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Abstract

Recent data suggest gut microbiota dysbiosis as a contributing factor in neurodegenerative diseases, such as Parkinson’s Disease
(PD) and Alzheimer’s Disease (AD), and these pathologies may manifest via the microbiota-gut-brain-axis, which comprises
bidirectional communication through neuroimmune, neuroendocrine, and direct neural pathways such as the vagus nerve.
Preclinical and human clinical trial data reveal exciting potential for novel treatment targets and therapeutic modulation with
prebiotics, medicinal herbs, probiotics, and synbiotics in health, aging, and neurodegeneration and are reviewed here. While
greater insights and characterization of the microbiota-gut-brain axis have been revealed over the past decade, salient questions
related to the pathology, pathogenesis and clinical treatment of the axis in the context of both health and neurodegenerative
disease remain and are discussed in this review. Future directions such as additional well-controlled, large scale, longitudinal
human clinical trials are urgently needed to further elucidate both mechanism and therapeutic opportunity in health, neurological
disease, and disease subpopulations to ensure that the next decade ushers the dawn of targeted therapeutic modulation of the
microbiota-gut-brain axis.
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Introduction and both new drug targets and therapeutics to attenuate the
progression of neurodegeneration are greatly needed. In addi-
tion, as gastrointestinal comorbidities are common in neurode-
generative diseases such as PD and AD, management of the gut
microbiota is perceived to be important in clinical care to both
treat and potentially prevent these chronic conditions.

Many millions of individuals are affected by neurodegenera-
tive disease worldwide, and global health improvements
largely driven by clinical research have further augmented the
human lifespan potential to increase this disease and economic
burden.'*? Neurodegenerative diseases, such as Parkinson’s
Disease (PD) and Alzheimer’s Disease (AD), represent a het-
erogenous collection of disorders that feature deterioration of
the central and/or peripheral nervous systems that affect an | ) o )
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Figure |I. Communication pathways of the microbiota-gut-brain axis. Multiple hard-wired or direct (e.g. ENS and vagus nerve) and indirect (e.g.
neurotransmitters, SCFAs, cytokines) communication pathways of the gut-brain axis are modulated by gut microbiota. These routes include the
neural pathway (e.g. vagus nerve, ENS, neurotransmitters and neuroactive metabolites such as the SCFA butyrate), immune pathway (e.g.
cytokines), and neuroendocrine pathways (e.g. gut hormone secretion such as peptide YY, neuropeptide Y, and glucagon-like peptide-|; cortisol
secretion via the hypothalamus pituitary adrenal (HPA) axis). Neuroactive dietary and microbially-produced metabolites modulate the
microbiome-gut-brain axis to affect gut-barrier function, hormone secretion from enteroendocrine cells (EECs), neurotransmitter production
by gut epithelium and microbiota, and enteric glial signaling which are relevant to neurodegenerative disease. Image was generated with

BioRender.

Microbiota-Gut-Brain Axis

Accommodating the highest cell densities documented for any
ecosystem, the human gut contains around 10" to 10'* bac-
teria™® with a diversity of at least 1,000 species.” Over 50 phyla
colonize the planet but the predominant phyla in the mamma-
lian intestine include Bacteroidetes, Firmicutes, Proteobacteria,
Actinobacteria, and Fusobacteria.® With its 400 m? of surface
area, the gastrointestinal (GI) tract represents one of the largest
interfaces for host-microbe interactions.>” The microbiota
interacts with the host in a dynamic way, contributing to both
health and disease. The gut microbiota performs important
protective and metabolic functions, such as fermentation of
indigestible plant components and endogenous mucous using
genes encoding enzymes and biochemical pathways not con-
tained within the host genome.'’

The information encoded by the mammalian genome is not
sufficient to maintain health and protect against disease. How-
ever, some or most gut bacteria are mutualists and after mil-
lions of years of co-evolution provide many key health
functions to the host such as adequate digestion, metabolism,
nutrient biosynthesis, angiogenesis, detoxification, enterocyte
growth, defense against colonization by opportunistic patho-
gens, and immune system development and function.''"'> The

gut microbiota provides enzymes for the synthesis of vitamin
K, B vitamins, and amino acids.'> A major function of this
bacterial population is energy harvest through the metabolism
of otherwise indigestible complex polysaccharides from food
and the subsequent generation of short-chain fatty acids
(SCFA)."'® The GI tract is also a site of production for hormones
involved in energy homeostasis (e.g. insulin, glucagon, leptin,
and ghrelin) and growth (e.g. glucagon-like peptide 1 (GLP-1)
and glucose-dependent insulinotropic polypeptide (GIP))."”
Symbiotic bacteria interact with the host in dynamic ways to
influence the development and function of the intestinal archi-
tecture, immune system, and gut brain axis.

The microbiota-gut-brain axis, or gut-brain axis, refers to
interactions between the enteric nervous system (ENS) within
the GI tract and the central nervous system (CNS) through a bi-
directional communication system that is comprised of neural,
immune, and endocrine pathways (Figure 1).'®' The enteric
nervous system, often referred to as the “second brain,” con-
tains as many nerves as the spinal cord, regulates basic gut
functions such as gut motility, intestinal permeability, enter-
oendocrine signaling, and mucosal immune activity and shares
similar neurotransmitters and signaling molecules with the
brain. The brain communicates with the GI tract through
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multiple, parallel pathways which include both sympathetic
and parasympathetic divisions of the autonomic nervous sys-
tem (ANS), the hypothalamic pituitary adrenal axis (HPA), and
sympathoadrenal axis, which modulates the gut-associated
lymphoid tissue.”’ Mostly vagal afferents communicate from
the intestine to the brain and represent 80-90% of all vagal
fibers.?! The vagal afferent fibers also interface with the HPA
axis to coordinate the stress response and anti-inflammatory
actions.

The gut has been recognized as the largest endocrine organ
in the body, producing myriad hormones and bioactive pep-
tides.>? Gut to brain signaling in the gut is accomplished by
highly chemosensitive primary afferent neurons, immune cells
and enteroendocrine cells, which contain over 30 different hor-
mones. Immune pathways, such as cytokine signaling stimu-
lated by microbial lipopolysaccharide (LPS) or peptidoglycan,
also represent a communication link to the brain. Changes in
gut barrier integrity may also lead to translocation of these
microbial products in the periphery with downstream micro-
glial activation and neuroinflammation.*

A small set of specialized gut epithelial cells, called enter-
oendocrine cells (EEC) monitor the contents of the lumen and
secrete hormones and signaling mediators such as peptides that
bind to vagal afferent receptor sites. Metabolites from gut com-
mensal microbes also regulate the hormone secretion from
EECs to affect processes such as intestinal transit time.** As
EECs directly provide signals to the brain via the vagus nerve,
this neuroendocrine pathway is a key bidirectional pathway.
EECs can interface with enteric glial cells, which are important
in barrier and defense functions, to affect hormone secretion
and ENS signaling. In addition, about 95% of serotonin is
produced by specialized neuroendocrine cells, namely entero-
chromaffin cells, in the gut mucosa beneath the epithelium with
mechanosensory and chemosensory functions that regulate
motility and secretion.””> The gut microbiota also provides a
key role in tryptophan, the serotonin precursor, metabolism.
In addition to enteric nerves, the various hormones, immune
mediators, and microbial metabolites represent pathways
through which the brain receives information about environ-
mental exposures such as diet and the gut ecosystem
functioning.

Role of Gut Microbiota Dysbiosis in Neurodegenerative
Disease

Research points to microbiota dysbiosis as a contributing factor
in neurological disease such as neurodegeneration and mood
disorders.?®*’ Some of this pathology may occur via the micro-
biota-gut-brain-axis. While multiple pathways are currently
under investigation, additional research must clarify the
mechanisms through which residential microbes impact this
axis. Gut microbes affect this bidirectional communication sys-
tem through neuroimmune, neuroendocrine, and direct neural
pathways such as the vagus nerve. Mounting evidence suggests
that microbes can produce neurotransmitters, promote seroto-
nin production by gut epithelial cells, produce bioactive

constituents, alter epigenetic regulation with fermentation by-
products, and release metabolites that may enter circulation and
cross the blood brain barrier.”® In addition, both the elderly and
those with neurodegenerative disease exhibit reduced gut
microbial biodiversity.”*>' During gut dysbiosis, dysfunctional
gut brain axis signaling leads to increased oxidative stress and
inflammation as well as imbalanced metabolism and immune
function.*?

Recent burgeoning investigations suggest that altered gut
microbiota and microbial metabolites such as butyrate and
amyloid are associated with neurodegenerative diseases such
as PD, AD, and amyotrophic lateral sclerosis (ALS); however,
the precise role, mechanisms and any causal relationships with
microbiota have yet to be fully elucidated. A recent study
reported gut microbiota dysbiosis in AD and suggested that it
may contribute to the pathology of AD.*® In the AD patients
compared to age- and gender-matched non-AD controls, Bac-
teroidaceae, Veillonellaceae, and Lachnospiraceae, which con-
tain several key butyrate producers, decreased while
Ruminococcaceae, Enterococcaceae, and Lactobacillaceae
increased in relative abundance at the family level. Studies
have also indicated reduced abundance of gram-negative spe-
cies and increased intestinal permeability in AD. In addition,
several potentially pathogenic gut residents such as Escheri-
chia coli, Klebsiella pneumoniae, Mycobacterium tuberculosis,
Salmonella enterica, Salmonella typhimurium, and Staphylo-
coccus aureus, are known to produce amyloid proteins, which
have been proposed as potential seeds in the formation of
pathological amyloid protein misfolding.** In a mouse model
of AD, antibiotic exposure lowered the biodiversity of the gut
microbiota and reduced both neuroinflammation and amyloi-
dosis thus implicating the microbiota in AD pathology.>> In
ALS patient stools, increases in potentially inflammatory
Ruminococcaceae, Enterobacteria, and Escherichia coli have
been observed compared to matched controls.*®>’

Investigations of dysbiosis in PD have revealed some key
features of the PD gut microbiome and metagenome. For exam-
ple, several studies have reported a reduction in the relative
abundance of Prevotella,*®*® which may be associated with
reduced metabolism of high-fiber foods, mucin production, gut
barrier function, and SCFA levels. SCFAs such as butyrate have
been observed as lowered in PD stool compared to age-matched
controls and represent a relevant clinical consideration in
patients given the anti-inflammatory and neuroactive effects
of these microbial end products of fermentation.** Reduced
relative abundance of other butyrate producers such as Blautia,
Coprococcus, Faecalibacterium and Roseburia species has
been observed in PD stool compared to healthy controls and
suggests potentially increased intestinal permeability in these
patients given that butyrate mediates barrier integrity and neu-
roimmune mechanisms.*'** This reduced Lachnospiraceae
family abundance is consistent with lowered SCFA levels
observed in PD. Other salient changes in the PD gut micro-
biome include reductions in relative abundances of Bifidobac-
terium, Bacteroides fragilis, and Clostridium leptum** which
indicates lowered beneficial anti-inflammatory species. In
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addition, increases in Enterobacter,38 Ruminococcus,42 and
Ralstonia® species have been observed in PD and are
associated with potential inflammation. A recent microbiome-
wide-associated study found 15 genera that are different in
PD compared to healthy subjects. The 5 genera Porphyromo-
nas, Prevotella, Corynebacterium, Bifidobacterium, and Lacto-
bacillus were higher in abundance while the 10 genera
Faecalibacterium, Agathobacter, Blautia, Roseburia, Fusica-
tenibacter, Lachnospira, Butyricicoccus were lower in abun-
dance in PD compared to controls. The data from these
genera formed 3 distinct clusters and suggest the PD micro-
biome is associated with an increased abundance of a cluster
of opportunistic pathogens, reduced abundance of SCFA-
producing microbes, and increased levels of carbohydrate
metabolizers.

The PD associated metagenome features increased represen-
tation of genes annotated in LPS biosynthesis and type III
bacterial secretion systems, which suggests potentially
increased inflammation from microbial products.*> These
observations support emerging evidence which suggests that
neuroinflammation in PD may be induced by circulating
inflammatory products in the periphery.*> While gut barrier
dysfunction may allow microbial metabolites and antigens,
such as LPS, into circulation to potentially activate neuroim-
mune responses, additional investigation is needed to define
pathological mechanisms.

Mounting evidence on gut dysbiosis in PD patients suggests
both qualitative and quantitative changes in the gut microbiota
are associated with PD and its progression**; however, the
precise role, mechanisms and any causal relationships with
microbiota have yet to be fully established.*® Gut dysbiosis
may lead to lowered or altered SCFA profiles, decreased mucin
production, increased bacterial/antigen translocation which
contributes to increased intestinal permeability, inflammation,
altered gut-brain axis communication, and reduced nutritional
status such as B1 and folate deficiency.”® Gut and systemic
inflammation as well as activation of microglia or enteric glia
are also hypothesized to contribute to alpha synuclein misfold-
ing in PD and represent areas of priority for future investigation
(Figure 2).

Key features of PD pathology include loss of dopamine-
producing neurons in the substantia nigra and Lewy bodies
containing inclusions of alpha-synuclein, which is expressed
in neurons and enteroendocrine cells in the gut.*’ Alpha synu-
cleinopathy has been observed in the enteric nervous system
prior to disease onset and subsequent central nervous system
involvement; thus, it is hypothesized that PD pathology may
originate in the gut.***° In mice overexpressing alpha-
synuclein, it was determined that the gut microbiota were
required for motor symptoms, Lewy body pathology, micro-
glial cell activation, and neuroinflammation. Germ-free ver-
sions of these mice exhibit greater motor dysfunction when
fecal microbiota transplantation from PD patient donors were
compared to healthy donors. In addition, oral administration of
microbial metabolites to germ-free mice promoted motor dys-
function thus providing a functional link between gut

microbiota and neurodegenerative disease via gut to brain sig-
naling.*’ Similarly, a recent genome-wide-association study
found that PD was genetically associated with cholinergic and
monoaminergic neurons, including dopaminergic neurons,
enteric neurons and oligodendrocytes.**

Dysbiosis and lowered gut biodiversity seen in aging and
neurological diseases may contribute to neuroinflammation
underlying neurodegenerative diseases.”' Microbiota may con-
tribute to neuroinflammation in several ways including via
endotoxic bacterial cell wall constituents such as LPS or
microbiota-produced amyloid. Therapeutic modulation of dys-
biotic gut microbiotas toward an increased abundance of
butyrate-producers may ameliorate neuroimmune activation.

Gut-Related Amyloids in Neurodegenerative Disease

In addition to alterations in gut microbiota, neurodegenerative
diseases such as PD and AD exhibit key protein misfolding,
aggregation, and accumulation in the brain.>? Proteins hypothe-
sized to be involved in neurodegeneration, such as alpha-
synuclein in PD and both amyloid beta (AB) and tau in AD,
are heavily studied proteins that adopt cross beta-sheet amyloid
structures.>*>* Evidence suggests that proteins may misfold in
the gut then migrate to the brain via hypothesized routes that
include M cells that sample the lumen, goblet cell-associated
antigen passages, or enteroendocrine cells. In addition, recent
evidence demonstrates that enteroendocrine cells, which
express alpha-synuclein, have neuron-like features and synapse
with enteric nerves found to contain alpha-synuclein.’® This
represents an additional potential route of the spread of patho-
logical alpha-synuclein in addition to the longer established
hypothesis of neuron-to-neuron propagation in a prion-like
manner which can then seed new oligomers, fibrils and even-
tually Lewy bodies.’® Misfolded alpha-synuclein has been
detected in the brain, peripheral nervous system including the
gut, and gastrointestinal mucosa.’” As the substantia nigra also
exhibits high mitochondrial oxidative stress, several pathways
and endogenous factors likely contribute to the pathology of
PD and other neurodegenerative diseases. While the misfolded
and aggregated proteins of various neurodegenerative diseases
remain discrete, the conserved nature of the misfolded confor-
mation and prion-like features result in neuroinflammation and
potentially similar pathways for therapeutic intervention.
Indeed, a recent study reported that probiotic treatment inhib-
ited alpha-synuclein aggregation and facilitated aggregate
clearance in a Caenorhabditis elegans model of synucleinopa-
thy thus suggesting gut microbiota modulation as a potential
therapy in PD.*®

The identification of alpha-synuclein gene expression in
enteroendocrine cells, enteric neurons and the vagus nerve
reveal a potential neuroepithelial pathway through which PD
and perhaps other neurodegenerative disease may begin in the
gut.>®®! Interestingly, alpha-synuclein can be transported
bidirectionally via the vagus nerve and while incompletely
understood, such inclusions found in submucosal and myen-
teric nerves may first arise in the gut prior to potential transport
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Figure 2. Schematic diagram of aspects of PD pathology in the microbiota-gut-brain axis. Gut microbiota and their metabolites may commu-
nicate with the vagus nerve through enteroendocrine cells that synapse with vagus nerve terminals through specialized structures called
neuropods. Microbial antigens such as LPS may cross the gut epithelium through M cells or areas with increased intestinal permeability to
trigger local and systemic inflammation. Pathology may develop within myenteric nerve cell plexus with subsequent inflammation, oxidative
stress and thus alpha-synuclein accumulation. The vagus nerve might facilitate the pathological spread of alpha-synuclein aggregates from the ENS

to the brain. Image was generated with BioRender.

to brain regions.””°>% The vagus nerve is thought to be a

pathological route for alpha-synuclein given clinical evidence
that truncal vagotomy reduced the risk of PD development as
well as findings in animal models.®*®” In the gastrointestinal
tract, alpha-synuclein is expressed in preganglionic vagal
nerves and the submucosal and myenteric plexuses.®® While
these nerves do not directly sample the contents of the lumen,
alpha-synuclein expressing enteroendocrine cells are part of
the gastrointestinal lining and may represent a physical link
to the enteric nervous system.

As noted earlier, EECs are chemosensory cells with neuron-
like properties within the epithelial layer of the gut lumen that
may represent a direct conduit between the lumen and nervous
system via enteric nerves.®” Stimuli such as dietary nutrients
and bacteria elicit the transmission of signals from the basal
side of the EECs, which contain neuronal features such as
axon-like processes called neuropods, neurofilaments,

neurotrophin receptors, dopamine synthesis potential, and
synaptic proteins.”®’! While paracrine transmission of hormo-
nal sensory signals from EECs has been long understood,
recently the direct enteroendocrine cell to nerve contact has
recently been observed in vivo via the axon-like processes of
EECs.**%%7% Such observations lead to interesting speculation
regarding the nature of a neural pathway via EECs. The EECs
receive and relay messages from the lumen to the nervous
system and may transport pathogens and potentially toxins to
such sites.

Given that enteroendocrine cells express alpha-synuclein,
exposure to toxins, pathogens, poor diet, or inflammatory con-
ditions could promote misfolding and transport to enteric neu-
rons such as submucosal, myenteric neurons and preganglionic
vagal nerves, which also express alpha-synuclein, to trigger a
prion-like cascade of events leading to alpha-synucleinopa-
thies.®® Some hypothesize that abnormal alpha-synuclein
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aggregates in EECs spread to the nervous system through
their synapse with alpha-synuclein containing enteric nerves
to later enter the vagus nerve and brain.’> Interestingly,
alpha-synuclein aggregates are secreted from neurons via exo-
cytosis.’? In addition, neurons cultured in vitro transport alpha-
synuclein aggregates via endocytosis.”> The alpha-synuclein
aggregates may propagate via endocytosis to adjacent neurons
and neuronal precursor cells to form Lewy body type inclu-
sions.’® Amyloid type alpha-synuclein aggregates are the main
constituents of Lewy bodies in PD which are related to synaptic
dysfunction and neurodegeneration of dopaminergic neurons.”*
Given that EECs are exposed to gut microbes and express
receptors for microbial metabolites such as SCFAs, the gut
microbiota itself may play a currently unknown role in this gut
neural circuit. This potential pathway from gut to brain may
encourage dietary, probiotic and nutraceutical interventions in
neurodegenerative disease. As gut microbes may potentially
influence alpha-synuclein morphology or communication
through the enteroendocrine neural pathway, probiotics and
microbial metabolites represent potential therapeutics that war-
rant further exploration in this context.

Interestingly, several species of the human microbiota pro-
duce curli, which are functional fibers that share biophysical
properties with amyloids.”> Such amyloid-like fiber producing
microbes include Bacillus, Citrobacter, Escherichia, Kleb-
siella, Mycobacteria, Pseudomonas, Salmonella, Staphylococ-
cus, and Streptococcus species.’® These proteins enable
microbes to form biofilms that are resistant to both physical
and chemical eradication. Rats orally treated with an E. coli
strain that produced curli had increased production of alpha-
synuclein in the gut and brain, increased aggregation of alpha-
synuclein in the brain, and increased neuroinflammation
compared to rats exposed to a non-curli producing control.”’
Both PD patient-derived and E. coli-produced alpha-synuclein
were able to seed the formation of Lewy body-like inclusions
that spread from the GI tract via the vagus nerve to the brain in
a rat model.”®

While prions self-seed to trigger the same type of protein to
adopt a pathological conformation, amyloids may also cross-
seed other proteins.”” Microbially-produced amyloids are
released into the extracellular space where they can be inter-
nalized by adjacent cells such as enteric neurons to seed the
formation of pathological alpha-synuclein through permissive
templating.®® The spreading of pathological aggregates may
occur molecule-to-molecule, cell-to-cell and nervous system
region-to-region. Bacterial amyloid and amyloids derived from
other sources may cross-seed the formation of additional neural
protein aggregates or may be endocytosed by enteric nerves,
although additional investigation into biological mechanisms is
necessary.

Emerging hypotheses regarding the pathogenesis of AD
suggest potential microbial infection. A greater relative abun-
dance of proinflammatory microbial species have been
reported in cognitively impaired elderly patients with amyloi-
dosis compared to controls.®! AP was reported as inhibitory to
several pathogens including E. coli, Staphylococcus aureus,

and Candida albicans. The study concluded that pathogenic
microbes elicit innate immune responses whereby AP serves
an antimicrobial role through biofilm formation.® In a follow-
up study, a mouse model of AD was used to create a Salmonella
model of brain infection. The infection increased the seeding of
AP plaques in the hippocampus and temporal cortex, which are
areas vulnerable to BBB permeability, and Salmonella was
recovered from within these plaques.®® Other researchers have
identified other potential infection link in AD neuropathology
such as Herpes Simplex Virus 1, which was identified within
microbial biofilms colocalized with AP in AD patient derived
brain samples.®* As evidence suggests a potential mechanism
of microbial infection involved in the pathogenesis of AD,
additional research on immune responses that result in Ap and
plaque formation and the role of amyloid in innate immunity
are needed.

Therapeutic Opportunities and the Gut Brain
Axis
Prebiotics and the Gut-Brain Axis

The impact of gut dysbiosis in various diseases has fueled
investigation into strategies to therapeutically modulate gut
microbiomes and the immune system.®> Important areas of
therapeutic opportunities include dietary treatment such as pro-
biotics, synbiotics, and prebiotics in the form of isolates or
herbal medicines. Prebiotic oligosaccharide isolates are com-
monly used as dietary supplements. The prebiotic potential of
herbal medicines has also recently been established.®*® The
prebiotic definition, while highly debated, most commonly
refers to dietary carbohydrates that are selectively fermented
by gut microbiota to modulate the composition of microbiota
and in turn confer health benefits to the host.**° Prebiotics
reach the site of action in the colon and are fermented by
saccharolytic microbes such as beneficial Bifidobacteria. The
end products of microbial carbohydrate fermentation include
SCFA such as butyrate which perform several host-specific
functions. For example, butyrate can function as a histone dea-
cetylase inhibitor, inhibit gene expression of proinflammatory
cytokines, improve gut barrier function, induce T-regulatory
cells, and function as a signaling molecule via the gut-brain
axis.”"*> SCFAs such as butyrate also mediate neuroimmune
mechanisms, inflammatory processes that drive inflammaging,
and the integrity of both the gut and blood brain barriers.**"*
The microbe-produced SCFAs may be influencing brain-
derived neurotrophic factor (BDNF) expression and thus vari-
ous brain functions as well as the survival of existing and
growth of new neurons.

Several murine studies have demonstrated the psychophy-
siological effects of prebiotics. A study examining B-GOS,
FOS (fructooligosaccharide), or placebo in a rat model reported
alterations in pivotal receptors for synaptic plasticity and mem-
ory function.”* Specifically, probiotic supplementation
increased gene expression of BDNF expression in the hippo-
campus and dentate gyrus as well as N-methyl-d-aspartate
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receptor (NMDAR) expression in the hippocampus. In neonatal
rats, B-GOS supplementation also increased BDNF and
NMDAR expression in the hippocampus compared to
placebo, which was detectable 26 days after cessation of treat-
ment.”> Similar effects using a human milk oligosaccharide,
2'-fucosyllactose, have been observed in both mouse and rat
models whereby BDNF expression was increased in cortical
structures in parallel with increased long-term potentiation.’®
In neurodegenerative disease models such as an amyloid-B1-
42-induced rat model of Alzheimer’s disease, chitosan oligo-
saccharides (COS) reduced cognitive deficits by inhibiting
oxidative stress and neuroinflammatory responses.’® In a
SOD1G93A mouse model of amyotrophic lateral sclerosis,
GOS decreased activation of astrocytes and microglia as well
as motor neuron death.”® While the translation of these findings
to humans is promising, additional studies remain necessary.

Very few studies have examined prebiotics targeting the
microbiota-gut-brain axis in human interventions (Table 1).
One study used B-GOS, FOS or placebo to determine emo-
tional appraisal and the psychophysiological effects of the pre-
biotics treatment.''? Healthy human participants that
consumed B-GOS had a significantly improved cortisol awa-
kening response, which is a marker of emotional disorders such
as depression and stress. The B-GOS prebiotic also reduced
vigilance, which suggests a reduced reaction to negative emo-
tions and potential anti-depressant and anti-anxiety (anxiolytic)
effects. The authors concluded that prebiotics may modulate
neural networks associated with emotional attention, such as
reduced attention to negative stimuli, to exert the observed
beneficial effects. A clinical trial administering oligofructose-
enriched inulin reported that treatment improved mood, recog-
nition memory, and recall compared to placebo.'' Taken
together, these results also suggest that prebiotics could be
personalized to contain mental performance enhancing effects
as well as to improve mood and neural functioning. Prebiotic
investigations in populations with neurodegenerative disease
are lacking.

Probiotics and the Gut-Brain Axis

While the pathways of the microbiota-gut-brain axis are still
being elucidated, evidence suggests that bacterial cell wall
sugars, bacterially produced metabolites such as SCFAs and
neurotransmitters, vagal activation, and microbial modulation
of the immune system are involved. Both direct physical inter-
actions of gut microbes with the host and microbial metabolites
exert powerful effects. The SCFAs, for example, affect pro-
cesses from gut motility to immune system development to
hormonal secretion in the gut. Some Lactobacillus species pro-
duce immune and nervous system-regulating nitric oxide,
while others produce neurotransmitters such as GABA.''*
Probiotic supplementation increases fatty acids levels in the
brain which are important for brain function, learning, mem-
ory, and neurogenesis. In a clinical trial of healthy subjects
(Table 1), one multi-strain probiotic (i.e. Bifidobacterium lac-
tis, Lactobacillus bulgaricus, Streptococcus thermophilus, and

Lactobacillus lactis) was found to reduce activity in a func-
tional network associated with the insula, which is a region of
the brain with a role in the regulation of mood, and reduce
attention and vigilance to negative emotional stimuli.''> In
addition, the gut microbiota may modulate BDNF expression
to promote the survival of existing and growth of new neurons,
learning, memory, and cognitive processes. The probiotics B.
longum and Bifidobacterium breve 6330 have also promoted
increased BDNF levels in animal models.”*''®

SCFAs produced by microbial fermentation are neuroactive
and activate the vagus nerve. Vagal nerve activation exerts an
anti-inflammatory effect and may be required for some probio-
tics as well as beneficial endogenous gut microbes to exert
health-promoting effects. Probiotics, such as Bifidobacterium
infantis, may alter levels of kynurenine which is an arm of the
tryptophan (serotonin precursor) pathway important in the con-
text of oxidative stress.!!”"!'® Gut microbes can also produce
and modulate neurotransmitters and neuromodulating com-
pounds such as GABA, serotonin, dopamine, acetylcholine,
and noradrenalin.''® GABA is the primary inhibitory neuro-
transmitter in the brain and may exert influence on brain activ-
ity by acting on the vagus nerve. In mice, Lactobacillus
rhamnosus probiotic supplementation significantly increased
GABA activity in the brain and changed their response to stress
in a vagus nerve-dependent manner.'?’

Gut microbe-derived metabolites such as SCFAs influence
the permeability of the both intestinal and blood-brain barrier.
Mounting research in rodents has revealed that probiotic treat-
ment (e.g. Lactobacillus and Bifidobacteria) can reduce intest-
inal permeability, abdominal pain, and inflammation as well as
reduce HPA axis dysfunction due to stress.'” In human stud-
ies, intestinal permeability is associated with stress-related psy-
chiatric disorders such as depression which underscores the
importance of the microbiota-gut-brain axis in regulating stress
responses. In addition, certain species and strains of Lactoba-
cillus and Bifidobacteria increase gut barrier function (i.e.
decrease so-called “leaky gut”) and reverse stress-induced
changes to the HPA axis. Two studies reported that a combi-
nation of L. helveticus R0052 and B. longum R0O175 reduced
cortisol in healthy human subjects.'®"'?! Prbiotic treatment in
humans also reduces cortisol awakening response and emo-
tional reactivity in healthy individuals. B. infantis has been
shown to reduce stress-related behaviors in animals and reduce
inflammation in patients with Irritable Bowel Syndrome (IBS),
which is recognized to be correlated with disruption in the gut-
brain axis.'%>'#?

Probiotic studies in healthy humans with Bifidobacterium
and Lactobacillus (e.g. L. helveticus and B. longum) supple-
mentation reveal a decrease in anxiety, depression and stress-
related behaviors (Table 1).!°! In a follow up study, even in
human subjects with low stress and cortisol levels, this probio-
tic supplementation was associated with reduced cortisol, anxi-
ety and depression levels.'?! Healthy brain function in humans
has also been associated with the consumption of fermented
dairy products.'?* Probiotic supplementation increases fatty
acid levels in the brain which are important for brain function,
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learning, memory, and neurogenesis. Data in both animals and
humans suggest that probiotics, often through a strain-specific
effect, can therapeutically modulate brain function and beha-
vior via the various communication routes of the microbiota-
gut-brain axis. A clinical trial using a multi-strain probiotic
containing B. bifidum W23, B. lactis W52, L. acidophilus
W37, L. brevis W63, L. casei W56, L. salivarius W24, and
L. lactis W19 and W58 for 30 days reported reduced reactivity
to sad mood, which was associated with reduced rumination
and aggressive cognition, in the probiotic treated group com-
pared to placebo group.124 Fully understanding the mechan-
isms of microbiota-gut-brain axis communication will
catalyze the development of microbiome-based therapeutics
for the CNS.

Probiotics and Herbal Medicines in Neurodegenerative
Disease

Parkinson’s disease. Probiotic interventions in neurodegenerative
diseases such as PD have recently emerged (Table 1). A
12-week randomized, double-blind, controlled trial in 120
patients with PD and constipation revealed that treatment with
both a probiotic and prebiotic significantly increased the num-
ber of complete bowel movements compared to placebo.'* Ina
randomized, double-blind, placebo-controlled clinical trial in
50 patients with PD, probiotic containing Bifidobacterium bifi-
dum, Lactobacillus acidophilus, L. reuteri, and L. fermentum or
placebo was provided for 12 weeks.'?° Probiotic supplementa-
tion downregulated gene expression of the pro-inflammatory
cytokines interleukin-1 (IL-1), IL-8 and tumor necrosis factor
alpha (TNF-o) and upregulated transforming growth factor
beta (TGF-B) and peroxisome proliferator activated receptor
gamma (PPAR-y) in peripheral blood mononuclear cells
(PBMCs) compared to placebo in PD subjects. In another ran-
domized, double-blind, placebo-controlled clinical trial in 60
patients with PD, a multistrain probiotic supplement containing
Bifidobacterium bifidum, Lactobacillus acidophilus, L. reuteri,
and L. fermentum or placebo was provided.'?” In the probiotic
treatment group, significantly decreased hs-CRP, decreased
malondialdehyde, and increased glutathione levels were
observed relative to the placebo group. Reduced insulin levels
and insulin resistance were also observed in the probiotic com-
pared to control group. Additional well-controlled, longitudinal
controlled trials in larger cohorts of patients with AD and PD,
including more focused designs targeting key features of the
gut-brain axis, are needed.

Myriad medicinal herbs have been used in traditional med-
icine as both nootropics and to treat neurological disease.
Bacopa monnieri (common name: brahmi, bacopa or water
hyssop) is an important nootropic and treatment for neurode-
generative diseases in Ayurveda and other traditional medicine.
Bacosides A and B are high abundance dammarane-type triter-
penoid saponins implicated in some neuropharmacological
effects of bacopa and cross the blood-brain barrier.'%%!% In
addition, several clinical trials (Table 2) using bacopa in
patients with age-associated memory impairment and healthy

elderly subjects suggest that treatment improves cognition,
focus, and memory outcomes.'**19%:110:142-195 Both i vigro
and animal studies have indicated the anti-amyloidogenic and
neuroprotective potential of bacopa.'’''"! While additional
studies are needed, the putative mechanisms of action in
bacopa include antioxidant mediated neuroprotection, acetyl-
cholinesterase and/or choline acetyltransferase modulation,
cerebral blood flow stimulation, reduced amyloid formation,
and neurotransmitter modulation of acetylcholine, 5-
hydroxytryptamine, and dopamine.'®”'”® However, clinical
trials investigating the efficacy and safety in neurodegenerative
diseases are still lacking. Several animal studies have demon-
strated that Bacopa modulates serotonergic pathways to
enhance cognition.'*®'*° In models of PD, a study in huma-
nized transgenic C. elegans with PD-type neurodegeneration
reported that Bacopa treatment reduced alpha-synuclein aggre-
gation, prevented dopaminergic neurodegeneration and
restored proper lipid levels.'>® In MPTP-induced PD mouse
models, Bacopa treatment provided neuroprotection in the
nigrostriatal dopaminergic neurons and modulated oxidative
stress and apoptotic pathways.'>!!?

Bacopa has also been shown to enhance predicted butyrate,
which is reported as reduced in PD, potential in human gut
microbiota.>>!?® In addition, the effects of medicinal herbs
on gut microbiota has been scarcely studied. An in vitro study
of 10 nervine herbal medicines used in neurodegenerative dis-
ease such as PD reported that the greatest overall microbiota
modulatory capacity was observed in cultures supplemented
with bacopa supplementation.'?® Compared to glucose-
supplemented cultures, bacopa selected for an increase in buty-
rate producers. The gut microbiota provides an important role
in the efficacy of bacopa through these mechanisms. While
previous human studies in non-clinical populations have eluci-
dated some of the beneficial effects of bacopa on memory and
cognitive impairment,'?%'3%!53 human clinical trials using
bacopa in neurodegenerative disease are lacking and
warranted.

Mucuna pruriens var. utilis (common names: kapikacchu,
velvet bean, cowhage) seeds are a natural source of levodopa
and cornerstone treatment for Parkinson’s disease in Ayurvedic
medicine.'* The seeds contain L-dopa, various alkaloids, and
trace S5-hydroxytryptamine. The neuroprotective action of kapi-
kacchu may be mediated by the restoration of the endogenous
monoamine contents in the CNS and degenerating dopaminer-
gic neurons within the substantia nigra.'>> One of the first
human investigations, an open label clinical trial using kapi-
kacchu powder in 23 PD patients, reported improvement in
motor symptoms (Table 2)."*! Later, a standardized extract
of kapikacchu containing 4% L-dopa was provided to 60
patients, including 34 levodopa naive patients, in an open label
clinical trial and reported as effective for motor score improve-
ment with mild adverse events.'** Similar effects have been
reported in clinical trials (see Table 2) in which kapikacchu
promoted similar motor scores compared to drug treatment
control in patients that tolerated the herbal medicine."**'>¢ A
randomized, controlled, double-blind trial in patients with
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short-duration L-dopa response examined 2 doses of kapikac-
chu compared to levodopa/carbidopa drug as control. Com-
pared to conventional drug therapy, 30 g kapikacchu led to
faster onset of effect with shorter latencies to peak L-dopa
plasma concentrations, longer on time, and higher peak L-
dopa plasma concentration without concomitant increases in
dyskinesias.'’

A double-blind, randomized, controlled, crossover study in
patients with advanced PD also examined a low (12.5 mg/kg)
and high (17.5 mg/kg) dose of kapikacchu compared to levo-
dopa and levodopa/carbidopa controls. Both high and low dose
led to improved motor symptoms with the high dose promoting
the greatest motor response, longer on time, fewer dyskinesias,
and fewer adverse events compared to drug controls.'>® A case
control study in 2 patients treated with conventional drug ther-
apy provided 200 mg kapikacchu seed extract after a 12-hour
washout reported impaired L-dopa bioavailability after kapi-
kacchu administration.'® The authors concluded this may
explain the lower dyskinetic potential of kapikacchu compared
to standard drug therapy. The rapid onset of action, longer
motor-on times and reduced dyskinetic outcomes observed in
these patient studies warrant larger clinical trials focused on
long term efficacy and safety.

Alzheimer’s disease. Probiotic interventions in neurodegenera-
tive diseases such as AD have recently emerged (Table 1). In
a double-blind, randomized, placebo-controlled trial in 30
patients with AD, subjects were provided a probiotic contain-
ing Lactobacillus acidophilus, Lactobacillus casei, Bifidobac-
terium bifidum and Lactobacillus fermentum or no treatment in
disease-matched control subjects for 12 weeks.'®® A significant
increase in learning and memory as measured with the Mini-
Mini-Mental State Examination (MMSE) test and decrease in
malondialdehyde, a marker of oxidative stress, was observed in
the probiotic compared to placebo group. Probiotic treatment
also improved Beta cell function and reduced serum high-
sensitivity C-reactive protein (hs-CRP), insulin resistance, and
serum triglycerides in the probiotic group. Similar results were
reported in another 12-week randomized, double-blind, con-
trolled trial in 79 AD patients that received a probiotic contain-
ing selenium (200 ug/day), probiotic plus selenium, or placebo
as treatment.'

Probiotic with selenium treatment significantly increased
MMSE scores, total antioxidant capacity and glutathione com-
pared with selenium only and placebo. In addition, subjects
who received probiotic plus selenium supplements displayed
reduced hs-CRP, serum triglycerides, LDL and total choles-
terol, and insulin levels and higher insulin sensitivity compared
with selenium alone and placebo treatment. Selenium has been
shown to alter the composition of gut microbiota and increase
microbial diversity, while increasing levels and activity of glu-
tathione peroxidase 1 and methionine-R-sulfoxide reductase 1
in mice.'®?

An uncontrolled clinical trial examining cognition, inflam-
mation and oxidative stress in 13 AD patients with cognitive
deficit provided kefir fermented milk containing Acetobacter

sp., A. aceti, Lactobacillus delbrueckii, Lactobacillus fermen-
tum, L. fructivorans, Enterococcus faecium, Leuconostoc spp.,
L. kefiranofaciens, Candida famata, and C. krusei for 12
weeks.'® The authors reported that probiotic treatment
improved memory, visual-spatial/abstraction, and executive/
language functions. In addition, treatment increased nitric
oxide bioavailability and decreased markers of inflammation,
oxidative stress, serum protein oxidation, mitochondrial dys-
function, and DNA damage. Thus, probiotic treatment may
improve cognitive function, inflammation, oxidative stress and
some metabolic parameters in AD although additional clinical
studies are required to fully understand the therapeutic benefits.

Many studies in animal models have demonstrated the anti-
oxidant free radical scavenging potential of bacopa.'®*'%® In
AD, animal models have demonstrated protection of the cho-
linergic neurons, which are classically affected in AD, and
amelioration of memory deficits with bacopa treatment.'¢”-1¢%
Clinical trials (Table 2) in patients with age-associated
memory impairment and healthy elderly subjects suggest that
treatment improves focus, memory and learning out-
comes,'0*109-110:142-195 pe clinical trial examined bacopa,
although in a polyherbal blend with 2 other herbs, in senile
dementia of Alzheimer type.'®® Treatment improved markers
of inflammation, oxidative stress and cognition which
included MMSE, word recall, attention span, functional activ-
ity and depression scores; however, while promising for
furthering the understanding of Bacopa in neurodegeneration,
the intervention is confounded by the other herbal medicines
in this context.

Withania somnifera (common name: ashwagandha) is an
important Ayurvedic medical herb for many therapeutic pur-
poses including immunity and the nervous system in health and
disease.'”® Active chemical constituents include various alka-
loids, steroidal lactones including withanolides and withafer-
ins, and distinct saponins.'’" Observed biological effects in the
CNS include attenuation of oxidative stress and modulation of
key proteins for the growth, differentiation as well as commu-
nication of neural cells. These putative biological mechanisms
include modulation of neurotrophic factors, cell adhesion
molecules and synaptic proteins.'’

Oral administration of withanoside 1V, a bioactive com-
pound derived from ashwagandha, in AB-injected mice
improved memory and prevented loss of neuronal cells and
connections.'”® Wistar rats orally fed ashwagandha extract dis-
played reduced acetylcholinesterase activity, inhibition of A
formation, and attenuated proinflammatory cytokine levels
which alleviated cognitive dysfunction.'”* Ashwagandha may
also restore proper levels of neurotrophin BDNF, its receptor
tropomyosin receptor kinase B, and other synaptic regulators
vital for synaptic plasticity.'*® Several other animal studies
report cognitive improvement with ashwagandha treatment in
murine models of memory deficiency, neurodegeneration and
cognitive dysfunction,'3¢-140:175.176

In a double-blind, randomized, placebo-controlled pilot trial
(Table 2) in adults with mild cognitive impairment, treatment
with ashwagandha root extract (600 mg/day) was associated
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with improvement in memory, executive function, focused
attention, and information-processing speed.'*>* A double-
blind, randomized, placebo-controlled trial administered ash-
wagandha root extract (500 mg/day) to patients with cognitive
dysfunction in bipolar disorder and reported improved
auditory-verbal working memory, reaction time, and social
cognition."** Human clinical trials administering ashwagandha
in neurodegenerative diseases are lacking. Preclinical and clin-
ical data regarding the herbal medicines described here warrant
further study in clinical trials. Indeed, several herbal medicines
for neurodegenerative disease show promise and should be
further studied such as Centella asiatica (common names: gotu
kola, pennywort) which improved working memory and mood
in healthy elderly subjects.'*!

Gut Microbiota-Modulatory Potential of Nervine Herbal
Medicines

Medicinal herbs possess substantial prebiotic effects on gut
microbial communities suggesting that the activities of gut
microbes may play an important role in the medicinal proper-
ties of medicinal herbs.®®!*® Research on the prebiotic poten-
tial and nervous system effects of medicinal herbs, including
those described in this section, is scarce. Fecal cultures supple-
mented with bacopa, ashwagandha and kapikacchu all signifi-
cantly altered the gut microbiota composition and were among
the largest modulators in 10 nootropic herbal medicines ana-
lyzed in vitro."*® Interestingly, microbial communities selected
by ashwagandha and bacopa were similar and did not separate
based on B-diversity, which was a measure of the diversity of
species between fecal culture environments. Ashwagandha and
kapikacchu-supplementation strongly selected for members of
Bifidobacterium and a similar complement of Bacteroides spp.
including B. vulgatus and B. uniformis. Kapikacchu uniquely
selected for Ruminococcus bromii, an organism with resistant
starch degradation potential.'”” All 3 medicinal herbs selected
for B. thetaiotaomicron as a dominant member of the gastro-
intestinal community. B. thetaiotaomicron produces polysac-
charide A which stimulates inflammation-suppressing
regulatory T cell expansion in the gut.'”® Bacopa also selected
for a number of dominant beneficial species including Bacter-
oides xylanolyticus, B. uniformis, and Butyrivibrio crossotus.

Medicinal herbs are predicted to alter the relative abundance
of taxa encoding SCFA pathways which may impact luminal
butyrate production potential and thus levels of neuroactive
butyrate. Bacopa selected for an overall increase in butyrate
producers in vitro.'*® Ashwagandha supplemented fecal co-
cultures had increased Faecalibacterium prausnitzii and
Eubacterium rectale whereas E. rectale was the primary buty-
rate producer in kapikacchu-supplemented cultures. Clostri-
dium symbiosum, a butyrate producer via amino acid
fermentation, was dominant in response to bacopa supplemen-
tation. Finally, Roseburia faecis was increased significantly by
Kapikacchu supplementation.

Analysis of these nervine herbs demonstrates both a strong
microbiota modulatory capacity and concomitant restructure in

metabolic preferences and products. It is anticipated that
changes in gut microbial community metabolism induced by
these nervine herbs will accordingly alter signaling via the
ENS. However, further work is required to verify these predic-
tions and their implications on host health.

Future Directions

Several positive reviews on the subject of therapeutic modula-
tion of the gut brain axis in health and disease have been
published; however, strong translational value of this preclini-
cal work relies on thorough elucidation of pertinent mechan-
isms and further study of both prebiotic and probiotic treatment
in relevant, appropriately sized human cohorts. Examining
these currently unknown variables will facilitate the emergence
of efficacious prebiotic and probiotic therapies; however, many
open questions remain. For example, what is the relevance of
post-biotics (e.g. SCFAs) in the mechanism of action of pro-
biotics and prebiotics? Do post-biotics modulate prebiotic and
probiotic therapy outcomes? How do these treatments differ in
terms of their quantitative and qualitative impacts on gut
microbiome structure and function? Is there a difference in the
effects of a prebiotic isolate versus whole herbs? What is the
kinetic-dynamic relationship associated with prebiotic and pro-
biotics administered to patients with neurodegenerative dis-
ease? How do gut produced or modulated neurotransmitters
effect signaling in the ENS and gut brain axis with and without
dietary supplementation with probiotics, prebiotics, and med-
icinal herbs? How do host factors such as diet, genetic suscept-
ibility, drug medication, and age modulate the therapeutic
efficacy of dietary supplements targeting the gut-brain axis?
How are the prebiotic effects of isolates versus polymolecular
herbs different and is one more efficacious in the context of
specific neurodegenerative disease? Are specific target popula-
tions most appropriate to assess these treatments in the context
of disease? What are the ideal dosages and long-term safety
considerations of treatment in target populations? These and
numerous other unknown questions must be rigorously exam-
ined to both temper enthusiasm for the field and gain a more
comprehensive scientific understanding.

Conclusions

While greater insights and characterization of the microbiota-
gut-brain axis have been revealed over the past decade, salient
questions related to the pathology, pathogenesis and treatment
of the axis in the context of both health and neurodegenerative
disease remain. While robust translation of many rodent to
human findings has emerged, an abundance of caution is
required when extrapolating from such findings and early clin-
ical data. Additional human studies using targeted therapeutic
modulation of the microbiota-gut-brain axis with prebiotic,
medicinal herb, probiotic, and synbiotic interventions are
needed. Well-controlled, large scale, longitudinal clinical trials
are urgently needed to further elucidate both mechanism and
therapeutic opportunity in both health and neurological disease,
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including disease subpopulations. This strategy coupled with a
multi-omic approach will ensure that the next decade ushers in
the dawn of targeted therapeutic modulation of the microbiota-
gut-brain axis.
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