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Is LRRK2 the missing link between inflammatory bowel
disease and Parkinson’s disease?
Mary K. Herrick 1 and Malú G. Tansey1✉

Links that implicate the gastrointestinal system in Parkinson’s disease (PD) pathogenesis and progression have become increasingly
common. PD shares several similarities with Crohn’s disease (CD). Intestinal inflammation is common in both PD and CD and is
hypothesized to contribute to PD neuropathology. Mutations in leucine-rich repeat kinase 2 (LRRK2) are one of the greatest genetic
contributors to PD. Variants in LRRK2 have also been associated with increased incidence of CD. Since its discovery, LRRK2 has been
studied intensely in neurons, despite multiple lines of evidence showing that LRRK2 is highly expressed in immune cells. Based on
the fact that higher levels of LRRK2 are detectable in inflamed colonic tissue from CD patients and in peripheral immune cells from
sporadic PD patients relative to matched controls, we posit that LRRK2 regulates inflammatory processes. Therefore, LRRK2 may sit
at a crossroads whereby gut inflammation and higher LRRK2 levels in CD may be a biomarker of increased risk for sporadic PD and/
or may represent a tractable therapeutic target in inflammatory diseases that increase risk for PD. Here we will focus on reviewing
how PD and CD share overlapping phenotypes, particularly in terms of LRRK2 in the context of the immune system, that could be
targeted in future therapies.
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INTRODUCTION
The Leucine-rich repeat kinase 2 (LRRK2) gene has an important role
in both sporadic and familial Parkinson’s disease (PD). Dominantly
inherited monogenic mutations in the LRRK2 gene, in particular at
c.6055 G > A that results in an amino acid substitution in the
LRRK2 protein creating the LRRK2 p.G2019S heterozygote status,
confer the highest genotypic and population attributable risk for
PD, but the frequency of these mutations is low in the general
population. However, other LRRK2 genetic variants, such as A419V,
R1628P, S1647T, M1646T, G2385R, and N2081D, are associated
with low risk for PD and are far more common in the general
population1. Interestingly, several genome-wide association stu-
dies (GWAS) have identified that the LRRK2 gene is a common
susceptibility locus for both PD and Crohn’s disease (CD), one of
the inflammatory bowel diseases (IBD) that causes chronic
inflammation of the gastrointestinal (GI) tract2–7. On initial
observation, it may seem strange that LRRK2 is linked to an
inflammatory disease of the gut when LRRK2 has been heavily
studied in the context of PD; however, these two seemingly
unrelated diseases are more related than we realize.
Over the past decade the role of the GI system in PD has received

considerable attention. It is becoming increasingly evident that
there are several links between PD pathophysiology and dysfunc-
tion in the GI system, a hypothesis first proposed by Braak et al.8

based on α-synuclein (α-syn) immunostaining which he used to
stage PD pathology from the periphery to the brain. The potential
role of the gut in PD pathogenesis and pathophysiology has been
thoroughly reviewed9–11, and overwhelming evidence has led to
the hypothesis that intestinal inflammation induced by multiple
types of GI perturbations may promote peripheral inflammation
that could contribute to neuroinflammation and neuropathology
associated with PD. While CD pathology has no known connection
to the brain, CD arises with a leaky gut and subsequent aberrant
immune responses and gut dysbiosis12,13. Given the implication of

LRRK2 in CD, the PD field can look at CD to further understand
LRRK2’s role in the immune system that may translate to PD or
serve as a potential biomarker prior to a PD diagnosis. Here, we will
review the evidence suggesting links between PD and CD and how
the role of LRRK2 specifically in the immune system may contribute
to PD and CD and may provide rationale to target LRRK2 in
inflammatory diseases.

Epidemiological evidence between PD and CD
Several epidemiological studies have linked PD and IBD. Some of
the first studies from Taiwanese groups identified that patients with
IBD have a 35% increased risk of PD14,15. Subsequent studies in the
US16, Korea17, and Sweden18 identified that patients with either CD
or ulcerative colitis (UC) had increased risk for PD relative to healthy
controls; however, a study from Denmark only found an association
between UC and PD19. Conversely, another study examining this
association in Medicare beneficiaries found the opposite association
whereby a diagnosis of IBD was associated with lower incidence of
PD20. These conflicting results could potentially be due to chronic
anti-inflammatory regimens, highlighting how differences between
populations and reporting and analysis methods are important
determinants of how the associations are determined and
interpreted. Given these seemingly disparate findings, a systematic
review and meta-analysis looking at all studies to date found overall
that IBD patients had a 46% increased risk of PD (risk ratio 1.41, 95%
confidence interval 1.19–1.66), and this increased risk remained
when examining patients with CD (28%, risk ratio 1.28, 95%
confidence interval 1.08–1.52) and UC (30%, risk ratio 1.30, 95%
confidence interval 1.15–1.47) separately21. Interestingly, two of the
studies that found a positive association between IBD and risk for
PD also found that currently available anti-TNF therapy reduced the
risk of developing PD16,17. Furthermore, these studies have raised
the interesting possibility that novel soluble TNF-selective non-
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immunosuppressive anti-TNF therapies may afford potential
therapeutic benefit to reduce risk for PD or slow its progression.
It is important to note that none of these associations should be

taken as proof of a causal association since more rigorous
case–control studies are needed to confirm or reject these
associations in a robust cause and effect manner. However, these
associations can serve as the basis for more mechanism-based
studies in animal models that can interrogate cause and effect
between two conditions. Additional research is needed to identify
best therapeutic windows for these and other immunomodulatory
drugs, and importantly to determine whether they should be
given prophylactically to reduce risk for PD later in life or shortly
after the onset of non-motor symptoms to delay or prevent
progression of disease and the onset of the disabling motor
symptoms typically associated with clinical stages of the disease.

GI dysbiosis in PD and CD
Changes in gut microbiota composition have also been linked to
increased risk for PD. The relative abundance of certain families of
bacteria are notably different between PD patients and healthy
controls. While several studies have noted different patterns of
changes, fecal levels of Bifidobacteriaceae, Bacteroides, Prevotella-
ceae, Christensenellaceae, Tissierellaceae, Lachnospiraceae, Enterobac-
teriaceae, Lactobacillaceae, Pasteurellaceae, and Verrucomicrobiaceae,
among others, have all been shown to be significantly altered in PD
patients relative to healthy controls22–24. Some of these changes
were associated with motor and non-motor symptoms. The fecal
abundance of Enterobacteriaceae was positively associated with gait
difficulty and postural instability, while decreased levels of
Lachnospiraceae correlated with motor impairment and disease
severity23,25. Patients with tremors exhibited relatively higher
abundances of fecal Bacteroides relative to patients without
tremors26. Classifying PD patients based on GI non-motor
symptoms, the abundance of Prevotellaceae was found to be
reduced in constipated patients relative to non-constipated
patients, while diversity of Firmicutes was increased in constipated
patients27. Levels of the anti-inflammatory bacteria from the genera
Blautia, Coprococcus, and Roseburia were reduced in the colons of
PD patients relative to healthy controls, while levels of the pro-
inflammatory bacteria of the genus Ralstonia were elevated in PD
patients28. In accordance with these bacterial changes promoting
an inflammatory environment in the GI system of PD patients, levels
of immune factors, such as Flt1, IL-1α, and CXCL8 have been shown
to be elevated in PD patient stool29, while levels of Bacteroides and
Verrucomicrobia have been positively correlated with plasma levels
of TNF and interferon gamma (IFNγ), respectively26. Thus, changes
in microbiome could potentially be used as biomarkers for disease
state or risk. For more detailed analyses reviewing GI dysbiosis in
PD, we refer the readers to ref. 30–33.
In a similar fashion, GI dysbiosis has been associated with IBD.

Fecal samples from CD patients exhibit higher levels of
Enterobacteriaceae, Fusobacterium, and Enterococcus faecalis34–36.
Levels of fecal Escherichia coli positively correlate, while fecal levels
of Bacteroides negatively correlate with age of CD patients37. On
the contrary, CD patients have been noted with an overall
decrease in microbial diversity due to lower levels of Firmicutes
with 43 ribotypes identified in healthy patients compared to only
13 in CD patients38. In the colon, Lachnospiraceae, Firmicutes, and
Bacteriodetes have all been shown to be reduced in the mucosa in
CD patients relative to healthy controls39,40. Previous studies have
identified adherent-invasive Escherichia coli in active phases of CD
and Mycobacterium avium paratuberculosis as potential causal
roles of CD, suggesting a link between CD patients and
opportunistic pathogens that prime the environment for ensuing
alterations in intestinal permeability and inflammation41,42.
Despite these reports noting several differences in the gut

microbiota composition of PD or CD patients relative to healthy

controls, these findings are not conclusive and need to be
reproduced to confirm correlations, which is often difficult in the
microbiome field given the number of different factors that can
disrupt the microbiome and the lack of standardization of
experimental and analytical methods. Furthermore, it is extremely
important to note that the implications of microbiome changes
documented in PD are not well understood. It is unknown whether
microbiome changes alter GI dysfunction, which in turn contributes
to prodromal PD, or vice versa. The mechanisms by which these
changes occur or how to effectively target these bacteria as a
potential therapeutic to delay or mitigate the pathogenesis of PD or
CD still remain unknown. However, these data support the
hypothesis that gut dysbiosis could be one of many peripheral
perturbations that could promote GI inflammation, which may be
one of the key initiating events in PD pathogenesis9.

Intestinal and peripheral inflammatory phenotypes in PD and
CD
Beyond association studies and GI dysbiosis, PD and IBD patients
exhibit similar intestinal and peripheral phenotypes especially in
the context of inflammation and gut permeability that are
summarized in Fig. 1. PD and CD patients exhibit increased
intestinal permeability potentially due to disruptions and
decreased expression of tight junction proteins12,13,43,44. In CD,
tight junction proteins present distinct patterns of distribution
with claudin-2 highly upregulated in inflamed epithelium, and
claudin-3 and -4 downregulated and redistributed in diseased
epithelial cells45. In parallel, claudin-5 and -8 are downregulated
and localized away from the tight junction13, while occludin and
zona occludens-1 (ZO-1) are significantly reduced in CD
patients46,47. IFNγ contributes to decreased ZO-1 and occludin
by causing increased internalization of the proteins away from the
epithelium membrane in CD47. In PD, studies have shown similar
phenotypes with a reduction of occludin and redistribution of
both occludin and ZO-1 in colonic biopsies from PD patients
relative to healthy controls48; however, further studies are needed
to fully assess the epithelial barrier of PD patients. We would
predict that the severity of disruption in the intestinal tight
junction proteins may be correlated with disease pathology which
may serve as a potential biomarker for PD prior to the onset of
disabling motor PD symptoms.
Disruption of gut barrier integrity and increased intestinal

permeability is hypothesized to promote intestinal inflammation
and systemic peripheral inflammation, phenotypes in which PD
and CD share similarities. Pro-inflammatory cytokines, including IL-
1β, TNF, IFNγ, IL-2, IL-6, and CXCL8, are associated with initiation
and progression of IBD49, and many of these are the same
cytokines found to be increased in the sera, cerebrospinal fluid
(CSF), and brain of PD patients relative to age-matched healthy
controls50–55. One of the major cytokines increased in PD, TNF, is
considered a major contributor to IBD pathogenesis through its
pleotropic effects in a number of signaling cascades56. Similar to
IBD patients, PD patients exhibited increased mRNA levels of pro-
inflammatory cytokines in the ascending colon relative to healthy
controls57. Interestingly, cytokine levels negatively correlated with
disease duration, suggesting intestinal inflammation may be a
precursor or contributes to initiation of PD pathogenesis but does
not remain at high levels throughout the progression of disease57.
Alternatively, cells that produce these cytokines may be transient
and become less frequent through disease progression; thus,
further assessment of the mechanism behind this correlation is
needed. Prospective studies in asymptomatic individuals at risk for
PD are needed to identify the causes of these relationships to
understand how these inflammatory abnormalities in cytokine
levels influence PD pathogenesis.
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LRRK2 variants implicated in PD and CD
In 2002, the PARK8 locus on chromosome 12 was identified in a
Japanese family with autosomal dominant PD58. In 2004, missense
autosomal dominant mutations in LRRK2 were identified as a
causative form of dominantly inherited PD59,60. In 2008 a GWAS
implicated LRRK2 in CD, and this was further confirmed in a
subsequent study in populations with European descent5,7.
LRRK2 is a large protein containing two functional domains—a

Ras of complex (ROC) with intrinsic GTPase domain and a serine/
threonine kinase domain. Many of the pathogenic PD mutations
reside in these functional domains, including N1437H, R1441G/C/
H, and Y1699C in the ROC (Ras of complex proteins) and COR (C-
terminal of Roc) domains and I2012T, G2019S, and I2020T in the
kinase domain. These mutations generally result in decreased
GTPase activity or increased kinase activity, respectively. Aside
from these pathogenic PD mutations, the M2397T variant in the
WD40 domain has been associated with sporadic CD and shown
to affect LRRK2 protein levels7,61,62. The newly identified N2081D
variant is associated with increased risk for both CD and PD while
the N551K and R1398H variants are associated with reduced risk
for both diseases2,63. Interestingly, the N2081D variant falls in the
same kinase domain as the p.G2019S mutation and results in
increased kinase activity, albeit not to the same level as the p.
G2019S mutation, while the R1398H variant that falls in the ROC
domain has been shown to deactivate LRRK2 by increasing
GTPase activity2. This suggests that PD and CD pathogenesis may
be closely linked to specific LRRK2 functions directly related to the
GTPase and kinase domains.

LRRK2 in PD and CD immune cells
Since the identification of pathogenic LRRK2 mutations in PD,
most research has focused on the role of LRRK2 in neurons as
LRRK2 gain-of-function kinase activity has been shown to affect
neurite outgrowth64,65. However, recent advances into the

expression and function of LRRK2 in the context of the immune
system have garnered considerable attention.
LRRK2 is most highly expressed in peripheral blood mononuclear

cells (PBMCs). In fact, LRRK2 expression in leukocytes is much higher
than that in neurons66,67. CD14+ monocytes, neutrophils, CD19+ B
cells, CD4+ T cells, and CD8+ T cells from healthy control PBMCs all
express LRRK2; however, expression is highest in CD14+, CD16+
monocytes, and neutrophils68–71. Stimulation with lipopolysacchar-
ide (LPS) or IFNγ upregulates LRRK2 expression in myeloid cells
from primary monocytes68,72, bone-marrow derived macro-
phages68, or human THP-1 monocytic leukemia cell lines73. While
LRRK2 expression is relatively low in T cells compared to other
immune cell types in peripheral blood, its expression can still be
induced by IFNγ stimulation70,72. In PBMCs from sporadic PD
patients, LRRK2 expression in B cells, T cells, and CD16+monocytes
is higher relative to healthy controls, and the relationship between
monocyte LRRK2 levels and inflammatory activity is significantly
different in PD patients as compared to healthy controls74. While
the functional significance of these findings has not been
elucidated, these findings imply that LRRK2 increases either drive
or respond to inflammation in peripheral blood.
Similar to PD, LRRK2 is present in immune cells from CD patients,

and that LRRK2 expression is upregulated with IFNγ stimulation72.
LRRK2 mRNA is upregulated in inflamed CD intestinal tissue relative
to uninflamed tissue from the same patient, and this LRRK2
expression was localized to macrophages, B cells, and dendritic cells
in the lamina propria, a thin layer of connective tissue that lines the
intestinal tract72. A recent study identified that CD14+ monocytes
from the blood of CD patients with the LRRK2 M2397T variant
exhibit an elevated pro-inflammatory response to IFNγ relative to
healthy controls75. Paneth cells are specialized secretory cells in the
small intestine that regulate intestinal microbiome and innate
immune response. Interestingly, LRRK2 M2397T is associated with
Paneth cell defects in Japanese CD patients as the number of

Fig. 1 LRRK2 immune cell expression at the interface of PD and CD. PD and CD exhibit very similar intestinal phenotypes with altered
microbiome, increased intestinal permeability, cytokine secretion, and immune cell infiltration. While LRRK2 expression is increased in specific
immune cells in the inflamed intestine in sporadic CD, LRRK2 expression in intestinal immune cells from PD patients has not been assessed.
However, LRRK2 expression is increased in sporadic PD patient PBMCs, and CD14+ monocytes from LRRK2 M2397T CD patients have
increased responses to IFNγ. While little is known about the LRRK2 expression and activity in the GI and peripheral immune systems of LRRK2
G2019S PD patients, we hypothesize that they will present with higher levels of LRRK2 expression and kinase activity and similar GI
phenotypes as patients with non-LRRK2 PD. Given the current evidence for LRRK2’s role in sporadic and genetic PD and CD, we posit that
LRRK2 regulates inflammatory responses in the periphery and this is the reason its levels are increased in chronic inflammatory conditions
which may serve as a potential therapeutic. Figure created with Biorender.com.
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M2397T alleles negatively correlates with number of normal Paneth
cells and pathway analysis suggests this may be due to defects in
autophagy76, one of the many pathways in which LRRK2 has been
implicated.
Given LRRK2 expression has been identified in immune cells in

the context of both PD and CD, it could be hypothesized that
LRRK2 may play a role in the induction of α-syn within immune
cells. In 2017, Stolzenberg et al.77 showed that α-syn expression in
enteric neurites positively correlated with the degree of acute and
chronic inflammation, and individuals infected with norovirus, an
infection that causes gastroenteritis, showed temporary increased
α-syn misfolding and aggregation that could contribute to
chemoattractant migration of neutrophils and monocytes. This
study supports the hypothesis that α-syn pathology could
potentially begin in the gut and is influenced by peripheral
inflammation. In theory, LRRK2 could contribute to this observa-
tion, given its high expression in neutrophils and monocytes;
however, this has not been reported. Therefore, further analysis of
gut biopsies from PD and IBD patients with a detailed and
complete medical history including immune-related conditions
should be assessed for LRRK2 expression. In addition, further
research needs to focus on the exact mechanisms by which LRRK2
acts at the immune cell level to induce or alter α-syn pathology,
especially in the context of PD.
The current understanding of LRRK2 in the context of the

immune system of PD and CD LRRK2 and non-LRRK2 patients is
outlined in Fig. 1. Studies suggest that LRRK2 regulation of
immune cell function is cell type- and stimulus-specific and
dependent on LRRK2 kinase activity, and this has been thoroughly
reviewed78,79. The fact that LRRK2 expression is high in PBMCs
under homeostatic conditions and further increased upon
stimulation suggests its induction is likely to play a regulatory
role in their effector functions; therefore, caution should be
exercised when targeting LRRK2 as a potential therapeutic
intervention in PD or CD as it is still unclear whether the high
LRRK2 levels in immune cells are a protective or deleterious
mechanism in the immune system. Additional translational studies
are needed to fully understand the normal function of LRRK2 in
the context of human immune cells, as well as the potential
pathogenic role of LRRK2 mutations in immune cells, both of
which should be possible with greater access to LRRK2 PD and CD
patient blood samples and/or via utilization of human induced
pluripotent stem cell-derived macrophages, monocytes, and
microglia from LRRK2 PD and CD patients80,81. Our ability to
investigate the cell-type specific role of LRRK2 will open up new
avenues to target its function in a way that we can treat gain-of-
function mutation effects in humans in the clinic.

LRRK2 in colitis models
Although a plethora of evidence suggests a link between PD and
IBD with LRRK2 function seemingly at the interface between the
two diseases, very limited studies have examined LRRK2 function
within the scope of both diseases. To date, few studies have been
published examining colitis in LRRK2 genetic mouse models62,82.
The gold standard for studying colitis in rodent models is the use
of dextran sodium sulfate salt (DSS) or trinitrobenzenesulfonic acid
(TNSB), both of which have been heavily used in the GI field due to
their simplicity and reproducibility83,84. The exact molecular
mechanisms by which these chemicals induce colitis phenotypes
remain unknown, but they basically induce epithelial injury
followed by inflammation. While these are particularly useful
models, it is important to note they differ in phenotypic
presentation order from actual IBD with rodent models subjected
to DSS developing intestinal inflammation after destruction of the
epithelial lining and increased intestinal permeability whereas the
human IBDs result from an imbalance of the immune system in
the intestine followed by ensuing microbial dysbiosis and gut

alterations85,86. Typically included in the drinking water of rodents,
DSS paradigms can vary greatly with colitogenic properties
dependent on dosage, molecular weight of DSS, and administra-
tion length (acute vs. chronic). All of these factors should be
considered when assessing and interpreting effects of colitis
models on the gut–brain axis.
In 2011, Liu et al.62 induced colitis in LRRK2 knockout mice using

acute DSS and reported that LRRK2 knockout mice were more
susceptible to DSS-induced colitis relative to wildtype controls.
The authors hypothesized that there was an exacerbated
inflammatory response in the context of LRRK2 deficiency due
to increased NFAT activation in macrophages62. In the presence of
LRRK2, NFAT transport to the nucleus was blocked by LRRK2
interacting with the NRON scaffolding complex62,87. Based on their
model, LRRK2 deficiency would be expected to result in NFAT
translocation to the nucleus, thereby triggering increased IFNγ
transcription87,88. However, a 2018 study by Takagawa et al. was
not able to replicate these data but extended the findings,
suggesting BAC transgenic mice overexpressing wildtype LRRK2
are more susceptible to acute DSS-induced colitis than wildtype
mice. They attributed the phenotype in part to Dectin-1
stimulation in dendritic cells that leads to dysregulated inflam-
matory signaling through the NFκB pathway82. The authors
proposed a model in which LRRK2 dephosphorylates Beclin-1,
thereby preventing its degradation, blocking autophagy, and
increasing LRRK2 expression, all of which were ameliorated with
LRRK2 kinase inhibitors82.
While the mechanism by which LRRK2 alters inflammation in

the context of colitis models is still being explored, additional
studies have suggested other hypotheses related to LRRK2
expression and its kinase activity in the gut. LRRK2 phosphoryla-
tion increases in inflamed colonic mucosa concomitant with IFNγ
production after acute colitis, consistent with the idea that LRRK2
expression is regulated in an IFNγ-dependent manner89. In
addition, LRRK2 may disrupt T-helper 17 (Th17) levels and
function. Present in the lamina propria of the intestine, Th17 cells
are key orchestrators in mucosal homeostasis and respond to gut
pathogens such that, when they are dysfunctional, Park et al.90

hypothesized they contribute to LRRK2-dependent intestinal
inflammation. In this manner, LRRK2 G2019S may suppress Th17
activity and differentiation in the gut due to an increase in
immature myeloid cells, which would be expected to be reversed
with LRRK2 kinase inhibition90.
Studies examining LRRK2 in colitis models have been limited in

scope and do not examine the effects of intestinal inflammation
on PD-associated pathology in either the nigrostriatal pathway or
the GI system as other studies have done in wildtype animal
models detailed below. Given that intestinal inflammation is
common to both PD and CD and that intestinal inflammation is
hypothesized to contribute to GI pathology that precedes a PD
clinical diagnosis, more in-depth studies need to be conducted to
further examine the causal links between the two diseases.

Evidence linking colitis and PD-associated neuropathology in
animal models
Although DSS has been comprehensively used to study colitis in
terms of the gut and immune cell alterations, increasing evidence
suggests that intestinal inflammation induced by DSS can cause
alterations in the brain. Some of the earliest reports showed that
experimental colitis increases the permeability of the blood–brain
barrier (BBB) evinced by increased leakage of sodium fluorescein
in a rabbit model91 and 1–2 days after colitis induction in the
hypothalamus of a rat model92. More specifically, occludin and
claudin-5 were reduced in the hippocampus of mouse brains after
acute colitis, further suggesting impairment of BBB integrity after
colitis93. Beyond changes in BBB integrity, changes related to
inflammatory cytokines and cytokines associated with peripheral
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immune cell trafficking to the central nervous system (CNS) have
been shown to be altered in the brain after colitis induction.
Inflammatory IL-6, a pleotropic cytokine with both pro- and anti-
inflammatory properties depending on the physiological state is
highly upregulated in the periphery after colitis and has also been
shown to be increased in the brain after DSS- or TNBS-induced
colitis, albeit in a temporal manner with increased IL-6 in the
cerebral cortex and hypothalamus of rats following colitis
induction93,94. Similarly TNF has been shown to be increased in
the cortex, while COX-2 mRNA was increased in the hippocampus
and hypothalamus but reduced in the amygdala, again suggesting
brain region-specific spatiotemporal alterations of inflammatory
markers after colitis93,95. IL-1β has been shown to be upregulated
in the substantia nigra (SN) of mice after acute and sub-chronic
DSS-induced colitis96. Furthermore, endothelial vascular cell
adhesion molecule 1 (V-CAM1), a cytokine-inducible molecule
that mediates lymphocyte adhesion, is upregulated in the brain of
rats and mice after TNSB- or DSS-induced colitis, and this
upregulation has been positively correlated with colonic inflam-
mation and colonic V-CAM1 levels97. While V-CAM1 upregulation
was not associated with leukocyte infiltration into the brain in the
latter study, it could be hypothesized that it was examined too
early in the process and leukocyte infiltration might have been
detectable only at a later time point.
More recently, studies have examined other effects of colitis on

the brain, specifically in relation to glial cells. Astrogliosis has been
in observed in DSS-treated animals, as GFAP mRNA and protein
levels were increased in the hippocampus95. Alterations in
microglia phenotypes have been noted in the prefrontal cortex
with a shift to a more pro-inflammatory and damage-associated
microglia phenotype and this was concomitant with increased
peripheral monocyte infiltration in the CNS98. Similarly, acute DSS
increased peripheral monocyte infiltration into the hippocampus
of wildtype mice in conjunction with increased peripheral and
brain pro-inflammatory cytokine levels99.
Importantly, a few recent studies have reported that colitis is

sufficient to induce alterations in the dopaminergic nigrostriatal
pathway. A reduction in expression of tyrosine hydroxylase (TH),
the rate limiting enzyme in dopamine synthesis, in the SN was
observed in a study using acute DSS alone100; however, DSS in
conjunction with the neurotoxin MPTP, resulted in enhanced
reduction of TH expression in the SN, as well as increases in Iba1+
cells and GFAP+ cells, suggestive of a degenerative phenotype
with astrogliosis and increased microglial activation100. In a
separate study examining different paradigms of DSS induction,
it has been reported that an acute model is sufficient to increase
nigral IL-1β, suggesting alterations in the inflammatory state of the
SN, but insufficient to produce nigrostriatal degenerative pheno-
types. Similarly, a sub-chronic paradigm also induced nigral IL-1β
increases; however, unlike the acute paradigm, the subchronic
induction was sufficient to alter the nigrostriatal pathway with
reduced TH expression in the SN and decreased striatal dopamine,
suggestive of a neurodegenerative phenotype96. A study examin-
ing a double-hit model with LPS injected in the SN of rats in
conjunction with acute colitis resulted in exacerbated BBB
permeability, peripheral and neuroinflammation, and dopaminer-
gic neuronal loss; and these features were ameliorated with
depletion of peripheral macrophages, promoting the idea that
brain neuropathology and neuroinflammation are modulated by
peripheral inflammation101.
Collectively, these data strengthen the functional links between

the gut–brain axis and peripheral circulation and provide evidence
that intestinal inflammation or GI perturbations may promote PD
pathogenesis and/or disease progression. While Braak’s hypoth-
esis might suggest the direction of the communication is solely
gut-to-brain, data from several studies suggest that the commu-
nication could be bidirectional96,102,103.

CONCLUSIONS
An overwhelming amount of data now support that the anatomical
link between the GI system and the brain may play a role in the
pathophysiology of PD; yet the extent to which GI dysfunction plays
a role in pathogenesis of PD needs to be defined more clearly so
therapies to prevent or arrest progression of disease can be
developed and moved into the clinic. Specifically, understanding
the similarities in phenotypes between PD and peripheral inflam-
matory diseases of the gut previously not believed to be risk factors
for PD may provide insight into PD pathogenesis and underlying
disease mechanisms for potential therapeutic intervention that could
mitigate risk for multiple inflammatory diseases that increase risk for
age-related diseases that are associated with neuroinflammation like
PD. Mechanistically, given that LRRK2 sits at the interface between
PD and CD and that studies have shown increased LRRK2 levels in
peripheral immune cells of PD patients74 or in inflamed colonic
tissue of CD patients72, future studies should directly investigate the
role that LRRK2 plays in the gut–brain axis in PD and how
LRRK2 synergizes with intestinal inflammation to promote neuroin-
flammation and neuropathology associated with PD.
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