDNA
in liquid biopsies has been identified as a promi-
sing tool for diagnosis in oncology [47].

The identification of potential biomarkers for
the determination of risk factors associated with
specific types of cancer and age-related diseases
may be facilitated by germline characteristics of
mtDNA, including mitochondrial haplogroups.
These concepts were previously discussed in the
first part of the review [1]. A number of somatic
abnormalities of both mtDNA and mitochon-
drial proteins encoded by genomic DNA are
also considered potential biomarkers for the di-

agnosis and prognosis of cancer and age-related
diseases [71, 72].

At the level of the transcriptome, there are a num-
ber of studies of transcriptomic biomarkers that al-
low us to see the characteristics of the OXPHOS
signature [48], GLUTI and PKM2 expression [73].
These characteristics allow us to predict the effect of
treatment, predict survival, and determine immune
profiles in cancer patients. A total of 17 nuclear mi-
tochondria-related genes were identified in bladder
cancer. Differential expression of these genes was
correlated with the overall survival of bladder can-
cer patients, and it also had potential therapeutic
guidance [74].

The MitoScore indicator, based on the expres-
sion of six mitochondrial genes (CYP27B1, DNA2,
MTFR2(FAMS54A), PIF1, POLQ, and RECQL4),
has revealed a potential framework for assessing
the level of hypoxia, genomic instability, mito-
chondrial activity in tumors and normal tissues,
and the presence of stromal and immune infiltra-
tion in tumors [75].

Dozens of nuclear non-coding RNAs, including
LncUCA1, PCGEM1, miR-210, miR-185, miR-342,
and others, have been shown to influence mito-
chondrial dynamics and metabolism in cancer and
have potential roles as biomarkers and therapeutic
targets for cancer diagnosis and treatment [76].
However, in addition to nuclear non-coding RNAs,
recent years have demonstrated the significance
of mitochondrial non-coding RNAs, particularly
t00043332, 100000434, t00000674, and others, as
novel potential biomarkers and targets for cancer
therapy [77]. Transfer RNA-derived small RNAs
(tsRNA-FAM155B, tRF-21-FSXMSL73E, tRF-23-
FSXMSL730H, etc.) have been identified as new
biomarkers and potential targets for breast cancer
treatment [78].

Effective epigenetic biomarkers in many types
of cancer may be methylation changes not only in
mitochondrial gene promoters in nuclear DNA,
but also in mtDNA. Changes in mtDNA methyla-
tion are associated with tumor progression and
may contribute to tumor drug resistance [79]. Fur-
thermore, mitochondrial dysfunction has been
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demonstrated to induce epigenetic abnormalities,
resulting from quantitative changes in substrates
for genomic DNA methylation and post-transla-
tional modifications of histones, particularly ace-
tyl-CoA, S-adenosylmethionine, a-ketoglutarate,
NAD+, and O-linked beta-N-acetylglucosamine.
These compounds are essential for the regulation
of gene transcription and the determination of cell
fate in oncogenesis and aging [80]. The role of
RNA methylation, including mitochondrial tRNA,
has received significantly less research attention
despite its critical importance in tumor metastasis
processes, which are considered potential markers
and targets for therapy [81].

At the protein level and mitochondrial dynamics
disruption, many different biomarkers have been
studied for different types of cancer, in particular
DRP1/OPA1 dysregulation associated with inva-
sion, metastasis, and resistance to treatment [82].
The downregulated expression of TFAM, a pivotal
regulator of mtDNA replication and transcription
in cancer, was identified as a biomarker of tumor-
associated macrophage infiltration. These cells con-
stitute a component of the tumor microenviron-
ment, which contributes to the proliferation and
progression of tumors [83].

A pivotal role as cancer biomarkers linked to
mitochondrial metabolic dysfunctions belongs to
oncometabolites, in particular succinate, fuma-
rate, itaconate, a-ketoglutarate, and others [49,
50]. It is imperative to acknowledge the signifi-
cance of their detection in two distinct yet inter-
connected domains. Firstly, their detection is cru-
cial for the evaluation of the tumor process’s state.
Secondly, their detection is essential for the selec-
tion of efficacious treatment modalities [84].

Mitochondrial biomarkers associated with age-
related diseases exhibit a multi-level molecular
complexity. These include mutations and mtDNA
copy number as indicators of cardiovascular pa-
thologies [85] and neurological pathologies, in par-
ticular Alzheimer’s disease and Parkinson’s disease
[86]. The detection of mitochondrial-derived pep-
tides, particularly MOTS-c, in plasma provides a
means to evaluate the potential impact on cardio-

vascular disease, insulin resistance, and inflamma-
tion [87]. The mitochondrial proteins humanin
and small humanin-like peptides have been identi-
fied as biomarkers of vascular disorders in age-re-
lated diseases and as targets for therapeutic inter-
vention [88]. The cytokine GDF-15 has been linked
to the aging process and the body’s response to
stress. This association supports its clinical value as
a biomarker, which is a tool used to measure bio-
logical processes in medical research. Non-invasive
detection is possible even in saliva [89]. The cGAS-
STING pathway has been demonstrated to func-
tion not only as an indicator of aging associated
with mitochondrial dysfunction, but also as a con-
tributing factor to disease progression [8].
Mitochondrial pharmacological and pharmaco-
genetic markers constitute a separate group. As pre-
viously mentioned, these have been partially de-
scribed above among various groups of biomarkers
at the level of mtDNA, nuclear DNA, epigenetic
changes, transcriptional abnormalities, changes in
mitochondrial protein levels, metabolites, oncome-
tabolites, etc. [47, 48, 50, 82]. The effectiveness of
mitochondrial signature genes (DTYMK, ABCB6,
GOT2, and TOMM40L) for prognostic stratifica-
tion and prediction of response to immunotherapy
in patients with hepatocellular carcinoma have been
demonstrated [90]. Another expression signature
based on the mitochondrial unfolded protein re-
sponse (HSPD1, LONPI, SSBP1, MRPS5, YMEILI,
HDACI, and HDAC?2) has been proposed. It has
been demonstrated that this process not only con-
tributes to the maintenance of mitochondrial in-
tegrity, but also plays a pivotal regulatory role in
the progression of cancer and the development of
drug resistance (Sorafenib) [91]. The research [6]
has identified biomarkers of ovarian cancer chem-
oresistance through various processes underlying
mitochondrial dysfunction, specifically targeting
(ROS), metabolites, and reverse metabolic path-
ways. The mitochondrial state has the functional
capacity to regulate and modulate tumour radiore-
sistance, chemotherapy, and immunotherapeutic
resistance by integrating multidimensional signal-
ling networks, thereby coordinating cell survival
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mechanisms under therapeutic stress [92]. Though
targeting mitochondrial dysfunction is promising
for defining therapeutic strategies, the high hetero-
geneity of mitochondria in tumour cells, tumour
microenvironment cells, and adaptive resistance
mechanisms complicate the determination, analy-
sis, and interpretation of results and requires fur-
ther in-depth research.

Therapeutic targets and treatment
strategies associated with molecular
alterations and metabolism

of mitochondria in cancer

and age-related diseases

Over the past decade, a large number of studies
have been published and a number of therapeutic
approaches to mitochondrial dysfunction in cancer
and age-related diseases have been developed. The
following discussion will concern the analysis of
the pivotal therapeutic strategies that have been de-
veloped for the influence of mitochondrial status in
the following pathologies. The initial observation
to be made concerning cancer treatment strategies
is that the target of therapy can be divided into
three categories: firstly, tumour cells; secondly, the
cancer microenvironment; and thirdly, systemic ef-
fects on the patient’s body state [93].

The development of targeted pharmacological
drugs that target various links in mitochondrial
metabolism is an active area of research for the
treatment of cancer [92, 93]. A significant number
of molecular targeted drugs have been developed
against mitochondrial dysfunction pathways, par-
ticularly in ovarian cancer. These include olive leaf
extract, nilotinib, salinomycin, Sambucus nigra
agglutinin, tigecycline, and eupatilin [7]. Further-
more, targeted mitochondrial drugs are also being
developed to overcome tumor chemoresistance
[94]. It is imperative to acknowledge the signifi-
cance of mitochondrial dynamics in the therapeu-
tic management of numerous types of cancer [95].

As a therapeutic modality targeting mitochon-
drial dysfunction in cancer, modern genetic tech-
nologies are undergoing active development, in-

cluding targeted gene delivery in various systems,
such as mLumiOpto [96], Fusion Gene Therapy
[97], mitochondrial genetic editing of CRISPR/
Cas9 [98], and re-engineering of mitochondrial
genes [99]. A number of approaches to mitochon-
drial editing using mtDNA nucleases and base
editors are also being developed for potential clin-
ical use [100]. A series of studies on mitochondrial
dysfunction are aimed at restoring the immune
system and anti-cancer immunity in cancer pa-
tients [101] and inhibiting the tumor microenvi-
ronment to increase the efficiency of cancer im-
munotherapy [102]. The efficacy of pharmaceuti-
cal agents that target tumor-associated fibroblasts
with the objective of reprogramming them, redu-
cing tumor oncogenicity, and overcoming drug
resistance has been demonstrated [103].

The therapeutic interventions devised for age-
related diseases are principally focused on the res-
toration of energy and the biogenesis of mitochon-
dria in diverse organs and systems of the body, as
well as the body in its entirety [104, 105]. A dis-
tinct research domain encompasses the develop-
ment of senolytics and senomorphics, which are
designed to restore mitochondrial function to its
normal state [106].

Another area of therapeutic strategies for can-
cer treatment is systemic metabolic interventions
aimed at hormonally correcting the patient’s me-
tabolism. A considerable number of scientists and
physicians subscribe to the perspective that cancer
is a metabolic disease characterized by impaired
energy production by mitochondria. These indi-
viduals contend that, in such instances, Lamarck’s
evolutionary theory provides a more adequate ac-
count of the progression of cancer. The hypothesis
posits that cancer can be managed by inducing the
body to prioritize ketone body metabolism over
glucose and glutamine, a shift that can be facili-
tated through dietary modifications [107—109].
In recent years, the therapeutic effect of hypoxia
and hyperoxia factors on mitochondrial metabo-
lism in oncological and age-related diseases has
been examined [110]. The temperature effects on
the body, including hypo- and hyperthermia, have
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Healthy active mitochondria: T High ATP production, high intermembrane
potential, highly organized cristae structure, intact mtDNA, high mtDNA copy
number, active mt dynamics, strong mt-nucleus interaction, functioning of enzyme
supercomplexes, active synthesis of tissue-specific substances and metabolites,

4 low mtROS, strong regulated cell death

Endogenous and exogenous (Exposome) pathogenetic factors

Carcinogenesis

Genetic alterations (germline, somatic),
carcinogenes, oncoviruses, chronic
inflammation, immune escape, ageing,
chronic metabolic disorders, sedentary
lifestyle, chronic stress, microbiome

Age-related diseases

Ageing: SASP, hormonal changes,
metabolism inhibition, inflammaging,
sarcopenia,: diabetes, metabolic
syndrome, nutrient deficient, sedentary
lifestyle, chronic stress, microbiome

alterations

alterations

Mitochondrial dysfunction: 4 Low ATP production, low intermembrane potential,
altered cristae structure, mutated mtDNA, heteroplasmia, low mtDNA copy number,
disrupted mt dynamics, low mt-nucleus interaction, programmed cell death
alterations, disintegration of enzyme supercomplexes, metabolic reprogramming,
altered programmed cell death, T high mtROS

Biomarkers

Carcinogenesis

Age-related diseases

Genetic (germinal and somatic DNA alterations, mtDNA mutations, mtDNA
copy number), epigenetic (DNA, RNA methylation, ncRNA and mt-ncRNA),
transcriptomic (MitoScore, gene signatures), proteomic, metabolic, biochemical,
immunohistochemical, pharmacogenomic, pharmacological

Carcinogenesis

Targeting cancer cell mt: OXPHOS
inhibitors/ modulator, HIF-, GLS-,
oncometabolite inhibitors, PINK1-
Parkin, BNIP3/NIX modulators, PGC-
la/ NRF1/TFAM inhibitors, apoptose/
ferroptose/ necroptose inducers, etc.
Targeting microenvironment mt:
imuno-metabolic reprogramming of
T-cells, NK, TAM, DC, CAF, endotelial
cells. Systemic strategies

Age-related diseases

Targeting mt pathway: PGC-1a/
NRF1/TFAM, SIRT1/3/5 activators,
AMPKT, mTORY, mitophage/
biogenesis indusers, urolithin A,
spermidine, mt transfer, genotherapy,
Systemic strategies: senolitics,
senomorphics, mito-peptides,
hormesis, microbiome correction

Highly active mitochondria

Destroyed, low active
mitochondria

Fig. 2. Generalized scheme of mitochondrial states, factors, indicators of mitochondrial dysfunction and therapeutic
strategies in cancer and age-related diseases (Abbreviations: ncRNA — noncoding RNA, mt — mitochondria, HIF-in-
hibitors — Hipoxia-indusible factors inhibitors, GLS-inhibitors — Glutaminase inhibitors, NK — Natural killer cells,
TAM — Tumor-associated macrophages, DC — Dendritic cells, CAF — cancer-associated fibroblasts)
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been investigated [111, 112]. The role of physical
activity as a therapeutic component has been
explored [113—115]. Light therapy has been stu-
died [116 Al Balah OF, 2025]. The effects of fas-
ting and intermittent fasting techniques have been
reviewed [117].

A significant area of research in the field of can-
cer and age-related diseases pertains to the correc-
tion of the microbiome through mitochondria-mic-
robiome crosstalk. This process operates through
two distinct mechanisms: firstly, as a contributing
factor to the development of pathologies in dysbio-
sis, and secondly, as a therapeutic approach to ad-
dress pathologies by normalising the composition
of the microbiome [45]. While pathogenic and con-
ditionally pathogenic bacteria promote cancer de-
velopment in dysbiosis, some other specific intesti-
nal bacteria have been shown to suppress cancer
development and progression, and to enhance the
therapeutic effect on cancers [118]. In particular, for
malignant melanomas, the role of the microbiome
as a co-driver in melanoma immuno-oncology has
been demonstrated [119]. Changes in the composi-
tion of microbiota influence host neuronal health
through their metabolites on Alzheimer’s disease
progression [120]. In addition to strategies for trea-
ting age-related diseases, the microbiome-based
therapies have been developed that are specifically
adapted for older people, with the main goal of
preventing disease and promoting health and lon-

gevity [121].

Summary

We propose a generalized scheme (Fig. 2) of signi-
ficant clinical molecular and structural mitochon-
drial characteristics, factors influencing the mani-
festation of mitochondrial dysfunction, groups of
biomarkers for detection, and therapeutic appro-
aches for cancer and age-related diseases.

It is imperative to formulate a comprehensive
description of healthy and active mitochondria as
a point of departure for further investigation. De-
spite the fact that their structural and functional
characteristics may vary between different cells

and tissues, these organelles possess a number of
shared properties. These include the synthesis of
ATP, the generation of metabolites, a high inter-
membrane potential, low levels of ROS, the pre-
sence of a clearly defined structure of cristae and
enzyme complexes, the capacity to respond to
nuclear signals, and mitochondrial dynamics in
response to alterations in the physiological state
of the cell and potential stresses. The structural
and functional characteristics of mitochondria
may be subject to alteration over time due to the
influence of pathogenic factors of the exposome,
which may be prevalent and diversified in the de-
velopment of oncological and age-related disea-
ses. This results in mitochondrial dysfunction,
manifesting as a range of signs and changes at all
levels of mitochondrial metabolic activity. The
identification of these features of dysfunction is
facilitated by the existence of groups of biomar-
kers that allow for the determination of the level
and depth of structural and functional disorders
of mitochondria in these diseases. The most sig-
nificant stage in the general scheme is therapeutic
approaches. It is noteworthy that in recent years,
new areas of therapeutic influence on mitochon-
drial metabolism in oncological and age-related
diseases have emerged, while existing ones have
been further developed.

It is important to acknowledge that all the points
outlined in the generalized scheme, from the detec-
tion of molecular mitochondrial disorders to treat-
ment strategies, are the subject of very intensive
research. This is evidenced by the significant num-
ber of articles published over the past five years.
Consequently, there is an expectation of forthco-
ming achievements and scientific breakthroughs in
the near future in terms of the prevention, diagno-
sis and treatment of socially significant oncological
and age-related diseases in humans.
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KJITHIYHO-3HAYYIIII MOJIEKYJIIPHI [TOPYIIEHHA MITOXOH/IPIN

ITPU KAHIIEPOTEHE3I TA BIKOBMX 3AXBOPIOBAHHAX: CYYACHNV CTAH
I TIEPCIIEKTUBI: HACTMHA 2. PAKTOPY EKCITIO30MY, BIOMAPKEPU

TA TEPATIEBTMYHI CTPATETTI

Y mpyriit YacTHHI OIIAAY IIpOaHaIi30BaHO HM3KY (aKTOPiB €KCIIO30MY, L0 BIUIMBAIOTh Ha PO3BUTOK MOJIEKY/IIPHUX
HOpPYLIEeHb Ta MeTaOO/IIYHMX 3CYBiB MiTOXOH/IPIil IpK paKy Ta BiKOBUX XBOpoOax. PosriAaHyTO neBHI MiTOXOH/pianbHi
6ioMapkepy O3HaYeHUX XBOPOO sAK OioXiMidHi, TeHeTWYHI Ta MOJIEKY/LAPHO-OI0NOriYHI [/ AiarHOCTUKM, IPOTHO3Y-
BaHHS, JIIKYBaHHA PaKy Ta BikoBUX XBopo6. [IpoaHanizoBaHo NeBHI HaNPsAMKY Tepallil Ta HOBi cyyacHi TepaneBTUYH]
mifXopy JKyBaHHA paKy Ta BIKOBUX XBOPOO B KOHTEKCTI ITATOT€HETMYHOTO BIUIMBY Ha MiTOXOH/pia/IbHi IOPYIIeHHA
B KJIITMHAX Ta OpraHax JIFOJVHY I KOPEKIii IIaTOIOTiYHIX CTaHiB Ta IIOBEPHEHH /10 3[J0POBOTO JOBIOJIITTS.

Kntouoei cnosa: mMiToxoHapianbHa IMCHYHKINA, MOTEKY/IAPHI IOPYLIEHH:, PaK, BiKOBi 3aXBOPIOBaHH:A, €KCIIOCOMA,
6iomapkepl, TepaleBTUYHI cTpaterii, ropmesuc.
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