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Research on neurodegenerative diseases such
as Alzheimer’s disease, Parkinson’s disease
(PD), Huntington’s disease or amyotrophic
lateral sclerosis is becoming increasingly
important in our society. Due to the ageing
of the population, the prevalence of these
diseases continue to rise worldwide, and
causal cures are not yet available (Erkkinen
et al., 2018). This Perspective focusses on PD,
a movement disorder of the central nervous
system with an estimated prevalence between
65 and 1250/100,000 in Europe, affecting
about 1 percent of the population older than
60 years. The clinical symptoms include motor
symptoms like bradykinesia, tremor or rigidity
which are associated with loss of dopaminergic
neurons in the substantia nigra and their
innervating axonal fibers to the striatum.
Additional non-motor symptoms may consist
in depression, hyposmia, cognitive decline or
constipation due to impaired motility of the
gastrointestinal tract. The aggregation and
dysfunction of the protein a-Synuclein (aSyn) in
dopaminergic and surrounding cells is the major
pathological hallmark of the disease. Its course
is significantly influenced by inflammatory
processes that also involve non-neuronal cell
types such as astroglia, microglia and T cells.
Currently, several environmental factors are
discussed to influence the development and
progression of PD such as the microbiome
composition of the gastrointestinal tract. The
human gut contains about 160 bacterial species
which are essential for the digestion of dietary
fibers and the synthesis of several proteins
or vitamins. Therefore, the microbiome
contributes to the human enteral metabolism
and several direct effects on human health have
been demonstrated (Rowland et al., 2018).

Is there a link between Parkinson’s disease
and the intestinal microbiome? For several
years, the contribution of the intestine for
the development of sporadic PD has been
discussed. Rietdijk et al. (2017) analyzed
postmortem tissue of 110 PD patients with
focus on pathologic aSyn distribution. According
to their hypothesis, a certain pathogen enters
the gut and induces aSyn aggregation in the
enteric nervous system which finally spreads via
the vagus nerve into the central nervous system
regions in a certain pattern. This hypothesis
has been further modified to the “dual-hit
hypothesis”, which includes the olfactory
bulb as an additional entry for pathogens.
Although there are many supporting data from
in vitro and in vivo experiments in favor of
this hypothesis, this concept is not accepted
unanimously because it could apply only to a
subset of human PD patients (Rietdijk et al.,
2017). Importantly, PD patients often exhibit
gastrointestinal dysfunction like constipation
or other alterations of gastric motility which
may even occur years before onset of classical
motor symptoms.

In order to identify possible causes for this
early intestinal involvement, its bacterial
microbiome has been studied. In various
studies, important and significant differences in

the microbiological composition of the intestine
in PD in comparison to healthy controls but also
to other neurodegenerative diseases have been
identified. Prevotellaceae represent one of the
main enterotypes of the healthy human gut
and are involved in fiber degradation but also
in inflammatory processes. After obtaining fecal
probes from 72 PD patients and 72 controls the
group of Scheperjans observed a reduction of
Prevotellaceae by 77.6% in PD subjects as well
as a strong abundance of Enterobacteriaceae,
both positively correlating with the severity
of motor symptoms. In subsequent studies,
there were several hints that these alterations
of the intestinal microbiome could also be
associated with changes in the composition of
the intestinal metabolome or, more specifically,
short-chain fatty acids (Scheperjans et al.,
2015).

What is known about the role of short-
chain fatty acids in neurodegenerative
diseases? Short-chain fatty acids (SCFA), such
as acetic acid, propionic acid, and butyric acid,
derive from the digestion of dietary fibers
by anaerobic microbiota and are important
for the intracellular energy metabolism. In
several neurological disease models, important
functions of SCFA have been described that
go beyond. In a mouse model of stroke,
functional recovery was improved by SCFA
treatment being associated with increased
spine and synapse densities. Additional anti-
inflammatory findings were observed that
resulted in decreased numbers of microglia
and T cells (Sadler et al., 2020). G93A mice, a
transgenic mouse model used in amyotrophic
lateral sclerosis research, displayed an altered
microbiome and intestinal dysfunctions before
motor symptoms occurred. Treating these mice
with butyrate resulted in a delayed onset of
the disease and an extended life-span (Zhang
et al.,, 2017). Also, in a model of Huntington’s
disease, butyrate enhanced survival and
motor performance of R6/2 mice (Ferrante et
al., 2003). During experimental autoimmune
encephalomyelitis, a model of multiple
sclerosis, SCFA had anti-inflammatory effects
on T cell proliferation and differentiation.
Treatment of mice with propionic acid
ameliorated the disease course and reduced
lymphocyte infiltration as well as the degree
of demyelination associated with a peripheral
induction of Tregs in the small intestine
(Haghikia et al., 2015). In a subsequent clinical
study in a large cohort of MS patients and
healthy controls, serum and stool samples were
analyzed concerning bacterial composition,
SCFA concentrations and T cell population.
MS patients displayed a significant reduction
of propionic acid and an altered microbiome
which showed a depletion of SCFA producing
bacteria like Butyricimonas but had as well an
increased amount of pathogenic Flavonifractor
or Escherichia. Furthermore, a shift from
regulatory T cells to proinflammatory TH17 cells
was detected. Treatment with propionic acid
over a short time period of only 14 days could
restore these alterations. Supplementation with
propionic acid for at least 1 year was able to

reduce the annual MS relapse rate significantly,
from 0.24 to 0.08 (Duscha et al., 2020).

Unger et al. (2016) examined the concentration
of several SCFA in fecal samples of PD patients
and age matched controls. They found a
reduction of acetic acid, propionic acid, and
butyric acid in PD patients. Furthermore, they
confirmed the changed composition of the
bacterial microbiome as observed by others
before.

In order to analyze the role of SCFA in
the development and progression of PD,
several studies have been performed in
different models in vivo or in vitro and are
listed below. In one study, male C57BL/
B6 mice received the toxin 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)
for 7 days followed by a 3-week treatment
with the SCFA sodium butyrate (200 mg/kg
body weight). Liu et al. (2017) observed a
protective effect of butyric acid resulting
in improved motor performance and less
dopaminergic degeneration in substantia nigra
and striatum. The authors explained these
findings by an increased expression of colonic
glucagon-like peptide-1 (GLP-1) which could act
as a neurotrophic factor. In a study on LHUMES
cells overexpressing aSyn, treatment with
butyric acid (150 puM) rescued aSyn-induced
DNA damage by inhibition of several histone
deacetylases and subsequent upregulation of
DNA repair genes (Paiva et al., 2017).

A direct effect or mechanisms of propionic
acid on dopaminergic neurons have only been
studied in a few projects. In our own study,
we could show a protective effect on primary
mesencephalic neurons after stress induced
damage. Intoxication with 20 nM rotenone for
48 hours lead to a cell death rate of 35 % and
reduced neurite outgrowth of 40%. Treatment
with propionic acid (300 uM) over 5 days
showed clear neuroprotective properties and
resulted in a significantly increased survival of
tyrosine hydroxylase positive neurons (140%).
In addition, an increased neurite outgrowth
was detected by trend. Under these treatment
conditions, mRNA expression levels of cellular
signaling pathways including an analysis of
aSyn were partially modified by propionic acid
(Figure 1) (Ostendorf et al., 2020).

In another study, an association between
the composition of the intestinal flora and
the extent of Parkinson’s pathology in mice
overexpressing aSyn (Thyl-aSyn mice) could
be shown. Under germ-free conditions,
mice demonstrated significantly reduced
neuropathology which was accompanied by
reduced microglia activation. Interestingly,
lower concentrations of SCFA were observed
in fecal samples of the germ-free mice. To
evaluate the relevance of this finding, a
mixture of acetic acid (67.5 mM), propionic
acid (25 mM), and butyric acid (40 mM) was
administered to the mice. This resulted in
impaired motor performance as well as in
increased aSyn aggregation and microglia
activation. Treatment of Thyl-aSyn mice with
stool microbiome samples of PD patients
further enhanced these aSyn-mediated motor
deficits, implicating a rather unfavorable
involvement of SCFA for the development of
PD-like pathology in mice (Sampson et al.,
2016).

A just recently published study analyzed
the influence of butyric acid (165 mg/kg
body weight) treatment in the mouse MPTP
model. Here, significant dopaminergic
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Figure1 |

Neuroprotective effects of propionic acid after neuronal damage by rotenone.

Treatment of dopaminergic midbrain neurons with rotenone leads to an inhibition of the mitochondrial
respiratory chain and the induction of oxidative stress, resulting in axonal loss and cell death. Propionic

acid increases cell survival, neurite outgrowth as well as the gene expression of TH and aSyn. Potential
mechanisms of action are via G protein-coupled receptors or modification of histone deacetylase activity.

The figure is created with BioRender.com. ATP: Adenosine triphosphate; DAT: dopamine transporter; MAP2:
microtubule-associated protein 2; ROS: reactive oxygen species; SYP: synaptophysin; TH: tyrosine hydroxylase.

pathology in the substantia nigra and striatum
was accompanied by increased microglia and
astrocyte activation. Additionally, intestinal
permeability in mice was exacerbated and
expression of IL6 and IL18 were enhanced.
An accompanying in vitro treatment of
BV2 microglia cells with butyric acid and
lipopolysaccharide resulted in an increased
expression of the proinflammatory cytokines
IL1B and IL18 (Qiao et al., 2020).

What molecular mechanisms are influenced
by SCFA? SCFA have been shown to be able to
bind to four different receptors belonging to
the GPCR family which are mainly expressed
on intestinal epithelial cells and on immune
cells. Activation of these receptors is important
for gut inflammatory homeostasis and
maintenance of intestinal barrier integrity
(Ratajczak et al., 2019). In a study of autism
spectrum disorder, the receptor GPR41 was
detected on human stem cells. Treatment with
SCFA increased proliferation and differentiation
of these cells. The observed effect was
abolished by treatment with an GPR41 inhibitor
(Abdelli et al., 2019). Furthermore, modification
of histone deacetylase (HDAC) activity could be
verified for propionic and butyric acid in several
studies, but the involvement in Parkinson’s
disease pathology requires further investigation
(reviewed by Ratajczak et al., 2019)

Conclusion and perspective: So far, PD
disease progression cannot be halted by any
pharmacological means and the disease itself
cannot be modified to shift to a more favorable
disease course. Therefore, the continuous
investigation of new causal treatment options is
of great importance.

A strong advantage of agents such as propionic
acid is the potential to quickly translate and
repurpose into clinical study programs because
it is already approved for human application as
a food preservative. The application of SCFA in
PD disease models has shown heterogeneous
results with both beneficial but also unfavorable
effects. A reason for these findings could be
that in some cases SCFA were applied in a
mixture and treatment with a single SCFA such
as propionate have not been tested. In human
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stem cells for example, propionic acid promotes
glial differentiation while butyric acid shifted
differentiation towards a neuronal phenotype
and ameliorated neurite outgrowth. It could
be shown, that both SCFA act via GPR41 but
activated different downstream signaling
pathways (Abdelli et al., 2019).

Furthermore, dosages of single SCFA varied and
different dosages could be optimal in distinct
disease models or in human application.
Haghikia et al. (2015) analyzed the potential of
different propionic acid (PA) concentrations on
T cell differentiation in vitro. While 100 uM PA
promoted polarization of naive T cells towards
Tregs, a high dosage of 1 mM rather reversed
the effect. Interestingly, longer- chain fatty acids
all had negative impact on T cell differentiation.
In our rotenone-based in vitro study, we
observed a neuroprotective outcome with
prolonged neurite outgrowth in propionic acid-
treated cells, but the responsible mechanisms
have still to be delineated. We assume an
involvement of mitochondrial function as PA
was able to improve mitochondrial respiration
rates in lymphocytes in another study (Duscha
etal., 2020).

Taken together, there is strong evidence that
the gastrointestinal microbiome is altered in
PD and this is similarly true for the composition
of the intestinal metabolome. SCFAs are
increasingly studied intestinal metabolites that
have shown great potential to influence disease
processes in neuroinflammatory disorders.
Their role for neurodegenerative movement
disorders such as PD is still unclear but both
analyses in translational disease models and in
human clinical trials are on the way to improve
our understanding.

The figure is created with BioRender.com.
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