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Abstract 
_______________________________________________________________________________________________________ 

One of the main characteristics of severe neurodegenerative disorders like amyotrophic 
lateral sclerosis (ALS), Parkinson's disease (PD), Alzheimer's disease (AD), and 
Huntington's disease (HD) is mitochondrial dysfunction.  These disorders cause 
progressive neuronal degeneration due to abnormalities in mitochondrial energy 
metabolism, redox regulation, calcium homeostasis, and quality control pathways.  
Mechanistically, the key pathogenic causes are altered electron transport chain activity, 
dysregulated mitochondrial dynamics (fission and fusion), impaired mitophagy, and 
increased formation of reactive oxygen species (ROS).  Furthermore, mutations in 
proteins such as PINK1, Parkin, SOD1, TDP-43, and huntingtin worsen mitochondrial 
instability and interfere with mitochondrial-nucleus communication.This review provides 
a comprehensive analysis of mitochondrial dysfunction from a mechanistic perspective, 
highlighting disease-specific pathways and molecular targets. We evaluate current and 
emerging pharmacological strategies, including mitochondria-targeted antioxidants, 
biogenesis activators, calcium modulators, and mitophagy enhancers. In addition, we 
discuss drug delivery innovations, such as mitochondrial-penetrating peptides and 
nanoparticle systems, as well as the clinical progress and limitations of mitochondrial 
therapies.By integrating insights from molecular biology, pharmacology, and translational 
neuroscience, this review outlines the therapeutic potential of targeting mitochondria and 
offers perspectives on future drug discovery aimed at mitigating neurodegeneration 
through mitochondrial repair and protection. 
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Highlights: 

• Mitochondrial dysfunction is a convergent driver of 
Alzheimer’s, Parkinson’s, Huntington’s, and ALS, 
linking bio-energetic failure, ROS overload, calcium 
imbalance, and impaired quality control. 

• Distinct molecular defects-including Aβ-ABAD and 
tau interactions in AD, PINK1-Parkin mitophagy loss 
in PD, PGC-1α suppression in HD, and SOD1/TDP-43 
mislocalization in ALS define disease-specific 
vulnerabilities. 

• Therapeutic strategies under investigation restore 
bioenergetics, enhance mitophagy and NAD⁺ 
metabolism, reduce oxidative stress, and prevent 
calcium-driven mPTP opening. 

• Next-generation approaches leverage transcriptional 
activators, mitochondria-targeted delivery systems, 
and optically controlled therapeutics for precise 
mitochondrial modulation. 

• Future directions emphasize genome editing, 
polypharmacology, patient-derived organoid/iPSC 
models, and AI-enabled drug discovery to accelerate 
mitochondrial-based interventions. 

1. Introduction 

Mitochondrial dysfunction constitutes a fundamental 
pathological hallmark across diverse neurodegenerative 
disorders, encompassing a wide array of structural, 
functional, and dynamic impairments. 1 Within the 
central nervous system (CNS), mitochondria play a 
pivotal role in sustaining neuronal viability by driving 
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ATP synthesis via oxidative phosphorylation, regulating 
calcium balance, modulating apoptotic cascades, and 
maintaining redox homeostasis2. Because neurons are 
highly specialized and energy-intensive, they are 
particularly susceptible to even subtle mitochondrial 
perturbations. 3 Disruptions arising from genetic 
defects, environmental exposures, or age-associated 
decline can lead to bio-energetic insufficiency, oxidative 
stress, impaired synaptic transmission, and activation of 
cell death pathways.4 These alterations critically 
contribute to the onset and progression of major 
neurodegenerative diseases, including Alzheimer’s 
disease, Parkinson’s disease, Huntington’s disease, and 
amyotrophic lateral sclerosis. Common mitochondrial 
abnormalities reported in these conditions include 
reduced electron transport chain activity, mitochondrial 
DNA (mtDNA) mutations, excessive fragmentation, and 
defective trafficking and turnover.5 Owing to their 
central involvement in neuronal function and survival, 
mitochondria are increasingly recognized as attractive 
therapeutic targets.6 Advancing our understanding of 
the molecular mechanisms underlying mitochondrial 
dysfunction may pave the way for novel interventions 
aimed at restoring mitochondrial integrity, enhancing 
neuronal resilience, and modifying disease trajectory.7 

1.1 Role of mitochondria in neuronal survival and 
plasticity 

Mitochondria are integral to neuronal survival and 
neuroplasticity, the fundamental process by which the 
brain adapts structurally and functionally to internal 
and external cues.8 Owing to their exceptionally high 
energy demands, neurons depend on mitochondrial 
activity to sustain ion gradients, propagate action 
potentials, and support neurotransmitter release and 
recycling. Through oxidative phosphorylation, 
mitochondria supply the bulk of cellular ATP required 
for these processes.9 In addition to their bio-energetic 
role, mitochondria regulate intracellular calcium levels, 
thereby influencing synaptic transmission and signaling 
pathways associated with plasticity.10 They further serve 
as both generators and regulators of reactive oxygen 
species (ROS), maintaining redox balance within the 
neuronal environment.11 Mitochondrial quality control 
mechanisms-encompassing fission, fusion, biogenesis, 
and mitophagy are critical for distributing functional 
mitochondria to active synapses while eliminating 
damaged organelles. Disturbances in these processes 
compromise synaptic plasticity, reduce dendritic 
complexity, and heighten neuronal vulnerability, 
features commonly associated with neurodegenerative 
and psychiatric disorders.12 Thus, mitochondrial 
integrity is not only vital for neuronal viability but also 
for sustaining the adaptive mechanisms that underlie 
learning, memory, and cognitive resilience.13 

1.2 Brief overview of mitochondrial- targeted 
therapies: 

Mitochondria-targeted therapeutic strategies have 
gained considerable attention as potential interventions 
for neurodegenerative disorders, owing to the pivotal 
contribution of mitochondrial dysfunction to neuronal 
loss.14 Current approaches encompass the use of 

antioxidants such as MitoQ and Coenzyme Q10, 
pharmacological modulators of mitochondrial dynamics, 
agents that stimulate mitophagy, and compounds 
designed to enhance mitochondrial biogenesis or 
optimize electron transport chain activity.15Although 
these modalities have demonstrated promising 
outcomes in preclinical studies, their clinical translation 
remains constrained. A key limitation lies in the 
development of pharmacological agents capable of 
efficiently crossing the blood–brain barrier and 
accumulating within neuronal mitochondria at 
therapeutically relevant concentrations. Furthermore, 
the absence of reliable biomarkers to assess 
mitochondrial function in vivo hampers the real-time 
evaluation of treatment efficacy.16  Disease 
heterogeneity, regional variability of mitochondrial 
involvement, and stage-specific pathological changes 
further complicate therapeutic design and evaluation.17 
Addressing these translational barriers will require the 
advancement of targeted delivery platforms, refined 
patient stratification strategies, and integrated 
biomarker frameworks.18 Such progress is critical to 
fully harness the therapeutic potential of mitochondria-
directed interventions in neurodegenerative disease 
management.19 

2. Mitochondrial Physiology and Neuronal 
Function 

2.1 Mitochondrial Bioenergetics 

Electron transport chain (ETC) complexes I–V: 
structure and function 

Five multi-subunit protein complexes (I-V) make up the 
electron transport chain (ETC), which is found in the 
inner mitochondrial membrane and is essential for 
oxidative phosphorylation and ATP synthesis.20 Every 
complex plays a distinct part in the creation of the 
proton gradient that propels ATP production as well as 
the sequential transfer of electrons.21 

Complex I: With more than 40 subunits, complex I is the 
biggest and most complicated ETC complex.22 It speeds 
up the conversion of electrons from NADH to 
ubiquinone (coenzyme Q10) and the migration of four 
protons from the mitochondrial matrix into the 
intermembrane gap.23 This proton pumping is one of the 
primary sources of the electrochemical gradient needed 
to produce ATP.25 

Complex II: Complex II, a smaller complex that is 
involved in the citric acid cycle and the ETC, is also 
referred to as succinate dehydrogenase.26 It contributes 
indirectly to the proton gradient because, in contrast to 
other complexes, it does not pump protons across the 
membrane; instead, it uses FADH2 to transport 
electrons from succinate to ubiquinone.27 

Complex III: This complex uses a process called the Q-
cycle to move electrons from reduced ubiquinone 
(ubiquinol) to cytochrome c.28 Four protons are moved 
into the intermembrane gap during this procedure, 
which increases the proton motive force.29 The Rieske 
iron-sulfur protein, cytochrome b, and cytochrome c1 
are among the 11 subunits that make up Complex III.30 
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Complex IV: Complex IV, also known as cytochrome c 
oxidase, accepts electrons from cytochrome c and 
delivers them to molecular oxygen, the terminal electron 
acceptor, resulting in the formation of water.31This 
electron transfer process is tightly coupled to the 
translocation of two protons across the inner 

mitochondrial membrane per electron pair, thereby 
contributing to the maintenance of the proton motive 
force.32Structurally, Complex IV is composed of 13 
subunits and incorporates critical copper and heme 
prosthetic groups that mediate efficient electron 
transfer and catalyze oxygen reduction.33

 

 

Figure 1: Graphical representation of Electron transport chain. Shows Inter- membrane space, inner membrane and 
matrix areas Illustration. 

Complex V: Complex V, often referred to as F₀F₁-ATP 
synthase, uses the proton gradient produced by the 
other complexes to create ATP from inorganic 
phosphate and ADP.34 Through the F₀ subunit, protons 
return to the matrix, causing the F₁ subunit's rotating 
mechanism to catalyse the production of ATP.35 It is a 
highly conserved and dynamic complex essential for 
cellular energy production.Collectively, the five 
complexes of the electron transport chain function as a 
highly coordinated and interdependent system, wherein 
dysfunction at any stage can impair ATP production and 
threaten cellular survival. Such deficits are especially 
deleterious in metabolically demanding tissues, such as 
the brain, where energy homeostasis is critical for 
neuronal function and viability.36 

2.1.1 ATP synthesis via oxidative phosphorylation 
(OXPHOS) 

Oxidative phosphorylation (OXPHOS) within the inner 
mitochondrial membrane represents the terminal and 
most vital phase of cellular energy generation.37This 
process is driven by the sequential transfer of electrons 
through the electron transport chain (ETC), wherein 
reducing equivalents from NADH and FADH₂ are 
delivered to complexes I-IV, culminating in the reduction 
of molecular oxygen to water.38 Electron flow is coupled 
to the translocation of protons from the mitochondrial 

matrix into the intermembrane space, thereby 
establishing an electrochemical gradient, or proton 
motive force. The stored potential energy of this 
gradient is subsequently utilized by Complex V (ATP 
synthase), which, upon proton re-entry into the matrix, 
undergoes conformational transitions that catalyze the 
phosphorylation of ADP to ATP. 39This highly 
coordinated mechanism secures a sustained supply of 
ATP, indispensable for diverse cellular functions, 
particularly within neurons that demand substantial 
energy for synaptic activity and signaling.40 

Perturbations in OXPHOS not only compromise ATP 
production but also promote excessive reactive oxygen 
species (ROS) accumulation and cellular stress, 
processes that significantly contribute to the 
development and progression of neurodegenerative 
disorders.41 

2.1.2 Role of mitochondrial membrane potential 
(ΔΨm) 

The mitochondrial membrane potential (ΔΨm) is an 
electrochemical gradient across the inner mitochondrial 
membrane, generated by proton pumping through ETC 
complexes I, III, and IV. It represents the electrical 
component of the proton motive force that drives ATP 
synthesis via ATP synthase and also supports calcium 
uptake, metabolite transport, protein import, and 
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mitochondrial dynamics.42 A stable ΔΨm reflects healthy 
mitochondrial function, whereas its loss is an early 
indicator of dysfunction and stress.43 Sustained 
depolarization can induce mitochondrial permeability 
transition pore (mPTP) opening, release of cytochrome 
c, and activation of intrinsic apoptosis.44 In neurons, 
where energy demand is high, even subtle disturbances 
in ΔΨm impair synaptic activity and plasticity, thereby 
contributing to neurodegeneration.45 

2.2 Mitochondrial Dynamics 

2.2.1 Fission and Fusion: Roles of Drp1, Fis1 
(fission); Mfn1/2, OPA1 (fusion) 

Mitochondrial dynamics, governed by the opposing 
processes of fission and fusion, are essential for 
maintaining organelle function, distribution, and quality 
control in energy-demanding cells such as neurons.46 

Fission is mediated by the recruitment of Drp1 to the 
outer mitochondrial membrane, where it oligomerizes 
and constricts the membrane with the aid of receptor 
proteins like Fis1, enabling organelle division and the 
removal of damaged fragments via mitophagy.47Fusion, 
in contrast, supports mitochondrial DNA integrity, 
metabolic cooperation, and stress adaptation.48This 
process involves Mitofusins (Mfn1/2) on the outer 
membrane and OPA1 on the inner membrane, which 
together facilitates membrane merging and preserves 
cristae structure.49Balanced fission and fusion allow 
mitochondria to adapt to metabolic demands and 
safeguard neuronal health.50 Dysregulation-such as 
Drp1 overactivation or mutations in Mfn2 or OPA1-leads 
to abnormal morphology, impaired bioenergetics, and 
apoptosis, contributing to neurodegenerative diseases 
including Alzheimer’s, Parkinson’s, and Charcot-Marie-
Tooth disease.51

 

 

Figure 2: Mitochondrial fission and fusion. 

2.2.2 Mitophagy: A specific type of autophagy called 
mitophagy removes damaged mitochondria to preserve 
cellular homeostasis, especially in neurons. The PINK1-
Parkin pathway is the best-characterized mechanism, 
where loss of mitochondrial membrane potential leads 
to PINK1 accumulation on the outer membrane and 
activation of the E3 ligase Parkin.52Parkin ubiquitinates 

outer membrane proteins, which are then recognized by 
autophagy receptors linking mitochondria to LC3-
positive autophagosomes. Fusion with lysosomes 
enables degradation of mitochondrial cargo, preventing 
oxidative stress and apoptosis.53Dysregulation of this 
pathway, especially through PINK1 or Parkin mutations, 
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contributes to neurodegenerative diseases such as 
Parkinson’s disease.54 

2.2.3 Mitochondrial trafficking: Mitochondrial 
trafficking in neurons is a tightly regulated process that 
ensures proper distribution of mitochondria to sites of 
elevated energy demand, such as synapses, while also 
facilitating the removal of damaged organelles to 
preserve cellular integrity.55Due to the long and complex 
structure of axons, this movement depends on active 
transport along microtubules mediated by molecular 
motors. Kinesins, particularly Kinesin-1, drive 
anterograde transport from the soma toward axon 
terminals, whereas dynein motors mediate retrograde 
movement, returning aged or dysfunctional 
mitochondria to the cell body for repair or degradation 
through mitophagy.56 The linkage between mitochondria 
and these motors is established by adaptor proteins 
including TRAK1/2 (Milton) and the calcium-sensitive 
GTPase Miro, which regulate motor recruitment and 
activity. Through this machinery, mitochondria are 
efficiently positioned at synaptic regions to provide ATP 
and buffer calcium essential for neurotransmission and 
plasticity.57 The balance between forward and backward 
trafficking is modulated by intracellular cues such as 
calcium concentration and metabolic state, allowing 
dynamic adaptation to neuronal demands.58 Disruption 
of this transport system-caused by mutations in motors, 
adaptors, or regulatory proteins-results in mis-
localization of mitochondria, impaired energy supply, 
and contributes to neurodegenerative pathologies 
including Alzheimer’s disease and Charcot-Marie-Tooth 
disease.59 

2.3 Calcium Homeostasis and ROS Regulation 

2.3.1 Mitochondrial calcium uniporter (MCU) 
complex 

Mitochondria act as central regulators of intracellular 
calcium (Ca²⁺) dynamics and reactive oxygen species 
(ROS) balance, two processes that are tightly 
interconnected and fundamental for neuronal survival 
and function.60 Calcium entry into the mitochondrial 
matrix is primarily mediated by the mitochondrial 
calcium uniporter (MCU) complex, located in the inner 
mitochondrial membrane.61 The channel consists of the 
pore-forming MCU and regulatory subunits such as 
MICU1, MICU2, and EMRE, which together ensure 
precise control of Ca²⁺ uptake. Under basal conditions, 
MICU1 and MICU2 restrict calcium influx, thereby 
preventing mitochondrial overload.62 During neuronal 
activity, elevations in cytosolic Ca²⁺ relieve this 
inhibition, allowing the MCU complex to rapidly import 
calcium, driven by the mitochondrial membrane 
potential.63 This influx activates key dehydrogenases of 
the tricarboxylic acid (TCA) cycle, enhances NADH 
generation, and supports oxidative phosphorylation to 
meet acute energy demands.64 While physiological 
calcium uptake promotes metabolic adaptation, 
excessive accumulation disrupts mitochondrial function 
by collapsing membrane potential (ΔΨm), opening the 
mitochondrial permeability transition pore (mPTP), and 
triggering release of pro-apoptotic factors.65 Calcium 
overload also enhances ROS production, particularly at 

complexes I and III of the electron transport chain, 
where electron leakage leads to superoxide formation. 
Although ROS at moderate levels act as signaling 
molecules, uncontrolled accumulation damages 
mitochondrial DNA, proteins, and lipids, propagating 
oxidative stress and neuronal injury.66 To mitigate this, 
mitochondria deploy antioxidant systems such as 
manganese superoxide dismutase (MnSOD) and 
glutathione peroxidase, which maintain redox 
equilibrium.Dysregulation of MCU activity-arising from 
genetic mutations or pathological stress-disturbs 
calcium handling, compromises ATP synthesis, and 
intensifies oxidative stress, ultimately activating cell 
death pathways.67 Such defects in calcium and ROS 
homeostasis are strongly implicated in 
neurodegenerative disorders including Alzheimer’s 
disease, Parkinson’s disease, and amyotrophic lateral 
sclerosis, underscoring the MCU complex as a pivotal 
hub connecting calcium signaling with mitochondrial 
metabolism and redox control in neurons.68 

2.3.2 Calcium buffering and crosstalk with 
endoplasmic reticulum (MAMs) 

Mitochondria-associated membranes (MAMs) are 
specialized contact sites between the endoplasmic 
reticulum (ER) and mitochondria that play a central role 
in neuronal calcium signaling and homeostasis.69 At 
these junctions, calcium released from ER stores via 
IP3Rs and RyRs is rapidly taken up by the mitochondrial 
calcium uniporter (MCU), creating localized 
microdomains that support efficient buffering and 
stimulate ATP production.70 Tethering proteins such as 
Mitofusin 2, along with complexes involving IP3R-
Grp75-VDAC, stabilize ER-mitochondria interactions and 
regulate calcium flux. By coordinating calcium transfer, 
MAMs link energy metabolism, apoptosis, and 
autophagy to neuronal signaling demands.71Impairment 
of MAM function disrupts calcium handling and has 
been implicated in neurodegenerative diseases 
including Alzheimer’s and Parkinson’s.72 

2.3.3 ROS production sites in ETC (mainly complexes 
I and III) 

Mitochondrial ROS are mainly generated at Complexes I 
and III of the electron transport chain, where electron 
leakage leads to superoxide formation.73 At Complex I, 
impaired electron flow or reverse electron transport 
promotes premature oxygen reduction at FMN or Fe-S 
centers, while at Complex III, semiquinone 
intermediates formed during the Q-cycle leak electrons 
at the Qo site.74 Superoxide is rapidly converted to 
hydrogen peroxide, which serves as a signaling molecule 
at physiological levels but induces oxidative damage 
when overproduced. Excessive ROS impairs 
mitochondrial DNA, lipids, and respiratory proteins, 
creating a vicious cycle of dysfunction.75 Such oxidative 
stress contributes to neurodegenerative disorders, 
notably Parkinson’s and Alzheimer’s disease, making 
Complexes I and III critical therapeutic targets.76 
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3. Disease-Specific Molecular Mechanisms of 
Mitochondrial Dysfunction 

3.1 Alzheimer's Disease (AD) 

Aβ-induced mitochondrial toxicity: Aβ binding 
alcohol dehydrogenase (ABAD):In Alzheimer’s disease 
(AD), amyloid-β (Aβ) peptides not only form 
extracellular plaques but also accumulate within 
mitochondria, where they interact with amyloid-β 
binding alcohol dehydrogenase (ABAD).77This binding 
alters ABAD function, disrupts metabolic processes, and 
promotes excessive reactive oxygen species (ROS) 
production, leading to oxidative damage of 
mitochondrial DNA, lipids, and respiratory proteins.78 
The Aβ-ABAD interaction also impairs calcium buffering, 
destabilizes mitochondrial membrane potential, and 
triggers permeability transition pore opening, 
facilitating apoptotic signaling.79 These combined effects 
compromise mitochondrial bioenergetics and 
contribute to neuronal loss and cognitive decline in 
AD.80 Blocking the Aβ-ABAD interaction has been shown 
to restore mitochondrial function, underscoring its 
significance as a therapeutic target.81 

Interaction of Aβ with mitochondrial import 
machinery (TOM/TIM): In Alzheimer’s disease (AD), 
amyloid-β (Aβ) peptides accumulate in mitochondria 
and disrupt the protein import machinery governed by 
the TOM and TIM complexes.82 By binding to TOM 
components such as TOM20 and TOM40, Aβ impairs 
recognition and translocation of precursor proteins, 
while also interfering with TIM-mediated passage into 
the inner membrane and matrix.83 This blockade 
reduces the import of essential enzymes and structural 
proteins, weakening the electron transport chain, ATP 
production, and mitochondrial proteostasis.84 
Additionally, Aβ accumulation in import channels 
promotes membrane potential dissipation and excessive 
reactive oxygen species (ROS) generation.85These 
combined defects drive mitochondrial dysfunction, 
oxidative stress, and neuronal loss, identifying protein 
import pathways as potential therapeutic targets in 
AD.86 

Tau-mediated disruption of mitochondrial 
trafficking: Tau, a microtubule-associated protein 
crucial for stabilizing neuronal microtubules, is essential 
for maintaining proper mitochondrial trafficking.87 In 
Alzheimer’s disease and other tauopathies, 
hyperphosphorylated Tau dissociates from microtubules 
and aggregates, destabilizing the cytoskeletal network 
required for axonal transport.88 This disruption 
interferes with kinesin- and dynein-driven 
mitochondrial motility, partly through abnormal 
interactions with motor-adaptor complexes such as 
Milton/TRAK and Miro.89 As a result, mitochondria 
become mislocalized, accumulating in the soma and 
failing to reach distal synapses, while damaged 
mitochondria are inefficiently removed.90These defects 
compromise energy supply, calcium buffering, and redox 
homeostasis, thereby driving synaptic dysfunction and 
neurodegeneration.91 

Mitochondrial fission/fusion imbalance and 
decreased Complex IV activity: Mitochondrial 
dynamics, governed by the balance between fission and 
fusion, are essential for maintaining organelle integrity, 
energy production, and neuronal function.92 In 
neurodegenerative diseases, excessive Drp1-mediated 
fission and reduced Mfn1/2- and OPA1-driven fusion 
promote mitochondrial fragmentation, impairing cristae 
structure and destabilizing respiratory supercomplexes, 
particularly Complex IV. Loss of Complex IV efficiency 
disrupts electron transfer, enhances ROS generation, and 
accelerates oxidative damage to mitochondrial DNA, 
proteins, and lipids.93 Fragmented mitochondria also fail 
to undergo compensatory fusion, leading to 
accumulation of defective organelles.94 This interplay 
between disrupted dynamics and Complex IV 
dysfunction drives energy deficits and oxidative stress, 
contributing to neuronal degeneration in Alzheimer’s 
and Parkinson’s disease.95 

3.2 Parkinson’s Disease (PD) 

In Parkinson’s disease (PD), loss-of-function mutations 
in PINK1 and Parkin disrupt mitophagy, the selective 
clearance of damaged mitochondria.96 Normally, PINK1 
accumulates on depolarized mitochondria, 
phosphorylates ubiquitin and Parkin, and facilitates 
Parkin-mediated ubiquitination of outer membrane 
proteins, marking defective organelles for autophagic 
degradation.97 Mutations in either protein impair this 
pathway, leading to persistence of dysfunctional 
mitochondria with reduced ATP production, excessive 
ROS generation, and release of pro-apoptotic factors.98 
The accumulation of damaged mitochondria promotes 
dopaminergic neuronal loss in the substantia nigra and 
drives neuroinflammation, highlighting PINK1-Parkin-
mediated mitophagy as a central mechanism of 
mitochondrial quality control and a critical contributor 
to PD pathogenesis.99 

α-Synuclein aggregation impairing mitochondrial 
protein import: In Parkinson’s disease and related 
synucleinopathies, aggregated α-synuclein contributes 
to mitochondrial dysfunction by disrupting the protein 
import machinery.100 Misfolded α-synuclein oligomers 
and fibrils aberrantly localize to mitochondria, where 
they bind to TOM20 and impair the recognition and 
translocation of nuclear-encoded precursor proteins.101 
This blockade reduces import of essential respiratory 
and maintenance proteins, leading to defective electron 
transport chain function, diminished ATP synthesis, and 
increased ROS generation.102 The failure to import 
protective enzymes further exacerbates oxidative stress, 
creating a self-reinforcing cycle of mitochondrial 
damage that drives neuronal energy failure and 
degeneration.103 

Complex I inhibition by environmental toxins (e.g., 
MPTP): In Parkinson’s disease (PD), the environmental 
toxin MPTP induces mitochondrial dysfunction by 
selectively inhibiting Complex I of the electron transport 
chain.104 After crossing the blood-brain barrier, MPTP is 
metabolized to MPP⁺, which is taken up by 
dopaminergic neurons via the dopamine transporter.105 
Within mitochondria, MPP⁺ blocks electron transfer at 
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Complex I, reducing ATP synthesis and increasing ROS 
generation.106 The resulting energy deficit and oxidative 
stress drive dopaminergic neuronal death in the 
substantia nigra, illustrating how environmental toxins 
mimic genetic mitochondrial defects and highlight the 
central role of Complex I vulnerability in PD 
pathogenesis.107 

3.3 Huntington’s Disease (HD) 

Mutant huntingtin interaction with mitochondrial 
outer membrane: In Huntington’s disease (HD), 
mutant huntingtin (mHTT) with expanded 
polyglutamine repeats disrupts mitochondrial function 

through direct interactions with outer membrane 
proteins.108 Binding to voltage-dependent anion 
channels (VDACs) alters metabolite and calcium 
exchange, impairing ATP production, while interference 
with the TOM complex blocks import of essential 
nuclear-encoded proteins.109 These defects reduce 
membrane potential, compromise respiratory chain 
activity, and elevate ROS production, leading to oxidative 
damage and release of pro-apoptotic factors.110Such 
mitochondrial dysfunction is particularly detrimental to 
striatal neurons, driving the progressive 
neurodegeneration characteristic of HD.111

 

 

Figure 3: An overview of Huntington’s Disease (HD) 

Transcriptional repression of PGC-1α affecting 
biogenesis: Mitochondrial biogenesis, the process 
responsible for generating new mitochondria, is 
primarily controlled by the transcriptional co-activator 
PGC-1α (peroxisome proliferator-activated receptor 
gamma co-activator 1-alpha).112 This regulator 
orchestrates the coordinated expression of nuclear and 
mitochondrial genes that sustain energy metabolism 
and respiratory efficiency.113 In Huntington’s disease 
(HD), the mutant huntingtin protein (mHTT) impairs 
this pathway by suppressing PGC-1α transcription.114 
Mechanistically, mHTT interferes with regulatory 
elements of PGC-1α, including transcription factors such 
as CREB (cAMP response element-binding protein) and 
cofactors like TAF4 (TATA-binding protein-associated 

factor 4), either by sequestering them or disrupting 
their functional activity.115 This leads to downregulation 
of PGC-1α, which in turn compromises the activation of 
nuclear respiratory factors (NRF-1 and NRF-2) and 
mitochondrial transcription factor A (TFAM), both 
indispensable for mitochondrial DNA replication and 
transcription.116 The decline in PGC-1α activity 
ultimately suppresses mitochondrial biogenesis, 
reflected by decreased mitochondrial content, improper 
assembly of respiratory chain complexes, and reduced 
ATP generation. Additionally, reduced PGC-1α signaling 
diminishes antioxidant defense enzyme expression, 
intensifying oxidative stress and mitochondrial injury.117 
Collectively, these defects produce severe energy 
shortages and heighten neuronal susceptibility to 
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excitotoxic and metabolic insults, thereby driving the 
progressive neurodegeneration characteristic of HD.118 

Increased susceptibility to Ca²⁺-induced 
mitochondrial permeability transition: In 
Parkinson’s disease (PD), a major driver of 
mitochondrial dysfunction and neuronal loss is the 
increased susceptibility of mitochondria to calcium 
(Ca²⁺)-induced permeability transition.119 Normally, 
mitochondria regulate Ca²⁺ uptake in a controlled 
manner to support ATP generation and intracellular 
signaling. In PD, however, genetic defects (including 
mutations in PINK1, Parkin, and DJ-1) and 
environmental toxins disrupt this balance, resulting in 
pathological accumulation of Ca²⁺ within the 
mitochondrial matrix.120 Excess matrix Ca²⁺ serves as a 
potent trigger for opening of the mitochondrial 
permeability transition pore (mPTP), a high-
conductance channel located in the inner mitochondrial 
membrane.121 The pore is thought to be formed through 
interactions of adenine nucleotide translocase (ANT), 
cyclophilin D (CypD), and the phosphate carrier, which 
become destabilized under Ca²⁺ overload. mPTP 
opening leads to a rapid collapse of mitochondrial 
membrane potential (ΔΨm), inhibition of oxidative 
phosphorylation, and failure of ATP production.122 
Furthermore, it permits the release of apoptogenic 
proteins such as cytochrome c into the cytoplasm, 
thereby activating programmed cell death pathways.123 
Oxidative stress and elevated reactive oxygen species 
(ROS), both prominent in PD, further sensitize mPTP 
components by oxidizing critical thiol residues, 
intensifying mitochondrial swelling and membrane 
rupture. Collectively, Ca²⁺-driven mPTP opening 
contributes to energy failure and apoptotic signaling, 
particularly in dopaminergic neurons of the substantia 
nigra, which are inherently vulnerable. This mechanism 
is central to the progressive neurodegeneration that 
characterizes Parkinson’s disease.124 

3.4 Amyotrophic Lateral Sclerosis (ALS) 

3.4.1 Mutant SOD1 localization to mitochondria: 
oxidative stress and swelling 

In ALS, mutant SOD1 misfolds and abnormally 
accumulates in mitochondria, where it binds to outer 
membrane proteins such as VDACs and disrupts protein 
import and ion exchange. This mislocalization impairs 
ROS detoxification, leading to superoxide buildup, 
oxidative damage to mitochondrial components, and 
defective electron transport chain activity.125 Excess ROS 
and calcium overload trigger opening of the 
mitochondrial permeability transition pore (mPTP), 
causing loss of membrane potential, mitochondrial 
swelling, and release of cytochrome c. These events 
activate apoptotic pathways, and due to their high 
energy demand and low antioxidant capacity, motor 
neurons are especially vulnerable, culminating in their 
degeneration.126 

3.4.2 TDP-43 and FUS mislocalization disrupting 
mitochondrial transcriptome 

In ALS and FTD, the RNA-binding proteins TDP-43 and 
FUS mislocalize from the nucleus to the cytoplasm and 

mitochondria, where they aberrantly bind 
mitochondrial transcripts and RNA-processing 
machinery.127 This disrupts mitochondrial RNA splicing, 
polyadenylation, and stability, leading to reduced 
synthesis of essential electron transport chain subunits. 
Consequently, oxidative phosphorylation is impaired, 
ATP production declines, and electron leakage increases, 
driving ROS accumulation and oxidative stress. These 
mitochondrial defects also disturb dynamics and quality 
control, resulting in fragmentation and dysfunction that 
heighten neuronal vulnerability and contribute to 
progressive neurodegeneration.128 

3.4.3 Disrupted ER-mitochondrial tethering and 
calcium dysregulation 

Mitochondria-associated membranes (MAMs) are 
specialized ER–mitochondria contact sites that 
coordinate calcium (Ca²⁺) signaling and cellular 
metabolism. Through IP3Rs on the ER, VDACs on the 
mitochondrial outer membrane, and bridging proteins 
such as mitofusin-2 (Mfn2), these sites enable efficient 
Ca²⁺ transfer to mitochondria, stimulating ATP 
production via activation of TCA cycle 
dehydrogenases.129 In neurodegenerative diseases like 
Alzheimer’s and Parkinson’s, disruption of MAM 
integrity-due to altered Mfn2 expression or impaired 
IP3R–VDAC interactions-reduces mitochondrial Ca²⁺ 
uptake, leading to energy deficits, cytosolic Ca²⁺ 
overload, oxidative stress, and apoptosis.130 Additionally, 
impaired tethering perturbs lipid metabolism and 
autophagy, further destabilizing mitochondrial function. 
Collectively, ER–mitochondrial uncoupling and Ca²⁺ 
dysregulation emerge as central mechanisms driving 
mitochondrial dysfunction and neuronal loss in CNS 
disorders.131 

4. Pharmacological Modulation of 
Mitochondrial Targets 

4.1 Enhancing Mitochondrial Bioenergetics 

Creatine: Creatine is an endogenous nitrogen-
containing metabolite that plays a pivotal role in 
sustaining cellular energy balance by serving as a 
readily available phosphate donor for rapid ATP 
regeneration. The creatine kinase system, located in 
both the cytosol and mitochondria, catalyzes the 
reversible transfer of a high-energy phosphate group 
from ATP to creatine, producing phosphocreatine.132 
This high-energy compound functions as a dynamic 
reservoir and buffering system for ATP, ensuring stable 
energy supply during fluctuating metabolic demands, 
particularly in energy-intensive cells such as neurons 
and myocytes. By safeguarding ATP availability, creatine 
contributes to the maintenance of mitochondrial 
bioenergetics, especially under conditions of metabolic 
stress or impaired oxidative phosphorylation.133In 
neurodegenerative disorders such as Amyotrophic 
Lateral Sclerosis (ALS), mitochondrial dysfunction and 
energy insufficiency represent major pathogenic 
mechanisms underlying motor neuron loss. Owing to its 
role in energy homeostasis, creatine has been 
extensively explored as a potential therapeutic strategy 
aimed at augmenting mitochondrial function and 
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delaying neurodegeneration.134 Preclinical 
investigations demonstrated neuroprotective properties 
of creatine through enhanced energy buffering capacity 
and attenuation of oxidative damage. However, clinical 
evaluations in ALS patients have yielded inconsistent 
results: while some trials reported modest 
improvements in functional outcomes, others observed 
negligible or no significant therapeutic benefit.135 These 
discrepancies likely reflect challenges related to 
pharmacokinetics, optimal dosing regimens, and the 
multifaceted pathophysiology of ALS.Despite these 
limitations, creatine remains an important model 
compound emphasizing the therapeutic relevance of 
targeting mitochondrial energy metabolism in 
neurodegenerative disease management.136 

Dichloroacetate (DCA): promotes pyruvate 
dehydrogenase activity: Dichloroacetate (DCA) is a 
small molecule known to modulate mitochondrial 
metabolism through activation of the pyruvate 
dehydrogenase complex (PDH), a key enzymatic system 
that bridges glycolysis with the tricarboxylic acid (TCA) 
cycle. Under physiological conditions, PDH facilitates the 
oxidative conversion of pyruvate into acetyl-CoA, 
thereby sustaining mitochondrial respiration and ATP 
synthesis.137 Its activity, however, is negatively regulated 
by pyruvate dehydrogenase kinases (PDKs), which 
phosphorylate and inactivate PDH. In several 
neurodegenerative disorders and metabolic 
abnormalities, upregulated PDK activity results in 
excessive PDH inhibition, driving a pathological shift 
from oxidative phosphorylation toward anaerobic 
glycolysis and contributing to cellular energy 
deficits.138DCA counteracts this process by selectively 
inhibiting PDK isoforms, thereby preventing PDH 
phosphorylation and reactivating its catalytic function. 
This re-establishes the oxidative metabolism of 
pyruvate, increases acetyl-CoA entry into the TCA cycle, 
and enhances mitochondrial ATP production through 
improved coupling with the electron transport chain.139 
The metabolic reorientation toward oxidative 
phosphorylation also reduces lactate buildup and 
mitigates oxidative stress associated with impaired 
mitochondrial function.Experimental studies have 
demonstrated that DCA can restore mitochondrial 
bioenergetics and support neuronal survival in models 
of neurodegenerative diseases such as Parkinson’s and 
Alzheimer’s.140 Ongoing clinical investigations continue 
to evaluate its therapeutic potential. Collectively, DCA 
represents a promising metabolic modulator that 
targets PDH activity to correct mitochondrial 
dysfunction and improve neuronal energy 
homeostasis.141 

4.2 Antioxidant Therapies 

MitoQ, SkQ1: mitochondria-targeted antioxidants 
via triphenyl phosphonium cation: MitoQ and SkQ1 
are mitochondria-targeted antioxidants that accumulate 
within the mitochondrial matrix via the triphenyl 
phosphonium (TPP⁺) cation, which exploits the highly 
negative membrane potential to achieve selective 
delivery. Once inside, MitoQ, a ubiquinone derivative, 
and SkQ1, containing plastoquinone, directly scavenge 

reactive oxygen species (ROS) at primary sites of 
production within the electron transport chain. By 
reducing oxidative damage to mitochondrial DNA, 
proteins, and lipids, and preventing lipid peroxidation in 
membranes, both compounds stabilize mitochondrial 
membrane potential, limit permeability transition pore 
opening, and preserve ATP synthesis.142 These actions 
protect against neuronal apoptosis and bioenergetic 
failure. Preclinical studies demonstrate that MitoQ and 
SkQ1 mitigate oxidative stress, neuroinflammation, and 
cell death in models of Parkinson’s and Alzheimer’s 
diseases, highlighting their potential as neuroprotective 
agents targeting mitochondrial dysfunction.143 

EPI-743: EPI-743 (vatiquinone) is a redox-active 
compound that enhances mitochondrial function by 
modulating intracellular NADPH-dependent antioxidant 
systems. It undergoes redox cycling through enzymes 
such as NQO1, thereby sustaining NADPH availability 
and promoting glutathione regeneration, which is 
essential for detoxifying reactive oxygen species and 
maintaining redox homeostasis.144 In addition, EPI-743 
can act as an alternative electron carrier, partially 
bypassing impaired components of the electron 
transport chain to improve mitochondrial 
bioenergetics.145 Through these mechanisms, it reduces 
oxidative damage to mitochondrial macromolecules, 
preserves membrane potential, and prevents apoptosis. 
Preclinical and clinical studies in mitochondrial 
encephalopathies, including Leigh syndrome, indicate 
that EPI-743 supports neuronal survival and slows 
disease progression, highlighting its therapeutic 
promise in disorders driven by oxidative stress and 
energy failure.146 

4.2.1 Limitations of non-targeted antioxidants (e.g., 
vitamin E, CoQ10) 

Non-targeted antioxidants such as vitamin E and 
coenzyme Q10 (CoQ10) have been investigated for their 
ability to reduce oxidative stress in neurodegenerative 
diseases; however, their impact on mitochondrial 
dysfunction remains limited. Mitochondrial oxidative 
damage is primarily driven by reactive oxygen species 
generated at complexes I and III of the electron 
transport chain, requiring antioxidants to localize within 
the mitochondrial matrix or inner membrane to be 
effective.147 Vitamin E, while lipid-soluble, distributes 
broadly across cellular membranes without 
mitochondrial specificity, restricting its capacity to 
neutralize intra-mitochondrial ROS.148 Similarly, 
exogenous CoQ10 supplementation is hindered by poor 
bioavailability and limited incorporation into the inner 
mitochondrial membrane, despite being an endogenous 
ETC component. As a result, both compounds act 
diffusely, necessitating high doses that risk systemic side 
effects and interference with physiological ROS signaling 
essential for processes such as mitochondrial biogenesis 
and autophagy. Clinical outcomes with vitamin E and 
CoQ10 have been inconsistent, reflecting their poor 
mitochondrial targeting and the complex 
pathophysiology of neurodegeneration. Overall, the lack 
of precise mitochondrial delivery explains the limited 
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therapeutic efficacy of these non-targeted antioxidants 
in addressing mitochondrial oxidative stress.149 

4.3 Mitophagy and Quality Control Enhancers 

Urolithin A: Urolithin A is a natural metabolite that 
enhances mitochondrial quality control by promoting 
mitophagy, the selective clearance of damaged 
mitochondria.150 Mechanistically, it activates the cellular 
energy sensor AMPK, which in turn phosphorylates 
ULK1 to initiate the autophagy cascade, leading to 
autophagosome formation and degradation of 
dysfunctional mitochondria.151 This targeted removal 
prevents excessive reactive oxygen species production 
and preserves cellular homeostasis while 
simultaneously stimulating mitochondrial biogenesis to 
replenish healthy organelles.152 Through this dual action 
of clearance and renewal, Urolithin A improves 
mitochondrial function, muscle performance, and 
cognitive outcomes in preclinical models of aging and 
disease.153 By modulating the AMPK/ULK1 signaling 
axis to restore mitochondrial turnover, Urolithin A 
represents a promising therapeutic strategy for 
neurodegenerative disorders characterized by impaired 
mitophagy and energy failure.154 

Nicotinamide riboside (NR) and NMN: Nicotinamide 
riboside (NR) and nicotinamide mononucleotide (NMN) 
are NAD⁺ precursors that restore cellular NAD⁺ pools 
depleted during aging and neurodegeneration. Once 
converted via the salvage pathway, elevated NAD⁺ levels 
activate sirtuin deacetylases, particularly SIRT1 in the 
nucleus and SIRT3 in mitochondria. SIRT1 enhances 
mitochondrial biogenesis and antioxidant defenses by 
activating PGC-1α, while SIRT3 improves mitochondrial 
efficiency through deacetylation of enzymes in the 
electron transport chain, TCA cycle, and antioxidant 
systems. Together, these pathways reduce ROS 
production, support ATP synthesis, and maintain 
mitochondrial integrity. By rejuvenating mitochondrial 
metabolism and resilience, NR and NMN offer 
therapeutic potential in slowing neurodegenerative 
decline and promoting healthy aging.155 

PARP inhibitors: Poly (ADP-ribose) polymerases 
(PARPs) are DNA repair enzymes that consume NAD⁺ 
during PARylation in response to genotoxic stress.156 
Under chronic oxidative stress, excessive PARP 
activation depletes NAD⁺, leading to impaired ATP 
production, mitochondrial dysfunction, and neuronal 
energy failure.157 PARP inhibitors prevent this 
overconsumption of NAD⁺, thereby preserving cellular 
bioenergetics, sustaining mitochondrial respiration, and 
reducing activation of cell death pathways such as 
parthanatos.156 By maintaining NAD⁺ availability, these 
inhibitors also support sirtuin activity, which promotes 
mitochondrial integrity and stress resistance.159 In 
neurodegenerative conditions marked by persistent 
DNA damage and oxidative stress, PARP inhibition 
represents a targeted strategy to counteract NAD⁺ loss, 
protect neuronal energy metabolism, and enhance cell 
survival.160 

 

 

4.4 Inhibitors of mPTP and Calcium Dysregulation 

Cyclosporin A: Cyclosporin A is a well-established 
pharmacological compound recognized for its protective 
actions on mitochondria, primarily through inhibition of 
cyclophilin D (CypD), a central regulator of the 
mitochondrial permeability transition pore (mPTP). The 
mPTP, a non-specific high-conductance channel within 
the inner mitochondrial membrane, becomes 
pathologically activated in response to calcium overload, 
oxidative stress, or excessive reactive oxygen species 
(ROS).161 Its opening results in the dissipation of the 
mitochondrial membrane potential (ΔΨm), 
mitochondrial swelling, rupture of the outer membrane, 
and subsequent release of apoptogenic proteins such as 
cytochrome c, ultimately driving cell death.Cyclophilin 
D, a peptidyl-prolyl cis-trans isomerase, facilitates pore 
opening by increasing its sensitivity to calcium and 
redox alterations. Cyclosporin A binds with high affinity 
to CypD, thereby preventing its association with pore 
components and stabilizing the mPTP in a closed state. 
Through this mechanism, Cyclosporin A preserves ΔΨm, 
sustains ATP generation, and prevents the 
mitochondrial release of pro-apoptotic mediators 
despite the presence of damaging stimuli.At the cellular 
level, this action ensures maintenance of mitochondrial 
and cytosolic calcium homeostasis, counteracting 
calcium-driven mitochondrial swelling and 
dysfunction.162 Such stabilization of mitochondrial 
bioenergetics and calcium regulation underlies the 
neuroprotective effects of Cyclosporin A in experimental 
models of ischemic injury and neurodegenerative 
disorders, where mPTP-dependent cell death is a key 
pathological feature. Thus, Cyclosporin A serves as a 
prototypical example of how targeting mitochondrial 
permeability transition regulators can protect against 
stress-induced cellular injury.163 

Ru360: Ru360 is a selective inhibitor of the 
mitochondrial calcium uniporter (MCU), a channel 
complex located in the inner mitochondrial membrane 
that facilitates calcium (Ca²⁺) transport from the cytosol 
into the mitochondrial matrix. Mechanistically, Ru360 
binds to the pore-forming subunit of MCU, thereby 
obstructing Ca²⁺ entry and preventing mitochondrial 
calcium overload. Under physiological conditions, 
moderate mitochondrial Ca²⁺ uptake is essential for 
activating metabolic enzymes and supporting ATP 
synthesis; however, excessive accumulation triggers 
detrimental events such as mitochondrial permeability 
transition pore (mPTP) opening, dissipation of 
membrane potential, oxidative stress, and initiation of 
cell death pathways.By restricting Ca²⁺ influx, Ru360 
safeguards mitochondria from calcium-induced 
swelling, excessive ROS generation, and bio-energetic 
collapse. In addition, this inhibition contributes to the 
maintenance of intracellular calcium balance, 
preserving cytosolic–mitochondrial signaling dynamics 
that are critical for cellular function. Owing to its 
specificity, Ru360 enables modulation of mitochondrial 
calcium handling without broadly interfering with 
calcium-dependent processes elsewhere in the 
cell.Through this targeted mechanism, Ru360 prevents 
calcium-driven mitochondrial dysfunction, a 
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pathological hallmark of ischemic injury and 
neurodegenerative diseases. Thus, Ru360 serves as a 
valuable experimental tool and highlights the 
therapeutic promise of MCU modulation in conditions 
where calcium dysregulation compromises 
mitochondrial integrity and neuronal viability.164 

Dantrolene: Dantrolene acts as a selective antagonist of 
ryanodine receptors (RyRs), the intracellular calcium-
release channels predominantly expressed on the 
endoplasmic reticulum (ER) membrane. RyRs are 
central regulators of intracellular calcium signaling, 
controlling the mobilization of Ca²⁺ from the ER into the 
cytosol. This process is especially critical at 
mitochondria-associated membranes (MAMs), where 
ER-mitochondria contacts allow direct transfer of Ca²⁺ 
into the mitochondrial matrix. Under pathological 
conditions, aberrant or excessive RyR activation 
promotes mitochondrial calcium overload, leading to 
dysfunction through mitochondrial permeability 

transition pore (mPTP) opening, reactive oxygen species 
(ROS) overproduction, dissipation of membrane 
potential, and initiation of apoptotic cascades.By 
binding to RyRs, Dantrolene stabilizes the channels in a 
less active conformation, thereby limiting ER Ca²⁺ 
release. This restriction reduces Ca²⁺ flux toward 
mitochondria, maintaining mitochondrial calcium 
homeostasis and protecting against swelling, bio-
energetic collapse, and loss of membrane integrity. At 
the molecular level, Dantrolene helps preserve the finely 
tuned ER-mitochondria calcium signaling axis, which is 
essential for sustaining metabolism, ATP production, 
and cellular viability.In neurodegenerative contexts, 
where disrupted ER-mitochondrial calcium coupling is a 
major driver of neuronal injury, Dantrolene’s 
modulation of  RyR activity offers a protective strategy 
to prevent calcium-induced mitochondrial stress. Thus, 
by attenuating pathological ER-to-mitochondria calcium 
transfer, Dantrolene supports mitochondrial integrity 
and enhances neuronal survival.165

 

Table 1: Biogenesis Inducers and Transcriptional Activators 

Biogenesis Inducer / 
Transcriptional Activator 

Active Compound(s) Mechanism / Effect 

Bezafibrate Fibric acid derivative 
(PPAR pan-agonist) 

Activates PPARα/δ/γ → ↑ PGC-1α → promotes mitochondrial 
biogenesis, enhances fatty acid β-oxidation, improves 
oxidative phosphorylation.166 

Pioglitazone Thiazolidinedione 
(PPARγ agonist) 

Activates PPARγ → upregulates PGC-1α and NRF1/2 → ↑ 
mitochondrial biogenesis, improves insulin sensitivity and 
lipid metabolism.167 

Resveratrol Polyphenolic compound 
(stilbene) 

Activates SIRT1 and AMPK → deacetylates/activates PGC-1α 
→ ↑ mitochondrial biogenesis, enhances oxidative 
metabolism, antioxidant defense.168 

 

5. Molecular Targets in Drug Discovery and 
Development 

5.1 High-throughput Screening Targets 

Drp1 inhibitors (e.g., Mdivi-1) 

Dynamin-related protein 1 (Drp1) is a GTPase that 
regulates mitochondrial fission, a process essential for 
maintaining mitochondrial quality and function. In 
neurodegenerative diseases, aberrant Drp1 activation 
promotes excessive mitochondrial fragmentation, 
leading to energy failure, oxidative stress, and neuronal 
loss. Normally cytosolic, Drp1 translocates to the 
mitochondrial outer membrane upon activation, where 
it interacts with receptors such as Fis1, Mff, MiD49, and 
MiD51 to drive scission.169The small molecule Mdivi-1 
selectively inhibits Drp1 GTPase activity, preventing the 
conformational changes required for fission. By 
preserving mitochondrial network integrity, Mdivi-1 
enhances membrane potential, ATP production, and 
reduces ROS, cytochrome c release, and apoptosis. 
Beyond stabilizing dynamics, Drp1 inhibition indirectly 
supports mitophagy and biogenesis, making compounds 
like Mdivi-1 attractive candidates for therapeutic 

development in disorders such as Parkinson’s, 
Alzheimer’s, and Huntington’s disease.170 

SIRT3 activators 

SIRT3, a mitochondrial NAD⁺-dependent deacetylase, 
has emerged as a promising target in mitochondrial 
drug discovery due to its pivotal role in metabolism, 
antioxidant defense, and cellular homeostasis. Residing 
in the mitochondrial matrix, SIRT3 activates key 
enzymes of fatty acid oxidation, the TCA cycle, and the 
electron transport chain, while also enhancing 
antioxidant defenses by deacetylating substrates such as 
SOD2 and IDH2.171 Through these actions, SIRT3 
improves oxidative phosphorylation, reduces ROS 
generation, and protects mitochondrial DNA and 
proteins from oxidative injury.High-throughput 
screening has identified small molecules capable of 
activating SIRT3, either directly or via NAD⁺ modulation. 
Pharmacological enhancement of SIRT3 restores ATP 
production, maintains mitochondrial membrane 
potential, and mitigates oxidative stress-effects 
particularly relevant to aging and neurodegenerative 
diseases. Thus, SIRT3 activators represent a valuable 
therapeutic strategy for disorders such as Alzheimer’s, 
Parkinson’s, and metabolic syndromes, where 
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mitochondrial dysfunction is a defining pathological 
hallmark.172 

PGC-1α modulators 

Peroxisome proliferator-activated receptor gamma 
coactivator-1 alpha (PGC-1α) is a master regulator of 
mitochondrial biogenesis, oxidative metabolism, and 
cellular energy balance, making it a key target in 
therapies for neurodegenerative and metabolic diseases. 
As a transcriptional co-activator, PGC-1α partners with 
NRF1/2 and ERRα to drive genes required for 
mitochondrial DNA replication, respiratory chain 
assembly, and antioxidant defense.173High-throughput 
screening approaches are increasingly identifying small 
molecules that enhance PGC-1α activity, either directly 
or via upstream regulators such as AMPK 
(phosphorylation) and SIRT1 (deacetylation). Activation 
of PGC-1α stimulates mitochondrial proliferation, 
improves oxidative phosphorylation, enhances fatty acid 
oxidation, and up-regulates antioxidant enzymes 
including SOD and GPx.In disorders marked by 
mitochondrial dysfunction-such as Parkinson’s, 
Huntington’s, and ALS-pharmacological activation of 
PGC-1α has been shown to restore energy metabolism 
and improve neuronal survival. Thus, PGC-1α 
modulators identified through screening represent both 
valuable research tools and promising therapeutic 
candidates for reversing mitochondrial impairment at 
the transcriptional level.174 

5.2 Targeted Drug Delivery Approaches 

Mitochondria-penetrating peptides (MPPs) 

Mitochondria-penetrating peptides (MPPs) are an 
advanced drug delivery platform engineered to 
transport therapeutic molecules across the selective 
mitochondrial membranes. The strong negative 
potential of the inner mitochondrial membrane (~ -150 
to-180 mV) restricts entry of most drugs, particularly 
large or polar compounds. MPPs overcome this barrier 
through their amphipathic design, typically consisting of 
alternating cationic residues (arginine, lysine) and 
hydrophobic residues (phenylalanine, 
cyclohexylalanine), which enable both membrane 
interaction and electrophoretic uptake driven by the 
mitochondrial membrane potential.175By conjugating 
with diverse cargos-including antioxidants, enzyme 
inhibitors, and nucleic acids-MPPs achieve selective 
mitochondrial delivery without loss of targeting 
efficiency. Once inside the matrix, the therapeutic 
payload is released, enabling precise modulation of 
redox balance, mitochondrial dynamics, or permeability 
transition pore activity. This site-specific targeting 
enhances efficacy and reduces systemic toxicity, offering 
particular promise in neurodegenerative and 
mitochondrial disorders, where localized mitochondrial 
dysfunction is central to pathology.Thus, MPPs provide a 
versatile platform that links systemic drug 
administration to organelle-specific action, positioning 
them as a next-generation strategy in mitochondrial 
therapeutics.176 

Liposomal and nanoparticle carriers with 
mitochondrial targeting ligands 

Liposomal and nanoparticle-based delivery systems 
functionalized with mitochondrial-targeting ligands 
represent an advanced approach in mitochondrial 
therapeutics. These carriers encapsulate drugs, nucleic 
acids, peptides, or antioxidants within lipid vesicles or 
polymeric nanoparticles, protecting them from 
degradation and improving bioavailability. 
Mitochondrial specificity is achieved by surface 
modification with lipophilic cations (e.g., 
triphenylphosphonium, TPP⁺) or mitochondria-homing 
peptides, which exploit the inner membrane potential 
(ΔΨm) to drive selective accumulation within the 
organelle.Upon mitochondrial entry, the carriers release 
their therapeutic payload into the matrix, enabling 
targeted modulation of processes such as electron 
transport, ROS detoxification, or mitochondrial 
dynamics.177 This localized delivery enhances efficacy, 
minimizes systemic toxicity, and provides superior 
control over drug action compared to conventional 
approaches. High-throughput screening further 
optimizes carrier parameters-lipid composition, size, 
charge, and surface chemistry-for maximal 
mitochondrial uptake.By merging nanotechnology with 
mitochondrial biology, these ligand-functionalized 
nanocarriers offer a powerful platform for next-
generation treatments of mitochondrial and 
neurodegenerative diseases.178 

Light-activated (photo pharmacological) 
mitochondrial drugs 

Light-activated or photo-pharmacological mitochondrial 
drugs represent a next-generation strategy for precise 
subcellular therapy, enabling spatial and temporal 
control over drug activation. These agents are designed 
as photo responsive prodrugs, incorporating photolabile 
groups or photo chromic switches that release active 
compounds upon illumination with specific 
wavelengths. For mitochondrial targeting, they are 
frequently conjugated with lipophilic cations (e.g., 
triphenylphosphonium, TPP⁺) or other ligands that 
exploit the organelle’s negative membrane potential to 
promote selective accumulation.179Once localized within 
mitochondria, light exposure triggers bond cleavage or 
structural rearrangement, releasing the therapeutic 
payload directly into the matrix. This approach not only 
reduces systemic toxicity but also permits controlled 
modulation of mitochondrial function. Depending on 
design, photoactivation can either liberate antioxidants, 
regulate fission-fusion machinery, or generate reactive 
oxygen species (ROS) to trigger apoptosis in damaged or 
cancerous cells.By combining mitochondrial targeting 
with optical precision, photopharmacological drugs 
offer unprecedented control over therapeutic action, 
with significant potential for treating neurodegenerative 
and mitochondrial diseases where localized dysfunction 
is a central pathogenic feature.180
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6. Clinical Trials and Translational Barriers 

Table 2: Summary of mitochondrial-targeting agents in clinical pipelines 

Agent Mechanism of Action Indication Trial Phase Clinical Trial 
Identifier 
(NCT No.) 

Elamipretide 
(MTP-131) 

Stabilizes cardiolipin in the inner 
mitochondrial membrane, reducing 
reactive oxygen species (ROS) 
production 

Primary 
mitochondrial 
myopathy (PMM) 

Phase II–III NCT03323749 

KH176 
(Sonlicromanol) 

Antioxidant and ROS-redox modulator, 
suppresses microsomal prostaglandin 
E synthase-1 (mPGES-1) 

Mitochondrial 
diseases (e.g., MELAS, 
LHON) 

Phase II–III NCT02544217 

Cysteamine 
Bitartrate (RP103) 

Enhances glutathione biosynthesis, 
reducing oxidative stress 

Leigh syndrome, 
MELAS, LHON 

Phase II–III NCT02023866 

Devimistat (CPI-
613) 

Inhibits enzymes in the tricarboxylic 
acid (TCA) cycle, disrupting cancer cell 
metabolism 

Pancreatic cancer, 
acute myeloid 
leukemia (AML) 

Phase III NCT04029688 

Idebenone Synthetic analog of coenzyme Q10, 
antioxidant properties 

Leber's hereditary 
optic neuropathy 
(LHON) 

Phase II–III NCT00747487 

 

Table 3: List of all category drug-Ongoing and completed clinical trial with trial no. and patents  

S.n
o. 

Category / Agent Selected clinical trial(s) 
(NCT# - status / 
indication) 

Representative 
patent(s) (patent no. - 
assignee) 

Notes / key references 

1 Elamipretide (SS-31, 
MTP-131)- 
mitochondria-targeting 
tetrapeptide that binds 
cardiolipin 

NCT03891875ReCLAIM-
2 - Phase II (dry AMD; 
randomized). 
NCT06373731ReNEW- 
Phase III program (dry 
AMD) - active/ongoing 
programs reported.  

US 11,261,213 B2 
(crystalline salts of 
elamipretide) and other 
US patents (e.g., US 
11,083,771/11,083,772 
covering uses) - Stealth 
BioTherapeutics.  

Elamipretide has been 
evaluated across 
mitochondrial myopathies, 
Barth syndrome and 
ophthalmic indications; 
Stealth holds multiple 
composition and use patents.  

2 MitoQ 
(mitoquinone/mitoqu
inol mesylate)- TPP-
conjugated antioxidant 
that accumulates in 
mitochondria 

NCT04851288 (oral 
MitoQ 20 mg/d - 
randomized placebo-
controlled - recent 
cardiovascular/biomarker 
trials). Other early-phase 
neuro/vascular trials 
(multiple entries). Also 
newer trials listed (e.g., 
NCT06191965).  

Representative patents 
on mitoquinone 
derivatives: US 
7,888,334 B2 and US 
2008/0161267 A1 
covering mitoquinone 
derivatives and TPP-
linked antioxidants - 
(assignees / inventors 
per patent record).  

Widely studied mitochondrial 
antioxidant with numerous 
investigator-led and industry 
trials; MitoQ developer 
maintains patent family on 
TPP-linked antioxidants and 
formulations.  

3 Vatiquinone / EPI-743 
(vatiquinone, PTC-743 
/ EPI-743)- quinone 
antioxidant (α-
tocotrienol quinone 
analogue) 

NCT01370447 (EPI-743 
in mitochondrial 
respiratory chain diseases 
- completed/early 
studies). Several program 
trials (Friedreich ataxia, 
mitochondrial epilepsy, 
MDAS, MOVE-FA 
program) - mixed results 
in later trials (company 
press releases).  

Patent families and 
composition/use filings 
published by Edison / 
PTC/assignees (see 
company disclosures 
and trial 
documentation). 
Representative 
summaries available on 
clinical development 
pages.  

EPI-743/vatiquinone has 
advanced through multiple 
small/medium clinical 
programs (FA, Leigh, 
mitochondrial epilepsy); 
clinical readouts have been 
mixed and program status has 
evolved.  

4 Idebenone 
(Raxone®)- short-

NCT02774005 LEROS 
(Phase IV / open-label 

Multiple composition 
and therapeutic use 

Idebenone (marketed as 
Raxone in some regions) is 

https://clinicaltrials.gov/ct2/show/NCT03323749
https://clinicaltrials.gov/ct2/show/NCT02544217
https://clinicaltrials.gov/ct2/show/NCT02023866
https://clinicaltrials.gov/ct2/show/NCT04029688
https://clinicaltrials.gov/ct2/show/NCT00747487


Patel et al.                                                                                                                                 Journal of Drug Delivery & Therapeutics. 2025; 15(10):272-294 

ISSN: 2250-1177                                                                                           [285]                                                                                          CODEN (USA): JDDTAO 

chain benzoquinone 
(CoQ analog) used in 
LHON and other 
indications 

study for LHON). 
NCT02771379 post-
authorisation safety / trial 
records; earlier 
randomized trials (e.g., 
Klopstock et al., 2011) 
showed clinical 
investigations in LHON.  

patents / regulatory 
exclusivities held 
historically by 
companies (e.g., 
Santhera/others) - 
patent & regulatory 
families vary by 
jurisdiction (see 
DrugBank and company 
pages).  

one of the better-documented 
mitochondrial therapeutics 
with completed clinical trials 
in Leber’s hereditary optic 
neuropathy. 

5 TPP-conjugated small 
molecules & TPP 
delivery platform 
(e.g., Mito-TEMPO, 
other TPP-linkers)- 
platform approach to 
drive accumulation 

Representative clinical 
trials are fewer (many 
preclinical); a small 
number of TPP-conjugates 
have entered early-phase 
development. Specific 
trial IDs vary by 
compound - see 
ClinicalTrials.gov for 
“triphenylphosphonium” 
search results (multiple 
investigator studies).  

Patents on TPP-
conjugation chemistries 
and specific derivative 
families (for example, 
patents covering 
mitoquinone family and 
other TPP-linked 
antioxidants). 
Representative patents: 
US 2008/0161267 A1; 
US 7,888,334 B2.  

Many TPP-conjugates remain 
at preclinical / early clinical 
stages; patent coverage 
focuses on the conjugation 
chemistry and composition of 
matter.  

6 Mitochondria-
penetrating peptides 
(MPPs) & Szeto-
Schiller (SS) peptides 
(e.g., SS-31 class / 
elamipretide overlaps 
here) 

Clinical development 
largely represented by 
elamipretide (SS-31) 
trials listed above; other 
MPPs are in 
preclinical/early clinical 
stages. See SS-peptide 
literature and company 
pipelines.  

Patents covering MPP 
sequences, salts, 
formulations and 
therapeutic uses (e.g., 
WO/US family patents 
for SS peptides, peptide 
crystalline forms) - 
Stealth and 
collaborators hold key 
filings.  

MPPs are an active patent 
space 
(composition/sequence/form
ulation/use); elamipretide is 
the clinical poster-child of this 
class.  

 

Challenges:  

Despite notable progress in the development of 
mitochondrial-targeted therapeutics, several challenges 
continue to impede their successful clinical translation. 
A key limitation is the blood–brain barrier (BBB), which 
restricts the entry of many candidate drugs into the 
central nervous system. Consequently, agents designed 
for neurodegenerative disorders often fail to achieve 
effective brain concentrations, necessitating innovative 
delivery strategies such as lipophilic modification, 
nanoparticle-based carriers, or receptor-mediated 
transport.Another major hurdle is the risk of off-target 
toxicity, as mitochondria are ubiquitous and 
indispensable for cellular homeostasis.181 Modulators of 
mitochondrial dynamics, redox balance, or biogenesis 
may inadvertently disrupt healthy mitochondria, 

resulting in systemic side effects. Achieving precise 
organelle-specific targeting without collateral damage 
remains a critical challenge.In addition, patient 
heterogeneity complicates therapeutic outcomes. 
Variability in genetic background, mitochondrial 
mutations, disease stage, and bio-energetic capacity 
makes it difficult to establish uniform biomarkers of 
efficacy or predict patient responses. This highlights the 
importance of personalized medicine, including 
stratification based on mitochondrial genotypes, 
metabolic profiles, or responsiveness to NAD⁺-boosting 
interventions.Collectively, these issues underscore the 
complexity of moving mitochondrial-targeted agents 
from bench to bedside and emphasize the need for 
smarter delivery systems, more selective molecular 
designs, and individualized treatment strategies to 
realize their full therapeutic potential.182

 

 

 

 

 

 

 



Patel et al.                                                                                                                                 Journal of Drug Delivery & Therapeutics. 2025; 15(10):272-294 

ISSN: 2250-1177                                                                                           [286]                                                                                          CODEN (USA): JDDTAO 

7. Future Directions 

Table 3: CRISPR/Cas9 and mitoTALENs for correcting mitochondrial DNA mutations.183,184 

Feature CRISPR/Cas9 (Mitochondrial Adaptation) MitoTALENs 

Mechanism RNA-guided nuclease system; uses guide RNA 
(gRNA) to direct Cas9 to specific mtDNA sites 

Protein-based nucleases engineered from TALE 
proteins fused with FokI nuclease, targeting mutant 
mtDNA sequences 

Delivery 
Challenge 

Major hurdle: efficient import of gRNA and Cas9 
into mitochondria remains unresolved 

Protein-only system; easier mitochondrial import 
as mitoTALENs are engineered with mitochondrial 
targeting sequences (MTS) 

Editing 
Strategy 

Aimed at direct correction or cleavage of 
pathogenic mtDNA variants (still experimental) 

Selective cleavage of mutant mtDNA → promotes 
replication of wild-type mtDNA (heteroplasmy 
shifting) 

Precision Potentially high, but risk of off-target cleavage 
due to incomplete mitochondrial import control 

High sequence specificity, as recognition is based 
on modular TALE repeats 

Current 
Status 

Early preclinical stage; proof-of-concept studies 
ongoing 

Demonstrated efficacy in cell and animal models for 
heteroplasmic mitochondrial disorders 

Therapeutic 
Potential 

Long-term: correction of diverse mtDNA 
mutations, broader applications if delivery 
solved 

More immediately translatable for diseases driven 
by hetero plasmic mtDNA mutations 

Limitations Inefficient mitochondrial delivery of CRISPR 
components; risk of off-target edits 

Limited to heteroplasmy shifting (cannot directly 
"fix" mutations); protein delivery challenges 
remain 

Clinical 
Translation 
Outlook 

Promising but distant-requires major 
breakthroughs in mitochondrial import systems 

Closer to clinical use; strong candidate for hetero 
plasmic mtDNA disease therapy 

 

7.2 Multi-target drug strategies (e.g., 
polypharmacology) 

Mitochondrial dysfunction in neurodegenerative and 
metabolic disorders is inherently multifactorial, arising 
from a convergence of defects across several 
interconnected pathways. This complexity limits the 
effectiveness of conventional single-target therapeutic 
strategies and underscores the need for multi-target 
drug approaches, or polypharmacology. Unlike 
traditional agents that act on a single protein or 
signaling cascade, polypharmacological compounds are 
designed to simultaneously influence diverse aspects of 
mitochondrial function, including bioenergetics, redox 
balance, calcium homeostasis, and quality-control 
processes such as mitophagy.185By engaging multiple 
mechanisms in parallel, such agents have the potential 
to produce synergistic effects, thereby enhancing 
mitochondrial resilience and more effectively restoring 
cellular equilibrium compared to single-target 
interventions. Mechanistically, these compounds may 
integrate antioxidant properties with modulators of 
mitochondrial dynamics or NAD⁺-boosting activity, 
linking protective actions with repair and recovery 
processes. Furthermore, multi-target strategies may 
overcome the compensatory feedback mechanisms that 
frequently compromise the efficacy of single-pathway 
drugs.Looking ahead advances in high-throughput 
screening and computational modeling will be critical 
for the identification and optimization of 
multifunctional molecules with tailored therapeutic 

profiles. Collectively, polypharmacology represents a 
promising paradigm to address the inherent complexity 
of mitochondrial disorders, offering the potential for 
more comprehensive, durable, and patient-specific 
clinical benefits.186 

7.3 Organoid and iPSC-derived neuronal models to 
test mitochondrial drugs 

Organoid and induced pluripotent stem cell (iPSC)-
derived neuronal models have transformed the study of 
mitochondrial dysfunction in neurodegenerative 
diseases by more accurately recapitulating human 
neuronal physiology and three-dimensional brain 
architecture than traditional systems. iPSC-derived 
neurons provide patient-specific platforms that capture 
authentic mitochondrial genotypes and disease 
mutations, while brain organoids incorporate complex 
features such as neuron–glia communication and 
vascular-like structures, enabling the study of 
bioenergetics, dynamics, and neuroinflammation in a 
biologically relevant context. These models not only 
allow rigorous evaluation of mitochondrial-targeted 
therapeutics for efficacy, toxicity, and rescue potential 
but also support high-throughput screening and 
mechanistic studies, thereby accelerating translation 
into clinical applications. By overcoming species-specific 
limitations and reflecting patient heterogeneity, iPSC 
and organoid technologies represent indispensable tools 
for advancing precision medicine and enhancing the 
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likelihood of success in mitochondrial drug 
development.187 

7.4 AI-driven drug discovery focused on 
mitochondrial proteome 

The integration of artificial intelligence (AI) and 
machine learning into drug discovery offers a 
transformative approach to targeting mitochondrial 
dysfunction by enabling comprehensive analysis of the 
mitochondrial proteome. Owing to its complexity—
spanning oxidative phosphorylation, metabolite 
transport, apoptosis regulation, and quality control—
traditional methods often fall short in identifying 
optimal targets or predicting off-target effects. AI-driven 
platforms can integrate multi-omics datasets to reveal 

novel protein interactions, post-translational 
modifications, and dysregulated networks, while deep 
learning algorithms accelerate target prioritization, 
molecular docking, and compound optimization with 
high precision. Beyond single targets, AI also supports 
polypharmacology by predicting how multi-target 
agents interact with the mitochondrial proteome to 
restore cellular balance, and can further incorporate 
patient-specific data to advance personalized 
therapeutics. By streamlining early drug discovery, 
lowering costs, and enhancing predictions of efficacy 
and safety, AI-guided strategies hold significant 
potential to accelerate the development of precision 
medicines for mitochondrial diseases.188

 

Table 4: Comparative Overview of Models and Approaches in Mitochondrial Drug Discovery.189-91 

Approach Key Features Advantages Limitations Relevance to 
Mitochondrial Drug 
Discovery 

Traditional 
Models (cell lines 
& animals) 

Immortalized cell 
lines; rodent 
models 

Well-established, cost-
effective, reproducible; in 
vivo systemic effects 
assessed 

Limited human 
relevance; species 
differences; poor 
replication of 
complex brain 
physiology 

Useful for initial 
screening and systemic 
toxicity evaluation 

iPSC-Derived 
Neurons 

Patient-specific 
neurons from 
reprogrammed 
cells 

Capture authentic 
genetic background 
(including mtDNA 
mutations); scalable; 
personalized disease 
modeling 

Labor-intensive; 
variable 
differentiation 
efficiency; 
immature 
phenotypes 

Enables study of patient-
specific mitochondrial 
dysfunction, 
bioenergetics, and 
therapeutic responses 

Brain Organoids 3D multicellular 
neural tissue 
structures 

Mimic tissue 
architecture; include 
neuron-glia interactions 
and vascular-like 
features; recapitulate 
network-level 
dysfunctions 

High variability; 
incomplete 
maturation; lack of 
full vascularization 

Valuable for modeling 
neuroinflammation, 
mitochondrial dynamics, 
and drug effects at 
network level 

AI-Driven Drug 
Discovery 
(Mitochondrial 
Proteome Focus) 

Computational 
modeling, machine 
learning on 
mitochondrial 
protein networks 

High-throughput in silico 
screening; predicts 
polypharmacology 
targets; integrates omics 
data; reduces cost & time 

Requires high-
quality datasets; 
interpretability 
challenges; needs 
validation in 
biological systems 

Identifies novel 
mitochondrial targets, 
optimizes multi-target 
agents, accelerates 
candidate selection 

 

8. Conclusion 

Mitochondria are now recognized as pivotal regulators 
in neurodegenerative disorders, serving not only as 
cellular powerhouses but also as critical determinants of 
neuronal viability. Beyond ATP generation, they govern 
calcium buffering, reactive oxygen species (ROS) 
production, mitochondrial dynamics, and quality-
control pathways, processes that are intimately linked to 
disease mechanisms. Perturbation of these functions 
precipitates bio-energetic collapse, oxidative damage, 
defective mitophagy, and impaired calcium homeostasis, 
ultimately compromising synaptic integrity and 

neuronal survival.Importantly, mitochondria act as hubs 
where genetic, metabolic, and environmental stressors 
converge, amplifying cellular injury and driving the 
progression of neurodegeneration. This central role 
underscores the urgency of therapeutic strategies 
directed at restoring mitochondrial function and 
resilience. Advances in mitochondrial biology continue 
to reveal novel molecular targets and intervention 
strategies, placing mitochondria at the forefront of 
neurodegenerative research. Restoring mitochondrial 
health therefore holds significant potential not only to 
slow or reverse disease trajectories but also to improve 
patient quality of life and longevity. 
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List of Abbreviations 

ABAD- Aβ Binding Alcohol Dehydrogenase 

AD- Alzheimer’s disease 

AMPK- AMP-Activated Protein Kinase 

ALS - Amyotrophic Lateral Sclerosis 

ATP- Adenosine Triphosphate 

BBB- Blood–Brain Barrier 

Ca²⁺ - Calcium Ion 

CoQ10 - Coenzyme Q10 

CRISPR - Clustered Regularly Interspaced Short 
Palindromic Repeats 

DCA - Dichloroacetate 

Drp1 - Dynamin-Related Protein 1 

ETC - Electron Transport Chain 

FUS - Fused in Sarcoma Protein 

HD -Huntington’s disease 

LC3 - Microtubule-Associated Proteins 1A/1B Light 
Chain 3 

MAMs - Mitochondria-Associated Membranes 

MCU - Mitochondrial Calcium Uniporter 

MFN1/2 - Mitofusin 1 and 2 

mPTP - Mitochondrial Permeability Transition Pore 

mtDNA - Mitochondrial DNA 

Mdivi-1 - Mitochondrial Division Inhibitor 1 

MPP - Mitochondria-Penetrating Peptides 

MPTP - 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

NAD⁺ - Nicotinamide Adenine Dinucleotide (oxidized 
form) 

NMN - Nicotinamide Mononucleotide 

NR - Nicotinamide Riboside 

OPA1 - Optic Atrophy Protein 1 

OXPHOS - Oxidative Phosphorylation 

PARP - Poly (ADP-Ribose) Polymerase 

PD -Parkinson’s disease 

PGC-1α - Peroxisome Proliferator-Activated Receptor 
Gamma Coactivator 1-alpha 

PI3K - Phosphoinositide 3-Kinase 

PINK1 - PTEN-Induced Kinase 1 

ROS - Reactive Oxygen Species 

RyR- Ryanodine Receptor 

SIRT1/3 - Sirtuin 1 and 3 

SOD1 - Superoxide Dismutase 1 

TDP-43 - TAR DNA-binding Protein 43 

TIM/TOM - Translocase of Inner/Outer Mitochondrial 
Membrane 

ULK1 - Unc-51 Like Autophagy Activating Kinase 1 
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