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Abstract

Cultured Schwann cells were treated with 5.6 mM and 50 mM glucose alternating every 8 hours to Bing Xue~x, M.D., Depart-

ment of Endocrinology,

simulate intermittent high glucose. The present study analyzed the neuroprotective effects of 1, 10
and 100 uM ginsenoside Rb1 on oxidative damage and apoptosis in Schwann cells induced by in-
termittent high glucose. Flow cytometry demonstrated that ginsenoside Rb1 reduced intermittent
high glucose-mediated reactive oxygen species production. Enzyme linked immunosorbent assay
showed that 8-hydroxy-2-deoxy guanosine levels in Schwann cells decreased following ginseno-
side Rb1 treatment. Quantitative real-time reverse transcription-PCR and western blot assay results
revealed that ginsenoside Rb1 inhibited intermittent high glucose-upregulated Bax expression, but
antagonized intermittent high glucose-downregulated Bcl-2 expression in Schwann cells. These
effects were most pronounced with 100 uM ginsenoside Rb1. These results indicate that ginseno-
side Rb1 inhibits intermittent high glucose-induced oxidative stress and apoptosis in Schwann cells.
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Research Highlights

(1) Ginsenoside Rb1 reduces intermittent high glucose-induced reactive oxygen species production

in Schwann cells in a dose-dependent manner.

(2) Ginsenoside Rb1 decreases 8-hydroxy-2-deoxy guanosine levels in intermittent high glu-
cose-treated Schwann cells in a dose-dependent manner.

(3) Ginsenoside Rb1 upregulates Bcl-2 expression and downregulates Bax expression in intermit-
tent high glucose-treated Schwann cells in a dose-dependent manner.

INTRODUCTION

Diabetic peripheral neuropathy is one of the
most common and troublesome microvas-
cular complications of diabetes; however, its
pathogenesis remains unclear. Studies have
shown that hyperglycemia, either constant
or intermittent, can stimulate high levels of

pharmacological actions of ginseng are attributed to
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reactive oxygen species production in mi-
tochondria, trigger apoptosis, and lead to
neuronal injury®™ .. Inhibition of reactive ox-
ygen species production and mitigation of
their function may block both the initiation
and progression of neuropathy™ .
Ginseng is a well-known and widely used
traditional Chinese herb. Most

ginsenosides, which are major
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components extracted from different species of ginseng.
In recent years, accumulating evidence has shown that
ginsenoside Rb1(Figure 1), as an important active com-
pound, exerts protective actions against the occurrence
of oxidative stress in diabetic complications’®”. Therefore,
we conjectured that ginsenoside Rb1 might relieve dia-
betic neuropathy by reducing intracellular reactive oxy-
gen species production.

Figure 1 Chemical structure of ginsenoside Rb1.

Schwann cells play an important role in the pathogenesis
and development of peripheral neuropathy®®. Schwann
cells are susceptible to hyperglycemia because they take
up glucose through the insulin-independent glucose
transporter®?. As a support cell for neuronal regeneration
and function, Schwann cells might be a natural target for
the treatment of diabetic peripheral neuropathy since their
defects are reversible!™”.

It is now recognized that glucose fluctuation may be more
dangerous than constant high glucose™*¥. However, the
precise mechanism underlying the impact of intermittent
high glucose on Schwann cells is unclear, and whether
ginsenoside Rb1 can protect against this process remains
to be investigated. This study was aimed at exploring the
effects of intermittent high glucose on oxidative stress and
Schwann cell apoptosis, and how ginsenoside Rb1 treat-
ment could protect against injury in vitro.

RESULTS

Morphological observation of Schwann cells

Light microscopy revealed the typical bipolar morphology
of cultured Schwann cells (Figure 2). Because S-100
protein is often used as a Schwann cell marker, im-
munocytochemistry with an anti-S-100 antibody was
used to assess cell purity. Only second and third pas-
sage Schwann cells with a purity of =2 95% were used in
this study to avoid age-dependent cellular modifications.

Figure 2 Morphological observation of Schwann cells
showing typical bipolar morphology (inverted microscope,
x 200).

Ginsenoside Rb1 inhibits intermittent high glu-
cose-induced reactive oxygen species production in
Schwann cells in vitro

Cultured Schwann cells were treated in duplicate with
5.6 mM glucose as control, with 5.6 and 50 mM glucose
alternating every 8 hours as intermittent high glucose™,
or with intermittent high glucose in the presence of 1, 10
or 100 uM ginsenoside Rb1 for 48 hours as treatment.
The intracellular reactive oxygen species content was
determined by flow cytometry. The relative level of reac-
tive oxygen species was increased 2.86-fold in the in-
termittent high glucose group relative to control (P <
0.01), and it was decreased by 36.7% (P < 0.01), 24.2%
(P < 0.05) and 10.8% in the 100, 10 and 1 yM ginseno-
side Rbl-treated Schwann cells subjected to intermittent
high glucose, respectively (Figure 3). Clearly, ginseno-
side Rb1 inhibited intermittent high glucose-induced
overproduction of reactive oxygen species and oxidative
stress in Schwann cells in a dose-dependent manner.

Ginsenoside Rb1 mitigates the intermittent high
glucose-induced increase in 8-hydroxy-2-deoxy
guanosine levels in Schwann cells

Oxidative stress can damage DNA, resulting in apoptosis.
The oxidized nucleoside 8-hydroxy-2-deoxy guanosine is
a sensitive and specific marker of oxidative damage to
DNA™. To further determine the effect of intermittent
high glucose on the induction of oxidative stress, the
levels of DNA-related 8-hydroxy-2-deoxy guanosine in
the different groups of Schwann cells were detected by
enzyme linked immunosorbent assay (ELISA). Our data
show that the concentration of 8-hydroxy-2-deoxy gua-
nosine in the intermittent high glucose group was signif-
icantly higher than in the control group (P < 0.01), and it
was decreased by 32.6% (P < 0.01), 25.1% (P < 0.05)
and 11.4% (P < 0.05) when treated with 100, 10 and 1
MM ginsenoside Rb1, respectively (Figure 4). Therefore,
ginsenoside Rb1 inhibits intermittent high glu-
cose-related oxidative stress-mediated DNA damage in
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Schwann cells in a dose-dependent manner.
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Figure 3 Effect of ginsenoside Rb1 on the relative levels
of intracellular reactive oxygen species (ROS) in Schwann
cells treated with intermittent high glucose.

ROS were measured by flow cytometry, and fluorescence

intensity was analyzed. (A) Representative flow cytometric
images. (B) Fluorescence intensity analysis. The value of

the control cells was designated as 1.

Data are expressed as mean + SEM for each group of
cells based on three separate experiments. P < 0.05, °P <
0.01, vs. control group; °P < 0.05, p< 0.01, vs.
intermittent high glucose (IHG) group (one-way analysis of
variance followed by Student-Newman-Keuls test).
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Figure 4 Effect of ginsenoside Rb1 on the relative levels
of 8-hydroxy-2-deoxy guanosine (8-OHdG) in Schwann
cells treated with intermittent high glucose (IHG).

The concentrations of 8-OHdG were determined by
enzyme linked immunosorbent assay. The value of the
control cells was designated as 1.

Data are expressed as mean + SEM for each group of
cells based on three separate experiments. P < 0.05, °P <
0.01, vs. control group; °P < 0.05, P < 0.01, vs. IHG group
(one-way analysis of variance followed by
Student-Newman-Keuls test).

Effects of ginsenoside Rb1 on intermittent high
glucose-related changes in Bax and Bcl-2 expres-
sions in Schwann cells

To understand the mechanisms underlying the role of
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ginsenoside Rb1 in intermittent high glucose-related
Schwann cell apoptosis, the relative levels of an-
ti-apoptotic Bcl-2 and pro-apoptotic Bax mRNA tran-
scripts were determined by quantitative real-time reverse
transcription-PCR (Figures 5A, B). Intermittent high glu-
cose significantly enhanced transcription of the Bax gene,
but reduced transcription of the Bcl-2 gene, compared
with the control group (P < 0.01). Treatment with Rb1
significantly attenuated the effect of intermittent high
glucose on transcription of these genes (P < 0.05 or P <
0.01). Similar effects on Bax and Bcl-2 expression were
observed at the protein level in different groups of cells
using western blot assay (Figures 5C-E). These two
independent lines of evidence demonstrate that gin-
senoside Rb1 inhibits intermittent high glucose- mediat-
ed changes in Bax and Bcl-2 expression in Schwann
cells in vitro.

DISCUSSION

At present, there are few studies on intermittent high glu-
cose-induced oxidative stress and apoptosis in Schwann
cells. This study has documented, to our knowledge for the
first time, beneficial effects of ginsenoside Rb1 on
Schwann cells. We found that cultured Schwann cells ex-
posed to intermittent high glucose exhibited increased
apoptosis and oxidative stress damage, suggesting that
glucose fluctuations may induce neuropathy and oxidative
stress may play a crucial role in this process. Furthermore,
ginsenoside Rb1l exerted its protective effects in a
dose-dependent manner and inhibited reactive oxygen
species production. These findings are important from a
clinical perspective and may help broaden our under-
standing of diabetic peripheral neuropathy.

Traditionally, high-glucose-induced injury has been studied
in chronic models. Previous studies mostly focused on the
toxic effects of constant high glucose; however, glucose
fluctuation is also common and important in patients with
diabetes. It is now recognized that “hyperglycemic spikes”
may play a direct and significant role in the pathogenesis of
diabetic complications, and intermittent high glucose is also
associated with the development of Schwann cell injury and
diabetic peripheral neuropathy™ 9. In this study, we pro-
posed a cellular experimental model in which primary cul-
tures of Schwann cells were exposed to conditions that
partly mimic glucose fluctuations in vivo in diabetic patients.
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Figure 5 Effect of ginsenoside Rb1 on mRNA and protein
expressions of Bax and Bcl-2 in Schwann cells treated
with intermittent high glucose.

mRNA and protein expression levels were determined by
guantitative real-time reverse transcription-PCR (A, B) and
western blot assays (C—E), respectively. GAPDH (for
mRNA) and B-actin (for protein) was used as reference.

Data are expressed as mean + SEM for each group of
cells based on three separate experiments, and the value
of the control cells was designated as 1. °P < 0.05, bp <
0.01, vs. control group; °P < 0.05, ‘P < 0.01, vs.
intermittent high glucose (IHG) group (one-way analysis of
variance followed by Student-Newman-Keuls test).

To produce hyperglycemic injury of Schwann cells, 30 to
150 mM glucose were used in individual experi-
ments™"?%. Our previous results also showed that incu-
bation with 50 mM glucose for 48 hours exerts detri-
mental effects and significantly inhibits proliferation of

Schwann cells™, Therefore, we chose 50 mM glucose
as the appropriate concentration for high glucose in this
study.

Accumulating evidence shows that mitochondria are the
main source of endogenous reactive oxygen species in
most mammalian cell types'®*.. As the hyperglycemic
cell metabolizes more glucose, increased turnover of
mitochondrial energy-generating complexes occurs,
increasing the production of free radicals®®?. In this
study, we selected 8-hydroxy-2-deoxy guanosine as a
marker to evaluate levels of oxidative stress. In
agreement with previous studies™™® %!, our study shows
that high glucose, and especially intermittent high glu-
cose, induces high levels of reactive oxygen species
production, which leads to increased formation of
8-hydroxy-2-deoxy guanosine. Given the crucial role of
Schwann cells in the functional integrity and regenera-
tion of nerves, the potent oxidative stress-related cyto-
toxicity of intermittent high glucose supports the con-
cept that it is a particularly serious risk factor for the
development of diabetic complications, including dia-
betic peripheral neuropathy.

In China, traditional herbs have been widely used for the
treatment of diabetes and its complications for thousands
of years. Ginsenoside Rb1 is one of the most abundant
and bioactive components in Ginseng, which has been
considered to have multiple pharmacological activities in
vivo and in vitro?*??!, Nevertheless, there is insufficient
information on its protective properties in cellular models
of diabetic peripheral neuropathy. In this study, we found
that ginsenoside Rb1 significantly inhibits intermittent
high glucose-stimulated reactive oxygen species pro-
duction and reduces DNA damage, as shown by reduced
8-hydroxy-2-deoxy guanosine formation, in Schwann
cells, in a dose-dependent manner. These data indicate
that treatment with ginsenoside Rb1 can reduce oxida-
tive stress in cell models and may be of benefit to pa-
tients with diabetic peripheral neuropathy. Given that
mitochondrial oxidative stress contributes to the patho-
genesis of many chronic diseases, our findings suggest
that ginsenoside Rb1 could also be used in the treatment
of these chronic diseases.

One of the consequences of cellular responses to hy-
perglycemia-related stresses is apoptosis’?’ 2%, Reactive
oxygen species are well-known initiators of apoptosis in
many cell types?*”. Overproduction of reactive oxygen
species can upregulate the expression of proapoptotic
factors and downregulate the expression of antiapoptotic
factors, such as Bax/Bcl-2P%2. |n the present study, we
found that intermittent high glucose significantly upregu-
lates Bax expression, but downregulates Bcl-2 expres-
sion in Schwann cells. Furthermore, ginsenoside Rb1l
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inhibits intermittent high glucose-upregulated Bax ex-
pression, but antagonizes intermittent high glu-
cose-downregulated Bcl-2 expression in Schwann cells.
The protective effects of ginsenoside Rb1 on apoptotic
pathway-related events induced by intermittent high
glucose are at least partly mediated by its ability to inhibit
the production of reactive oxygen species in Schwann
cells. However, further studies are still needed to clarify
this process and to characterize the regulatory pathways
that are compromised. Taken together, the present study
demonstrates that the protective effects of ginsenoside
Rb1 on Schwann cells under intermittent hyperglycemic
conditions are due to its ability to inhibit oxidative stress
and apoptosis, and suggests that ginsenoside Rb1 may
be useful in preventing diabetic peripheral neuropathy
and other demyelinating diseases characterized by
Schwann cell loss and/or abnormalities. Given that reac-
tive oxygen species are considered a causal link be-
tween hyperglycemia and numerous metabolic abnor-
malities in the development of diabetic complications!***%,
we hypothesize that ginsenoside Rb1 may be of great
use in the prevention and treatment of other diabetic
complications as well.

MATERIALS AND METHODS

Design
A cytological, comparative, observational study.

Time and setting

Experiments were performed at the Department of En-
docrinology, General Hospital of Chinese PLA, China
from September 2010 to September 2011.

Materials

Neonatal Sprague-Dawley rats were obtained from
Weitong Lihua Experimental Animal Center (license No.
SCXK(Jing)2007-0001). All protocols were conducted in
accordance with the Guidance Suggestions for the Care
and Use of Laboratory Animals, formulated by the Minis-
try of Science and Technology of China®®.

Methods

Schwann cell culture

Schwann cells were obtained from the sciatic nerves of
newborn Sprague-Dawley rats (3 days old) under aseptic
conditions as previous described™. Cultured cells were
identified as Schwann cells by their morphology and
immunohistochemistry using anti-S-100 antibody (1:100
dilution; Boster, Wuhan, China). Only second and third
passage Schwann cells with a purity of = 95% were
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used in this study to avoid age-dependent cellular modi-
fications.

Intermittent high glucose induction and ginsenoside
Rb1 treatment

Cultured Schwann cells were treated in duplicate with
5.6 mM glucose (Sigma-Aldrich, St. Louis, MO, USA) as
the control, with 5.6 and 50 mM glucose alternating every
8 hours as intermittent high glucose™, or with intermit-
tent high glucose in the presence of 1, 10 or 100 yM
Rb1 (purity 98%, eBioscience Ltd, Shanghai, China) for
48 hours as treatment.

Measurement of intracellular reactive oxygen spe-
cies

The Schwann cells in different culture conditions were
harvested and treated with 10 uM 2-7-dichlorofluorescin
diacetate (DCFH-DA, Molecular Probes, Eugene, OR,
USA) at 37°C for 60 minutes in the dark. The fluores-
cence intensity was analyzed by flow cytometry (Bec-
ton-Dickinson Co, Rutherford, NJ, USA). The reactive
oxygen species values were calculated as the relative
levels to unlabeled control.

Detection of 8-hydroxy-2-deoxy guanosine concen-
tration

Schwann cells in different culture conditions were har-
vested and DNA was isolated using a genomic DNA ex-
traction kit (Generay biotechnology, Shanghai, China).
The amount of 8-hydroxy-2-deoxy guanosine was de-
termined using a competitive ELISA kit (StressMarq Bi-
osciences, Victoria, Canada), according to the manu-
facturer’s instructions.

Quantitative real-time reverse transcription-PCR
Total RNA was extracted from each group of Schwann
cells using Trizol (Invitrogen, Grand Island, NY, USA),
and RNA (1 ug) was reverse-transcribed into cDNA using
a cDNA synthesis kit (Invitrogen), according to the man-
ufacturer’s protocols. The relative level of each mRNA
transcript to GAPDH was determined by quantitative
real-time reverse transcription-PCR using the SYBR
pre-mixed system (Invitrogen) and specific primers (Life
Technologies, Shanghai, China). The sequences of the
primers were as follows: forward, 5-GCG TCAACA
GGG AGA TGT CA-3’ and reverse, 5-GGT ATG CAC
CCA GAG TGA TG-3 for Bcl-2 (225 bp); forward,
5-GGC GAATTG GAG ATG AAC TG-3' and reverse,
5’-GAT CAG CTC GGG CAC TTT AG-3’ for Bax (209 bp);
forward, 5’-TGT CTC CTG CGA CTT CAA CAG-3 and
reverse, 5'-GAG GCC ATG TAG GCC ATG AG-3' for
GAPDH (256 bp). The PCR reactions were performed in
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triplicate at 95°C for 2 minutes and subjected to
40 cycles of 95°C for 20 seconds, 58°C for 20 se-
conds and 72°C for 25 seconds. The relative levels of
each gene mRNA transcript to GAPDH were analyzed
using the 2 24" method.

Western blot analysis

The relative levels of Bcl-2 and Bax expression were
determined by western blot assay. Briefly, Schwann
cells in different culture conditions were harvested and
lysed. The cell lysates (50 pg/lane) were separated by
SDS-PAGE and transferred onto polyvinylidene fluoride
membranes (Millpore, Billerica, MA, USA). The mem-
branes were blocked with 5% fat-free milk and incu-
bated with 1:200 diluted mouse monoclonal anti-rat
Bcl-2, Bax and B-actin (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) at 4°C for 10 hours. The bound
antibodies were detected by incubation with 1:5 000
donkey anti-mouse IgG-horseradish peroxidase conju-
gated secondary antibody (Santa Cruz Biotechnology)
for 2 hours at room temperature, then visualized with
enhanced chemiluminescence detection reagents (Ap-
plygen Technologies, Beijing, China). The relative levels
of each protein to B-actin were determined by densito-
metric analysis using Image J (National Institutes of
Health, Rockville, Maryland, USA).

Statistical analysis

All data were expressed as mean + SEM. Dfferences
between groups were analyzed by one-way analysis of
variance followed by Student-Newman-Keuls test, using
SPSS 13.0 software (SPSS, Chicago, IL, USA). A value
of P < 0.05 was considered statistically significant.
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