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degeneration via inhibiting neuroinflammation and oxidative stress in a
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ARTICLE INFO ABSTRACT

Oxidative stress and neuroinflammation are the key and early events during the pathological process of
Parkinson's disease (PD). Thus, therapeutic intervention to regulate oxidative stress and neuroinflammation
would be an effective strategy to alleviate the progression of PD. Astragaloside IV, the main active component
isolated from Astragalus membranaceus, has been shown to possess anti-inflammatory and anti-oxidant properties
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Efgomﬂammatw“ in neurodegeneration diseases, however, the molecular mechanisms of Astragaloside IV in the pathology of PD
NLRP3 are still unclear. In this study, we explored the mechanisms of Astragaloside IV of PD on 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP)-induced mice model and lipopolysaccharide (LPS)-induced BV2 microglia
cells. Our results showed Astragaloside IV significantly alleviated behavioral impairments and dopaminergic
neuron degeneration induced by MPTP. Also, Astragaloside IV inhibited microglia activation and reduced the
oxidative stress of MPTP mouse model. In addition, Astragaloside IV significantly inhibited NFxB mediated
NLRP3 inflammasome activation and activated Nrf2 both in vivo and in vitro. Furthermore, Astragaloside IV
lessened reactive oxygen species (ROS) generation in LPS-induced BV2 microglia cells remarkably. These
findings demonstrate that Astragaloside IV protects dopaminergic neuron from neuroinflammation and oxidative
stress which are largely dependent upon activation of the Nrf2 pathways and suppression of NFkB/NLRP3 in-
flammasome signaling pathway. Therefore, Astragaloside IV is a promising neuroprotective agent that should be
further developed for neurodegeneration diseases.

1. Introduction

Parkinson's disease (PD) is a common progressive neurodegenera-
tion disease which occurs with genetic and environmental onset. It
characterize by extra pyramidal motor dysfunction including tremor,
rigidity, bradykinesia and several non-motor symptoms such as sleep
and cognitive problems [1]. The hallmark of the diseases is the pro-
gressive loss of dopaminergic neurons in substantia nigra compacta
(SNpc) and striatum. Several studies assume that mitochondrial dys-
function, oxidative stress, neuroinflammation and apoptosis are in-
volved with the pathological process of PD [2-5]. Recently, oxidative

stress and neuroinflammation are supported as the early and key pa-
thological feature of PD [6,7]. Therefore, therapeutic intervention to
inhibit oxidative stress and neuroinflammation would be an effective
strategy to alleviate the progression of PD.

Neuroinflammation is a potent contributor to promote the pro-
gression of PD [2,8,9]. Recent studies showed that inflammasome ac-
tivation is implicated in inflammatory neurodegenerative disorders
such as AD, traumatic brain injury (TBI) and PD [3,10,11]. Nucleotide
binding and oligomerization domain-like (Nod) receptor family pyrin
domain-containing 3 (NLRP3) inflammasome is the most widely studied
member of the NLR family, which is composed of nod-like receptor
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protein NLRP3, adaptor protein ASC and pro-cascapse-1. It can be ac-
tivated to trigger a pro-inflammatory response under the stimulation of
the pathogen-associated molecular patterns (PAMPs) and endogenous
danger-associated molecular pattern (DAMPs) and ROS [12]. Activation
of NLRP3 inflammasome demands two signals: The first signal is to
activate the NFkB pathway to facilitate pro-IL-1f assembly and promote
NLRP3 transcription and translation, which is the priming step of
NLRP3 inflammasome activation. The second signal is to form the
NLRP3 inflammasome complex including NLRP3, ASC and caspsase-1
and then in turn cleaves pro-IL-1f into IL-1f. The activation of NLRP3
inflammasome will promote the maturity and release of IL-1[3, which is
detrimental to the dopaminergic neuronal survival. Strategies to in-
hibition NLRP3 inflammasome activation are effective to ameliorate the
neuroinflammation and dopaminergic neuronal degeneration of PD
[13-16].

Oxidative stress is often considered as a common feature of in-
flammatory responses, which is companied with an increased in-
tracellular overproduction of ROS and reduced antioxidant capacity.
ROS, on the other hand, exerts an upstream signal of NLRP3 in-
flammasome activation, which activates NLRP3 to trigger an in-
flammatory response [17,18]. Nuclear factor E2-related factor 2 (Nrf2)
is a key endogenous regulator in anti-oxidant defense mechanisms,
which plays a vital role in the amelioration of various inflammatory and
oxidative stress-induced diseases [19-22]. Recently studies showed that
activating Nrf2 could negatively regulate NLRP3 inflammasome ac-
tivity via inhibiting ROS production [17]. Another studies also de-
monstrated that Nrf2-activating compounds such as tertiary butylhy-
droquinone and sulforaphane is protective to the injured dopaminergic
neuron [23-28]. Therefore, activating Nrf2 may contribute to anti-
oxidative stress and anti-inflammation, which is beneficial for attenu-
ating the severity of PD.

Astragaloside IV is a saponin and serving as the predominant con-
stituent of Astragalus membranaceus, which has been suggested to have
anti-inflammatory, anti-oxidative and immuno-regulatory activities in
various diseases [29-32]. Recently, studies demonstrated that As-
tragaloside IV could alleviate neuroinflammation via inhibiting NFxB/
NLRP3 inflammasome axis of depression mice [33]. There are also re-
ports showing that Astragaloside IV could activate Nrf2-mediated an-
tioxidant pathway to alleviate acute kidney injury and brain injury
[34-36]. Although researchers also found Astragaloside IV is effective
to against the motor injury induced by MPTP, however, the molecular
mechanisms remain unclear [37]. In this study, we seek to investigate
the potential mechanisms of Astragaloside IV in a MPTP-induced mouse
model and LPS-induced BV2 microglia cells model of PD.

2. Materials and methods
2.1. Antibodies and reagents

The primary antibodies including Rabbit monoclonal anti-NF«xB,
Rabbit monoclonal anti-p-NFkBp65, Rabbit monoclonal anti-NLRP3,
Rabbit monoclonal anti-ASC, Rabbit monoclonal anti-Caspase-1, Rabbit
monoclonal anti-IL-1B and Rabbit monoclonal anti-LaminB were pur-
chased form Cell Signaling Technology, Inc. Rabbit monoclonal anti-
TH, Rabbit monoclonal anti-Nrf2 and Rat monoclonal anti-CD68 were
purchased form Abcam, Inc. Rabbit monoclonal anti- Iba-1 antibody
were purchased from Woko, Inc. Mouse anti-B-actin was purchased
from Sigma (St. Louis, MO, USA). All secondary antibodies (Goat anti-
mouse, Goat anti-rabbit IgG, Alexa Fluor 488 anti-Rabbit IgG, Alexa
Fluor 594 anti-Rat IgG and Alexa Fluor 594 anti-Rabbit IgG) were
purchased form Cell Signaling Technology, Inc. Astragaloside IV (98%
of purity) was obtained from Chengdu Herbpurify Co., Ltd. (China).
MPTP was purchased from Sigma (USA).
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2.2. Animals and drug treatment

Eight-week adult male C57BL/6 mice (weight 25-30g) were ob-
tained from Experimental Animal Center of the Guangzhou University
of Chinese Medicine (Guangzhou, China). Animals were group-housed
under a 12h light/dark cycle with free access to water and food. All
animal care and experimentation were approved by the principles and
guidelines of Ministry of Health, Peoples Republic of China for the Care
and Use of Laboratory Animals and the ethical standards for laboratory
animals of Guangzhou University of Chinese Medicine.

After one week of acclimation, mice were randomly divided into
five groups: (1) Control group; (2) Control + AS (Astragaloside IV,
40 mg/kg) group; (3) MPTP group; (4) MPTP + AS (Astragaloside IV,
10 mg/kg) group; (5) MPTP + AS (Astragaloside IV, 40 mg/kg) group.
Mice had intraperitoneal injection with MPTP (18 mg/kg) four times at
2h intervals to establish PD acute models. Mice were pretreated twice
daily with Astragaloside IV by oral gavage as described above for 7 days
before MPTP injection. Animals in the control and model group were
injected with an equivalent volume of 0.9% saline. After MPTP ad-
ministration, mice were treated with Astragaloside IV for 7 consecutive
days, accompanied with the behavioral test.

2.3. Behavioral test

The rotarod test and pole-climbing test were used to evaluate the
motor dysfunctions of MPTP-induced mice in this study. Briefly, the
mice were placed on the rotating rod for 2 min at the speed of 20 rounds
per minute as described previously [38]. The latency to fall was defined
by the duration of the mice on the rod until their first drop.

For the pole-climbing test, the procedures were carried out as pre-
viously described [39]. Briefly, a wooden pole, 50 cm in length and
0.5 cm in diameter, was placed on the table and wrapped in gauze to
prevent slippage. The mice were placed on the top of the pole and al-
lowed to climb down without interference for three successive times
with a 5-min interval. The time of each animal to climb down the pole
was recorded. The average of time spent in the three trials was used for
statistical analyses.

2.4. Tissue preparations

After behavioral tests, the mice were sacrificed under sodium pen-
tobarbital anesthesia. The midbrain region from the whole brain was
isolated immediately and stored at —80 °C for western blot. In each
group, four brain samples were collected and postfixed overnight in 4%
PFA at room temperature. They were transferred to sucrose solution for
dehydration according to a previously method for im-
munohistochemical stain analysis [15].

2.5. Cell culture and drug treatment

BV-2 microglia cells were obtained from the Chinese Academia
Sinica (Shanghai, China) and maintained in DMEM media supple-
mented with 10% fetal bovine serum and antibiotics at 37 °C in a hu-
midified incubator supplied with 5% CO,. Activation of inflammasome
induced in vitro was performed according to a previously described
method with few modifications [15]. For inducing inflammasome ac-
tivation, the cells were seeded (1 x 10° cells/well) in a 6-well plate,
incubated for 24 h, and then treated with or without Astragaloside IV
(10 uM or 40 uM) for another 6 h. After that, the cells were stimulated
with LPS (500 ng/ml) for 3h, and then stimulated with ATP (2.5 mM)
for 45 min.

2.6. Immunofluorescence

The immunofluorescence detection was conducted as described
previously with few modifications [15]. Coronal sections were prepared
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by a freezing microtome (Leica, Germany) and stored in an antifreeze
solution. The sections were blocked with 10% goat serum (with 0.5%
Triton X-100) in Tris-buffered saline for 20 min and then labeled with
TH (dilution 1:2000), Iba-1 antibody (dilution 1:200) and CD68 (dilu-
tion 1:200), in blocking buffer for 48 h at 4 °C. After being washed three
times with PBS, the sections were incubated with anti-rabbit secondary
antibodies conjugated to Alexa Fluor 594 (1:1000) or Alexa Fluor 488
(1:1000) for 1 h. After being washed with PBS three times, the sections
were added to a few drops of DAPI. Finally, the sections were covered
with coverslips and mounted with anti-fade fluorescence mounting
medium (Beyotime Biotechnology). The slides were then observed
under a fluorescence microscope (Model DMi8, Leica, Germany). The
total number of TH positive neurons and Iba-1/CD68 double positive
microglia in the entire SNpc range was counted from the brains of each
group of four mice. Each brain contains 6 consecutive slices of 3 in-
tervals. The final average of the positive cells in the four animals was
taken as the data of the samples. Quantitative data is expressed as the
percentage of vehicle group of TH-positive neurons or Iba-1 and CD68
positive microglia.

2.7. B-Galactosidase staining

B -Galactosidase staining was used to determine the senescence of
dopaminergic neurons cells in SNpc according to the manufacturer's
instruction (Beyotime). Briefly, sections were incubated with fixed so-
lution for 20 min at room temperature. After being washed three times
with PBS, the sections were incubated with dyeing working solution at
37 °C overnight. After natural drying, the sections were mounted with
neutral balsam and observed under the microscope. The [3-galactosidase
positive cells in SNpc area were counted by the same methods as the TH
positive cells. The quantitative data is expressed as the percentage of 3-
galactosidase positive cells in SNpc area.

2.8. Nuclear protein extraction

The midbrain tissue was cut into very small pieces as much as
possible and then the nuclear proteins were extracted using a nuclear
and cytoplasmic protein extraction kit (Beyotime, Shanghai, China)
according to the manufacturer's instructions.

2.9. Western blot analysis

Western blot assays for the target proteins were performed ac-
cording to our previous study [38]. The tissue and cells protein con-
centrations were measured by BCA Protein Assay protein assay (Milli-
pore, American). Equal amounts of sample (20pug or 40ug) were
separated by 10%-15% SDS PAGE and the resolved protein was
transferred to polyvinylidene difluoride membranes (Millipore, Amer-
ican). The membranes were soaked with 7% (w/v) skim milk for 1.5h
at room temperature, and then incubated with primary antibodies
overnight at 4 °C. The membranes were washed 3 times with TBST with
Tween 20 for 10 min each, followed by incubation with secondary
antibodies: the peroxidase-conjugated anti-mouse (1:4000) or anti-
rabbit IgG (1:4000) for 1.5h at room temperature. The blots were vi-
sualized by using an ECL western blot detection kit (Millipore,
WBKLS0500). Image J (National Institutes of Health, Bethesda, Mary-
land, USA) was used to evaluate the densitometry.

2.10. Determination of ROS production

Intracellular ROS levels were measured by using the fluorescent
probe DCFH-DA (Sigma-Aldrich) or DHE (Beyotime), according to the
manufacturer's protocol. After drug treatment as described above, BV2
cells were rinsed with phosphate-buffered saline (PBS), incubated with
10 uM DCFH-DA or DHE and diluted in serum-free DMEM in dark at
37 °C for 30 min. After incubation, cells were rinsed with PBS and then
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observed under a fluorescence microscope (Model DMi8, Leica,
Germany). The quantitative data is expressed as the fluorescence in-
tensity in relative to control group.

2.11. SOD, GSHpx, total glutathione and GSSG activity assays

The activities of SOD, GSH-Px, the concentration of total
Glutathione and GSSG in mouse serum were tested using commercial
kits, as specified by the manufacturer's instructions (Nanjing Jiancheng
Bioengineering Institute).

2.12. Statistical analysis

All data were expressed as mean * standard error. Statistical re-
sults were obtained by using the statistical software SPSS 17.0. One-
way analysis of variance (ANOVA) was used to analyze statistical dif-
ferences between groups under different conditions and the Student's t-
test was performed. P < 0.05 was considered significant difference.

3. Results

3.1. Astragaloside IV alleviates motor impairment in MPTP-induced PD
mice

In this study, we evaluated the effect of Astragaloside IV on PD by
rotarod test and pole-climbing test. As shown in Fig. 1A, MPTP-treated
mice exhibited a marked decrease in latency to fall compared with
those in the control group on day 1, day 3 and day 5 after MPTP in-
jection in rotarod test. However, Astragaloside IV treatment (40 mg/kg)
significantly increased the latency to fall in rotarod test on day 3 and
day 5 after MPTP injection. Similarly, mice in MPTP group showed a
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Fig. 1. Astragaloside IV alleviates motor impairment in MPTP-induced PD
mice.

Lantency to fall in Rotarod test on the day 1, day 3 and day 5 after MPTP
injection (A). The time of crawing in the pole-climbing test on the day 1, day 3
and day 5 after MPTP injection (B). Experimental values were expressed as
means + SEM, p < 0.05 and **p < 0.01, vs. Control group, *p < 0.05 and
**p < 0.01 vs. MPTP-treated group. (n = 10-12 in each group).
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Fig. 2. Astragaloside IV protects against MPTP-induced dopaminergic neurons degeneration in substantia nigra.

Representive immunofluorescence images (A) and the statistical results (B) of TH-positive neurons in the SNpc area of each group. The TH protein expression and the
statistic results of midbrain (C) were shown by western blotting (n = 3 per group). The representive images and the statistical results for the senescence of dopa-
minergic neuron (E) in the SNpc area (n = 4 per group). Experimental values were expressed as means + SEM, “p < 0.05and *#p < 0.01, vs. Control group,
*p < 0.05and **p < 0.01 vs. MPTP-treated group. 3*p < 0.01 represented the statistical analysis of the two groups.

longer crawling time in contrasted to those in the control group on day induced motor impairment.
1, day 3 and day 5 after MPTP injection in pole-climbing test (Fig. 1B).
However, high dose of Astragaloside IV (40 mg/kg) treatment de-
creased the crawling time on day 1, 3 and 5 after MPTP injection. These
results indicate that Astragaloside IV is effective to alleviate MPTP-
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Fig. 3. Astragaloside IV inhibits microglia activation and oxidative stress in MPTP-induced PD mice.

Representive immunofluorescence images of microglia activation with the specific anti-Iba-1 antibody (green) and CD68 (red) in SNpc area (n = 4 per group) (A).
The activity of SOD (B), GSHpx (C), Total Glutathione (D) and GSSG (E) in the serum of the mice (n = 6 per group). Experimental values were expressed as
means + SEM, #p < 0.05 and *#p < 0.01, vs. Control group, *p < 0.05 and **p < 0.01 vs. MPTP-treated group. 3%p < 0.01 represented the statistical analysis
of the two groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.2. Astragaloside IV protects against MPTP-induced dopaminergic neurons
degeneration

The selective loss of dopaminergic neurons in the substantia nigra
(SN) is the main pathological feature of PD. To verify whether
Astragaloside IV have effect on the pathological damage induced by
MPTP, we detected the level of tyrosine hydroxylase (TH) by im-
munofluorescence staining and western blotting. As shown in Fig. 2A
and B, MPTP administration caused an obvious loss of TH positive
neurons in SNpc in comparison with that in control group. Corre-
spondingly, MPTP treatment also induced a remarkable reduction of TH
protein expression of midbrain (Fig. 2C). In addition, the dopaminergic
neuron senescence induced by MPTP was also examined by (-Ga-
lactosidase staining. As shown in Fig. 2D and E, MPTP administration
induced an increasing percentage of senescence neurons in SNpc in
comparison with that in the control group. Interestingly, Astragaloside
IV treatment significantly increased both the number of TH positive
neurons in SNpc and the TH protein expression in midbrain. Moreover,
Astragaloside IV ameliorated the dopaminergic neurons senescence
remarkably. These results indicate that Astragaloside IV is effective to
alleviate the MPTP-induced dopaminergic neuronal degeneration.

3.3. Astragaloside IV inhibits neuroinflammation and oxidative stress in
MPTP-induced PD mice

Neuroinflammation and oxidative stress are the early and key
events of PD. The activated microglia is the characteristic hallmarks of
neuroinflammation of central nervous system (CNS) [40]. Thus, we
labeled the microglia with Iba-1 and CD68 in the SNpc of MPTP-in-
duced mice to investigate whether Astragaloside IV have an impact on
neuroinflammation of PD. As shown in Fig. 3A, more microglia with
large somas and numerous short branches were found after MPTP in-
jection, in addition, increased number of Iba-1 and CD68 double posi-
tive microglia (indicated with white arrows) were also observed in the
SNpc of MPTP group, which are indicators of microglia activation. In-
terestingly, Astragaloside IV suppressed the microglia activation by
both changing the morphology (Fig. 3A) and decreasing the number of
Iba-1 and CD68 double positive microglia cells (Fig. S1).

Next, we detected the enzyme ability of SOD, GSHpx and the con-
centration of total Glutathione and GSSG in the serum of MPTP mice to
confirm the anti-oxidative effect of Astragaloside IV on PD. As shown in
Fig. 3B to E, MPTP administration induced a significantly depletion of
the anti-oxidant enzyme activities, including those of SOD, GSH-Px,
total Glutathione and GSSG in relative to control group, and these ef-
fects were markedly reversed by Astragaloside IV treatment. These re-
sults indicate Astragaloside IV could inhibit oxidative stress of PD mice
induced by MPTP injury.

3.4. Astragaloside IV inhibits NLRP3 inflammasome activation in the
MPTP-induced PD mice and LPS-induced BV2 microglia

As NFkB/NLRP3 pathway is considered a key signaling pathway in
mediating neuroinflammation, we explored the effect of Astragaloside
IV on NFxB and NLRP3 inflammasome activation of PD both in vivo and
in vitro. We performed immunofluorescence staining to observe the
translocation of NF«B into the nucleus in SNpc area with the treatment
of Astragaloside IV after MPTP injury. As shown in Fig. 4A and Fig. S2A,
we observed a reduction in NFkB nuclear accumulation of SNpc area in
treated with Astragaloside IV when compared with those treated with

MPTP alone. We also found a significant decrease in phosphorylated
nucleus NFkBp65 following treatment with Astragaloside IV (Fig. 4B).
Similarly, Astragaloside IV treatment also caused a decline in NLRP3
inflammasome protein expression (including NLRP3, ASC, Pro-Caspase-
1, Caspase-1, Pro-IL-1f3 and IL-1f) in midbrain of MPTP-induced mice
(Fig. 4C).

Microglia NLRP3 inflammasome activation is confirmed to play a
key role in the development of neuroinflammation of PD. So, the effect
of Astragaloside IV on NLRP3 inflammasome activation in vitro was
assessed in BV2 microglia cells. Here, we treated with LPS plus ATP to
activate NLRP3 inflammasome of BV2 microglia cells rapidly [15,17].
The results showed that LPS plus ATP induced an increase of NFkB
nuclear accumulation (Fig. 4D and Fig. S2B) and an increase of nucleus
NFxBp65 phosphorylation in BV2 microglia cells (Fig. 4E). In addition,
it also induced an increase of NLRP3, Caspase-1, ASC and IL-1p protein
expression (P < 0.01, Fig. 4F). In contrast, Astragaloside IV decreased
NFxB and NLRP3 inflammasome levels. These results indicated As-
tragaloside IV inhibits NLRP3 inflammasome activation of PD both in
vivo and in vitro.

3.5. Astragaloside IV activates Nrf2 in MPTP-induced mice and LPS-
induced BV2 microglia cells

Activate Nrf2 could scavenge different sources of ROS to protect
neuron from inflammation and oxidative stress-induced damage. So, we
detected and analyzed the protein levels of Nrf2 by immuno-
fluorescence staining and western blotting assays. As shown in Fig. 5A
to 5D, MPTP injection resulted to a decrease of Nrf2 nuclear tran-
scription and protein expression as compared with control mice. Simi-
larly, stimulation with LPS plus ATP also led to a remarkable decrease
of Nrf2 nuclear translocation and Nrf2 protein expression of BV2 mi-
croglia cells (Fig. 5E to H). In contrast, Astragaloside IV treatment in-
creased Nrf-2 levels remarkably both in vivo and in vitro.

Then, we measured the ROS production by the fluorescence of
DCFDA and DHE. As shown in Fig. 5I to K, LPS plus ATP caused higher
fluorescence intensity of DCFDA and DHE compared with the control
group, which is the reflection of the overproduction of ROS. However,
Astragaloside IV decreased the production of ROS significantly, evi-
denced by the decreased the fluorescence intensity of DCFDA and DHE.
These results suggest that Astragaloside IV could activate Nrf2 and re-
duce the ROS production of PD.

4. Discussion

In present study, we evaluated the effect and mechanisms of
Astragaloside IV on oxidative stress and neuroinflammation of PD both
in vivo and in vitro. We found that Astragaloside IV is effective to al-
leviate the motor dysfunction and dopaminergic neuron degeneration
of MPTP mice. In addition, we determined Astragaloside IV inhibited
the oxidative stress and neuroinflammation induced by MPTP.
Furthermore, we found that Astragaloside IV suppressed NLRP3 in-
flammasome activation and activated Nrf2 in MPTP-induced PD mice
and LPS-induced BV2 microglia. Besides, we also found Astragaloside
IV lessened ROS production in BV2 microglia cells. These findings de-
monstrate that Astragaloside IV mediated neuroprotection in MPTP
mouse model against neuroinflammation and oxidative stress probably
via promoting Nrf2 antioxidant pathways activation and suppressing
NLRP3 inflammasome activation. Therefore, Astragaloside IV might be
the therapeutic drug for PD treatment.
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Fig. 4. Astragaloside IV inhibits NFkB-mediated NLRP3 inflammasome activation in MPTP-induced PD mice and LPS-induced BV2 microglia cells.

Representive immunofluorescence images of NFkB nuclear accumulation in SNpc area (A) and BV2 microglia (n = 4 per group) (D). The protein bands of cytoplasm
and nucleus p-NFkBp65 and the statistic results of the ratio of nucleus p-NFkBp65/cytoplasm p-NFkBp65 in midbrain (B) and BV2 microglia (E) were shown by
western blotting (n = 3 per group). NLRP3 inflammasome components (including NLRP3, ASC, Caspase-1 and pro-IL-1f as well as IL-1f3) in midbrain (C) and BV2
cells (F) were measured by western blotting and B-actin was detected as an internal control. Experimental values were expressed as means + SEM, “p < 0.05 and

##p < 0.01, vs. Control group, *p < 0.05and **p < 0.01 vs. MPTP-treated or LPS + ATP group. **p < 0.01 represented the statistical analysis of the two groups.
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The MPTP mouse model is a classical experimental model to mimic
the clinical changes, biochemical and neuropathological changes in
human PD [41,42]. Therefore, in this investigation, we established an
acute PD animal model to investigate the effect of Astragaloside IV on
motor deficits and neuropathological changes. We determined As-
tragaloside IV is effective to alleviate the motor impairment induced by
MPTP, which is accordance with previous study [37]. Moreover, our
data also demonstrated that amelioration of Astragaloside IV treatment
in selective loss and senesce of dopaminergic neurons, which further
support the hypothesis that Astragaloside IV might be the potential
drug for PD therapy.

Increasing evidence suggests neuroinflammation and oxidative
stress are the early and key events of PD, which might be the leading
factor to cause dopaminergic degeneration. In recent years, the anti-
oxidants and anti-inflammatory drugs has become increasingly popular
for the treatment of PD [43]. So, we evaluated the effect of As-
tragaloside IV on neuroinflammation and oxidative stress in MPTP-in-
duced mice. The microglia play a vital role in the development of
neuroinflammation of PD. The activated microglia will release in-
flammatory cytokines such as TNFa and IL-1f, which is detrimental to
the dopaminergic neuron survival. Thus, we explored the effect of As-
tragaloside IV on neuroinflammation via microglia activation. We ob-
served Astragaloside IV suppressed the microglia activation both via
changing the morphology and decreasing the number of Iba-1 and
CD68 double positive microglia cells. We also determined Astragaloside
IV is effective to against oxidative stress induced by MPTP injury evi-
denced by enhancing the activities of anti-oxidative enzyme including
of SOD, GSH-Px, total Glutathione and GSSG. These data indicate As-
tragaloside IV is effective to against the oxidative stress and neuroin-
flammation induced by MPTP injury, which might be the key me-
chanism of Astragaloside IV treatment on PD.

The NLRP3 inflammasome, especially the NLRP3 inflammasome in
microglia, is thought to be the key molecular in mediating the devel-
opment of the neuroinflammation of PD [15,44,45]. Increasing evi-
dence indicated that the activation of NFkB is a prerequisite step
(priming) for NLRP3 inflammasome activation. Therefore, we detected
and analyzed the level of NFkB and NLRP3 inflammasome of PD both in
vivo and in vitro. We found a decrease of NFkB nuclear accumulation
and NLRP3 inflammasome components protein expression of MPTP
mice following with Astragaloside IV treatment. We next stimulated the
BV2 microglia with LPS plus ATP (specific NLRP3 activator) to induce
an rapidly activation of NFkB and NLRP3 inflammasome. Data in vitro
further revealed that Astragaloside IV treatment is effectively to inhibit
the NFkB and NLRP3 inflamamsome activation of microglia. These
findings indicate that Astragaloside IV could inhibit NLRP3 inflamma-
some activation of PD, which might be the potential molecular me-
chanism that Astragaloside IV exert the inhibition effect on neuroin-
flammation of PD.

Nrf2 is a major regulator of redox homeostasis and activation of
Nrf2 could negative regulate NLRP3 by inhibiting ROS-induced NLRP3
priming [17]. Previous studies have showed Astragaloside IV could
active Nrf2 on acute kidney and brain injury [34,46]. To measure the
effect of Astragaloside IV on Nrf2 activation of PD, we used immuno-
fluorescence and western blotting assays to test the nuclear accumu-
lation and protein expression of Nrf2 both in vivo and in vitro. We
found an increase of nuclear accumulation of Nrf2 and Nrf2 level after
Astragaloside IV treatment, both in MPTP-induced mice and LPS-in-
duced BV2 microglia cells. Importantly, Astragaloside IV decreased the
ROS production induced by LPS and ATP in BV2 microglia. These data
indicate that Astragaloside IV could activate Nrf2 and decrease the
production of ROS of PD. These results indicate activation of Nrf2 might
be the potential therapeutic target for some uncontrolled inflamma-
some activation-associated disease including PD.

Emerging evidence showed oxidative stress and neuroinflammation
are the extremely related events of inflammatory diseases. Oxidative
stress can exaggerate pro-inflammatory factors expression and
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inflammatory cells can similarly trigger overproduction of ROS, which
creates a vicious cycle to provoke the development of various in-
flammatory diseases [47]. In this study, we found that Astragaloside IV
is neuroprotective to against the motor deficits and dopaminergic
neurodegeneration from neuroinflammation and oxidative stress in-
duced by MPTP. Intriguingly, Astragaloside IV suppresses the NLRP3
inflammasome activation, in the meanwhile, promotes the Nrf2 acti-
vation and decreases the ROS production. Taken together, the mole-
cular mechanism of the neuroprotective effect of Astragaloside IV on
oxidative stress and neuroinflammation of MPTP-induced PD might be
largely depending on activating of Nrf2 (Fig. 6).

There are several potential limitations deserving attention in our
experiments. Even though we demonstrated that Astragaloside IV could
inhibit the NLRP3 inflammasome signaling, while activates Nrf2 of PD
both in vivo and in vitro, whether Astragaloside IV inhibits the NLPRP3
inflammasome directly via activating Nrf2 remains obscure due to the
lack of Nrf2 overexpress or NLRP3 knockout mice. Second, the levels of
keepl, the company molecular of Nrf2, were not examined in the pre-
sent study, which might lessen the convincing of the effect of
Astragaloside IV on oxidative stress. Therefore, further experiments are
needed to settle these issues.

5. Conclusions

In conclusion, our findings demonstrated that Astragaloside IV ef-
fectively protected motor deficits and dopaminergic neuron degenera-
tion from oxidative stress and inflammation damage. This study pro-
vides beneficial evidence for the application of Astragaloside IV in the
prevention of inflammasome and oxidative stress-associated diseases,
especially PD.

Data availability

The data used to support the findings of this study are available
from the corresponding author upon request.

Authors' contributions
Cong Yang and Yousheng Mo contributed equally to this work.
Acknowledgments

This work was supported by the National Natural Science
Foundation of China (No. 81673627, No. 81673717, No. 81774199),
Guangzhou Science Technology and Innovation Commission
Technology Research Projects (201805010005, 201803010047).

Declaration of Competing Interest
The authors declare that there is no conflict of interest.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.intimp.2019.05.036.

References

[1] T. Gasser, Molecular pathogenesis of Parkinson disease: insights from genetic stu-
dies, Expert Rev. Mol. Med. 11 (2009) e22.

E.C. Hirsch, S. Vyas, S. Hunot, Neuroinflammation in Parkinson's disease,
Parkinsonism Relat. Disord. 18 (Suppl. 1) (2012) S210-S212.

S. Sarkar, et al., Mitochondrial impairment in microglia amplifies NLRP3 in-
flammasome proinflammatory signaling in cell culture and animal models of
Parkinson's disease, NPJ Parkinsons Dis. 3 (2017) 30.

X.L. Sun, et al., Gas1 up-regulation is inducible and contributes to cell apoptosis in
reactive astrocytes in the substantia nigra of LPS and MPTP models, J.
Neuroinflammation 13 (1) (2016) 180.

[2]

[3]

[4]


https://doi.org/10.1016/j.intimp.2019.05.036
https://doi.org/10.1016/j.intimp.2019.05.036
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0005
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0005
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0010
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0010
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0015
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0015
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0015
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0020
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0020
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0020

C. Yang, et al.

[5]

[6]

71

[8]
[91
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

L. Qin, et al., NADPH oxidase and aging drive microglial activation, oxidative stress,
and dopaminergic neurodegeneration following systemic LPS administration, Glia
61 (6) (2013) 855-868.

J.M. Taylor, B.S. Main, P.J. Crack, Neuroinflammation and oxidative stress: co-
conspirators in the pathology of Parkinson's disease, Neurochem. Int. 62 (5) (2013)
803-819.

K. Hassanzadeh, A. Rahimmi, Oxidative stress and neuroinflammation in the story
of Parkinson's disease: could targeting these pathways write a good ending? J. Cell.
Physiol. 234 (1) (2018) 23-32.

Q. Wang, Y. Liu, J. Zhou, Neuroinflammation in Parkinson's disease and its po-
tential as therapeutic target, Transl. Neurodegener. 4 (2015) 19.

E.C. Hirsch, S. Hunot, Neuroinflammation in Parkinson's disease: a target for neu-
roprotection? Lancet Neurol. 8 (4) (2009) 382-397.

M.T. Heneka, et al., NLRP3 is activated in Alzheimer's disease and contributes to
pathology in APP/PS1 mice, Nature 493 (7434) (2013) 674-678.

X. Xu, et al., Selective NLRP3 inflammasome inhibitor reduces neuroinflammation
and improves long-term neurological outcomes in a murine model of traumatic
brain injury, Neurobiol. Dis. 117 (2018) 15-27.

F. Yin, et al., Energy metabolism and inflammation in brain aging and Alzheimer's
disease, Free Radic. Biol. Med. 100 (2016) 108-122.

C. Qiao, et al., Caspase-1 deficiency alleviates dopaminergic neuronal death via
inhibiting Caspase-7/AIF pathway in MPTP/p mouse model of Parkinson's disease,
Mol. Neurobiol. 54 (6) (2017) 4292-4302.

V. Lawana, et al., Involvement of c-Abl kinase in microglial activation of NLRP3
Inflammasome and impairment in autolysosomal system, J. Neurolmmune
Pharmacol. 12 (4) (2017) 624-660.

Z. Fan, et al., Tenuigenin protects dopaminergic neurons from inflammation via
suppressing NLRP3 inflammasome activation in microglia, J. Neuroinflammation
14 (1) (2017) 256.

C. Qiao, et al., Inhibition of the hepatic Nlrp3 protects dopaminergic neurons via
attenuating systemic inflammation in a MPTP/p mouse model of Parkinson's dis-
ease, J. Neuroinflammation 15 (1) (2018) 193.

X. Liu, et al., Nuclear factor E2-related factor-2 negatively regulates NLRP3 in-
flammasome activity by inhibiting reactive oxygen species-induced NLRP3 priming,
Antioxid. Redox Signal. 26 (1) (2017) 28-43.

J.W. Yu, M.S. Lee, Mitochondria and the NLRP3 inflammasome: physiological and
pathological relevance, Arch. Pharm. Res. 39 (11) (2016) 1503-1518.

X.J. Zhao, et al., Polydatin prevents fructose-induced liver inflammation and lipid
deposition through increasing miR-200a to regulate Keapl/Nrf2 pathway, Redox
Biol. 18 (2018) 124-137.

A. Cuadrado, et al., Transcription factor NRF2 as a therapeutic target for chronic
diseases: a systems medicine approach, Pharmacol. Rev. 70 (2) (2018) 348-383.
S.M. Ka, et al., Citral alleviates an accelerated and severe lupus nephritis model by
inhibiting the activation signal of NLRP3 inflammasome and enhancing Nrf2 acti-
vation, Arthritis Res. Ther. 17 (2015) 331.

A.E. Wagner, et al., DSS-induced acute colitis in C57BL/6 mice is mitigated by
sulforaphane pre-treatment, J. Nutr. Biochem. 24 (12) (2013) 2085-2091.

Q. Zhou, et al., Sulforaphane protects against rotenone-induced neurotoxicity in
vivo: involvement of the mTOR, Nrf2, and autophagy pathways, Sci. Rep. 6 (2016)
32206.

C. Deng, et al., Sulforaphane protects against 6-hydroxydopamine-induced cyto-
toxicity by increasing expression of heme oxygenase-1 in a PI3K/Akt-dependent
manner, Mol. Med. Rep. 5 (3) (2012) 847-851.

C. Deng, et al., Inhibition of 6-hydroxydopamine-induced endoplasmic reticulum
stress by sulforaphane through the activation of Nrf2 nuclear translocation, Mol.
Med. Rep. 6 (1) (2012) 215-219.

M.H. Fu, et al., Nrf2 activation attenuates the early suppression of mitochondrial
respiration due to the alpha-synuclein overexpression, Biom. J. 41 (3) (2018)
169-183.

M.H. Abdel-Wahab, Potential neuroprotective effect of t-butylhydroquinone against

12

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

International Immunopharmacology 75 (2019) 105651

neurotoxicity-induced by 1-methyl-4-(2’-methylphenyl)-1,2,3,6-tetrahydropyridine
(2’-methyl-MPTP) in mice, J. Biochem. Mol. Toxicol. 19 (1) (2005) 32-41.

A.L. Cook, et al., NRF2 activation restores disease related metabolic deficiencies in
olfactory neurosphere-derived cells from patients with sporadic Parkinson's disease,
PLoS One 6 (7) (2011) e21907.

M. Li, et al., Astragaloside IV attenuates cognitive impairments induced by transient
cerebral ischemia and reperfusion in mice via anti-inflammatory mechanisms,
Neurosci. Lett. 639 (2017) 114-119.

Z.G. Zhang, et al., Astragaloside IV prevents MPP(+)-induced SH-SY5Y cell death
via the inhibition of Bax-mediated pathways and ROS production, Mol. Cell.
Biochem. 364 (1-2) (2012) 209-216.

X. Wang, et al., Astragaloside IV, a natural PPARgamma agonist, reduces Abeta
production in Alzheimer's disease through inhibition of BACE1, Mol. Neurobiol. 54
(4) (2017) 2939-2949.

X. Li, et al., Astragaloside IV suppresses collagen production of activated hepatic
stellate cells via oxidative stress-mediated p38 MAPK pathway, Free Radic. Biol.
Med. 60 (2013) 168-176.

M.T. Song, et al., Astragaloside IV ameliorates neuroinflammation-induced de-
pressive-like behaviors in mice via the PPARgamma/NF-kappaB/NLRP3 in-
flammasome axis, Acta Pharmacol. Sin. 39 (10) (2018) 1559-1570.

W. Yan, et al., Renoprotective mechanisms of Astragaloside IV in cisplatin-induced
acute kidney injury, Free Radic. Res. 51 (7-8) (2017) 669-683.

D.M. Gu, et al., EGFR mediates astragaloside IV-induced Nrf2 activation to protect
cortical neurons against in vitro ischemia/reperfusion damages, Biochem. Biophys.
Res. Commun. 457 (3) (2015) 391-397.

Y. Huang, et al., Danggui-Shaoyao-San improves learning and memory in female
SAMP8 via modulation of estradiol, Evid. Based Complement. Alternat. Med. 2014
(2014) 327294.

L. Xia, D. Guo, B. Chen, Neuroprotective effects of astragaloside IV on Parkinson
disease models of mice and primary astrocytes, Exp. Ther. Med. 14 (6) (2017)
5569-5575.

Y. Mo, et al., Bushen-Yizhi formula alleviates neuroinflammation via inhibiting
NLRP3 inflammasome activation in a mouse model of Parkinson's disease, Evid.
Based Complement. Alternat. Med. 2018 (2018) 3571604.

C. Chen, et al., Thyroid hormone-Otx2 signaling is required for embryonic ventral
midbrain neural stem cells differentiated into dopamine neurons, Stem Cells Dev.
24 (15) (2015) 1751-1765.

B.W. Kim, et al., alpha-Asarone attenuates microglia-mediated neuroinflammation
by inhibiting NF kappa B activation and mitigates MPTP-induced behavioral deficits
in a mouse model of Parkinson's disease, Neuropharmacology 97 (2015) 46-57.
S. Duty, P. Jenner, Animal models of Parkinson's disease: a source of novel treat-
ments and clues to the cause of the disease, Br. J. Pharmacol. 164 (4) (2011)
1357-1391.

R.D. Prediger, et al., The intranasal administration of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP): a new rodent model to test palliative and neuropro-
tective agents for Parkinson's disease, Curr. Pharm. Des. 17 (5) (2011) 489-507.
K. Hassanzadeh, A. Rahimmi, Oxidative stress and neuroinflammation in the story
of Parkinson's disease: could targeting these pathways write a good ending? J. Cell.
Physiol. 234 (1) (2018) 23-32.

E. Lee, et al., MPTP-driven NLRP3 inflammasome activation in microglia plays a
central role in dopaminergic neurodegeneration, Cell Death Differ. 26 (2) (2019)
213-228.

Y.A.-O. Mo, et al., Bushen-Yizhi Formula Alleviates Neuroinflammation Via
Inhibiting NLRP3 Inflammasome Activation in a Mouse Model of Parkinson's
Disease, (2018) (1741-427X (Print)).

L. Linares-Pose, et al., Genetic targeting of GRP78 in the VMH improves obesity
independently of food intake, Genes (Basel) 9 (7) (2018).

H. Lv, et al., Xanthohumol ameliorates lipopolysaccharide (LPS)-induced acute lung
injury via induction of AMPK/GSK3beta-Nrf2 signal axis, Redox Biol. 12 (2017)
311-324.


http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0025
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0025
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0025
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0030
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0030
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0030
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0035
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0035
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0035
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0040
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0040
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0045
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0045
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0050
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0050
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0055
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0055
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0055
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0060
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0060
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0065
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0065
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0065
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0070
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0070
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0070
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0075
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0075
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0075
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0080
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0080
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0080
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0085
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0085
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0085
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0090
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0090
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0095
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0095
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0095
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0100
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0100
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0105
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0105
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0105
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0110
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0110
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0115
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0115
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0115
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0120
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0120
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0120
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0125
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0125
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0125
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0130
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0130
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0130
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0135
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0135
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0135
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0140
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0140
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0140
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0145
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0145
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0145
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0150
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0150
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0150
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0155
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0155
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0155
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0160
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0160
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0160
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0165
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0165
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0165
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0170
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0170
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0175
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0175
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0175
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0180
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0180
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0180
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0185
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0185
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0185
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0190
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0190
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0190
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0195
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0195
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0195
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0200
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0200
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0200
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0205
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0205
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0205
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0210
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0210
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0210
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0215
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0215
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0215
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0220
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0220
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0220
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf2005
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf2005
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf2005
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0225
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0225
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0230
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0230
http://refhub.elsevier.com/S1567-5769(19)30221-8/rf0230

	Astragaloside IV ameliorates motor deficits and dopaminergic neuron degeneration via inhibiting neuroinflammation and oxidative stress in a Parkinson's disease mouse model
	Introduction
	Materials and methods
	Antibodies and reagents
	Animals and drug treatment
	Behavioral test
	Tissue preparations
	Cell culture and drug treatment
	Immunofluorescence
	β-Galactosidase staining
	Nuclear protein extraction
	Western blot analysis
	Determination of ROS production
	SOD, GSHpx, total glutathione and GSSG activity assays
	Statistical analysis

	Results
	Astragaloside IV alleviates motor impairment in MPTP-induced PD mice
	Astragaloside IV protects against MPTP-induced dopaminergic neurons degeneration
	Astragaloside IV inhibits neuroinflammation and oxidative stress in MPTP-induced PD mice
	Astragaloside IV inhibits NLRP3 inflammasome activation in the MPTP-induced PD mice and LPS-induced BV2 microglia
	Astragaloside IV activates Nrf2 in MPTP-induced mice and LPS-induced BV2 microglia cells

	Discussion
	Conclusions
	Data availability
	Authors' contributions
	Acknowledgments
	mk:H1_26
	Supplementary data
	References




