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Mitochondria play a vital role in maintaining cellular energy homeostasis, regulating apoptosis, and controlling
redox signaling. Dysfunction of mitochondria has been implicated in the pathogenesis of various brain diseases,

including neurodegenerative disorders, stroke, and psychiatric illnesses.
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| 1. Introduction

Mitochondria, the energy-producing powerhouses within cells, have emerged as crucial players in the
pathogenesis of brain diseases. The intricate relationship between mitochondrial dysfunction and
neurodegenerative disorders, psychiatric illnesses, and other brain-related conditions has garnered significant
attention in scientific research. Understanding the role of mitochondria in brain disease is essential for unravelling

the underlying mechanisms, identifying potential therapeutic targets, and improving patient outcomes .

In this line, neurodegenerative disorders, including Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease, and amyotrophic lateral sclerosis, are characterised by the progressive loss of neuronal function and
structure. A growing body of evidence suggests that mitochondrial dysfunction contributes significantly to the onset
and progression of these debilitating conditions. Mitochondrial DNA mutations, which disrupt normal cellular
function, have been implicated in the development of neurodegenerative disorders, further highlighting the critical
role of mitochondria in brain health. Impaired oxidative phosphorylation, the primary energy-generating process
within mitochondria, has been implicated in the pathophysiology of brain diseases. Dysregulation of this essential
metabolic pathway leads to compromised ATP production, resulting in energy deficits and neuronal dysfunction.
Such impairments have been observed in various brain disorders, underscoring the significance of maintaining

mitochondrial function for neuronal health 21,

| 2. Molecular Mechanisms in the Development of Diseases
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Mitochondria are essential for normal cellular function because they are responsible for energy production in
eukaryotes, as well as phospholipid and heme synthesis, calcium homeostasis, apoptotic activation, and cell
demise WEl. As a comprehensive overview of multiple pathological processes, the following will analyse and
identify the molecular processes occurring in the mitochondria that are involved in specific common patterns in the
pathological process’s development. Mitochondrial diseases are a group of genetic disorders characterised by
defects in oxidative phosphorylation and caused by mutations in genes that encode structural mitochondrial
proteins or proteins involved in mitochondrial function in nuclear DNA (nDNA) and mitochondrial DNA (mtDNA).
Mitochondrial diseases are the most prevalent category of inherited metabolic disorders and one of the most
prevalent types of inherited neurological diseases 48, During normal neuronal development, programmed cell
death (PCD) signalling events occur in a spatially and temporally restricted manner to establish the neural
architecture and shape the CNS. In the pathogenesis of numerous neurological diseases, abnormalities in PCD
signalling cascades, such as apoptosis, necroptosis, pyroptosis, ferroptosis, cell death associated with autophagy,
and unprogrammed necrosis, can be observed. These cell fatalities can be triggered in response to intracellular or
extracellular stimuli and inflammatory processes. A prevalent characteristic of neurodegenerative diseases such as
amyotrophic lateral sclerosis (ALS), Alzheimer’s disease, Parkinson’s disease, and Huntington's disease is the

aberrant activation of PCD pathways, which leads to the unwarranted loss of neuronal cells and function €.

2.1. Mitochondria Bioenergetics

The mitochondria contain the main enzymatic systems required to complete the oxidation of sugars, lipids, and
proteins to produce adenosine triphosphate (ATP), which can be used for energy production. Each of these three
substrates can be catabolized to acetyl-CoA, which then enters the citric acid cycle in the mitochondrial matrix, the
first of these processes W. Following glycolysis in the cytosol, glucose enters the mitochondria as pyruvate.
Pyruvate dehydrogenase aids in the conversion of pyruvate to acetyl-CoA. Inside the mitochondria, beta oxidation
converts fatty acids to acetyl-CoA, while various enzymes convert specific amino acids into pyruvate, acetyl-CoA,

or directly into specific citric acid cycle intermediates .

In the citric acid cycle, also known as the tricarboxylic acid (TCA) or Krebs cycle, the acetyl group of acetyl-CoA is
transferred to oxaloacetate to form the six carbon molecule citrate. In seven successive enzymatic steps, citrate is
oxidised back to oxaloacetate, with the excess carbon removed as two molecules of carbon dioxide and the
electrons transferred to cofactors nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide
(FADH2). The oxaloacetate is now free to rejoin the cycle, while NADH and FADH2 transport the liberated energy
to the mitochondrial electron transport chain £,

The electron transport chain, also known as the respiratory chain, is comprised of a series of multisubunit protein
complexes embedded in the interior mitochondrial membrane &, The electrons removed from the citric acid cycle
by NADH and FADH2 are used to enable the pumping of protons from the matrix to the intermembrane space,

thereby generating a potential difference across the inner mitochondrial membrane 19,
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By binding to the largest of the respiratory complexes, NADH dehydrogenase, or complex |, NADH provides free
energy to the electron transport chain. NADH transfers a pair of electrons, which are transported away from the
citric acid cycle, to a flavin mononucleotide prosthetic group located inside the hydrophilic arm of complex I.
Subsequently, the electrons are sent up the arm through a sequence of iron-sulphur clusters until they reach the

lipid-soluble redox carrier known as coenzyme Q &I,

The transfer of four protons across the inner mitochondrial membrane is associated with the transport of electrons
from NADH via the complex. NADH must diffuse into complex | in order to furnish the electrons it delivers to
electron transport. Conversely, succinate dehydrogenase, the enzyme responsible for catalysing the reduction of
FAD to FADH2 in the citric acid cycle, is an integral component of the electron transport chain. Commonly referred
to as complex Il, this enzyme with a molecular weight of 123 kDa is situated on the inner mitochondrial membrane,

similar to complex | (1],

The reduced form of coenzyme Q may traverse the inner mitochondrial membrane without hindrance and
afterwards transfer its electrons to cytochrome c reductase, the third complex of the electron transport chain. This
reduction can occur via either complex | or complex Il. The final outcome of the electrons transferred through the
electron transport chain is the conversion of oxygen into water. This phenomenon takes place in the fourth

complex, known as cytochrome c oxidase 12,

During the progression of electrons along the electron transport chain, there is a gradual reduction in their free
energy, which coincides with a consistent rise in the redox potential of the carriers involved. Ultimately, this process
culminates with oxygen, possessing the highest redox potential among all the carriers. The energy that is liberated
as the electron moves down the free energy “staircase” serves as the driving force for the thermodynamically

unfavourable process of proton pumping against their concentration gradient at complexes I, lIl, and 1V I,

After the completion of the citric acid cycle and the electron transport chain, the final step in converting the energy
stored in substrate molecules into ATP, which serves as the universal “energy currency”, involves the linkage of the
membrane voltage of approximately 200 mV to the phosphorylation of adenosine diphosphate (ADP). In addition to
causing the decoupling of membrane voltage from ATP generation, proton leakage is also accompanied by the
leakage of electrons from the complexes of the electron transport chain . The premature release of electrons
enables their direct transfer to oxygen, bypassing the conventional pathway of electron transfer to oxygen for water
formation at complex IV and therefore generating superoxide. Superoxide has a high level of reactivity, rendering it
significantly detrimental to cellular function by inducing what is commonly referred to as “oxidative stress” 13, The
involvement of oxidative stress has been suggested in several pathological conditions, ranging from

atherosclerosis and diabetes to neurodegenerative disorders and cancer.

2.2. Calcium Signalling

Mitochondria are in constant communication with the cytosol in order to coordinate the equilibrium between the

energy needs of the cell and the energy produced by oxidative phosphorylation Bl This is orchestrated
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predominantly by calcium signalling between the cytosol and matrix. Ca2* signalling is essential for the majority of
cellular ‘activation states’: Ca?* signals regulate the majority of processes that are associated with increased
energy demands—secretion, contraction, motility, and electrical excitability—all of which necessitate an increase in
energy provision and are typically accompanied by an increase in cytosolic Ca2* concentration ([Ca2*]c) 1415 |n
the inner mitochondrial membrane, mitochondria exhibit a Ca?* uptake pathway, the mitochondrial calcium
uniporter (MCU), which is a Ca?* selective channel. As Ca%* moves down its electrochemical potential gradient into
the matrix, a rise in local [Ca?']c stimulates mitochondrial Ca?* uptake 8. The increase in matrix CaZ*
concentration ([Ca*]m) stimulates the three rate-limiting enzymes of the TCA cycle: pyruvate, a-ketogluterate (also
known as oxogluterate), and NAD-isocitrate dehydrogenases. A rise in [Ca%*]m also appears to upregulate ATP
synthase, although the mechanism remains unknown. Together, these mechanisms increase the supply of NADH
to the respiratory chain, respiration, and ultimately the rate of ATP synthesis. The increase in [Ca®*]c also activates
the glutamate/aspartate transporter (ARALAR) on the inner mitochondrial membrane, thereby increasing substrate
supply; this pathway does not require specific mitochondrial Ca2* uptake and is therefore independent of
mitochondrial bioenergetic competence 12!, Thus, these pathways function together to elegantly and simply match
energy supply and demand. In the majority of cells, the efflux of Ca?* from the mitochondrial matrix, driven by a
Na*/Ca?* exchanger, is relatively sluggish, such that the change in [Ca?*]m significantly outlasts the change in

[Ca?*]c, and the metabolic response likely matches the time course of the change in [Ca%*]m.

2.3. Cell Death

Significant evidence supports a role for cell death in the pathogenesis of numerous brain and peripheral nervous
system diseases. However, it is still unclear whether defects in cell death signalling and neuronal cell death are a
primary or secondary response to the attacks that cause these diseases, as well as how different PCD pathways

and additional processes interact to cause the death of neuronal cells and other cell types in these diseases 81171,

The regulation of the intrinsic route involves the modulation of pro- and anti-apoptotic members belonging to the
BCL-2 protein family 28, The preservation of cell viability in healthy cells is facilitated by a group of proteins known
as anti-apoptotic proteins, namely BCL-2, BCL-XL, MCL-1, BCL-W, and A1/BFL1 22, These proteins fulfil this role
by inhibiting the crucial mediators of cell death, BAX and BAK. The BH3-only proteins, including BIM, PUMA, BID,
BMF, BAD, HRK, BIK, and NOXA, which play a crucial role in initiating apoptosis, are seen to undergo
transcriptional or post-transcriptional upregulation in reaction to intracellular stress such as growth factor
deprivation, DNA damage, and ER stress 19, The BH3-only proteins have a strong binding affinity for anti-
apoptotic BCL-2 proteins, resulting in the release of BAX and BAK. Several studies have demonstrated that some
BH3-only proteins have the ability to directly activate BAX and BAK. Upon being activated, BAX and BAK proteins
undergo oligomerization, leading to mitochondrial outer membrane permeabilization (MOMP). This process results
in the release of cytochrome ¢ and Smac/DIABLO from the mitochondria. The apoptogenic factors facilitate the
initiation of the caspase cascade, which subsequently triggers the cleavage of many proteins, ultimately
culminating in cellular implosion . The available evidence supporting the involvement of apoptosis in neuronal cell

death in AD is constrained. Nevertheless, according to the immuno-histochemical labelling of neurons, it has been
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postulated that intracellular AR has the potential to trigger apoptosis via the p53-dependent transcriptional
upregulation of BAX 29,

Necroptosis is a kind of programmed cell death characterised by cellular lysis, which has the potential to induce an
inflammatory response. Necroptosis may be triggered by the activation of TNFR1, TLRs, and specific additional
receptors in instances when the function of caspase-8 is impeded by pharmaceutical substances or viral inhibitors.
The mechanism under consideration entails the activation of receptor-interacting serine/threonine protein kinase 1
(RIPK1) by autophosphorylation (€.

3. Neurodegenerative Disorders and Mitochondrial
Dysfunction

The information transmitted by neurons is crucial to normal brain operation 21, Neurons can be found in many
other tissues and organs beyond the brain [22.. Glia, also known as neuroglia, constitute a significant proportion of
cellular entities within the intricate framework of the nervous system [23l. While neurons exhibit excitability and play
a crucial role in information processing, glial cells take on the complete responsibility for maintaining homeostasis
and defending the central nervous system (CNS). Various types of glial cells have been implicated in both normal
and pathological brain function [24]. Astrocytes elegantly extend their processes throughout grey matter, gracefully
enveloping synapses with their presence. These remarkable cells play a pivotal role in maintaining the delicate
balance of ions and neurotransmitters, ensuring a harmonious environment within the central nervous system.
Furthermore, they diligently oversee the intricate process of synaptogenesis, orchestrating the formation of vital
connections between neurons. It is worth noting that astrocytes also possess the remarkable ability to secrete
various substances, thus earning them the esteemed title of secretory cells within the CNS [23. Microglia are
responsible for regulating the elimination of apoptotic neurons and play a role in influencing the formation of
synaptic connections during brain development (28, |n pathological conditions, these microglia become activated
and contribute to the occurrence of neuroinflammation and myelination, which play a crucial role in shaping the
connectome. The essential glial functions, as well as the interaction between glial cells and neurons, delineate the

functioning of the brain in both states of well-being and pathology 24! (Figure 1).

Neural stem cells generate most neurons during development, but their numbers drastically fall once we reach
adulthood 24, Although neuronal death is inevitable, neurodegeneration remains a major health issue because of
its role in the pathophysiology of certain neurological disorders 28 Neurodegeneration is associated with the
accumulation of proteins with physiochemical modifications, synapse dysfunction, and neural network malfunction
(291 Related to this, neurodegenerative disorders (NDs) are the medical terminologies used to describe diseases
that exhibit the characteristics of neurodegeneration. Some of the most common NDs seen in clinical praxis are
Parkinson’s disease, Alzheimer’s disease, prion disease, amyotrophic lateral sclerosis, motor neuron disease,

spinal muscular atrophy, Huntington’s disease, and spinocerebellar ataxia E2E1],

3.1. Mitochondrial Dysfunctional Functioning in Neurodegenerative Disorders
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The phenomenon known as mitochondrial biogenesis refers to the intricate process wherein fresh mitochondria are
engendered through the growth and division of pre-existing mitochondria. This intricate process ultimately leads to
a notable augmentation in the mitochondrial mass within a given cell B2, Protein synthesis from the mitochondrial
and nuclear genomes, as well as replication of mitochondrial DNA (mtDNA), are all part of this process, which is
regulated by peroxisome proliferator-activated receptor gamma (PPAR y) and PGC1 o 33, PGC1 a functions as a
master regulator that integrates and coordinates the activity of nuclear respiratory factors 1 and 2 (NRF1-2) and
mitochondrial transcription factor A (TFAM) 24l By attaching to TFAM promotor sites, they set off the mitochondrial
transcription and replication processes [34I35 The reduction in ATP synthesis, compromise in mitochondrial
integrity, and elevation in oxidative stress are all consequences observed when these processes become
imbalanced (28],

Deficiencies in the process of mitochondrial biogenesis may potentially contribute to the manifestation of
mitochondrial dysfunction in various neurodegenerative conditions, such as Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease, and Friedreich ataxia, among other notable examples 7. The neurodegenerative
process is believed to involve oxidative stress from ROS generation, but the downstream steps of mitochondrial
malfunction leading to neuronal cell death are not well known. Mitochondria are both the main generators of ROS

and the principal targets of increased exposure to them.

Moreover, with the progression and increased accessibility of imaging technologies, the previously held notion of
mitochondria as stationary, bean-shaped cellular structures has been invalidated. The mitochondria, being highly
mobile and dynamic organelles, exhibit a remarkable ability to undergo fusion and fragmentation. This intricate
process, referred to as “mitochondrial dynamics”, is tightly regulated and occurs in response to various
environmental stimuli 28, In a cell, mitochondria that have fused together can be seen as a tubular network with
many connections. The efficient transfer of mtDNA during mitochondrial biogenesis and a metabolic rate that
matches the cell's energy needs are both made possible by this network. Consequently, the health of a cell

depends on a finely tuned balance between fusion and fission (Figure 2).

The focus of scientific inquiry pertaining to mitochondrial dysfunction and its implications in neurological disorders
has predominantly revolved around neurons. On the contrary, the involvement of malfunctioning mitochondria in
the functioning of glial cells and its potential impact on neuronal homeostasis and brain function have received
limited attention in the scientific literature. However, based on the available evidence, it is evident that the
maintenance of mitochondrial health within glial cells plays a crucial role in the proper functioning of neurons 2
(Figure 1).
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Figure 1. Mitochondrial dysfunction in biogenesis processes and dynamics triggers neurodegenerative diseases.

MITOCHONDRIAL
DYSFUNCTION
* SYNAPTOGENESIS
? SYNAPSE LOSS

ALTERED CALCIUM SIGNALLING
NEURONS

? SUSCEPTIBILITY TO OXIDATIVE
STRESS

RESPIRATION
&
l ATP PRODUCTION

OXIDATIVE STRESS
INFLAMMATORY RESPONSE
NEURONAL INJURY

* AB CLEARANCE

DEGENERATION CELL DEATH GLIA CELLS

DEMYELINATION
OXIDATIVE STRESS

AB UPTAKE DYSFUNCTION
IMPAIRED AUTOPHAGY

¢ MITOCHONDRIAL RESPIRATION

Figure 2. Consequences of mitochondrial dysfunction depending on glia cells or neuron types 241391401
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3.1.1. Mitochondrial Dysfunction in Alzheimer’s Disease

Abnormalities in mitochondrial function, such as elevated ROS generation, decreased ATP synthesis, disturbed
mitochondrial Ca?* homeostasis, and mitochondrial dynamics and transport abnormalities, are strongly linked to
Alzheimer’s disease. For instance, mitochondrial malfunction and calcium homeostasis disturbances might lead to
synaptic dysfunction. Neuronal mitochondrial dysfunction is exacerbated by these physiologic changes. Some
details of AD, the most common form of neurodegenerative disease, remain unknown. Amyloid plaques, made of
amyloid-beta protein (A), and neurofibrillary tangles, made of hyperphosphorylated tau, are seen extracellularly in
AD patients 4941 AR induces apoptotic cell death in neurons via mechanisms involving oxidative stress,
inflammation, and mitochondrial dysfunction, like those characteristics associated with mitochondrial biogenesis
deficiencies. This data supports the hypothesis that defective mitochondrial biogenesis contributes to the aetiology
of AD. Decreased levels of peroxisome proliferator-activated receptor coactivator 1 (PGC1 a), nuclear factor
erythroid 2-related factor 2 (Nrf2), and mitochondrial transcription factor A (TFAM) have been seen in cellular and
murine models of AD and in postmortem brain tissue of AD patients 4243 |n both cellular and mouse models of
AD, pharmacological activation, or overexpression of PGC1 o protects against nitrosative stress, increases
mitochondrial mass as evidenced by increased citrate synthase (CS) activity and OXPHOS levels, reverses

mitochondrial dysfunction, and decreases neuronal loss 441,

Thus, mitochondrial dysfunction and oxidative damage have been extensively studied for their potential role in the
aetiology of AD. Before severe plaque pathology develops, oxidative damage occurs in the AD brain 22!, Reddy’s
laboratory has conducted extensive research on mitochondrial dysfunction in Alzheimer’s disease and has
published numerous articles describing both the manifestations and causes of mitochondrial dysfunction in
Alzheimer’s disease. For instance, they showed that the upregulation of genes involved in mitochondrial
metabolism and apoptosis occurs significantly earlier and co-localises with the neurons experiencing oxidative

damage in transgenic APP mice 28] suggesting that oxidative damage precedes A B deposition in these mice 47,

3.1.2. Mitochondrial Dysfunction in Parkinson’s Disease

Parkinson’s disease (PD), the second most prevalent neurodegenerative disorder, is characterised by symptoms
including bradykinesia, resting tremor, postural instability, akinesia, and occasionally dementia. The disease is
characterised by a range of mitochondrial abnormalities, including impairment of the electron transport chain,
changes in mitochondrial morphology and dynamics, mutations in mitochondrial DNA, and disturbances in calcium
homeostasis. These abnormalities are depicted in Figure 2 48 From a pathological standpoint, these
characteristics are indicative of a more pronounced decline in dopaminergic (DA) neurons and the existence of

Lewy bodies containing o -synuclein in the substantia nigra pars compacta (SNpc).
3.1.3. Mitochondrial Dysfunction in Other Neurodegenerative Disease

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder characterised by involuntary
movements, psychiatric disturbances, and subcortical dementia 9. It is caused by an expansion of CAG repeats

that confers a toxic function on the Huntingtin (Htt) protein B%. Although HD’s neuropathology manifests itself in
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multiple brain regions, it is most obviously seen in the striatum, where it is defined by selective cell death. Although
the processes are unknown, defects in mitochondrial biogenesis may contribute to the striatum’s susceptibility to
Huntington’s disease. Transcriptional sup-pression by mHtt-dependent sequestration of transcription factors
CREB/TAF4 has been found in the striatum of HD mouse models and human patients, leading to lower levels of
PGC1 a mRNA and protein BUB2 Oxidative stress, such as lipid peroxidation and DNA oxidative damage, is
significantly elevated in HD, thereby amplifying the formation of amyloidogenic mutant huntingtin (mHtt) aggregates

and possibly contributing to the vicious cycle in the pathophysiology of HD 231,

| 4. Mitochondrial DNA Mutations in Brain Disease

The mitochondria have the characteristic that their cellular function is regulated by a double energy system. On the
one hand, it has nuclear DNA that it shares with the rest of the cells of the organism, and on the other hand, it has
DNA of its own, the mtDNA, which is composed of thirty-seven genes, thirteen peptides, two ribosomal RNAs, and
twenty-two ribonucleic acids, or transfer RNAs B4, |t is precisely this unique origin of mtDNA from the egg that
explains why mitochondrial pathologies present maternal patterns in the exclusive alterations of mtDNA B2, |t is
known that the main function of mitochondria is to facilitate cellular respiration for metabolic energy, in addition to
other functions involved in pathways such as cytogenesis, thermogenesis, intracellular Ca2 regulation, or fatty acid
oxidation (28],

Although evidence has been found that there are mutations in genes encoded in nDNA, it has been established in
recent decades that the main mutations in mtDNA lead to dysregulation and malfunction of the oxidative
phosphorylation system B, All these mutations cause the so-called mitochondrial pathologies or mitochondrial
encephalomyopathies, still considered “rare diseases” since their prevalence is low, i.e., less than 5/10,000
inhabitants 2859, However, the impact on the paediatric population is very serious, this being the most frequent
age range of onset. Similarly, diagnosis in adults is becoming more common B9, These diseases are still a
challenge for medicine today and are characterised by very heterogeneous clinical manifestations with alterations
in different tissues and organs. However, they share the alteration of oxidative phosphorylation with the presence

of encephalopathy and lesions at the muscular level 6162],

In relation to the brain pathologies that have been determined so far to be associated with mitochondrial mutations,
scholars find symptomatology such as seizures, convulsions, and reduced intellectual capacity, although the
symptomatology will depend on the phenotype, the mutation, and the level of complementation with normal mtDNA
[63](64][65]  Mitochondriopathies present a wide variety of phenotypes, depending on their association with point

mutations or when insertions, deletions, or both appear and the DNA is restructured.

Leber’s hereditary optic neuropathy is included in this categorisation and is associated with bilateral optic atrophy
and other symptoms such as dystonia. Early onset (12—30 years) and more prevalent in males than in females [6€l,
The most frequently identified mutations are A-G 11,778 in the ND4 gene and G-A 3460 in the ND1 gene [671(68],
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In relation to diseases due to insertions or deletions, or both, that produce restructuring of mtDNA, the Kearns—
Sayre syndromes, Pearson syndromes, as well as the Leukoencephalopathic syndromes and chronic sporadic
progressive external ophthalmoplegia are related 9. In this line, a recent study has been able to identify
psychiatric and neurodegenerative pathologies and diseases associated with ageing related to genetic alterations
in the mitochondrial DNA of the brain [,

In AD and PD, the results indicated elevated levels of heteroplasmy as well as a higher presence of variants in the
parietal cortex, cerebellum, and hippocampus in AD patients compared to the control group. Specifically in AD, the
most frequent mutation is the 4977 bp deletion (m.8470_13477del) in the temporal lobe, which occurs with a higher
mutation load in the caudate nucleus than in the frontal gyrus Z4],

Understanding the pathological mechanisms of mitochondrial DNA mutations should be useful to design effective
therapeutic interventions in each patient, knowing the heterogeneity of the clinical presentation 2. Currently, there
is no treatment for these pathologies, with some exceptions in which the mutation appears in a single organ and is

amenable to transplantation Z31,

| 5. Impaired Oxidative Phosphorylation and Brain Disease

Cellular bioenergetics has studied cellular processes over the last few decades and has been able to confirm that
most of these processes are induced by the hydrolysis of adenosine triphosphate (ATP). Through the prolonged
oxidation of fatty acids, amino acids, and monosaccharides, ATP homeostasis is maintained 4. The energy of
these elements is transferred mainly as electrons to flavin adenine dinucleotide (FAD) or nicotinamide adenine

dinucleotide (NAD+), although some are converted directly to ATP 28],

The OXPHOS system ensures higher energy utilisation thanks to its dual activity. On the one hand, the electron
transport chain includes ATP synthase, coenzyme Q (CoQ10), cytochrome ¢ (Cytc), and the respiratory complexes
CI-lV, proteins that are in the inner membrane of the mitochondrion and that are originated by the unification of
units encoded in both the mtDNA and the DNA of the mitochondrial nucleus BZ. On the other hand, the
propagation of protons from the mitochondrial matrix to the intermembrane space occurs and facilitates the
emergence of the proton-motive force, essential for ATP synthesis. The last process in this system involves the

utilisation of electrochemical energy to propagate ATP synthesis 31761,

Sirtuins are one of the primary metabolic sensors in the cell, and this is possible because they are more sensitive
to metabolic state, increasing the NAD+/NADH (reduced nicotinamine adenine dinucleotide) ratio after physical

activity or fasting, stimulating deacetylation by sirtuins EZIZ8],

Regarding the energy metabolism of the cells of the Central Nervous System (CNS), neurons need a large amount
of ATP and are dependent on the constant circulation of glucose 2879 |n addition, these cells have no glycogen
reserves. Therefore, it is important to maintain the functionality of the mitochondria in these cells since a

deterioration of this functionality is related to neurodegeneration, both in old age and in diseases such as AD B9,
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When there is an impairment in oxidative phosphorylation mediated by the OXPHOS system, the antioxidant
mechanisms of the biological system are imbalanced, and this will lead to alterations in metabolic pathways and
their activity, as well as the accumulation of intracellular aggregates, apoptosis, excitotoxicity, and mitochondrial

dysfunction 1],

In this line, recent studies based on animal models, specifically an in vitro model of the neuroblastoma cell line SH-
SY5Y, have been able to find neuronal loss in the substantia nigra leading to dopaminergic hypofunction &2, It is
also interesting to know that many AD patients present parkinsonian symptomatology as well as significant damage
to the cholinergic system. The presence of significant cortical cholinergic denervation suggests that these cells are

more vulnerable to pathology [B2I[83],

| 6. Mitochondrial Dynamics in Neuronal Health

Neurons are complex, excitable, and polarised cells that require enormous amounts of energy. This demand for
adenosine triphosphate (ATP) is primarily met through oxidative phosphorylation in mitochondria. Mitochondria play
an essential role in neuronal function, undergoing constant cycles of fission/fusion at sites of energy demand. The
morphology of mitochondria varies between axonal and dendritic compartments. Axons, which are smaller due to
their self-correcting capacity that prevents extremes in size, exhibit more dynamic behaviour than dendrites.
Recent advances have improved our understanding of mitochondrial dynamics and neuronal function. In particular,
the mitochondrial permeability transition (MPT) governs mitochondrial dynamics and its transformation. Balanced

fission/fusion is crucial for transportation.

The knowledge of the importance of mitochondria for neuronal health is increasingly consolidated. In fact,
mitochondria are essential for maintaining local energy supplies and attenuating calcium flux in neurons. Devine et
al. established in their 2016 review the dependence of miro proteins on coordinating mitochondrial trafficking,
dynamics, and turnover in neuronal homeostasis [B4l. Specifically, mitochondrial dynamics are crucial for adjusting
mitochondrial activity and efficiency. Initially, mitochondria were considered isolated and immobile organelles, but
they are now recognised as highly active and interconnected systems within cells. This movement not only affects
mitochondrial structure but also impacts the activity of organelles present in the cytoskeleton. This process,
specifically regulated by mitochondrial fission/fusion cycles, is known as mitochondrial dynamics. These dynamics
play a prominent role in cellular homeostasis, and abnormalities in mitochondrial fission/fusion proteins are
associated with diseases, particularly age-related diseases. Altered expression of certain dynamic mitochondrial
proteins is linked to ageing and age-related disorders, connecting ageing with a decline in mitochondrial activity

and defective mitochondrial biogenesis.

In addition to ageing, various neurodegenerative disorders are determined by mitochondrial dysfunction. Avdoshina
et al. [ demonstrated that the gp120 protein of HIV reduces mitochondrial capacity and distribution. These
alterations in mitochondrial distribution initiate neurodegeneration because the disruption of mitochondrial

trafficking negatively affects energy distribution in synapses. It is noteworthy that these consequences occur even
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in the absence of the virus, suggesting that this protein alone is sufficient to initiate definitive neurodegenerative

mechanisms, interacting with different endogenous neurotoxins or different pathophysiological insults 2!,

Studying the characteristics of mitochondrial dynamics, including fission/fusion, transport, biogenesis, and
degradation, is essential for understanding neuronal health. In fact, mitochondrial dynamics and bioenergetics are
interconnected. This is particularly relevant for neurons, as they depend on mitochondria for bioenergetic support.
Van Laar and Berman 88 highlight the importance of the interplay between bioenergetics and mitochondrial
dynamics in neurodegenerative processes. Different forms and structural characteristics of mitochondria correlate
with the diverse bioenergetic needs of the tissues they occupy. Neurons rely on mitochondrial oxidative
phosphorylation as their primary energy supply. Preserving a functional population of healthy mitochondria is

therefore particularly challenging at the neuronal level.

| 7. Calcium Dysregulation and Its Impact on Mitochondria

Cellular dysfunctions affecting structures such as mitochondria and the endoplasmic reticulum, along with
increased oxidative stress and dysregulation of calcium homeostasis, are linked to the pathogenesis of Alzheimer’s
disease (AD). The sodium-calcium exchanger (NCLX) is crucial for cellular metabolism regulation in both the
plasma membrane and mitochondria. The dependency between energy metabolism and intracellular calcium levels
is proposed as one of the first modifiable deteriorations in brain ageing. Therefore, it is essential to determine
whether modifying NCLX activity to increase cellular metabolism and mitochondrial calcium content could prevent

neuronal impairment and death 32,

Both PD and AD are neurodegenerative diseases originating from misfolding and aggregation of key proteins.
Oligomeric beta-amyloid and alpha-synuclein stimulate mitochondrial depolarization due to excessive calcium and
free radical generation, leading to the opening of the mitochondrial permeability transition pore and ultimately cell
death 7,

Among neurodegenerative diseases related to ageing, AD is the most prevalent and is associated with the
deposition of beta-amyloid protein in senile plaques. Intracellular calcium acts as a second messenger and is
essential for regulating neuronal functions, action potential, and synaptic plasticity. Abnormal aggregation of beta-
amyloid peptide (AB) is proposed as a precursor to degenerative events in cholinergic neurons. Therefore,
alterations in calcium homeostasis are investigated to understand the processes of AB-induced neurodegeneration.
Neurofibrillary tangles (NFTs), aggregates of hyperphosphorylated tau protein, give rise to the “tau hypothesis”,
where NFTs are considered the main culprits in neuronal loss and memory impairment due to axonal transport

alterations in AD.

Scientific evidence indicates that excitatory synaptic dysregulation participates in neurodegeneration. In fact,
dysregulation of mitochondrial calcium is associated with post-synaptic excitatory neurodegeneration. It was

documented how excitatory lesions associated with neurodegeneration in PD, AD, amyotrophic lateral sclerosis
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(ALS), and HD. Therefore, therapeutic research should also focus on preserving mitochondrial function through

calcium homeostasis regulation (8!,

In this context, the primary excitatory neurotransmitter in the brain is glutamate, which binds to several receptors,
including the N-methyl-D-aspartate receptor (NMDAR). NMDARs play roles in synaptic plasticity and excitotoxic
cell death. Mitochondria, in turn, have fundamental functions such as ATP production and calcium regulation.
Apoptosis, or the opening of the mitochondrial transition pore, resulting from disturbed mitochondrial calcium
homeostasis, can lead to neuronal death. This undesirable outcome is related to the pathogenesis of diseases
such as AD, PD, stroke, or traumatic brain injury. Therefore, the role of glutamate is indispensable for synaptic
plasticity and cell death in relation to NMDA receptors, which are permeable to calcium and generate different
signalling pathways depending on their location B8, Calcium signalling is crucial for mitochondrial activity, and its
dysregulation is linked to the development of neurodegenerative diseases such as AD. Dysregulated calcium

homeostasis disrupts mitochondrial function, which is associated with neurodegeneration.

| 8. Reactive Oxygen Species and Mitochondrial Dysfunction

ROS are chemically reactive molecules derived from oxygen metabolism that play crucial roles in cell signalling
and homeostasis. Nevertheless, their excessive production can lead to oxidative stress, causing damage to cellular

components, including proteins, lipids, and DNA B2,

Mitochondria, the energy-producing organelles within cells, are a significant source and target of ROS because of
aerobic respiration and oxidative phosphorylation (OXPHOS) processes. Hence, recent studies have revealed that
mitochondria are primarily responsible for generating significant amounts of ROS, like superoxide anion, oxygen
free radicals, hydroxyl radicals, and hydrogen peroxide, through the mitochondrial electron transport chain (ETC)
(991 consequently, these ROS may exacerbate oxidative stress, leading to cellular damage 1. Moreover, other

cellular sources of ROS include peroxisomes, endoplasmic reticulum, and phagocytic cells [221931[94]

To counteract ROS-induced damage, cells have evolved an intricate antioxidant defense system. This system
comprises antioxidant enzymes, such as superoxide dismutase, catalase, and glutathione peroxidase, which
scavenge and neutralise ROS. Additionally, non-enzymatic antioxidants, including vitamin C, vitamin E, and
glutathione, play essential roles in maintaining cellular redox balance R9EIR7IIOEIIIL00] | this line, mitochondrial
dysfunction, which implies an inability to overcome this oxidative stress, has been implicated in various diseases,

including neurodegenerative disorders.

In Alzheimer’s disease, specific histopathological features characterise brain tissue. These hallmarks include
intracellular neurofibrillary tangles and extracellular senile plaques composed of the amyloid-beta peptide in an

aggregated form, often associated with metal ions such as copper, iron, or zinc [101[102][103][104]105] These metal

ions can play a role in the generation of ROS when bound to the amyloid-beta peptide. When redox-active metal
ions like copper or zinc bind to the amyloid-beta peptide, they facilitate the production of ROS 191 The most

reactive ROS produced in this process is the hydroxyl radical. Consequently, it may cause oxidative damage not
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only to the amyloid-beta peptide itself but also to surrounding molecules, including proteins, lipids, and other

cellular components 197,

Regarding PD, it is well known how its pathophysiology involves a reduction of dopamine due to the impairment of
dopamine-producing neurons in the substantia nigra (1981, Nevertheless, it has been proposed that another protein,
alpha-synuclein, may also be associated with the pathophysiology of Parkinson’s disease. In this line, the previous
literature suggested how mutations in a gene responsible for alpha synuclein production led to the formation of a
mutant protein, which has the ability to induce the accumulation of dopamine in the cytoplasm of neurons 1091110
Moreover, this mutant alpha-synuclein disrupts the integrity of the vesicles that contain dopamine, resulting in their
permeation and subsequent leakage of dopamine into the cytoplasm. Therefore, the released dopamine suffers
autoxidation, leading to the generation of hydrogen peroxide, superoxide molecules, and toxic dopamine-quinone
species, promoting an oxidative environment 2 which can contribute to cellular damage and compromise

Parkinson’s development.

9. Inflammation and Mitochondrial Impairment in Brain
Disease

The human brain represents the pinnacle of evolutionary progress due to its intricate functionality, enabling
cognitive processes, memory retention, motor control, and emotional experiences. The primary objective of
maintaining a healthy lifestyle is to ensure optimal cognitive function of the brain throughout the entirety of one’s
lifespan. The incidence of neurological disorders and the challenges associated with maintaining optimal brain
health escalate concomitantly with the advancing age of the populace. There have been numerous neurological
conditions that have been associated with compromised cerebral function and adverse health consequences in
individuals 222, There are three main categories to categorise neurological diseases that lead to cognitive
impairment (Figure 3). Firstly, brain diseases that cause obvious damage to brain structures include stroke, head
trauma, malignant brain tumours, meningitis, and a variety of communication and sensory abnormalities. Brain
disorders (such as PD and AD) and mental disorders (such as schizophrenia, depression, bipolar disorder,
alcoholism, and drug misuse) are examples of functional brain disorders with a demonstrable breakdown of brain
connections or networks. Finally, migraines, sleep difficulties, and other neurological conditions that do not cause
obvious damage to the brain 12, Mitochondrial dysfunction can be both the cause and consequence of
inflammatory processes and lead to metabolic adaptations that can be either protective or progressively

detrimental to our brains and lead to any of the above processes and diseases 112!,
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Figure 3. Brain diseases brought on by inflammation and resulting from mitochondrial malfunction.

Stroke is a major contributor to adult mortality and disability rates. Neuronal mortality caused by ischemia and
reperfusion (I/R) has been linked to mitochondrial malfunction. The survival of neurons and their functional
enhancement depend on mitochondria (114, Yan et al. specified that the mitochondrial disease that contributes to
neuronal mortality following stroke includes calcium overload, opening of the mitochondrial permeability transition

pore (MPTP), and excessive formation of ROS [113],

To further enhance our comprehension of mitochondrial dysfunction and its correlation with brain disease, it is
imperative to delve into the realm of sepsis-associated encephalopathy (SAE). This neurological complication,
which arises frequently in conjunction with sepsis, remains insufficiently comprehended. Notably, SAE is often
accompanied by cerebral coagulopathy, ischemia, and brain inflammation 228, From a medical perspective, it is
important to note that SAE (Severe Acute Encephalopathy) is commonly linked to a significant risk of mortality.
Additionally, individuals who do survive this condition often experience persistent autonomic nerve dysfunction,

delirium, or cognitive dysfunction to varying extents.

10. Mitochondria and Neurotransmitter Systems in
Psychiatric llinesses

Mitochondria are essential organelles responsible for energy production and cellular homeostasis. Disruptions in
mitochondrial function have been implicated in various neurodegenerative diseases, and recent studies have
begun to uncover their involvement in psychiatric illnesses as well. Mitochondrial dysfunction in the central nervous
system can lead to increased oxidative stress, impaired energy production, and dysregulation of ion homeostasis,

which may contribute to neuronal damage and functional deficits seen in psychiatric disorders 27,

In this line, several psychiatric illnesses such as depression, Parkinson’s disease, Alzheimer’'s disease,

schizophrenia, bipolar disorder, and anxiety disorders have been related to alterations in serotonin, dopamine,
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glutamate, and gamma-aminobutyric acid (GABA) signalling [108I[L18][119][120][121]122] Hence, it has been described
in the recent literature how dysregulated neurotransmitter signalling may lead to increased oxidative stress and

mitochondrial damage, further exacerbating the dysfunction of these organelles [1231124]

Firstly, it has been largely described how, in depression, there may be an imbalance in the production and release
of neurotransmitters such as dopamine, serotonin, glutamate, or noradrenaline. These essential chemical
messengers play a crucial role in regulating mood, cognition, and various physiological processes, and any
disruption in their delicate equilibrium can significantly impact mental health and cognitive function, contributing to
the onset and progression of these debilitating conditions 125, Moreover, recent literature has pointed out how
mitochondrion dysfunction, including lower respiratory chain enzyme activity and decreased ATP production, may
be related to higher oxidative stress and, consequently, be associated with major depression. Similar results were
found regarding higher production of ROS species and modifications in oxidative stress enzyme activities 1281, |n
this line, it is important to point out modifications that could affect enzyme activities, as they may modulate
neurotransmitter levels. This is the case with monoamine oxidase activity. Oxidative deamination of monoamine
neurotransmitters and serotonin metabolism is carried out through the monoamine oxidase (MAO) enzyme.
Nevertheless, this process could enhance oxidative subproducts, such as hydrogen peroxide, leading to an
overproduction of ROS. Excessive ROS production can result in detrimental effects on neurons, leading to
apoptosis and mitochondrial dysfunction 227, Thus, raised MAO levels were found in patients with depression,

suggesting how this MAO activity may compromise depression management 1281,

Regarding Parkinson’s disease, as mentioned above, a mutant form of an enzyme, alpha synuclein, has been
identified for its capability of disturbing the integrity of the vesicles that contain dopamine, promoting their breakup,
and favouring the release of dopamine into the cytoplasm. As a result, an autoxidation process occurs, promoting
ROS production and cellular harm 123,

Concerning Alzheimer’s disease, two neurotransmitters are relevant: acetylcholine and glutamate. Hence, raised
glutamate and decreased acetylcholine levels were found in Alzheimer’s patients 139, As the primary excitatory
transmitter of the brain, glutamate plays a pivotal role in all cognitive functions, serving as the main transmitter of
cortical and hippocampal pyramidal neurons. Additionally, glutamate and its receptors are instrumental in long-term

potentiation, a critical process believed to be the foundation for learning and memory 1211,

Regarding anxiety disorders, recent studies conducted over the past few years have provided strong evidence
suggesting that anxiety disorders may exhibit decreased antioxidant defences and an elevation in oxidative
damage to essential biomolecules such as proteins, lipids, and nucleic acids. Thus, heightened ROS activity may
contribute to cellular damage, including the oxidation of several structures such as membrane phospholipids,
proteins, as well as nuclear and mitochondrial DNA, causing lipid peroxidation and protein dysfunction 321,
Particularly, oxidative modifications to proteins have been suggested as a key contributor to the development and

advancement of various psychiatric disorders, including anxiety and depressive disorders.

| 11. Mitochondrial Biomarkers in Brain Disease
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11.1. Mitochondrial Biomarkers in Neurodegenerative Disorders

The search for mitochondrial biomarkers in brain disease has predominantly focused on neurodegenerative
disorders such as Alzheimer’s disease, Parkinson’s disease, and Huntington's disease. These disorders are
characterised by the accumulation of abnormal protein aggregates, mitochondrial dysfunction, and progressive

neurodegeneration.

In this line, neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s disease, and Huntington’s
disease, are characterised by progressive neuronal loss and cognitive decline. Mounting evidence suggests that
mitochondrial dysfunction plays a critical role in the pathogenesis of these disorders, leading to a heightened

interest in the search for mitochondrial biomarkers 1331,

In Alzheimer’s disease, the measurement of mitochondrial biomarkers in cerebrospinal fluid (CSF), such as levels
of amyloid-beta, tau, and phosphorylated tau proteins, has shown promise in aiding early diagnosis and tracking
disease progression. Increased CSF levels of amyloid-beta and tau proteins, which are involved in the formation of

plagues and neurofibrillary tangles in AD, correlate with mitochondrial dysfunction and neuronal damage.

Neuroimaging techniques have also been employed to assess mitochondrial function in neurodegenerative
disorders. Positron emission tomography (PET) imaging using radiotracers specific to mitochondrial function, such
as [*18F]fluorodeoxyglucose (FDG), can measure glucose metabolism, which is closely linked to mitochondrial
activity. Reduced glucose metabolism in specific brain regions affected by neurodegeneration can serve as an

indirect marker of mitochondrial dysfunction.

11.2. Mitochondrial Biomarkers in Psychiatric llinesses

Psychiatric illnesses, including major depressive disorder, bipolar disorder, and schizophrenia, are complex and
multifactorial conditions that significantly impact the well-being and quality of life of affected individuals. While these
disorders have traditionally been associated with neurotransmitter imbalances and abnormalities in brain circuitry,
emerging evidence suggests that mitochondrial dysfunction plays a crucial role in their pathogenesis. The
identification and characterisation of mitochondrial biomarkers in psychiatric illnesses have garnered considerable
attention in recent years, offering new insights into disease mechanisms, facilitating early diagnosis, and guiding

personalised treatment approaches 1341,

In major depressive disorder, alterations in mitochondrial function have been observed, leading to the exploration
of mitochondrial biomarkers as potential diagnostic tools and treatment response predictors. Peripheral levels of
mitochondrial DNA (mtDNA) have shown promise as biomarkers for differentiating subtypes of depression,
monitoring treatment efficacy, and predicting outcomes. Additionally, markers of oxidative stress and mitochondrial

enzyme activity have been investigated, providing further insights into mitochondrial dysfunction in depression 133,

Bipolar disorder, characterised by cyclic mood swings between manic and depressive episodes, has also been

associated with mitochondrial dysfunction. Mitochondrial biomarkers, including mtDNA levels and markers of

https://encyclopedia.pub/entry/49151 17/34



Pathological Mechanisms of Mitochondria in Brain Disease | Encyclopedia.pub

oxidative stress, have demonstrated potential for distinguishing between different mood states, predicting relapse,
and monitoring treatment response. These biomarkers offer the possibility of developing targeted interventions that

directly address mitochondrial dysfunction in bipolar disorder.

Schizophrenia, a complex psychiatric disorder, is characterised by disturbances in perception, cognition, and
emotional regulation. Growing evidence suggests that mitochondrial dysfunction contributes to the pathogenesis of
schizophrenia, and mitochondrial biomarkers have been investigated to improve our understanding of the disorder.
Peripheral levels of mtDNA, markers of oxidative stress, and mitochondrial enzyme activity have been explored as
potential diagnostic markers and indicators of disease severity. These biomarkers may help identify specific
subgroups of patients with distinct mitochondrial profiles, facilitating the development of tailored treatment

strategies [122],

The identification and validation of reliable mitochondrial biomarkers in psychiatric illnesses face several
challenges. Standardisation of sample collection and measurement techniques, as well as the establishment of
reference ranges and diagnostic thresholds, are crucial for the widespread use and interpretation of these
biomarkers. Longitudinal studies with large cohorts are needed to validate their diagnostic and prognostic value,

monitor treatment response, and evaluate their potential for guiding personalised interventions.

In conclusion, the investigation of mitochondrial biomarkers in psychiatric illnesses holds promise for advancing our
understanding of disease mechanisms, improving early detection and diagnosis, and guiding personalised
treatment approaches. Moreover, recent studies have highlighted the involvement of mitochondrial dynamics in
psychiatric illnesses. Mitochondrial fusion and fission, processes that regulate mitochondrial morphology and
distribution, have been found to be dysregulated in major depressive disorder and bipolar disorder. Altered
expression and activity of proteins involved in mitochondrial dynamics, such as dynamin-related protein 1 (Drpl)
and mitofusins, have been observed in postmortem brain tissue of individuals with these psychiatric conditions.
These findings suggest that disruptions in mitochondrial dynamics contribute to the pathophysiology of these

disorders and may represent potential therapeutic targets 1361,

| 12. Therapeutic Strategies: Mitochondrial Protective Agents

Mitochondrial damage refers to the alteration or dysfunction of mitochondria, the intracellular structures responsible
for producing energy in the form of ATP. Mitochondria are vital for cellular functioning and play a key role in many
biological processes. Some mechanisms are involved in mitochondrial damage. One of them is oxidative stress,
associated with an imbalance between reactive oxygen species (ROS) production and elimination damaging
mitochondrial structures and compromising their function 137 Oxidative stress is associated with
neurodegenerative diseases such as Alzheimer’'s and Parkinson’s 138 as well as cardiovascular diseases,
diabetes, and cancer (13911401141 |y zddition, Electron transport chain dysfunction leads to inadequate ATP
production and increased ROS release, further damaging mitochondria 142, Moreover, accumulated mitochondrial
DNA damage can negatively affect mitochondrial function and contribute to ageing and various age-related

diseases, such as cardiovascular diseases and neurodegenerative disorders 1431,
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A number of pharmaceutical medications and naturally occurring substances, which have been classified as
mitochondrial protective agents, have demonstrated promise in the preservation of mitochondrial integrity and
functionality. Mitochondrial damage-associated disorders may potentially benefit from the use of these

interventions for treatment or prevention purposes.

Regarding the evidence for these mitochondrial protective agents, preclinical studies have shown that coenzyme
Q10 supplementation improves mitochondrial function, reduces oxidative stress, and provides neuroprotective
effects in animal models of neurodegenerative diseases [144I145]1146] Coenzyme Q10 has antioxidant and anti-
inflammatory effects and plays a role in energy production and mitochondrial stabilisation, which are mechanisms

by which coenzyme Q10 exerts its neuroprotective effects [147],

Resveratrol is recognised for its antioxidant, anti-inflammatory, anti-apoptotic, and anticancer properties. It has
been shown to influence mitochondrial function, redox biology, and dynamics in both in vitro and in vivo
experimental models. Additionally, resveratrol can mitigate mitochondrial damage caused by specific stressors by
enhancing mitochondria-located antioxidant enzymes, thereby reducing reactive species production in these
organelles. Furthermore, resveratrol stimulates mitochondrial biogenesis, leading to an improved bioenergetic

status of mammalian cells [148],

Regarding the effectiveness of curcumin on neurological diseases, some pharmacological effects have been
attributed to it: anticancer, anti-inflammatory, antioxidant, antithrombotic, chemo sensitising and chemo preventive,
antiatherosclerosis and cardioprotective, lipid-modifying, antibacterial, antifungal, antiviral, analgesic,
pulmonoprotective, antidepressant, and antirheumatic activities 1491[150][151][152][153][154]

A deficiency of L-carnitine can lead to impaired mitochondrial function and cellular metabolic alterations, potentially
underlying several disease states [123. Extensive preclinical and clinical research has confirmed the beneficial role
of L-carnitine treatment in conditions such as myalgic encephalomyelitis, chronic fatigue syndrome [238] and
neurodegenerative diseases 157, Recent studies are beginning to unveil L-carnitine’s ability to modulate gene
expression and other vital biological processes, in addition to its crucial role in mitochondrial energy metabolism
(158][159] * Moreover, both L-carnitine and acetyl-L-carnitine have been linked to the prevention of toxic effects
caused by beta-amyloid and the improvement of symptoms in Alzheimer’s disease 232, These neuroprotective
effects may be related to the reduction of amyloid-related mitochondrial dysfunction and a decrease in reactive
oxygen species levels 189 Acetyl-L-carnitine has shown promise in reducing beta-amyloid 1-42-induced protein
and lipid oxidation, enhancing antioxidant potential by increasing glutathione and heat shock proteins 261 and
preventing ATP depletion induced by beta-amyloid 162, Experimental studies have demonstrated that treating
cortical neurons with acetyl-L-carnitine can counter the neurotoxic effects of beta-amyloid 25-35 fragment 269 and
attenuate beta-amyloid 1-42-induced toxicity and apoptosis, which could be attributed to a reduction in protein and
lipid oxidation 2611,

13. Metabolic Modulators and Mitochondrial Function in
Brain Diseases
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Mitochondria, the most fascinating cell organelles, are crucial for cellular respiration and energy production.
Additionally, they play a vital role in regulating cellular homeostasis by controlling energy production, calcium
signalling, cell metabolism, and apoptosis. Mitochondrial dysfunction has been linked to a wide range of diseases,
including neurodegenerative disorders, metabolic syndromes, and cardiovascular disease [183. Mitochondrial
dysfunction is a common feature of many diseases, including neurodegenerative disorders. Specifically, glucose
metabolism dysregulation reduces energy generation in the brain and negatively impacts neuronal function; lipid
metabolism alteration increased oxidative stress and accumulation of waste products; and dysregulation of calcium

homeostasis ultimately contributes to disease pathogenesis [164I165],

The aetiology and pathogenesis of some neurodegenerative disorders and brain diseases such as Alzheimer’s,
Parkinson’s, and Huntington’s disease exhibit a complex interaction between metabolism and mitochondrial
function. Mitochondrial dysfunction and metabolic disorders can be key factors in the pathogenesis and
progression of these diseases, highlighting the importance of further research and understanding of this
relationship to develop effective therapeutic approaches to address these conditions. Specifically, in Alzheimer’s,
there is an abnormal accumulation of beta-amyloid and tau proteins in the brain, leading to the formation of
plaques and neurofibrillary tangles (1881, These protein aggregates can impair mitochondrial function and generate

oxidative stress, resulting in neuronal damage and reduced energy production in mitochondria 1671,

Several metabolic modulators have been studied in relation to mitochondrial function in the brain. These
compounds have the ability to influence cellular metabolism and mitochondrial activity, which can have beneficial

effects on brain function and the management of neurodegenerative diseases 1681,

Regarding clinical evidence of metabolic modulators, preclinical and clinical studies have investigated their
effectiveness in improving mitochondrial function and managing brain diseases. Some promising results have been
reported. Specifically, preclinical studies have shown that alpha-lipoic acid improves mitochondrial function and
reduces oxidative stress in the brain, which could be beneficial in neurodegenerative diseases [L6L7OL7L]172]
Moreover, clinical trial studies using supplementation with alpha-lipoic acid have found that it improves cognition
and mitochondrial function in patients with brain diseases [ZZ3I[L74]l175]

| 14. Gene Therapy for Restoring Mitochondrial Function

Gene therapy has emerged as a promising approach for targeting mitochondrial dysfunction in the context of brain
disease. By introducing therapeutic genes into affected cells, gene therapy aims to restore mitochondrial function
and mitigate the underlying pathological mechanisms. Several studies have demonstrated the potential of gene
therapy in preclinical models of brain disease, highlighting its efficacy in enhancing mitochondrial biogenesis,
improving oxidative phosphorylation, and attenuating neuroinflammation L78[177 One promising gene therapy
strategy involves the delivery of genes encoding mitochondrial-targeted antioxidants, such as manganese
superoxide dismutase (MnSOD) or catalase, to counteract the elevated reactive oxygen species (ROS) levels

observed in brain disease 28],
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Another gene therapy approach involves the delivery of genes encoding mitochondrial fusion proteins, such as
mitofusin 1 and 2 (MFN1 and MFN2), to enhance mitochondrial dynamics and restore impaired mitochondrial
networks. Restoration of mitochondrial fusion has been shown to ameliorate neuronal damage and improve motor
function in animal models of neurodegenerative disorders 179,

Additionally, advancements in genome editing technologies, particularly CRISPR-Cas9, have opened new
possibilities for correcting mitochondrial DNA (mtDNA) mutations associated with brain diseases. Several studies
have demonstrated the successful use of CRISPR-Cas9 in editing mtDNA to correct pathogenic mutations in
patient-derived cells, providing a promising avenue for the treatment of mitochondrial diseases [8d. This
technology offers a simple design, low cost, high efficiency, and the ability to simultaneously edit multiple loci
without the need for plasmids (181, The potential of CRISPR-Cas9 in correcting mtDNA mutations highlights its
significance in the field of gene editing and its application in addressing genetic abnormalities associated with
mitochondrial dysfunction.
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