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ARTICLE INFO ABSTRACT

Keywords: The incidence rate of Parkinson’s disease (PD) is increasing yearly. Neuronal apoptosis caused by

Pafkinsof"s disease abnormal protein phosphorylation is closely related to the pathogenesis of Parkinson’s disease. At

iamhan'fmg compound present, few PD-specific apoptosis pathways have been revealed. To investigate the effect of
poptosis . . . . . . ] .

Phosphorylation Baichanting (BCT) on apoptosis from the perspective of protein phosphorylation, a-syn transgenic

mice were selected to observe the behavioral changes of the mice, and the apoptosis of substantia
nigra cells were detected by the HE method and TUNEL method. Network pharmacology com-
bined with phosphorylation proteomics was used to find relevant targets for BCT treatment of PD
and was further verified by PRM and western blotting. BCT improved the morphology of neurons
in the substantia nigra and reduced neuronal apoptosis. The main enriched pathways in the
network pharmacology results were apoptosis, the p53 signaling pathway and autophagy.
Western blot results showed that BCT significantly regulated the protein expression levels of BAX,
Caspase-3, LC3B, P53 and mTOR and upregulated autophagy to alleviate apoptosis. Using
phosphorylated proteomics and PRM validation, we found that Pak5, Grin2b, Scnla, BcaN,
Llcam and Braf are closely correlated with the targets of the web-based pharmacological screen
and may be involved in p53/mTOR-mediated autophagy and apoptosis pathways. BCT can inhibit
the activation of the p53/mTOR signaling pathway, thereby enhancing the autophagy function of
cells, and reducing the apoptosis of neurons which is the main mechanism of its neuroprotective
effect.

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease worldwide, with resting tremor, bradykinesia and
muscle stiffness as frequent symptoms [1]. A variety of nonmotor symptoms are also common in Parkinson’s disease, including smell
disorders, sleep disorders, lipid metabolism disorders, dementia, and depression [2-4].The pathogenesis of Parkinson’s disease is
complex and is based on the degeneration and loss of dopaminergic neurons in the substantia nigra and the protein aggregation of
a-synuclein(a-syn) in the cytoplasm of the remaining neurons in the substantia nigra [5]. Under physiological conditions, a-syn can
maintain the function of synapses and can be involved in regulating dopamine biosynthesis [6]. Environmental or genetic changes can
easily lead to the misfolding of a-syn, the emergence of oligomers, the gradual increase in fibrous proteins, the emergence of Lewy
bodies, and finally the programmed death of dopaminergic nerve cells, resulting in PD symptoms in patients [7,8]. Protein
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phosphorylation refers to the process of transferring ATP phosphate groups to protein amino acid residues (serine, threonine, tyrosine)
catalyzed by protein kinase or binding GTP under signal action. It is a universal regulatory mode in organisms and plays an important
role in the process of cell signal transduction [9]. It has been a research hotspot of PD molecular pathogenesis in recent decades.
Modern research has found that the occurrence and development of PD is related to the imbalance between autophagy and apoptosis
caused by abnormal protein phosphorylation [10]. In some cases, autophagy inhibits apoptosis and is a survival pathway of cells, but
autophagy and apoptosis also work together to induce cell death, and the two pathways are interrelated and regulate each other [11].
According to a report, the HE team found that the autophagy pathway in the substantia nigra of Parkinson’s disease model mice was
severely inhibited, which was caused by Cdk5 protein promoting abnormal phosphorylation of Ank2 protein and activating the
p25/Cdk2 pathway [12]. When the phosphorylation degree of the IGF1R/PI3K/AKT cell survival signaling pathway is enhanced, the
apoptosis of substantia nigra cells in the brain is weakened, which can alleviate the symptoms of Parkinson’s disease [13]. However,
the mechanism and pathological pathway remain unclear. Although various potential phosphorylation pathways from clinical, neu-
roimaging and biochemical studies have been proposed, the specific and reliable biological pathway of PD is still elusive. On the other
hand, there is no effective treatment method for the disease, and commonly used clinical drugs(statins, benzodiazepines, metformin,
etc.) are prohibitive for patients due to their severe adverse reactions such as hypotension and involuntary movements [14-17].
Therefore, exploring new therapeutic drugs has become an urgent problem to be solved.

From the point of view of Chinese medicine, PD falls within the category of "shaking syndrome". Among them, deficiency of the
liver and kidney is the root of the disease. Therefore, the treatment focuses on "nourishing the liver and kidney, and calming the liver
and suppressing wind" for principle [18]. The BCT studied in this paper is refined from Fuyuanpingchanning compound, an experi-
enced prescription for clinical treatment of PD, and is a combination of Acanthopanax senticosus, Paeonia lactiflora and Uncaria
chinensis [19]. Among them, Acanthopanax senticosus is good for nourishing Qi and kidney, and white Paeonia lactiflora can nourish
blood and soften liver. Uncaria can clear heat and calm the liver. The compound formula composed of three herbs can nourish the liver
and kidney, nourish Qi and blood, and treat PD from the source of the disease. Previous research by the research group found that
Baichanting Compound can regulate apoptosis by reducing the content of various inflammatory factors and NO in the substantia nigra
and regulating the level of oxidative stress factors, thus playing a neuroprotective role. However, it was found through data review that
many inflammatory factors and oxidative stress factors have physiological effects through phosphorylation [20,21]. Therefore, it
makes sense to study whether the neuroprotective effect of BCT is related to the intervention of protein phosphorylation to regulate
autophagy and apoptosis.

In the current project, we used network pharmacology to predict "Chinese medicine-components-target-pathway" to narrow the
scope and clarify the direction of phosphorylation analysis in subsequent experiments. Animal behavior experiments were used to
study the effect of BCT on the motor coordination of the model, and histopathological observations were made on the substantia nigra
of mice to evaluate the pathological changes in the central nervous system of the model induced by BCT. Based on western blotting and
protein phosphorylation techniques, the mechanism by which BCT regulates apoptosis in the treatment of PD by regulating the
phosphorylation pathway was clarified.

2. Materials and methods
2.1. Chemicals and reagents

Medicinal herbs: The Chinese herbal medicine used in this study included Acanthopanax senticosus (Rupr. Maxim.) harms (pur-
chased from Wuchang County, Heilongjiang Province, with a growth period of six years), Cynanchum otophylum (purchased from
Haozhou City, Anhui Province), and Uncaria rhynchophylla (Miq.) Miq. ex Havil (purchased from Jianhe County, Guizhou Province).
The TUNEL kit (Jiancheng), BCA protein concentration assay kit (Solarbio), RIPA lysis buffer (Solarbio), 5 x protein loading buffer
(Biosntech), SDS-PAGE gel preparation kit (Biosharp), Tris Base (Sigma), sodium dodecyl sulfate (Nachuan), special nonfat milk
powder for sealing (Pulilai Gene), Tween 20 (BIOFROXX), western secondary antibody removal solution (Beyotime), hypersensitive
ECL luminescent liquid (Meilunbio), LC3B (Sanying), P53 (Abcam), AMPK (Abcam), mTOR (Abcam), BAX (Boaosen), Caspase-3
(Boaosen), GAPDH (Boaosen), protease inhibitor (Calbiochem), pancreatin (Promega), acetonitrile (Fisher Chemical), trifluoro-
acetic acid (Sigma Aldrich), formic acid (FLUKA), iodoacetamide (Sigma), dithiothreitol (Sigma), urea (Sigma), triethylammonium
bicarbonate (Sigma), purified water (Fisher Chemical), BCA Kit (Biyuntian), TMT labeling kit (Thermo), and phosphorylase inhibitor
(Millipore) were the chemicals used in our study.

2.2. BCT preparation

According to the prescribed ratio of Acanthopanax senticosus extract: peony extract: Uncaria extract = 54.0:45.0:82.5, Acan-
thopanax senticosus and Cynanchum otophylum were extracted by refluxing with 70% ethanol and were then concentrated and freeze-
dried. Similarly, Uncaria rhynchophylla was extracted using 80% ethanol reflux and was then concentrated and freeze-dried. Each of
the above extracts was prepared by dissolving an appropriate amount of the lyophilized powder in 0.5% CMC-Na aqueous solution.

2.3. Animal treatment

Ten-month-old male alpha-synuclein(A53T) transgenic mice(B6; C3-Tg(Prnp-SNCA*A53T)83Vle/J) and matched male wild-type
C57BL/6J mice were included in the study(weighing 20-30 g). The mice were provided by JICUIYAOKAN Biotechnology Co., Ltd.
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The room temperature was maintained at 22 °C, and the relative humidity was 65 + 5%. The mice were provided access to food and
water. The protocol was approved by the Committee on the Ethics of Animal Experiments of Heilongjiang University of Chinese
Medicine, China, and the approval number was 2022072102.

After acclimatization, the mice were randomly divided into five groups(n = 8):normal control group(C57BL/6J mice), model group
(a-syn mice), low-dose group(a-syn + BCT 95.75 mg/kg), middle-dose group(a-syn + BCT 181.5 mg/kg), high-dose group(a-syn +
BCT 363 mg/kg). The a-syn + BCT group was intraperitoneally gavaged with BCT daily for 21 days. The NC and model groups were
administered saline (20 ml/kg daily).

After administration,the brain tissue of the mice was eviscerated and placed on ice. The striatum was stripped, weighed, and stored
in liquid nitrogen until further use. Later, the sample was kept on ice and ground quickly using a glass homogenizer to prepare a
suspension, which was centrifuged at 15,000 r/min for 15 min at 4 °C. The supernatant was used as the test solution.

2.4. Network pharmacology

The components of BCT were imported into the TCMSP and Taiwan Traditional Chinese Medicine Database to search for action
targets, and the components were selected with OB > 30 and DL > 0.18 as screening conditions (Tabel S1). The ingredients were
imported into SwissTargetPrediction and stirred for target mapping, and the targets were imported into the UniProt database to filter
out the targets of nonhumans and mice, delete duplicates, and obtain the relevant targets of TCM. The Online Mendelian Inheritance in
Man (OMIM, https://omim.org/) and GeneCards (https://www.genecards.org/) gene maps were searched using the keywords "Par-
kinson’s disease" to identify potential PD targets. The projected target of BCT against PD was thought to be the intersection of
medication and disease targets. To standardize the gene and protein names, these targets were imported into UniProtKB (http://www.
UniProt. org/). A protein—protein interaction (PPI) network was created using Cytoscape 3.9.0 and STRING 11.0 (https://string-db.
org/). The intersection targets were imported into the Metascape database for GO and KEGG enrichment analysis.

2.5. Behavioral experiments

Pole climbing experiment: A wooden pole with a length of 100 cm was chosen, and the climbing tape was wrapped around it
entirely. The mouse was placed head down on the top of the pole and allowed to climb down naturally, and the total time from standing
on the top of the pole with the two hind limbs to contacting the bottom of the pole with the two front limbs was recorded.

Autonomous activity experiment: The mice were placed on the autonomous activity counterboard for 2 min, and the activity of the
mice was recorded for 5 min.

2.6. Histopathology and immunohistochemistry staining

The thorax of the mouse was cut open and infused with 0.9% normal saline through the left ventricle until the fluid flowing out of
the right atrium was colorless normal saline. Brains were perfused with 4% paraformaldehyde and fixed for 48 h. Gradient ethanol
dehydration, xylene transparency, paraffin embedding and sectioning were performed. Paraffin sections were dewaxed with xylene
and ethanol to water, stained with hematoxylin for 10 min, differentiated with 0.7% hydrochloric alcohol, and impregnated with eosin
for 3 min. Gradient ethanol dehydration, xylene transparent, neutral gum seal. Inmunohistochemistry: Brain tissue sections were
prepared, antigens were repaired, and the sections were placed in 3% hydrogen peroxide solution to block endogenous peroxidase, and
incubated with primary antibody at 4 °C overnight. Secondary antibody (HRP label) was added, incubated at room temperature for 50
min, color was developed with DAB reagent, and then hemoxylin was re-dyed and the tablets were sealed. Three fields of view were
randomly selected for each sample, and images were collected at 200 times of the microscope. Images were observed and photo-
graphed under the optical microscope. Image-Pro Plus6.0 software was used to determine the area of positive expression.

2.7. Western blotting

Thirty micrograms of sample protein solution were used for sample loading, the starting voltage was set to 80 V, bromophenol blue
was run onto the separation gel, and the voltage was increased to 120 V-130 V for electrophoresis for 60 min. After sample blocking,
the primary and secondary antibodies were combined and incubated for 1 h at room temperature. The membrane was washed and
immersed in ECL luminescent agent, protected from light for 2 min and then scanned for grayscale values.

2.8. Phosphoproteomic detection

Protein extraction, digestion, and labeling: After the samples were sufficiently ground and lysed, the protein concentration was
determined using a BCA kit. Peptides were fractionated using Thermo Betasil C18 columns. The modified peptides were eluted with
10% ammonia. The eluate was lyophilized and desalted according to the instructions for the C18 zip tip. Phosphoproteomics quan-
titation analysis: The tryptic peptides were dissolved in solvent A (0.1% formic acid) and directly loaded onto a homemade reversed-
phase analytical column (15 cm length, 75 pm L.D.). A constant flow rate of 400 nL/min was set, and an EASY-nLC 1000 UPLC system
was used. The peptides were subjected to an NSI source followed by tandem mass spectrometry (MS/MS) in Q ExactiveTM Plus
(Thermo) coupled to the UPLC online. The electrospray voltage was set to 2.0 kV. The m/z scan range was set to 350 to 1800 for a full
scan, and intact peptides were detected using Orbitrap at a resolution of 70,000. Mass spectrometry quality control test: Most of the
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peptides were distributed in 7-20 amino acids, which is consistent with the rule based on the enzymatic hydrolysis of trypsin and HCD
fragmentation (Fig. S1A). The distribution of peptide length identified by MS met the quality control requirements. The first-order
mass error of most spectra is within 10 ppm (within 70 ppm of the timsTOF mass spectrum), which is in accordance with the high-
precision characteristics of the mass spectrum (Fig. S1B).

2.9. PRM validation experiment

Protein extraction and trypsin hydrolysis: The protein concentration was determined by a BCA kit. The same amount of each sample
protein was used for enzymatic hydrolysis, trypsin was added, and enzymatic hydrolysis was performed overnight. Dithiothreitol
(DTT) was added to a final concentration of 5 mm and reduced at 56 °C for 30 min. Then, iodoacetamide (IAA) was added to a final
concentration of 11 mm and incubated at room temperature in the dark for 15 min. Liquid chromatography-mass spectrometry: The
peptide segments were dissolved by liquid chromatography mobile phase a (0.1% (V/V) formic acid aqueous solution) and separated
by easy NLC 1000 ultra high-performance liquid system. Mobile phase A was an aqueous solution containing 0.1% formic acid and 2%
acetonitrile; mobile phase B was an aqueous solution containing 0.1% formic acid and 90% acetonitrile. The liquid phase gradient
settings were as follows: 0-40 min, 6%—-25% B; 40-52 min, 25%-35% B; 52-56 min, 35%-80% B; 56-60 min, 80% B. The flow rate was
maintained at 500 NL/min. After separation by an ultrahigh-performance liquid chromatography system, the peptide was injected into
an NSI ion source for ionization and then analyzed by Q Exactive TM plus mass spectrometry. The ion source voltage was set to 2.1 kV,
and the peptide parent ions and their secondary fragments were detected and analyzed by high-resolution Orbitrap. The scanning
range of primary mass spectrometry was set to 370-1090 M/Z, and the scanning resolution was set to 70000. The scanning resolution
of the secondary mass spectrometry Orbitrap was set to 17500. The data acquisition mode used a data independent scanning (DIA)
program, and the fragmentation energy of the HCD collision pool was set to 27. The automatic gain control (AGC) of primary mass
spectrometry was set to 3e6, and the maximum ion implantation time (it) was set to 50 ms. The automatic gain control (AGC) of
secondary mass spectrometry was set to 1E5, the maximum ion implantation time (it) was set to 200 ms, and the isolation window was
set to 1.6 m/z.

2.10. Statistical analysis

SPSS 21.0 and GraphPad Prism statistical software were used for statistical analysis. The measurement data are presented as the
mean + standard deviation. One-way analysis of variance was used for comparisons among multiple groups, and a t-test was used for
comparisons between two groups. P < 0.05 was considered statistically significant.

3. Results
3.1. Network pharmacological analysis

We retrieved 1274 nonduplicated PD-related targets in the GeneCards and OMIM databases and combined 27 active components
and 652 potential targets obtained from BCT with the Venn diagram constructed by the Venny website to obtain 174 intersection
targets (Fig. 1A). Cytoscape 3.9.0 software was used to construct the pharmacochemical component-target network diagram to obtain
possible core components of BCT for PD treatment (Fig. 1B). The common targets of BCT and disease were imported into the STRING
database for protein-protein interactions((Fig. 1C). The common targets of BCT and disease were imported into the STRING database
for protein-protein interaction (PPI) analysis (Fig. 2C).

All the networks were merged, and the analysis showed that the signaling pathways mainly involved axon guidance, long-term
potential, dopaminergic synapses and other key targets, such as P53, mTOR, BAX, BCL2, and Caspase 3. The key pathways were
apoptosis, the p53 signaling pathway, autophagy, apoptosis, the mTOR signaling pathway, dopaminergic synapses and the AMPK
signaling pathway, according to the KEGG enrichment analysis (Fig. 1D). The results of GO analysis showed that the mechanism of
action is mainly through the regulation of protein phosphorylation, apoptotic process, neuron apoptotic process, response to oxidative
stress and other biological processes. Action on mitochondria, cytosol, cytoplasm, endoplasmic reticulum membrane and other cell
components affects protein kinase activity, oxidoreductase activity, dopamine neurotransmitter receptor activity and other molecular
functions (Fig. 1E).

3.2. BCT plays a role in a PD model

As shown in Fig. 2A. Compared with the NC group, the climbing time of the model group was substantially increased (P < 0.05).
However, the climbing time in the high-dose group was considerably decreased (P < 0.05). Compared with the NC group, the number
of autonomous activities in the model group decreased significantly (P < 0.05). Compared with the model group, the number of
autonomous activities in the middle- and high-dose BCT groups increased significantly (P < 0.05).

As shown in Fig. 2B. In the NC group, the morphology of neurons in the substantia nigra region was normal, the cell structure was
complete and orderly, and no obvious shrinkage occurred. However, a-syn mice showed neuronal shrinkage in the substantia nigra
region, marked nucleopoiesis, unclear boundaries between nuclei and cytoplasm, and damage to neuronal structure. Although the low-
dose effect was not obvious, the other two BCT treatment groups showed a small number of wrinkled neurons, and the shape was
significantly improved.
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Tyrosine hydroxylase (TH) is a key enzyme in dopamine synthesis and tends to validate the successful establishment of PD models
and to evaluate the severity of PD pathology. As shown in Fig. 2C, compared with the NC group, the TH level of the substantia nigra in
the model group was significantly decreased (P < 0.01). TH levels in the substantia nigra were significantly increased in the high-dose
groups (P < 0.01). Although there was an upward trend in the low-medium dose group, there was no statistical significance.

3.3. Effect of BCT on the expression of p53/AMPK/mTOR signaling pathway-related proteins in the PD mouse brain

According to the network pharmacology results, we found that apoptosis and autophagy are involved in the process of BCT
treatment of PD, and disordered autophagy can lead to the release of apoptotic factors into the cytoplasm and induce apoptosis. As
shown in Fig. 3A and B, C3B is the signature protein for detecting autophagy, and proper autophagy has a protective effect on cells. As
an apoptosis-related factor, the upregulated expression of Bax protein can activate the downstream apoptosis signaling pathway
mediated by Caspase-3 and synergistically accelerate apoptosis. Compared with those in the NC group, the Bax and Caspase-3 proteins
in the a-syn mice were significantly increased (P < 0.01), and LC3B was significantly decreased (P < 0.05). Compared with the model
group, the Bax and Caspase-3 protein levels in the high-dose BCT group were significantly decreased (P < 0.05).

It is speculated that BCT can effectively reduce the symptoms of PD mice and improve their motor function. The mechanism of
action may be related to the upregulation of the autophagy level of LC3B and the timely clearance of damaged cells to protect normal
cells. It also reduces the expression of the pro-apoptotic proteins Bax and Caspase-3, thereby reducing cell apoptosis and repairing
nerve damage. These results indicate that autophagy factors and apoptosis factors are involved in the process of brain tissue injury in
PD mice, which may be one of the mechanisms of brain tissue injury in PD mice.

(a) [y 10-1120 6361-1+ wmmmm y0-073 6677-1+ 781747781+ (b) 7807 46111+ wmmm y6-700 4134-1+ mmmm y5-550 34501+
— y6-716 4301-1+ — 3387 27141+ -_— D2-261 1508-1+ _— y4-400 2766-1+ mmmm y2-260 1969-1+ mmmm b2-186 0873-1+ .
= _b3-318.1812-1+ . S Pak5 53-287.1350-1+ Grin2b
1.2 1.2
1.0 + 1.0 +
-2 b4
] =
E 08 + g
=3 k=3
Z 06 =
s s
< <
§O4T 3
o S
a a
0.2 +
0.0
B3 El E2 D3 A3 B1 B2 B3 El E2 E3 D1 D2 D3
Replicate Replicate
(0) 0857 4727-1+ wmmmm y8-770 4407-1+ wmmmm y7-657 3500-1+ (d) [ — yg‘lgg55§15‘|~ — ygg‘:igﬁg :~ — y;?gi:gi: :~ |
6570 3246-1+ mmmm y55133031-1+ mmmmm y3-3452132-1+ - — 5 3865-1+ _— > _— 56-1+
¥2-248 1605-1+ _wmmmm b2-200.1030-1+ BCaN b2-247.1441-1+ _ mmmmm b3-334.1761-1+  wmmm b7-762.4032-1+ L1CAM
12 1 ] i B
o [
3 i, =
= 8
E H
=3 o
= Z 06
s s
< <
k] x 04
o o
a a
0.0 - - =
Al A2 A3 B1 B2 B3 El E2 E3 D1 D2 D3 B2 B3 El  E2  E3 D1 D2 D3
Replicate Replicate
(e) - y6-868 4022-1+ wmmm y5-7213338-1+ mmmm y4-5613031-1+ | (f) [ — YG 650 3723-1+ wemm YJ 546 2682-1+ wmm—m Y33002241 1
— y3-3752238-1+ e y2-262.1397-1+ wmmm y1-147.1128-1+ |m—y2-246 1812.1+ _wmmm_02.213 15081+ Senla
b2-242 1499-1+ J BRaf
12 7
- 1
3 = 1
3 | 1
E S I
2 =z
] !
® 8
8 £ t
< = I
x ]
s S !
4 o }
A 2 p -

B2 B3 El E2 D2 D3

Al A2 A3 B1 B2 B3 El E2 E3
Replicate Replicate

Fig. 5. Distribution of fragment ion peak area. (a) Pak5 site fragment ion peak area distribution, (b) Grin2b site fragment ion peak area distribution,
(c) BCaN site fragment ion peak area distribution, (d) L1ICAM site fragment ion peak area distribution, (e) BRaf site fragment ion peak area dis-
tribution, (f) Scnla site fragment ion peak area distribution.



X. Gao et al. Heliyon 10 (2024) e26916

Furthermore, compared with the NC group, the P53 and mTOR contents of the model group were significantly increased (P < 0.05).
The BCT group significantly downregulated P53 and mTOR levels to regulate apoptosis and autophagy but had no significant effect on
AMPK. It is speculated that BCT may reduce the expression of Bax and Caspase-3 proteins through the p53/mTOR signaling pathway
and inhibit cell apoptosis. The role of the p53/mTOR signaling pathway in BCT treatment of PD was further verified.

3.4. Phosphorylated proteomics data description

A total of 10,409 phosphorylated modification sites were identified on 3449 proteins, of which 9568 sites on 3245 proteins had
quantitative information(Fig. S2A). In this part of the study, principal component analysis (PCA) and relative standard deviation
analysis (RSD) were used to evaluate the quantitative reproducibility of the modification. As shown in the repeated sample set in the
figure below, the quantitative repeatability is good, and the overall RSD value is small (0 < RSD <0.2), which is qualified, indicating
that the quantitative value has a good effect and good repeatability (Fig. S2BC).

We mapped the volcano map visualizing phosphorylpeptides to more graphically depict the differentially expressed proteins
(Fig. 4A). The p value obtained by the T test proved the significance of the difference between groups. When the p value < 0.05, the
difference modification amount change was more than 1.2 as the significantly upregulated change threshold and less than 0.833 as the
significantly downregulated change threshold. Among these differentially phosphorylated protein sites, 363 significantly different
phosphorylated sites were identified in the control/model group: 266 were upregulated and 97 were downregulated. In the middle/
model group, 282 distinct phosphorylation sites were identified, 102 upregulated and 180 downregulated. In the high/model group,
462 distinct phosphorylation sites were identified, 188 upregulated and 274 downregulated. Since the treatment effect of the low-dose
group was not obvious, the comparison will not be made here. In addition, we analyzed and compared the common differentially
phosphorylated protein sites of the 4 groups, with a total of 85 phosphorylated sites (Fig. 4B).

3.5. Functional enrichment analysis of differentially expressed proteins

The comparison results between multiple groups are shown in the following figures (Fig. 5B). As shown in Fig. 4C, at the biological
process level, phosphorylation sites related to nervous system development, neurogenesis, and cell projection morphogenesis were
significantly enriched. At the cellular component level, phosphorylation sites related to cell projection, neuron part, neuron projection,
and synapse were significantly enriched. At the molecular function level, phosphorylated proteins related to protein kinase binding,
enzyme activator activity, and calmodulin binding were highly enriched and significantly different. KEGG enrichment analysis of all
differentially expressed proteins revealed the following pathways: the pentose phosphate pathway, glycolysis/gluconeogenesis,
cysteine and methionine metabolism, cAMP signaling pathway and cGMP-PKG signaling pathway (Fig. 4D).

3.6. PRM validation experiment

We found that Pak5, Grin2b, Scnla, BcaN, L1cam, and Braf are closely related to network-based pharmacological screening targets
and may be involved in autophagy and apoptosis pathways. The six target proteins selected above were quantified by PRM (Table 1).
PRM is quantified by peak area. The distribution of fragment ion peak areas of the selected peptide segments of each protein in the
samples is as follows (Fig. 5a-f). Compared with those in the NC group, the phosphorylation sites Bcan, L1CAM, Braf and Scnla in the
model group were significantly upregulated (P < 0.05), while Pak5 and Grin2b were significantly downregulated (P < 0.05).
Compared with those in the model-dose group, the phosphorylation sites Pak5 and Grin2b in the middle group were significantly
upregulated (P < 0.05), and the phosphorylation sites Bcan, L1cam, Braf and Scnla were significantly downregulated (P < 0.05). In the
high-dose group, the phosphorylated proteins Pak5 and Grin2b were significantly upregulated (P < 0.05), and Bcan, L1cam, Braf and
Scnla were significantly downregulated (P < 0.05).

4. Discussion

PD is a common degenerative disease of the chronic nervous system that afflicts middle-aged and elderly individuals. Its clinical
symptoms are complex, but the main symptoms are decreased coordination ability and activity ability [22]. In terms of behavioral
evaluation, the rotating test and rotating rod test are the conventional criteria to judge the success of PD [23]. From a behavioral point
of view, the attachment ability of mice in the model group was weak, the pole climbing time was prolonged, the autonomous activity

Table 1

Quantitative results of PRM protein.
Protein Accession Protein/Gene A/B Ratio B/E Ratio B/D Ratio B/C Ratio
K05736 PAKS 1.26 0.62 0.83 -
K05210 Grin2b 1.22 0.59 0.73 -
K04833 Scnla 0.84 1.38 1.30 -
K04348 BcaN 0.77 1.77 1.14 -
K06550 L1CAM 0.82 1.16 1.26 -
K04365 Braf 0.79 1.20 1.28 -
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was reduced, and the coordination was poor, which is consistent with the pathological behavior of PD. There was a contraction of
neurons in the substantia nigra of the midbrain. BCT can significantly shorten the crawling time and increase the number of auton-
omous activities to improve behavioral symptoms, thus proving the effectiveness of BCT from a macro perspective. Our results showed
that TH-positive expression decreased significantly in the substantia nigra of a-syn mice. TH expression can be detected to reflect the
damage of dopaminergic neurons. After BCT intervention, TH content increased, indicating that BCT can inhibit or delay the loss of
dopaminergic neurons, thereby improving their motor function.

Network pharmacology emphasizes analyzing the molecular correlation laws among drugs, diseases and pathways from the
perspective of the system level and biological network as a whole. It is speculated that the pathways with a high correlation of the
effects of BCT are apoptosis, the p53 signaling pathway, and autophagy, and the proteins with a high correlation are Bax, Caspase-3,
P53, and mTOR. Western blotting and protein phosphorylation experiments verified the pathways and proteins involved in this result
and clarified the correlation mechanism. It has been demonstrated that apoptosis is an important factor causing the loss of dopami-
nergic neurons in the substantia nigra region of the brain in PD models. Degenerative diseases such as Parkinson’s disease are
accompanied by autophagy defects, and the attenuation of autophagy is likely to be an important factor in the continuous apoptosis of
neurons in patients with degenerative diseases [24]. Autophagy plays an important role in cell proliferation, growth, apoptosis, and
maintenance of intracellular environmental homeostasis [25]. There are various signaling interactions between apoptosis and auto-
phagy, and they are involved in the neuronal damage process [26]. Apoptosis-related caspase family proteins can interact with
autophagy-related proteins. Caspase-3 inhibits autophagy-induced apoptosis by shear inactivation of Beclin-1 [27]. Mild and moderate
autophagy can maintain the dynamic balance of axons and effectively remove dead cells, which is the pathway for cell survival. The
protein expressed by the BCL-2-associated X protein(Bax) is dependent on the interleukin-3 (IL-3) apoptotic pathway and is an
apoptosis-regulating protein. It accelerates programmed cell death by binding to inhibitors of apoptosis [28]. Our experimental results
showed that the LC3B protein expression level in the substantia nigra region of mice increased significantly after BCT intervention,
while Bax and Caspase-3 protein expression levels decreased significantly, suggesting that BCT may upregulate the autophagy level of
LC3B and inhibit apoptosis in substantia nigra region neurons.

P53 is involved in the whole process of apoptosis and autophagy and plays an important role in regulating nutrient metabolism,
DNA damage and the repair of cells [29]. When hypoxia occurs in nerve cells, the P53 protein is activated, which opens the mito-
chondrial membrane by regulating the BCL-2 protein, resulting in the release of Cyt-c, which further activates the caspase cascade and
induces apoptosis [30]. At the same time, the activated P53 protein can upregulate the pro-apoptotic p53/AMPK pathway, which is a
classical signaling pathway that regulates autophagy [31]. It has been found that p53 exists widely in the cytoplasm and nucleus and
has bidirectional regulation during autophagy [32]. The P53 protein can activate the AMPK subunit to regulate cell proliferation and
apoptosis. In this process, by reducing the synthesis of adenosine triphosphate, the feedback increases the content of adenosine
phosphate in the cell, and the ratio of AMP/ATP increases so that the cell cannot carry out normal cycle metabolism and induces
apoptosis [33]. Activation of AMPK can activate liver kinase B1, and abnormal phosphorylation of PAK protein leads to insufficient
energy supply, both of which lead to the activation of mTOR protein, which directly induces an increase in intracellular phosphati-
dylinositol kinase activity and inhibits the initiation of autophagy [34]. In contrast, BCT was able to significantly regulate the protein
expression of p53 and mTOR but had no significant effect on AMPK. These results suggest that the mechanism by which BCT inhibits
apoptosis in nigrostriatal dopaminergic neurons of PD mice is related to the regulation of autophagic and apoptotic responses mediated
by the p53/mTOR pathway. Therefore, these highly network-related target proteins all participate in the process of regulating
apoptosis in their respective physiological activities. It was preliminarily proven that the mechanism of BCT in treating PD was to
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Fig. 6. Intervention of BCT on three important phosphorylation pathways. Different colors represent three pathways. The solid line box represents
the pathogenesis of PD, and the dotted line box represents the mechanism of BCT in treating PD.
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inhibit neuronal apoptosis. To further study the process and role relevance of these target proteins in regulating apoptosis, we next
carried out protein phosphorylation detection.

Among protein modifications, phosphorylation is the most common type of protein posttranslational modification. The phos-
phorylation process is relatively complex, most of which is realized through the interaction between proteins, which can change the
function and activity of proteins, thereby affecting the apoptosis process. To explore whether the effects of BCT on apoptosis
demonstrated above are related to protein phosphorylation, phosphorylation detection of samples was performed. Using phosphor-
ylated proteomics and PRM validation, we found that Pak5, Grin2b, Scnla, BcaN, Llcam and Braf are closely correlated with the
targets of the web-based pharmacological screen and may be involved in p53/mTOR-mediated autophagy and apoptosis pathways.
This site explains the possible correlation mechanism of P53 protein, AMPK protein and mTOR protein promoting autophagy and
inhibiting apoptosis in Western blot experiments (Fig. 6).

Calcineurin(CaN) is a protein phosphatase widely found in the brain that is involved in the development of many diseases such as
depression and dementia, and plays an important regulatory role in neuronal excitability and synaptic plasticity [35]. Phosphorylation
at the CaN site is associated with apoptosis, which induces the dephosphorylation of Drp-1 protein, which in turn leads to Bax
aggregate localization and caspase protein activation, accelerating neuronal apoptosis [36]. BCT can inhibit the expression of Bax and
Caspase3, and whether the inhibition of apoptosis is related to the regulation of CaN. PAKS5 is a well-characterized member of the
p21-activated kinases (PAKs), which impedes mitochondrial localization mainly by regulating Ser site phosphorylation [37]. It was
found that PAKS was able to reduce the activity of the apoptotic core component Caspase-3 [38]. L1 cell adhesion molecule (L1CAM) is
predominantly expressed in neuronal cells and plays an important role in neuronal migration, axon growth, fasciculation and
lengthening in nervous system development [39]. When the phosphorylation of L1CAM protein is abnormal, the phosphorylation of
PAK protein is hindered through the NRP1—Rac pathway, and the cells are hypoxic due to abnormal mitochondrial function and
insufficient energy supply, which directly or indirectly activate autophagy and apoptosis-related proteins, such as P53 protein, AMPK
protein, and mTOR protein, and induce apoptosis [40,41].

Therefore, combined with phosphorylated proteomics and PRM validation, by interfering with L1CAM phosphorylation sites, BCT
can affect CaN, reduce the change in CaN, and slow the dephosphorylation process, thereby preventing BAX aggregation and caspase
protein activation and inhibiting neuronal apoptosis. At the same time, L1ICAM affects downstream PAK, recovers mitochondrial
function, and directly or indirectly inhibits P53, AMPK, mTOR and other apoptotic proteins after recovering normal phosphorylation
physiological processes and then regulates the axon guidance pathway.

The Braf gene encodes a cellular signaling RAF kinase protein that activates its downstream MEK through phosphorylation. The
MAPK/ERK signaling pathway can regulate cell growth, proliferation, differentiation and apoptosis [42]. The Ras/Raf/MEK/ERK
signaling pathway can be activated by reactive oxygen species(ROS), Ca2+, protein kinase C(PKC), etc. Inhibition of the
Ras-Raf-MEK-ERK signaling pathway has an impact on cell apoptosis [43]. In recent years, the mechanism by which the
Ras-Raf-MEK-ERK signaling pathway regulates autophagy has received much attention, but the mechanisms involved in the regulation
of autophagy are extremely complex and sometimes seem to contradict each other [44]. Studies have shown that the Ras/Raf/ME-
K/ERK signaling pathway can activate ERK under stress conditions and directly promote the upregulation of the autophagy signature
proteins LC3 and p62, initiating autophagy [45]. In addition, it has been confirmed that the activated Ras/Raf/MEK/ERK signaling
pathway can inhibit autophagy indirectly by activating the PI3K/Akt/TOR signaling pathway [46]. In addition, SD118-xanthocillin X
[1] derived from penicillin can inhibit the Ras/Raf/MEK/ERK signaling pathway in HT-29 cells, upregulate the expression levels of the
autophagy marker protein LC3, and promote the occurrence of autophagy [47]. According to proteomics and its verification results, we
found that BCT could downregulate the expression levels of Braf, suggesting that it could hinder the phosphorylation of RAF kinase
protein, further inhibit the Ras/Raf/MEK/ERK signaling pathway, and thus upregulate the expression levels of autophagy marker
protein LC3, playing a role in the positive regulation of autophagy.

N-methyl-p-aspartic acid receptor(NMDAR) is a glutamate-gated ionic glutamate receptor. The NMDAR site is a highly permeable
Ca?* ligand-gated ion channel complex that mediates changes in synaptic plasticity [48]. Continuous activation of NMIDARs can lead
to increased intracellular calcium content and metabolic enzyme activity, cytotoxicity, oxidative stress, accumulation of oxidative
metabolites and loss of nitrogen ion free radicals, eventually leading to degeneration and death of nerve cells [49]. The expression
activity of NMDAR in PD animal models can lead to changes in PD symptoms, and blocking the nigrostriatal reticular structure can
alleviate the symptoms of PD movement disorders [50]. Glutamate-mediated excitatory neurotoxicity is closely related to the
degeneration of PD, and this excitability is regulated by NMDARs. NMDAR glutamate site subunit activation and factor conversion
expression can regulate glutamate release and play a certain role in mediating the neurotransmission function of glutamate in the
brains of PD patients [51]. It is related to many functions of the central nervous system, and its gene variation, especially subtype gene
variation, is closely related to the abnormal function of the nervous system [52]. In mammals, GRIN2B activates glutamate binding
sites and dominant excitatory neurotransmitter receptors. The GRIN2B gene variant is common in Asian populations [53]. GRINB gene
polymorphisms could be used as markers to evaluate PD [54]. Other researchers believe that impulsive control and related behavioral
manifestations in PD patients are related to GRINB gene polymorphisms [55,56]. Our results showed that the decrease in grin2b
content in the brain tissue of a-syn-overexpressing mice led to an increase in glutamate release regulated by NMDAR and accelerated
the process of neurodegeneration. BCT can prevent Ca%" inflow by increasing the content of grin2b, increasing the phosphorylation of
NMDAR, blocking the influence of the nigrostriatal reticular structure, and then correcting the movement disorder symptoms of PD.

Volt-gated sodium channels (VGSCs), consisting of one pore-forming o subunit and up to two associated p subunits, play a critical
role in the generation of action potentials in excitable tissues, including brain neurons [57]. Navl.1(scnla/SCN1A) is one of the
voltage-gated sodium channel a subunits expressed in brain nerve tissue and plays a crucial role in neuronal function [58]. The loss of
Navl.1 function in mice leads to severe impairment of sodium current and action potential discharge in hippocampal GABA-inhibited
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neurons [59]. Our experimental results show that the content of scnla in PD mice is increased, and its phosphorylation causes VGSC to
be turned on, causing abnormal neuron firing and causing PD behavioral symptoms.In addition, activation of the P53 protein can
promote the opening of VGSCs, leading to abnormal neuronal firing. We found that BCT can regulate the activity of P53, close the
VGSC channel, and prevent abnormal neuronal discharge, thus inhibiting apoptosis and protecting against neuronal damage.

5. Conclusion

In this work, network pharmacological analysis showed that the key pathways associated with BCT treatment of PD were apoptosis,
the p53 signaling pathway, and autophagy. The expression levels of BAX, Caspase-3, LC3B, P53 and mTOR core proteins were further
verified by western blotting. Combined with the phosphorylated proteome results, we found that Pak5, Grin2b, Scnla, BcaN, and
Llcam may be involved in p53/mtor-mediated autophagy and apoptosis pathways. It was further verified that BCT can inhibit the
apoptosis of substantia nigra neurons in Parkinson’s disease mice and alleviate behavioral disorders, which is related to the regulation
of autophagy and apoptosis mediated by the P53/mTOR pathway. This study preliminarily clarified the molecular target and
mechanism of BCT in the treatment of PD and provided a new idea for its development and application.
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