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Abstract

Ginsenoside Rgl (GRgl) has been considered to have therapeutic potential in promoting pe-
ripheral nerve regeneration and functional recovery after sciatic nerve injuries. However, the
mechanism underlying the beneficial effect of GRgl on peripheral nerve regeneration is currently
unclear. The possible effect of GRgl on Schwann cells (SCs), which were subjected to oxidative
injury after nerve injury, might contribute to the beneficial effect of GRgl on nerve regeneration.
The present study was designed to investigate the potential beneficial effect of GRgl on SCs
exposed to oxidative injury. The oxidative injury to SCs was induced by hydrogen peroxide. The
effect of GRgl (50 pM) on SCs exposed to oxidative injury was measured by the levels of
malondialdehyde (MDA), superoxide dismutase (SOD), glutathione (GSH) and catalase (CAT) in
SCs. The cell number and cell viability of SCs were evaluated through fluorescence observation
and MTT assay. The apoptosis of SCs induced by oxidative injury was evaluated by an apoptosis
assay. The expression and secretion of nerve growth factor (NGF) and brain-derived neurotrophic
factor (BDNF) were evaluated using RT-PCR, Western blotting, and an ELISA method. We found
that GRgl significantly up-regulated the level of SOD, GSH and CAT, and decreased the level of
MDA in SCs treated with hydrogen peroxide. In addition, GRgl has been shown to be able to
inhibit the proapoptotic effect of hydrogen peroxide, as well as inhibit the detrimental effect of
hydrogen peroxide on cell number and cell viability. Furthermore, GRgl also increased the mRNA
levels, protein levels and secretion of NGF and BDNF in SCs after incubation of hydrogen per-
oxide. Further study showed that preincubation with H89 (a PKA inhibitor) significantly inhibited
the effects induced by hydrogen peroxide, indicating that the PKA pathway might be involved in the
antioxidant effect and neurotrophic factors (NTFs) promoting effect of GRgl. In addition, a
short-term in vivo study was performed to confirm and validate the antioxidant effect and nerve
regeneration-promoting effect of GRgl in a sciatic crush injury model in rats. We found that GRgl
significantly increased SOD, CAT and GSH, decreased MDA, as well as promoted nerve regen-
eration after crush injury. In conclusion, the present study showed that GRgl is capable of helping
SCs recover from the oxidative insult induced by hydrogen peroxide, which might account, at least
in part, for the beneficial effect of GRgl on nerve regeneration.
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Introduction

Ginsenoside Rgl (GRgl), as one of the major bi-  possess dramatic neuro-protective and neuro-trophic
oactive components of ginseng, has been proved to  effects in many studies [1-6]. Our previous in vivo
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study proved that GRgl is capable of promoting pe-
ripheral nerve regeneration and functional recovery
after sciatic nerve injuries [7]. However, the mecha-
nism underlying the beneficial effect of GRgl on pe-
ripheral nerve regeneration is currently unclear.

Schwann cells (SCs), as the only glial cells in pe-
ripheral nervous system, provide a permissive envi-
ronment for peripheral nerve regeneration [8-9]. It has
been well recognized that SCs can synthesize neu-
rotrophic factors (NTFs) to provide trophic support
for regenerating axons [8-9]. After peripheral nerve
injuries, oxidative injury has been found to be in-
volved in neural damage [10-11]. SCs are also the
target of various oxidative stresses [12-15]. Therefore,
oxidative injury of SCs has been deemed as an im-
portant process of peripheral nerve injury and repair.
During the process of peripheral nerve injury, the
oxidative stress around the injury site might impair
the function of SCs, which might be detrimental to
nerve regeneration and repair. Therefore, it is im-
portant to explore methods that can alleviate oxida-
tive injury to SCs, which might be beneficial for nerve
regeneration and functional recovery after nerve in-
jury.

GRgl has been proved to possess a notable an-
ti-oxidative capability [2, 4, 16, 17]. It has been shown
that GRgl can protect PC12 cells against apoptosis
induced by dopamine or hydrogen peroxide by sup-
pressing oxidative stress [2, 18]. In addition, GRg1 has
also been reported to protect substantianigra neuron
against MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine)-induced oxidative injury. Besides
neural cells, GRgl has been shown to reduce the ex-
ercise-induced oxidative injury of skeletal muscles
and liver cells [19-20]. All these findings indicate that
GRgl is able to alleviate oxidative injury to different
cell types. In a recent report, GRgl has been demon-
strated to promote expression of NTFs in normal
primary SCs culture [21], indicating the beneficial
effect of GRgl on SCs. NTFs expression is one im-
portant physiological function of Schwann cells, es-
pecially during the process of nerve repair. The find-
ings in previous study raise the possibility that GRgl
is capable of improving physiological function of SCs,
which might contribute, at least in part, to the benefi-
cial effect of GRgl on nerve regeneration. However,
the effect of GRgl on SCs which were subjected to
oxidative injury has not been investigated previously.
Despite the fact that the neuroprotective effects of
GRgl have already been shown on neurons and some
other cell types after oxidative injury induced by

H>O,, we still believe that examining the beneficial
effect of GRgl on SCs would add some value to the
current existing knowledge.

The present study was designed to investigate
the potential effect of GRgl on SCs which were sub-
jected to oxidative injury induced by hydrogen per-
oxide. The oxidative injury was evaluated by the lev-
els of malondialdehyde (MDA), superoxide dis-
mutase (SOD), glutathione (GSH) and catalase (CAT)
in SCs. The cell number and cell viability of SCs were
assayed by cell number counting and MTT assay. The
apoptosis rate of SCs induced by oxidative stress was
evaluated by an apoptosis assay. Finally, the expres-
sion and secretion of nerve growth factor (NGF) and
brain-derived neurotrophic factor (BDNF) were
evaluated using RT-PCR, Western blotting, and an
ELISA assay. Furthermore, H89 (a PKA inhibitor) was
used to investigate the possible involvement of PKA
pathway. In addition, a short-term in vivo work has
been done to investigate the effect of GRgl on nerve
regeneration in a crush nerve injury model of SD rat.
The data of nerve regeneration and oxidative stress
was collected to confirm and validate the antioxidant
effect and beneficial effect of GRgl in vivo.

Materials and methods

Primary Schwann cell cultures

The primary Schwann cell cultures were pre-
pared using the protocol described in previous liter-
ature [22]. Details of the procedure are described
briefly as follow. Sciatic nerves and brachial nerves
were harvested from postnatal day 2 or 3 Spra-
gue-Dawley rats (provided by Laboratory Animal
Center of the Fourth Military Medical University,
Xi'an, China). Then the nerves were digested with
collagenase (0.05%) and trypsin (0.25) for 30 min at 37
°C. The cells were centrifugated followed by incuba-
tion with 15% fetal calf serum (FCS, Gibco, Canada)
and antibiotics in Dulbecco's modified Eagle's me-
dium (DMEM). To inhibit fibroblast proliferation, the
cells were treated with 10> M arabinoside for 48 h.
Then the cells were incubated in DMEM, which con-
tained 15% FCS, 20 pg/ml bovine pituitary extract
(Sigma, USA), 4 pM/ml forskolin (Sigma, USA), 100
pg/ml streptomycin and 100U/ml penicillin, under
humidified COrat 37 °C. The third passage of SCs was
used for the following experiments, and all the tests
were repeated for five times. The purity of cells was
identified using S-100 antibody (Santa Cruz, USA)

(Fig. 1).
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Fig 1. Immunohistochemistry of primary SCs cultures. A: S-100 positive cells represent SCs. B: Nuclei were counterstained with DAPI
(4,6-diamidino-2-phenylindole, 20 pg/mL in PBS). C: Merge file of A and B showed a purity of more than 95% SCs. Magnification was |00x.

Hydrogen peroxide-induced oxidative injury
model

SCs (cell density: 1x10°/ml) were treated with
hydrogen peroxide (H202, 0.2%) for 4 h. The culture
medium containing H>Oz was replaced immediately
by fresh medium with 50 pM GRgl (Fig. 2; purity>
98%; National Institute for the Control of Pharmaceu-
tical and Biological Products, Beijing, China), or 50
EM mecobalamin (Eisai, Tokyo, Japan; being widely
used in the treatment of peripheral neuropathy and
diabetic neuropathy), or normal saline (oxidative in-
jury group) for 24 h, respectively. To investigate the
possible involvement of PKA pathway, SCs incubated
with GRg1 were pre-incubated with or without 10 pM
HB89 (a PKA inhibitor) for 1 h. Normal SCs without
any drug treatment were used as normal control
group. Normal SCs pre-incubated with 10 pM H89 for
1 h were used as H89 control group.
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Fig 2. Chemical structure of GRgl.

Oxidative stress

Assessment of lipid peroxidation

At 24 h after incubation with GRgl, the level of
malondialdehyde (MDA) in SCs in each group was
detected to assess the level of lipid peroxidation.

Briefly, the MDA in the sample combined with thio-
barbituric acid (TAB) at high temperature (90-100°C).
Then the MDA-TAB compound was measured at
450nm by a spectrophotometer. The results are ex-
pressed as pM/mg protein.

Assessment of antioxidant enzyme activity

To assess the level of antioxidant enzyme activ-
ity, superoxide dismutase (SOD) and catalase (CAT)
of the SCs in each group were detected at 24 h after
incubation with GRgl. The SOD was detected by us-
ing the xanthine oxidase. The absorbance was read at
450 nm using ELISA plate reader (Agilent, USA). CAT
was examined by adding hydrogen peroxide, and the
absorbance was read at 540 nm. The activity of SOD
and CAT was calculated per mg protein.

Assessment of GSH

At 24 h after incubation with GRgl, the gluta-
thione (GSH) level in SCs was detected according to
the protocol provided by the commercial kit (Amer-
sham Biosciences, USA). The absorbance was read at
405nm. The results were calculated per mg protein.

Cell number of SCs

At 24 h after incubation with GRg1, fluorescence
observation was performed to observe the cell num-
ber of the SCs. After being fixed regularly, the SCs
were incubated with 3 pg/ml DAPI (4,6-diamidino-2-
phenylindole) for 10 min. Then the SCs were washed
by phosphate buffered saline (PBS) and cover-slipped
with 50% glycerol buffer solution. The stained SCs
were photographed using fluorescence microscope
(Nikon TE2000-E, Japan). A drop of cell suspension
was dropped in the hemocytometer. The cell numbers
were counted. The concentration of cells per ml was
recorded.

MTT assay
At 24 h after incubation with GRgl, MTT assay
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was performed to analyze cell viability. Briefly, 10 ul
of 5 mg/ml tetrazole in PBS was added to the media.
After incubation for 4h at 37°C, 150 pl of dimethyl-
sulfoxide (DMSO) was added. The OD values were
measured using a micro-plate reader by absorbance
changes at 550 nm. The results were expressed as a
percentage with the untreated control as 100%.
Apoptosis

At 24 h after incubation with GRg1, the FACScan
flow cytometry was used to measure the apoptosis of
the SCs. Briefly, the SCs were suspended in binding
buffer containing propidium iodide (PI) and An-
nexinV-FITC, the concentration of which was speci-
fied by manufacturer (Sigma, USA). SCs were incu-
bated in the dark for 5 min at 25°C. FACScan flow
cytometry (Becton Dickinson, San Jose, CA) was used
to analyze the percentage of FITC-labeled cell mem-
brane phosphatidylserine residues, as a measurement
of apoptosis.

Real time—polymerase chain reaction
(RT-PCR)

At 24 h after incubation with GRgl, the number
of SCs was firstly counted in each group. The cells
were then homogenized in Trizol Reagent (Sig-
ma-Aldrich, US). Total RNA was extracted and nor-
malized to cell number before RT-PCR was per-
formed. Then RT-PCR was performed according to
the manufacturer’s instructions. The sequencers of
primers for BDNF and NGF and p-actin are shown in
Table 1. The PCR reaction was conducted using 25 pl
of sample cDNA, 2.5 pl of 10xPCR buffer, 2.0 pl of
MgSO4 (25 mM ), 2.5 pl ANTP mix (2 mM ), 0.5 pl Taq
DNA Polymerase (2 U/pl), and 15.8 pl deionized
H>0O. The reaction mixture was heated to 95 °C for 2.5
min and then amplified for 40 cycles as follows: 95 °C
for 35 s (denaturation), 54 °C for 30 s (annealing), and
65 °C for 5 s (extension). The results were normalized
to cell number in each group.

Table |. Nucleotide sequence for oligonucleotide primers
and size of the expanded PCR products.

Gene  Primer Sequence Product
(bp)
NGF  Forward 5 TCCACCCACCCAGTCTTCCA3" 343
Reverse 5 GCCTTCCTGCTGAGCACACA3’
BDNF  Forward 5’ AGCTGAGCGTGTGTGACAGT3" 252

Reverse 5'TCCATAGTAAGGGCCCGAAC3E
GAPDH Forward 5" CACCACCATGGAGAAGGCC3" 190
Reverse 5'GATGGATGCCTTGGCCAGG3’

Western blotting

At 24 h after incubation with GRgl, Western
blotting was performed to examine the protein levels
of B-NGF and BDNF. Briefly, cells were treated with
lysis buffer which was supplemented with protease
inhibitors (Promega, Madison, WI, USA). BAC assay
was performed to measure the total protein concen-
tration. The protein extracts were heat denatured,
electrophoretically separated, and transferred to a
PVDF membrane,at 100 °C for 5 min. Then the PVDF
membrane was blocked and incubated with Rab-
bit-Anti-Rat B-NGF antibody (1:2000, Santa Cruz,
USA) and Rabbit-Anti-Rat BDNF antibody (1:2000,
Santa Cruz, USA) overnight at 4 °C. ThePVND mem-
branes were washed with buffer and incubated with
HRP-conjugated Goat-Anti-Rabbit IgG (1:500, Santa
Cruz, USA) for 2 h at 25 °C. An ECL kit (USCNLIFE,
USA) was used to measure the HRP activity. A GS 800
Densitometer Scanner (Bio-Rad, Hercules, CA, USA)
was used to scan the membranes. The PDQuest 7.2.0
software (Bio-Rad, Hercules, CA, USA) was used to
determine the density of the band. Rabbit-Anti-Rat
B-actin polyclonal antibody (1:500, Santa Cruz, USA)
was used as an internal control. The results were
normalized to cell number in each group.

Secretion of NGF and BDNF (quantification by
ELISA)

At 24 h after incubation with GRgl, ELISA was
performed to measure the concentrations of NTFs in
cellular supernatants. Briefly, the culture mediums of
each groups were collected and centrifugated. Con-
centrations of BDNF and NGF, which were secreted
by SCs, were measured using an ELISA kit following
the manufacturer instructions (Santa Cruz, USA). The
96-well plate was examined using a microplate reader
(Multiscan MK3, Thermo Labsystems, Finland) at the
absorbance of 450 nm. The results were normalized to
cell number of each group.

In vivo study (crush injury model of sciatic
nerve of rat)

Young adult male Sprague-Dawley rats (n = 24,
weighing from 200 g to 220 g, provided by the Labor-
atory Animal Center of the Fourth Military Medical
University, Xi'an, China) were randomly divided into
three groups (n = 8 in each group; normal group,
crush injury group, and crush injury+GRg1 group). A
model of sciatic nerve crush injury was established
according to the method described in our previous
study [7]. The normal group only received sham op-
eration. Following surgery, all animals were intraper-
itoneally administrated daily for 2 weeks with
5mg/kg GRgl (crush injury+GRgl group) or saline
(normal group and crush injury group).
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Two weeks after surgery, the regenerated nerve
tissues were harvested for oxidative stress assessment
(n=4 in each group). The levels of MDA, SOD, CAT
and GSH in nerves tissue were detected as described
above.

Four weeks after surgery, the regenerated nerves
were harvested for nerve morphometric evaluations
according to the method described in our previous
study (n=4 in each group) [7]. Briefly, the tissues were
fixed in 3% glutaraldehyde, and post-fixed in 1% os-
mium tetroxide. Then the samples were dehydrated
by ethanol and embedded in resin. Transverse 1.0pm
semi-thin sections and 50.0 nm ultra-thin sections
were prepared from the distal portion of the samples.
One complete cross-section was taken for every five
continuous sections, until five complete cross-sections
were collected. The semi-thin sections were stained
with a 1% toluidine blue and 1% borax solution fol-
lowed by being examined under a light microscope
(AH3, Olympus, Tokyo, Japan). 50.0 nm Ultra-thin
sections were stained with uranyl acetate and lead
citrate followed by being examined under a transmis-
sion electron microscope (H-600, HITACHI, Tokyo,
Japan). Morphometric evaluations were done by peo-
ple who were blind to the design of the experiment.
Axonal regeneration was estimated by the mean di-
ameter of nerve fibers, the total number of myelinated
axons per nerve transverse section, and total area of
regenerated axons. The axon to fiber diameter ratio
(G-ratio) was calculated to estimate the degree of my-
elination.
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Statistical analysis

All data are presented as the meantstandard
error of mean (S. E. M). One-way analysis of variance
(ANOVA) and ANOVA for repeated measurements
were used to compare mean values using the SPS513.0
software (SPSS Inc., Chicago, IL, USA). If there was a
significant overall difference among groups, Tukey
post hoc test was used to make pair-wise compari-
sons. Values of p < 0.05 were considered statistically
significant.

Results

GRgl attenuates hydrogen peroxide-induced
oxidative injury

The hydrogen peroxide-induced oxidative injury
was estimated by measuring the levels of MDA, SOD,
GSH and CAT in SCs. As shown in Fig. 3 A, the MDA
level in SCs treated with hydrogen peroxide was sig-
nificantly higher than that in normal SCs without hy-
drogen peroxide (p < 0.05, Fig. 3 A), indicating in-
creased lipid peroxidation induced by hydrogen
peroxide in SCs. When hydrogen peroxide-treated
SCs were incubated with GRgl or mecobalamin, the
MDA levels were significantly decreased, with a de-
crease of 60% by GRgl and 32% by mecobalamin.
Additionally, the MDA level was significantly lower
in the GRgl-treated SCs than that in the mecobalamin
treated SCs (p < 0.05, Fig. 3 A). However, the attenu-
ating effect of GRgl on lipid peroxidation was signif-
icantly inhibited by pre-incubation with H89 (Fig. 3
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Fig 3. The MDA level (A), SOD activity (B), GSH level (C) and CAT activity (D) in each group after hydrogen peroxide-induced oxi-
dative injury. *p < 0.05 for the comparison with normal group. #p < 0.05 for the comparison with oxidative injury group. Ap < 0.05 for the comparison

with mecobalamin group.
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The SOD activity, CAT activity and GSH level
were also measured to investigate the oxidative injury
to SCs induced by hydrogen peroxide. It was found
that hydrogen peroxide significantly decreased the
SOD activity, CAT activity and GSH level in SCs (p <
0.05, Fig. 3 B, C, D), indicating decreased antioxidant
activity in SCs incubated with hydrogen peroxide.
When hydrogen peroxide-treated SCs were incubated
with GRgl or mecobalamin, the SOD activity, CAT
activity and GSH level were significantly increased,
with an increase of 115% for SOD, 177% for CAT,
208% for GSH by GRgl, and 34% for SOD, 102% for
CAT and 95% for GSH by mecobalamin (p < 0.05, Fig.
3 B, C, D). Further analysis showed that the SOD ac-
tivity, CAT activity and GSH level in the
GRgl-treated SCs were significantly higher than that
in the mecobalamin-treated SCs (p < 0.05, Fig. 3 B, C,
D). However, the beneficial effect of GRgl on the SOD
activity, CAT activity and GSH level were signifi-
cantly inhibited by pre-incubation with H89 (Fig. 3 B,
C, D).

To further investigate the role of SOD in the
beneficial effect of GRgl on hydrogen peroxide ex-
posed SCs, the cells were treated with PEG-SOD (100
U/ml) after treatment of hydrogen peroxide, and the
cell viability was examined. The results showed that
PEG-S0D increased the cell viability of SCs, with an
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E

*
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increase of 25.0% compared to that in the hydrogen
peroxide-treated SCs. The results suggest that SOD
might play an important role in the beneficial effect of
GRgl on SCs against hydrogen peroxide-induced
oxidative injury.

GRgl partially decreased detrimental effect of
hydrogen peroxide on cell number and cell
viability of SCs

The number of SCs was significantly decreased
by hydrogen peroxide, with a decrease of 24.4%
compared to that in normal SCs cultured without
hydrogen peroxide (p < 0.05, Fig. 4 A, C, G). When the
hydrogen peroxide treated SCs were cultured in the
presence of GRgl or mecobalamin, the detrimental
effect of hydrogen peroxide on cell number was par-
tially reversed. The cell number was significantly
higher in the GRgl and mecobalamin groups than
that in the hydrogen peroxide group (p < 0.05, Fig. 4
C, D, E, G). Further analysis revealed a higher cell
number in the GRgl group than that in the meco-
balamin group (p < 0.05, Fig. 2 D, E, G). No difference
was observed in cell number between the GRg1 group
and normal group (p > 0.05, Fig. 2 A, E, G). However,
the effect of GRgl on cell number was significantly
inhibited by pre-incubation with H89 (Fig. 4 E, F, G).

*» H89JC Oxddatiyve injury

Absorbance at 550nm

hydrogen peroxide

Fig 4. Cell number (A-G) and cell viability (H) of SCs in each group after hydrogen peroxide-induced oxidative injury. SCs were visualized
by DAPI staining in the normal group (A), H89 group (B), oxidative injury group (C), mecobalamin group (D), GRgl group (E), and GRgl+H89 group (F).
Magnification was 200x. The number of stained SCs (E). *p < 0.05 for the comparison with normal group. #p < 0.05 for the comparison with oxidative injury

group. Ap < 0.05 for the comparison with mecobalamin group.
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Hydrogen peroxide significantly (p < 0.05, Fig. 4
H) decreased the cell viability of SCs, with a decrease
of 28.9% compared to that in normal SCs cultured
without hydrogen peroxide. When GRgl or meco-
balamin was added to the hydrogen peroxide treated
SCs, the cell viability was significantly increased by
GRgl or mecobalamin compared to that in SCs only
treated with hydrogen peroxide (p < 0.05, Fig. 4 H).
We also observed significantly higher cell viability in
the GRgl group than that in the mecobalamin group
(p <0.05, Fig. 4 H). No difference was observed in cell
viability between the GRgl group and normal group
(p > 0.05, Fig. 4 H). However, the beneficial effect of
GRgl on cell viability was significantly inhibited by
pre-incubation with H89 (Fig. 4 H).

GRgl inhibits hydrogen peroxide-induced
proapoptotic effect on SCs

The percentage of apoptotic cells was examined
by an apoptosis assay. It was found that a signifi-
cantly higher number of apoptotic SCs was induced
by hydrogen peroxide, indicating that treatment with
hydrogen peroxide is capable of inducing cell apop-
tosis (p < 0.05, Fig. 5 A, C, G). When the hydrogen
peroxide-treated SCs were treated with GRgl or
mecobalamin, the percentage of apoptotic cells was
significantly decreased by GRgl or mecobalamin

compared to that in SCs only treated with hydrogen
peroxide (p < 0.05, Fig. 5 C, D, E, G). In addition, we
also observed significantly higher percentage of
apoptotic cells in the mecobalamin group than that in
the GRgl group (p < 0.05, Fig. 5 D, E, G). Furthermore,
the percentage of apoptotic cells was in the similar
range between the GRgl group and normal group (p >
0.05, Fig. 3 A, E, G). However, the inhibitory effect of
GRgl on apoptosis induced by hydrogen peroxide
was significantly inhibited by H89 (Fig. 5 F, G).

GRgl increased expression and secretion of
NGF and BDNF

At the mRNA level, GRgl significantly increased
the expression of NGF and BDNF in SCs compared to
the cells cultured under normal condition, the cells
cultured with hydrogen peroxide, or the cells cultured
in the presence of hydrogen peroxide and mecobala-
min (p < 0.05, Fig. 6 A; p < 0.05, Fig. 6 B). The mRNA
levels of NGF and BDNF were in the similar range
among the cells cultured under normal condition, the
cells cultured with hydrogen peroxide, and the cells
cultured in the presence of hydrogen peroxide and
mecobalamin (p > 0.05, Fig. 6 A, B). The beneficial
effect of GRgl on NTFs at the mRNA level was abol-
ished by pre-incubation with H89 (Fig. 6 A, B).
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Fig 5. Apoptosis of SCs in each group after hydrogen peroxide-induced oxidative injury. The apoptosis rate (G) of SCs in normal group (A),
H89 group (B), oxidative injury group (C), mecobalamin group (D), GRg!| group (E), and GRgl+H89 group (F) were shown. *p < 0.05 for the comparison
with normal group. #p < 0.05 for the comparison with oxidative injury group. *p < 0.05 for the comparison with mecobalamin group.
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At the protein level, the expression of NGF and
BDNF was significantly higher in GRgl treated SCs
when compared to the cells cultured under normal
condition, the cells cultured with hydrogen peroxide,
or the cells cultured in the presence of hydrogen per-
oxide and Mecobalamin (p < 0.05, Fig. 7 A, C; p <0.05,
Fig. 7 B, D). No significance was observed at the pro-
tein level of NGF and BDNF among the cells cultured
under normal condition, the cells cultured with hy-
drogen peroxide, and the cells cultured in the pres-
ence of hydrogen peroxide and mecobalamin (p >
0.05, Fig. 7 A-D). However, the beneficial effect of
GRgl on NTFs expression was abolished by
pre-incubation with H89 at the protein level (Fig. 7
A-D).

We further analyzed the secretion of NGF and
BDNF by SCs. It was found that hydrogen peroxide
significantly (p < 0.05, Fig. 8 A; p < 0.05, Fig. 8 B) de-
creased the secretion of NGF and BDNF by SCs, with
a decrease of 28.7% and 36.8% compared to that in SCs
cultured under normal condition. When mecobalamin
was added to the hydrogen peroxide-treated SCs, the
secretion of NGF and BDNF was still lower compared
to that in the cells cultured under normal condition (p
< 0.05, Fig. 8 A; p < 0.05, Fig. 8 B). However, when
GRgl was added to the hydrogen peroxide-treated
SCs, the secretion of NGF and BDNF was significantly
increased by GRgl, with an increase of 58.5% and
63.2% compared to that in the cells cultured under
normal condition, with an increase of 122.4% and
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158.2% compared to that in the cells cultured with
hydrogen peroxide, and an increase of 85.5% and
106.0% compared to that in the cells cultured in the
presence of hydrogen peroxide and mecobalamin (p <
0.05, Fig. 8 A; p < 0.05, Fig. 8 B). However, the benefi-
cial effect of GRgl on NTFs secretion was abolished
by pre-incubation with H89 at the protein level (Fig. 8
A, B).

GRgl attenuates oxidative stress in crush in-
jury model of sciatic nerve in rat

The level of oxidative stress of the nerve tissue
after crush injury was estimated by measuring MDA
level, SOD activity, CAT activity and GSH level. As
shown in Fig. 9 A, the MDA level in the cursh injury
group was significantly higher than that in normal

F
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group, indicating increased lipid peroxidation after
crush nerve injury. When administrated with GRgl,
the MDA levels were significantly decreased (p < 0.05,
Fig. 9 A).

The SOD activity, CAT activity and GSH level
were measured to investigate the oxidative stress in-
duced by crush injury. It was found that SOD activity,
CAT activity and GSH level in the crush injury group
was significantly lower than that in normal group (p <
0.05, Fig. 9 B, C, D), indicating decreased antioxidant
activity after crush nerve injury. When administrated
with GRgl, the SOD activity, CAT activity and GSH
level were significantly increased (p < 0.05, Fig. 9 B, C,
D).
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GRgl promotes nerve regeneration after
crush injury of sciatic nerve in rats

Morphometric analysis was used to estimate the
beneficial effect of GRgl on nerve regeneration after
crush injury. Four weeks after surgery, mean diame-
ter of nerve fibers, the total number of myelinated
axons per nerve transverse section and total area of
regenerated axons in the GRgl group were signifi-
cantly larger (or higher) than those in the crush injury
group (p < 0.05, Fig. 10 A-C, E-G). In addition, the
value of G-ratio (an indicator of myelination) was
significantly better in GRgl group than that in crush
injury group (p < 0.05, Fig. 10 D-G).

Discussion
Our previous study has shown that GRgl is ca-

pable of promoting peripheral nerve regeneration and
functional recovery after sciatic nerve injuries in rats
[7]. However, the mechanism underlying the benefi-
cial effect of GRgl on peripheral nerve regeneration is
currently unclear. The possible effect of GRgl on SCs
which were subjected to oxidative injury might con-
tribute, at least in part, to the beneficial effect of GRgl
on nerve regeneration. The present study found that
GRgl is capable of helping SCs recover from hydro-
gen peroxide-induced oxidative injury and inhibiting
the proapoptotic effect induced by hydrogen perox-
ide. In addition, our result showed that GRg1 not only
increased the mRNA levels and protein levels of NGF
and BDNF, but also enhanced their secretion in SCs
after hydrogen peroxide treatment, indicating that
GRgl is able to enhance the biological activities of SCs
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after oxidative injury. Further studies showed that
pre-incubation with H89 (PKA inhibitor) could inhibit
those effects mentioned above, indicating the in-
volvement of PKA pathway in the antioxidant effect
and NTFs-promoting effect of GRgl. Furthermore,
our in vivo study using a crush nerve injury model
showed that GRgl was capable of promoting nerve
regeneration and inhibiting oxidative stress. The re-
sults partially confirm and validate the antioxidant
effect and beneficial effect of GRgl in vitro.

Oxidative injury is thought to be one of the main
contributing factors to neural damage after injury
[11-12]. Oxidants can traverse cell membranes to in-
crease reactive oxygen species (ROS) and lipid pe-
roxidation, activate different proteins, and lead to
DNA damage [23-25]. It has been shown that SCs, as
an important component of the peripheral nervous
system, are also the target of various oxidative
stresses [13-15]. Previous study has shown that oxi-
dative injury to SCs is able to induce apoptosis in a
dose and time dependent manner via the mitochon-
drial pathway [26]. In addition, oxidative injuries to
axotomized neurons, such as increased production of
ROS and nitric oxide (NO), have been increasingly
recognized after peripheral nerve injury [27-30]. All
these findings indicate that oxidative injury to SCs
and axotomized neurons might be important pro-
cesses during peripheral nerve injury. SCs possess
important physiological functions during nerve re-
pair, such as producing NTFs. Maintaining functional
SCs might be important for nerve regeneration.
Therefore, anti-oxidative therapeutic strategy holds
the potential to treat peripheral nerve injury. Gin-
senoside Rgl, a natural product exacted from Panax
ginseng, has a notable anti-oxidative activity [2, 4, 16,
17]. Thus far, the beneficial effect of GRgl on neurons
or neuron-like cells has been extensively reported. It
has been shown that pretreatment with GRgl mark-
edly reduces the generation of dopamine-induced
ROS and the release of mitochondrial cytochrome c
into the cytosol, and subsequently inhibits the activa-
tion of caspase-3 in PC-12 cells, indicating that Rgl
attenuates dopamine-induced apoptotic cell death
through suppression of intracellular oxidative stress
[3-4]. GRgl has also been shown to reduce the hy-
drogen peroxide-induced injury in PC12 cells via
down-regulating NF-xB (nuclear factor kappa B) sig-
naling pathway as well as Akt (Protein Kinase B, PKB)
and extracellular signal-regulated kinase 1/2
(ERK1/2) activation [18]. In addition, GRgl can re-
duce MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) induced substantianigra neuron
loss by suppressing oxidative stress, as well as block-
ing of JNK (c-Jun N-terminal kinase) signaling cas-
cade [2]. All these findings indicate the neuroprotec-

tive and anti-oxidative effect of GRgl on neurons or
neuron-like cells, which might be one major contrib-
uting factor to its beneficial effect on nerve regenera-
tion. As is widely known, diabetic neuropathy is
characterized by increased oxidative stress at the in-
jury site. Interestingly, GRg1 has been proved to pos-
sess anti-diabetic activity [31, 32]. Whether GRg1 is
able to protect Schwann cells against oxidative stress
under diabetic condition is an interesting question,
which awaits investigations in future studies.

The oxidative injury of SCs has been increasingly
recognized after peripheral nerve injury. It has been
shown that hydrogen peroxide treatment is capable of
inducing apoptosis in SCs, which was realized
through the mitochondrial pathway under oxidative
stress [26]. In the present study, we firstly found that
the SOD, GSH and CAT were increased and MDA
content was lowered by GRgl in the hydrogen per-
oxide-treated SCs, indicating that GRgl might be ca-
pable of reducing oxidative injury induced by hy-
drogen peroxide. In addition, the percentage of
apoptotic SCs was significantly lower in the hydrogen
peroxide-treated SCs which were incubated with
GRgl, suggesting that GRgl is capable of inhibiting
proapoptotic effect of hydrogen peroxide. Further
studies showed that GRgl is able to partially reverse
the decreasing effect of hydrogen peroxide on cell
number and cell viability of SCs in the present study.
All these findings indicate the beneficial effect of
GRgl on SCs which were subjected to hydrogen per-
oxide-induced oxidative injury, which might be still
reversible. As PKA pathway has been found to be
involved in the process of oxidative stress [33], H89 (a
PKA inhibitor) was used to investigate the possible
involvement of PKA pathway. The results showed
that pre-incubation with H89 could inhibit those an-
tioxidant effects of GRgl. Therefore, PKA pathway is
involved in the antioxidant effect of GRgl. Further
studies were needed to fully identify the molecular
mechanism underlying the beneficial effect of GRgl
on SCs under oxidative exposure.

Hydrogen peroxide was widely used in previous
researches on oxidative stress. According to the liter-
atures, the concentration of hydrogen peroxide used
in most of in vitro studies ranged from 0.4 M to 0.6 M.
In our preliminary experiment, we firstly examined
the differences of oxidative state between the crush
injury group and normal group. Then a series of con-
centration of hydrogen peroxide was used and the
level of oxidative status was measured. Finally, we
found that the concentration of 0.2 % (0.0588 M) was
able to induce oxidative injury comparable to that in
vivo. Therefore, 0.2 % was used in the present study.
In addition, the concentration of hydrogen peroxide
used in our research was low and the culture solution
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of SCs was replaced immediately after treatment of
hydrogen peroxide. Therefore, the damage induced
by hydrogen peroxide might be still reversible.
However, different cell types with different concen-
tration of H,O, may lead to different results, which
should be investigated in future studies.

NTFs, such as NGF, BDNF and neurotrophin-3,
have been proved to exert important functions in
nerve injury and regeneration. After peripheral nerve
injury, SCs can synthesize NTFs to provide trophic
support for regeneration of axons [8-9]. Our research
provides the first direct experimental evidence that
GRgl1 can up-regulate mRNA expression and increase
protein expression and secretion of NGF and BDNF in
SCs after hydrogen peroxide-induced oxidative inju-
ry. Our finding is consistent with another study which
demonstrated that GRgl can promote expression of
NTFs in normal primary SCs [21]. Our results indicate
that GRgl is able to enhance the biological activities of
SCs after oxidative injury, which might account, at
least in part, for the beneficial effect of GRgl on pe-
ripheral nerve regeneration. H89 was used to inves-
tigate the possible involvement of PKA pathway. The
results showed that pre-incubation with H89 could
inhibit NTFs-promoting effects of GRgl, suggesting
the involvement of PKA pathway in such a process.

GRg1 possesses dramatic antioxidant effects, and
is capable of helping Schwann cells recover from hy-
drogen peroxide-induced oxidative insult. As is
widely known that Schwann cells possess important
physiological functions during peripheral nerve re-
generation, including producing NTFs. Therefore,
GRgl might protect the Schwann cells and maintain
its physiological function (producing NTFs) through
its antioxidant effect. To further confirm this possibil-
ity, H89 (an inhibitor of PKA) was used in the present
study, which was found to attenuate both the antiox-
idant effect and NTFs-enhancing effect of GRgl on
Schwann cells simultaneously after hydrogen perox-
ide. These findings suggest that PKA pathway was
involved, at least in part, both in the process of anti-
oxidant effect and NTFs-enhancing effect. Although
these findings, the relationship between these two
effects should be explored in more details in future
works.

Mecobalamin is capable of promoting regenera-
tion after nerve injuries, both in peripheral nervous
system and central nervous system [34-35]. Meco-
balamin has also been widely used clinically in the
treatment of peripheral neuropathy, diabetic neurop-
athy etc. In addition, many studies concerning pe-
ripheral nerve regeneration chose mecobalamin as a
positive control [36-37]. Therefore, in the present
study, a mecobalamin group was included as a posi-
tive control to examine the impact of GRgl on SCs

after oxidative injury.

In our present study, a crush nerve injury model
of SD rat was used to confirm and validate the in vitro
data. The results showed that GRgl might inhibit ox-
idative stress and promote nerve regeneration.
Therefore, we presumed that GRgl might increase
peripheral nerve repair through its antioxidant effects.
In addition, two weeks after crush injury, the level of
oxidative stress was higher in injury group than that
in normal group. This difference was similar to that in
our in vitro study, which might partially explain the
rationality of choosing a hydrogen peroxide model for
the experiment.

In conclusion, GRgl is capable of helping SCs
recover from the oxidative insult induced by hydro-
gen peroxide via PKA pathway, which might be one
contributing factor to the beneficial effect of GRgl on
nerve regeneration.
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