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Abstract
Objective Recent evidence suggesting an important role of
gut-derived inflammation in brain disorders has opened up
new directions to explore the possible role of the gut-brain
axis in neurodegenerative diseases. Given the prominence of
dysbiosis and colonic dysfunction in patients with Parkinson’s
disease (PD), we propose that toll-like receptor 4 (TLR4)mediated intestinal dysfunction could contribute to intestinal
and central inflammation in PD-related neurodegeneration.
Design To test this hypothesis we performed studies in
both human tissue and a murine model of PD. Inflammation,
immune activation and microbiota composition were
measured in colonic samples from subjects with PD and
healthy controls subjects and rotenone or vehicle-treated
mice. To further assess the role of the TLR4 signalling in
PD-induced neuroinflammation, we used TLR4-knockout
(KO) mice in conjunction with oral rotenone administration
to model PD.
Results Patients with PD have intestinal barrier disruption,
enhanced markers of microbial translocation and higher
pro-inflammatory gene profiles in the colonic biopsy
samples compared with controls. In this regard, we found
increased expression of the bacterial endotoxin-specific
ligand TLR4, CD3+ T cells, cytokine expression in colonic
biopsies, dysbiosis characterised by a decrease abundance
of SCFA-producing colonic bacteria in subjects with
PD. Rotenone treatment in TLR4-KO mice revealed less
intestinal inflammation, intestinal and motor dysfunction,
neuroinflammation and neurodegeneration, relative to
rotenone-treated wild-type animals despite the presence of
dysbiotic microbiota in TLR4-KO mice.
Conclusion Taken together, these studies suggest that
TLR4-mediated inflammation plays an important role in
intestinal and/or brain inflammation, which may be one of
the key factors leading to neurodegeneration in PD.
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The mechanism of neurodegeneration in Parkinson’s disease (PD) remains unknown but converging
evidence suggests that inflammation-derived oxidative stress and cytokine toxicity may play a critical
role.1–7 The intestinal tract could be a contributing
factor to the neurodegenerative processes in PD.
Intestinal dysfunctions including constipation are
common in PD and can begin decades before the
onset of motor symptoms. In this regard, studies
by our group8 9 and others10–13 suggest that the

Significance of this study
What is already known on this subject?

►► Parkinson’s disease (PD) symptoms go beyond

motor dysfunction since patients very often
develop non-motor problems including GI
dysfunctions.
►► GI symptoms can begin decades before the
onset of motor symptoms and are major
determinants for quality of life of patients with
PD.
►► The intestinal tract could be a major
source of inflammation contributing to
neurodegeneration in PD.
What are the new findings?

►► Patients with PD have an increased expression

of the bacterial endotoxin-specific ligand
toll-like receptor 4 (TLR4), intestinal barrier
disruption, enhanced makers of bacterial
translocation and higher pro-inflammatory
gene profiles in the colon when compared with
healthy controls.
►► Rotenone treatment in TLR4-knock out
mice shows less intestinal inflammation.
Intestinal and motor dysfunction, brain
neuroinflammation and neurodegeneration
relative to rotenone-treated wild-type animals.
How might it impact on clinical practice in the
foreseeable future?
►► TLR4 (gut)-mediated inflammation might be
involved in PD development and therefore
might be an important target for future
treatments of PD.
►► There is a need for further investigation into
the role of TLR4-mediated intestinal and
neuroinflammation and gut-brain interactions
in the pathogenesis of PD.

intestinal tract, especially the colon and its microbiota community,14 could be a major source of
inflammation contributing to neurodegeneration.
Our group and others report that patients
with PD exhibit a pro-inflammatory microbiota
profile9 12 15–17 with a reduction in beneficial
products such as short chain fatty acids.13 Reconstitution of the faecal microbiota in germ-free
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Role of TLR4 in the gut-brain axis in Parkinson’s
disease: a translational study from men to mice

Gut microbiota

Methods
Part I: human study
Healthy control subjects and subjects with PD
HC subjects (n=6) and non-constipated patients with PD (n=6)
were recruited by Rush University Medical Center (RUMC)
(Chicago, Illinois, USA) (online supplementary table S1). All
subjects signed a consent form for use of their samples and
data to be part of a RUMC Institutional Review Board-approved GI repository and the ongoing research. HC subjects
had no history of GI or neurological disorders. Subjects with
PD diagnosed by the UK Parkinson's Disease Research Society
Brain Bank criteria were recruited according to a previously
published protocol.23
830

Collection of colon biopsies, faecal and blood samples

Study samples were collected after overnight fast and the
morning dose of levodopa was given after collection. Subjects
underwent an unprepped, limited sigmoidoscopy by one of
the authors (AK) and eight mucosal biopsy samples were
taken from distal sigmoid colon and stool collected from
each subject, as published previously23 and described in the
online supplemental material and methods. Six millilitres
of blood was collected using normal aseptic techniques.
Plasma was separated by centrifugation at 1500×g at 4°C for
15 min and stored at −80°C for LPS-binding protein (LBP)
measurements.

Intestinal permeability and endotoxin (LBP) measurements

All subjects with PD and HC subjects followed our established protocol to measure total gut permeability.8 All subjects
fasted overnight and subsequently ingested a sugar mixture
containing 2 g mannitol, 7.5 g lactulose, 40 g sucrose and 1 g
sucralose. Urine samples were collected 24 hours after oral
sugar probe administration and frozen in liquid nitrogen for
gas chromatography analyses as established27 to measure total
excreted sugar levels. Systemic levels of bacterial endotoxin
were determined using LBP measurements according to our
established procedure from subjects with PD (n=5) and HC
subjects (n=5).28

Immunocytochemistry and microscopic analyses

Immunofluorescence staining and microscopic analyses in
human biopsies (n=6 subjects with PD and n=6 HC subjects)
were performed to assess integrity of the tight junctional protein
zonula occludens 1 (ZO-1) and TLR4 markers, as previously
published29 and described in the online supplemental material
and methods.

mRNA expression analyses

Genes specific for microbiota-induced intestinal inflammation
and gut dysfunction were evaluated according to a published
protocol,30 and described in the online supplemental material
and methods.

Statistical analyses

All data are expressed as mean±SEM. Differences between
HC and PD groups were statistically analysed with an unpaired
two-tailed t-test. Correlations were performed using non-parametric analysis. Significance was selected at p<0.05. Analyses
were performed using Graph Pad Prism V.1.5.

Part II: mice study
Animal housing

C57BL/6J wild-type (WT) and TLR4-KO mice (Jackson Laboratories) aged 7 weeks were housed under a 12-hour light/dark
cycle. Food and water were provided ad libitum.

Mouse model for PD

WT and TLR4-KO mice received a rotenone (Sigma-Aldrich,
The Netherlands) solution (10 mg/kg suspended freshly in 4%
carboxymethylcellulose and 1.25% chloroform vehicle) once a
day for 28 days by oral gavage, as described before.31 Control
animals received vehicle. On day 28, mice were sacrificed and
the brain and the intestinal tissue were collected for analysis.
Perez-Pardo P, et al. Gut 2019;68:829–843. doi:10.1136/gutjnl-2018-316844
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alpha-synuclein (α-syn) transgenic PD mice using stool from our
patients with PD exacerbates motor symptoms and pathology
in this PD model.18 In addition, the microbiota via mechanisms
including metabolite production can impact immune and inflammatory pathways leading to the peripheral and central immune
activation and inflammation.19 20 Finally, the intestinal barrier is
critical to separate the pro-inflammatory contents of the intestine from the systemic circulation. Intestinal hyperpermeability
is observed in patients with PD8 and likely contributes to microbiota-initiated inflammation in PD.
Consequences of intestinal dysbiosis and/or intestinal barrier
dysfunction include immune activation and inflammation. Examples include involvement of toll-like receptor (TLR) pathway
activations and abnormal immune activations such as CD3 T
cells. Increased T-cell trafficking into the colonic mucosa is a
feature associated with constipated patients with PD.21 In addition, activation of various TLRs, specifically TLR4 is of interest
since the Gram-negative bacteria activate this receptor. If abnormalities in the microbiome (especially favouring lipopolysaccharide (LPS) producers) are an initial trigger for PD pathogenesis
in the intestinal tract, TLR4 might be the first point of microbial
interaction.
There are several potential mechanisms by which intestinal
inflammation and immune activation secondary to intestinal
dysbiosis or intestinal barrier dysfunction might lead to central
nervous system pathology. Inflammation and immune activation
could initiate α-syn pathology in the enteric nervous system that
then spreads in a prion-like fashion via the vagus nerve to the
lower brainstem, and then the substantia (SN).22 Our group and
others have shown α-syn accumulations in colonic tissue from
patients with PD prior to the onset of motor symptoms.23–25
Alternatively, gut-derived bacterial products or the peripheral
inflammatory response (eg, cytokine production) could impact
the brain through systemic mechanisms including disruption
of the blood-brain barrier as is observed in patients with PD.26
Thus, chronic activation of intestinal and peripheral immune
cells and pro-inflammatory cytokines could initiate or promote
neurodegeneration leading to PD.
Taken together, we hypothesise that microbiota dysbiosis and
gut leakiness to bacterial endotoxins activates TLR4-mediated
inflammatory cascades leading to neurodegeneration in PD. To
test this hypothesis, we performed studies in both human tissue
and a murine model of PD. Inflammation and immune activation
were measured in colonic mucosal samples from subjects with
PD and healthy controls (HC) subjects and rotenone or vehicle-treated mice. To further assess the role of the TLR4 receptor,
we used TLR4-knockout (KO) mice in conjunction with oral
rotenone administration to model PD.

Gut microbiota
Motor function assessment

Intestinal transit and colon length

Thirty minutes before sacrificing the mice, a solution of 2.5%
Evans blue (Sigma-Aldrich) in 1.5% methylcellulose (0.3 mL
per animal) was intragastrically administered to the mice. After
euthanasia, intestinal transit was measured as the distance from
the pylorus to the most distal point of migration. In addition, the
length of the colon was measured.

Assessment of intestinal barrier integrity

We elected to assess integrity of tight junctional protein in the
colon of our mice as a marker of the intestinal barrier function
using immunocytochemistry and image analysis as described in
the online supplemental material and methods. This selection
was based on: 1) established evidence showing that disruption
of the apical junctional complex proteins like ZO-1 is a reliable marker of a disruption of intestinal barrier function32 33
and 2) our finding that showed a robust and significant correlation between ZO-1 expression and urinary sucralose levels
(online supplementary table S2).

Immunocytochemistry

Immunoperoxidase and immunofluorescence staining for the
brain and gut samples were performed, as published previously31
and explained in the online supplemental material and methods.

Microbiota analysis

Microbiota composition was interrogated in both human
and mice using 16S ribosomal RNA sequencing as previously
explained9 34 and described in the online supplemental material
and methods.

Statistical analyses

Experimental results are expressed as mean ±SEM. Differences
between groups in the animal experiment were statistically analysed with a two-way analysis of variance (ANOVA) followed by
a Tukey’s multiple comparison test. Rotarod test results were
analysed with a general linear model repeated measure ANOVA,
with the within-subject factor time and the between-subject
factor treatment (vehicle vs rotenone) and genotype (WT vs
TLR4-KO). Pearson's correlations were applied to associate the
different symptoms developed with rotenone exposure in mice.
Results were considered statistically significant when p value was
<0.05. Analyses were performed using SPSS V.22.0.

Results
Part I: human study in subjects with PD and HC subjects
Subjects with PD showed intestinal barrier dysfunction

Bowel habit was assessed using a structured GI symptom severity
index and Bristol stool score and none of the patients with PD
had clinically significant constipation (online supplementary
table S1). PD symptoms were assessed using the Unified Parkinson’s Disease Rating Scale (UPDRS) and the modified Hoehn and
Yahr scale (HYStage) (online supplementary table S1).35 36 The
current study confirmed intestinal hyperpermeability in subjects
with PD (mean±SEM: 2.33%±0.30% sucralose excretion)
compared with HC (0.97±0.28), as we reported previously.8
Specifically, subjects with PD had significantly higher 24 hours
urinary excretion of sucralose after ingestion of the sugar cocktail
Perez-Pardo P, et al. Gut 2019;68:829–843. doi:10.1136/gutjnl-2018-316844

(n=6, unpaired two-tailed t-test: t(10)=3.36, p=0.01; figure 1A).
However, no group differences were observed in 5-hour urinary
lactulose, mannitol or the lactulose/mannitol ratio (data not
shown) suggesting that disruption of intestinal barrier function
in patients with PD primarily involved the colon.
Intestinal barrier dysfunction permits the passage of
bacteria and bacterial products such as LPS into the intestinal mucosa and the systemic circulation. LPS binds to the
soluble acute-phase protein LBP presenting LPS to cell surface
pattern receptors such as CD14 and TLR4, which are responsible for consequent innate immunity. Lower levels of LBP
potentiate the cell's response to LPS by facilitating transfer
of LPS molecules to its receptor CD14,37 whereas higher
levels of LBP inhibit cell responses to LPS by transferring the
LPS to high-density lipoproteins38 or by promoting internalisation of LPS without triggering inflammatory cell stimulation.39 Similar to our previous report,28 reduced levels of
LBP were found in plasma samples from subjects with PD
(15.73±3.75 µg/mL) compared with HC (33.47±6.20 µg/mL)
subjects (n=5, unpaired two-tailed t-test: t(8)=2.45, p=0.04;
figure 1B).
The intestinal barrier is maintained by a series of junctional
proteins including a major tight junction protein ZO-1. Immunofluorescence staining in HC displayed continuous expression of
ZO-1 protein at the apical surface of the crypts (figure 1C-a,b).
In contrast, ZO-1 immunofluorescence in PD cases was reduced
in the colonic sigmoid mucosa (figure 1C-c,d). Average integrity
scoring data per group showed significant disruption in the ZO-1
expression in subjects with PD (1.58±0.05) compared with HC
subjects (2.32±0.18) for combined both apical junction of the
crypts and epithelial lining (n=6, unpaired two-tailed t-test:
t(10)=3.917, p=0.0029; figure 1D). Taken together, these data
demonstrate that patients with PD have disrupted colonic barrier
integrity. Both the PD-associated reduced colonic ZO-1 expression and to a lesser extent increased urinary sucralose significantly correlated with enhanced colonic mRNA expression of
inflammatory mediators and enhanced LBP plasma levels (ZO-1
scoring and LBP: p<0.05, R=0.831) (online supplementary
table S2 and S3). Although these correlations does not equate to
causation, these relationships allow us to infer potential causes.

Subjects with PD showed evidence of mucosal inflammation
and immune activation

HC showed occasional TLR4 immunoreactivity in the lamina
propria (figure 1E-a,b). This staining profile was enhanced in
subjects with PD (figure 1E-c,d). Analyses of TLR4+ cells in the
lamina propria supported the qualitative observations. In this
regard, HC displayed (41.30±9.76) cells; an estimate significantly lower that PD cases (127.9±30.47) (n=6; unpaired
two-tailed t-test: t(10)=2.71, p=0.02, figure 1F). For further evaluation, immunofluorescence staining was performed. Confocal
microscope showed restricted TLR4 immunoreactivity to the
apical surface of the crypt in samples from HC with minimal
expression in the lamina propria. In comparison to HC subjects,
biopsies from subjects with PD showed TLR4 immunoreactivity
at the apical surface and the basolateral surface of the crypts but
importantly TLR4 immunoreactivity was also observed in the
lamina propria of colonic tissue. These data demonstrate that
PD is associated with an increase in TLR4+ cells in the intestinal
mucosa.
Occasional CD3+ T cells were observed in the lamina propria
of HC samples (figure 1G-a,b). These cells were in close proximity to the basolateral surface of the crypts. In contrast, subjects
831
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Motor function of mice was assessed by the Rotarod test as
described before31 and as described in the online supplemental
material and methods.

Gut microbiota

with PD showed higher CD3+ T-cell numbers in the lamina
propria as opposed to being in close proximity to the basolateral
surface (figure 1G-c,d). Analyses showed a significantly greater
number of CD3+ T cells in the lamina propria of patients with
832

PD (89.02±14.43) compared with HC (28.63±5.89) (n=6;
unpaired two-tailed t-test: t(10)=3.87, p<0.001; figure 1H).
These data demonstrate that CD3+ cells have penetrated the
intestinal mucosa in subjects with PD.
Perez-Pardo P, et al. Gut 2019;68:829–843. doi:10.1136/gutjnl-2018-316844
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Figure 1 Patients with Parkinson’s disease (PD) show increased colonic permeability and associated colonic inflammatory as well as immune
markers in their biopsies compared with healthy controls (HC). (A) Per cent excretion of sucralose in the urine samples as an intestinal permeability
marker. (B) Levels of LPS-binding protein (LBP) as a marker for systemic endotoxin in plasma samples. (C) Photomicrographs of immunofluorescence
staining of tight junction protein zonula occludens 1 (ZO-1) in HC (a, b) and PD (c, d) colonic mucosa. (D) Integrity scoring for ZO-1 tight junction
protein expression in colonic samples. (E) Photomicrographs of stained toll-like receptor 4 (TLR4)+ cells in lamina propria of the HC (a, b) and PD
mucosa (c, d). (G) Photomicrographs of stained CD3+ T cells in colonic mucosa of HC (a, b) and PD (c, d). (H) Assessment of CD3+ cells in lamina
propria of colonic samples. Scale bars: C(c)=50 µm and C(d)=20 µm, E(c)=75 µm and E(d)=25 µm, G(c)=40 µm and G(d)=25 µm. *P<0.05, **p<0.001,
***p<0.0001. Data represent mean±SEM.

Gut microbiota

To further characterise the immune pathways and inflammation in PD mucosa, a microarray analysis was performed on
sigmoid mucosal samples including 50 genes relevant to microbial translocation and inflammatory pathways (figure 2). Out
of 50 genes, 15 were significantly upregulated and 1 gene was
significantly downregulated in biopsies obtained from subjects
with PD compared with HC subjects. In agreement with the
histological findings, there was significantly higher TLR4 mRNA
expression in PD biopsies compared with those from HC.
Downstream signalling molecules associated with TLR4 activation were altered in a way that was consistent with increased
TLR4 signalling. Increased IRAK2 expression was observed
while levels of the inhibitory molecule TOLLIP was significantly
lower in colonic biopsy tissue from subjects with PD compared
with HC subjects (figure 2). Cytokines (interleukin (IL)-1β,
interferon (IFN)-γ, CCL5 (RANTES)) and chemokines (CCL2,
CCL5, CCR5) were elevated in PD sigmoid mucosa compared
with HC (figure 2). In addition, tissue from subjects with PD had
Perez-Pardo P, et al. Gut 2019;68:829–843. doi:10.1136/gutjnl-2018-316844

significantly more mRNA expression of CD3+ T-cell markers
(CD3G, CD3E) and T helper (Th)1/Th17 inflammatory cytokines (IFN-γ, IL-1β, IFN-β, IL-17A, IL-8) and IL-7R compared
with tissue from HC subjects. These data are consistent with
increased activation of TLR4 and/or CD3+ immune activation.
There were no significant changes in the mRNA levels of other
TLRs.

Microbiota composition of subjects with PD showed
decreased short chain fatty acids producers
Microbiota composition in these 6 patients with PD has already
been reported as part of our larger cohort of 38 patients with PD9
and changes observed in these 6 patients were similar to our prior
report. At the taxonomic level of genus, putative ‘anti-inflammatory’ SCFA-butyrate producing bacteria were less abundant in
PD versus HC mucosa and faecal samples (online supplementary table S4). Compared with HC subjects, the genus Dorea
833
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Figure 2 Higher pro-inflammatory milieu was observed in the colonic biopsies of subjects with Parkinson’s disease (PD) compared with healthy
control (HC) subjects. Genes specific for microbiota-induced intestinal inflammation and gut dysfunction were evaluated from HC subjects (HC1, HC2,
HC3 and HC4) and subjects with PD (PD1, PD2, PD3, PD4, PD5, PD6). *P<0.03 denotes significantly different gene in PD compared with HC. Green
colour indicates lower expression and red colour indicates higher expression of gene.

Gut microbiota

Log2FC relative abundance decreased greatly in PD mucosa;
genera Roseburia and Anaerostipes Log2FC relative abundances
decreased the most in PD faecal samples (online supplementary
table S4).

Part II: rotenone-induced PD mouse model
TLR4-KO mice are partially protected from rotenone-induced effects
on the intestine

The rotenone model recapitulated several aspects of intestinal dysfunction associated with PD. Rotenone-treated
mice showed a reduction in colon length compared with
vehicle-treated (p<0.0001; figure 3A) as well as a delayed
intestinal transit (ie, reduced distance travelled by the Evans
Blue dye in the intestinal tract) (F(1,26)=81.53, p<0.0001;
834
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Figure 3 Rotenone Parkinson’s disease (PD) model recapitulates
GI physiology as observed in human patients with PD and toll-like
receptor 4 (TLR4)-knockout (KO) partially protects against them. (A)
Colon length. (B) Intestinal transit distance. (C) Photomicrographs of
immunofluorescence staining for zonula occludens 1 (ZO-1). (D) ZO-1
integrity scores. (E) Photomicrographs of TLR4 immunofluorescence
staining. Graphs represent TLR4+ cell counts in (c) ileum and (f)
colon samples. (F) Photomicrographs of CD3 stained cells in colonic
samples. Black number sign (#) in panel (b) represent increased CD3+ T
cells infiltration into lamina propria. (G) Quantitative analyses of
cell counts for CD3+ T cells in lamina propria. Scale bars C(d), E(e),
F(d)=100 µm. ***P<0.001, **P< 0.01, *P< 0.05. Data represent as
mean+SEM.

figure 3B). WT-vehicle-treated mice had an intact tight junction barrier with a continuous lattice pattern around the
epithelial lining in colon. In contrast, WT-rotenone mice
showed reduced/disrupted levels of ZO-1 expression (p<0.01)
(figure 3C, D) comparable to observations in human subjects
with PD (figure 1C).
Similar to human PD biopsy tissue, rotenone-treated mice
demonstrated increased numbers of TLR4+ cells and CD3+ cells
in the intestinal mucosa relative to vehicle-treated mice. Rotenone-treated mice had a greater number of TLR4+ cells in the
mucosa of colon tissue while control mice showed occasional
TLR4 expression in close proximity to basolateral crypts. Specifically, rotenone-treated mice had evidence of immune activation
with a higher number of TLR4+ cells in the ileum and the colon
compared vehicle-treated mice (figure 3E, F) (p<0.0001). Stereological analyses showed increased number of CD3+ T cells in
the colon of WT rotenone-treated mice compared with vehicle-treated mice (figure 3G); again in accordance with what we
saw in PD human study (figure 3G).
To establish whether TL4 was critical for this effect, we examined the effects of rotenone in TLR4-KO mice. TLR4-KO did not
impact rotenone-induced decrease in colon length (figure 3A);
however, the TLR4-KO mice were partially protected from
rotenone-induced deficits in intestinal transit time (p<0.05)
(figure 3B). Finally, while rotenone significantly decreased ZO-1
integrity in WT mice, the TLR4-KO mice were protected from
disruptive effects of rotenone on intestinal barrier integrity
(figure 3C, D).
Rotenone-induced increase in CD3+ T cells in the mucosa
of WT mice was mitigated in TLR4-KO mice (F(1,36)=91.98,
p<0.0001, figure 3G, H). There was a significant main effect
of genotype (F(1,36)=8.97, p<0.01) as well as an interaction
effect between treatment (rotenone vs control) and genotype
(F(1,36)=9.30, p<0.01).
Our next step was to determine if these changes in immune
markers are accompanied by biological changes. Thus, we
assessed GFAP as a marker of enteric glial activity and α-syn
accumulation in the myenteric plexus. While WT-rotenone
group showed an increased number of GFAP+ enteric glial
cells in myenteric plexuses compared with WT-vehicle the
TLR4-KO, rotenone-treated mice had mitigated expression
of GFAP+ enteric glial cells (figure 4A). Analyses showed
increased GFAP staining in the myenteric plexuses of
WT-rotenone mice while TLR4-KO mice were unaffected
(F (1,36)=9.25, p<0.01; figure 4B). There was a significant
main effect of genotype (F(1,36)=7.86, p<0.01) and an
interaction between genotype and treatment (F(1,36)=9.15,
p<0.01). Post hoc analysis showed that GFAP intensity in
myenteric plexuses of TLR4-KO-rotenone group was similar
to TLR4-KO-vehicle and WT-vehicle but it was significantly
lower than the WT-rotenone group (p<0.01). Analyses
showed higher α-syn positive structures in the myenteric
plexuses (figure 4C) of WT-rotenone compared with other
groups. There was no difference in α-syn immunoreactivity
between WT-vehicle, TLR4-KO-vehicle and TLR4-KO-rotenone (figure 4C). Optical density analyses for α-syn
intensity (figure 4D) in the myenteric plexuses showed an
increased α-syn expression in WT-rotenone (F(1,36)=34.19,
p<0.0001). There was an effect of the genotype on α-syn
expression in the colon (F(1,36)=28.68, p<0.0001) and an
interaction between treatment and genotype (F(1,36)=24.82,
p<0.0001). Post hoc analysis revealed lower levels of α-syn
in TLR4-KO-rotenone group compared with WT-rotenone
(p<0.0001).

Gut microbiota

Evidence to support the gut-immune-brain axis involvement
in rotenone-induced PD mice

Figure 4 Toll-like receptor 4 (TLR4)-knockout (KO) mice were partially
protect against rotenone-induced enteric glial inflammation and α-syn
expression in the colon. Photomicrographs represent histology for
(A) GFAP and (C) α-syn markers in colon. (B) Quantitative analyses
of optical density (OD) data for GFAP in myenteric plexuses and
(D) OD data for α-syn expression in myenteric plexuses. Scale bars
A(d), C(d)=100 µm. Scale bar in panel represents 100 µm. *P<0.05,
***p<0.0001. Data represented as mean+SEM.

TLR4-KO mice are partially protected from rotenone-induced
effects in the brain

Microglia are morphologically and functionally dynamic CNS
cells, on activation microglia transform from thin cell bodies
with highly ramified extensions into amoeboid cells with fewer
branches40 with these morphological changes indicative of a transition to pro-inflammatory/phagocytic microglia. This analysis
focused on the SN, a region highly relevant for PD. Compared
with vehicle-treated WT mice, microglia in WT-rotenone animals
displayed a decreased number of branches (p<0.001, figure 5A),
decreased number of branch end points (p<0.01, figure 5B),
decreased branch length (p<0.05, figure 5C) and increased ratio
of cell body size/total cell size (p<0.01, figure 5D). A comparison between WT and TLR4-KO rotenone-treated mice revealed
that TLR4-KO mice had significantly more branches (p<0.05),
branch length and a decrease in the ratio of cell body size/total
cell size compared with WT-rotenone mice (p<0.01). Rotenone
treatment in WT or TLR4-KO mice resulted in a similar reduction of number of branches end points.
Tyrosine hydroxylase (TH) staining was performed to assess
the number of dopaminergic neurons in PD relevant brain areas.
Analyses showed significantly lower number of TH+ cells in the
SN after rotenone treatment in WT group compared with vehicle
(figure 5F). In WT mice, rotenone significantly reduced the
number of TH+ cells in the SN; however, rotenone treatment
Perez-Pardo P, et al. Gut 2019;68:829–843. doi:10.1136/gutjnl-2018-316844

In an effort to understand how multiple variables are similar or
dissimilar from each other, correlation analysis was performed.
While correlation does not equate to causation, these relationships allow us to infer potential relationships. ZO-1 integrity
score inversely associated with the number of CD3+ T cells in
colon (r=−0.64, p<0.0001; figure 6A). The number of T cells
in colon positively correlated with α-syn in the colon (r=0.59,
p<0.0001; figure 6B). α-Syn in the colon positively correlated
with a marker of microglial activation in the SN (ie, the ratio
of microglial cell body size/total cell size) (r=0.76, p<0.0001;
figure 6C). Likewise, presence of phagocytic-like microglial
phenotype in the SN (increased ratio cell body size/total cell
size) inversely correlated with the number of dopaminergic cells
(TH+ cells) in the SN (r=−0.63, p<0.01; figure 6D). Finally,
the number of dopaminergic cells in the SN positively correlated
with motor function (latency to fall in the rotarod) (r=0.72,
p<0.0001; figure 6E).

TLR4-KO mice exerts aforementioned beneficial effects
despite rotenone-induced altered mucosal and luminal
microbiome profile

We assessed both caecal mucosa and caecal luminal microbiota
in WT and TLR4-KO (with or without rotenone treatment)
mice. As previously reported,34 we confirmed that rotenone
treatment impacted both caecal mucosal-associated and luminal
microbiota. In addition, we now show that TLR4-KO mice have
an altered microbiota profile (a genotype effect) irrespective of
rotenone treatment.
Alpha diversity, richness showed a significant rotenone treatment effect, only in the caecum mucosa (two-way ANOVA:
F(1,36)=12.97, p=0.0009). There was no significant effects of
genotype or an interaction between rotenone and genotype
(p>0.05). Rotenone resulted in significantly higher richness in
the WT-rotenone compared with WT-vehicle mice (p˂0.001)
(figure 7A). The other alpha diversity indices (Simpson index,
Shannon index and evenness) showed no significant changes
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in TLR4-KO mice impacted the number of TH+ cells to a lesser
extent (figure 5F). Cell count analyses showed significantly
decreased number of TH+ cells in the SN in WT-rotenone group
compared with others (F(1,36)=35.89, p<0.0001) (figure 5G).
There was a significant interaction between treatment (rotenone vs vehicle) and genotype (WT vs KO) (F(1,36)=6.48,
p<0.05). Post hoc analysis showed that the WT-rotenone group
had significantly lower number of TH+ cells compared with
TLR4-KO-rotenone mice (p<0.05) (figure 5G).
A rotarod test was used to assess motor function and data are
represented as latency to fall in seconds (figure 5H). There was an
overall effect of treatments (rotenone vs vehicle) (F(1,32)=60.11,
p<0.0001) and of genotype (F(1,32)=9.60, p<0.01) on rotarod
performance. Repeated measures showed an effect of time
(F(3,96)=22.49, p<0.0001). WT-rotenone group showed greater
motor dysfunction over time compared with WT-vehicle (interaction effect treatment×time F(3,96)=1.33, p<0.0001). WT-rotenone mice showed a decrease in rotarod performance starting
on day 21 compared with the WT-vehicle (F(1,32)=6.20, p<0.05
on day 21 and F(1,34)=72.14, p<0.0001 on day 28). On day
28, there was a significant effect of the genotype (F(1,34)=8.05,
p<0.001) on rotarod performance. Post hoc analysis showed
that TLR4-KO-rotenone mice performed significantly better on
the rotarod compared with WT-rotenone (p<0.05) (figure 5H).
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with either rotenone or genotype in both samples sites (data not
shown).
On examining the beta diversity, at the taxonomic level
of genus, the overall microbial community structures were
globally significantly different (ANOSIM mucosa: Global
R=0.635; p=0.001; ANOSIM luminal content: Global
R=0.572; p=0.001) (figure 7B) in both the caecal mucosa and
luminal content. Specified significant differences between two
mouse group comparisons (eg, WT-vehicle vs WT-rotenone;
WT-vehicle vs TLR4-KO-vehicle (genotype)) are depicted in
the online supplementary table S5.
Firmicutes-to-bacteroidetes (F/B) ratio is a reliable marker of
global change in microbiota community between different experimental groups and it is an established predictors of the host SCFA
level41 (figure 7C). In caecal mucosa, the F/B ratio showed a significant effect of rotenone treatment (two-way ANOVA: F(1,35)=5.135,
p=0.0297), geneotype effect (two-way ANOVA: F(1,35)=9.391,
p=0.0042) and interaction between rotenone and genotype effect
(two-way ANOVA: F(1,35)=6.149, p=0.0181). Post hoc analysis
showed a significantly lower F/B ratio in WT-rotenone compared
836

with WT-vehicle (p<0.01). Also, TLR4-KO-vehicle mice showed a
significantly lower F/B ratio compared with WT-vehicle (p<0.001),
but TLR4-KO-rotenone mice showed no significant changes
compared with TLR4-KO-vehicle (figure 7C). Compared with
the caecal mucosa, the F/B ratio in the luminal content samples
only showed a significant effect of interaction between rotenone
and genotype effect (two-way ANOVA: F(1,34)=5.243, p=0.0284).
Post hoc analysis showed a significantly lower F/B ratio in TLR4KO-vehicle compared with WT-vehicle (p<0.05) (figure 7C).
Overall, these data suggest that irrespective of vehicle/rotenone
treatment, the TLR4-KO mice showed significantly lower F/B ratio
compared with WT-vehicle and rotenone treatment resulted in
lower F/B ratio in only WT mice.
Individual taxa differences, at the taxonomic level of genus
were evaluated in all groups (figure 7D, E). Overall, the caecum
mucosa taxa relative abundance differences were greater than
the luminal content taxa (figures 7D, E, 8A and 9A). To further
characterise the taxa differences, we performed two mice model
comparisons and the results are depicted in figures 8B-E and
and 9B-E.
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Figure 5 Toll-like receptor (TLR4)-knockout (KO)-rotenone mice showed less pro-inflammatory microglia, less dopaminergic cell loss and less
behaviour deficits compared with wild-type (WT)-rotenone. (A–D) Average number of branches, branches end points, branch length and the ratio
cell body size/total cell size of microglia in the substantia (SN). (E) Photomicrographs of microglial cells for each condition. TLR4-KO mice showed
microglia with less pro-inflammatory phenotype in the SN compared with WT-rotenone mice. (F) Photomicrographs of tyrosine hydroxylase (TH)
stained dopaminergic cells. (G) Cell counts for TH stained dopaminergic cells into SN. WT-rotenone showed profound loss of TH cells while TLR4-KOrotenone showed a mitigated TH+ cell loss in the SN. (H) Rotarod data to assess motor function associated behaviour deficits. TLR4-KO-rotenone
group showed reduced rotenone-induced motor-dysfunction compared with WT-rotenone. Scale bars: E(d)=10 µm, F(d)=200 µm. *P<0.05, **p<0.001,
***p<0.0001. Data represented as mean+SEM.
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Overall, the caecal mucosa samples showed that rotenone
treatment in WT mice resulted in significantly increased (FDRp˂0.05) relative abundances of bacterial genera unclassified
Rikenellaceae, unclassified S24-7, unclassified Clostridiales and
Allobaculum compared with WT-vehicle mice (figure 8B); rotenone treatment in TLR4-KO mice resulted in an increase (FDRp˂0.05) in the relative abundances of bacterial genera unclassified
Lachnospiraceae, unclassified Clostridiales and Lactobacillus
compared with TLR4-KO-vehicle mice (figure 8C). Importantly,
rotenone treatment in both WT and TLR4-KO mice showed a
significant decrease (FDR-p˂0.05) in the relative abundance of
the putative beneficial genus Bifidobacterium, in caecal mucosa
samples. Similar, but less marked relative abundance taxa changes
were noted in the caecum luminal content (figure 9B and C).
When examining the caecal mucosa for the TLR4-KO genotype effect, TLR4-KO-vehicle mice showed significant increase
(FDR-p˂0.05) in the relative abundances of putative ‘pro-inflammatory' bacterial genera unclassified Rikenellaceae, unclassified
S24-7 and Bacteroides; decrease (FDR-p˂0.05) in the relative
abundances of genera of putative ‘beneficial’ Bifidobacterium
and Lactobacillus, compared with WT-vehicle mice (figure 8D).
In addition, TLR4-KO-rotenone mice only showed a significant
Perez-Pardo P, et al. Gut 2019;68:829–843. doi:10.1136/gutjnl-2018-316844

decrease (FDR-p˂0.05) in the relative abundance of the genus
Lactobacillus compared with WT-rotenone (figure 8E). Similar,
but less marked relative abundance individual taxa changes were
noted in the caecum luminal content. Overall, these data suggest
that TLR4-KO mice showed altered microbiota profiles and
rotenone treatment resulted in similar microbiota profiles irrespective of the genotype.

Discussion
Several studies have demonstrated that neuroinflammation and
oxidative stress are involved in α-syn misfolding and aggregation.42–46 We9 and others12 13 18 have proposed that the trigger
for this neuroinflammation and immune activation in the brain
is the gut microbiota. There is a plethora of literature showing
that manipulation of the intestinal microbiota influences brain
function and inflammation.47–49 More specifically, we9 and
others12 13 15 17 50–53 have shown a pro-inflammatory dysbiotic
microbiota community in patients with PD. Accordingly, we
hypothesised that dysbiotic microbiota will trigger mucosal
immune activation in the colon through TLR4 signalling pathway,
leading to neuroinflammation and neurodegeneration in PD.
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Figure 6 Correlations support the gut-immune-brain axis involvement in rotenone-induced Parkinson’s disease (PD)-like in mice. (A) Zonula
occludens 1 (ZO-1) integrity score, decreased with rotenone treatment, was inversely associated with the number of T cells in colon. (B) The number of
T cells in colon, significantly increased with rotenone, was positively associated with alpha-synuclein (α-syn) expression in colon. (C) α-Syn expression
in colon was positively correlated with the ratio microglial cell body size/total cell size in the substantia (SN). Rotenone exposure changed microglial
phenotype into a more pro-inflammatory state (increased ratio cell body size/total cell size) in the SN. (D) This state inversely correlated with the
number TH+ cells in the SN. (E) The number of TH+ cells in the SN, decreased after rotenone exposure, was positively associated with motor function
(latency to fall in the rotarod).
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Figure 7 Microbiome analysis assessing mice wild type (WT) or toll-like receptor 4 (TLR4)-knockout (KO) (with or without rotenone treatment). (A)
Caecal sample sites were examined for alpha diversity’s richness between all four mouse groups, at the taxonomic level of genus. Data expressed as
mean+SEM and analysed with two-way analysis of variance (ANOVA): within the caecum mucosa, richness showed a significant rotenone treatment
effect (F(1,36)=12.97, p=0.0009). Bonferroni post hoc test: **p=0.01, ***p=0.001. (B) Ordination plots (nMDS plots) of microbial community structure
at the taxonomic level of genus, using analysis of similarity ANOSIM (Global R and P values shown), comparing WT-vehicle (pink triangles), WTrotenone (green triangles), TLR4-KO-vehicle (red triangles) and TLR4-KO-rotenone (blue triangle) treated mice caecum mucosa and luminal content
samples. (C) Firmicutes-to-bacteriodetes (F/B) ratio comparisons between mice caecal sample sites, at the taxonomic level of phylum. Data expressed
as mean+SEM and analysed with two-way ANOVA: F/B ratio in the caecal mucosa showed a significant rotenone treatment effect (F(1,35)=5.135,
p=0.0297), geneotype effect (F(1,35)=9.391, p=0.0042) and interaction between rotenone and genotype effect (F(1,35)=6.149, p=0.0181). The F/B ratio
in the luminal content showed a significant effect of interaction between rotenone and genotype effect (F(1,34)=5.243, p=0.0284). Bonferroni post hoc
test: *p=0.05, **p=0.01, ***p=0.001. (D, E) Caecal mucosa and luminal content stacked column plots depicting the relative abundances of individual
bacterial genera (˂1%); significant (FDR-p) genus taxa are bolded.
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Figure 8 Caecum mucosa differential abundances of genus taxonomic level operational taxonomic units (OTU). (A) The number of significantly
increased relative abundant genus taxa (FDR-p), per mouse caecal mucosa group. Volcano plot of estimated log2 fold change (FC) differences in genus
(OTU) abundance between: effect of rotenone, (B) wild-type (WT)-vehicle vs WT-rotenoneand toll-like receptor 4 (TLR4)-knockout (KO)-vehicle vs TLR4KO-rotenone; effect of TLR4-KO genotype, (C) WT-vehicle vs TLR4-KO-vehicleand WT-rotenone vs TLR4-KO rotenone, with corresponding BenjaminiHochberg adjusted FDR-p values (q), derived from Kruskal-Wallis test in R programing language. The red dotted line indicates the 5% false discovery
threshold. Prevalence indicates percentage of mice groups in which a given genus OTU is present. Abundance indicates mean relative abundance (%)
of a given genus OTU. Name of genus OTUs differentially abundant at FDR≤5% are given at the lowest classified rank in Greengenes (Greengenes
ID). The parameter log2FC was calculated for each mouse group according to the formula log2FC=log2(mean intervention/mean control). o, order;
f, family; g, genus.
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Figure 9 Caecum luminal content differential abundances of genus taxonomic level operational taxonomic units (OTU). (A) The number of
significantly increased relative abundant genus taxa (FDR-p), per mouse caecal luminal content group. Volcano plot of estimated log2 fold
change (FC) differences in genus (OTU) abundance between: effect of rotenone, (B) wild-type (WT)-vehicle vs WT-rotenone and toll-like receptor
4 (TLR4)-knockout (KO)-vehicle vs TLR4-KO-rotenone; effect of TLR4-KO genotype (C)WT-vehicle vs TLR4-KO-vehicle, (E) WT-rotenone vs TLR4-KO
rotenone, with corresponding Benjamini-Hochberg adjusted FDR-p values (q), derived from Kruskal-Wallis test in R programing language. The red
dotted line indicates the 5% false discovery threshold. Prevalence indicates percentage of mice groups in which a given genus OTU is present.
Abundance indicates mean relative abundance (%) of a given genus OTU. Name of genus OTUs differentially abundant at FDR≤5% are given at
the lowest classified rank in Greengenes (Greengenes ID). The parameter log2FC was calculated for each mouse group according to the formula
log2FC=log2(mean intervention/mean control). o, order; f, family; g, genus.
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The observed TLR4-mediated immune activation in the colon
and the brain in PD could be secondary to changes in the intestinal microbiota. Our findings support this notion and suggest
that both rotenone treatment and loss of key bacterial recognition receptor, TLR4, resulted in a ‘pro-inflammatory’ dysbiotic microbiota compositions. For example, we found decreased
F/B ratios and a reduction of the relative abundances of putative anti-inflammatory bacteria genera Bifidobacterium and/
or Lactobacillus, and increased relative abundances of putative
pro-inflammatory intestinal bacterial genera unclassified Rickenellaceae, Allobaculum and Bacteroides in WT-rotenone and/or
TLR4-KO-vehicle mice. Our findings that loss of TLR4 receptor
led to dysbiotic microbiota is not surprising and compatible with
prior studies that showed loss of key mucosal immune molecules like TLR2, 5, NLRP3 resulted in pro-inflammatory dysbiotic microbiota compositions.58 59 These studies suggest that
there is a bi-directional interactive mechanism where the host’s
innate immune system (ie, TLR4, 2, 5 receptors and NLRP3)
potentially shapes the microbiota’s composition, and then the
microbiota shapes the host’s immune system leading to intestinal, systemic and neuroinflammation. Thus, it is intriguing to
speculate that one reason that TLR4-KO could not completely
protect rotenone-induced PD like pathology is that loss of TLR4
resulted in the pro-inflammatory dysbiotic microbiota. Further
interventional studies like co-housing and stool transplantation,
or gene silencing of TLR4 pathway is required to directly test
this hypothesis and also to establish a direct link between TLR4,
microbiota, intestinal and CNS inflammation and neurodegeneration in PD.
There are some limitation in our study. First, we acknowledge
that our PD sample size is small. We elected to only study newly
diagnosed patients with no constipation in order to avoid potential impact of constipation and long duration of disease on our
outcomes measures. It is very difficult to recruit non-constipated
patients with PD who are willing to undergo sigmoidoscopy and
sigmoid biopsy. Importantly, even with a small sample size, we
detected robust and significant differences in TLR4 and CD3
reactivity, barrier integrity disruption, pro-inflammatory gene
profiles in the colon and faecal microbiota composition between
subjects with PD and HC subjects. Even though there was no
statistical difference between PD and controls, we also acknowledge the age differences in our cohort of patients with PD.
In summary, our proof-of-concept and translational study
further support the notion that microbiota and gut-derived
inflammatory processes are involved in neuroinflamamtion and
neurodegeneration in PD and TLR4 signalling pathway, at least
in part, mediate this interaction. Further interventional animal
study is required to establish a direct causal link between TLR4
and PD pathology. Also, further human study using large PD
cohort is required to confirm our finding which had a limited
and small sample size. Nonetheless, our study suggests that
TLR4 is a promising therapeutic target for PD and provides the
scientific premise for future interventional studies.
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This hypothesis was based on published findings that patients
with PD had: (1) dysbiotic microbiota community hallmarked
by increased abundance of endotoxin-producing bacteria,9 (2)
leakiness to endotoxin (LPS) and evidence of systemic endotoxin leak as serum LBP was increased in patients with PD.8 28
To test our hypothesis, we first assessed TLR4 pathway in the
colonic mucosa of patients with PD. We elected to study colonic
(sigmoid tissue) because: (1) patients with PD have primarily
colonic intestinal hyperpermeability and not small bowel hyperpermeability with LPS translocation in their colonic mucosal
samples8 and (2) SCFA levels, fermentation products of the
colonic bacteria, were significantly lower in the stool of patients
with PD than healthy.13 As we predicted, we found a pro-inflammatory state in the colon of patients with PD evident by
increased presence of CD3+ T cells, TLR4+ cells, increased
pro-inflammatory cytokines and chemokines and decreased
abundance of SCFA-producing colonic bacteria in colon tissues
of subjects with PD. Increased T-cell trafficking into the colonic
mucosa is a feature associated with PD. A recent study reported
increased T-cell trafficking into colonic mucosa of constipated
patients with PD.21 Likewise, analysis of biopsy tissue from
subjects with PD in the current study revealed higher CD3+ cell
counts compared with HC subjects concurrent with an increased
chemoattractant signals such as CCR5, which may account for
the increased CD3+ T cells in the PD colon. Increased CD3+ T
cells were also present in the colon of rotenone-treated mice.
It is possible that the intestinal barrier dysfunction8 and/or
abnormal microbiota found in patients with PD12 13 15 17 50–53 is
promoting T-cell trafficking into the intestine. However, future
studies with manipulation of intestinal microbiota are warranted
to verify this effect.
More specific to our hypothesis, we showed, for the first
time to the best of our knowledge, an upregulation of TLR4
mRNA and protein and TLR4 signalling with increased IRAK2/
decreased TOLLIP as well as higher levels of TLR4-activated
MyD88-dependent pathway mediated cytokines IL-1β, IFN-γ,
IFN-β and CCL5 levels in colon mucosa of patients with PD.
Interestingly, there was a robust correlation between markers
of the TLR4 signalling and urinary sucralose suggesting that
increased intestinal permeability could be a result of TLR4-mediated colonic inflammatory state.
To more directly demonstrate the pivotal role of TLR4 signalling in gut and brain inflammation and immune activation in
PD, we used a rotenone mouse model of PD pathology and
showed that TLR4-KO mice were protected against many of the
PD-like consequences of rotenone-induced pathology. We and
others have shown that oral rotenone-treated mice had increased
number of CD3+ T cells and TLR4+ cells in the colonic mucosa
and this pro-inflammatory state was associated with increased
number of GFAP+ enteric glial cells and α-syn pathology in the
colonic myenteric plexuses.31 54 55 Taken together, these findings
may suggest that intestinal inflammation leads to activation of
enteric glial cells. Increased activation of enteric glial cells has
also been reported in patients with PD.56 In the current study,
we found that loss of TLR4 significantly mitigated the effect of
rotenone on intestinal barrier integrity, myenteric plexus GFAP
expression, colonic α-syn, SN microglial activation and dopaminergic cell loss and motor function impairment. Our findings
corroborate with the prior study that showed that knocking
out TLR4 mitigates neuroinflammation in the brain.57 Taken
together, our findings in both human samples and a rodent model
strongly suggest a possible role for TLR4-mediated signalling in
gut leakiness, gut-derived inflammation, neuroinflammation and
neurodegeneration in PD.
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