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Healthy mitochondrial DNA in balanced mitochondrial dynamics:
A potential marker for neuro-aging prediction (Review)
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Abstract. The mitochondrial genome or mitochondrial
DNA (mtDNA) is released as a response to cellular stress.
In mitochondrial biogenesis, active communication between
the mitochondria genome and nucleus is associated with the
mtDNA profile that affects the mitochondrial quality. The
present review aimed to assess the molecular mechanism
and potential roles of mitochondria in neuro-aging, including
the importance of evaluating the health status of mtDNA via
mitochondrial dynamics. The normal condition of mitochon-
dria, defined as mitochondrial dynamics, includes persistent
changes in morphology due to fission and fusion events and
autophagy-mitophagy in the mitochondrial quality control
process. The calculated copy number of mtDNA in the mito-
chondria genome represents cellular health, which can be
affected by a long-term imbalance between the production
and accumulation of reactive oxygen species in the neuro-
endocrine system, which leads to an abnormal function of
mitochondria and mtDNA damage. Mitochondria health is
a new approach to discovering a potential indicator for the
health status of the nervous system and several types of
neurodegenerative disorders. Mitochondrial dynamics is a
key contributor to predicting neuro-aging development, which
affects the self-renewal and differentiation of neurons in cell
metabolism. Neuro-aging is associated with uncontrolled
mitochondrial dynamics, which generates age-associated
diseases via various mechanisms and signaling routes that
lead to the mtDNA damage that has been associated with
neurodegeneration. Future studies on the strategic posi-
tioning of mtDNA health profile are needed to detect early
neurodegenerative disorders.
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1. Introduction

Mitochondria serve critical biological roles in the cell,
including the production and control of reactive oxygen species
(ROS), preservation of Ca** ion homeostasis, and modulation
of programmed cell death (1,2). As an essential organelle,
mitochondria serve a role in the generation of fatty acids
and integrate the cell signaling circuitry that modulates cell
survival, immune response, and autophagy (3,4). Therefore,
the dysfunction of mitochondria can trigger damage (5,6).

As the energy generator, the genome of mitochondria,
namely mitochondrial DNA (mtDNA), encodes 37 key genes
and 13 mitochondrial proteins, two RNAs and 22 transfer
RNAs (3,7,8). In response to cellular stress that triggers
unbalanced intracellular processes such as respiration, energy
production in the form of ATP, or apoptosis, mtDNA fragments
are released as cell-free mtDNA (cf-mtDNA) in the blood-
stream (9-11). cf-mtDNA is smaller compared with nuclear
cfDNA. Moreover, cf-mtDNA is present in large amounts in
patients with hepatocellular and prostate cancer (9,12).

Mitochondria interact with organelles, such as endo-
plasmic reticulum, lysosomes, cytoskeleton, peroxisomes, and
nucleus, to accomplish their bioenergetics, metabolism, and
apoptosis roles (11,13). These processes were predicted to be
fundamentally active and are not controlled by other reactions.
Previous work has reported the arrangement of indiscriminate
mitochondrial protein import (4). This activity represents the
health of mitochondria as well as the functional condition (14).
The function of mitochondria is associated with transcription
in the nucleus in response to intrinsic and extrinsic signals,
such as modulation of the intracellular reduction-oxidation
state, nutrient deprivation and exercise (15,16).
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A previous lineage tracer study reported that haplogroup
U5 is the most ancient haplogroup in Europe (17). Many
studies categorize mtDNA in haplogroups, which is useful to
trace maternal phylogenetic lineages, and is synergistically
communicated from mitochondrial genome. The U5Sb2cl
haplogroup is found uncommon in modern populations (17-19).
The phenotypes of the disease are associated with specific
sequence mutations in mtDNA variations, for example,
mitochondrial encephalopathy lactic acidosis with stroke-like
episodes) syndrome Clinical phenotypes are correlated with
human mtDNA pathogenic mutation, e.g., in patients with
Kearns Sayre syndrome). Therefore, a mismatch between the
nuclear and mitochondrial genome may affect mitochondria
quality and leads to cellular problems, such as respiratory
dysfunction, DNA damage (20-22).

The present review aimed to assess the molecular mecha-
nism and potential roles of mitochondria in neuro-aging,
including the importance of evaluating the health status of
mtDNA via mitochondrial dynamics.

2. Balance quality control role of mitochondria leads to
healthy mitochondrial dynamics

The quality control process of mitochondria, which includes
fission and fusion, mitophagy, transport and biogenesis, sustains
its balance and supports cellular health (23). Specifically, the
normal condition of mitochondria, defined as mitochondrial
dynamics, involves changes of morphology due to fission and
fusion events (24). During traumatic conditions, such as lack of
nutrition, two mutated genes may merge and allow functional
complementation by RNA, resulting in new mitochondria and
maintaining its respiratory function (25). The basic concept
of balanced mitochondrial dynamics that leads to healthy
mitochondria is presented in Fig. 1.

By contrast, the fission process triggers the breakdown of
mitochondria into smaller fragments to facilitate transport and
autophagy (13). Fission often induces dissociation of damaged
components, thus, the ability of mitophagy is impacted
by impaired fission (26). Mitophagy is key to remove any
malfunctioning or unneeded mitochondria and direct them to
autophagosomes to sustain quality control (27).

To manage organelle and protein turnover within cells,
autophagy and apoptosis perform mitochondria quality
control (5,17). Autophagy works by recycling selective
intracellular organelles, while apoptosis works by removing
damaged cells. In certain conditions, e.g., in severe cell
damage, autophagy induces apoptosis or necrosis by degrading
the cytoplasm excessively. There is a unique cellular response
which induces autophagy and the mechanisms of cell death
that leads to normal removal of dead cells, as well as immune
recognition of antigens (28). Mitochondria serve an essential
role in the connection between autophagy and apoptosis that
influences pathological conditions (29).

Mitochondria manage damaged proteins or remove
abnormal organelles to maintain their function (27).
Impairment of quality control decreases of the balance of
normal cellular function and lead to decreased survival and
general cell health associated with aging (30). Thus, mito-
chondrial impairment and dysregulation are associated with
neurodegenerative disorders (Alzheimer's disease, Parkinson's

disease, Huntington's disease, and amyotrophic lateral scle-
rosis), metabolic syndromes, and cancer (5).

In addition, mitochondria fission increases the number
of organelles to activate biogenesis and remove injured
organelles for autophagic degradation (31). The balance
between fusion and fission regulates distribution of mtDNA,
mitochondrial biogenesis and proteins (11). Abnormal func-
tion of chaperones and proteases may lead to accumulation
of unfolded/misfolded/damaged proteins/protein aggregates
and orphaned subunits (7,4,27). Quality control of impaired
mitochondria is a therapeutic approach in many types of neuro-
degenerative disease, e.g., Parkinson's disease, Huntington's
disease, and Alzheimer's disease. It is hypothesized that these
neurodegenerative diseases associated with mitochondrial
genetic improvement are also associated with mitochondrial
disease and disorder (28,32).

3. Mitochondria serve an essential role in response to
neuro-aging

In relation to cellular health, mitochondria are actively studied;
mitochondrial impairment due to cellular senescence is associ-
ated with certain types of neurodegenerative diseases (33,34).
Mitochondrial-associated disorder or mitochondrial dysfunc-
tions such as neurodegenerative disorders, neurometabolic
diseases, neuroaging, have a prevalence of 1:2,000 indi-
viduals (17,13). Mitochondrial-associated disorders mostly are
caused by the mutations of genes that alter mtDNA replica-
tion and transcription and mitochondrial mRNA translation,
thus decreasing the mitochondrial oxidative phosphorylation
(OXPHOS). The inhibition of OXPHOS process may also be
caused by dysfunction of respiratory chain enzyme complexes
and ATP synthase in the mitochondrial inner membrane
folds. This dysfunction leads to cell-specific stress responses
and health problems, e.g., neuroaging or neurodegenerative
disorders (10).

Copy number of mtDNA (mtDNA-cn) in mitochondria
genome represents cellular health. cn can be measured in
peripheral blood mononuclear cells (7,35). Studies have
shown that mtDNA is liberated in small amounts in the
blood under cellular stress and can be detected in plasma
in the form of circulating cf-mtDNA (ccf-mtDNA) (6,9).
Furthermore, imbalance between production and accumula-
tion of ROS in cells and tissue may lead to the movement of
mtDNA into the cytoplasm and the extracellular region. This
is triggered by long-term neuroendocrine, inflammatory,
oxidative and metabolic stress and may result in mitochon-
drial dysfunction and mtDNA damage (6,9). The effect of
unbalanced mitochondrial dynamics on mitochondria is
presented in Fig. 2.

cfDNA derived from mtDNA has been widely investigated
in cancer and inflammatory, cardiovascular, and metabolic
disease (10,11,36). Therefore, mitochondrial health is a novel
approach to discover potential indicators for neurological
and brain health in conditions such as depressive disorders,
Alzheimer's disease, dementia and Parkinson's disease (35,37).
Levels of ccf-mtDNA and cellular mtDNA-cn may be associ-
ated with oxidative stress and cellular senescence. mtDNA is
vulnerable to oxidative stress due to lack of protective histones
and limited DNA repair mechanisms. Glutathione peroxidase,
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Figure 1. Balanced mitochondrial dynamics leads to healthy mitochondria.
Figure is created using Biorender (biorender.com/).
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Figure 2. Balanced mitochondrial dynamics leads to healthy mitochondria.
Figure is created using Biorender (biorender.com/).

an antioxidant enzyme, is required to protect the mitochondria
and prevent dysfunction (38).

Studies have shown that mtDNA mutations are positively
related with aging, depression and Parkinson's and Alzheimer's
disease (11,15). Evidence has shown that dysregulated mito-
chondrial dynamics and mutations due to mtDNA replication
induce aging and increased mtDNA mutation rates is correlated
with the aging rate (11,15). High levels of mtDNA deletion are
found in the substantia nigra neurons of aging patients with
Parkinson's disease. mtDNA deletion cause human disease
and their accumulation play a role in the aging process (39).
Parkinson's disease is a neurodegenerative disease character-
ized by a depletion of dopamine neurons in the basal ganglia
in the midbrain and the accumulation of synuclein (13,30).

Studies on Parkinson's disease have indicated a defect in
Parkin RBR E3 ubiquitin-protein ligase and PTEN-induced
kinase 1 (PINK1) (30,38). An autosomal recessive muta-
tion at two genes (PARK?2 and PARKO) that encode outer
mitochondrial membrane kinase PINK1 and the cytosolic
Parkin E3 ubiquitin-protein ligase, lead to the reduction
of mitochondrial damage (30,38). Impairment of these

processes leads to loss of muscle and dopaminergic neurons
and affects male infertility in a way that can be fixed by
inducing mitochondrial fission (40). As a novel biomarker of
depression, ccf-mtDNA levels exhibit a positive correlation
with inflammatory symptoms of depression (41). A recent
cohort study of patients with depressive disorder (n=281;
36% with a personality disorder and 13% with bipolar; 93%
receiving mono- or multi-psychotropic drugs), demonstrated
a significant difference in mean ccf-mtDNA levels between
patients with a current (n=236) or remitted depressive episode
(n=45) and healthy participants (n=49); treatment using mood
stabilizers, such as lamotrigine, valproic acid or lithium, was
associated with decreased ccf-mtDNA proportion (41). The
aforementioned study hypothesized that mtDNA is recognised
as a damage-associated molecular pattern (DAMP), activating
the innate immune response primarily by attaching to the
toll-like receptor 9. The aforementioned study suggested
that ccf-mtDNA may be differentially regulated in different
subtypes of depression. ccf-mtDNA in inflammatory depres-
sion subtype is correlated with worse treatment response to
conventional selective serotonin reuptake inhibitors and a
more prospective anti-inflammatory agent, such as omega-3
fatty acids (41). The mitochondrial studies in patients with
neurodisorders are summarized in Table I.

Alzheimer's disease is associated with heteroplasmic
mtDNA mutations. This disease is characterized by the forma-
tion of amyloid-f (AP) plaques in the extracellular space, which
exhibits substantial neuronal loss (4). Accumulation of Af
plaques increases oxidative damage in neurons, is associated
with the accumulation of reactive oxygen species in the mito-
chondrial (42), and induces the severity of mtDNA damage.
Eventually, this condition steers to the rise of oxidized nucleic
acid in mtDNA (43).

4. Mitochondrial dynamics as a key factor in predicting an
early neuro-aging

Mitochondrial dynamics are critical contributors in predicting
the development of neuro-aging (44). Mitochondrial dynamics
influence the self-renewal and differentiation of neuron in cell
metabolism (13,44). In neurons of neonates, small mitochon-
dria fission is observed, which size increases during maturity
process. By contrast, the developing brain exhibits more fused
and fragmented mitochondria (33,43). In neurogenesis,
mitochondrial dynamics is associated with cell cycle; there
is increased escalated fusion during G1/S phase, followed by
fission during G2 and mitosis (5,45). Mitochondrial fission
occurs during neural stem progenitor cell (NSPC) mitosis,
which exhibits dichotomic behaviour of the daughter cells:
Those destined to remain NSPCs display high levels of mito-
chondrial fusion, whereas prospective neuronal cells maintain
higher levels of mitochondrial fission (24,46).

With aging, mitochondria will accumulate oxidative
damage with reduced reparative ability leading to impairment
and dysfunction (26). Escape of electrons during the electron
transport cascade in OXPHOS may generate oxidative stress
and disrupt the cellular metabolic and signalling routes (16).
Mitochondrial fission and fusion are associated with mitochon-
drial activity. These activities, (such as programmed cell death
regulation, haem complexes biosynthesis, calcium signalling,
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Table I. Mitochondrial biomarkers for neuro-aging prediction.

First author, year Mitochondrial biomarker Clinical results (Refs.)
Park et al, 2022 Peripheral and CSF ccf-mtDNA of  No significant difference in levels of peripheral cct- (1)
neuropsychiatric patients mtDNA in neuropsychiatric studies between cases
and controls. CSF ccf-mtDNA levels in non-
psychiatric neurological disease decreased compared
with controls
Peng et al, 2019 CSF cf-mtDNA of patients with Significantly higher levels of CSF cf-mtDNA and 2)
NMDAR inflammation-associated cytokines in patients with
NMDAR
Lindqvist et al, 2018 ccf-mtDNA of patients with MDD Significantly elevated levels of ccf-mtDNA in @)
patients with MDD
Newell et al, 2018 Plasma mtDNA of patients with Full mitochondrial genome presents in the cf plasma (36)
mitochondrial disease fraction of human blood
Castellazzi et al, 2019  Autophagy (ATGS protein) and Patients with AD and MCI showed significantly (38)
mitophagy marker (Parkin protein)  decreased circulating levels of both ATGS5 and
in patients with AD and MCI Parkin compared with healthy controls
Kageyama et al, 2018  Plasma mtDNA of patients with Patients with MDD and BD showed significantly 39)
MDD, BD and SZ lower plasma mtDNA levels than controls.
Plasma mtDNA is associated with cytokines; GM-
CSF, IL-2, and IL-4 in patients with MDD mtDNA
levels were lower in the depressive state than in the
remission state in patients with MDD
Trumpff et al, 2019 Serum ccf-mtDNA of healthy Acute psychological stress increased ccf-mtDNA (62)
midlife adults exposed to acute levels. Neuroendocrine signaling triggered mtDNA
psychological challenge extrusion in living cells
Silzer et al, 2019 Plasma ccf-mtDNA, cf-mtDNA, Cf-mtDNA levels are higher in individuals with (63)

mtDNA copy number in patients
with T2DM and AD

T2DM but not significantly in those with cognitive
impairment compared with controls

CSF, cerebrospinal fluid; ccf-mtDNA, circulating cell free-mitochondrial DNA; NMDAR, N-methyl-D-aspartate receptor; MDD, major
depressive disorder; ATGS, autophagy-related protein 5; AD, Alzheimer's disease; MCI, mild cognitive impairment; BD, bipolar disorder;

T2D, type 2 diabetes mellitus; SZ, schizophrenia.

fatty acids oxidation, and, a platform for signal transduction in
the innate immune response, are modulated in mitochondria
cristae, in which OXPHOS molecular effectors and electron
transport chain components are concentrated (45). Mitochondrial
damage may cause cognitive impairment, increased aggregation
and neural disorders such as Alzheimer's disease, Parkinson's
disease, Huntington's disease, and ischemic stroke (46).

In neurogenesis, mitochondria activity plays an essential
role in the amplification and differentiation of neurogenic
precursors (47). During mitosis, mitochondria of the neural
stem cells (NSCs) are present mainly in the form of frag-
mented mitochondria, and during the GO/early Gl phase
(1 h after mitosis) these fragmented mitochondria undergo
differentiation and progressive fusion in neurogenic precur-
sors or form immature neuron (44). It is hypothesized that the
association between mitochondria morphology, dynamics and
function serve an essential role in neurogenesis as a response
to neuro-aging (48,49). OXPHOS in human neurogenesis is to
facilitate the renewal of NSC and the acquisition of neuronal
fate by generating ATP in cells (37). More than 98% of essen-
tial proteins for mitochondrial function are encoded in the

nucleus, translated in the cytoplasm based on the presence of
encoded mitochondrial targeting sequences. These proteins
are imported to specific sub-compartments to stimulate the
physiological activity of mitochondrial enzymes, such as
translocases, proteinase and chaperones (50). This process is
the most important character of mitochondrial dynamics, by
which cellular homeostasis is coordinated via communication
between the mitochondria and the nucleus, thus modulating
adaptive responses to stress (31,45).

Mitochondrial dynamics determines the distribution and
maintenance of mtDNA in the mitochondrial network (50).
Studies have shown an association between mtDNA, dynamin
related protein-1 and endoplasmic reticulum in mitochon-
drial replication and fission, which lead to equal distribution
of mtDNA in mitochondria and cells (7,43). Lack of fission
and fusion in mitochondria lead to genetic dysfunction such
as severe or multiple deletion, increased levels and unequal
distribution of mtDNA (51). Impairment of mitochondrial
fission induces disorganization of inner mitochondrial struc-
ture membranes, such as cristae junctions, which maintain
proper internal membrane compartmentalization; loss of these
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junctions leads to clustering and mis-segregation of mtDNA
nucleoids (48,52). When disorganization of the mitochondrial
structure occurs, the ability of mtDNA to repair cellular
damage will decrease, leading to the false protection to
neuro-aging process (16).

During aging, the aperture of the mitochondrial perme-
ability transition pore (mPTP) is associated with depolarization
of mitochondria and OXPHOS uncoupling. Smaller molecules
(<1,500 Da) enter mitochondria via the mPTP (29). Under physi-
ological conditions, the mPTP serves as an efflux channel for
calciumions. mPTPis activated by ROS, which causes the release
of cytochrome-C oxidase and the initiation of the caspase-9
cascade, which activates the apoptotic pathway (22,33). The
nod-like receptor pyrin domain 3 (NLRP3) inflammasome may
also be activated as a result of mPTP activation and subsequent
ROS generation. This is key because neuronal loss in nigrostri-
atal neurons is caused by NLRP3 activation in brain microglia
and astrocytes; this activation is a fundamental mechanism by
which Parkinson's disease and other illnesses display motor
impairments and cognitive abnormalities (30,32).

Beside the balance between fission and fusion of mito-
chondria, another option to maintain healthy mitochondria
is to release toxic substances, including oxidized cardiolipin,
protein and mtDNA, into extracellular vesicle (EVs), which are
subsequently degraded. EV generation rises with aging and is
correlated with mtDNA release and pro-inflammatory cyto-
kine production (48). The components of EV, such as mtDNA,
ROS and cardiolipin, serve as DAMPs, disrupt nearby molec-
ular patterns and trigger inflammatory responses that lead to
neuro-aging (Fig. 3) (50,52). Cardiolipin and mitochondrial
dysfunction are required for NLRP3 activation. Caspases 1 and
2 are activated as a result of NLRP3 induction, cleaving Parkin
to stop mitophagy (53). When fission and fusion are no longer
possible, oxidized macromolecules accumulate and activate
IL-1 and IL-18 to cause pyroptosis, an inflammation-mediated
cell death (42). Following cell death, mtDNA and ROS are
released and interact with other inflammasomes to exacerbate
the inflammatory response (53).

Any changes to mtDNA that codes for cytochrome C oxidase
or direct protein oxidation of the enzyme may cause early T cell
death and loss of function, which may explain immune system
impairment in the elderly (25,27). Microglia in the brain and
immuno-senescence of T cells have both been connected to
mitochondrial dysfunction. This could lead to aberrant activation
in response to damage. However, mitochondrial malfunction in
microglia inhibits the ability of T cells and microglia to adopt a
neuroprotective role (27,53). It is hypothesized that aging-associ-
ated neuroinflammatory processes in microglia alter the synaptic
plasticity of the brain and impair memory by causing downstream
changes (27,53). Astrocytic activation is stimulated by microglial
activation and serves a crucial part in both neuroinflammation
and the aging of the brain (25,53).

Due to limited intracellular glycogen stores in the brain and
the high energy needs of neurons, age-associated hypoperfusion
has notable effects on mitochondrial energy metabolism and
cognitive functioning (39,53). The association between aging
brain, hypoperfusion, hypoxia (due to neuroinflammation) and
BBB dysfunction that leads to decreased glucose uptake and
mitochondrial dysfunction, is depicted in Fig. 4. Age-associated
cognitive impairment is linked to hypometabolism, which is
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uptake and mitochondrial dysfunction. Figure is created using Biorender
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characterized by decreased oxidative respiration efficiency,
ATP generation and expression of genes implicated in
mitochondrial biogenesis, oxidative respiration and dysregula-
tion (42,46). Using directly reprogrammed neurons (iN) from
elderly donors to study mitochondrial function in aging shows
decreased energy output and significant downregulation of
genes involved in the electron transport chain complexes I, I11,
IV and V, accounting for 70% of all mitochondrial genes when
compared with iN from young donors; proteins encoded by
genes for mitochondrial phosphorylation decreased along with
mRNA and protein expression (53).

To confirm that abnormality of mitochondrial dynamics
promote ageing in neurons, physiological factors in cellular
functions and processes related to mitochondrial fitness must
be maintained (45). The depletion of mitofusin-2 (MFN-2)
a fusion GTPase, in mitochondria in human cells stimulates
mitochondrial dysfunction, characterized by decreased ATP
synthesis, increased proton leak, reduced mitochondrial
membrane potential and elevated production of ROS (38).
MPFN-2 modulates mitochondria cristae, which are associated
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with decreased mitophagy and impact mitochondria quality
control ability (54). Impairments in mitochondrial quality
control are associated with impaired neuronal development,
plasticity and function, and therefore are involved in several
neurodegenerative diseases, such as Parkinson's, Alzheimer's
and Huntington's disease (55).

To maintain a healthy mitochondrial population, the removal
of damaged mitochondria via autophagy and mitophagy and stim-
ulation of mitochondrial biogenesis must be controlled (48,56).
During aging, autophagy and mitophagy are commonly
impaired, resulting in alteration of several types of protein, e.g.,
PINK-1 (37,55). The impairment of mitophagy is related to aging
and age-associated disease (51,52). Changes in mitochondrial
fusion or fission proteins trigger intrinsic mitochondrial defects
that result in a decrease in mitochondrial activity and an increase
in mitochondrial damage (47,57). Impaired autophagy and/or
mitophagy and decreased elimination of damaged mitochondria
are influenced by unbalanced mitochondrial dynamics (26,58).

Abnormal mitochondrial dynamics may induce damaged
mitochondria (59). Mitochondrial dysfunction and decreased
autophagy and/or mitophagy are promote dysregulation of
mitochondrial dynamics during aging (60,61). Dysfunction in
mitochondrial dynamics is correlated with age-related disease
and health span, particularly in humans (46). Neuro-aging is
associated with the dysregulation of mitochondrial dynamics,
triggered by age-related disorders via various mechanisms and
signalling routes (54,62). Accumulation of damaged mitochon-
dria that cannot be processed by autophagy or mitophagy may
result in the dysfunction of mtDNA, which is associated with
neurodegeneration (55,63).

This review is in the framework of the first author's disser-
tation project which concerns to finding an early detection
of mild cognitive impairment and its progression in elderly
patients. In this article we did not specify the technical issue
as organelles separation and preservations.

5. Conclusion

Previous studies (27,54,55,52,63) have investigated the role of
mtDNA to find potential early markers to predict and evaluate
neurodegenerative processes related to aging. Approaches to
evaluate healthy mitochondria include mitochondria dynamics,
which is associated with mitochondria quality control. It is
hypothesized that mitochondrial functions (fusion, fission,
mitophagy and DNA repair) should be assessed as complete
indicators to determine health status of mitochondria in aging.
However, research on the role of mtDNA to find an early marker
to predict neurodegeneration associated with aging is needed.
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