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Abstract

Keywords

Peripheral nerve repair is a major challenge in clinical
practice. Nerve grafting is required to treat severe peripheral
nerve defects caused by injuries. Available nerve sources
for autologous transplantation are limited. Stem cells offer
promise for peripheral nerve repair and regeneration.
However, the current lack of Schwann cell phenotype, high
costs, and major trauma limit the production of Schwann
cells from stem cell differentiation. Thus, the purpose of this
study is to investigate the ability of adipose-derived stem cells
(ADSCs) to differentiate into the Schwann cell phenotype,
after treatment with Schwann cell-derived neurotrophic
factor (SDNF) in vitro. ADSCs were isolated and cultured for
use in two types of nerve grafts: Acellular allogeneic nerves
(ACEN), and acellular allogeneic nerves treated with SDNF
(ACEN + SDNF). Chemically extracted, untreated acellular
allogeneic nerves (CEN), acellular allogeneic nerves with
isolated and cultured autologous SCs (CEN + SCs), and
fresh autografts (AG) served as controls. Hematoxylin and
eosin (HE) and S100 immunohistochemical staining were
performed to observe the cytokine levels in the nerve grafts;
enzyme-linked immunosorbent assay (ELISA) and realtime PCR were performed to evaluate the S100 and glial
fibrillary acidic protein (GFAP) expression. The acellular
nerve allografts seeded with ADSCs and SDNF showed
significant S100 and GFAP expressions. No significant
statistical differences were observed between the ACEN +
SDNF, ACEN + SCs, and AG groups. These data suggest
that such acellular nerve allografts should be evaluated as
therapeutic strategies for treating severe peripheral nerve
defects.

Nerve regeneration, Peripheral nerve, Schwann cell, Nerve
graft, Adipose-derived stem cell, Cytokines

Introduction
If transection injuries of peripheral nerves are
not surgically repaired, the patient can suffer from
lifelong disability, pain, and impaired quality of life
[1]. Treating severe peripheral nerve defects requires
nerve grafting if the injuries are not directly repaired
surgically. Most patients prefer the use of autologous
nerve grafts to repair peripheral nerve defects, and
autografts are recognized as the gold standard for
nerve grafting [2]. However, available nerve sources
for autologous transplantation are limited; additionally,
autologous transplantation has limitations for clinical
use because it results in the creation of a new nerve
injury and the generation of donor site morbidity, and
is associated with a long operative time [3]. Based on
these limitations, allografts provide a readily accessible
alternative strategy.
Nerve allografts have been used to overcome the
limitations of autografts. A key factor for the use of
nerve allografts not being effectively addressed yet is
host immune rejection [4]. Experimental evidence has
shown that peripheral nerve Schwann cells are the
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main antigen-presenting cells [5], and previous studies
have confirmed the immunogenicity of Schwann cells,
which show transplant immune rejection [6,7]. Our
previous study has shown that the immunogenicity of
allogeneic nerve cells after chemical treatment is equal
to that of autologous nerves and significantly lower than
that of fresh nerve allografts; findings also confirmed
the feasibility and safety of the chemical extraction of
peripheral nerve cells [8].
However, for the repair of peripheral nerve injury,
Schwann cells are the key for the migration of the axons
to the distal end after transplantation [2,9]; they are
also the main antigen-presenting cells of the allograft.
Though no obvious immune rejections were observed
among the chemically extracted acellular nerve
allografts, the lack of Schwann cells and neurotrophic
factors limits the nerve regeneration, restores the
morphological structure of the damaged nerve, as well
as promotes functional recovery. On the other hand,
high costs and major trauma limit the application of
autologous Schwann cells.
Peripheral nerve tissue engineering for cell
replacement, especially using stem cells, has a potential
biotherapeutic use for the treatment of peripheral
nerve defects. Stem cells offer promise for peripheral
nerve repair and regeneration. At present, the
differentiation of stem cells to the target cells occurs
mainly via the coculturing of the stem cells with the
target cells. In this way, through signal transduction and
interaction between the stem cells and target cells, it is
possible to achieve the effect of induced differentiation
[10,11]. However, the coculture method is relatively
time-consuming, associated with high costs, and has
the difficulties of small number of target cells being
available and a diversity of phenotypes being generated
after differentiation. In comparison with cell coculture,
cytokines are easy to use and have a wide range of
sources for their use in the differentiation of stem cells
into Schwann cells. Although cytokines have a good
prospect of application, only a few related studies have
been performed.
Adipose-derived stem cells (ADSCs), which have
the advantages of being easy to obtain and associated
with low trauma, faster proliferation ability, and good
stability, have been used in regeneration research.
In 2001, Zuk, et al. isolated and cultured ADSCs from
human adipose tissues [12]. Another study showed there
was no obvious difference between ADSCs and bone
marrow mesenchymal stem cells (BMSCs) with regards
to surface labeling and multiple differentiation potential
[13]. At present, in vivo or in vitro experiments have
proved that ADSCs have the potential of multiple
differentiation. Under certain conditions, ADSCs can be
transformed into cartilage [14], bone [15], muscle [16],
and other cell types. Using autologous ADSCs as seed
cells for peripheral nerve tissue engineering has a good
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application prospect, given that the ADSCs differentiate
into Schwann-like cells. However, in order to obtain a
suitable number of cells, a relatively time-consuming,
expensive, and in vitro coculture process with the risk of
cell contamination and loss must be performed.
Studies have shown that cytokines [17] or
environmental factors [18,19] can induce ADSCs to
differentiate into target cells. There are other important
bioactive factors in the nervous system, and neurotrophic
factors, including nerve growth factor (NGF), brainderived neurotrophic factor (BDNF), glial cell linederived neurotrophic factor (GDNF), and Schwann cellderived neurotrophic factor (SDNF), can induce stem
cell differentiation. Numerous studies have confirmed
that neurotrophic factors can accelerate axonal growth
and restore nerve function, which is important for the
repair of peripheral nerve injury [20-23]. SDNF is an
active protein isolated from the cytoplasm of Schwann
cells; it can markedly promote the regeneration of
peripheral nerves. Because of its strong homology and
good activity, it has great potential to induce stem cell
differentiation. Compared to the other aforementioned
neurotrophic factors, at present, studies about the
use of SDNF to induce the differentiation of ADSCs
into Schwann-like cells have rarely been reported, and
the potential of this differentiation has not yet been
explored. We tried to evaluate the potential of SDNF
to induce the differentiation of ADSCs into Schwannlike cells, and transplanted the differentiated cells into
the non-immunogenic chemically extracted acellular
nerve allograft. Additionally, we also evaluated the
phenotype and quantity of the differentiated cells and
the morphology of the transplanted nerves in vitro and
compared these parameters to those in the traditional
coculture methods.

Materials and Methods
Animals
Four healthy 1-year-old male beagle dogs (weighing
10-10.5 kg) were used. The animals were purchased from
the Experimental Animal Center of PLA Navy General
Hospital (Beijing, China). All animals were housed
in a pathogen-free animal facility and maintained in
accordance with the Committee on the Ethics of Animal
Experiments and national guidelines on the care and
use of laboratory animals. All surgical procedures and
postoperative care methods were approved by the
Institutional Animal Ethics Committee. The protocol
was approved by the Committee on the Ethics of Animal
Experiments at the PLA Navy General Hospital (2017-B031).

Preparation of acellular nerve allografts
Three beagles were anesthetized with methoxyflurane
(induction: 3% in 100% O2; maintenance, 0.5-1%). Onset
of anesthesia was checked by the loss of the palpable
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reflex and pin-prick sensation over the corresponding
operative areas. Surgery commenced within 10 min
of the onset of anesthesia. The sciatic nerve, 6 mm in
diameter and 5 cm long, was bilaterally harvested from
the beagles. Using the improved Sondell method [24] for
nerve chemical extraction, the nerves were subjected to
a chemical extraction process, and then placed in sterile
phosphate-buffered saline solution and stored at 4 °C.

Isolation and culture of autogenic ADSCs and SCs
One beagle was anesthetized with methoxyflurane
(induction: 3% in 100% O2; maintenance, 0.5-1%). Onset
of anesthesia was checked by loss of the palpable
reflex and pin-prick sensation over the corresponding
operative areas. Surgery commenced within 10 min of
the onset of anesthesia. ADSCs were obtained from
beagle dog fat removed from the inguinal region.
Meanwhile, the sciatic nerve, 6 mm in diameter and 5
cm long, was bilaterally harvested from the beagle. One
of two nerves was placed in sterile phosphate-buffered
saline solution and stored at 4 °C for the further use in
the fresh autograft group. Fat tissues were diced into
1-mm3 pieces and digested in 0.2% type I collagenase
(Sigma-Aldrich, St. Louis, MO, USA) for 60 min at 37
°C. Cells were cultured in 25-cm2 cell culture flasks in a
culture medium composed of equal parts of Dulbecco’s
modified Eagle medium and Ham’s F-12 medium
(DMEM/F12; HyClone, Utah, USA), 10% fetal calf serum,
and 1% penicillin/streptomycin until they attained
confluence. The culture medium was changed every 3
days. ADSCs were analyzed by flow cytometry for the
surface molecules CD34, CD45, CD73, and CD105. All
ADSCs were used within the first three passages. A total
of 2 × 105 ADSCs were obtained from the autogenic fat
tissues. Another sciatic nerve was diced into 1-mm3
pieces after stripping the epineurium. Then, the pieces
were digested in 0.25% trypsin (Sigma-Aldrich, St. Louis,
MO, USA) for 15 min at 37 °C, and then, the serum
culture solution was added to terminate the digestion.
The supernatant was sucked out and then digested with
0.125% trypsin for 8 minutes. The two above steps were
repeated to digest the nerve tissue completely. Cells
were cultured in 25-cm2 cell culture flasks in a culture
medium composed of equal parts of Dulbecco’s modified
Eagle medium and Ham’s F-12 medium (DMEM/F12;
HyClone, Utah, USA), 10% fetal calf serum, and 1%
penicillin/streptomycin until they attained confluence.
The culture medium was changed every 3 days. The SCs
were analyzed by flow cytometry for surface molecules
S-100 and GFAP. All SCs were used within the first three
passages. A total of 2 × 105 SCs were obtained from the
autogenic sciatic nerve.

Cytokine treatments and groups
To investigate the effect of SDNF, cultured ADSCs
and SCs were divided into the following treatment
groups (n = 8 per treatment group, in 6-cell culture
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clusters, the culture medium was changed every day):
Acellular allogeneic nerve mixed with SDNF group
(ACEN + SDNF, cell suspension of ADSCs was combined
with the acellular allogeneic nerve and 100 ng/ml SDNF
(BD Pharmingen, Franklin Lakes, NJ, USA)), and acellular
allogeneic nerve group (ACEN, cell suspension of ADSCs
was combined with the acellular allogeneic nerve,
without SDNF). An acellular allogeneic nerve mixed with
autologous isolated and cultured SCs group (CEN + SCs),
chemically extracted acellular allogeneic nerve without
any treatment group (CEN, n = 8), and a fresh autograft
group (AG, n = 8) served as the controls.

Assay of cell morphology and immunohistochemical staining
To analyze the cell morphology after treatment
with 100 ng/ml SDNF for 14d, the culture supernatants
of each group in 6-cell culture clusters were observed
using an optical microscope (CX31, Olympus, JAPAN).
At the same time, various nerve grafts were obtained,
and HE and S100 immunohistochemical staining were
performed to observe the number, distribution, and
morphology of nerve cells in the groups.

Quantitative assay of cytokines in the supernatant
After treatment with cytokines for 7, 14, and 28
d, S100 and GFAP levels in the culture supernatants
of each group were measured with enzyme-linked
immunosorbent assay kits (ELISA Kit for S100 and
GFAP, BD Pharmingen) for quantification. The detection
sensitivity limit was at least 5 pg/ml for S100 and GFAP.

Real-time PCR analysis
To analyze the mRNA expression levels of S100
and GFAP, nerve grafts from each group were cut into
pieces and placed in test tubes. Type II collagenase (3
ml, 0.2%) (Sigma, St. Louis, MO, USA) was added to
each tube. The stopper was put back on the tubes,
which were then shaken. The sample was digested at
37 °C for 4 h in an incubator under conditions of 5% CO2.
Phosphate-buffered saline (PBS) (2 ml) containing 10%
fetal bovine serum was added, and this mixture was
stirred and maintained for 5 min at room temperature.
The supernatant was removed carefully and placed
in a 15-ml centrifuge tube, and centrifuged at 1200 g
at room temperature for 40 s. The supernatant was
carefully removed and placed an additional centrifuge
tube, to which 5 ml PBS was added. After stirring and
centrifuging at 1200 g at room temperature for 5 min,
the supernatant was discarded. Trizol (1 ml) was added
to the centrifuge tube, followed by stirring. Then, using
an RNeasy plus mini kit (Qiagen, Valencia, CA, USA), the
total RNA from the samples of each treatment group
after treatment with cytokines for 14 d was extracted.
Genomic DNA was digested using an RNase-Free DNase
kit (Qiagen). First-strand cDNA was synthesized using
oligo-dT primers (Invitrogen, Carlsbad, CA, USA) and
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Figure 1: Culture supernatants were analyzed using an optical microscope (× 100). The number and biological morphology
of the cells in the ACEN group are shown in Figure 1A, those of cells in the ACEN + SDNF group are shown in Figure 1B,
and those of cells in the CEN + SCs group are shown in Figure 1C.

the Omniscript RT kit (Qiagen). The transcripts were
quantified with real-time PCR using an ABI PRISM 7500
Sequence Detector (Applied Biosystems, Foster City,
CA, USA), with Applied Biosystems predesigned TaqMan
Gene Expression Assays (dog S100, Cf02661870_m1; dog
GFAP, Cf02655694_m1) and reagents, according to the
manufacturer’s instructions. For relative quantification,
gene expression in the samples was normalized to -actin
mRNA expression (dog beta-actin, Cf03034055_u1),
using the 2-∆∆CT method.

Statistical analysis
The data were analyzed using Stata 12.0 statistical
software for single-factor ANOVA (Purchased from
StataCorp, Texas, USA). Pairwise comparisons between
each group were analyzed using the Bonferroni method,
and the mean ± SD was determined. P < 0.05 was
considered statistically significant.

Results
Assay of cell morphology and immunohistochemical
staining
After treatment with SDNF for 14 d, the culture
supernatants of each group in 6-cell culture clusters
were analyzed using an optical microscope (Figure 1).
The results indicate that SDNF induces the ADSCs to
differentiate into Schwann-like cells. The number and
biological morphology of the cells in the ACEN + SDNF
group (Figure 1B) were close to the level of those
of autologous Schwann cells (Figure 1C), and were
significantly better than those for the cells in the ACEN
group (Figure 1A) without SDNF treatment. Similarly,
HE staining and S100 immunohistochemical staining
showed that the number, distribution, and morphology
of positive cells in the ACEN + SDNF group (Figure 2B,
Figure 2E, Figure 2H and Figure 2K) were better than
those in the ACEN group (Figure 2A, Figure 2D, Figure 2G
and Figure 2J) and similar to the cocultured autologous
Schwann cells (Figure 2C, Figure 2F, Figure 2I and Figure
2L).
Li et al. J Musculoskelet Disord Treat 2021, 7:107

Quantitative assay of cytokines in the supernatant
Using ELISA, we measured the S100 and GFAP levels
in the cell culture supernatants in each treatment group
after 7, 14, and 28 d. These levels were compared to
the levels seen in a fresh autograft. In the ACEN + SDNF
group, S100 (Figure 3A) and GFAP (Figure 3B) levels were
significantly higher after 7, 14 and 28 d, compared to the
case for the ACEN and CEN groups. In contrast, there
were no statistically significant differences between the
S100 and GFAP expressions in the ACEN + SDNF, CEN +
SCs, and AG groups at all time-points.

Quantitative analysis of mRNA expression
mRNA transcript levels from each treatment group
and the control groups were quantified by real-time
PCR at the 14-d time-point (Figure 4A and Figure 4B).
Compared to the case for the ACEN and CEN groups,
the S100 and GFAP mRNA levels (2-ΔΔct values) in
the ACEN + SDNF group were significantly higher (P <
0.01). In contrast, there were no statistically significant
differences between the S100 and GFAP mRNA levels in
the ACEN + SDNF, CEN + SCs, and AG groups.

Discussion
Nerve allografts have been used to overcome the
limitations of autografts, but their use is impaired by
host immune rejection. Based on immune rejection,
there have been many researches about the methods
for the treatment of removal of antigens in peripheral
allogeneic nerve, such as using deep-frozen nerve grafts
[25], freezing-drying nerve grafts [26], using frozenirradiated nerve grafts [27], and freezing-thawing nerve
grafts [28]. They are more effective and simpler to
use. However, their effects are also unreliable because
Schwann cells and myelin sheaths cannot be removed
throughout. The use of chemical extraction to treat
allogeneic nerve grafts was a breakthrough [24].
Our previous research also showed that the use of
chemical extraction to treat the cells significantly reduces
antigenicity. Immunogenicity of the nerve allograft [8] or
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Figure 2: HE and S100 immunohistochemical staining of various nerve grafts (Figure 2A, ACEN group, HE, ×200; Figure
2B, ACEN + SDNF group, HE, ×200; Figure 2C, CEN + SCs group, HE, ×200; Figure 2D, ACEN group, HE, ×100; Figure
2E, ACEN + SDNF group, HE, ×100; Figure 2F, CEN + SCs group, HE, ×100; Figure 2G, ACEN group, S100, ×200; Figure
2H, ACEN + SDNF group, S100, ×200; Figure 2I, CEN + SCs group, S100, ×200; Figure 2J, ACEN group, S100, ×100;
Figure 2K, ACEN + SDNF group, S100, ×100; Figure 2L, CEN + SCs group, S100, ×100).

Figure 3: Quantitative expression of S100 and GFAP in supernatants. Cells in the ACEN + SDNF group were treated with
SDNF for 7, 14, and 28 d in the culture medium before analysis. S100 (A) and GFAP (B) levels (pg/ml) in the ACEN + SDNF
group (S100: 293.19 ± 21.81, 7 d, 266.71 ± 25.50, 14 d, and 275.26 ± 20.25, 28 d; GFAP: 71.02 ± 7.61, 7 d, 67.20 ± 10.32,
14 d, and 59.77 ± 4.12, 28 d) were significantly higher (P < 0.01) than the corresponding levels in the ACEN group (S100:
165.26 ± 10.19, 7 d, 155.96 ± 15.33, 14 d, and 100.80 ± 21.23, 28 d; GFAP: 31.21 ± 4.67, 7 d, 19.05 ± 2.81, 14 d, and 9.62
± 2.15, 28 d) and CEN group (S100: 7.21 ± 2.02, 7 d, 5.68 ± 1.32, 14d, and 3.79 ± 1.01, 28 d; GFAP: 2.59 ± 0.32, 7 d, 3.01 ±
0.52, 14 d, and 2.64 ± 0.23, 28 d) at 7, 14 and 28 d. There were no statistically significant differences between the S100 and
GFAP expressions in the ACEN + SDNF, CEN + SCs, and AG groups at all three time-points. Pairwise comparisons between
each group were carried out using the Bonferroni method, and the mean ± SD was determined. P < 0.05 was considered
statistically significant. Data are presented as the means ± SD of triplicate cultures. *P < 0.01.
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Figure 4: mRNA expressions of S100 and GFAP. Cells in the ACEN + SDNF group were treated with SDNF for 14 d in
the culture medium before analysis. Total RNA was extracted and reverse transcribed to synthesize cDNA. The mRNA
expressions for S100 (A) and GFAP (B) were quantified by real-time PCR, relative to the mRNA expression of the β-actin
housekeeping gene. The data for mRNA expression are shown as 2-ΔΔct values. Compared to the ACEN group (S100:
6.82 ± 1.48; GFAP: 0.56 ± 0.05) and the CEN group (S100: 0.82 ± 0.19; GFAP: 0.21 ± 0.02), the S100 and GFAP mRNA
levels in the ACEN + SDNF group (S100: 11.82 ± 1.71; GFAP: 5.15 ± 0.58) were significantly higher (P < 0.01). There
were no statistically significant differences between the S100 and GFAP mRNA levels in the ACEN + SDNF, CEN + SCs,
and AG groups. Pairwise comparisons between each group were analyzed using the Bonferroni method and the mean ±
SD was determined. P < 0.05 was considered statistically significant. Data are presented as the means ± SD of triplicate
cultures. *P < 0.01.

xenograft [29] after the chemical extraction treatment
is equal to or close to that of autologous nerves, and
the main histocompatibility complex antigens within
the aforementioned neural stem cells and the myelin
sheath can be effectively removed, greatly reducing
immunogenicity and preventing rejection. Schwann
cells play key roles in the migration of the axon to the
distal end after transplantation, and are the main host
cells of the allogeneic immunization, which plays an
“embarrassing” role in the repair of peripheral nerve
injury. The source of autologous Schwann cells is the
key point after the removal of antigens by nerve grafts;
the availability of autologous Schwann cells is limited,
because there is a creation of a new nerve injury. An
alternative cell type, which can be easily isolated,
cultured, and amplified in vitro, and can survive for a
long time without immune rejection, must be obtained.
To this end, peripheral nerve tissue engineering is
considered a promising treatment strategy. ADSCs are
derived from the superficial adipose tissue of the human
body, and have the advantages of being easy to obtain
acquired in large amounts, and associated with the
formation of only small wounds, a strong proliferation
ability, and good stability. A method of coculturing
ADSCs with Schwann cells was used to differentiate
ADSCs into Schwann-like cells. However, in order to
obtain a suitable number of cells, a relatively timeconsuming process that is associated with the risk of cell
contamination and loss and the creation of a new nerve
injury must be performed. Cytokines are convenient to
Li et al. J Musculoskelet Disord Treat 2021, 7:107

obtain and use, and have no immunogenicity. SDNF is an
active protein isolated from the cytoplasm of Schwann
cells; it has a strong homology and good activity.
However, studies on the use of SDNF have rarely been
reported, and its potential of inducing differentiation
has not yet been explored.
In our study, SDNF showed good compatibility with ADSCs and acellular nerve scaffolds in vitro, and
SDNF could promote the differentiation of ADSCs into
Schwann-like cells. After treatment with SDNF for 14 d,
we observed a spindle-type cell morphology, and the
number and morphology of cells in the culture supernatants were found to be close to those of autologous
Schwann cells; this was significantly better than the case
for cells cultured without SDNF treatment.
In the ACEN + SDNF group, there was a cumulative effect of the levels of S100 and GFAP in the supernatant over time in culture. We believe this was due to the
evaporation of the culture medium over time and the
potential of SDNF to induce the differentiation of ADSCs into Schwann-like cells. S100 and GFAP levels in the
supernatant were significantly higher from 7 to 28 d.
Although the secretion of S100 and GFAP slightly decreased at the 14-d time-point, no statistically significant
difference between the S100 and GFAP expressions was
seen in the ACEN + SDNF, CEN + SCs, and AG groups at
all three time points. However, compared to the ACEN +
SDNF group, the expressions of S100 and GFAP in ACEN
group were significantly lower. Thus, based on the S100
and GFAP levels in the supernatant, SDNF showed the
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potential to induce the differentiation of ADSCs into
Schwann-like cells.
Results from real-time PCR also showed that in
contrast to the ACEN group, the mRNA expressions
of S100 and GFAP in the ACEN + SDNF group were
significantly higher. The major finding of this analysis is
that after treatment with SDNF, the expressions of S100
and GFAP were enhanced; they were equal to or close
to those observed in the CEN + SCs and AG groups.

Conclusions
In conclusion, treatment with SDNF significantly
activated the differentiation of ADSCs into Schwann-like
cells, and this activation was sustained. The acellular nerve
allografts seeded with ADSCs and SDNF showed S100 and
GFAP expressions. Thus, SDNF can be used as a cytokine
for peripheral nerve tissue engineering. Additionally,
it showed good compatibility with autogenic ADSCs
and chemically extracted acellular nerve allografts.
Thus, chemically extracted acellular nerve allografts
seeded with SDNF and autogenic ADSCs have a potential
biotherapuetic application for the treatment of severe
peripheral nerve defects.
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