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Abstract The gut microbiota is essential to health and has

recently become a target for live bacterial cell biotherapies

for various chronic diseases including metabolic syndrome,

diabetes, obesity and neurodegenerative disease. Probiotic

biotherapies are known to create a healthy gut environment

by balancing bacterial populations and promoting their

favorable metabolic action. The microbiota and its

respective metabolites communicate to the host through a

series of biochemical and functional links thereby affecting

host homeostasis and health. In particular, the gastroin-

testinal tract communicates with the central nervous system

through the gut–brain axis to support neuronal develop-

ment and maintenance while gut dysbiosis manifests in

neurological disease. There are three basic mechanisms

that mediate the communication between the gut and the

brain: direct neuronal communication, endocrine signaling

mediators and the immune system. Together, these systems

create a highly integrated molecular communication net-

work that link systemic imbalances with the development

of neurodegeneration including insulin regulation, fat

metabolism, oxidative markers and immune signaling. Age

is a common factor in the development of neurodegener-

ative disease and probiotics prevent many harmful effects

of aging such as decreased neurotransmitter levels, chronic

inflammation, oxidative stress and apoptosis—all factors

that are proven aggravators of neurodegenerative disease.

Indeed patients with Parkinson’s and Alzheimer’s diseases

have a high rate of gastrointestinal comorbidities and it has

be proposed by some the management of the gut micro-

biota may prevent or alleviate the symptoms of these

chronic diseases.
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The gut microbiota and the gut–brain axis

The gut microbiota is composed of a vast plethora of

bacterial species residing within the gastrointestinal tract

(GIT). The importance of the gut microbiota to human

health has recently been recognized due to the bacterial

community’s bilateral connectivity to the rest of the body,

and notably, the brain. The GIT and the central nervous

system (CNS) are intricately connected through a network

of signaling pathways collectively known as the gut–brain

axis. The gut–brain axis is a dynamic bidirectional neu-

roendocrine system consisting of direct neurological

connections, endocrine signals and immunological factors
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[1–3]. The gut microbiota conveys information contained

in the ingested components passing through the GIT (i.e.,

vitamins, minerals, carbohydrates, fats, etc.) with the CNS

via the aforementioned routes to elicit a systemic response

reflecting nutritional and energy states. When the relative

microbial populations fall out of balance (dysbiosis), the

messages sent to the brain propagate unhealthy signals

manifesting in low-grade inflammation, increased oxida-

tive stress, unbalanced energy homeostasis and a general

increase in cellular degeneration [4]. Many recent studies

suggest that microbial dysbiosis contributes to the pathol-

ogy of multiple neurological diseases including depression,

anxiety and neurodegeneration [5, 6]. This article describes

several possible mechanisms of gut–brain axis communi-

cation and how manipulation of the gut microbiota with

probiotics can influence neurodegenerative diseases by

improving inflammatory markers, modulating neurological

signaling and reducing the levels of oxidative stress: the

main common features of idiopathic neurodegeneration.

The gut microbiota

The gut microbiota consists of a diverse community of

bacterial species in the GIT existing symbiotically with the

human host. The majority of the microbiota belongs to the

phyla Firmicutes (*51%) including the Clostridium coc-

coides and Clostridium leptum groups and the well-known

Lactobacillus genera and the phyla Bacteroidetes (*48%)

including the well-known genera Bacteroides and Pre-

votella [7]. The remaining 1% is constituted by other less

populous phyla, including Proteobacteria, Actinobacteria

(including the Bifidobacteria genera), Fusobacteria, Spir-

ochaetes, Verrucomicrobia and Lentisphaerae [8]. Modern

sequencing technology has identified at least 1000 species

and more than 7000 strains of bacteria composing the 1013–

1014 microorganisms of the microbiota [9]. There are high

inter-individual variations in the gut microbial populations;

however, the overall functionality is conserved, suggesting

that a core gut microbiota is required to maintain a basic set

of physiological functions [10]. The gut microbiota may be

considered an organ onto itself, being responsible for a

variety of physiological activities including host metabo-

lism, neurological development, energy homeostasis,

immune regulation, vitamin synthesis and digestion [11].

The gut–brain axis

The gut–brain axis is a dynamic bidirectional neuroen-

docrine system describing the connections between the

GIT and the nervous system. There are many common

regulatory factors between the enteric nervous system

(ENS) and the CNS [12]. Many of the hormones and

metabolites secreted by the microbiota and intestinal

enterochromaffin (EC) cells intersect with biochemical

pathways that influence CNS processes creating a means of

direct communication between the external environment in

contact with the gut microbiota and the brain, which is

isolated from the environment by the blood–brain barrier

(BBB).

The gut–brain axis consists of the entirety of the

intestinal microbiota, ENS, parasympathetic and sympa-

thetic nervous systems, CNS, neuroendocrine connections,

humoral pathways, cytokines, neuropeptides and signaling

molecules [13]. There are three main modes of communi-

cation between the gut and the brain, namely (1) neuronal

messages carried by vagal afferents, (2) endocrine mes-

sages carried by gut hormones and (3) immune messages

carried by cytokines [1, 14] (Fig. 1). The impact of the gut

microbiota on the brain is profound and has been recog-

nized to affect behavior (anxiety, depression, learning and

memory, sociability), microglial activity, BBB integrity,

neurogenesis, and neurotransmitter production (reviewed

in Ref. [15]). Recently, it has been realized that brain injury

and different psychological states can also affect the

composition of the gut microbiota and possibly precipitate

disease. For example, brain injury in the form of stroke was

shown to alter the composition of the caecal microbiota in
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Fig. 1 Gut microbiota influences neurodegenerative diseases through

various pathways. Research linking changes in the gut microbiota to

neurodegenerative diseases is still emerging. There are many

established studies linking the pathways influenced by the gut

microbiota (neurological, endocrine and immune) to the pathogenesis

of neurodegeneration; however, further studies confirming these

microbiota-related linkages are required. In addition, there are many

studies that confirm a relationship between the endocrine, neurolog-

ical and immune signaling pathways contributing to the complexity of

the neurodegenerative pathology. In the figure, solid lines represent

pathways that are confirmed and the dotted lines have yet to be fully

established
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mice with specific changes to Peptococcaceae and

Prevotellaceae, correlating to the extent of injury [16].

Gut dysbiosis is linked to disease

Evidence suggests that the gut microbiota, especially when

in a state of dysbiosis, can influence neurological disease

progress and even initiate disease onset [17]. There is also

a growing realization that the reduced diversity in the aging

gut microbiota may be a major factor in the development of

neurodegeneration [18, 19]. One of the major mechanisms

linking the microbiota to age-related diseases is neuroin-

flammation [20]. The gut microbiota plays a key role in the

activation of microglia [21] and it has been suggested that

manipulation of the gut microbiome, especially with short-

chain fatty acid (SCFA)-producing bacteria, could modu-

late neuroimmune activation [18, 22]. This relationship

could explain the high percentage of gastrointestinal dis-

turbances comorbid with neurodegenerative disease

including microbial dysbiosis, constipation, diarrhea, vita-

min deficiencies, obesity and diabetes [23–25]. The

prevalence of these comorbidities is indisputable, indicat-

ing strong functional consequences of the gut–brain axis in

neurodegeneration [26].

Neurodegenerative diseases commonly have a sporadic

pathology meaning that the disease is triggered by an

accumulation of harmful and random interactions with the

environment. For example, Parkinson’s disease (PD) and

Alzheimer’s disease (AD) are both linked to the exposure

of environmental toxins, such as herbicides, fungicides and

pesticides [27], in addition to lifestyle habits such as diet

and stress [28]. Notably, in response to environmental

stressors such as oxidative stress, the relative balance of

microbiota population, and consequently its metabolic and

genomic expression is altered implementing broad physi-

ological changes in metabolism, endocrine signaling and

innervation in the human host [29]. Further, many of the

early symptoms of neurodegenerative disease reside in the

GIT, suggesting that dysbiosis may even trigger neurode-

generative disease [30].

Neurological disorders and their connection to gut
microbiota

AD, PD, multiple sclerosis (MS) and amyloid lateral

sclerosis (ALS) are categorized as neurodegenerative dis-

eases. Although each of these diseases has distinct

physiological manifestations, they do have common

underlying etiologies linking their pathology, most of

which are associated with normal aging. Interestingly, the

gut microbiota and its downstream effectors broadly

intersect many of these pathways, indicating that

management of the microbiota could have therapeutic

potential for the prevention and treatment of neurodegen-

erative diseases.

Common pathways in neurodegeneration

Oxidative damage and inflammation are two major sys-

temic conditions that aggravate neurodegeneration and

both states are fueled by the normal physiological decline

that occurs with age. Generation of reactive oxidative

species (ROS) primarily occurs in the mitochondria where

0.4–4% of electrons traveling through the electron trans-

port chain (ETC) escape and react with an oxygen

molecule to create a superoxide radical [31]. Normally,

these escaped radicals are converted to harmless species by

the cells’ anti-oxidant defense systems; however, with age,

the progressive loss of cellular defenses leads to an accu-

mulation of cellular, genetic and membrane damage and

eventually cell death [32]. The brain is particularly sensi-

tive to oxidative damage as neurons have high energy

demands and are almost exclusively post-mitotic cells

making their polyunsaturated fatty acid rich membranes

more sensitive to ROS-induced peroxidative damage [33].

Indeed, oxidative damage in PD and AD is a major factor

in their progression, especially considering that the areas

affected by the degeneration are selectively sensitive to

oxidative stress, particularly in AD [34]. The slow accu-

mulation of ROS in neurons stimulates cytokine release

and consequently microglial activation and neuroinflam-

mation. The pathology of oxidative damage and

inflammation creates a vicious cycle cumulatively known

as ‘inflamm-aging’, which is defined as a chronic low-

grade systemic proinflammatory state characterized by

elevated cytokines and inflammatory mediators with no

precipitated cause [35]. Inflamm-aging describes a com-

mon basis for a broad spectrum of age-related pathologies,

including neurodegeneration [36].

Recently, disrupted energy metabolism, such as that

present in diabetes and obesity, has been linked to the

development and prognosis of neurodegenerative disease.

Several comprehensive reviews have been written on this

topic [5, 6, 18, 19, 37], so further elaboration will not be

done here.

Age-related changes in the gut microbiota observed

in neurodegenerative diseases

Aging is associated with clear shifts in the composition of

the gut microbiota. In general, there is a loss of gut

microbial diversity in the aging gut [38, 39]. The phyla

Bacteriodetes and Firmicutes remain dominant, although

their relative proportions may change. There may also be

an increase in pathogenic bacteria (pathobionts) at the
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expense of beneficial bacteria (symbionts), an increase in

Proteobacteria spp. with a decrease in Bifidobacteria spp.,

a reduction in butyrate-producing species (Ruminococcus

spp., Faecalibacterium spp., etc.) and an increase in

microbiota known to stimulate an inflammatory response

(Escherichia spp., Enterobacteriaceae spp., Bacteroides

spp., Clostridium difficile, etc.) [36, 38, 39]. Interestingly,

centenarians typically do not experience these harmful

changes and have marked differences in their microbiota

populations compared to other elderly populations, indi-

cating that a healthy microbiota may be one of the keys to

longevity [36, 39].

Striking variations in the composition of the gut

microbiota of aging patients suffering from neurodegen-

erative diseases has also been observed. One study found

that the bacterial metabolite indican, a marker of intestinal

dysbiosis, was significantly elevated in PD patients indi-

cating a broad microbial dysbiosis [40]. In a large study

cohort including 72 PD and 72 healthy subjects, high-res-

olution 16S sequencing revealed a 77.6% decrease in

Prevotellaceae in the PD patients. This is significant as

Prevotellaceae is one of the main producers of mucin, a

highly glycosylated protein that produces a barrier along

the epithelial wall against invading pathogens. This group

also found a significant increase in Enterobacteriaceae,

which was positively correlated with postural instability

[41]. In a similar study, intestinal biopsies of PD patients

indicated marked differences in the sigmoid mucosa, sig-

nificant reductions in anti-inflammatory butyrate-producing

bacteria (i.e., Roseburia and Faecalibacterium spp.) and a

clear increase in proinflammatory Proteobacteria species

of the genus Ralstonia compared to healthy age-matched

controls [42]. This group has also shown that the accu-

mulation of a-synuclein (a-Syn) neurons tend to first occur

in the sigmoid mucosa of patients, 2–5 years before

developing neurological symptoms of PD [43]. Based on

these findings, this group hypothesized that PD pathology

is subsequently manifested to the brain via a-Syn translo-

cation in a prion-like fashion or through the induction of

inflammation and oxidative stress. Variations in the PD gut

microbiota have also been associated with reduced levels

of fecal SCFAs, which were postulated to induce alter-

ations in the ENS contributing to the reduced

gastrointestinal motility observed in PD patients [44].

Reductions in butyrate is notable in PD patients as sodium

butyrate is a histone deacetylase (HDAC) inhibitor that

protects dopaminergic neurons from degeneration by

upregulating neurotrophic factors including brain-derived

growth factor (BDNF) and glial cell line-derived neu-

rotrophic factor (GDNF) [45, 46]. Interestingly,

metagenomic studies also indicated lower counts of meta-

bolic genes indicating metabolic dysregulation in PD

patients [42]. In PD patients, it has been found that fecal

transplants from healthy donors improve both the motor

and non-motor symptoms of PD outlining a novel thera-

peutic option by modifying of the gut microbiota [47]. To

test this effect directly, it was found that germ-free a-Syn

overexpressing mice retained higher physical coordination

than their wild-type counterparts, indicating that the

microbiota is responsible for the manifestation of the

physical symptoms of PD. a-Syn mice with a complex

microbiota developed the same physical impairments and

physiological effects as the germ-free PD mice; however,

the effects were significantly delayed by 12 weeks. In

addition, it was found that microbes in the disease model

promote a-Syn-dependent activation of microglia within

the brain regions affected in PD, which exacerbates the

disease phenotype by promoting inflammation [22]. Inter-

estingly, transplant of fecal samples from PD patients into

GF mice promoted significant a-Syn-mediated motor dys-

functions in the humanized PD mice, but not in mice

inoculated with fecal matter from healthy individuals [22].

In AD, there is also evidence for gut dysbiosis, however,

less direct. Several bacterial species have been found to

produce or aggravate the production of amyloid b (Ab)

plaques including B. subtilis, E. coli, Klebsiella pneumo-

nia, Mycobacterium spp., Salmonella spp., Staphylococcus

aureus and Streptococcus spp. [6]. There have also been

reports of increased proportions of Gram-negative bacteria

in AD patients coupled with mucosal disruption in response

to this dysbiosis. Nonetheless, there are clear connections

between a disrupted gut microbiota and the pathology of

AD that could be targeted with probiotic and prebiotic

therapy to alleviate its underlying symptoms.

The influence of gut microbiota, gut–brain axis
and probiotics in neurodegenerative disease

There are many interlocking hormonal and biochemical

pathways relating the health of the GIT to the brain cre-

ating a strong therapeutic potential for the use of probiotics

against neurodegeneration. One common theme linking

specific microbiota to the prevention of neurodegeneration

is a broad and potent anti-inflammatory action. Embedded

in the subepithelial lamina propria tissue of the GIT are

antigen-presenting innate immune cells including dendritic

cells and macrophages. This positioning puts the immune

cells in close proximity to the gut microbiota, invading

pathogens and antigens that breach the protective epithelial

barrier allowing efficient immunological communication

between the external environment and the systemic

immune system [48]. Toll-like receptors (TLRs) and NOD-

like receptors (NLRs) on these cells recognize the microbe-

associated molecular patterns (MAMPs) from bacteria and

other microbes, which trigger signaling cascades leading to

3772 S. Westfall et al.

123



pro- or anti-inflammatory cytokine expression. This is

highly significant as neuroinflammation is highly corre-

lated with neurodegeneration, behavioral and other

neurological deficits [49, 50]. In addition, through the

production of secondary metabolites, the microbiota can

orchestrate several levels of communication with host

physiology including insulin control, lipogenesis, apopto-

sis, neuronal and hormonal signaling. The action of several

microbial species on each of these aspects is outlined in

Table 1.

Biomolecules in neurological disease that can be
targeted by manipulating gut microbiota

Commensal microbiota produces a variety of neuroactive

molecules that directly or indirectly impact signaling in the

CNS (rev in Ref. [51]). In addition, there are extensive

endocrine and molecular signaling cascades interlacing the

gut and brain that co-regulate key processes. Below is an

overview of how biomolecules derived from the gut

microbiota impact various hormonal and molecular sig-

naling pathways in the CNS and can be important towards

the development of neurodegenerative disease.

Gut-derived ferulic acid impacts neurological health

Ferulic acid (FA), or trans-4-hydroxy-3-methoxycinnamic

acid, is a phenolic compound abundantly found in seed

plants (rice, wheat and oats), vegetables (tomatoes and

carrots) and fruits (pineapple and orange). Traditionally,

plants and herbs containing high levels of FA have been

used in Chinese medicine for its potent inhibition of ROS

generation and anti-inflammatory properties [52, 53]. In

modern medicine, FA is recognized as a potent ROS

scavenger with therapeutic potential in various chronic

diseases including neurodegeneration, cancer, accelerated

cell aging, obesity and diabetes [54]. Considering neu-

rodegeneration, FA directly impacts neurons and can

stimulate proliferation of neural stem cells both in vitro and

in vivo [55]. For the latter, FA increased the number of

neurons in the dentate gyrus of corticosterone-treated mice,

indicating the potent ability of FA to stimulate neurogen-

esis in vivo. Therapeutically, FA was shown to reverse the

morphological damage sustained through a chronic mild

stress depression paradigm in rats by inducing neurogen-

esis via upregulation of nerve growth factor (NGF) and

BDNF [56]. More recently, FA has become a key target for

mediating communication between the commensal micro-

biota and the brain. Apart from dietary sources, FA is

rapidly and abundantly synthesized by some gut microbiota

via a ferulic acid esterase gene, the most potent being L.

fermentum NCIMB 5221 [57] and B. animalis [58]. There

are several other species that contain feruloyl esterase, an

enzyme that hydrolyzes and releases FA from its bound

state including L. plantarum NCIMB 8826 [57, 59], indi-

cating the necessity of having a complete community of

healthy microbiota to support the action of ferulic acid.

There has been extensive research linking the pathology

of AD with the therapeutic potential of FA. FA was shown to

prevent Ab-related toxicity both in vitro and in vivo AD

models by directly inhibiting Ab aggregation and b-secre-

tase activity [60, 61]. Indeed, oral FA treatment administered

for six months reduced several typical AD behavioral phe-

notypes in mice while simultaneously reducing Ab fibril

formation, the cleavage of b-carboxy-terminal amyloid

precursor protein (APP), neuroinflammation and oxidative

stress [61]. In a similar long-term administration model, FA

was shown to destabilize Ab1–42-induced learning and

memory deficits and amyloid deposition [62].

Accumulation of ROS underlines a key pathological fea-

ture of most neurodegenerative diseases and FA has been

shown to be protective against oxidative neurological damage

in several disease models. For example, FA is neuroprotective

against cerebral ischemia in rats, whose major pathological

feature is oxidative stress [63], via its anti-inflammatory and

anti-oxidant effects [64]. To delineate these effects, FA

administered to rats 2 h prior, concurrently or 2 h following

induction of cerebral ischemia was found to be neuroprotec-

tive and downregulated glial fibrillary acidic protein (GFAP)

and several apoptotic markers including mitochondrial Bax,

cytochrome c and cleaved caspase c [65]. One mechanism

explaining FA’s protective action against ROS can be

explained by the regulation of peroxiredoxins (PRX) and

thioredoxin (Trx) [66]. PRX and Trx are ubiquitous anti-ox-

idant proteins that regulate cell proliferation and apoptosis

while providing neuroprotection (rev. in Ref. [67]). Notably,

the expression of PRX proteins is inversely correlated with

aging, which could correlate with the simultaneous rise of

ROS [67]. PRX-2 is important to maintain cellular redox

homeostasis in neurons and it was shown that transgenic

expression of PRX-2 in a mouse model of cerebral ischemia

protected neurons from stressful ischemic insults by pre-

venting apoptosis and improving neurological recovery [68].

PRX-2 normally keeps certain peroxides, such as Trx, in a

reduced state, thereby signaling a pro-survival state and

resistance to oxidative stress. When there is an over-con-

sumption of PRX-2 due to increased oxidative stress, Trx is

converted to its oxidized state leading to the activation of pro-

death cascades including apoptosis signaling kinase 1 (ASK1)

and the downstream MKK/JNK pro-death signaling pathway

[68, 69]. Interestingly, PRX and Trx protein expression are

consistently dysregulated in neurodegenerative diseases and

are related to elevated microglial activation and reduced anti-

oxidant activity (rev in Ref. [67]). Based on these mechanisms

and relation to neurodegeneration, it is significant to note that

Microbiome, probiotics and neurodegenerative diseases… 3773
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Table 1 Summary of the effect of specific probiotics on neurological disorders

Probiotic
strain

Model Neurological effect Reference

Neuroprotection

Clostridium
butyricum

Male ICR mice (cerebral I/R injury; stroke) C. butyricum improved neurological deficits

Improved anti-oxidant capacity (increase in SOD and decrease
in MDA levels)

Decreased apoptosis (caspase-3 and Bax levels decreased, Bcl-2/
Bax ratio increased)

[152]

L. helveticus
R0052

B. longum
R0175

WT mice stressed with water avoidance stress
(WAS)

Probiotic treatment attenuated HPA axis and ANS activities in
response to WAS

Prevented WAS-induced decrease in hippocampal neurogenesis
and expression changes in hypothalamic genes involved in
synaptic plasticity

[153]

Multiple sclerosis

B. animalis Rat model of EAE: autoimmune
encephalomyelitis

Probiotic reduced duration of clinical symptoms

Improved body weight gain

Reduced cytokine expression

[154]

B. fragilis

PSA

In vivo mouse model of EAE Prophylactic treatment delayed EAE symptom onset and
reduced symptom severity

Reduced expression of cytokines (IL-17), IFNc and RORct

Therapeutic treatment reduced disease severity

[155]

L. paracasei
DSM
13434

L. plantarum
DSM
15312

L. plantarum
DSM
15313

In vivo mouse model of EAE Probiotic treatment reduced neuroinflammation

Induced regulatory T cells in mesenteric lymph nodes

Enhanced TGFb1 expression

Combination of three strains suppressed progression and
reversed clinical histological signs of EAE

[156–159]

L. casei

L.
acidophilus

L. reuteri

B. bifidum

S.

thermophilus Mouse model of EAE: MOG35055 peptide in CFA containing
Mycobacterium tuberculosis and pertussis toxin

Prophylactic
treatment
suppressed
EAE

development and delayed progression

Inhibited proinflammatory Th1/Th17 polarization

Induced IL-10 and/or Foxp3(?) regulatory T cells

[158]

Anxiety and memory deficits

L. helveticus
R0052

WT and IL-10 deficient 129/SvEv mice on normal
or Western-style diet

Prevented anxiety-like behavior and memory impairment in
mice with proinflammatory state and western diet

Decreased inflammation and fecal corticosterone in WT mice on
western diet

[160]

L. helveticus

L. rhamnosus

Streptozocin injected mice (diabetes model) Probiotics improved the impaired special memory in the diabetic
animals

Recovered declined basic synaptic transmission

Restored hippocampal long-term potentiation

[161]

L. rhamnosus
R0011

L. helveticus
R0052

L. casei
Shirota

Female SPF mice Memory impairment induced by C. rodentium infection was
prevented by daily probiotic treatment

[162]

Patients with chronic fatigue syndrome Probiotic treatment significantly reduced anxiety symptoms [163]
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FA prevents both the ischemia-mediated attenuation of PRX

and the corresponding oxidation of Trx and the dissociation of

Trx from ASK1, therefore preventing apoptosis and providing

neuroprotection [66].

FA also inhibits caspase-3 expression following

ischemic damage, which is a major source of apoptotic cell

death in neurodegenerative diseases [70]. For example,

neuronal ischemic stress is associated with reduced levels

of phosphorylated Akt [71], and correspondingly, elevated

levels of glycogen synthase kinase 3 beta (GSK3b), which

is the main activator of collapsing response mediator pro-

tein 2 (CRMP-2), an initiator of apoptosis [72] and

mediator of neurite retraction [73]. Indeed, phosphorylated

CRMP-2 is associated with high neurofibrillary tangle

formation in AD [74] and prevention of neurite outgrowth

in damaged neurons [75], and may even precede physio-

logical symptoms of AD [76]. FA can inhibit apoptosis by

preventing CRMP-2 expression by upregulating signaling

through Akt consequently inhibiting the GSK3b pathway

[71]. Not only does this have direct implications for stress-

induced apoptosis, but the Akt pathway is highly integrated

in the pathophysiology of PD outlining a possible broad

mechanism of action in neurodegeneration.

Short-chain fatty acids manipulate

neurodegenerative disease via the gut microbiota

The microbiota is responsible for the production of several

metabolites formed by the fermentation of soluble fibers

such as galacto-oligosaccharides and fructo-oligosaccha-

rides. These metabolites include the SCFAs acetate,

propionate and butyrate and are produced by fermentation

mediated by Bacteroides, Bifidobacterium, Propionibac-

terium, Eubacterium, Lactobacillus, Clostridium,

Roseburia and Prevotella species [77]. The type of SCFAs

produced depends both on the type of fiber consumed and

the relative population of microbiota in the gut. For

instance, microbes in the Firmicutes phyla, particularly the

genera Roseburia, Eubacterium and Lachnospiraceae of

the Clostridia class actively produce butyrate while Bifi-

dobacteria spp. produce lactate and acetate [78]. In

contrast, the actions of SCFAs also influence the functional

profile of gut microbiota, especially with regards to endo-

crine signaling.

SCFAs have a range of regulatory activities beneficial to

the host, notably the regulation of systemic energy home-

ostasis and colonocyte metabolism [79]. In the GIT, SCFAs

Table 1 continued

Probiotic
strain

Model Neurological effect Reference

Neurodegeneration

L. fermentum
NCIMB
5221

Strains of L. fermentum potently secrete FA, a molecule that has
potent anti-AD activity

FA reduced Ab fibril formation, neuroinflammation and restores
learning and memory deficits in AD models

[61, 164]

VSL#3 Aged (20–22 months) Wistar rats Probiotic treatment attenuated the age-related deficits in long-
term potentiation

Decreased markers of microglial activation

Increased expression of BDNF and synapsin

Strong downregulation of genes involved in neurodegeneration
(Alox15, Nid2,PLA2G3)

[165]

L. rhamnosus
R0011

L. helveticus
R0052

Myocardial infarction rats Prophylactic probiotic treatment reduced the Bax/Bcl-2 ratio and
caspase-3 proapoptotic activity in the amygdala and dendrite
gyrus

Akt activity was increased in similar areas

[166]

L. helveticus
R0052

B. longum
R0175

WT mice stressed with water avoidance stress
(WAS)

Probiotic treatment attenuated HPA axis and ANS activation in
response to WAS

Prevented WAS-induced decrease in hippocampal neurogenesis
and expression changes in hypothalamic genes involved in
synaptic plasticity

[153]

C. butyricum Mouse model of vascular dementia (permanent
right unilateral common carotid arteries
occlusion)

Significantly attenuated the cognitive dysfunction and
histopathological changes

Increased levels of BDNF and Bcl-2, decreased levels of Bax
supporting anti-apoptotic state

Induced Akt phosphorylation

Reduced neuronal apoptosis

[167]
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implement signaling through the G-protein coupled free

fatty acid receptors (FFAR)2 and FFAR3 on the gut

epithelium, but can also be passively or actively trans-

ported into central circulation where they have broad

physiological effects [80] which play a role in lipid, glu-

cose and cholesterol metabolism [81–83]. SCFAs are also

well-known to have potent anti-inflammatory effects,

which have been described in detail in several reviews and

will not be further elaborated here [84–86].

In particular, propionate initiates intestinal gluconeo-

genesis via FFAR3 signaling [87]. The released glucose

from the gluconeogenesis processes enters directly into the

portal vein where glucose sensors transduce the glucose

satiation signals to the brain [88]. It is through these

afferent circuits that the SCFA’s action on the glucose

regulation in the gut lumen influences central signaling

processes. One of the direct targets of propionate-induced

intestinal gluconeogenesis is the dorsal motor nucleus of

the vagus (DMV), which receives inputs from the ventral

vagus nerve [89]. This is a notable interaction as the

activity in the DMV is an early indicator of PD and AD

[90], indicating that the production and regulation of pro-

pionate intestinal gluconeogenesis could be a major factor

in the early stages of neurodegeneration. Butyric acid also

has a direct effect on vagal afferents [91], a stimulation that

has been shown in clinical trials to be beneficial for cog-

nition in AD patients [92, 93].

Apart from energy homeostasis and direct vagal

stimulation, SCFAs can act as endocrine signaling

molecules and influence a number of biochemical path-

ways systemically and in the brain. SCFAs can easily

enter circulation from the gut and be transported across

the BBB by monocarboxylate transporters [94], directly

influencing brain biochemistry [87, 95]. For example,

butyrate inhibits HDAC activity resulting in hyper

acetylation and loosening of the chromatin. Conse-

quently, there is an alteration of epigenetic signatures

facilitating access of DNA repair enzymes [96] to tran-

scribe various regulatory genes. Through this

mechanism, butyrate, upregulates the regulatory regions

of the Forkhead box (Foxo) gene locus, which are par-

ticularly sensitive to regulation by acetylation [97].

FOXO is a central factor to longevity as it induces

expression of several life-promoting processes including

anti-oxidant genes, autophagic factors and stress-re-

sponse genes [98]; however, in disease states, such as

patients afflicted with PD, FOXO, which also transcrip-

tionally regulates apoptotic genes, can induce cell death

[99], indicating that the tight regulation of FOXO is

critical for the balance between cell death and cell sur-

vival. Particularly in neurodegeneration, the induction of

autophagic genes by FOXO has proven to be a key

neuroprotective function [99, 100].

There have been several studies indicating the direct

neuroprotective potential of butyrate through its HDAC

inhibitory action and effects on FOXO expression in both

in vitro and in vivo models of neurodegenerative disease.

In mouse primary cultured neurons, the ketone body b-

hydroxybutyrate, also an HDAC inhibitor, was shown to

be neuroprotective by inhibiting apoptosis pathways in an

NMDA-induced excitotoxicity model [101]. Further, in an

aged C. elegans model engineered to express a tempera-

ture-sensitive human transgene of Ab, b-hydroxybutyrate

delayed AD’s Ab toxicity and decreased Parkinson’s a-

Syn aggregation in a DAF-16/FOXO-dependent manner

[102]. A similar result was seen with butyrate itself

through the histone acetyltransferase action of CREB-

binding protein in the hypothalamus [103]. Similarly in C.

elegans, inhibition of the insulin signaling pathway (daf-2

RNAi) reduced Ab1–42 toxicity due to aging in a DAF-16/

FOXO-dependent manner indicating that FOXO is

essential for regulating the age-induced toxicity of Ab
aggregation [104]. In PD, it was shown in a Drosophila

melanogaster early onset PD model that FOXO was

protective against PD by managing mitochondrial

dynamics [105]. Altogether, manipulation of FOXO,

possible through the HDAC inhibitory activity of buty-

rate, can be a potential therapeutic and preventative target

for neurodegenerative diseases.

SCFAs modulate neurotransmitter synthesis and

expression of several neurotransmitter receptors including

nicotinic and GABA receptors [106]. The ability of

SCFAs to have such a broad effect on neurogenesis

genes is attributed to their HDAC inhibitory activity and

the corresponding increase in acetylation of neurotrophic

genes including BDNF and NGF [107]. Interestingly,

only propionic acid and not butyric acid was able to

modulate serotonergic signaling by inducing the expres-

sion of tryptophan 6-hydroxylase 1 in PC12 rat

pheochromocytoma cells [106]. Similarly, in a conven-

tional and GF mouse humanized with a healthy human

microbiota, an increase in tryptophan hydroxylase 1 was

noted, an effect deemed to be dependent on the action of

SCFAs on EC cells [108]. Further, in an ex vivo rat

colonic model, SCFAs were shown to increase serotonin

secretion into the lumen possibly from the stimulation of

serotonin receptors on the vagal sensory fibers [109].

These findings are significant as the majority ([90%) of

the body’s serotonin is produced in the intestinal EC

cells making SCFA regulation imperative for serotonin

regulation in the brain [110]. SCFAs, especially butyrate

and propionate, can also control the production of cate-

cholamines by regulating tyrosine hydroxylase gene

expression [111] in addition to several dopamine

biosynthesis, degradation and transport genes [106]. This

is very significant in the pathology of PD as tyrosine
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hydroxylase is the rate-limiting step to dopamine syn-

thesis, which is often downregulated in the substantia

nigra region of affected patients. A further study found

in PC12 cells that both butyric and propionic acid sig-

nificantly downregulated amyloid beta A4 protein

precursor expression by approximately six- and threefold,

respectively [106], indicating the potential neuroprotec-

tive roles against AD. Indeed, butyrate through its

HDAC inhibitory activity has been shown to improve

memory function in a late-stage AD mouse model and

increase expression of genes implicated in associative

learning [112].

The role of microbiota-produced gut histamine

in neurodegenerative disease

Histamine was recently identified as a possible therapeutic

agent against neurodegenerative diseases, notably MS and

AD [113]. Histamine is a biogenic monoamine that is

produced by EC cells in the GIT and is directly released

from certain Lactobacillus spp. It plays a role in a wide

variety of physiological functions including cell prolifer-

ation, allergic reactions, wound healing and regulation of

immune cells as well as acting as a neurotransmitter in

the brain [114]. There is a high density of histamine

receptors on neurons of the striatum, thalamus, hip-

pocampus, substantia nigra, amygdala and other areas,

indicating the broad effects of histamine throughout the

CNS.

Depending on the receptor that it acts upon, histamine

can have either pro- or anti-inflammatory properties

[113, 115]. In the brain, histamine induces an allergic

inflammatory response by increasing the production of

proinflammatory cytokines such as IL-1a, IL-1b, IL-6 and

various chemokines. However, the action of histamine

through a different receptor, namely H4R, induces an

anti-inflammatory response which is particularly critical

in the CNS [113]. H4R leads to the activation of several

signaling factors including the JAK-STAT, MAPK/ERK

and PI3 K, ultimately leading to the regulation of cyto-

kine release, dendritic cell function and recruitment of T

regulatory cells to sites of acute inflammation [116, 117].

Interestingly, histamine was recently found to be a pro-

duct of gut microbial metabolism. Lactobacillus,

Lactococcus, Streptococcus, Pediococcus and Enterococ-

cus spp. all have the histidine decarboxylase gene and can

produce histamine [118]. L. reuteri, which converts the

dietary L-histidine into histamine, was previously identi-

fied as an immunomodulatory probiotic that can suppress

TLR signaling and ultimately reduce the expression of

TNFa through the modulation of PKA and ERK signaling

[119].

In the context of neurodegeneration, elevated levels of

histamine have been found associated with AD and are

thought to elevate nitric oxide levels, thereby stimulating

neuroinflammation [120]. This parallels the hypothesis that

low-grade inflammation contributes to the development of

neurodegenerative diseases. However, there have also been

reports of deficit histaminergic signaling in the rats afflic-

ted with vascular dementia [121]. Clearly, the

concentration and localization of particular histamine

receptors both centrally and systemically have a wide range

of effects on the development of neurodegeneration mak-

ing its regulation through the gut microbiota a possible

route for therapy [114].

Microbiota-modulated ghrelin impacts neurological

function

Ghrelin is a peptide produced in the GIT that acts both as a

hormone to convey satiety signals and as a neuropeptide in

the CNS. Ghrelin is secreted when the stomach is empty to

facilitate the feeling of hunger. Apart from this, ghrelin is a

key regulatory factor for many metabolic processes includ-

ing energy homeostasis, inflammation and neuromodulation

[122, 123]. Ghrelin receptors are diffused throughout the

brain but have particularly high concentrations in the hip-

pocampus, substantia nigra [124], raphe nuclei and ventral

tegmental area [125]. Gut hormones such as PYY and

cholecystokinin produced by the EC cells under the influence

of the microbiota, interact with ghrelin signaling to induce

feelings of satiety and direct other regulatory events [126].

Notably, the administration of prebiotics that alter micro-

biota populations such as Bifidobacterium spp., have been

shown to reduce ghrelin secretion in humans [127]. Further,

there is a clear correlation between ghrelin and the compo-

sition of the gut microbiota in rats under various nutritional

statuses and levels of physical activity indicating the influ-

ence of gut microbiota dynamics on ghrelin secretion [128].

Ghrelin secretion is significant in the context of neurode-

generation as ghrelin has been shown to elicit

neuroprotective effects in both AD and PD [129].

The neuroprotective abilities of ghrelin were first shown

in ischemic damage models in rats where exogenous ghrelin

treatment reduced ROS accumulation, protected mitochon-

drial integrity, and therefore promoted an anti-apoptotic

environment [130]. Since then, ghrelin has been implicated

in promoting synaptic plasticity and rescuing memory defi-

cits in AD models [123]. In addition, in an Ab mouse model

of AD, ghrelin was shown to reduce the toxic accumulation

of Ab while inhibiting the excessive inflammatory response

[131]. Correspondingly, AD patients have a reduced ghrelin

representation in the brain, indicating that ghrelin does play a

key role in its pathology [123].
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In PD, activation of ghrelin receptors on substantia nigra

neurons stimulates tyrosine hydroxylase expression, the

rate-limiting step in dopamine synthesis. Further, ghrelin

provided protection against a toxic model of PD by

reducing dopaminergic cell loss and protecting mitochon-

drial integrity [132]. This and other studies were followed

up by more mechanistic-based approaches to understand

the role of ghrelin in PD, and it was found that acylated

ghrelin protected 1-methyl-4-phenyl-1,2,3,6-tetrahydropy-

ridine (MPTP)-induced loss of tyrosine hydroxylase in

mice while protecting GFAP expression [133]. It is clear

that ghrelin has both broad-acting and local responses in

the brain leading to its neuroprotective effects and the

ghrelin-producing abilities of gut bacteria make it a

promising therapeutic target for neurodegeneration.

Kynurenine pathway signaling in the gut–brain axis

Tryptophan is an essential amino acid critical for the syn-

thesis of serotonin. Over 90% of serotonin is found in the

GIT where it is absorbed from the diet or synthesized by

EC cells from tryptophan [110]. Serotonin plays a key role

in secretion, peristalsis, vasodilation, perception of pain

and nausea through the 5-HT receptors in the GIT. Nota-

bly, tryptophan from the GIT can enter circulation, cross

the BBB and initiate serotonin synthesis in the brain

making tryptophan metabolism in the GIT critical for

central serotonergic signaling.

The kynurenine pathway (KP) is the major route of

tryptophan catabolism. This pathway is of interest not only

because it regulates the amount of bioavailable serotonin,

but also because it produces several neuroactive interme-

diates that have implications in neurodegenerative

disorders [134]. Dysregulation of serotonergic and kynur-

enine routes of tryptophan metabolism influences CNS

pathological conditions including dementia, Huntington’s

disease and AD [135]. Of interest, probiotic treatment

alters kynurenine levels [136].

Two of the key intermediate metabolites of the KP are

quinolinic acid (QA) and kynurenic acid (KA). QA stimu-

lates the overactivation of NMDA receptors and

consequently stimulates excitotoxicity and neuronal cell

death [137]. KA, on the other hand, is an endogenous NMDA

receptor antagonist that can modulate the neurotoxic effects

of QA and provide neuroprotection [138]. Notably, kynur-

enine produced in the gut can effectively cross the BBB and

contribute to the production of these metabolites directly in

the brain. Another metabolite of the KP, 3-hydroxyan-

thranilic acid (3-HAA), induces oxidative stress and

promotes ROS production contributing to the pathogenesis

of neurodegenerative diseases [139]. The balance of QA and

KA levels determines the level 3-HAA toxicity in the CNS

and their relative abundance in controlled by the expression

of the rate-limiting enzymes in the KP.

The rate-limiting enzymes responsible for the initiation

of the KP are the hepatic tryptophan 2,3-dioxygenase

(TDO) and the extra hepatic indoleamine 2,3-dioxygenase

(IDO). Both enzymes catalyze the conversion of trypto-

phan to L-kynurenine. TDO is the more processive and

dominant enzyme which is inducible by glucocorticoids,

whereas IDO is ubiquitously expressed and induced by

inflammatory mediators such as IFN-c [135]. The activity

of IDO and TDO leads to the production of the neuroactive

metabolites KA, QA and 3-HAA, via separate downstream

pathways. A marker of IDO/TDO activity is the kynurenine

per tryptophan quotient (KYN/TRP ratio) and it has been

shown that the increase in this quotient is proportional to

the level of cognitive impairment [140].

The composition of the gut microbiota has a profound

effect on the metabolism of tryptophan and regulation of

the KP. GF mice have increased levels of tryptophan,

which can be normalized following the colonization of

mice immediately post-weaning [141, 142]. Interestingly,

administration of B. infantis in rats reduced the levels of

5-HIAA, the main metabolite of serotonin and reliable

marker of its abundance, in the frontal cortex and also

increased plasma tryptophan and KA [136].

There is also evidence that the gut microbiota can

directly regulate/impact the activity of the key enzymes in

KP. GF mice have reduced IDO activity, which is nor-

malized following the induction of gut microbiota

immediately post-weaning [141]. Administration of L.

johnsonii leads to the reduction of serum kynurenine levels

and was also shown to reduce IDO activity in vitro. The

possible mechanism could be linked to the increased

secretion of hydrogen peroxide, which activates the per-

oxidase function of IDO inhibiting its enzymatic activity

[143]. This is intriguing as hydrogen peroxide is commonly

released in many lactic acid bacteria adding another level

of regulation [144].

Apart from excitotoxicity, increased levels of QA pro-

mote tau phosphorylation and tangle formation, therefore

directly linking this pathway to AD pathogenesis [145].

IDO activity is also upregulated in the AD hippocampus,

enriched in the senile plaques of AD [146] and the level of

IDO activity is correlated with the level of cognitive

impairment [140].

IDO inhibitors are currently being tested for their

ability to protect neurons against oxidative damage, and

thereby alleviate symptoms of cognitive impairment.

Inhibitors of IDO can counter balance their inflammatory-

induced induction and consequently reduce QA induction

while increasing KA production [147]. There are also

other inhibitors that can be exploited in altering the
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Fig. 2 Investigating the mechanisms of probiotic treatment in neuro-

logical signaling. The gut microbiota impacts neurological disease via

three main modalities: (1) neuronal factors, (2) endocrine pathways and

(3) immunological signals. The microbiota present in the gut lumen plays

a specific role in influencing these three pathways. (1) Individual bacteria

can both produce certain neurotransmitters such as DA and ACh while

the same and others stimulate neurotransmitter production via the

secretory ECs such as 5HT and GABA. The ECs cells can also produce

several neuroactive factors including PYY, Typ and His. The neuro-

transmitters and neuroactive molecules enter blood circulation and cross

the BBB influencing CNS signaling. Some neuroactive components also

go further to stimulate the production of gut hormones in the CNS such as

ghrelin and IPA that have dual roles in the CNS including neuroprotec-

tion. Further, individual microbiota species can directly stimulate

electrical signals in the ENS, thereby propagating signals through the

vagus nerve to stimulate the DMV. Finally, the microbiota through the

production of SCFAs and FFAR signaling, releases glucose which also

propagates signals through the ENS. (2) The gut microbiota directly and

indirectly produces a battery of endocrine signaling molecules. SCFAs,

including propionate, butyrate and acetate, are major signaling molecules

produced by the microbiota that have many roles including stimulation of

neurotransmitter synthesis in the periphery and centrally, inhibiting ROS

production by upregulatingFoxP? transcription and inhibiting apoptosis

through caspase cascades. A major mechanism instigated by the gut

microbiota is HPA axis stimulation and the consequent release of cortisol.

Cortisol suppresses the inflammatory response and influences a number

of neurological processes. Ferulic acid is another key molecule produced

directly by the microbiota that has a variety of functions including

suppression of ROS both directly and by indirectly by PRX/Trx

signaling, suppression of apoptosis by inhibiting CRMP2 and caspase 3

expression and either directly or indirectly, suppressing the inflammatory

response. (3) A healthy gut microbiota suppresses inflammation, both

chronic and pathological. The MAMPs such as LTA and SlpA on the

surface of microbiota directly stimulate receptors (TLR and ICAM,

respectively) on immunological cells such as DCs. This interaction

propagates an anti-inflammatory response with an upregulation of anti-

inflammatory factors (IL-10 and IL-4) while suppressing proinflamma-

tory cytokines (TNFa, IL-1b and IL-6). In addition, some microbiota also

directly suppresses proinflammatory cytokines such as the action of B.

animalis on IL-6. Finally, the gut microbiota influences the production of

mucin, an inhibitory chemical gel that blocks the penetrance of pathogens

through the gut. 5HT serotonin, Ach acetylcholine, BBB blood–brain

barrier, CRMP2 collapsin response mediator protein family, DA

dopamine, DHA docosahexaenoic acid, DMV dorsal motor nucleus of

the vagus, EC enterochromaffin cell, ENS enteric nervous system, EPA

eicosapentaenoic acid, FFAR free fatty acid receptor, GABA gamma-

aminobutyric acid, His histamine, HPA hypothalamic–pituitary–adrenal

axis, IFNc interferon gamma, IL-10 interleukin 10, IL-12 interleukin 12,

IPA indole-3-propionic acid,NA noradrenaline,PRX peroxiredoxin,PYY

peptide YY,ROS reactive oxygen species,SCFAs short-chain fatty acids,

TNFa tumor necrosis factor alpha, Trp tryptophan, Trx thioredoxin
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balance of KA and QA such as Ro61-8048 which inhibits

kynurenine hydroxylase and has been shown to be pro-

tective against HD [148]. Considering the influence of the

gut microbiota on regulation of the KP and tryptophan

availability, it is possible that proper probiotic therapy

could be beneficial in regulating KP dynamics either

prophylactically or therapeutically in patients with neu-

rodegenerative disorders.

Microbial-produced neurometabolites

There are many neurometabolites secreted directly from the

microbiota and produced by the stimulatory action of the

microbiota on secretory epithelial cells. These neu-

rometabolites include neurotransmitters that act directly on

CNS signaling cascades and through other biochemical

effectors that have direct or indirect implications on CNS

health [149, 150]. For example, Lactobacillus and Bifi-

dobacterium strains can produce large quantities of GABA in

the presence of a suitable substrate [151]. Gut-derived neu-

rometabolites communicate to the CNS by local stimulation

of vagal afferents and through their distal endocrine action

after being absorbed into the blood stream. These variations in

neurotransmitter levels manifest in behavioral changes, such

as increased spontaneous motor activity from the elevated

levels of dopamine, noradrenaline and serotonin in the stria-

tum [150]. This is critical in the management of

neurodegenerative disease as there is often a dysregulation of

neurotransmitter production in these conditions that ulti-

mately fuel disease progression. In Table 2, a list of

neurotransmitters directly secreted by various probiotics is

listed.

Conclusion

The gut–brain axis encompasses several biochemical

pathways that functionally link the health of the gut

microbiota and the CNS (Fig. 2). Any imbalance in the

commensal gut microbiota leads to aberrant endocrine,

immunological and neuronal signals that ultimately harm

neuronal development and aggravate the age-related

symptoms of neurodegenerative disease. The major com-

mon feature of neurodegeneration is the gradual failure of

physiological systems with age, and this includes the

shifting populations of the gut microbiota that propagate an

inflammatory response, stimulate oxidative stress, unfa-

vorably alter production of neuroactive molecules and

modulate metabolic signals that disrupt energy metabolism

in the brain. Biotherapy using probiotics shows immense

potential as therapeutic or prophylactic agents against

neurodegenerative disease as they reinstate balance to the

microbiota and the corresponding pathways that link

microbial and host metabolism. The further development

and characterization of the biochemical effects of probiotic

consumption on people suffering from neurodegenerative

disease needs to be investigated to fully elucidate the scope

of probiotics for these debilitating diseases.
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