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Abstract

Background: Population aging is significantly altering the clinical conditions of peripheral
nerve injury (PNI); however, the age-specific mechanisms that affect nerve regeneration
remain unclear. Although the peripheral nervous system has the potential for regenera-
tion, functional recovery after peripheral nerve injury is unsatisfactory in elderly people.
The current research mainly focuses on young organisms, leaving a crucial gap in our
understanding of how aging fundamentally alters the regenerative microenvironment and
affects final therapeutic outcome. This review aims to integrate the latest evidence on
aging-related changes in peripheral nerve repair and clarify the underlying mechanism
of failed nerve regeneration in elderly people. Summary: An increasing amount of data
indicates that aging not only delays the regenerative process but also significantly affects
the nervous system’s microenvironment. In an aging environment, chronic low-level in-
flammation (known as “inflammaging”) caused by mitochondrial dysfunction, Schwann
cell senescence, and abnormal macrophages impedes axon regeneration. Moreover, aging
cells secrete pro-inflammatory mediators such as interleukin-6 and tumor necrosis factor-α,
strengthening the paracrine aging process and establishing a positive feedback inflam-
matory cycle. We therefore integrated a metabolic–immune-aging framework to explain
age-related regenerative resistance and emphasize the transformation barriers limiting
clinical applications. Conclusions: Understanding the systems-level interactions within the
aging nerve microenvironment is essential for developing age-tailored therapeutic strate-
gies. Targeting metabolic dysfunction, immune dysregulation, and cellular senescence may
offer new avenues for improving functional recovery in elderly patients with PNI.

Keywords: peripheral nerve regeneration; aging; Schwann cells; cellular senescence;
inflammaging; oxidative stress; mitochondrial dysfunction; macrophage polarization;
neuroinflammation; nerve repair

1. Introduction
The peripheral nervous system (PNS) is the crucial communication network connect-

ing the central nervous system (CNS) with peripheral organs; it is mainly responsible for
functions such as sensory perception, motor coordination, and autonomous regulation. As
a part of the nervous system, the PNS is mainly composed of nerves and nerve ganglia
that connect the CNS with other parts of the body. Peripheral nerve injury (PNI) refers to
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varying degrees of damage to these nerves or nerve ganglia. Common types of PNI include
avulsion, compression, laceration, or ischemic injury, as well as burns or frostbite [1]. At
present, there are millions of cases of PNI worldwide each year [2]. In the United States, it
is estimated that the annual incidence of PNI affects approximately 6 per 100,000 individuals,
while in China, approximately 1,000,000 new cases of nerve injury occur each year [3–5].
Although the PNS’s regenerative potential is higher than that of CNS, its slow regeneration
speed often leads to unsatisfactory structural and functional recovery after peripheral nerve
injury, resulting in partial or complete loss of sensory, motor, and autonomic nerve func-
tions [6–11]. Current data indicate that peripheral neuropathy, as one of the most common
neurological diseases, has an annual incidence rate of approximately 77 cases per 100,000 peo-
ple worldwide. Its prevalence varies from 1% to 12% across all age groups, even reaching 30%
in the elderly population [12,13]. Moreover, the incidence of PNI-related tumor diseases peaks
in the 90–94 age group, and the disease burden is highest in those aged 70–74 [14].

As population aging accelerates across the globe, the clinical burden of PNI is expected
to increase significantly. Aging is not merely a temporal process but a complex biological
phenomenon characterized by cellular function decline, metabolic changes, immune re-
modeling, and systemic low-level inflammation. These age-related changes significantly
affect the tissue repair capabilities of various organ systems. In the nervous system, aging
has long been regarded as the main risk factor for neurodegenerative diseases. However,
its specific impact on peripheral nerve regeneration has received relatively little attention.

During aging, both the environment and function of the PNS undergo changes. Aging
induces alterations, including but not limited to reduced neuroregenerative capacity, slowed
nerve conduction velocity, and diminished neurological function [15]. These changes are
caused by multiple factors, including immune system responses, metabolic factors, and
gender differences [16,17]. Firstly, as one ages, the regenerative capacity of peripheral
nerves significantly decreases, due to neuronal and supporting cell function degenera-
tions [18–20]. For example, Schwann cells (SCs) in aged animals exhibit a reduced capacity
to support regeneration, thereby limiting post-injury nerve recovery [21–23]. Secondly,
aging can slow the conduction velocity of peripheral nerves, which is potentially linked
to metabolic factors [24]. Studies have revealed that even when blood glucose levels are
normal, low-grade inflammation and impaired glucose metabolism accelerate neurological
function decline [25,26]. In addition, sex differences play a significant role in neurodegener-
ation [27,28]. Males experience a more pronounced decline in neurological function during
later life than females [29]. As individuals age, an axon’s regenerative capacity significantly
declines. This indicates that older individuals typically require a longer period for neural
repair, which is mainly due to the reduced axon regeneration rate and formation of growth
cones, as confirmed in rat and mouse models [30].

Despite these findings, the fundamental reason why aging impairs the peripheral
nerve repair mechanism remains unclear. Existing studies often only focus on individual
factors—such as oxidative stress, mitochondrial dysfunction, immune dysregulation, or
Schwann cell senescence—without integrating these factors into a unified system model [19].
This review aims to address this deficiency by proposing an integrated framework from a
systematic perspective: how upstream aging drivers (including mitochondrial dysfunction
and chronic low-grade inflammation) interfere with the repair process of Schwann cells
after nerve injury, causing abnormal polarization of macrophages and hindering myelin
clearance, and ultimately altering the structural and metabolic “plasticity” of the regeneration
microenvironment. Considering these mechanisms as parallel phenomena is not sufficient to
fundamentally solve the problem, as these phenomena are interdependent and sequentially
progressive, jointly determining the regeneration efficiency of elderly individuals. Based on
this integrated perspective, we further propose several verifiable hypotheses and potential
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intervention targets, including: (1) regulating the Schwann cell phenotype to restore the
repair ability of SCs; (2) improving the aging-related immune time-axis disorder phenomenon
and regulating the dynamic response of macrophages and inflammatory reactions; and
(3) combining metabolic regulation and strategies for clearing senescent cells to alleviate the
degeneration of the neural microenvironment driven by inflammatory aging. By clarifying
the connections and transformation nodes of these mechanisms, this article aims to provide a
more structured theoretical basis for future basic and clinical research on aging-related PNI.

2. Literature Review
This review adopts a narrative review approach, aiming to synthesize current insights

and translational research on the regeneration mechanisms of aging-related peripheral
nerve injuries.

We conducted a comprehensive literature search using the PubMed database. The
main search terms and their combinations used were as follows: peripheral nerve re-
generation; aging; Schwann cells; cellular senescence; inflammaging; oxidative stress;
mitochondrial dysfunction; macrophage polarization; neuroinflammation; nerve repair.

Boolean operators (AND/OR) were applied to refine the search and identify relevant
studies at the intersection of aging, cell aging, inflammation, and nerve regeneration.

No time limit was set, and articles published up to [month, year] were included. Only
studies published in English were included.

3. Effects of Aging on the Peripheral Nervous System
Aging not only involves a general decline in body function, but also profoundly

affects the structural integrity and functional homeostasis of the PNS. Extensive research
has indicated that age-related changes in peripheral nerves occur across multiple levels,
including neurons, SCs, myelin structures, and the nervous system microenvironment.
These changes ultimately lead to slowed nerve conduction, reduced regenerative capacity,
and impaired sensory and motor functions.

At the structural level, aging is closely associated with a reduction in the number of
peripheral nerve fibers and myelin degeneration. One morphological study revealed a sig-
nificant decrease in sciatic nerve myelin thickness in aged animals, generally accompanied
by segmental demyelination and axonal atrophy [31]. Proteomics analysis indicated that
while the levels of major myelin structural proteins, such as myelin basic protein (MBP)
and periaxin, remain relatively stable during aging, multiple extracellular matrix pro-
teins, including collagen, are highly expressed. This suggests that mechanical properties
at the myelin–matrix interface are altered, potentially affecting axonal signaling and the
regenerative microenvironment [32].

At the cellular level, SCs act as key supportive and regenerative cells in the PNS, under-
going significant phenotypic and functional alterations during aging. The dedifferentiation
capacity and remyelination efficiency of aged SCs are reduced, a phenomenon closely
associated with impaired HGF/c-Met/c-Jun signaling pathway activation, which markedly
slows nerve regeneration following injury [33]. In addition, the metabolic state of aged SCs
shifts from supportive glucose metabolism to oxidative stress-driven metabolism, exacer-
bating inflammation and lipid peroxidation in the local neural microenvironment [34,35].

At the immune level, aging leads to localized immune cell composition and functional re-
modeling within nerves. In aging peripheral nerves, the number of macrophages significantly
increases, exhibiting persistent activation and excessive phagocytosis. These phenotypes
contribute to chronic inflammation and neurodegeneration [36,37]. “Inflammaging” not only
disrupts nervous system homeostasis but also suppresses post-injury repair by interfering
with the temporal dynamics and functional polarization of inflammatory reactions [38,39].
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In addition, in peripheral nerve regeneration, gender differences have not been given
sufficient attention. Increasing evidence indicates that there are significant post-nerve
injury immune response differences between men and women, and these gender-related
changes in macrophage activation and cytokine production can lead to different inflamma-
tory characteristics [40,41]. Research has found that estrogen can exert neuroprotective and
neuroregenerative effects by regulating the phenotype of SCs and promoting axon growth.
Meanwhile, the reduction in androgens in elderly men may impair nerve regeneration [41,42].
What is crucial is that the aging characteristics interact with the endocrine system (such as
menopause and male menopause), which may exacerbate inflammatory aging and reduce
repair efficiency [42]. Clinical and epidemiological data further suggest sex-related differ-
ences in the prevalence and progression of peripheral neuropathies, particularly in elderly
populations [43,44]. Overall, these research findings indicate that gender is not merely a
biological variable, but also a crucial factor influencing the inflammatory environment and
regenerative capacity of the peripheral nervous system after aging.

Furthermore, mitochondrial dysfunction is another core mechanism underlying age-
related neurodegeneration (Figure 1). With aging, the accumulation of mitochondrial DNA
mutations in nerve cells leads to reduced oxidative phosphorylation efficiency, resulting in
insufficient energy supply and excessive reactive oxygen species (ROS) production. These
metabolic disorders exacerbate axonal degeneration and myelin degradation, forming a
vicious cycle. One animal study indicated that long-term caloric restriction significantly
reduces age-related oxidative damage in the PNS (including protein oxidation and lipid
peroxidation), thereby delaying the neural aging process at the molecular level [45]. This
finding suggests that alleviating oxidative stress through metabolic regulation may offer a
viable interventional strategy for age-related neurologic decline [45]. However, whether
such metabolic interventions can also enhance nerve repair capacity in older adults follow-
ing PNI remains unknown.

 

Figure 1. Effects of age on peripheral nerve regeneration after injury. Under normal circumstances,
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when a peripheral nerve is injured in an adult, Wallerian degeneration (WD) occurs at the injury
site; macrophages are recruited there to phagocytose myelin debris and shift from the M1 to the
M2 phenotype. Schwann cells (SCs) also proliferate to form Büngner bands and produce nerve
growth factors that promote nerve repair. However, in older organisms, mitochondrial dysfunction
and oxidative stress can promote the aging of SCs, generating senescence-associated secretory
phenotype (SASP), interfering with macrophage polarization, making it difficult to clear the myelin
debris at the damaged nerve sites, and the accumulated debris will further increase the oxidative
stress response, ultimately leading to poor neural repair effects in the elderly body.

4. Repair Mechanisms Following Peripheral Nerve Injury
The PNS possesses a certain capacity for regeneration, enabling partial functional

recovery following injury. However, this repair process is a complex biological event
involving multiple stages and numerous cell types. It includes a series of dynamic processes
such as axonal degeneration, inflammatory response, SC reprogramming, demyelination,
and axonal regeneration [46].

4.1. Wallerian Degeneration

Wallerian degeneration is the initial step in nerve regeneration following injury, par-
ticularly after axonal disruption. First described by Waller in 1849, its core features in-
clude axonal fragmentation, myelin sheath fragmentation, and phagocytic clearance of
debris (Figure 1) [47–49]. The speed of axonal and myelin degeneration depends on nerve
fiber thickness, with thicker fibers undergoing Wallerian degeneration (WD) more rapidly.
Although axonal changes are observed to slightly precede myelin changes, there is some
overlap [50]. During WD, the myelin sheath, which is composed of SCs, undergoes myeli-
nolysis and disintegration. However, very few SCs die during this process; instead, they
begin to divide and proliferate 24 h later [46]. In addition, laminin, adhesion molecules, and
other components on the surface of SCs and in their extracellular matrix (ECM) are highly
expressed at the nerve injury site [51]. After myelin debris removal, proliferating SCs align
in a band-like pattern parallel to the longitudinal axis of the nerve fiber within the base-
ment membrane tube, forming cellular strands known as the Büngner band (Figure 1) [52].
During nerve regeneration, the Büngner band guides the extension of new axonal sprouts
emerging from the proximal stump of the injured fiber toward their target structures [53].
On day 3 post-injury, large numbers of macrophages accumulate and, together with SCs,
phagocytose and clear degenerated axons and myelin debris within the nerve basement
membrane tube [54]. WD is thus an essential and indispensable change in the nerve re-
generation process. It is not a passive degeneration but an active response mediated by
programmed molecular pathways. The NAD+ metabolic pathway within axons plays a
pivotal role. Following injury, the rapid degradation of nicotinamide mononucleotide
adenylyltransferase 2 (NMNAT2) triggers Sterile α and TIR motif-containing protein 1
(SARM1) activation, leading to NAD+ depletion and energy collapse and ultimately result-
ing in axonal self-destruction [55]. In SARM1-knockout mouse models, axonal degeneration
is significantly delayed, indicating that SARM1 serves as a crucial molecular switch for
WD [56].

4.2. Myelin Debris Clearance and Immune Cell Response

Following WD, myelin debris within the injured nerve must be rapidly removed
to avoid impeding regeneration. In the early stage, this process primarily relies on the
autophagic and phagocytic functions of SCs [57]. SCs actively degrade the myelin sheath
by upregulating autophagy-related genes, such as lysosomal-associated membrane pro-
tein 1 (LAMP1) and autophagy-related 7 (ATG7) [58]. Subsequently, circulating mono-
cytes and macrophages infiltrate the injured site to complete debris clearance [59,60].
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Macrophages phagocytose myelin and axonal fragments via antibody-dependent pinocy-
tosis and Fc receptor-mediated pathways [61,62]. SCs actively promote macrophage re-
cruitment by secreting inflammatory factors, such as interleukin (IL)-17B, while different
cell types often depend on distinct receptor systems for debris clearance and inflammatory
regulation [63]. TAM receptors (e.g., MER proto-oncogene, tyrosine kinase (MerTK) and
Tyro3-Axl-Mer (Axl)) have been shown to play crucial roles in immunomodulation and
phagocytosis within the nervous system, whereas macrophages predominantly depend
on classical immune receptors to mediate their functions [64]. Macrophages play dual
roles in this process: on one hand, they clear myelin debris through phagocytosis; on the
other hand, they secrete growth factors and cytokines that directly or indirectly stimulate
axonal regeneration [63,65]. Macrophage polarization state determines nerve regeneration
quality: pro-inflammatory M1 macrophages clear debris in the early stage, while anti-
inflammatory M2 macrophages promote axonal growth and myelin remodeling in the
later stage (Figure 1) [66]. Furthermore, Toll-like receptors (TLRs) on SCs are involved in
initiating SC activation and macrophage recruitment. TLR gene knockout (e.g., TLR2, TLR4)
impedes myelin debris clearance, delays nerve regeneration, and changes the expression of
myelin-related genes [67–69].

4.3. Regenerative Schwann Cell Reprogramming

Following nerve injury, SCs shift from myelinating to reparative states. This process
is primarily driven by the transcription factor c-Jun, with its rapidly rising expression,
inducing demyelination and the secretion of multiple neurotrophic factors (e.g., nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF), and glial cell line-derived
neurotrophic factor (GDNF)) (Figure 1) [70,71]. Reparative SCs also form Büngner bands,
providing target structures for regenerating axons [48,52]. c-Jun knockout significantly
impedes nerve regeneration, indicating that this transcriptional program serves as a core
mechanism for nerve repair [72]. Moreover, reparative SCs release exosomes that are
internalized by peripheral neurons to promote axonal regeneration [73].

4.4. Axonal Regeneration and Target Organ Reconstruction

Following debris clearance and SC reprogramming, axonal regeneration is initiated.
Regenerating axons grow along the Büngner bands and rely on neurotrophic factors
(e.g., NGF, Neurotrophin-3 (NT-3)) for directional guidance [74,75]. Nerve regeneration
success is influenced by multiple factors, including intrinsic axonal growth capacity, ECM
composition, inflammatory status, and vascular remodeling [76]. Newly formed blood
vessels not only nourish axons but also provide a scaffold for SC migration. Notably, these
mechanisms become significantly less efficient with age. In aged animals, incomplete nerve
repair is attributed to reduced c-Jun expression in SCs, delayed macrophage-mediated
debris clearance, and diminished angiogenesis [77,78].

5. How Aging Disrupts Regenerative Coordination
Aging-associated peripheral nerve regeneration disorder is not solely caused by cellu-

lar changes. This phenomenon constitutes a pathological network that is interconnected
with mitochondrial dysfunction, Schwann cell senescence, and immune dysregulation.

As one ages, mitochondrial dysfunction becomes a crucial trigger factor in aging
tissues. The accumulation of mitochondrial DNA damage, impaired oxidative phosphory-
lation function, and excessive reactive oxygen species (ROS) production all lead to metabolic
stress responses, thereby promoting cellular aging in SCs and neurons [79]. At the same
time, insufficient energy will impede axonal transport and cytoskeleton remodeling, thereby
reducing the cell’s own regenerative capacity [80].
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Mitochondrial stress further activates NF-κB-dependent inflammatory signaling and
promotes the development of the senescence-associated secretory phenotype (SASP) [81].
The senescent SCs will secrete pro-inflammatory cytokines such as interleukin-6 and
tumor necrosis factor-α. These factors will enhance cells’ aging response and maintain
a chronic inflammatory state in the microenvironment of the damaged nerves [82,83].
This amplification of the inflammatory cycle model interferes with macrophages’ normal
transformation process from a pro-inflammatory (M1-like) to a proregenerative (M2-like)
phenotype [84].

If the polarization of macrophages is disrupted, this will further hinder cell debris,
prolong inflammatory response duration, and increase oxidative stress. In turn, this will
exacerbate mitochondrial damage and SC dysfunction [85]. Mitochondrial impairment,
cellular senescence, and immune dysregulation form a self-reinforcing pathological circuit.

Simultaneously, aging inhibits the activation of gene programs related to neurons and
SC regeneration [86]. c-Jun’s induction effect is weakened, the secretion of neurotrophic
factors decreases, the components of the extracellular matrix change, and vascular remod-
eling is impaired. These factors collectively reduce the availability of the regenerative
microenvironment [77]. These processes do not occur independently but rather intermingle
with each other, jointly creating an unfavorable microenvironment that hinders nerve axon
elongations, myelin sheath regeneration, and functional recovery.

Therefore, the inhibition of aging-induced neural regeneration should be understood
as a systemic breakdown involving metabolism, inflammation, and changes in cell charac-
teristics. Treatment strategies targeting a single pathway may not be very effective. Instead,
in elderly people, multi-target or signal network-based intervention measures may need to
be adopted to restore the regenerative capacity in the peripheral nervous system.

6. Clinical Implications of Aging in Peripheral Nerve Injury
Clinical studies consistently demonstrate that advanced age is associated with delayed

and incomplete functional recovery after peripheral nerve injury [18]. Electrophysiological
analysis indicates that compared to younger individuals, elderly patients exhibit reduced
nerve conduction velocity and decreased compound muscle action potential after nerve
repair surgery [18]. At the same time, the decline in age-related axonal regeneration capacity
leads to an extended nerve regeneration time, increasing the possibility of irreversible
motor endplate atrophy. Moreover, delayed nerve regeneration results in progressive
muscle atrophy and fibrosis, further compromising functional prognosis [87]. Elderly
patients’ sensory recovery is also impaired, possibly due to reduced density of regenerating
sensory fibers and neurotrophic support [88]. In summary, these findings indicate that
aging not only alters molecular mechanisms but also translates into clinically significant
functional deficits.

In addition, in elderly patients, peripheral nerve regeneration is often affected by
various age-related complications, such as diabetes, vascular diseases, and muscular at-
rophy [89]. The characteristics of diabetic neuropathy include microvascular dysfunction,
reduced neural blood flow, and metabolic SC disorders, all of which can affect axonal
regeneration [90]. Chronic hyperglycemia can also trigger oxidative stress and mitochon-
drial dysfunction, further exacerbating nerve injury response [91]. Similarly, systemic
vascular diseases can lead to ischemia in the nerves and reduced nutrient supply, thereby
limiting nerve regeneration [92]. Muscular atrophy is also a key factor; with age, muscle
loss shortens the effective time for nerve reconnection and accelerates motor endplate de-
generation [93]. In elderly patients, the nerve repair process must therefore be interpreted
within a broader systemic context, rather than being regarded as an isolated event.
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7. Potential Therapeutic Strategies for Regeneration in the Aging
Nervous System

Given the complex alterations in peripheral nerve regeneration mechanisms during
aging, multiple intervention strategies have been proposed in recent years. The primary
therapeutic approaches and their mechanisms of action are summarized in Table 1.

Table 1. Strategies and mechanisms for regenerating the aging nervous system.

Strategy Evidence Level Mechanism Limitations Translational
Readiness Reference

Pharmacological Young and aged
animal models

mTOR inhibition
or senescent cell
clearance

Immunosuppression;
delayed wound healing;
off-target cytotoxicity;
intermittent dosing
uncertainty

Moderate [94–104]

Stem cell–based

Young animal;
limited aged
models; early
human feasibility

Axonal
regeneration and
neurotrophic
support

Heterogeneity; poor
engraftment;
manufacturing
variability

Moderate [105–112]

Gene therapy Preclinical animal
models

Targeted genetic
and epigenetic
modulation

Delivery efficiency;
immune response to
viral vectors; cost

Low–moderate [113–116]

Physical therapy
Young animal;
small human
studies

Neuromodulation
via physical
stimuli

Protocol standardization;
durability of effects High [117–124]

7.1. Drug Therapy

Rapamycin is a macrolide drug produced by Streptomyces hygroscopicus, which
was initially discovered as an antifungal agent. Recently, rapamycin has been found to
inhibit the mechanistic target of mammalian target of rapamycin (mTOR) and extend the
average lifespan of yeast, Caenorhabditis elegans (C. elegans), and Drosophila melanogaster;
however, its effects in mammals require further exploration [94]. Rapamycin also possesses
neuroprotective effects. Oral administration effectively improves cognitive function in
aged mice and maintains blood–brain barrier integrity by preventing neuronal loss [95,96].
As described above, the PI3K-Akt-mTORC1 signaling pathway plays a crucial role in pe-
ripheral nerve regeneration following injury. As a typical mTOR inhibitor, rapamycin has a
significant inhibitory effect on mTORC1. By inhibiting S6K1 (a ribosomal protein S6 kinase)
and protein translation while increasing autophagy, mTORC1 can promote longevity [97].
However, long-term excessive administration of rapamycin inhibits mTORC2 expression,
potentially leading to metabolic dysfunction and shortened lifespans in male mice, although
the mechanism remains unclear [98].

Designed to selectively eliminate senescent cells, senolytics have recently been devel-
oped as a promising strategy for extending health and lifespan. Senescent cells typically
increase several anti-apoptotic regulators, such as dependence receptors, PI3K/Akt, and
BCL-2, which can together regulate cells’ anti-apoptotic ability [99]. Although senolyt-
ics such as dasatinib and quercetin have shown certain potential in preclinical models,
their clinical translation for application in the elderly population still requires cautious
consideration. Dasatinib may cause hematological suppression, hepatotoxicity, and fluid
retention, which could limit its tolerance in frail elderly individuals [100,101]. Similarly,
although calorie restriction can regulate metabolic and inflammatory pathways, it may
exacerbate muscle atrophy, weakness, and malnutrition in the elderly, especially for those
with other complications [102,103]. Additionally, polypharmacy and age-related pharma-
cokinetic changes increase the risk of drug interactions and adverse reactions in elderly
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patients [104]. Therefore, before safely applying these strategies to elderly patients with
peripheral nerve damage, dose optimization, intermittent treatment regimens, and strict
age-stratified clinical trials must be carried out.

7.2. Stem Cell Therapy

Multiple therapeutic approaches have been developed for aging or chronically den-
ervated peripheral nerves, with mesenchymal stem cells (MSCs) being relatively widely
used. MSCs have been identified as the most promising factor for promoting axonal regen-
eration and nerve repair after injury [105]. MSCs are self-renewing multipotent progenitor
cells with the ability to promote neuroprotection and tissue repair. MSC-loaded artificial
neural tissues can both promote nerve growth and modulate the microenvironment in the
injured region. To date, MSCs have been used through various techniques in neural tissue
engineering to enhance regeneration and repair following PNI. Primary or genetically
modified MSCs have been used for regenerating liver, heart muscle, nerves, bone, tendons,
and other connective tissues. Normal MSCs have a short survival time and low survival
rate after implantation into the host injury site, whereas genetically modified MSCs can
overcome these limitations. Through optimized selection of stem cells and delivery vectors,
specific genes can be effectively introduced into MSCs. The protein expression capacity of
genetically modified MSCs is validated in in vitro experiments, and selected genetically
modified MSCs can be used to treat acquired and genetic diseases in clinical practice [106].
In the field of tissue engineering for nerve repair, genetic modification primarily aims to
design target cells that can excessively release growth factors, chemotactic molecules, and
adhesion molecules while suppressing defective gene expression. Genetically modified
MSCs have been widely applied in neurological research. However, aging can influence
both endogenous and exogenous stem cells. The proliferative potential of various stem
cell niches in vivo declines with age. This reduction in the proliferative capacity of stem
cells significantly impacts bodily maintenance. For example, cell cycle activity in the
hematopoietic stem cells is reduced in old compared to young mice [107]. Similarly, nu-
merous studies have observed age-related declines in the in vitro and in vivo functions of
bone marrow-derived MSCs [108,109]. Furthermore, there are also some ethical and safety
concerns regarding the clinical application of MSCs [110]. Addressing these concerns, the
development of induced pluripotent stem cells circumvents ethical issues by generating
pluripotent cells without destroying embryos. Consequently, research efforts have shifted
toward utilizing induced pluripotent stem cells (iPSCs) as a source of SCs. This approach
uses derived SCs to repair aged and damaged nerves. However, these stem cells have
relatively low purity and yield [111]. Research on treating neurological disorders with
stem cells has rapidly expanded since they were first discovered in 1980 and used to treat
Parkinson’s disease (PD). Stem cells from diverse sources have been identified and utilized.
Technological developments have also improved transplantation methods, making them
safer and more reliable. However, many questions remain to be answered [112].

7.3. Gene Therapy

With the development of gene editing technologies, significant progress has been
made in gene therapy targeting aging peripheral nerves. First, as the most prevalent
technique, CRISPR-Cas9 is a powerful gene editing tool that precisely modifies specific
gene sequences. In treating aging peripheral nerves, CRISPR-Cas9 is used to target genes
associated with neural function. For example, it mediates genome editing and expression in
induced pluripotent stem cells to repair aged nerves via derived neurons [113]. To explore
the genetic and epigenetic basis of cellular aging, Wang et al. conducted a CRISPR-Cas9
screening and identified KAT7 (a histone acetyltransferase gene) as a driver of senescence
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in human mesenchymal progenitor cells [114]. Screening for and identifying suitable genes
from functional genomes is thus crucial for developing antiaging interventions.

In addition, RNA interference technology (RNAi) regulates neural function by target-
ing specific mRNAs to inhibit the expression of specific genes. For example, RNAi can
be used to knock down NF-κB, thereby inhibiting the expression of certain inflammation-
related genes (such as tumor necrosis factor-α (TNF-α)), reducing neuroinflammation and
cell death, and promoting nerve repair [115].

Epigenetic mechanisms, including DNA methylation, histone modifications, and
non-coding RNAs, play essential roles throughout all stages of nervous system develop-
ment [125]. Indeed, the nervous system is particularly susceptible to disruptions in epi-
genetic regulation. Modulating DNA methylation can influence gene expression, thereby
affecting nerve cell development and function. These mechanisms also play significant
roles in neurodegenerative diseases and neuroaging [116].

7.4. Physical Therapy and Rehabilitation

In addition to the above-mentioned approaches, physical therapy has also made
significant strides in delaying and improving peripheral nerve aging. For example, low-
intensity laser therapy can act on peripheral nerves through specific laser light wavelengths,
promoting cellular energy metabolism and nerve regeneration. This method has been
applied to treat nerve injuries and neuropathies, demonstrating potential protective effects
on aging peripheral nerves [117].

Since the 1980s, numerous animal studies have shown that electrical stimulation
therapy positively influences peripheral nerve recovery. In a rat femoral nerve model,
continuous electrical stimulation at 20 Hz applied to the proximal nerve end shortened
the axonal growth phase from 10 to 3 weeks [118,119]. Electrical stimulation approaches
that change neuromuscular activity through current primarily include neuromuscular
electrical stimulation (NMES), transcutaneous electrical nerve stimulation (TENS), and
functional electrical stimulation (FES) [120]. NMES can activate type II fibers, which are
most affected by aging and exhibit a decline in functional activity [121]. TENS has good
therapeutic efficacy for refractory pain following PNI; moreover, non-invasive or minimally
invasive TENS is readily accepted by patients. However, the effects of TENS are short-
lived. Moreover, because elderly individuals experience reduced sensitivity to TENS, the
therapeutic outcomes are often less effective compared to younger people [118].

It has been reported that peripheral nerves are highly sensitive to ultrasound stimula-
tion, which can reversibly modulate nerve conduction [122]. Studies have also found that
low-intensity pulsed ultrasound (LIPUS) can promote functional recovery in entrapment
neuropathy [123,124]. In peripheral nerve regeneration, low-intensity pulsed ultrasound
may increase neurotrophic factor levels, activate SCs, and stimulate the cell signaling path-
ways related to cellular activation and mitosis. Given its preclinical benefits and lack of
observed side effects, low-intensity pulsed ultrasound shows promise as a potential clinical
therapy following nerve surgery or injury.

8. Future Research Directions and Challenges
With advancing age, the regenerative capacity of peripheral nerves significantly de-

clines [126]. This may be associated with multiple factors, including the reduced intrinsic
regenerative ability of neurons, impaired supporting cell (such as SC) function, and reduced
angiogenesis. How these changes interact to cause a decline in regenerative capacity is a
key issue in current research. In addition, the extracellular matrix provides essential sup-
port and signaling during nerve regeneration. During aging, changes in the composition
and structure of the extracellular matrix may impede axonal growth and guidance [78].
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Understanding how these changes influence nerve regeneration is another major research
focus. Aging is frequently accompanied by increased inflammatory responses, a state
termed “inflammaging” [76]. Although appropriate inflammation is crucial for regenera-
tion following nerve injury, excessive or persistent inflammation leads to tissue damage
and impaired regeneration. Achieving a balance between the inflammatory response and
nerve regeneration without causing further damage is a significant research challenge.
Several molecules—including transforming growth factor-β (TGF-β), insulin-like growth
factor 1 (IGF-1), and certain microRNAs (e.g., miR-21)—play important roles in aging and
nerve regeneration [127]. Elucidating the specific mechanisms of these molecules in aging
could facilitate the development of novel therapeutic strategies.

The aging process varies among individuals, influenced by multiple factors including
genetics, environment, and lifestyle. Developing personalized treatment approaches will
therefore be a significant challenge in the future. The application of precision medicine
may help in designing effective strategies to promote nerve regeneration based on an
individual’s specific aging characteristics. With advances in biomaterials and tissue engi-
neering, developing scaffold materials that mimic the environment of a young nervous
system to support and promote nerve regeneration in the elderly has emerged as a future
research direction. These materials should be biocompatible and can actively interact with
the aging environment within the body [128]. In addition, the application of gene editing
technologies (e.g., CRISPR/Cas9) and stem cell therapies may offer new approaches to
addressing the impact of aging on nerve regeneration. However, these technologies still
face numerous challenges in clinical application, including safety, efficacy, and ethical
concerns [129,130]. Research on nerve regeneration can involve multidisciplinary collabo-
ration, including neuroscience, materials science, molecular biology, and clinical medicine.
How to effectively integrate the latest advancements from these disciplines will also pose a
significant challenge for future studies.

Although many preclinical studies have identified potential regenerative therapies,
their application to elderly patients still faces numerous challenges. Firstly, age-related
changes in pharmacokinetics and pharmacodynamics significantly alter drug distribution,
metabolism, and clearance processes [104]. Elderly individuals commonly take multiple
medications, which further increases the risk of adverse drug interactions and toxicity [131].
More importantly, few clinical trials specifically stratify results based on age, which limits
the evidence base for treatment strategies for elderly patients [132]. These limitations
all indicate that it is necessary to develop models suitable for different age groups and
scientifically design clinical trials to ensure effective transformation.

Furthermore, most research on the mechanisms of aging-related peripheral nerve
regeneration is performed using rodent models, which may not fully replicate the patho-
logical and physiological conditions of humans. This is because, compared to rodents,
human nerves are larger in diameter and their nerve regeneration takes longer, which may
limit extrapolation of the axonal growth rate observed in experimental animals [133,134].
Additionally, the differences in immune system tissues and macrophage phenotypes among
different species may further increase translation complexity, thus requiring the use of
large animal models of appropriate age with clinically relevant research designs, in order
to provide practical and effective assistance for clinical treatment methods [135,136].

In summary, although progress has been made in understanding how aging affects
peripheral nerve regeneration, developing effective treatments still requires overcoming
the key issues and challenges mentioned above. Advancing technologies may gradu-
ally resolve these problems in the future, offering new hope for treating aging-related
nerve injuries.
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9. Conclusions
Organism aging leads to multiple age-dependent diseases, while also affecting the

nervous system [137–139]. Aging-induced reduction in peripheral nerve regeneration,
alterations in physiological state, and persistent chronic inflammatory responses will
further exacerbate these degenerative changes [140–142].

Aging does not operate through a single mechanism alone but rather exerts its ef-
fects by disrupting the coordinated regeneration network involving gene expression pro-
grams, SC plasticity, immune regulation, mitochondrial homeostasis, and the vascular–
extracellular matrix microenvironment [143–146]. These interrelated changes include im-
paired activation of regeneration-related genes, accumulation of aging markers, persistent
inflammatory responses, increased oxidative stress, and reduced intolerance of the regen-
eration microenvironment [147,148]. Importantly, in clinical situations, these molecular
changes are further exacerbated by age-related complications (such as diabetes, vascular
diseases, and sarcopenia), which collectively limit the window of opportunity for and effec-
tiveness of nerve repair [149–152]. Current research on PNI treatment primarily focuses on
stem cell therapies. These approaches target the nervous system microenvironment, reacti-
vating the regenerative capacity of injured nerves through relevant molecular mechanisms.
Some studies also introduce biomaterials, in which biocompatible materials (such as nerve
guidance conduits) are used to replace autologous nerve grafts [153]. These conduits can be
loaded with neurotrophic factors and drugs and implanted in the body, effectively treating
peripheral nerve injuries [154]. Various antiaging drugs can be used in clinical practice to
eliminate senescent cells and reduce inflammatory responses [155]. In addition, physical
therapies (e.g., electrical stimulation and ultrasound) have shown considerable efficacy in
treating the PNS in the elderly [134]. However, it is necessary to emphasize that most exper-
imental conclusions are derived from preclinical studies on young animal models. There are
still gaps in the research on physiological differences among different age groups, changes
in drug pharmacokinetics, and multiple medication situations in elderly patients [156].
Therefore, the feasibility and long-term safety of the translation and application of these
intervention measures still need to be further verified. Understanding the molecular and
cellular interactions within the aging nerve microenvironment during regeneration is key
to identifying essential and feasible therapeutic targets. Developing novel and promising
treatments requires determining the key factors that enhance the regenerative capacity of
the PNS in aged organisms. This will also provide valuable insights for assessing clinical
responses. Furthermore, the integration of interdisciplinary technologies is also essential.
Integrating neuroscience with diverse disciplines, including chemistry, materials science,
pharmacology, and artificial intelligence, will help develop multi-level, multidimensional
treatments for nerve injuries, leading to more precise and effective therapeutic strategies for
patients. With the continuous advancement and clinical application of these technologies, a
significant improvement in functional recovery after nerve injury may be achievable.

In conclusion, this review emphasizes that aging-associated peripheral nerve regener-
ation impairment is a systemic failure, rather than a single-pathway physiological defect.
By integrating metabolic dysfunction, immune remodeling, cellular senescence, and mi-
croenvironmental changes into a unified conceptual framework, we highlight the necessity
of shifting from reductionist explanations to treatment strategies based on network models.
The theoretical advancements in aging biology and regenerative neuroscience now need to
be translated into clinically meaningful interventions for elderly patients. However, there
are still many uncertainties in this field. Current knowledge is mainly based on preclinical
models, which may not fully simulate the complex physiology of the elderly, and stan-
dardized measurement methods for neurofunctional outcomes in elderly patients are still
lacking. Future research should prioritize age-based experimental designs, longitudinal
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clinical studies, and combined intervention measures targeting multiple interrelated path-
ways. Solving these unresolved issues will not only help us gain a deeper understanding
of the aging-associated decline in regeneration capacity but also facilitate the smooth devel-
opment of treatment plans for peripheral nerve injuries in our aging societies. In addition,
this review has some limitations that should be acknowledged. This is a narrative synthesis
rather than a systematic review and thus did not follow the research selection process
guided by PRISMA. Although a careful review of the relevant literature was conducted
to provide a comprehensive conceptual overview, the included studies were not based on
pre-defined systematic search criteria. Future systematic reviews and meta-analyses will
help to quantitatively assess the strength of the evidence and further refine the proposed
conceptual framework.
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