
Beneficial Microbes, 2018; 9 (5): 799-814 
Wageningen Academic 
P u b l i s h e r s

ISSN 1876-2883 print, ISSN 1876-2891 online, DOI 10.3920/BM2017.0202 799

1. Introduction

Parkinson’s disease (PD) is the second most common 
adult neurodegenerative disease after Alzheimer’s disease, 
characterised by motor impairments due to defects in motor 
control (De Rijk et al., 2000; Nussbaum and Ellis, 2003). 
The main hallmarks of this disease in the brain are the 
progressive degeneration of dopaminergic nigrostriatal 
neurons and the presence of misfolded, aggregated and 
neurotoxic forms of the protein alpha-synuclein in the 
remaining neurons (Crossman, 1989). Several studies 
have demonstrated that neuroinflammation and oxidative 
stress are the key factors responsible for alpha-synuclein 
misfolding and aggregation (Deleidi and Gasser, 2013; 
Dias et al., 2013; Glass et al., 2010; Luna and Luk, 2015; 
Ransohoff, 2016). The source of this inflammatory state is 

not well established. However, multiple experimental and 
clinical observations strongly suggest that the intestine 
could be the primary source of neuro-inflammation. For 
example, besides the brain pathology, PD patients also 
develop non-motor symptoms, including gastrointestinal 
(GI) dysfunctions (Fasano et al., 2015; Pfeiffer, 2011). These 
GI symptoms include constipation that may precede the 
motor symptoms by several years, and chronic constipation 
in otherwise healthy people is associated with an increased 
risk of developing PD (Abbott et al., 2001; Adams-
Carr et al., 2016). Moreover, GI dysfunctions are major 
determinants for the quality of life (Martinez-Martin, 2011; 
Müller et al., 2013) and remain undertreated (Chaudhuri 
and Schapira, 2009). Furthermore, in PD patients, as well 
as in animal models for PD, alpha-synuclein-positive 
enteric neurons in intestinal mucosal samples have been 
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The mechanism of neurodegeneration in Parkinson’s disease (PD) remains unknown but it has been hypothesised 
that the intestinal tract could be an initiating and contributing factor to the neurodegenerative processes. In PD 
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microbiota, characterised by a significant decrease in the relative abundance of the beneficial commensal bacteria 
genus Bifidobacterium. Overall, intestinal bacterial dysbiosis might play an important role in both the disruption 
of intestinal epithelial integrity and intestinal inflammation, which could lead or contribute to the observed alpha-
synuclein aggregation and PD pathology in the intestine and central nervous system in the oral rotenone mouse 
model of PD.
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found (Hilton et al., 2014; Kelly et al., 2014; Perez-Pardo 
et al., 2017; Shannon et al., 2012; Stokholm et al., 2016), 
although the data remains controversial for their specificity 
to PD patients only (Visanji et al., 2015). In PD patients, 
alpha-synuclein-positive structures in the colonic mucosa 
were detected from 2 to 5 years before the onset of motor 
symptoms (Shannon et al., 2012) and in another cohort of 
PD patients, alpha-synuclein was significantly associated 
with abnormal intestinal permeability and endotoxemia 
(Forsyth et al., 2011). In the oral rotenone-induced mouse 
model for PD, enteric alpha-synuclein aggregates and 
intestinal inflammation were associated with reduced 
intestinal transit (Perez-Pardo et al., 2017).

Indeed, Braak was the first investigator to propose the 
gastrointestinal tract (GIT) as the primary source to trigger 
neuro-inflammation and neurodegeneration leading to 
PD pathology and cardinal symptoms of PD (Braak and 
Del Tredici, 2008; Hawkes et al., 2009). He proposed that 
environmental putative pathogens can access through the 
GIT disrupting enteric nervous system (ENS) leading to 
alpha-synuclein pathology which could reach to the brain 
in a prion-like fashion (Braak and Del Tredici, 2008; Hawkes 
et al., 2009). Besides environmental putative pathogens, 
other possible mechanism/s for the intestine to trigger 
and promote neuro-inflammation is abnormal microbiota 
composition (so called pro-inflammatory dysbiosis) and/
or disruption of intestinal barrier integrity (so called leaky 
gut) leading to exposure of pro-inflammatory bacteria/
bacterial products to ENS (Hawkes et al., 2010) and 
even central nervous system (CNS) (Guan et al., 2013). 
Indeed, the GIT, especially colon, harbours one of the most 
complex and diverse bacterial community. Disruption in 
the intestinal microbiota community (dysbiosis), by genetic 
and environmental factors, have been associated with a 
wide range of neurodegenenerative disorders, including 
PD (Bedarf et al., 2017; Hasegawa et al., 2015; Hill-Burns 
et al., 2017; Hopfner et al., 2017; Keshavarzian et al., 2015; 
Li et al., 2017; Petrov et al., 2017; Scheperjans et al., 2015; 
Unger et al., 2016).

Although dysbiosis has now been reported in PD, it is not 
yet clear whether changes in the microbiota community 
structure is a trigger for PD pathology. Animal models can 
provide an opportunity to look for this causal link. Indeed, 
our group showed that transplantation of stool from PD 
patients to germ-free alpha-synuclein transgenic mice 
triggered PD like motor deficits and CNS pathologies, 
suggesting that dysbiotic intestinal microbiota can trigger 
PD pathology in a genetically susceptible host (Sampson 
et al., 2016).

Orally gavaged rotenone mice recapitulate many aspects of 
PD including PD like motor deficit, intestinal dysfunction 
(such as slow transit and constipation), alpha-synuclein 
pathology in the intestine and CNS, central and intestinal 

inflammation, and nigral neurodegeneration (Perez-
Pardo et al., 2017). Thus, we posit that the low-dose oral 
rotenone is an appropriate model to interrogate the role 
of microbiota gut-brain axis in PD. We hypothesise that 
rotenone treated mice have dysbiosis and the observed 
intestinal phenotype, such as disrupted intestinal barrier, 
inflammation, alpha-synuclein accumulation in ENS and 
intestinal transit deficits in these mice are associated with 
an altered intestinal microbiota composition. Accordingly, 
we interrogated caecum mucosal-associated and luminal 
microbiota compositions in rotenone treated mice and 
correlated microbiota to their intestinal outcomes. We 
found that low-dose oral rotenone treatment leads to 
dysbiotic mucosal and luminal microbiota structures and 
these changes are significantly correlated with intestinal 
symptoms in our model.

2. Materials and methods

Animal housing

Seven week old C57BL/6J male mice (Jackson Laboratories, 
Bar Harbor, ME, USA) were housed under a 12 h light/dark 
cycle. Food and water were provided ad libitum. Animal 
procedures were approved by the Ethical Committee 
of Animal Research of Utrecht University, Utrecht, the 
Netherlands.

Induction of mitochondrial dysfunction by rotenone in mice

Mice received freshly prepared rotenone (Sigma-Aldrich, 
Zwijndrecht, the Netherlands) solution (10 mg/kg body 
weight; suspended freshly in 4% carboxymethylcellulose 
(Sigma-Aldrich) and 1.25% chloroform (vehicle) once a 
day for 28 days by oral gavage as described before (Perez-
Pardo et al., 2017). Control animals received vehicle. On 
day 28, mice were sacrificed by decapitation and the brain 
and the intestinal tissue were collected for further analysis.

Immunohistochemistry and image analysis

Antibodies for ZO-1 (ab59720, Abcam, Cambridge, UK), 
glial fibrillary acidic protein (Z0334, Dako, Glostrup, 
Denmark), CD3 (ab49943, Abcam) and alpha-synuclein 
(04-1053, Millipore, Burlington, MA, USA) were used to 
evaluate the gut pathology in the different experimental 
groups. Data collection for tight junction barrier integrity 
analyses (ZO-1 integrity) and stereology analyses were 
performed as described before (Perez-Pardo et al., 2017). 
The brains were stained with tyrosine hydroxylase (TH) 
(sc-14007, Santa Cruz Biotechnology, Dallas, TX, USA) and 
iba-1 (019-197410, Wako Pure Chemical, Osaka, Japan) 
antibodies to assess the amount of dopaminergic neurons 
and microglia morphology in the substantia nigra (SN). TH-
immunopositive neurons were assessed using stereology 
counting as previously described (Perez-Pardo et al., 2017). 
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For microglia analysis z-stacks were imaged at 1µm step and 
analysed with Image-J software (https://imagej.net). The 
experimenter designates individual cells and the software 
quantified the number of branches, the number of branches 
endpoints, the branch length, the cell body size and the 
total cell size. 20 cells per region per animal were analysed.

Microbiota profiling and bioinformatic analyses

We chose the caecum as our site of investigation, based on 
our previously characterised data on the small intestine in 
this PD mouse model (Perez-Pardo et al., 2017). Also, the 
caecum is a major site of bacterial fermentation (Brown et 
al., 2017). We chose to interrogate both mucosal associated 
and luminal microbiota communities because each of these 
two compartments have unique microbiota communities 
(Carroll et al., 2011; Durbán et al., 2011; Engen et al., 2017; 
Keshavarzian et al., 2015) with different impacts on the 
host (Kostic et al., 2013). For example, mucosal associated 
microbiota could have more impact on mucosal barrier 
integrity (Huang et al., 2013) and immunity (McDermott 
and Huffnagle, 2014); while fermentation products of 
luminal microbiota community, like short chain fatty acids 
(SCFA), can have a different impact on the host (Basson et 
al., 2016; Canani et al., 2011).

Total DNA was extracted from both mice caecum mucosa 
and caecum luminal content samples (FastDNA bead-
beating Spin Kit for Soil, MP Biomedicals, Solon, OH, USA), 
amplified the V4 variable region of the microbial 16S rRNA 
gene (Earth Microbiome Project primer set, adapted for 
the Illumina platform, San Diego, CA, USA) (Caporaso et 
al., 2012), and sequenced on an Illumina MiSeq (2×151 bp 
reads) at Argonne National Laboratory. Negative controls 
were used with each set of amplifications, which indicated 
no contamination. The raw sequence data (FASTQ files) 
were deposited in the National Center for Biotechnology 
Information (NCBI) Sequence Read Archive (SRA), under 
the BioProject identifier PRJNA387564.

Forward and reverse reads were merged, quality trimmed 
and sequences shorter than 250 bases were discarded (CLC 
Genomics Workbench, v7.0, CLC Bio, Qiagen, Boston, MA, 
USA). Sequences were screened for chimeras (usearch61 
algorithm) (Edgar, 2010), and putative chimeric sequences 
were removed from the dataset (QIIME v1.8.) (Caporaso 
et al., 2010). Each sample sequence set was rarefied to 
25,000 sequences (Gihring et al., 2012) and data were 
pooled, renamed, and clustered into operational taxonomic 
units (OTU) at 97% similarity (usearch61algorithm). 
Representative sequences from each OTU were extracted 
and classified using the uclust consensus taxonomy 
assigner (Greengenes 13_8 reference database). A biological 
observation matrix (McDonald et al., 2012) was generated 
at each taxonomic level (‘make OTU table’ algorithm) 
and analysed and visualised using Primer7 (Clarke, 1993). 

Classification of putative ‘pro-inflammatory’ and putative 
‘anti-inflammatory’ bacteria taxa were based on preceding 
reports (Canani et al., 2011; Hakansson and Molin, 2011; 
Louis and Flint, 2009; MacFarlane and MacFarlane, 2003; 
Wexler, 2007).

Statistical analyses

Alpha diversity indices (within-sample) and beta diversity 
(between-sample) were used to examine changes in 
microbial community structure between mice group 
samples. Alpha diversity indices (i.e. Shannon, Simpson, 
richness, and evenness) were generated using the package 
‘vegan’ implemented in the R programming language. To 
examine differences in community composition between 
samples, pairwise Bray-Curtis dissimilarity (non-
phylogenetic) metric was generated using the Primer7 
software package and used to perform analysis of similarity 
(ANOSIM) calculations; ANOSIM and non-metric 
multidimensional scaling (nMDS) plots were performed at 
the taxonomic level of family, using non-transformed data.

The differences in the relative abundance of individual 
taxa between defined groups were assessed for significance 
using Kruskal-Wallis test controlling for false-discovery 
rate (FDR) corrected p-value, implemented within the 
software package QIIME (Caporaso et al., 2010). Taxa 
with an average abundance of <1% across the sample 
set were removed from the analysis. Microbial relative 
abundances and Firmicutes/Bacteroidetes (F/B) ratios 
between conditions were studied. The relative abundance of 
individual taxa reported in our mouse model was accepted 
at a significance of (FDR-P<0.05).

Mice caecum mucosa and caecum content sample’s 
community functional predictions were performed using 
PICRUSt to infer microbiota function (Phylogenetic 
Investigation of Communities by Reconstruction of 
Unobserved States) (Langille et al., 2013). Differences 
in Kyoto Encyclopedia of Genes and Genomes (KEGG) 
ortholog (KO) abundances between groups were identified 
(Kruskal-Wallis test) (Kanehisa and Goto, 2000). KEGG 
pathways were analysed using the KEGG Mapper pathway 
search function (Kanehisa et al., 2012). PICRUSt analysis 
significance was accepted at (FDR-P<0.05).

In SPSS (V.22) (SPSS, Inc., Chicago, IL, USA), two factor 
analysis of variance (2-way ANOVA), with a Bonferroni 
post-hoc test, was used to analyse differences for parametric 
data satisfying test assumptions for alpha diversity indices. 
Pearson correlations were applied to associate the different 
symptoms developed with rotenone exposure in mice. 
These collective test results were considered statistically 
significant at (P<0.05). All graphs were created using 
GraphPad Prism (v5.00; La Jolla, CA, USA) software.
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3. Results

Mucosal associated and luminal bacteria in a rotenone-
induced mouse model for PD

We assessed microbiota community structure in rotenone 
treated mice using both alpha and beta diversity analyses. 
We found that both mucosal associated and luminal 
microbiota community structure is impacted in rotenone 
treated mice. The caecal mucosa’s richness was significantly 
increased in rotenone-treated mice compared to vehicle-
treated mice (2-way ANOVA: (treatment) F(1,38)=14.90, 
P<0.0001; (Bonferroni Post-Hoc=P<0.01) (Figure 1A); 
while alpha diversity (Shannon index, Simpson index 
and evenness) were not affected by rotenone treatment 
(Figure 1B, 1C and 1D). Furthermore, the luminal (caecal 
content) microbiota showed no significant differences 
in alpha diversity indices between rotenone-treated and 
vehicle-treated mice (data not shown).

Upon examining the beta diversity, at the taxonomic level 
of family, the overall microbial community structure in the 
caecal mucosa of rotenone-treated mice was significantly 
different from vehicle-treated mice (ANOSIM: Global 
R=0.635; P=0.001) (Figure 2A). Similar effects were observed 

in the luminal (caecal content) microbiota community 
composition of rotenone-treated mice (ANOSIM: Global 
R=0.734; P=0.001) (Figure 2B).

At different taxonomic levels (phylum, family, and genus), 
individual taxa showed significant differences in both 
sample sites of the vehicle and rotenone treated mice groups 
(Table 1 and Figure 3). Within the caecal mucosa, rotenone-
treated mice showed a significant increase in the relative 
abundances of the phylum Bacteroidetes (FDR-P<0.01) and 
Firmicutes (FDR-P<0.001), with a decrease in the relative 
abundance of Actinobacteria (FDR-P<0.001), compared to 
vehicle-treated mice (Table 1). However, when the caecal 
content was examined, the rotenone-treated mice showed 
a significantly higher relative abundance of the phylum 
Firmicutes (FDR-P<0.001), and a lower relative abundance 
of Actinobacteria (FDR-P<0.001) (Table 1). Additionally, 
the caecal mucosa Firmicutes-to-Bacteroidetes (F/B) ratio 
indicated a significant rotenone effect (2-way ANOVA: 
(treatment) F(1,38)=7.502, P<0.010) and lower F/B ratio 
(Bonferroni post-hoc: P<0.05) in the rotenone-treated mice 
compared to vehicle-treated mice (Figure 4). For the caecal 
content, the F/B ratio showed no significant difference 
between groups (Figure 4).
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Figure 1. Alpha diversity (within samples) comparisons between vehicle (white bars) and rotenone (black bars) treatments in mice 
in caecal mucosa and content, at the taxonomic level of family. (A) richness; (B) evenness; (C) Shannon index; (D) Simpson index. 
Data expressed as mean + standard error of the mean and analysed with 2-way ANOVA, Bonferroni post-hoc test for n=9-10 per 
group; ** P<0.01 (site); *** P<0.001 (treatment).
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Analysis of similarity (ANOSIM)
Sample statistic (R): 0.635
Significance level of sample statistic: 0.1%
Number of permutations: 999 (Random sample from 92378)
Number of permuted statistics greater than or equal to R: 0

Mucosa 2D Stress: 0.16

Analysis of similarity (ANOSIM)
Sample statistic (R): 0.734
Significance level of sample statistic: 0.1%
Number of permutations: 999 (Random sample from 92378)
Number of permuted statistics greater than or equal to R: 0

Content 2D Stress: 0.16

WT_Rotenone WT_Vehicle

Figure 2. Ordination plots (nMDS plots) of microbial community structure at the taxonomic level of family, using analysis of 
similarity ANOSIM, comparing vehicle (white dots) and rotenone (black dots) treated mice caecal mucosa (A) and content (B), 
n=9-10 mice per group.

Table 1. Rotenone-associated relative abundance individual taxa changes within mice caecal mucosa and content.1,2 

Caecal mucosa Caecal content

Vehicle Rotenone Veh vs Rot 
FDR-P

Vehicle Rotenone Veh vs Rot 
FDR-P

Phylum Actinobacteria 7,109.20 2,226.00 0.00 6,987.90 3,505.20 0.00
Bacteroidetes 540.50 1,606.70 0.01 810.90 1,221.40 0.29
Firmicutes 15,572.20 19,782.60 0.00 15,334.90 19,102.00 0.00
Proteobacteria 1,181.80 629.00 0.76 1,204.60 452.20 0.32
Unassigned; other 490.60 533.40 0.76 614.60 637.40 0.76

Family Actinobacteria; Bifidobacteriaceae 6,731.80 1,835.20 0.00 6,453.00 2,069.60 0.01
Actinobacteria; Coriobacteriaceae 392.00 383.60 0.68 545.70 1,456.20 0.82
Bacteroidetes; Rikenellaceae 63.10 476.10 0.00 87.40 423.60 0.01
Bacteroidetes; S24-7 356.90 860.70 0.01 533.20 578.70 0.48
Firmicutes; Clostridiales (o) 892.60 1,663.40 0.01 1,182.40 1,453.90 0.18
Firmicutes; Erysipelotrichaceae 13,190.20 15,885.00 0.01 12,496.90 15,862.30 0.06
Firmicutes; Lachnospiraceae 423.20 589.10 0.06 617.10 536.00 0.48
Firmicutes; Lactobacillaceae 790.80 737.20 0.88 654.30 583.20 0.82
Firmicutes; Ruminococcaceae 222.70 508.30 0.01 296.50 435.20 0.18
Proteobacteria; Desulfovibrionaceae 922.40 612.40 0.88 1,089.90 444.70 0.56
Unassigned; other 489.40 526.40 0.88 609.40 633.00 0.82

Genus Actinobacteria; Bifidobacteriaceae; Bifidobacterium 6,734.70 1,830.30 0.00 6,448.60 2,074.60 0.01
Actinobacteria; Coriobacteriaceae; g 280.90 288.60 0.97 395.60 1,321.50 0.62
Bacteroidetes; Rikenellaceae; g 59.70 469.20 0.00 85.20 418.30 0.01
Bacteroidetes; S24-7; g 354.10 854.40 0.02 536.20 588.10 0.51
Firmicutes; Clostridiales (o); f; g 891.70 1,661.90 0.02 1,186.80 1,468.70 0.24
Firmicutes; Erysipelotrichaceae; Allobaculum 13,166.10 15,878.10 0.02 12,476.80 15,843.60 0.06
Firmicutes; Lachnospiraceae; g 290.40 312.00 0.13 397.00 286.30 0.51
Firmicutes; Lactobacillaceae; Lactobacillus 784.70 734.10 0.97 659.50 583.10 0.78
Proteobacteria; Desulfovibrionaceae; Desulfovibrio 913.10 567.70 0.97 1,070.50 421.30 0.62
Unassigned; other; other 489.30 534.50 0.97 613.60 633.10 0.82

1 Group-significant testing was performed using Kruskal-Wallis test plus false discovery rate correction (FDR-P), n=9-10 mice per group. Significant 
P<0.05; trend P<0.1.
2 (o) = order; f = unspecified family, g = unspecified genus.
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Figure 3. Stacked column plots depicting the average number of microbial reads per sample, at the taxonomic level of family.
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* Figure 4. Firmicutes-to-Bacteriodetes ratio comparisons 
between vehicle and rotenone treated mice caecal mucosa and 
content, at the taxonomic level of phylum. Data are expressed 
as mean + standard error of the mean and analysed with 2-way 
ANOVA – Bonferroni post-hoc test for n=9-10 per group; * P=0.05 
(site); ** P=0.01 (treatment).
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Additionally, the caecal mucosa of the rotenone-treated 
mice showed a significant (FDR-P<0.05) increase in the 
relative abundances in associated annotated taxonomic 
families: Rikenellaceae, S24-7, Clostridiales_Unclassified, 
Ruminococcaceae and genus Allobaculum (Table 1, Figure 3, 
and Figure 5). Furthermore, rotenone-treated mice showed 
a significant decrease in the relative abundance of the genus 
Bifidobacterium in the caecal mucosa, compared to vehicle-
treated mice (Figure 5). Additionally, these individual 
caecum mucosa taxa differences mentioned were similar 
to the changes seen in the caecal content taxa, between 

rotenone-treated and vehicle-treated mice. Together, these 
beta diversity results suggest that the rotenone treatment 
significantly affected both the caecal mucosa associated 
and luminal microbiota community structure (Figure 5 
and Table 1). These changes in microbiota composition 
such as decreased F/B ratio, increased relative abundance 
of putative pro-inflammatory bacteria Rikenellaceae and 
Allobaculum and decreased relative abundance of putative 
anti-inflammatory bacteria Bifidobacterium, are also 
compatible with a putative pro-inflammatory dysbiotic 
microbiota community in rotenone-treated mice.
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Figure 5. Effect of rotenone on operational taxonomic units (OTUs) of caecal mucosa-associated and content bacteria in mice. 
Mice were orally treated with rotenone (black dots) or vehicle (white dots). Data are expressed as median and analysed with non-
parametric Mann Whitney U test for n=9-10 per group.
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Evidence to support the microbiota-gut-brain axis 
involvement in rotenone-induced PD mice

In an effort to understand how multiple variables are 
similar or dissimilar from each other, correlation analysis 
was performed at the taxonomic level of family. While a 
correlation does not equate to causation, these relationships 
allow us to infer potential relationships. First, correlations 
were assessed to investigate the association between 
caecal bacterial content and intestinal barrier integrity, 
inflammation and alpha-synuclein accumulation in the ENS. 
The intestinal epithelial barrier integrity score, assessed by 
ZO-1 expression, significantly positively correlated with the 
taxonomic level family Bifidobacteriaceae, and negatively 
correlated with taxonomic level families: Rikenellaceae, 
S24-7, unassigned family of the order Clostridiales, 
and Ruminococcaceae in the caecal mucosa (Table 2, 
Supplementary Figure S1). Caecal content correlations were 
similar, except for S24-7 and unassigned family of the order 
Clostridiales, where no significant correlations with ZO-1 
expression. The number of CD3+ T-cells in the colon, (i.e. a 
marker of intestinal inflammation/immune activation) and 
epithelial barrier integrity score both, correlated with these 
similar bacterial taxonomic families in both caecal sample 
sites. In addition, Ruminococcaceae, in the caecal content, 
did not correlate with CD3+ T-cells. The alpha-synuclein 
accumulation in the colonic plexi correlated with the above 
mentioned bacterial families in both the caecal mucosa and 
content as found for the intestinal epithelial barrier integrity 
score, with the exception of Ruminococcaceae in the caecal 
content (Table 2, Supplementary Figures S1 and S2).

Next, the correlation analysis was performed to 
investigate the association between caecal bacteria to 
neuroinflammation and dopaminergic cells loss in the 
SN. Microglial activation in the SN did not correlate with 
any bacterial family from caecal mucosa and content (Table 
2). On the other hand, the dopaminergic cell number in the 
SN, assessed by the number of TH+ cells, was significantly 
inversely correlated with Rikenellaceae, Erysipelotrichaceae, 
Ruminococcaceae and S24-7 (only for mucosal associated 
bacteria), and positively correlated with Bifidobacteriaceae 
(Table 2, Supplementary Figure S1 and S2).

Functional prediction of microbiota associated metabolic 
pathways

Predictive assessment of the microbial community 
functional potential (PICRUSt) was used to infer functional 
differences in the microbiota of rotenone treated versus 
control mice. PICRUSt is a computational tool that allows, 
using 16S rRNA amplicon data, to predict the genes that 
are present, to calculate their abundance, assign them 
to metabolic pathways using KEGG and then test the 
difference between rotenone and vehicle treated mice. In 

caecal mucosa associated bacteria most KEGG pathways 
suggested more genes in the rotenone treated mice. Among 
all the tested metabolic pathways, twelve were suggested to 
be significantly upregulated and nine showed a suggestive 
trend when comparing rotenone-treated mice with controls. 
In particular, rotenone induced a significant (FDR-P<0.05) 
enhancement of the following pathways: glycan biosynthesis 
and metabolism; metabolism of terpenoids and polyketides; 
xenobiotics biodegradation and metabolism; metabolism 
of other amino acids; biosynthesis of other secondary 
metabolites amino acid metabolism lipid metabolism 
(Table 3). Only three metabolic pathways were found to 
be significantly downregulated (FDR-P<0.05) in the caecal 
mucosal-associated bacteria after rotenone treatment in 
mice: xenobiotics biodegradation and metabolism and 
metabolism of cofactors and vitamins (Table 3). For the 
caecal content associated bacteria, KEGG pathways had 
suggested fewer genes in the rotenone treated mice. Eight 
metabolic pathways were significantly downregulated 
(FDR-P<0.05) and four pathways showed a trend 
when comparing rotenone-treated mice with controls 
(Table 4). In particular, rotenone induced a significant 
(FDR-P<0.05) reduction of the following pathways: 
xenobiotics biodegradation and metabolism; metabolism 
of cofactors and vitamins; carbohydrate metabolism; 
amino acid metabolism and fatty acid metabolism (Table 
4). No significantly different KEGG pathways with greater 
abundance in rotenone relative to vehicle treated mice 
were found.

4. Discussion

The intestinal microbiota composition (and its 
metabolites including short chain fatty acids (SCFAs)) 
is a major component of the gut-brain axis. If disrupted, 
the microbiota composition and function could lead to 
abnormal gut-brain axis interactions causing altered 
maturation and inflammatory capabilities of microglia 
and neurodegeneration (Erny et al., 2015). Indeed, multiple 
studies have demonstrated dysbiosis in several neuro-
behavioural disorders in patients and animal models, 
like depression/anxiety (Clapp et al., 2017; Rogers et al., 
2016), PTSD (Leclercq et al., 2016), multiple sclerosis 
(Miyake et al., 2015), multiple system atrophy (Engen 
et al., 2017), autism spectrum disorders (Li et al., 2017), 
impaired cognition (Fröhlich et al., 2016) and of course PD 
(Keshavarzian et al., 2015).

This is the first study investigating changes in both caecal 
mucosa and caecal content microbiota compositions, and 
possibly associated metabolic pathways in a mouse model 
for PD. We found that rotenone treated mice have putative 
pro-inflammatory dysbiotic mucosa associated and luminal 
microbiota communities, and the dysbiotic microbiota 
correlated with PD like functional and pathological changes 
in both the intestine and the brain.
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Table 2. Correlations between intestinal barrier dysfunction (ZO-1 scoring data); colonic T-cell infiltration (CD3+ cells in colon); 
accumulation of alpha-synuclein in enteric plexi of colon; microglial activation and dopaminergic cells loss (loss of TH+cells) in 
substantia nigra (SN) with those bacterial family associated with caecal mucosa or found in the caecal content that were changed 
by rotenone treatment expressed as Pearson correlation coefficients.1

Phylum Class Order Family Mucosa
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r T

H+
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 S
N

Actinobacteria Actinobacteria Bifidobacteriales Bifidobacteriaceae r=0.79 r=-0.77 r=-0.77 r=-0.22 r=0.80
P<0.0001 P<0.0001 P<0.0001 ns P<0.0001

Bacteriodetes Bacteroidia Bacteroidales Rikenellaceae r=-0.67 r=0.77 r=0.68 r=0.54 r=-0.68
P=0.0011 P<0.0001 P=0.0010 P=0.0885 P=0.001

S24-7 r=-0.47 r=0.63 r=0.38 r=0.08 r=-0.38
P=0.0346 P=0.0032 P=0.0962 ns P=0.0960

Firmicutes Clostridia Clorstridiales - r=-0.51 r=0.40 r=0.54 r=-0.06 r=-0.30
P=0.0217 P=0.0782 P=0.0134 ns ns

Lachnospiraceae r=-0.25 r=0.19 r=0.17 r=-0.13 r=0.01
ns ns ns ns ns

Ruminoccaceae r=-0.72 r=0.67 r=0.64 r=-0.01 r=-0.41
P=0.0003 P=0.0012 P=0.021 ns P=0.0691

Erysipelotrichi Erysipelotrichales Erysipelotrichaceae r=-0.40 r=0.35 r=0.42 r=0.22 r=-0.63
P=0.0822 ns P=0.0614 ns P=0.0030

Content
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Actinobacteria Actinobacteria Bifidobacteriales Bifidobacteriaceae r=0.72 r=-0.74 r=-0.73 r=-0.22 r=0.78
P=0.0003 P=0.0002 P=0.0003 ns P<0.0001

Bacteriodetes Bacteroidia Bacteroidales Rikenellaceae r=-0.54 r=0.56 r=0.52 r=0.57 r=-0.62
P=0.0142 P=0.0097 P=0.0176 P=0.0689 P=0.0038

S24-7 r=-0.10 r=0.20 r=-0.01 r=-0.09 r=-0.06
ns ns ns ns ns

Firmicutes Clostridia Clorstridiales - r=-0.15 r=0.14 r=0.23 r=-0.17 r=-0.19
ns ns ns ns ns

Lachnospiraceae r=0.08 r=-0.02 r=-0.04 r=-0.43 r=-0.00
ns ns ns ns ns

Ruminoccaceae r=-0.46 r=0.32 r=0.35 r=-0.11 r=-0.17
P=0.0430 ns ns ns ns

Erysipelotrichi Erysipelotrichales Erysipelotrichaceae r=-0.46 r=0.36 r=0.52 r=0.47 r=-0.46
P=0.0395 ns P=0.0180 ns P=0.0437

1 Significant difference P<0.05: trend P≤0.10. See Supplementary Figure S1 and S2 for scatter plots of all significant correlations.
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Our group has previously shown that oral exposure to 
rotenone induced intestinal dysfunction and inflammation 
in the colon (Perez-Pardo et al., 2017). Others have shown 
that chronic administration of rotenone in rodents caused 
gut inflammation, a decrease in stool frequency and 
delayed gastric emptying (Greene et al., 2009; Pan-Montojo 
et al., 2010). Tasselli et al. (2013) also showed that the 
repeated oral administration of rotenone in mice decreased 
faecal pellet output, but they could not detect changes 
in gastric emptying or total intestinal transit. Yang et al. 
(2017) showed changes in faecal microbiome (dysbiosis 
characterised by an overall decrease in bacterial diversity 
and a significant change of microbiota composition) and 
pathologic processes, using a rotenone-induced PD mice 

model over a period of four weeks. Moreover, rotenone-
induced GI and motor dysfunctions correlated with changes 
in the composition of faecal microbiota. Very recently, 
Johnson et al. (2018) demonstrated that intraperitoneal 
rotenone administration in rats alters small intestinal and 
colonic microbiome composition and reproduces clinical 
symptoms of gastroparesis before nigrostriatal pathology 
is evident.

Here, we show rotenone treatment associated microbiome 
changes at different taxonomic levels in the cecum’s mucosa 
and luminal content of a PD mice model. The murine 
microbiota compositions of caecal mucosa-associated 
and caecal content were more or less similar regardless 

Table 3. List of different KEGG pathways with greater abundance in rotenone relative to vehicle treated wildtype (WT) mice & greater 
abundance in vehicle relative to rotenone treated WT mice, as inferred using PICRUSt analysis of caecal mucosal microbiomes.

Pathway caecum mucosa1 FDR-P-value2 Abundance mean, 
rotenone WT

Abundance mean, 
vehicle WT

rotenone/vehicle 
ratio

gbm glycosphingolipid biosynthesis – ganglio series 0.05 4,956 1,516 3.27
gbm glycosaminoglycan degradation 0.04 7,945 2,477 3.21
mtp biosynthesis of siderophore group nonribosomal peptides 0.04 1,180 483 2.44
xbm atrazine degradation 0.07 2,976 1,592 1.87
xbm caprolactam degradation 0.10 3,436 2,054 1.67
xbm styrene degradation 0.09 2,322 1,413 1.64
moa beta-alanine metabolism 0.05 29,818 19,531 1.53

sporulation 0.09 81,254 54,120 1.50
xbm aminobenzoate degradation 0.05 25,969 17,778 1.46
bsm butirosin and neomycin biosynthesis 0.05 13,650 9,429 1.45
aam lysine degradation 0.05 38,598 26,753 1.44
lm lipid metabolism 0.05 18,865 13,190 1.43
bsm biosynthesis and biodegradation of secondary metabolites 0.05 13,581 9,641 1.41
aam amino acid metabolism 0.05 51,344 37,920 1.35
aam tryptophan metabolism 0.08 42,834 32,187 1.33
mt phosphotransferase system 0.08 336,956 254,162 1.33
xbm bisphenol degradation 0.05 22,504 17,193 1.31
mcv porphyrin and chlorophyll metabolism 0.08 120,779 92,810 1.30
moa cyanoamino acid metabolism 0.08 50,406 38,980 1.29
lm glycerolipid metabolism 0.05 98,758 78,235 1.26
xbm nitrotoluene degradation 0.07 15,314 12,352 1.24

Abundance mean, 
vehicle WT

Abundance mean, 
rotenone WT

vehicle/rotenone 
ratio

xbm chlorocyclohexane and chlorobenzene degradation 0.01 6,763 2,847 2.38
mcv retinol metabolism 0.01 8,011 3,648 2.20
xbm metabolism of xenobiotics by cytochrome P450 0.02 7,823 3,664 2.13

1 aam = amino acid metabolism; bsm = biosynthesis of other secondary metabolites; cm = carbohydrate metabolism; fam = fatty acid metabolism; gbm 
= glycanbiosynthesis and metabolism; lm = lipid metabolism; mcv = metabolism of cofactors and vitamins; moa = metabolism of other amino acids; mt = 
membrane transport; mtp = metabolism of terpenoids and polyketides; xbm = xenobiotics biodegradation and metabolism.
2 P<0.05, significant different; P≤0.10, trend.
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of the treatment. All in all, the effects of rotenone were 
more pronounced on the mucosa-associated microbiota 
composition. This could be explained by the direct 
epithelium damaging effects of rotenone leading to a 
disruption of the microbiota-host interaction.

Rotenone-induced dysbiosis can (further) disrupt 
the epithelial integrity, leading to gut leakiness, innate 
immune activation and possibly systemic inflammation 
(Caricilli et al., 2014; Ivanov and Honda, 2012; Nishio 
and Honda, 2012). Enhanced exposure to more putative 
pro-inflammatory bacteria and their products, originated 
from the caecum and possibly the colon, might activate 
mucosal immune cells that in turn can modulate the 
local and remote (upper intestinal tract and even other 
organs) immune responses (Lathrop et al., 2011). Pro-
inflammatory bacteria and/or bacterial products, such as 
lipopolysaccharides, might induce inflammation, immune 
activation and the associated oxidative stress locally in 
the intestinal tract, but possibly also remotely in the brain 
(Cryan and Dinan, 2012). Oxidative stress could initiate 
alpha-synuclein pathology in the ENS (Shults, 2006) that 
could spread in a prion-like fashion through connected 
neurons to the SN (Braak and Del Tredici, 2008; Desplats 
et al., 2009; Hawkes et al., 2009; Holmqvist et al., 2014). 
Moreover, gut-derived bacterial products or the peripheral 
inflammatory response could impact the brain through 
systemic mechanisms. Indeed, the relative abundances 
of putative pro-inflammatory bacteria were increased in 
our rotenone-treated mice: family/(genus) Rikenellaceae 

(unspecified genus) and Erysipelotrichaceae (Allobaculum). 
Mice fed with a high fat diet developed an increased 
abundance of Rikenellaceae and colonic inflammation 
(Kim et al., 2012). This high fat diet-induced increase of 
Rikenellaceae might exacerbate inflammation via the TLR4 
signalling pathway. Erysipelotrichaceae (Allobaculum) 
has been shown to be positively correlated with intestinal 
inflammation and leaky gut, induced by high cholesterol 
diet in rats (Lee et al., 2015). In addition, western type diet 
induced overweight, leaky gut and intestinal inflammation 
is also associated with high levels of Allobaculum (Boudry 
et al., 2017). Taken together, the enhanced abundance of 
Erysipelotrichaceae in the rotenone-induced PD model 
might be involved in the intestinal inflammatory response.

At the family level, significant correlations between 
rotenone-associated microbial changes and intestinal 
inflammation and enteric alpha-synuclein pathology were 
found, supporting the importance of the microbiota in local 
immune responses. We acknowledge that alpha-synuclein 
pathology is not specific for PD and can be seen in the 
intestine and brain of other neurological disorders like 
Parkinsonism, including multiple system atrophy (Prusiner 
et al., 2015; Yoshida, 2007) and lewy body dementia 
(Campbell et al., 2000) and even in autopsy/biopsy samples 
from individuals with no history of PD (Gray et al., 2014; 
Visanji et al., 2015). Additionally, neuroinflammation and 
dopaminergic cells loss in the SN also correlated with 
several bacterial families. This suggests that the CNS 
response in the mouse model for PD might be regulated by 

Table 4. List of different KEGG pathways with greater abundance in vehicle relative to rotenone treated WT mice, as inferred using 
PICRUSt analysis of caecum content microbiomes.1

Pathway caecum content2 FDR-P-value3 Abundance mean, 
vehicle WT

Abundance mean, 
rotenone WT

vehicle/rotenone 
ratio

xbm chlorocyclohexane and chlorobenzene degradation 0.01 8,078 3,191 2.53
mcv retinol metabolism 0.01 9,561 3,781 2.53
xbm metabolism of xenobiotics by cytochrome P450 0.01 9,450 3,768 2.51
xbm xylene degradation 0.02 15,011 7,748 1.94
xbm dioxin degradation 0.02 15,092 7,883 1.91
xbm naphthalene degradation 0.02 30,669 17,127 1.79
mcv lipoic acid metabolism 0.04 6,852 4,283 1.60
xbm toluene degradation 0.10 16,909 10,616 1.59
cm C5-branched dibasic acid metabolism 0.10 57,449 36,995 1.55
aam valine, leucine and isoleucine biosynthesis 0.08 152,653 112,703 1.35
xbm chloroalkane and chloroalkene degradation 0.04 60,944 45,352 1.34
fam fatty acid metabolism 0.06 73,741 57,431 1.28

1 No significantly different KEGG pathways with greater abundance in rotenone relative to vehicle treated mice were found.
2 aam = amino acid metabolism; cm = carbohydrate metabolism; fam = fatty acid metabolism; mcv = metabolism of cofactors and vitamins; xbm = 
xenobiotics biodegradation and metabolism.
3 P<0.05, significant different; P≤0.10, trend.
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specific pro-inflammatory bacteria. Recent studies in mice 
overexpressing alpha-synuclein support the importance of 
the microbiota in PD symptoms development. Germ-free 
or antibiotic treated alpha-synuclein overexpressing mice 
were protected against neuroinflammation and motor 
dysfunction (Sampson et al., 2016).

Yang and colleagues analysed faecal microbiome using an 
oral rotenone model of PD from a longitudinal study over 
a period of 4 weeks in male C57BL/6 mice, aged between 
8 and 9 weeks. After 4 weeks of rotenone, they found a 
decrease in Simpson’s diversity, with microbial shifts at the 
main bacterial phyla, resulting in an increased F/B ratio 
(Firmicutes increased; Bacteroidetes decreased) (Yang et 
al., 2017). In comparison, our C57BL/6 mice, aged seven 
weeks, indicated increased richness (only caecal mucosa), 
pertaining to alpha diversity after 4 weeks of oral rotenone. 
The relative abundance of Firmicutes was also increased 
(both caecal sites) in our study. In contrast to Yang et al. 
(2017), the relative abundances of Bacteroidetes increased 
(both caecal sites), Actinobacteria decreased (both caecal 
sites), and the F/B ratio decreased (only caecal mucosa) 
in our rotenone-treated mice. Furthermore, Yang et al. 
(2017) faecal genus individual taxa differences were not 
significantly different in our caecum mucosal and content 
rodent model. The variability between studies could be 
attributed to three major factors: (1) different rotenone 
oral dose concentrations; Yang et al. (2017) administered 
a high rotenone dose of 30 mg/kg, while we gavaged a low 
rotenone dose of 10 mg/kg. (2) different GI sites; Yang et 
al. (2017) studied faeces, while we studied both caecum 
mucosal and luminal (caecum content). Previous microbiota 
studies have shown that sample collection from different 
areas of the GIT, produce significantly different overall 
microbial compositions (Carroll et al., 2011; Durbán et 
al., 2011; Engen et al., 2017; Keshavarzian et al., 2015). (3) 
different sequencing techniques; Yang et al. (2017) study 
sequences the V4 and V5 regions, while we sequenced 
only the V4 region.

It should be noted that direct comparison of microbiota data 
in rodents with human is not appropriate because major 
differences in the environments of human and rodents, 
such as diet, and the fact that environmental factors have 
a major impact on microbiota community (Nguyen et al., 
2015). Indeed, even comparisons of microbiota read outs in 
mice between different laboratories can lead to inaccurate 
conclusions due to different methods of sample collection 
(Hufeldt et al., 2010), site of samples (caecal content, stool 
or mucosa), method of microbiota interrogation and 
environment (so called cage effects) (Hildebrand et al., 2013; 
Laukens et al., 2016). None the less, when we compared 
our study to human PD microbiota studies, we found few 
similarities, however; overall both rodent PD models and PD 
patients both had a putative ‘pro-inflammatory’ dysbiotic 
microbial community. Of note, at the taxonomic level of 

genus, our rotenone-treated mice exhibited a significant 
lower abundance of Bifidobacterium at both caecal sites. 
Recently, Minato et al. (2017) analysed 36 PD patients 
faecal microbiota and suggested that Bifidobacterium 
might play a protective role against psychic symptoms, 
which would be explained by its antioxidant effect and 
its contribution to the release of serotonin in the brain. 
A deficit of Bifidobacterium in subjects with Parkinson’s 
disease might be a predictive factor for symptom worsening 
in a two-year period (Minato et al., 2017). Also consistent 
with our rotenone-treated mice caecal mucosa results, a 
trend toward a lower F/B ratio in PD patients was observed 
between PD and control groups faecal microbiota in the 
study by Keshavarzian et al. (2015).

There are several limitations in our study. First, we used 
PICRUSt analysis to infer changes in microbiota function 
and our findings should be confirmed by more robust 
techniques like shotgun metagenomics and metabolomics 
in the future studies. Second, future longitudinal and 
interventional studies are required to confirm our observed 
correlation between dysbiotic microbiota and PD, like 
functional and pathological changes in order to establish 
causal link between dysbiosis and PD pathology including 
microglia activation, alpha-synuclein misfolding/aggregates 
and DA loss. Third, we interrogated microbiota in the 
caecum and further studies are needed to determine 
whether microbiota communities in other GI sites, like 
small bowel, are affected by rotenone treatment and 
whether the changes in microbiota community in the 
stomach and small intestine correlate more robustly with 
the observed reduced transit time and disturbed stomach 
emptying (Perez-Pardo et al., 2017). This has relevance 
to PD, because a subset of patients with PD have small 
intestinal bacterial overgrowth (Gabrielli et al., 2011; Tan 
et al., 2014).

In conclusion, the mouse model for PD induced by the 
pesticide rotenone is associated with dysbiotic mucosal and 
luminal microbiota community structures characterised 
by enhanced abundance of (human relevant) putative pro-
inflammatory intestinal bacteria at the expense of beneficial 
commensal bacteria in caecal mucosa and caecal content. 
Also, the dysbiotic microbiota correlated with several 
aspects of PD like pathology and functional deficit in the 
intestine and brain.
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Supplementary material

Supplementary material can be found online at https://doi.
org/10.3920/BM2017.0202.

Figure S1. Graphical representation of the significant 
correlations between different parameters and bacterial 
families found in the caecal mucosa.

Figure S2. Graphical representation of the significant 
correlations between different parameters and bacterial 
families found in the caecal content.
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