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Purpose: The present study aimed to characterize neuroprotective effects of Schisandra Decoction (Sch D) treatment in a mouse
model of Parkinson’s disease (PD), and to explore underlying mechanisms focused on the mammalian target of rapamycin (mTOR)
signaling pathway.

Materials and Methods: 50 male C57 BL/6 mice were randomly assigned to either control (n = 10) or 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) model (n = 40) groups. PD mice were further divided into four groups of ten mice each: MPTP
group, LY294002 group, Sch D group, and LY2940002 + Sch D group. Mice from each group were assessed in pole climbing, rotary
rod and open field tests. Brain Tyrosine hydroxylase (TH) protein was observed using immunohistochemistry. mRNA levels of PTEN,
PI3K and LC3 in brain tissue were measured using RT-PCR. Protein levels of PTEN, PI3K, Akt, p-Akt, mTOR, p-mTOR, p70s6K,
p62, LC3II / 1, a-synuclein (a-syn), TH in brain tissue were assessed by Western blotting (WB).

Results: In behavioral tests, PD mice treated with Sch D showed reduced pole climbing time, longer rotarod duration, and greater
distance traveled. In terms of neuroprotection, PD mice in the Sch D group exhibited higher levels of TH protein and enhanced a-syn
clearance. Regarding autophagy, compared to the control group, mice in the MPTP group had elevated PTEN protein expression,
which inhibited PI3K, p-AKT/AKT, and p-mTOR/mTOR protein levels, decreased LC3II/I protein expression, and increased P62
protein expression. Treatment with Sch D reversed these effects.

Conclusion: Sch D reduces o-syn aggregation in the brains of MPTP-induced PD model mice, exerts neuroprotective effects, and
improves motor function. Additionally, Sch D inhibits autophagy through the PI3K/AKT/mTOR pathway. The neuroprotective effect
of Sch D may involve the suppression of abnormal autophagy and its antioxidant properties, which indirectly reduces o-syn
accumulation. Future studies should assess the impact of Sch D on oxidative stress markers to evaluate its antioxidant effects.
Keywords: Parkinson’s disease, Shisandra decoction, mTOR signaling pathway, autophagy, traditional Chinese medicine

Introduction

Parkinson’s disease (PD), the second-most prevalent degenerative neurological disease, affects approximately 6 million
individuals globally." The incidence of PD is furthermore increasing with increased aging of populations. Prevalent
clinical symptoms include static tremors, stiffness, bradykinesia, postural gait issues and other motor abnormalities. Non-
motor symptoms include decreased mental functioning, autonomic issues, and sensory disturbances.” PD dramatically
reduces patients’ daily quality of life. The disease is characterized by an exceptionally complex pathophysiology, the
cardinal hallmark of which is loss of dopaminergic neurons in the substantia nigra. Lewy bodies, neuronal inclusions
mainly constituted of aggregates of the neurotransmitter a-synuclein (a-syn), are characteristic pathological features.’®
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The multiplication of SNCA loci leading to elevated a-syn levels is directly correlated with PD progression,* and
reducing a-syn levels add potential therapeutic strategy for improving PD symptoms.

Abnormal abundance of a-syn protein inhibits autophagy in neurons by altering the trafficking of autophagy-related
proteins (eg ATG9) between the endoplasmic reticulum and the Golgi complex, along with decreasing the production of
autophagosomal precursors.” Autophagy begins with the formation of nascent autophagosomal vacuoles or isolation
membranes. Normally, under conditions of nutrient limitation, Adenosine 5'-monophosphate -activated protein kinase
(AMPK) activation and mTOR inhibition together activate Unc-51-like kinases (ULK), which in turn activates the
VPS34 complex and induces the formation of isolation membranes that ultimately result in the formation of autophago-
somes. The latter undergoes amalgamation with lysosomes, enabling catabolism of cytoplasmic cellular constituents.®
Autophagy is a critical mechanism for the removal of protein aggregates observed in multiple neuronal diseases and
perturbations in the autophagic process are known to be associated with degenerative neuropathies.’

Autophagy is normally regulated by multiple signaling pathways, among which the PI3K/AKT/mTOR pathway plays
a particularly important role.® mTOR is an integral regulatory factor in many neural processes, and loss of mTOR
pathway proteins is known to cause early neuronal death during brain development.’ Because autophagic dysfunction and
neurodegeneration are known to be linked, it has been suggested that mTOR activity may significantly affect neurode-
generative disease pathology.'® Therefore, modulating the process of autophagy by targeting the mTOR signaling
pathway, thereby reducing a-syn aggregate abundance, might be a strategy for treating PD.

In clinical studies, traditional Chinese medicines have shown efficacy in relieving PD symptoms as well as improving
adverse consequences of long-term use of Western medicines.'""'? In preclinical investigations, ginsenoside improved
motor function in a mouse model of PD by regulating the expression and antioxidant capacity of glutathione (GSH)
cysteine ligase."® Puerarin increased GSH synthesis in PC12 cells and reduced oxidative stress levels in PD-derived
cells.'* Therefore, research on important monomers and compound formulations has certain value in the treatment of PD.
Schisandra Decoction (Sch D), including the following components as shown in Table 1. Based on traditional Chinese
medicine principles and years of clinical experience, the famous Traditional Chinese Medicine in Zhejiang Province of
our hospital, proposed that nourishing the essence and enriching the marrow is the fundamental therapeutic method PD.
The application of Sch D in the treatment of PD has achieved favorable clinical results. It is known for its effect of
nourishing essence and enriching marrow. The principal herb in Sch D is schisandra, which is the dried mature fruit of
the magnolia vine, a plant of the chisandraceae family. According to the classic book “Shennong Ben Cao Jing”,
schisandra has a sour and warm nature and possesses functions such as nourishing the kidneys, securing the essence, and
calming the mind. In our previous research,’” we found that Schisandrin A has a protective effect on dopaminergic
neurons in the substantia nigra compacta of mice with MPTP-induced Parkinson’s disease. When exploring the
mechanism of its neuroprotective effect further, we used immunoblotting to find that in the Schisandrin A intervention
group, the expression levels of LC3-I1, Beclinl, Parkin, and PINK1 in the midbrain of mice were significantly increased,
and mTOR phosphorylation was inhibited. However, the effects of Sch D with schisandra as the principal herb, on the
expression of phosphorylated substrate p70s6K, autophagic substrate p62/SQSTMI, a-synuclein, and TH are currently
unclear. We speculate that the clinically effective Sch D may exert its therapeutic effect on PD through the regulation of

Table | Components of the Sch D

Full Botanical Plant Name Family English Name | Chinese Name | Grams, g | Used Part
Schisandra repanda (Siebold & Zucc.) Radlk. Schisandraceae | Schisandra Wuweizi 15¢g Fruit
Ophiopogon bodinieri H.Lév. Asparagaceae Ophiopogon Maidong 15¢g Tuber
Panax bipinnatifidus var. angustifolius (Burkill) .Wen | Araliaceae Panax Shengshaishen 6g Root
Cistanche deserticola Ma Orobanchaceae | Cistanche Roucongrong 15¢g Stem
Cuscuta chinensis var. chinensis Convolvulaceae | Cuscuta Tusizi 15¢g Seed
Uncaria cordata Merr. Rubiaceae Uncaria Gouteng 20¢g Stem
Zingiber officinale var. officinale Zingiberaceae Zingiber Shengjiang 3g Rhizome
Ziziphus jujuba f. lageniformis (Nakai) Kitag. Rhamnaceae Ziziphus Dazao 10g Fruit
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autophagy. Therefore, this study aims to explore the possible mechanisms of Sch D in the treatment of PD. In this study,
we investigated the effect of Sch D on improving motor function in PD mice through behavioral experiments. The
expression of TH in the substantia nigra of the mice was measured using immunohistochemistry. Additionally, proteins
related to the PI3K/AKT/mTOR pathway and autophagy were examined.

Materials and Methods

Experimental Animals

Healthy male C57BL/6 SPF grade mice aged 6 to 8 weeks (N=50) were purchased from Spafu (Beijing) Biotechnology
Co., Ltd. (animal production license number SCXK (Jing) 2019-0010 and animal use license number SYXK (Zhe)
2021-0005). The mice underwent adaptive feeding for 1 week at room temperature (20-24 °C) and 45-65% humidity.
All mice were fed and watered ad /ibitum. All animal experimental protocols were approved by the Experimental Animal
Ethics Council of Zhejiang Haikang Biological Product Co., Ltd. (approval code HKSYDWLL2021024). The principles
on ethical animal research outlined in the Basel Declaration and the ethical guidelines by the International Council for
Laboratory Animal Science was followed.

Drugs and Reagents

The Sch D component herbs were provided by the Traditional Chinese Medicine Pharmacy at Wenzhou Traditional
Chinese Medicine Hospital. The herbal medicines were formally identified by pharmacognosist Dr. Xuemei Zhu. The
identification numbers for Schisandra, Ophiopogon, Panax, Cistanche, Cuscuta, Uncaria, Zingiber, and Ziziphus are
(220503, 220,501, 220,506, 220,506, 220,422, 220,428, 220,401, 220,503). Schisandra, Ophiopogon, and Cistanche were
obtained from Zhejiang Huayu Pharmaceutical Co., Ltd. (Drug Production License No. Zhe 20040348); Panax, Uncaria,
Zingiber, and Ziziphus were sourced from Zhejiang University of Traditional Chinese Medicine Herbal Slice Co., Ltd.
(Drug Production License No. Zhe 20000076); Cuscuta was provided by Zhejiang Tongjun Tang Traditional Chinese
Medicine Herbal Slice Co., Ltd. (Drug Production License No. Zhe 20000072). The use of plant materials complies with
local institutional regulations, and no additional approvals are required. Herbs were first soaked in double-steamed water
for approximately 0.5 hours. Subsequently, the herbal materials were admixed with an 8-fold volume (v/w) of distillate
and decocted for 60 minutes over gentle calefaction to eliminate the residual liquor. Next, the herbs were mixed with
a 5-fold volume (v/w) of distilled water and boiled for another 60 minutes over low heat. The remaining liquids from the
two boils were then collected, filtered and concentrated over low heat to a concentration of 2 g/mL. The concentrate was
stored at 4°C until use.

MPTP (Shanghai Yuanye Biotechnology Co., Ltd., item number S31504-500mg); L'Y294002 (MedChemExpress, item
number HY-10108); LC3 antibody, AKT antibody, p-AKT antibody, PTEN antibody, PI3K antibody, mTOR antibody,
p-mTOR antibody, p70S6K antibody, p62/SQSTM1 antibody, a-syn antibody (Wuhan Biode Biotechnology Engineering
Co., Ltd., item numbers: BM4827, BM1612, BM4762, A00006-1, PB0351, BM4182, BM4840, M01475-4, PB0458,
MO00215-3, respectively). TH antibody, Sodium citrate antigen repair solution, SignalStain® Boost Detection Reagent,
SignalStain® DAB Substrate Kit (Cell Signaling Technology, item numbers: 58844S, 14746, 8125, 8059, respectively);
dimethylbenzene, Neutral balsam (Sinopharm Chemical Reagent Co., Ltd., item numbers:10023418,10004160, respectively).

Equipment

A gauze-wrapped metal climbing rod (75 cm length, 9 mm diameter) was prepared as previously reported.'® Open field
testing was performed using a Kinder Scientific Company LLC model MM 100CCSCCI apparatus. Rotary rod tests were
performed using a UGO BASILE model 47650 apparatus. Real-Time Quantitative Polymerase Chain Reaction (RT-
qPCR) was performed using an Illumina eco. Samples were centrifuged using a Thermo LEGEND MICRO 21R
centrifuge. Protein preparations were electrophoresed using a Biorad model 1645050 apparatus.UPLC-Q-TOF/MS
analysis was conducted using the Waters model SYNAPT G2-Si apparatus. Paraffin embedding was carried out using
Thermo Shandon Histocentre 2. Paraffin sectioning was performed using Thermo Finesse 325. Observation and
photography were conducted using Nexcope NE910 model.
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Identification of Compounds in Sch D Using UPLC-Q-TOF/MS Technology

Identification of Compounds in Sch D using UPLC-Q-TOF/MS Technology: Liquid phase conditions consisted of 0.1%
formic acid in water and pure acetonitrile. The large gradient method over 35 minutes was as follows: 0—2 minutes, 5%
acetonitrile; 2—32 minutes, 5-100% acetonitrile; 32—-33 minutes, 100% acetonitrile; 33.5 minutes, 5% acetonitrile;
33.5-35 minutes, 5% acetonitrile. The flow rate was set at 0.3 mL/min, injection volume at 2 pL, column temperature
at 35°C, and sample chamber temperature at 10°C. Mass spectrometry method: ESI ion source, scanning in positive and
negative ion modes, respectively. MSE continuous full scan mode with a scan time of 0.2 s and a scan range of 50~1200.
Collision energy in MSE: low collision energy at 6 V, high collision energy ranging from 15 to 45 V. Sodium formate
was utilized for mass spectrometer calibration, and leucine enkephalin (positive ion mode m/z 556.2771, negative ion
mode m/z 554.2615) was employed for real-time mass calibration.

PD Mouse Model Preparation and Treatment Groups

Mice (N=50) were randomly assigned to either control (N=10) cohort or PD model (N=40) cohort. The PD model cohort
was further randomly assorted into 4 treatment groups of 10 mice each: MPTP (treated with MPTP only), LY294002
(treated with MPTP plus the PI3K inhibitor L'Y294002), Sch D (treated with MPTP plus Sch D) and LY294002 + Sch
D (treated with MPTP plus both LY294002 and Sch D) groups. After group assignation, MPTP only mice were injected
intraperitoneally with 30 mg/kg MPTP diluted in saline (1 mg/mL) once daily over 7 consecutive days. Control cohort
mice underwent a parallel saline injection regimen. Sch D group animals were simultaneously treated over the same time
period with daily MPTP as described above and daily 0.75 g/100 g Sch D administered by gavage. LY294002 group
animals were simultaneously treated over the same time period with daily MPTP as described above and once daily
50 mg/kg IP LY294002. LY294002 + Schisandra group mice were simultaneously treated over the same time period with
daily MPTP plus LY294002 and Sch D as described above. During the 7 days model preparation and treatment period the
mice were regularly monitored for changes in mental state, posture, appearance. A schematic illustration of the

experimental design is shown in Figure 1.

Physical Performance and Behavior Testing

Forty-eight hours after the end of the model preparation and treatment period, mice were evaluated in pole climbing,
rotary bar and open field tests as described below. All experiments were performed between 9 am and 12 noon. The
testing apparatuses were thoroughly cleaned prior to the start of each test.

Pole climbing assay: Each mouse received 2 days of training on the climbing pole prior to testing. Testing was then
completed in a single day. For testing, the animal was placed on the top of the climbing pole and the time required to turn
around and climb from the top of the pole to the bottom was recorded. Both return time and total time were documented.
For each animal the test was repeated 3 times, with a 30 min. interval between repetitions. The final climbing time for
a given animal was determined as the average of the 3 measurements. If an animal reversed itself or ceased climbing, the
test was repeated.

Rotary bar assay: Prior to testing, each mouse received 3 days of training on the rotary bar at a fixed speed of
10 rpm for 3 min. each day. For testing, an animal was placed on a static rotary bar for a period of 5 min. in order to
acclimate. The rotary bar speed was then gradually increased to a max. velocity of 40 rpm. The time from initiation of
walking until falling off from the rotary bar was recorded. For each animal the test was repeated 3 times, with
a 30 min. interval between repetitions. The final walking time for a given animal was determined as the average of the
3 measurements.

Open field test: Mice were placed within the experimental field and observed for a period of 15 min. The duration and
distance of locomotion circumscribing the perimeter and the center of the field were documented. Tests were conducted
over a single day.
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Figure | Schematic illustration of the experimental design.

Brain Tissue Preparation

Following physical performance and behavioral testing, mice were anaesthetized using 4% Isoflurane and then main-
tained anesthetized with 2%.Cervical dislocation method was used to euthanize the mice and collect brain tissues. The
substantia nigra was rapidly separated from the brain coronal section on ice using a surgical blade, then fixed in 4%
paraformaldehyde for 24 hours and dehydrated before freezing sectioning of brain tissues. The remaining portion was

Neuropsychiatric Disease and Treatment 2024:20 hetps: 2015

Dove:


https://www.dovepress.com
https://www.dovepress.com

Pan et al Dove

frozen in liquid nitrogen for subsequent RT-qPCR analysis, while a portion was used for protein sample analysis
with WB.

RT-qPCR Analysis

Total RNA was extracted from brain tissue using Trizol reagent. RNA concentration was determined by Nano drop2000
spectrophotometry (Thermo Fisher Scientific). cDNA was prepared using a HyperScript™ RT SuperMix for qPCR kit
(APExBIO) according to the manufacturer’s instructions. RT-qPCR was performed using a illumina eco PCR detection
system [B-actin as internal control, primer sequence was shown in Table 2.The relative expression levels of the target
mRNAs were calculated as previously described.'’

Western Blotting Analysis

Brain tissue was homogenized using a tissue grinder. The homogenate was rinsed twice with ice-cold phosphate buffered
saline (PBS) and centrifuged at 12,000 rpm for 40 min. at 4 °C. The supernatant was collected, mixed with protein
cracking solution and protease inhibitor, and incubated for 40 min. at 4 °C. Perform protein quantification according to
the instructions of the BCA protein quantification kit (Beyotime Biotechnology). 20 pg of protein was electrophoresed
(10% Sch DS gel) at 130 V for 90 min. and proteins were transferred to a PVDF membrane at 100 V for 1 hour. The
membrane was blocked using 5% nonfat milk at 37 °C for 1 hour. Membrane strips were incubated with primary
antibody overnight at 4°C, washed three times with PBS at room temperature, and incubated with ALP-labeled secondary
antibody for 1 hour. After washing in PBS the protein levels were determined using a GelView 6000Plus (Guangzhou
Boluoteng Biological Technology Co., Ltd). and image analysis software (Image J).

Immunohistochemistry

After embedding the mouse brain in Shandon Histocentre 2, slice it into 4um thick sections using Finesse 32. Incubate
the sections in Neutral balsam washing solution for 5 minutes x 3 times, then in 100% ethanol for 10 minutes x 2 times,
and in 95% ethanol for 10 minutes x 2 times. Submerge the sections in 1x Sodium citrate antigen retrieval solution and
maintain at boiling temperature for 10 minutes. After cooling, wash with dH2O for 5 minutes x 3 times. Incubate in 3%
hydrogen peroxide solution for 10 minutes, then wash with dH2O for 5 minutes x 2 times, followed by a 5-minute wash
in 1x PBS. Block the sections with 200 puL blocking solution at room temperature for 1 hour, then incubate overnight at
4°C with the primary antibody diluted 1:500. Bring the SignalStain® Boost Detection Reagent to room temperature, wash
with 1x PBS for 5 minutes x 3 times, and apply 200 pL of SignalStain® DAB for staining. Wash with dH20, dehydrate
the sections, incubate in Neutral balsam, and cover-slip for photography.

Statistical Analysis

All data were analyzed using GraphPad Prism 9.4.1 software. To ensure the validity of the data analysis, we first
conducted tests for normality and homogeneity of variances. Normality was assessed using the Shapiro—Wilk test to
confirm whether the data followed a normal distribution. Homogeneity of variances was evaluated using the Brown-

Table 2 Primer Sequence

Gene Name Bidirectional Primer Sequence
PI3K F 5'- TGTGCAGCCAAGGAACCG-3'
R 5'-TCTCAGCTTCACCTCCGGGT-3'
PTEN F 5-AGGACCAGAGACAAAAAGGGAG-3'
R 5'-CGGGTCTGTAATCCAGGTGAT-3'
LC3 F 5-AAGAGTGGAAGATGTCCGGC-3'
R 5'-TCGCTCTATAATCACCCGCC-3'
GAPDH F 5-TGGAAGGGCTCATGACCACAG-3'
R 5'-GGGGTCTGGGATGGAAATTGT-3'
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Forsythe test to assess whether the variances across groups were equal. Given that the assumptions of normality and
homogeneity of variances were met, we performed a one-way Analysis of Variance (ANOVA) to detect overall
differences in means among the groups. ANOVA was used to test whether there were significant differences between
group means. Subsequently, Tukey’s Honestly Significant Difference Test (HSD) was employed for post-hoc multiple
comparisons to determine which specific group pairs had significant differences. A significance level of P < 0.05 was
considered statistically significant.

Results
Identification of Compounds in Sch D

The test medicinal material solution was analyzed under the specified chromatography and mass spectrometry conditions.
Combining the obtained results with literature references, the total ion chromatogram and components in positive and
negative ion modes are presented in Figure 2.

Effects of Treatments on Physical Performance and Behavior

Consistent with previous reports,” PD model mice (treated with MPTP only) took longer (in terms of both return and total
times) to complete the test compared to control mice (Figure 3A and B). Test times were further lengthened for MPTP
model mice treated with the PI3K inhibitor LY294002. Treatment with Sch D significantly reduced test times (Figure 3A
and B), though this effect was attenuated for mice treated with both Sch D and LY294002.

As shown in Figure 3C, MPTP induced PD model mice displayed a significant reduction in the duration of time spent
on the rotary rod compared to control mice. The latency period was further reduced by treatment with LY294002.
Administration of Sch D significantly extended the time spent on the rotary rod compared to model group mice and
attenuated the reduced latency effect of LY294002 (Figure 3C).

MPTP induced PD model mice exhibited reduced exploratory travel distance both at the periphery and in the center of
the open field compared to control mice (Figure 3D—F). The center distance/periphery distance ratio was also reduced for
model mice relative to controls. The same effect, though to different magnitudes, was observed among mice treated with
LY294002. Sch D treatment partially attenuated the effects observed among model mice with respect to distance traveled
at periphery and center, and there was no significant difference between control and Schisandra group mice in terms of
the center distance/periphery distance ratio (Figure 3D-F). The degree of Schisandra treatment-associated attenuation of
exploratory travel defects was lower among mice co-treated with LY294002. Figure (Figure 3G—I) shows that control
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Figure 3 Behavioral results. (A) Pole climbing assay return time. (B) Pole climbing assay total time. (C) Rotary assay results. (D) Open field test peripheral distance traveled.
(E) Open field test central distance traveled. (F) Open field test ratio of central distance/ peripheral distance traveled. (G) Open field test total time at periphery. (H) Open
field test total time in center. (I) Open field test time in center/periphery. Use the Tukey HSD test statistical method. ** P < 0.0] compared to control group; # P < 0.05
compared to model group. ## P < 0.0] compared to model group. (ie MPTP only) group; A P < 0.05 compared to LY294002 group. AAP < 0.0 compared to LY294002

group. A P < 0.05 compared to Sch D group. ~ P < 0.01 compared to Sch D group.

mice spent significantly less total time at the periphery and more total time in the center of the open field than model

mice and LY294002 treated mice. Significant differences were also observed between control mice and both model mice

and LY294002 treated mice in terms of central retention time/peripheral retention time ratios. By contrast, mice treated

with Schisandra did not differ significantly from control mice in terms of total time at periphery or center. Furthermore,
Schisandra attenuated the adverse effects of LY294002 (Figure 3G-I).
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Effect of Sch D on a-Syn, TH and Autophagy-Related Protein Expression Abundance
Model and treatment group mice all exhibited significantly elevated levels of a-syn compared to controls (Figure 4A and
B). Sch D treatment was associated with significantly less a-syn compared to LY294002 treated mice.

In comparison to the control group, both the Model group and the LY294002 group showed a decrease in TH levels,
with the LY294002 group exhibiting a more significant reduction (P < 0.01). This situation was reversed after the use of
Sch D, with the reversal being even more pronounced in the Parkinson’s model mice treated solely with Sch D (P <0.01)
(Figure 4C-E).

WB analysis revealed significantly upregulated LC3II/I protein expression in model, LY294002 and LY294002 + Sch
D group mice relative to control group mice (P < 0.01). Sch D treatment was associated with reduced abundance of
LC3II/T relative to LY294002 group mice (P < 0.01) (Figure 5A and B). Abundance of p62 was decreased in model and
LY294002 group mice relative to controls (P < 0.05 and P < 0.01, respectively). Sch D treatment, alone or in
combination with LY294002, was associated with significantly increased abundance of p62 compared to LY294002
group mice (Figure 5A and C). As shown by RT-qPCR analysis Figure 5D, levels of LC3 mRNA were increased in
model and experimental treatment groups relative to controls (P < 0.01). LY294002 group mice had higher levels of LC3
mRNA than model mice (P < 0.01). LC3 mRNA levels were significantly reduced relative to LY294002 group mice in
the Sch D and LY294002 + Sch D treated animals (P < 0.01).

Effect of Sch D on PISK/AKT/mTOR Signaling Pathway
WB analysis (Figure 6A—C) showed significantly increased levels of PTEN and significantly decreased levels of PI3K

proteins in model, LY294002 and LY294002 + Schisandra groups compared to controls. LY294002 treated mice
exhibited marked differences in protein abundance compared to model animals. Sch D treated mice also tended toward
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Figure 5 Relative abundance of autophagy-related proteins LC3 and p62/SQSTM and LC3 mRNA. (A) LC3 |, LC3Il and p62 WB electrophoretogram. (B) Relative level of
LC3 1l / | protein. (C) Relative level of p62 protein. (D) Relative level of LC3 mRNA. Use the Tukey HSD test statistical method. * P < 0.05, ** P < 0.0] compared to
controls. ## P < 0.0 compared to model group. A P < 0.05, AA P < 0.0] compared to LY294002 group.

increased PTEN and decreased PI3K relative to control animals, but this treatment group showed lesser degrees of
abnormality. Co-administration of Sch D with LY294002 was found to mitigate the effect of LY294002 on PTEN but not
PI3K abundance. RT- qPCR analysis showed that relative abundances of PTEN and PI3K mRNAs essentially mirrored
the results of protein analysis (compare Figure 6D and E to B and C).

WB analysis showed reduced phosphorylation of AKT and mTOR and lower levels of p70S6K proteins in model
mice and all treatment groups relative to controls (Figure 7). LY294002 treatment was associated with significantly lower
levels of AKT and mTOR phosphorylation and p70S6K abundance than model mice. Compared to LY294002 mice,
animals treated with Sch D (alone and in combination with LY294002) exhibited higher levels of AKT and mTOR
phosphorylation and increased abundance of p70S6K.

Discussion

PD is an incurable neurodegenerative disorder characterized by numerous severe complications. Over time, patients lose
the ability to care for themselves, eventually succumbing to issues such as hyponatremia and heart failure.'®2° The
primary pathological features of PD include the degeneration of dopaminergic neurons in the substantia nigra (SN),
reduced DA levels in the striatum, and the accumulation of misfolded a-syn.”' Current PD treatments, including
dopamine replacement therapy, mainly address symptoms but fail to slow disease progression,?” underscoring the urgent
need for novel therapeutic strategies. In this study, we employed an MPTP-induced PD mouse model to investigate the
effects of Sch D, a traditional Chinese medicine, on motor performance and behavior. Our goal was to evaluate the
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Figure 6 Relative abundance of PTEN and PI3K proteins and transcripts. (A) WB electrophoretogram. (B) and (C). Relative abundance of PTEN and PI3K proteins,
respectively. (D) and (E) Relative abundance of PTEN and PI3K mRNAs, respectively. Use the Tukey HSD test statistical method. * P < 0.05, ** P < 0.0] compared to
control. # P < 0.05, ## P < 0.0] compared to model group. A P < 0.05, AAP < 0.0l compared to LY294002 group. ~ P < 0.0] compared to Sch D group.

neuroprotective effects of Sch D in PD model mice and explore its potential as a new clinical treatment for the disease.
The neuroprotective mechanism of Sch D on PD mice is shown in Figure 8. The MPTP-induced model is widely
recognized as one of the most reliable models for studying PD. Previous studies have shown that systemic administration
of MPTP in both non-human primates and mice causes irreversible, selective degeneration of substantia nigra dopami-
nergic neurons, mimicking the disease’s progression in humans. MPTP, a highly lipophilic molecule, crosses the blood-
brain barrier and is metabolized by astrocytic monoamine oxidase B into 1-methyl-4-phenylpyridinium (MPP+),
a hydrophilic metabolite. MPP+ disrupts ATP production, elevates intracellular calcium levels, and increases the
production of reactive oxygen species (ROS) and reactive nitrogen species, leading to dopaminergic neuron apoptosis.
By selectively targeting these neurons, MPTP induces symptoms that closely resemble those of human PD.*-** TH,
a highly specific rate-limiting enzyme in dopamine synthesis, plays a critical role in maintaining dopaminergic neuron
function. A reduction in TH expression in the substantia nigra is closely associated with the loss of dopaminergic
neurons, accelerating PD progression.”> Our findings demonstrate that Sch D treatment significantly increases TH
expression and reduces a-syn levels in the substantia nigra of MPTP-induced PD model mice. This aligns with previous
studies, suggesting that Sch D provides significant neuroprotection against DA neuron loss in this model.?® In behavioral
assessments, mice treated with Sch D exhibited superior performance in the pole test, rotarod test, and open field test,
indicating improvements in motor function. These results highlight the potential of Sch D to ameliorate motor deficits in
PD and offer a promising avenue for future clinical treatments.

LY294002 is a synthetic morpholine derivative commonly used as a PI3K inhibitor, capable of inhibiting the PI3K/
AKT pathway by suppressing AKT phosphorylation.?” This study shows that following the inhibition of PI3K/AKT
pathway activation by LY294002, the levels of p-PI3K/PI3K, p-Akt/Akt, and p-mTOR/mTOR proteins were down-
regulated, while the protein level of PTEN, a negative regulator of PI3K, was upregulated, and p70s6k, a direct substrate
of mTOR, was downregulated. Conversely, Sch D exhibited an opposite effect on this pathway. Sch D increased the
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Figure 7 AKT and mTOR phosphorylation and relative abundance of p70S6K. (A) WB electrophoretogram. (B) and (C) Relative degree of AKT and mTOR phosphoryla-
tion. (D) Relative abundance of p70S6K. Use the Tukey HSD test statistical method. *P < 0.05, **P < 0.01 compared to control. # P < 0.05, ## P < 0.0] compared to model
group. A P < 0.05, AA P < 0.0 compared to LY294002 group.

phosphorylation levels of PI3K, Akt, and mTOR in the brains of PD model mice. This may be due to the downregulation
of PTEN protein induced by Sch D, which reduced the inhibition of PI3K signaling and activated the PI3K/AKT/mTOR
pathway, subsequently upregulating p70s6k, a direct substrate of mTOR. The PI3K/AKT/mTOR signaling pathway is
a key regulatory pathway of autophagy under specific conditions, and disruption or deregulation of the autophagy system
is closely related to neurodegenerative diseases.”*° Akt, also known as PKB, is a downstream effector of PI3K and acts
as a major positive regulator of mTOR activity.’*>' The activation of AKT is influenced by various regulatory
mechanisms, and it can be phosphorylated at two sites, Thr308 and Ser473.>? Activated PI3K generates PIP3, which
recruits PDK1 and AKT to the cell membrane, allowing PDK1 to phosphorylate AKT at Thr308, thereby activating
AKT.* Akt plays a crucial role in the development of PD, and research has shown that the activation of Akt can reduce
damage to midbrain dopaminergic neurons.>* This aligns with our findings that Sch D upregulates Akt levels, reduces a-
syn aggregation in the brains of mice, and increases TH protein expression. PTEN is an important negative regulator of
the PI3K/AKT signaling pathway. It has the enzymatic activity to dephosphorylate PIP3, converting it into PIP2, thus
limiting the activation of the signaling pathway.>> Loss or malfunction of PTEN can lead to excessive activation of the
PI3K/AKT pathway.

The changes in the PI3K/Akt/mTOR pathway are closely related to the activation of autophagy. Targeting PI3K/AKT/
mTOR-mediated autophagy is a key therapeutic strategy for various tumors.*® Moreover, several studies have found that
this pathway is also involved in the regulation of autophagy in the treatment of osteoarthritis, polycystic ovary syndrome,
and neurodegenerative diseases.>’>° Markers of autophagy activity include the ratio of autophagy-related proteins LC3II
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Figure 8 Mechanism of action of Sch D on Parkinson’s mice.

to LC3I and the level of the autophagosome membrane scaffold protein p62. p62, a well-studied autophagy substrate, acts
as a bridge between LC3 and polyubiquitinated proteins during autophagosome formation, being selectively incorporated
into autophagosomes and subsequently degraded by autolysosomal proteases. Therefore, p62 protein expression is
negatively correlated with autophagy activity.** Under normal physiological conditions, autophagy is maintained at
relatively low levels. Once cellular damage occurs, such as oxidative stress, protein aggregation, or organelle damage,
autophagy activity rapidly increases.*' Previous studies have shown that excessive production of reactive oxygen species
(ROS), oxidative stress, and mitochondrial dysfunction contribute to the onset of PD.**** Moreover, neurotoxins that
induce degeneration of dopaminergic neurons, including MPTP, can induce ROS formation, which leads to enhanced
autophagy. Studies have found that the PI3K o catalytic subunit inhibits autophagy, while its § catalytic subunit responds
to changes in ROS levels to promote autophagy.** The MPTP-induced PD mouse model may activate autophagy by
inhibiting PI3K protein levels through the induction of ROS. Numerous studies have shown that many natural
compounds exhibit neuroprotective effects in MPTP-induced PD models due to their antioxidant properties. For example,
pterostilbene exerts neuroprotective effects in PD mice by reducing ROS and malondialdehyde levels and increasing total
antioxidant capacity and superoxide dismutase activity.*> Similarly, Withania somnifera protects striatal dopaminergic
neurons by reducing oxidative stress markers such as iNOS expression and pro-inflammatory markers.*® The bioactive
component ursolic acid of Withania somnifera has been shown to protect dopaminergic neurons.*’ Additionally, Mucuna
pruriens reduces iNOS expression and alleviates MPTP neurotoxicity.***® Similar to previous studies, many components
of Sch D in this study also exhibit antioxidant effects. For example, a-Iso-cubebene, one of the main constituents of
Schisandra chinensis, exerts anti-vascular inflammatory effects by inhibiting ROS production, thereby suppressing
HMGBI-induced monocyte-to-macrophage differentiation.”® Additionally, alkaloids extracted from Uncaria have been
shown to exert anti-PD effects by reducing ROS production.’’ Other herbal components in Sch D, such as ginsenosides,
Cistanche deserticola polysaccharides, and Cuscuta chinensis flavonoids, also possess antioxidant properties.”® >* In this
study, we observed that, compared with control mice, MPTP-induced PD model mice exhibited increased LC3 mRNA
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expression, a higher LC3II/I ratio, and reduced p62 levels, which are consistent with enhanced autophagy. At the same
time, MPTP mice also had lower TH protein levels and more a-syn accumulation. These results suggest that MPTP-
induced oxidative stress may trigger excessive autophagy by activating the PI3K/Akt/mTOR signaling pathway, leading
to neuronal death and promoting PD pathology and symptoms. This finding aligns with previous studies that suggest
excessive neurotoxicity and misfolded protein aggregates lead to neuronal death through the activation of autophagy and
apoptotic pathways.”> We also observed abnormal activation of autophagy markers in LY294002-treated PD model mice,
which may be related to the specific inhibition of PI3K by this compound. In contrast, Sch D-treated mice exhibited
a lower LC3II/I ratio, lower LC3 mRNA expression, and higher p62 levels, indicating reduced autophagy activity.
Similar to our findings, a study on autophagy-related non-coding RNAs reported that increases in BDNF-AS and SNHG1
reduced autophagy in MPTP-induced PD by targeting miR-125b-5p and miR-221/222, respectively.’® However, Sch
D-treated mice showed higher TH protein levels and lower a-syn levels. This finding, which contrasts with the
commonly held view that promoting autophagy reduces a-syn, may be explained by the complex composition of Sch
D, which contains multiple antioxidant components. In future studies, we could assess the impact of Sch D on oxidative
stress markers (eg, ROS, aquaporins, glutathione) to evaluate its antioxidant effects. By comparing the correlation
between a-syn aggregation and oxidative stress levels, we can verify whether Sch D reduces a-syn accumulation by
indirectly reducing oxidative stress. Additionally, although autophagy plays a positive role in clearing a-syn, excessive or
inappropriate autophagy may also lead to cell death and pathological changes. Sch D may protect neurons and reduce
pathological damage by moderately inhibiting autophagy to prevent excessive autophagy. Moreover, the timing of Sch
D treatment may influence its effect on autophagy. Early Sch D treatment may activate autophagy to reduce a-syn, while
long-term Sch D use could reduce a-syn through a feedback mechanism that activates the PI3K/AKT/mTOR pathway to
inhibit autophagy. Future studies could observe PD mouse models treated with Sch D at different time points (eg, short-
term, mid-term, long-term) to track changes in autophagy-related markers over time, allowing for dynamic observation of
Sch D’s regulatory effects on autophagy at various stages. Furthermore, Sch D may degrade a-syn through other
pathways (such as the ubiquitin-proteasome pathway).”’ By measuring the levels of ubiquitinated proteins and protea-
some activity, we can further verify the mechanism by which Sch D clears a-syn.

Through these future studies, we can gain a deeper understanding of the neuroprotective effects of Sch D via different
mechanisms and further explore its potential for treating PD.

Conclusion

In summary, we show that Sch D improved TH, alleviated MPTP-induced PD symptoms and pathology-linked over-
expression of a-syn in the brains of PD model mice. Schisandra treatment was associated with activation of the PI3K/
Akt/mTOR signaling pathway, which we suggest may exert neuroprotective effects through the downregulation of
excessive autophagy.
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