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Ginsenoside Rgl exerts neuroprotective effects in 3-
nitropronpionic acid-induced mouse model of Huntington’s
disease via suppressing MAPKs and NF-kB pathways in the

striatum

Xiong Yang', Shi-feng Chu', Zhen-zhen Wang’, Fang-fang Li', Yu-he Yuan' and Nai-hong Chen'

Huntington’s disease (HD) is one of main neurodegenerative diseases, characterized by striatal atrophy, involuntary movements,
and motor incoordination. Ginsenoside Rg1 (Rg1), an active ingredient in ginseng, possesses a variety of neuroprotective effects
with low toxicity and side effects. In this study, we investigated the potential therapeutic effects of Rg1 in a mouse model of HD and
explored the underlying mechanisms. HD was induced in mice by injection of 3-nitropropionic acid (3-NP, i.p.) for 4 days. From the
first day of 3-NP injection, the mice were administered Rg1 (10, 20, 40 mg-kg ™', p.o.) for 5 days. We showed that oral pretreatment
with Rg1 alleviated 3-NP-induced body weight loss and behavioral defects. Furthermore, pretreatment with Rg1 ameliorated 3-NP-
induced neuronal loss and ultrastructural morphological damage in the striatum. Moreover, pretreatment with Rg1 reduced 3-NP-
induced apoptosis and inhibited the activation of microglia, inflammatory mediators in the striatum. We revealed that Rg1 exerted
neuroprotective effects by suppressing 3-NP-induced activation of the MAPKs and NF-kB signaling pathways in the striatum. Thus,
our results suggest that Rg1 exerts therapeutic effects on 3-NP-induced HD mouse model via suppressing MAPKs and NF-«kB
signaling pathways. Rg1 may be served as a novel therapeutic option for HD.
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INTRODUCTION
Huntington’s disease (HD) is an inherited neurodegenerative
disease caused by a CAG expansion mutation in the huntingtin
gene [1, 2]. HD patients exhibit a triad of clinical features, i.e.,
abnormal motor function, cognitive and neuropsychiatric symp-
toms, and the hallmark of the disease is motor dysfunction [3]. The
loss of striatal neurons is a marked feature of HD pathology that is
characterized by progressive striatal atrophy followed by involun-
tary movements and motor incoordination [4, 5]. There are many
theories and hypotheses related to the mechanism of this disease,
including oxidative stress, mitochondrial impairment, synaptic
dysfunction, defects in energy metabolism and apoptosis of
striatal neurons caused by the toxicity of the mHtt protein [6, 7].
However, the exact mechanism underlying the death of striatal
neurons is not clear. In addition, there are no ideal therapeutic
strategies to prevent the progression of HD.

3-Nitropropionic acid (3-NP) is a natural neurotoxin that is
produced by the plant Indigofera [8]. By inhibiting the activity of
the mitochondrial complex Il enzyme succinate dehydrogenase
(SDH), 3-NP mainly disturbs energy metabolism, leading to the
degeneration of neurons in the striatum. The 3-NP-administrated
animal models exhibit HD-like symptoms, including striatal
impairment, motor dysfunction, and memory loss [9-11]. As 3-

NP-induced effects are similar to the symptoms of HD, 3-NP-
treated mice are good research models for investigating the
effects of drug candidates for HD.

The mitogen-activated protein kinase (MAPK) and nuclear factor
kappa B (NF-kB) signaling pathways are crucial modulators of
inflammatory responses [12]. When activated, the MAPK and NF-
KB pathways mediate inflammation by promoting the expression
of multiple cytokines, such as TNF-q, IL-1B, and IL-6 [13]. The MAPK
cascade is composed of numerous subgroups, such as extra-
cellular regulated kinases (ERKs), c-Jun NH,-terminal kinases
(JNKs), and p38 MAPKs, which play important roles in regulating
multiple signal transduction pathways caused by external stimuli
and various cellular physiological functions, such as proliferation,
apoptosis and synaptic plasticity [14, 15]. Among MAPK pathways,
activation of the JNK and p38 MAPK pathways mainly induces
neurotoxicity in numerous HD models [12, 16]. Moreover, ERK's
conditions are more complex in the HD models. Activation of ERKs
is largely neuroprotective in some HD models, whereas it can
induce multifarious neuronal death-related signaling pathways in
other HD models [17-20]. As an important regulator of
inflammatory reactions, the NF-kB family includes five members:
NF-kB1 (p105), NF-kB2 (p100), RelA (p65), RelB, and c-Rel.
Transactivation of NF-kB takes part in many physiological
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Fig. 1 Scheme of the experimental procedure. After a week of acclimatization, HD was induced in mice by injection of 3-NP twice daily for

four days. The dose of 3-NP was 60 mg/kg on the first day, and 80 mg/kg 3-NP was administered from the second day to the fourth day. Half
an hour before 3-NP injection, Rg1 was administered at doses of 10, 20, 40 mg/kg. The open field test and neurological scoring were carried

out on the fifth day. All mice were sacrificed for further study.

processes, including inflammation, cellular proliferation, and death
[15, 21, 22]. In various HD models, the NF-kB cascade is activated
in the striatum.

Ginseng is a highly valued and popular medicinal plant [23]. As
one of the active ingredient of ginseng, ginsenoside Rg1 (Rg1)
possesses a variety of neuroprotective effects and is considered to
have low toxicity and few side effects [24-26]. Rg1 can cross the
blood-brain barrier (BBB) and exert beneficial effects in many
neural diseases, especially neurodegenerative diseases. A large
number of experiments suggest that Rg1 can exert neuroprotec-
tive effects against Alzheimer's disease (AD) and Parkinson’s
disease (PD) through antioxidative, anti-inflammatory and anti-
apoptotic effects in both cell and animal models [25-30].
However, the neuroprotective effects and related mechanisms of
Rg1 in an HD mouse model have not yet been elucidated.

In our study, we established a mouse model of 3-NP-induced
HD to investigate whether Rg1 can exert neuroprotective effects
to ameliorate symptoms related to HD. Our results showed that
Rg1 alleviated body weight and behavioral defects. Additionally,
Rg1 ameliorated neuronal loss and ultrastructural morphological
damage in the striatum. Furthermore, Rg1 reduced apoptosis and
inhibited the activation of microglia and inflammatory mediators,
such as TNF-a and IL-1B, in the striatum. Moreover, Rg1 exerted
neuroprotective effects by suppressing the activation of the MAPK
and NF-kB pathways in the striatum.

MATERIALS AND METHODS

Drugs

Rg1 (HPLC > 98%) was obtained from lJilin University (Changchun,
China). 3-NP was purchased from Sigma-Aldrich (St. Louis, MO,
USA). Nimodipine was purchased from Bayer AG (Leverkusen,
Germany). All other reagents used in the experiment were of
analytical grade.

Animals

Male C57BL/6 mice (23-25 g) were supplied by SPF Laboratories
(Beijing, China) and were housed at a temperature of 25°C on a
12h light-dark cycle. Food and water were provided. All
procedures were conducted in strict accordance with the guide-
lines established by the National Institutes of Health for the Care
and Use of Laboratory Animals and approved by the Animal Care
Committee of the Peking Union Medical College and Chinese
Academy of Medical Sciences.

Experimental procedures and methods

After one week of acclimatization, the mice were randomly
subdivided into seven groups, including (i) the control group
(saline, intraperitoneal [i.p.]), (ii) the model group (60 mg/kg 3-NP
[the 1st day] and 80 mg/kg 3-NP [the 2rd-4th day], twice daily, 3-
NP dissolved in saline, pH = 7.4, i.p.), (iii) the Rg1-10 mg/kg+3-NP
group (10 mg/kg Rg1, peros [p.o.]+3-NP, i.p.), (iv) the Rg1-20 mg/
kg+3-NP group (20 mg/kg Rg1, p.o.+3-NP, i.p.), (v) the Rg1-40 mg/
kg+3-NP group (40 mg/kg Rg1, p.o.+3-NP, i.p.), (vi) the Rg1-40
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mg/kg+saline group (40 mg/kg Rg1, p.o.+saline, i.p.), and (vii) the
nimodipine+3-NP group (10 mg/kg nimodipine, p.o.+3-NP, i.p.).
The dose of 3-NP administered to the (iii), (iv), (v), and (vii) groups
was the same as that administered to the model group. Each
group contained 12 mice, and a total of 84 mice were used. Drugs
or saline was administered 30 min prior to 3-NP injection. 3-NP
was administered intraperitoneally twice daily for 4 days (9:00 and
21:00). On the first day, the dose of 3-NP was 60 mg/kg, and
80 mg/kg 3-NP was administered on the following days. The
experimental procedure is shown in Fig. 1.

Body weight measurement
Prior to 3-NP administration, body weights of the only the
surviving experimental mice were obtained.

Behavioral assessments

To test the degree of motor impairment induced by 3-NP in the
mice from each group, we used a previously reported behavioral
scale, with scores ranging from 0 to 5. We evaluated neurological
behavior on the fifth day according to the following criteria: 0O,
normal behavior; 1, attenuated general activity; 2, abnormal gait
with discoordination; 3, hindlimb dystonia; 4, inability to move;
and 5, death [31, 32]. The test was performed by the experimenter
who was well trained in a double-blinded manner.

Open field test

The open field test (OFT) was used to evaluate the locomotor and
exploratory behaviors of rodents. We monitored the motor
functions of all experimental mice by performing this test. A
wooden square box apparatus measuring 50 cmx 50 cmx 50 cm
with a white floor was used for the OFT. Mice from all groups were
placed in the testing room 1 h prior to the test to allow them to
adapt to the environment before the experiment began. Each
mouse was allowed to explore the box for 5 min. The trajectory of
each mouse was recorded with a Sony camera and analyzed by
SMART v2.5.3 system software (Panlab SL, Barcelona, Spain) [33-
35]. The total traveled distance was analyzed after the test was
complete.

Tissue preparation

Chloral hydrate (6%) was used to anesthetize the mice (0.1 mL/10
g, i.p.). For biochemical analysis, the striatum was separated and
stored at —80°C for subsequent experiments. For histological
analysis, the mice were anesthetized and then perfused with 0.1
mol/L phosphate-buffered saline (PBS), followed by 4% parafor-
maldehyde (PFA) (pH = 7.4). Brain tissues were quickly isolated
and put in 4% PFA solution at 4°C for 12 h [25, 36]. To acquire
frozen sections, the brain tissues were dehydrated in different
concentrations of sucrose (10%, 20%, 30%, and 30%) dissolved in
0.1 mol/L phosphate-buffers (PB). To obtain paraffin sections, the
brain tissues were dehydrated and embedded sequentially in the
following reagents: 30%, 50%, 70%, 80%, 95%, 100%, and 100%
ethanol, xylene and liquid paraffin. The thickness of the paraffin
sections was 4 pum.
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Nissl staining

Nissl staining is an effective method for evaluating neuronal
damage in the mouse brain. We used xylene to dewax the paraffin
sections, and then rinsed them with 100%, 95%, and 70% ethanol.
The slides were stained with 0.1% cresyl violet solution for 25 min.
Then, the sections were washed quickly in water and differen-
tiated in 95% ethanol. We used 100% ethanol to dehydrate the
slides and then rinsed them with xylene solution. Finally, the slides
were mounted in the fume hood.

Ultrastructural transmission electron microscopy (TEM)

The ultrastructure of the striatum was imaged by TEM. After the
mice were perfused, their brains were rapidly isolated. Then, the
striatum was cut into ~1 mm?> cubes soon after it was separated
from the brain. The cubes were fixed in 2.5% glutaraldehyde for 2
h and then rinsed with 0.1M PBS. The tissue cubes were
dehydrated in an alcohol gradient and then embedded in Epon
resin. The embedded tissues were sectioned into ultrathin slices,
which were stained with lead citrate and uranyl acetate. The
striatal ultrathin sections were observed and imaged by TEM (H-
7650, Hitachi, Tokyo, Japan) [25].

Immunohistochemical staining (IHC)

The paraffin sections were dewaxed and rehydrated as described
above for Nissl staining. The slides were boiled in 1x antigen
retrieval solution (Vector Laboratories, Burlingame, CA, USA) in a
microwave for 15 min. After they were cooled to room tempera-
ture (RT), the slides were incubated with 3% H,O, for 30 min.
Then, the slides were treated with blocking buffer for 60 min at RT
and incubated with the primary antibody in hybridization buffer
(10x diluted blocking buffer) overnight (O/N) at 4 °C. The next day,
the slides were treated with secondary antibody for 1 h at RT and
then counterstained with DAPI for 10 min. Finally, the sections
were mounted with antifade mounting medium (Southern
Biotech, Birmingham, AL, USA). At the same time, the Tyramide
Signal Amplification kit (TSA) (Invitrogen, San Diego, CA, USA) was
used to increase the labeling density of the target protein by
utilizing the catalytic activity of HRP. The TSA protocol is the same
as the protocol for normal staining until after primary antibody
incubation. The sections were incubated with a biotinylated
secondary antibody. After being washed with 1x PBS, the tissue
sections were incubated with HRP-conjugated streptavidin for 60
min at RT. Crucially, we prepared the tyramide working solution,
which contained 100x diluted tyramide substrate solution (488) in
amplification buffer and 0.0015% H,0,. Then, the slides were
incubated with the working solution for 10 min at RT. After being
washed with 0.1 M PBS, the slides were counterstained with DAPI
and then mounted with mounting medium [37, 38]. Finally, the
sections were observed and imaged with a Leica laser scanning
confocal microscope (TCS SP2, Leica, Heidelberg, Germany).

The following primary antibodies were used in the experiment:
mouse anti-lba-1 (1:500, Wako, Tokyo, Japan), rabbit anti-TNF-a
(1:500, Abclonal, Wuhan, China), and rabbit anti-IL-13 (1:500,
Abclonal, Wuhan, China). The following secondary antibodies were
used in the experiment: biotin-conjugated goat anti-mouse IgG
(1:400, KPL, Gaithersburg, MD, USA) and biotin-conjugated goat
anti-rabbit 19G (1:400, KPL, Gaithersburg, MD, USA).

Western blotting (WB)

We homogenized the isolated striatum tissues in RIPA buffer
(Beyotime, Shanghai, China) with protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO, USA) and phosphatase inhibitors
(Invitrogen, San Diego, CA, USA) and then centrifuged them at
12,000 rpm for 30min. We collected the supernatants and
analyzed the total concentrations with a BCA kit (Applygen,
Beijing, China). Gradient SDS-PAGE gels were used to separate an
equal amount of each protein sample (40 pg/lane), and then the
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proteins were transferred to PVDF membranes (Millipore, Teme-
cula, CA, USA). After being blocked with 3% BSA (Sigma-Aldrich, St.
Louis, MO, USA) for 2h, the membranes that contained the
proteins were incubated with primary antibodies at 4 °C O/N. The
membranes were rinsed with 1x PBST three times for 10 min and
then treated with biotinylated secondary antibodies for 2 h at RT.
After being washed with 1x PBST, the membranes were treated
with HRP-conjugated streptavidin for 1h at RT. Finally, we used
the ImageQuant LAS 4000 Mini (Ge Healthcare, Diegem, Belgium)
to detect the bands. The density of the protein bands was
analyzed by ImagelJ software (NIH, Bethesda, MD, USA) [39, 40].

The following primary antibodies were used in WB: rabbit anti-
DARPP-32 (1:1000, ProteinTech Group, Chicago, IL, USA), rabbit
anti-cleaved-Caspase3 (1:500, CST, Danvers, MA, USA), mouse anti-
B-actin (1:5000, Sigma-Aldrich, St. Louis, MO, USA), goat anti-Iba-1
(1:500, Santa Cruz Biotech, Santa Cruz, CA, USA), mouse anti-
phospho-p38 (p-p38) (1:500, Santa Cruz Biotech, Santa Cruz, CA,
USA), rabbit anti-p38 (1:500, Santa Cruz Biotech, Santa Cruz, CA,
USA), rabbit anti-ERK1/2 (1:1000, CST, Danvers, MA, USA), rabbit
anti-phospho-ERK1/2 (p-ERK1/2) (1:1000, CST, Danvers, MA, USA),
mouse anti-phospho-JNK (p-JNK) (1:500, Santa Cruz Biotech, Santa
Cruz, CA, USA), mouse anti-JNK1 (1:500, Santa Cruz Biotech, Santa
Cruz, CA, USA), mouse anti-NF-kB p65 (1:500, Santa Cruz Biotech,
Santa Cruz, CA, USA), and mouse anti-phospho-NF-kB p65 Ser536
(p-NF-xB p65) (1:1000, CST, Danvers, MA, USA). The following
secondary antibodies were used in the study: biotin-conjugated
goat anti-mouse IgG (1:1000, KPL, Gaithersburg, MD, USA), biotin-
conjugated goat anti-rabbit 1gG (1:1000, KPL, Gaithersburg, MD,
USA), and biotin-conjugated rabbit anti-goat IgG (1:2000, KPL,
Gaithersburg, MD, USA).

Standard enzymatic analysis with kits

Striatal tissues were prepared as mentioned above by homo-
genization and centrifugation in saline. Then, we collected the
supernatants, which were used to test the activity of SDH in the
striatum. SDH kits were purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). The SDH kits were used
according to the manufacturer’s protocol.

Image analysis

With the aid of ImageJ software, the number of Nissl-stained cells
and cells immunopositive for specific markers was counted by an
investigator blinded to the experimental groups. Cells in full-
image fields of the striatum from three coronal brain sections per
mouse were counted for each experimental index. Three different
mice were used from each group [41, 42].

Statistical analysis

We used GraphPad Prism 7.0 (GraphPad Software, San Diego, CA,
USA) to perform statistical analysis. One-way analysis of variance
(ANOVA) followed by Dunnett’'s or Tukey's post hoc test and
Student’s unpaired t test were used for data analysis. The data are
expressed as the means+SEM. “n” represents the number of
tissues from different mice or mice used. P < 0.05 was considered
statistically significant.

RESULTS

Rg1 alleviated body weight loss and behavioral defects induced

by 3-NP

The chemical structure of Rg1 is present in Fig. 2a. In order to
investigate the effects of Rg1 on body weight loss and behavioral
defects induced by 3-NP, mice were pretreated with Rg1 before
being injected with 3-NP. Compared with those of the mice in the
control group, the body weights of the mice in the model group
were markedly reduced. Furthermore, oral pretreatment with Rg1
alleviated body weight loss in mice in the Rg1 + 3-NP group and
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Fig.2 Rg1 alleviated body weight loss and behavioral defects induced by 3-NP. a The chemical structure of Rg1. b Changes of body weight
across groups over 4 experimental days. ¢ Neurological scores across groups on day 5. d Total distance traveled in the open field test across
groups. Data are expressed as the mean + SEM, n = 8. ##P <0.001 vs control group; P <0.05, “P < 0.01 vs model group.

the nimodipine+3-NP group compared with mice in the model
group (Rg1-40 mg/kg+3-NP group and nimodipine+3-NP group:
P < 0.05). Moreover, the mean body weights of mice in the Rg1-40
mg/kg+saline group and those in the control group were not
different (Fig. 2b). To evaluate the motor behaviors of mice, each
experimental group was subjected to behavioral assessments and
the open field test. Based on the behavioral assessment, mice in
the model group exhibited serious neurological dysfunction,
including attenuated general activity, abnormal gait with dis-
coordination, hindlimb dystonia, and an inability to move. The
Rg1 + 3-NP groups and the nimodipine+3-NP group (Rg1-10, 20
and 40 mg/kg+3-NP group; nimodipine+3-NP group: P<0.01)
exhibited significantly lower neurological scores than the model
group. Furthermore, the neurological scores of mice from the Rg1-
40 mg/kg+saline group were comparable with those of the
control mice (Fig. 2¢). In the open field test, we found that the
total distance traveled by the model group mice was significantly
shorter than that traveled by the mice in the control group. The
total distance traveled by mice in the Rg1-40 mg/kg+3-NP group
and the nimodipine+3-NP group was significantly increased (Rg1-
40 mg/kg+3-NP group and nimodipine+3-NP group: P <0.05)
compared with that traveled by the model group. In addition,
there were no significant differences in the total distance traveled
between the Rg1-40 mg/kg+saline group and the control group
(Fig. 2d). These results suggested that pretreatment with Rg1l
alleviated body weight loss and motor behavior defects induced
by 3-NP.

SPRINGERNATURE

Rg1 ameliorated striatal neuronal loss induced by 3-NP

The striatum is a part of the basal ganglia, which is primarily
involved in motor control and action selection. As the principal
neurons of the striatum, medium spiny neurons (MSNs) are
particularly vulnerable to 3-NP-induced damage in many models
[6, 43, 44]. To assess striatal neuron damage, Nissl staining and
Western blot analysis were performed. In Nissl-stained sections,
the Nissl bodies of neurons were stained pink violet. Images of the
striatum for each experimental group are shown in Fig. 3a-g,
3a’-g’. Compared with that in the control group, the number of
remaining striatal neurons in the model group was significantly
decreased. In addition, the number of striatal neurons was
significantly higher in the Rg1 + 3-NP groups and the nimodi-
pine+3-NP group than in the model group (Rg1-10, 20, 40 mg/kg
+3-NP groups and nimodipine+3-NP group: P < 0.01). Moreover,
there was no significant difference in the number of striatal
neurons between the Rg1-40 mg/kg+-saline group and the control
group (Fig. 3h). Furthermore, the expression of DARPP-32, an
established marker of MSNs, was confirmed by Western blot
analysis in each experimental group. The expression of DARPP-32
was significantly decreased in the model group compared with
the control group. Moreover, compared with that in the model
group, the expression of DARPP-32 was significantly increased in
the Rg1 + 3-NP groups and the nimodipine+3-NP group (Rg1-20
mg/kg+3-NP group: P<0.05; Rg1-40 mg/kg+3-NP group and
nimodipine+3-NP group: P<0.01). There was no significant
variation in the expression level of DARPP-32 between the Rg1-
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40 mg/kg+saline group and the control group (Fig. 3i, j). The data
indicated that Rg1 ameliorated the loss of striatal neurons induced
by 3-NP.

Rg1 alleviated the striatal ultrastructural morphological damage
induced by 3-NP

Furthermore, to investigate striatal ultrastructural morphological
changes, TEM images were taken for each group. In the control
group, the TEM images showed relatively normal ultrastructural
morphology in the striatum (Fig. 4a, e, i, m). However, disruption
of cytomembranes and condensed chromatin were observed in
the model group (Fig. 4b). In subcellular structures, incomplete
mitochondrial membranes with few cristae and demyelination of
neurites were found in the model group (Fig. 4f, j). In the 3-NP-
treated model group, astrocyte end-feet (AEF) surrounding blood
vessels were swollen, which was probably caused by impairment
of the blood-brain barrier (BBB) [45] (Fig. 4n). The Rg1 and
nimodipine groups exhibited more normal cytomembranes,
chromatin, mitochondria, neurites, and AEF than the model
group. That is, both Rg1 and nimodipine improved the disruption
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;The representative blots and densitometry data for DARPP-32 in the striatum across
##p < 0,001 vs control group; P < 0.05, P < 0.01 vs model group. Scale bars, (a-g) 500

of the cytomembranes, condensation of chromatin, decrease in
mitochondrial cristae, demyelination of neurites, and swelling of
the AEF (Fig. 4c, d, g, h, k, |, o, p). The results revealed that Rg1
alleviated the striatal ultrastructural morphological damage
induced by 3-NP.

Rg1 reduced the striatal apoptosis induced by 3-NP

Apoptosis was induced in the striatum of the mouse model of 3-
NP-induced HD. As 3-NP induced apoptosis in the striatum by
inhibiting SDH activity, we first explored the effects of Rg1 on the
activity of SDH by standard enzymatic analysis and then
investigated the antiapoptotic effects of Rgl by WB analysis in
each experimental group. Striatal SDH activity was significantly
decreased in the model group compared with the control group
(Fig. 5b). Moreover, there was a significant increase in striatal SDH
activity in the Rg1+ 3-NP groups and the nimodipine-+3-NP
group mice compared to the model group mice (Rg1-10 mg/kg
+3-NP group: P<0.05 Rg1-20, 40 mg/kg+3-NP group and
nimodipine+3-NP group: P<0.01). There was no difference in
striatal activity between the Rg1-40 mg/kg+saline group and the
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Fig. 4 Rg1 alleviated the striatal ultrastructural morphological damage induced by 3-NP. a-d The representative photomicrographs of
striatal neurons across the groups. e-h The representative TEM images of subcellular structures in the striatum across groups.
i-l The representative photomicrographs of myelination in the striatum. m-p The ultrastructural morphology of the BBB across groups.

Scale bars, (a-d) 5 pm; (e-p) 2 pm.

control group. Furthermore, the antiapoptotic effect of Rg1 was
evaluated by measuring the expression of the cleaved caspase-3
protein by WB analysis. We found that the protein expression of
cleaved caspase-3 was significantly increased in the model group
compared with the control group. Compared with that in the
model group mice, the expression of cleaved caspase-3 was
significantly decreased in the Rgl+3-NP groups and the
nimodipine+3-NP group (Rg1-20, 40 mg/kg+3-NP groups and
nimodipine+3-NP group: P<0.01). In contrast, there was no
difference in the protein expression of cleaved caspase-3 between
the Rg1-40 mg/kg+saline group and the control group (Fig. 5a
and ¢). The data suggested that Rg1l reduced 3-NP-induced
apoptosis in the striatum.

SPRINGER NATURE

Rg1 inhibited striatal microglial activation induced by 3-NP

3-NP induced striatal microglial activation, which triggers the
inflammatory response. To assess the effects of Rg1 on microglial
activation, we used both IHC and WB analysis to evaluate the
protein expression of Iba-1, a marker of microglia. IHC images of
the striatum for each experimental group are presented in Fig. 6a-
g, 6a’-g". In terms of cell morphology, we found that in the model
group but not in the control group, lba-1-positive cells in the
striatum exhibited a morphology indicative of activated microglia,
with enlarged cell bodies (Fig. 6a, b, 6a’, b’). IHC analysis revealed
that the number of Iba-1-positive cells in the striatum in the model
group was significantly increased compared with that in the
control group (Fig. 6i). Moreover, compared with that in the model

Acta Pharmacologica Sinica (2021) 42:1409 - 1421



Ginsenoside Rg1 and Huntington’s disease
X Yang et al.

Cleaved
caspase-3
B-actin
b < C  1.0q
g 15+ #Ht
o ? 0.8+
£ @
2 [
S 107 2 S0.64
£ 8 B8 *k  kk
£ T *%
8 T 20.4+
2 5
® o 0.29
i
‘.:.- 0- 0.0~
N N\ > 0 XL R ¢ R
R e S & \g\ob o o o N
PO\ LA C R L A ) ® 3 & & L&
< © @ @ & E NP\ IR
S & & & & & & & S N
& q?& ’9& o“& S ST e S &
. o o N N N’ N
Q.Q\ QQ Q.Q\ '\» A Q.Q Q.Q Q_@ Q\ Ay

Fig. 5 Rg1 reduced the striatal apoptosis induced by 3-NP. a and c The representative blots and densitometry data for cleaved caspase-3
protein in the striatum across groups. b The activity of SDH in the striatum across groups. Data are expressed as the mean + SEM, n = 3. #p <

0.01 vs control group; "P < 0.05, P < 0.01 vs model group.

group, the number of Iba-1-positive cells in the striatum in the
Rg1 + 3-NP groups and the nimodipine+3-NP group was sig-
nificantly reduced (Rg1-20 mg/kg+3-NP group: P < 0.05; Rg1-40
mg/kg+3-NP group and nimodipine+3-NP group: P<0.01). WB
analysis showed that the protein expression of striatal Iba-1 was
markedly increased in the model group compared with the
control group (Fig. 6h, j). However, the protein expression of
striatal Iba-1 was significantly decreased in the Rg1 + 3-NP groups
and the nimodipine+3-NP group compared with the model group
(Rg1-20 mg/kg+3-NP group: P < 0.05; Rg1-40 mg/kg+3-NP group
and nimodipine+3-NP group: P <0.01). In contrast, there was no
significant difference in the protein expression of striatal Iba-1
between the Rg1-40 mg/kg-+saline group and the control group.
These results indicated that Rg1 inhibited the striatal microglial
activation induced by 3-NP.

Rg1 decreased the production of proinflammatory cytokines
induced by 3-NP

When inflammation, infection, and alterations in the immune
system occur, immune cells are activated through the production
of cytokines. These cytokines can be divided into two main types,
namely, anti-inflammatory and proinflammatory cytokines; these
different types of cytokines make opposing contributions to
inflammatory reactions [46, 47]. The production of proinflamma-
tory cytokines was increased in the striatum in the animal model
of 3-NP-induced HD, and this increase in proinflammatory
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cytokine production exacerbated damage to striatal neurons
[9, 48]. To investigate whether Rg1 can block the activation of
proinflammatory cytokines induced by 3-NP, IHC analysis was
performed in the experimental groups (Fig. 7a-g, a’-g’). There was
a marked increase in the production of striatal proinflammatory
cytokines (TNF-a, IL-1B) in the model group compared to the
control group (Fig. 7h, h’). However, the number of striatal TNF-a-
and IL-1B-positive neurons was significantly decreased in the Rg1
+ 3-NP group and the nimodipine+3-NP group compared with
the model group (Rg1-40 mg/kg+3-NP group and nimodipine+-3-
NP group: P < 0.01). In contrast, the number of striatal TNF-a- and
IL-1B-positive neurons in the Rg1-40 mg/kg-+saline group was
similar to that in the control group. Our results suggested that Rg1
decreased the production of proinflammatory cytokines induced
by 3-NP.

Rg1 suppressed the activation of the MAPK and NF-kB pathways
induced by 3-NP

The MAPK and NF-kB pathways mainly participate in the
regulation of inflammatory responses and were broadly activated
in the striatum in 3-NP-treated animals. To explore the effects of
Rg1 on the MAPK and NF-kB signaling pathways, we evaluated the
expression of p38, p-p38, JNK1, p-JNK, ERK1/2, p-ERK1/2, NF-kB
p65, and p-NF-kB p65 by WB analysis (Fig. 8a). Activation of p38,
ERK1/2, JNK1, and NF-kB p65 was significant in the striatum in the
model group compared with the control group. However, there

SPRINGER NATURE

1415



Ginsenoside Rg1 and Huntington'’s disease
X Yang et al.

1416

Control
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Fig. 6 Rg1l

Number of Iba-1* cells / field

Rg1-10mg/kg+3-NP

Rg1-20mg/kg+3-NP

Rg1-40mg/kg+3-NP

inhibited the striatal microglial activation induced by 3-NP. a-g, a’-g’ The representative photomicrographs of

immunofluorescence histochemical staining of Iba-1 in the striatum. i Quantitative analysis of Iba-1-positive cells in the striatum. h, j The
representative blots and densitometry data for Iba-1 in the striatum across groups. Data are expressed as the mean + SEM, n =3. ##p <0.01 vs
control group; P<0.05, P<0.01 vs model group. Scale bars, (a-g, a’-g’) 25 pm.

was a significant reduction in the expression of p-p38, p-JNK, p-
ERK1/2, and p-NF-kB p65 in the striatum in the Rg1 + 3-NP groups
and the nimodipine—+3-NP group compared with the model group
(Fig. 8b-e). Moreover, there was no significant difference in the
expression of p-p38, p-JNK, p-ERK1/2, and p-NF-kB p65 in the
striatum between the Rg1-40 mg/kg+saline group and the control
group. Our results revealed that Rg1 suppressed the activation of
the MAPK and NF-kB pathways induced by 3-NP.

DISCUSSION

In our study, we explored the neuroprotective effects of Rg1 in a
mouse model of 3-NP-induced HD. Pretreatment with
Rg1 significantly alleviated the loss of body weight and the
behavioral defects induced by 3-NP. Moreover, Rg1 ameliorated

SPRINGERNATURE

the striatal neuronal loss and ultrastructural morphological
damage induced by 3-NP. Furthermore, we found that Rg1
inhibited SDH inactivity and reduced apoptosis induced by 3-NP in
the striatum. Rg1 also inhibited striatal microglial activation and
reduced the production of striatal proinflammatory cytokines
(TNF-a and IL-1B) induced by 3-NP. Finally, our data showed that
Rg1 suppressed the activation of the MAPK and NF-kB signaling
pathways induced by 3-NP in the striatum.

The 3-NP-treated animal model is widely used in HD-related
research, as the phenotype of 3-NP treatment mimics HD symptoms
and neuropathology, including locomotor hypoactivity, discoordina-
tion of gait, dystonia, and striatal lesions [49-53]. There is a large
body of research indicating that the behavioral defects observed in
HD patients are closely associated with striatal lesions. Striatal
neurons are mostly made up of MSNs and interneurons. MSNs
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account for ~95% of all striatal neurons. As a marker of MSNs,
DARPP-32 plays vital roles in the integration of the numerous
neurotransmitter and neuromodulator signals that arrive at dopa-
minergic neurons [54, 55]. In the present study, behavioral defects
and striatal lesions were induced by 3-NP as previously reported
[32, 56, 57]. Compared to control mice, Rg1-treated mice exhibited a
marked increase in neurological scores and total distance traveled.
Moreover, we found that Rg1 alleviated striatal damage in the Rg1 +
3-NP groups compared with the model group, not only significantly
elevating the number of striatal cells, as determined by Nissl staining,
but also increasing the protein expression of striatal DARPP-32, as
determined by WB analysis (Fig. 3).

Furthermore, to observe striatal damage in the different groups,
TEM was used (Fig. 4). 3-NP selectively causes striatal lesions by
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inhibiting striatal SDH activity. The toxic effects of 3-NP in the
striatum are as follows: disturbances of energy metabolism,
depolarization of the mitochondrial membrane, dysregulation of
intracellular calcium homeostasis, and release of pro-apoptotic
proteins from mitochondria [44]. At the ultrastructural level, Rg1
dramatically alleviated disruption of the cytomembrane, conden-
sation of chromatin, and mitochondrial dysfunction in the striatum
of the 3-NP-treated mice (Fig. 4). Furthermore, Rg1 prevented a
decrease in SDH activity and exerted antiapoptotic effects in the
striatum of 3-NP-treated mice (Fig. 5).

A large number of studies have demonstrated that inflamma-
tion plays crucial roles in the occurrence and development of
neurodegenerative diseases, including HD [58-63]. Neuroinflam-
mation is mainly characterized by the following processes: BBB
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disruption, microglial activation, and increased expression of
cytokines, which can initiate multiple neurodegenerative path-
ways. BBB disruption is associated with inflammatory and immune
responses. As major resident immune cells, microglia play crucial
roles in the CNS [64]. In the presence of adverse stimuli, resting
microglia are activated. Activated microglia can produce a large
number of neurotoxic cytokines, such as TNF-a and IL-1f3 [12, 65].
These results have been reported in many HD models [66-68].
Moreover, the BBB can protect neurons from factors in the
systemic circulation and regulate the internal environment of the
brain. As components of the BBB, astrocyte end-feet play vital
roles in the regulation of the brain-to-blood and the blood-to-
brain transport of solutes [69]. There have been some reports that
administration of 3-NP induces degradation of the BBB in the
striatal area in HD animal models [70, 71]. In other words, BBB
breakdown may exacerbate the progression of diseases. In this
study, we found that the protein expression of Iba-1 was elevated
in 3-NP-treated mice compared to control mice by IHC and WB
analysis (Fig. 6). In addition, the levels of proinflammatory
cytokines, which are produced by activated microglia, were
significantly increased in 3-NP-treated mice compared to control
mice (Fig. 7). The TEM results confirmed that inflammation
occurred, as indicated by demyelination and swelling of astrocyte
end-feet in the striatum (Fig. 4j, n). As previously reported, Rg1 can
exert neuroprotective effects associated with anti-inflammation in
numerous models [72-75]. In fact, we found that Rg1 relieved 3-
NP-induced neuroinflammation in the striatum. Additionally,
treatment with Rg1 suppressed 3-NP-induced activation of
microglial and proinflammatory cytokines (TNF-a and IL-1f) in
the striatum (Fig. 6, 7).

By regulating the activation of the MAPK and NF-kB pathways, 3-
NP causes severe impairments in the striatum. Some studies have
shown that the symptoms of HD are ameliorated by compounds
targeting the MAPK and NF-kB pathways. HD-like syndromes can
be alleviated to varying degrees by inhibiting the activation of
proteins associated with the MAPK and NF-kB signaling pathways,
including p38, JNK, ERK1/2, and NF-kB p65 [7, 12, 76-78].
Moreover, there have been some reports on compounds that
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improve HD-related syndromes by suppressing the Nrf2 signaling
pathway [32, 79]. It has been reported that Rgl1 exerts
neuroprotective activities in many neurological disease models,
such as AD, PD, and stroke. In AD, Rg1 alleviates memory
impairment by stabilizing the GSK3f/tau pathway and/or attenu-
ating AP formation in okadaic acid (OKA)-treated rats [39]. On the
other hand, Rgl can also regulate amyloid precursor protein
processing and activate PKA/CREB signaling in transgenic AD mice
[80]. In PD, Rg1 can protect dopaminergic neurons from apoptosis
by inhibiting oxidative stress and the JNK signaling cascade in a
mouse model of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced PD [81]. Moreover, Rg1 can also protect dopami-
nergic neurons in the substantia nigra by regulating the activation
of the IGF-IR signaling pathway in a rat model of 6-
hydroxydopamine (6-OHDA)-induced PD [27] and prevent the
degeneration of dopaminergic neurons by modulating the
polarization dynamics of microglia and suppressing the NF-«kB
signaling pathway in a mouse model of lipopolysaccharide (LPS)-
induced PD [82]. In stroke, Rg1 attenuates ischemia/reperfusion-
induced neuronal damage by mediating the miR-144/Nrf2/ARE
signaling pathway in transient middle cerebral artery occlusion
(tMCAO) rats [83]. Therefore, we speculate that Rgl exerts its
neuroprotective effects through regulating signaling pathways
involved in antioxidative, antiapoptotic, and anti-inflammatory
effects. As an anti-inflammatory agent, Rgl exerts anti-
inflammatory effects by regulating the activation of the MAPK
and NF-kB pathways in many models [84-93]. However, there have
not yet been any reports that Rg1 can exert neuroprotective effects
in HD animal models through the MAPK and NF-kB pathways. The
results of the present study showed that Rgl reduced the
activation of p38, JNK, ERK1/2, and NF-kB p65 induced by 3-NP
in the damaged striatum (Fig. 8). Our findings indicated that Rg1
can contribute to the survival of striatal neurons by suppressing
the activation of the MAPK and NF-kB pathways.

In summary, our data demonstrated that Rgl can exert
neuroprotective effects in a mouse model of 3-NP-induced HD
via the MAPK and NF-kB pathways. The possible underlying
mechanisms are shown in Fig. 9. After crossing the BBB, 3-NP
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Fig. 9 The schematic diagram for possible mechanisms of Rg1’s neuroprotective effects in 3-NP induced HD mouse model. 3-NP inhibits
the activity of SDH in striatal cells, leading to mitochondrial dysfunction and the death of neurons in the striatum, and it also induces BBB
disruption, which leads to the leakage of more peripheral proinflammatory cells and microglia into the CNS. In microglia, 3-NP induces the
activation of the MAPK and NF-xB signaling pathways. Rg1 alleviates 3-NP-induced mitochondrial dysfunction and BBB breakdown, and it also
contributes to the survival of striatal neurons by inhibiting striatal microglial activation, apoptosis, and the expression of proinflammatory
cytokines induced by 3-NP. Moreover, Rg1 protects against striatal neuronal death by suppressing the activation of proteins in the MAPK and

NF-kB signaling pathways.

selectively enters striatal cells, in which the activity of SDH is
inhibited, leading to mitochondrial dysfunction and the death of
neurons in the striatum [79, 94]. BBB breakdown leads to the
leakage of more peripheral proinflammatory cells and microglia
into the CNS [95]. In microglia, 3-NP induces the activation of the
MAPK and NF-kB signaling pathways. In our study, Rg1 alleviated
3-NP-induced mitochondrial dysfunction and BBB disruption, and
it also contributed to the survival of striatal neurons by inhibiting
striatal microglial activation, apoptosis, and the expression of
proinflammatory mediators induced by 3-NP. Moreover, we found
that Rg1 protected against striatal neuronal death by suppressing
the activation of proteins in the MAPK and NF-kB pathways, such
as JNK, p38, NF-kB p65, and ERK1/2. Thus, Rgl may exert
neuroprotective effects on striatal neurons in a mouse model of 3-
NP-induced HD. Nevertheless, further studies are needed to
investigate the other exact mechanisms underlying the neuro-
protective effect of Rg1 in HD.

Our research together with those of related studies suggest that
Rg1 exerts neuroprotective effects in a mouse model of 3-NP-
induced HD. Furthermore, Rg1 prevents striatal degeneration and
protects striatal neurons through its anti-inflammatory and
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antiapoptotic effects, inhibiting the activation of the MAPK and
NF-kB signaling pathways. Our findings demonstrate that Rg1 can
exert neuroprotective effects in a mouse model of 3-NP-induced
HD via the MAPK and NF-kB pathways. The study suggests that
Rgl might have potential as a drug candidate for the
treatment of HD.
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