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Abstract: Neuropathic pain is a chronic pain condition resulting from injury or dysfunction in the
somatosensory nervous system, characterized by spontaneous pain, hyperalgesia, and allodynia.
Recent research has highlighted the role of autophagy, a cellular degradation and recycling process,
in maintaining neuronal homeostasis and preventing degeneration. However, in the context of
neuropathic pain, dysregulation of autophagy can exacerbate neuronal damage and contribute to
pain persistence. Autophagy plays a dual role in neuronal health, acting as a protective mechanism
that clears damaged organelles and protein aggregates under physiological conditions but potentially
contributing to neuronal injury when excessively activated or impaired. Key molecular pathways,
such as the mTOR (mechanistic target of rapamycin) pathway, AMPK (AMP-activated protein kinase),
and the autophagy-related (ATG) proteins, regulate autophagy and are altered in response to nerve
injury. The failure to maintain proper autophagic flux can lead to the accumulation of damaged
mitochondria, increased oxidative stress, and activation of apoptotic pathways, which further drive
neuronal degeneration and pain. This review examines the interplay between autophagy dysregu-
lation and neuronal degeneration in neuropathic pain, focusing on the molecular mechanisms that
underlie these processes. We also discuss the potential of targeting autophagy pathways to mitigate
neuronal injury and alleviate chronic pain. Understanding the role of autophagy in neuropathic pain
may provide insights into novel therapeutic strategies for enhancing neuronal resilience and reducing
the burden of chronic pain.

Keywords: AMPK, autophagy dysregulation, mTOR pathway, neuronal degeneration, neuropathic
pain, oxidative stress, protein aggregates

1. Introduction

Neuropathic pain is a debilitating condition that arises from injury or disease affecting
the somatosensory nervous system. It manifests through a range of symptoms, including
spontaneous pain, hyperalgesia (an exaggerated response to painful stimuli), and allodynia
(pain triggered by normally non-painful stimuli). The progression from acute to chronic
neuropathic pain involves a complex interplay of molecular and cellular mechanisms that
drive changes in the peripheral and central nervous system. This progression is marked
by neuronal hyperexcitability, maladaptive synaptic plasticity, and sometimes irreversible
neuronal degeneration. Understanding the mechanisms underlying this transition is
critical for developing effective therapeutic strategies, given the limited success of current
treatments for chronic neuropathic pain conditions.

Autophagy, a catabolic process responsible for the degradation and recycling of cellular
components through lysosomes, has emerged as a key player in the pathogenesis of
neuropathic pain. As a highly regulated process, autophagy is fundamental to cellular
homeostasis, especially in neurons, which are particularly vulnerable to metabolic stress
and protein aggregation due to their high metabolic demand and post-mitotic nature.
Autophagy helps in the removal of damaged organelles, including mitochondria, as well
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as misfolded or aggregated proteins, thereby preventing cellular damage and maintaining
neuronal integrity. However, in the context of nerve injury, autophagy’s role becomes
paradoxical, as its dysregulation can either be protective or exacerbate neuronal damage
and pain sensation.

Dysregulated autophagy following nerve injury is a double-edged sword. On the
one hand, insufficient autophagic activity may lead to the accumulation of dysfunctional
mitochondria and damaged proteins, contributing to heightened oxidative stress and
activation of apoptotic pathways. On the other hand, excessive autophagy, or autophagic
stress, can result in the over-digestion of essential cellular components, causing further
neuronal damage. Both scenarios can promote neuroinflammation and persistent pain,
highlighting the importance of maintaining a delicate balance in autophagic activity to
support neuronal health. Indeed, research has shown that both impaired autophagic flux
and hyperactive autophagic pathways are implicated in the development and maintenance
of neuropathic pain, suggesting that the modulation of autophagy might be a viable
therapeutic strategy.

The regulation of autophagy is mediated by a variety of signaling pathways, including
the mammalian target of rapamycin (mTOR), AMP-activated protein kinase (AMPK), and
autophagy-related genes (ATG). These pathways integrate various stress signals and energy
status to fine-tune the initiation and progression of autophagy. In the context of neuropathic
pain, alterations in these regulatory mechanisms are observed, which disrupt the normal
autophagic response to nerve injury. For example, nerve injury is known to upregulate
mTOR signaling, which suppresses autophagy and promotes protein synthesis, potentially
contributing to the maladaptive cellular responses seen in chronic pain states. Conversely,
AMPK, which activates autophagy in response to low energy levels, is often downregulated
in chronic pain conditions, further compounding autophagic impairment.

Moreover, the interplay between autophagy and other cellular processes such as
oxidative stress, mitochondrial dysfunction, and apoptosis is of particular interest in the
context of neuropathic pain. Mitochondrial dysfunction, for instance, is a hallmark of many
neurodegenerative conditions and is known to contribute to neuronal excitability and the
production of reactive oxygen species (ROS). Autophagy plays a critical role in the clearance
of damaged mitochondria through a process known as mitophagy. When mitophagy is
impaired, it results in the accumulation of dysfunctional mitochondria, leading to elevated
ROS levels, oxidative damage to cellular structures, and the activation of pro-apoptotic
pathways. These events can sensitize neurons, lower the threshold for pain, and contribute
to the transition from acute to chronic pain.

The interaction between autophagy and apoptosis is also significant. Apoptosis, or
programmed cell death, is a well-recognized mechanism of neuronal loss following nerve
injury. While autophagy generally acts as a survival mechanism, severe or sustained
autophagic activation can lead to autophagic cell death, a form of programmed cell death
distinct from apoptosis. In the injured nervous system, this can exacerbate the loss of
neurons and contribute to the structural and functional changes associated with chronic
pain. Thus, the balance between autophagy and apoptosis is a crucial determinant of
neuronal survival following injury, influencing the persistence and intensity of neuropathic
pain.

Understanding these intricate relationships between autophagy and other cellular
mechanisms is essential for developing targeted interventions. Recent studies have ex-
plored the potential of pharmacological agents that modulate autophagy, aiming to re-
store a balanced autophagic activity that promotes neuronal survival while reducing pain
symptoms. Compounds such as rapamycin, an mTOR inhibitor, have shown promise
in preclinical models by enhancing autophagic flux and reducing signs of nerve injury-
induced pain. Similarly, AMPK activators have been investigated for their potential to
enhance autophagic responses and mitigate oxidative stress in neuronal cells. Despite
these promising leads, translating such findings into clinical therapies remains challenging
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Table 1. Key signaling pathways involved in autophagy regulation in the context of neuropathic pain

Pathway Role in Autophagy Implications in Neuropathic
Pain

mTOR (Mam-
malian Target of
Rapamycin)

Inhibits autophagy by pre-
venting the formation of
autophagosomes

Upregulated in nerve injury, sup-
pressing autophagy and poten-
tially contributing to the persis-
tence of pain due to reduced
clearance of damaged proteins
and organelles.

AMPK (AMP-
Activated Protein
Kinase)

Activates autophagy in re-
sponse to low cellular en-
ergy levels

Downregulated in chronic neu-
ropathic pain conditions, leading
to impaired autophagic response
and increased oxidative stress.

ATG proteins
(Autophagy-
Related Genes)

Directly involved in au-
tophagosome formation
and maturation

Dysregulation can disrupt au-
tophagic flux, contributing to
neuronal damage and sustained
pain signaling.

due to the context-dependent effects of autophagy modulation and the need for precise
therapeutic targeting to avoid unwanted side effects.

This review aims to provide a comprehensive examination of the role of autophagy
dysregulation in the molecular mechanisms underlying neuropathic pain and neuronal
degeneration. We delve into the signaling pathways that regulate autophagy, such as
mTOR, AMPK, and the various ATG proteins, analyzing their alterations in response to
nerve injury. Furthermore, we explore how dysregulated autophagy interacts with other
critical cellular processes, such as oxidative stress and apoptosis, to drive neuronal damage
and persistent pain states. Finally, we discuss emerging therapeutic strategies that seek to
manipulate autophagic processes as a means to protect neurons and alleviate chronic pain
symptoms.

Table 2. Potential therapeutic agents targeting autophagy for neuropathic pain treatment

Agent Mechanism of Action Effects in Preclinical Models of
Neuropathic Pain

Rapamycin mTOR inhibitor; pro-
motes autophagy

Reduces pain hypersensitivity
by enhancing autophagic flux
and decreasing neuroinflamma-
tion in models of nerve injury.

Metformin AMPK activator; increases
autophagic activity

Alleviates pain symptoms
through enhanced autophagic
clearance of damaged mitochon-
dria and reduction of oxidative
stress.

Resveratrol Enhances SIRT1 activity
and promotes autophagy

Demonstrated to reduce neuro-
pathic pain through modulation
of oxidative stress and mitochon-
drial function.

Autophagy plays a multifaceted role in maintaining neuronal homeostasis and re-
sponding to nerve injury, yet its dysregulation can contribute to the pathogenesis of chronic
neuropathic pain. Through this review, we aim to elucidate the complexities of autophagy
regulation, its interactions with other cellular processes, and the potential of targeting this
pathway to develop novel therapeutic strategies for neuropathic pain. Given the persistent
challenges in treating chronic pain conditions, a deeper understanding of autophagy’s
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role may pave the way for new interventions that more effectively address the underlying
molecular changes driving pain and neurodegeneration.

2. Mechanisms of Autophagy and Its Regulation
2.1. Overview of the Autophagy Process

Autophagy is a catabolic process that involves the formation of double-membrane
vesicles called autophagosomes, which engulf cytoplasmic components and deliver them to
lysosomes for degradation. The process of autophagy can be divided into several key stages:
initiation, nucleation, elongation, autophagosome formation, and fusion with lysosomes.
The initiation of autophagy is regulated by the Unc-51-like kinase 1 (ULK1) complex, which
is activated under conditions of cellular stress, such as nutrient deprivation.

The mechanistic target of rapamycin (mTOR) is a key negative regulator of autophagy.
Under nutrient-rich conditions, mTOR inhibits the ULK1 complex, preventing autophagy
initiation. In contrast, under conditions of nutrient deprivation or cellular stress, mTOR
activity is suppressed, allowing ULK1 activation and autophagy induction. The AMP-
activated protein kinase (AMPK) also plays a critical role in autophagy regulation by
sensing cellular energy levels and directly activating ULK1 when ATP levels are low.

Autophagy-related (ATG) proteins, such as ATG5, ATG7, and LC3 (microtubule-
associated protein 1 light chain 3), are essential for the elongation and formation of au-
tophagosomes. LC3-II, the lipidated form of LC3, is incorporated into autophagosomal
membranes and serves as a marker for autophagy activity. The fusion of autophagosomes
with lysosomes is required for the degradation of their contents, a process that is dependent
on lysosomal function and the activity of proteins such as Rubicon and SNAREs.

Table 3. Key Stages and Regulators of the Autophagy Process

Stage Regulating Pro-
teins/Complexes

Role in Autophagy

Initiation ULK1 complex (includes
ULK1, ATG13, FIP200)

Activated under stress condi-
tions like nutrient deprivation
to initiate autophagosome forma-
tion.

Nucleation Beclin-1, VPS34 complex Promotes the formation of the
isolation membrane that will
elongate into an autophagosome.

Elongation ATG5, ATG12, LC3 Facilitates the expansion of the
isolation membrane and the in-
corporation of cargo into au-
tophagosomes.

Autophagosome
Formation

LC3-II LC3-II associates with au-
tophagosomal membranes,
serving as a marker of au-
tophagy.

Fusion with Lyso-
somes

Rubicon, SNARE proteins Regulates the fusion of au-
tophagosomes with lysosomes,
enabling degradation of au-
tophagic contents.

In the context of cellular energy regulation, the balance between mTOR and AMPK
pathways is crucial for modulating autophagy. mTOR acts as a sensor of nutrient availabil-
ity, while AMPK responds to energy depletion. These pathways converge on the ULK1
complex, controlling the activation of autophagy based on the cellular environment. The
coordinated activity of these signaling pathways ensures that autophagy is initiated only
when necessary, helping maintain cellular homeostasis.

Autophagy’s ability to degrade damaged organelles and proteins is especially impor-
tant for neurons, which are highly sensitive to metabolic disturbances. The dysfunction of
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Table 4. Roles of Key Signaling Pathways in Autophagy Regulation

Pathway Role in Autophagy Regu-
lation

Implications in Cellular Home-
ostasis

mTOR Inhibits autophagy under
nutrient-rich conditions
by suppressing ULK1
activity

Prevents unnecessary autophagy,
allowing for anabolic processes
like protein synthesis.

AMPK Activates autophagy un-
der low energy conditions
by activating ULK1

Promotes energy balance and the
removal of damaged organelles
when cellular ATP levels are low.

ULK1 Complex Central initiator of au-
tophagy

Integrates signals from mTOR
and AMPK to control autophagy
initiation.

autophagy-related proteins, such as impaired ULK1 activity or mutations in ATG genes,
has been linked to neurodegenerative disorders and conditions characterized by chronic
neuronal stress, including neuropathic pain. Thus, the regulation of autophagy by mTOR,
AMPK, and ATG proteins represents a critical mechanism for maintaining neuronal health
and responding to cellular stress conditions.

2.2. Autophagy Dysregulation in Response to Nerve Injury

Nerve injury can lead to dysregulation of autophagy in both peripheral and central
neurons, contributing to the pathogenesis of neuropathic pain. Studies have shown that
following nerve injury, there is an initial upregulation of autophagy in an attempt to clear
damaged cellular components. However, the persistence of autophagic activity, combined
with impaired autophagic flux due to lysosomal dysfunction, can lead to the accumulation
of autophagosomes and autophagy-related stress.

The impairment of autophagic flux is particularly detrimental in neurons, as it leads to
the accumulation of damaged mitochondria and the generation of reactive oxygen species
(ROS). This contributes to a cycle of oxidative stress and cellular damage, further promoting
neuronal degeneration. Additionally, the accumulation of autophagic vacuoles can trigger
apoptotic pathways, such as those involving caspase-3, leading to programmed cell death
in neurons.

3. Interplay Between Autophagy, Oxidative Stress, and Apoptosis
3.1. Autophagy and Mitochondrial Quality Control

Mitochondria play a crucial role in maintaining neuronal energy homeostasis and cal-
cium buffering, but they are also a major source of ROS production. Autophagy, specifically
mitophagy (the selective degradation of damaged mitochondria), is critical for maintaining
mitochondrial quality control. Following nerve injury, dysregulated autophagy can impair
the clearance of damaged mitochondria, leading to the accumulation of dysfunctional
mitochondria that produce excessive ROS.

The accumulation of ROS further exacerbates oxidative stress, leading to damage to mi-
tochondrial DNA (mtDNA) and proteins, which impairs mitochondrial function and energy
production. This mitochondrial dysfunction contributes to neuronal hyperexcitability and
the sensitization of pain pathways. The failure to remove damaged mitochondria through
mitophagy is thus a key factor linking autophagy dysregulation to neuronal degeneration
in neuropathic pain.

3.2. Autophagy and the Activation of Apoptotic Pathways

Under normal conditions, autophagy functions as a cytoprotective mechanism by pre-
venting the activation of apoptosis through the removal of damaged organelles. However,
when autophagy is dysregulated or excessive, it can become a pro-death mechanism, lead-
ing to autophagy-associated cell death. Autophagy can interact with apoptotic signaling
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pathways through proteins like Beclin-1, which is involved in the initiation of autophagy
but can also promote apoptosis under certain conditions.

The activation of autophagic processes in response to persistent nerve injury can lead
to the release of pro-apoptotic factors from mitochondria, such as cytochrome c, which
activates the caspase cascade and results in neuronal apoptosis. This process contributes
to neuronal loss in the dorsal root ganglia (DRG) and the spinal cord, which is associated
with the development of chronic neuropathic pain.

4. Therapeutic Strategies Targeting Autophagy in Neuropathic Pain

Autophagy has emerged as a promising therapeutic target for the management of
neuropathic pain due to its involvement in maintaining cellular homeostasis and promot-
ing the degradation of damaged proteins and organelles. By targeting autophagy-related
pathways, it may be possible to modulate the pathological processes underlying neuronal
hyperexcitability, oxidative stress, and neuroinflammation that contribute to chronic pain.
Effective therapeutic strategies require a nuanced understanding of the mechanisms regu-
lating autophagy and their implications in the context of nerve injury. Below, we explore
key approaches aimed at modulating autophagy to protect neurons and alleviate chronic
pain symptoms, focusing on the modulation of mTOR and AMPK pathways, as well as
strategies to enhance autophagic flux and lysosomal function.

4.1. Modulation of mTOR and AMPK Pathways

The mechanistic target of rapamycin (mTOR) pathway is one of the primary regulators
of autophagy, and its inhibition has been a focal point in autophagy-related therapies.
mTOR functions as a negative regulator of autophagy, particularly under conditions of
nutrient sufficiency, by inhibiting the ULK1 complex. Pharmacological inhibition of mTOR
using agents such as rapamycin or its analogs (rapalogs) has been shown to induce au-
tophagy and promote the clearance of damaged cellular components, which could be
beneficial in mitigating neuropathic pain symptoms. Studies in animal models of neuro-
pathic pain have demonstrated that mTOR inhibition can reduce pain hypersensitivity and
neuroinflammation by enhancing autophagic activity. However, the therapeutic potential
of mTOR inhibition is complicated by the need for a balanced autophagy response. Overac-
tivation of autophagy, resulting in autophagic stress, may exacerbate neuronal damage and
promote cell death, particularly in neurons that are already compromised by injury.

AMPK is another key player in the regulation of autophagy, functioning as a cellu-
lar energy sensor that activates autophagy under conditions of low ATP levels. AMPK
activation leads to the phosphorylation and activation of the ULK1 complex, promoting
autophagosome formation. AMPK activators such as metformin, AICAR, and natural
compounds like resveratrol have been studied for their potential to enhance autophagy
and improve mitochondrial function in neuropathic pain models. By promoting mitophagy,
AMPK activators can facilitate the removal of dysfunctional mitochondria, thereby reduc-
ing oxidative stress and improving neuronal survival. Metformin, for example, has been
shown to reduce mechanical allodynia in rodent models of neuropathic pain by enhancing
autophagy and reducing oxidative stress markers in injured neurons. The therapeutic appli-
cation of AMPK activators must be finely tuned to avoid excessive activation of autophagy,
which can lead to autophagic cell death and unintended side effects.

4.2. Enhancing Autophagic Flux and Lysosomal Function

Another critical approach in modulating autophagy for neuropathic pain management
involves enhancing autophagic flux, which is defined as the complete process of autophagy
from autophagosome formation to the degradation of autophagic contents in lysosomes.
Impaired autophagic flux, characterized by an accumulation of autophagosomes due to
defective lysosomal function, is a key feature in the pathogenesis of neuropathic pain
following nerve injury. Therefore, strategies aimed at improving lysosomal function can
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Table 5. Pharmacological Modulators of mTOR and AMPK Pathways for Autophagy in Neuropathic
Pain

Agent Target Path-
way

Mechanism of Action Effects in Neuropathic
Pain Models

Rapamycin mTOR inhi-
bition

Inhibits mTORC1, leading
to enhanced autophagy
initiation and reduced pro-
tein synthesis

Reduces pain hypersensi-
tivity and neuroinflamma-
tion in models of nerve in-
jury

Metformin AMPK acti-
vation

Activates AMPK, pro-
moting autophagy and
improving mitochondrial
quality control

Decreases mechanical allo-
dynia and oxidative stress
in injured neurons

Resveratrol AMPK acti-
vation

Activates AMPK and
enhances SIRT1 activity,
leading to improved
autophagic flux

Alleviates pain behaviors
by reducing oxidative
damage and enhancing
autophagy

AICAR AMPK acti-
vation

Directly activates AMPK,
leading to enhanced au-
tophagic activity and mi-
tochondrial clearance

Shown to improve neu-
ronal survival and reduce
chronic pain symptoms in
preclinical studies

help to restore effective autophagy and mitigate the accumulation of damaged mitochondria
and protein aggregates.

Agents such as trehalose, a disaccharide known for its ability to enhance lysosomal
function, have been explored for their potential to promote autophagic flux. Trehalose
acts as an autophagy enhancer by stabilizing proteins and promoting the clearance of
misfolded proteins through improved autophagosome-lysosome fusion. In models of nerve
injury, trehalose administration has been shown to reduce pain behaviors and promote
neuronal survival, suggesting its potential as a therapeutic agent for enhancing autophagic
flux. In addition to trehalose, lysosomal enzyme activators, such as cathepsin D and
glucocerebrosidase enhancers, have been investigated for their ability to restore lysosomal
degradation capacity, facilitating the clearance of autophagic cargo.

Another promising approach involves targeting specific autophagy-related proteins
(ATG proteins) that play crucial roles in the autophagy process. Small molecule modu-
lators of ATG5 and Beclin-1, for example, have been studied for their ability to fine-tune
autophagosome formation and prevent the accumulation of incomplete autophagic struc-
tures. These targeted approaches aim to achieve a more precise regulation of autophagy,
avoiding the detrimental effects of overactivation while promoting the removal of damaged
components.

4.3. Potential Challenges in Autophagy-Based Therapies

While targeting autophagy presents a promising avenue for the treatment of neu-
ropathic pain, several challenges must be addressed to translate these approaches into
effective clinical therapies. One of the primary challenges lies in achieving a balance be-
tween sufficient autophagic activity to clear damaged components and avoiding excessive
autophagic stress that could harm neurons. Given the dual role of autophagy as both a
survival and death mechanism, precise modulation of autophagy levels is essential to max-
imize therapeutic benefits while minimizing adverse effects. Additionally, the specificity
of autophagy-modulating drugs remains a concern, as systemic modulation of autophagy
may impact non-neuronal cells and tissues, potentially leading to unintended side effects.

Another challenge involves the timing and duration of autophagy modulation. The
dynamic nature of autophagy in response to nerve injury means that different phases
of the injury-repair process may require distinct therapeutic approaches. For instance,
early-phase interventions may focus on reducing acute oxidative stress and promoting cell
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Table 6. Agents Enhancing Autophagic Flux and Lysosomal Function in Neuropathic Pain

Agent Mechanism of Ac-
tion

Therapeutic
Effects in Neu-
ropathic Pain
Models

Challenges and
Considerations

Trehalose Enhances
autophagosome-
lysosome fusion
and stabilizes mis-
folded proteins

Reduces pain
behaviors and
promotes neuronal
survival by im-
proving autophagic
clearance

Requires optimiza-
tion of dosing for ef-
fective delivery to
the nervous system

Cathepsin D
Activators

Increases lyso-
somal protease
activity, improving
autophagic degra-
dation

Facilitates the clear-
ance of autophagic
substrates, reduc-
ing oxidative dam-
age and neuroin-
flammation

Potential off-target
effects on non-
neuronal tissues

Beclin-1
Modulators

Regulates au-
tophagosome
initiation through
modulation of
Beclin-1 activity

Fine-tunes au-
tophagy levels,
preventing exces-
sive autophagy and
neuronal apoptosis

Risk of impairing
autophagy if not
precisely controlled

Glucocerebrosidase
Enhancers

Improves lysoso-
mal function and
substrate clearance

Shown to decrease
mitochondrial
dysfunction and
improve pain
outcomes in experi-
mental models

Limited clinical
data on long-term
efficacy and safety

survival, while later-phase treatments may aim to prevent chronic neuroinflammation and
preserve neuronal function. Tailoring autophagy-based treatments to the specific stages of
neuropathic pain development is likely to improve their effectiveness.

Despite these challenges, the potential for autophagy modulation to provide neuropro-
tection and alleviate chronic pain makes it an exciting area of research. Future studies aimed
at optimizing drug delivery systems, refining molecular targets, and understanding the
temporal dynamics of autophagy in neuropathic pain will be crucial for the development
of successful autophagy-targeted therapies.

5. Conclusion

Autophagy plays a critical role in maintaining neuronal health by clearing damaged
organelles and protein aggregates. However, the dysregulation of autophagy following
nerve injury can contribute to neuronal degeneration and the persistence of neuropathic
pain. The failure to maintain proper autophagic flux leads to the accumulation of damaged
mitochondria, increased oxidative stress, and activation of apoptotic pathways, all of
which drive neuronal injury. Understanding the mechanisms through which autophagy is
dysregulated in neuropathic pain provides a basis for developing targeted therapies that
can restore autophagic balance, promote neuronal survival, and alleviate chronic pain.

The interplay between impaired mitophagy, elevated reactive oxygen species (ROS)
production, and autophagy-associated cell death underscores the complexity of cellular
responses to nerve injury. As the research community continues to unravel the molecular
pathways that connect autophagy to oxidative stress and apoptosis, it becomes increasingly
clear that therapeutic strategies must be precisely tailored to address these interconnected
processes. For instance, balancing autophagy induction with enhanced lysosomal function
could prevent the harmful buildup of autophagosomes and ensure the effective clearance
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of damaged cellular components. Moreover, a deeper understanding of the roles of key
signaling pathways, such as mTOR and AMPK, in modulating autophagy could allow
for more precise interventions aimed at reducing neurodegeneration without triggering
excessive autophagic stress.

Despite the progress made, several challenges remain in translating autophagy-based
therapies from preclinical models to clinical practice. One of the key challenges is the
need for context-specific modulation of autophagy, as the effects of autophagy can vary
depending on the stage of nerve injury and the extent of neuronal damage. Additionally,
the development of pharmacological agents that specifically target neuronal autophagy,
without affecting systemic autophagy processes, remains an area of active investigation.
Addressing these challenges will be critical to harnessing the therapeutic potential of
autophagy modulation in treating neuropathic pain. Future research into the therapeutic
modulation of autophagy may offer new hope for individuals suffering from the debilitating
effects of neuropathic pain. By targeting the cellular processes that drive chronic pain at
a molecular level, such therapies have the potential to not only alleviate symptoms but
also address the underlying mechanisms of neuronal degeneration. As our understanding
of the role of autophagy in neuropathic pain deepens, it opens avenues for developing
more effective and long-lasting treatments, thereby improving the quality of life for those
affected by chronic pain conditions. [1–26]
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