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Recent studies reported an association between gut microbiota composition and Parkinson’s disease (PD). However, we know little about the relationship between microbiome dysbiosis and the pathogenesis of PD. The objective of this study was to describe the evolution of fecal microbiota using an oral rotenone model of PD from a longitudinal study over a period of 4 weeks. Gastrointestinal function was assessed by measuring fecal pellet output, motor functions was assessed by open-field and pole tests every week. α-synuclein pathology, inflammation and tyrosine hydroxylase (TH) neuron loss from the middle brain were also analyzed. Fecal samples were collected every week followed by 16S rRNA sequencing and bioinformatics analysis. We reported that chronically oral administered rotenone caused gastrointestinal dysfunction and microbiome dysbiosis prior to motor dysfunction and central nervous system (CNS) pathology. 16S rRNA sequencing of fecal microbiome showed rotenone-treated mice exhibited fecal microbiota dysbiosis characterized by an overall decrease in bacterial diversity and a significant change of microbiota composition, notably members of the phyla Firmicutes and Bacteroidetes, with an increase in Firmicutes/Bacteroidetes ratio after 3 weeks of rotenone treatment. Moreover, rotenone-induced gastrointestinal and motor dysfunctions were observed to be robustly correlated with changes in the composition of fecal microbiota. Our results demonstrated that gut microbiome perturbation might contribute to rotenone toxicity in the initiation of PD and brought a new insight in the pathogenesis of PD. Novel therapeutic options aimed at modifying the gut microbiota composition might postpone the onset and following cascade of neurodegeneration.
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INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disorder estimated to affect more than 1% of the over-65 population. The neuropathological hallmarks of PD are loss of dopaminergic neurons in the substantia nigra and the presence of cytoplasmic inclusions called Lewy bodies in the remaining surviving dopaminergic neurons (Kalia and Lang, 2015). It has become increasingly evident that PD could also affect several neuronal structures outside the substantia nigra, among which is the enteric nervous system (ENS), according with this pathological features, there is high frequency of various gastrointestinal (GI) symptoms in patients with PD. Constipation serves as the most prominent GI dysfunction of PD is estimated as a premotor symptom before the classical motor symptoms (Fasano et al., 2015). Functional and structural changes of gastrointestinal tissues have been found in PD patients, such as accumulation of α-synuclein in the ENS (Shannon et al., 2012), impaired colonic mucosa barrier function (Devos et al., 2013) and bacterial invasion (Fasano et al., 2013). Lewy pathology manifests in enteric neurons of the gut long before it is present in dopaminergic neurons of the midbrain and PD symptoms are evident (Braak et al., 2003). The pathology accompanies with these symptoms are consistent with the Braak staging system: α-synuclein could spread from the gastrointestinal tract to the brain.

Gut is an important rout of entry for putative pathogenic environmental factors to initiate the pathological of PD. These have led to many speculations about a possible etiological role of alterations in gut-brain interactions in PD (Mulak and Bonaz, 2015). The gut-brain axis interactions are significantly modulated by the gut microbiota via immune, neural, and endocrine pathways (Wang and Kasper, 2014). Changes in the gut microbiota composition may cause alterations in the gut barrier function and intestinal permeability, affecting not only GI epithelial cells and immune system, but also play an important role in modulating behaviors and brain functions, including stress responsiveness, emotional behavior, pain modulation, ingestive behavior, and brain biochemistry (Dinan and Cryan, 2017; Rieder et al., 2017; Xu et al., 2017). The effects of environmental factors on gut microbiome community structures are not well-established yet.

Links between Helicobacter pylori infection, small intestinal bacterial overgrowth (SIBO), and PD particularly related to motor function and fluctuations have been demonstrated previously (Tan et al., 2014; Çamci and Oguz, 2016). It is only until the next-generation sequencing technologies for us to explore the alterations in the gut microbiota composition in PD. There is recent evidence from case-control studies both found a significant differences between PD patients and controls. However, most of the differentially abundant taxa as well as associations of microbiota with clinical variables differed between studies due to confounder from human samples (Scheperjans, 2016). What is more, the causal relationship between the microbiota changes and the pathogenesis of PD remains unclear as studies in humans have largely been limited to cross sectional analyses. In addition, study of the gut microbiota in individuals with PD occurs primarily after disease is already manifest, limiting the ability to investigate changes in the microbiota that occur early in the disease process. There is a paucity of knowledge regarding the evolution of the gut microbiota and its relationship with the pathology in the progression of PD. Notwithstanding, such information is crucial to better understand the relationship between the microbiota and the pathogenesis of PD and thus improve its prevention, diagnosis and treatment.

In order to examine the association between fecal microbiota and PD, we characterized the succession change of fecal microbiota with an ideal model of PD by oral rather than systemic administration of rotenone which is more likely to recapitulate the exposure to pesticide that may occur in normal life (Klingelhoefer and Reichmann, 2015) from a longitudinal study. We found fecal microbiota dysbiosis preceded the major motor dysfunction and central nervous system (CNS) pathology in rotenone induced PD mice model, which indicated fecal microbiota perturbation might contribute to rotenone toxicity in the initiation of PD.

MATERIALS AND METHODS

Animal Experiments

Male C57BL/6 mice aged between 8 and 9 weeks were purchased from Shanghai SiLaike (SLAC) Laboratory Animal Company (Shanghai, China). The mice were kept under environmentally controlled conditions (ambient temperature: 20 ± 2°C; humidity: 50–65%) on a 12 h light/dark cycle and provided ad libitum access to food and water. The schematic of oral rotenone administration regimen and measurable outcomes is depicted in Figure 1. Briefly, after the acclimation phase, mice were randomly divided into 6 groups, each group has 5–8 mice. One group was used for continuous observation of gut microbiota and behavioral features for 4 weeks. The other groups were sacrificed at the indicated time point for biochemical and histological tests (Figure 1). Rotenone (Sigma, St Louis, USA) was administered once daily by gavage 30 mg/kg for 4 weeks, a treatment regimen known to produce dopaminergic neuronal degeneration and α-synuclein aggregation in the CNS and GI dysfunction (Inden et al., 2007; Tasselli et al., 2013). All experiments were performed in accordance with the guidelines established by the National Institutes of Health for the care and use of laboratory animals. The protocol for carrying out animal experiments was approved by Animal Care Committee of Shanghai Jiao Tong University School of Medicine.
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FIGURE 1. Schematic of oral rotenone administration regimen and measurable outcomes. Male C57BL/6 mice were acclimatized 2 weeks before the experiments. Mice received once daily oral rotenone administration. One group (n = 5) was for in vivo tests (fecal pellet collection, open field test, and pole test) weekly during the period. The other five groups (n = 6–8 per group) were sacrificed at the indicated time point, colon, and brain tissues were collected for biochemical examinations.



Fecal Sample Collection and DNA Extraction

Fecal samples were collected before (0 week) and 1, 2, 3, 4 weeks after rotenone treatment. Samples were collected directly from the animal upon defecation and immediately frozen at −80°C, prior to DNA extraction. Microbial genomic DNA was extracted from 200 mg of each fecal sample using a TIANamp Stool DNA Kit (Spin Column, Cat. no. DP328) according to the manufacturer’s recommendation. Successful DNA isolation was confirmed by agarose gel electrophoresis.

Amplification, Sequencing of 16S rRNA Gene, and Data Analysis

The V4, V5 hypervariable regions of 16S rRNA gene were amplified by PCR using the barcoded derivatives of primers 520F (AYTGGGYDTAAAGNG) and 926R (CCGTCAATTYYTTTRAGTTT). The 16S rRNA gene amplicons were then sequenced using the paired-end method on the Illumina Miseq platform according to manufacturer’s instructions. 16S rRNA amplification and sequencing service were provided by Personal Biotechnology Co., Ltd. (Shanghai, China). The bacterial α-diversity were studied by biodiversity indexes including ACE, Chao, Shannon’s and Simpson’s indexes computed from the number of OTUs. β-diversity were calculated using weighted UniFrac distance and displayed using principal coordinate analysis (PCoA). Analysis of Similarities (ANOSIM) was used to evaluate group differences. Partial least-square discriminant analysis (PLS-DA), implemented in Metabo Analyst, was performed to discriminate the microbial community profiles among groups (Xia and Wishart, 2011). Permutational multivariate analysis of variance (PERMANOVA) was employed to determine the significance of microbial community partitioning due to experimental treatments based on the observed Unifrac distance matrix relative to 10,000 randomly rearranged distance matrices. Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) was used to predict the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (Langille et al., 2013).

Measurement of Colon Motility by One-Hour Stool Collection

One-hour stool frequency was measured in the normal initial status, and after rotenone treatment weekly for five times. Assays were performed between 9:00 and 11:00. Each animal was removed from its home cage and placed in a clean, clear plastic cage without food or water for 1 h. Stools were collected immediately after expulsion and placed in sealed 1.5 ml tubes. The total stools were weighed to obtain a wet weight, then dried overnight at 65°C and weighed again to obtain a dry weight. The stool water content was calculated from the difference between the wet and dry stool weights. Results were normalized to body weight (Li et al., 2006; Greene et al., 2009).

Behavioral Test

The open-field test was used to evaluate spontaneous locomotor activity of animals (Walsh and Cummins, 1976). The pole test was adapted from the protocol previously described (Ogawa et al., 1985), total time required to climb down the pole was measured. Each animal performed 3 successive trials. The average of the three trials was calculated for statistical analyses.

Quantitative Real-Time PCR

Quantitative analysis of inflammatory cytokine (TNF-α, iNOS, IL-6) and Toll-like receptor 2 (TLR2) were performed using primers specific for the genes by quantitative real-time PCR (qRT-PCR). Total RNA was isolated from the tissue samples and reverse transcribed into cDNA using a TaKaRa 1st-strand kit. Reactions were performed according to the manufacturer’s protocol. cDNA synthesized was subjected to real-time PCR assays with specific primers and SYBR@Premix Ex TaqTM qPCR SuperMix (Takara, Dalian, China). The assays were performed on the ABI7500 real-time PCR machine with the two-step amplification protocol: denaturation 30 s at 95°C, followed by 40 cycles of 95°C for 5 s and 60°C for 60 s. All mRNA quantification data were calculated using the Ct method and normalized to the GAPDH, presented as fold change over control.

Elisa Assays

Serum levels of inflammatory cytokine (TNF-α, iNOS, IL-6) were evaluated using commercially available Elisa kit (Shanghai Elisa Biotech Inc., China). Elisa was performed as recommended by the manufacturer. The optical density of each well was determined using a microplate reader at 405 nm, and the amounts of cytokines were calculated from the standard curve.

Western Blotting

After the mice were sacrificed at the indicated time point, the distal colon and the middle brain substantia nigra were rapidly removed and lysed in RIPA lysis buffer (50 mM Tris–HCl, pH 8.0; 1% NP-40; 0.5% sodium deoxycholate; 150 mM NaCl; 0.1% SDS) containing protease and phosphatase inhibitor cocktails and 1 mM phenyl-methylsulphonyl fluoride (PMSF). Equal amounts of protein (30 μg) were loaded per lane and separated by 10% SDS-PAGE. Proteins in the gels were transferred to immobilon polyvinylidene difluoride (PVDF) membrane. The membrane was blocked with 3% BSA and incubated with primary antibody overnight at 4°C (anti-α-synuclein, Abcam, 1:1,000; anti-TH, Santa Cruz, 1:500; anti-phospho-α-synuclein (phospho S129), Abcam 1:100; anti-MyD88, Cell Signaling, 1:1,000; anti-NF-κB, Santa Cruz, 1:1,000; anti-β-actin, Sigma, 1:5,000) followed by secondary antibodies conjugated to horseradish peroxidase (Santa Cruz Biotechnology, CA, USA) and visualized using chemiluminescent detection methods (Amersham Company).

Immunofluorescence Analysis

Immunofluorescence of tyrosine hydroxylase (TH) was performed on 14 mm paraformaldehyde fixed frozen brain sections. Slides were blocked for 60 min and incubated at 4°C overnight with anti-TH primary antibody. After washing three times with PBS, the sections were then incubated with the fluorescent secondary antibody. Images were captured using a Zeiss confocal microscope (Zeiss, LSM780, Germany).

Statistical Analysis

Analyses were conducted with SPSS 19.0 software. Data were expressed as the mean ± SEM. Molecular biology results were subjected to one-way analysis of variance (ANOVA), followed by post-hoc Dunnett multiple comparison tests. Microbiome and behavioral data were using repeated-measures analysis of variance (RMANOVA), followed by LSD test. Spearman correlations (2-tailed) were applied to associate differential abundant taxa with gastrointestinal and motor functions. p < 0.05 was accepted as statistically significant.

RESULTS

Effect of Rotenone on Gastrointestinal and Motor Functions

With respect to the normal initial status (0 week), there was no obvious difference in colon motility as assessed by one-hour stool weight in rotenone-treated mice at 1 week and 2 weeks. There was a decrease in colon motility at 3 and 4 weeks compared with 0 week (Figure 2A). Stool water content, another indicator of colon function, was also decreased after 3 weeks of rotenone treatment (Figure 2B), indicating mice started to show gastrointestinal dysfunction at 3 weeks.
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FIGURE 2. Longitudinal analysis of gastrointestinal and motor functions in rotenone-treated mice. (A) Fecal pellets in 1 h were collected and then recovered to initial status (0 week, baseline) (B) Water content of fecal pellets was calculated and then recovered to 0 week. (C) Spontaneous horizontal locomotor activity was determined by open-field test. (D) Motor coordination was determined by pole test. Data are expressed as means ± SEM of 5 mice, *p < 0.05, **p < 0.01 vs. 0W.



To investigate the motor function in rotenone treated mice, we performed open-field and pole tests. Compared with the normal initial status, rotenone-treated animals exhibited locomotor deficits in open field and pole tests only at 4 weeks of rotenone treatment (Figures 2C,D). These results indicated that rotenone causes gastrointestinal dysfunction prior to the occurrence of major motor defects.

Effect of Rotenone on Inflammation and α-Synuclein Pathology

Compared with the normal initial status (0 week), we observed an inflammatory associated reaction in the colon, with increased expression of inflammatory cytokine (TNF-α, iNOS, IL-6) and toll-like receptor 2 (TLR2) in rotenone-treated mice and reaching significance at 3 and 4 weeks of rotenone treatment (Figure 3A). Since most TLR signaling pathways stimulated by mechanical ventilation culminate in the activation of the nuclear factor-κB (NF-κB). We then evaluated the expression of downstream TLR2 signaling. We found that the protein levels of myeloid differentiation factor 88 (Myd88) and NF-κB were significantly higher in the colon of rotenone-treated mice after 3 weeks of rotenone treatment (Figure 3B). There was neither significant difference in inflammatory cytokine levels (TNF-α, iNOS, IL-6) in peripheral blood by Elisa not that in the midbrain by qRT-PCR after rotenone treatment (data not shown). Increased expression of α-synuclein and Ser129 α-synuclein were detected in the colon of rotenone-treated mice from 3 weeks onward (Figure 3C). Associated α-synuclein phosphorylation was also confirmed by the presence Ser-129 phosphorylated α-synuclein in the colon section by immunofluorescence staining (Figure 3D). While increased expression of α-synuclein, Ser129 α-synuclein and reduced expression of TH were only detected at 4 weeks of rotenone treatment in the midbrain (the same time that motor deficits were detected) (Figure 4A). These were also associated with a significant decrease in TH-immunoreactive neurons in the substantia nigra as shown in representative photomicrographs (Figure 4B).
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FIGURE 3. Progressive increase in inflammation and α-synuclein pathology in the colon of rotenone-treated mice. (A) Inflammatory cytokines (TNF-α, iNOS, IL-6) and TLR2 mRNA level in colon as determined by real-time RT-PCR. (B) Representative blots of Myd88 and NF-κB in colon from rotenone-treated mice. (C) Representative blots of α-syn and Ser129 α-syn (p-α-syn) in colon from rotenone-treated mice. (D) Representative photomicrographs of colon sections immunostained for anti-βIII-tubulin, anti phospho-α-synuclein (Ser 129), and DAPI staining in rotenone-treated mice (the presence of phospho-α-synuclein staining was shown by the arrows). Scale bar = 50 μm. Data are expressed as means ± SEM of at least 3 mice, *p < 0.05, **p < 0.01, ***p < 0.001 vs. 0W.
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FIGURE 4. Progressive increase in α-synuclein pathology and decrease in tyrosine hydroxylase (TH) neurons in rotenone-treated mice. (A) Representative blots of α-syn, Ser129 α-syn (p-α-syn), and TH in the midbrain from rotenone-treated mice. (B) Representative photomicrographs of mesencephalic sections immunostained for TH in rotenone-treated mice. Scale bar = 500 μm. Data are expressed as means ± SEM of at least 3 mice, **p < 0.01, ***p < 0.001 vs. 0W.



Effect of Rotenone on the Overall Structure of Fecal Microbiome

To determine if rotenone treatment could cause change in microbial diversity, fecal samples were collected weekly and the fecal bacterial population was surveyed by 16S rRNA gene sequencing. A total of 1,400,030 sequences were obtained across all samples and an average coverage of 56,001 sequences per sample. Sequences were clustered into 3,757 operational taxonomic units (OTUs) (excluding singletons) based on 97% sequence similarity.

The microbial diversity and species richness were assessed by α-diversity metrics on the OTU data including ACE, Chao1, Simpson’s and Shannon’s diversity indexes. There were no difference among time points with regard to ACE and Chao indexes of the gut microbiota (Figure 5A). There was a decrease in Simpson’s and Shannon’s diversity indexes at 3 weeks and a decrease in Simpson’s diversity index at 4 weeks of rotenone exposure compared with the baseline (Figure 5B), indicating a disruption of the fecal microbiota.
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FIGURE 5. Variation in fecal bacterial α-diversity and β-diversity over time. (A) ACE and Chao indexes. (B) Simpson’s and Shannon’s diversity indexes (C) PCoA analysis based on weighted Unifrac distance. (D) Score plots of PLS-DA among the microbial community data in rotenone-treated mice. *p < 0.05, **p < 0.01 vs. 0W.



The β-diversity analysis indicates the extent of similarity between microbial communities by measuring the degree to which membership or structure is shared between communities. To evaluate the β-diversity changes in gut microbiota across groups, principal coordinate analysis (PCoA) was applied to the whole dataset of bacterial counts based on the weighted Unifrac distance matrixes. The microbiota can separate into three groups based on sampling time. The microbiota at 3 weeks clustered in the upper-left part of the plot, 4 out of 5 mice at 4 weeks clustered in the lower left part of the plot, while the fecal microbiota of before rotenone treatment and at weeks 1 and 2 clustered in the upper-right part of the ordination and could not be divided into separated clusters (Figure 5C). Using the anosim test, only 3 weeks (p < 0.01) and 4 weeks (p < 0.05) yielded a significant difference compared with the normal initial status (0 week). Partial least-square discriminant analysis (PLS-DA), implemented in Metabo Analyst, was performed to discriminate the microbial community profiles among groups. Score plots showed that the groups were well-separated (Figure 5D).

Effect of Rotenone on the Fecal Microbiota Composition

The gut bacterial community composition at the phyla level was shown in Figure 6A. Bacteroidetes, Firmicutes, Verrucomicrobia, and Proteobacteria represented more than 98% gene sequences. A distinct shift in the community profile was apparent among time points (Figure 6A) and based on PERMANOVA analysis, time was a significant source of variation (unadjusted R2 = 0.44195, p < 0.001). There was no significant difference of Verrucomicrobia, Proteobacteria and other phyla among different times. The Bacteroidetes was the most abundant, followed by Firmicutes at first 2 weeks, however after rotenone treatment, the relative abundance of Bacteroidetes was significantly decreased (p < 0.001) and of Firmicutes was significantly increased (p < 0.001) at 3 weeks in the rotenone-treated mice compared with the normal initial status (0 week). The relative abundance of Bacteroidetes (p < 0.05) and Firmicutes (p < 0.01) at 4 weeks were also different with 0 week (Figures 6B,C). The ratio of Firmicutes/Bacteroidetes was increased at 3 and 4 weeks of rotenone treatment (Figure 6D). The relative abundance of Bacteroidetes was increased (p < 0.05) and of Firmicutes was decreased (p < 0.01) at 4 weeks compared with 3 weeks. There was also a difference between 3 weeks and 4 weeks in the ratio of Firmicutes/Bacteroidetes (p < 0.01). Bacterial community at genus level with an abundant > 1%0, showing significant (p < 0.05) differences were shown in Table 1.
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FIGURE 6. Relative abundances of fecal bacterial phyla among different times. (A) Each bar represents the relative abundance of OTU at the phylum level in the gut microbiota within a sample. (B) Relative abundance of Bacteroidetes among different times. (C) Relative abundance of Fibrobacteres among different times. (D) The ratio of Firmicutes/Bacteroidetes among different times. *p < 0.05, **p < 0.01, ***p < 0.001 vs. 0W. #p < 0.05, ##p < 0.01 vs. 3W.




Table 1. Relative abundance of bacterial at genus level showing significant differences compared with 0W.
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Correlation of Fecal Microbiota with Gastrointestinal and Motor Functions

Spearman correlations (Table 2) were applied to associate the differentially abundant genus of rotenone-exposed and control (0 week) groups. The genus of Desulfovibrio was positively associated with stool weight, stool water content, locomotor activity, and inversely correlated with climbing time. The genus of Lactobacillus was inversely correlated with stool weight, stool water content, locomotor activity, and positively associated with climbing time. The genus of Clostridium and Adlercreutzia were inversely associated with stool weight. The genus of Sutterella has no correlation with stool weight but positively associated with stool water content and motor functions.


Table 2. Correlation matrix (Spearman) of differentially abundant genus with stool weight, stool water content, locomotor activity, and climbing time.
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Predictive Functional (PICRUst) Analysis

Predictive assessment of the microbial community functional potential (PICRUst) was used to predict the abundance of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways based on the 16S rRNA gene sequencing data. Forty-one KEGG pathways from the level 2 analysis were identified. There was no difference between 1 week or 2 weeks and initial status. Compared with initial status (0 week), there were 11 pathways predicted as enriched in the fecal microbiome of rotenone treated mice at 3 weeks, including Membrane Transport, Immune System Diseases, Signaling Molecules and Interaction, Neurodegenerative Diseases, Nucleotide Metabolism, Translation, Replication and Repair, Transcription, Xenobiotics Biodegradation and Metabolism, Infectious Diseases and Cell Growth and Death pathways. Fourteen pathways were lower including Endocrine System, Metabolism of Cofactors and Vitamins, Amino Acid Metabolism, Immune System, Cellular Processes and Signaling, Transport and Catabolism, Glycan Biosynthesis and Metabolism, Folding Sorting and Degradation, Energy Metabolism, Biosynthesis of Other Secondary Metabolites, Metabolism of Other Amino Acids, Digestive System, Metabolism, Metabolism of Terpenoids, and Polyketides pathways. Environmental Adaptation, Neurodegenerative Diseases and Membrane Transport pathways were enriched, Biosynthesis of Other Secondary Metabolites, Folding Sorting and Degradation, Glycan Biosynthesis and Metabolism, Transport and Catabolism, Amino Acid Metabolism and Metabolism of Cofactors and Vitamins pathways were lower at 4 weeks compare with initial status (Figure 7).


[image: image]

FIGURE 7. Predictive Functional (PICRUSt) analysis at level 2. *p < 0.05, **p < 0.01, ***p < 0.01 vs. 0W.



DISCUSSION

Parkinson’s disease is a progressive neurodegenerative disorder whose etiology is not understood. Recently studies have demonstrated gut microbiota is related to PD and clinical phenotype (Sampson et al., 2016; Scheperjans, 2016). Here we present a longitudinal study to evaluated the effects of oral rotenone treatment on the change of fecal microbiota using deep sequencing and its relevance to the pathologic processes of PD. Interestingly, we observed dynamic alterations in fecal microbiota that were correlated with the changes in the PD pathologic processes induced by rotenone. What is important, the alteration of fecal microbiota preceded the major motor dysfunction and CNS pathology of PD.

Rotenone is a mitochondrial complex I inhibitor that has been largely used to model PD in animals. Intragastric administration of rotenone during 4–6 weeks could reproduce the progression of PD pathology in mice. One recent report suggested that oral rotenone administered at 5mg/kg for 1.5 months induced α-synuclein aggregates in the ENS. Chronic oral treatment by rotenone for 4 weeks induced decrease in stool frequency and replicates neurodegeneration of the substantia nigra. Another study reported chronic infusion of rotenone for 22–28 days induced ENS dysfunction and delayed gastric emptying (Pan-Montojo et al., 2010; Tasselli et al., 2013; Klingelhoefer and Reichmann, 2015). Our results show that environment-contact administration of rotenone can reproduce the main behavioral and neuropathological features of human Parkinsonism. These alterations are sequential, treatment time dependent and accompanied by inflammatory signs in the colon and motor dysfunctions, which makes the model well-suited for the assessment of pathogenic pathways. Epidemiological evidence has linked environmental chemicals exposure to the incidence of PD (Brown et al., 2006; Hatcher et al., 2008). A few recent studies have documented the effects of environmental chemicals on gut microbiome community structures (Choi et al., 2013; Narrowe et al., 2015). However, the functional impacts of environmental chemicals on gut microbiome are not well-established. It has been reported Diazinon exposure perturbed the gut microbiome community structure, functional metagenome, and associated metabolic profiles (Gao et al., 2017). So far, there is a paucity of knowledge regarding the effect of rotenone on fecal micobitoa. Given the important roles of the gut microbiota in regulating normal physiological functions, environmental toxicant-induced functional perturbations of the gut microbiota may lead to or exacerbate their toxicity. In our study, we characterized the association between fecal microbiota and PD by using environment-contact administration of rotenone which mimicked the common ways of rotenone entering the human body from a longitudinal study. We summarized the key biochemical, histological, behavioral features and fecal microbiota in the process of PD.

As the Table 3 shown, rotenone-exposed animals started showing constipation at 3 weeks prior to motor deficits (4 weeks), indicating GI dysfunction preceding motor deficits. We also observed enhanced α-synuclein protein expression in the colon of rotenone-exposed mice before in the brain, which consistent with Braak’s hypothesis. Importantly, microbiota dysbiosis (from 3 weeks) in the feces was preceded the neuropathological hallmarks of PD (loss of dopaminergic neurons in the substantia nigra and α-synclein accumulation).


Table 3. Summary of key behavioral features, biochemical, histological and fecal microbiota change with time.
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Keshavarzian et al. and Scheperjans et al. studies both found a significant difference in β-diversity between PD and control fecal samples which consistent with our PD animal model results (Keshavarzian et al., 2015; Scheperjans et al., 2015). Keshavarzian et al. study found an increased in α-diversity in PD patients than control in fecal samples but not in mucosa samples. No statistically significant differences were found with respect to α-diversity in Scheperjans et al. study. While, our 16S rRNA gene sequencing results found lower α-diversity in the model group (3 weeks) than the normal initial status (0 week) which can be seen in other animal model of diseases, including colorectal cancer and hypertension (Zhu et al., 2014; Yang et al., 2015). The Bacteroidetes and Firmicutes, consisting of more than 90% of all phylogenetic types in the human and mouse (Eckburg et al., 2005; Ley et al., 2006). Our data shows an aberrant microbial composition in the fecal of rotenone-exposed mice, with shifts observed in the main bacterial phyla. Phylum level analysis showed a clear alteration of the bacterial fecal community at 3 and 4 weeks compared with 0 week, characterized by a higher Firmicutes/Bacteroidetes ratio. The abundance of Firmicutes was elevated whereas the abundance of Bacteroidetes was reduced. Bacteroidetes was significantly reduced in fecal samples of PD patients (Unger et al., 2016). Several inflammatory conditions have been related to an increase in the Firmicutes/Bacteroidetes ratio such as inflammatory bowel diseases (IBDs) (Frank et al., 2007), obesity (Turnbaugh et al., 2008), and diabetes mellitus type 2 (Remely et al., 2014). Gut dysbiosis in hypertension is also characterized by an increased Firmicutes/Bacteroidetes ratio (Robles-Vera et al., 2017). Inconsistently with our results, a trend toward a lower Firmicutes/Bacteroidetes ratio in PD patients was observed between PD and control groups in Keshavarzian et al. study (Keshavarzian et al., 2015). For one thing, the variability between our studies can be introduced through different sequencing techniques, Keshavarzian et al. study sequenced the V4 region, while we sequenced the V4 and V5 regions, for another, Keshavarzian et al. study is based on confirmed PD patients, while we did a serial analysis of the fecal microbiota in animal model, the mice at 3 weeks and 4 weeks may represent the pre-motor or early stage of PD. Actually, in our study a lower Firmicutes/Bacteroidetes ratio was found between 4 weeks and 3 weeks.

Furthermore, we discovered that the relative abundance of the genus Clostridium and Sutterella were decreased in rotenone-treated groups along the time, while Lactococcus was decreased but return to normal after 4 weeks of rotenone exposure. The genus of Desulfovibrio was decreased from 2 weeks, Lactobacillus was increased from 3 weeks of rotenone treatment compared with the initial status. When looking at the correlations, the genus of Lactobacillus was inversely correlated with gastrointestinal and motor functions, the genus of Desulfovibrio was positively correlated with gastrointestinal and motor functions. Sutterella has no correlation with stool weight but was positively associated with stool water content and motor functions. Clostridium and Adlercreutzia were inversely correlated with stool weight. Our results confirmed the reported elevated level of Lactobacillus (Hasegawa et al., 2015; Hill-Burns et al., 2017) and lower level of Clostridium (Hasegawa et al., 2015) in PD patients. The increased Lactobacillus was also observed in diabetes mellitus type 2 (Sato et al., 2014) and the constipation-type irritable bowel syndrome (Malinen et al., 2005). Clostridium clusters is implicated in the maintenance of mucosal homeostasis, promoting Treg cell accumulation and prevention of IBD (Sokol et al., 2009; Atarashi et al., 2011). The lower level of Desulfovibrio is associated with increased gut permeability (Zhang-Sun et al., 2015). Sutterella is decreased in autism and new-onset Crohn’s disease patients (Williams et al., 2012; Gevers et al., 2014).

Nevertheless, it remains unclear as to how microbiota dysbiosis could be related to the pathologic processes of PD. Using mice that overexpress α-synuclein, Sampson et al. reported that gut microbiota are required for motor deficits, microglia activation, and α-synuclein pathology (Sampson et al., 2016). Colonic bacteria are a primary source of proinflammatory bacterial products, and gut microbiota dysbiosis may initate immune activation at the very least amplify and exacerbate an ongoing inflammatory process (Ivanov and Honda, 2012). In our results we observed higher expression of inflammatory cytokine and TLR2 in the colon at 3 weeks and 4 weeks in rotenone-exposed animals. From our results we could not get the conclusion that the increased expression of α-synuclein in the gut is the consequence of altered fecal microbiota. However, excessive stimulation of the innate immune system resulting from gut microbiota dysbiosis may accelerate extensive α-synuclein aggregation in the gut. The α-synuclein aggregation and TH degeneration in the brain were not accompany with enhanced inflammatory response in the brain, it is believed that marked glial activation may not be accompanied by dopaminergic neuron degeneration in chronic rotenone administration model (Inden et al., 2007), other pathways such as neuroendocrine and direct neural mechanisms may play a role in the fecal microbiota dysbiosis-mediated α-synuclein aggregation and TH cell death in the brain. From our results, we proposed that fecal microbiota dysbiosis may contribute to rotenone toxicity or at least accelerate the process of PD.

There are still some limitations in our study. One of the limitations is that bacterial changes were only measured in fecal samples. We also need to provide more detailed information concerning mucosa-associated microbiota. Another possible limitation is the statistic power of five samples per group may not be high for 16S rRNA sequencing and a larger number of samples should be utilized in further studies. Thirdly, this study was a longitudinal study, we cannot completely exclude that time may have affected our results, however, in studies of adult laboratory mice in which diet and general environmental conditions are controlled, the murine fecal microbiome shows a relative high degree of stability (Zhang et al., 2010; Schloss et al., 2012).

Overall, our results bring a new insight in the role of microbiota in PD. Gut microbiome perturbation may contribute to rotenone toxicity in the initiation of PD. Novel therapeutic options aimed at modifying the gut microbiota composition in PD patients may influence the initial step of the following cascade of neurodegeneration in PD.

AUTHOR CONTRIBUTIONS

XY and YQ: performed molecular biology studies; XY: wrote the manuscript. SX: was involved in the data analysis; YS was responsible for statistical analyses; QX: designed the study, provided financial support and revised the manuscript.

FUNDING

This work was supported by the National Key R&D Program of China (No. 2016YFC1306000), the National Natural Science Foundation of China (No. 81071023), the Natural Science Foundation of Shanghai (No. 14ZR1425700).

REFERENCES

 Atarashi, K., Tanoue, T., Shima, T., Imaoka, A., Kuwahara, T., Momose, Y., et al. (2011). Induction of colonic regulatory T cells by indigenous Clostridium species. Science 331, 337–341. doi: 10.1126/science.1198469

 Braak, H., Del Tredici, K., Rüb, U., de Vos, R. A., Jansen Steur, E. N., and Braak, E. (2003). Staging of brain pathology related to sporadic Parkinson’s disease. Neurobiol. Aging 24, 197–211. doi: 10.1016/S0197-4580(02)00065-9

 Brown, T. P., Rumsby, P. C., Capleton, A. C., Rushton, L., and Levy, L. S. (2006). Pesticides and Parkinson’s disease–is there a link. Environ. Health Perspect. 114, 156–164. doi: 10.1289/ehp.8095

 Çamci, G., and Oguz, S. (2016). Association between Parkinson’s disease and Helicobacter pylori. J. Clin. Neurol. 12, 147–150. doi: 10.3988/jcn.2016.12.2.147

 Choi, J. J., Eum, S. Y., Rampersaud, E., Daunert, S., Abreu, M. T., and Toborek, M. (2013). Exercise attenuates PCB-induced changes in the mouse gut microbiome. Environ. Health Perspect. 121, 725–730. doi: 10.1289/ehp.1306534

 Devos, D., Lebouvier, T., Lardeux, B., Biraud, M., Rouaud, T., Pouclet, H., et al. (2013). Colonic inflammation in Parkinson’s disease. Neurobiol. Dis. 50, 42–48. doi: 10.1016/j.nbd.2012.09.007

 Dinan, T. G., and Cryan, J. F. (2017). Gut-brain axis in 2016: brain-gut-microbiota axis - mood, metabolism and behaviour. Nat. Rev. Gastroenterol. Hepatol. 14, 69–70. doi: 10.1038/nrgastro.2016.200

 Eckburg, P. B., Bik, E. M., Bernstein, C. N., Purdom, E., Dethlefsen, L., Sargent, M., et al. (2005). Diversity of the human intestinal microbial flora. Science 308, 1635–1638. doi: 10.1126/science.1110591

 Fasano, A., Bove, F., Gabrielli, M., Petracca, M., Zocco, M. A., Ragazzoni, E., et al. (2013). The role of small intestinal bacterial overgrowth in Parkinson’s disease. Mov. Disord. 28, 1241–1249. doi: 10.1002/mds.25522

 Fasano, A., Visanji, N. P., Liu, L. W., Lang, A. E., and Pfeiffer, R. F. (2015). Gastrointestinal dysfunction in Parkinson’s disease. Lancet Neurol. 14, 625–639. doi: 10.1016/S1474-4422(15)00007-1

 Frank, D. N., St Amand, A. L., Feldman, R. A., Boedeker, E. C., Harpaz, N., and Pace, N. R. (2007). Molecular-phylogenetic characterization of microbial community imbalances in human inflammatory bowel diseases. Proc. Natl. Acad. Sci. U.S.A. 104, 13780–13785. doi: 10.1073/pnas.0706625104

 Gao, B., Bian, X., Mahbub, R., and Lu, K. (2017). Sex-specific effects of organophosphate diazinon on the gut microbiome and its metabolic functions. Environ. Health Perspect. 125, 198–206. doi: 10.1289/EHP202

 Gevers, D., Kugathasan, S., Denson, L. A., Vázquez-Baeza, Y., Van Treuren, W., Ren, B., et al. (2014). The treatment-naive microbiome in new-onset Crohn’s disease. Cell Host Microbe. 15, 382–392. doi: 10.1016/j.chom.2014.02.005

 Greene, J. G., Noorian, A. R., and Srinivasan, S. (2009). Delayed gastric emptying and enteric nervous system dysfunction in the rotenone model of Parkinson’s disease. Exp. Neurol. 218, 154–161. doi: 10.1016/j.expneurol.2009.04.023

 Hasegawa, S., Goto, S., Tsuji, H., Okuno, T., Asahara, T., Nomoto, K., et al. (2015). Intestinal dysbiosis and lowered serum lipopolysaccharide-binding protein in Parkinson’s disease. PLoS ONE 10:e0142164. doi: 10.1371/journal.pone.0142164

 Hatcher, J. M., Pennell, K. D., and Miller, G. W. (2008). Parkinson’s disease and pesticides: a toxicological perspective. Trends Pharmacol. Sci. 29, 322–329. doi: 10.1016/j.tips.2008.03.007

 Hill-Burns, E. M., Debelius, J. W., Morton, J. T., Wissemann, W. T., Lewis, M. R., Wallen, Z. D., et al. (2017). Parkinson’s disease and Parkinson’s disease medications have distinct signatures of the gut microbiome. Mov. Disord. 32, 739–749. doi: 10.1002/mds.26942

 Inden, M., Kitamura, Y., Takeuchi, H., Yanagida, T., Takata, K., Kobayashi, Y., et al. (2007). Neurodegeneration of mouse nigrostriatal dopaminergic system induced by repeated oral administration of rotenone is prevented by 4-phenylbutyrate, a chemical chaperone. J. Neurochem. 101, 1491–1504. doi: 10.1111/j.1471-4159.2006.04440.x

 Ivanov, I. I., and Honda, K. (2012). Intestinal commensal microbes as immune modulators. Cell Host Microbe. 12, 496–508. doi: 10.1016/j.chom.2012.09.009

 Kalia, L. V., and Lang, A. E. (2015). Parkinson’s disease. Lancet 386, 896–912. doi: 10.1016/S0140-6736(14)61393-3

 Keshavarzian, A., Green, S. J., Engen, P. A., Voigt, R. M., Naqib, A., Forsyth, C. B., et al. (2015). Colonic bacterial composition in Parkinson’s disease. Mov. Disord. 30, 1351–1360. doi: 10.1002/mds.26307

 Klingelhoefer, L., and Reichmann, H. (2015). Pathogenesis of Parkinson disease–the gut-brain axis and environmental factors. Nat. Rev. Neurol. 11, 625–636. doi: 10.1038/nrneurol.2015.197

 Langille, M. G., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes, J. A., et al. (2013). Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 31, 814–821. doi: 10.1038/nbt.2676

 Ley, R. E., Peterson, D. A., and Gordon, J. I. (2006). Ecological and evolutionary forces shaping microbial diversity in the human intestine. Cell 124, 837–848. doi: 10.1016/j.cell.2006.02.017

 Li, Z. S., Schmauss, C., Cuenca, A., Ratcliffe, E., and Gershon, M. D. (2006). Physiological modulation of intestinal motility by enteric dopaminergic neurons and the D2 receptor: analysis of dopamine receptor expression, location, development, and function in wild-type and knock-out mice. J. Neurosci. 26, 2798–2807. doi: 10.1523/JNEUROSCI.4720-05.2006

 Malinen, E., Rinttila, T., Kajander, K., Matto, J., Kassinen, A., Krogius, L., et al. (2005). Analysis of the fecal microbiota of irritable bowel syndrome patients and healthy controls with real-time PCR. Am. J. Gastroenterol. 100, 373–382. doi: 10.1111/j.1572-0241.2005.40312.x

 Mulak, A., and Bonaz, B. (2015). Brain-gut-microbiota axis in Parkinson’s disease. World J. Gastroenterol. 21, 10609–10620. doi: 10.3748/wjg.v21.i37.10609

 Narrowe, A. B., Albuthi-Lantz, M., Smith, E. P., Bower, K. J., Roane, T. M., Vajda, A. M., et al. (2015). Perturbation and restoration of the fathead minnow gut microbiome after low-level triclosan exposure. Microbiome 3:6. doi: 10.1186/s40168-015-0069-6

 Ogawa, N., Hirose, Y., Ohara, S., Ono, T., and Watanabe, Y. (1985). A simple quantitative bradykinesia test in MPTP-treated mice. Res. Commun. Chem. Pathol. Pharmacol. 50, 435–441.

 Pan-Montojo, F., Anichtchik, O., Dening, Y., Knels, L., Pursche, S., Jung, R., et al. (2010). Progression of Parkinson’s disease pathology is reproduced by intragastric administration of rotenone in mice. PLoS ONE 5:e8762. doi: 10.1371/journal.pone.0008762

 Remely, M., Aumueller, E., Jahn, D., Hippe, B., Brath, H., and Haslberger, A. G. (2014). Microbiota and epigenetic regulation of inflammatory mediators in type 2 diabetes and obesity. Benef. Microbes. 5, 33–43. doi: 10.3920/BM2013.006

 Rieder, R., Wisniewski, P. J., Alderman, B. L., and Campbell, S. C. (2017). Microbes and mental health: a review. Brain Behav. Immun. 66, 9–17. doi: 10.1016/j.bbi.2017.01.016

 Robles-Vera, I., Toral, M., Romero, M., Jiménez, R., Sánchez, M., Pérez-Vizcaíno, F., et al. (2017). Antihypertensive effects of probiotics. Curr. Hypertens. Rep. 19:26. doi: 10.1007/s11906-017-0723-4

 Sampson, T. R., Debelius, J. W., Thron, T., Janssen, S., Shastri, G. G., Ilhan, Z. E., et al. (2016). Gut microbiota regulate motor deficits and neuroinflammation in a model of Parkinson’s disease. Cell 167, 1469–1480.e12. doi: 10.1016/j.cell.2016.11.018

 Sato, J., Kanazawa, A., Ikeda, F., Yoshihara, T., Goto, H., Abe, H., et al. (2014). Gut dysbiosis and detection of “live gut bacteria” in blood of Japanese patients with type 2 diabetes. Diabetes Care. 37, 2343–2350. doi: 10.2337/dc13-2817

 Scheperjans, F. (2016). Gut microbiota, 1013 new pieces in the Parkinson’s disease puzzle. Curr. Opin. Neurol. 29, 773–780. doi: 10.1097/WCO.0000000000000389

 Scheperjans, F., Aho, V., Pereira, P. A., Koskinen, K., Paulin, L., Pekkonen, E., et al. (2015). Gut microbiota are related to Parkinson’s disease and clinical phenotype. Mov. Disord. 30, 350–358. doi: 10.1002/mds.26069

 Schloss, P. D., Schubert, A. M., Zackular, J. P., Iverson, K. D., Young, V. B., and Petrosino, J. F. (2012). Stabilization of the murine gut microbiome following weaning. Gut Microbes 3, 383–393. doi: 10.4161/gmic.21008

 Shannon, K. M., Keshavarzian, A., Mutlu, E., Dodiya, H. B., Daian, D., Jaglin, J. A., et al. (2012). Alpha-synuclein in colonic submucosa in early untreated Parkinson’s disease. Mov. Disord. 27, 709–715. doi: 10.1002/mds.23838

 Sokol, H., Seksik, P., Furet, J. P., Firmesse, O., Nion-Larmurier, I., Beaugerie, L., et al. (2009). Low counts of Faecalibacterium prausnitzii in colitis microbiota. Inflamm. Bowel Dis. 15, 1183–1189. doi: 10.1002/ibd.20903

 Tan, A. H., Mahadeva, S., Thalha, A. M., Gibson, P. R., Kiew, C. K., Yeat, C. M., et al. (2014). Small intestinal bacterial overgrowth in Parkinson’s disease. Parkinson. Relat. Disord. 20, 535–540. doi: 10.1016/j.parkreldis.2014.02.019

 Tasselli, M., Chaumette, T., Paillusson, S., Monnet, Y., Lafoux, A., Huchet-Cadiou, C., et al. (2013). Effects of oral administration of rotenone on gastrointestinal functions in mice. Neurogastroenterol. Motil. 25, e183–e193. doi: 10.1111/nmo.12070

 Turnbaugh, P. J., Bäckhed, F., Fulton, L., and Gordon, J. I. (2008). Diet-induced obesity is linked to marked but reversible alterations in the mouse distal gut microbiome. Cell Host Microbe. 3, 213–223. doi: 10.1016/j.chom.2008.02.015

 Unger, M. M., Spiegel, J., Dillmann, K. U., Grundmann, D., Philippeit, H., Bürmann, J., et al. (2016). Short chain fatty acids and gut microbiota differ between patients with Parkinson’s disease and age-matched controls. Parkinson. Relat. Disord. 32, 66–72. doi: 10.1016/j.parkreldis.2016.08.019

 Walsh, R. N., and Cummins, R. A. (1976). The open-field test: a critical review. Psychol. Bull. 83, 482–504. doi: 10.1037/0033-2909.83.3.482

 Wang, Y., and Kasper, L. H. (2014). The role of microbiome in central nervous system disorders. Brain Behav. Immun. 38, 1–12. doi: 10.1016/j.bbi.2013.12.015

 Williams, B. L., Hornig, M., Parekh, T., and Lipkin, W. I. (2012). Application of novel PCR-based methods for detection, quantitation, and phylogenetic characterization of Sutterella species in intestinal biopsy samples from children with autism and gastrointestinal disturbances. MBio 3:e00261-11. doi: 10.1128/mBio.00261-11

 Xia, J., and Wishart, D. S. (2011). Web-based inference of biological patterns, functions and pathways from metabolomic data using MetaboAnalyst. Nat. Protoc. 6, 743–760. doi: 10.1038/nprot.2011.319

 Xu, Y., Zhou, H., and Zhu, Q. (2017). The impact of microbiota-gut-brain axis on diabetic cognition impairment. Front. Aging Neurosci. 9:106. doi: 10.3389/fnagi.2017.00106

 Yang, T., Santisteban, M. M., Rodriguez, V., Li, E., Ahmari, N., Carvajal, J. M., et al. (2015). Gut dysbiosis is linked to hypertension. Hypertension 65, 1331–1340. doi: 10.1161/HYPERTENSIONAHA.115.05315

 Zhang, C., Zhang, M., Wang, S., Han, R., Cao, Y., Hua, W., et al. (2010). Interactions between gut microbiota, host genetics and diet relevant to development of metabolic syndromes in mice. ISME J. 4, 232–241. doi: 10.1038/ismej.2009.112

 Zhang-Sun, W., Augusto, L. A., Zhao, L., and Caroff, M. (2015). Desulfovibrio desulfuricans isolates from the gut of a single individual: structural and biological lipid A characterization. FEBS Lett. 589, 165–171. doi: 10.1016/j.febslet.2014.11.042

 Zhu, Q., Jin, Z., Wu, W., Gao, R., Guo, B., Gao, Z., et al. (2014). Analysis of the intestinal lumen microbiota in an animal model of colorectal cancer. PLoS ONE 9:e90849. doi: 10.1371/journal.pone.0090849

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Yang, Qian, Xu, Song and Xiao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnagi-09-00441-g005.gif





OPS/images/fnagi-09-00441-g006.gif





OPS/images/fnagi-09-00441-g003.gif





OPS/images/fnagi-09-00441-g004.gif





OPS/images/fnagi-09-00441-t002.jpg
Variables Clostridium ~ Sutterella  Lactococcus  Desulfovibrio  Lactobacillus  Paraprevotella  Adlercreutzia  Stool Water  Locomotor  Cli

weight  content activity
Stool weight r -0.419* 0375 -0392 0646 ~0.608* -0312 ~0.446* 1.000 orig” 0338 ~0.498"
Sig. 0.037 0064 0052 0.000 0.001 0.130 0025 - 0,000 0099 X
Water content r -0.156 0.422* -0.053 0662+ -0.658* ~0.149 -0.305 0718 1.000 038t -0423°
Sig. 0.456 0036 0801 0.000 0.000 0476 0.138 0000 - 0060 0.085
Locomotor activity 1 -0.042 0.496* -0.056 0.408* -0.522 -0.076 -0.165 0338 0381 1.000 -0.636™
sig. 0842 0012 0790 0.043 0.007 0719 0429 0099 0060 - 0.001
Climbing time r —0.045 ~0.507** 0262 —0.496* 0,622 0278 0202 -0498"  -0.423" -0636™ 1.000
sig. 0829 0010 0206 0012 0.001 0179 0334 0011 0035 0001 -

Highlighted: *p < 0.05, *'p < 0.01.





OPS/images/fnagi-09-00441-g007.gif





OPS/images/fnagi-09-00441-t001.jpg
Genus.

P_Firmicutes_Clostridium
P_Proteobacteria_Sulterella
P_Firmicutes_Lactococous
P_Proteobacteria_Desulfovibrio
P_Firmicutes_Lactobacilus
P_Bactercidetes_Paraprevotelia
P_Actinobacteria_Adlercreutzia

Highlighted: *p < 0.05, *'p < 0.01,

ow

0.0205
0.0053
0.0095
0.0060
0.0274
0.0033
0.0051

“p < 0.001 vs. OW.

1W (p-value)

0.0001 (0.017*)
0.0014 (0.027*)
0.0001 (0.006*)
00037 (0.198)
0.0476 (0.202)

0.0006 (0.000+*)
0.0022 (0.097)

2W (p-value)

0.0002 (0.017*)
0.0010 (0.020°)
0.0001 (0.004**)
0.0011 (0.017%)
0.0700 (0.205)
0.0031 (0931)
0.0011 (0.004*)

3W (p-value)

0.0009 (0.018")
0.0006 (0.008*)
0.0004 (0.034")

0.0002 (0.0117)

05834 (0.000**)
0.0020 (0.016%)
0.0048 (0.825)

4W (p-value)

0.0011 (0.020%)
0.0009 (0.014%)
00009 (0.799)
0.0003 (0.011%)
0.1493 (0.014%)
0.0205 (0.107)
0.0082 (0.278)





OPS/images/fnagi-09-00441-g001.gif





OPS/images/fnagi-09-00441-g002.gif
pr—

RS





OPS/images/fnagi-09-00441-t003.jpg
Times

Gl dysfunction
Motor dysfunction
Gut inflammation
asyn in colon
cwsyn in brain

TH reduce in SN
Fecal microbiota

dysbiosis

0 week

No
No
No
No
No
No
No

1 week

No
No
No
No
No
No
No

2 weeks

No
No
No
No
No
No
No

3 weeks.

Yes
No
Yes
Yes
No
No
Yes

4 weeks

Yes
Yes
Yes
Yes
Yes
Yes
Yes





OPS/images/cover.jpg
’ frontiers
in Aging Neuroscience

Longitudinal Analysis of Fecal
Microbiome and Pathologic
Processes in a Rotenone Induced
Mice Model of Parkinson’s Disease









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Aging Neuroscience





