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A peripheral nerve injury is a great burden for the patient and a challenge for the
clinician. In a complete injury (axonotmesis or neurotmesis), the slow nature of nerve
regeneration after repair or reconstruction hardly catches up to the target organ’s
degeneration rate, leading to a poor prognosis. The current advance in regenerative
medicine has shown the potency of stem cells and their products for healing many
human body structures, including the nerve. A comprehensive literature search was
conducted using an internet-based search engine for current advances in regenerative
medicine to augment peripheral nerve repair or reconstruction. Stem cells can
differentiate into nerve cells and have paracrine and immunomodulatory effects. Its
products, such as the secretome and exosome, have also been studied, and they have
many benefits for the regeneration process. This novel treatment possesses significant
potential to accelerate nerve healing after nerve reconstruction and potentially postpone
the degenerative process in the target organ, allowing it to respond to the new signal
once nerve regeneration is complete. The aim of this article is to summarized the
application of stem cells and its products for nerve healing.

INTRODUCTION

Peripheral nerve injuries (PNIs) are observed in approx-
imately 2-3% of trauma patients. According to Seddon’s
classification, PNIs range from neurapraxic injuries, the
mildest form, typically caused by focal ischemia or com-
pression, to axonotmesis, characterized by axonal disrup-
tion without damage to the perineurium or epineurium,
and neurotmesis, the most severe category involving com-
plete axonal disruption. Both axonotmesis and neurotmesis
can result in muscle denervation and subsequent loss of
muscle function.!-4

PNIs can result in significant disabilities and morbidity,
impacting patients both physically and mentally. Early
identification and treatment of PNIs are vital to prevent
disabilities arising from irreversible nerve and target organ
degeneration. Treatment modalities for PNIs include nerve
autografts, nerve allografts, nerve transfers, end-to-side
coaptation, and nerve conduits. Those techniques we used
to day is not a new technology, that has been introduced
more than 100 years ago. These options have drawbacks
such as sensory loss, scarring, and neuroma formation (au-
tografts), rejection (allografts), and donor site morbidity
leading to loss of function (nerve transfers). Additionally,
nerve conduits are only suitable for short nerve defects (less
than 3 cm). Current advanced of the technique itself in-
volving sutureless and tension-free repair.! However, given
the outcomes of existing treatment modalities and the slow
pace of peripheral nerve regeneration, there is an urgent

need for novel therapies to expedite nerve regeneration,
delay target organ degeneration, and enhance target organ
regeneration.4¢

Stem cell transplantation therapy, along with its derived
products, represents one of the most promising advance-
ments in regenerative medicine globally, offering new hope
for PNI management. Both in vitro and in vivo studies have
demonstrated the potential of these pluripotent cells to fa-
cilitate the regeneration of damaged nerves.” This litera-
ture review will focus primarily on the role of stem cell
transplantation therapies in managing PNI.

MATERIALS AND METHODS

INFORMATION SOURCES

A comprehensive literature search was conducted using
PubMed, Embase, and ScienceDirect, with no language re-
strictions. The search was performed in May 2024.

SEARCH STRATEGY

A combination of free text and Medical Subject Headings
(MeSH) terms was employed in the search strategy. The
specific search terms used were: “((peripheral nerve injury)
OR (peripheral nerve injuries)) AND ((stem cell) OR (stem
cell therapy) OR (stem cell transplantation therapy) OR
(stem cell exosome) OR (stem cell secretome) OR (paracrine
factor)) AND (therapy).” Duplicate studies were removed,
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and the titles and abstracts of the remaining studies were
subsequently evaluated as a preliminary screening. After-
wards, we read the full texts to exclude studies that did not
cover the management of peripheral nerve injury by regen-
erative medicine.

PATHOPHYSIOLOGY AND CLASSIFICATION OF
PERIPHERAL NERVE INJURY

Three primary mechanisms cause PNI: cut, stretching, and
compression. In the cutting mechanism, nerve injuries,
whether complete or incomplete, can result from lacera-
tions by glass, firearms, or knives. PNIs due to stretching
are most commonly caused by dislocations associated with
displaced fractures. In such cases, the extent of the neu-
rological deficit depends on the degree of applied strain.
Severe and continuous stretching can lead to nerve tears.
Compression injuries can occur through direct or indirect
mechanisms. Indirect compression involves vascular com-
pression, while direct compression can damage the myelin
sheath or the axon itself, thereby impairing nerve conduc-
tion. Prolonged exposure to compression, stretching, lac-
eration, extreme temperatures, and chemical injuries can
cause conduction blocks. If the compression becomes more
severe, demyelination and focal ischemia can occur.8?

Currently, there are two main classifications of nerve in-
jury based on the lesions.1011 Seddon’s classification di-
vides nerve injury into three categories based on the pres-
ence and severity of demyelination, axonal damage, and
damage to nervous connective tissue.l! The classification
consists of neuropraxia (involving only myelin damage),
axonotmesis (involving axonal integrity damage), and neu-
rotmesis (involving complete nerve and connective tissue
severance). On the other hand, Sunderland’s classification
outlines five types of nerve injury based on the injured
structures.19 Type I injuries describe protected conduction
blocks. Type II injury involves axonal discontinuity accom-
panied by a conduction block. Type III signifies axonal and
endoneurial discontinuity. Type IV involves disruption of
the perineurium, endoneurium, and axons, and Type V in-
dicates complete transection of the nerve trunk, including
the epineurium.10-12

MANAGEMENT

Managing PNI presents challenges. A critical aspect of PNI
management involves determining whether to adopt a con-
servative approach, await nerve regeneration, or pursue
surgical intervention. Current evidence suggests earlier
surgical intervention improves axonal survival post-injury
and addresses potential issues such as retraction and fibro-
sis.2 Closed PNIs are typically managed through observa-
tion to monitor nerve regeneration, utilizing nerve conduc-
tion tests and electromyography approximately three weeks
post-injury. In cases of open penetrating injuries, surgery
is ideally performed within 7 to 10 days post-injury.413-15
Conventional direct suturing is viable when the distance
from the nerve edge is less than 5 mm. Suturing larger

gap may exacerbate the strain on the nerve edge, poten-
tially worsening prognosis.!4 The suture-epineurium bor-
der is the site of concentrated strain at the nerve repair site.
This stress concentration may end up in suture breakdown,
intraneural hemorrhage, and further scarring. In these cir-
cumstances, regenerated axons may not receive enough
myelination at the distal stump, causing them to move
away from areas of high-stress concentration and resulting
in neuroma.>

For larger gaps, a different management approach is
warranted, often involving nerve grafting. Nerve grafting is
categorized into two main types: allograft and autograft.
Allograft or nerve conduit is typically utilized for nerve de-
fects smaller than 3 cm, while autografting is preferred for
defects larger than 3 cm, proximal injury, and critical nerve
condition. Autografting remains the gold standard for man-
aging neglected nerve injuries. Currently, allografting has
not demonstrated superior outcomes compared to auto-
grafting.14-16

NERVE REGENERATION

The nervous system exhibits remarkable plasticity, with
neurons capable of generating new dendrites and synapses.
However, the regenerative capacity of the nervous system is
very limited. While the peripheral nervous system demon-
strates somewhat greater regenerative potential compared
to the central nervous system, it remains constrained in its
ability to regenerate following injury. Regeneration within
the peripheral relies on the preservation and activity of
both the cell body and Schwann cell. If these components
are compromised, dendritic and axonal defects may fail to
recover. The regeneration of the peripheral nervous system
is possible thanks to the presence of the glia cells in the pe-
ripheral nervous system, the Schwann cells. Schwann cells
play a pivotal role in peripheral nerve regeneration by tran-
sitioning to a proliferative phenotype, facilitating the for-
mation of basal lamina, and promoting neuronal regenera-
tion.17-20

COLLATERAL SPROUTING

Collateral sprouting serves as a mechanism by which nerves
preserve muscle function following injury to the innervat-
ing nerve. This process involves the extension of collateral
nerve fibers to both maintain function and regenerate the
injured nerve. Collateral sprouting represents the primary
regeneration mechanism for axonal defects ranging from
20% to 30%. Typically, collateral sprouting initiates around
four days post-injury and persists for 3 to 6 months after-
ward. While collateral sprouting holds the potential for op-
timal neuron regeneration, the process is time-consuming.
Consequently, during the 3 to 6-month period of neuron
regeneration, the innervated muscle may experience atro-
phy.10.17,21
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AXON REGENERATION

Axon regeneration represents the predominant regenera-
tion mechanism for nerve defects exceeding 90%. Periph-
eral nerve regeneration comprises three essential steps:
Wallerian degeneration, axon regeneration, and end-organ
reinnervation. The successful completion of each step is
critical for achieving favorable regeneration outcomes.
Failure at any stage can significantly impede the regenera-
tion process, resulting in poor overall results.17:21

Wallerian degeneration, a critical process in nerve re-
generation, is orchestrated by Schwann cells. These cells
transform to facilitate axonal growth, expressing various
proteins, including PMP-22, Krox-20, P-0, and Con-
nexin-32, and promoting the expression of c-Jun and neu-
rotrophic agents like NGF. This transformative process con-
tributes to the regeneration of new Schwann cells, which
play a vital role in debris phagocytosis and macrophage re-
cruitment. Wallerian degeneration is completed following
Schwann cells and macrophages’ phagocytosis of all debris.
Macrophages secrete inflammatory cytokines such as IL-1
to aid Schwann cell proliferation, forming Bungner bands.
These bands subsequently create a conduit that facilitates
axonal regeneration.21-23

Axon regeneration commences shortly after Wallerian
degeneration. The distal portion of the proximal axon initi-
ates regeneration by forming filopodia, which extends from
a growth cone at the leading edge. The mobility of this
cone is influenced by key molecules such as semaphorins,
ephrins, netrins, and slits. Fibrotic tissue can impede axon
regeneration. The rate of regeneration in the proximal seg-
ment of the nervous system typically ranges from 2 to 3
mmy/day, while in the distal segment, it averages 1 to 2 mm/
day.20.21

End-organ reinnervation is equally crucial to axon re-
generation in the nerve regeneration process. Successful
end-organ reinnervation is essential for ensuring the effi-
cacy of the entire regeneration process. Without success-
ful reinnervation, the efforts of axon regeneration become
futile, as the regenerated neurons cannot properly inner-
vate the organ. Failure in end-organ reinnervation can lead
to patient disability, emphasizing the critical importance of
this aspect of nerve regeneration.17,20,21

STEM CELL

STEM CELL SOURCES

Stem cells have the extraordinary ability to self-renew and
specialize into various cell types. Stem cells are classified
into three main groups based on their differentiation po-
tential: pluripotent, multipotent, and unipotent. Pluripo-
tent stem cells can differentiate into all cell types of the
body’s tissues. Multipotent stem cells can differentiate into
various cell types within a specific lineage, including those
derived from the ectoderm, mesoderm, and endoderm.
Unipotent stem cells, while limited in their differentiation
potential, can replicate and generate one specific cell type
while maintaining self-renewal property.24:25

Embryonic stem cells (ESCs) are among the most promi-
nent stem cell types currently known, originating from the
embryo’s inner cell mass at the blastocyst stage. ESCs are
highly regarded for their pluripotent nature, offering
promising medical prospects. Theoretically, they can dif-
ferentiate into any cell type within the human body, thus
holding the potential to replace damaged tissues.26-28
However, the use of ESCs is accompanied by ethical consid-
erations. Obtaining ESCs necessitates the isolation of the
inner cell mass, which involves the dissolution of the blas-
tocyst. This process is ethically contentious as it is per-
ceived as the destruction of a human embryo.26:27,29

Research has increasingly focused on adult stem cells in
response to ethical concerns surrounding embryonic stem
cells (ESCs). Adult stem cells or mesenchymal stem cells
(MSCs) are derived from mature tissues and have been suc-
cessfully isolated in several forms, including bone marrow
mesenchymal stem cells (BM-MSCs), adipose-derived mes-
enchymal stem cells (AD-MSCs), fetal tissue-derived stem
cells (fetal-MSCs), skin cell precursors (SKPs), dental pulp
stem cells (DPSCs), neural stem cells, and muscle-derived
stem cells (SkSCs). However, adult stem cells possess a no-
table limitation compared to ESCs: they lack pluripotency.
Adult stem cells can only differentiate into a limited range
of cell types, typically multipotent or unipotent. Addition-
ally, adult stem cells may exhibit a higher likelihood of ge-
netic impairment than ESCs, posing further challenges to
their therapeutic potential.28:30

STEM CELLS APPLICATION IN PERIPHERAL NERVE
INJURY

Peripheral nervous system regeneration heavily relies on
Schwann cells. However, Schwann cell isolation and culture
in vitro pose significant challenges. While some studies
suggest that stem cells may not differentiate into Schwann
cells to promote neuron regeneration, they release neu-
roprotective proteins such as NGF and BDNF. Induced
pluripotent stem cells (iPSCs), BM-MSCs, and AD-MSCs
are among the most commonly used stem cells in periph-
eral nervous system management studies. Nevertheless, re-
search on stem cell use in this context remains primarily
confined to animal models, with limited translation to hu-
man applications.221,26,31,32

MSCs have a dual role in the regeneration of damaged
tissue (Figure 1). The first role is to replace the injured tis-
sue cells. The second role is to promote the intrinsic regen-
erative capacity of the injured tissue. MCSs do this by se-
creting growth factors and cytokines in the injured tissue.
MSCs can also modulate the immune response to maximize
tissue healing. In the PNI, MSCs secrete trophic factors that
are important for the remodeling and regeneration of the
tissue. Trophic factors improve angiogenesis and stimulate
tissue regeneration. MSCs, on the other hand, also inhibit
scar tissue formation, which can reduce the healing process
of the nerve. MSCs are activated by lymphocytes at the site
of injury. Then, it can delay the immune response to de-
crease autoimmunity and cytotoxicity.33-36

MSCs have fast proliferation, which is of great interest in
tissue healing. MSCs also have paracrine and autocrine ac-
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Figure 1. Potential effects of mesenchymal stem cell (and its products) application for nerve regeneration.

tivity and trans-differentiation potential. MSCs are able to
produce and secrete a lot of exosomes to give a whole range
of effects. During the tissue healing process, MSCs produce
neurotrophins which play a crucial role in stimulating the
neuronal and glial response. Neural growth factor (NGF),
brain-derived neurotrophic factor (BDNF), glial-cell-line-
derived neurotrophic factor (GDNF), ciliary neurotrophic
factor (CNTF), and neuregulin-1 (NRG-1) are among the
neurotrophins that MSCs can make. Besides promoting lo-
cal neuronal or glial cell growth and differentiation, the
MSCs can specifically differentiate into glial or neuronal
cells. However, the study regarding this ability is currently
only focused on very limited stem cells, such as Wharton
jelly stem cells (UC-MSCs), avascular amniotic mesoderm
(AMSCs), and subcutaneous white adipose tissue (ADSCs).
These stem cells can maintain their regeneration after in-
jury, as stated in a few in vivo studies.33-36

The most extensively studied stem cells in previous re-
search have been BM-MSCs. However, the challenges as-
sociated with collecting cells from bone marrow have
prompted a search for alternatives. Recent studies have
shown a growing preference for AD-MSCs due to their ease
of collection and isolation. Additionally, AD-MSCs exhibit
more rapid growth compared to BM-MSCs.27-31.37 AD-MSCs
also have lower immunogenicity and can improve neural
regeneration by modulating the microenvironment and in-
hibiting inflammatory responses.38-40 AD-MSCs have been
found to promote favorable functional outcomes and ax-
onal regeneration in PNIs, leading to higher axon density.
Previous studies have demonstrated that the addition of
AD-MSCs to PNI treatment protocols can enhance myeli-
nation and increase axon diameter, further highlighting the

therapeutic potential of AD-MSCs in nerve regeneration.4!
42

Stem cell therapy is also being explored to treat neuro-
muscular junction (NM]) injuries. Currently, ESCs are fre-
quently utilized for this purpose, but ethical concerns have
increased interest in iPSCs in recent studies. In vitro stud-
ies have shown that ESC-derived motor neurons can form
functional NMJs and communicate with muscles. iPSCs
have provided valuable insights into the mechanisms un-
derlying NM]J function, particularly in understanding myo-
genic precursors marked by CD34. Recent research has in-
dicated that iPSCs can differentiate into motor neurons,
particularly lower motor neurons (LMNs), further high-
lighting their potential in NMJ injury treatment.4143 The
iPSC-derived myoblasts, particularly those expressing se-
lective CD34 markers, exhibit similarities to PAX7-derived
myoblasts and muscle tissue biopsy samples in immuno-
histochemistry examinations. Muscle fibers and motor neu-
rons begin to grow from the first day of co-culture, marked
by the presence of neurites. Contact between neurites and
myotubes typically occurs within two weeks. Staining for
AChR-a is conducted to identify neuromuscular clusters in
muscle fibers, which appear as large clusters. NM]J forma-

tion is typically completed within 21 days of co-culture.4l:
4344

SECRETOME OF MESENCHYMAL STEM CELL

The secretome is a complex combination that includes
vesicular components like microvesicles and exosomes and
soluble protein components like growth factors and cy-
tokines. These components are important in transferring
genetic material and proteins to other cells. The secretome
is currently known as the mediating factor of the therapeu-
tic effect of stem cells. Current studies state that secretome
could enhance endogenous repair and modulate the im-
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mune response, thus promoting better regeneration. There
is a debate about whether the MSC itself proliferates and
differentiates into the target cell or whether the paracrine
effect of the secretome promotes better regeneration and
remodeling.”45

Using secretome as free cell therapy has major advan-
tages over stem cell therapy. Secretome can improve cell
survival post-transplantation. It also has a lower immuno-
genicity than a direct living cell transplantation alone be-
cause of the secretome’s lower cell surface protein content.
Secretome reduces the need for a high cell count for trans-
plantation and the possibility of phenotypic changes due
to in vitro isolation and differentiation. Secretome is more
cost-effective and useful for clinical applications because of
its increased production rates in carefully regulated labo-
ratory settings. The therapeutic effect of secretome is like-
wise customizable. We can assess the secretome for po-
tency, safety, and dosing to improve our knowledge of this
treatment. Moreover, keeping the secretome without losing
its therapeutic value is possible.”45

EXOSOME OF MESENCHYMAL STEM CELL

Exosomes are lipid-based, spherical, extracellular vesicles
with a single membrane that are bilayer and operate as
messengers between cells on the nanoscale. Because exo-
somes from a particular cell type provide sets of biomol-
ecules exclusive to that cell, exosomes have been viewed
as miniature replicas of their parent cells. Exosomes have
garnered significant interest in the medical field for diag-
nosis and treatment. Many studies are being conducted on
stem cell-derived exosomes, or SC-Exo, because of their
immunomodulatory, regenerative, anti-inflammatory, and
anti-microbial capabilities. SC-Exo delivery has shown
much promise as a cell-free treatment for many illnesses.
Exosomes released by stem cells have more benefits than
their parent cells because of their tiny size, great stability,
reduced immunogenicity, lack of carcinogenic potential,
and simpler storage conditions. Furthermore, it has been
discovered that stem cells behave in a paracrine manner via
their soluble secretome, which includes exosomes. Stated
differently, SC-Exo inherit anti-inflammation, im-
munomodulation, and tissue regeneration properties from
their parental cell of origin. When combined, SC-Exo is a
powerful stand-in for stem cell therapy that doesn’t have
the drawbacks of its cellular counterparts.46:47

STEM CELLS DELIVERY

Researchers have described a variety of stem cell delivery
methods to the neural tissue, including embedding the cell
in nerve conduits or scaffolds, directly delivering the cell
locally through microinjection (using medium or enriched
medium/secretome), or distributing the cell more widely
through intravenous or intrathecal injection.48-50

MSC microinjection has a potentially good result. Local
MSC injection increases axonal fiber counts, improves elec-
tromotor recovery, and enhances nerve regeneration. It also
has immunological modulatory effects and enhances
Schwann cells in a synergistic manner. On the other hand,

it may also raise the pressure in the injured area, which
might result in non-uniform cell distribution, ultrastruc-
tural damage, and subpar nerve regeneration.48-50

Intravenous (IV) MSC injection is used as an alternative
to local microinjection. It could avoid iatrogenic nerve in-
jury from needle injury and MSC leakage to the surrounding
non-neural tissue. IV MSC injection focuses on the trophic
function of the MSCs. However, the MSCs delivered via IV
injection may not reach the nerve injury site optimally.50,51

Nerve conduits are tube-like sutures used to fill the
nerve gap (after injury or neuroma removal). It can be in-
serted as an empty tube to encourage targeted axonal
growth to the distal end of the nerve, or it may be aug-
mented by embedding MSC and its associated products.
There are two types of nerve conduits: natural and artificial.
Veins, arteries, and muscles are examples of biological
structures from which natural neural conduits are formed.
Meanwhile, artificial conduits are made from manufactured
materials such as polymers, plastics, or silicones.3%52,53

Seeding the MSC into the lumen of the conduit can be
accomplished in several techniques. The first technique is
to directly seed the suspension consisting of MSC and its
medium into the nerve conduit’s lumen. It is easy, but lack
of structural support for the transplanted MSCs.50:52-54 The
second method involves injecting the cells into the nerve
conduits while they are suspended in a matrix. While sim-
plicity is lost in the process, the benefit of tailoring the ex-
tracellular environment to improve cell viability is gained.
The most complex and time-consuming method is the third
one, which entails growing cells and integrating them with
the nerve conduit before implantation. It has the greatest
potential for tissue engineering, though.36:48,52

CONCLUSION

PNI requires precise management to optimize outcomes.
Early surgical intervention offers the advantage of im-
proved axonal survival prognosis post-injury in complete
nerve injury (axonotmesis or neurotmesis). Stem cells po-
tentially enhance the regeneration rate after nerve injury
by differentiating to nerve cells, paracrine effect, and im-
munomodulatory effect. Nevertheless, most stem cell re-
search on PNI management is restricted to animal models.
It is important to do more research, preferably randomized
controlled trials, to see how well cell therapy, bioengi-
neered scaffolds, and other regenerative medicine products
help peripheral nerves and target organs heal in humans.

CORRESPONDING AUTHOR

Dina Aprilya, MD

Fatmawati General Hospital

Prof. Soelarto building, 15t floor
RS Fatmawati Street, Jakarta 12430
Indonesia

Fax +6221-7660616

Orthopedic Reviews 5



Regenerative Medicine: A New Horizon in Peripheral Nerve Injury and Repair

Tel +6289655106136
Email dina.cia.aprilya@gmail.com

DISCLAIMER

No patient or author details are included in the figures.
CONFLICT OF INTEREST

None declared

FUNDING

This research did not receive any specific grant from fund-

ing agencies in the public, commercial, or not-for-profit
sector

AUTHOR CONTRIBUTION

All authors equally contributed, reviewed the results and
approved the final version of the manuscript.

ETHICAL APPROVAL

None. Because this paper is a literature review and not con-
sidered as human research. Thus, it does not typically re-
quire IRB review and approval.

Submitted: December 08, 2024 EDT. Accepted: December 21,
2024 EDT. Published: March 31, 2025 EDT.

Orthopedic Reviews 6


mailto:dina.cia.aprilya@gmail.com

Regenerative Medicine: A New Horizon in Peripheral Nerve Injury and Repair

REFERENCES

1. Noble J, Munro CA, Prasad VSSV, Midha R.
Analysis of Upper and Lower Extremity Peripheral
Nerve Injuries in a Population of Patients with
Multiple Injuries. Journal of Trauma and Acute Care
Surgery. 1998;45(1). doi:10.1097/
00005373-199807000-00025

2. Panagopoulos GN, Megaloikonomos PD,
Mavrogenis AF. The present and future for peripheral
nerve regeneration. Orthopedics.
2017;40(1):e141-e156. d0i:10.3928/
01477447-20161019-01

3. Asplund M, Nilsson M, Jacobsson A, Von Holst H.
Incidence of traumatic peripheral nerve injuries and
amputations in Sweden between 1998 and 2006.
Neuroepidemiology. 2009;32(3):217-228. doi:10.1159/
000197900

4. Althagafi A, Nadi M. Acute nerve injury. In:
StatPearls.

5. Sullivan R, Dailey T, Duncan K, Abel N, Borlongan
C. Peripheral Nerve Injury: Stem Cell Therapy and
Peripheral Nerve Transfer. Int | Mol Sci. 2016;17:2101.
doi:10.3390/ijms17122101. PMID:27983642

6. Lin MY, Manzano G, Gupta R. Nerve Allografts and
Conduits in Peripheral Nerve Repair. Hand Clin.
2013;29(3):331-348. doi:10.1016/j.hcl.2013.04.003

7. Sugimura-Wakayama Y, Katagiri W, Osugi M, Kawai
T, Ogata K. Peripheral Nerve Regeneration by
Secretomes of Stem Cells from Human Exfoliated
Deciduous Teeth. Stem Cells Dev.
2015;24(22):2687-2699. d0i:10.1089/scd.2015.0104.
PMID:26154068

8. Bashar K. Electromyography in Clinical Practice. 2nd
ed. (Pioli SF, ed.).; 2007.

9. Gagliardo A, Moschella F. Clinical neurophysiology
and imaging of nerve injuries: preoperative
diagnostic work-up and postoperative monitoring.
Plast Aesthet Res. 2015;2:149-155. doi:10.4103/
2347-9264.160877

10. Sunderland S. A classification of peripheral nerve
injuries producing loss of function. Brain.
1951;74(4):491-516. doi:10.1093/brain/74.4.491

11. Seddon HJ. A Classification of Nerve Injuries. Br
Med J. 1942;2(4260):237. doi:10.1136/bmj.2.4260.237.
PMID:20784403

12. Maak TG, Osei D, Delos D, Taylor S, Warren RF,
Weiland AJ. Peripheral Nerve Injuries in Sports-
Related Surgery: Presentation, Evaluation, and
Management: AAOS Exhibit Selection. JBJS.
2012;94(16). doi:10.2106/]JBJS.K.01448

13. Korus L, Ross DC, Doherty CD, Miller TA. Nerve
transfers and neurotization in peripheral nerve
injury, from surgery to rehabilitation. Journal of
Neurology, Neurosurgery & Psychiatry. 2016;87(2):188.

14. Li R, Liu Z, Pan Y, Chen L, Zhang Z, Lu L.
Peripheral Nerve Injuries Treatment: a Systematic
Review. Cell Biochem Biophys. 2014;68(3):449-454.
doi:10.1007/s12013-013-9742-1

15. Isaacs J. Major Peripheral Nerve Injuries. Hand
Clin. 2013;29(3):371-382. doi:10.1016/
j-hcl.2013.04.006

16. Grinsell D, Keating CP. Peripheral Nerve
Reconstruction after Injury: A Review of Clinical and
Experimental Therapies. Biomed Res Int. 2014;2014.
doi:10.1155/2014/698256. PMID:25276813

17. Tortora GJ, Derrickson B. Principles of Anatomy &
Physiology. 13th ed.; 2012.

18. Torul D, Bereket MC, Onger ME, Altun G.
Comparison of the Regenerative Effects of Platelet-
Rich Fibrin and Plasma Rich in Growth Factors on
Injured Peripheral Nerve: An Experimental Study.
Journal of Oral and Maxillofacial Surgery.
2018;76(8):1823.e1-1823.e12. doi:10.1016/
j.joms.2018.04.012

19. Faroni A, Mobasseri SA, Kingham PJ, Reid AJ.
Peripheral nerve regeneration: Experimental
strategies and future perspectives. Adv Drug Deliv
Rev. 2015;82-83:160-167. d0i:10.1016/
j.addr.2014.11.010

20. Ide C. Peripheral nerve regeneration. Neurosci
Res. 1996;25(2):101-121. doi:10.1016/
0168-0102(96)01042-5

21. Menorca RMG, Fussell TS, Elfar JC. Nerve
Physiology: Mechanisms of Injury and Recovery.
Hand Clin. 2013;29(3):317-330. doi:10.1016/
j-hcl.2013.04.002. PMID:23895713

22. Gordon T. Nerve Regeneration: Understanding
Biology and Its Influence on Return of Function After
Nerve Transfers. Hand Clin. 2016;32(2):103-117.
doi:10.1016/j.hcl.2015.12.001

Orthopedic Reviews


https://doi.org/10.1097/00005373-199807000-00025
https://doi.org/10.1097/00005373-199807000-00025
https://doi.org/10.3928/01477447-20161019-01
https://doi.org/10.3928/01477447-20161019-01
https://doi.org/10.1159/000197900
https://doi.org/10.1159/000197900
https://doi.org/10.3390/ijms17122101
https://doi.org/10.1016/j.hcl.2013.04.003
https://doi.org/10.1089/scd.2015.0104
https://doi.org/10.4103/2347-9264.160877
https://doi.org/10.4103/2347-9264.160877
https://doi.org/10.1093/brain/74.4.491
https://doi.org/10.1136/bmj.2.4260.237
https://doi.org/10.2106/JBJS.K.01448
https://doi.org/10.1007/s12013-013-9742-1
https://doi.org/10.1016/j.hcl.2013.04.006
https://doi.org/10.1016/j.hcl.2013.04.006
https://doi.org/10.1155/2014/698256
https://doi.org/10.1016/j.joms.2018.04.012
https://doi.org/10.1016/j.joms.2018.04.012
https://doi.org/10.1016/j.addr.2014.11.010
https://doi.org/10.1016/j.addr.2014.11.010
https://doi.org/10.1016/0168-0102(96)01042-5
https://doi.org/10.1016/0168-0102(96)01042-5
https://doi.org/10.1016/j.hcl.2013.04.002
https://doi.org/10.1016/j.hcl.2013.04.002
https://doi.org/10.1016/j.hcl.2015.12.001

Regenerative Medicine: A New Horizon in Peripheral Nerve Injury and Repair

23. Walsh S, Midha R. Use of stem cells to augment
nerve injury repair. Neurosurgery. 2009;65(4).
doi:10.1227/01.NEU.0000335651.93926.2F

24. Daley G. Stem cells and the evolving notion of
cellular identity. Philosophical Transactions of the
Royal Society B: Biological Sciences.
2015;370:20140376.

25. Dulak J, Szade K, Szade A, Nowak W, Jozkowicz A.

Adult stem cells: Hopes and hypes of regenerative
medicine. Acta Biochim Pol. 2015;62. doi:10.18388/

abp.2015_1023

26. De la Rosa MB, Kozik EM, Sakaguchi DS. Adult
Stem Cell-Based Strategies for Peripheral Nerve
Regeneration. In: Turksen K, ed. Cell Biology and
Translational Medicine, Volume 4: Stem Cells and Cell
Based Strategies in Regeneration. Springer
International Publishing; 2018:41-71. doi:10.1007/
5584 2018 254

27. Takahashi K, Yamanaka S. Induction of
Pluripotent Stem Cells from Mouse Embryonic and
Adult Fibroblast Cultures by Defined Factors. Cell.
2006;126(4):663-676. d0i:10.1016/j.cell.2006.07.024

28. Cofano F, Boido M, Monticelli M, et al.
Mesenchymal Stem Cells for Spinal Cord Injury:
Current Options, Limitations, and Future of Cell
Therapy. Int ] Mol Sci. 2019;20(2968).

29. Kingham PJ, Reid AJ, Wiberg M. Adipose-Derived
Stem Cells for Nerve Repair: Hype or Reality? Cells
Tissues Organs. 2015;200(1):23-30. doi:10.1159/
000369336

30. Zhang Y, Mignone J, MacLellan WR. Cardiac
Regeneration and Stem Cells. Physiol Rev.
2015;95(4):1189-1204. doi:10.1152/
physrev.00021.2014. PMID:26269526

31. Fernandes M, Valente S, Sabongi R, et al. Bone
marrow-derived mesenchymal stem cells versus
adipose-derived mesenchymal stem cells for
peripheral nerve regeneration. Neural Regen Res.
2018;13:32. doi:10.4103/1673-5374.224378.
PMID:29451213

32. Musavi L, Brandacher G, Hoke A, et al. Muscle-
derived stem cells: important players in peripheral
nerve repair. Expert Opin Ther Targets.
2018;22(12):1009-1016. doi:10.1080/
14728222.2018.1539706

33. Liu G, Cheng Y, Guo S, et al. Transplantation of
adipose-derived stem cells for peripheral nerve
repair. Int ] Mol Med. 2011;28:565-572.

34. Park WS, Ahn SY, Sung SI, Ahn JY, Chang YS.
Strategies to enhance paracrine potency of
transplanted mesenchymal stem cells in intractable
neonatal disorders. Pediatr Res. 2018;83(1):214-222.
doi:10.1038/pr.2017.249

35. Lavorato A, Raimondo S, Boido M, et al.
Mesenchymal Stem Cell Treatment Perspectives in
Peripheral Nerve Regeneration: Systematic Review.
Int ] Mol Sci. 2021;22(2):572. doi:10.3390/
ijms22020572. PMID:33430035

36. Matsuse D, Kitada M, Kohama M, et al. Human
Umbilical Cord-Derived Mesenchymal Stromal Cells
Differentiate Into Functional Schwann Cells That
Sustain Peripheral Nerve Regeneration. ] Neuropathol
Exp Neurol. 2010;69(9):973-985. doi:10.1097/
NEN.0b013e3181eff6dc

37. Tamaki T, Hirata M, Nakajima N, et al. A Long-
Gap Peripheral Nerve Injury Therapy Using Human
Skeletal Muscle-Derived Stem Cells (Sk-SCs): An
Achievement of Significant Morphological, Numerical
and Functional Recovery. PLoS One.
2016;11(11):e0166639. doi:10.1371/
journal.pone.0166639. PMID:27846318

38. Kubiak CA, Grochmal ], Kung TA, Cederna PS,
Midha R, Kemp SWP. Stem-cell-based therapies to
enhance peripheral nerve regeneration. Muscle Nerve.
2020;61(4):449-459. doi:10.1002/mus.26760

39. Widgerow AD, Salibian AA, Lalezari S, Evans
GRD. Neuromodulatory nerve regeneration: Adipose
tissue-derived stem cells and neurotrophic mediation
in peripheral nerve regeneration. ] Neurosci Res.
2013;91(12):1517-1524. doi:10.1002/jnr.23284.
PMID:24105674

40. Wang YH, Guo YC, Wang DR, Liu JY, Pan J.
Adipose Stem Cell-Based Clinical Strategy for Neural
Regeneration: A Review of Current Opinion. Stem
Cells Int. 2019;2019:2019. doi:10.1155/2019/8502370.
PMID:31827536

41. Saller MM, Huettl RE, Mayer JM, et al. Validation
of a novel animal model for sciatic nerve repair with
an adipose-derived stem cell loaded fibrin conduit.
Neural Regen Res. 2018;13(5). doi:10.4103/
1673-5374.232481. PMID:29863016

42. Vayvada H, Demirdéver C, Menderes A, Yilmaz M,
Karaca C. The functional results of acute nerve
grafting in traumatic sciatic nerve injuries. Ulusal
Travma ve Acil Cerrahi Dergisi. 2013;19(2):109-114.
doi:10.5505/tjtes.2013.33279

43. Umbach JA, Adams KL, Gundersen CB, Novitch
BG. Functional Neuromuscular Junctions Formed by
Embryonic Stem Cell-Derived Motor Neurons. PLoS
One. 2012;7(5):e36049. doi:10.1371/
journal.pone.0036049. PMID:22574134

Orthopedic Reviews


https://doi.org/10.1227/01.NEU.0000335651.93926.2F
https://doi.org/10.18388/abp.2015_1023
https://doi.org/10.18388/abp.2015_1023
https://doi.org/10.1007/5584_2018_254
https://doi.org/10.1007/5584_2018_254
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1159/000369336
https://doi.org/10.1159/000369336
https://doi.org/10.1152/physrev.00021.2014
https://doi.org/10.1152/physrev.00021.2014
https://doi.org/10.4103/1673-5374.224378
https://doi.org/10.1080/14728222.2018.1539706
https://doi.org/10.1080/14728222.2018.1539706
https://doi.org/10.1038/pr.2017.249
https://doi.org/10.3390/ijms22020572
https://doi.org/10.3390/ijms22020572
https://doi.org/10.1097/NEN.0b013e3181eff6dc
https://doi.org/10.1097/NEN.0b013e3181eff6dc
https://doi.org/10.1371/journal.pone.0166639
https://doi.org/10.1371/journal.pone.0166639
https://doi.org/10.1002/mus.26760
https://doi.org/10.1002/jnr.23284
https://doi.org/10.1155/2019/8502370
https://doi.org/10.4103/1673-5374.232481
https://doi.org/10.4103/1673-5374.232481
https://doi.org/10.5505/tjtes.2013.33279
https://doi.org/10.1371/journal.pone.0036049
https://doi.org/10.1371/journal.pone.0036049

Regenerative Medicine: A New Horizon in Peripheral Nerve Injury and Repair

44. Demestre M, Orth M, Fohr K], et al. Formation
and characterisation of neuromuscular junctions
between hiPSC derived motoneurons and myotubes.
Stem Cell Res. 2015;15(2):328-336. doi:10.1016/

j.scr.2015.07.005

45. Sumarwoto T, Suroto H, Mahyudin F, et al. Role of
adipose mesenchymal stem cells and secretome in
peripheral nerve regeneration. Annals of Medicine and
Surgery. 2021:67. doi:10.1016/j.amsu.2021.102482.
PMID:34168873

46. Tan F, Li X, Wang Z, Li ], Shahzad K, Zheng J.
Clinical applications of stem cell-derived exosomes.
Published online 2023. doi:10.1038/
$41392-023-01704-0. PMID:38212307

47. Keshtkar S, Kaviani M, Soleimanian S, Azarpira N.
Stem Cell-Derived Exosome as Potential Therapeutics
for Microbial Diseases. 2022;12(February).
doi:10.3389/fmicb.2021.786111. PMID:35237239

48. Yousefi F, Lavi Arab F, Nikkhah K, Amiri H,
Mahmoudi M. Novel approaches using mesenchymal
stem cells for curing peripheral nerve injuries. Life
Sci. 2019;221:99-108. doi:10.1016/].1fs.2019.01.052

49. Uz M, Das SR, Ding S, Sakaguchi DS, Claussen JC,
Mallapragada SK. Advances in Controlling
Differentiation of Adult Stem Cells for Peripheral
Nerve Regeneration. Adv Healthc Mater.
2018;7(14):1701046. doi:10.1002/adhm.201701046

50. Mathot F, Shin AY, Van Wijnen AJ. Targeted
stimulation of MSCs in peripheral nerve repair. Gene.
2019;710:17-23. doi:10.1016/j.gene.2019.02.078.
PMID:30849542

51. Matthes SM, Reimers K, Janssen I, et al.
Intravenous transplantation of mesenchymal stromal
cells to enhance peripheral nerve regeneration.
Biomed Res Int. 2013;2013. doi:10.1155/2013/573169.
PMID:24459671

52. Armaiz Flores A, Wang H. The Use and Delivery of
Stem Cells in Nerve Regeneration: Preclinical
Evidence and Regulatory Considerations. Ann Plast
Surg. 2018;80(4). doi:10.1097/SAP.0000000000001259

53. Mohammadi R, Vahabzadeh B, Amini K. Sciatic
nerve regeneration induced by transplantation of in
vitro bone marrow stromal cells into an inside-out
artery graft in rat. Journal of Cranio-Maxillofacial
Surgery. 2014;42(7):1389-1396. doi:10.1016/
j.jcms.2014.03.031

54. Santiago LY, Clavijo-Alvarez ], Brayfield C, Rubin
JP, Marra KG. Delivery of Adipose-Derived Precursor
Cells for Peripheral Nerve Repair. Cell Transplant.
2009;18(2):145-158. doi:10.3727/
096368909788341289

Orthopedic Reviews


https://doi.org/10.1016/j.scr.2015.07.005
https://doi.org/10.1016/j.scr.2015.07.005
https://doi.org/10.1016/j.amsu.2021.102482
https://doi.org/10.1038/s41392-023-01704-0
https://doi.org/10.1038/s41392-023-01704-0
https://doi.org/10.3389/fmicb.2021.786111
https://doi.org/10.1016/j.lfs.2019.01.052
https://doi.org/10.1002/adhm.201701046
https://doi.org/10.1016/j.gene.2019.02.078
https://doi.org/10.1155/2013/573169
https://doi.org/10.1097/SAP.0000000000001259
https://doi.org/10.1016/j.jcms.2014.03.031
https://doi.org/10.1016/j.jcms.2014.03.031
https://doi.org/10.3727/096368909788341289
https://doi.org/10.3727/096368909788341289

	Regenerative Medicine: A New Horizon in Peripheral Nerve Injury and Repair
	Introduction
	Materials and Methods
	Information sources
	Search strategy

	Pathophysiology and Classification of Peripheral Nerve Injury
	Management
	Nerve Regeneration
	Collateral sprouting
	Axon regeneration

	Stem Cell
	Stem cell sources
	Stem cells application in peripheral nerve injury
	Secretome of mesenchymal stem cell
	Exosome of mesenchymal stem cell
	Stem cells delivery

	Conclusion
	Corresponding Author
	Disclaimer
	Conflict of interest
	Funding
	Author contribution
	Ethical Approval

	References


