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Abstract results. Adipose tissue is considered as a multipotent

Adipose tissue is considered as a multipotent organ with
multiple cellular varieties, like adipose derived stem cells
with ability to differentiate into nerve cells. This review is
an attempt to summarize the techniques of harvesting,
isolating and delivery of adipose derived stem cells to
injured nerve area and various interactions involved in
the release of neurotrophic and angiogenic factors from
stem cells. Neuro-regenerative potential of ADSCs is
explained on the basis of “Paracrine hypothesis”,
according to which ADSCs secrete multiple neurotrophic
factors and upregulates secretion of these neurotrophic
factors by Schwann cells, leading to improved
myelination, regeneration and decreases nerve fibrosis.
ADSCs are easily available in abundance and undergo
multi-step processing before grafting to nerve injury site.
Acute inflammation, hypoxia and co-culturing with
Schwann cells promotes neural differentiation of ADSCs.
ADSCs and Schwann cells are reported to have similar
mitogenic and differentiation factors, moreover, the
micro-environment containing various growth factors
and extracellular matrix plays a crucial role in promoting
myelin formation by stem cells.

Various animal model studies have shown improved
outcomes when ADSCs were used for the management of
peripheral nerve injuries after direct repair, nerve grafting,
nerve conduit, nerve allograft. This review contains
various pre-clinical studies that have shown outcomes of
adipose derived stem cells in nerve regeneration in
different grades of nerve injuries.

Keywords: Angiogenesis, Mitogens, Nerve Injuries,
Inflammation, Allografts, stem cells.
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Introduction

Medical advancements in the field of regenerative
medicine have proved the application of adipose based
stem cells in numerous pathologies, with long term
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organ comprising of multiple cellular varieties with
regenerative abilities like adipose-derived stem cells
(ADSCs), adipose-derived stromal cells etc. ADSCs have
the potential to differentiate into osteoblasts, neural cells,
endothelial and epithelium. Easy availability, abundance,
immunomodulatory and anti-inflammatory effects;
autocrine and paracrine functions, the ability to
differentiate into cell types that are specific to damaged
tissue and organs, are few of the revolutionary properties
of the stem cells derived from adipose tissue.!

Peripheral nerve injuries secondary to trauma or tumour
surgery can cause significant morbidity to the patient and
its management is a therapeutic challenge as even after
surgical repair, results are sub-optimal. Constant research
is being done to enhance the nerve recovery and
regeneration of the injured peripheral nerve after
surgery.2 Regenerative ability of adipose stem cells in
nerve regeneration has been confirmed by multiple
studies as it aids in tissue repair and helps to restore the
functional deficit. 3

Lipofilling and plasma enriched with platelets have been
reported for managing the neuropathic pain in peripheral
nerve surgery and it is believed to improve tissue healing
by increasing neovascularization.# Adipose tissue has
multipotent progenitor cells and secrete growth factors
that forms the basis of the bioengineering and cell-based
therapy for peripheral nerve repair and healing.’

Various preclinical studies on animal models have proven
the potential benefit of adipose derived stem cells in
nerve regeneration secondary to the effect of
neuropathic and angiogenic factors released by these
cells. These factors decrease nerve damage while
facilitating nerve regeneration post-operatively and
create a favourable microenvironment for axon
outgrowth and neurite regeneration.6

This review summarizes the current research findings on
the techniques and applications of adipose derived stem
cells for peripheral nerve regeneration. Moreover, it aims
to present an overview of the scientific evidence and the
outcomes of the use of adipose derived stem cells in
peripheral nerve regeneration when trailed in animal
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models as well as clinical studies.
Search strategy and inclusion criteria

Literature review was done using PubMed, MEDLINE and
Google Scholar databases. Following search terms were
used: adipose derived stem cells, adipose stem cells,
neural regeneration, nerve regeneration, nerve repair,
peripheral nerve regeneration, neural stem cells. Most
relevant English studies about adipose derived stems cells
and peripheral nerve regeneration and repair were
included until November 2022.

Paracrine hypothesis of adipose-derived stem cells

Survival of the grafted ADSCs or any stem cell is explained
by the “paracrine hypothesis”. According to this
hypothesis, the paracrine factors secreted by an
individual stem cell (stem cell secretum), are released in
hypoxic, acute ischaemic and inflammatory conditions.
These paracrine factors promote intercell communication
and angiogenesis for graft survival. In contrast to the
beneficial effect of acute inflammation for regeneration,
chronic inflammation causes failure of graft uptake and
fibrosis of tissue.”-12

Classification of nerve injuries

There are two main classifications of nerve injuries:
Seddon’3 classification and Sunderland classification.'4

Sunderland’s'# system classifies nerve injuries to five
categories. A first-degree injury includes nerve injuries
with segmental demyelination and is comparable to
Seddon's neurapraxia. In second degree axons are
severed but endoneurium intact and such nerve injuries
have chances of regeneration, while in third-degree there
is disruption of the axon and endoneurium with intact
perineurium and fascicular. In fourth-degree injury there
is loss of axon, endoneurium and perineurium, only
epineurium is intact. There is a loss of continuity of nerve
trunk in fifth-degree comparable to neurotmesis.
Sunderland grading is used by surgeons to decide about
non- operative vs operative intervention. Spontaneous
recovery may occur in Sunderland’s first- and second-
degree injuries but unlikely in third degree injuries and
impossible in fourth- and fifth-degree injuries, hence
surgical repair is indicated. We will review the role of
ADSCs in different degrees of nerve injuries.

ADSCs and neurotrophic factors

Nerve growth factor (NGF) was the first neurotrophic
factor to be discovered from nerve cells. Neurotrophic
factors like brain derived neurotrophic factor, ciliary
neurotrophic factor and glial derived neurotrophic factor
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(GDNF) are normally released from the Schwann cells and
are transferred in retrograde manner from axons to cell
body. In case of nerve injury this movement halts and the
neurotrophic factors supply stimulus for regeneration by
guiding the advancing axons at the injured ends.
Exogenous NGF is found to be associated with increased
axonal regeneration and decrease neuronal death,
whereas GDNF is linked with improved nerve conduction
velocity of sensory and motor neurons.'>

Culturing of Schwann cells with ADSCs upregulates the
expression of NGF, BDNF and glial cell derived
neurotropic factor (GDNF), also known as Schwann cell
differentiating factors.

Presence of nerve growth factor (NGF) and brain-derived
neurotrophic factor (BDNF), causes neurogenesis, by
activating AMP-activated kinase pathway.2'¢ Another in
vitro rat study, has confirmed that NGF present in ADSCs
conditioned medium extracted from rats, is responsible
for the neurite outgrowth in neurogenic cell line. 16

In a rat sciatic nerve injury model, 3 groups of 5 rats in
each group were managed with polydimethylsiloxane
bridging conduits and each group was supplemented
with ADSCs, laminin and ADSCs + laminin, respectively.
Few weeks later, distal stump analysis showed thinner
nerve fibres in only ADSCs group and higher density of
nerve fibres in group supplemented with both ADSCs and
laminin.12

Extra cellular matrix substances like fibronectin and
laminin enhances neurite growth in primary sensory
neurons in a rat model. ADSCs can itself secrete laminin
and cytokine CXCL5, which when delivered in area with
nerve injury, can promote myelination by Schwann cells
and stimulate signalling among Schwann cells
respectively. Ischaemia and oxidative stress stimulate
bone morphogenetic protein-2 and fibroblast growth
factor-2, that acts via p38MAPK pathway in human ADSCs
to improve neurogenesis. Other growth factors can
stimulate ADSCs to produce vascular endothelial growth
factor and angiopoietin 1, required for angiogenesis and
for axonal regeneration.82.10.16,17.

Schwann cell like differentiation of ADSCs

Schwann cells myelinate neurons in peripheral nerve cells
and functions to regenerate neurons after injury. First
report of similarity between ADSCs and Schwann cells
was published by Kingham et al. In this study, enzymatic
digestion of rat visceral fat was done to yield
mesenchymal stem cells and when treated with glial
growth factors, these stem cells developed morphology
similar to Schwann cells.8 Also, these cells expressed glial
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cell markers S100B, glial fibrillary acidic protein (GFAP)
and p75 neurotrophic receptors when treating with
Schwann cell mitogenic and differentiating factors.18-20
Co-culturing of ADSCs with degenerating sciatic nerves
can induce Schwann cell like differentiation.2! Mice
studies have further shown that ADSCs can express
specific peripheral myelin proteins when converted into
the Schwann cell phenotype.22 Along with the ability of
ADSCs to differentiate into Schwann cells, the other
significant effect of ADSCs on the peripheral nerve
regeneration is due to release of various growth factors. 20

Sources and harvesting of ADSCs

The first adipose tissue grafting was done to fill a scar
depression by Neuber in 189323, since then adipose tissue
grafting has been used for multiple clinical conditions.
Adipose tissues are isolated from subcutaneous fatty
tissues, which can be harvested by vacuum/syringe
suction or surgical excision. Most common donor sites are
lower abdomen, thighs and arm. Harvesting technique is
based on the volume required as small volumes of
adipose tissue, can be harvested using syringe suction,
whereas large volumes of lip aspiration is done by
liposuction devices. Preserving the viability of harvested
adipocytes is common goal in all techniques as poorly
harvested cells are damaged with decreased adipogenic
differentiation ability.24

Adipose tissue grafts are non-vascularized and therefore
few adipocytes at centre of the graft undergoes fat
degeneration and necrosis within the 24 hours, due to
ischaemia. Like every other graft, initial stage of adipose
tissue graft ‘take’ is imbibition, however there is no stage
of inosculation and vascular ingrowth is induced from
surrounding existing vascular network.25 Adequate
plasma diffusion from the surrounding tissues is the key
factor in the survival of grafted adipose tissue, hence
greater volume adipose tissue graft has a higher chance
of necrosis and macrophages mediated resorption due to
decrease plasmatic diffusion to adipocytes. Therefore,
small aliquots fat grafting in multiple session is preferable
over large volume grafting in single session.26 Adipose
graft survival is also dependent on the patient’s age, co-
morbidities, harvesting techniques, body mass index etc.
One gram of adipose tissue has on average 5000 ADSCs,
and ADSCs derived from adipose tissues of different body
regions have unique characteristics.2”

Separation and delivery of ADSCS from adipose tissue

Adipose tissue either lipoaspirate or surgically excised,
undergoes series of steps to extract ADSCs. These steps
include sedimentation, filtration, centrifugation (force=
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1200 x g for at least 3 minutes), followed by enzymatic
digestion with collagenase. Centrifugation yields three
layers; first layer has debris and lipids of damaged
adipocytes, second layer has adipose tissue and third
layer i.e the layer of interest contains blood, tumescent
and stromal vascular fraction (SVF) pellet. Further
processing is needed for the digestion of non-fat
components like blood and collagen fibres as, they can
cause inflammation at the recipient site. SVF derived from
adipose tissue consists of mature fat cells, ADSCs, immune
cells, epithelial cells and endothelial cells.228 SVF contains
< 0.1% ADSCs and other stem cells with potential to
differentiate to other cell lineages.29 Flow cytometry is
used to identify different cell populations in extracted
SVF. Multiple surface markers are used to decide the
subpopulation of ADSCs, endothelial progenitor cells,
pericytes as none of them has any unique surface marker.
DAPI marker helps to exclude apoptic cells from further
analysis. The positive markers of ADSCs are CD90, CD44,
CD29, CD105, CD13, CD73, and the negative markers are
CD31, CD45, CD14, CD11b, CD34, CD19, CD56, and
CD146. The positive markers of the pericytes are CD146,
CD90" and negative markers are CD31-, CD34-.30

ADSCs derived from perinephric fat, when compared to
subcutaneous fat from elsewhere in the body, is found to
be linked with upregulation of all three glial cell markers
like Schwann cells.3" However, another study has
reported that the ADSCs isolated from the superficial
layer of abdomen are superior to those taken from the
deep layer, in their neurite outgrowth-enhancing
properties, but no specific neurotrophic factor was found
to be responsible for this characteristic.32

Once ADSCs have been derived the method of its delivery
to the target tissue is controversial. It can be delivered via
intravenous injection,2! direct intra-neural injection or
dynamic seeding. Intra neural injection delivers high
quantity of ADSCs to the nerve, with variable distribution.
Also, most of the ADSCs are believed to be damaged after
passing through micro injection, therefore slow injection
is advisable. Another method of the delivery of stem cells
is dynamic seeding, in which stem cells and nerve
segments are placed on a rotator, in a tube, for 12-24
hours. This leads to the adherence of the stem cells to the
outer surface of the nerve. Efficacy of stem cells when
delivered in the form of gel is a non-invasive technique,
however it is still under research.33

Role of ADSCS in the management of peripheral nerve
injuries

Management of Sunderland’s Grade 1 and Grade 2
injuries
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Adipose tissue grafting and adipofascial flaps are
classically used for recurrent or persistent carpal tunnel
pain. There are multiple reasons for failed carpal tunnel
release like incomplete release, extensive scarring, fibrosis
of skin etc. Many studies have reported successful results
of extensive neurolysis and lipofilling adjacent to the
nerve, in recurrent carpal tunnel syndrome. Advantages
of this technique are decrement in collagen production,
minimally invasive, and ADSCs in grafted adipose tissue
stimulates nerve regeneration directly.3435

Surgical management of Sunderland’s Grade 3-5
injuries

Surgical repair of peripheral nerve should be directed to
decrease the tension in the suture line as it will lead to
increased fibrotic reaction and poor regeneration.36

« Direct repair of nerves

Direct nerve repair is recommended, in cases of nerve
transaction, when two nerve ends can be held without
tension. Regenerative medicine has been exploring to
improve outcomes for the patients after primary nerve
repair. In a rat study model, it was observed that
administration of systemic ADSCs after peripheral nerve
primary repair, results in improved motor function, nerve
regeneration and nerve repair when compared to the
group in which nerve repair was not supplemented with
ADSCs.37

+ Repair by nerve grafting

This is currently the gold standard treatment for any
peripheral nerve injury with the loss of trunk. If nerve loss
in an injury is 2 cm and primary repair cannot be done due
to high tension, then use of nerve graft is indicated.
Common types of nerve grafts are cable grafts, trunk
grafts and vascularized nerve grafts. Vascularized grafts
are better indicated for nerve gap of more than 6 cm. The
nerve graft should be 10-20 % more in length than nerve
gap to adjust for shortening secondary to fibrosis.'> In a
rat study model, it was demonstrated that in the case of
sciatic nerve injury when nerve grafting is done and
ADSCs are delivered to this area of injured nerve by using
fibrin glue, leads to increased neuron survival,
regeneration and myelination.3®8 Another study has
reported similar findings on assessment of wrapping of
ADSCs loaded hydrogel around 20 mm autograft.39

« Repair by nerve conduits

This is a relatively a newer and emerging concept for the
management of nerve injuries. Nerve conduits are used
for the nerve gap of 3-4 cm. These conduits can be
biological (vessels, laminin, collagen, fibrin etc.) or
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synthetic (polyester etc.), which are further classified as
first, second and third generation conduits.1540
Neurotropism allows proximal end of regenerating nerve
to selectively grow towards desired distal stump. Nerve
conduits provide comparable results to the nerve grafting
in small peripheral nerves with small diameter. This is
associated with decrease donor site morbidity present in
nerve grafting.4!

A trial was performed on rats in which 10 mm sciatic nerve
gaps were made and then repaired with FDA approved
type 1 collagen conduits. In first group of 7 rats, conduits
used were pre-seeded with ADSCs and in second group,
acellular conduits were used. Motor and sensory nerve
conduction velocity was assessed after 6 months that
showed superior outcomes in nerve regeneration and
nerve conduction velocity in nerve gaps managed with
ADSCs pre-seeded conduits.10

Fibrin conduits made up of fibrin glue when provided
with ADSCs to reconstruct 10 mm defect of common
peroneal nerve in rats, demonstrated low levels of
collagen deposition at the distal side of conduit on
histological level, when compared to the non-ADSCs
nerve conduit group.42 Not only this, the extracellular
matrix in ADSCs treated conduit become more organized
around the regenerating neural tissue.'942 Similar to
ADSCs, SVF, also improves anatomical and functional
outcomes in neural regeneration than empty nerve
conduits. In an original study, when the nerve conduits
for facial nerve injury in rats were treated with SVF,
showed highest number of myelinated fibres.43 Degree of
peripheral nerve axonal regeneration can be evaluated by
immunohistochemical staining agents like growth-
associated protein-43, neurofilament, S-100, GFAP, B-llI
tubulin, and laminin.44

« Repair by nerve allografts

Bain et. al has reported the use of nerve allografts for
peripheral nerve injuries in primates.4> Saffari TM et.al
reviewed the patterns of revascularization of allograft
nerves in 51 rats with sciatic nerve injury and it was found
that the group of rats in which wrapping of adipofascial
flap was done around nerve allograft resulted in better
survival of nerve allograft by increasing revascularization
when compared to two other groups in which sciatic
nerve injury was managed with autograft and allografts
without flap. This is due to the effect of various growth
factors released from subcutaneous adipose tissue,
causing decreased fibrosis and increasing myelination. 46
In a dog study model of sciatic nerve injury, nerve
allografts when treated with ADSCs and Schwann cell-
derived neurotrophic factor showed significant S100 and
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GFAP expressions, indicating proliferation of Schwann
cells.47

Adjunctive therapies with ADSCs
« Role of immunomodulators in nerve regeneration

Local and systemic use of the immunosuppressive drug
FK 506 (tacrolimus) has been shown to accelerate nerve
regeneration and functional recovery. It acts through FK
506-binding protein (FKBP) receptors. Local use of FK 506
enhances nerve regeneration after nerve repair in rat
models.4849

Yan et al. in his experimental study on rats, showed a
significant therapeutic effect in the short-term use of FK
506 in nerve regeneration. In the future, the use of FK 506
may serve as an important role as an adjunct to nerve
allografts.>0

* Role of Platelet-Rich Plasma in nerve regeneration

PRP is derived from centrifugation of patient’s blood that
separates platelets, suspended in a small volume of
plasma. This concentrate contains various growth factors:
epidermal growth factor, insulin-like growth factor-1,
platelet derived growth factor, transforming growth
factor-f 1 and 2, thrombospondin and vascular
endothelial growth factor.>' Synergistic use of PRP with
ADSCs for tissue regeneration improves ADSCs function
by promoting vasculogenicity, under the influence of
VEGF.52 Also, PRP was found to enhance nerve
regeneration property when given in combination with
ADSCs in rat sciatic injury model. Axonal regeneration and
myelination in this group was superior to untreated
control group (not treated with either PRP, or ADSCs or
nothing).>3

Limitations for the use of ADSCs

Many in vitro studies have linked adipocytes and ADSCs
with local tumour recurrence and metastasis, when used
for reconstruction after breast cancer surgery. ADSCs
when interact with cancer cells stimulate secretion of
interlukin-6 from stem cells, which act in a paracrine
fashion on tumour cells and enhance their malignant
properties.5255 However, in clinical practice, autologous
fat grafting with flap reconstruction, is declared safe
enough to be used after oncological mastectomy,
without any increased risk of locoregional recurrence.
Considering the possibility of promoting tumour growth,
still a lot of research is required to understand the long-
term effects of ADSCs use in malignant conditions in
humans.5657 Most of the studies involving the role of
adipose derived stem cells in nerve regeneration are
conducted on animals and is therefore a poor predictor of
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human reaction to the exposure of ADSCs in acute nerve
injuries.

Future of ADSCS for peripheral nerve regeneration

Despite advancement in the techniques of surgeries, the
lack of clinically available effective therapies following
any nerve surgery, remains a clinical challenge. Often
options for severe nerve injuries are limited and
frequently do not result in a satisfactory functional
recovery. Adipose tissue derived stem cells therapies have
demonstrated the supportive role in nerve regeneration
with a considerable window for clinical applications. The
scientific evidence from in vivo and in vitro studies proves
that the adipose tissue derived stem cells have the best
potential to be used in nerve regeneration, however,
translating these research findings into clinical use, is still
under process.

The past decade had been about the scientific validity of
the use of stem cells in different scenarios and in future,
more human based studies are required for the
advancement in integration of adipose tissues derived
stem cells in surgical practice for nerve regeneration, with
currently explored combination and synergistic effect of
the therapies.

Conclusion

This review shows that various original preclinical studies
have confirmed that ADSCs have significant regenerative
potential in animals with acute peripheral nerve injuries
by improving myelination, regeneration and decreasing
nerve fibrosis. Acute inflammation, hypoxia and co-
culturing with Schwann cells neural differentiation
increases regenerative properties of ADSCs. Future
therapeutic and clinical use of adipose derived stem cells
can be justified based on their direct release of
neurotrophic factors and indirectly by making changes in
the micro-environment and upregulation of Schwann
cells.

Disclaimer: None to declare.
Conflict of Interest: None to declare.

Funding Disclosure: None to declare.

References

1- Zhang J, Liu Y, Chen Y, Yuan L, Liu H, Wang J, et al. Adipose-
Derived Stem Cells: Current Applications and Future Directions in
the Regeneration of Multiple Tissues. Stem Cells Int
2020;2020:e8810813. doi: 10.1155/2020/8810813.

2- Saffari TM, Saffari S, Vyas KS, Mardini S, Shin AY. Role of adipose
tissue grafting and adipose-derived stem cells in peripheral nerve
surgery. Neural Regen Res 2022;17:2179-84. doi: 10.4103/1673-
5374.336870.

J Pak Med Assoc (Suppl. 1)



AKU Supplement: Stem Cells: The New Frontier in Surgery

3-

10-

11-

13-

14-

15-

17-

18-

19-

20-

Li P, Guo X. A review: therapeutic potential of adipose-derived
stem cells in cutaneous wound healing and regeneration. Stem
Cell Res Ther 2018;9:302. doi: 10.1186/s13287-018-1044-5.

Xiong BJ, Tan QW, Chen YJ, Zhang Y, Zhang D, Tang SL, et al. The
Effects of Platelet-Rich Plasma and Adipose-Derived Stem Cells on
Neovascularization and Fat Graft Survival. Aesthetic Plast Surg
2018;42:1-8. doi: 10.1007/s00266-017-1062-1.

Travnickova M, Bacakova L. Application of adult mesenchymal
stem cells in bone and vascular tissue engineering. Physiol Res
2018;67:831-50. doi: 10.33549/physiolres.933820.

Liu CY, Yin G, Sun YD, Lin YF, Xie Z, English AW, et al. Effect of
exosomes from adipose-derived stem cells on the apoptosis of
Schwann cells in peripheral nerve injury. CNS Neurosci Ther
2020;26:189-96. doi: 10.1111/cns.13187.

Vismara |, Papa S, Rossi F, Forloni G, Veglianese P. Current Options
for Cell Therapy in Spinal Cord Injury. Trends Mol Med
2017;23:831-49. doi: 10.1016/j.molmed.2017.07.005.

Boido M, Piras A, Valsecchi V, Spigolon G, Mareschi K, Ferrero |, et
al. Human mesenchymal stromal cell transplantation modulates
neuroinflammatory milieu in a mouse model of amyotrophic
lateral  sclerosis.  Cytotherapy 2014;16:1059-72.  doi:
10.1016/j.jcyt.2014.02.003.

Cofano F, Boido M, Monticelli M, Zenga F, Ducati A, Vercelli A, et
al. Mesenchymal Stem Cells for Spinal Cord Injury: Current
Options, Limitations, and Future of Cell Therapy. Int J Mol Sci
2019;20:2698. doi: 10.3390/ijms20112698.

Klein SM, Vykoukal J, Li DP, Pan HL, Zeitler K, Alt E, et al. Peripheral
Motor and Sensory Nerve Conduction following Transplantation
of Undifferentiated Autologous Adipose Tissue-Derived Stem
Cells in a Biodegradable U.S. Food and Drug Administration-
Approved Nerve Conduit. Plast Reconstr Surg 2016;138:132-9. doi:
10.1097/PRS.0000000000002291.

Santiago LY, Clavijo-Alvarez J, Brayfield C, Rubin JP, Marra KG.
Delivery of adipose-derived precursor cells for peripheral nerve
repair. Cell Transplant 2009;18:145-58. doi:
10.3727/096368909788341289.

de Luca AC, Fonta CM, Raffoul W, di Summa PG, Lacour SP. In vitro
evaluation of gel-encapsulated adipose derived stem cells:
Biochemical cues for in vivo peripheral nerve repair. J Tissue Eng
Regen Med 2018;12:676-86. doi: 10.1002/term.2486.

Seddon HJ. Three Types Of Nerve Injury. Brain 1943;66:237-88.
Doi: 10.1093/brain/66.4.237.

Sunderland S. The anatomy and physiology of nerve injury.
Muscle Nerve 1990;13:771-84. doi: 10.1002/mus.880130903.
Bhandari PS. Management of peripheral nerve injury. J Clin
Orthop Trauma 2019;10:862-6. doi: 10.1016/j.jcot.2019.08.003.
Tan B, Luan Z, Wei X, He Y, Wei G, Johnstone BH, et al. AMP-
activated kinase mediates adipose stem cell-stimulated
neuritogenesis of PC12 cells. Neuroscience 2011;181:40-7. doi:
10.1016/j.neuroscience.2011.02.038.

Moriyama M, Moriyama H, Ueda A, Nishibata Y, Okura H, Ichinose
A, et al. Human adipose tissue-derived multilineage progenitor
cells exposed to oxidative stress induce neurite outgrowth in
PC12 cells through p38 MAPK signaling. BMC Cell Biol 2012;13:21.
doi: 10.1186/1471-2121-13-21.

Kingham PJ, Kalbermatten DF, Mahay D, Armstrong SJ, Wiberg M,
Terenghi G. Adipose-derived stem cells differentiate into a
Schwann cell phenotype and promote neurite outgrowth in vitro.
Exp Neurol 2007;207:267-74. doi:
10.1016/j.expneurol.2007.06.029.

Kingham PJ, Reid AJ, Wiberg M. Adipose-derived stem cells for
nerve repair: hype or reality? Cells Tissues Organs 2014;200:23-30.
doi: 10.1159/000369336.

LiuY, Zhang Z, Qin Y, Wu H, Lv Q, Chen X, et al. A new method for
Schwann-like cell differentiation of adipose derived stem cells.

Vol. 73, No. 2 (Suppl. 1), February 2023

21-

22-

23-

25-

26-

27-

28-

29-

31-

32-

33-

34-

35-

37-

S-153

Neurosci Lett 2013;551:79-83. doi: 10.1016/j.neulet.2013.07.012.
Marconi S, Castiglione G, Turano E, Bissolotti G, Angiari S,
Farinazzo A, et al. Human adipose-derived mesenchymal stem
cells systemically injected promote peripheral nerve regeneration
in the mouse model of sciatic crush. Tissue Eng Part A
2012;18:1264-72. doi: 10.1089/ten.TEA.2011.0491.

Tomita K, Madura T, Mantovani C, Terenghi G. Differentiated
adipose-derived stem cells promote myelination and enhance
functional recovery in a rat model of chronic denervation. J
Neurosci Res 2012;90:1392-402. doi: 10.1002/jnr.23002.
Fettransplantation NF. Report on the negotiations of the German
Society for Surgery. Zentralbl Chir 1893;22:66.

Bellini E, Grieco MP, Raposio E. The science behind autologous fat
grafting. Ann Med Surg (Lond) 2017;24:65-73. doi:
10.1016/j.amsu.2017.11.001.

Evans BGA, Gronet EM, Saint-Cyr MH. How Fat Grafting Works.
Plast Reconstr Surg Glob Open 2020;8:e2705. doi:
10.1097/GOX.0000000000002705.

Shih L, Davis MJ, Winocour SJ. The Science of Fat Grafting. Semin
Plast Surg 2020;34:5-10. doi: 10.1055/5-0039-3402073.

Prasai A, El Ayadi A, Mifflin RC, Wetzel MD, Andersen CR, Redl H, et
al. Characterization of Adipose-Derived Stem Cells Following Burn
Injury. Stem Cell Rev Rep 2017;13:781-92. doi: 10.1007/s12015-
017-9721-9.

Zielins ER, Brett EA, Blackshear CP, Flacco J, Ransom RC, Longaker
MT, et al. Purified Adipose-Derived Stromal Cells Provide Superior
Fat Graft Retention Compared with Unenriched Stromal Vascular
Fraction. Plast Reconstr Surg 2017;139:911-14. doi:
10.1097/PRS.0000000000003165.

Bourin P, Bunnell BA, Casteilla L, Dominici M, Katz AJ, March KL, et
al. Stromal cells from the adipose tissue-derived stromal vascular
fraction and culture expanded adipose tissue-derived
stromal/stem cells: a joint statement of the International
Federation for Adipose Therapeutics and Science (IFATS) and the
International Society for Cellular Therapy (ISCT). Cytotherapy
2013;15:641-8. doi: 10.1016/j.jcyt.2013.02.006.

Valentin JE, Donnenberg A, Marra KG, Rubin JP. Chapter 16 -
Adipose Tissue as a Plentiful Source of Stem Cells for Regenerative
Medicine Therapies. In: Laurence J, Baptista P, Atala A, van
Beusekom M, eds. Translating Regenerative Medicine to the
Clinic, 1st ed. Massachusetts, United States: Academic Press,
Elsevier Inc, 2016; pp 241-50. doi: 10.1016/B978-0-12-800548-
4.00016-4.

Kaewkhaw R, Scutt AM, Haycock JW. Anatomical site influences
the differentiation of adipose-derived stem cells for Schwann-cell
phenotype and function. Glia 2011;59:734-49. doi:
10.1002/glia.21145.

Kalbermatten DF, Schaakxs D, Kingham PJ, Wiberg M.
Neurotrophic activity of human adipose stem cells isolated from
deep and superficial layers of abdominal fat. Cell Tissue Res
2011;344:251-60. doi: 10.1007/s00441-011-1142-5.

Saffari S, Saffari TM, Ulrich DJO, Hovius SER, Shin AY. The
interaction of stem cells and vascularity in peripheral nerve
regeneration. Neural Regen Res 2021;16:1510-17. doi:
10.4103/1673-5374.303009.

Jones NF, Ahn HC, Eo S. Revision surgery for persistent and
recurrent carpal tunnel syndrome and for failed carpal tunnel
release. Plast Reconstr Surg 2012;129:683-92. doi:
10.1097/PRS.0b013e3182402c37.

Krzesniak NE, Noszczyk BH. Autologous Fat Transfer in Secondary
Carpal Tunnel Release. Plast Reconstr Surg Glob Open
2015;3:e401. doi: 10.1097/GOX.0000000000000374.
Ramachandran S, Midha R. Recent advances in nerve repair.
Neurol India 2019;67:5106-14. doi: 10.4103/0028-3886.250702.
Schweizer R, Schnider JT, Fanzio PM, Tsuji W, Kostereva N, Solari



S-154

38-

39-

40-

41-

42-

43-

45-

47-

MG, et al. Effect of Systemic Adipose-derived Stem Cell Therapy
on Functional Nerve Regeneration in a Rodent Model. Plast
Reconstr  Surg Glob Open 2020;8:€2953. doi:
10.1097/GOX.0000000000002953.

Masgutov R, Masgutova G, Mullakhmetova A, Zhuravleva M,
Shulman A, Rogozhin A, et al. Adipose-Derived Mesenchymal
Stem Cells Applied in Fibrin Glue Stimulate Peripheral Nerve
Regeneration. Front Med (Lausanne) 2019;6:e68. doi:
10.3389/fmed.2019.00068.

Saller MM, Huettl RE, Mayer JM, Feuchtinger A, Krug C, Holzbach
T, 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;13:854-61. doi: 10.4103/1673-5374.232481.
Gaudin R, Knipfer C, Henningsen A, Smeets R, Heiland M, Hadlock
T. Approaches to Peripheral Nerve Repair: Generations of
Biomaterial Conduits Yielding to Replacing Autologous Nerve
Grafts in Craniomaxillofacial Surgery. Biomed Res Int
2016;2016:3856262. doi: 10.1155/2016/3856262.

Rebowe R, Rogers A, Yang X, Kundu SC, Smith TL, Li Z. Nerve
Repair with Nerve Conduits: Problems, Solutions, and Future
Directions. J Hand Microsurg 2018;10:61-5. doi: 10.1055/s-0038-
1626687.

Di Summa PG, Schiraldi L, Cherubino M, Oranges CM,
Kalbermatten DF, Raffoul W, et al. Adipose Derived Stem Cells
Reduce Fibrosis and Promote Nerve Regeneration in Rats. Anat
Rec 2018;301:1714-21. doi: 10.1002/ar.23841.

Shimizu M, Matsumine H, Osaki H, Ueta Y, Tsunoda S, Kamei W, et
al. Adipose-derived stem cells and the stromal vascular fraction in
polyglycolic acid-collagen nerve conduits promote rat facial
nerve regeneration. Wound Repair Regen 2018;26:446-55. doi:
10.1111/wrr.12665.

Carriel V, Garzén |, Alaminos M, Cornelissen M. Histological
assessment in peripheral nerve tissue engineering. Neural Regen
Res 2014;9:1657-60. doi: 10.4103/1673-5374.141798.

Bain JR, Mackinnon SE, Hudson AR, Falk RE, Falk JA, Hunter DA.
The peripheral nerve allograft: an assessment of regeneration
across nerve allografts in rats immunosuppressed with
cyclosporin A. Plast Reconstr Surg 1988;82:1052-66.

Saffari TM, Mathot F, Friedrich PF, Bishop AT, Shin AY.
Revascularization patterns of nerve allografts in a rat sciatic nerve
defect model. J Plast Reconstr Aesthet Surg 2020;73:460-8. doi:
10.1016/j.bjps.2019.11.048.

Li W, Chen L, Gu D, Li C, Zhang S Chemically Extracted Acellular
Nerve Allograft Seeded with SDNF and Autogenic ADSCs for
Peripheral Nerve Repairment in a Beagle Model. J Musculoskelet

48-

52-

53-

54-

55-

56-

57-

AKU Supplement: Stem Cells: The New Frontier in Surgery

Disord Treat 2021;7:1-8. Doi: 10.23937/2572-3243.1510107.

Davis B, Hilgart D, Erickson S, Labroo P, Burton J, Sant H, et al. Local
FK506 delivery at the direct nerve repair site improves nerve
regeneration.  Muscle  Nerve  2019;60:613-20.  doi:
10.1002/mus.26656.

Kim JH, Choi YJ, Park HI, Ahn KM. The effect of FK506 (tacrolimus)
loaded with collagen membrane and fibrin glue on promotion of
nerve regeneration in a rat sciatic nerve traction injury model.
Maxillofac Plast Reconstr Surg 2022;44:14. doi: 10.1186/540902-
022-00339-5.

Yan Y, Sun HH, Hunter DA, Mackinnon SE, Johnson PJ. Efficacy of
short-term FK506 administration on accelerating nerve
regeneration. Neurorehabil Neural Repair 2012;26:570-80. doi:
10.1177/1545968311431965.

Naderi N, Griffin MF, Mosahebi A, Butler PE, Seifalian AM. Adipose
derived stem cells and platelet rich plasma improve the tissue
integration and angiogenesis of biodegradable scaffolds for soft
tissue regeneration. Mol Biol Rep 2020;47:2005-13. doi:
10.1007/s11033-020-05297-7.

Ni, X., Shan, X., Xu, L. et al. Adipose-derived stem cells combined
with platelet-rich plasma enhance wound healing in a rat model
of full-thickness skin defects. Stem Cell Res Ther 12, 226 (2021).
https://doi.org/10.1186/s13287-021-02257-1

Chuang MH, Ho LH, Kuo TF, Sheu SY, Liu YH, Lin PC, et al.
Regenerative Potential of Platelet-Rich Fibrin Releasate Combined
with Adipose Tissue-Derived Stem Cells in a Rat Sciatic Nerve
Injury Model. Cell Transplant 2020;29:963689720919438. doi:
10.1177/0963689720919438.

Wei HJ, Zeng R, Lu JH, Lai WF, Chen WH, Liu HY, et al. Adipose-
derived stem cells promote tumor initiation and accelerate tumor
growth by interleukin-6 production. Oncotarget 2015;6:7713-26.
doi: 10.18632/oncotarget.3481.

Li W, Xu H, Qian C. c-Kit-Positive Adipose Tissue-Derived
Mesenchymal Stem Cells Promote the Growth and Angiogenesis
of Breast Cancer. Biomed Res Int 2017;2017:7407168. doi:
10.1155/2017/7407168.

Waked K, Colle J, Doornaert M, Cocquyt V, Blondeel P. Systematic
review: The oncological safety of adipose fat transfer after breast
cancer surgery. Breast 2017;31:128-36. doi:
10.1016/j.breast.2016.11.001.

O'Halloran N, Courtney D, Kerin MJ, Lowery AJ. Adipose-Derived
Stem Cells in Novel Approaches to Breast Reconstruction: Their
Suitability for Tissue Engineering and Oncological Safety. Breast
Cancer (Auckl) 2017;11:e1178223417726777. doi:
10.1177/1178223417726777.

J Pak Med Assoc (Suppl. 1)





