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Abstract

The gastrointestinal microbiome is altered in Parkinson’s disease and likely plays a key role in its pathophysiology, affecting
symptoms and response to therapy and perhaps modifying progression or even disease initiation. Gut dysbiosis therefore has a
significant potential as a therapeutic target in Parkinson’s disease, a condition elusive to disease-modifying therapy thus far. The
gastrointestinal environment hosts a complex ecology, and efforts to modulate the relative abundance or function of established
microorganisms are still in their infancy. Still, these techniques are being rapidly developed and have important implications for
our understanding of Parkinson’s disease. Currently, modulation of the microbiome can be achieved through non-pharmacologic
means such as diet, pharmacologically through probiotic, prebiotic, or antibiotic use and procedurally through fecal transplant.
Novel techniques being explored include the use of small molecules or genetically engineered organisms, with vast potential.
Here, we review how some of these approaches have been used to date, important areas of ongoing research, and how
microbiome modulation may play a role in the clinical management of Parkinson’s disease in the future.
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Introduction

Recent studies provide evidence for a critical role of the gas-
trointestinal (GI) microbiome in Parkinson’s disease (PD).
While this work has largely evolved over the last decade, the
GI tract has long been thought to play a key role in PD. Nearly
20 years ago, Braak and colleagues proposed the gut mucosa
as a portal for the initiation of Parkinson’s disease [1]. GI
symptoms such as constipation are extremely prevalent in
PD [2], often occur long before diagnosis [3—5], and are asso-
ciated with Lewy body pathology [6] and degeneration of the
substantia nigra (Sn) [7]. These findings, along with the de-
tection of alpha-synuclein pathology in the GI tract prior to PD
diagnosis [8], a possibly reduced risk of PD in those who
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previously underwent vagotomy [9, 10], and the demonstra-
tion of retrograde transport of alpha-synuclein along the vagus
nerve into the brain [11, 12], increasingly support Braak’s
hypothesis that PD pathophysiology may actually start in the
gut [1].

Made possible by the advent of high-throughput genetic
sequencing [13], the microbiome has been identified as a po-
tential mediator of the PD—gut relationship. The term GI
microbiome formally refers to the totality of bacterial genomic
material within the GI tract, while the term microbiota refers to
the organisms themselves [14]. Because most investigative
techniques measure the former, in this review, we will exclu-
sively use the term microbiome. Although they may be im-
portant to human biology, we will not discuss the GI virome
or mycobiome (fungi) as little is known. Numerous recent
studies have confirmed that the GI microbiome differs in peo-
ple with PD compared with healthy controls [15], but whether
this dysbiosis underlies or contributes to PD symptomatology
or pathophysiology, as opposed to being a consequence of the
disease, is still unclear.

Given the accessibility of the gut, the GI microbiome
seems to be a natural target for therapeutic intervention.
Clarifying our nascent understanding of its relationship with
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PD is essential for identifying proper therapeutic targets and
outcomes. Modulation of the microbiome may help further
this understanding, as interventional studies can circumvent
some of the limitations of observational studies. While there
have been few interventional studies of microbiome modula-
tion in people with PD, studies in related conditions and in
animal models can help us understand which approaches may
be most successful. In this article, we will summarize what
existing studies teach us about modulating the microbiome,
review efforts to date to modify the microbiome in PD, and
discuss potential future approaches to microbiome modulation
for therapeutic benefit in PD.

Techniques for Analyzing the Microbiome

Understanding the study designs, study populations, sample
processing, and sample analytic methods is essential when
comparing microbiome studies, as each of these may limit
comparability. Conflicting results may be due to differences
in study participants’ diet, geography, disease severity,
smoking habits, comorbidities, and medications. For instance,
He and colleagues [16] found that disease-specific models of
dysbiosis did not generalize even across regions within the
same province. Differences in sample collection and process-
ing are also important sources of variability. How quickly a
stool sample is processed and whether or not it is frozen may
alter bacterial populations [17]. Several techniques for quan-
tifying organism populations are also available, and many of
them are novel and rapidly evolving. These include estimating
the diversity within a sample (alpha diversity) or between
different samples (beta diversity), which targeted identifica-
tion of particular organisms of interest such as through se-
quencing bacterial 16S ribosomal RNA and untargeted se-
quencing of an entire sample through shotgun metagenomics
[18, 19]. More recently, analysis of the RNA transcribed, the
proteins expressed, and the metabolites produced
(metatranscriptomics, metaproteomics, and metabolomics)
has sought to more closely estimate organisms’ functional
effects, which may have more direct implications for human
health and disease [19]. Sophisticated bioinformatic tech-
niques have been developed to visualize changes in
microbiome populations [19] or to characterize broader phy-
logenetic group differences [20]. Each of these steps, from
DNA extraction to computational methods of data analysis,
commonly differs between studies, reducing comparability
and potentially leading to bias [21]. Future research should
strive to standardize sample collection and processing, ade-
quately consider potential confounders, ensure sufficient sta-
tistical power, and use appropriate analytic techniques. These
considerations become especially important for microbiome
modulation studies in order to address whether or not

therapeutic targets are population-specific and how best to
measure efficacy.

How the Microbiome Is Altered in Parkinson’s
Disease

Differences in technique may also explain many of the con-
flicting results from investigations into the microbiome chang-
es seen in PD [15]. Despite these discrepancies, characterizing
the common themes that have emerged is an important first
step to identify factors that may relate to PD pathophysiology
and potential therapeutic targets. To date, more than twenty
cross-sectional studies have been published [22—42], of which
two with longitudinal follow-up [43, 44].

Thus far, all of these studies have detected differences in
the abundance of bacterial taxa between people with PD and
healthy controls, though some differences may be explained
by sex, age, diet, medications, constipation, and other comor-
bidities [40]. After adjusting for some of these confounders,
the most consistent change thus far includes an increased
abundance of the genus Akkermansia, from the family
Verrucomicrobiaceae [23, 26, 28, 30, 36-38, 40]. This differ-
ence was confirmed in a recent meta-analysis [40] and suc-
cessfully discriminated between PD and healthy controls
using a machine learning algorithm in pooled datasets [45].
Small- to moderate-sized studies have reported decreased
abundance in Prevotella or the family Prevotellaceae [31,
33, 36-38]. Decreased Prevotella abundance may be associ-
ated with more rapid disease progression [43] and is also seen
in idiopathic REM sleep behavior disorder, a condition which
is considered a manifestation of early PD [25]. However, two
large pooled analyses found no or only minimal associations
with Prevotella [40, 45]. Increased abundance in
Bifidobacteria, or the family Bifidobacteriaceae [22, 26, 32,
33], and decreased abundance in Lachnospiraceae [22, 26, 28,
32-34] have also been observed with some consistency [45],
though changes in Lachnospiraceae may be affected by con-
stipation [40]. Increases in the family Lactobacillaceac have
also been observed [27, 33, 34, 43], though these may be
related to catecholamine-O-methyltransferase (COMT) inhib-
itors [40], a common medication for PD. Differences in sev-
eral other taxa have been reported, though results are often
variable.

How these bacteria interact with human physiology is not
well established. Prevotella and Lachnospiraceae, which are
reduced in the PD gut, produce short-chain fatty acids
(SCFAs) such as propionate and butyrate that may have
anti-inflammatory effects in the central nervous system [46].
Unger et al. [37] used gas chromatography to measure the
concentration of SCFAs in fecal samples of people with PD.
They noted a decrease in absolute concentrations of butyrate,
acetate, and propionate and a decrease in relative
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concentration of butyrate, when compared with those of
healthy controls [37]. Butyrate, in particular, is thought to play
an anti-inflammatory role through modulation of the NF-kB
pathway, which has been found to mediate neurodegeneration
in animal models of PD [47, 48]. Prevotella species also play a
specific role in mucin synthesis, and their depletion in PD may
contribute to increased gut permeability [36].

However, these proposed mechanisms may be overly sim-
plistic. SCFAs, for instance, may have many different physi-
ologic functions. Sampson et al. [49] showed that SCFAs
produced by bacteria were disadvantageous in a transgenic
mouse model, being necessary and sufficient to promote
microglial activation, nigral degeneration, and motor symp-
toms. Importantly, these were germ-free mice that likely have
many other physiologic differences that make comparisons to
human microbiome studies challenging. Furthermore, plasma
SCFAs may actually be increased in PD relative to controls
[50]. Similarly, Akkermansia, present at increased levels in
people with PD, actually have anti-inflammatory and
epithelial-strengthening properties in other conditions [51].
Overall, which microbial changes are a consequence of pre-
existing disease, which are compensatory, and which may be
etiologically related are still unclear.

The Role of the Gastrointestinal Tract in PD

Changes in the PD microbiome may create a more proinflam-
matory environment through reduced production of SCFAs,
direct intestinal immunomodulation, reduction of mucin syn-
thesis, and increased GI permeability. A link between GI in-
flammation and PD has been suggested on a population level,
as inflammatory bowel disease (IBD) has been associated with
PD in some [52-55] though not all [56] population-based
studies. Higher gut permeability is found in people with PD
and is associated with submucosal invasion of Escherichia
coli and alpha-synuclein aggregation [57]. This permeability
may arise from toll-like receptor 4 (TLR4)-mediated inflam-
matory signaling, as a higher number of TLR4 and CD3" T
cells, and a lower number of tight junction proteins, were
found in mucosal biopsies of people with PD compared with
healthy controls [58]. Several other inflammatory mediators
are over-expressed in colonic biopsies and stool of people
with PD, including TNF-«, IFN-y, VEGF, IL-1«, IL-1f3,
COX-2, and CRP [39, 59-64]. Fecal calprotectin, a marker
of inflammation in the stool, is increased in people with PD
and correlates with changes in the microbiome [39]. This in-
flammation and gut permeability may increase exposure to
lipopolysaccharide (LPS), a constituent of gram-negative bac-
terial membranes used in animal models to induce nigral de-
generation [65]. The direction of causality for these observa-
tions is not established: increased expression of alpha-
synuclein in the substantia nigra can induce inflammation in
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the GI tract and produce changes in the microbiome [66]. On
the other hand, a “bottom-up” approach has also been demon-
strated, as transplanted stool from patients with PD produces
motor deficits in transgenic mice [49].

If the microbiome alterations observed in PD are indeed
causally related to disease, they may act in a variety of differ-
ent ways. One hypothesis posits that gut dysbiosis directly
leads to neurodegeneration through induction of alpha-
synuclein aggregation and trans-vagal spread of the protein
to the dorsal motor nucleus of the vagus and into the brain
[1]. Indeed, orally exposing rats to bacteria that produce spe-
cific types of amyloid protein can induce alpha-synuclein ag-
gregation and inflammation in the gut and brain [67].
Furthermore, TLR4 knockout mice given oral rotenone were
protected from gastrointestinal inflammation, myenteric
alpha-synuclein aggregation, substantia nigra degeneration,
and motor dysfunction, but not microbiome changes, suggest-
ing that this inflammatory cascade is necessary for GI changes
to influence neuronal damage [58]. Alternatively, dysbiosis
may increase peripheral inflammation, which may either in-
duce neurotoxicity or exacerbate ongoing neurodegeneration.
Evidence of increased peripheral inflammation in PD has been
found in several studies [68, 69]. Finally, inflammation from
dysbiosis may act locally, worsening gastrointestinal symp-
toms of PD or impairing medication absorption.

As we consider modulation of the microbiome, all of these
potential roles must be kept in mind. The mechanism of
microbiome modulation chosen, as well as the subset of peo-
ple with PD likely to benefit, may depend on specific goals—
for example, symptomatic therapy or disease progression.
Multiple techniques to modulate the microbiome have been
studied and will be reviewed here, including diet, pharmaco-
logic therapies, and procedures.

Mechanisms of Modulation
Diet

Perhaps the most effective way to substantially and persistent-
ly alter the microbiome is through diet [70]. Many different
aspects of the diet, from the amount and frequency of eating to
components such as dairy, breads, and soft drinks, contribute
to inter- and intra-individual variations of the microbiome
[71]. In addition, numerous dietary nutrients and supplements
have been evaluated in animal and human clinical studies and
found to alter populations of beneficial bacteria [72]. In mice,
as much as 57% of inter-individual variability in the
microbiome may be explained by dietary factors [73].
Changes in diet can lead to changes in the microbiome within
a day [74], with a new steady-state bacterial community
achieved within several days [75]. In the elderly, differences
in the microbiome mirrored differences in diet and were able
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to distinguish between community-dwelling persons and res-
idents of institutional or long-term care facilities; these differ-
ences were also related to measures of frailty and functional
independence [76]. Dietary modulation of the microbiome is
therefore already recommended as a way to manage many
conditions such as metabolic syndrome and inflammatory
bowel disease [77].

Although findings are highly inconsistent, observational
studies have found associations of dietary habits and the risk
of PD. Higher adherence to “plant-based” diets, such as the
Mediterranean or MIND diet, as opposed to Western-style,
higher-meat-and-fat diets, has been associated with a lower
risk of developing PD and a later age of onset [78-80]. In a
large prospective cohort of elderly adults without parkinson-
ism at baseline, parkinsonian motor symptoms were less likely
to develop and progressed more slowly in those adherent to
the MIND diet [81]. Similarly, the probability of having pro-
dromal PD as defined by the International Parkinson and
Movement Disorder Society [82] was found to be lower in
persons who adhered to a Mediterranean diet [83].

Several caveats of diet-focused observational study designs
temper the interpretation of these studies. A largely plant-
based, high-fiber diet has many cardiovascular and other
health benefits that may confound its relationship with PD.
In addition, diet studies are notoriously difficult to interpret
as patients willing to adhere to diets may be generally health-
ier and also maintain other elements of a healthy lifestyle, such
as exercise, which may be associated with a reduced risk of
PD [84, 85].

Nonetheless, dietary modifications can result in changes to
the same microbiome genera that are altered in PD. For in-
stance, a long-term plant-based diet is associated more often
with Prevotella [86], and the abundance of Prevotella in-
creases or decreases with changes in dietary fiber [74, 87].
Paralleling these observations, changes in dietary fiber are
associated with subsequent changes in production of SCFAs
including butyrate [88]. Interestingly, the level of SCFAs gen-
erated by intake of a particular dietary component depends on
an individual’s microbiome. Furthermore, in a mouse model,
reducing fiber leads to metabolism of the GI mucus layer,
breakdown of the GI epithelium, and increased inflammation
[89], similar to the mechanistic theory of dysbiosis in PD [90].

Dietary interventions may therefore be an effective method
for altering the microbiome, improving symptoms, or even
modifying progression in PD. As mentioned above, a
Mediterranean-style, high-fiber diet has significant scientific
rationale. In a large cohort of elderly participants, adherence to
the Mediterranean diet correlated with increased SCFA-
producing bacteria, reduced frailty (including faster gait
speed), and reduced peripheral inflammatory markers [91].
Although a Mediterranean dietary intervention has not been
directly studied in PD, a small trial implemented a 14-day
ovo-lacto vegetarian diet that included foods with high

SCFA content in a cohort of sixteen people with PD [92].
Ten participants received an additional intervention of a daily
rectal enema for 8 days. There were no significant changes in
the microbiome before and after intervention in the diet-only
group. However, the group that received the enemas as well as
the dietary intervention had a reduction in Clostridiaceae, part
of the putatively inflammatory family Clostridia which have
been found to be increased in PD [93]. One year after the
intervention, UPDRS-III scores had decreased significantly
in both the diet-only and the diet-enema groups [92].
Notably, medication requirements decreased in the diet-
enema subgroup but increased in the diet-only group.
Though limited by small sample size and lack of a control
group, this suggests that dietary interventions in PD aimed at
microbiome manipulation are feasible and worth future study.

Other dietary interventions have been shown to improve
symptoms and possibly slow progression in PD, though stud-
ies are small, brief, and minimally controlled. The ketogenic
diet, a low-carbohydrate, high-fat diet thought to increase ke-
tosis, may improve mitochondrial respiration in the substantia
nigra and thereby slow neurodegeneration [94]. In one small
study, 1 month of a ketogenic diet improved motor scores in
people with PD [95]. In another more recent study, both the
ketogenic diet and a low-fat diet improved motor and non-
motor symptoms of people with PD, though non-motor symp-
toms improved to a greater extent in those following the ke-
togenic diet [96]. Both of these diets may lead to beneficial
changes in the microbiome through increased fiber, but the
specific effects on the microbiome in these patients were not
evaluated.

Another important aspect of diet that may beneficially in-
fluence the microbiome is caffeine use, which is associated
with a reduced risk of PD [97]. Coffee seems to have benefi-
cial effects on the microbiome, including greater diversity
[98], a higher abundance of Bacteroides and Prevotella [99],
and a higher abundance of Bifidobacterium [100], bacteria
associated with decreased gastrointestinal inflammation and
permeability [36]. In addition to caffeine, these microbiome
changes may be explained by coffee’s dietary fiber and poly-
phenols [99] or by improving constipation through increased
colonic motility [101]. Thus far, no PD studies have directly
examined microbiome changes after caffeine use, though one
small trial failed to show symptomatic motor benefit after
caffeine administration [102]. Careful dietary histories and
incorporation of caffeine metabolites [103] into microbiome
studies will further clarify this association.

Probiotics and Prebiotics
Probiotics are isolated, live microorganisms, often formulated
into capsules, tablets, or powders, that can be administered for

health purposes [104]. Probiotics often include Bifidobacterium
and Lactobacillus, two strains that have been studied most
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frequently for their health benefit, though they may involve
other lactic acid—producing bacteria or other types of yeasts
[104]. Prebiotics are dietary ingredients that are not alive but
induce changes in the composition or activity of GI flora [105].
These ingredients are often not digested by the host and remain
in the GI tract. Both of these agents have already shown exten-
sive clinical benefit in GI diseases, which includes preventing
antibiotic-associated diarrhea, decreasing recurrence of
Clostridium difficile infection, and maintaining remission in
inflammatory bowel disease [106].

Indeed, GI symptomatic benefits of probiotic administra-
tion have been suggested in PD. In a recent trial, 120 people
with PD were randomized to consume either a fermented milk
consisting of multiple probiotic strains and prebiotic fiber or
placebo once daily for 4 weeks [107]. During the last 2 weeks
of the intervention, the group receiving the fermented milk
had a higher number of complete bowel movements and a
greater decrease in the use of other laxatives compared with
the placebo group [107]. Importantly, rather than directly
modifying the microbiome, the presence of dietary fiber in
the intervention, known to increase stool frequency [108],
could also have explained the improvement in constipation.
Probiotic use helps alleviate constipation in other populations
[109], though the generalizability to PD is unclear as the cause
of constipation may be different. The mechanisms responsible
for the beneficial effects of probiotics are still unclear but may
include direct effects on gut motility, increases in mucin se-
cretion, or immunomodulatory interactions [110].

Beyond their direct GI effects, probiotics also have poten-
tial disease-modifying benefits through microbiome modula-
tion. Notably, probiotics are not thought to simply replace
existing microbial communities with “healthier” species.
Microbial ecosystems are extremely complex. Many species
cannot successfully be administered orally, and even when
they can, the existing dominant species may not be easily
displaced. However, probiotic administration may inhibit the
growth of pathogenic bacteria, improve the production and
absorption of vitamins and minerals, and modulate GI inflam-
mation [111]. In two toxin-induced mouse models of PD, an
orally administered probiotic mixture consisting of
Lactobacillus and Bifidobacterium reduced degeneration of
dopaminergic cells in the substantia nigra and led to less se-
vere motor decline [112]. These changes seemed to be medi-
ated by increasing butyrate production, which inhibited nigral
inflammation and increased neurotrophic factors [112]. Co-
culturing a similar mix of probiotic strains with peripheral
immune cells (peripheral blood mononuclear cells
(PBMCs)) extracted from people with PD decreased cytokine
release and free radical production [113]. In another mouse
model of PD, daily administration of probiotics comprised of
multiple strains of bacteria led to improvement in multiple
measures of motor function and reduced degeneration of do-
paminergic neurons in the substantia nigra [114]. Similarly, a
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novel probiotic agent, SLABSI, attenuated nigral degenera-
tion and inflammation and improved motor behavior in anoth-
er toxin-induced mouse model of PD [115]. In vitro studies
suggest that SLABS1 prevents neuronal death through in-
creasing brain-derived neurotrophic factor (BDNF) [115].
Finally, in a Caenorhabditis elegans model, administration
of Bacillus subtilis decreased alpha-synuclein aggregation
and increased clearance of pre-formed aggregates by altering
sphingolipid metabolism and creating a biofilm in the gut
[116]. Thus, probiotics have multiple potentially beneficial
effects that may act on specific mechanisms in PD
pathogenesis.

While this pre-clinical evidence for probiotic benefit in PD
is encouraging, human trials are still limited. A recent double-
blind controlled trial randomized 60 people with PD to receive
either a probiotic containing Lactobacillus and Bifidobacterium
or placebo for 12 weeks [117]. Motor signs and symptoms as
measured by the Movement Disorders Society—Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS) improved
in the probiotic group compared with the placebo group.
These improvements corresponded with lower serum levels
of C-reactive protein, a marker of systemic inflammation;
higher levels of the antioxidant glutathione; and increased in-
sulin sensitivity [117]. In a similar study, expression of the
proinflammatory cytokines IL-1, IL-8, and TNF-alpha in
PBMCs was reduced after probiotic intake, while expression
of the anti-inflammatory regulators TNF-beta and PPAR-
gamma was increased [113]. Notably, changes in constipation
were not reported in these studies, which may be an important
confounder for symptomatic improvement, and changes in the
microbiome were not evaluated. Future large and longer-term
studies may inform potential beneficial effects of probiotics in
PD and how they affect PD dysbiosis.

Antibiotics

From a pharmacologic perspective, the most profound way to
alter the GI microbiome is through antibiotics. While antibi-
otics are often prescribed to target particular pathogenic bac-
teria, their effect on beneficial bacterial species has been rec-
ognized for some time [118]. Antibiotic-associated diarrhea is
one of the most common “off-target” complications. It is
caused by a reduction of bacterial diversity and alteration of
physiologic, anti-inflammatory functions of healthy flora,
which allows for an overgrowth of deleterious organisms,
most commonly C. difficile [119, 120]. How significantly an-
tibiotics change the gut microbiome depends on their spec-
trum of effect, to what extent they are absorbed systemically,
and how they are excreted [121]. For instance, broad-
spectrum antibiotics that are secreted in bile acid have a pro-
found impact on the colonic microbiome [122]. In addition,
while many of these changes resolve over months, in some
cases, antibiotic-induced population shifts and microbial



Brown and Goldman

1411

resistance can be detected years after a short-term administra-
tion of antibiotics [122].

Antibiotic use and subsequent dysbiosis may also play a
role in PD. A recent population-based study in Finland found
an increased risk of developing PD as long as 10-15 years
after exposure to certain types of antibiotics, specifically anti-
anaerobics and tetracyclines [123]. An alternative interpreta-
tion of this association is that infections may predispose peo-
ple to PD, or that people with early undiagnosed PD may be
more likely to require antibiotics. However, the authors argue
that the association would not be dependent on the type of
antibiotic in that case. Furthermore, they did not see a signif-
icant relationship between hospital diagnoses of infections
and subsequent PD [123]. Thus, microbiome changes due to
antibiotics might potentially contribute to neurologic disease
years afterwards. Another recent study in the USA did not find
a relationship between antibiotic use and PD risk, though this
study was limited by reliance on a survey where respondents
had to recall their antibiotic use in the past [124].

Importantly, not all antibiotic-induced microbiome chang-
es are harmful. Antibiotic administration has been found to
improve the course of many non-infectious conditions where
dysbiosis is thought to be an underlying cause, including IBD
and irritable bowel syndrome (IBS) [120]. In PD, antibiotic
administration in some dysbiotic conditions may improve not
just GI symptoms but also symptoms of PD. For example,
Helicobacter pylori eradication was found to reduce gastritis,
improve levodopa pharmacokinetics, and prolong the time of
levodopa’s clinical efficacy in a placebo-controlled trial [125].
A more recent, larger trial did not find a similarly beneficial
effect, though the trial was designed to study the efficacy of
levodopa as opposed to its duration of action [126]. In a small,
open-label study of patients with small intestinal bacterial
overgrowth (SIBO), rifaximin use was associated with fewer
motor fluctuations and longer therapeutic benefit of PD med-
ications [127], though these results have not been replicated in
a placebo-controlled trial. Notably, rifaximin has low systemic
absorption, suggesting that any clinical benefit comes from
intra-intestinal mechanisms. While rifaximin does not seem
to alter the overall abundance of GI bacteria as significantly
as other antibiotics, it may ultimately promote bacteria with
anti-inflammatory properties such as Lactobacillus, demon-
strating how a targeted antibiotic could potentially induce a
healthier microbiome population [128].

Whether antibiotic therapy might slow PD progression or
improve symptoms more generally is still unclear.
Minocycline, a tetracycline antibiotic, showed neuroprotec-
tive effects in a PD mouse model [129]. This evidence led to
a phase 2, randomized, controlled trial which unfortunately
did not show benefit [130]. Notably, its efficacy in the mouse
model may have been due to direct systemic antioxidant and
anti-inflammatory effects, rather than effects on the gut or the
microbiome [131]. The inability to separate intra-intestinal

effects from the systemic effects of many antibiotic agents,
as well as their unpredictable impact on GI ecology, is a sig-
nificant impediment to their use for targeted microbiome ma-
nipulation. Whether there is a therapeutic role for antibiotic-
mediated regulation of the microbiome in PD remains to be
determined.

Stool Transplant

Fecal microbiome transplant (FMT), or microbial replacement
therapy, is increasingly used and proposed as an effective and
safe method for restoring a healthy intestinal microbiome.
FMT involves transferring of fecal material from a healthy
donor to a patient with dysbiosis. Transfer can occur through
different mechanisms, including orally administered capsules,
gastroduodenal endoscopy, colonoscopy, or enema.
Successful repopulation of gut flora varies considerably by
method, with colonoscopy being most efficacious [132].

From a clinical standpoint, FMT has been shown to be
highly effective in otherwise refractory C. difficile infections,
and investigations into other types of GI and non-GI condi-
tions are rapidly increasing [133]. For instance, several ran-
domized, controlled trials of FMT have targeted obesity and
metabolic syndrome, with some showing at least short-term
improvement in insulin sensitivity and glycemic index [134].
A recent placebo-controlled trial in obese patients showed
sustained alterations in microbiota after oral FMT administra-
tion from a lean donor, though body mass index (BMI) did not
change [135]. FMT has been preliminarily explored in several
neurologic conditions, though to a much smaller extent [136].
Clinical benefit of FMT has been reported in autism spectrum
disorder, Tourette’s syndrome, epilepsy, diabetic neuropathy,
and multiple sclerosis, but largely in the form of case reports
or case series [136].

Support for the use of FMT in PD is mostly driven by
animal models. As noted above, transgenic mice that received
stool transplants from people with PD manifested worsening
of motor function compared with mice that received stool
from healthy controls [49]. In a separate experiment, Sun
et al. [137] transplanted feces from healthy mice to mice that
had received MPTP, a toxin that causes degeneration of
substantia nigral dopaminergic neurons and Parkinson-like
features. After receiving the healthy donor fecal transplant,
the MPTP mice showed improved GI dysbiosis, higher levels
of striatal dopamine, less nigral degeneration, and improved
motor function [137]. These changes were thought to be me-
diated by changes in SCFAs and reduced inflammatory me-
diators in the MPTP mice [137].

The literature on the effects of FMT in people with PD is
still limited. A case report describes a patient with PD and
medically refractory constipation who received FMT via co-
lonoscopy, with subsequent resolution of constipation [138].
Notably, by 1 week after transplant, the patient’s motor

@ Springer



1412 Modulation of the Microbiome in Parkinson’s Disease: Diet, Drug, Stool Transplant, and Beyond

symptoms had improved significantly, though they began
worsening again and were back to baseline values 3 months
after FMT [138]. This improvement may have been due to a
placebo effect, or simply from resolution of constipation and
discomfort, which can often improve motor symptoms of PD.
On the other hand, the microbiome of the patient most closely
resembled that of the donor at 1 week after transplant, before
drifting back over time to its prior composition [138]. More
recently, a small, open-label study of FMT delivered either
through a nasojejunal or colonic route was conducted in peo-
ple with PD who were not receiving adequate benefit from
dopaminergic medications [139]. Participants showed im-
provement in both motor and non-motor (e.g., anxiety, depres-
sion) scores at 1 month and 3 months after the intervention,
though stratified analysis revealed improvement only after
colonic FMT. The strong placebo response in PD again makes
these results challenging to interpret, supporting the need for
randomized, controlled trials (e.g., NCT03808389) to clarify
the effect of FMT on the microbiome and clinical symptoms
in PD.

Overall, our understanding of the therapeutic application of
FMT is still in its earliest stages. The screening, processing,
and administration of donor material are quite heterogenous
between institutions, challenging the interpretation of efficacy
and safety data [132]. New safety concerns regarding screen-
ing procedures recently arose after six people treated with
FMT from the same stool bank developed pathogenic E. coli
infections; four of the six were hospitalized, and two patients
died {FDA}. Furthermore, while identifying a healthy donor
may be straightforward in the treatment of C. difficile infec-
tions, the criteria are less clear when considering FMT as a
therapeutic intervention for neurodegenerative disease. For
instance, family members are a popular source of FMT dona-
tions in clinical practice, but in the case of PD, shared genes
and environment may result in microbiomes that might not
convey any benefit [140].

Targeted Drug/Small Molecule

As we learn more about the nuances of the microbiome and
how it interacts with host physiology, the non-specific modal-
ities described above may become less applicable. More and
more targeted therapies are being designed that are not only
disease-specific but also address specific disease-related mor-
bidities. Because each individual’s microbiome is a unique
and highly evolved system, the approach to its modulation
may involve novel therapeutics and a more personalized ap-
proach than is typically used to treat other organ system
dysfunctions.

For instance, in PD, GI flora have long been thought to play
a role in the metabolism of levodopa, the most effective PD
pharmacologic treatment [141, 142]. Greater GI metabolism
would theoretically reduce the amount of levodopa available
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to the brain, which could contribute to the dose failures often
seen in advanced PD [143]. Recently, two reports have shown
that several gut bacterial species do indeed harbor a tyrosine
decarboxylase (TyrDC) enzyme that can metabolize levodopa
[143, 144]. These bacteria reside in the small intestine where
levodopa is metabolized, are found in the feces of people with
PD, and correlate with levodopa dose and disease duration
[143]. Furthermore, they are not inhibited by carbidopa, a
drug co-administered with levodopa to block its peripheral
metabolism [144]. However, S-alpha-fluoromethyltyrosine
(AFMT), an amino acid that inhibits bacterial TyrDC, in-
creased serum levels of levodopa in mice when co-
administered [144]. While the clinical relevance of this obser-
vation is unknown, it demonstrates the potential of targeting a
very specific function of the microbiome for therapeutic
benefit.

Synthetic biology, the field of genetically engineering mi-
croorganisms for specific purpose, also shows significant po-
tential for microbiome modulation. Investigated predominant-
ly in animal models, synthetic bacteria may be engineered to
target specific pathogens, facilitate GI immunomodulation,
diagnose occult conditions, and deliver medications that are
challenging to administer systemically [145, 146].
Furthermore, the potential benefit of synthetic biology lies
not just in the targeted nature of the therapeutic but also in
the opportunity for sensing mechanisms that can adjust the
delivery of therapy according to particular environments
[146]. In a recent example, synthetic biologic techniques were
used to develop a potential treatment for the genetic metabolic
disorder phenylketonuria (PKU), which is caused by insuffi-
cient or defective phenylalanine hydroxylase enzyme. Unless
they adhere to a strict lifetime diet low in the amino acid
phenylalanine, persons with PKU develop severe and irrevers-
ible psychiatric and neurologic features. Isabella and col-
leagues [147] developed an engineered E. coli strain that ex-
presses phenylalanine-metabolizing enzymes under anoxic
conditions. Administered orally, the engineered bacteria col-
onize the gut and degrade dietary phenylalanine, thereby re-
ducing its buildup in the serum. A promising phase 1/2a trial
in humans was recently completed. Though few examples
have reached human trials, this technology has significant
potential to address a range of human disorders through
targeted modulation of the gut microbiota [146]. Before such
technology becomes applicable in PD, however, a more con-
sistent profile of metabolic abnormalities resulting from
dysbiosis is essential.

Conclusions

Clarifying the role of the microbiome in PD will enable iden-
tification of therapeutic targets in a relatively accessible phys-
iologic system. The microbiome may affect disease causation,
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progression, symptomatology, and response to therapy.
Whether an individual’s microbiome imparts an advantageous
or disadvantageous environment likely varies between each of
these disease stages, as well as between individuals.
Nonetheless, some common themes have emerged. The gut—
brain axis is clearly important. Peripheral inflammation begets
systemic and, possibly, CNS inflammation, and a proinflam-
matory microbiome is likely deleterious or even causally re-
lated. Modulation of the gut microbiome to establish a less
inflammatory environment or produce more short-chain fatty
acids may be an important intervention. Probiotics and prebi-
otics hold promise in this regard. Persons with relatively ad-
vanced disease whose microbiomes may have been selected
for levodopa-metabolizing species may benefit from antibiotic
therapy or targeted synthetic approaches.

Modulating the microbiome directly will also contribute to
our understanding of its deleterious and protective character-
istics, bypassing the many limitations of the aforementioned
observational and animal studies. But, modulating the
microbiome is an incredibly complicated proposal and not
without risk. One major obstacle, similar to other aspects of
PD research, is the lack of a consistent microbiome biomarker
that can identify pathology and be used to track treatment
response. Standardized methods of microbiome analysis and
increased attention to patient selection will be essential for
establishing such a biomarker. Studies also should be de-
signed with specific clinical targets in mind, such as gastroin-
testinal symptoms or PD-related symptoms. Even apparently
straightforward symptoms may have multiple mechanisms.
For example, a recent trial failed in part because of inadequate
criteria for constipation, which may have different character-
istics in PD than in other conditions [148]. Careful patient
selection and biomarker follow-up will be particularly impor-
tant in microbiome studies that address disease modification,
as even the definition of PD progression is highly variable
[149]. Furthermore, the durability of therapeutic benefit of
these interventions is still unknown, and an objective method
to monitor follow-up will be essential to distinguish between
re-constitution of dysbiosis and progression of underlying dis-
ease. Overall, more randomized, controlled trials are needed,
with clearly defined inclusion criteria, specific microbiome
targets, and reliably measured endpoints.

In general, the tools we currently have to modulate the
microbiome are somewhat blunt, inducing broad and often
poorly understood or predictable changes in a complex ecol-
ogy. In the future, more specific therapeutic techniques may
target not only particular aspects of the microbiome but also
specific subgroups of conditions, allowing for truly personal-
ized medicine.

The extent of the GI microbiome’s impact on PD still has to
be clarified, but the evidence thus far is encouraging that
microbiome modulation will 1 day be an effective approach
for treatment and, potentially, for prevention.

Required Author Forms Disclosure forms provided by the au-
thors are available with the online version of this article.
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