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Parkinson’s disease (PD) is a common neurodegenerative disorder with no cure. Astragalus membranaceus
is used in Chinese culture as a food supplement to boost immunity. The present study aimed to explore
the neuroprotective effects of total flavonoids extracted from A. membranaceus (TFA) and their protective
mechanisms. TFA offered neuroprotection against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in
the mouse model of Parkinsonism, by improving behavior performance in the gait analysis and pole test, and
inhibiting the decline of tyrosine hydroxylase (TH) positive neurons and TH protein expression in substantia
nigra of mice. TFA also prevented 1-methyl-4-phenylpyridinium (MPP") induced neurotoxicity in SH-
SYSY cells, by increasing GSH and GSH/GSSG ratio, and reducing reactive oxygen species. In addition, the
neuroprotective effects of TFA were associated with its ability to restore MPTP/MPP” induced downregulation
of SLC7A11 and glutathione peroxidase 4 (GPX-4). In conclusion, we demonstrated that TFA exerted
significant neuroprotection against MPTP/MPP" induced neurodegeneration by inhibiting ferroptosis through
the regulation of SLC7A11/GPX-4 axis, suggesting the use of TFA as a possible food supplement in the
prevention of PD.
© 2024 Beijing Academy of Food Sciences. Publishing services by Tsinghua University Press.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

need to be understood to help devise strategies to prevent or delay the
progression of PD.

Parkinson’s disease (PD) is one of the common neurodegenerative
illnesses that involves in motor and non-motor symptoms''. The
etiology causing degeneration and death of the neurons in the
substantia nigra (SN) is a multifactorial process in PD that remains
not well understood. Moreover, current available treatments have little
effects on disease progression. Thus, precise molecular mechanisms
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Ferroptosis is a novel type of regulated cell death that is
characterized by the accumulation of intracellular lipid reactive
oxygen species (ROS) accompanied with dysregulated iron
metabolism and glutathione depletion”™. Accumulating evidence has
demonstrated that ferroptosis is closely associated with the occurrence
and development of many diseases including PD. Iron accumulation is
considered as one of the major factors in the induction of ferroptosis.
Elevated iron levels have long been confirmed in the brains of PD
patients™. Dysregulated expressions of genes or proteins associated
with iron homeostasis were also reported in brains of PD patients™.
Moreover, iron chelators or ferroptosis inhibitors were observed to
attenuate neurodegeneration through inhibiting lipid peroxidation
in experimental models of PD™®, which further strengthens the
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correlation between ferroptosis and the pathogenesis of PD.

Several signaling molecules associated with ferroptosis, such
as glutathione peroxidase 4 (GPX-4) and nuclear factor erythroid
2-related factor 2 (NFE2L2/Nrf2), were reported to be involved in PD
pathophysiology”’. Among those, GPX-4 is the key endogenous factor
for cellular resistance to ferroptosis. The intracellular GSH level is
controlled by an amino acid transporter, system xC , which transfers
extracellular cysteine for intracellular glutamate. Dysfunction of
system xC or its major functional subunit SLC7A11 results in
the consumption of GSH and decreased expression of GPX-4,
leading to ferroptosis™™. SLC7A11/GPX-4 signaling axis plays a
vital role in PD pathogenesis. Inactivation of SLC7A11/GPX-4
signaling axis can promote the degradation of dopaminergic neurons
in PD"”). Altered expression of system xC™ or GPX-4, as well as
decreased GPX-4 expression and reduced GSH levels were found
in experimental models of PD and PD patients*'"), respectively,
providing the groundwork for SLC7A11/GPX-4 to be taken as a new
therapeutic target for PD therapy.

Astragalus membranaceus is used as a traditional herb in Asian
countries for centuries. In Chinese culture, it is also used as a healthy
food supplement to boost immunity*>"*. 4. membranaceus has a
wide range of biochemical and pharmacological activities such as
immunomodulatory, anti-hyperglycemic and anti-viral activities™*.
Among more than 200 compounds that have been isolated from
A. membranaceus, flavonoids are considered to be one of the major
bioactive components responsible for its pharmacological activities!".
Although studies have reported that total flavonoids extracted from
A. membranaceus (TFA) have a variety of health benefits'"”, its
therapeutic potential in PD has not been elucidated. The objective of
the current study is to explore the protective effects of TFA in animal
and cell models of PD and to investigate whether its neuroprotection
is exerted through the inhibition of ferroptosis.

2. Materials and methods
2.1 Materials

Antibodies against GPX-4 and SLC7A11 were purchased
from Bioss Biotech (Beijing, China). Antibodies against
tyrosine hydroxylase (TH) and f-actin were purchased from
Cell Signaling Technology (Massachusetts, US). CellTiter 96
Aqueous One Solution Cell Proliferation Assay kit was bought
from Promega (Wisconsin,US). 5-(and-6)-chloromethyl-2’,7’-
dichlorodihydrofluorescein diacetate (CM-H2DCFDA) was purchased
from Meilunbio(Dalian,China). Bicinchoninic acid (BCA) protein
assay kit was purchased from Yeasen Biotech (Shanghai, China).
1-methyl-4-phenylpyridinium (MPP") and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) were purchased from Sigma Aldrich
(Shanghai, China). High-glucose Dulbecco’s Modified Eagle medium,
fetal bovine serum (FBS), and penicillin and streptomycin (P/S)
mixture were purchased from Haling Biotech(Shanghai, China). All
the other chemicals used were of analytical grade.

2.2 TFA extraction

TFA was obtained from Chengdu Desite Biotech Co., Ltd.
(Chengdu, China). As described by the manufacture’s protocol,
Astragalus was extracted with 90% methanol for 2 h for three

cycles, then the extracts were concentrated at 60 °C and purified by
polyamide column chromatography. The major composition of TFA
was identified as calycoflavone glucoside (17.8%), ononin (19.8%),
formononetin (33.5%) and calycosin (27.9%) by high-performance
liquid chromatography.

2.3 Animal treatments

All animal experiments were performed in accordance with the
approved animal protocols and guidelines established by the Animal
Research Center at Shanghai University of Traditional Chinese
Medicine (PZSHTCM201030013). Male C57BL/6 mice (8 weeks old,
25-30 g) were purchased from Lingchang Biotech Co., Ltd (Shanghai,
China). The animals were fed and housed in a pathogen-free facility with
12 h of light and dark per day at an ambient temperature of 25 °C.

Thirty mice were divided into 3 groups including control, MPTP,
and MPTP + TFA. The animals in MPTP + TFA group were treated
with TFA (100 mg/kg) by oral gavage for 3 weeks. From day 17 to
day 21, the animals in MPTP group and MPTP+TFA group were
given MPTP (20 mg/kg) by daily intraperitoneal injection. The control
mice were injected with equal volumes of saline. All the animals were
sacrificed 3 days after the last injection of MPTP or saline.

2.4 Gait analysis

Gait analysis was performed using the Catwalk gait analysis
system (CatWalk XT, Noldus Information Technology, Netherlands)
as described in the manufacturer’s protocol. It is a simple and
effective measure of behavior deficiency and gait abnormalities.
Briefly, the system enables mice to walk voluntarily at preferred
speeds across the glass walkway, below which a video camera is
recording. A run is considered as successful if the animal walks
through the walkway without hesitation. All mice were trained and
subjected to three consecutive runs one day before the measurement.
On the day of the test, animals were allowed to cross the walkway
once or twice. The gait parameters, including average speed, cadence,
duration to travel a particular distance, and maximum-variation
obtained from the successful run, were analyzed by the CatWalk XT
software automatically.

2.5 Pole test

The pole test was conducted to evaluate the motor dysfunction as
described in previous reference’®. This apparatus includes a 50-cm-
long wooden pole wrapped in gauze and a 0.5 cm diameter ball on
the top. The mice were held head up on the top of the pole apparatus
and the time spent from the top to the bottom was recorded to reflect
bradykinesia.

2.6 Western blot analysis

The experiment was performed as previously described in our

publication”

. After treatments, the cells or tissues were lysed with
RIPA buffer containing protease and phosphatase inhibitor tablets
(Meilun, Dalian, China). The protein samples were separated by 10%
or 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) and then transferred onto a polyvinylidene fluoride
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membrane. After blocking with 5% nonfat milk, proteins on
membranes were separately labeled using primary rabbit antibodies
against TH, GPX-4, and SLC7A11 for 12 h at 4 °C. Membranes
were then incubated with secondary antibody against rabbit for
1 h at room temperature. The reaction band was amplified through
electrochemiluminescence and the densitometry was analyzed by
an image system (Tanon Image software, Shanghai, China). Protein
signals were normalized to f-actin signal.

2.7 Immunohistochemistry

Immunohistochemical staining was performed as previously
described[18]. The brains were fixed in 4% paraformaldehyde for 24 h,
and sequentially transferred to 15 g/100 mL and 30 g/100 mL
sucrose solutions for dehydration. The fixed brains, including the
SN, were cut into 8 um sections by a cryostat and blocked with 5%
bovine serum albumin for 30 min followed by incubation overnight
with primary antibody against TH at 4 °C. After incubation with
fluorescence-conjugated secondary antibody against rabbit, the sections
were visualized and the images were analyzed by a fluorescent
microscope (Olympus IX81, Japan).

2.8 Cell cultures and treatments

SH-SYS5Y neuroblastoma cells (National Collection of
Authenticated Cell Cultures, Shanghai, China) were maintained in
T25 flasks with high-glucose Dulbecco’s Modified Eagle Medium
supplemented with 10 g/100 mL FBS and 1 g/100 mL P/S in a
humidified atmosphere containing 5% CO, at 37 °C. To evaluate the
neuroprotective role of TFA against MPP" induced neurotoxicity,
cells were seeded in 96-well plates at a density of 1 x 10’ cells/well
and then treated with 50 or 100 ug/mL TFA for 2 h. The medium was
replaced with fresh medium or 2 mmol/L. MPP" for the subsequent
24 h. To determine the role of ferroptosis in TFA mediated
neuroprotection, cells were treated with 20 umol/L of erastin for 2 h
before the treatment of TFA and MPP",

2.9 Cell viability measurement

Cell viability was assessed using MTS assay as described in our
previous publication. Briefly, cells were incubated with MTS (1:20
dilution) and incubated for 2 h at 37 °C in a 5% CO, incubator.
Cell viability was analyzed based on the conversion of MTS
tetrazolium salt using the microplate reader at the absorbance
of 490 nm.

2.10 Statistical analysis

One-way ANOVA was used to estimate the overall significance
determined by Tukey’s tests corrected for multiple comparisons. Data
are presented as mean * standard error of mean (SEM). Statistical
analysis was performed using Graphpad Prism 7.0 software (GraphPad
Software, USA). A probability level of 5% (P < 0.05) was considered
to be significant.

3. Results and discussion

3.1 TFA improved the behavioral performance in gait
analysis and pole test in MPTP treated mice

The average speed and cadence in unit time were dropped by
25.7% and 21.8% (P < 0.01) in MPTP treated mice (Fig. 1A, B).
TFA improved the gait performance by increasing average speed and
cadence by 26.3% (P < 0.01) and 22.8% (P < 0.05), respectively.
Moreover, the walking duration and maximum variation were
increased by 23.2% (P < 0.05) and 106.8% (P < 0.01) in MPTP
treated mice, which were significantly ameliorated (P < 0.01) by TFA
pretreatment (Fig. 1C, D). Motor coordination and bradykinesia were
also measured using the pole test. As shown in Fig. 1E, the MPTP
treated mice exhibited a 38.2% (P < 0.001) increase in total time to
descend the pole compared with the control mice. However, TFA
counteracted the neurotoxic effects induced by MPTP and reduced
total descent time near to the control level (P < 0.001). These results
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demonstrated that TFA could improve mice spontaneous activity
and rescue the impaired motor function, suggesting TFA might be a
potential candidate to mitigate PD motor symptoms.

3.2 TFA prevented loss of TH positive neurons in the SN of
MPTP treated mice

We investigated the protective effects of TFA against MPTP
induced loss of TH positive neurons (Fig. 2). We found that
administration of MPTP induced 51.7% decrease of TH positive
neurons (P < 0.01) in the SN compared with the control mice
(Fig. 2A and B). TFA pretreatment prevented the decrease and restored
TH positive neurons to 77.2% of the control (P < 0.05). Consistent
with the reduced number of TH positive neurons induced by MPTP,
the protein expression of TH in SN was also decreased by 39.8%
(P < 0.001) in MPTP treated mice, compared with the control mice
(Fig. 2C and D). TFA pretreatment ameliorated the reduction and
increased the protein expression of TH by 35.3% (P < 0.01).

3.3 TFA exerted neuroprotective effects via SLC7411/GPX-4
axis in the SN of MPTP treated mice

Next, we explored the molecular mechanisms underlying the
neuroprotective effects of TFA by assessing ferroptosis related
proteins SLC7A11 and GPX-4 (Fig. 3). We observed that the protein
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expressions of SLC7A11 and GPX-4 were decreased by 37.0% and
37.3% (P < 0.01), respectively, in the SN of MPTP treated mice
(Fig. 3B and C). TFA pretreatment prevented the reduction and restored
the expression of SLC7A11 and GPX-4 near to the control level
(P <0.001). The results indicated SLC7A11/GPX-4 axis may play an
important role in TFA mediated neuroprotection.

3.4 TFA prevented MPP" induced neurotoxicity by reducing
ROS and increasing GSH in SH-SY5Y cells

To examine the effects of TFA on dopaminergic neurons,
SH-SYS5Y cells were treated with various concentrations of TFA
for 24 h. As shown in Fig. 4A, TFA did not exhibit cytotoxicity
at concentrations less than 200 pg/mL. Based on these results,
we chose TFA concentrations at 50 and 100 pg/mL to evaluate
the protective effects against MPP" induced neurotoxicity. Cell
viability was decreased by 75.1% (P < 0.001) after 2 mmol/L. MPP*
treatment , which was significantly relieved by 50 and 100 pg/mL
TFA pretreatment (P < 0.001) (Fig. 4B). Since TFA at 100 ug/mL
showed more protective effects, we chose the 100 ug/mL dose to
further investigate its neuroprotective mechanisms in the subsequent
experiments. Intracellular ROS level was increased by 39.8%
(P < 0.01) after MPP" treatment, while TFA pretreatment blocked
the increases of ROS levels (P < 0.01, Fig. 4C). In addition, MPP*
treatment reduced intracellular GSH and GSH/GSSG ratio to 63.2%
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and 62.1% of the control cells, respectively (P < 0.001, Fig. 4D and E),
while TFA showed significant protection through elevating GSH by
30.8% and 53.9%, respectively (P < 0.001).

3.5 TFA attenuated MPP" induced neurotoxicity via
SLC7A411/GPX-4 axis in SH-SY5Y cells

In addition, we also examined the role of SLC7A11/GPX-4 axis
in TFA mediated neuroprotection in SH-SY5Y cells (Fig. 5). We

observed that MPP" reduced protein expression of SLC7A11 and
GPX-4 to 67.6% (P < 0.05) and 30.3% (P < 0.01) of the control
cells (Fig. SA-C). Consistent with in vivo results, TFA pretreatment
upregulated protein expression of SLC7A11 and GPX-4 by 35.6%
and 81.5% (P < 0.05), compared with MPP" treatment. To further
confirm whether TFA exerted neuroprotection through the inhibition
of ferroptosis, we used erastin to inhibit SLC7A11 and induce
ferroptosis in SH-SY5Y cells. The combination of erastin and MPP*
further decreased cell viability by 32.9% compared with MPP" alone
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(P < 0.01). Moreover, TFA did not prevent the neurotoxicity induced
by erastin and MPP", indicating that TFA prevented MPP" induced
neurotoxicity likely through the inhibition of ferroptosis.

4. Discussion

Flavonoids are water soluble polyphenols synthesized by plants
that are common components in the human diet. They are widely
present in various kinds of foods such as fruits, nuts, teas grains and
vegetables and contribute to the colorfulness of fruits, leaves and
flowers”**. There are more than 4 000 kinds of flavonoids identified
to date, and their biological functions such as antioxidant and anti-
inflammatory activities are extensively reported. It was also reported
that flavonoids can significantly improve cognitive capabilities and
prevent age-related neurodegenerative disorders such as Alzheimer’s
disease and PD"*?* However, different types of flavonoids
possess distinct biochemical activities based on their configuration,
combination of hydroxyl groups, and specific functional group
substituents. Although various flavonoids were demonstrated to exert
neuroprotective action in PD*, the neuroprotective role of TFA in
PD is seldom studied. In our current study, we demonstrated that TFA
protected against MPTP and MPP" induced neurodegeneration in
experimental models of PD.

Neurotoxin MPTP and its active oxidative metabolite MPP*
have been well employed for the establishment of in vivo and in
vitro models of PD. MPTP is converted to MPP" after crossing
the blood-brain barrier, and destroys the dopaminergic neurons by
inhibiting mitochondrial function in primates and lower animals.
Although MPTP rarely induces the formation of Lewy bodies, the
neurochemical, behavioral, and histopathological alterations in mice
closely resemble the clinical symptoms of PD patients. A recent study
found that MPP" induces cell death accompanied with decreased
GPX-4 and GSH levels, which could be mitigated by a selective
ferroptosis inhibitor ferrostatin-1%*, Consistent with this study, our
study found that MPP" induced neuronal death by reducing GPX-4
expression and its upstream regulator SLC7A11, and by increasing
ROS production. Since GPX-4 and SLC7A11 have been well

26
B9 our results

accepted as powerful indices to evaluate ferroptosis
demonstrated the role of ferroptosis in MPP" induced cytotoxicity.
Moreover, our in vivo results also demonstrated the decreased
expression of SLC7A11 and GPX-4 in the SN of MPTP treated mice,
confirming that dysfunction of SLC7A11/GPX-4 axis is involved in
MPTP induced neurodegeneration.

A. membranaceus is widely applied in Chinese Medicine to treat
neurological diseases”. A handful of studies have demonstrated
that Astragalus polysaccharides could attenuate neurodegeneration
in experimental models of PD"”"*”, However, the neuroprotective
effects of TFA in PD are seldom investigated. Our previous
study demonstrated that TFA inhibited microglia mediated
neuroinflammation by regulating JNK/AKT/NFkB signaling pathway
in experimental autoimmune encephalomyelitis, an animal model of
multiple sclerosis™. In our current study, we demonstrated that TFA
attenuated MPTP/MPP" induced neurodegeneration in both in vivo
and in vitro models of PD through inhibition of ferroptosis. We found
that TFA increased cellular antioxidant capacity by upregulating
SLC7A11 and GPX-4 expression, and elevating intracellular
GSH level and GSH/GSSG ratio. In addition, ferroptosis inducer

erastin aggravated MPP" induced neurotoxicity and abolished the
neuroprotective effects of TFA, further suggesting the essential role
of SLC7A11/GPX-4 signaling axis in TFA mediated neuroprotection.

It has also been demonstrated that iron chelators may exert
neuroprotection through inhibiting ferroptosis in PD. Since the use
of synthetic iron chelators may cause side effects such as hypoxia",
natural iron chelators with high safety profiles are preferred. A4.
membranaceus is generally regarded as a safe food supplement
with minimal side effects. It is used as a functional food according
to the China National Medical Products Administration (NMPA).
The effective dose of TFA used in our study is 100 mg/kg, which is
equal to 8 mg/kg in humans based on body surface area method"”.
This was estimated to be a daily consumption of 560 mg TFA for a
70 kg adult, to achieve neuroprotective effects. The recommended
daily dose for A. membranaceus in China is 9-30 grams and total
flavonoids amount in the herb is around 11 mg/g”**"!. This equates to
a maximum of 330 mg of TFA that can be consumed through daily
consumption of 4. membranaceus. However, our results still indicate
the dietary consumption of Astragalus flavonoids will benefit patients
with PD. Bioavailability and permeation of blood-brain barrier
are the challenges for the development of therapeutic agents in the
neurodegenerative disorders. Flavonoids and their metabolites can
cross the blood-brain barrier during chronic or acute administration
and exert various effects on the central nervous system”*. The major
flavonoids isolated from A. membranaceus are isoflavones, such as
formononetin, ononin and calycosin®”. Research has demonstrated
that isoflavones have higher absorption rate compared to other
flavonoids. One study shows the bioavailability of formononetin
and ononin are 21.8% and 7.3%, respectively”. Another study
found that calycosin and formononetin can improve brain function
by modulating the brain-gut axis"”. Our present study demonstrated
that TFA attenuated MPTP induced motor deficits and dopaminergic
neurodegeneration, indicating its ability to cross blood-brain barrier.
However, future studies are needed to evaluate the bioavailability of
TFA, as well as its ability to enter the central nervous system.

In conclusion, we demonstrated that TFA was neuroprotective
against MPTP and MPP" induced neurodegeneration through
the inhibition of ferroptosis in vivo and in vitro models of PD.
Mechanistically, it exerts these effects by increasing antioxidant
capacity, and inhibiting ferroptosis through the regulation of
SLC7A11/GPX-4 axis. Our results seem to suggest potential benefits
in supplementing 4. membranaceus to foods, or using flavonoids
extracted from A. membranaceus as a dietary supplement to benefit
PD patients. These results might also point to the modulation of
ferroptosis as a potential therapeutic target for PD treatment.

Conflict of interest
The authors declare they have no competing of interests.

References

[1] K. Hu, Q. Huang, C. Liu, Y. et al., c-Jun/Bim upregulation in dopaminergic
neurons promotes neurodegeneration in the MPTP mouse model of
parkinson’s disease, Neuroscience. 399 (2019) 117-124. https://doi.
org/10.1016/j.neuroscience.2018.12.026.



420

(2]

(91

[10]

(1]

[12]

[13]

[14]

[15]

[1e]

[17]

[18]

[19]

[20]

Z.T. Gao et al. / Food Science and Human Wellness 13 (2024) 414-420

Y. Mou, J. Wang, J. Wu, et al., Ferroptosis, a new form of cell death:
opportunities and challenges in cancer, J. Hematol. Oncol.J Hematol Oncol.
12 (2019) 34. https://doi.org/10.1186/s13045-019-0720-y.

O. Weinreb, S. Mandel, M.B.H. Youdim, et al., Targeting dysregulation
of brain iron homeostasis in Parkinson’s disease by iron chelators,
Free Radic. Biol. Med. 62 (2013) 52-64. https://doi.org/10.1016/
j.freeradbiomed.2013.01.017.

A.A. Belaidi, A.l. Bush, Iron neurochemistry in Alzheimer’s disease and
Parkinson’s disease: targets for therapeutics, J. Neurochem. 139 (2016) 179-
197. https://doi.org/10.1111/jnc.13425.

X. Zeng, H. An, F. Yu, et al., Benefits of Iron Chelators in the Treatment
of Parkinson’s Disease, Neurochem. Res. 46 (2021) 1239-1251. https://doi.
org/10.1007/s11064-021-03262-9.

J.X. Ren, X. Sun, X.L. Yan, et al., Ferroptosis in Neurological
Diseases, Front. Cell. Neurosci. 14 (2020) 218. https://doi.org/10.3389/
fncel.2020.00218.

Y. Zhou, W. Lin, T. Rao, et al., Ferroptosis and Its Potential Role in the
Nervous System Diseases, J. Inflamm. Res. Volume 15 (2022) 1555-1574.
https://doi.org/10.2147/JIR.S351799.

X. Chen, C. Yu, R. Kang, et al., Cellular degradation systems in ferroptosis,
Cell Death Differ. 28 (2021) 1135-1148. https://doi.org/10.1038/s41418-
020-00728-1.

M. Asanuma, I. Miyazaki, Glutathione and related molecules in
parkinsonism, Int. J. Mol. Sci. 22 (2021) 8689. https://doi.org/10.3390/
ijms22168689.

L. Liu, S. Yang, H. Wang, a-Lipoic acid alleviates ferroptosis in the
MPP* -induced PC12 cells via activating the PI3K/Akt/Nrf2 pathway, Cell
Biol. Int. 45 (2021) 422-431. https://doi.org/10.1002/cbin.11505.

F.P. Bellinger, M.T. Bellinger, L.A. Seale, et al., Glutathione peroxidase 4
is associated with neuromelanin in substantia nigra and dystrophic axons in
putamen of Parkinson’s brain, Mol. Neurodegener. 6 (2011) 8. https://doi.
org/10.1186/1750-1326-6-8.

Y. Bi, H. Bao, C. Zhang, et al., Quality control of Radix astragali (The
root of Astragalus membranaceus var. mongholicus) Along Its Value
Chains, Front. Pharmacol. 11 (2020) 562376. https://doi.org/10.3389/
fphar.2020.562376.

Z. Guo, Y. Lou, M. Kong, et al., A systematic review of phytochemistry,
pharmacology and pharmacokinetics on Astragali radix: implications for
Astragali radix as a personalized medicine, Int. J. Mol. Sci. 20 (2019) 1463.
https://doi.org/10.3390/ijms20061463.

J.Z. Song, H.H.W. Yiu, C.F. Qiao, et al., Chemical comparison and
classification of Radix Astragali by determination of isoflavonoids and
astragalosides, J. Pharm. Biomed. Anal. 47 (2008) 399-406. https://doi.
org/10.1016/j.jpba.2007.12.036.

D. Zhang, Y. Zhuang, J. Pan, et al., Investigation of effects and
mechanisms of total flavonoids of Astragalus and calycosin on human
erythroleukemia cells, Oxid. Med. Cell. Longev. 2012 (2012) 1-5. https://
doi.org/10.1155/2012/209843.

Q. Zhang, Y. Heng, Z. Mou, J. et al., Reassessment of subacute MPTP-
treated mice as animal model of Parkinson’s disease, Acta Pharmacol. Sin.
38 (2017) 1317-1328. https://doi.org/10.1038/aps.2017.49.

H. Zhu, Y. Tao, T. Wang, et al., Long - term stability and characteristics
of behavioral, biochemical, and molecular markers of three different rodent
models for depression, Brain Behav. 10 (2020). https://doi.org/10.1002/
brb3.1508.

H. Zhu, G. Wang, Y. Bai, et al., Natural bear bile powder suppresses
neuroinflammation in lipopolysaccharide-treated mice via regulating TGRS/
AKT/NF-kB signaling pathway, J. Ethnopharmacol. 289 (2022) 115063.
https://doi.org/10.1016/j.jep.2022.115063.

Q. Xu, Z. Chen, B. Zhu, et al., A-Type cinnamon procyanidin oligomers
protect against 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced
neurotoxicity in mice through inhibiting the P38 mitogen-activated Protein
Kinase/P53/BCL-2 associated X protein signaling pathway, J. Nutr. 150
(2020) 1731-1737. https://doi.org/10.1093/jn/nxaal28.

K.B. Magalingam, A.K. Radhakrishnan, N. Haleagrahara, Protective
mechanisms of flavonoids in Parkinson’s disease, Oxid. Med. Cell. Longev.
2015 (2015) 1-14. https://doi.org/10.1155/2015/314560.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

N. Sharma, M. Dobhal, Y. Joshi, et al., Flavonoids: a versatile
source of anticancer drugs, Pharmacogn. Rev. 5 (2011) 1. https://doi.
org/10.4103/0973-7847.79093.

M. Ayaz, A. Sadiq, M. Junaid, et al., Flavonoids as prospective
neuroprotectants and their therapeutic propensity in aging associated
neurological disorders, Front. Aging Neurosci. 11 (2019) 155. https://doi.
org/10.3389/fnagi.2019.00155.

P. Maher, The potential of flavonoids for the treatment of neurodegenerative
diseases, Int. J. Mol. Sci. 20 (2019) 3056. https://doi.org/10.3390/
ijms20123056.

U.J. Jung, S.R. Kim, Beneficial effects of flavonoids against parkinson’s
disease, J. Med. Food. 21 (2018) 421-432. https://doi.org/10.1089/
jmf.2017.4078.

L. Bai, F. Yan, R. Deng, et al., Thioredoxin-1 rescues MPP+/MPTP-induced
ferroptosis by increasing glutathione peroxidase 4, Mol. Neurobiol. 58 (2021)
3187-3197. https://doi.org/10.1007/s12035-021-02320-1.

N. Geng, B.J. Shi, S.L. Li, et al., Knockdown of ferroportin accelerates
erastin-induced ferroptosis in neuroblastoma cells, Eur. Rev. Med.
Pharmacol. Sci. 22 (2018) 3826-3836. https://doi.org/10.26355/
eurrev_201806_15267.

H. Li, R. Shi, F. Ding, et al., Astragalus polysaccharide suppresses
6-hydroxydopamine-induced neurotoxicity in Caenorhabditis elegans, Oxid.
Med. Cell. Longev. 2016 (2016) 1-10. https://doi.org/10.1155/2016/4856761.
Y. Tan, L. Yin, Z. Sun, et al., Astragalus polysaccharide exerts anti-
Parkinson via activating the PI3K/AKT/mTOR pathway to increase cellular
autophagy level in vitro, Int. J. Biol. Macromol. 153 (2020) 349-356. https://
doi.org/10.1016/j.ijbiomac.2020.02.282.

H. Liu, S. Chen, C. Guo, et al., Astragalus polysaccharide protects neurons
and stabilizes mitochondrial in a mouse model of parkinson disease, Med.
Sci. Monit. 24 (2018) 5192-5199. https://doi.org/10.12659/MSM.908021.

L. Yang, X. Han, F. Xing, et al., Total flavonoids of astragalus attenuates
experimental autoimmune encephalomyelitis by suppressing the activation
and inflammatory responses of microglia via INK/AKT/NFkB signaling
pathway, Phytomedicine. 80 (2021) 153385. https://doi.org/10.1016/
j-phymed.2020.153385.

O. Ibrahim, J. O’Sullivan, Iron chelators in cancer therapy, BioMetals. 33
(2020) 201-215. https://doi.org/10.1007/s10534-020-00243-3.

A. Nair, S. Jacob, A simple practice guide for dose conversion between
animals and human, J. Basic Clin. Pharm. 7 (2016) 27. https://doi.
org/10.4103/0976-0105.177703.

V. Ny, M. Houska, R. Pavela, et al., Potential benefits of incorporating
Astragalus membranaceus into the diet of people undergoing disease
treatment: An overview, J. Funct. Foods. 77 (2021) 104339. https://doi.
org/10.1016/j.jf£.2020.104339.

Y.-H. Kuo, W.-J. Tsai, S.-H. Loke, et al., Astragalus membranaceus
flavonoids (AMF) ameliorate chronic fatigue syndrome induced by food
intake restriction plus forced swimming, J. Ethnopharmacol. 122 (2009) 28-
34. https://doi.org/10.1016/j.jep.2008.11.025.

R.B. de Andrade Teles, T.C. Diniz, T.C. Costa Pinto, et al., Flavonoids as
therapeutic agents in Alzheimer’s and Parkinson’s diseases: a systematic
review of preclinical evidences, Oxid. Med. Cell. Longev. 2018 (2018) 1-21.
https://doi.org/10.1155/2018/7043213.

A. Jager, L. Saaby, Flavonoids and the CNS, Molecules. 16 (2011) 1471-
1485. https://doi.org/10.3390/molecules16021471.

K.Y.Z. Zheng, R.C.Y. Choi, A.W.H. Cheung, et al., Flavonoids from
Radix Astragali induce the expression of erythropoietin in cultured cells: a
signaling mediated via the accumulation of hypoxia-inducible factor-1a, J.
Agric. Food Chem. 59 (2011) 1697-1704. https://doi.org/10.1021/jf104018u.
L.Y. Luo, M.X. Fan, H.Y. Zhao, et al., Pharmacokinetics and bioavailability
of the isoflavones formononetin and ononin and their in vitro absorption in
ussing chamber and Caco-2 cell models, J. Agric. Food Chem. 66 (2018)
2917-2924. https://doi.org/10.1021/acs.jafc.8b00035.

X. Li, T. Zhao, J. Gu, et al., Intake of flavonoids from Astragalus
membranaceus ameliorated brain impairment in diabetic mice via modulating
brain-gut axis, Chin. Med. 17 (2022) 22. https://doi.org/10.1186/s13020-022-
00578-8.



