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Abstract: The central nervous system was classically perceived as anatomically and functionally
independent from the other visceral organs. But in recent decades, compelling evidence has led the
scientific community to place a greater emphasis on the role of gut microbes on the brain. Pathological
observations and early gastrointestinal symptoms highlighted that gut dysbiosis likely precedes
the onset of cognitive deficits in Alzheimer’s disease (AD) and Parkinson’s disease (PD) patients.
The delicate balance in the number and functions of pathogenic microbes and alternative probiotic
populations is critical in the modulation of systemic inflammation and neuronal health. However,
there is limited success in restoring healthy microbial biodiversity in AD and PD patients with general
probiotics interventions and fecal microbial therapies. Fortunately, the gut microflora is susceptible
to long-term extrinsic influences such as lifestyle and dietary choices, providing opportunities for
treatment through comparatively individual-specific control of human behavior. In this review, we
examine the impact of restrictive diets on the gut microbiome populations associated with AD and
PD. The overall evidence presented supports that gut dysbiosis is a plausible prelude to disease onset,
and early dietary interventions are likely beneficial for the prevention and treatment of progressive
neurodegenerative diseases.

Keywords: gut microbiome; gut-brain axis; neurodegenerative disease; prebiotics foods

1. Introduction

The human gut is home to trillions of symbiotic microbes that affect digestive-related
functions, modulate the structural integrity of the gut mucosal barrier, and serve im-
munomodulation purposes for protection against pathogenic infections [1]. Disruption
of the various gut microbes, multiple host-to-microbe, and interspecies interactions are
widely purported to lead to complex physiological outcomes in the gut and within the
human system. Age and health-dependent microbial competition can further perturb
spatiotemporal biodiversity and drive the development of unique microbiome profiles in
closely similar individuals [2]. The maintenance of a healthy gut microbiome is therefore
important, as dysregulation of the microbiome populations is widely implicated across
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many acute and chronic diseases. Prolonged use of antibiotics is one prominent example:
long-term antibiotics treatments can lead to reduced species diversity and alterations in
general metabolic activity, and the acquisition of antibiotic-resistance genes [3]. Some of
these outcomes can be malignant, as seen in the emergence of antibiotic-resistant recurrent
Clostridium difficile infections [4]. Alterations in microbial metabolic activity have also been
associated with other systemic, immunological, and neurological complications such as
bowel mobility disorders, Type 2 diabetes, and non-alcoholic fatty liver disease.

Although the link between gut dysbiosis and neurological disorders remains specula-
tive, anatomical evidence can now provide a clearer perspective of the bilateral communica-
tions between the gut and the brain. The microbiota—gut-brain axis is a recent description
of a complex relationship between the gut epithelia, its associated microbes, and the brain.
The central nervous system (CNS) and the enteric nervous system (ENS) are comprised of
two terminal nodes, and the autonomic nervous system (ANS), sensory nerves, and the
hypothalamic—pituitary—adrenal (HPA) axis serve as the edges that connect between the
two nodes (Figure 1). In short, two major forms of communication routes are proposed to
have facilitated microbial-associated pathogenesis of neurodegenerative disorders—the
direct trans-neuronal route and blood transport through the systemic circulation. In the
former, small infectious agents such as viruses can infect the cells and directly reach the
brain through anterograde or retrograde transmissions. Other microbes can also induce or
release prion-like proteins that can propagate along peripheral nerves to reach the brain. In
the latter, microbial toxins and viruses can bypass intestinal epithelia, blood-brain barrier,
and enters the brain through the systemic circulation. Viruses and toxins that successfully
infiltrated into the systemic circulation can also cause inflammation at the local or systemic
levels, leading to subsequent neuronal excitotoxicity, leaky blood-brain barrier, inflamma-
tion, and eventually cellular atrophy. In turn, the brain can also respond to these signals
and influence the gut back through the ANS, ENS, or HPA pathways, either by direct
neuronal stimulation or through the systemic release of hormones [5]. A comprehensive
review of the relationship between the HPA, ANS, gut microbiome, and neurodegeneration
was recently discussed by Peterson (2020) and Giordano (2020) [6,7].

* Hypothalamus pituitary axis (HPA)
* Autonomous nervous system (ANS)

* Excitotoxicity * Enteric nervous

* Leaky blood-brain- system (ENS)
barrier * Epithelial

* Neuroinflammation inflammation

* Apoptosis * Leaky gut
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Figure 1. Summary of a potential gut-brain loop leading to a progressive development of neurode-
generative diseases.

It is currently recognized that alterations to the gut microbiome may precede many
neurological and psychiatric symptoms and drive inflammatory diseases with unknown
etiology. Gut-microbe alterations are associated with a wide range of neuropsychiatric
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and neurodegenerative conditions [6,8]. Furthermore, strict dieting conditions improve
neurodegenerative phenotypes by modifying specific microbiome populations [9-11]. In
the present review will focus on the potential impact of food on the microbiota—gut-
brain axis. We will also examine how the resulting changes may be employed to treat
neurodegenerative diseases. We will present early pathologies of AD and PD while
highlighting evidence for microbe—gut-brain interactions, elaborate on relevant pathogenic
microbe strains and review current and upcoming therapeutic strategies to manage gut
dysbiosis in these diseases. Finally, we will discuss long-term diet plans and how dieting
knowledge may manage microbial concentrations to prevent or treat neurodegenerative
diseases.

2. Gut Microbiome Dysregulation in Neurodegenerative Conditions
2.1. Parkinson’s Disease (PD)

Idiopathic Parkinson’s disease (PD) is the second most common neurodegenerative
disorder and characterized by four cardinal motor symptoms: resting tremor, bradykinesia,
rigidity, and postural instability. The abnormal aggregation of the «-synuclein protein,
typically involved in lipid-linked presynaptic vesicle trafficking and neurotransmitter
release, results in the death of melanin-expressing dopaminergic neurons in the substantia
nigra pars compacta of the midbrain [12]. Pathogenic a-synuclein may act in a prion-like
fashion to form insoluble dysregulated proteasomal aggregates known as Lewy bodies
that eventually results in neurotoxicity and midbrain dopaminergic neuron deaths [13,14].
Known genetic risks include autosomal dominant SNCA mutations and alterations to
various mitochondrial genes, such as LRRK2, DJ-1, Parkin, and PINK1 [15,16], all of which
selectively impair metabolic pathways in dopaminergic neurons and induce neurotoxicity.

2.1.1. PD Pathology

The early precedence of Lewy neurite formation in the midbrain and anterior olfactory
nucleus led Braak to postulate that PD initiates from the olfactory epithelium and the GI
epithelium [17]. Recent studies have also suggested that these early histological features
are consistent with the preclinical non-motor symptoms, such as anosmia and constipa-
tion [18-21]. Constipation, in particular, was found to present in 61.4% of PD patients,
of which about 24.5% had experienced discomfort in bowel movement before the onset
of motor symptoms [22]. Moreover, early Lewy bodies were also present within enteric
nerves and enteroendocrine cells (EECs) of the intestinal lumen [23-25], which further
substantiates the claim that PD can originate from the gut. Together, these observations
suggest that extrinsic factors from the gut could play a critical role in early sporadic PD
pathogenesis.

Furthermore, PD is often purported to be a neuroinflammatory disease that arises from
a highly oxidized (aerobic) gut environment. Fecal microbe transplant (FMT) of patient-
derived PD microbiota showed shedding of bacterial endotoxins lipopolysaccharides (LPS)
and short-chain fatty acids (SCFA) into the intestinal lumen [26]. Endotoxins such as LPS
are detected by toll-like receptor 4 (TLR4) and nuclear factor kappa-light-chain-enhancer
of activated B cell (NFkB) receptors on resident innate immune cells, such as the Paneth
cells and macrophages of the mucosal epithelia [27,28]. In response to endotoxins, innate
immune cells release pro-inflammatory cytokines, such as TNF«, IL1x, and IL6, leading to
colitis and enhanced permeability of cytokines and endotoxins into the bloodstream [29].
Circulating endotoxins and cytokines can promote systemic inflammation and increase the
permeability of the vasculatures within the liver, kidney, and brain, promoting x-synuclein
deposition [30-32]. In the CNS, various cell types can also respond to the elevated in-
flammatory markers from systemic circulation; resident microglial cells become activated,
astrocytes proliferate rapidly, and neurons become over-excitable [26,33]. Chronic exposure
to inflammatory signals results in mitochondrial defects, formation of oxidative radicals, ac-
tivation of apoptotic or necrotic pathways, and thereby leads to excitotoxicity and cell death.
Clinical studies also support the inflammatory-based hypothesis, with immunosuppres-
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sants ameliorating PD pathogenesis [34,35], and with deficiency of CD4+ T-cells correlated
to markedly decreased dopaminergic neuronal loss in MPTP mouse models [36]. In the
gut, abnormal folding of a-synuclein and «-synuclein aggregates can also result in the
release of pro-inflammatory cytokines [37,38]. Gut injected x-synuclein fibrils were shown
to propagate to the midbrain in mouse models, while vagotomy prevented parkinsonism
symptoms [39].

2.1.2. Microbes Associated with PD

In general, there is a collective shift in the distribution of the gut microbiome to favor
a pro-inflammatory environment that encourages the development of protein aggregation
and neurodegeneration. Recent studies have also begun to reveal specific bacterial-induced
pathways that may play a more direct role in PD pathogenesis. Here, we classify candidate
bacterial microbes into two broad categories: those that increased with PD and those that
decreased with PD. Bacteria found with higher prevalence in a PD gut are more likely
to secrete endotoxins that can induce inflammation and facilitate methanogenesis. The
heightened expression level of the LPS gene was reported in the PD fecal microbiome [40].
Examples of bacteria species that are increased in abundance in PD patients include Enter-
obacteriaceae, Akkermansia, Catabacter, Oscillospira, Lactobacillus, and Bifidobacterium
species [41]. In particular, certain species from the Gram-negative Enterobacteriaceae that
comprises common strains such as Escherichia coli, Klebsiella, Salmonella, Shigella, and
Yersinia pestis were shown to secrete pro-inflammatory LPS from their cell walls and were
positively correlated with the severity of motor symptoms such as postural instability
and gait difficulty [42,43]. The monocolonization of curli-producing Escherichia coli en-
hances a-synuclein pathology through the production and association of bacterial amyloid
protein [44].

Intriguingly, a recent meta-analysis also highlighted an increase in methane-producing
bacteria such as the Christensenella spp. and Methanobrevibacter in PD patients [45]. Methane
is produced either through the metabolic pathway of acetate degradation or from methano-
genesis from H, and CO, with the aid of the cofactors coenzyme B and M [46]. An increase
in methane production increases intraluminal pressure and reduces peristaltic movements,
resulting in constipation [46,47]. Consequently, bacterial populations decreased in PD
patients are more likely to be anaerobic, partaking in anti-inflammatory and antioxidative
pathways. The Prevotellaceae family is one of the mucin-producing commensals that
secrete short-chain fatty acids (SCFAs) from the fermentation of dietary fibers such as
butyrate [48]. To further prove the point, the transplantation of fecal matter from PD
patients into the guts of germ-free mice has been linked to SCFA alteration, a-synuclein
aggregation, and movement dysfunction [26]. Reduction of SCFAs leads to increased gut
permeability to bacterial or microbial toxins. Studies on patient stools also observed a de-
crease in specific populations of anaerobic microbes involved in butyrate production. These
include Roseburia, Blautia, Faecalibacterium, and Dorea [49]. Butyrate is an anti-inflammatory
and antioxidant component of dietary fibers, which elicits its effect by inhibiting the NF«B
pathway [50], increasing both colonic glucagon-like peptide-1 (GLP-1) and GLP-1 receptor
levels [51], acting through the enteroendocrine pathways, and initiating epigenetic mecha-
nisms to elevate anaerobic bacterial levels. Decreased butyrate concentration is associated
with increased oxygen levels in the gut mucosa, may enhance oxidative bacterial species,
and heightens the risk of oxidative damage to the gut. However, these findings are in stark
contrast to an opposing study which suggests that butyrate may exacerbate MPTP-induced
PD through NFkB-independent pathway(s) [52]; suggesting that complex microbe-microbe
and host-microbe interactions may also play an important role in regulating inflammatory
pathways at the gut.

Careful consideration must still be applied to differentiate the effects of microbial
changes due to disease progression or from preexisting pharmacological treatment. He-
licobacter pylori is an infamous inflammation-inducing microbe known to be involved in
peptic ulcers and gastric adenocarcinoma development [53,54]. Gut levels of H. pylori
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are enhanced in both acidic gastric mucosa and the basic intestinal environment of PD
patients. However, the link between H. pylori and PD may involve its role in hindering the
absorption of L-Dopa into the systemic circulation [55]. In turn, this may indicate that the
fitness and prevalence of this bacterial species could be associated with long-term L-Dopa
intervention.

The role of other microbes, such as archaea, fungi, and viruses, in the pathogenesis of
PD, has also been left largely unexplored. Viruses are likely pathological agents that could
induce PD through direct infection of CNS neurons or enter from the systemic circulation
through interactions with the PNS neurons or the BBB [56]. Viruses of different genetic ori-
gins were associated with parkinsonism-like symptoms, including DNA virus families such
as Herpesviridae and RNA virus families such as Flaviviridae, Picornaviridae, Paramyxoviridae,
Orthomyxoviridae, Retroviridae, and Rhabdoviridae [57]. The type A influenza virus from
the Orthomyxoviridae family is one prominent example. In the 1918 influenza pandemic,
parkinsonism symptoms emerged after the widespread viral encephalopathy [58,59]. How-
ever, it has now been shown that systemic infection of Influenza A viruses such as HIN1
promotes CD8" T cell death and reduces cytokine production through the programmed
death-ligand 1 (PD-L1) pathway [60], which suggests that reduced gut viral load may en-
hance inflammation and therefore parkinsonism. From the Retroviridae family, the human
immunodeficiency virus (HIV) primarily infects CD4+ cells, escalating to acquired im-
munodeficiency syndrome (AIDS), and can bypass the BBB from systemic circulation [61].
Alternatively, neuron-infecting viruses, such as rabies viruses from the Rhabdoviridae fam-
ily, polio [62], measles [63], herpes, and the recent SARS-Cov-2 [64], are purported to
avoid the BBB completely, either anterogradely or retrogradely through trans-neuronal
routes [65]. Additionally, these viruses require specific adsorption factors on both the viral
capsid/membrane and the neuronal surfaces and specific infections of aminergic neuronal
populations. However, it is noteworthy that increased viral loads are also associated with
partial or severe immunodeficiency, which can reduce the occurrence of inflammatory PD.
An overall decrease in virus count in PD patient stools suggests opposing and protective
effects against other PD-causing microbes in the gut [66]. Nevertheless, more research
must be undertaken to shed light on the viral induction mechanism in the development of
parkinsonism and its potential roles in causing synucleinopathy.

2.1.3. Current Evidence for Microbe-Related Treatment for PD Patients

Knowledge of the healthy composition of gut microbes sets the pace for the pre-
emptive prevention or adjuvant treatment of PD. However, current clinical studies that
involve fecal transplantation are limited. Exposure to certain types of broad-spectrum
antibiotics, such as tetracyclines, and antifungal medications have led to an elevated risk
of PD [67]. One case study of FMT for profound dysbiosis in PD patients resulted in
defecation and recovery from tremors in the legs, but the beneficial impacts only persisted
for a week [20]. Oral butyrate consumption has also been shown to be beneficial for
reducing inflammatory activity and cytokine levels of circulating monocytes in obese
patients [68]. Another explored strategy is to target specific microbial genes for adjuvant
treatment. For example, a prokaryotic homolog of the tyrosine decarboxylase enzyme
present in the common bacterium Enterococcus faecalis of certain patients prematurely
converts L-dopa into dopamine in the gut, thereby reducing the dopamine available to
the brain. Co-treatment of L-dopa with aromatic l-amino acid decarboxylase inhibitor
carbidopa reduces gut metabolism by tyrosine decarboxylase and improves treatment
outcomes [69]. Another potential clinical usage includes using gut microbes as potential
early biomarkers.

2.2. Alzheimer’s Disease (AD)

AD is currently the world’s most common neurodegenerative dementia and is charac-
terized by progressive loss of memory, confusion, and decline in other cognitive functions.
The disease is characterized by progressive shrinkage of the medial temporal lobe in the



Life 2021, 11, 698

6 0f 20

earlier stages, resulting in characteristic retrospective short-term memory loss. In the late
stages, atrophy of the neocortex results in cognitive decline and permanent personality
changes [70]. Like PD, AD is usually characterized into early or late-onset differentials,
with early-onset forms associated with family history and late-onset forms considered
idiopathic and sporadic. Genetic risk factors for familial AD include mutations to amyloid
precursor protein (APP), PSEN-1/2, tau proteins, and tau kinase genes, while sporadic AD
is highly correlated with elevated expression profiles of certain mutant apolipoprotein E
(APOE) isoforms, more specifically the APOE4 mutations [71]. However, sporadic AD
can also be associated with vascular dementia, likely due to aggregations of damaged
proteins occurring in microinfarcts arising from vascular thrombosis [72,73]. As such,
unhealthy behaviors such as sedentary lifestyles and high-fat Western diets predispose
patients to a higher risk of acquiring AD through chronic conditions such as hypertension
and hypercholesterolemia.

2.2.1. AD Pathology

AD is regarded as a form of proteinopathy driven by the abnormal accumulation of
extracellular amyloid-f3 (Af3) plaques and intraneuronal neurofibrillary tangles involving
tau protein [74-79]. However, there have been failures in numerous high-profile clinical
trials to reduce A3 plaque formation and tau accumulation, with read-outs measured by
behavioral improvements, PET scans, and peripheral ELISA tests. The failures question
the accuracy of the amyloid and tau theory of AD development.

Although aducanumab has been recently approved by the FDA for AD treatment,
there has been much scrutiny of the validity of the evidence presented and its potential
clinical effect [80]. Furthermore, the most promising A [3-targeting monoclonal antibodies,
with a similar mechanism of action and aims to aducanumab, such as solanezumab,
bapineuzumab, crenezumab, and gantenerumab, have failed their respective Phase III
trials [81,82]. The role of normal physiological levels of soluble and insoluble Af has also
been, at best, contradictory. Large doses of A3 aggregates cause significant presynaptic
and postsynaptic defects, but a low dosage of A3 to hippocampal neurons promotes
neuroprotective BDNF release. On the other hand, tau therapies in ongoing clinical trials
involving the use of small-molecule drugs and small interfering RNAs (siRNAs), that
can modify phosphatase and kinase activity (e.g., memantine), inhibit tau modifications,
and aggregation [83], have had limited success. As such, research into other pathological
mechanisms is also in progress, with an increasing focus on metabolic and physiological
processes such as mitochondrial dysfunction, insulin resistance, neuroimmunomodulation,
and cerebral hypoperfusion. Nonetheless, there are no satisfactory explanations that can
fully describe the initiation and pathophysiology of AD, suggesting that external influences
such as pathogens, iron, manganese, other heavy metals, and oxidizing aerosols could also
play vital roles in AD pathogenesis [84].

The microbiota—gut-brain axis could be a vital link in describing the early devel-
opment of AP aggregation in early sporadic AD. In particular, the inflammation-based
hypothesis suggests that monomeric A is first released from the prevailing inflammation
in the gut and therefore enters systemic circulation, bypassing the leaky gut endothe-
lium. The accumulation of A3 peptides in the brain propagates in a prion-like fashion
to form amyloid fibrils. Therefore, the formation of amyloid plaques triggers neuroin-
flammation, influencing neurofibrillary tangle formation, activating CD33 and TREM2
pathways in resident microglia [85], and therefore leading to subsequent excitotoxicity and
neurodegeneration.

2.2.2. Microbes Associated with AD

Much like in PD, similar microbes responsible for gut inflammation, mucin-degradation,
and oxidative damage are elevated in AD patients. These include the A. muciniphila, Bac-
teroides, and certain species from the Enterobacteriaceae family which are known to release
LPS [86,87]. However, unlike in PD, studies have further identified certain bacterial species
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that might even participate directly in amyloid genesis. The common coliform bacte-
ria E. coli from the Enterobacteriaceae family may secrete a bacterial homolog of A to
form biofilm for bacterial communications and protection from antibiotics and host de-
fenses [88-90]. Although the evolutionary history and primary structure of mammal and
bacterial amyloids are different, bacterial amyloids might still cause a cross-seeding effect
in the host, in which one amyloidogenic protein (for example the curli of E. coli) or sub-
domain of the protein (beta-pleated structure of curli) serves as a scaffold for aggregation
of other amyloidogenic proteins such as tau, a-syn, prion, or amyloid A [91].

Besides directly triggering aggregation, exposure of bacterial amyloid proteins to
the gut may cause priming of the immune system, enhancing immune response to en-
dogenous production of CNS amyloidosis via TLR 2/1, CD14, NF«B, and iNOS [92-94].
Studies involving germ-free mouse models of AD further support the hypothesis that the
neuroimmunology-dependent removal of Af is modulated by the gut microbes since the
depletion of gut bacteria results in an increased microglial uptake of Ap [95] and the FMT
of human AD patient fecal samples into germ-free C57BL/6N mice recapitulated memory-
related behavioral deficits [96]. Similar to PD, downregulated bacterial colonies include
the mucin-producing Prevotellacae, and anti-inflammatory butyrate-producing bacteria
such as Blautia, Coprococcus, Roseburia, Faecalibacterium, and Dorea [87,97]. As previously
mentioned, Prevotellacae secretes SCFA, which reduces inflammation and preserves the
integrity of gut intestinal barriers [48], while butyrate-producing bacteria play a vital role in
preventing and reducing NF«B pathways and may help to reduce localized inflammation
and oxidative species in the gut. Interestingly, the removal of the Lactobacillus fermentus
bacterial strain is associated with memory deficits observed with the consumption of
ampicillin [98].

2.2.3. Current Evidence for Microbe-Related Treatment of AD

Early microbe-based probiotics treatments for AD have led to contradictory outcomes.
Supplementation of probiotics from the Lactobacillus and Bifidobacterium genera was ineffec-
tive in alleviating cognitive decline and serum biomarker levels in AD patients (n = 23) [99].
However, another similar small-scale clinical trial (n = 20) using a Lactococcus lactis to
Lactobacillus and Bifidobacterium mixture was reportedly able to alter gut microbiome com-
position and alleviate AD symptoms by affecting the tryptophan metabolic pathway [100].
The same study also suggested that probiotic concoction enhanced levels of Faecalibac-
terium prausnitzii, a butyrate-producing strain associated with anti-inflammation in Crohn’s
disease [101], while inflammation-associated markers such as zonulin were decreased [100].

Perhaps the occurrence of AD is indeed triggered by an increasing prevalence of
pathological microbes in the gut. In germ-free APP transgenic mice, the absence of gut
microbiota reduced cerebral A3 amyloid pathology compared to control mice with an
unaltered intestinal microbiota [102]. Caloric restriction reduces the level of the Bacteroides
colonies that exacerbate Ap deposition [103]. Similarly, an antibiotic cocktail induced
alteration to the gut microbiome of APPSWE/PS1AE9 and APPPS1-21 mouse models,
which led to a reduction in A3 deposition in the brain. However, this effect was absent
when individual antibiotics were administered [104], suggesting that widespread gut
dysbiosis in AD patients is more likely to perturb specific metabolic pathways and disturb
normal interspecies mutualism. Alterations to gut microflora might have caused the
increase in pro-inflammatory bacterial species and resulted in localized inflammation.
Hence, conducting FMT with a fecal sample containing more than one probiotic strain
specific to AD may increase the chances of success of the FMT. In all, a summary of the
points discussed in AD (and PD) can be found in Table 1.
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Table 1. Bacterial microbial species that were either upregulated or downregulated, as well as their associated pathways in
the pathogenesis of AD and PD.

Disease Upregulated/Downregulated Mechanistic Pathway Microbe Species
Lactobacillus [41]
Pro-inflammatory Akkermansia [41]
(Secrete LPS) Bifidobacterium [41]
Upregulated Enterobacteriaceae [42,43]
. Christensenella spp. [45]
Methane production Methanobrevibacter [45]
PD Bacterial amyloid production Escherichia coli [44]
Anti-inflammatory
(Secrete SCFA) Prevotellaceae [48]
Downregulated Roseburia [49]
Butyrate production Faecalibacterium [49]
Blautia [49]
Mucin-degrading Dorea [49]
H. pylori [86]
A. muciniphila [86]
Pro-inflammatory (Secrete LPS) Entelzzltz?szzgzzesa[zg]%ﬁ7]
O. splanchnicus [87]
Upregulated B. fragilis [87]
. . Klebsiella spp. [87]
AD Bacterial AB crosslink Enterobacteriaceae, E. coli [88-90]
Mucin-degrading Dorea [97]
Anti-inflammatory (Secrete SCFA) Prevotellaceae [87]

Clostridium [87]
Coprococcus [87]

Downregulated Butyrate production Roseburia [87]

Faecalibacterium [87]

Modulation of gut microbiome profile Lactobacillus fermentus [98]

3. Impact of Diet on Gut Microbiome Composition

Extrinsic influences from our daily lifestyle are likely to be major factors in the patho-
genesis of AD and PD. Although the underlying etiologies are still under scrutiny, special
attention can be given to lifestyle factors, such as exercising, dieting, smoking, and drinking
habits, which may influence gut microbiota and worsen or ameliorate the symptoms and
neurodegenerative diseases progression. Our diet is an important aspect of our daily
lifestyle and can be controlled; the proportion of ingested dietary nutrients such as proteins,
carbohydrates, fats, and dietary fibers can directly or indirectly alter metabolic and tran-
scriptional profiles in both the host and their microbes, affecting downstream metabolic
activities and playing a significant role in the regulation of host physiology [105]. For
example, a low-fiber diet may trigger the expansion of mucus-degrading bacteria such as
A. muciniphila and Bacteroides caccae, which can lead to leaky gut and colitis [106]. A poten-
tial method of mitigating dysbiosis is to adopt a more well-rounded diet with sufficient
nutrients to promote a healthy and diverse gut microflora.

3.1. Diet(s) That Are Positively Associated with Neurodegenerative Diseases—Current Evidence
for Microbe-Related Treatment of AD

The Western-style diet (WD) is a lifestyle associated with a disproportionately high
amount of processed food and loaded with excessive caloric content, fats, proteins, and
carbohydrates, but with an insignificant number of vitamins and dietary fibers. Examples
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of WD include high sugar food and beverages, fast food, and deep-fried and processed
meat. High sugar content and processed food are implicated in gut inflammation and
increased incidence of bowel-associated disorders, such as inflammatory bowel syndrome
(IBS) and colorectal cancer. WD can interfere with the generation of short-chain fatty
acids (SCFA) [107] through dietary fiber deficiency. The low fiber consumption in WD
drives microbes to use alternative sources of nutrients, such as amino acids or dietary fats
for energy. This, in turn, reduces the fermentative ability of the microbes and SCFA as
they are minor end products [108]. In addition, a high-fat diet also spurs an increased
production of bile acids (deoxycholic and lithocholic acid), which generally reduces the
survival of bacteria that prefer plant-based diets (Firmicutes and Proteobacteria phyla dom-
inate, Prevotella enterotype) [109], while promoting the growth of bile-resistant bacteria
which are more pro-inflammatory, such as the Bilophila wadsworthia, Alistipes putredinis,
and Bacteroides species [110]. Refined sugar consumption, such as in the form of sugar-
sweetened beverages, was also linked to a reduction in microbial diversity [111]. Recent
preliminary evidence has also shown the appearance of neurological syndromes with
changes in diet, which are associated with gut dysbiosis and an overall reduction in gut
microbiome diversity [112].

3.2. Diets That Are Negatively Associated with Neurodegenerative Diseases
3.2.1. Ketogenic Diet (KD)

The ketogenic diet (KD) comprises a low carbohydrate, moderate portion of protein,
but high-fat diet. Ketosis occurs due to 3-oxidation of SCFA, monounsaturated fatty acids
(MUFAs), and PUFAs within the liver, in the absence of carbohydrates and glycogen. The
major difference between KD and a high carbohydrates diet is that the former favors
the production of ketone bodies such as acetoacetate and (3-hydroxybutyrate (BHB) that
can act as an alternative energy source. As an energy source, ketone bodies can be di-
rectly metabolized (ketosis) into acetyl-CoA and fed into the TCA cycle to drive energy
production or act in other measures, such as regulating protein activity and influencing
gene transcription through 3-hydroxybutyration to reduce systemic inflammation [113].
KD was first adopted clinically to treat refractory epilepsy in children and adults and
was hypothesized to play a neuroprotective role in the brain [114,115]. Current evidence,
therefore, suggests KD as an appropriate lifestyle for weight loss and diabetic management
against hyperinsulinemia [115] and with potential usage in PD.

However, little is known about if ketosis affects gut dysbiosis and if gut microbe
alterations by long-term KD can ameliorate the symptoms of early AD and PD. Acute short-
term changes to the gut microbiome are likely to be fueled by a shift from carbohydrate-rich
meals to high triglycerides content within the intestinal lumen, while long-term production
of the ketone bodies drives gut microbial shifts distinct to high-fat diets. Examples of bacte-
ria species elevated through ketogenic diet include the mucin-degrading A. muciniphilia
and the probiotic Lactobacillus, while Bifidobacterium, sulfate producing Desulfovibrio, and
Turicibacter are reduced [116]. The high levels of BHB released by epithelial cells into the
intestinal lumen lower Bifidobacterium count, which inhibits Th17 helper cells and reduces
the possibility of local epithelial inflammation and leaky gut syndrome [117].

3.2.2. Mediterranean Diet

Mediterranean diet (MD), which is considered a healthy balanced diet, involves not
only plant-based foods, but also includes greater consumption of unsaturated fats primarily
from olive oil, low to moderate consumption of dairy products, and a moderate to high
consumption of fish [118]. While WD increases the occurrence of gut dysbiosis, healthy
dietary patterns favorably modulate the gut microbiome [105]. MD has been associated
with a greater abundance of Faecalibacterium prausnitzii, Eubacterium eligens, and Bacteroides
cellulosilyticus, all of which are major SCFA producers [119]. Specifically, selected nutrients
within MD are known for these roles. The high fiber content provides more fermentable
fibers in the gut favoring SCFA-producing bacteria such as Prevotella and Lactobacillus. In
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addition, the presence of these bacteria has also been correlated with reduced Escherichia,
Turicibacter, and Akkermansia. Escherichia and Turicibacter are associated with increased
gut inflammation, and Akkermansia reduction aids the degradation of the mucosal bar-
rier within the gut, hence reducing the risk of pathogenic infections [120]. The type of
dietary fat consumed also modulates the gut microbiome. Olive oil consumption, which
is rich in omega-6 polyunsaturated fatty acids (n6-PUFA), has been linked to increased
SCFA production [121], while a greater intake of n6-PUFA is inversely associated with
Alzheimer’s disease onset [122]. Omega-3 polyunsaturated fatty acids (n3-PUFA) obtained
from fish consumption have also gained significant attention for their ability to moderate
gut communities. For example, n3-PUFA is mainly metabolized by Bifidobacterium and
Lactobacillus, both of which are known to contribute beneficial effects [123] and improve
the gut environment, while minimizing the growth of Enterobacteria. They improve the
intestinal mucus barrier and reduce the occurrence of low-grade inflammatory responses
within the intestine.

3.2.3. Plant-Based Diet

Plant-based diets comprise mainly fibers and complex carbohydrates, with a par-
ticularly high count of antioxidants, vitamins A, C, E, and phytochemicals, while being
generally low in fat and simple sugars. Plant-based diets can vary from a full vegan
diet consisting of non-animal products, such as vegetables, grains, nuts, and fruits, to
more lenient variants that selectively exclude meat, poultry, and seafood but may include
dairy products and eggs. Although the exact health benefits of plant-based diets remain
unclear, various ethnic groups eating variations of plant-based diets were found to have
substantially lower PD prevalence [124].

Out of the multitude of nutrients in plant-based products, soluble and insoluble
dietary fiber remain as one of the most significant. Dietary fiber cannot be digested by
humans, but certain gut-associated bacteria populations might be able to utilize fiber as a
food source. For general human health, an increase in dietary fiber content poses many
metabolic and health benefits, including feelings of satiety and aiding in preventing the
overconsumption of food. For the gut physiology, dietary fibers play an important role
in modulating the pH of the gut and elevating levels of the probiotics of Bifidobacterium
and Lactobacillus in the intestines [125]. Moreover, dietary fibers are also associated with
an increase in levels of SCFAs such as butyrate and its isoforms. As explained in previous
sections, this, in turn, is associated with an increase in butyrate-producing bacteria, which
help to alleviate inflammation and prevent the growth of pathogenic, pro-inflammatory
strains.

Antioxidants can also be found in high amounts in fruits and vegetables, namely citrus,
berries, and dried fruits. Higher endogenous levels of antioxidants, such as glutathione
and ascorbic acid (Vitamin C), led to better prognostic outcomes in children with severe
malnutrition [126], probably by allowing anaerobes to thrive in a more oxidizing and
aerobic environment. Antioxidants may also directly aid in reducing the impact of oxidative
stress, neutralizing reactive oxygen species (ROS), and may help ameliorate local and
systemic inflammation in PD and AD. Supplementing uric acid, ascorbate, and glutathione
into bacterial culture media enhanced the butyrate production associated with reduced
inflammation in the gut [127].

Phytochemicals, commonly found in fruits, vegetables, grains, coffee beans, and tea
leaves, provide beneficial effects for reducing gut dysbiosis. A recent randomized con-
trolled trial with phytochemicals showed improvements in the gut microbiome from an
increased abundance of the probiotic Ruminococcaceae, associated with hepatic metabolism
and immune function, following a selective vegetarian diet in PD patients [128,129].
Polyphenols found in berries and tea are examples of phytochemicals shown to increase
gut microbiome diversity. Gut concentrations of Faecalibacterium prausnitzii, a known anti-
inflammatory bacterium, were observed to be positively correlated with increased polyphe-
nol intake [111]. Other polyphenols such as flavan-3-ols, anthocyanins, tea flavonoids, and
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isoflavones have also been associated with a significant increase in the Clostridium coccoides-
Eubacterium rectale, Lactobacillus, and Bifidobacterium clusters [130-132]. A meta-analysis
by Ma and Chen (2020) asserted the benefits of polyphenol consumption, citing a signifi-
cant increment of Lactobacillus, Bifidobacterium, and a reduction in pathogenic Clostridium
species [133]. In turn, these bacteria facilitate the metabolism of polyphenols, which are
converted to phenolic acids, counteracting oxidative stress, while aiding the regulation of
tight junction proteins for improved intestinal permeability [134]. However, it is unclear if
a plant-based diet is also beneficial due to the removal of neurotoxic components from a
regular urban diet. For example, diets high in animal fat or cholesterol are associated with
a substantially increased in risk of PD, but not food prepared with plant-derived fat [124].

3.2.4. Caloric Restriction Diet (CR)

Caloric restriction (CR) is a group of dietary interventions in which an individual
reduces the uptake of caloric content without malnutrition or deprivation of essential
nutrients. The caloric content for a CR meal can be reduced from a recommended daily
amount of 1600 calories to 800 calories for females, and from 2500 calories to 1500 calories
for males [135]. The implementation of CR may vary from continuous restriction by
actively reducing the amount of food intake per meal, to the highly popularized time
restriction, where consumption is only allowed within a daily eating window of 6-10 h.
Interestingly, an intermittent diet of three to twelve months in animal models helped weight
loss, regardless of fasting duration and frequency [136].

Increasing evidence from association and laboratory studies has shown that CR can
provide tangible benefits for patients with neurodegenerative diseases. First, a study on a
female Tg2576 familial AD mouse model showed reduced Bacteroides colonization, which
downplays the effect of A deposition [103]. In contrast, CR increases the prevalence of pro-
biotics, such as the anti-inflammatory Lactobacillus strains [11,137]. Moreover, microbiome
modulation via CR is related to reduced circulating LPS and low-grade inflammation in the
gut [11]. CR has also been shown to protect the dopaminergic neurons of the midbrain from
neurotoxins in mice. In the stomach and duodenum, heightened transcriptomic expressions
of hsp70 were assessed to play a partial role, especially in protecting rat pheochromocy-
toma PC12 cells from A peptide toxicity [138,139]. CR is reportedly also able to increase
Sirtuinl expression, to regulate the gut microflora and metabolites [140]. Most importantly,
CR limits food intake and improves BMI, cholesterol levels, and blood pressure in both
obese and non-obese adults, and significantly lowers the risk of AD and vascular dementia
through altering the gut compositions of microbial species from the Clostridium, Dorea,
Coprococcus, Clostridiales, Streptococcus, and Mobiluncus genera [141].

However, some evidence does argue against CR as a plausible dietary practice for
managing AD and PD. A recent study on grey mouse lemurs showed that CR accelerated
loss of grey matter in the cerebrum, although the animals’ life spans were extended by
50% without cognitive benefits [142]. Prolonged CR is also associated with decreased
gut microbiota diversity, reduced core temperature and basal metabolic activities, and
fatigue [143]. In summary, the benefits of CR are likely to vary depending on an individuals’
disease pathology and status, and likely to be more beneficial for patients that made the
switch from unhealthy WD-like diets and sedentary lifestyles (Figure 2).
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Figure 2. Influence of different restrictive diets on the gut microbiota. High fat and high sugar diets, such as the Western

diet (WD), are likely to lead to increases in inflammatory-associated microbes within the gut. Diets rich in dietary fibers,

branched chain amino acids (BCAA), and antioxidants are associated with an increase in probiotic strains, which may

reduce the risk of and ameliorate neurodegenerative conditions. Strict diets, such as caloric restriction, plant-based, and

ketogenic diets typically resulted in a loss of gut microbiota flora, which may lead to dysbiosis in the long run. Overall, a

well-balanced diet with sufficient, rounded nutrition is considered the most suitable for managing AD and PD.

4. Discussion

The precise etiology of many neurodegenerative diseases remains unclear. In the past
decades, Braak and colleagues’ anatomical works have caused a rising awareness of the
role of microbiota in influencing the gut-brain axis and that they may be causative agents
of neurodegenerative diseases. In this review, we covered numerous studies spanning a
diversity of microbial strains affected in AD and PD. However, the exact causative links
between various pathological strains and neurodegenerative diseases remain a mystery;
with no single archaea, bacterium, virus, or fungus species solely determined as a causative
agent(s). As clearly seen from animal experiments, adding or removing a single microbe
species is insufficient for seeding the diseases, and neither did the addition nor removal of
a single species from AD/PD guts help in ameliorating the diseases. Most FMT clinical
trials, therefore, focused on an established probiotic mix, typically containing culturable
probiotics strains such as Lactobacillus and Bifidobacterium [144-147]. However, their find-
ings have yet to reveal any desirable outcomes significant enough to be translated into
clinical practice.

Perhaps in many of these studies we still have an imperfect knowledge of the functions
of individual microbes in the gut. Of the microbes highlighted, the probiotic Lactobacillus
family stands out as one of the most controversial, having its proportions upregulated in
both AD and PD guts, but also elevated through CR and WD diets. Common Enterococcus
strains such as E. coli facilitate digestion and are present within healthy individuals, but are
also reported to release LPS and potentially secrete bacterial forms of amyloid, aiding in
pathogenesis [148]. This evidence suggests that other factors such as genetic and epigenetic
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regulations, rather than solely species identification, may play a more prominent role in
the pathogenesis of AD and PD.

Several possible reasons may account for these heterogeneous findings. Horizontal
gene transfer, or the transfer of genetic material between microbes, is a plausible mechanism
that can explain the complicated pathologies. E. coli strains can acquire virulence factors
through transposons, conjugation, enterotoxins, and bacteriophages [149]. For the majority
of the AD and PD patients enrolled in clinical trials, concurrent therapies also pose an
additional confounding issue in determining precise microbiota diversity and the efficacy
of FMT. As previously mentioned, prolonged high-dose L-Dopa administration may create
a strong selection pressure and therefore promote the survival of L-Dopa metabolizing
species [150]. Together, these findings suggest that the interplay of many factors, possibly
involving genetics, epigenetics, metabolic, immune regulations, and drug interactions,
could have influenced the outcome of the studies. Future research in the field should
take these factors into special consideration and create mixed host-microbe and microbe-
microbe co-cultures to segregate pathogenic factors from other confounding factors.

With such complex microbe-microbe, host-microbe, drug—-microbe, and drug-host
interactions, it is difficult to pinpoint specific dietary elements or strict dieting regimens
that may help prevent or ameliorate AD and PD progression. Nevertheless, a few dietary
risk factors are prominent. High salt, high fat, and high sugar diets, such as the WD,
subjects the patient to inflammation at the gut level and are positively associated with
hypercholesterolemia and hypertension. On the other hand, restrictive diets such as CR,
plant-based diets, and KD may contain higher amounts of dietary fibers, antioxidants,
polyphenols, and ketone bodies, and have been reported to have anti-inflammatory prop-
erties, help to reduce oxidative stress, and facilitate smoother bowel motion. Interestingly,
AD patients show better outcomes with treatments that decrease gut microbe diversity.
Therefore, long-term CR and a plant-based diets that reduce gut biodiversity would likely
be beneficial for AD patients. In contrast, a treatment that increases gut biodiversity in PD
patients often appears to ameliorate gut dysbiosis and promote better peristaltic bowel
movements. FMT treatment with a well-balanced diet and a high dietary content, therefore,
seems more promising for PD patients.

Notably, special attention must also be placed on the prevailing lifestyles of chronic
neurodegenerative patients on top of their diet. Especially in AD involving vascular
dementia, other health indicators such as BMI, cholesterol, and blood pressure should be
finely regulated. A restrictive diet may play a vital role for these patients in alleviating
health risks and CVD factors. However, these highly restrictive diets also predispose
patients to a higher risk of malnutrition through decreased gut microbiota diversity. As
such, a well-balanced diet for AD and PD should ideally comprise of recommended daily
caloric intake, but also with an increase in anti-inflammatory nutrients such as dietary
fibers, lean proteins, low unsaturated fats, a higher concentration of complex sugars,
antioxidants, vitamins, and water content. Such a diet, for example the MD, is more
likely to be associated with increased gut microbiota flora and a healthy gut, without
compromising on the calories required for sustaining regular metabolic activities. Recently,
media platforms have also begun to popularize complex diet schedules, such as adopting
intermittent fasting in the short run and converting to MD in the long run. However, there
is limited evidence of the efficacy of such treatments.

Finally, pairing healthy dietary remedies with other forms of intervention (e.g., fecal
microbiota transplant, enema, exercise, and probiotics) may influence the gut microbiome
and attenuate the development of neurodegenerative diseases [129,151,152]. Exercises was
also shown to enhance neuroprotective brain-derived neurotrophic factor (BDNF) levels
in the brain [153,154]. Perhaps psychological interventions such as cognitive-behavioral
therapy and mindfulness may also induce neuronal stimulation or alter the hormonal
levels that influence the gut microbiota [155-158]. Other psychological and social ap-
proaches remain prospective in regulating gut microbial concentrations and ameliorating
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neurodegenerative diseases. In general, a healthy mind with balanced diet is likely a better
prevention or reduction of symptoms in AD and PD patients.
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