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Abstract

After peripheral nerve injury, intraperitoneal injection of folic acid improves axon quantity, increases axon density and improves electromy-
ography results. However, the mechanisms for this remain unclear. This study explored whether folic acid promotes peripheral nerve injury
repair by affecting Schwann cell function. Primary Schwann cells were obtained from rats by in vitro separation and culture. Cell prolif-
eration, assayed using the Cell Counting Kit-8 assay, was higher in cells cultured for 72 hours with 100 mg/L folic acid compared with the
control group. Cell proliferation was also higher in the 50, 100, 150, and 200 mg/L folic acid groups compared with the control group after
culture for 96 hours. Proliferation was markedly higher in the 100 mg/L folic acid group compared with the 50 mg/L folic acid group and the
40 ng/L nerve growth factor group. In Transwell assays, the number of migrated Schwann cells dramatically increased after culture with 100
and 150 mg/L folic acid compared with the control group. In nerve growth factor enzyme-linked immunosorbent assays, treatment of Schwa
nn cell cultures with 50, 100, and 150 mg/L folic acid increased levels of nerve growth factor in the culture medium compared with the con-
trol group at 3 days. The nerve growth factor concentration of Schwann cell cultures treated with 100 mg/L folic acid group was remarkably
higher than that in the 50 and 150 mg/L folic acid groups at 3 days. Nerve growth factor concentration in the 10, 50, and 100 mg/L folic acid
groups was higher than that in the control group at 7 days. The nerve growth factor concentration in the 50 mg/L folic acid group was re-
markably higher than that in the 10 and 100 mg/L folic acid groups at 7 days. In vivo, 80 ug/kg folic acid was intraperitoneally administrated
for 7 consecutive days after sciatic nerve injury. Immunohistochemical staining showed that the number of Schwann cells in the folic acid
group was greater than that in the control group. We suggest that folic acid may play a role in improving the repair of peripheral nerve injury
by promoting the proliferation and migration of Schwann cells and the secretion of nerve growth factors.

Key Words: nerve regeneration; folic acid; Schwann cell; cell functions; peripheral nerve injury; peripheral nerve repair; neurotrophic factor;
tissue engineering; neural regeneration; biomaterial; neural regeneration

Chinese Library Classification No. R456; R338; R745

Introduction

Peripheral nerve injury is a serious clinical problem. In re-
cent years progress has been made with various approaches
involving autologous nerve grafts and nerve conduit com-
bined with seed cells or neural growth factors (Pabari et
al., 2011; Grinsell and Keating, 2014); however, functional
recovery remains unsatisfactory. For peripheral nerve re-
construction, neurotrophic factors released from the target
organ and the proximal stump that forms after Wallerian
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degeneration play critical roles in building an effective mi-
croenvironment (Lundborg et al., 1994; Cornejo et al., 2010;
Wood et al., 2018). Because of the neurotrophic effects of
neurotrophic factors, some studies have combined such fac-
tors with nerve conduit to improve repair after peripheral
nerve injury (Chung et al., 2014; Kuihua et al., 2014; Choi
et al., 2018). However, neurotrophic factors have limited
application because of their short half-life and unstable
characteristics. Thus, it is reasonable to search for another


http://orcid.org/0000-0001-7404-4688

Kang WB, Chen Y], Lu DY, Yan JZ (2019) Folic acid contributes to peripheral nerve injury repair by promoting Schwann cell proliferation,
migration, and secretion of nerve growth factor. Neural Regen Res 14(1):132-139. doi:10.4103/1673-5374.243718

substances to overcome these drawbacks (Zeng et al., 2011,
2014). Folic acid shows great potential in repairing nervous
system injury because of its neurotrophic effects (Balashova
etal., 2018).

Folic acid, a derivative of water-soluble vitamins, plays
a key role in the growth, differentiation and regeneration
of the central nervous system (Iskandar et al., 2004, 2010).
Folic acid supplements can prevent various diseases of the
central nervous system, such as neural tube defects, develop-
ment delays, and Alzheimer’s disease (Zammit et al., 2007;
Ichi et al.,, 2012; Li et al., 2016). Moreover, folic acid is also
good for peripheral nerve repair. In chronic peripheral nerve
injury, such as carpal tunnel syndrome which is the most
common type of peripheral entrapment neuropathy, folic
acid combined with uridine monophosphate and vitamin
B12 reduced pain score, intensity and characterization of
pain and associated symptoms (Negrdo et al., 2016). Yilmaz
et al. (2016) demonstrated that folic acid can protect diabet-
ic rats against diabetic peripheral neuropathy by reducing
malondialdehyde levels and upregulating nerve growth
factor (NGF) expression. In acute peripheral nerve injury,
Harma et al. (2015) demonstrated that folic acid improved
peripheral nerve healing and increased axon myelination in
a rat sciatic nerve injury model. In conclusion, folic acid is
important for peripheral nerve repair. However, the under-
lying mechanism of action remains unclear.

This study aimed to demonstrate whether folic acid af-
fects the proliferation and migration of and secretion from
Schwann cells, ultimately leading to promotion of peripheral
nerve repair. Folic acid has great potential for use in the bio-
engineering of peripheral nerves because of its neurotrophic
properties and stability and because it is easy to obtain. Our
study examines a target cell-type affected by folic acid and
the effects on its function. This contributes to development
of local folic acid combined with nerve conduits for use in
peripheral nerve repair.

Materials and Methods

Animals

Two specific-pathogen-free 3-day-old Sprague-Dawley
(SD) male rats for primary culture of Schwann cells and
nine specific-pathogen-free 3-month-old SD male rats for
in vivo study (average weight 180-220 g) were purchased
from Peking Weitonglihua Laboratory Animal Center (Bei-
jing, China). Animal experiments were approved by the
Animal Ethical Committee of the Neurosurgical Institute
of Beijing, Capital Medical University, China (approval No.
201603001).

Primary culture of Schwann cells

Two 3-day-old SD rats were euthanized in cold water and
then immersed in 75% ethyl alcohol. Four sciatic nerves
were dissected under sterile conditions and collected in buft-
ered Dulbecco’s modified Eagle’s medium (DMEM, Corn-
ing, New York, NJ, USA). The nerves were cut into pieces af-
ter their epineurium was stripped. The tissues were digested
in 3 mL of 0.25% trypsin (KeyGEN Biotech, Nanjing, China)

and 1 mL of 0.2% collagenase type II (Sigma-Aldrich Corp.,
St. Louis, MO, USA) for 40 minutes at 37°C. The solution
was then replaced with an equal volume of 0.2% collagenase
type II after centrifugation at 180 x g for 5 minutes, and the
cells were incubated for an additional 50 minutes at 37°C.
Fetal bovine serum (FBS, Gibco, Grand Island, NY, USA) (1
mL) was added to terminate the collagenase activity. The su-
pernatant was discarded after centrifugation at 500 x g for 5
minutes at room temperature, and the cells were resuspend-
ed in DMEM (containing 20% FBS). The cells were seeded at
a density of 1 x 10° in uncoated plastic Petri dishes (35 mm)
and cultured at 37°C in 5% CO,. After 1.5 hours, the medi-
um with unattached cells, mainly neurons, was removed,
and 3 mL FBS-free DMEM was added. After 3 days of in-
cubation, the cells were treated with cytosine arabinoside
(10 uM, Macklin, Shanghai, China) for 48 hours in DMEM
supplemented with 10% FBS, followed by forskolin (2 uM,
Solarbio, Beijing, China) for 24 hours to induce Schwann
cell formation (Mauritz et al., 2004). The medium was aspi-
rated, and the cells were gently rinsed with cold phosphate
buffered saline (PBS) at 4°C. Subsequently, the cultures
were treated with a stream of cold DMEM at 4°C, which was
gently applied by means of a 1 mL pipette tip and pipetted
on and oft 3-5 times (Jirsova et al., 1997). The suspension of
floating cells was transferred to uncoated Petri dishes. After
repeating the above procedure three times, the cells were
seeded in a 24-well culture plate at 37°C in 5% CO,.

The purity of the cultures was determined by immunoflu-
orescence staining for anti-S-100 (S-100B; Boster, Wuhan,
China) as a Schwann cell marker. Cultured cells were fixed
with 4% paraformaldehyde in PBS and permeabilized with
0.2% Triton X-100 (KeyGEN Biotech) for 30 minutes. The
cells were then incubated with anti-S-100 antibody at room
temperature overnight. The cells were washed three times
with PBS and then incubated with biotinylated goat an-
ti-rabbit secondary antibody (Zhongshan Golden Bridge Bio-
technology, Beijing, China) for 1 hour at room temperature.
After a second rinsing step with PBS, the cells were incubated
with streptavidin-conjugated fluorescein isothiocyanate
(1:100; Zhongshan Golden Bridge Biotechnology) for 1 hour
at room temperature. The nuclei of cells were visualized by
staining with 4',6-diamidino-2-phenylindole (DAPI) (Key-
GEN Biotech). To identify the purity of Schwann cells, three
random images were taken from each primary culture after
immunofluorescence staining at 200x magnification using a
fluorescence microscope (DM4000, Leica, Germany).

Schwann cell proliferation assay

Schwann cell proliferation assays were performed after culture
of Schwann cells with folic acid for 24, 48, 72, and 96 hours
(Zhou et al., 2017). Schwann cells were digested with 0.25%
trypsin-ethylenediamine tetraacetic acid, and the suspended
cells were collected and resuspended in DMEM. Cells at 1 x
10*/well were seeded in 96-well culture plates and left to at-
tach to the wells for 24 hours at 37°C. Cells were then exposed
to different concentrations of folic acid (0, 10, 50, 100, 150,
200 mg/L; Macklin, Shanghai, China) or NGF (40 ng/L; Sig-
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ma-Aldrich Corp.). To evaluate the effects of folic acid on the
proliferation of Schwann cells, a Cell Counting Kit-8 (CCK-8,
KeyGEN Biotech) was used following the manufacturer’s pro-
tocol. After exposure to folic acid for 24, 48, 72, and 96 hours,
10 pL of CCK-8 solution was added to each well, and the
plates were incubated for an additional 3 hours at 37°C. Cell
proliferation was measured as the absorbance at 450 nm with
a microplate reader (Beckman, Brea, CA, USA). The mean
optical density value from eight wells for each treatment was
used as an index of cell viability.

Schwann cell migration assay

Schwann cell migration was performed after incubation with
folic acid for 12 hours. Schwann cells form tube-like struc-
tures called bands of Biingner that provide important guides
along which axons can regenerate. The procedure depends on
Schwann cell proliferation and migration. Transwells (Corn-
ing) with a pore size of 8.0 um were used to demonstrate the
tendency of Schwann cells to migrate toward folic acid. To
count the number of migrated Schwann cells, six random im-
ages were taken at 400x magnification for each experiment.
After treating with trypsin and rinsing with PBS, Schwann
cells were suspended in 100 pL serum-free DMEM and seed-
ed in the apical chamber of Transwell plates, and 500 pL
DMEM containing 10% FBS and different concentrations of
folic acid (0, 10, 50, 100, 150, or 200 mg/L) was added to the
basolateral chamber of the Transwell plate. After incubation
at 37°C for 12 hours, the apical chamber was washed with
PBS, and all non-migrated cells were carefully scraped from
the upper surface with a cotton swab. The cells on the lower
side of the apical chamber were then fixed with 4% parafor-
maldehyde (Solarbio, Beijing, China) and stained with crystal
violet (KeyGEN Biotech). Five random images were cap-
tured under an inverted microscope (Carl Zeiss microscopy
GmbH37081, Gottingen, Germany). Schwann cell migration
was determined by counting the number of stained cells with
Image] software (National Institutes of Health, USA; http://
rsbweb.nih.gov/ij; Open Source).

Enzyme-linked immunosorbent assay (ELISA) for NGF

An ELISA assay was performed to determine the concen-
tration of any NGF released from the Schwann cells into the
culture medium (Gomez and Schmidt, 2007) after admin-
istration of folic acid for 3 and 7 days. The concentration
of NGF in the Schwann cell culture was detected on days 3
and 7 using an NGF-ELISA Kit (Cusabio Biotech, College
Park, MD, USA) according to the manufacturer’s protocol.
After treating with trypsin and rinsing with PBS, Schwann
cells were suspended in 3 mL DMEM containing 10% FBS
and different concentrations of folic acid (0, 10, 50, 100, 150,
200 mg/L), seeded on 6-well plates, and incubated for 3 or 7
days at 37°C. Five hundred microliters of medium were col-
lected from each well on days 3 and 7. The supernatant was
obtained after centrifugation for 15 minutes at 1000 x g. 96-
well ELISA plates were coated with a primary goat anti-NGF
antibody overnight at 4°C, blocked and then incubated with
the samples and standards for 6 hours at room tempera-
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ture. Plates were then incubated overnight with a second rat
anti-NGF antibody (1:500; Gusabio Biotech, Colloge Park,
MD, USA) followed by incubation with an anti-rat antibody
conjugated to horseradish peroxidase for 2.5 hours. Devel-
oper was added, and the absorbance at 450 nm was recorded
using a plate reader.

Immunohistochemical staining

In the in vivo study, immunohistochemical staining was
performed 7 days after the operation. The rats were divided
randomly into three groups (Normal, Folic acid, Control
group). Animals of the folic acid and control groups were
anesthetized with chloral hydrate. The sciatic nerve was then
exposed and cut 1 cm proximal to the sciatic/peroneal bifur-
cation using eye scissors. The nerve stumps were connected
again by suturing the nerve epineurium with 8-0 polypro-
pylene (Ethicon Endo Surgery, NJ, USA), then muscles and
skin were closed (4-0 polyester, ARC Medical Supplies,
China) (Hopkins et al., 2017). After the surgical procedure,
80 ug/kg of folic acid was administered to rats of folic acid
group intraperitoneally for 7 days, while equal volume of
physiological saline solution was administered to rats of
control group. However, the rats under physiological condi-
tion served as normal group.

On day 7 after surgery, the distal sciatic nerve was transect-
ed 2 mm distal to the repair line, fixed with 4% paraformal-
dehyde for 2 hours and embedded in paraffin. This tissue was
sectioned at 4 pm and then incubated with 0.6% hydrogen
peroxide for 30 minutes after being dewaxed and rehydrated
in PBS (pH 7.4). Sections were incubated in S100p antibody
(mouse anti-rat antibody, 1:200 dilution; Boster, Wuhan,
China) overnight at 4°C after non-specific immunoreactions
were blocked by normal swine serum. After three washes
with PBS, sections were incubated in biotinylated secondary
antibody (Zhongshan Golden Bridge Biotechnology) for 1
hour at room temperature. Horseradish peroxidase-labeled
secondary antibody was applied for 1 hour at room tempera-
ture. All sections were incubated with 3,3'-diaminobenzidine
tetrahydrochloride chromogen substrate solution (DAKO,
Carpinteria, CA, USA) for 10 minutes. The sections were then
dehydrated, cleared, cover slipped, and examined under a
light microscope (DM4000, Leica, Germany).

Statistical analysis

The data are expressed as the mean + SEM and were ana-
lyzed by SPSS 21.0 software (IBM, Armonk, NY, USA). Nor-
mally distributed data (e.g., NGF-ELISA) were analyzed by
one-way analysis of variance with the least significant differ-
ence post hoc method. Non-normal data (e.g., the number of
migrated Schwann cells in Transwell assays) were analyzed
by one-way analysis of variance with the Game-Howell post
hoc method. The repeated measures data (e.g., CCK-8 cell
proliferation assay) were analyzed with repeated measures
analysis of variance followed by the least significant differ-
ence post hoc test. For the in vivo study, data were analyzed
using independent unpaired t-tests. A value of P < 0.05 was
considered statistically significant.
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Results

Primary Schwann cell culture

During the first 3 days of incubation, a small number of
large fibroblasts did not grow in serum-free DMEM and
formed a thin underlayer. The majority of cells other than
fibroblasts had a bipolar or triangular shape, which is a
characteristic of Schwann cells. Using the Schwann cell pu-
rification procedure described above, an S-100 antibody was
used as a marker to identify the purity of Schwann cell cul-
ture. Image] software was used to count the number of cells
stained with FITC and DAPI after images were captured
using fluorescence microscopy. The purity of a Schwann
cell culture was equal to the proportion of cells stained with
FITC relative to all cell nuclei stained with DAPI. Schwann
cell cultures of 93-98% purity were obtained (Figure 1).

Effects of folic acid on Schwann cell migration

The influence of folic acid on Schwann cell migration was
tested by the Transwell assay (Figure 2A—F). Figure 2G
shows that a greater number of Schwann cells cultured
with 100 mg/L folic acid migrated to the bottom of the in-
sert compared with the control group (P < 0.01). A larger
number of Schwann cells were observed to migrate to the
bottom of the insert when cultured with 150 mg/L folic acid
compared with other concentrations of folic acid (P < 0.05).
These results demonstrate that 100 mg/L folic acid promotes
Schwann cell migration.

Effects of folic acid on Schwann cell proliferation
Consistent with the results of the CCK-8 assay, growth pro-
motion was visible in Schwann cells administered 100 mg/L
folic acid in comparison with the control group at 72 hours
(P < 0.01) and 96 hours (P < 0.001). In contrast, there was
no significant change in the proliferation of Schwann cells
cultured with other concentrations of folic acid. In addition,
exposure to 100 mg/L folic acid significantly improved the
proliferation of Schwann cells compared to exposure to 40
ng/L NGF (P < 0.05). These results indicate that folic acid
induced Schwann cell proliferation in a concentration-de-
pendent manner, which peaked at 100 mg/L (Figure 2H).

Effects of folic acid on NGF release

The amount of NGF released from Schwann cells into the
culture medium was determined using ELISA. On day 3,
folic acid at 50, 100, and 150 mg/L significantly promoted
Schwann cells to secrete NGF compared to other concentra-
tions of folic acid (P < 0.05), peaking at 100 mg/L (P < 0.001).
However, 10, 50, and 100 mg/L folic acid also showed signif-
icant changes compared to the other concentrations on day
7 (P < 0.001), peaking at 50 mg/L (P < 0.001) (Figure 3A, B).
These results indicated that 100 mg/L or 50 mg/L folic acid
promotes NGF secretion by Schwann cells and is dependent
on the culture time.

Effects of folic acid on the number of Schwann cells in the
distal sciatic nerve
To observe the effect of folic acid on Schwann cells after pe-

ripheral nerve injury, we performed immunohistochemistry
at 7 days following peripheral nerve injury (Figure 4). In fo-
lic acid and control groups, normal nerve structures (Figure
4F) were observed to disappear. Low power views of folic
acid and control groups were compared under light micros-
copy (Figure 4C). Some cavity, de-differentiated Schwann
cells, and negative cells, possibly macrophages or fibroblasts,
were observed (Figure 4B, D). However, the number of
Schwann cells in the folic acid group was significantly higher
than that in the control group (P < 0.05; Figure 4E).

Discussion

Folic acid, a stable water-soluble vitamin that is found in
bacteria and plants, has been verified to play a critical role
in cell metabolism (Henry et al., 2017). Folic acid affects
neural stem cell differentiation, neuronal proliferation, and
axonal elongation in the central nervous system (Iskandar
et al., 2010; Kronenberg and Endres, 2010; Ichi et al., 2012;
Liu et al., 2013; Li et al., 2016). Supplements of folic acid can
prevent various clinical problems, such as neural tube defects,
Alzheimer’s disease, and spinal cord regression (Ganesh et
al,, 2014; De-Regil et al., 2015; Li et al., 2016). Furthermore,
intraperitoneal injection of folic acid can promote functional
recovery after tibial nerve injury (Harma et al., 2015). Because
of the great potential of folic acid to repair the nervous sys-
tem, we used nerve conduits coated with folic acid to bridge
sciatic nerve defects in preliminary experiments. The results
indicated that folic acid improves the sciatic function index,
nerve conduction velocity and cell proliferation. However,
the target cells and functions that are affected by folic acid in
the repair of peripheral nerve injury remains unclear.

This study reported the effect of folic acid on inducing the
proliferation and migration of and secretion from Schwann
cells. After peripheral nerve injury, Schwann cells dediffer-
entiate to a progenitor-like state and proliferate, forming
bands of Biingner upon which axons can regrow (Napoli et
al., 2012). Schwann cells cultured with 100 mg/L folic acid ex-
hibited significantly promoted cell proliferation compared to
cells cultured in other concentrations in our CCK-8 assay. To
turther observe the effect of folic acid on Schwann cell prolif-
eration, nine rats were used. The rats of the folic acid group
were intraperitoneally administered folic acid for 7 days after
peripheral nerve injury. Immunohistochemistry showed that
the number of Schwann cells in the folic acid group was high-
er than that in the control group. These findings indicate that
folic acid acts as a neurotrophic factor to promote Schwann
cell proliferation to improve formation of the bands of Biing-
ner. Furthermore, Schwann cells administered 100 mg/L folic
acid showed increased migration. As the primary type of glial
cell, Schwann cells migrate to sites of axon injury to remy-
elinate the regenerating axons after peripheral nerve injury
(Heermann and Schwab, 2013). Our results indicate that 100
mg/L folic acid remarkably promoted Schwann cell migra-
tion, which is favorable for remyelination. The concentration
of NGF in Schwann cell cultures treated with 50 or 100 mg/
L folic acid was dramatically higher than that in the other
groups at different time points. This showed that folic acid

135



Kang WB, Chen Y], Lu DY, Yan JZ (2019) Folic acid contributes to peripheral nerve injury repair by promoting Schwann cell proliferation,
migration, and secretion of nerve growth factor. Neural Regen Res 14(1):132-139. doi:10.4103/1673-5374.243718

Purity of Schwann cell culture
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Figure 1 Purity of cultures determined by immunofluorescence staining for the Schwann cell marker S-100.

(A) Schwann cells were identified by S-100p immunofluorescence staining. (B) The nuclei of all cells were labeled with 4',6-diamidino-2-phenylindole
(DAPI). (C) Merged image of Schwann cells and nuclei of all cells. Scale bar: 100 um. (D) Schwann cell culture purity was equal to the proportion of
cells stained with fluorescein isothiocyanate (FITC) (green) among all cell nuclei stained with DAPI (blue). The purity of Schwann cells was 93-98%.
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Figure 2 Influence of folic acid on Schwann cell migration and proliferation.

(A-F) Schwann cells cultured with 0, 10, 50, 100, 150, or 200 mg/L folic acid. Schwann cells that had migrated through the filter membrane of the
Transwell were stained blue by crystal violet. Scale bars: 500 pm. (G) The number of migrated Schwann cells after culture with 100 mg/L (**P < 0.01)
or 150 mg/L (*P < 0.05) folic acid were significantly higher than with other concentrations. Data are expressed as the mean + SEM (n = 3; one-way
analysis with the Game-Howell post hoc test). (H) Optical density (OD) value measured in the cell counting kit-8 assay reflects the proliferation of
Schwann cells cultured with different concentrations of folic acid and nerve growth factor (NGF). The OD value of 100 mg/L folic acid was significant-
ly higher than that of the control group at 72 (**%P < 0.01) and 96 hours (***P < 0.001). Data are expressed as the mean + SEM (n = 6; repeated mea-
sures analysis of variance followed by the least significant difference post hoc test).

not only acts as a neurotrophic factor but also promotes the
secretion of neural growth factors from Schwann cells that
support the survival of impaired neurons.

Harma et al. (2015) demonstrated that folic acid pro-
motes the healing of peripheral nerve injury. In their study,
increased axon quantity, density and myelination were
observed in an in vivo sciatic nerve injury model. Folic acid
combined with uridine and vitamin B12 reduced the pain
and associated symptoms of carpal tunnel syndrome (Negrdo
etal.,, 2014, 2016) possibly due to regeneration/protection of
the myelin sheath. However, the target cell affected by folic
acid in peripheral nerve repair was not defined. In this study,
we demonstrated that 100 mg/L folic acid markedly promot-
ed the proliferation and migration of Schwann cells in vitro,
which is important for axonal remyelination. Yilmaz et al.
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(2016) demonstrated that folic acid improved the compound
muscle action potential amplitude related to increased axon
density and increased expression of NGF, and decreased
distal latency and malondialdehyde levels, to protect diabetic
rats against diabetic peripheral neuropathy. Moreover, in
our study, we demonstrated that 100 mg/L folic acid in vitro
remarkably promoted NGF secretion by Schwann cells at 3
days and that 50 mg/L folic acid obviously promoted NGF se-
cretion by Schwann cells at 7 days. These results indicate that
folic acid may improve peripheral nerve repair by upregulat-
ing the expression of NGF.

Our results also indicated that folic acid plays a dose-de-
pendent role in promoting functions of Schwann cells. It is
established that locally delivered folic acid plays a dose-de-
pendent role in inducing neuronal differentiation and in-
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Figure 3 Concentration of NGF in medium of Schwann cells cultured with folic acid for 3 (A) and 7 (B) days.

(A) NGF concentration in culture medium of Schwann cells cultured with 100 mg/L folic acid for 3 days was significantly higher than in other groups
(#+xP < 0.001). The NGF concentrations in the 50 and 150 mg/L folic acid groups were significantly higher than in other concentrations (P < 0.05). (B)
NGF concentrations in culture medium of Schwann cells cultured with 10, 50 and 100 mg/L folic acid were significantly higher than in other groups
after culture for 7 days (**P < 0.01); however, 50 mg/L folic acid was more effective than 10 mg/L (**P < 0.01) and 100 mg/L folic acid (***P < 0.001).
Data are expressed as the mean + SEM (n = 6; one-way analysis of variance with the least significant difference post hoc test).
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Figure 4 Immunohistochemistry of transected distal sciatic nerves, 2
mm distal to the repair site in rats administrated folic acid for 7 days.
Myelin sheath and Schwann cells were marked with S-100. Lower power
views were observed in the control group (A) compared with that of the
folic acid group (C). Some “cavity”, de-differentiated Schwann cells, and
S§-100-negative macrophages or fibroblasts were observed both in control
(B) and folic acid groups (D) compared with the normal group (F). (E)
The number of Schwann cells in the folic acid group was significantly
higher than that in the control group (*P < 0.05). White arrows: negative
cells; red arrows: Schwann cells; black arrow: normal structure. Data are
expressed as the mean = SEM (n = 3; independent unpaired unpaired
t-test). Scale bars: 100 um (A, C) and 50 ym (B, D, F).

creasing proliferation of neural stem cells (Li et al., 2013;
Luo et al., 2013). Moreover, the effect of folate on axonal
regeneration in the central nervous system was biphasic and

dose-dependent, and associated with DNA methylation and
expression of folate receptor Folrl and de novo methyltrans-
ferases. However, a higher dose of folic acid induced relative
hypomethylation associated with reduced de novo methyl-
transferase levels and decreased axonal regeneration (Iskan-
dar et al,, 2010). However, a folic acid dose higher than 100
mg/L showed no positive effect on promoting functions of
Schwann cell for unclear reasons.

Biological agents such as NGF, glial cell-derived neuro-
trophic factor, or brain-derived neurotrophic factor are often
directly incorporated in nerve guidance conduits alone or in
combination to promote axonal outgrowth and neuronal sur-
vival after peripheral nerve injury (Barras et al., 2002; Hob-
son, 2002; Xu et al., 2003; Cui and Cui, 2007; Takagi et al.,
2012; Chen et al., 2017). However, short biological half-lives,
high initial burst release, and high cost, limit the use of these
neurotrophic factors in peripheral nerve repair (Zhang et
al., 2014; Zeng et al., 2014). Thus, there is a high demand for
finding an inexpensive neurotrophic factor with a long half-
life and gradual release. Folic acid, a stable, easily obtained,
inexpensive vitamin, showed potential in promoting Schwann
cell functions for peripheral nerve repair in our study. Fur-
ther exploration is warranted to effectively locally utilize folic
acid to repair peripheral nerve injury.

Folic acid participates in cell metabolism by affecting
DNA methylation of genes such as Sox2, Lphnl, Dixdcl,
Bhilhb9, and Ifrdl, thereby regulating central nervous system
development, growth and repair (Worm et al., 2001; Gonen
et al., 2008; Lu et al., 2008; Iskandar et al., 2010; Kronenberg
and Endres, 2010; Crider et al., 2012; Jia and Guo, 2013;
Luo et al.,, 2013; Qian et al., 2016; Abdul et al., 2017; Shen
et al,, 2017; Yang et al., 2017) (Related drugs altering DNA
methylation are shown in Table 1). Folic acid has also been
associated with the cyclic adenosine monophosphate sig-
naling pathway (Sheean et al., 2014; Yu et al., 2014; Wang et
al,, 2015; Permpoonputtana et al., 2016), the Wnt signaling
pathway, the ERK signaling pathway, and the PI3-Akt sig-
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Table 1 Drugs used to alter DNA methylation

HDAC Dnmt
HDAC inhibitor activator inhibitor

Dnmt
activator Reference

- - 5-AzaC ~ 3-ABA Iskandar et al. (2010)
TSA - AZA - Shen et al. (2017)

- - zebularine — Luo et al. (2013)
TSA - AZA - Worm et al. (2001)
SAHA - - - Jia and Guo (2013)
Soy polyphenols — - - Abdul et al. (2017)
TSA - 5-Aza-dC - Gonen et al. (2008)
SAHA - 5-Aza-dC - Lu et al. (2008)

3-ABA: 3-Aminobenzamide; 5-AzaC: 5-azacytidine; TSA: trichostatin
A; 5-Aza-dC: 5-aza-2-deoxycytidine; SAHA: vorinostat.

naling pathway. However, the mechanism by which folic
acid regulates DNA methylation of specific genes of a partic-
ular signaling pathway to promote the repair of peripheral
nerve injury must be further explored.

In our study, we explored the target cell affected by folic acid
in peripheral nerve repair. These results indicated that folic
acid improved the recovery of peripheral nerve injury, which
was probably associated with increased Schwann cell prolifer-
ation, migration and secretion of NGF. Moreover, we demon-
strated that folic acid plays a dose-dependent role in promoting
functions of Schwann cells, peaking at 100 mg/L. However, we
only observed the phenotype of Schwann cells administrated
folic acid and the underlying mechanism needs further ex-
ploration. The critical molecular responses of Schwann cells
to folic acid need to be determined. It would be interesting to
find out which specific genes are regulated at the DNA meth-
ylation level by folic acid. Axon elongation after peripheral
nerve injury is important for peripheral nerve regeneration;
however, we only observed the effect of folic acid on Schwann
cells. To explain the neurotrophic effect of folic acid on pe-
ripheral nerve regeneration, the effect of folic acid on neurons
needs further investigation.

In summary, folic acid can act as an inexpensive, stable
neurotrophic factor that promotes proliferation and migra-
tion of and secretion from Schwann cells. These findings will
assist in understanding the neurotrophic effects produced by
folic acid to help develop locally released folic acid as a new
therapeutic strategy for peripheral nerve injury repair.
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