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Am‘c{e history: Background: We recently showed that gintonin, an active ginseng ingredient, exhibits antibrain neuro-
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antiinflammation via the lysophosphatidic acid (LPA) receptors. Amyotrophic lateral sclerosis (ALS) is a
spinal disease characterized by neurodegenerative changes in motor neurons with subsequent skeletal
muscle paralysis and death. However, pathophysiological mechanisms of ALS are still elusive, and
therapeutic drugs have not yet been developed. We investigate the putative alleviating effects of gintonin

in ALS.
ﬁi}gwmds' Methods: The G93A-SOD1 transgenic mouse ALS model was used. Gintonin (50 or 100 mg/kg/day, p.o.)
ginseng administration started from week seven. We performed histological analyses, immunoblot assays, and
gintonin behavioral tests.
motor activity Results: Gintonin extended mouse survival and relieved motor dysfunctions. Histological analyses of
spinal cord spinal cords revealed that gintonin increased the survival of motor neurons, expression of brain-derived

neurotrophic factors, choline acetyltransferase, NeuN, and Nissl bodies compared with the vehicle
control. Gintonin attenuated elevated spinal NAD(P) quinone oxidoreductase 1 expression and decreased
oxidative stress-related ferritin, ionized calcium-binding adapter molecule 1-immunoreactive microglia,
S100B-immunoreactive astrocyte, and Olig2-immunoreactive oligodendrocytes compared with the
control vehicle. Interestingly, we found that the spinal LPA1 receptor level was decreased, whereas
gintonin treatment restored decreased LPA1 receptor expression levels in the G93A-SOD1 transgenic
mouse, thereby attenuating neurological symptoms and histological deficits.
Conclusion: Gintonin-mediated symptomatic improvements of ALS might be associated with the at-
tenuations of neuronal loss and oxidative stress via the spinal LPA1 receptor regulations. The present
results suggest that the spinal LPA1 receptor is engaged in ALS, and gintonin may be useful for relieving
ALS symptoms.
© 2020 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Amyotrophic lateral sclerosis (ALS), which is also widely known
as Lou Gehrig's disease, is a neurodegenerative disease which
selectively targets spinal motor neurons [1]. Patients with ALS
suffer deteriorating symptoms with progressive motor functional
deficits by muscular degenerations and subsequent atrophy,
eventually resulting in death [1]. Until now, although the main
cause of ALS has not been elucidated, diverse pathological hall-
marks, including aggregation of misfolded protein, mitochondrial
dysfunctions, glutamatergic excitotoxicity, and neuronal inflam-
mation, might be correlated with ALS occurrence [2]. The most
abundant type of ALS is sporadic ALS with unknown causes, while
about 20% of ALS cases are familial ALS with genetically inherited
mutations [2,3].

Up to present time, studies regarding familial ALS have identi-
fied various causes of the disease, including mutations of super-
oxide dismutase 1 (SOD1) (also called Cu/Zn SOD) and
hexanucleotide repeats in a noncoding region of C9orf72 [1,3]. The
role of SOD1, an important intracellular antioxidant, is to convert
superoxide radicals to hydrogen peroxide to relieve oxidative stress
[4]. Overexpression of the human ALS-associated mutant form of
SOD1 (G93A-SOD1) in transgenic mice exhibits multiple neuro-
logical symptoms that closely mimic those of human ALS, including
spinal motor neuron losses [5]. Therefore, accumulating
evidence suggests that oxidative stress is the main contributor in
the pathophysiology of ALS [5]. Currently, several therapeutic
strategies, including riluzole administration and stem cell-based
therapies, have been attempted, but no prominent or feasible
therapeutic advances have been discovered [6,7].

Panax ginseng Meyer is a traditional herbal medicine used as a
tonic for the promotion of rejuvenation and longevity, as well as to
treat frailty, stress, weakness, and fatigue, both mental and physical
[8]. As a functional and medicinal food for brain health, ginseng is
usually consumed for preventive purposes even in the absence of
brain dysfunctions [8]. Traditionally, ginseng has been consumed
by decoction with water. Recently, alcohol extraction has been used
to obtain water-insoluble components from ginseng [9]. Previous
studies have reported that crude ginseng total saponin fraction
contains a novel component which was isolated and named gin-
tonin, a nonacidic polysaccharide and a nonsaponin [10]. Lyso-
phosphatidic acid (LPA), a biomarker component of gintonin, is a
typical lysophospholipid showing pleiotropic effects, as a lipid-
derived growth factor from embryonic brain development to
adult brain and spinal functions in the central nervous system,
including synaptic transmissions, neurogenesis, and cognitive
functions [10]. Administered gintonin acts as an exogenous ligand
of G protein—coupled LPA receptor. The gintonin primarily induces
[Ca®*); transient through the LPA receptor signal transduction in
neuronal cells [9]. Gintonin uses a second messenger Ca’* as a tool
for its diverse in vitro cellular effects from ion channel regulations
to neurotransmitter release [9]. In addition, in vivo preclinical
studies have found that oral administration of gintonin alleviates
symptoms of neurodegenerative brain diseases, such as
Alzheimer disease (AD) by improving cognitive functions and
attenuating cortex and hippocampal amyloid plaque accumula-
tions, Parkinson disease (PD) by improving abnormal motor func-
tions by increasing nigrostriatal dopaminergic neurons under
insults of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
and Huntington disease (HD) by ameliorating neurological
impairment and 3-nitropropionic acid-induced striatal toxicity
[11—16]. Interestingly, the underlying molecular mechanisms for
gintonin-mediated antineurodegenerative diseases comprise LPA
receptor regulations, antioxidation, and antiinflammatory effects.

However, relatively little is known regarding the effects of
ginseng against ALS. Therefore, by using a G93A-SOD1 transgenic
mouse model of ALS, we aimed to investigate whether long-term
oral administration of gintonin can alleviate the neurological
symptoms of ALS in functional and structural aspects. Here, we
showed that the administration of gintonin alleviated motor dys-
functions by increasing the survival of spinal motor neurons and
spinal cord expressions of brain-derived neurotrophic factors
(BDNFs) and choline acetyltransferase (ChAT) compared with the
control vehicle and decreasing spinal cord oxidative stress-related
Fe*/ferritin, ionized calcium-binding adapter molecule 1 (Iba1)-
immunoreactive microglia, and S100B-immunoreactive astrocytes,
as well as Olig2-immunoreactive oligodendrocytes. In addition,
gintonin significantly attenuated the elevated expression of NAD(P)
H quinone oxidoreductase 1 (NQO1) and restored the decreased
LPA1 receptor level in the spinal cord. For the first time, these re-
sults show that the spinal LPA1 receptor is involved and that oral
gintonin administration restored in vivo neurological symptoms in
the ALS animal model. We also further discuss the molecular
mechanisms regarding how long-term oral administration of gin-
tonin alleviates neurological symptoms of ALS.

2. Materials and methods
2.1. Animals

Transgenic G93A-SOD1 male mice which present human ALS
phenotype via G93A mutation in SOD1 [17] were purchased from
the Jackson Laboratory (Bar Harbor, ME, USA). Animals were
housed singly in a standard clear plastic cage under the controlled
environment of temperature (23~24°C) and humidity (50~60%).
The mice were maintained under a 12 h light and 12h dark
cycle and fed food (Purina 5008, Purina Korea, Korea) and tap water
ad libitum. The use and care of the mice follow the guidelines
established to comply with current international laws and policies
(National Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals, NIH Publication No. 85-23,1985, revised 1996),
and the experimental protocols were approved by the Institutional
Animal Care and Use Committee of the Konkuk University (Permit
Number: 16-206). All experimental procedures were conducted in a
manner that reduced the number of animals used and minimized
the distress from the present study.

2.2. Gintonin preparation

The gintonin-enriched fraction was prepared as described pre-
viously [18]. In total, 1 kg of four-year-old ginseng was used to gain
extracts (350 g) which was further concentrated, dissolved in
distilled, cold water, ethanol extracted, and centrifuged. After
centrifugation, the precipitate was lyophilized and called as the
gintonin-enriched fraction [18]. Briefly, ginseng gintonin is an iso-
lated glycolipoprotein fraction which consists of carbohydrates,
lipids, proteins, and other minor components. The main active
components of gintonin are lysophospholipids such as LPAs. Liquid
chromatography-mass spectrometry/mass spectrometry analysis
of lipid compositions of gintonin showed that fatty acids (7.53%
linoleic acid, 2.82% palmitic acid, and 1.46% oleic acid), 0.60%
lysophospholipids and phospholipids, and 1.75% phosphatidic acids
are detected [18].

2.3. Gintonin treatment
Gintonin dosages for long-term treatments to mice were

adopted from design as described in our previous studies [14—
16,19]. G93A-SOD1 mice were divided into four experimental
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groups: saline only (wild-type; n = 8, and Tg; n = 10) or gintonin
(50 or 100 mg/kg/day) (Tg + GT50 and Tg + GT100; n = 10, each).
Gintonin was suspended with saline before administration and
prepared fresh every day. G93A-SOD1 mice were orally adminis-
tered saline or gintonin from seven to 18 weeks of age (Fig. 1A).

2.4. Body weight measurement

During experiments, body weight of each mouse was checked
on Monday morning of every week until the end of the experiment.

2.5. Neurological score assessment

To assess the neurological score of each mouse, the health
condition of the animals was assessed according to the previous
study [20]. In particular, depending on the degree of movement and
paralysis of each hindlimb, neurological stages (from 0 to 4) were
assigned (summary provided in Table 1). At Stage 3, G93A-SOD1
mice were partially paralyzed with forward movement, while
mice at Stage 4 had completely paralyzed forelimbs and hindlimbs
without forward movement.

2.6. Evaluation of survival rate

At Stage 4, the hindlimb and forelimb of G93A-SOD1 mice
became completely paralyzed and death followed within a day. The

time of death was defined as the date on which these neurological
symptoms were observed.

2.7. Rota-rod test

The rota-rod test was conducted to assess motor coordination
and balance as described in the previous study [21]. Briefly, mice
were trained to stay on the rotating rod (Dae-Jong Co. Inc., Seoul,
Korea) and tested trained mice at a constant rotation speed of 16
rpm in 300s. The time to fall off from the rotating rod motor was
measured as latency. Mice were given three trials with 15 min
intertrial intervals, and the longest latency to fall was recorded.

2.8. Tissue processing and histological analyses

For histology, wild-type, G93A-SOD1 alone, G93A-
SOD1 + gintonin (50 mg/kg, GT50), and G93A-SOD1 + gintonin
(100 mg/kg, GT100) groups (n = 5 in wild-type, Tg, GT50, GT100
groups) were anesthetized with 1.5 g/kg urethane (Sigma-Aldrich,
St. Louis, MO, USA). Using 0.1 M phosphate-buffered saline (PBS, pH
7.4) and 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4),
each mice was transcardially perfused and fixed. Then, lumbar
spinal cords were carefully dissected out and postfixed in the same
fixative for two days. As described in previous studies [19,22],
histological procedures were performed. Briefly, paraffin blocks of
lumbar spinal cord tissues (L3~5) were prepared. Then, serially cut
5-um-thick sections (microtome, Leica, Wetzlar, Germany) were
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Fig. 1. Effects of gintonin on survival rate, body weight, rota-rod test, and onsets of neurological symptoms in G93A-SOD1 TG mice. (A) Experimental design. (B) Survival rate
between the saline- and gintonin-treated groups. (C) Change of body weight during the experimental period of five-week-old mice, (D) summary histograms on the time delay of
onset of neurological signs to hindlimb paralysis (neurological stage 3), and (E) motor functional analysis by the rota-rod test in saline-alone G93A-SOD1 (TG), G93A-
SOD1 + gintonin (50 mg/kg, GT50), and G93A-SOD1 + gintonin (100 mg/kg, GT100) groups. The mean body weights of each groups were weekly measured and checked from 5
weeks to 18 weeks (n = 8-10 per group). *P < 0.05, indicating a significant difference compared with saline-treated G93A-SOD1 TG mice. Data are presented as means =+ standard

error of the mean.
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Normal or slightly slower gait.

The hindlimb is used for forward motion and

any part of the foot is dragging along cage bottom.
Forward motion however the hindlimb is not being
used for forward motion.

Table 1
Neurological Stages (NS) were assigned by clinical signs
NS1 The hindlimb presents an abnormal splay, that is, it is collapsed or partially collapsed
toward lateral midline or it trembles during tail suspension or it is retracted/clasped.
NS2 The hindlimb is partially or completely collapsed, not extending much. There might
still be joint movement.
NS3 Rigid paralysis in the hindlimb or minimal joint movement.
NS4 Rigid paralysis in the hindlimbs.

No forward motion.

mounted onto coating slides (Muto-glass, Tokyo, Japan). Three
slides per mouse were selected for each stain (total of 15 paraffin
sections per group). Nissl staining and immunohistochemistry for
marker proteins was conducted as previously described in our
study [23,24]. Antigen retrieval with citrate buffer (pH 6.0) was
conducted in a microwave oven (three heating cycles of 5 min
each). PBS washed sections were then sequentially quenched with
0.3% hydrogen peroxide (H,0>) and blocked with 10% normal horse
serum. Thereafter, the sections were incubated with primary anti-
bodies (overnight at 4°C) against NeuN (1:1000; Millipore, Billerica,
MA, USA), BDNF (1:500; Abcam, Cambridge, UK), ChAT (1:2000;
Abcam), Ibal (1:1000; Wako, Osaka, Japan), nuclear factor
erythroid 2-related factor 2 (Nrf2, 1:250; Abcam), S1008 (1:1000;
Millipore), Olig2 (1:500; R&D systems, Minneapolis, MN, USA), or
ferritin (1:250; Abcam). Subsequently, sections were exposed to
biotinylated IgG (1:200; Vector, Burlingame, CA, USA) and strep-
tavidin peroxidase complex (1:200; Vector). They were then visu-
alized by the reaction with 3,3’-diaminobenzidine tetrachloride
(Sigma-Aldrich) in 0.1 M Tris-HCl buffer (pH 7.2). Finally, sections
were dehydrated and coverslipped in a mounting medium
(Richard-Allan Scientific, Thermo Scientific).

2.9. Iron staining

As described in our previous study [24], deparaffinized sections
were washed in deionized water (30 min) and incubated in Perl's
solution (1:1; 2% HCI, 2% potassium ferrocyanide, Sigma—Aldrich)
at room temperature (30 min). Then, sections were washed again
and visualized using 0.5% 3,3’-diaminobenzidine tetrachloride
(Sigma-Aldrich) in PBS (pH 7.4) for at least 15 minutes. Finally,
sections were thoroughly washed and mounted.

2.10. Quantification of histological analyses

All histological quantification processes were conducted by an
investigator blinded to the experimental group. The method used
in this study was slightly modified from our previous study [19,23].
The slides were observed using a BX51 microscope (Olympus,
Tokyo, Japan) equipped with a digital camera (DP71, Olympus)
connected to a PC monitor. To evaluate the effects of gintonin on
G93A-SOD1 mice, the regions of interest in the spinal cord were
analyzed. For histological analysis, the number of Nissl stained
neurons, NeuN-, BDNF-, ChAT-, Ibal-, S1008-, Olig2-, or ferritin-
immunoreactive cells in the ventral horn of the lumber spinal
cord was counted using an image analysis system equipped with a
computer-based charge-coupled device camera (Optimas 6.5 soft-
ware, CyberMetrics, Scottsdale, AZ, USA).

In addition, the analysis of the Nrf2 and iron immunoreactivity
in the gray matter of the ventral horn of the lumbar spinal cord was
performed using Image] 1.50 software (NIH, Bethesda, MD, USA).
The intensity of Nrf2 and iron was evaluated by relative optical
density (ROD), which was obtained by transforming the mean gray
level using the formula: ROD = log (256/mean gray level). Images
were calibrated into an array of 512 x 512 pixels, and each pixel
resolution was 256 gray levels. ROD of the background was

determined in unlabeled portions of the sections for correction. A
ratio of the ROD was expressed as the percentage of wild type.

2.11. Western blotting analysis

As described in previous study [14], the dissected lumbar spinal
cords from each group (n = 3-5/group) were homogenized in lysis
buffer, and samples were heated at 95°C for 5 min. Then, proteins
were separated by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred to polyvinylidene fluoride mem-
branes. After blocking, membranes were incubated with rabbit
anti-LPAR1 (1:1,000; Abcam), rabbit anti-LPAR3 (1:1,000; Abcam),
Nrf2 (1:1000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA),
or heme oxygenase-1 (HO-1, 1:1000; Enzo Life Sciences, Farm-
ingdale, NY, USA) followed by horseradish peroxidase—conjugated
secondary antibody. Band signals were visualized using chem-
iluminescence (Amersham Pharmacia Biotech, Piscataway, N]J,
USA). Glyceraldehyde-3-phosphate dehydrogenase was used as a
control. Immunoblot images were analyzed and quantified using
Image] 1.50 software (NIH).

2.12. Statistical analysis

As described in our previous study [19], data were analyzed
using GraphPad Prism 4 (GraphPad Software, San Diego, CA, USA)
and presented as means + standard error of the mean. Two-sample
comparisons were carried out using Student t test, while multiple
comparisons were made using one-way analysis of variance fol-
lowed by the Newman—Keuls multiple range test. The statistical
significance threshold was set at p < 0.05.

3. Results

3.1. Oral administration of gintonin improves motor activity, delays
ALS onset, and increases the survival rate in G93A-SOD1 Tg mice

This experiment was performed according to the experimental
design described in Fig. 1A. Some saline-only treated G93A-SOD1
Tg mice began to die at around 17 weeks. At 18 weeks, the sur-
vival rate of the saline-only treated G93A-SOD1 Tg mice was 50%,
while the survival rates of gintonin-treated G93A-SOD1 Tg mice
with 50 and 100 mg/kg/day were 75% and 100%, respectively.
Therefore, oral gintonin administration extended the survival of
G93A-SOD1 mice (Fig. 1B). During the period of oral gintonin
administration (aged from 7 to 18 weeks), body weights weekly
measured in saline-only treated G93A-SOD1 mice were slightly
lower than those of gintonin-treated G93A-SOD1 Tg mice, but there
was no significant difference among saline-only treated and
gintonin-treated G93A-SOD1 mice. At the end of the experiment,
the difference in mean body weights (18-week-old mice) among
four different groups was apparent: wild-type 27.35 + 1.5 g, TG
18.61 2.6 g, GT50 20.78 & 2.3 g, and GT100 21.12 & 2.3 g (Fig. 1C).
When various neurological symptoms were estimated, as described
in Table 1, G93A-SOD1 Tg mice usually showed an onset after
97.1 + 3.1 days, as shown in Fig. 1D. However, gintonin-treated
G93A-SOD1 Tg mice began to show neurological symptoms after
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Fig. 2. Effects of gintonin on spinal neurons in G93A-SOD1 TG mice. (A to H) Nissl staining and immunohistochemistry for NeuN in the lumbar spinal cord of wild-type (wild, A and
E), G93A-SOD1 (TG, B and F), G93A-SOD1 + gintonin (50 mg/kg, TG + GT50, C and G), and G93A-SOD1 + gintonin (100 mg/kg, TG + GT100, D and H) groups. Scale bars = 100 um (A,
B, C, and D), 50 um (E, F, G, and H). The intact neuronal cells and NeuN-immunoreactive neurons in the ventral horn of the lumbar spinal cord of wild, TG, TG + GT50, or TG + GT100
groups (n = 5 per group; *P < 0.05, indicating a significant difference compared with the wild group; P < 0.05, indicating a significant difference compared with the TG group;
#P < 0.05, indicating a significant difference compared with the GT50 group). Data are presented as means =+ standard error of the mean.

100.3 £ 5.5 and 112.0 & 3.0 days with 50 and 100 mg/kg/day,
respectively (Fig. 1D). Therefore, these results show that the
gintonin-mediated extension of the survival rate of G93A-SOD1 Tg
mice may be due to amelioration of neurological symptoms by
gintonin.

3.2. Oral administration of gintonin ameliorates motor function
deficits in G93A-SOD1 Tg mice

The rota-rod test to estimate motor functions was performed
every second day from eight weeks of age. We examined that motor

performance on the rotating rod was deteriorated in saline-only
treated G93A-SOD1 Tg mice (Fig. 1E). Moreover, motor perfor-
mance of this group was progressively aggravated over time. The
gintonin (50 or 100 mg/kg/day) administration to G93A-SOD1 Tg
mice delayed the motor dysfunctions by 3 weeks compared with
saline-only treated G93A-SOD1 Tg mice throughout the rota-rod
test period. High doses of gintonin (100 mg/kg) were more effec-
tive than low doses (50 mg/kg) until 16 weeks. These results sug-
gest that the gintonin administration attenuates ALS-related motor
dysfunctions.
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Fig. 3. Effects of gintonin on spinal BDNF and ChAT expressions in G93A-SOD1 TG mice. (A to H) Immunohistochemistry for BDNF and ChAT in the lumbar spinal cord of wild-type
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bars = 100 um (A, B, C, and D), 50 um (E, F, G, and H). The BDNF or ChAT-immunoreactive cells in the ventral horn of the lumbar spinal cord of wild, TG, TG + GT50, and TG + GT100
groups (n = 5 per group; *P < 0.05, indicating a significant difference compared with the wild group; ‘P < 0.05, indicating a significant difference compared with the TG group;
#P < 0.05, indicating a significant difference compared with the GT50 group). Data are presented as means =+ standard error of the mean. BDNF, brain-derived neurotrophic factor;

ChAT, choline acetyltransferase.

3.3. Oral administration of gintonin reduces neuronal loss in the
spinal cords of G93A-SOD1 TG mice

Next, we further conducted investigations to evaluate the effect
of gintonin administration on neuronal loss in the spinal cords of
G93A-SOD1 Tg mice. Nissl staining of neurons revealed that saline-
only treated G93A-SOD1 Tg mice at 16 weeks had only 23.1% of the
number of Nissl-stained neurons in the ventral horns of the spinal
cords compared with that of wild-type mice. In contrast, gintonin-

treated (50 or 100 mg/kg/day) G93A-SOD1 mice had an increased
number of Nissl-stained cells by 126.8 4 17.4% and 205.4 + 18.9%,
respectively, compared with saline-only treated G93A-SOD1 Tg
mice (Fig. 2). NeuN immunohistochemistry also revealed that
saline-only treated G93A-SOD1 Tg mice had 19.3 + 2.0% of the
number of NeuN-positive neurons in the ventral horns of the spinal
cords compared with that of the wild-type mice, while gintonin-
treated (50 or 100 mg/kg/day) G93A-SOD1 Tg mice exhibited an
increase in the number of NeuN-stained neurons, 152.5 4 13.8% and
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199.0 & 15.0%, respectively, to that in saline-only treated G93A-
SOD1 Tg mice (Fig. 2). BDNF and ChAT immunohistochemistry
revealed that saline-only treated G93A-SOD1 Tg mice had
73.7 +13.3% and 20.8 + 5.9%, respectively, of the number of BDNF-
and ChAT-positive cells in the ventral horns of the spinal cords
compared with that of wild-type mice. Gintonin-treated (50 or 100
mg/kg/day) G93A-SOD1 mice exhibited an increase in the number
of BDNF-positive cells, 122.5 + 14.0% and 156.3 4+ 35.2%, respec-
tively, of that in saline-only treated G93A-SOD1 Tg mice. In addi-
tion, gintonin-treated (50 or 100 mg/kg/day) G93A-SOD1 Tg mice
exhibited an increase in the number of ChAT-positive neurons,
137.7 £ 14.5% and 312.5 + 59.9%, respectively, compared with
saline-only treated G93A-SOD1 Tg mice (Fig. 3). Present results
showed that the oral administration of gintonin increases neuro-
trophic factors, which supports the survival of neurons and syn-
thesis of acetylcholine that are involved in the motor functions of
G93A-SOD1 Tg mice.

3.4. Oral administration of gintonin reduces the glial marker
proteins in the spinal cords of G93A-SOD1 TG mice

ALS induces changes in glial cells (astrocytes and microglia) and
in neurons in the central nervous systems [5]. To evaluate the effect
of oral gintonin administration on astrocyte and microglia, the
marker proteins for microglia (Iba-1) and astrocytes (S1008) were
immunostained and analyzed (Fig. 4; panel A). The number of Iba-
1—immunoreactive microglia and S100B-immunoreactive astro-
cytes was significantly reduced in the spinal cord of the gintonin-
treated G93A-SOD1 Tg mice compared with the saline-only
treated G93A-SOD1 Tg group. These results indicate that oral gin-
tonin administration attenuated the expression of marker proteins
that were related to inflammatory responses in the lumbar spinal
cord. The effects of gintonin on spinal oligodendrocyte changes in
G93A-SOD1 Tg mice were also investigated as oligodendrocytes are
important targets in the pathogenesis of ALS development [25]. A
previous study reported that oligodendrocytes are initially
increased in the mouse ALS model during disease progression [26].
Similarly, our present study showed an increase in oligodendro-
cytes in the lumbar spinal cord of G93A-SOD1 Tg mice. Interest-
ingly, as shown in Fig. 4, the oral administration of gintonin
decreased spinal cord injury-induced Olig2, a marker protein of
oligodendrocyte, in the spinal cord, showing that gintonin might
decrease oligodendrocytes in G93A-SOD1 Tg mice. Gintonin might
attenuate the proliferation of oligodendrocytes in G93A-SOD1 Tg
mice. These results indicate that gintonin administration provides
beneficial effects on spinal glia through reduction of inflammatory
marker protein expressions in addition to protection of spinal
neurons in G93A-SOD1 Tg mice.

3.5. Oral administration of gintonin suppresses oxidative stress by
decreasing ferritin expression and iron accumulations, Nrf2, heme
oxygenase 1, and NQO1 expressions in the spinal cords of G93A-
SOD1 Tg mice

If gintonin ameliorates the accumulation of oxidative stress in
the spinal cords of G93A-SOD1 Tg mice was examined. Ferritin and
iron accumulation were selected as markers for oxidative stress in
the ALS animal model [27,28]. As shown in Fig. 5, saline-only
treated G93A-SOD1 Tg mice showed increases of ferritin and iron
staining. However, gintonin administration attenuated ferritin in
the cell body and fibers and decreased intracellular iron accumu-
lation. Then, the expression pattern of Nrf2, which is a transcrip-
tional factor in the endogenous defense against oxidative stress,
was examined. In the immunohistochemical study, spinal Nrf2

Wild

Number of Iba1* cells
Number of S1005* cells

0
Wild TG TG-GT50 TG-GT100 Wild TG TG-GT50 TG-GT100

g

Number of Olig2" cells
H

TG-GT50 TG-GT100

Fig. 4. Effects of gintonin on spinal Ibal, S1008, and Olig2 expressions in G93A-SOD1
TG mice. (A to H) Immunohistochemistry for Iba1l, S1008, and Olig2 in the lumbar
spinal cord of wild-type (wild, A and E), G93A-SOD1 (TG, B and F), G93A-
SOD1 + gintonin (50 mg/kg, TG + GT50, C and G), and G93A-SOD1 -+ gintonin (100 mg/
kg, TG + GT100, D and H) groups. Scale bars = 100 um (A, B, C, and D), 50 um (E, F, G,
and H). The Iba1, S1008, or Olig2-immunoreactive glial cells in the ventral horn of the
lumbar spinal cord of wild-type, TG, GT50, and GT100 groups (n = 5 per group;
*P < 0.05, indicating a significant difference compared with the wild group; P < 0.05,
indicating a significant difference compared with the TG group; #P < 0.05, indicating a
significant difference compared with the GT50 group). Data are presented as
means =+ standard error of the mean.

expression in saline-only treated G93A-SOD1 Tg mice showed an
increase, whereas gintonin administration decreased spinal Nrf2
(Fig. 5). Similarly, in the immunoblot study, spinal Nrf2 protein
levels in saline-only treated G93A-SOD1 Tg mice increased,
whereas gintonin nonsignificantly attenuated the increase of Nrf2
expression (Fig. 6). The protein levels of spinal heme oxygenase 1
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GT100 groups (n = 5 per group; *P < 0.05, indicating a significant difference compared
with the wild group; P < 0.05, indicating a significant difference compared with the
TG group; #P < 0.05, indicating a significant difference compared with the GT50
group). Data are presented as means + standard error of the mean.

(HO1) also increased in saline-only treated G93A-SOD1 Tg mice, but
gintonin treatment nonsignificantly reduced the protein levels of
spinal HO1 (Fig. 6). In addition, the protein levels of spinal NQO1
also increased in saline-only treated G93A-SOD1 Tg mice; gintonin
treatment significantly reduced the protein levels of spinal NQO1
(Fig. 6). These results show that the expressions of Nrf2/HO1/NQO1

increased in saline-only treated G93A-SOD1 Tg mice, and gintonin
administration attenuated the increased expression level of Nrf2/
HO1/NQO1.

3.6. Oral administration of gintonin restored spinal LPA1 receptor
expression levels that were decreased in G93A-SOD1 Tg mice

In previous studies, it was observed that the gintonin-mediated
amelioration of neurodegenerative diseases is mediated through
LPA1/3 receptors [15,16]. Therefore, the changes in expression
levels of LPA1/3 receptors in the spinal cords of G93A-SOD1 Tg mice
after the oral administration of saline or gintonin were examined.
As shown in Fig. 6, the protein expressional levels of the LPA1 but
not the LPA3 receptor significantly decreased in saline-treated
G93A-SOD1 Tg mice compared with wild-type mice. However,
gintonin treatment restored spinal LPA1 receptor expression levels,
similar to that in wild-type mice, indicating that ALS has effects on
spinal LPA1 receptor levels, and gintonin administration prevents
the reduction of spinal LPA1 receptors from ALS.

4. Discussion

In previous preclinical animal model studies, we have demon-
strated that oral administration of gintonin ameliorated neurode-
generative brain diseases, such as Alzheimer disease,
Parkinson disease, and Huntington disease [11—16]. Gintonin-
mediated protection from brain-related neurodegenerative dis-
eases is achieved via LPA1/3 receptor regulations, antioxidation,
and antiinflammatory effects [11—16]. In this study, we further
extended on whether gintonin can also ameliorate the neurological
symptoms of ALS and prolong the life span in an ALS animal model.
Here, it was shown that long-term oral administration of gintonin
attenuated motor deficits and neuronal losses in the ventral horns
of the spinal cords and increased the survival rate in G93A-SOD1 Tg
mice (Figs. 1 and 2). This gintonin-mediated inhibition of spinal
neuron loss was accompanied with a delay in the disease onset and
mortality, as well as neurological symptoms by more than ten days
(Fig. 1C—E), and finally extended the survival rate of G93A-SOD1 Tg
mice (Fig. 1A). The present results indicate that gintonin protects
against ALS-induced neurological symptoms and neuro-
degeneration in G93A-SOD1 Tg mice.

Therefore, long-term oral administration of gintonin exhibits
beneficial effects on spinal neurons, as well as spinal glial cells, such
as astrocytes, microglia, and oligodendrocytes, which could be a
functional basis for the attenuation of neurological symptoms and
prolonged survival rates. It may be noteworthy to consider the
molecular mechanisms in the gintonin-mediated attenuation of
ALS. In previous reports, we reported that gintonin is an exogenous
ligand for LPA receptors in the nervous system [11]. Based on the
effects of gintonin on the nervous systems, there are at least four
ways for gintonin to exert its ameliorating effects against ALS.
Although the LPA1 receptor plays an important role in neurogenesis
during early brain developmental period [29], recent reports have
shown that the LPA1 receptor also plays crucial roles in adult brain
such as synaptic transmissions and hippocampal neurogenesis
[19,29,30], whereas the role of spinal LPA1 receptor is not much
known. For example, abnormal hippocampal neurogenesis [31] and
impaired hippocampus-dependent spatial memory and cognition
were observed in the brain LPA1 receptor—deficient adult mice
[32]. Considering the LPA1 receptor is also expressed in spinal cords
[33], the first mechanism is that gintonin might achieve its effects
for attenuation of ALS symptoms through spinal LPA1 receptor
regulation. Supporting this notion, the spinal cord reduction of
LPA1 receptor protein expression in G93A-SOD1 Tg mice was
restored after gintonin treatment (Fig. 6). The second mechanism
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for the gintonin-mediated attenuation of ALS is that gintonin
administration could increase neurotropic factors for the survival of
spinal neurons and stimulate neurotransmitter synthesis such as
acetylcholine for attenuation of motor dysfunctions. As shown in
Fig. 3, oral administration of gintonin increased BDNF and ChAT
expressions in spinal cells. In previous studies, in vitro or in vivo
gintonin treatment stimulated the cell proliferation of neuronal
precursor cells in addition to brain BDNF and ChAT expression
[34,35]. Similarly, gintonin-mediated increases of spinal BDNF and
ChAT expression might contribute to the attenuation of neurolog-
ical symptoms of ALS and prolong the life span in ALS animal
models.

The third possibility is that gintonin administration attenuates
oxidative stresses associated with spinal ROS production due to
mutation of the G93A-SOD1 gene. Garcia-Fernandez et al.
[36] demonstrated that LPA1 receptor—deficient mice are more
susceptible to oxidative stresses, impairment of hippocampal
neurogenesis, and subsequent memory dysfunctions. Therefore,
the long-term deteriorating effects by the G93A-SOD1 gene mu-
tation might induce spinal reactive oxygen stresses (Fig. 5) result-
ing in dysfunctions of spinal motor neurons and finally paralysis of
motor functions. In our study, we found that the oral administra-
tion of gintonin attenuated spinal oxidative stress by reducing
oxidative stress-related indicators, including ferritin, iron, and
NQOT1 (Fig. 5). In our previous report, we reported that gintonin
treatment significantly ameliorated pyocyanin-induced reactive
oxygen species in a concentration- and time-dependent manner in
neuronal culture cells [19]. The previous studies also showed that
the attenuation of other herbal medicine-mediated neurological
symptoms in the G93A-SOD1 mice models was achieved via re-
ductions of ROS production [21]. These results suggest that
gintonin-mediated antioxidative stress activities might help to
overcome G93A-SOD1 TG-ROS production and might protect spinal
cords from ROS production. However, it is worthwhile to note that
although oxidative stress is an important contributor of ALS [37],
previous experiments with representative antioxidant agents such
as vitamin E and CoQ10 have shown little or no therapeutic effects

[38,39]. Therefore, individual treatment of antioxidants might be
inadequate for inhibiting the pathological progression of ALS.

Astrocytes and microglia are the main glial cells of the central
nervous system, and abnormal activations of these glial cells in-
fluence spinal inflammations that regulate the pathological prog-
ress in ALS [40]. On this basis, we examined whether gintonin
attenuated the increase of Ibal-immunoreactive microglia and
S100f-immunoreactive astrocytes in the spinal cords of G93A-
SOD1 TG mice. We observed that gintonin can reduce Ibal
expression and astrogliosis by reducing S100f expression (Fig. 4).
Therefore, the fourth possibility is that gintonin also showed anti-
inflammatory effects by inhibiting Ibal and S1008 expression in
spinal microglia, as shown in Fig. 4. Finally, the last possibility is
that gintonin-mediated combinational effects (i.e., pleiotropic ef-
fects via LPA1 receptor) on spinal neurons, glia, and
antioxidants and antiinflammatory effects on the spinal cord might
contribute to attenuations of spinal dysfunctions in G93A-SOD1 TG
mice.

Interestingly, when ALS-induced regulations of the Nrf2/HO1/
NQO1 signaling pathway were examined, increases of spinal Nrf2
protein staining in saline-only treated G93A-SOD1 TG mice and
decreases of spinal Nrf2 expression after gintonin administration to
G93A-SOD1 TG mice were observed (Fig. 5). In the western blotting
study of Nrf2/HO1/NQO1, increases of spinal Nrf2/HO1/NQO1
protein levels in saline-only treated G93A-SOD1 TG mice were
observed, whereas gintonin administration decreased spinal Nrf2/
HO1/NQO1 protein levels (Fig. 6). Similarly, previous studies have
shown that the neuroprotective effects of Scolopendra subspinipes
mutilans extract and Bojungikgi-tang achieved their effects by
reducing the ALS-mediated increase of HO1 in G93A-SOD1 TG mice
[22,41,42]. Recently, our in vivo study also supports present bene-
ficial effects of gintonin by showing neuroprotection via anti-
oxidative stress, antiapoptosis, and antiinflammatory mechanism
during brain development [43]. These results indicate that the
gintonin-mediated amelioration of ALS could be associated with
regulations of oxidative stresses generated during the development
of ALS neuropathological and clinical signs.
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Our previous studies demonstrated that gintonin exerts anti-
neurodegenerative activities. The 14 weeks repeated (three times a
week) oral administration of gintonin inhibited amyloid plaque
accumulations in the hippocampus and cortex and also enhanced
cognitive functions in AD mouse models via the nonamyloidogenic
pathway [12]. The long-term administration of gintonin also
increased the in vitro and in vivo hippocampal cholinergic systems
in AD mouse models [34]. In addition, in a study using MPTP/MPP*
animal models of PD, gintonin restored dopaminergic neurons and
mitigated behavioral dysfunctions. The molecular basis of the anti-
PD action of gintonin is through regulations of the Nrf2/HO-1
signaling, which repress the induction of proinflammatory cyto-
kines, nitric oxide synthase, and apoptosis-related markers in the
striatum and substantia nigra of the mice via the LPA1 receptor. In
addition, the neuroprotective benefits of gintonin were also dis-
played by decreasing the accumulation of a-synuclein in the
striatum and substantia nigra of PD model mice [14,15].

Moreover, gintonin ameliorated the neurological impairment/
lethality and striatal toxicity in cellular or animal models of HD
using 3-NPA. The underlying molecular mechanisms also included
the alleviation of mitochondrial dysfunctions (i.e. succinate dehy-
drogenase and MitoSOX activities), microglial activation, mRNA
expression of inflammatory mediators (i.e. IL-1p, IL-6, TNF-a,, COX-
2, and iNOS), and apoptosis in the striatum. Its action mechanism
was also associated with the LPA1 receptor and Nrf2 signaling
activations and the inhibition of mitogen-activated protein kinases
and nuclear factor-kB pathways [16]. In the our study, we further
extended that long-term oral administration of gintonin attenuates
spinal neurological symptoms and prolongs the survival rate of ALS
through gintonin-mediated LPA1 receptor regulations, antioxidant,
and antiinflammatory effects (Fig. 7). Taken together, these
gintonin-mediated pleiotropic actions might be a molecular basis
for the beneficial effects of gintonin against ALS.

5. Conclusion

In summary, we have shown that gintonin can alleviate neuro-
logical symptoms and histological changes in G93A-SOD1 mice via

multitarget mechanisms, such as antioxidative stress and antiin-
flammation via the LPA1 receptor, resulting in a prolonged life span.
Therefore, gintonin is an essential component of Panax ginseng for
the amelioration of ALS. Finally, gintonin could be applied for the
improvement or amelioration of neurological symptoms related to
ALS.

Role of funding source

Nothing declared.
Conflicts of interest

All the authors declare that they have no conflicts of interest.
Acknowledgments

This work was supported by the Konkuk Univeristy in 2020.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/].jgr.2020.04.002.

References

[1] Bucchia M, Ramirez A, Parente V, Simone C, Nizzardo M, Magri F, Dametti S,
Corti S. Therapeutic development in amyotrophic lateral sclerosis. Clin Ther
2015;37:668—-80.

[2] Pasinelli P, Brown RH. Molecular biology of amyotrophic lateral sclerosis:
insights from genetics. Nat Rev Neurosci 2006;7:710—23.

[3] Rosen DR, Siddique T, Patterson D, Figlewicz DA, Sapp P, Hentati A,
Donaldson D, Goto ], O'Regan JP, Deng HX, et al. Mutations in Cu/Zn super-
oxide dismutase gene are associated with familial amyotrophic lateral scle-
rosis. Nature 1993;362:59—62.

[4] Boillée S, Cleveland DW. Revisiting oxidative damage in ALS: microglia, Nox,
and mutant SOD1. ] Clin Invest 2008;118:474—8.

[5] Bordt EA, Polster BM. NADPH oxidase- and mitochondria-derived reactive
oxygen species in proinflammatory microglial activation: a bipartisan affair?
Free Radic Biol Med 2014;76:34—46.

[6] McGeer EG, McGeer PL. Pharmacologic approaches to the treatment of

amyotrophic lateral sclerosis. BioDrugs 2005;19:31-7.


https://doi.org/10.1016/j.jgr.2020.04.002
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref1
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref1
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref1
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref1
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref2
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref2
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref2
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref3
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref3
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref3
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref3
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref3
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref4
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref4
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref4
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref5
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref5
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref5
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref5
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref6
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref6
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref6

400

[7]

(8]

(9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

J Ginseng Res 2021;45:390—400

Lacomblez L, Bensimon G, Leigh PN, Debove C, Bejuit R, Truffinet P,
Meininger V. ALS Study Groups I and II. Long-term safety of riluzole in
amyotrophic lateral sclerosis. Amyotroph Lateral Scler Other Motor Neuron
Disord 2002;3:23-9.

Nah SY. Ginseng ginsenoside pharmacology in the nervous system: involve-
ment in the regulation of ion channels and receptors. Front Physiol 2014;5:98.
Brekhman II, Dardymov IV. New substances of plant origin which increase
nonspecific resistance. Annu Rev Pharmacol 1969;9:419—30.

Hwang SH, Shin TJ, Choi SH, Cho HJ, Lee BH, Pyo MK, Lee JH, Kang ], Kim H]J,
Park CW, et al. Gintonin, newly identified compounds from ginseng, is novel
lysophosphatidic acids-protein complexes and activates G protein-coupled
lysophosphatidic acid receptors with high affinity. Mol Cells 2012;33:151—62.
Choi SH, Jung SW, Lee BH, Kim HJ, Hwang SH, Kim HK, Nah SY. Ginseng
pharmacology: a new paradigm based on gintonin-lysophosphatidic acid re-
ceptor interactions. Front Pharmacol 2015;6:245.

Hwang SH, Shin EJ, Shin TJ, Lee BH, Choi SH, Kang J, Kim HJ, Kwon SH, Jang CG,
Lee JH, et al. Gintonin, a ginseng-derived lysophosphatidic acid receptor
ligand, attenuates alzheimer’s disease-related neuropathies: involvement of
non-amyloidogenic processing. ] Alzheimer’s Dis 2012;31:207—23.

Moon J, Choi SH, Shim JY, Park HJ, Oh M], Kim M, Nah SY. Gintonin admin-
istration is safe and potentially beneficial in cognitively impaired elderly.
Alzheimer Dis Assoc Disord 2018;32:85—7.

Choi JH, Jang M, Oh S, Nah SY, Cho IH. Multi-target protective effects of gin-
tonin in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-mediated model of
Parkinson's disease via lysophosphatidic acid receptors. Front Pharmacol
2018;9:515.

Jo MG, Ikram M, Jo MH, Yoo L, Chung KC, Nah SY, Hwang H, Rhim H, Kim MO.
Gintonin mitigates MPTP-induced loss of nigrostriatal dopaminergic neurons
and accumulation of a-synuclein via the Nrf2/HO-1 pathway. Mol Neurobiol
2019;56:39-55.

Jang M, Choi JH, Chang Y, Lee S], Nah SY, Cho IH. Gintonin, a ginseng-derived
ingredient, as a novel therapeutic strategy for Huntington's disease: activation
of the Nrf2 pathway through lysophosphatidic acid receptors. Brain Behav
Immun 2019;80:146—62.

Gurney ME, Pu H, Chiu AY, Dal Canto MC, Polchow CY, Alexander DD,
Caliendo ], Hentati A, Kwon YW, Deng HX, et al. Motor neuron degeneration in
mice that express a human Cu,Zn superoxide dismutase mutation. Science
1994;264:1772-5.

Choi SH, Jung SW, Kim HS, Kim HJ, Lee BH, Kim JY, Kim JH, Hwang SH, Rhim H,
Kim HC, et al. A brief method for preparation of gintonin-enriched fraction
from ginseng. ] Ginseng Res 2015;39:398—405.

Nam SM, Hwang H, Seo M, Chang B], Kim H]J, Choi SH, Rhim H, Kim HC, Cho IH,
Nah SY. Gintonin attenuates D-galactose-induced hippocampal senescence by
improving long-term hippocampal potentiation, neurogenesis, and cognitive
functions. Gerontology 2018;64:562—75.

Hatzipetros T, Kidd ]JD, Moreno AJ, Thompson K, Gill A, Vieira FG. A quick
phenotypic neurological scoring system for evaluating disease progression in
the SOD1-G93A mouse model of ALS. ] Vis Exp 2015;104:e53257.

Seo ]S, Choi ], Leem YH, Han PL. Rosmarinic acid alleviates neurological
symptoms in the G93A-SOD1 transgenic mouse model of amyotrophic lateral
sclerosis. Exp Neurobiol 2015;24:341-50.

Cai M, Choi SM, Song BK, Son I, Kim S, Yang EJ. Scolopendra subspinipes
mutilans attenuates neuroinflammation in symptomatic hSOD1(G93A) mice.
J Neuroinflammation 2013;10:131.

Nam SM, Seo M, Seo ]S, Rhim H, Nahm SS, Cho IH, Chang BJ, Kim H]J, Choi SH,
Nah SY. Ascorbic acid mitigates D-galactose-induced brain aging by increasing
hippocampal neurogenesis and improving memory function. Nutrients
2019;11:176.

Nam SM, Chang BJ, Kim JH, Nahm SS, Lee JH. Ascorbic acid ameliorates lead-
induced apoptosis in the cerebellar cortex of developing rats. Brain Res
2018;1686:10-8.

Kang SH, Li Y, Fukaya M, Lorenzini I, Cleveland DW, Ostrow LW, Rothstein ]D,
Bergles DE. Degeneration and impaired regeneration of gray matter oligo-
dendrocytes in amyotrophic lateral sclerosis. Nat Neurosci 2013;16:571-9.

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

(371

(38]

[39]

[40]

[41]

[42]

[43]

Philips T, Bento-Abreu A, Nonneman A, Haeck W, Staats K, Geelen V,
Hersmus N, Kiisters B, Van Den Bosch L, Van Damme P, et al. Oligodendrocyte
dysfunction in the pathogenesis of amyotrophic lateral sclerosis. Brain
2013;136:471-82.

Jeong SY, Rathore KI, Schulz K, Ponka P, Arosio P, David S. Dysregulation of
iron homeostasis in the CNS contributes to disease progression in a mouse
model of amyotrophic lateral sclerosis. ] Neurosci 2009;29:610-9.

Winkler EA, Sengillo JD, Sagare AP, Zhao Z, Ma Q, Zuniga E, Wang Y, Zhong Z,
Sullivan JS, Griffin JH, et al. Blood-spinal cord barrier disruption contributes to
early motor-neuron degeneration in ALS-model mice. Proc Natl Acad Sci U S A
2014;111:1035—42.

Trimbuch T, Beed P, Vogt ], Schuchmann S, Maier N, Kintscher M, Breustedt ],
Schuelke M, Streu N, Kieselmann O, et al. Synaptic PRG-1 modulates excit-
atory transmission via lipid phosphate-mediated signaling. Cell 2009;138:
1222-35.

Park H, Kim S, Rhee ], Kim HJ, Han JS, Nah SY, Chung C. Synaptic enhancement
induced by gintonin via lysophosphatidic acid receptor activation in central
synapses. ] Neurophysiol 2015;113:1493—500.

Matas-Rico E, Garcia-Diaz B, Llebrez-Zayas P, Lopez-Barroso D, Santin L,
Pedraza C, Smith-Fernandez A, Fernandez-Llebrez P, Tellez T, Redondo M,
et al. Deletion of lysophosphatidic acid receptor LPA1 reduces neurogenesis in
the mouse dentate gyrus. Mol Cell Neurosci 2008;39:342—55.
Castilla-Ortega E, Pedraza C, Chun J, de Fonseca FR, Estivill-Torrds G, Santin LJ.
Hippocampal c-Fos activation in normal and LPA;-null mice after two object
recognition tasks with different memory demands. Behav Brain Res 2012;232:
400-5.

Goldshmit Y, Munro K, Leong SY, Pébay A, Turnley AM. LPA receptor
expression in the central nervous system in health and following injury. Cell
Tissue Res 2010;341:23—32.

Kim HJ, Kim D], Shin EJ, Lee BH, Choi SH, Hwang SH, Rhim H, Cho IH, Kim HC,
Nah SY. Effects of gintonin-enriched fraction on hippocampal cell proliferation
in wild-type mice and an APPswe/PSEN-1 double Tg mouse model of Alz-
heimer’s disease. Neurochem Int 2016;1:56—65.

Kim S, Kim MS, Park K, Kim HJ, Jung SW, Nah SY, Han ]S, Chung C. Hippo-
campus-dependent cognitive enhancement induced by systemic gintonin
administration. ] Ginseng Res 2016;40:55—61.

Garcia-Fernandez M, Castilla-Ortega E, Pedraza C, Blanco E, Hurtado-
Guerrero I, Barbancho MA, Chun ], Rodriguez-de-Fonseca F, Estivill-Torris G,
Santin Nafiez LJ. Chronic immobilization in the malpar1 knockout mice in-
creases oxidative stress in the hippocampus. Int ] Neurosci 2012;122:583—9.
Harraz MM, Marden JJ, Zhou W, Zhang Y, Williams A, Sharov VS, Nelson K,
Luo M, Paulson H, Schéneich C, et al. SOD1 mutations disrupt redox-sensitive
Rac regulation of NADPH oxidase in a familial ALS model. J Clin Invest
2008;118:659—-70.

Ascherio A, Weisskopf MG, O'reilly EJ, Jacobs EJ, McCullough ML, Calle EE,
Cudkowicz M, Thun M]. Vitamin E intake and risk of amyotrophic lateral
sclerosis. Ann Neurol 2005;57:104—10.

Molina JA, de Bustos F, Jiménez-Jiménez F], Gémez-Escalonilla C, Garcia-
Redondo A, Esteban J, Guerrero-Sola A, del Hoyo P, Martinez-Salio A, Ramirez-
Ramos C, et al. Serum levels of coenzyme Q10 in patients with amyotrophic
lateral sclerosis. ] Neural Transm 2000;107:1021—6.

Lee ], Hyeon SJ, Im H, Ryu H, Kim Y, Ryu H. Astrocytes and microglia as non-
cell autonomous players in the pathogenesis of ALS. Exp Neurobiol 2016;25:
233-40.

Cai M, Lee SH, Yang EJ. Bojungikgi-tang improves muscle and spinal cord
function in an amyotrophic lateral sclerosis model. Mol Neurobiol 2019;56:
2394—-407.

Dwyer BE, Lu SY, Nishimura RN. Heme oxygenase in the experimental ALS
mouse. Exp Neurol 1998;150:206—12.

Nam SM, Choi SH, Cho HJ, Seo JS, Choi M, Nahm SS, Chang BJ, Nah SY. Ginseng
gintonin attenuates lead-induced rat cerebellar impairments during gestation
and lactation. Biomolecules 2020;10:E385.


http://refhub.elsevier.com/S1226-8453(20)30086-5/sref7
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref7
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref7
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref7
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref7
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref8
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref8
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref9
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref9
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref9
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref10
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref10
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref10
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref10
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref10
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref11
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref11
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref11
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref12
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref12
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref12
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref12
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref12
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref13
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref13
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref13
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref13
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref14
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref14
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref14
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref14
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref15
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref15
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref15
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref15
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref15
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref16
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref16
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref16
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref16
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref16
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref17
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref17
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref17
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref17
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref17
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref18
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref18
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref18
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref18
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref19
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref19
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref19
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref19
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref19
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref20
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref20
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref20
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref21
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref21
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref21
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref21
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref22
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref22
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref22
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref23
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref23
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref23
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref23
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref24
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref24
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref24
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref24
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref25
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref25
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref25
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref25
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref26
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref26
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref26
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref26
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref26
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref27
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref27
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref27
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref27
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref28
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref28
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref28
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref28
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref28
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref29
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref29
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref29
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref29
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref29
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref30
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref30
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref30
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref30
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref31
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref31
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref31
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref31
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref31
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref32
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref32
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref32
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref32
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref32
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref32
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref33
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref33
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref33
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref33
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref34
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref34
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref34
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref34
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref34
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref35
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref35
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref35
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref35
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref36
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref36
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref36
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref36
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref36
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref37
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref37
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref37
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref37
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref37
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref38
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref38
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref38
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref38
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref39
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref39
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref39
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref39
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref39
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref40
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref40
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref40
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref40
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref41
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref41
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref41
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref41
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref42
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref42
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref42
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref43
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref43
http://refhub.elsevier.com/S1226-8453(20)30086-5/sref43

	Ginseng gintonin alleviates neurological symptoms in the G93A-SOD1 transgenic mouse model of amyotrophic lateral sclerosis  ...
	1. Introduction
	2. Materials and methods
	2.1. Animals
	2.2. Gintonin preparation
	2.3. Gintonin treatment
	2.4. Body weight measurement
	2.5. Neurological score assessment
	2.6. Evaluation of survival rate
	2.7. Rota-rod test
	2.8. Tissue processing and histological analyses
	2.9. Iron staining
	2.10. Quantification of histological analyses
	2.11. Western blotting analysis
	2.12. Statistical analysis

	3. Results
	3.1. Oral administration of gintonin improves motor activity, delays ALS onset, and increases the survival rate in G93A-SOD1 Tg mice
	3.2. Oral administration of gintonin ameliorates motor function deficits in G93A-SOD1 Tg mice
	3.3. Oral administration of gintonin reduces neuronal loss in the spinal cords of G93A-SOD1 TG mice
	3.4. Oral administration of gintonin reduces the glial marker proteins in the spinal cords of G93A-SOD1 TG mice
	3.5. Oral administration of gintonin suppresses oxidative stress by decreasing ferritin expression and iron accumulations, Nrf2, ...
	3.6. Oral administration of gintonin restored spinal LPA1 receptor expression levels that were decreased in G93A-SOD1 Tg mice

	4. Discussion
	5. Conclusion
	Role of funding source
	Conflicts of interest
	Acknowledgments
	Appendix A. Supplementary data
	References


