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Parkinson’s disease (PD) is a complex neurodegenerative disease which is often
associated with gastrointestinal (Gl) dysfunction. The Gl tract is home to a wide
range of microorganisms, among which bacteria, that can influence the host
through various mechanisms. Products produced by these bacteria can actin the
gut but can also exert effects in the brain via what is now well established to be the
microbiota-gut-brain axis. In those with PD the gut-bacteria composition is often
found to be different to that of non-PD individuals. In addition to compositional
changes, the metabolic activity of the gut-microbiota is also changed in PD.
Specifically, it is often reported that key producers of short chain fatty acids
(SCFAs) as well as the concentration of SCFAs themselves are altered in the stool
and blood of those with PD. These SCFAs, among which butyrate, are essential
nutrients for the host and are a major energy source for epithelial cells of the Gl
tract. Additionally, butyrate plays a key role in regulating various host responses
particularly in relation to inflammation. Studies have demonstrated that a
reduction in butyrate levels can have a critical role in the onset and
progression of PD. Furthermore, it has been shown that restoring butyrate
levels in those with PD through methods such as probiotics, prebiotics,
sodium butyrate supplementation, and fecal transplantation can have a
beneficial effect on both motor and non-motor outcomes of the disease. This
review presents an overview of evidence for the altered gut-bacteria composition
and corresponding metabolite production in those with PD, with a particular
focus on the SCFA butyrate. In addition to presenting current studies regarding
SCFA in clinical and preclinical reports, evidence for the possibility to target
butyrate production using microbiome based approaches in a therapeutic
context is discussed.
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1 Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder with an increasing
prevalence, particularly in industrialized countries, with as many as 0.3% of the population
estimated to have PD (Hayes, 2019). This proportion, however, greatly increases with age
with as many as 3% of those above the age of 80 having PD (Dexter and Jenner, 2013; Hayes,
2019). The misfolding of the PD-associated hallmark protein a-Synuclein (aSyn) leads to its
aggregation and subsequent inclusion in Lewy bodies within the cytoplasm of cells of the
midbrain and cortex (Hayes, 2019). These Lewy bodies are found within the neurons and
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are typically associated with the death of dopaminergic (DA)
neurons (Kouli et al., 2018). The substantia nigra (SN) has a
high concentration of DA neurons and is mainly involved in
motor control. Loss of these DA neurons in the SN is therefore
directly correlated to the severity of motor symptoms in PD (Kouli
et al., 2018).

In addition to motor symptoms, PD also displays an array of non-
motor symptoms (Lee and Koh, 2015) which have been seen to precede
motor symptom onset by, in some cases, several years (Hayes, 2019).
Prodromal symptoms can include sleep disorders, urinary dysfunction,
depression, and sensory abnormalities (e.g., hyposmia), as well as
gastrointestinal (GI) dysfunction (e.g, constipation, sialorrhea)
(Jankovic, 2008; Kouli et al, 2018). The most common GI
symptom, constipation, has been observed to precede diagnosis of
PD by as many as 20 years (Chiang and Lin, 2019). Dysfunction of the
gastrointestinal (GI) system is often related with a change in microbiota
composition. In addition, several studies also have found correlations
between disease severity and an altered microbiota (Barichella et al,
2019; Romano et al., 2021; Boertien et al., 2022; Nuzum et al., 2023)
(reviewed (Boertien et al., 2019; Bullich et al., 2019; Nuzum et al., 2020;
Papi¢ et al., 2022)).

2 Gut-brain axis in PD

The gut microbiome encapsulates the variety of fungi, viruses,
archaea, and bacteria that colonize the GI tract (Ghaisas et al., 2016).
It is implicated in both health and disease, with a number of
neurological disorders already being associated with alterations in
microbiota composition (Ghaisas et al., 2016; Pellegrini et al., 2018;
Cryan et al, 2020; Markidi et al, 2024). There is a two-way
communication between the brain and the gut whereby, to name
one example, neuronal signals are sent from the brain to the GI tract
and the gut can affect the brain via hormone production and uptake
of nutrients (Margolis et al., 2021). The microbiota also plays an
important part in this communication by, for example, producing
different products (e.g., amino acids and short chain fatty acids
(SCFAs)), direct interaction with nerve and immune cells of the GI
tract, and regulation of hormones (summarized (Cryan et al., 2020)).

In the context of PD, the involvement of the vagus nerve, a key
link between the gut and the brain, is suspected due to the
observation of aSyn aggregates spreading through the brain in a
staged, retrograde manner, seeming to originate from the dorsal
motor nucleus of the vagus nerve (in addition to the olfactory tract)
(Braak et al., 2003; Hawkes et al., 2007). This spread coupled with
aSyn aggregates being observed in the enteric nervous system (ENS)
(Bloch etal., 2006; Braak et al., 2006) led Braak and others to propose
that the gut, in addition to the nasal tract, can be the site for a
neurotropic pathogen to disturb aSyn folding followed by a prion-
like transport via the vagus nerve to the brain eventually leading to
the development of PD (Hawkes et al., 2007; Rietdijk et al., 2017).
Furthermore, preclinical studies have investigated the transport of
aSyn along the vagus nerve and visualized its spread in a time
dependent manner (Holmqvist et al., 2014).

Further evidence for the vagal route of aSyn transmission is
found in patients that have undergone full truncal vagotomy, where
complete resection of the vagus nerve is protective for PD
development (Svensson et al, 2015). Interestingly, when only
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partial resection (selective vagotomy) was performed no
protective effect was observed after controlling for factors such as
age and sex (Svensson et al., 2015). This finding is further supported
by preclinical studies whereby hemivagotomy was able to prevent
the loss of dopaminergic neurons in the SN in an oral toxin model of
PD (Pan-Montojo et al, 2012; Rietdijk et al, 2017). Why
hemivagotomy 1is sufficient to prevent PD onset in an animal
model of PD but not in humans is not known, however is likely
due to the complex etiology seen in human cases of PD.

Recently, observations of Borghammer and others expand on
the findings of Braak et al. and suggest two potential models for the
spread of aSyn aggregates with a subtype of patients where the
spread appears to originate from the GI tract (so called “body first”
subtype) and others where aSyn aggregates appearing to originate in
the brain (a “brain first” subtype) (Borghammer and Van Den Berge,
2019). This study used a multimodal imaging battery to cluster de
novo and prodromal PD cases into these two distinct subtypes.
Interestingly, certain symptoms, such as rapid eye movement (REM)
sleep behavior disorder and GI related parameters, are closely linked
with a “body first” subtype whilst being rarely associated with “brain
first” subjects (Borghammer and Van Den Berge, 2019). These
subtypes are supported by in vitro, in vivo, and clinical evidence
however the exact causes and mechanisms that underly PD remain
to be elucidated (Rietdijk et al., 2017; Borghammer and Van Den
Berge, 2019; Nuzum et al,, 2020; Cui et al,, 2023).

Involvement of the microbiota gut-brain axis in PD may
therefore be especially relevant for (at least) a subset of people
with PD. The exact mechanisms involved between the microbiota
and the host are multifaceted and SCFAs are a prime example of how
microbiota can produce metabolites that directly influence GI tract
function and have wider effects. One such example is the ability of
SCFAs, and especially butyrate, to modulate inflammatory
responses and thereby influence aSyn accumulation and
propagation (Kakoty et al, 2021; Kim et al, 2022). SCFAs are
primarily a product of the fermentation of non-digestible fibers
by gut bacteria (Blaak et al., 2020). Colonocytes are responsible for
the uptake of SCFA from the lumen and begin to metabolize the
SCFAs for their own energy needs, the unused portion of SCFAs is
then transported across the basolateral membrane (den Besten et al.,
2013; Blaak et al., 2020; Aho et al,, 2021). In PD, among broader
changes in the microbiota composition, there have been various
reports describing a decrease in SCFA producing species (Bullich
et al., 2019; Romano et al., 2021; Nuzum et al., 2023). Studies that
examine levels of SCFAs themselves are less abundant, but the few
available also describe a similar reduction of SCFA in the GI tract,
particularly regarding butyrate (Jackson et al., 2019; Aho et al,
2021). This reduction in intestinal butyrate may have a detrimental
outcome for colonocytes due to reduced anti-inflammatory and
proliferative effects of butyrate as well as the important role of
butyrate in regulating intestinal barrier permeability (Liu et al., 2018;
Karunaratne et al., 2020). A reduction in epithelial tight junction
(T7) protein expression and therefore impaired barrier integrity, e.g.,
leaky gut (Clairembault et al., 2015; Perez-Pardo et al., 2019) is an
important feature of PD-GI related symptoms and therefore the
ability of butyrate to modulate this presents an interesting
opportunity for intervention.

This review aims to explore the role of butyrate in PD. Firstly,
the role of butyrate in human health is described. Secondly, a
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synopsis of research comparing the gut bacteria composition in PD
subjects and controls is explored. In addition, recent findings
regarding butyrate in PD in both clinical and preclinical studies
are summarized. Finally, opportunities to exploit butyrate related
pathways are examined and the current potential treatments
targeting the disturbed butyrate concentrations in PD are
explored, including pre-, pro-, and postbiotics as well as fecal
microbiota transplantation (FMT).

3 Butyrate in gut health and disease

3.1 Microbiota is unique and can be
influenced by many factors

The human body plays host to trillions of microbes, with a large
proportion found in the GI tract (Ghaisas et al., 2016). Although the
absolute number of bacterial cells is similar to that of body cells
(estimates place this at 1.3:1 bacterial:human), it has been estimated
that the number of unique genes found in the microbiota is as much as
150 times that of the human genome (Ghaisas et al., 2016; Gilbert et al,,
2018). The microbial community is composed of many different
bacterial species, the exact composition of which is unique for every
individual and this remains relatively stable for most of their life (Cresci
and Bawden, 2015; Walker and Hoyles, 2023). Various factors influence
an individuals’ microbiota composition including: age, health status,
ethnicity, geographical location, and diet among others (Cresci and
Bawden, 2015; Ghaisas et al.,, 2016; Pellegrini et al.,, 2018). Diet and
pharmaceutical products are clear front runners in their capacity to
modify the composition of an individual’s microbiota (Turnbaugh et al.,
2009; Cresci and Bawden, 2015; Schmidt et al, 2018). Intuitively,
antibiotics have the largest effect on microbiota composition when
compared to other pharmaceutical treatments (Cresci and Bawden,
2015; Schmidt et al, 2018). Such changes caused by antibiotics in
microbiome composition are believed to be reversible with time,
however some amount of diversity may be lost permanently due to
taxa being completely eliminated from the microbiota (Schmidt et al,
2018). Interestingly in relation to PD the use of levodopa, the primary
pharmaceutical therapy for PD, has been shown to have interactions
with the microbiome. Different bacteria have been shown to possess
enzymes that are capable of structural modification to Levodopa
including decarboxylation and deamination (van Kessel et al., 2019;
2020). This results in a lowered bioavailability of the treatment and
hence a reduction in therapeutic efficacy (van Kessel et al., 2019; 2020)
and can also increase the occurrence of side effects due to metabolism
products in the GI tract (van Kessel et al., 2020). Furthermore, the use of
Levodopa-carbidopa intestinal gel has been shown to influence
microbiota composition when compared to Levodopa treatment
alone (Melis et al,, 2021). What the long term implications of such
changes are, remain unclear.

3.2 Butyrate is a key source of energy for
colonocytes

The production of SCFAs is a key role of the gut bacteria, since

these are essential nutrients (Blaak et al., 2020). A majority of the
bioavailable SCFAs found in the body originate from the colon, with
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acetate, propionate, and butyrate being the most abundant (Blaak
et al., 2020; Martin-Gallausiaux et al., 2021). Bacteria of the families
Oscillospiraceae and Lachnospiraceae of the Bacillota phylum are the
predominant butyrate producers within the human gut (Louis and
Flint, 2017; Blaak et al., 2020). Other bacteria can play an important
part in the production of butyrate due to the phenomenon of cross-
feeding whereby metabolites are exchanged between multiple
different species to eventually produce a final product (Riviere
et al,, 2016; Culp and Goodman, 2023). Thus the actual butyrate
production of the bacteria depends on many factors, including pH,
diet, and precursor production (Riviére et al., 2016; Martin-
Gallausiaux et al., 2021).

Carbohydrates are the main source from which gut bacteria produce
butyrate, with the majority being otherwise indigestible fibers (Louis and
Flint, 2017). Butyrate is formed by the condensation of two molecules of
acetyl-CoA by the enzymes butyrate kinase or butyryl-CoA:acetate CoA-
transferase (Louis and Flint, 2017; Blaak et al., 2020). Once produced, the
weakly acidic butyrate is present in a deprotonated form in the colon,
requiring active transport for absorption (Martin-Gallausiaux et al,
2021). Whilst the undissociated form of butyrate is able to passively
diffuse across the colonocyte membrane, this mechanism is of little
physiological relevance due to the rapid dissociation of butyrate and
proton that occurs in the colon (Astbury and Corfe, 2012; Martin-
Gallausiaux et al., 2021).

Various SCFA transport systems have been identified, of which
monocarboxylate transporter 1 (MCT1), MCT4, sodium-dependent
monocarboxylate transporter (SMCT) 1 (SMCT1), and SMCT?2 are
most relevant for butyrate transport by colonocytes (Louis and Flint,
2017; Martin-Gallausiaux et al., 2021). MCT1 is expressed on both
apical and basolateral membranes of colonocytes, and the uptake of
butyrate takes place in combination with a proton (Figure 1)
(Astbury and Corfe, 2012). The MCT4 transporter is only found
on the basolateral membrane of colonocytes and therefore is
responsible, in conjunction with MCT1, for efflux of butyrate
into the blood (Sivaprakasam et al, 2017; Dalile et al, 2019).
SMCT1 and SMCT2 in contrast are present only on the apical
membrane of colonocytes (Astbury and Corfe, 2012; Dalile et al.,
2019). Uptake by SMCT1 and SMCT?2 is coupled to Na+ (with two
and one Na + ions transported respectively). Butyrate uptake is
dependent on the luminal concentration. Under normal conditions
a majority is transported via MCT1 however, SMCT1 appears to
dominate at low butyrate concentrations due to its high affinity for
butyrate (Astbury and Corfe, 2012; Sivaprakasam et al., 2017).

After uptake by colonocytes, the majority of butyrate is used
directly as an energy source and it represents up to 75% of the
oxidative energy for these cells (Martin-Gallausiaux et al., 2021).
Although much remains unknown about the intracellular transport
of butyrate, the butyrate that has entered the cell eventually localizes
in the mitochondria (Astbury and Corfe, 2012). Here, it is oxidized
via B-oxidation to produce ATP (Astbury and Corfe, 2012). While
this pathway is also possible for acetate and propionate, butyrate
produces both more ATP upon oxidation and is oxidized at a faster
rate than the other SCFAs due to butyrate not requiring the
formation of intermediate species (Blaak et al, 2020). It is
estimated that the energy obtained from SCFA oxidation
accounts for 8% of the total daily energy needs of a human,
demonstrating the vital role of microbiome metabolism (Astbury
and Corfe, 2012; Blaak et al., 2020).
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FIGURE 1

Uptake, metabolism, and physiological effects of butyrate in the colon. Dietary fiber consumption results in the production of butyrate in the gut
lumen by the microbiota. Monocarboxylate transporter (MCT) one and sodium-dependent monocarboxylate transporter (SMCT) 1§62 on the apical
membrane of colonocytes are responsible for the absorption of butyrate. A majority of butyrate is directly used as an energy source by colonocytes. The
remaining butyrate can be effluxed from colonocytes via MCT 1&4 and bind to GPR41, GPR43, and GPR109A (GPCRs) on other cells (such as
dendritic cells) to exert immunomodulatory effects. Furthermore, intracellular butyrate can also act as histone deacetylase (HDAC) inhibitor, affecting
proliferation and regulating the production of tight junction proteins and mucus. In summary butyrate can reduce inflammation, induce cell cycle
inhibition, increase the expression of proteins that regulate gut barrier permeability, and increase mucus production. Made with BioRender.com.

3.3 Butyrate and the gut-inflammation and
barrier integrity

Beyond the use of butyrate directly as an energy source,
butyrate can also affect the regulation of gut barrier integrity.
TJ proteins form connections between the epithelial cells of the
gut, ensuring the formation of a tight barrier between the cells
(Morrison and Preston, 2016; Blaak et al., 2020; Karunaratne
et al., 2020). In vitro studies using epithelial cells have shown that
butyrate strengthens barrier integrity (Wang et al., 2012; Blaak
et al., 2020). This was shown to be in principle due to an
upregulation in the expression of the TJ protein claudin-1 and
the redistribution of other T] proteins (Zonnula occludens one
and Occludin) in the cellular membrane (Wang et al., 2012). In
fact, butyrate has been shown to improve epithelial barrier
function after it has been disrupted due to lipopolysaccharide
(LPS) exposure, demonstrating a possible restorative capacity of
butyrate in vitro (Yan and Ajuwon, 2017). In addition to directly
affecting the TJ proteins, butyrate can also increase the
expression of the protein mucin 2 (MUC2) and hence further
support a strong intestinal barrier by supporting the mucus layer
in the GI tract (Liu et al., 2018).
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Butyrate can also directly interact with a wide variety of cells via
G-protein coupled receptors (GPCRs) (Liu et al., 2018; Martin-
Gallausiaux et al., 2021; Salvi and Cowles, 2021). SCFAs are ligands
for six GPCRs, of which GPR41 (FFAR3), GPR43 (FFAR2), and
GPR109A (HCAR2) have a high affinity for butyrate (Liu et al,
2018; Martin-Gallausiaux et al., 2021). GPR41 and GPR43 are
widely expressed in various organs (spleen, heart), tissues
(muscle, colon epithelium), and immune cells (dendritic cells,
regulatory T cells) (Liu et al.,, 2018; Dalile et al.,, 2019). Butyrate
is the only SCFA to act as a ligand for GPR109A which is widely
expressed in organs and immune cells (specifically dendritic cells
and macrophages) (Liu et al., 2018; Martin-Gallausiaux et al., 2021).
Butyrate reaches these receptors at other sites having been absorbed
by colonocytes and travelling through the blood (Liu et al.,, 2018;
Dalile et al., 2019).

Activation of these various GPCRs by butyrate leads to an anti-
inflammatory effect via the upregulation of regulatory T cells and the
production of anti-inflammatory cytokines (Interleukin (IL) 10 and
Tumor growth factor B). This effect is mediated by both direct
interaction with T cells via mammalian target of rapamycin (mTOR)
activation and indirect effects by suppressing T cell activators (e.g.,
dendritic cells) (Dalile et al, 2019). Butyrate also acts via the
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suppression of pro-inflammatory cytokine production (Interferon v,
Tumor necrosis factor a, IL-1f, IL-6, and IL-8) through inhibition of
NF-«B signaling in, for example, macrophages and endothelial cells
(Aguilar et al., 2014; Liu et al,, 2018). Another important effect of
butyrate is its activity as an inhibitor of histone deacetylase (HDAC)
(Figure 1) (Liu et al, 2018; Salvi and Cowles, 2021). With the
alteration in gene transcription again leading to a reduction in
inflammatory cytokine production by dendritic cells, T cells, and
monocytes (Liu et al.,, 2018; Dalile et al., 2019). Altogether, these
interactions mean that butyrate can create a tolerant environment
within the mucosal immune system of the gut, but also systemically,
by way of reducing inflammation and inflammatory factors
(Figure 1) (Morrison and Preston, 2016; Dalile et al., 2019; Blaak
et al,, 2020). Altogether, butyrate is an important modulator of
inflammation. Crucially for this review, inflammation is established
to contribute to and accelerate aSyn aggregation and propagation
thus having an important role in the development of PD (Kim
et al.,, 2022).

4 Intestinal bacteria composition
changes in PD

Composition of the intestinal bacteria in individuals with PD has
been assessed in several studies (Hasegawa et al., 2015; Keshavarzian
et al,, 2015; Scheperjans et al., 2015; Unger et al., 2016; Bedarf et al.,
2017; Hill-Burns et al., 2017; Hopfner et al., 2017; Li et al., 2017;
2019; Li et al., 2022 Z.; Mertsalmi et al., 2017; Minato et al., 2017;
Petrov et al., 2017; Heintz-Buschart et al., 2018; Lin et al., 2018; 2019;
Qian et al.,, 2018; Aho et al., 2019; Barichella et al., 2019; Pietrucci
et al., 2019; Weis et al., 2019; Baldini et al., 2020; Cosma-Grigorov
et al., 2020; Ren et al., 2020; Wallen et al., 2020; 2022; Zhang et al.,
2020; Murros et al., 2021; Rosario et al., 2021; Takahashi et al., 2022;
Nuzum et al., 2023) (see (Nuzum et al., 2020; Plassais et al., 2021;
Romano et al., 2021; Papi¢ et al., 2022) for review and metanalyses).
Reporting of changes in the a-diversity of the PD microbiome is
mixed. Several report no change in a-diversity measures
(Scheperjans et al., 2015; Bedarf et al., 2017; Hopfner et al., 2017;
Lietal,, 2017; Lin et al., 2018; Aho et al., 2019; Pietrucci et al., 2019;
Baldini et al, 2020; Nuzum et al, 2023), others report that a-
diversity is increased in PD samples (an outgrowth of rare species
and decrease in dominant species) (Keshavarzian et al., 2015; Qian
etal,, 2018; Barichella et al., 2019; Ren et al., 2020; Zhang et al., 2020;
Li Z. et al., 2022), and some report the PD group to have a lower a-
diversity compared to controls (Petrov et al., 2017; Cosma-Grigorov
et al.,, 2020).

More consensus is reached regarding changes in B-diversity
however, with studies consistently finding differences between PD
and control groups regardless of differences in methodology,
geographical location, and having accounted for potential
confounding factors such as age and medication use (Nuzum
et al,, 2020; Romano et al,, 2021; Papi¢ et al., 2022). Specifically,
a reduction of bacterial taxa typically associated with anti-
inflammatory and neuroprotective effects was found, such as
bacterial strains belonging to the Lachnospiraceae family
(Barichella et al., 2019; Pietrucci et al., 2019; Vascellari et al.,
2020; Romano et al, 2021; Papi¢ et al, 2022). Additionally,
bacteria that are typically associated as being beneficial (e.g.,
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Lactobacillus and Bifidobacterium) perhaps

counterintuitively, found to be more abundant in the PD

were,

microbiome (Hasegawa et al., 2015; Hill-Burns et al., 2017;
Minato et al., 2017; Barichella et al., 2019; Nuzum et al., 2020;
Romano et al., 2021; Papi¢ et al., 2022; Takahashi et al., 2022) and in
some studies were found to correlate with disease severity (Minato
et al,, 2017; Barichella et al., 2019; Baldini et al., 2020). This is
partially attributed to these bacteria’s ability to survive in a
proinflammatory environment (Romano et al, 2021) and their
ability to outcompete other genera (Wallen et al., 2022). However
it is also important to consider that this could also be due to
methodological differences of some studies potentially biasing the
outcome (e.g., failing to account for confounding use of probiotics,
age, etc.) as explored in other reviews (Nuzum et al., 2020).

At the phylum level, Bacillota is observed to correlate with
disease duration in PD subjects in one study (Lin et al., 2018; Nuzum
et al., 2020). In contrast, Actinomycetota and Verrucomicrobiota are
present in a higher relative abundance (Figure 2) (Romano et al.,
2021; Papi¢ et al, 2022). However, findings for phylum level
differences are often less conclusive due to some genera and
some families of the same phylum observed to be more or less
abundant in the PD microbiome within the same study. It has
however often been found that bacteria of genus Akkermansia and
Bifidobacterium (phylum Verrucomicrobiota and Actinomycetota
respectively) are increased in prevalence in the PD microbiome
(Keshavarzian et al., 2015; Unger et al., 2016; Bedarf et al., 2017; Hill-
Burns et al., 2017; Lin et al., 2018; Nuzum et al., 2020; Romano et al.,
2021) and correlate with the severity of motor (Heintz-Buschart
et al,, 2018; Papi¢ et al., 2022) and non-motor (Li et al., 2019; Papi¢
et al,, 2022) symptoms. To find consistent differences in altered
genera across studies is complex and conclusions vary due to
differences in relative abundances being found, some of which
directly contradict with others (Boertien et al., 2019; Papi¢ et al.,
2022; Wallen et al,, 2022). This variability between findings and
conclusions can be accredited to individual microbiome variations
but can also largely be attributed to variation in experimental
procedure (e.g., sequencing technique), small sample sizes, and/or
lack of control of confounding variables (Nuzum et al., 2020; Papi¢
et al., 2022; Wallen et al., 2022).

Critically in the context of this review, many of the bacteria
decreased in PD are responsible for the production of SCFAs. It is
therefore postulated that this reduces the total amount of SCFAs
available in the GI tract (Bullich et al.,, 2019; Nuzum et al., 2020;
2023; Romano et al., 2021; Nishiwaki et al., 2022). This includes
bacteria of the Eubacterium (Bedarf et al., 2017; Nuzum et al., 2020),
Blautia (Keshavarzian et al., 2015; Bedarf et al., 2017; Hill-Burns
et al., 2017; Li et al., 2017; Lin et al., 2018; Nuzum et al., 2020;
Romano et al., 2021; Papi¢ et al, 2022; Takahashi et al., 2022),
Roseburia (Keshavarzian et al., 2015; Bedarf et al., 2017; Hill-Burns
et al., 2017; Heintz-Buschart et al., 2018; Lin et al., 2018; Nuzum
et al., 2020; Romano et al, 2021; Wallen et al, 2022),
Faecalibacterium (Unger et al., 2016; Hill-Burns et al., 2017; Li
et al., 2017; Petrov et al., 2017; Lin et al., 2018; Nuzum et al., 2020),
and Coprococcus (Petrov et al.,, 2017; Nuzum et al., 2020) genera all
of the phylum Bacillota. Bacteria of these genera are well established
to be key producers of butyrate in the human microbiome (Nuzum
et al, 2020). These findings are summarized in Figure 2 and Table 1.
Similar reductions in SCFA producing bacteria are also seen in other
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neuro-inflammatory disorders (Cryan et al., 2020) as well as in
Inflammatory Bowel disease (IBD) (Silva et al., 2018), where such
changes are associated with an increased intestinal epithelial
permeability and mucosal inflammation.

Intriguingly, some studies find increases in the family
Oscillospiraceae in PD individuals, a family that is well
established to contain several key butyrate producers (Qian
et al.,, 2018; Ren et al,, 2020; Li Z. et al., 2022). This could at
first appear counterintuitive, however it is important to consider
that a of this family
Faecalibacterium prausnitzii has been repeatedly shown to be
reduced in the PD microbiota (Nuzum et al., 2020). Therefore it
is plausible that other members of this family “overgrow” in the

prominent butyrate producer

absence of Faecalibacterium prausnitzii without compensating
for the loss of butyrate production and that this was not captured
in these other studies. This further illustrates the need for
next gen sequencing techniques that can provide detailed
insight at a species level to elucidate this aspect of the PD
microbiome.

The GI dysfunction seen in PD, often prodromal, could
therefore plausibly be related to butyrate producing bacteria
being lost and therefore GI microbiome homeostasis being
disturbed which in turn can contribute to the early GI stages of
PD and its progress. (Bullich et al, 2019; Nuzum et al., 2020).
Furthermore, bacteria of the genus Akkermansia, seen to be
increased in the PD microbiome (Keshavarzian et al, 2015;
Bedarf et al., 2017; Hill-Burns et al., 2017; Heintz-Buschart et al.,
2018; Lin et al., 2018; 2019; Li et al., 2019; Nuzum et al., 2020;
Romano et al., 2021) are established to be mucin degraders which
can therefore, in addition to the lack of butyrate stimulating mucin
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production, contribute to an increased intestinal epithelial
permeability in PD (Nuzum et al., 2020; Nishiwaki et al., 2022).

A final important factor to consider is how such bacterial
composition changes may evolve over time from early PD
diagnosis toward later PD stages, particularly in regard to
butyrate producing bacteria. On the whole, PD fecal samples are
seen to increasingly diverge with respect to B-diversity from control
samples with increasing disease duration (Barichella et al., 2019;
Nuzum et al, 2020). More specifically, bacteria of the families
Lachnospiraceae (Li et al., 2017; Barichella et al, 2019; Nuzum
et al., 2020) and Oscillospiraceae (Li et al., 2017; Nuzum et al., 2020)
were both negatively correlated with PD duration with an additional
study showing decreases in the phylum Bacillota more generally
(Keshavarzian et al., 2015; Nuzum et al., 2020). These families and
the phylum Bacillota more broadly are well established to contain
bacteria that contribute a significant amount of butyrate in the GI
tract (Louis and Flint, 2017). Naturally, the classification of disease
duration in such studies is precluded by the, in some cases, long
prodromal phase of PD as previously discussed in this review as well
as a variety of lifestyle factors that are known to influence gut
bacteria composition. An alternative approach is a longitudinal
design, which has been utilized in several studies (Minato et al.,
2017; Aho et al, 2019; Hegelmaier et al., 2020; Lubomski et al.,
2022). While similar changes in butyrate producers between healthy
and PD subjects have been seen, this reduction does not seem to
progress over time but rather remains low, even in patients where
symptoms have deteriorated at follow up (Aho et al, 2019
Lubomski et al., 2022). Further studies of this kind, with longer
follow up periods, are warranted to establish if this loss of butyrate
produces progresses in a time-dependent manner.
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TABLE 1 Bacterial composition changes of relevance to butyrate production in clinical studies of PD and their subsequent measurement of butyrate levels.
Changes reported are for PD cases compared to controls in fecal samples and are the reported changes seen after accounting for covariate factors (if
performed) in each study. (NR; Not reported, OTUs; Operational taxonomic units, ACE; Abundance-based coverage estimators).

References A-diversity changes (index Increased bacteria in Decreased bacteria in PD  Butyrate levels in
used) PD samples samples PD samples
Hasegawa et al. (2015) | NR Lactobacillus Clostridium coccoides, C. leptum, NR
Bacteroides fragilis
Keshavarzian et al. Increase (Shannon, Gini-Simpson, Akkermansia muciniphila Blautia, Coprococcus, Roseburia NR
(2015) Margalef)
Scheperjans et al. No change (Shannon, Inverse Simpson, - Prevotellaceae NR

(2015)

Chaol, ACE)

Unger et al. (2016)

NR

Bifidobacterium sp.

Bacteroidota, Faecalibacterium
prausnitzii

Reduced in stool

Bedarf et al. (2017)

Hill-Burns et al.

No change (Richness, Shannon, Observed
species, Chaol)

NR

Akkermansia muciniphila,
Alistipes shahii

Akkermansia, Bifidobacterium

Eubacterium biforme, Lacrimispora
saccharolytica, Segatella copri

Blautia, Roseburia, Faecalibacterium

NR

NR (butyrate kinase

(2017) predicted to be reduced)
Hopfner et al. (2017) | No change (Shannon, Simpson, Chaol, Barnesiellaceae, - NR
Faith’s phylogenetic distance) Enterococcaceae,
Lactobacillaceae
Li et al. (2017) No change (Shannon, Observed OTUs, Actinomycetota Blautia, Faecalibacterium, NR
Chaol) Ruminococcus
Petrov et al. (2017) Decrease (Chaol) Lactobacillus, Bifidobacterium,  Faecalibacterium, Coprococcus, NR

Ruminococcus bromii

Bacteroides, Blautia

Heintz-Buschart et al. | NR Akkermansia Roseburia NR (Predicted
(2018) functionality showed no
differences)
Lin et al. (2018) No change (Shannon, Observed OTUs, Akkermansia Blautia, Roseburia, Faecalibacterium NR
Chaol, Phylogenetic diversity Whole tree)
Qian et al. (2018) Increase (Shannon, Simpson, Observed Lachnospiraceae, Butyricicoccus | Lactobacillus NR
species, Chaol, Phylogenetic diversity
Whole tree)
Aho et al. (2019) No change (Richness, Shannon, Inverse - Prevotella NR
Simpson)
Barichella et al. (2019) | Increase (Chaol) - Lachnospiraceae NR
Li et al. (2019) NR Akkermansia Lactobacillus NR
Lin et al. (2019) Increased (Shannon, Chao 1, Observed Verrucomicrobia, Lactobacillus = Prevotella NR
OTUs)
Pietrucci et al. (2019) | No change (Shannon, Simpson, Chaol) Enterobacteriaceae, Lachnospiraceae NR (Predicted increased
Enterococcaceae, metabolism of fatty acids)
Lactobacillaceae
Baldini et al. (2020) No change (Shannon, Pielou evenness) Akkermansia muciniphila, - NR
Increase (Richness) Lactobacillus
Cosma-Grigorov et al. | Decrease (Simpson) - Faecalibacterium NR
(2020)
Ren et al. (2020) Increase (Shannon, Simpson, Chaol, Blautia, Ruminococcus (In Blautia (In mild cognitive impairment =~ No change
Phylogenetic diversity Whole tree, ACE) | normal cognition group) group)
Wallen et al. (2020) NR Bifidobacterium, Lactobacillus, ~ Faecalibacterium, Blautia, Roseburia, NR
Prevotella Butyricicoccus
Vascellari et al. (2020) = No change (Richness) Akkermansia, Bifidobacterium,  Blautia, Coprococcus, Lachnospira, No change
Clostridium Roseburia
Zhang et al. (2020) Increase (Observed OTUs, Faith’s Akkermansia Fusobacterium NR
phylogenetic distance)
(Continued on following page)
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TABLE 1 (Continued) Bacterial composition changes of relevance to butyrate production in clinical studies of PD and their subsequent measurement of
butyrate levels. Changes reported are for PD cases compared to controls in fecal samples and are the reported changes seen after accounting for covariate
factors (if performed) in each study. (NR; Not reported, OTUs; Operational taxonomic units, ACE; Abundance-based coverage estimators).

References A-diversity changes (index

used)

Increased bacteria in
PD samples

Decreased bacteria in PD
samples

Butyrate levels in
PD samples

Li et al. (2022b) Increase (Shannon, Simpson, Chaol, Oscillospiraceae NR
Observed species, Phylogenetic diversity
Whole tree, ACE)
Takahashi et al. (2022) | NR Lactobacillus Blautia NR
Wallen et al. (2022) NR Bifidobacterium dentium, Blautia, Roseburia, Eubacterium, NR (Predicted reduction

Lactobacillus

Ruminococcus, Faecalibacterium
prausnitzii

in SCFA production)

Nuzum et al. (2023) No change (Shannon, Simpson, Inverse

Simpson, Observed species)

5 Butyrate is often decreased in stool
samples but not in the blood of subjects

Studies that have examined the microbiome of those with PD
often also measure the SCFA content of the stool. The reduction in
butyrate producing bacteria in the microbiome of those with PD is
also sufficient to result in a lowered butyrate concentration in the
stool of the same subjects when compared to age-matched controls
(Unger et al., 2016; Tan et al., 2021; Chen et al., 2022; Voigt et al,,
2022; Yang et al., 2022). This decreased level of butyrate in PD stool
samples was also found to correlate to a variety of PD symptoms in
several of these studies (Tan et al., 2021; Chen et al., 2022; Wu et al.,
2022). Significant associations were found between decreased
butyrate stool levels and worsening of postural instability-gait
disorder symptoms (Tan et al, 2021); cognitive ability (Tan
et al, 2021; Chen et al., 2022); motor performance (Chen et al,
2022); and depressive symptoms (Wu et al., 2022). Constipation was
found to correlate with a decrease in fecal butyrate, but this did not
remain significant after correcting for demographic and other
features (Yang et al, 2022). Following correction, there was a
correlation between reduced SCFAs other than butyrate in feces
and an increase in blood SCFA concentrations (Yang et al., 2022).

Where studies on the fecal levels of butyrate find a consistent
decrease across PD subjects, contradicting findings have been
reported on blood levels of butyrate (Voigt et al, 2022; Yang
et al., 2022). One study showed that blood levels were reduced;
however, this was not related to the severity of the symptoms (Wu
et al, 2022). Other studies discerned no significant difference in
blood levels in butyrate of PD subjects compared to age-matched
controls (Shin et al., 2020; Voigt et al., 2022; Yang et al.,, 2022).
Intriguingly, one study determined an increase in blood levels of
butyrate (Chen et al., 2022). It is hypothesized that increased serum
SCFAs are a result of increased intestinal epithelial permeability
something that is indeed perturbed in PD, although further research
to confirm this is needed (Chen et al., 2022; Yang et al., 2022). This
same reasoning can also possibly explain why fecal levels appear
decreased but blood levels increased, again further research to
determine this is also necessary (Chen et al, 2022). These
findings suggest that fecal butyrate concentration possibly
correlates more consistently to both motor and non-motor
symptoms of PD than levels in the blood, but studies to
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Verrucomicrobiota, Bacillota

NR (Predicted
functionality showed no
differences)

specifically evaluate this are needed to establish if this is indeed a
reliable finding.

5.1 Butyrate in preclinical models of PD

In vivo preclinical studies of PD have also led to interesting but
limited number of observations regarding butyrate. It has been
demonstrated that SCFAs, including butyrate, are actually
elevated in fecal samples and contribute to disease progression in
several studies of PD mice models (Sampson et al., 2016; Sun et al.,
2018; Cannon et al., 2020). Particularly the studies of Sampson et al.
and Cannon et al. present contradictory evidence for butyrate’s role
in PD, with a majority of human studies showing, in fact, a decrease
in fecal butyrate. It is interesting to note however, the ability of
butyrate to firstly reach the brain via transporters on endothelial
cells (Mitchell et al., 2011) and subsequently influence the activity of
microglia cells within the brain showing that butyrate’s influence is
not restricted to the GI tract (Sampson et al., 2016). However, this
finding can be as a result of an as yet not understood therapeutic
threshold for butyrate being exceeded which causes the normally
beneficial SCFA to become, in fact, detrimental as demonstrated
in vitro (Huang et al, 2014). One study that does replicate
observations in humans is that of Turco et al. (Turco et al,
2023). It was found that the combination of antibiotic induced
dysbiosis in the 6-hydroxydopamine model of PD resulted in not
only a more severe onset of PD like symptoms but also a reduction in
butyrate in the stool of the animals (Turco et al., 2023). It is therefore
unclear how these findings implicate butyrate in preclinical models
of PD and more investigation is warranted.

6 Therapeutic approaches exploiting
butyrate in PD

6.1 Direct supplementation of
sodium butyrate

Naturally, the correlation between butyrate and disease severity
of PD has led to numerous investigations into butyrate
with sodium butyrate (NaB) the

supplementation, most
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TABLE 2 Findings of interventional studies using sodium butyrate, prebiotics and probiotics in preclinical and clinical studies. NaB; Sodium butyrate, i.p;
Intraperitoneal, i.g.; intragastric, MPTP; 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, PFF; pre-formed fibrils, NR; Not reported, DHA; docosahexaenoic
acid, SCFA; Short-chain fatty acid.

References

Study population

(PD model)

Intervention

Motor
symptoms

Non-motor
symptoms

St Laurent et al.
(2013)

Drosophila (rotenone
exposure)

NaB (10 mM in food)

Reduced motor
impairment

Sharma et al. (2015)

Rat (6-OHDA intrastriatal
lesion)

NaB (up to 300 mg/kg/day i.p. for
14 days)

Reduced motor
impairment

Increased striatal dopamine
level, reduced
neuroinflammatory markers

Liu et al. (2017)

Mouse (MPTP
i.p. injection)

NaB (200 mg/kg/day i.g. for
3 weeks)

Reduced motor
impairment

Reduced depressive
symptoms

Reduced loss of
dopaminergic neurons

Srivastav et al.
(2019)

Mouse (MPTP
i.p. injection)

NaB (200 mg/kg i.g. 3x per week for
2 weeks)

Reduced loss of
dopaminergic neurons

Qiao et al. (2020)

Mouse (MPTP
i.p. injection)

NaB (165 mg/kg/day i.g. for
3 weeks)

Worsening of motor
deficits

Increased inflammation
in colon

Increased loss of
dopaminergic neurons

Kakoty et al. (2021)

Rat (PFF a-Syn injection)

NaB (300 mg/kg i.g.)

Reduced motor
impairment

Reduced intestinal
inflammation

Xu et al. (2022)

Mouse (MPTP
i.p. injection)

NaB (600 mg/kg/day i.g. for 2 weeks

Reduced motor
impairment

Reduced intestinal
inflammation

Reduced loss of
dopaminergic neurons

Guo et al. (2023)

Mouse (MPTP
i.p. injection)

NaB (NR)

Reduced motor
impairment

Reduced intestinal
inflammation

Reduced loss of
dopaminergic neurons

Zhang et al. (2023)

Mouse (Rotenone i.g.)

NaB (200 mg/kg/day for 4 weeks)

Reduced motor
impairment

Reduced intestinal
inflammation

Reduced loss of
dopaminergic neurons and
a-Syn aggregation

Perez-Pardo et al.
(2017)

Mouse (Rotenone
intrastriatal lesion)

Dietary intervention containing
uridine and DHA (4 weeks post
model induction)

Reduced motor
impairment

Reduced intestinal
inflammation, Reduced
cognitive impairment

No change in number of
dopaminergic neurons

Perez-Pardo et al.
(2018)

Srivastav et al.
(2019)

Mouse (Rotenone
intrastriatal lesion)

Mouse (MPTP
i.p. injection) and Mouse
(Rotenone ip.)

Dietary intervention containing
uridine, DHA, and prebiotic fibers
(4 weeks post model induction)

Lactobacillus rhamnosus GG
(L-GG), Bifidobacterium

animalis lactis (BB-12),

and Lactobacillus acidophilus (LA-
5) in drinking water for 30 days

Reduced motor
impairment

Reduced motor
impairment

Improved spatial
memory, improved
intestinal transit

Reduced loss of
dopaminergic neurons

Li et al. (2022a)

Mouse (MPTP
i.p. injection)

Bifidobacterium breve CCEM1067
(10° CFU/200 pL i.g. daily for

30 days) NB prior to model
induction

Reduced motor
impairment

Increase in intestinal
butyrate

Pan et al. (2022)

Mouse (MPTP
i.p. injection)

Pediococcus
pentosaceus WMUO002 (2 x
10° CFU/day i.g. for 4 weeks)

Reduced motor
impairment

Reduced loss of
dopaminergic neurons and
a-Syn aggregation

Barichella et al.
(2016)

Hegelmaier et al.
(2020)

Becker et al. (2022)

Du et al. (2022)

PD individuals with
constipation

PD (non-monogenic form)

PD (Any diagnosis)

PD individuals with
constipation

Frontiers in Pharmacology

Fermented milk, containing
multiple probiotic strains and
prebiotic fiber

Bowel cleansing + vegetarian diet

RS prebiotic fiber (5g twice daily,
oral)

Bacillus licheniformis (2.5 x

10° CFU, 2 capsules 3x per day) +
Lactobacillus

acidophilus, Bifidobacterium
longum, Enterococcus faecalis
(BIFICO, 1.0 x 10”7 CFU/strain,

4 capsules, 2x per day) for 12 weeks

09

UPDRS III decrease

Increased number of
complete bowel
movements

UPDRS III decrease

No changes in bowel
habits, reduced
depressive symptoms

Increased number of
complete bowel
movements

Decreased levodopa-
equivalent daily dose

Increase in fecal butyrate

(Continued on following page)

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1388401

Elford et al.

10.3389/fphar.2024.1388401

TABLE 2 (Continued) Findings of interventional studies using sodium butyrate, prebiotics and probiotics in preclinical and clinical studies. NaB; Sodium
butyrate, i.p; Intraperitoneal, i.g.; intragastric, MPTP; 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, PFF; pre-formed fibrils, NR; Not reported, DHA;

docosahexaenoic acid, SCFA; Short-chain fatty acid.

References Study population  Intervention

(PD model)

Non-motor
symptoms

Motor
symptoms

Hall et al. (2023) PD individuals (medicated

and non-medicated) starch, rice brain, resistant

maltodextrin, and inulin) for
10 days

commonly used form (Kratsman et al., 2016; Paiva et al., 2017;
Srivastav et al., 2019; Qiao et al., 2020; Xu et al., 2022; Zhang et al.,
2022). In vitro studies found NaB to exert neuroprotective effects
protecting against aSyn and other toxins (Paiva et al, 2017;
Getachew et al, 2020; Zhang et al, 2022). In general, the
protective mechanism is attributed to NaB both regulating gene
expression due to its HDAC activity and regulation of gene repair
(Paiva et al, 2017; Getachew et al, 2020). Interestingly, this
protective effect of NaB was not seen with other SCFAs in
rotenone-induced toxicity in vitro studies (Zhang et al, 2022).
This again was attributed to the ability of NaB to alter the
autophagic response to toxic aSyn species via HDAC inhibition
and therefore protect dopaminergic neurons (Zhang et al., 2022).
When investigating the neurotoxicity of aSyn in DA cells it was
discovered that DNA damage caused by aSyn was associated with
reduced acetylation of histone H3 (Paiva et al,, 2017). Treatment
with NaB resulted in the rescue of aSyn-induced damage, due to its
ability to alter HDAC activity (Paiva et al., 2017). Furthermore, the
ability of NaB to act as an agonist to GPR41 led to less dopaminergic
cell death in vitro, further demonstrating that NaB acts in a
multifaceted manner (Getachew et al., 2020).

In animal models of PD, the administration of NaB leads to
improvement of various PD-like symptoms, although there is
discussion on the accountable mechanism of action (St Laurent
et al., 2013; Sharma et al., 2015; Liu et al., 2017; Srivastav et al., 2019;
Qiao et al., 2020; Kakoty et al., 2021; Xu et al., 2022; Guo et al., 2023;
Zhang et al., 2023) (Studies are summarized in Table 2). In various
mouse and rat models of PD, NaB treatment results in amelioration
of systemic inflammation, improvements in motor deficits,
improvement of intestinal barrier function, reduction in
microglia activation, and an elevation of dopamine levels
(Sharma et al, 2015; Liu et al., 2017; Srivastav et al, 2019;
Kakoty et al.,, 2021; Xu et al., 2022; Guo et al., 2023; Zhang et al,,
2023). In a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
based mouse model of PD higher levels of epithelial T] proteins were
found after NaB treatment, consequently rescuing the intestinal
epithelial barrier that was otherwise disrupted (Xu et al., 2022). As
the effects of NaB treatment were similar to treatment with a
GPRRI109A ligand (monomethyl fumarate), the therapeutic
influence of butyrate was accredited to its potential as a
GPRI09A agonist (Xu et al,, 2022). On the contrary, two studies
investigating NaB treatment in different rat models (Pre-formed a-
Syn fibrils and 6-hydroxydopamine) attributed the observed
therapeutic effects to the HDAC inhibitory potential of NaB, as
both studies observed symptom improvement with a corresponding
increase in histone H3 acetylation (Sharma et al., 2015; Kakoty et al.,
2021). It is perfectly plausible that more than one pathway is
responsible for the neuroprotective and anti-inflammatory effects
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Prebiotic bar (containing resistant

Decreased UPDRS Decreased UPDRS score  Increase in SCFA producing

score from baseline from baseline, reduced bacteria
plasma zonulin
of NaB treatment. In a study that investigated the

immunoregulatory effect of butyrate in an in vitro model in the
context of IBD based on its potential as a GPR43 ligand, it was
demonstrated that its protection could not be matched with the
administration of a single other GPR43 agonist (D’Souza et al.,
2017). Similarly, the mediative effects of NaB in cellular and animal
models of PD might be caused by both its potential as GPR41,
GPR43 and GPRI09A ligand as well as its activity as an
HDAC inhibitor.

Importantly, not all studies that investigated the administration
of NaB in PD models found a beneficial effect. In another use of the
MPTP mouse model of PD, NaB supplementation resulted in a
significant aggravation of motor deficits, an increase in
neuroinflammation and colon inflammation, and a decrease in
dopamine levels and DA neurons (Qiao et al., 2020). As the oral
dose of NaB in this study is comparable to the ones that described a
protective role of butyrate and it uses a similar model to the other
studies, this contradiction is yet to be explained. As one in vitro
study found that butyrate restored intestinal barrier function in low
doses but increased barrier dysfunction in higher doses due to
apoptotic effects, it has been demonstrated that the beneficial
effect of butyrate is concentration-dependent (Huang et al,
2014). In support of this, butyrate supplementation in a mouse
model for autism led to improved social deficits in lower doses but
did not have significant effects in high doses (Kratsman et al., 2016).

Not all studies that examine butyrate observe a reduction in its
serum concentration (Voigt et al, 2022; Yang et al, 2022).
Therefore, oral administration of NaB is most likely to exert its
effect via the gut and the colonocytes and perhaps not via systemic
mechanisms. Additionally, the dosing of NaB is an item of debate, as
the daily demand of butyrate in physiological conditions has a wide
suspected range (Banasiewicz et al., 2020). Individual demand may,
therefore, differ depending on lifestyle, diet, and age, which
animal models to humans

complicates translation from

(Banasiewicz et al., 2020).

6.2 Pro/pre biotics to supplement butyrate

In addition to directly supplementing the depleted butyrate by
NaB, it is also possible to “steer” the altered microbiota composition
to produce more butyrate itself via the use of pro- and prebiotics.
This can have a complimentary effect in that the butyrate levels are
restored in addition to suppressing the outgrowth of other non-
beneficial and sometimes inflammatory bacteria. After the
administration of probiotics, prebiotic fibers (including
oligosaccharides), or a high-fiber diet several studies investigated
the gut microbial changes and the consequent effects on PD
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symptoms (Perez-Pardo et al., 2017; 2018; Srivastav et al., 2019;
Ghyselinck et al., 2021; Li T. et al., 2022; Pan et al., 2022) (Studies are
summarized in Table 2).

In animal models of PD, the supplementation of various
probiotics, all belonging to the phylum Bacillota, resulted in gut
microbiota composition alterations and is associated with increased
levels of fecal butyrate (Srivastav et al., 2019; Li T. et al.,, 2022; Pan
et al, 2022). When investigating the neuroprotective effects of this
supplementation in the brain, it was found that DA neurons were
protected from cell death, glial cell hyperactivation was suppressed,
and neuroinflammation was reduced (Srivastav et al.,, 2019; Li T.
et al,, 2022). In addition, the blood-brain barrier and intestinal
epithelial barrier were protected from damage associated with an
MPTP-induced PD mouse model (Li T. et al., 2022) and in an
in vitro model (Ghyselinck et al., 2021). These therapeutic effects
were generally accredited to bacterial butyrate levels, as an increase
in fecal and brain levels of butyrate was correlated to neuroprotective
effects and administration of NaB resulted in a similar disease
amelioration (Srivastav et al., 2019; Li T. et al., 2022). A similar
effect was seen when a prebiotic diet was used in two other studies,
whereby PD like symptoms including motor dysfunction and spatial
memory deficit were improved by addition of prebiotic
oligosaccharides (Perez-Pardo et al., 2017; 2018). Though it was
not directly measured, in both cases the additional benefit of the
prebiotic fibers was attributed to the microbiota modulatory effects
in addition to their direct effects on immune and GI functions
(Perez-Pardo et al., 2017; 2018).

One attributed the
improvement to the bacterial metabolite y-aminobutyric acid
(GABA), as increased GABA levels were observed in the brains
of treated mice compared to the PD model (Pan et al., 2022). This
metabolite is predominantly produced by bacteria belonging to the

study, however, motor symptom

Bacteroides genus, of which the relative abundance is found to be
increased in some studies or decreased in others with regard to PD
microbiome (Nuzum et al., 2020; Romano et al., 2021). It however
remains controversial if GABA produced in the intestines by
bacteria can pass the blood brain barrier (Boonstra et al., 2015;
Mazzoli and Pessione, 2016).

Besides animal studies, investigations of high-fiber/prebiotic
fiber diets and/or probiotic supplementation in humans have
been performed (Barichella et al., 2016; Hegelmaier et al., 2020;
Baert et al., 2021; Becker et al., 2022; Du et al., 2022; Hall et al., 2023)
(Summarized in Table 2). Baert ef al. (2021) examined the effect of
40 fiber
oligosaccharides, and resistant starch) on the human gut

separate supplementations  (including inulins,
microbiota in vitro and associated bacterial butyrate levels in the
stool of PD subjects and age-matched controls. Although all fiber
supplementations led to an increase in butyrate production in vitro,
PD subjects’ microbiota consistently produced less butyrate than
age-matched controls. Another study that examined the effect of a
resistant starch diet in PD found an increase in fecal butyrate levels
of PD subjects, compared to PD subjects that received solely dietary
instructions (Becker et al., 2022). This was associated with a
significant improvement in non-motor symptoms (measured on
the non-motor symptoms questionnaire (NMSQ)) and depressive
symptoms but not with constipation (Becker et al., 2022). This lack
of improvement in constipation was attributed to the relatively short

intervention period of this study (8 weeks) compared to other
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studies regarding resistant starches in mid-age and elderly
subjects (12 weeks) (Alfa et al., 2018; Becker et al., 2022).

Probiotics have also been seen to have a benefit regarding non-
motor symptoms of PD, particularly constipation and bloating
(Cassani et al., 2011; Georgescu et al, 2016) but also on PD
symptoms more generally based on the Movement Disorders
Society-Unified Parkinson’s Disease Rating Scale (MDS-UPDRS)
(Tamtaji et al., 2019). Probiotics used in these studies were varied
but included: Lacticaseibacillus casei Shirota (Cassani et al., 2011);
Lactobacillus acidophilus and Bifidobacterium infantis (Georgescu
et al., 2016); Lactobacillus acidophilus, Bifidobacterium bifidum,
Limosilactobacillus reuteri, and Limosilactobacillus fermentum
(Tamtaji et al., 2019). These studies give a promising first look
into the effectiveness of probiotics and trials using larger
populations should be conducted to examine if similar results
can be found when more participants are included.

An investigation of the impact of a vegetarian diet in
combination with bowel cleansing in people with PD and healthy
controls compared symptoms and levodopa therapy response after
treatment (Hegelmaier et al, 2020). It was found that the gut
microbiota composition notably changed after both treatments,
which was associated with a significant improvement in motor
symptoms. In a 1-year follow-up, the levodopa-equivalent daily
dose was decreased in both treatment groups indicating that dietary
intervention or bowel cleansing may offer supplementary, non-
pharmacological treatments for PD subjects (Hegelmaier et al.,
2020). However, while microbiota composition was evaluated and
trends toward changes in butyrate producers were seen, there was no
direct measurement of butyrate in this study which could have an
added value in explaining the mechanism for this effect (Hegelmaier
et al., 2020). Finally, in an open label study, supplementation with
prebiotic fibers (resistant starch, rice brain, resistant maltodextrin,
and inulin) was sufficient to induce positive changes in gut
microbiota composition (an increase of SCFA producers), as well
as exploratory analyses showing promising trends in other clinical
outcomes such as GI discomfort and intestinal permeability (Hall
et al., 2023).

6.3 Fecal microbiota transplantation

Fecal microbiota transplantation (FMT) takes the microbiota of
a healthy donor and transfers this into the recipient but its use in PD
is thus far limited (Huang et al., 2019; Segal et al., 2021; DuPont
et al., 2023). Preclinical studies have shown positive results with
protective effects in two separate studies (Sun et al., 2018; Zhao et al.,
2021). The improvement in PD-like symptoms in the MPTP and
rotenone induced mouse models of PD were attributed to a
reduction in inflammatory pathways however not directly to
increased fecal butyrate (Sun et al, 2018; Zhao et al., 2021) In
clinical studies it has been found that FMT is most effective in
improving non-motor symptoms (constipation, sleep impairment)
with limited results reporting improvements in motor symptoms
(Segal et al, 2021; DuPont et al,, 2023). Interestingly, butyrate
producing bacteria were seen to reestablish themselves in the
microbiome of PD patients after receiving transplant suggesting
that FMT could present a viable method to restore the microbiota
production of SCFAs (DuPont et al., 2023). In general, FMT appears
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to be well tolerated in PD patients with minimal adverse reaction
(DuPont et al,, 2023). Larger trials are being conducted but as of
writing, no results other than that FMT is safe and tolerated in PD
are available (Vendrik et al., 2023).

7 Discussion

The exact involvement of butyrate in PD is still to be unraveled.
On the one hand, many studies have reported changes in the
microbiome of those with PD characterized by a loss of butyrate
producing bacteria (Bullich et al., 2019; Nuzum et al., 2020; Romano
et al, 2021). The potential of butyrate to regulate important
epithelial T] proteins and inflammatory processes in the gut and
the brain is a key reason why the loss of butyrate producing bacteria
may contribute to PD development as well as symptom severity
(Dutta et al., 2019; Tan et al., 2022). Particularly of note is the ability
of butyrate to regulate inflammation as this is especially relevant in
the context of the aggregation and propagation of aSyn, a key
hallmark of PD (Kim et al., 2022). Further evidence is found in
preclinical studies where probiotic supplementation resulted in
elevated butyrate levels and protected against neurodegeneration
(Srivastav et al., 2019) as well as in vitro studies where butyrate could
protect against neurotoxicity (Zhang et al., 2022).

On the other hand, findings are not always consistent in addition to
little evidence being found for butyrate being depleted in the blood of
those with PD and hence it is not well understood if the amount of
butyrate reaching the brain would also be altered. It is also important to
consider that GI levels of butyrate may not be relevant in all cases of PD
with some possible subtypes hypothesized to have little GI involvement
(Borghammer and Van Den Berge, 2019). Furthermore, it has also been
seen in preclinical studies that butyrate can in fact have a detrimental
effect on PD-like symptoms (Sampson et al., 2016; Qiao et al., 2020).
This discrepancy is difficult to explain but can, in part, be as a result of
heterogeneous preclinical models for PD being used as well as
differences in the amount of butyrate administered compared to
studies where positive effects were observed.

Crucially, it is unknown whether butyrate has a causative role in PD
or is merely a result of a more generalized gut bacteria disruption. Many
of the studies performed show strong correlative relationships between
fecal butyrate levels and symptom severity, but so far a causal
relationship has proved difficult to find.

This review also aimed to examine the potential of butyrate as a
therapeutic in PD. Several in vivo studies have assessed NaB as a
supplement to alter GI butyrate levels (Qiao et al., 2020; Kakoty et al.,
2021; Xuetal., 2022; Guo et al., 2023). Although promising, these have
not yet progressed beyond preclinical studies. The use of NaB to alter
butyrate levels in the GI tract therefore remains underexplored in the
context of PD and more investigation is warranted into this safe and
well tolerated potential treatment (Banasiewicz et al., 2020). Pre- and
probiotics have been more thoroughly evaluated with short duration
trials finding improvements in GI related symptoms and some motor-
related outcomes in humans (Du et al., 2022; Hall et al., 2023). Whilst
these improvements are not necessarily as a direct result of butyrate
levels being restored it is an important factor that should be evaluated
in future studies. It also remains to be seen if, on longer time scales,
these benefits in motor symptoms and GI related symptoms remain.
Finally, the use of FMT in PD to restore changes in the microbiota and

Frontiers in Pharmacology

12

10.3389/fphar.2024.1388401

consequent butyrate levels is in its infancy in PD but it has gained
traction in other fields (Van Laar et al., 2019). Preliminary studies in
PD seem to be well tolerated as well as able to effectively bolster the
reduced populations of butyrate producers (DuPont et al., 2023).
Whether this is a more effective approach than supplementation of
butyrate or pre- and probiotics is not known, and therefore the
potential applications of FMT in PD need to be investigated more
thoroughly.

Another important future consideration is the safety and regulation
of pre-/probiotics. While studies show that they can be well tolerated,
there is the possibility for unintended interactions to arise, particularly
in the context of PD. As previously mentioned, some strains of bacteria
possess enzymes that can alter the efficacy of PD medication (namely,
Levodopa) (van Kessel et al,, 2019; Zhong et al., 2023). This is true for
some strains that are included in over-the-counter probiotic
supplements and therefore caution should be exercised in their use
(van Kessel et al, 2019). Furthermore, one butyrate producer,
Clostridium sporogenes, is also capable of modifying the structure of
Levodopa (Guo et al, 2019) and therefore future studies should be
vigilant to ensure medication effectiveness is not altered by a change in
the microbiome (Zhong et al., 2023).

In conclusion, the role of butyrate in PD is complex. Further
difficulty comes in understanding whether butyrate depletion is a
cause or an effect of PD. Clarity will be gained by future studies if
butyrate levels are assessed both in the feces and in the blood of
participants as this will aid in giving a more complete picture of how
this may correlate with disease severity and outcomes. Furthermore,
more investigation as to whether butyrate is involved in the very
earliest stages of the disease are also necessary to discern if butyrate
plays a causative role or is merely associated with disease severity
post disease onset. This however remains difficult due to the
sometimes long prodromal phase associated with PD.
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