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ABSTRACT Neuropathic pain, a chronic condition resulting from injury or dysfunction in the so-
matosensory nervous system, is characterized by complex pathological processes, including mitochondrial
dysfunction, elevated production of reactive oxygen species (ROS), and oxidative stress. Mitochondria play
acrucial role in maintaining cellular energy homeostasis and regulating apoptosis. However, in the context of
nerve injury, mitochondrial function is often compromised, leading to an overproduction of ROS, which can
damage cellular components and disrupt redox balance. The accumulation of ROS, in turn, activates signal-
ing pathways that contribute to neuroinflammation, neuronal hyperexcitability, and synaptic plasticity—key
factors in the persistence of chronic pain. Oxidative stress, a state in which the production of ROS exceeds
the capacity of cellular antioxidant defenses, exacerbates mitochondrial damage and contributes to neuronal
injury and degeneration. This review explores the interplay between mitochondrial dysfunction, ROS,
and oxidative stress in the pathophysiology of neuropathic pain. We highlight the molecular mechanisms
underlying these processes, including the role of NADPH oxidase, calcium dysregulation, and the activation
of pro-inflammatory pathways such as NF-«B and MAPK. Additionally, we discuss potential therapeutic
strategies aimed at targeting mitochondrial health and reducing oxidative stress to alleviate neuropathic
pain. By understanding the intricate role of mitochondrial dysfunction and oxidative stress, new avenues
for treatment can be developed to protect neurons and improve pain outcomes for patients suffering from
neuropathic conditions.

INDEX TERMS calcium dysregulation, mitochondrial dysfunction, neuroinflammation, neuronal hyper-
excitability, NF-xB, oxidative stress, reactive oxygen species

I. INTRODUCTION

Neuropathic pain is a debilitating chronic pain condition
resulting from damage or disease affecting the somatosen-
sory nervous system. This type of pain is characterized by
spontaneous pain, hyperalgesia (an exaggerated response to
painful stimuli), and allodynia (pain due to stimuli that do not
normally provoke pain), which can persist long after the ini-
tial injury. Unlike nociceptive pain, which results from direct
stimulation of pain receptors, neuropathic pain arises from
abnormalities within the peripheral or central nervous sys-
tems, making it particularly challenging to treat. A key aspect
of neuropathic pain is the complex interplay between cellular
and molecular mechanisms that contribute to persistent pain
and neuronal damage. Among the many factors involved,
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mitochondrial dysfunction and oxidative stress have emerged
as critical components in the development and progression of
neuropathic pain, offering insights into potential therapeutic
targets.

Mitochondria, as the primary energy-producing organelles
in neurons, are essential for ATP generation, calcium home-
ostasis, and the regulation of apoptotic pathways. Neurons,
due to their high metabolic demands, rely heavily on the effi-
cient functioning of mitochondria. However, damage to mito-
chondria following nerve injury can disrupt these functions,
leading to excessive production of reactive oxygen species
(ROS) and the initiation of oxidative stress. This disruption
not only affects the energy supply required for neuronal func-
tion but also contributes to a cascade of damaging events that
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exacerbate the pain condition. Understanding the dynamics
of mitochondrial dysfunction and ROS generation in neuro-
pathic pain provides a framework for identifying potential
intervention points that could alleviate this condition.

ROS, including superoxide anion (O5 ), hydrogen peroxide
(H202), and hydroxyl radicals (OH™), are byproducts of mi-
tochondrial respiration. Under physiological conditions, ROS
are tightly regulated by antioxidant defense systems, such as
superoxide dismutase (SOD), catalase, and glutathione per-
oxidase, which maintain a balance between ROS production
and detoxification. In this balanced state, ROS participate in
signaling pathways that regulate cellular processes such as
gene expression, cell differentiation, and immune responses.
However, following nerve injury, this balance is often dis-
rupted, leading to mitochondrial dysfunction and excessive
ROS production. This uncontrolled ROS generation results in
oxidative stress, a state where the accumulation of ROS over-
whelms the cellular antioxidant defenses. Oxidative stress
causes damage to mitochondrial DNA (mtDNA), lipids, and
proteins, leading to further impairment of mitochondrial
function. This self-perpetuating cycle of oxidative damage
contributes to neuronal degeneration and the maladaptive
changes in pain pathways that underlie chronic neuropathic
pain.

The pathological role of oxidative stress in neuropathic
pain involves multiple cellular and molecular pathways. For
instance, ROS can activate mitogen-activated protein kinases
(MAPKS), nuclear factor kappa-light-chain-enhancer of ac-
tivated B cells (NF-B), and other transcription factors that
are associated with the expression of pro-inflammatory cy-
tokines. This leads to a state of neuroinflammation, where
glial cells, such as microglia and astrocytes, become ac-
tivated and release additional inflammatory mediators that
perpetuate the pain state. Moreover, oxidative stress has been
implicated in the modulation of ion channels and receptors,
including voltage-gated sodium channels (Nav), transient
receptor potential (TRP) channels, and purinergic receptors,
which contribute to neuronal hyperexcitability and altered
synaptic transmission. These changes in neuronal excitability
are central to the development of central sensitization, a
hallmark of chronic neuropathic pain.

The mechanisms by which mitochondrial dysfunction and
elevated ROS levels contribute to neuroinflammation, neu-
ronal hyperexcitability, and synaptic plasticity are intricate
and interrelated. Studies have shown that mitochondrial dam-
age in the dorsal root ganglia (DRG) neurons and spinal
cord is associated with increased ROS production, which
in turn promotes the release of pro-inflammatory mediators
such as tumor necrosis factor-alpha (TNF-), interleukin-1
beta (IL-1), and chemokines. These molecules exacerbate
the inflammatory environment and facilitate the recruitment
of immune cells to the site of injury, further amplifying
pain signaling pathways. Additionally, oxidative stress can
lead to the post-translational modification of proteins, such
as ion channels and receptors, altering their function and
contributing to sustained pain signaling.
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Table 1 summarizes the key molecular pathways involved
in mitochondrial dysfunction and oxidative stress in neuro-
pathic pain.

The persistence of oxidative stress and mitochondrial dys-
function in chronic neuropathic pain also highlights po-
tential therapeutic strategies. By targeting the sources of
ROS production and enhancing antioxidant defenses, it may
be possible to mitigate the oxidative damage and restore
mitochondrial function. For example, agents that promote
mitochondrial biogenesis, such as peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1) acti-
vators, have shown promise in animal models of neuropathic
pain by improving mitochondrial function and reducing pain
behaviors. Furthermore, antioxidant compounds, including
N-acetylcysteine (NAC), coenzyme Q10, and superoxide
dismutase mimetics, are being investigated for their ability
to scavenge ROS and reduce oxidative stress in neuropathic
pain models.

Recent studies have also explored the role of
mitochondrial-targeted antioxidants, such as MitoQ and
SkQ1, which specifically accumulate within mitochondria
and directly counteract mitochondrial ROS production.
These compounds have demonstrated efficacy in reducing
oxidative damage and improving mitochondrial function in
preclinical models of neuropathic pain. Despite these promis-
ing findings, translating these therapies to clinical practice
remains a challenge, as the effectiveness and safety of these
treatments need to be established through rigorous clinical
trials.

Table 2 outlines potential therapeutic strategies aimed at
modulating mitochondrial function and oxidative stress in
neuropathic pain.

This review explores the role of mitochondrial dysfunc-
tion, ROS, and oxidative stress in the pathogenesis of neuro-
pathic pain. We delve into the mechanisms through which mi-
tochondrial impairment and elevated ROS levels contribute to
neuroinflammation, neuronal hyperexcitability, and synaptic
plasticity, ultimately leading to persistent pain. Additionally,
we discuss the therapeutic potential of targeting mitochon-
drial function and oxidative stress to provide relief from
neuropathic pain and promote neuronal survival. A deeper
understanding of these mechanisms not only advances our
knowledge of neuropathic pain pathophysiology but also
opens avenues for the development of more effective and
targeted therapies for this challenging condition.

II. MITOCHONDRIAL DYSFUNCTION IN NEUROPATHIC
PAIN

A. ROLE OF MITOCHONDRIA IN NEURONAL FUNCTION
AND ENERGY HOMEOSTASIS

Mitochondria are central to neuronal function due to their
critical role in ATP production through oxidative phospho-
rylation. Neurons, as highly active cells with continuous
synaptic activity, have significant energy demands that are
met primarily through mitochondrial oxidative phosphoryla-
tion. This process involves the electron transport chain (ETC)
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TABLE 1. Key molecular pathways involved in mitochondrial dysfunction and oxidative stress in neuropathic pain.

Pathway Involved Molecules

Role in Neuropathic Pain

Mitochondrial Respiratory
Chain Dysfunction

Complex I-IV, Cytochrome c

Disruption leads to reduced ATP production, increased ROS
generation, contributing to neuronal energy deficits and oxida-
tive stress.

ROS Production O, ,H202, OH™

Excessive ROS levels result in oxidative damage to DNA,
lipids, and proteins, promoting neurodegeneration and chronic
pain.

Antioxidant Defense | SOD, Catalase, Glutathione Peroxidase These enzymes counteract ROS; their impairment leads to the
Mechanisms accumulation of ROS and increased oxidative stress.
Pro-inflammatory Signal- | NF-B, TNF-, IL-1 Activation of these pathways by ROS enhances neuroinflam-
ing mation, contributing to sensitization of pain pathways.

TABLE 2. Potential therapeutic strategies targeting mitochondrial dysfunction and oxidative stress in neuropathic pain.

Therapeutic Strategy Example Agents

Mechanism of Action in Neuropathic Pain

Antioxidants
Vitamin E

N-acetylcysteine (NAC), Coenzyme QI0,

Scavenging free radicals and reducing ROS levels, thus mini-
mizing oxidative stress and protecting neuronal integrity.

Mitochondrial Biogenesis | PGC-1 activators, AICAR

Enhancing mitochondrial replication and function, leading to

Promoters improved energy supply and reduced ROS production.
Mitochondrial-Targeted MitoQ, SkQ1 Directly targeting mitochondrial ROS production, protecting
Antioxidants mitochondrial components from oxidative damage.

Anti-inflammatory Agents | Minocycline, TNF- inhibitors

Reducing neuroinflammation by inhibiting the release of pro-
inflammatory cytokines, thereby alleviating sensitization of
pain pathways.

housed within the inner mitochondrial membrane, which
couples electron transfer with proton pumping to generate
a proton gradient. The resulting electrochemical gradient
drives the production of ATP via ATP synthase, providing
the energy required for the maintenance of ionic gradients
and synaptic transmission. These ionic gradients are essential
for the generation and propagation of action potentials, which
are the basis of neuronal communication.

Beyond energy production, mitochondria regulate intracel-
lular calcium levels, which are critical for synaptic activity
and neurotransmitter release. Calcium ions (Ca?*) play an
essential role in the regulation of synaptic vesicle fusion
and neurotransmitter exocytosis. Mitochondria act as buffers
for intracellular Ca2t, absorbing excess ions to maintain
cellular homeostasis. This function is particularly important
in neurons, where excessive Ca2™ can lead to excitotoxic-
ity, a process that involves overactivation of receptors such
as N-methyl-D-aspartate (NMDA) receptors and subsequent
neuronal injury. By modulating intracellular calcium levels,
mitochondria ensure the fine-tuning of synaptic activity and
prevent calcium overload that could otherwise trigger cell
death pathways.

Additionally, mitochondria are pivotal in regulating the
intrinsic pathway of apoptosis. The release of cytochrome c
from mitochondria into the cytosol is a key event that ini-
tiates the apoptotic cascade. This release activates caspases,
a family of proteases that execute programmed cell death.
Mitochondrial outer membrane permeabilization (MOMP),
which facilitates the release of cytochrome c, is tightly regu-
lated by the Bcl-2 family of proteins, balancing pro-apoptotic
and anti-apoptotic signals. In the context of neuropathic pain,
mitochondrial dysregulation can tip this balance towards cell
death, contributing to the degeneration of neurons in regions
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such as the dorsal root ganglia (DRG) and spinal cord, where
pain signaling is processed.

Following nerve injury, the disruption of mitochondrial
function is a key contributor to the development of neuro-
pathic pain. Damage to mitochondrial membranes can impair
ATP production, leading to energy deficits that affect the
ability of neurons to maintain membrane potential and prop-
agate action potentials. These energy deficits are particularly
detrimental in neurons with high metabolic demands, such
as those involved in sensory signaling. The loss of ATP
compromises the function of Na™/K*-ATPase pumps and
other ion channels, resulting in membrane depolarization and
increased neuronal excitability. This heightened excitability
of nociceptive neurons contributes to the development of
spontaneous pain and hyperalgesia, common features of neu-
ropathic pain.

Furthermore, mitochondrial dysfunction triggers the re-
lease of pro-apoptotic factors and activation of pathways
leading to neuronal apoptosis, contributing to the degen-
eration of injured neurons. This neuronal loss can disrupt
the balance between excitatory and inhibitory inputs in the
spinal cord, further enhancing pain transmission. The degen-
eration of inhibitory interneurons, for example, reduces the
inhibitory tone on pain pathways, promoting a state of central
sensitization where even non-painful stimuli become per-
ceived as painful. The impact of mitochondrial dysfunction
on both energy production and cell survival mechanisms thus
plays a central role in the pathophysiology of neuropathic
pain.
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B. MITOCHONDRIAL CALCIUM DYSREGULATION AND
ROS PRODUCTION

Mitochondrial calcium dysregulation is a hallmark of nerve
injury and a critical factor in the pathogenesis of neuropathic
pain. Under physiological conditions, mitochondria take up
calcium ions (Ca?*) from the cytosol, especially during pe-
riods of high neuronal activity, to buffer intracellular calcium
levels and prevent excitotoxicity. This process is mediated
by the mitochondrial calcium uniporter (MCU), a highly
selective channel that allows Ca®* to enter the mitochondrial
matrix. By buffering cytosolic Ca?*, mitochondria prevent
the overactivation of calcium-dependent enzymes and protect
neurons from calcium-induced damage.

However, nerve injury often leads to excessive calcium in-
flux into mitochondria, overwhelming their buffering capac-
ity. This excessive calcium loading can lead to the opening
of the mitochondrial permeability transition pore (mPTP), a
large conductance channel that spans the inner mitochondrial
membrane. The opening of the mPTP results in the loss of
mitochondrial membrane potential, mitochondrial swelling,
rupture of the outer membrane, and the release of cytochrome
¢ and other pro-apoptotic factors into the cytosol, initiat-
ing the apoptotic pathway. The activation of this pathway
contributes to neuronal apoptosis, a process that is closely
associated with the development of neuropathic pain as it
leads to the loss of critical neuronal populations that regulate
pain signaling.

Moreover, elevated mitochondrial calcium levels enhance
the activity of several enzymes in the electron transport chain
(ETC), increasing the production of ROS as a byproduct of
oxidative phosphorylation. The ETC is a major source of
ROS, particularly at complexes I and III, where electrons
can leak to oxygen to form superoxide anions (O; ). Under
normal conditions, this ROS production is controlled by
antioxidant systems such as superoxide dismutase (SOD),
which converts superoxide into hydrogen peroxide (H2O3),
and catalase, which further detoxifies HoO5. However, in
the context of nerve injury, the excessive influx of Ca?*
into mitochondria exacerbates ROS production beyond the
capacity of these detoxification systems.

The ROS produced by dysfunctional mitochondria can
cause oxidative damage to mitochondrial DNA (mtDNA),
proteins, and lipids, further impairing respiratory function
and perpetuating the cycle of ROS production. Damage to
mtDNA is particularly detrimental as it encodes essential
components of the ETC, leading to a decline in mitochondrial
efficiency and increased leakage of electrons. This leads to
a vicious cycle where mitochondrial dysfunction and ROS
production reinforce each other, contributing to sustained
neuronal damage and pain hypersensitivity. The accumula-
tion of ROS also activates redox-sensitive signaling path-
ways, including NF-B and MAPK, which upregulate pro-
inflammatory cytokines and exacerbate neuroinflammation,
further sensitizing pain pathways.

This section underscores the intricate relationship between
mitochondrial dysfunction, calcium dysregulation, and ox-
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idative stress in neuropathic pain. The pathological effects
of mitochondrial dysfunction extend beyond impaired energy
production to include the disruption of calcium homeostasis
and the promotion of a pro-oxidative environment. These
changes not only compromise neuronal survival but also alter
the functional properties of neurons and glial cells involved in
pain processing, contributing to the chronicity of neuropathic
pain.

lll. REACTIVE OXYGEN SPECIES AND OXIDATIVE
STRESS IN PAIN PATHWAYS

A. SOURCES OF ROS IN NEUROPATHIC PAIN

The primary source of reactive oxygen species (ROS) in the
context of neuropathic pain is mitochondrial dysfunction, yet
other enzymatic sources significantly contribute to the overall
oxidative stress observed in these conditions. Mitochondria,
through their electron transport chain (ETC), produce ROS as
a byproduct of oxidative phosphorylation, especially when
electron leakage occurs at complexes I and III. Following
nerve injury, mitochondrial dysfunction leads to an increase
in these leakage events, causing a rise in the production of
superoxide anions (O; ). However, ROS generation is not
solely dependent on mitochondrial sources; other enzymatic
pathways also play crucial roles in promoting oxidative stress
within the nervous system during neuropathic pain.

One of the most significant contributors to ROS pro-
duction outside mitochondria is NADPH oxidase (NOX), a
membrane-bound enzyme complex. NOX is particularly ac-
tive during neuroinflammatory responses and contributes to
ROS generation in injured neurons and glial cells. Activation
of NOX occurs in response to pro-inflammatory cytokines
such as tumor necrosis factor-alpha (TNF-«) and interleukin-
1 beta (IL-15), which are upregulated following nerve dam-
age. Once activated, NOX catalyzes the transfer of electrons
from NADPH to molecular oxygen, producing superoxide
anion (O ). This NOX-derived ROS contributes significantly
to oxidative damage in the injured nerve, spinal cord, and sur-
rounding glial cells, perpetuating the inflammatory response
and increasing the sensitivity of pain pathways. Elevated
ROS levels can directly damage cellular components such as
proteins, lipids, and DNA, resulting in cellular dysfunction
and heightened pain sensitivity.

In addition to NOX, other enzymatic sources such as
xanthine oxidase and uncoupled nitric oxide synthase (NOS)
contribute to the oxidative environment characteristic of
neuropathic pain. Xanthine oxidase, typically involved in
purine metabolism, can shift from a dehydrogenase to an
oxidase form during oxidative stress, leading to increased
ROS production, including superoxide and hydrogen per-
oxide (H202). Uncoupled NOS is another critical source
of ROS in neuropathic conditions. Under normal condi-
tions, NOS enzymes produce nitric oxide (NO), which has
various signaling roles, including vasodilation. However, in
the presence of oxidative stress and reduced availability of
tetrahydrobiopterin (BH4), a cofactor for NOS, the enzyme
becomes uncoupled and produces superoxide rather than NO.

VOLUME 8, 2022



Saputra C. (2024): International Journal of Data Science and Intelligent Applications

TABLE 3. Effects of Mitochondrial Dysfunction in Neuropathic Pain.

Dysfunction Aspect Mechanisms

Impact on Neuropathic Pain

Impaired ATP Production
synthase

Damage to ETC, reduced activity of ATP

Leads to energy deficits, affecting ion homeostasis
and contributing to neuronal hyperexcitability.

Calcium Dysregulation

Excessive CaZ ™ influx, mPTP opening

Causes mitochondrial swelling, cytochrome c release,
and apoptosis, contributing to neuronal loss.

Excessive ROS Production
paired antioxidant systems

Electron leakage at ETC complexes, im-

Causes oxidative damage to mtDNA, proteins, and
lipids, perpetuating mitochondrial dysfunction and
neuronal damage.

Activation of Pro-apoptotic Path-
ways

Cytochrome c release, caspase activation

Triggers programmed cell death, leading to degenera-
tion of neurons and enhanced pain signaling.

TABLE 4. Therapeutic Targets Addressing Mitochondrial Dysfunction and Calcium Dysregulation in Neuropathic Pain.

Target Example Agents Mechanism of Action
Mitochondrial Calcium Uniporter | Ruthenium Red, MCU blockers Reduces excessive mitochondrial Ca®T uptake, pre-
(MCU) Inhibition venting mPTP opening and mitochondrial damage.

Antioxidants
(NAC)

MitoQ, Coenzyme Q10, N-acetylcysteine

Scavenge ROS, protect mtDNA, and reduce oxidative
stress to prevent further mitochondrial impairment.

mPTP Modulators Cyclosporin A, Sanglifehrin A Inhibit mPTP opening, preserving mitochondrial in-
tegrity and preventing cytochrome c release.

Mitochondrial Biogenesis | PGC-1 activators, Resveratrol Promote mitochondrial replication and repair, im-

Enhancers proving ATP production and reducing oxidative dam-

age.

This shift from NO to ROS production not only contributes
to further oxidative damage but also disrupts the balance
between NO and superoxide, leading to the formation of
highly reactive peroxynitrite (ONOO™), which is particularly
damaging to neuronal and glial cells.

The combined effects of these various sources of ROS,
including mitochondrial dysfunction, NOX activation, and
the activities of xanthine oxidase and uncoupled NOS, create
a complex and self-reinforcing environment of oxidative
stress in neuropathic pain. This oxidative environment plays a
pivotal role in sustaining neuroinflammation and promoting
the structural and functional changes that underlie chronic
pain states.

B. OXIDATIVE STRESS AND ACTIVATION OF
INFLAMMATORY PATHWAYS

Oxidative stress, defined as a state where the production
of ROS overwhelms the antioxidant defense mechanisms,
triggers a series of signaling pathways that are central to
the pathophysiology of neuropathic pain. One of the most
critical pathways activated by oxidative stress is the nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-
xB) pathway. NF-xB is a transcription factor that plays a
key role in regulating the expression of genes involved in
immune and inflammatory responses. In the context of neuro-
pathic pain, ROS can activate NF-«B either directly, through
the oxidation of specific cysteine residues on its inhibitory
proteins, or indirectly, through upstream kinases like IKK
(IxB kinase). Upon activation, NF-xB translocates to the
nucleus and promotes the transcription of pro-inflammatory
cytokines such as TNF-q, interleukin-6 (IL-6), and IL-15.
These cytokines amplify the inflammatory response in the
nervous system, enhancing the recruitment and activation of
immune cells such as microglia and astrocytes in the spinal
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cord.

The pro-inflammatory cytokines produced as a result of
NF-xB activation contribute to the sensitization of noci-
ceptive pathways by increasing the excitability of pain-
transmitting neurons. For instance, TNF-a and IL-13 can
modulate the function of ion channels and receptors, includ-
ing transient receptor potential (TRP) channels and voltage-
gated sodium channels, leading to heightened neuronal re-
sponsiveness to painful stimuli. This increased sensitivity,
known as hyperalgesia, is a hallmark of neuropathic pain,
where normally non-painful or slightly painful stimuli elicit
exaggerated pain responses. Additionally, these cytokines
further activate ROS-producing enzymes like NOX, creating
a feedback loop that sustains oxidative stress and neuroin-
flammation.

Another key pathway activated by oxidative stress is
the mitogen-activated protein kinase (MAPK) pathway,
which includes three major subfamilies: extracellular signal-
regulated kinase (ERK), p38 MAPK, and c-Jun N-terminal
kinase (JNK). ROS can act as signaling molecules that ac-
tivate MAPK pathways, leading to the phosphorylation and
activation of transcription factors such as activator protein
1 (AP-1). Activation of MAPKs in neurons and glial cells
promotes the expression of genes involved in inflammation,
apoptosis, and cellular stress responses. For example, acti-
vation of the p38 MAPK pathway has been strongly linked
to microglial activation in the spinal dorsal horn, a key
site for the modulation and amplification of pain signals.
This microglial activation contributes to the release of pro-
inflammatory cytokines and chemokines, perpetuating neu-
roinflammation and enhancing pain sensitivity.

ERK and JNK pathways also play significant roles in
synaptic plasticity and neuronal survival, influencing the
structural and functional changes that occur in pain path-
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ways during chronic pain conditions. The activation of these
MAPK pathways by ROS is particularly important in the
sensitization of pain pathways at the level of the spinal dorsal
horn, where they contribute to the potentiation of excita-
tory synaptic transmission and the reduction of inhibitory
neurotransmission. This imbalance between excitatory and
inhibitory inputs leads to central sensitization, a state where
neurons in the spinal cord become hyperresponsive to sen-
sory input. Central sensitization is a key feature of chronic
neuropathic pain, as it results in the perception of pain in
response to normally innocuous stimuli (allodynia) and the
amplification of pain responses to noxious stimuli (hyperal-
gesia).

The interplay between ROS, oxidative stress, and the
activation of NF-xB and MAPK pathways illustrates how
oxidative stress contributes to the persistence of pain and the
chronicity of neuropathic pain states. This sustained activa-
tion of inflammatory pathways not only damages neurons but
also alters the function of glial cells, which play an essential
role in maintaining homeostasis within the nervous system.
The transformation of glial cells into a pro-inflammatory
phenotype in response to oxidative stress further amplifies
the inflammatory microenvironment, leading to a cycle of
neuronal damage and maladaptive plasticity that underlies
persistent pain.

the generation of ROS from mitochondrial and enzymatic
sources and the subsequent oxidative stress play a pivotal
role in the pathogenesis of neuropathic pain. The activation
of inflammatory signaling pathways such as NF-xB and
MAPK by ROS leads to neuroinflammation and enhanced
pain sensitivity. Targeting these sources of ROS and their
downstream effects presents a potential therapeutic strategy
for mitigating oxidative stress and alleviating the symptoms
of neuropathic pain.

IV. THERAPEUTIC APPROACHES TARGETING
MITOCHONDRIAL DYSFUNCTION AND OXIDATIVE
STRESS
A. ANTIOXIDANTS AS THERAPEUTIC AGENTS
The use of antioxidants to reduce oxidative stress has been
extensively explored as a potential therapeutic strategy for
managing neuropathic pain. Antioxidants can directly neu-
tralize reactive oxygen species (ROS) and augment the
body’s intrinsic antioxidant defense systems, thus offering
a means to mitigate the damage caused by oxidative stress.
Various antioxidants, including alpha-lipoic acid (ALA), N-
acetylcysteine (NAC), and coenzyme Q10, have shown po-
tential in preclinical models of neuropathic pain by reducing
ROS levels and improving mitochondrial function. These
compounds work through multiple mechanisms, including
direct scavenging of free radicals, chelation of transition
metals involved in ROS generation, and the regeneration of
other endogenous antioxidants such as glutathione.

NAC, for instance, acts as a precursor to glutathione, a
crucial antioxidant that is often depleted in conditions of ox-
idative stress. By replenishing glutathione levels, NAC helps
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restore the balance between ROS production and detoxifica-
tion, thus protecting neuronal cells from oxidative damage.
Alpha-lipoic acid, a naturally occurring dithiol compound,
has the ability to cross the blood-brain barrier and func-
tions as a cofactor for mitochondrial enzymes, enhancing
cellular energy metabolism and directly scavenging ROS
such as hydroxyl radicals. Coenzyme Q10, also known as
ubiquinone, is an integral component of the electron transport
chain and plays a dual role as both an electron carrier and
an antioxidant, reducing lipid peroxidation and protecting
mitochondrial membranes from oxidative damage.

More recently, the development of mitochondria-targeted
antioxidants has provided a promising avenue for more
effectively addressing mitochondrial dysfunction in neuro-
pathic pain. Unlike conventional antioxidants, these agents
are specifically designed to accumulate within the mitochon-
dria, the primary site of ROS production in injured neurons.
MitoQ, a ubiquinone derivative conjugated with a lipophilic
cation, is one such mitochondria-targeted antioxidant. MitoQ
is capable of crossing the mitochondrial membranes and
concentrating within the mitochondrial matrix, where it can
directly counteract the superoxide and hydrogen peroxide
generated by the electron transport chain. This targeted ap-
proach helps to preserve mitochondrial function, reduces
oxidative damage to mitochondrial DNA (mtDNA), and en-
hances neuronal survival.

Despite the promise shown by mitochondria-targeted an-
tioxidants in preclinical models, translating these findings
into clinical applications has proven to be challenging. Clin-
ical trials with antioxidants like MitoQ and alpha-lipoic
acid have yielded mixed results, with some studies showing
modest benefits in terms of pain relief and others failing
to demonstrate significant efficacy compared to placebos.
These inconsistencies highlight the complexities of oxida-
tive stress pathways in human disease and suggest that a
deeper understanding of patient-specific factors, such as ge-
netic variability in antioxidant response and the extent of
mitochondrial dysfunction, may be necessary to optimize
antioxidant therapy for neuropathic pain. Further research is
required to refine the dosing regimens, identify biomarkers
for treatment responsiveness, and determine which patient
populations may benefit most from such interventions.

B. MITOCHONDRIAL BIOENERGETICS MODULATORS
Modulating mitochondrial bioenergetics represents another
promising approach to alleviating neuropathic pain by im-
proving ATP production, stabilizing mitochondrial function,
and reducing oxidative stress. By enhancing mitochondrial
energy metabolism, these agents aim to address the energy
deficits that arise from nerve injury, thereby supporting
neuronal function and survival. Several compounds have
been investigated for their ability to modulate mitochondrial
bioenergetics, including creatine, mitochondrial uncouplers,
and peroxisome proliferator-activated receptor gamma coac-
tivator 1-alpha (PGC-1q) activators.

Creatine, a well-known ergogenic aid, has been shown
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TABLE 5. Sources of ROS and Their Contribution to Oxidative Stress in Neuropathic Pain.

Source of ROS

Mechanism of ROS Production

Impact on Neuropathic Pain

Mitochondrial Dysfunction

Electron leakage at ETC complexes, espe-
cially complexes I and III

Leads to elevated superoxide production, contributing
to oxidative damage and neuronal dysfunction.

NADPH Oxidase (NOX)

Activation by pro-inflammatory cytokines
such as TNF-« and IL-18

Produces superoxide anion (O, ), exacerbating neu-
roinflammation and increasing pain sensitivity.

Uncoupled Nitric Oxide Synthase
(NOS)

Reduced availability of cofactor BH4 leads
to superoxide production instead of NO

Contributes to oxidative damage and formation of
peroxynitrite, which further damages neurons and
glia.

Xanthine Oxidase

Converts hypoxanthine to xanthine, gener-
ating superoxide and hydrogen peroxide as
byproducts

Increases ROS levels, contributing to oxidative stress
and further injury to neuronal tissues.

TABLE 6. Oxidative Stress-Activated Signaling Pathways in Neuropathic Pain.

Pathway

Activation Mechanism

Role in Neuropathic Pain

NF-xB Pathway

ROS-mediated activation of IxB kinase
(IKK) complex

Upregulates pro-inflammatory cytokines (e.g., TNF-
«, IL-6), contributing to neuroinflammation and no-
ciceptive sensitization.

MAPK Pathways (ERK, p38, JNK)

ROS-induced phosphorylation of MAPK ki-
nases

Promotes expression of pro-inflammatory genes,
apoptosis, and synaptic plasticity, leading to central
sensitization.

Nrf2 Pathway

Oxidative stress activates Nrf2, leading to
antioxidant response element (ARE) tran-
scription

While generally protective, in neuropathic pain, its
activation may be insufficient to counterbalance ele-
vated ROS levels.

AP-1 (Activator Protein-1)

Activated by ROS through JNK and p38
MAPK

Regulates genes involved in inflammation and cell
survival, contributing to chronic pain state.

TABLE 7. Key Antioxidants Investigated for Neuropathic Pain Management.

Antioxidant

Mechanism of Action

Potential Benefits in Neuropathic Pain

Alpha-Lipoic Acid (ALA)

Direct scavenging of hydroxyl radicals; en-
hances mitochondrial enzyme function

Reduces oxidative damage, improves nerve function,
and alleviates pain in diabetic neuropathy models.

N-acetylcysteine (NAC)

Precursor to glutathione; chelates transition
metals

Restores glutathione levels, protecting against oxida-
tive stress and improving neuronal survival.

Coenzyme Q10 (Ubiquinone)

Electron carrier in the mitochondrial ETC;
antioxidant properties

Reduces lipid peroxidation and mitochondrial dys-
function, potentially improving energy metabolism in
affected neurons.

MitoQ

Mitochondria-targeted antioxidant; concen-
trates in the mitochondrial matrix

Protects mitochondrial DNA from ROS, preserves

ATP production, and improves neuronal survival in
preclinical pain models.

to support ATP synthesis by buffering intracellular phos-
phocreatine levels, thus providing a rapid source of energy
to maintain ATP levels in energy-depleted neurons. In the
context of neuropathic pain, creatine supplementation has
been explored for its potential to enhance energy availability
in neurons subjected to metabolic stress due to mitochondrial
dysfunction. By sustaining ATP production, creatine may
help neurons maintain ionic gradients and synaptic activity,
which are essential for normal pain processing. Although the
direct evidence of creatine’s effectiveness in clinical settings
of neuropathic pain is limited, animal studies have demon-
strated its potential to reduce pain behaviors and preserve
neuronal integrity.

Another approach involves the use of mitochondrial un-
couplers, which reduce ROS production without severely
compromising ATP synthesis. Mild mitochondrial uncou-
plers, such as 2,4-dinitrophenol (DNP) at low doses, work
by dissipating the proton gradient across the inner mitochon-
drial membrane, leading to a reduction in the mitochondrial
membrane potential. This action decreases electron leakage
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and reduces the formation of ROS, thus mitigating oxidative
damage. Importantly, at low concentrations, these uncou-
plers can preserve ATP synthesis by maintaining a balance
between reducing oxidative stress and sustaining cellular
energy needs. While the safety profile of such compounds
in humans remains a concern, recent research has focused on
developing safer derivatives that can achieve similar effects
without the toxicities associated with traditional uncouplers.

In addition to direct energy support, agents that enhance
mitochondrial biogenesis, such as PGC-1« activators, have
been studied for their ability to restore mitochondrial func-
tion. PGC-1« is a master regulator of mitochondrial bio-
genesis, and its activation can lead to the generation of
new mitochondria and improved mitochondrial function in
damaged neurons. Resveratrol, a polyphenolic compound,
is known to activate PGC-1« through the SIRT1 pathway,
thereby promoting mitochondrial biogenesis and improving
mitochondrial health. The enhancement of mitochondrial
biogenesis helps replenish damaged mitochondria, improv-
ing the overall bioenergetic profile of neurons and potentially
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reducing neuropathic pain symptoms.

Another innovative therapeutic approach involves the inhi-
bition of SARMI1 (sterile alpha and TIR motif-containing 1),
a key regulator of axonal degeneration. SARMI1 activation
has been shown to deplete NAD™T levels following nerve
injury, leading to axonal degeneration and mitochondrial
dysfunction. Inhibiting SARMI1 activity has emerged as a
promising strategy to preserve mitochondrial integrity and
reduce axonal degeneration, thereby mitigating the severity
of neuropathic pain. Preclinical studies have demonstrated
that SARM1 inhibitors can maintain mitochondrial function,
reduce axonal degeneration, and attenuate pain behaviors
in animal models of nerve injury. These findings suggest
that targeting the mechanisms of axonal degeneration at the
mitochondrial level may offer a novel approach to treating
neuropathic pain.

targeting mitochondrial dysfunction and oxidative stress
through the use of antioxidants and mitochondrial bioen-
ergetics modulators offers promising avenues for the treat-
ment of neuropathic pain. While antioxidants like NAC and
mitochondria-targeted compounds such as MitoQ can miti-
gate oxidative stress, modulating mitochondrial bioenerget-
ics through agents like creatine, uncouplers, and SARMI1
inhibitors can help preserve mitochondrial function and en-
ergy balance in injured neurons. The effectiveness of these
strategies, however, depends on a nuanced understanding of
the underlying pathophysiological mechanisms in individual
patients, as well as further clinical research to optimize
treatment protocols and evaluate long-term outcomes.

V. CONCLUSION

Mitochondrial dysfunction, ROS overproduction, and oxida-
tive stress play central roles in the progression of neuro-
pathic pain and neuronal damage. Mitochondria serve as both
sources and targets of ROS, creating a feedback loop that
exacerbates oxidative damage and promotes neuroinflamma-
tion. This persistent oxidative stress and inflammation result
in alterations to neuronal physiology, such as heightened neu-
ronal hyperexcitability and maladaptive synaptic plasticity,
which are central to the persistence of chronic pain. These
pathological changes transform the pain-processing path-
ways, leading to symptoms like allodynia and hyperalgesia
that are typical in patients with neuropathic pain.

The cycle of mitochondrial dysfunction and ROS genera-
tion is complex, as mitochondria are not only sites of ROS
production but are also vulnerable to oxidative damage. This
self-amplifying cycle contributes to further impairment of
mitochondrial function, leading to reduced ATP production,
damage to mitochondrial DNA (mtDNA), and activation of
apoptotic pathways. As a result, neurons suffer from energy
deficits and structural damage, further compromising their
ability to function properly in pain signaling pathways. Ad-
ditionally, oxidative damage extends to other cellular com-
ponents, including lipids and proteins, which further disrupts
cellular homeostasis and amplifies the neuroinflammatory
environment.
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Therapeutic strategies that focus on reducing oxidative
stress, enhancing mitochondrial function, and stabilizing
cellular redox balance hold significant potential for miti-
gating the effects of neuropathic pain. Antioxidants such
as alpha-lipoic acid, N-acetylcysteine, and mitochondria-
targeted agents like MitoQ have been shown to reduce ROS
levels and protect neuronal cells from oxidative damage
in preclinical models. These compounds aim to restore the
balance between ROS production and detoxification, thereby
breaking the cycle of oxidative stress and mitochondrial
impairment. Moreover, interventions aimed at modulating
mitochondrial bioenergetics, such as creatine supplementa-
tion and PGC-1« activators, offer another avenue for support-
ing energy metabolism and maintaining neuronal function
despite the stress of nerve injury.

Despite the promise of these strategies, the translation
of antioxidant therapies into clinical practice remains chal-
lenging. Clinical trials have produced mixed results, with
some showing modest improvements in pain relief and others
failing to demonstrate significant efficacy over placebo treat-
ments. These outcomes highlight the complexity of oxidative
stress mechanisms in neuropathic pain and suggest that a
deeper understanding of the underlying pathophysiology is
necessary for developing more effective treatments. Factors
such as the timing of intervention, the specific type of
nerve injury, and individual variability in antioxidant defense
mechanisms may influence the outcomes of these therapies.

Nonetheless, ongoing research into mitochondria-targeted
treatments offers hope for developing interventions that more
precisely address the sources of oxidative stress and mi-
tochondrial dysfunction in neuropathic pain. Advances in
the development of mitochondrial uncouplers, SARM1 in-
hibitors, and compounds that enhance mitochondrial bio-
genesis represent promising directions for future therapies.
These targeted approaches have the potential to preserve
mitochondrial integrity, reduce neuronal degeneration, and
restore the balance of cellular redox states.

Understanding the complex interactions between mito-
chondrial dysfunction and oxidative stress will be essential
for designing new therapies aimed at breaking the cycle
of pain and neuronal injury. By elucidating the molecular
pathways that link oxidative stress to neuroinflammation and
pain sensitization, researchers can identify novel therapeutic
targets and develop interventions that address the root causes
of chronic neuropathic pain. Ultimately, such advancements
hold the promise of improving the quality of life for indi-
viduals suffering from neuropathic pain by providing more
effective and personalized treatment options. [1]-[29]
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