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Aim of the study: Ginseng has been used as an anti-stress agent, and its active ingredient, ginsenoside, is
similar in structure to estrogen. However, the effect of ginseng on the stressed brain is not completely
understood. The aim of this study is to understand systematically how red ginseng (RG) affects gene
expressions in the brain of immobilization (IMO) stressed mice to elucidate its underlying mechanism.
Materials and methods: For in vivo experiments, mice were stressed by immobilization for 30, 45, or
60 min, and gene expression in the mice brain was analyzed by microarray and system biology. Apoptosis
was measured by terminal deoxynucleotidyl transferase-mediated digoxigenin-dUTP nick-end labeling
(TUNEL) staining, and gene expression by Western blot or qPCR. For in vitro study, the SK-N-SH
neuroblastoma cells were stressed by H2O2 exposure. The resultant cytotoxicity was measured by MTT
assay, and gene expression by Western blot, ELISA, or qPCR.
Results: Microarray analysis of genes in IMO stressed mice brains showed that RG administration prior to
IMO stress downregulated 440 genes including peptidyl arginine deiminase type 4 (PADI4). Interest-
ingly, PADI4 was up-regulated by various stresses such as H2O2, acrylamide, and tunicamycin in
neuroblastoma SK-N-SH cells but inhibited by RG. IMO stress and in vitro H2O2 stress depressed the
estrogen receptor (ER)-β expression but not ERα. However, RG treatment increased ERβ expression both
in vivo and in vitro. Comparative analysis regarding the networks by systems biology revealed that TNF-α
plays a critical role in IMO stress, and the cell death associated network was much higher than other
categories. Consistently, the IMO stress induced TNF-α and Cox-2 expressions, malondialdehyde (MDA),
and cell death in the brain, whereas RG administration inhibited these inductions in vivo. siRNA and
transient expression studies revealed that ERβ inhibited the PADI4 expression.
Conclusion: PADI4 could be used as an oxidative stress marker. RG seems to inhibit oxidative stress-
inducible PADI4 by up-regulating ERβ expression in the brain thus protecting brain cells from apoptosis.

& 2013 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Ginseng has been used and proven in vivo and clinically for
anti-stress agents. Ginseng was shown to have anti-stress adapto-
genic activity in foot electric shock stress test. Moreover, clinical
trial also demonstrated that red ginseng (RG), steamed and dried,
could help to maintain homeostasis in cold stress and work stress.
Moreover, ginsenoside was identified as an active ingredient
d Ltd. All rights reserved.
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(Leung and Wong, 2010). Ginseng total saponin, ginsenosides
Rg3 and Rb1 reduced polyamine levels, which were induced by
immobilization-(IMO) stress in the brains of mice (Lee et al., 2006).
The main ingredient of ginseng, Rb1, has a neuroprotective effect
against ischemia (Lim et al., 1997), glutamate-induced neurotoxi-
city (Kim et al., 1998), seizures (Lian et al., 2005a), and neurode-
generation (Lian et al., 2005b). Growing evidence supports
importance of estrogen in neuroprotective effect against acute
injury and oxidative damages in brain by both estrogen receptor
(ER)-dependent and ER-independent mechanisms (Simpkins et al.,
2012). Rg3 in fermented red-ginseng has a neuroprotective effect
and an anti-stress effect (Kim et al., 1998). Ginsenoside is structu-
rally similar to glucocorticoid or estrogen since ginsenosides Re
and Rg1 are functional ligands of the glucocorticoid receptor
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whereas ginsenosides Rb1 and Rh1 are functional ligands of the
ER. Most ginsenosides share a dammarane triterpenoid structure
with a four trans-ring rigid steroid skeleton (Leung and Wong,
2010). Ginseng was also shown to activate ER in breast cancer cells
in vitro but not in vivo (Shim and Lee, 2012).

Physical stressors such as IMO, cold swim, and electric foot shock
produce oxidative damage to membrane lipids in the brain (Liu et al.,
1996). However, most of the ginseng and ginsenosides studies
focused on biochemical parameters such as plasma glucose, choles-
terol, serum corticosterone (Rai et al., 2003), plasma interleukin-6
(Kim et al., 2003), proinflammatory cytokines (IL-1β, IL-6, and TNF-α)
(Joo et al., 2005), malondialdehyde levels (Voces et al., 2004), free
radical scavenging activity in vitro (Kang et al., 2006), and the anti-
inflammatory and anti-apoptotic effect of RG (Pannacci et al., 2006).
Also, the glutathione level and superoxide dismutase activity in
substantia nigra were determined in the brains of mice (Chen XC
et al., 2005). Moreover, ginseng was found to increase the expression
of toll like receptor 4 (TLR4) and the release of cytokines (Pannacci
et al., 2006). However, the effect of ginseng on gene expression levels
in the stressed brain remains unknown. Therefore, the aim of this
study was to analyze how RG affected gene expressions in the brains
of immobilized mice by systems biology. Furthermore, we investi-
gated the role of RG as an anti-stress agent, which have neuro-
protective activity during IMO stress.
2. Material and methods

2.1. Cells, animals, immobilization stress, RG, and treatment

Human neuroblastoma SK-N-SH cells (ATCC HTB-11) were
cultured in RPMI 1640 (Lonza, USA) media containing 10% FBS,
1% penicillin–streptomycin (10000 U penicillin/ml, 10000 μg strep-
tomycin/ml), 1 mM HEPES, 1 mM sodium pyruvate, 4.5 g/L glucose,
1.5 g/L bicarbonate, 2 mM L-glutamine at 37 1C, 5% CO2. RG extract
(Korean Ginseng Corporation, Korea) was manufactured by Korea
Ginseng Corporation (Seoul, Korea) from roots of 6-year-old red
ginseng, Panax ginseng Meyer, harvested in Republic of Korea. RG
was made by steaming fresh ginseng at 90–100 1C for 3 h and then
drying at 50–80 1C. To prepare RG water extract, RG was extracted
at 85–90 1C for 8 h of circulating hot water three times. Yield of RG
extract from RG was 75%. The water content of the pooled extract
was 36% of total weight.

RG extract contains major ginsenoside—Rb1 4.62 mg/g, Rg2:
3.21 mg/g, Rg3: 3.05 mg/g, Rc: 2.41 mg/g, Rb2: 1.83 mg/g, Rf:
1.21 mg/g, Re: 0.93 mg/g, Rd: 0.89 mg/g, Rg1: 0.71 mg/g, and other
minor ginsenosides (Supplementary Table S1). RG stock was
prepared at 10 mg/ml in phosphate buffer saline (PBS, pH 7.4)
and diluted with RPMI 1640 media containing 10% FBS and 2%
penicillin–streptomycin to 1 mg/ml just prior to use and sterilized
by filtration with a 0.22 μm bottle top filter (Nalgene, USA).

Male ICR mice (20–25 g) were housed in a temperature-
controlled environment (temperature 2172 1C, humidity
60710%) under 12-h dark:12-h light cycle under the condition
where food and water were freely available. All experiments
conformed to the animal care guidelines of the Korean Academy
of Medical Sciences, and all efforts were made in order to
minimize their suffering. Stress procedures were approved and
monitored by the ethical committee of SungKyunKwan University.

For stress experiments, mice were immobilized for 30, 45, or
60 min in a tightly fitted, 50 ml conical tube. At the end of the
stress period, the mice were sacrificed by cervical dislocation, and
the brain was rapidly removed and frozen. Animals that were set
free in their home cage in the absence of any stressors served as
controls (the normal control group). Mice were divided into three
groups: non-treated (no stress), no treat+stress, RG+stress. The
non-treated group was used as a control. The stress+no treat
group was administrated only PBS. Lastly, the RG+stress group was
administered 50 or 100 mg/kg of RG (red ginseng extract, Korean
Ginseng Corporation, Korea) orally twice a day for 1 week. The
mice began fasting on the evening of the 7th day and were
sacrificed 3 h after the last administration of RG on the morning
of the 8th day.

For in vitrowork, a filtered RG solution was further diluted with
RPMI 1640 media to make 1 mg/ml prior to RG treatment. In
addition, cells were treated with RG for 48 h.

2.2. Determination of lipid peroxidation

The lipid peroxidation was determined by measuring malondial-
dehyde (MDA) as previously described (Buege and Aust, 1978). Mice
brains were homogenized in PBS, and 0.2 ml of brain homogenate
was mixed with 0.2 ml of 8.1% (w/v) sodium dodecyl sulfate (SDS),
1.5 ml of 20% acetic acid (pH 3.5), 0.5 ml of 0.5% 2,6-di-tert-butyl-4-
methylphenol (Sigma), and 1.5 ml of 0.8% 2-thiobarbituric acid. The
mixture was incubated at 100 1C in a water bath for 30 min and
cooled to room temperature for 30 min, centrifuged at 3600 g for
10 min. Subsequently, supernatant was used in order to determine
MDA concentration at 535 nm by a spectrophotometer. The results
are expressed as nmol MDA/mg protein.

2.3. MTT assay

Cell viability was determined by the MTT assay, which assesses
mitochondrial function and correlates with cell viability (Musser
and Oseroff, 1994). SK-N-SH cells were seeded in a 12 well plate
with 4�104 cells per well in 1 ml of RPMI 1640 media. After
overnight culture, cells were treated with RG for 2 h. The control
was treated with RPMI 1640 media only. After 48 h incubation,
cells were treated with H2O2 (0.5 mM for 2 h), supernatant was
washed off, and the cells were further washed with PBS. Then, 1 ml
of RPMI 1640 and 250 μl of MTT (2 mg/ml) were added into the
culture, and the plate was incubated for 3 h at 37 1C with 5% CO2.
After removing supernatant, 3 ml of DMSO was added and purple
formazan was dissolved completely with DMSO for 15 min fol-
lowed by reading absorbance at 540 nm with an ELISA Reader.
Each experiment was done in triplicate.

2.4. Purification of total RNA

Total RNA of the mouse brain or tissue cultured cells was
isolated by using a TRIzol reagent (Invitrogen, USA) and purified
using the RNeasy mini kit (Qiagen, USA) according to the manu-
facturer's instructions. RNA quality was measured by a spectro-
photometer.

2.5. Microarray

Microarray hybridization, washing, and scanning were per-
formed according to the manufacturer's protocol (Mouse Ref-8
Expression BeadChip Kit, Illumina). The list of genes is available
through the Gene Expression Omnibus (http://www.ncbi.nml.nih.
gov/geo) under the accession number GPL7245. All microarray
data are deposited in ArrayExpress under accession number
E-MTAB-856. The hierarchical clustering program used is imple-
mented in the Multiple Experiment Viewer (http://www.jcvi.org/
cms/research/software/).

2.6. Pathway analysis

The functional analysis algorithm from Ingenuity Pathway Ana-
lysis (IPA; Ingenuity Pathway Analysis Systems, www.ingenuity.com)
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was used to identify the biological functions and/or diseases that
were most significant to the data set. Each gene symbol was mapped
to its corresponding gene object in the Ingenuity Pathways Knowl-
edge Base. The networks regarding these genes were algorithmically
generated based on their connectivity and assigned a score. Fold
change was analyzed by either the ratio between the RG-treated
and RG-non-treated group normalized to the control group or the
RG-treated group normalized to the RG-non-treated group.

2.7. Real-time PCR

Total RNA was reversely transcribed to complementary DNA by
M-MLV RT (RexGene biotech, Korea). All PCR primer pairs were
designed for mRNA sequencing within 200 bp; PADI4, 5'-GGG TGA
GTT CTT GAG CTT TG-3' (forward) and 5'-TCT TGA GTC CTT CGA
ACA GT-3' (reverse); COX-2, 5'-AGA AGG AAA TGC CTG CAG AA-3'
(forward) and 5'-GCT CGG CTT CCA GTA TTG AG-3' (reverse);
β-actin, 5'-TGG AAT CCT GTG GCA TCC ATG AAA-3' (forward) and
5'-TAA AAC GCA GCT CAG TAA CAG TCC G-3' (reverse). Relative
quantification of select mRNA was performed on 20 ml of cDNA
using the Applied Biosystems StepOne and StepOnePlus Real-Time
PCR Systems and the TaqMan Gene Expression Master Mix
(Applied Biosystems, USA) according to the manufacturer's
instructions. GAPDH and PADI4 probes were purchased from
Bosung science (Korea).

The real-time PCR conditions were optimized to comprise an
initial denaturation step of 10 min at 95 1C, followed by 40 cycles
of 95 1C for 10 s, 55 1C for 15 s and 72 1C for 20 s. All samples were
analyzed in quadruplicate. Data were analyzed using the ΔΔCT
method in reference to β-actin (housekeeping gene), which was
used as a control. This experiment was performed 3 times and
statistics were analyzed by ANOVA.

2.8. DNA nick-end labeling

To assess apoptotic cells in the brain, terminal dexynucleotidyl
transferase-mediated digoxigenin-dUTP nick-end labeling (TUNEL)
staining was performed. Mice were fed RG extract for 7 days
followed by IMO for 45 min. The brain was extracted and imme-
diately fixed with 10% formalin (Sigma) after washing with PBS.
Sectioned slides were assessed by TUNEL staining according to the
manufacturer's protocol (In situ cell death detection kit; Roche
Diagnostics, Basel, Germany). Under microscopy, the number of
TUNEL-positive cells was counted per brain section. Numbers are
apoptotic cells in randomly chosen histological fields of high-
magnification (�40). At least 2 representative areas were ana-
lyzed per sample.

2.9. Western blot analysis

Cells were collected by centrifugation after washing with PBS,
and resuspended in a RIPA buffer (50 mM Tris–HCl pH 7.4, 0.5%
sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 1 mM EDTA, 1 mM
PMSF and 1� protease cocktail inhibitor). Cells were lysed by
sonication and cell lysates were harvested after centrifugation at
12000 rpm, 4 1C for 15 min. The amount of protein was deter-
mined by Bradford assay. 30–40 μg of protein was used for
Western blot analysis. Proteins separated by 10% or 15% SDS-
PAGE were electroblotted onto a polyvinylidene difluoride (PVDF)
membrane (Millipore, USA). The protein transferred membrane
was incubated in a blocking buffer (7% skimmed milk, in TPBS
[PBS, 0.1% Tween 20]) at room temperature on a shaking incubator
for more than 1 h. After 3 times washing with TPBS, the mem-
brane was incubated in a primary antibody (1:1000) for 1 h at
room temperature. Primary antibodies comprising PADI4 (Abcam,
USA), p-p53, caspase3 (Santacruz, USA), β-actin (Sigma), JNK and
p-JNK (Cell signaling, USA) were purchased. After extensive wash-
ing, a secondary antibody (HRP-conjugated anti-IgG antibody,
1:5000 or 1:10000 anti-rabbit, anti-mouse, Sigma) was treated
for 1 h. After washing, a detection reagent (Power Optic-ECL
Western blotting Detection reagent, Animal genetics Inc., Korea)
was added to the membrane and the film was developed.

2.10. ELISA assay

After IMO stress, whole brains were collected and homoge-
nized, and 0.5% hexadecyltrimethylammonium bromide was
added to the homogenized brain samples. After 3 rounds of
freeze–thawing cycles, samples were sonicated and centrifuged
at 14000 rpm, 4 1C, for 20 min. The supernatant (100 μL) was used
for TNF-α ELISA assay (BD, USA) as per the manufacturer's
instruction. Absorbance was measured at 450 nm after incubation
in a lightproof condition for 20 min.

2.11. Transfection

To knock down PADI4 or ERβ expression by siRNA, 100 nM of
siRNA (Genolution Phamaceuticals Inc., Korea) was added to
250 μL of serum free RPMI 1640 media without antibiotics, to
which 5 μL of transfection reagent (TransIT-TKO, Mirus, USA) had
been added and incubated for 20 min at room temperature. SK-N-
SH cells (3�105 cells/well) were cultured in 6 well plates over-
night, washed once with serum free media without antibiotics,
and replaced with 1 ml of serum free media containing antibiotics.
Subsequently, the transfection reagent containing siPADI4 or siERβ
was added to the cell culture and incubated for 24 h. As a control,
cells were transfected with MOCK siRNA. After incubation for 24 h,
siRNA was removed and replaced with a new complete media
containing 1 mg/ml RG (cells in RPMI 1640 media alone were used
as a control) for 48 h. Subsequently, cells were washed with PBS
twice, and exposed to 0.5 mM H2O2 for 2 h followed by washing
and lysis.

For transient transfection with the ERβ, SK-N-SH cells (3�105

cells) were transfected with either a full-length hERβ expression
plasmid (gift from Dr. M. Muyan at University of Rochester (Li
et al., 2004)) or mock (hERβ plasmid was digested with PstI
restriction enzyme to delete 402 bp) by using TransTKO Tranfec-
tion Reagent (Mirus, USA) for 24 h. The cells were then treated
with 1 mg/ml of RG for 48 h or RPMI 1640 alone as a control.
Subsequently, the cells were exposed to 0.5 mM H2O2 for 2 h.
Protein was isolated from whole-cell lysates with the previously
described RIPA buffer and 30 μg of protein was subjected to
Western blot on 10% SDS-PAGE gel using ERβ antibody.

2.12. Statistical analysis

Data was analyzed by analysis of variance (ANOVA) followed by
Dunett's t-test for comparisons between groups. Significance was
accepted when Po0.05 (*Po0.05; **Po0.01; ***Po0.001). Data
is expressed as median7standard deviation for three to five
independent experiments.
3. Results

3.1. Effect of RG on gene expression in the IMO-stressed brains of
mice

As a preliminary in vivo study, we determined the RG dose
effective for anti-IMO stress using MPO activity as an indicator.
When RG (5, 25, and 100 mg/kg) was orally administered for
1 week followed by IMO-stress, administration of RG inhibited
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MPO activity dose-dependently (60%, 40% and 30% of the IMO
stressed control, respectively). Thus 100 mg/kg of RG was the most
effective dose for repression of MPO activity (data not shown).
Moreover, oral administration of RG extract 2000 mg/kg/day
(approximately 200 times clinical doses) to mice for 2 weeks
before mating to gestational day 18 did not show any considerable
developmental toxicities such as abnormal fetal body weights,
dysfunctional embryonic implantation or increased mortality
(Shin et al., 2010). Therefore the dose we used is considered safe
in our experiments.

Since IMO stress induced oxidative stress and leads to oxidative
injury (Oishi et al., 1999), the IMO stress condition was optimized
by determination of MDA levels in the IMO stressed brain. The
MDA level was increased to 9-fold as compared to the non-
stressed control after exposure to IMO stress for 30 min and 1
(data not shown). To determine the effect of RG on gene expres-
sion in the IMO-stressed brains of mice, microarray analyses were
performed. Changes in gene expression between the normal group
and the IMO stressed group were compared using a statistical
criteria of ≥2-fold. Microarray analysis results showed that 104
Fig. 1. Induction of PADI4 by stresses and reversion of the PADI4 induction by RG in vivo
then exposed to IMO stress for 45 min. (B) SK-N-SH cells were treated with various chem
by real-time PCR (A, B). Data was normalized to β-actin. (C, D) 2�105 SK-N-SH (C) or 2
48 h (cells in RPMI 1640 media alone were used as a control). After treatment with 0.5 m
analyzed by Western blot analysis. (E, F) Quantification of 2 independent experimental re
independently, and representative data from 2 experiments was shown. *Po0.05 versu
genes including Apg31 (Atg3 autophagy-related 3), Slc4a1 (solute
carrier family 4 anion exchanger member), PADI4 (peptidyl argi-
nine deiminase type IV), and Rapgef5 (Rap guanine nucleotide
exchange factor 5) were up-regulated more than 2 fold by IMO
stress compared to the normal group. Of those genes, PADI4 was
induced significantly higher by IMO stress than the normal group.
However, these gene expressions were decreased by the RG pre-
treatment (Supplementary Fig. S1B, Supplementary Table S2).

3.2. Repression of PADI4 by RG

To confirm microarray data, real-time quantitative PCR was
performed. IMO stress induced the PADI4 gene significantly (72.5-
fold), but the RG pre-pretreatment repressed it to the normal level
(Fig. 1A) demonstrating that PADI4 was induced by IMO stress but
was reversed by the RG pretreatment.

To confirm the anti-stress effect of RG further in vitro, cells
were pre-treated with RG dose-dependently for 2 h and then
exposed to H2O2 followed by determination of cell viability with
MTT assay. Previously, various concentrations of RG on SK-N-SH
and in vitro. (A) Specified RG dose per mouse was administered orally for 7 days and
icals as described in the Methods. Gene expression levels of PADI4 were measured
�106 mouse peritoneal macrophage cells (D) were treated with 1 mg/mL of RG for
M H2O2 for 1 or 2 h, cells were washed with PBS and lysed. Then cell lysates were
sults from (C) and (D), respectively, was shown. Experiments were performed twice
s RG-treated, by ANOVA.
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neuronal cells were determined to test whether a certain concen-
tration would affect cell viability (Kim et al., 2010). Incubation of
various concentrations of RG with SK-N-SH cells for 24 h revealed
that cell viability was not affected by o1 mg/mL of RG, but was
decreased by 45 mg/mL of RG (Kim et al., 2010). The highest anti-
stress effect of RG was shown at 1 mg/ml of RG compared to non
RG-treated cells. Moreover, pre-treatment of cells with 1 mg/ml of
RG for 48 h showed the highest repression of PADI4 expression as
well as the highest viability of the cells (data not shown). There-
fore, hereafter, cells were treated with RG for 48 h.

To further identify that PADI4 is induced by stresses in brain
cells, the PADI4 gene expression was determined after several
stresses. Human neuroblastoma SK-N-SH cells were treated with
oxidative stressors H2O2 and acrylamide, or an endoplasmic
reticulum stressor tunicamycin, and expression of PADI4 was
determined by quantitative PCR. PADI4 expression was induced
time-dependently by H2O2, acrylamide, and tunicamycin, whereas
the induction of PADI4 was inhibited significantly by the RG pre-
treatment compared to the non-RG pretreated control (Fig. 1B)
demonstrating that PADI4 could serve as a stress marker and the
RG pretreatment can repress stress-induced PADI4.
Fig. 2. Decrease of cell death by RG in vivo. (A) Mice were administered 100 mg/kg of
Representative data from 3 mice samples are shown. Apoptotic cells were counted in ran
of RG for 1 week twice a day and then IMO stressed for 45 min. The protein was isolate
were used for these experiments. Experiments were performed twice independently,
2 independent experimental results from (A) and (B), respectively, was shown. Control, n
two-way ANOVA.
To corroborate PADI4 induction by oxidative stress at the
protein level, cells were exposed to H2O2 for 1 or 2 h, and PADI4
level was determined by Western blot. After exposure to H2O2,
PADI4 level was significantly induced in both SK-N-SH cancer cells
and primary peritoneal macrophages (Fig. 1C–F). However, pre-
treatment with RG, PADI4 level was significantly inhibited in both
SK-N-SH and primary macrophage cells (Fig. 1C–F), demonstrating
that PADI4 is induced by oxidative stress in both cancer and
normal cells, but RG represses PADI4 induction after exposure to
stresses.
3.3. Comparative analysis of networks

To further investigate which pathway was affected in the brain
by either IMO stress or RG treatment, the expression levels of each
gene were analyzed by Ingenuity Pathway Analysis. Interestingly,
when genes were compared between (1) normal control versus
IMO stress, (2) normal control versus RG+IMO stress, (3) IMO
stress versus RG+IMO stress, the highest significance was found in
the cell death category (score 45, Po0.001) within the group
RG for 1 week twice a day and the brains of mice were subject to TUNEL assay.
domly chosen x40 histological fields. (B) Mice were administered 50 and 100 mg/kg
d from the brains of mice and then subjected to Western blot. Five mice per group
and representative data from 2 experiments were shown. (C, D) Quantification of
ormal, and non-stressed control. *Po0.05, **Po0.01, ***Po0.001 versus control by
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comparing the normal control versus RG+IMO stress (data not
shown).

Network 1. Up-regulation of immune response-induced genes by
IMO stress (Normal vs. IMO stress group)—When pathway and
network analysis was performed between the normal and the
IMO stressed mice, it revealed a number of gene interactions in the
brains of IMO stressed mice. Network analysis demonstrated that a
red color depicts an increase of gene expression and a green color
signifies a decrease of gene expression. Interestingly, TNF (tumor-
necrosis factor), SMAD7, and HNF1A were found at the center of
this network, and they comprised functional genes involved in
immune and lymphatic system development and function, endo-
crine system disorders, and cell death (Supplementary Fig. S2A).
Six genes including NFIX (Nuclear Factor I transcription factor),
BST2 (interferon-induced cellular protein), TST (thiosulfate sulfur-
transferase), HMGN3 (high mobility group nucleosomal binding
domain 3), and RAPGEF5 (Rap guanine nucleotide exchange factor
[GEF] 5) were up-regulated. NFIX genes were involved in cell
growth and their activities were regulated by interleukin (IL).

Network 2. Up-regulation of cell death associated genes in the
IMO stressed mice (Normal vs. RG+IMO stress group)—When the
gene expressions of the RG pretreated group were compared with
Fig. 3. Anti-inflammatory effect of RG in IMO stress. (A) After IMO, mice brain homogen
by IMO stress for 30 min. Mice brain homogenates were used for TNF-α ELISA assay. (C)
The Cox-2 expression was determined by qPCR. (D) After administration of the specified
samples were homogenized and used for determination of malondialdehyde (MDA) con
representative of three independent experiments. Control, normal, and non-stressed co
those of the normal group, the RG pre-administration up-regu-
lated 14 genes (HOXA5, LGALS3BP, ITGB3BP, TGS1, DDB2, TFA2P2B,
CITED2, CDKN1A, TP53INP1, CUGBP1, RAB7A, ZNF148, NCOA6, and
SYT12) compared to those of the normal group, whereas it down-
regulated 16 genes (RBM14, MEIS2, PBX1, SERPINH1, KLF6, BCCIP,
NEUROD1, RSU1, RGM39, PCMT1, CREBBP, MED1, TCF7L2, FHIT,
HNRNPA2B1, and SERCA). These results suggest that genes
involved in cell death (HOXA5, LGALS3BP, ITGB3BP) were up-
regulated by RG+IMO stress compared to the network 1 although
it is not clear whether this change is due to RG pretreatment or
IMO stress (Supplementary Fig. S2B). Therefore, network analysis
was performed between IMO stress and RG+IMO stressed mice
(network 3).

Network 3. Upregulation of caspase-9 gene by RG pretreatment
(IMO vs. RG+IMO stress group)—When the gene expressions
regarding the RG pretreated and IMO stressed group were com-
pared with those of the IMO stressed group, Hsp90, Hsp70, HspA8,
caspase, Casp9, JNK, and Akt were found at the center of the
network (Supplementary Fig. S2C). The RG pretreatment up-
regulated 5 genes including Caspase, CASP9, ITGB3BP, HBB, and
DCX, which were involved in apoptosis, adhesion, hemoglobin β
chain, as well as neuronal migration and differentiation. In
ates were used for TNF-α ELISA assay. (B) RG was administered for 1 week followed
RG 100 mg/Kg was administered for 1 week and followed by IMO stress for 45 min.
RG dose per mouse for 1 week, mice were IMO stressed for 45 min, and the brain

centration. Five mice per group were used for these experiments. These figures are
ntrol. *Po0.05, **Po0.01 versus control by two-way ANOVA.



Fig. 4. Repression of ERβ by stress is reversed by RG. (A) Mice were administered
50 or 100 mg/kg of RG for 1 week, and IMO stressed for 45 min or 1 h.
Subsequently, the ERβ level in the brain was determined by Western blot. (B, C)
SK-N-SH cells were non-treated (B), or transfected with siPADI4 (C). Cells were
further treated with 1 mg/ml of RG for 48 h or RPMI 1640 media alone. Subse-
quently, cells were exposed to 0.5 mM H2O2 for the time specified (B) or for 2 h (C),
and lysed. Lysates were analyzed by Western blot analysis. This figure is repre-
sentative of two independent experiments.
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contrast, RG pre-treatment down-regulated 23 genes including
CD200, RETNLB, HspA5, HBD, Hsp70, and EIF4G2 (Supplementary
Fig. S2C), which function in immune evasion, inflammatory
response, and adhesion. Interestingly, caspase-9 induction by RG
treatment did not increase caspase-3 expression, a downstream
effector of caspase-9.

3.4. Inhibition of cell death by RG in vivo

Since IMO stress could induce cell death (Lee et al., 2006),
nuclear changes in the brain after IMO stress was detected by TdT-
mediated dUTP nick end labeling (TUNEL) assay. Positive staining
of the TUNEL reaction was faintly detected in the nuclei of the
control. After IMO stress, large numbers of positive staining in the
neurons were localized in their cell bodies (Fig. 2A and C).
However, the RG pre-treatment decreased the number of the
staining to the non-stressed control (Fig. 2A and C) indicating that
IMO stress produced a high level of cell death but the RG pre-
treatment decreased the number of apoptotic bodies.

To corroborate that IMO stress could induce cell death in brain
cells, expression of the pro-apoptosis gene, caspase-3, and the
anti-apoptosis gene, bcl-2, was determined by Western blot
analysis. Mice were divided into control, IMO stress, RG 50 mg
+IMO, and RG 100 mg+IMO groups. Although caspase-3 expres-
sion was not changed significantly by IMO stress nor by RG pre-
treatment (data not shown), bcl-2 expression in the IMO stressed
group was decreased to 50% of the control group, whereas bcl-2
expression in RG 50 and 100 mg pre-administration was increased
to 250% and 350%, respectively, for the IMO stress group (Fig. 2B
and D). Consistently, in the oxidative-stressed condition in vitro,
the active p-53 level was increased but pretreatment with RG
suppresses p-53 induction (Fig. 1C and E). These results demon-
strate that RG exhibits anti-apoptotic activity.

3.5. Anti-inflammatory effect of RG in IMO stress

Network analysis between the normal versus the IMO stress
group showed up-regulation of immune response-induced genes
by IMO stress, and TNF-α was found at the center of the network.
Therefore, the TNF-α level was determined after IMO stress. IMO
stress induced TNF-α significantly (Fig. 3A). In addition, RG pre-
administration inhibited slightly the induction of TNF-α after IMO
stress (Fig. 3B).

Since TNF-α induces ROS and other pro-inflammatory mediators,
the anti-inflammatory effect of RG was determined by real time PCR
using Cox-2 as an inflammatory marker (Clark et al., 2010). Results
showed that IMO stress increased the Cox-2 expression significantly
(152-fold higher) compared to that of the non-stressed control,
whereas RG pre-administration depressed this induction near to
the non-stressed control level (Fig. 3C) demonstrating that RG has
significant anti-inflammatory activity in vivo.

To corroborate the anti-oxidative effect of RG, MDA levels were
determined. Consistently, the MDA level was also significantly
increased in IMO stressed mice whereas, it was decreased by the
RG pretreatment dose-dependently, and administration of RG
100 mg/kg significantly inhibited the increase of MDA to the
normal level (Fig. 3D).

3.6. Repression of ERβ by oxidative stress

To further elucidate the action mechanism of ginseng on the
brain, mice were IMO stressed and the ER activation was deter-
mined by Western blot. IMO stress inhibited ERβ expression after
IMO stress for 1 h but 100 mg/kg of the RG administration
reversed the ERβ repression (Fig. 4A). However, IMO stress did
not affect the ERα level, and the RG pre-treatment also did not
affect the ERα level (data not shown). Consistently, H2O2 stressed
SK-N-SH cells showed a decrease of ERβ expression but the RG pre-
treatment increased ERβ expression (Fig. 4B) demonstrating that
ERβ is required for anti-stress activity in the brain and RG helps to
induce ERβ expression.

To confirm the effect of RG on the ERβ expression of brain cells,
siPADI4 RNA was used. In oxidative stress conditions, siPADI4 did
not decrease ERβ levels significantly regardless of RG treatment
compared to the mock experiment group (Fig. 4C) suggesting that
PADI4 would not play a major role for regulation of the ERβ
expression. These results demonstrate that oxidative stress sup-
pressed the ERβ expression, and RG can reverse this repression.

3.7. ERβ prevents apoptosis in oxidative stress

To further investigate the regulation of ERβ and PADI4 expres-
sion in brain cells, cells were transfected with siERβ. Subsequently,
cells were treated with RG, and exposed to H2O2 followed by
determination of expressions regarding PADI4 and other apoptosis
related genes by Western blot. In our previous experiments, we
examined whether RG could protect the SK-N-SH cells from
oxidative stress after treatment with H2O2. SK-N-SH cells were
treated with 0.5 mM H2O2 for 0, 1, 2, and 4 h and viability of the
cells was checked. The results (data not shown) indicated that RG
protected the cells from oxidative stress after 2 and 4 h treatment
with H2O2.

In general, p-JNK and p-P53 were detected within 30 min after
1 mM H2O2 treatment in human SH-SY5Y neuroblastoma cells
(Ruffels et al., 2004), whereas p-JNK was induced by 0.4 mM H2O2
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treatment for 1 h in the SH-SY5Y (Kwon et al., 2011) and PC12
neuronal cells (Li et al., 2011). Moreover, when p-JNK level was
examined in SK-N-BE(2)-C cells after treatment with 0.25 mM
H2O2, p-JNK level was induced at 15 min incubation but induced
more significantly higher after 1 h. And p-JNK at 2 h incubation
showed almost the same level as that of the 15 min incubation
(Choi et al., 2009). These results demonstrate that induction of
p-JNK depends on the H2O2 concentration and specific cell types.
Therefore, in this study, the SK-N-SH cells were treated with
0.5 mM H2O2 for 2 h, which was the optimum for detection of
apoptosis related proteins (such as Bcl-2, p-JNK, p-p53 etc.)
expression. In the non-RG treated condition, siERβ increased the
PADI4 level but decreased the pJNK level compared to the mock-
transfected control indicating that ERβ depressed PADI4 expres-
sion but activates the JNK signaling pathway. However, RG treat-
ment reversed PADI4 induction and pJNK repression by siERβ
(Fig. 5A and B). Although, siERβ did not significantly affect the gene
expressions in p53, p-p53, and JNK compared to the mock
transfection regardless of RG treatment, siERβ increased the
cleavage of caspase-3 to 185.7% and decreased Bcl-2 by 17.7%
compared to the mock transfection in RG treated groups (Fig. 5A
and B), suggesting that the ERβ expression could inhibit apoptosis,
whereas PADI4 activates apoptosis. Consistently, RG treatment
alone without oxidative stress showed higher PADI4 expression
than the non-RG treated control (Fig. 5A and B).

To further corroborate the induction of PADI4 by ERβ siRNA and
ERβ induction by RG, SK-N-SH cells were transiently transfected
with ERβ expression plasmid and expressions of PADI4 and
apoptosis genes were analyzed by Western blot. Consistently,
PADI4 expression was inhibited by transfection with ERβ com-
pared with the mutant ERβ-transfection in RG treated experiments
(Fig. 5C) demonstrating that RG inhibits PADI4 expression via ERβ
regulation. Although the tumor suppressor p53 level in the ERβ
transfected RG-treated group was not significantly different from
the mutant ERβ transfected RG-treated control, activated-p53,
caspase-3, and pJNK were decreased by the ERβ transfected
RG-treated group compared with the mutant ERβ transfected
RG-treated control (Fig. 5C and D). Interestingly, Bcl-2, an anti-
apoptotic factor, was not increased by ERβ-transfection compared
to the mutant transfection (Fig. 5C). These results indicate that RG
inhibits apoptosis through repression of p53, caspase-3, and JNK
activation.

3.8. Repression of cell death via PADI4 by RG

Since the RG pretreatment suppressed PADI4 induction and
reduced apoptosis upon exposure to IMO and other stresses, the
repression of cell death could be due to the repression of PADI4 by
RG. Moreover, PADI4 expression increased apoptosis in both
rheumatoid arthritis (Hung et al., 2007) and cancer cells
(Tanikawa et al., 2009), and p53 is a target of PADI4 (Tanikawa
et al., 2009). Therefore, PADI4 induction could lead to p53 expres-
sion. To verify this possibility, the expression of active p53 (p-p53)
was determined. Results showed that p-p53 was increased 30%
and 50%, respectively, after exposure to H2O2 for 1 and 2 h
compared to the non-stressed control (data not shown). In con-
trast, the RG pretreatment inhibited expression of p-p53 to less
than 50% of the non-RG treated control (data not shown) indicat-
ing that oxidative stress induces p53 activation, but RG inhibited
p53 activation after exposure to stresses.

TNF-α and ROS activate JNK (c-Jun N-terminal kinases), and JNK
activates further p53 as well as other apoptotic factors (Circu and
Aw, 2010). Therefore, to further investigate how RG affects cell
death after PADI4 induction, SK-N-SH cells were transfected with
siPADI4 prior to H2O2 stress, and expressions of apoptosis-
associated genes and JNK activation were determined by Western
blot. As a control, siPADI4 abrogated the PADI4 expression
(Fig. 8A). Interestingly, in the non-stress condition, the RG pre-
treatment probably increased expressions of caspase-3, p53, and
total JNK compared to the non-RG control (Fig. 6A) as a result of
the overgrowth of the cells by the RG pretreatment and the
subsequent overcrowding of stressful conditions. In the oxidative
stress condition, siPADI4 inhibited expressions of p-JNK compared
to the mock group, but increased Bcl-2 (Fig. 6A and B). These
results indicate that oxidative stress induces PADI4, which subse-
quently activates p-JNK and down-regulates Bcl-2 leading to
apoptosis. However, RG represses PADI4 induction and prevents
apoptosis. Also, these results suggest that PADI4 might be an
upstream regulator for caspase-3.
4. Discussion and conclusion

Clinically, stress is closely linked to various diseases via activa-
tion of the hypothalamus–pituitary–adrenal (HPA) axis (Reyes
et al., 2003). Brain is the target of stress and stress hormones
including glucocorticoids (Conrad and Bimonte-Nelson, 2010).
Psycho-emotional stress induces the production of glucocorticoids,
which subsequently promotes synthesis of adrenaline (Wong et al.,
2008). Furthermore, excessive corticosterone release results in
injury of several brain regions including the hippocampus (Patel
et al., 2002).

In contrast, oxidative stress such as free radicals has been
implicated as a major pathological mechanism of the brain
disorders such as Alzheimer's disease, brain trauma, and Parkin-
son's disease (Basso et al., 2004). Since brain contains relatively
large amount of iron and lipid content of myelin sheaths as well as
high rate of oxidative metabolism and limited antioxidant capacity
than the other organs, it is highly vulnerable to oxidative damage
(Floyd, 1999; Herbert et al., 1994). In the brain, stress stimulates
secretion of glucocorticoids, which augment the extracellular
accumulation of glutamate in the hippocampus. Since glutamate
can induce neuronal excitotoxicity and leads to TNFα release, this
sequence results in translocation of NF-κB to neuronal nuclei and
activation of the induction of iNOS and COX2, which are the two
major enzymes responsible for the neurological damage. Subse-
quent generation of free radicals impairs DNA, oxidizes protein
and lipid, and finally results in neural degeneration and cell death
(Madrigal et al., 2006). Therefore, antioxidant agents comprising
natural products have been developed as potential candidates for
various degenerative disorders in the brain (Ghosh et al., 2011).

Estrogen including estradiol exerts a profound effect on brain
function, and these effects are mainly mediated by ERα but not ERβ
(Hewitt and Korach, 2003; Nogawa et al., 1998). However, most of
the works on ERβ have been focused on brain function and
behavior (Handa et al., 2012) except the ERβ expression is down-
regulated by hypernatremia stress in the supraoptic nucleus
within the brain (Jensen et al., 2010). Therefore, how ERβ is
affected by stresses in the brain remains unknown. In this study,
our results demonstrate that ERβ represses the PADI4 expression
to antagonize stress in the brain.

Systems biology analyses demonstrated that IMO stress up-
regulates the immune response associated genes in the brains of
mice including TNF-α compared to the normal (network 1).
Induction of immune-response associated genes could result in a
disruption of homeostasis and eventually lead to a disease state.
Indeed, IMO stress also induced cell death associated genes such
as HOXA5 (apoptosis), LGALS3BP (cell death), and ITGB3BP (killing
and adhesion), which demonstrated significantly higher induction
than other genes. Therefore, it is highly likely that the induction of
immune-response associated genes could lead to cell damage.



Fig. 5. Repression of apoptosis by ERβ. (A) SK-N-SH cells were transfected with siERβ, and subsequently further treated with 1 mg/ml of RG for 48 h or RPMI 1640 media
alone. Then, cells were exposed to 0.5 mM H2O2 for 2 h, followed by lysis and Western blot analysis. Black bars were non-RG treated cells and gray bars were RG treated cells.
Experiments were performed twice independently, and representative data from 2 experiments were shown. (B) Quantification of 2 independent experimental results from
(A) was shown. (C) SK-N-SH cells were transiently transfected with ERβ expression plasmid. Subsequently, cells were treated with 1 mg/ml of RG for 48 h, and cell lysates
were used for Western blot. The data are representative of at least 3 independent experiments. *Po0.05 versus RG-treated, by ANOVA.
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Recently, increasing data suggest that there is an interaction
between IMO stress and oxidative stress, and IMO stress was
demonstrated to increase oxidative stress comprising MPO activ-
ity, lipid oxidation as well as other oxidative markers but not in a
reverse way. In the chronic cold plus IMO stressed rat brain,
oxidative stress parameters such as malondialdehyde (MDA),
diene conjugate, and protein carbonyl levels were significantly
increased compared with the non-stressed control (Kalaz et al.,
2012). Also in the mice liver, long-term IMO resulted in significant
increase of the oxidative stress markers such as a significant
increase of MDA, an indicator of lipid peroxidation, as well as a
significant reduction in catalase activity, which can indirectly
indicate a high level of ROS, and subsequently cause substantial
damage of intracellular macromolecules (Maksymchuk and
Chashchyn, 2012). Consistently, the activities of glutathione per-
oxidase, superoxide dismutase, and the levels of lipid peroxidation
were significantly increased with significant decrease of
glutathione levels in the brain after IMO stressed groups (Ahmad
et al., 2012).

Stress in the brain induces inflammatory responses and ends
up with the release of inflammatory cytokines and the activation
of neutrophils, and triggers oxidation of biomolecules and the
severity of the disease. Thus, brain inflammation can contribute to
cell damage (García-Bueno et al., 2008). Moreover, IMO stress
increases the inducible isoform of NO synthase expression in rat
brains, and its inhibition protects against stress-induced cell
damage (Nogawa et al., 1998). Therefore, IMO stress could increase
inflammatory responses through the induction of leukocytes in
the brain, leading to tissue damages. In this study, RG treatment
decreases MDA level compared to the IMO control group (Fig. 3D)
suggesting that RG decreases damage to the brain by inhibiting
lipid peroxidation, which is induced by IMO stress.

ERα and ERβ are usually tightly interrelated in the estradiol-
dependent control for a particular brain function although



Fig. 6. Reversal of PADI4 induced gene expressions by RG. (A, B) Cells transfected with siPADI4 were treated with 1 mg/ml RG for 48 h, and exposed to 0.5 mM H2O2 for 2 h.
Subsequently, cells were lysed, and then cell lysates were used for Western blot analysis (A). Quantification of 2 independent experimental results from (A) was shown (B).
*Po0.05 versus RG-treated, by ANOVA.
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Fig. 7. Activation of ERβ by RG inhibits apoptosis in an oxidatively stressed brain.
Oxidative stress inhibited ERβ, which is required for the activation of PADI4. PADI4
activation induces JNK phosphorylation and activates apoptosis related genes. RG
induces ERβ but represses PADI4 thereby inhibiting apoptosis in the brain.
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reproduction is feedback principally controlled by estradiol
through an ERα-dependent manner, and an important modulation
by ERβ is also present (Handa et al., 2012). Moreover, ERα and ERβ
could be synergistic or antagonistic within a particular neural
network, i.e., ERα enhances anxiety-like and aggressive behaviors,
whereas ERβ suppresses them (Handa et al., 2012). Here, we found
that the ERα expression in vitrowas not affected by oxidative stress
nor by RG treatment, thus ERα would not play a major role in
oxidative stress in the brain. However, it does not rule out the
interaction between ERα and ERβ. Further works on the interaction
between ERα and ERβ in the brain warrant the underlying
mechanism.

In eukaryotic cells, transcription is regulated by posttransla-
tional histone modifications, such as acetylation, citrullination,
methylation, phosphorylation, and ubiquitination. For example,
histone Arg methylation is catalyzed by protein arginine methyl-
transferases (Bedford and Clarke, 2009), whereas PADI4 mediates
histone Arg demethylation at a p21 promoter region (Li et al.,
2008), which subsequently converts monomethyl-Arg to citrulline
through demethylimination (Wang et al., 2004). Thus, PADI4
represses the expression of genes activated by estrogen and
retinoic acid receptors (Wang et al., 2004), and serves as a p53
corepressor and represses the expression of p53 target genes p21/
WAF1/CIP1 promoter (Li et al., 2008). Therefore, overexpression of
PADI4 induces apoptosis mainly through cell cycle arrest in the G1
phase and a mitochondria-mediated pathway, suggesting an
important role for PADI4 in immune cell differentiation and cell
death. However, most of the PADI4 studies were concentrated on
rheumatoid arthritis (RA), which is one of the most common
chronic inflammatory syndromes [see review; (Anzilotti et al.,
2010)]. Hence, PADI4 induction by a variety of oxidative stresses
comprising IMO stress suggests that PADI4 could be a feasible
marker for the oxidative stress response.

When gene expressions in a mouse's adrenal cortex were
examined by microarray analysis after repeated IMO stress for
5 days, 168 genes were modulated by IMO stress (Kim and Lee,
2011). Although these 168 genes modulated by IMO were not the
same as the genes we found in this experiment, the functions
modulated by ginseng (apoptosis, cell cycle, immune response,
inflammatory responses, and signal transduction) are similar to
our results (nervous system development and function, cell death
and immune response). These differences might be ascribed to
IMO stress time (o1 h versus consecutive 5 days) and/or different
organs (adrenal cortex versus whole brain) used for microarray.

Collectively, oxidative stress inhibits ERβ and subsequently
induces PADI4, which could result in the activation of downstream
inflammation related genes and pro-apoptotic factors comprising
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p53, caspase-3, and JNK. Since IMO and other stresses induce
PADI4, PADI4 could be a stress marker. In contrast, RG suppressed
the PADI4 expression via ERβ up-regulation, thus reversing the
stress induced gene expression and subsequently inhibiting apop-
tosis by repressing p53, caspase-3 and JNK activation and by
inducing Bcl-2 (Fig. 7).
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