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Background: Ginsenosides are the main ingredients of Korean Red Ginseng. They have extensively been
studied for their beneficial value in neurodegenerative diseases such as Parkinson’s disease (PD). However,
the multitarget effects of Korean Red Ginseng extract (KRGE) with various components are unclear.
Methods: We investigated themultitarget activities of KRGE onneurological dysfunction and neurotoxicity
in a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)einduced mouse model of PD. KRGE (37.5 mg/
kg/day, 75 mg/kg/day, or 150 mg/kg/day, per os (p.o.)) was given daily before or after MPTP intoxication.
Results: Pretreatment with 150 mg/kg/day KRGE produced the greatest positive effect on motor
dysfunction as assessed using rotarod, pole, and nesting tests, and on the survival rate. KRGE displayed a
wide therapeutic time window. These effects were related to reductions in the loss of tyrosine hy-
droxylaseeimmunoreactive dopaminergic neurons, apoptosis, microglial activation, and activation of
inflammatory factors in the substantia nigra pars compacta and/or striatum after MPTP intoxication. In
addition, pretreatment with KRGE activated the nuclear factor erythroid 2erelated factor 2 pathways and
inhibited phosphorylation of the mitogen-activated protein kinases and nuclear factor-kappa B signaling
pathways, as well as blocked the alteration of bloodebrain barrier integrity.
Conclusion: These results suggest that KRGE may effectively reduce MPTP-induced neurotoxicity with a
wide therapeutic time window through multitarget effects including antiapoptosis, antiinflammation,
antioxidant, and maintenance of bloodebrain barrier integrity. KRGE has potential as a multitarget drug
or functional food for safe preventive and therapeutic strategies for PD.
� 2018 The Korean Society of Ginseng, Published by Elsevier Korea LLC. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Parkinson’s disease (PD) is the second most common
neurodegenerative disorder. The main symptoms of PD are motor
dysfunctions including bradykinesia, tremor, and muscular
rigidity and nonmotor-related disorders including genitourinary
problems, emotional changes, and cognitive problems [1e3].
Neuropathological hallmarks of PD are serious loss of dopaminergic
neurons in the substantia nigra pars compacta (SNpc) of the
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midbrain and accumulation of a-synuclein aggregates into Lewy
bodies and Lewy neuritis [4,5]. The loss of dopaminergic neurons is
implicated in various other pathogenic mechanisms, including
neuroinflammation, glutamate excitotoxicity, oxidative stress,
mitochondrial dysfunction, and protein aggregation. The mecha-
nisms share overlapping and complicated features [1e5]. Although
most PD therapies, including levodopa, provide only symptomatic
relief in reducing themotor symptoms, patients receiving long-term
levodopa therapy must contend with side effects including
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levodopa-induced dyskinesias and response oscillations [6]. There-
fore, development of efficient and safe therapeutic approaches that
delay the onset or forestall the progression of PD is critical.

So far, most neuroprotection trials have produced unmet (not
satisfied) results in PD when they have targeted only one of the
multifactorial pathways that engaged in regulating synaptic function
and neuronal survival [7]. On the other hand, the recent advances in
medical biology including neuropharmacology have been respon-
sible for new insights into the multifactorial and highly complex
pathological hallmarks of various neurodegenerative disorders [7e
10]. The development of multitargeted drugs to prevent and cure
PD might be a new paradigm in the discovery and design for safe,
effective, and innovative drugs. Although accumulating reports has
beenemphasizedoncharacterizingand identifyingpotentiallyactive
natural materialederived pharmaceutical components to congruent
this unmet demand [11], no approved PD-protective medicines are
currently available [12]. Natural products remain an enormous un-
tapped resource for the incessant development and discovery of
therapeutic approaches for a wide range of disease conditions [13].

Panax (P.) ginseng Meyer, a perennial herb of the family Aral-
iaceae, has been widely used as an adaptogen, particularly in the
countries of East Asia for millennia. Themajor active constituents of
P. ginseng are ginsenosides, which are derivatives of triterpenoid
dammarane [14,15].More than 100 ginsenosides have been isolated.
The most frequently studied ones in PD are ginsenoside Rb1, Rd,
and Rg1 [14,15]. In vitro, ginsenosides Rb1 and Rg1 have protective
effects on mesencephalic dopaminergic cells stressed with gluta-
mate [16]. Ginsenoside Rd mitigates neuroinflammation of dopa-
minergic cells that was evoked by lipopolysaccharide exposure by
inhibiting inducible nitric oxide (iNOS) and cyclooxygenase (COX)-2
expressions [17]. Ginsenoside Rg1 mitigates dopamine-induced
apoptosis in PC12 cells by reducing oxidative stress [18]. In vivo,
Rg1haspositive effects ondopaminergicneurons in the1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)e and lipopolysaccha-
ride-induced rodent models of PD through antiapoptosis [19] and
antiinflammation [20]. Each ginsenoside has different pharmaco-
logical effects in vivo and in vitromodels of PD, which depend on the
diversity of the sugar components and the number and position of
the sugar moieties [14,21,22]. Korean Red Ginseng extract (KRGE)
protected dopaminergic neurons by suppressing the cleavage of p35
to p25 [23] or by alleviating protein expression profiles related to
enhancing energy metabolism in the brain of MPTP-treated mice
[24].However, theneuroprotective activities of ginsengextract in PD
remain unclear. The purpose of the present study is to evaluate the
multitarget effects of KRGE in a MPTP-induced mouse model of PD.

2. Materials and methods

2.1. Animals and ethical statement

Adult male C57BL/6J mice (Narabiotec Co., Ltd., Seoul, Korea, 7e9
weeks old, 22e24 g) were housed at a constant temperature of
23 � 2�C with a 12-h lightedark cycle (lights on from 07:00 to
19:00) and were provided with food and water ad libitum. All
experimental procedures were reviewed and approved by the
Institutional Animal Care and Use Committee of Kyung Hee Univer-
sity. In this process, proper randomization of laboratory animals and
data handling were performed in a blinded manner in accordance
with recent recommendations from an National Institutes of Health
(NIH) workshop on preclinical models of neurological diseases [25].

2.2. Preparation of KRGE

KRGE (Korea Ginseng Corporation, Daejeon, Korea) was pre-
pared, as previously described [26,27], from the roots of 6-year-old
fresh P. ginseng Meyer. KRGE contained major ginsenosides Rb1
(7.44 mg/g), Rb2 (2.59 mg/g), Rc (3.04 mg/g), Rd (0.91 mg/g), Re
(1.86 mg/g), Rf (1.24 mg/g), Rg1 (1.79 mg/g), Rg2s (1.24 mg/g), Rg3s
(1.39 mg/g), and Rh1 (1.01 mg/g) and other minor ginsenosides, as
determined by high-performance liquid chromatography.

2.3. Experimental groups

First, to confirm the most effective dose and mechanism of
administration of KRGE for pretreatment, mice were randomly
divided into sham, MPTP, MPTP þ KRGE pretreatment (35.7 mg/kg,
75 mg/kg, and 150 mg/kg), and KRGE groups (n ¼ 5e15 per group).
Second, to investigate the therapeutic time window of KRGE use,
mice were randomly divided into sham, MPTP, MPTP þ KRGE
treatment pre-, onset-, progression-, and peak-treatment, and
KRGE groups (n ¼ 5 per group).

2.4. Treatment with MPTP and KRGE

For MPTP intoxication, mice received four intraperitoneal in-
jection of MPTP-HCl (20 mg/kg body weight; Sigma-Aldrich, St.
Louis, MO, USA) dissolved in phosphate-buffered saline at
2 h intervals in accordance with published guidelines [28]. KRGE
was dissolved in physiological saline and treated orally at doses of
37.5 mg/kg, 75 mg/kg, or 150 mg/kg once daily from 1 h before the
first MPTP intoxication. In addition, mice were treated with
150 mg/kg KRGE (the most effective dose) once daily from
1 h before the first MPTP intoxication and at 24, 72, or 120 h after
the last MPTP intoxication. Each experiment was repeated >three
times using the same protocol. The total daily dose of KRGE given to
mice was determined after considering body weight, metabolic
rate, and traditional dose given to humans [26,27].

2.5. Behavioral assessments

Forelimb and hindlimb motor performance and balance were
measured by the pole and rotarod tests. Briefly, mice (n ¼ 5e10 per
group) were placed head down near the top of a rough-surfaced
wooden pole (40 mm in diameter and 50 cm in height). The time
taken to reach the bottom of the pole was measured. One hour after
the pole test, the mice were placed on a rotating cylinder (4 cm in
diameter) with a coarse surface for firm grip and tested for three
trials with an accelerating speed of 16 rpm/s. A cut-off time of
5 min and an intertrial interval of 15 minwere used. Latency on the
rod before falling was measured. The utility of nest-building
behavior was measured as an indicator of health and welfare in
mice. Briefly, to test the individual nest-building behavior, mice
were individually housed in cages containing wood chip bedding
and one square of pressed cotton (Nestlets; Ancare Corp., Bellmore,
NY, USA). The following morning, the manipulation of the Nestlet
and the constitution of the built nest were assessed manually ac-
cording to a five-point scale: 0, no nest (>90% intact); 1, flat nest
(50e90% remaining intact); 2, nest covering the mouse (<50% re-
mains intact); 4, an identifiable but flat nest (using >90% of Nest-
let); 5, perfect nest [29]. The behavioral tests were accomplished by
an experimenter who was unaware of the experimental conditions
and were done under constant temperature (23 � 3�C) and hu-
midity (55 � 4%) in a quiet room, 1, 3, and 7 days after the final
MPTP intoxication.

2.6. Histological evaluation

Seven days after the last MPTP intoxication, the brains (n¼ 5 per
group) for histological evaluation were prepared as described
previously [26,27]. Sequential coronal sections (30 mm in thickness)
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were acquired on a model CM3050S freezing microtome (Leica
Biosystems, Wetzlar, Germany) from the level of the SNpc
(bregma �2.54 to �3.40 mm) and mid-striatum (bregma þ0.26
to þ1.10 mm) according to mouse brain atlas [30]. These SNpc and
striatal sections were stained with 0.1% cresyl violet dye.

2.7. Immunohistochemistry

Immunohistochemical analysis of SNpc and striatal sections was
accomplished as previously described [26,27]. In brief, the sections
(n ¼ 3 per brain) from each group (n ¼ 5-7 per group) were incu-
bated with rabbit anti-tyrosine hydroxylase (TH) (1:1,000; Milli-
pore, Bedford, MA, USA), rabbit anti-cleaved caspase-3 (1:500; Cell
Signaling Technology, Danvers, MA, USA), rabbit anti-ionized cal-
cium-binding adapter molecule (Iba)-1 (1:2,000; WAKO, Osaka,
Japan), or rabbit anti-glial fibrillary acidic protein (GFAP) (1:5,000;
Dako, Carpinteria, CA, USA). The sections were incubated with
biotinylated rabbit IgG antibody (1:200; Vector Laboratories Inc,
Burlingame, CA, USA), and then avidin-biotinylated horseradish
peroxidase complex (1:200; Vector Laboratories), visualized with
3,30-diamino-benzidine, and coverslipped with Permount.

2.8. Quantification for histological and immunohistochemical
staining

The stained sections were captured using a DP70 image analysis
system (Olympus, Tokyo, Japan). The density of cresyl violete
stained cells in the SNpc sections (n ¼ 3 per brain) and TH immu-
noreactivity in the striatum sections (n ¼ 3 per brain) were auto-
matically measured using the NIH Image J program (http://rsb.info.
nih.gov/ij/). The number of TH-immunoreactive cells in represen-
tative SNpc sections (n¼ 3 per brain) was semi-manually measured
using the NIH Image J program.

2.9. Western blot analysis

Seven days after the last injection of MPTP, the SNpc and stria-
tum of each mouse (n ¼ 5 per group) were immediately removed
with lysis buffer (50 mM TriseCl, pH 7.5, 150 mM NaCl, 1% Triton X-
100,10% glycerol, and protease inhibitormixture) under anesthesia.
Western blot analysis was accomplished as previously described
[26,27]. Briefly, the polyvinylidene fluoride membranes with pro-
tein were probed overnight with rabbit anti-TH (1:1,000; Milli-
pore), rabbit anti-phospho (p)-extracellular signaleregulated
kinase, rabbit anti-p-c-Jun N-terminal kinase, p-p38 (1:1,000; Cell
Signaling Technology), rabbit anti-p-nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) p65 (1:1,000; Cell
Signaling Technology), rabbit anti-p-IkBa (1:1,000; Cell Signaling
Technology), rabbit anti-p-inhibitor of kBa (IkBa) (1:1,000; Cell
Signaling Technology), rabbit anti-nuclear factor erythroid 2e
related factor 2 (Nrf2) (1:1,000, Santa Cruz, CA, USA), rat anti-
cluster of differentiation molecule 11b (CD11b) (1:500; AbD Sero-
tec, Kidlington, Oxford, UK), mouse anti-GFAP (1:1,000; Millipore),
rabbit anti-cleaved caspase-3 (1:500; Cell Signaling Technology), or
rabbit anti-p-protein kinase B (AKT) antibody (1:1,000; Cell
Signaling Technology) at 4�C, followed by incubation with horse-
radish peroxidaseeconjugated secondary antibody at room tem-
perature for 1 h before enhanced chemiluminescence analysis
(Amersham Pharmacia Biotech Inc, Piscataway, New Jersey, USA)
and visualized using a super cooled-CCD camera system with a
Davinch-K Gel Imaging System (Dvinch-K, Seoul, Korea). Normali-
zation and quantitation of antibody signals were accomplished as
previously described [26,27]. Data are expressed as the ratio of each
expression against glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) for each sample.
2.10. Reverse transcription polymerase chain reaction analysis

Seven days after the MPTP intoxication, the brain of each mouse
(n ¼ 3e6 per group) was rapidly removed under anesthesia, 3-mL
coronal brain slices were prepared on ice-cold subbed slide glass
using a brain matrix device (Roboz Surgical Instrument Co., Gai-
thersburg, MD, USA), and the SNpc and striatum regions were
sampled using microscissors and blade under a dissection micro-
scope. Reverse transcription polymerase chain reaction (RT-PCR)
and real-time PCR analyses were accomplished as previously
described [26,27,31,32]. Expression levels of each gene were
normalized to that of GAPDH. All PCR experiments were performed
at least three times, and the mean � S.E.M. values are presented
unless otherwise noted. The primer sequences were as follows:
interleukin (IL)-1b-50-TTG TGG CTG TGG AGA AGC TGT-30 and 50-
AAC GTC ACA CAC CAG CAG GTT-30, IL-6-50-TCC ATC CAG TTG CCT
TCT TGG-30 and 50-CCA CGA TTT CCC AGA GAA CAT G-30, tumor
necrosis factor (TNF)-a-50-AGC AAA CCA CCA AGT GGA GGA-30 and
50-GCT GGC ACC ACT AGT TGG TTG T-30, inducible nitric oxide
synthase (iNOS)-50-GGC AAA CCC AAG GTC TAG GTT-30 and 50-TCG
CTC AAG TTC AGC TTG GT-30, and GAPDH-50-AGG TCA TCC CAG AGC
TGA ACG-30 and 50-CAC CCT GTT GCT GTA GCC GTA T-30. Heme
oxygenase-1 (HO-1)-50-CCT GGA GCA GGA CAT GGC-30 and 50-AAT
CAT CCC TTG CAC GCC-30, nicotinamide adenine dinucleotide
phosphate (NADPH) quinone oxidoreductase 1 (NQO1)-50-CAT TCT
GAA AGG CTG GTT TGA-30 and 50-CTA GCT TTG ATC TGG TTG TCAG-
30, g-glutamate cysteine ligase regulatory subunit (GCLs)-50-ACA
AGC ACC CCC GCT TCG GT-30 and 50-CTC CAG GCC TCT CTC CTC CC-
30, endothelial intercellular adhesion molecule-1 (ICAM-1)-50-TGC
GTT TTG GAG CTA GCG GAC CA-30 and 50-CGA GGA CCA TAC AGC
ACG TGC AG-30, vascular cell adhesion molecule-1 (VCAM-1)-50-
CCT CAC TTG CAG CAC TAC GGG CT-30 and 50-TTT TCC AAT ATC CTC
AAT GAC GGG-30, zona occludens (ZO)-1-50–30 and 50–30, and
claudin-5-50-AAG GCA ATT CCG TAT CGT TG-30 and 50-CCA CAG CTG
AAG GAC TCA CA-30.

2.11. Detection of apoptosis with the terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay

The fragmentation of DNA was tested using an
ApopTag Peroxidase in situ Apoptosis Detection Kit (S7100) (Milli-
pore) according to the manufacturer’s instructions and as previ-
ously described [26].

2.12. Statistical analysis

Statistical analyses were performed using the SPSS 21.0 package
(SPSS Inc, Chicago, IL, USA) for Windows. Two-sample comparisons
were carried out using the Student t test, and multiple comparisons
were made using two-way analysis of variance with Tukey’s post
hoc test. All data are presented as means � S.E.M., and statistical
difference was identified at the 5% level unless otherwise indicated.

3. Results

3.1. Effects of KRGE on neurological behavior and survival rate after
MPTP intoxication

First, we confirmed the effect and themost effective dose of KRGE
on MPTP-induced neurological symptoms. The pole test was per-
formed to evaluate mice movement disorder caused by striatal
dopamine depletion. Mice from the MPTP group showed enhanced
average descent time to the bottom of the pole (12.5 � 1.9 s)
compared with those of the sham group (6.8 � 0.5 s). Mice in the
MPTP þ KRGE group displayed significantly decreased average
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descent time (7.4�1.5 s in the150mg/kg/day KRGEgroups) (Fig.1A).
One hour after the pole test, rotarod performance was tested. Mice
from the MPTP group displayed decreased average latency to fall
(101.6 � 21.7 s) compared with those from the sham group
(287.0� 11.2 s). Mice in theMPTPþ KRGE group displayed increased
average latency to fall (260.8 � 23.9 s in the 150 mg/kg/day KRGE
groups, respectively) compared with those in the MPTP group
(Fig. 1B). Nest-building behavior was measured as an indicator of
health and welfare. Mice from the MPTP group displayed decreased
mean score of the quality of the resulting nest (2.2 � 0.3) compared
with those from the sham group (4.5 � 0.2). Mice in the
MPTP þ KRGE group displayed significantly improved average score
(3.7 � 0.5 and 4.2 � 0.3 in the 75 and 150 mg/kg/day KRGE groups,
respectively) comparedwith those in theMPTPgroup (Fig.1C). At the
end of experiment, the survival rate of MPTP þ KRGE group was
improved in a dose-dependent manner (82.4%, 100%, and 83.3% in
the 37.5, 75, or 150mg/kg/day KRGE groups, respectively) compared
with that of MPTP group (54.5%) (Fig. 1D).

Consequently, to examine whether KRGE has a wide therapeutic
time window against MPTP-induced PD-like symptoms, mice were
treated with KRGE (150 mg/kg body weight/day; the most effective
dose in Fig. 1AeD) before or at various time points (1, 3, and 5 days)
after MPTP intoxication. Groups were designated as pretreated,
post 1d-, post 3d-, and post 5d-treated groups. In the pole test, the
mean descending time to reach the bottom of the pole was
significantly decreased to 8.0 � 1.6, 8.3 � 0.9, 9.6 � 1.6, and
10.5 � 0.4 s in the KRGE pretreated, post 1d-, post 3d-, and post 5d-
treated groups, respectively compared with that in the MPTP group
(17.3 � 2.5 s) (Fig. 1E). In the rotarod test, the mean latency to fall
from cylinder was significantly increased in the MPTP þ KRGE
group, in a dose-dependent manner (204.9 � 25.5, 186.2 � 25.7,
178.5 � 28.7, and 166.8 � 24.8 s in the KRGE pretreated, post 1d-,
Fig. 1. KRGE attenuatesMPTP-induced locomotor (neurological) impairment. To determin
150mg/kg) once daily from1hbefore thefirstMPTP intoxication (20mg/kg, every2h�4). (A)
building behavior 1 day post MPTP scored after 18 h in the cage with a square of cotton Nestle
micewere orally treatedwith KRGE (150mg/kg) once daily from 1 h before the first MPTP into
the last MPTP intoxication. (E) Pole test.(F) Performance on the rotarod test. (G) Nest-building
**p < 0.01 versus MPTP group. ANOVA, analysis of variance; KRGE, Korean Red Ginseng extra
post 3d-, and post 5d-treated groups, respectively) compared with
that in the MPTP group (92.7� 25.6 s) (Fig. 1F). In the nest-building
test, the score of the quality of the resulting nest was significantly
increased in the KRGE pretreated groups (4.0� 0.5) compared with
that in the MPTP group (2.7 � 0.3) (Fig. 1G).

3.2. Effects of KRGE on the SNpc and striatal cell death by MPTP
intoxication

MPTP-induced motor dysfunction results from the loss of
dopaminergic neuron in the SNpc and striatum [5]. Therefore, we
tested whether the positive effect of KRGE on motor dysfunction is
closely related to a reduction of cell loss in the SNpc and striatum.
Seven days after the MPTP intoxication, brain sections including the
SNpc and striatum were stained with cresyl violet dye (Fig. 2AeF
and S). The density of cresyl violetestained cells in the SNpc was
significantly decreased in the MPTP group (64.2 � 5.5%) compared
with that in the sham group (100.0 � 15.9%). The reduction was
significantly inhibited in the MPTP þ KRGE group (94.2 � 6.9 in
150 mg/kg/day KRGE). Subsequently, to investigate whether these
cells are dopaminergic neurons, immunohistochemistry
and immunoblot analyses were performed using TH antibody
(Fig. 2GeR and TeW). The number of TH-immunoreactive cells in
the SNpc was significantly reduced in the MPTP group
(64.3 � 10.8) compared with that in the sham group (138.5 � 21.5).
The reductionwas significantly inhibited in theMPTPþ KRGE group
(125.5 � 7.4 in 150 mg/kg/day KRGE) (Fig. 2GeL and T) and corre-
spondedwith the alteration of protein expression for TH byWestern
blot analysis (Fig. 2V). Because TH-immunoreactive cells in the
SNpc project to the striatum [4,5], we examined the alteration of
striatal TH immnunoreactivity (Fig. 2MeR and U). Reduction of
striatal TH immnunoreactivity by MPTP intoxication (47.5 � 7.6%)
e themost effective dose,micewere orally treatedwith KRGE (37.5mg/kg, 75mg/kg, and
Pole test 7 days postMPTP. (B) Performance on the rotarod test 3 days postMPTP. (C)Nest-
t. (D) Survival rate scored 7 days post MPTP. To investigate its therapeutic time window,
xication (pretreatment), and 24 h (post 24h), 72 h (post 72h), and 120 h (post 120h) after
behavior test. ANOVA test; #p< 0.05 and ##p< 0.01 versus Sham group. *p< 0.05 and
ct; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.



Fig. 2. KRGE attenuates MPTP-induced nigrostriatal dopaminergic neuronal damage. Brain sections were prepared 7 days after MPTP intoxication. (AeF) The prepared brain
sections were stained with cresyl violet. (GeR) The brain sections were immunostained with TH antibody.(SeU) Quantification. (S) Quantification was carried out by measuring the
density of cresyl violetestained cells. (T) Quantification was carried out by counting the number of TH-immunoreactive cells of the SNpc or striatum.(U) Quantification was carried
out by measuring the density of TH immunoreactivity. The SNpc and striatum were sampled 7 days after MPTP intoxication, accomplished by Western blot analysis using TH
antibody, and quantified. (V) SNpc. (W) Striatum. The densities were displayed as relative value to that from sham group. Scale bar ¼ 100 mm. ANOVA test; #p < 0.05 and ##p < 0.01
versus Sham group. *p < 0.05 versus MPTP group. ANOVA, analysis of variance; KRGE, Korean Red Ginseng extract; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.
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was also inhibited in the MPTP þ KRGE group (79.6 � 2.7,
72.8 � 14.7, and 69.4 � 7.6 in 37.5, 75, and 150 mg/kg/day KRGE,
respectively), in agreement with the pattern of protein expression
for TH by immunoblot analysis (Fig. 2W). However, KRGE itself
did not affect the SNpc and striatal cells. The findings suggest that
KRGE can reduce MPTP-mediated dopaminergic degeneration in
the SNpc and striatum, related with the improvement of motor
impairment.

3.3. Effect of KRGE on the SNpc and striatal apoptosis by MPTP
intoxication

Because MPTP/1-methyl-4-phenylpyridinium (MPPþ) leads to
apoptosis in the SNpc and striatum [33], we examined whether
KRGE can reduce the SNpc and striatal apoptosis 7 days after the
MPTP intoxication using TUNEL staining (Fig. 3AeJ). The numbers
of TUNEL (þ) cells were significantly enhanced in the SNpc
(343.2 � 47.9) and striatum (211.6 � 27.8) in the MPTP group
compared with those in the sham group (24.4 � 5.3 and 19.6 � 2.6,
respectively). The cell numbers were significantly decreased in the
MPTP þ KRGE group (125.4 � 41.8 and 75.6 � 14.4, respectively). In
agreement with this result, the protein expression of cleaved
caspase-3 was increased in the SNpc (52.2 � 3.2%) and striatum
(78.9 � 12.2%) after MPTP intoxication, whereas the expressions
were inhibited by KRGE pretreatment (28.7 � 1.9% and 45.6 � 3.1%,
respectively) (Fig. 3K and L). In addition, the expression of p-AKT in
the SNpc and striatum after MPTP intoxication was further
enhanced by KRGE pretreatment (Fig. 3M and N). Treatment with
KRGE alone did not affect the apoptosis in the SNpc and striatum
compared with the sham group. Our findings indicate that KRGE
may reduce motor deficits and SNpc and striatal toxicity by MPTP
intoxication through antiapoptotic activity.

3.4. Effect of KRGE on microglial activation in the SNpc and
striatum after MPTP intoxication

Microglial activation is appeared within or around lesions of
neurodegenerative disorders, such as PD, and activated microglia
produce proinflammatory and antiinflammatory mediators [34,35].
Therefore, we tested whether protective effect of KRGE in MPTP-
induced SNpc and striatal toxicity (Fig. 2) was closely related with
the downregulation of microglial activation (Fig. 4). In the SNpc
and striatal tissue from the MPTP group, ionized calcium-
binding adapter molecule-1 (Iba-1), a marker for microglia, (þ)
cells showed typically activated form (Fig. 3B and F) with enlarged
cell bodies and short and thick processes [26,27,36], compared with
those in the sham group (Fig. 3A and E), which generally displayed
the typical forms of resting cells, including small cell bodies and
thin processes [26,27,36]. However, the activation level of Iba-1 (þ)
cells was significantly decreased in the SNpc and striatum in the
MPTP þ KRGE group (Fig. 3C and G) compared with that in the
MPTP group. The expression trend paralleled the alteration of
CD11b protein expression (Fig. 4I and J). The results indicate that
KRGE could exert neuroprotective effect inMPTP-induced SNpc and



Fig. 3. KRGE attenuates apoptosis in the SNpc and striatum after MPTP intoxication. (AeH) Brain sections from 7 days after MPTP intoxication were stained using a TUNEL kit.
The number of apoptotic cells was manually counted. (I) In SNpc. (J) In striatum. (KeN) The brain was sampled 7 days after MPTP intoxication; immunoblot was performed using
cleaved caspase-3 and p-protein kinase B (AKT) antibodies and quantified. The band of GAPDH in graph M and N was shared with graphs K and L. Scale bar ¼ 50 mm. ANOVA test;
#p < 0.05 and ##p < 0.01 versus Sham group. *p < 0.05 and **p < 0.01 versus MPTP group. ANOVA, analysis of variance; KRGE, Korean Red Ginseng extract; MPTP, 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine; SNpc, substantia nigra pars compacta.
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striatal toxicity through the inhibition of the activation/infiltration
of microglia.

3.5. Effect of KRGE on inflammatory mediators in the SNpc and
striatum after MPTP intoxication

Because inflammatory mediators secreted from activated
microglia may be either beneficial or detrimental to neuronal sur-
vival [34,35], we investigated whether the inhibition of microglial
activation by KRGE (Fig. 4AeJ) is closely related with the down-
regulation of inflammatorymediators in the SNpc and striatumafter
MPTP intoxication. RT-PCR analysis revealed that the relativemRNA
expressions of IL-1b, IL-6, TNF-a, iNOS, and COX-2were upregulated
by 1.8-, 2.5-, 1.9-, 4.7-, and 1.9-fold, respectively, in the SNpc and by
5.3-, 2.6-, 4.2-, 3.1-, and 4.1-fold, respectively, in the striatum 7 days
after theMPTP intoxication comparedwith those in the shamgroup,
whereas their upregulation was significantly inhibited by 45%, 35%,
29%, 29%, and 28%, respectively, in the SNpc and by 40%, 42%, 51%,
53%, and 43%, respectively, in the striatum fromMPTPþKRGE group
(150mg/kg/day) comparedwith that in theMPTP group (Fig. 4KeT).
RT-PCR analysis displayed little or no mRNA expression of all genes
in the SNpc and striatal tissue from the sham groups. Our findings
suggest that KRGEmight mitigate the neurological dysfunction and
SNpc and striatal toxicity by MPTP intoxication through the inhibi-
tion of the expression of proinflammatory modulators.

3.6. Protective effect of KRGE on the bloodebrain barrier integrity
after MPTP intoxication

Because astrocytes are implicated in formation of the bloode
brain barrier (BBB) [37], we tested the level of astroglial activation in
the SNpc and striatum from the MPTP group. Intensity of GFAP-
immunoreactive astrocytes (Fig. 5AeH) and the protein expression
(Fig. 5I and J) of GFAP were markedly increased in mice of MPTP
group. These enhanced expressions were significantly blocked by
KRGE pretreatment (Fig. 5AeJ). Because the peripheral immune cell
for BBB was mediated by increased adhesive molecules and
decreased junctional molecules, we investigated the effect of KRGE
for their expression. Real-time PCR analysis demonstrated increased
mRNA expression of ICAM-1 and VCAM-1 in the SNpc and striatum
after MPTP intoxication, whereas these expressions were inhibited
by the KRGE pretreatment (Fig. 5K and L). On the other hand, mRNA
expressions of ZO-1 and claudin-5 were decreased in the SNpc and
striatum after MPTP intoxication, whereas the expressions were
increased by the KRGE pretreatment (Fig. 5M and N). Taken
together, KRGE could inhibit the disruption of BBB, and its result
could contribute to protective effect of KRGE for MPTP intoxication,
associated with inhibition of astrocytic activation.

3.7. Antioxidative and antiinflammatory effects of KRGE after MPTP
intoxication

Although ginsenosides have antioxidative effects through Nrf2
transcriptional activation in neurological disorders [15], the anti-
oxidative effects of KRGE are unclear. Therefore, we investigated
whetherKRGEmight regulateNrf2pathway in theMPTP-inducedPD
model. Nrf2 protein expression was significantly upregulated in the
striatum by MPTP intoxication compared with that in the sham
group, while it was further enhanced by pretreatment with KRGE
(150 mg/kg) compared with that in the MPTP group (Fig. 6A).
Consequently, the mRNA expression of the phase II enzymes HO-1,
NAD(P)H quinone oxidoreductase-1, and GCLs from real-time PCR



Fig. 4. KRGE attenuates the activation of microglia and inflammatory mediators in the SNpc and striatum after MPTP intoxication. Brain sections obtained 7 days after MPTP
intoxication were immunostained using Iba-1 antibody. (AeD) SNpc. (EeH) Striata. SNpc and striata from 7 days after MPTP intoxication were analyzed. (I and J) By Western blot.
(KeT) By RT-PCR. The band of GAPDH in graphs O and T was shared with graphs KeN and PeS, respectively. CD11b (I and J), IL-1b (K and P), IL-6 (L and Q), TNF-a (M and R), iNOS (N
and S), and COX-2 (O and T). Scale bar ¼ 50 mm. ANOVA test; #p < 0.05 and ##p < 0.01 versus Sham group. *p < 0.05 and **p < 0.01 versus MPTP group. ANOVA, analysis of
variance; COX, cyclooxygenase; IL, interleukin; iNOS, inducible nitric oxide; KRGE, Korean Red Ginseng extract; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; RT-PCR,
reverse transcription polymerase chain reaction; SNpc, substantia nigra pars compacta; TNF, tumor necrosis factor.
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analysis was significantly increased by 2.6-, 3.9-, and 4.0-fold,
respectively, in the striatum of MPTP group, while the increases in
their expressions were further increased by 56.0%, 45.1%, and 51.9%,
respectively, in the MPTP þKRGE group (Fig. 6BeD). Taken together,
our results suggest that KRGE exerts its antioxidant effect through
stimulation of the Nrf2 pathway in the MPTP-induced neurotoxicity.

Ginsenosides (Rb1, Rd, Rg1, etc.) exhibit antiinflammatoryactivity
through inhibition of mitogen-activated protein kinases (MAPKs)
and NF-kB pathways, representative inflammation mechanisms in
neurodegenerative diseases such as AD [14,38,39]. However, the
activity of KRGE remains largely unknown. Therefore, we investi-
gated the regulationeffectofKRGEon thesepathways in the striatum
after MPTP intoxication. The phosphorylation of extracellular
signaleregulated kinase, Jun N-terminal kinase, and p38 proteins
was significantly increased by 1.8-, 1.7-, and 3.5-fold, respectively, in
the striatum 7 days after the MPTP intoxication compared with that
in the sham group; however, the activation was significantly
decreased by 36.3%, 18.8%, and 35.6%, respectively, by pretreatment
with KRGE (150 mg/kg/day; Fig. 6EeG). Subsequently, we investi-
gatedwhetherKRGE regulates the activationofNF-kB in the striatum
afterMPTP intoxication. Phosphorylation of p-NF-kB and p-IkBawas
significantly increased by 1.7- and 5.1-fold, respectively, in the
striatum 7 days after the MPTP intoxication compared with that in
the sham group, whereas the phosphorylation was significantly
reduced by 54.6% and 24.9%, respectively, by pretreatment with
KRGE (150mg/kg/day) (Fig. 6Hand I). The phosphorylation ofMAPKs
or the NF-kB pathway was neither increased nor decreased by KRGE
treatment alone (Fig. 6EeI). Our findings suggest that KRGE can
diminish striatal toxicity and behavioral disorder after MPTP intox-
ication by inhibiting MAPKs and the NF-kB pathways.



Fig. 5. KRGE contributes to themaintenance of the BBBafterMPTP intoxication. (AeD) SNpc sections from7 days afterMPTP intoxicationwere immunostained usingGFAP antibody.
(EeH) Striatal sections from 7 days afterMPTP intoxicationwere immunostained using GFAP antibody. SNpc and striatawere analyzed and quantified. (I and J)Western blot. (KeN) Real-
time PCR. (K) VCAM-1. (L) ICAM-1. (M) ZO-1. (N) Claudin-5. Scale bar¼ 100 mm. ANOVA test; #p< 0.05 and ##p< 0.01 versus Sham group. *p< 0.05 and **p< 0.01 versus MPTP group.
ANOVA, analysis of variance; BBB, bloodebrain barrier; GFAP, glial fibrillary acidic protein; ICAM, intercellular adhesionmolecule; KRGE, Korean Red Ginseng extract; MPTP,1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine; PCR, polymerase chain reaction; SNpc, substantia nigra pars compacta; VCAM, vascular cell adhesion molecule; ZO-1, zona occludens-1.
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4. Discussion

Cellular and molecular mechanisms underlying the loss of
dopamine (DA) neuron remain unclear. They are multifactorial,
including apoptosis, oxidative stress, and inflammation [40]. Most
PD drugs, such as levodopa, are single-target drugs with limited
effects. They have adverse effects when patients receive long-term
therapy [41]. Recently, to overcome these limitations, the desire to
develop more effective treatment agents for PD seems to be
pushing drug design toward the multitarget approach. The shifting
from the single to the multitarget paradigm in drug discovery will
transform the chimera of neuroprotection into a real benefit for
patients with PD [7e10]. Here, we demonstrated that KRGE has
protective effects in the MPTP-induced SNpc and striatal toxicity
through multifunctional activities including antiapoptotic, anti-
oxidative, antiinflammatory, and BBB maintenance activities. The
findings suggest that KRGE might be a potential candidate for
development of new drugs and functional foods from natural
products to preventive and treat PD.

The apoptotic death of dopaminergic neurons in the SNpc plays
an initial role in the development and progression of PD [33].
Caspases are primary mediators of apoptosis through DNA frag-
mentation and cleavage of various key cellular proteins. Caspase-3,
the major member of this cascade, can be activated by oxidative
stress, release of mitochondrial cytochrome C, and caspase-9 acti-
vation [42]. Ginsenosides (Rd, Rg1, or 20(R)-Rg3) attenuate
mitochondria-mediated apoptosis in a middle cerebral artery oc-
clusion (MCAO)-induced stroke model or glutamate/dopamine-
induced primary cortical neurons/PC12 cells through the suppres-
sion of caspase-3 activation [38,43], mitochondrial release of
cytochrome C, apoptosis-inducing factor [44,45], or oxidative stress
[46]. Ginseng extracts inhibit apoptosis and cisplatin-induced
ototoxicity in MPP (þ)-stimulated PC12 cells by inhibiting
caspase-3 or poly adenosine diphosphate -ribose polymerase
(PARP) [47,48]. Consistent with these reports, KRGE reduced the
number of TUNEL (þ) cells associated with the caspase-3 reduction
and AKT activation in MPTP-induced PD model. The evidence
supports the view that the antiapoptotic activity of KRGE might
contribute to the protection of dopaminergic neurons from MPTP-
induced SNpc and striatal toxicity.

Oxidative stress is resulted from dopamine metabolism, mito-
chondrial dysfunction, iron homeostasis, neuroinflammation, and
aging [15,40]. The transcription factor Nrf2 is responsible for strong
antioxidant activitywhichprotects neurons from theoxidative stress
induced by reactive oxygen species (ROS); therefore, targeting Nrf2
might exert a critical role in protecting against various inflammatory
disorders [40]. Given that KRGE activated Nrf2 in the present study
(Fig. 6), it is conceivable that triggered Nrf2 pathway by KRGE sup-
presses MAPKs and NF-kB pathways, contributing to the KRGE’s
antiinflammatory effect to protect dopaminergic neurons against
MPTP-induced neurotoxicity. The results might be supported by
antioxidant effect of ginsenoside Rg1 and saponinmetabolite Rh3 in
cultured cells by Nrf2 activation [49,50] and antiinflammatory effect
(reduced expression of cytokines and chemokines) by suppression of
MAPKs and NF-kB pathways through Nrf2 activation [15,18,46].
Althoughour results suggest thepossibility thatKRGEsuppresses the
activation of MAPKs and NF-kB pathways via Nrf2 mechanism, the
reciprocal interaction between Nrf2 and MAPKs/NF-kB activities
remains to be clarified. Nevertheless, our findings indicate that KRGE
directly or indirectly exerts a potent neuroprotective effect in MPTP-
induced animal model of PD by antiinflammatory and antioxidative
activity possibly through both activating Nrf2 pathway and sup-
pressing MAPKs and NF-kB pathways.

Microglia play crucial roles in the development andmaintenance
of the central nervous system microenvironment through the
regulation of neuroimmune system [34,35]. Activation of microglial



Fig. 6. KRGE activates Nrf2 pathway and inhibits MAPKs and NFkB signaling pathways after MPTP intoxication. Striata from 7 days after MPTP intoxication were used for
Western blot. (A) Nrf2. (E) p-ERK. (F) p-JNK. (G) p-p38. (H) p-NF-kB. (I) p-IkB. The band of GAPDH in graph I was shared with graphs EeH. Striata from 7 days after MPTP intoxication
were used for real-time PCR analysis. (B) HO-1. (C) NQO1 (D) GCLs. ANOVA test; #p < 0.05 and ##p < 0.01 versus Sham group. *p < 0.05 versus MPTP group. ANOVA, analysis of
variance; ERK, extracellular signaleregulated kinase; GCLs, g-glutamate cysteine ligase regulatory subunit; JNK, Jun N-terminal kinase; KRGE, Korean Red Ginseng extract; MPTP,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; Nrf2, nuclear factor erythroid 2erelated factor 2; NQO1, NAD(P)H quinone oxidoreductase 1; PCR, polymerase chain reaction.
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cells are widely considered to participate in the pathology of PD
through production of proinflammatory and antiinflammatory
mediators [34,35]. Therefore, it is considered as an attractive trial to
prevent and treat protect dopaminergic neurons in the SNpc of the
animal model of PD and patients with PD [35]. In the present study,
the activated microglial cells were observed in the SNpc and stria-
tum from theMPTP group,whereas the increased level ofmicroglial
activation was significantly blocked by KRGE, which is consistent
with alteration of mRNA expressions of proinflammatory cytokines
(IL-1b, IL-6, and TNF-a), COX-2, and iNOS in the SNpc and striatum
fromtheMPTPmodel. These results could be indirectly explained by
the effect of ginseng’s components (gisenosides, polysaccharide,
gintonin, etc.) in neurological disorders such as PD [14,15]. Collec-
tively, our findings suggest that KRGE may attenuate the microglial
activation and its inflammatory responses in the MPTP-induced PD
model mice and that KRGE can contribute to dopaminergic neuro-
degeneration from MPTP toxicity via antiinflammatory activity.

Migrated immune cells from periphery by BBB leakage exert the
protective or detrimental roles dopaminergic neurons in the SNpc
of in vivo models of PD [51]. Therefore, agents protecting BBB
disruption may be an attractive therapeutic tool for PD. In the
present study, KRGE blocked increase in the mRNA expression of
endothelial adhesion molecules (ICAM-1 and VCAM-1) in the SNpc
of MPTP model, whereas it inhibited the decrease in the mRNA
expression of junctional molecules (ZO-1 and claudin-5) (Fig. 5).
The maintenance effect of KRGE on BBB integrity might be sup-
ported by the observations that ginsenoside Rb1 reduces the
expression of tight junction proteins (ZO-1 and occludin), Evans
blue extravasation, and brain edema in the ischemic brain. Collec-
tively, KRGE could attenuate MPTP-induced BBB disruption, and it
could prevent the degeneration of dopamine neurons in the SNpc
of MPTP-treated mice.

Pharmacokinetics and central nervous system distribution of
ingredients andmetabolites of herbal medicines are very important
for explaining and predicting their efficacy and toxicity. After oral
or intranasal administration of ginseng and pure ginsenosides,
ginsenoiside Rb1, Rd, Re, and Rg1 were detected in brain tissues in
various concentrations [52,53]. Effects of these ginsenosides have
also been well demonstrated both in vivo and in vitro [16e20].
Although the beneficial effect of KRGE in MPTP-induced PD model
might be explained directly and indirectly by previous reports,
details need to be further studied.

5. Conclusions

The discovery of a multifunctional therapy targeting both
symptomatic treatment and neuroprotection is the attractive
challenge of PD therapy. Presently, KRGE protected dopaminergic
neurons from MPTP-induced neurotoxicity, possibly through
multifunctional mechanisms including antineuronal apoptosis,
antioxidation by activation of the Nrf2 pathway, antiinflammation
by inhibition of the MAPKs and NF-kB pathways, and maintenance
of BBB integrity. Our findings suggest that KRGE may provide
symptom-relieving benefits and a disease-modifying potential
concurrently for the treatment of multifactorial PD.
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