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Parkinson’s disease (PD) is one of the neurodegenerative diseases that is characterized by obvious motor and some nonmotor symptoms. Various therapeutics failed in the effective treatment of PD because of impaired neurological function in the brain and various complications. Periplaneta Americana oligosaccharides (OPA), the main active ingredients extracted from the medicine residues of Periplaneta Americana (P. Americana), have been reported to exert anti-inflammatory effects. The purpose of this study was to evaluate the possible mechanisms of OPA against 1-methyl-4-phenylpyridinium (MPP+)-induced apotosis in SH-SY5Y cells and its potential neuroprotective effects in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD subacute model mice. The data demonstrated that OPA significantly reversed the MPP+-induced decrease in SH-SY5Y cell viability, reduced the proportion of apoptotic cells, and protected SH-SY5Y cells from apoptosis in a dose-dependent manner by regulating the expression of apoptosis-related genes. Furthermore, OPA also alleviated the motor dysfunction of PD model mice, prevented the loss of tyrosine hydroxylase positive cells, suppressed the apoptosis of substantia nigra cells, and improved the dysbiosis of gut microbiota in vivo, suggesting that OPA demonstrated a significantly neuroprotective effect on PD model mice. These results indicated that OPA might be the possibility of PD therapeutics with economic utility and high safety.
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1 INTRODUCTION
Parkinson’s disease (PD), a progressive neurological disorder characterized by tremor, rigidity, bradykinesia, and postural instability, is mainly featured by pathological irreversible loss of dopaminergic (DAergic) neurons in the substantia nigra pars compacta (SNpc) and affects 2–3% of the population over 65 years of age (Gao et al., 2014). In addition to movement disorder, PD patients might also experience nonmotor symptoms, including depression, cognitive impairment, sleep disorders, hyposmia, and, most generally, gastrointestinal dysfunction (Aubignat et al., 2020; Auger et al., 2020; Mozaffari et al., 2020; Kumaresan and Khan, 2021; Roy et al., 2021). Although the trigger for PD remains limited knowledge, several biochemical mechanisms related to the pathogenesis of PD, which is believed that both endogenous and exogenous factors are involved, including oxidative stress, mitochondrial dysfunction, protein aggregation and misfolding, apoptosis, excitotoxicity, and neuroinflammation, are beginning to be understood. For example, as a key form of programmed cell death, the apoptosis of midbrain DAergic neurons could lead to a significant decrease in striatal dopamine (DA), which subsequently promoted the pathogenesis of PD (Li et al., 2022). At present, PD therapeutics mostly advance symptom management rather than blocking disease progression (Wang et al., 2009). As the commonly used medicines, traditional anticholinergic drugs, such as trihexyphenidyl hydrochloride, amantadine, and levodopa preparations, have been found to exert serious side effects. Among them, the discomfort caused by the patient’s gastrointestinal tract is the most common, namely indigestion, vomiting, and constipation (Sheu et al., 2019; Nawaz et al., 2022). Until now, none of therapies have been convincingly shown to slow down or prevent the progression of PD. Therefore, searching for novel therapeutic agents with higher effectiveness and less side effects is urgently needed (Kuang et al., 2017).
Traditional Chinese medicine, an important part of the healthcare system with a long history in China, have been reported to possess good efficacy and high safety in the treatment of chronic diseases with cost-effective benefits (Lee et al., 2014). Clinical studies showed that in the progression of PD, both Chinese herbal compounds/extracts and herb formulas, as the adjunct, could improve motor and nonmotor symptoms and even reduce dose of DAergic drugs and occurrence of dyskinesia (Zeng, 2017). For instance, in MPP+- and MPTP-induced PD models, Kukoamine A, a main bioactive ingredient in Cortex Lycii Radicis, presented significantly neuroprotective effects by inhibiting oxidative stress, reducing toxic EAA, and suppressing neuronal apoptosis (Hu et al., 2018). Furthermore, the medicinal insects, whose species are more than twice as many as medical plants (Ma et al., 2018), also received widespread concern in the procession of PD. Batryticatus Bombyx have been reported to protect DAergic neurons against MPTP-induced neurotoxicity by alleviating oxidative damage and improving behavioral impairments in PD model mice (Lim et al., 2019). Up to now, a series of studies demonstrated that polysaccharides or oligosaccharides with bioactivities from plants, animals, and fungi exerted promising therapeutic effects for preventing neurodegenerative disorders mainly by the microbiota-gut-brain axis in MPTP-induced PD model, such as Astragalus polysaccharides (Li et al., 2016; Souza et al., 2017), fucoidan (Kim et al., 2017), and oligomannurarate 971 (Liu et al., 2020a). Growing evidence implicated that dysbiosis in the abundance and composition of gut microbiota could affect both the central nervous system (CNS) and the enteric nervous system (ENS) (Liu et al., 2022). Experimental and clinical results indicated the existence of dysbiosis of gut microbiota and microbial metabolites in various CNS diseases. In Alzheimer’s disease (AD), the decreased gut microbial diversity was observed, compared with control sex- and age-matched individuals, in which increased Bacteroidetes and decreased Firmicutes and Bifidobacterium were obviously perceived. Also, certain species of decreased Bifidobacterium were related with anti-inflammatory properties and reduced intestinal permeability in AD (Vogt et al., 2017). Besides, gut dysbiosis associated with motor deficits and body weight impairment has recently been reported in Huntington’s disease (HD) transgenic mice, in which an increase in Bacteroidetes and a proportional decrease in Firmicutes were found (Kong et al., 2018; Wasser et al., 2020). In HD patients, the abundance of the genus Intestinimonas was observed to be higher than that of healthy controls, which was reported to show a key role in anti-inflammation (Cai et al., 2020; Zhuang et al., 2020). Furthermore, gut microbial dysbiosis not only existed in PD patients, but related to many PD animal models. Among PD patients, a high prevalence of Helicobacter pylori (H. Pylori) infection was reported many years ago (Charlett et al., 1999). In the meantime, bacteria more generally correlative with anti-inflammatory properties, such as genus, Coprococcus, Blautia, and Roseburia, were markedly reduced in fecal samples of PD patients, along with an increase in the genus Ralstonia and a decrease in the genus Faecalibacterium in the mucosa of PD subjects, which potentially transformed the microbial balance within the colon to a more inflammatory phenotype (Keshavarzian et al., 2015). Periplaneta Americana (P. Americana), commonly known as the cockroach, has been a noted traditional Chinese medicinal material for thousands of years (Ma et al., 2018). Studies showed that the P. Americana, which is widely distributed in tropical areas, contains a variety of small molecule peptides and amino acids, polysaccharides, oligosaccharides, clusterins, pheromones, and other components, which can promote tissue repair, enhance myocardial contractility, protect liver and resist damage, and improve immunity (Sheu et al., 2019; Nawaz et al., 2022). According to the results of preliminary research in the laboratory (Lu et al., 2021), researchers verified that the oligosaccharides extracted from the dregs of P. Americana (OPA), which were composed of 83% glucose, 11% xylose and 6% galactose, could effectively improve enteritis of model mice and demonstrated certain antioxidant activity. However, how OPA regulates the compositions of intestinal flora and what role OPA plays in PD is unclear.
Based on these findings, the present study was designed to verify the potential neuroprotective effects of OPA and the underlying mechanisms with a focus on apoptosis both in SH-SY5Y cells and in PD model mice. To test this hypothesis, we first investigated the effects of OPA on the percentage of apoptotic SH-SY5Y cells and the activity of apoptosis-related genes expression. Next, an in-depth exploration about the biological functions and regulatory mechanisms of OPA was used to illustrate the effects on motor functions, tyrosine hydroxylase (TH) expression, and dopaminergic neurons viability in PD model mice. In addition, we examined the alteration of gut microbial compositions at the family and genus level to disclose the role of OPA in the microbiome of the PD mice. These studies may not only provide a new way for developing effective drugs for PD treatment, but also pave the basis for further analyses of OPA in the future.
2 MATERIALS AND METHODS
2.1 Materials and Chemicals
The Periplaneta Americana residues were collected from the Sichuan Gooddoctor-Panxi Phar-maceutical Company (Xichang, Sichuan Province, China). The purification of OPA has been performed according to the method previously described in our laboratory (Lu et al., 2021).
2.2 Animals
Male C57BL/6J mice (eight-weeks-old), purchased from Chengdu Dashuo Company in Chengdu (Sichuan Province, China), were housed for at least a week at 25°C under 12 h light/dark cycles with access to water and pellet food ahead of formal experiments. All animal experiments were preformed according to the Animal Care and Use Committee of China guidelines.
2.3 SH-SY5Y Cell Culture and Treatment
SH-SY5Y cells were cultured in DMEM medium containing 10% heat-inactivated horse serum, 5% heat-inactivated FCS, 100 IU/ml penicillin, and 100 μg/ml streptomycin. The cultures were maintained with 5% CO2 humidified-airatmosphere at 37°C. Well-cultivated SH-SY5Y cells were divided into several groups according to treatments of different concentrations of MPP+ (Sigma, United States) or OPA. A normal group was left with treatment of neither MPP+ nor OPA.
2.4 Cell Viability
Cell viability was measured by cell count kit 8 (CCK-8). After seeded into 96-well plates, well-cultivated SH-SY5Y cells were treated with various concentrations of MPP+ (0, 0.05, 0.1, 0.25, 0.5, 1, and 2 mM) for 24 h to investigate the neurotoxicity of MPP+. Meanwhile, the toxicity tests of OPA to SH-SY5Y cells were performed in the control group and oligosaccharide groups (50 μg/ml, 100 μg/ml, 500 μg/ml, 1000 μg/ml, and 1500 μg/ml). To further explore the protective concentration of OPA on MPP+-induced PD model, SH-SY5Y cells were pretreated with OPA (0 μg/ml, 50 μg/ml, 100 μg/ml, and 500 μg/ml) for 24 h and then incubated with 0.5 mM MPP+ for an additional 24 h. Among them, control cells were treated in the same way without OPA or MPP+. The absorbance was determined at 450 nm using a microplate reader (Thermo Fisher Scientific, United States), and the ratio of viability of control groups was considered as 100%.
2.5 Morphological Changes
SH-SY5Y cells were seeded in six-well plates with approximately 1 × 105 cells per well. After being completely attached, SH-SY5Y cells were divided into control group and experimental groups, which were pretreated by different concentrations of OPA (0 μg/ml, 50 μg/ml, 100 μg/ml, and 500 μg/ml) for 24 h prior to treatment with 0.5 mM MPP+ for the other 24 h. Next, SH-SY5Y cells were fixed with 4% paraformaldehyde (PFA) at room temperature for 30 min and then washed three times with PBS. After incubation by a Hoechst 33342 staining solution (Beyotime, China) for 3–5 min at room temperature, PBS-rinsed SH-SY5Y cells were observed under the fluorescence microscope. Compared to normal cells, the apoptotic cells exhibited brighter fluorescence and densely stained nuclei.
2.6 Flow Cytometric Analysis
Apoptotic and necrotic cells were determined by using annexin V-FITC apoptosis detection kit (BD Biosciences, United States). In brief, SH-SY5Y cells were treated with MPP+ or OPA, followed by centrifugation at 700 g for 5 min and resuspending in 100 μL binding buffer. Then, SH-SY5Y cells were coincubated with 5 μL annexin V and 5 μL PI for 15 min at room temperature in the dark. Last, 400 μL 1 × annexin V Binding Buffer was added for fully mixing before tests.
2.7 Establishment of PD Mice Model
Eight-weeks-old healthy C57BL/6J male mice were chosen to give OPA (once a day, from day-1 to the final day, continuously 14 days) or the same amount of a standard suspension vehicle (0.9% NaCl, w/v) as the control group, after 1 h granted MPTP (30 mg/kg, once a day, from day-8 to day-14, continuously 7 days) or the same amount of saline subcutaneously to establish a MPTP subacute PD mice inflammation model. After that, to explore the effects of MPTP on the dietary intake or food digestion, the mice were weighed at ten o’clock every morning. On day-15, behavioral tests were conducted on all the groups. Then, all mice were sacrificed quickly by euthanasia, and the serum was collected for evaluating cytokines. Some mice of each group were perfused intracardially with saline (0.9%) followed by 4% PFA and brains collection. Meantime, ventral midbrain, striatum, and stool in the intestine were dissected rapidly and stored at −80°C until used, while the spleen and thymus were weighed and recorded.
2.8 Behavioral Tests
2.8.1 Climbing Pole Tests
The experiment is performed to test the coordination of the mice’s limb movement. In brief, mice were placed head-down on the top of the 50 cm long pole, and their descent back into the home cage was timed. The time was recorded from the experimenter that released the animal until one hind-limb reached the cage base.
2.8.2 Suspension Time Tests
The mouse’s forelimbs were suspended on a metal wire with a horizontal height of 100 cm and observed for 2 min, while the limbs placements were scored from 0 to 4, with the lowest score indicating the most severe deficit. Animals were assigned a score of 4 for gripping the wire with both hind paws, 3 for gripping the wire with one hind paw, 2 for gripping the wire with both front paws, 1 for gripping the wire with one front paw, and 0 for mouse falling. The test was performed three times for each animal, and the average was taken.
2.9 Immunohistochemical Analysis
Immunohistochemistry was taken for TH expression in substantia nigra of PD mice model. After perfusion from the left ventricle, the brains of mice were rapidly removed and placed in 4% PFA for overnight fixation. Sucrose solution was used for gradient dehydration, and OCT gel was used for embedding. Next, we prepared brain tissue sections (30 microns) with a frozen slicer and selected the brain slices of the substantia nigra according to the mouse brain atlas. TH-positive neurons and GFAP positive astrocytes were quantified using Image-Pro Express 6 (Media Cybernetics), and the mean number of them in each brain was picked up. Olympus camera (DP72, Olympus) was used to take images at an original magnification of 100×.
2.10 TUNEL Staining
TUNEL staining was performed using the In Situ cell death detection kit (Roche, Swit) for the detection and quantification of apoptosis in substantia nigra cells of PD mice model. In brief, apoptotic cells were detected after being incubated by 3,3′-diaminobenzidine (DAB) chromogen (DAKO, United States), and slides were counter-stained with Hematoxylin solution (Solarbio, China).
2.11 Profiling of Intestinal Microorganism
The purification of gDNA in mice feces was carried out according to the instructions of ZymoBIOMICS™ DNA microprep kit (Zymo Research, United States), and then, the target bands were collected from samples qualified by PCR. Next, the hypervariable V4 region of 16S rRNA gene was amplified using barcoded primers (Forward primer, 5′-GTGYCAGCMGCCGCGGTAA-3′; Reverse primer, 5′-GGACT ACHVGGGTWTCTAAT-3′). After constructing the DNA library by next ultra II DNA library prep kit (NEB, United States) for Illumina, we performed cluster processing on the sequences to analyze the similarity of species, genera, and other information of the intestinal microorganism based on sequenced reads and operational taxonomic units.
2.12 Quantitative Real-Time PCR
RNA was extracted from MPP+- or OPA-treated cells using TRIzol™ Reagent (Invitrogen, United States) and then converted to cDNA by the PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa, Japan). The levels of mRNA were measured by quantitative real-time PCR (qPCR) using the TB Green™ Premix Ex Taq™ II (TaKaRa, Japan). Primer sequences were shown in Table 1. Β-actin was amplified as the reference mRNA. Relative expression was calculated using the ΔCT method.
TABLE 1 | Primer sequences of qPCR.
[image: Table 1]2.13 Western Blot
After treated with MPP+ or OPA, collected SH-SY5Y cells were lysed by RIPA (Beyotime, China). The lysate was incubated on ice for 30 min and then centrifuged at 12,000 g for 5 min at 4°C. Meanwhile, the taken-out striatum of PD mice model was homogenized by adding an appropriate amount of RIPA according to the quality, and then, it was centrifuged at 1,000 g for 15 min at 4°C. Both supernatants were collected, and the concentration of total protein in supernatants was quantified using BCA protein assay kit (Beyotime, China). Next, the protein was subjected to 12% polyacrylamide gels and transferred onto a polyvinylidene fluoride (PVDF) (Millipore, United States). After blocking for 1 h with 5% non-fat milk at room temperature, the membrane was incubated with primary antibodies, including anti-Bax, anti-Bcl-2, anti-cleaved-caspase3, anti-β-actin (Cell Signalling Technology, United States), and anti-TH (Abcam, United Kingdom) overnight at 4°C. Following being washed by PBS/Tween-20 for three times, the membranes were incubated in the secondary antibody (1:2,000) at room temperature for 1 h. After being rinsed, bands were visualized using western blotting detection system (Bio-rad ChemiDoc Touch, United States) and quantified with NIH ImageJ software (National Institutes of Health, Bethesda, United States). β-actin was named as the internal control.
2.14 Statistical Analysis
All experiments were performed at least three times. Data were shown as mean ± SEM (standard error of mean). Depending on the total number of groups being analyzed, one way analysis of variance and Student t tests were performed to determine the p values. Differences in the mean values were considered to be significant at p < 0.05 and p < 0.01.
3 RESULTS
3.1 OPA Rescued MPP+-Induced Death of SH-SY5Y Cells
To determine whether OPA make a difference to cell viability, SH-SY5Y cells were treated with various concentrations of OPA for 24 h, and then, CCK-8 assay was conducted to exclude the influence of OPA. As displayed in Figure 1A, when the concentrations of OPA was less than 1,000 μg/ml, the activity of SH-SY5Y cells was almost the same as that of the control group, while a slight decrease of cell viability occurred as the concentrations of OPA increased to 1,000 μg/ml and 1,500 μg/ml, suggesting OPA (< 1,000 μg/ml) itself demonstrated no significant effects on cell viability. However, after incubation with various concentrations of MPP+ for 24 h, a dose-dependent decrease occurred in viability of SH-SY5Y cells. Among them, the activity of SH-SY5Y cells incubated with 0.5 mM MPP+ for 24 h was reduced to 49.89%, and thus, this concentration was used in the following experiments (Figure 1B). Next, in order to observe the effects of OPA on activity of SH-SY5Y cells that suffered from MPP+-mediated death, SH-SY5Y cells were respectively pretreated with different concentrations of OPA for 24 h and then incubated with 0.5 mM MPP+ for another 24 h. Compared with SH-SY5Y cells treated with MPP+ only, the cell viability that pre-exposed to different concentrations of OPA (50–500 μg/ml) was obviously higher (Figure 1C). Together, these results discerned that OPA could effectively protect SH-SY5Y cells against MPP+-induced death.
[image: Figure 1]FIGURE 1 | Effects of OPA on MPP+-induced death of SH-SY5Y cells. SH-SY5Y cells were incubated for 24 h with different concentrations of (A) OPA and (B) MPP+ alone. (C) SH-SY5Y cells were pretreated with different concentrations of OPA for 24 h and then exposed to MPP+ (0.5 mM) for an additional 24 h. The viability of SH-SY5Y cells that untreated with OPA and MPP+ was considered as control group. Data were presented as mean ± SD for three independent experiments. *p < 0.05, **p < 0.01 compared with control cells untreated with OPA and MPP+; #p < 0.05 compared with MPP+-treated cells.
3.2 OPA Relieved MPP+-Induced Apoptosis of SH-SY5Y Cells
Hoechst 33342 staining was performed to assess nuclear morphology. Apoptotic nuclei characterized with condensed nuclei and nuclear fragmentation were apparent after treatment with 0.5 mM MPP+ in SH-SY5Y cells. These changes in nuclear characteristics of apoptosis were rescued significantly in the cells pretreated with the different concentrations of OPA (50–500 μg/ml) (Figure 2A). The results showed that pretreatment with OPA reduced the damage of MPP+ to SH-SY5Y cells. The annexin-V−/PI− population was made up of normal healthy cells, and annexin-V+/PI− cells existed in early apoptotic stage, while annexin-V+/PI+ cells were present in late apoptotic/necrotic stage. Treatment with 0.5 mM MPP+ increased the percentage of apoptotic cells (19.99%) compared with the control group (6.06%). Treatment with OPA (50–500 μg/ml) prior to MPP+ reduced the percentage of apoptotic cells to 16.82%, 16.55%, and 9.69%, respectively (Figure 2B). To test whether OPA could attenuate MPP + -induced apoptosis, the activity of Bax, Bcl-2, caspase3, as well as cleaved-caspase3 protein expression, was detected. The results of qPCR showed that the mRNA levels of Bax and Caspase3 were significantly upregulated, while the levels of Bcl-2 mRNA remarkably declined in SH-SY5Y cells exposed to 0.5 mM MPP+ compared with the control group (p < 0.01). However, pretreatment with OPA (50–500 μg/ml) showed a reverse effect on the relative levels of mRNA in a dose-dependent manner, compared with the MPP+ group (p < 0.01) (Figure 2C). As shown in Figure 2D, the protein levels of Bax and cleaved-caspase3 in MPP+ goup were distinctly higher than those of control group. As for the levels of Bcl-2 protein, a significant loss of Bcl-2 expression occurred in SH-SY5Y cells that were treated with MPP+ (p < 0.01). The above changes were also observably reversed after SH-SY5Y cells were pretreated with various concentrations of OPA for 24 h, which suggested that OPA could prevent SH-SY5Y cells from MPP+-induced apoptosis by regulating the expression of apoptosis-related genes.
[image: Figure 2]FIGURE 2 | Effects of OPA on the MPP+-induced apoptosis of SH-SY5Y cells. SH-SY5Y cells were treated with and without various concentrations of OPA for 24 h before exposed to MPP+ (0.5 mM) for an additional 24 h. The apoptotic cells were tested by (A) Hoechst 33,342 staining and (B) flow cytometry analyses, in which (a) was the representative image, and (b) indicated the percentage of apoptotic cells. White arrows represented the location of apoptotic cells. (C) qPCR was conducted to analyze the mRNA levels of (a) Bax, (b) Bcl-2 and (c) Caspase3. (D) protein levels of (a) Bax, (b) Bcl-2 and (c) Cleaved-Caspase3 were detected by western blot. The density of bands was normalized with that of β-actin. Data were presented as mean ± SD for three independent experiments. *p < 0.05, **p < 0.01 compared with control cells untreated with OPA and MPP+; #p < 0.05, ##p < 0.01 compared with MPP+-treated cells.
3.3 OPA Influenced the General Conditions of PD Model Mice
Following the administration of MPTP, general conditions, such as the living status, body weight, immune organs, and motor ability of mice, had been reported to change, indicating that the animals responded to MPTP administration. In our experiment, we chose 8 weeks of healthy wild type C57BL/6 male mice, hypodermic MPTP (30 mg/kg/day), 7 days, to prepare subacute PD model mice (Figure 3A). Consistent with the phenomenon observed in previous studies, the mice developed restlessness symptoms after 5 min of MPTP injection, such as erect hair and tremor. After 30 min, the mice were excitedly running and climbing in the cage. After 2 h, the symptoms gradually disappeared, activity decreased, and exercise slowed down. Then, the mice gathered together (Supplementary Figure S1). According to the record of mouse weight, treatment with 30 mg/kg MPTP decreased sharply the weight of PD model mice (1.17 g) compared to the control group with an average rise of 0.27 g, which indicated that weight loss may be related to gastrointestinal dysfunction caused by MPTP. Also, pretreatment with low-dose (100 mg/kg) and high-dose (400 mg/kg) OPA prior to MPTP reduced the weight to 0.7 and 0.49 g, respectively (Figure 3B). The results showed that OPA could alleviate the effects of dietary intake or food digestion of mice induced by MPTP. After 7 consecutive days of intraperitoneal injection with MPTP, rod climbing behavior was tested. The results showed that compared with the control group (6.57 ± 1.16 s), the pole climbing time of mice in the model group was prolonged to varying degrees. However, the time of mice pretreated with low-dose and high-dose OPA was 6.83 ± 1.28 s and 7.00 ± 1.37 s, respectively, which were slightly lower than that of MPTP model group (7.57 ± 1.87 s) (Figure 3C). In the suspension test, C57BL/6 mice were scored according to the scoring criteria. The higher the score, the firmer the mice grasped the wire. It indicated that with better coordination of limb movements in mice, and vice versa, the situation of tremor and muscle stiffness in mice was serious. As displayed in Figure 3D, the scores of suspension time in MPTP model group (5.3 points) were less than those in control group, while compared with the control group (9.3 points), no significant difference was found in the scores of mice pretreated with OPA. Among them, the scores of mice pretreated with low-dose and high-dose OPA were 8.9 points and 8.5 points, respectively, which were higher than that of MPTP-treated group. These results further suggested that OPA could improve the motor dysfunction of PD model mice induced by MPTP.
[image: Figure 3]FIGURE 3 | Effects of OPA on weight and behavior of MPTP-induced PD model mice. (A) the scheme of experimental procedures. (B) the change of body weight during 14 days (n = 10, mean ± SD); (C) The results of PD model mice in climbing rod test (n = 10, mean ± SD); (D) the difference of PD model mice in suspension test (n = 10, mean ± SD). **p < 0.01 compared with control mice injected with saline; #p < 0.05, ##p < 0.01 compared with MPTP-treated mice.
3.4 OPA Alleviated the Loss of TH-Positive Cells and Apoptosis of Substantia Nigra in PD Model Mice
Substantia nigra (SN)-striatal transport pathway has been reported to take effect in PD pathogenesis. The concentration of DA indicates the ability of DAergic neurons to compound and also reflects the degree of damage to DAergic neurons and the potential neuroprotective effects of OPA on brain function. As measured by ELISA in our experiments, the striatal DA levels in MPTP-treated mice were remarkably decreased by 22.27% (p < 0.01) compared with those in control mice injected with saline. However, a significant rise occurred in mice pretreated with low-dose and high-dose OPA, in which the DA levels increased by 15.98% and 11.81%, respectively (Figure 4A). These results suggested that OPA exerted influence on the metabolism of brain neurotransmitters by restraining the MPTP-induced decrease of striatal DA. Moreover, TH, the marker of DAergic neurons and rate-limiting enzyme in the procession of DA synthesis, not only exists in the perinucleus of DAergic neurons but also in the DAergic nerve fibers of the striatum. To detect the activity of TH expression, we firstly measured the protein level of striatal TH by western blot. As shown in Figure 5B, compared with control mice, a prominent decrease occurred in striatal TH expression of mice injected with MPTP. However, OPA could significantly inhibit the reduction of striatal TH expression induced by MPTP (Figure 4B). As the brain region with abundant TH, SN was analyzed by immunohistochemistry assay to detect the levels of TH expression. As displayed in Figure 4C, it presented the same result that compared with the control group, a significant loss of TH-positive DAergic neurons in MPTP-treated mice also occurred. When pretreated with OPA, the levels of TH expression in DAergic neurons demonstrated an obviously rising effect than those in MPTP-treated group. These results demonstrated that the neuroprotective effects of OPA involved the inhibition of TH-positive DAergic neurons loss in MPTP-induced PD model mice. The appearance of PD patients’ symptoms is inseparable from the apoptosis of DAergic neurons. To prove that OPA influenced the survival of DAergic neurons in SN, we tested the apoptotic cells in the SN by TUNEL staining. The results demonstrated that compared with the control mice, the number of apoptotic neurons was increased in MPTP-induced PD model mice, while in OPA-pretreated PD mice, the MPTP-induced apoptosis of DAergic neurons was markedly inhibited. Moreover, pretreatment with low-dose OPA could more effectively protect SN cells against apoptosis induced by MPTP than the high-dose OPA-pretreated group (Figure 4D). All results confirmed that OPA demonstrated neuroprotective effects on MPTP-induced subacute model mice by increasing the levels of DA, enhancing the activity of TH expression in both striatum and SN cells, and inhibiting neurons apoptosis.
[image: Figure 4]FIGURE 4 | Effects of OPA on striatum and substantia nigra of MPTP-induced PD model mice. (A) the contents of striatal DA in PD model mice were quantified by ELISA (n = 6, mean ± SD); (B) the protein levels of striatal TH were measured by western blot. The density of the bands was normalized with that of β-actin (n = 6, mean ± SD); (C) the number of TH-positive cells in the SN was quantitatively analyzed by immunohistochemistry (n = 4, mean ± SD); (D) the levels of apoptotic neurons were detected by TUNEL assay. Brown indicated the apoptotic cells (n = 4, mean ± SD). **p < 0.01 compared with control mice injected saline; #p < 0.05, ##p < 0.01 compared with MPTP-treated mice.
[image: Figure 5]FIGURE 5 | Effects of OPA on gut microbiota in MPTP-induced PD model mice. (A) analysis of alpha diversity based on 16S rRNA sequencing-predicted gut microbiota abundance by the Shnnon index; (B) PCoA based on Bray-Curtis of gut microbiota where samples of mice from different groups were highlighted with different colors. Principal components (PCs) 1 and 2 explained 33.8% and 19.1% of the variance, respectively. The position and distance of data points indicated the degree of similarity in terms of both the presence and relative abundance of bacterial taxonomies; Analyses of relative abundance in gut microbiota at the (C) family and (D) genus level among different groups, based on 16S rRNA sequencing (n = 3, mean ± SD). (a) Barplot; (b) Sankeyplot; (c) Heatmap; in above statistic graphs, A represented the control group injected with saline; B represented 0 mg/kg group injected with MPTP; C represented low-dose group injected with 100 mg/kg OPA; D represented high-dose group injected with 400 mg/kg OPA.
3.5 OPA Improved the Dysbiosis of Gut Microbiota in MPTP-Induced PD Model Mice
At present, researchers confirmed that the gut microbiota may play a crucial part in progression of PD. In order to verify whether OPA could further benefit the gut microbial dysbiosis by affecting the microbiota composition in MPTP-induced PD model mice, relative analysis based on alpha and beta diversity measures was conducted, which provided a holistic view of gut microbiota and focus on abundance, diversity, and distribution of intestinal microorganism. Shannon index of alpha diversity was used to investigate community diversity, which the larger value represented the higher diversity. As displayed in Figure 5A, a decline in the Shannon diversity index occurred in MPTP-treated mice compared with that of control mice injected with saline. Also, the alpha diversity indices of Shannon tended to be higher in PD model mice pretreated with low-dose OPA. Beta diversity was further evaluated with PCoA, which determined the extent of similarity between microbial communities. Although individual differences were significant, the clusters of gut microbiota in PD model mice were clearly separated from those of mice pretreated with OPA (Figure 5B). To explore the abundance and distribution in gut microbiota and the potential bacterial groups concerned with microbial dysbiosis, we identified a few altered species at the family and genus level. The barplot, sankeyplot, and heatmap all revealed a significant difference in relative sample abundance across the groups at the family and genus level. A significant decrease was observed in the abundance of intestinal microorganism, such as Muribaculaceae, Erysipelotrichaceae, Lachnospiraceae, principally at the family level in MPTP-induced PD mice compared with control mice. An obvious increase occurred in those of OPA-pretreated PD mice in varying degrees. However, the abundance of Lactobacillaceae, Rikenellaceae, Marinifilaceae were strikingly higher in MPTP-treated mice than those of control mice, while no statistically significant difference was found in those of PD mice injected with low-dose OPA compared with control mice (Figure 5C; Supplementary Table S1.1). The significant difference in gut microbiota was also obviously displayed at both family and genus levels among those groups. The decreased abundance of Lachnospiraceae NK4A136 group, Catenibacterium, Bacteroides, and increased abundance of Lactobacillus, Odoribacter, Prevotellaceae UCG-001, were observed in MPTP-treated mice compared with control mice. Compared with MPTP-treated mice at the genus level, an opposite result was found in those of OPA-pretreated mice, in which the abundance of gut microbiota was mostly close to that of control mice, especially in low-dose OPA-pretreated PD mice (Figure 5D; Supplementary Table S1.2). Together, these results indicated that OPA could modulate the microbiota compositions to improve gut microbial dysbiosis induced by MPTP in PD model mice.
4 DISCUSSION
Mounting evidence indicates that although different morphological types of cell death co-exist in the brain of PD patients, apoptosis is considered to be one of the most important types of cell death, which is essential for constructing effective neuronal networks in the brain (Perier et al., 2012). Apoptosis is a type of programmed cell death, which is characterized by morphological changes such as cell shrinkage and chromatin condensation. Also, this physiologic process is essential for development, organ morphogenesis, tissue homeostasis, and defense against infected or damaged cells. Generally, apoptosis can be divided into intrinsic (mitochondrial) and extrinsic (death receptor) pathways. Both of these rely on the activation of caspases, a family of cysteine proteases that specifically target aspartic acid residues (Taylor et al., 2008). In the intrinsic pathway, caspase9 and 3 are successively activated, whereas the extrinsic pathway is activated by caspase8 and 3. Besides, Bcl-2-associated X protein (BAX) and anti-apoptotic BCL-2 family members including BCL-2 play a vital role together in response to external apoptotic signals (Liu et al., 2019). However, excessive or abnormal re-activation of apoptosis is associated with neurodegenerative diseases, cancer, and autoimmune diseases (Comi et al., 2012; Ghavami et al., 2014; Lopez and Tait, 2015). With a high lipid solubility and a great accessibility into the brain, MPTP can be catalyzed by monoamine oxidase B located in the outer membrane of glial cells to produce the DA structural analogue, while MPP+ can trigger PD-like symptoms by inducing typical apoptosis in midbrain dopamine neurons and model cell lines (such as SH-SY5Y and PC12 cells), accompanied by reactive oxygen species (ROS) production, caspases activation, and DNA fragmentation. Thus, MPTP and MPP+ have been selected to establish PD models of vivo and vitro because of the typical neurotoxicity in a large number of research studies (Li et al., 2017; Jiang et al., 2018; Vivacqua et al., 2020). In the present, SH-SY5Y cells induced by MPP+ and subcutaneous injection of C57BL/6 mice with MPTP were used to establish PD models in vitro and in vivo, respectively.
In recent times, more and more researchers are concerned with the connection between poly/oligosaccharides and apoptosis in the pathological and behavioral changes of neurodegenerative diseases. For instance, Lycium barbarum polysaccharides (LBP), extracted from the fruits of Lycium barbarum L., proved to be an effective antioxidant, and the neuroprotective properties that LBP prevented 6-OHDA-induced apoptosis in a dose-dependent manner in PC12 cells, through the ROS-NO pathway in the mechanism of slowing the accumulation of ROS, decreasing the level of protein-bound 3-nitrotyrosine (3-NT) and inhibiting the overexpression of nuclear factor κB (NF-κB) (Gao et al., 2014). This study aimed to explore the biological function and specific mechanism of OPA in regulating neuron apoptosis in PD. The present results showed that treating SH-SY5Y cells with MPP+ prominently reduced cell viability and induced apoptosis, elevated the level of Bax and Caspase3, but decreased the level of Bcl-2, which were in accordance with the previous reports (Wang and XU, 2005; Kim et al., 2016; Kim and Park, 2018; Liu et al., 2020b; Liu et al., 2020c; Yang et al., 2020; Zhou et al., 2021). However, according to the experimental results of Hoechst 33342 staining and flow cytometry, the apoptosis of SH-SY5Y cells was remarkably inhibited by the pretreatment of OPA in the PD cell model. Moreover, OPA could decrease the expression of pro-apoptosis-associated genes, such as caspase3 and Bax, and reduce the ratio of Bax/Bcl-2. The above results showed that a significant improvement was found on the apoptosis of SH-SY5Y cells in a dose-dependent manner after the pretreatment of OPA, which suggested that OPA demonstrated a cell-protective effect in MPP+-induced cell models of PD by restoring cell morphological changes, increasing cell survival rate, and regulating the expression of apoptosis-related genes. Among PD animal models, behavioral testing of mice is essential. An in vivo study using MPTP-conditioned animal models was necessary to illustrate the potential value of OPA for clinical application. Our results showed that OPA ameliorated the poor rod climbing behavior and suspension ability of MPTP-induced PD model mice. These findings indicated that OPA can improve MPTP-induced motor impairment in PD mice.
DA is a key neurotransmitter, which mainly regulates balance and movement, and the perturbations of DA signaling are involved in the etiopathogenesis or utilized in the treatment of PD (Sun et al., 2018). As a product of DAergic neurons in SN, DA demonstrates unstable properties and is particularly susceptible to be oxidized, in which the generated ROS can increase oxidative stress and lead to neurodegeneration (Sanders and Timothy Greenamyre, 2013). Even obstruction of DA’s storage and transport can cause cell damage (Uhl et al., 2000). In contrast, the utilization of medicinal L-3,4-dihydroxyphenylalanine (L-DOPA) contributes to improving PD symptom via the increase in DA content though accompanied by side effects such as dyskinesia, which is still the classic approach of PD treatment (Bartholini et al., 1989; Obeso et al., 2000). Moreover, as the rate-limiting enzyme of catecholamine synthesis, such as DA, noradrenaline, and adrenaline, TH catalyzes the hydroxylation of tyrosine to L-DOPA (Molinoff and Axelrod, 1971). The α-synuclein is a major component of Lewy bodies that may bind to TH and inhibit its activity, while loss of TH activity and reduced protein levels are thought to be responsible for decreased DA levels and the PD phenotype (Nagatsu, 1990; Blanchard-Fillion et al., 2001; Perez et al., 2002; Corti et al., 2011). In PD patients, because of the apoptosis of dopamine neurons in the SNpc, which is the brain region with the most TH-rich, the level of DA transported to the striatum is low (Daubner et al., 2011). As expected, the decrease of DA levels, loss of TH-positive cells, and apoptosis of SN cells were induced by MPTP, which were inhibited by OPA pretreatment.
The gut microbiome has been reported to play an important role in the deep interconnection between the gut and the brain, which is widely accepted as the microbiome-gut-brain axis. The process involves that microbiome in the gut modulates brain functionality and activity via its metabolic products and ability to stimulate the ENS by sending neuronal signals directly to the brain via the vagus nerve (Sun and Shen, 2018). A healthy and stable gut microbiota community is conducive to homeostatic balance of barrier integrity, function, metabolism, and immunity of the gut, as well as regulating the gut-brain axis (Jang et al., 2020). Studies showed that there are not only disorders of intestinal flora, but also an obvious difference in the abundance and composition of gut microbes in both PD patients and MPTP-induced PD mice (Sun et al., 2018), (Lai et al., 2018; Zhou et al., 2019; Travagli et al., 2020). Also, alterations in the composition and number of gut microbiota are found in PD patients. For example, gut microbial dysbiosis has been found to be related to the pathogenesis of PD, as reflected by a significant decrease in Prevotellaceae, which has been revealed to participate in regulating DAergic neuron function in SNpc and fight against neurodegeneration (Shen et al., 2021), from fecal samples of PD patients compared with that of healthy individuals (Sun and Shen, 2018). Our results of relative analysis based on alpha and beta diversity measures demonstrated that significant differences were found in the relative abundance and distribution of gut microbiota at the family and genus level across control mice, PD mice, and OPA-recipient PD mice. Moreover, we demonstrated that gut microbial dysbiosis in PD mice involved the decreased abundance of Prevotellacea, Erysipelotrichaceae, and Lachnospiraceae. Also, increased abundance of the beneficial bacteria including Lactobacillaceae and Rikenellaceae in family level was consistent with observations in human subjects with PD, while no statistically significant difference was found in those of PD mice injected with low-dose OPA. Previous research showed that the decrease of Prevotellaceae and the increase of Lactobacillacea could modulate the production of microbial short-chain fatty acids (Wang et al., 2021) and affect the secretion of growth hormone, thereby influencing the normal function of the dopamine system and participating in the occurrence and development of degenerative neurological diseases. In particular, it is known that the decrease in abundance of Erysipelotrichaceae and increased abundance of Bacteroides can be a consequence of gut inflammation, especially increased plasma levels of tumor necrosis factor-alpha (TNF-α) (Dey et al., 2013; Labbé et al., 2014; Metta et al., 2022). As seen in Figure 5D, compared with the PD model group, the levels of pathogenic bacterium were decreased by OPA pretreatment, such as Odoribacter, Staphylococcus, and Prevotellaceae UCG-001, which generated toxin and then triggered inflammation. In fact, gut dysbiosis (microbiota dysregulation) has been correlated with a series of neurodegenerative diseases, including AD, HD, and PD. For instance, GV-971, a sodium oligomannate, has been reported to possess significant potential to alleviate neuroinflammation by reconstituting gut microbiota, which accomplished the Phase 3 clinical trial for AD in China (Wang et al., 2019). In addition, transplants of gut microbiota from PD patients into mice could exacerbate motor deficits, underlining the interplay between gut microbiota and the progression of PD (Sampson et al., 2016). In PD patients with dysbiosis, a higher abundance of Enterobacteriaceae has also reported to correlate with severity of motor signs, including gait abnormalities and postural instability (Scheperjans et al., 2015). Meanwhile, our results suggested that gut microbial dysbiosis owing to specific microbes might be implicated in PD progression and clinical manifestation. Also, OPA could improve intestinal dysbiosis in MPTP-induced PD mice by regulating the composition of enteric microorganism that the abundance of beneficial bacteria was increased, while that of pathogenic bacteria was reduced in feces.
5 CONCLUSION
In summary, OPA exerted the neuroprotective effects by effectively inhibiting the toxicity of MPP+ on SH-SY5Y cells, improving behavioral deficits, attenuating the loss of DAergic neurons, and improving gut microbial dysbiosis in MPTP-exposed mice (Figure 6). Our findings uncovered a potent role of OPA-mediated apoptosis in the pathogenesis of PD and also provided an important clue for exploring potential targets for novel therapeutics of PD.
[image: Figure 6]FIGURE 6 | Schematic diagram of underlying mechanism for neuroprotective effects of OPA on PD models.
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