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Abstract: The relationship between gut microbiota and neurodegenerative diseases is becoming
clearer. Among said diseases amyotrophic lateral sclerosis (ALS) stands out due to its severity
and, as with other chronic pathologies that cause neurodegeneration, gut microbiota could play a
fundamental role in its pathogenesis. Therefore, polyphenols could be a therapeutic alternative due
to their anti-inflammatory action and probiotic effect. Thus, the objective of our narrative review
was to identify those bacteria that could have connection with the mentioned disease (ALS) and to
analyze the benefits produced by administering polyphenols. Therefore, an extensive search was
carried out selecting the most relevant articles published between 2005 and 2020 on the PubMed and
EBSCO database on research carried out on cell, animal and human models of the disease. Thereby,
after selecting, analyzing and debating the main articles on this topic, the bacteria related to the
pathogenesis of ALS have been identified, among which we can positively highlight the presence
mainly of Akkermansia muciniphila, but also Lactobacillus spp., Bifidobacterium spp. or Butyrivibrio
fibrisolvens. Nevertheless, the presence of Escherichia coli or Ruminococcus torques stand out negatively
for the disease. In addition, most of these bacteria are associated with molecular changes also linked
to the pathogenesis of ALS. However, once the main polyphenols related to improvements in any of
these three ALS models were assessed, many of them show positive results that could improve the
prognosis of the disease. Nonetheless, epigallocatechin gallate (EGCG), curcumin and resveratrol are
the polyphenols considered to show the most promising results as a therapeutic alternative for ALS
through changes in microbiota.

Keywords: amyotrophic lateral sclerosis; polyphenols; microbiota

1. Introduction

Neurodegenerative diseases involve several disorders that are characterized by a
progressive loss of neurons in different regions of the central nervous system and the brain.
Currently, the most prevalent diseases are possibly Alzheimer’s disease (where the neurons
that die are the pyramidal neurons of the hippocampus) and Parkinson’s disease (where
the neurons of the substantia nigra are affected). Motor neuron diseases (MND) include
a wide and heterogeneous group of clinical entities that are characterized by progressive
degeneration, especially motor neurons. The most common clinical phenotype is amy-
otrophic lateral sclerosis (ALS), described for the first time by Jean-Martin Charcot in 1869,
which can be classified as familial ALS with a genetic component and representing 10% of
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cases [1], or sporadic ALS, which represents 90% of the remaining cases and does not show
any conventional hereditary pattern [2]. The majority of patients are aged between 50 and
75 years when diagnosed and, despite the disease currently being classified as a rare disease,
it is estimated that approximately 400,000 patients will be diagnosed with ALS in the whole
world by 2040 [3]. ALS is outlined due to its severity with life expectancy, which is between
three and five years in the majority of patients. This is due to the quick progressive death of
motor neurons. Depending on the kind of motor neuron that is initially altered, the patient
can be diagnosed with bulbar onset ALS when affecting first-order motor neurons and
spinal onset ALS when the neurons that are affected are second-order motor neurons [4].
Motor neurons go from the brain to the spinal cord and muscles throughout the body
and they establish the necessary communication between the brain and the voluntary
muscles. Their deterioration and gradual death lead to a loss in muscular functioning,
and voluntary and involuntary muscle paralysis [5]. As a result, patients show progres-
sive difficulty in speaking, swallowing and finally breathing, resulting in death [6]. This
neuronal death is etiologically related to excess glutamate and mitochondrial alterations
that cause neurodegeneration [7-9]. Glutamate is the main neurotransmitter of the central
nervous system (CNS) and is essential for neuronal synapses, yet it is toxic for neurons
when found in high concentrations [10]. High levels of glutamate have been observed
in the serum of ALS patients [11], which is positively correlated with the severity of the
disease [12]. Nonetheless, the role of the y-aminobutyric acid (GABA) neurotransmitter
also seems relevant for the etiopathogenesis of the disease, as the receptor block mainly
induces temporary muscle hyperexcitability and motor deficits that are associated with
moderate loss of motor neurons [13]. Therefore, the balance between the excitatory activity
of glutamate and the inhibitory activity of GABA largely depends on the viability of the
motor neuron. Regarding energetic alterations, the mitochondrion is a vital organelle of the
cell with multiple functions. It is the main source of ATP, maintaining calcium homeostasis
and taking part in its signaling. Thus, malfunctioning mitochondria affect neurons, espe-
cially motor neurons [14,15]. In this sense, in the alteration of mitochondrial energy balance,
as evidenced in ALS patients, the alteration has an important role in the metabolism of
tryptophan based on catabolism and activation of the kynurenine pathway. Said pathway
is the de novo NAD+ synthesis associated with cell energy, repairing and fatigue, which
explains that the dysregulation of this metabolism is related to the risk of developing
neurodegenerative diseases [16], and especially in ALS [17,18]. Thus, it seems relevant
to have adequate levels of tryptophan, a precursor of serotonin, as according to several
authors enhancing the serotonergic pathway is a therapeutic alternative for the disease. In
SOD1 rodents (G86R), a transgenic model of ALS, serotonin levels are lowered in the brain
stem and spinal cord before motor symptoms appear. In addition, there is an important
atrophy of serotonin-containing neuronal cell bodies alongside neuritic degeneration at the
onset of the disease [19]. Furthermore, serotonergic denervation leads to a loss of control
on the inhibition of glutamate release, thus increasing its levels in the synaptic cleft, and
identifying the importance of the serotonergic system at a neuroprotective level [20]. On
the other hand, there has been evidence that there is a link between neurotoxicity due to
high levels of heavy metals and the disease [21].

In relation to these neurotransmitters associated with the disease, certain strains
of bacteria play an essential role as they can modulate the production of GABA and
glutamate [22] or serotonin [23]. This gives us an idea of how important human microbiota
is for brain activity, as it is comprised of billions of bacteria that reside on or inside the
body [24].

The human body, including the intestine, skin and other mucous membranes, are
colonized by many microorganisms collectively known as a microbiome [24]. This popula-
tion of microorganisms has a direct impact on both health and the disease. In particular,
conclusions have been reached in recent years on how gut microbiota is essential for mul-
tiple functions of the host, such as circadian rhythm, metabolism or immunity [25]. Gut
microbiota is very important for brain activity [26], as a direct connection can be estab-
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lished to it, represented by what is known as the gut-brain axis. The importance of the
gut-brain axis has been highlighted in recent years with regard to the progression of the
disease. This axis is characterized by representing a bidirectional communication system,
as intestinal functions are controlled by the autonomic and enteric nervous systems [27].
Thus, alterations in the axis have been related to depression [28], anxiety [29], ischemic
stroke [30] and symptoms of autism spectrum disorder [31]. Furthermore, currently there
is a clear consensus on the impact that these alterations have on the development of the
most prevalent neurodegenerative diseases, such as Parkinson’s disease [31], Alzheimer’s
disease [32] or multiple sclerosis [33].

Therefore, the objective of our narrative review was to identify those bacteria that
could have connection with the mentioned disease (ALS) and to analyze the benefits
produced by administering polyphenols. In this sense, an extensive search on the PubMed
and EBSCO database was carried out, selecting the most relevant articles published between
2005 and 2020 on research carried out on cell, animal and human models of the disease,
using key words, such as microbiota, polyphenols and amyotrophic lateral sclerosis. Based
on the obtained papers, a selection was finally analyzed as indicated in Figure 1.
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Figure 1. Consort Flow, based on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)

template [34].

2. Gut Microbiota and ALS

There is a diversity of microbial communities in the whole gastrointestinal tract that
has a fundamental role in human health. Gut microbiota is made up of microorganisms,
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mainly bacteria, archaea, fungi and viruses, which are found colonized in the intestine of
the human body. Their main role is to maintain homeostasis and its influence on systemic
immunity [35]. Bacteria make up 95% of living cellular organisms in the gut microbiota
and all of them have different functional capacities and require different nutrients to
survive [36]. There are up to 55 phyla of bacteria and 18 of archaea, although only 8 phyla
of bacteria have been identified, of which 90% are Firmicutes and Bacteroidetes, while
10% are made up of Actinobacteria and, to a lesser extent, Proteobacteria, Verrucomicrobia
and Cyanobacteri [37]. Due to new technologies, the Human Microbiome Project has been
developed, which has added 900 sequences that are a reference in the bacterial genome [38].
Nonetheless, the human microbiome composition varies in each individual depending on
eating habits, age, coevolution of intestinal microbes with the host, the environment and the
microbial ecosystem including three main domains: bacteria, archaea and eukaryotes [37].
Furthermore, microorganisms that live in the gastrointestinal tract synthesize and modify
the metabolites produced by the host, and create new metabolites from compounds in
the diet, some of which are beneficial and others harmful to a person’s health [39]. In
this sense, microorganisms produce short-chain fatty acids (SCFA) and branched chain
fatty acids (BCFAs) throughout the fermentation process. Some functions of these fatty
acids are, on the one hand, to intervene when differentiating and dividing enterocytes
and, on the other hand, maintain and regulate mineral balance, favoring the absorption of
magnesium, calcium and iron [40]. Due to all these functions, the role of gut microbiota
in physiology has been given great importance, therefore it can be considered as another
human organ [41]. It was originally established that the brain was only regulated by the
central nervous system (CNS) [42], yet, as previously mentioned, there is recent scientific
evidence of bidirectional communication between the intestine and the brain through gut
microbiota, therefore microbiota influences the brain’s physiology. In this sense, alterations
of the microbiota have been described in patients with Parkinson’s disease, Alzheimer’s
disease or multiple sclerosis (MS) [43]. These alterations are related both to aetiology
and pathogenesis [44,45]. Several preclinical and clinical studies have indicated that gut
microbiota, due to the fact that it maintains physiological homeostasis, can significantly
interfere with brain functions and cognitive systems in human beings [46].

Dysbiosis is a state when the gut microbiota is abnormal, [47] where microbial diversity
is reduced and there are pathogenic strains or a loss of beneficial strains [48], leading to an
intestinal imbalance in the properties and/or functions of gut microbiota. This is due to
being exposed to different factors, such as stress, eating habits, drugs (mainly antibiotics)
and some toxins and pathogens. These changes create a predisposition in the host to
develop certain medical conditions, such as allergies, obesity, intestinal inflammation,
diabetes, cancer, atherosclerosis and neurodegenerative diseases. There are two pathways
involved in communication between gut microbiota and the CNS: the vagus nerve and
the transmission of molecules through the vascular system and the blood-brain barrier
(BBB) [49]. Healthy elderly people do not show changes in the diversity of gut microbiota.
Studies conducted on centenarians have outlined the importance of microbial diversity
to have good health when older [50]. On the other hand, dysbiosis has been observed in
neurodevelopmental disorders, for instance autism, and neurodegenerative diseases, such
as Alzheimer’s disease, Huntington disease and Parkinson’s disease [51].

In terms of ALS, there is evidence that intestinal dysbiosis is present, and an increase
in intestinal permeability in SOD1 (G93A) rodents [52]. This permeability is influenced
by low levels of bacterial products as butyrate and SCFA, indeed, increasing these fatty
acids results in intestinal integrity improvement, microbial homeostasis and extended
life expectancy [53]. The increase in permeability in the intestinal epithelium in ALS is
related to dysbiosis, with its consequential systemic dissemination, causing an immune
system response that stimulates the action of macrophages and dendritic cells in the
production of proinflammatory cytokines, which in turn activate adaptive immune cells
that alter immune homeostasis [36]. In terms of bacteria, in the first stage of the disease it
has been shown how dysbiosis is characterized by a significant reduction of Butyrivibrio
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fibrisolvens and Firmicutes (they produce butyrate), and a decrease in the expression of
the protein involved in tight and adherents junctions, with the consequential increase
in the permeability of the intestinal epithelium. We must also add an increase in the
number of abnormal Paneth cells that are specialized intestinal epithelial cells whose
main functions are to detect microbes and secrete antimicrobial peptides, therefore directly
influencing the intestinal environment [54]. A significant increase has also been observed
in the Dorea bacterial genus that is characterized by having harmful microorganisms, and
in Anaerostipes; and a significant decrease in the Prevotella genus and in some genera of
the Lachnospiraceae family, which, on the contrary, are characterized by being comprised
of microorganisms that are beneficial for ALS patients. It is important to outline that a
decrease in the relation of the Firmicutes/Bacteroidetes phyla has been observed, causing
an increase in Bacteroidetes phylum in ALS [55], as also described in the study conducted by
Rowin et al. (2017) [56], and associated with a poor quality gut microbiota in babies and the
elderly [57]. Furthermore, there is evidence about how there are clear differences between
healthy people and patients with the disease, mainly characterized by a low abundance of
yeasts and a high abundance of Escherichia coli and Enterobacteriaceae in ALS [58]. The
study conducted by Zhai et al. (2019) proves how beneficial microorganisms from the
Faecalibacterium and Bacteroides genera are reduced in ALS patients [59]. This dysbiosis is
already observed in SOD1 (SOD1-Tg) transgenic mice prone to ALS in a presymptomatic
stage, while the exacerbation of symptoms has been associated with the presence of
Ruminococcus torques bacteria that is linked to neurodegeneration. On the contrary, the
presence of Akkermansia muciniphila is related to a symptomatic improvement and a possible
increase in motor neurons and survival as a result of a rise in nicotinamide [60], which is
also associated with motor and functional improvements in ALS patients [61].

Regarding the direct relation of bacteria with pathogenic mechanisms of the disease,
again Akkermansia muciniphila is outlined due to its capacity to increase GABA /glutamate
ratios in the hippocampus [62]. In addition, evidence shows that some species of Lac-
tobacillus and Bifidobacterium segregate GABA, being the GABA system one of the main
mechanisms of brain chemistry modulation by intestinal bacteria [63]. In particular, the
Lactobacillus species: L. thamnosus and L. brevis, and Bifidobacterium dentium, increase the
GABA neurotransmitter [64—-66]. On the other hand, gut microbiota interferes in the pro-
duction of neuroactive metabolites, specifically neurotransmitters and neuropeptides, thus
influencing brain functions. In this sense, Bifidobacterium infantis bacteria increase the levels
of tryptophan in plasma, therefore affecting the central transmission of serotonin [67],
and increasing the synthesis of SCFAs that also have neuroactive properties as a result of
bacterial fermentation [63].

All of this evidence displays a clear relation between bacterial composition and the
development of neurodegeneration, regardless of the region of the brain or type of neuron
affected. In this sense, it was maybe Fang P. in 2016 who reviewed this problem in depth
for the first time [68]. This was followed by work in the same line with reviews from
Spielman L] et al., 2018; Castillo-Alvarez F et al., 2019 or Roy Sarkar et al., 2019 [49,69,70].
In relation to ALS, the review by Wright et al. in 2019 pointed out that dysbiosis was
the etiological cause of the disease, based mainly on the absence of bacteria that produce
butyrate in studies with animal models [71]. The review by McCombe PA et al., 2019 also
indicated dysbiosis as an important pathogenic mechanism in ALS [36], although accepting
the limitation of the work due to the lack of published studies. Based on these studies,
later reviews indicate the possibility that improving microbiota can be beneficial for ALS
patients. Thus, studies that analyze the impact of microbiota transplantation to improve
neurological disorders, [72] or the importance of diet factors in neurodegeneration [73] are
outlined. It is especially in relation to the latter and once the main bacteria associated with
ALS have been identified, we believe that it would be interesting to analyze the impact that
antioxidants in the diet could have.
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3. Diet, Polyphenols and Neuroprotection. The Effect on Gut Microbiota

Gut microbiota is modulated by diet. Therefore beneficial bacteria are increased
with nutrients, including wholegrain oats that increase the number of Bifidobacterium
(in particular Bifidobacterium adolescentis), the production of SCFAs and the levels of the
neuroactive substance GABA [74]. Several studies conclude that there is a high alteration
in gut microbiota with regard to whether an individual follows a diet rich in fiber or
rich in food of animal origin. There is evidence showing that when a diet rich in fiber is
followed, the amount of Prevotella spp. increases. On the other hand, when a diet rich
in food of animal origin or saturated fat is followed for a long period of time, Bacteroides
rise. Following a diet rich in fiber has been observed to produce an increase in colonic
fermentation, leading to a reduction in pH from 6.5 to 5.5, thus favoring butyrate being
produced by Gram-positive bacteria and decreasing the growth of Bacteroides spp. [75].
Additionally, different studies show that diets rich in fiber and polyphenols have an
important role as bacteria growth inhibitors of the Bacteroides, Clostridium and Staphylococcus
genera, therefore outlining the role of polyphenols in the diet. In fact, recent research has
concluded that there is a direct and positive correlation between the rise in Lactobacillus and
Prevotella and the consumption of fruit and vegetables rich in polyphenols [76]. Further
evidence also shows how incubating probiotic bacteria (specifically Bifidobacterium) with
polyphenols produce SCFAs [77].

Gut microbiota variations caused by taking probiotics, prebiotics, antibiotics and
other treatment can be useful to treat some medical conditions. Within the Firmicutes
phylum, the bacteria that are most used as a probiotic are Lactobacillus, Bifidobacterium and
some yeasts. In general, these bacteria are added to food, such as yogurt, soy yogurt or
are directly ingested through food supplements. There are well-established prebiotics,
such as galactooligosaccharides, fructooligosaccharides and inulin, but there are also other
putative prebiotics, such as some oligosaccharides, polyphenols, resistant starch, algae and
seaweeds, and intestinal metabolites of the host, among which SCFAs are found that can be
applied with the aim of selectively and/or differentially affecting beneficial bacteria within
the gastrointestinal environment [78,79]. As a result, the use of probiotics and prebiotics
must be considered as a good strategy to modulate the gut-brain axis through changes in
gut microbiota composition. In this sense, apart from the well-established prebiotics or the
SCEFAs, the role of polyphenols is also outlined, as ingesting them could represent a key
factor in preventing neurodegenerative diseases such as ALS [63]. Polyphenols are bioactive
chemical substances that are found in food, mainly fruit and vegetables [80]. In terms of
classifying phenolic compounds, they are divided into two main groups: flavonoids and
non-flavonoids [81]. There are different subclasses in the flavonoid group, the most relevant
are: flavonols, flavones, flavanols, flavanones, isoflavones and proanthocyanidins [82-84].
Quercetin stands out among flavonols and it is mainly found in vegetables, such as onion,
broccoli and spinach, and green tea, wine and some red fruits [85-87]. Apigenin and lutein
stand out among flavones, mainly found in celery and parsley [88], and baicalin, produced
by Scutellaria baicalensis [89]. The most relevant compounds of flavanols are catechins, of
which epigallocatechin gallate (EGCG) is highlighted. It is found in large quantities of
green tea and black tea leaves, and some nuts, apples, grapes, dark chocolate and red
fruits [90,91]. In the subgroup of flavanones, naringin and hesperidin mainly stand out,
and they can be found in citric food and tomatoes [92,93]. In terms of isoflavones, daidzein,
genistein and glycitein are highlighted, mainly found in soya, green peas and pulses
food [91,94]. Proanthocyanidins are found in red fruits, black grapes and pomegranate,
outlining cyanidin as a compound [80,92]. Non-flavonoid substances are divided into
phenolic acids, lignans, stilbenes and curcuminoids, among others [83]. Phenolic acids
are divided into benzoic acids, in which gallic acid is found in tea leaves and fruit, such
as cranberries, grapes and strawberries; and cinnamic acids, being caffeic acid the most
relevant one, which is found in coffee [95]. Lignans contain enterodiol and enterolactone
that are mainly present in fruit and vegetables, like pumpkin, and some seeds, such as flax
seed, sesame seed and pumpkin seed. Stilbenes, such as resveratrol and pterostilbene, are
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found in grapes, cranberries and red fruits [96]. In terms of curcuminoids, curcumin stands
out originating from rhizome of turmeric [97].

Among the health benefits that polyphenols display, their role in improving brain
functions is especially significant by means of their neuroprotective activity [98,99], as
they prevent neuroinflammation, maintain brain homeostasis and promote cognitive func-
tions [100,101]. In relation to this neuroprotection, many polyphenols act as prebiotics as
the levels of inflammation are reduced and they contribute to maintaining gut health. This
action is due to the fact that they are capable of inhibiting the growth of gut pathogens and
stimulating the growth of beneficial bacteria [102]. This causes an impact on the improve-
ment of neuroprotection in neurodegenerative diseases. In this neuroprotective activity,
microbial metabolites of polyphenols show protective effects against overproduction of
nitric oxide, such as inflammatory cytokines (IL-6 and TNF-) in BV-2 microglia [103]. This
fact confirms what is described by Gasperotti et al. (2015). This author explains that after
inoculating a group of mice with a combination of 23 primary polyphenol metabolites,
10 reached the brain, among which gallic acid and caffeic acid stood out. Therefore, it
seems evident that the brain is a target organ for metabolites resulting from the degra-
dation of polyphenols [104]. In addition, the metabolism of polyphenols depends on the
initial levels of certain bacterial populations. In particular, consuming sour cherries rich in
anthocyanins and flavonoids leads to opposite responses depending on the initial levels
of Bacteroides. Therefore, individuals with a high content of Bacteroides respond with a de-
crease in Bacteroides and Bifidobacterium, and an increase in Lachnospiraceae, Ruminococcus
and Collinsella. On the other hand, individuals with low levels of Bacteroides respond with
an increase in Bacteroides, Prevotella and Bifidobacterium, and a decrease in Lachnospiraceae,
Ruminococcus and Collinsella [105]. Ingesting polyphenols modifies microbiota, but micro-
biota also enhances the effects of polyphenols and modifies them by producing metabolites
that improve the prognosis of neurodegenerative diseases. In this sense, different authors
have studied said beneficial effects. This is the case of the study by Ho et al., who stated
that a rich preparation in flavanols with an «-synuclein reducing activity (which is the
key neuropathological hallmark) improved the generation and bioavailability of microbial
metabolites of phenolic acid derived from flavanols that have bioactivity to interfere with
the incorrect folding or inflammation of x-synuclein [106]. Another example is found
with Wang et al. who demonstrated that after administering polyphenolic extracts of
grape seeds in mice, they were able to observe how microbiota modified the production
of phenolic acids and improved their bioavailability in the brain. Two of these phenolic
acids (3-hydroxybenzoic acid and 3-(3-hydroxyphenyl) propanoic acid) strongly interfered
with the assembly of 3-amyloid peptides and, thus, neurotoxic 3-amyloid aggregates [107].
Finally, Sun et al., in the study on APP/PS1 mice (Alzheimer’s disease models), observed
that administering curcumin tended to improve spatial learning and memory abilities,
and reducing the amyloid plaque load in the hippocampus. These improvements were
attributed to changes in the microbiota (an alteration of the relative abundance of bacterial
taxa, such as Bacteroidaceae, Prevotellaceae, Lactobacillaceae and Rikenellaceae families,
and Prevotella, Bacteroides and Parabacteroides genera), but also metabolites derived from
curcumin with neuroprotective effects for the disease [108]. All these studies demonstrate
the interaction between microbiota and polyphenols, generating a beneficial tandem in
different neurodegenerative diseases. This is why we believe it is important to study this
relationship in ALS patients, after treatments with polyphenols that benefit the microbiome
and the production of neuroprotective metabolites in the pathology.

4. Polyphenols, Microbiota and ALS

In terms of the neuroprotective effect of ALS, after an individual analysis of the
polyphenols highlighted in the previous classification was carried out, not all of them
have shown improvements in the disease in cellular, animal or human models. However,
many of them could offer interesting therapeutic options to treat neurodegeneration of the
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disease. In this study, the beneficial effects of the main polyphenols in gut microbiota and
the possible effects in ALS are shown.

4.1. Flavonoids
4.1.1. Quercetin

Quercetin has been observed to influence bacterial flora as it inhibits the growth of
Enterococcus [109] and increases Akkermansia muciniphila [110], which is a bacterium that
has been positively correlated to improvements in ALS [60]. Quercetin supplementation
has also shown to boost populations of Bacteroides, Bifidobacterium and Lactobacillus that
are related to GABA synthesis and that are found to be lower in ALS patients [111].
In terms of its metabolism, quercetin is a polyphenol that needs to be metabolized to
be absorbed. The Eubacterium ramulus and Clostridium orbiscindens bacteria have been
shown to intervene in the degradation of this substance, especially in the large intestine.
Concentrations of Fusiobacteriaceae and Enterobacteriaceae are directly related to quercetin,
inhibiting its degradation by other bacteria. In addition, the amount of Sutterellaceae
and Oscillospiraceae is negatively related to the concentration of quercetin [112]. These
bacteria have not been related to improvements in ALS patients in previous studies, despite
improvements evidenced by the use of this polyphenol. There are mutated forms of the
SODL1 protein in familial ALS, they do not fold correctly and are aggregated in motor
neurons. Several authors have researched the role of some polyphenols regarding the
production of these aggregates. Philbert et al. could verify in vitro how quercetin, quercetin-
3-B-d-glucoside (Q3BDG) and, to a lesser extent, EGCG, decreased incorrect folding and,
therefore, aggregation induced by hydrogen peroxide in mutated SOD1 protein (A4V
SOD1), by means of a direct quantifiable interaction between the three polyphenols and
A4V SOD1 [113]. This gives rise to a decrease in toxicity mediated by SOD1 fibrils, showing
the great potential that this flavonoid has against A4V SOD1 mutant fibrillation [114].
Finally, quercetin has shown to decrease neuronal damage induced by aluminum, a metal
that is precisely linked to the pathogenesis of several neurodegenerative diseases [115].

4.1.2. Catechins

Green tea polyphenols have been shown to have benefits for human health as a result
of interacting with gut microbiota. The polyphenols found in tea are epicatechin gallate,
EGCG, epigallocatechin, catechin, epicatechin and gallocatechin that inhibit the growth
of pathogenic bacteria, such as Listeria monocytogenes, Helicobacter pylori, Salmonella ty-
phimurium, fungi from the genus Candida, Staphylococcus aureus, Escherichia coli and Pseu-
domonas aeruginosa [116]. Among these, evidence obtained with EGCG stands out, which
has been related to modifications in the composition of gut microbiota, by promoting a
significant increase in Verrucomicrobia and Actinobacteria, and a significant reduction in
Deferribacteres and Proteobacteria [117]. In addition, its combinations with other polyphe-
nols manage to change bacterial flora. In the study carried out by Most, et al. (2017), it
was concluded that supplementation for 12 weeks with the combination of EGCG and
resveratrol caused alterations in gut microbiota in obese men, leading to a decrease in
Bacteroidetes and Faecalibacterium prausnitzii [118]. Furthermore, its synergistic effect with
probiotic bacteria stands out. Banerjee, et al. (2019) concluded, after analyzing encapsula-
tion of probiotic bacteria alongside a formula rich in polyphenols characteristic of black
tea, white tea, green tea and Thai herbal extract, how this formulation causes an increase
in the probiotic effect of these bacteria [77]. Regarding the relation to the disease, EGCG
manages to extend life expectancy in ALS animal models [119] due to the protective effect
of motor neurons as a result of regulating glutamate levels [120]. This activity seems to
be due to inhibiting 3-sheet folding that leads to mutations in the SOD1 protein [121], or
the increase or improvement of the brain-derived neurotrophic factor (BDNF) obtained
in animal models after administering EGCG [122]. These benefits could also be linked
to the role of polyphenols in green tea in gut microbiota. In this sense, there has been
evidence on how increasing the population of Oscillospira [123] could promote muscular
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improvement in these patients, due to the positive relation of these bacteria with an increase
in lean mass [124,125] that has been deteriorated throughout the progression of the disease.
Additionally and importantly, there has been recent evidence that administering green tea
significantly increases the growth of Akkermansia muciniphila [126]. Thus, it is interesting
how Akkermansia muciniphila is positively associated with Verrucomicrobia, hence promot-
ing its increase can also raise that of Verrucomicrobia, which is also correlated with lower
inflammation as serum and tissue levels of inflammatory cytokines and chemokines, such
as TNF-«, IL-1«, IL-6 or IL12A, are reduced [127]. In terms of Actinobacteria, their increase
is associated with improvements in depression in an inflammation model of depression.
The majority of patients with ALS suffer from depression [128], which also significantly
influences the progression of the disease [129].

4.1.3. Naringin and Hesperidin

Naringin and hesperidin could also be therapeutic alternatives to reduce inflamma-
tion and oxidation in neurodegenerative diseases. These antioxidants are mainly found in
oranges and have shown positives changes in gut microbiota. In the study conducted by
Fidélix et al. (2020), an increase in Lactobacillus spp., Bifidobacterium spp. and Akkermansia
spp. was obtained after administering orange juice [130]. On the other hand, hesperidin
raises the proportion of Lactobacillus/Enterococcus [131] and Akkermansia muciniphila [132].
The metabolism of both polyphenols in the intestine depends on the level of conjuga-
tion of sugar fractions that are eliminated by bacteria in the intestine. Naringin and
hesperidin practically reach the colon intact, after the enzymes secreted by gut microbiota
act (x-thamnosidase and (3-glucosidase), resulting in the formation of their aglycones,
hesperetin and naringenin [133]. Regarding the direct impact of neurodegeneration, these
compounds have been shown to be able to cross the blood-brain barrier, so they can have
neuroprotective and neuromodulating actions in different pathologies of the brain [134].
The neuroprotective effects of naringin have been evidenced in the study by Gopinath
et al., where a modulation in the expression of metalloproteases was verified after motor
alteration caused by 3-nitropropionic acid. Naringin has been shown to have an anti-
inflammatory effect on the brain by decreasing the expression of nuclear factor-kappa
B and the glial fibrillary acidic protein [135]. This activity could explain the great ben-
efits observed in diseases such as Alzheimer’s disease and Parkinson’s disease, among
others [136]. As regards the neuroprotective potential in ALS, naringin shows positive
effects in terms of the aggregation of mutant SOD1 [137,138]. The group of Srinivasan
described with quantum chemistry and molecular mechanic calculations how naringin
had a strong affinity for mutant SOD]1, thereby preventing the formation of toxic aggre-
gates [137]. Joining naringin to the mutated protein occurred due to the OH groups it
presents, causing an increase in electrostatic attraction with residual fragments of the mu-
tated protein. In this sense, Zhuang et al. confirmed by means of molecular simulation that
naringin binds to SOD, being able to stabilize the SOD1 dimer and inhibit the aggregation
of this protein [138]. Hesperidin also displays positive results when inhibiting mutant
SOD1 [139]. As previously indicated, hesperidin increases the proliferation of some species
of Lactobacillus and Bifidobacterium. This is associated with a lower loss of motor neurons
due to a rise in the secretion of GABA [131]. The proliferation of Bifidobacterium could
be beneficial for the disease as it promotes the secretion of serum tryptophan [140] and,
therefore, of serotonin, which, alongside the production of SCFA through fermentation
with Bifidobacterium, generate a neuroprotective effect [63].

4.1.4. Genistein

In terms of isoflavones, there is evidence in animal models that genistein has neuro-
protective properties for ALS, as it eliminates the production of proinflammatory cytokines
and improves gliosis in the spinal cord. Additionally, it improves the viability of motor
neurons in animal models, therefore, the effects are expected to be equally beneficial in
human ALS models [141]. Regarding its role in gut microbiota, this seems beneficial. It has
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been observed how an increase in several bacterial strains of Lactobacillus spp. is achieved,
which are also associated with a 30% rise in SCFA [142]. In addition, the production
of microorganisms of the Clostridium coccoides—Eubacterium rectale group, Lactobacillus—
Enterococcus group, Faecalibacterium prausnitzii subgroup and Bifidobacterium genus was
stimulated in postmenopausal women [143,144]. The latter has also been seen to increase
in the study conducted by Nakatsu et al., (2014) [145]. An increase in the proportion of
Firmicutes/Bacteroidetes seems to be produced in obese men [146].

4.1.5. Proanthocyanidins

Akkermansia muciniphila is especially relevant due to the association with specific
benefits in ALS, as they are part of the beneficial intestinal flora. Proanthocyanidins favor
growth and this process is related to a decrease in obesity and metabolic syndrome [147].
In addition, consuming anthocyanins promotes a significant rise in Actinomycetales, Bi-
fidobacteriacae, Coriobacteriaceae and the proliferation in Bifidobacterium spp., which is
highly efficient as a probiotic; while inhibiting the growth of Bacteroides and Clostridium
histolyticum that are shown to be pathogenic for humans [40,148]. The increase in Bifi-
dobacterium and Lactobacillus seems interesting [149] as it can be related to benefits in ALS
patients due to the fact that high levels of SCFA are generated with a neuroprotective
effect [77]. In this sense, diets enriched with whole cranberry powder and fractions rich in
polyphenols not only modify gut microbiota, but also improve fecal SCFA and branched
chain fatty acids [150].

4.1.6. Baicalin

Baicalin is the main component of the anti-inflammatory herb Scutellaria baicalensis and
displays interesting properties to improve gut microbiota, mainly because it increases the
population of species of bacteria that produce SCFAs, which was associated with improve-
ments in the abnormal metabolism of glucose and lipids caused by high-fat diets [151].
This beneficial impact could be due to its biotransformation, by the gut microbiota, into
baicalein, which has stronger bioactive effects than baicalin itself [152].

All these main results of the interaction between flavonoids and microbiota changes
are resumed in the next table (Table 1).

Table 1. Flavonoids effects on intestinal microbiota.

Flavonoid Microbiota Change Study Population Author, Year
JEnterococcus spp. Bacterial culture with Broth medium Firrman, et al. (2016) [81]
Quercetin 1Akkermansia muciniphila Wistar rats Etxeberria, et al. (2015) [82]
TBacteroides spp.
TBifidobacterium spp. Female C57BL/6 mice Lin et al. (2019) [83]
TLactobacillus spp.
TerCrt‘fgggffe‘i’f Male C57BL/6N mice Ushiroda et al. (2019) [89]
EGCG .
JBacteroidetes Overwelght;r;iqoelralese men and Most, et al. (2017) [90]
1 Akkermansia muciniphila Male C57/BL6 mice Jeong et al. (2020) [98]
T i p g
TBzﬁdobacterlym PP Female volunteers Fidélix et al. (2020) [102]
TAkkermansia spp.
Naringin & Hesperidin +Lactobacillus s Female volunteers Fidélix et al. (2020) [102]
PP Male Lewis rats Estruel-Amades et al. (2019) [103]
JEnterococcus spp. Male Lewis rats Estruel-Amades et al. (2019) [103]
TLactobacillus spp. In vitro ecosystem with vessels De Boever et al. (2000) [114]
Genistei +Bifidobacterium s Postmenopausal Caucasian women Bolca et al. (2007) [115]
enistein pp- Postmenopausal women Clavel, et al. (2005) [116]
TFirmicutes/Bacteroidetes Male subjects Fernandez-Raudales et al. (2012) [118]
TBifidobacteriaceae
1 Coriobacteriaceae
Proanthocyanins TBzﬁdobact?rlum SPp- Systematic review of clinical trials Saez-Lara et al. (2015) [120]
| Bacteroides spp.
I Prevotella spp.

L Clostridium histolyticum

Effects of the main flavonoids on the intestinal microbiota. EGCG: Epigallocatechin-3-gallate.
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4.2. Non-Flavonoids
4.2.1. Gallic Acid

Among non-flavonoids are phenolic acids, where gallic acid stands out due to its
great anti-inflammatory activity in the intestine [153]. This molecule has many therapeutic
possibilities that still need to be researched. In this sense, we can predict that interesting
results in the therapeutic treatment in ALS patients can be achieved, due to the fact that
this has been observed in Wistar rats that were induced with neurodegeneration by toxicity
caused by aluminum (AICl3), and how they protect motor neurons from the toxicity
caused by this metal. This benefit occurs by improving the antioxidant status and by
preventing glutamate excitotoxicity [154], which could be mediated by the production of
quinolinic acid after degradation of tryptophan through the kynurenine pathway [155].
With relation to microbiota, gallic acid increases probiotic bacteria such as Proteobacteria
and Prevotellaceae, and decreases some pathogenic species, mainly in the phyla Firmicutes
and Proteobacteria [153]. Regarding metabolites derived from microbiota activity, gallic
acid has been observed to increase the production of anti-inflammatory metabolites, such
as SCFA in the colon [156].

4.2.2. Caffeic Acid

Caffeic acid has been identified as an antioxidant molecule able to rescue motor neuron-
like cells (NSC-34) that express mutated SOD1 associated with ALS [157]. This makes it
one of the best polyphenols to fight against the disease. In fact, caffeic acid phenethyl
ester has been seen to slow down the disease, by mitigating neuroinflammation and motor
neuron death associated with the clinical pathology of ALS in SOD1 mice (G93A) [158].
In addition, it particularly acts as a neuroprotector to stop the activity of glutamate as
it suppresses the accumulation of endogenous ROS and restores the potentiality of the
mitochondrial membrane, activating the antioxidant enzyme system by increasing the
levels of SOD activity and modulating the rise in intracellular activity [159]. In terms
of whether these benefits to treat the disease could be linked to changes in microbiota,
it is possible that they can, as caffeic acid included in the diet drastically increases the
levels of Akkermansia bacterium in mice with colitis. This is associated with a decrease in
inflammation mediated by the NF-kB pathway [160]. Furthermore, caffeic acid seems to
inhibit the rise in Ruminococcaceae, where the Ruminococcus genus is found to be related
to ALS (in particular Ruminococcus torques) [161].

4.2.3. Resveratrol

Within stilbenes, resveratrol has a wide spectrum of therapeutic effects for health
despite its limited bioavailability. Its antioxidant and anti-inflammatory effects stand out
as they modulate the levels of proinflammatory cytokines (IL-6, IL-16, IL-1f3 and TNF-«),
which gives it great properties as an antiaging and neuroprotective molecule [100]. In
terms of its impact and relation to microbiota, there is evidence on how mice treated with
this polyphenol show a considerable alteration in the composition of microbiota, character-
ized by enriched Bacteroides, groups Lachnospiraceae NK4A136, Blautia, Lachnoclostridium,
Parabacteroides and Ruminiclostridium 9, collectively known as RSV microbiota [162], and
Butyrivibrio fibrisolvens [163] being lower in ALS patients. As is the case with other polyphe-
nols, gut microflora contributes to the metabolism of resveratrol. Bacteria are capable
of converting this molecule into dihydro-resveratrol by means of different reactions. A
part of dihydro-resveratrol is absorbed and the other is metabolized in conjugated forms
(monosulfate and monoglucuronide) that can be easily eliminated in the urine. Slackia equo-
lifaciens and Adlercreutzia equolifaciens are the main intestinal bacteria involved in reducing
resveratrol [164]. These processes related to microbiota can be linked to protecting the body
against neurodegeneration, as some bacteria increased due to resveratrol are lower in ALS,
as is the case of Akkermansia muciniphila. A diet with a strict calorie intake and especially
supplemented with the antioxidant resveratrol has been seen to increase the levels of Akker-
mansia muciniphila [165]. It is precisely administering resveratrol that attenuates dysbiosis
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through rises in these bacteria [166]. These results support those obtained in cell and
animal models of the disease. On a cell level, resveratrol, alongside caffeic acid, phenethyl
ester and aescultein, are what show the best performance when rescuing primary motor
neuron cultures after trophic factor withdrawal [157]. This protective role is confirmed
in vitro, as an increase in cell viability is caused by activating sirtuin 1 [167,168]. In fact, this
viability compared to that which riluzole obtains is much higher, as the viability of the drug
is practically non-existent [169]. These findings were confirmed in SOD1 (G93A) animal
models. Conservation and survival of the spinal motor neuron function was observed,
which is associated with a higher expression and activation of sirtuin 1 and AMPK, which
means there is an energy improvement in the mitochondria [170]. All of this evidence
shows that it is possibly one of the most promising polyphenols as an alternative treatment
for patients with ALS, even though bioavailability should be improved, perhaps through
nanoencapsulation technology with liposomes.

4.2 4. Pterostilbene

An important stilbene is pterostilbene due to its important therapeutic properties.
This antioxidant has already been related to ALS improvements due to the effects in
animal models where an increase in functionality and survival of motor neurons has been
observed [171]. In relation to bacterial microbiota, pterostilbene intake produces a very
healthy microbial profile, characterized by an increase in the Verrucomicrobia phylum.
However, there is more, as an increase in the Akkermansia and Odoribacter genera has also
been observed [172]. Additionally, changes in microbiota also have an impact on intestinal
metabolism that would lead to neuronal improvements. In this sense, it has been shown
how pterostilbene has an activity on monoamine oxidases (MAQO), which is responsible
for the local regulation of serotonin. This neurotransmitter is deficient in ALS and, when
pterostilbene is in contact with the gastrointestinal tract, MAOB is inhibited, leading to an
increase in serotonin [173].

4.2.5. Curcumin

Curcumin belongs to the group of curcuminoids and is a natural phenol derived from
Curcuma longa, which has received a lot of interest from the scientific community due to its
potential medicinal effects. These effects include anti-inflammatory and neuroprotective ac-
tivity by directly or indirectly eliminating free radicals. In particular, curcumin significantly
eliminates the activity of superoxide dismutase (SOD), which is completed by its ability
to stimulate innate immune cells that avoid SOD1 protein folding [174]. Curcumin has
also shown to have an indirect antioxidant action to increase plasma catalase activity [175].
Therefore, this means it is a good candidate to treat neurodegenerative diseases [38]. It
could be especially efficient to treat ALS as there is evidence that curcuminoids attenuate
the expression of COX-2 induced by ROS in ALS. Furthermore, they improve the symptoms
of neurological damage caused by heavy metal intoxication linked to ALS [176]. This has an
impact on the progression of the disease. We observed that daily intake of 600 mg curcumin
reduces the progression of the disease, in parallel with metabolic improvement and a
decrease in oxidative damage [177]. In order to obtain bioactive products of curcumin, bio-
transformation by the human intestinal microflora is necessary. Bidirectionally, curcumin
has been shown to have beneficial effects on gut microbiota by increasing the number of
bacterial families, including Prevotellaceae, Bifidobacterium, Lactobacilli, Bacteroidaceae
and Rikenellaceae; and reducing the number of proinflammatory bacterial families, such
as Enterobacteriaceae and Enterococcus [178,179]. In this sense, there is evidence on how
curcumin derivatives (an aggregate with silver), which gives it greater photostability, in-
hibited the growth of Escherichia coli in vitro [180]. When analyzing the impact of curcumin
by means of these microbial changes, we can observe that it increases Prevotellaceae and
Bifidobacterium, decreased in the most prevalent neurodegenerative diseases such as Parkin-
son’s disease, and yet it decreases enterobacteria [181] that are higher in ALS (in particular
Escherichia and Enterobacter) [58]. These changes could mean there is a higher secretion of
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GABA [63] and tryptophan [140] that, as already indicated, have neuroprotective effects
in ALS patients [77]. Furthermore, after ingesting curcumin, an increase in the Bacteroides
genus is also observed [182], which is lower in ALS patients [58,59]. After the analysis,
administration benefits are the most evident and we believe that it should be considered as
one of the best alternatives to treat the disease. This is why we consider that new studies
should be conducted with ALS patients to objectively assess the scope of these clinical
improvements.

All these main results of the interaction between non-flavonoids and microbiota
changes are resumed in the next table (Table 2).

Table 2. Non-flavonoids effects on intestinal microbiota.

Non-Flavonoid Microbiota Change Study Population Author, Year
alic aci +Prevotellaceae ale ¢ mice andurangan et al. £
Galic acid TProteobacteria Male BALB/c mi Pand 1. (2015) [125]
Caffeic acid 1 Akkermansia muciniphila Female C57BL/6 mice Zhang et al (2016) [132]
atteicact JRuminococcaceae Male Wistar rats Zhang et al (2017) [133]
TBacteroides spp.
TLachnospiraceae NK4A136
TBlautia spp. .
Resveratral +Lachnoclostridium spp. C57BL/6] mice Wang et al. (2020) [134]
TParabacteroides spp.
TRuminiclostridium 9
utyrivibrio fibrisolvens in-tailed Han cross-bred ewes aetal. £
Butyrivibrio fibrisol Thin-tailed H bred M 1. (2015) [135]
1Akkermansia muciniphila Obese men with metabolic syndrome Walker et al. (2018) [137]
1Verrucomicrobia
Pterostilbene 1Akkermansia muciniphila Zucker (fa/fa) rats Etxeberria et al. (2017) [144]
1Odoribacter spp.
ng‘:ffg:ﬁffl;“s";;gp C57BL/10ScSn (wildtype) mice Bereswill et al. (2010) [150]
Curcumin JEnterobacteria C57BL/10ScSn (wildtype) mice Bereswill et al. (2010) [150]
1Bacteroidaceae
acteroides spp. mice en et al.
B ides spp C57BL/6 mi Shy 1. (2017) [151]
TRikenellaceae
VEscherichia coli In vitro study with E. coli Abdellah et al. (2018) [152]

Effects of the main non-flavonoids on the intestinal microbiota.

5. Conclusions

There is currently a general consensus on the benefits and therapeutic potential of
polyphenols when treating neurodegenerative diseases. Many of the improvements occur
through the activity of these antioxidants on gut microbiota, by decreasing the bacteria
that are pathogenic and increasing those that are beneficial. Consequently, they generate
metabolites and neurotransmitters that protect neuronal activity. In the specific case of ALS,
Figure 2 shows all these changes, analyzed throughout our work. Based on these alterations,
all the studies reviewed in this article related to ALS conclude that polyphenols are a
therapeutic alternative to improve prognosis. However, quercetin naringin, hesperidin,
genistein, cyanidin and gallic acid have not been directly related to improvements in the
disease, although they do achieve effects in the microbiota, which are promising.

In terms of antioxidants that have been used successfully in ALS, it is worth highlight-
ing EGCG that achieves protective motor neuron effects associated with regulating the level
of glutamate, thus avoiding misfolding of the SOD1 protein. In addition, it is interesting to
review the benefits obtained when combined with resveratrol or probiotic bacteria, as they
have also been associated with increases of Akkermansia muciniphila. Resveratrol precisely
manages to improve the disease at the cellular, animal and human level, which is com-
pleted with a very beneficial impact on gut microbiota, enriching it with anti-inflammatory
bacteria, among which Akkermansia muciniphila stands out. In relation to curcumin there
have been very good results in ALS patients in reducing high oxidative stress, acting in
various molecular mechanisms involved in excess oxidation. In addition, it improves gut
microbiota and, in particular, bacteria that have been altered in ALS, such as Escherichia,
Enterobacter, Clostridium and Bacteroides.
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Figure 2. Relationship between microbiota and molecular changes in amyotrophic lateral sclerosis (ALS) patients and

impact of the polyphenols resveratrol, epigallocatechin gallate (EGCG), resveratrol and curcumin on the levels of some

of the bacteria most directly related to the disease, as well as molecular changes at the neuronal level also linked to the
pathogenesis of ALS. GABA: y-aminobutyric acid; SCFA: Short chain fatty acids; NAD+: Nicotinamide riboside.

Based on these conclusions, Figure 2 summarizes the benefits of the main polyphenols
in the pathogenesis of the disease. Specifically, we highlighted the benefits of resveratrol,
EGCG and curcumin, which are shown to be particularly relevant in the studies analyzed.

Despite these findings, studies related to the benefits of polyphenols in gut microbiota
of ALS patients are still at a very early stage. It is necessary to delve into the results
analyzed in our review in order to establish all molecular mechanisms that antioxidants
may use, which could clarify our knowledge on the pathogenesis of the disease and
augment current treatments.

Author Contributions: Conceptualization, J.E.d.1.R.O. and ].C.-C.; Writing—Original Draft Prepa-
ration, ] E.d.1LR.O,, J.C.-C,,JM.L.-R,, RM. and C.E.S.-S.; writing—review and editing, C.E.S.-S. and
M.B. All authors have read and agreed to the published version of the manuscript.

Funding: This study was funded by the Valencia Catholic University San Vicente Martir (grant
2017-216-001).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank Carmen Orti Balbastre and Jose Enrique de la Rubia
Sarguero for their work and support.



Metabolites 2021, 11, 120 15 of 22

Conflicts of Interest: Authors declare that the research was conducted in the absence of any com-
mercial or financial relationships that could be construed as a potential conflict of interest.

References

1. Valdmanis, PN.; Daoud, H.; Dion, P.A.; Rouleau, G.A. Recent Advances in the Genetics of Amyotrophic Lateral Sclerosis. Curr.
Neurol. Neurosci. Rep. 2009, 9, 198-205. [CrossRef]

2. McGeer, E.G.; McGeer, P.L. Pharmacologic Approaches to the Treatment of Amyotrophic Lateral Sclerosis. BioDrugs 2005, 19,
31-37. [CrossRef]

3. Arthur, K.C; Calvo, A; Price, T.R,; Geiger, ].T.; Chio, A.; Traynor, B.J. Projected Increase in Amyotrophic Lateral Sclerosis from
2015 to 2040. Nat. Commun. 2016, 7. [CrossRef]

4. Alonso, A,; Logroscino, G,; Jick, S.S.; Hernan, M. A. Incidence and Lifetime Risk of Motor Neuron Disease in the United Kingdom:
A Population-Based Study. Eur. |. Neurol. 2009, 16, 745-751. [CrossRef] [PubMed]

5. Obrenovich, M,; Siddiqui, B.; McCloskey, B.; Reddy, V.P. The Microbiota—Gut-Brain Axis Heart Shunt Part I: The French Paradox,
Heart Disease and the Microbiota. Microorganisms 2020, 8, 490. [CrossRef] [PubMed]

6. Hall, E.D.; Andrus, PK,; Oostveen, ].A.; Fleck, T.].; Gurney, M.E. Relationship of Oxygen Radical-Induced Lipid Peroxidative
Damage to Disease Onset and Progression in a Transgenic Model of Familial ALS. J. Neurosci. Res. 1998, 53, 66-77. [CrossRef]

7. Shaw, P. Molecular and Cellular Pathways of Neurodegeneration in Motor Neurone Disease. . Neurol. Neurosurg. Psychiatry 2005,
76,1046-1057. [CrossRef] [PubMed]

8. Federico, A.; Cardaioli, E.; Da Pozzo, P.; Formichi, P.; Gallus, G.N.; Radi, E. Mitochondria, Oxidative Stress and Neurodegeneration.
J. Neurol. Sci. 2012, 322, 254-262. [CrossRef]

9.  Cozzolino, M.; Carri, M.T. Mitochondrial Dysfunction in ALS. Prog. Neurobiol. 2012, 97, 54-66. [CrossRef]

10. Silani, V.; Braga, M.; Ciammola, A.; Cardin, V.; Scarlato, G. Motor Neurones in Culture as a Model to Study ALS. J. Neurol. 2000,
247 (Suppl. 1), 128-136. [CrossRef]

11.  Rothstein, ].D. Current Hypotheses for the Underlying Biology of Amyotrophic Lateral Sclerosis. Ann. Neurol. 2009, 65 (Suppl. 1),
S3-59. [CrossRef]

12.  Spreux-Varoquaux, O.; Bensimon, G.; Lacomblez, L.; Salachas, F; Pradat, PE.; Le Forestier, N.; Marouan, A.; Dib, M.; Meininger, V.
Glutamate Levels in Cerebrospinal Fluid in Amyotrophic Lateral Sclerosis: A Reappraisal Using a New HPLC Method with
Coulometric Detection in a Large Cohort of Patients. J. Neurol. Sci 2002, 193, 73-78. [CrossRef]

13. Lazo-Goémez, R.; Tapia, R. Motor Alterations Induced by Chronic 4-Aminopyridine Infusion in the Spinal Cord In Vivo: Role of
Glutamate and GABA Receptors. Front. Neurosci. 2016, 10, 200. [CrossRef] [PubMed]

14. Bruijn, L.I; Miller, T.M.; Cleveland, D.W. Unraveling the Mechanisms Involved in Motor Neuron Degeneration in ALS. Annu.
Rev. Neurosci. 2004, 27, 723-749. [CrossRef]

15. Manfredi, G.; Xu, Z. Mitochondrial Dysfunction and Its Role in Motor Neuron Degeneration in ALS. Mitochondrion 2005, 5, 77-87.
[CrossRef]

16.  Procaccini, C.; Santopaolo, M.; Faicchia, D.; Colamatteo, A.; Formisano, L.; de Candia, P.; Galgani, M.; De Rosa, V.; Matarese, G.
Role of Metabolism in Neurodegenerative Disorders. Metabolism 2016, 65, 1376-1390. [CrossRef]

17.  Dupuis, L.; Oudart, H.; René, F.; Gonzalez de Aguilar, J.-L.; Loeffler, J.-P. Evidence for Defective Energy Homeostasis in
Amyotrophic Lateral Sclerosis: Benefit of a High-Energy Diet in a Transgenic Mouse Model. Proc. Natl. Acad. Sci. USA 2004, 101,
11159-11164. [CrossRef] [PubMed]

18.  Ngo, S.T.; Steyn, EJ.; Huang, L.; Mantovani, S.; Pfluger, C.M.M.; Woodruff, T.M.; O’Sullivan, ].D.; Henderson, R.D.; McCombe,
P.A. Altered Expression of Metabolic Proteins and Adipokines in Patients with Amyotrophic Lateral Sclerosis. J. Neurol. Sci. 2015,
357,22-27. [CrossRef]

19. Dentel, C.; Palamiuc, L.; Henriques, A.; Lannes, B.; Spreux-Varoquaux, O.; Gutknecht, L.; René, F.; Echaniz-Laguna, A.; Gonzalez
de Aguilar, J.-L.; Lesch, K.P; et al. Degeneration of Serotonergic Neurons in Amyotrophic Lateral Sclerosis: A Link to Spasticity.
Brain 2013, 136, 483-493. [CrossRef]

20. Vermeiren, Y;; Janssens, J.; Van Dam, D.; De Deyn, P.P. Serotonergic Dysfunction in Amyotrophic Lateral Sclerosis and Parkinson’s
Disease: Similar Mechanisms, Dissimilar Outcomes. Front. Neurosci. 2018, 12, 185. [CrossRef]

21. Ash,PE.A; Dhawan, U ; Boudeau, S.; Lei, S.; Carlomagno, Y.; Knobel, M.; Al Mohanna, L.F.A.; Boomhower, S.R.; Newland, M.C.;
Sherr, D.H.; et al. Heavy Metal Neurotoxicants Induce ALS-Linked TDP-43 Pathology. Toxicol. Sci. 2019, 167, 105-115. [CrossRef]

22. Govindpani, K.; Calvo-Flores Guzman, B.; Vinnakota, C.; Waldvogel, H.J.; Faull, RL.; Kwakowsky, A. Towards a Better
Understanding of GABAergic Remodeling in Alzheimer’s Disease. Int. J. Mol. Sci. 2017, 18, 1813. [CrossRef]

23. Shishov, V.A,; Kirovskaia, T.A.; Kudrin, V.S.; Oleskin, A.V. Amine neuromediators, their precursors, and oxidation products in the
culture of Escherichia coli K-12. Prikl. Biokhim. Mikrobiol. 2009, 45, 550-554. [CrossRef]

24. Sender, R; Fuchs, S.; Milo, R. Are We Really Vastly Outnumbered? Revisiting the Ratio of Bacterial to Host Cells in Humans. Cell
2016, 164, 337-340. [CrossRef]

25. Hacquard, S.; Garrido-Oter, R.; Gonzalez, A.; Spaepen, S.; Ackermann, G.; Lebeis, S.; McHardy, A.C.; Dangl, J.L.; Knight, R.; Ley,

R.; et al. Microbiota and Host Nutrition across Plant and Animal Kingdoms. Cell Host Microbe 2015, 17, 603-616. [CrossRef]
[PubMed]


http://doi.org/10.1007/s11910-009-0030-9
http://doi.org/10.2165/00063030-200519010-00004
http://doi.org/10.1038/ncomms12408
http://doi.org/10.1111/j.1468-1331.2009.02586.x
http://www.ncbi.nlm.nih.gov/pubmed/19475756
http://doi.org/10.3390/microorganisms8040490
http://www.ncbi.nlm.nih.gov/pubmed/32235574
http://doi.org/10.1002/(SICI)1097-4547(19980701)53:1&lt;66::AID-JNR7&gt;3.0.CO;2-H
http://doi.org/10.1136/jnnp.2004.048652
http://www.ncbi.nlm.nih.gov/pubmed/16024877
http://doi.org/10.1016/j.jns.2012.05.030
http://doi.org/10.1016/j.pneurobio.2011.06.003
http://doi.org/10.1007/s004150050554
http://doi.org/10.1002/ana.21543
http://doi.org/10.1016/S0022-510X(01)00661-X
http://doi.org/10.3389/fnins.2016.00200
http://www.ncbi.nlm.nih.gov/pubmed/27242406
http://doi.org/10.1146/annurev.neuro.27.070203.144244
http://doi.org/10.1016/j.mito.2005.01.002
http://doi.org/10.1016/j.metabol.2016.05.018
http://doi.org/10.1073/pnas.0402026101
http://www.ncbi.nlm.nih.gov/pubmed/15263088
http://doi.org/10.1016/j.jns.2015.06.053
http://doi.org/10.1093/brain/aws274
http://doi.org/10.3389/fnins.2018.00185
http://doi.org/10.1093/toxsci/kfy267
http://doi.org/10.3390/ijms18081813
http://doi.org/10.1134/S0003683809050068
http://doi.org/10.1016/j.cell.2016.01.013
http://doi.org/10.1016/j.chom.2015.04.009
http://www.ncbi.nlm.nih.gov/pubmed/25974302

Metabolites 2021, 11, 120 16 of 22

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Diaz Heijtz, R.; Wang, S.; Anuar, F; Qian, Y.; Bjorkholm, B.; Samuelsson, A.; Hibberd, M.L.; Forssberg, H.; Pettersson, S. Normal
Gut Microbiota Modulates Brain Development and Behavior. Proc. Natl. Acad. Sci. USA 2011, 108, 3047-3052. [CrossRef]
Pfeiffer, R.F. Gastrointestinal Dysfunction in Parkinson’s Disease. Lancet Neurol. 2003, 2, 107-116. [CrossRef]

Kelly, J.R.; Borre, Y.; O’ Brien, C.; Patterson, E.; El Aidy, S.; Deane, J.; Kennedy, PJ.; Beers, S.; Scott, K.; Moloney, G.; et al.
Transferring the Blues: Depression-Associated Gut Microbiota Induces Neurobehavioural Changes in the Rat. J. Psychiatry Res.
2016, 82, 109-118. [CrossRef]

De Palma, G.; Lynch, M.D.].; Lu, J.; Dang, V.T.; Deng, Y.; Jury, J.; Umeh, G.; Miranda, PM.; Pigrau Pastor, M.; Sidani, S.; et al.
Transplantation of Fecal Microbiota from Patients with Irritable Bowel Syndrome Alters Gut Function and Behavior in Recipient
Mice. Sci. Transl. Med. 2017, 9. [CrossRef]

Benakis, C.; Brea, D.; Caballero, S.; Faraco, G.; Moore, J.; Murphy, M.; Sita, G.; Racchumi, G.; Ling, L.; Pamer, E.G,; et al.
Commensal Microbiota Affects Ischemic Stroke Outcome by Regulating Intestinal I'd T Cells. Nat. Med. 2016, 22, 516-523.
[CrossRef]

Hsiao, E.Y.; McBride, S.W.; Hsien, S.; Sharon, G.; Hyde, E.R.; McCue, T.; Codelli, ].A.; Chow, J.; Reisman, S.E.; Petrosino, ].E,; et al.
Microbiota Modulate Behavioral and Physiological Abnormalities Associated with Neurodevelopmental Disorders. Cell 2013,
155, 1451-1463. [CrossRef] [PubMed]

Jiang, C.; Li, G.; Huang, P; Liu, Z.; Zhao, B. The Gut Microbiota and Alzheimer’s Disease. ]. Alzheimers Dis. 2017, 58, 1-15.
[CrossRef]

Berer, K.; Gerdes, L.A.; Cekanaviciute, E.; Jia, X.; Xiao, L.; Xia, Z.; Liu, C.; Klotz, L.; Stauffer, U.; Baranzini, S.E.; et al. Gut
Microbiota from Multiple Sclerosis Patients Enables Spontaneous Autoimmune Encephalomyelitis in Mice. Proc. Natl. Acad. Sci.
USA 2017, 114, 10719-10724. [CrossRef]

PRISMA. Available online: http://prisma-statement.org/PRISMAStatement/FlowDiagram (accessed on 8 February 2021).
Loffredo, L.; Ettorre, E.; Zicari, A.M.; Inghilleri, M.; Nocella, C.; Perri, L.; Spalice, A.; Fossati, C.; De Lucia, M.C.; Pigozzi, F; et al.
Oxidative Stress and Gut-Derived Lipopolysaccharides in Neurodegenerative Disease: Role of NOX2. Oxid. Med. Cell. Longev.
2020, 2020, 8630275. [CrossRef]

Mccombe, P.; Henderson, R.; Lee, A.; Lee, J.; Woodruff, T.; Restuadi, R.; McRae, A.; Wray, N.; Ngo, S.; Steyn, F. Gut Microbiota in
ALS: Possible Role in Pathogenesis? Expert Rev. Neurother. 2019, 19. [CrossRef] [PubMed]

Possemiers, S.; Bolca, S.; Verstraete, W.; Heyerick, A. The Intestinal Microbiome: A Separate Organ inside the Body with the
Metabolic Potential to Influence the Bioactivity of Botanicals. Fitoterapia 2011, 82, 53-66. [CrossRef]

Zam, W. Gut Microbiota as a Prospective Therapeutic Target for Curcumin: A Review of Mutual Influence. . Nutr. Metab. 2018,
2018, 1367984. [CrossRef] [PubMed]

Zhang, S.; Zhao, Y.; Ohland, C.; Jobin, C.; Sang, S. Microbiota Facilitates the Formation of the Aminated Metabolite of Green Tea
Polyphenol (-)-Epigallocatechin-3-Gallate Which Trap Deleterious Reactive Endogenous Metabolites. Free Radic. Biol. Med. 2019,
131, 332-344. [CrossRef] [PubMed]

Wicinski, M.; Gebalski, J.; Mazurek, E.; Podhorecka, M.; éniegocki, M.,; Szychta, P.; Sawicka, E.; Malinowski, B. The Influence of
Polyphenol Compounds on Human Gastrointestinal Tract Microbiota. Nutrients 2020, 12, 350. [CrossRef]

Baquero, F; Nombela, C. The Microbiome as a Human Organ. Clin. Microbiol. Infect. 2012, 18 (Suppl. 4), 2—4. [CrossRef]

Forbes, ].D.; Bernstein, C.N.; Tremlett, H.; Van Domselaar, G.; Knox, N.C. A Fungal World: Could the Gut Mycobiome Be Involved
in Neurological Disease? Front. Microbiol. 2019, 9. [CrossRef]

Pellegrini, C.; Antonioli, L.; Colucci, R.; Blandizzi, C.; Fornai, M. Interplay among Gut Microbiota, Intestinal Mucosal Barrier
and Enteric Neuro-Immune System: A Common Path to Neurodegenerative Diseases? Acta Neuropathol. 2018, 136, 345-361.
[CrossRef]

Caballero-Villarraso, J.; Galvan, A.; Escribano, B.M.; Tunez, I. Interrelationships Among Gut Microbiota and Host: Paradigms,
Role in Neurodegenerative Diseases and Future Prospects. CNS Neurol. Disord. Drug Targets 2017, 16, 945-964. [CrossRef]
[PubMed]

Tremlett, H.; Bauer, K.C.; Appel-Cresswell, S.; Finlay, B.B.; Waubant, E. The Gut Microbiome in Human Neurological Disease: A
Review. Ann. Neurol. 2017, 81, 369-382. [CrossRef]

Savignac, HM.; Corona, G.; Mills, H.; Chen, L.; Spencer, ].PE.; Tzortzis, G.; Burnet, PW.J. Prebiotic Feeding Elevates Central
Brain Derived Neurotrophic Factor, N-Methyl-D-Aspartate Receptor Subunits and D-Serine. Neurochem. Int. 2013, 63, 756-764.
[CrossRef]

Hooks, K.B.; O’'Malley, M. A. Dysbiosis and Its Discontents. mBio 2017, 8. [CrossRef]

Petersen, C.; Round, J.L. Defining Dysbiosis and Its Influence on Host Immunity and Disease. Cell Microbiol. 2014, 16, 1024-1033.
[CrossRef] [PubMed]

Spielman, L.J.; Gibson, D.L.; Klegeris, A. Unhealthy Gut, Unhealthy Brain: The Role of the Intestinal Microbiota in Neurodegener-
ative Diseases. Neurochem. Int. 2018, 120, 149-163. [CrossRef] [PubMed]

Biagi, E.; Franceschi, C.; Rampelli, S.; Severgnini, M.; Ostan, R.; Turroni, S.; Consolandi, C.; Quercia, S.; Scurti, M.; Monti, D.; et al.
Gut Microbiota and Extreme Longevity. Curr. Biol. 2016, 26, 1480-1485. [CrossRef] [PubMed]

Di Meo, F,; Donato, S.; Di Pardo, A.; Maglione, V.; Filosa, S.; Crispi, S. New Therapeutic Drugs from Bioactive Natural Molecules:
The Role of Gut Microbiota Metabolism in Neurodegenerative Diseases. Curr. Drug Metab. 2018, 19, 478-489. [CrossRef]


http://doi.org/10.1073/pnas.1010529108
http://doi.org/10.1016/S1474-4422(03)00307-7
http://doi.org/10.1016/j.jpsychires.2016.07.019
http://doi.org/10.1126/scitranslmed.aaf6397
http://doi.org/10.1038/nm.4068
http://doi.org/10.1016/j.cell.2013.11.024
http://www.ncbi.nlm.nih.gov/pubmed/24315484
http://doi.org/10.3233/JAD-161141
http://doi.org/10.1073/pnas.1711233114
http://prisma-statement.org/PRISMAStatement/FlowDiagram
http://doi.org/10.1155/2020/8630275
http://doi.org/10.1080/14737175.2019.1623026
http://www.ncbi.nlm.nih.gov/pubmed/31122082
http://doi.org/10.1016/j.fitote.2010.07.012
http://doi.org/10.1155/2018/1367984
http://www.ncbi.nlm.nih.gov/pubmed/30647970
http://doi.org/10.1016/j.freeradbiomed.2018.12.023
http://www.ncbi.nlm.nih.gov/pubmed/30578921
http://doi.org/10.3390/nu12020350
http://doi.org/10.1111/j.1469-0691.2012.03916.x
http://doi.org/10.3389/fmicb.2018.03249
http://doi.org/10.1007/s00401-018-1856-5
http://doi.org/10.2174/1871527316666170714120118
http://www.ncbi.nlm.nih.gov/pubmed/28714393
http://doi.org/10.1002/ana.24901
http://doi.org/10.1016/j.neuint.2013.10.006
http://doi.org/10.1128/mBio.01492-17
http://doi.org/10.1111/cmi.12308
http://www.ncbi.nlm.nih.gov/pubmed/24798552
http://doi.org/10.1016/j.neuint.2018.08.005
http://www.ncbi.nlm.nih.gov/pubmed/30114473
http://doi.org/10.1016/j.cub.2016.04.016
http://www.ncbi.nlm.nih.gov/pubmed/27185560
http://doi.org/10.2174/1389200219666180404094147

Metabolites 2021, 11, 120 17 of 22

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

Wu, S.; Zhang, Y.-G.; Lu, R; Xia, Y.; Zhou, D.; Petrof, E.O.; Claud, E.C.; Chen, D.; Chang, E.B.; Carmeliet, G.; et al. Intestinal
Epithelial Vitamin D Receptor Deletion Leads to Defective Autophagy in Colitis. Gut 2015, 64, 1082-1094. [CrossRef]

Zhang, Y.-G.; Wu, S.; Yi, ]; Xia, Y,; Jin, D.; Zhou, J.; Sun, J. Target Intestinal Microbiota to Alleviate Disease Progression in
Amyotrophic Lateral Sclerosis. Clin. Ther. 2017, 39, 322-336. [CrossRef] [PubMed]

Wu, S.; Yi, J.; Zhang, Y.-G.; Zhou, ].; Sun, ]. Leaky Intestine and Impaired Microbiome in an Amyotrophic Lateral Sclerosis Mouse
Model. Physiol. Rep. 2015, 3. [CrossRef] [PubMed]

Fang, X.; Wang, X,; Yang, S.; Meng, F.; Wang, X.; Wei, H.; Chen, T. Evaluation of the Microbial Diversity in Amyotrophic Lateral
Sclerosis Using High-Throughput Sequencing. Front. Microbiol. 2016, 7, 1479. [CrossRef] [PubMed]

Rowin, J.; Xia, Y.; Jung, B.; Sun, J. Gut Inflammation and Dysbiosis in Human Motor Neuron Disease. Physiol. Rep. 2017, 5.
[CrossRef]

Mariat, D.; Firmesse, O.; Levenez, F.; Guimaraes, V.; Sokol, H.; Doré, J.; Corthier, G.; Furet, ].-P. The Firmicutes/Bacteroidetes
Ratio of the Human Microbiota Changes with Age. BMC Microbiol. 2009, 9, 123. [CrossRef]

Mazzini, L.; Mogna, L.; De Marchi, F.; Amoruso, A.; Pane, M.; Aloisio, I.; Cionci, N.B.; Gaggia, F.; Lucenti, A.; Bersano, E.; et al.
Potential Role of Gut Microbiota in ALS Pathogenesis and Possible Novel Therapeutic Strategies. J. Clin. Gastroenterol. 2018, 52
(Suppl. 1), S68-570. [CrossRef]

Zhai, C.-D.; Zheng, J.-J.; An, B.-C.; Huang, H.-F,; Tan, Z.-C. Intestinal Microbiota Composition in Patients with Amyotrophic
Lateral Sclerosis: Establishment of Bacterial and Archaeal Communities Analyses. Chin. Med. J. 2019, 132, 1815-1822. [CrossRef]
Blacher, E.; Bashiardes, S.; Shapiro, H.; Rothschild, D.; Mor, U.; Dori-Bachash, M.; Kleimeyer, C.; Moresi, C.; Harnik, Y.; Zur, M.;
et al. Potential Roles of Gut Microbiome and Metabolites in Modulating ALS in Mice. Nature 2019, 572, 474-480. [CrossRef]
[PubMed]

de la Rubia, J.E.; Drehmer, E.; Platero, J.L.; Benlloch, M.; Caplliure-Llopis, J.; Villaron-Casales, C.; de Bernardo, N.; AlarcOn, I,
Fuente, C.; Carrera, S.; et al. Efficacy and Tolerability of EH301 for Amyotrophic Lateral Sclerosis: A Randomized, Double-Blind,
Placebo-Controlled Human Pilot Study. Amyotroph. Lateral Scler. Front. Degener. 2019, 20, 115-122. [CrossRef]

Dooling, S.W.; Costa-Mattioli, M. Gut Bacteria Seize Control of the Brain to Prevent Epilepsy. Cell Host Microbe 2018, 24, 3-5.
[CrossRef]

Filosa, S.; Di Meo, F.; Crispi, S. Polyphenols-Gut Microbiota Interplay and Brain Neuromodulation. Neural Regen. Res. 2018, 13,
2055-2059. [CrossRef] [PubMed]

Bravo, J.A.; Forsythe, P.; Chew, M.V.; Escaravage, E.; Savignac, H.M.; Dinan, T.G.; Bienenstock, J.; Cryan, J.F. Ingestion of
Lactobacillus Strain Regulates Emotional Behavior and Central GABA Receptor Expression in a Mouse via the Vagus Nerve. Proc.
Natl. Acad. Sci. USA 2011, 108, 16050-16055. [CrossRef]

Barrett, E.; Ross, R.P.; O"Toole, PW.,; Fitzgerald, G.F.; Stanton, C. y-Aminobutyric Acid Production by Culturable Bacteria from
the Human Intestine. J. Appl. Microbiol. 2012, 113, 411-417. [CrossRef] [PubMed]

Lyte, M. Microbial Endocrinology: Host-Microbiota Neuroendocrine Interactions Influencing Brain and Behavior. Gut Microbes
2014, 5, 381-389. [CrossRef]

Desbonnet, L.; Garrett, L.; Clarke, G.; Bienenstock, J.; Dinan, T.G. The Probiotic Bifidobacteria Infantis: An Assessment of Potential
Antidepressant Properties in the Rat. J. Psychiatry Res. 2008, 43, 164-174. [CrossRef]

Fang, X. Potential Role of Gut Microbiota and Tissue Barriers in Parkinson’s Disease and Amyotrophic Lateral Sclerosis. Int. |.
Neurosci. 2016, 126, 771-776. [CrossRef] [PubMed]

Castillo-Alvarez, F.; Marzo-Sola, M.E. Role of the Gut Microbiota in the Development of Various Neurological Diseases. Neurologia
2019. [CrossRef]

Roy Sarkar, S.; Banerjee, S. Gut Microbiota in Neurodegenerative Disorders. J. Neuroimmunol. 2019, 328, 98-104. [CrossRef]
Wright, M.L.; Fournier, C.; Houser, M.C.; Tansey, M.; Glass, J.; Hertzberg, V.S. Potential Role of the Gut Microbiome in ALS: A
Systematic Review. Biol. Res. Nurs. 2018, 20, 513-521. [CrossRef]

Vendrik, K.E.W.; Ooijevaar, R.E.; de Jong, PR.C.; Laman, J.D.; van Oosten, B.W.; van Hilten, J.J.; Ducarmon, Q.R.; Keller, J.].;
Kuijper, E.J.; Contarino, M.F. Fecal Microbiota Transplantation in Neurological Disorders. Front. Cell Infect. Microbiol. 2020, 10, 98.
[CrossRef]

Gentile, E; Doneddu, PE.; Riva, N.; Nobile-Orazio, E.; Quattrini, A. Diet, Microbiota and Brain Health: Unraveling the Network
Intersecting Metabolism and Neurodegeneration. Int. J. Mol. Sci. 2020, 21, 7471. [CrossRef] [PubMed]

Kristek, A.; Wiese, M.; Heuer, P.; Kosik, O.; Schiar, M.Y.; Soycan, G.; Alsharif, S.; Kuhnle, G.G.C.; Walton, G.; Spencer, ].P.E. Oat
Bran, but Not Its Isolated Bioactive (3-Glucans or Polyphenols, Have a Bifidogenic Effect in an in Vitro Fermentation Model of the
Gut Microbiota. Br. J. Nutr. 2019, 121, 549-559. [CrossRef] [PubMed]

Etxeberria, U.; Fernandez-Quintela, A.; Milagro, EI; Aguirre, L.; Martinez, J.A.; Portillo, M.P. Impact of Polyphenols and
Polyphenol-Rich Dietary Sources on Gut Microbiota Composition. J. Agric. Food Chem. 2013, 61, 9517-9533. [CrossRef]

Valdés, L.; Cuervo, A.; Salazar, N.; Ruas-Madiedo, P.; Gueimonde, M.; Gonzalez, S. The Relationship between Phenolic
Compounds from Diet and Microbiota: Impact on Human Health. Food Funct. 2015, 6, 2424-2439. [CrossRef]

Banerjee, A.; Dhar, P. Amalgamation of Polyphenols and Probiotics Induce Health Promotion. Crit. Rev. Food Sci. Nutr. 2019, 59,
2903-2926. [CrossRef]

Lordan, C.; Thapa, D.; Ross, R.P; Cotter, P.D. Potential for Enriching Next-Generation Health-Promoting Gut Bacteria through
Prebiotics and Other Dietary Components. Gut Microbes 2020, 11, 1-20. [CrossRef]


http://doi.org/10.1136/gutjnl-2014-307436
http://doi.org/10.1016/j.clinthera.2016.12.014
http://www.ncbi.nlm.nih.gov/pubmed/28129947
http://doi.org/10.14814/phy2.12356
http://www.ncbi.nlm.nih.gov/pubmed/25847918
http://doi.org/10.3389/fmicb.2016.01479
http://www.ncbi.nlm.nih.gov/pubmed/27703453
http://doi.org/10.14814/phy2.13443
http://doi.org/10.1186/1471-2180-9-123
http://doi.org/10.1097/MCG.0000000000001042
http://doi.org/10.1097/CM9.0000000000000351
http://doi.org/10.1038/s41586-019-1443-5
http://www.ncbi.nlm.nih.gov/pubmed/31330533
http://doi.org/10.1080/21678421.2018.1536152
http://doi.org/10.1016/j.chom.2018.06.014
http://doi.org/10.4103/1673-5374.241429
http://www.ncbi.nlm.nih.gov/pubmed/30323120
http://doi.org/10.1073/pnas.1102999108
http://doi.org/10.1111/j.1365-2672.2012.05344.x
http://www.ncbi.nlm.nih.gov/pubmed/22612585
http://doi.org/10.4161/gmic.28682
http://doi.org/10.1016/j.jpsychires.2008.03.009
http://doi.org/10.3109/00207454.2015.1096271
http://www.ncbi.nlm.nih.gov/pubmed/26381230
http://doi.org/10.1016/j.nrl.2019.03.017
http://doi.org/10.1016/j.jneuroim.2019.01.004
http://doi.org/10.1177/1099800418784202
http://doi.org/10.3389/fcimb.2020.00098
http://doi.org/10.3390/ijms21207471
http://www.ncbi.nlm.nih.gov/pubmed/33050475
http://doi.org/10.1017/S0007114518003501
http://www.ncbi.nlm.nih.gov/pubmed/30688188
http://doi.org/10.1021/jf402506c
http://doi.org/10.1039/C5FO00322A
http://doi.org/10.1080/10408398.2018.1478795
http://doi.org/10.1080/19490976.2019.1613124

Metabolites 2021, 11, 120 18 of 22

79.
80.

81.

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.
98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Holscher, H.D. Dietary Fiber and Prebiotics and the Gastrointestinal Microbiota. Gut Microbes 2017, 8, 172-184. [CrossRef]
Fraga, C.G.; Croft, K.D.; Kennedy, D.O.; Tomas-Barberan, F.A. The Effects of Polyphenols and Other Bioactives on Human Health.
Food Funct. 2019, 10, 514-528. [CrossRef]

Durazzo, A.; Lucarini, M.; Souto, E.B.; Cicala, C.; Caiazzo, E.; Izzo, A.A.; Novellino, E.; Santini, A. Polyphenols: A Concise
Overview on the Chemistry, Occurrence, and Human Health. Phytother. Res. 2019, 33, 2221-2243. [CrossRef]

Mojzer, E.B.; Hrn¢i¢, M.K.; ékerget, M.; Knez, Z.; Bren, U. Polyphenols: Extraction Methods, Antioxidative Action, Bioavailability
and Anticarcinogenic Effects. Molecules 2016, 21, 901. [CrossRef]

Mocanu, M.-M.; Nagy, P.; Sz6116si, ]. Chemoprevention of Breast Cancer by Dietary Polyphenols. Molecules 2015, 20, 22578-22620.
[CrossRef]

Van Sumere, C.F. 2-Phenols and Phenolic Acids. In Methods in Plant Biochemistry; Harborne, J.B., Ed.; Plant Phenolics; Academic
Press: Cambridge, CA, USA, 1989; Volume 1, pp. 29-73.

Hakkinen, S.H.; Kdrenlampi, S.O.; Heinonen, LM.; Mykkédnen, HM.; Torrénen, A.R. Content of the Flavonols Quercetin,
Myricetin, and Kaempferol in 25 Edible Berries. J. Agric. Food Chem. 1999, 47, 2274-2279. [CrossRef]

Holiman, P.C.H.; Hertog, M.G.L.; Katan, M.B. Analysis and Health Effects of Flavonoids. Food Chem. 1996, 57, 43—46. [CrossRef]
Nile, A.; Nile, S.H.; Kim, D.H.; Keum, Y.S.; Seok, P.G.; Sharma, K. Valorization of Onion Solid Waste and Their Flavonols for
Assessment of Cytotoxicity, Enzyme Inhibitory and Antioxidant Activities. Food Chem. Toxicol. 2018, 119, 281-289. [CrossRef]
Hostetler, G.L.; Ralston, R.A.; Schwartz, S.J. Flavones: Food Sources, Bioavailability, Metabolism, and Bioactivity. Adv. Nutr. 2017,
8,423-435. [CrossRef] [PubMed]

Sowndhararajan, K.; Deepa, P.; Kim, M.; Park, S.J.; Kim, S. Neuroprotective and Cognitive Enhancement Potentials of Baicalin: A
Review. Brain Sci. 2018, 8, 104. [CrossRef]

Sokolov, A.N.; Pavlova, M.A; Klosterhalfen, S.; Enck, P. Chocolate and the Brain: Neurobiological Impact of Cocoa Flavanols on
Cognition and Behavior. Neurosci. Biobehav. Rev. 2013, 37, 2445-2453. [CrossRef]

Scalbert, A.; Williamson, G. Dietary Intake and Bioavailability of Polyphenols. ]J. Nutr. 2000, 130, 20735-2085S. [CrossRef]
[PubMed]

Kozlowska, A.; Szostak-Wegierek, D. Flavonoids—Food Sources and Health Benefits. Rocz. Panstw. Zakl. Hig. 2014, 65, 79-85.
Teng, H.; Chen, L. Polyphenols and Bioavailability: An Update. Crit. Rev. Food Sci. Nutr. 2019, 59, 2040-2051. [CrossRef]
Zaheer, K.; Akhtar, M.H. An Updated Review of Dietary Isoflavones: Nutrition, Processing, Bioavailability and Impacts on
Human Health. Crit. Rev. Food Sci. Nutr. 2017, 57, 1280-1293. [CrossRef] [PubMed]

D’Archivio, M.; Filesi, C.; Di Benedetto, R.; Gargiulo, R.; Giovannini, C.; Masella, R. Polyphenols, Dietary Sources and Bioavail-
ability. Ann. Ist. Super. Sanita 2007, 43, 348-361.

de la Lastra, C.A.; Villegas, I. Resveratrol as an Antioxidant and Pro-Oxidant Agent: Mechanisms and Clinical Implications.
Biochem. Soc. Trans. 2007, 35, 1156-1160. [CrossRef]

Hewlings, S.J.; Kalman, D.S. Curcumin: A Review of Its” Effects on Human Health. Foods 2017, 6, 92. [CrossRef]

Zhao, D.; Simon, J.E.; Wu, Q. A Critical Review on Grape Polyphenols for Neuroprotection: Strategies to Enhance Bioefficacy.
Crit. Rev. Food Sci. Nutr. 2020, 60, 597-625. [CrossRef]

Frolinger, T.; Sims, S.; Smith, C.; Wang, J.; Cheng, H.; Faith, J.; Ho, L.; Hao, K,; Pasinetti, G.M. The Gut Microbiota Composition
Affects Dietary Polyphenols-Mediated Cognitive Resilience in Mice by Modulating the Bioavailability of Phenolic Acids. Sci. Rep.
2019, 9, 3546. [CrossRef]

Poti, E; Santi, D.; Spaggiari, G.; Zimetti, F.; Zanotti, I. Polyphenol Health Effects on Cardiovascular and Neurodegenerative
Disorders: A Review and Meta-Analysis. Int. ]. Mol. Sci. 2019, 20, 351. [CrossRef]

Chandran, R.; Abrahamse, H. Identifying Plant-Based Natural Medicine against Oxidative Stress and Neurodegenerative
Disorders. Available online: https:/ /www.hindawi.com/journals/omcl/2020/8648742/ (accessed on 22 December 2020).
Mileo, A.M.; Nistico, P.; Miccadei, S. Polyphenols: Inmunomodulatory and Therapeutic Implication in Colorectal Cancer. Front.
Immunol. 2019, 10, 729. [CrossRef]

Johnson, S.L.; Kirk, R.D.; DaSilva, N.A.; Ma, H.; Seeram, N.P.; Bertin, M.]. Polyphenol Microbial Metabolites Exhibit Gut and
Blood—Brain Barrier Permeability and Protect Murine Microglia against LPS-Induced Inflammation. Metabolites 2019, 9, 78.
[CrossRef] [PubMed]

Gasperotti, M.; Passamonti, S.; Tramer, F.,; Masuero, D.; Guella, G.; Mattivi, E; Vrhovsek, U. Fate of Microbial Metabolites of
Dietary Polyphenols in Rats: Is the Brain Their Target Destination? ACS Chem. Neurosci. 2015, 6, 1341-1352. [CrossRef] [PubMed]
Mayta-Apaza, A.C.; Pottgen, E.; De Bodt, J.; Papp, N.; Marasini, D.; Howard, L.; Abranko, L.; Van de Wiele, T.; Lee, S.-O.;
Carbonero, F. Impact of Tart Cherries Polyphenols on the Human Gut Microbiota and Phenolic Metabolites in Vitro and in Vivo. J.
Nutr. Biochem. 2018, 59, 160-172. [CrossRef]

Ho, L.; Zhao, D.; Ono, K,; Ruan, K.; Mogno, L; Tsuji, M.; Carry, E.; Brathwaite, J.; Sims, S.; Frolinger, T.; et al. Heterogeneity in
Gut Microbiota Drive Polyphenol Metabolism That Influences a-Synuclein Misfolding and Toxicity. J. Nutr. Biochem. 2019, 64,
170-181. [CrossRef]

Wang, D.; Ho, L.; Faith, J.; Ono, K; Janle, E.M.; Lachcik, PJ.; Cooper, B.R.; Jannasch, A.H.; D’Arcy, B.R.; Williams, B.A.; et al. Role
of Intestinal Microbiota in the Generation of Polyphenol-Derived Phenolic Acid Mediated Attenuation of Alzheimer’s Disease
-Amyloid Oligomerization. Mol. Nutr. Food Res. 2015, 59, 1025-1040. [CrossRef] [PubMed]


http://doi.org/10.1080/19490976.2017.1290756
http://doi.org/10.1039/C8FO01997E
http://doi.org/10.1002/ptr.6419
http://doi.org/10.3390/molecules21070901
http://doi.org/10.3390/molecules201219864
http://doi.org/10.1021/jf9811065
http://doi.org/10.1016/0308-8146(96)00065-9
http://doi.org/10.1016/j.fct.2018.02.056
http://doi.org/10.3945/an.116.012948
http://www.ncbi.nlm.nih.gov/pubmed/28507008
http://doi.org/10.3390/brainsci8060104
http://doi.org/10.1016/j.neubiorev.2013.06.013
http://doi.org/10.1093/jn/130.8.2073S
http://www.ncbi.nlm.nih.gov/pubmed/10917926
http://doi.org/10.1080/10408398.2018.1437023
http://doi.org/10.1080/10408398.2014.989958
http://www.ncbi.nlm.nih.gov/pubmed/26565435
http://doi.org/10.1042/BST0351156
http://doi.org/10.3390/foods6100092
http://doi.org/10.1080/10408398.2018.1546668
http://doi.org/10.1038/s41598-019-39994-6
http://doi.org/10.3390/ijms20020351
https://www.hindawi.com/journals/omcl/2020/8648742/
http://doi.org/10.3389/fimmu.2019.00729
http://doi.org/10.3390/metabo9040078
http://www.ncbi.nlm.nih.gov/pubmed/31010159
http://doi.org/10.1021/acschemneuro.5b00051
http://www.ncbi.nlm.nih.gov/pubmed/25891864
http://doi.org/10.1016/j.jnutbio.2018.04.001
http://doi.org/10.1016/j.jnutbio.2018.10.019
http://doi.org/10.1002/mnfr.201400544
http://www.ncbi.nlm.nih.gov/pubmed/25689033

Metabolites 2021, 11, 120 19 of 22

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Sun, Z.-Z.; Li, X.-Y.; Wang, S.; Shen, L.; Ji, H.-F. Bidirectional Interactions between Curcumin and Gut Microbiota in Transgenic
Mice with Alzheimer’s Disease. Appl. Microbiol. Biotechnol. 2020, 104, 3507-3515. [CrossRef]

Firrman, J.; Liu, L.; Zhang, L.; Argoty, G.A.; Wang, M.; Tomasula, P.; Kobori, M.; Pontious, S.; Xiao, W. The Effect of Quercetin on
Genetic Expression of the Commensal Gut Microbes Bifidobacterium Catenulatum, Enterococcus Caccae and Ruminococcus
Gauvreauii. Anaerobe 2016, 42, 130-141. [CrossRef]

Etxeberria, U.; Arias, N.; Boqué, N.; Macarulla, M.T.; Portillo, M.P.; Martinez, ].A.; Milagro, F.I. Reshaping Faecal Gut Microbiota
Composition by the Intake of Trans-Resveratrol and Quercetin in High-Fat Sucrose Diet-Fed Rats. J. Nutr. Biochem. 2015, 26,
651-660. [CrossRef] [PubMed]

Lin, R.; Piao, M.; Song, Y. Dietary Quercetin Increases Colonic Microbial Diversity and Attenuates Colitis Severity in Citrobacter
Rodentium-Infected Mice. Front. Microbiol. 2019, 10, 1092. [CrossRef]

Tamura, M.; Hoshi, C.; Kobori, M.; Takahashi, S.; Tomita, J.; Nishimura, M.; Nishihira, J. Quercetin Metabolism by Fecal
Microbiota from Healthy Elderly Human Subjects. PLoS ONE 2017, 12, e0188271. [CrossRef] [PubMed]

Ip, P; Sharda, P.R.; Cunningham, A.; Chakrabartty, S.; Pande, V.; Chakrabartty, A. Quercitrin and Quercetin 3-3-d-Glucoside as
Chemical Chaperones for the A4V SOD1 ALS-Causing Mutant. Protein Eng. Des. Sel. 2017, 30, 431-440. [CrossRef]

Bhatia, N.K.; Modji, P; Sharma, S.; Deep, S. Quercetin and Baicalein Act as Potent Antiamyloidogenic and Fibril Destabilizing
Agents for SOD1 Fibrils. ACS Chem. Neurosci. 2020, 11, 1129-1138. [CrossRef] [PubMed]

Sharma, D.R.; Wani, W.Y.; Sunkaria, A.; Kandimalla, R.J.; Sharma, R.K.; Verma, D.; Bal, A.; Gill, K.D. Quercetin Attenuates
Neuronal Death against Aluminum-Induced Neurodegeneration in the Rat Hippocampus. Neuroscience 2016, 324, 163-176.
[CrossRef]

Duda-Chodak, A.; Tarko, T.; Satora, P.; Sroka, P. Interaction of Dietary Compounds, Especially Polyphenols, with the Intestinal
Microbiota: A Review. Eur. J. Nutr. 2015, 54, 325-341. [CrossRef] [PubMed]

Ushiroda, C.; Naito, Y.; Takagi, T.; Uchiyama, K.; Mizushima, K.; Higashimura, Y.; Yasukawa, Z.; Okubo, T; Inoue, R.; Honda,
A.; et al. Green Tea Polyphenol (Epigallocatechin-3-Gallate) Improves Gut Dysbiosis and Serum Bile Acids Dysregulation in
High-Fat Diet-Fed Mice. |. Clin. Biochem. Nutr. 2019, 65, 34—46. [CrossRef] [PubMed]

Most, J.; Penders, J.; Lucchesi, M.; Goossens, G.H.; Blaak, E.E. Gut Microbiota Composition in Relation to the Metabolic Response
to 12-Week Combined Polyphenol Supplementation in Overweight Men and Women. Eur. . Clin. Nutr. 2017, 71, 1040-1045.
[CrossRef]

Koh, S.-H.; Lee, S.M.; Kim, H.Y,; Lee, K.-Y;; Lee, Y.J.; Kim, H.-T.; Kim, J.; Kim, M.-H.; Hwang, M.S.; Song, C.; et al. The Effect of
Epigallocatechin Gallate on Suppressing Disease Progression of ALS Model Mice. Neurosci. Lett. 2006, 395, 103-107. [CrossRef]
Yu, J.; Jia, Y,; Guo, Y,; Chang, G.; Duan, W.,; Sun, M,; Li, B.; Li, C. Epigallocatechin-3-Gallate Protects Motor Neurons and Regulates
Glutamate Level. FEBS Lett. 2010, 584, 2921-2925. [CrossRef] [PubMed]

Srinivasan, E.; Rajasekaran, R. Probing the Inhibitory Activity of Epigallocatechin-Gallate on Toxic Aggregates of Mutant (L84F) SOD1
Protein through Geometry Based Sampling and Steered Molecular Dynamics. J. Mol. Graph. Model. 2017, 74, 288-295. [CrossRef]
Lee, B.; Shim, I.; Lee, H.; Hahm, D.-H. Effects of Epigallocatechin Gallate on Behavioral and Cognitive Impairments, Hypothalamic-
Pituitary-Adrenal Axis Dysfunction, and Alternations in Hippocampal BDNF Expression Under Single Prolonged Stress. ]. Med.
Food 2018, 21, 979-989. [CrossRef]

Wang, J.; Tang, L.; Zhou, H.; Zhou, J.; Glenn, T.C.; Shen, C.-L.; Wang, J.-S. Long-Term Treatment with Green Tea Polyphenols
Modifies the Gut Microbiome of Female Sprague-Dawley Rats. J. Nutr. Biochem. 2018, 56, 55-64. [CrossRef] [PubMed]
Turnbaugh, PJ.; Hamady, M.; Yatsunenko, T.; Cantarel, B.L.; Duncan, A ; Ley, R.E.; Sogin, M.L.; Jones, W.J.; Roe, B.A.; Affourtit,
J.P,; et al. A Core Gut Microbiome in Obese and Lean Twins. Nature 2009, 457, 480-484. [CrossRef] [PubMed]

Tims, S.; Derom, C.; Jonkers, D.M.; Vlietinck, R.; Saris, W.H.; Kleerebezem, M.; de Vos, W.M.; Zoetendal, E.G. Microbiota
Conservation and BMI Signatures in Adult Monozygotic Twins. ISME J. 2013, 7, 707-717. [CrossRef] [PubMed]

Jeong, HW.,; Kim, J.K,; Kim, A.Y.; Cho, D.; Lee, ].-H.; Choi, ].K,; Park, M.; Kim, W. Green Tea Encourages Growth of Akkermansia
Muciniphila. J. Med. Food 2020, 23, 841-851. [CrossRef]

Bian, X.; Wu, W,; Yang, L.; Lv, L.; Wang, Q.; Li, Y;; Ye, J.; Fang, D.; Wu, J; Jiang, X; et al. Administration of Akkermansia
Muciniphila Ameliorates Dextran Sulfate Sodium-Induced Ulcerative Colitis in Mice. Front. Microbiol. 2019, 10. [CrossRef]
Huang, N.; Hua, D.; Zhan, G,; Li, S.; Zhu, B.; Jiang, R.; Yang, L.; Bi, ].; Xu, H.; Hashimoto, K.; et al. Role of Actinobacteria and
Coriobacteriia in the Antidepressant Effects of Ketamine in an Inflammation Model of Depression. Pharmacol. Biochem. Behav.
2019, 176, 93-100. [CrossRef]

Carelli, L.; Solca, F; Faini, A.; Madotto, F.; Lafronza, A.; Monti, A.; Zago, S.; Doretti, A.; Ciammola, A.; Ticozzi, N.; et al. The
Complex Interplay Between Depression/ Anxiety and Executive Functioning: Insights From the ECAS in a Large ALS Population.
Front. Psychol. 2018, 9, 450. [CrossRef]

Fidélix, M.; Milenkovic, D.; Sivieri, K.; Cesar, T. Microbiota Modulation and Effects on Metabolic Biomarkers by Orange Juice: A
Controlled Clinical Trial. Food Funct. 2020, 11, 1599-1610. [CrossRef]

Estruel-Amades, S.; Massot-Cladera, M.; Pérez-Cano, E]J.; Franch, A.; Castell, M.; Camps-Bossacoma, M. Hesperidin Effects on
Gut Microbiota and Gut-Associated Lymphoid Tissue in Healthy Rats. Nutrients 2019, 11, 324. [CrossRef]

Mas-Capdevila, A.; Teichenne, J.; Domenech-Coca, C.; Caimari, A.; Del Bas, ].M.; Escoté, X.; Crescenti, A. Effect of Hesperidin on
Cardiovascular Disease Risk Factors: The Role of Intestinal Microbiota on Hesperidin Bioavailability. Nutrients 2020, 12, 1488.
[CrossRef]


http://doi.org/10.1007/s00253-020-10461-x
http://doi.org/10.1016/j.anaerobe.2016.10.004
http://doi.org/10.1016/j.jnutbio.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25762527
http://doi.org/10.3389/fmicb.2019.01092
http://doi.org/10.1371/journal.pone.0188271
http://www.ncbi.nlm.nih.gov/pubmed/29176866
http://doi.org/10.1093/protein/gzx025
http://doi.org/10.1021/acschemneuro.9b00677
http://www.ncbi.nlm.nih.gov/pubmed/32208672
http://doi.org/10.1016/j.neuroscience.2016.02.055
http://doi.org/10.1007/s00394-015-0852-y
http://www.ncbi.nlm.nih.gov/pubmed/25672526
http://doi.org/10.3164/jcbn.18-116
http://www.ncbi.nlm.nih.gov/pubmed/31379412
http://doi.org/10.1038/ejcn.2017.89
http://doi.org/10.1016/j.neulet.2005.10.056
http://doi.org/10.1016/j.febslet.2010.05.011
http://www.ncbi.nlm.nih.gov/pubmed/20488180
http://doi.org/10.1016/j.jmgm.2017.04.019
http://doi.org/10.1089/jmf.2017.4161
http://doi.org/10.1016/j.jnutbio.2018.01.005
http://www.ncbi.nlm.nih.gov/pubmed/29454999
http://doi.org/10.1038/nature07540
http://www.ncbi.nlm.nih.gov/pubmed/19043404
http://doi.org/10.1038/ismej.2012.146
http://www.ncbi.nlm.nih.gov/pubmed/23190729
http://doi.org/10.1089/jmf.2019.4662
http://doi.org/10.3389/fmicb.2019.02259
http://doi.org/10.1016/j.pbb.2018.12.001
http://doi.org/10.3389/fpsyg.2018.00450
http://doi.org/10.1039/C9FO02623A
http://doi.org/10.3390/nu11020324
http://doi.org/10.3390/nu12051488

Metabolites 2021, 11, 120 20 of 22

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Stevens, Y.; Rymenant, E.V.; Grootaert, C.; Camp, J.V.; Possemiers, S.; Masclee, A.; Jonkers, D. The Intestinal Fate of Citrus
Flavanones and Their Effects on Gastrointestinal Health. Nutrients 2019, 11, 1464. [CrossRef] [PubMed]

Youdim, K.A.; Dobbie, M.S.; Kuhnle, G.; Proteggente, A.R.; Abbott, N.J.; Rice-Evans, C. Interaction between Flavonoids and the
Blood-Brain Barrier: In Vitro Studies. J. Neurochem. 2003, 85, 180-192. [CrossRef] [PubMed]

Gopinath, K.; Sudhandiran, G. Protective Effect of Naringin on 3-Nitropropionic Acid-Induced Neurodegeneration through the
Modulation of Matrix Metalloproteinases and Glial Fibrillary Acidic Protein. Can. J. Physiol. Pharmacol. 2016, 94, 65-71. [CrossRef]
Khan, A.; Ikram, M.; Hahm, ].R.; Kim, M.O. Antioxidant and Anti-Inflammatory Effects of Citrus Flavonoid Hesperetin: Special
Focus on Neurological Disorders. Antioxidants 2020, 9, 609. [CrossRef]

Srinivasan, E.; Rajasekaran, R. Molecular Binding Response of Naringin and Naringenin to H46R Mutant SOD1 Protein in
Combating Protein Aggregation Using Density Functional Theory and Discrete Molecular Dynamics. Prog. Biophys. Mol. Biol.
2019, 145, 40-51. [CrossRef]

Zhuang, X.; Zhao, B,; Liu, S.; Song, E; Cui, F; Liu, Z.; Li, Y. Noncovalent Interactions between Superoxide Dismutase and Flavonoids
Studied by Native Mass Spectrometry Combined with Molecular Simulations. Anal. Chem. 2016, 88, 11720-11726. [CrossRef]
Huang, H.-J.; Chang, T.-T.; Chen, H.-Y.; Chen, C.Y.-C. Finding Inhibitors of Mutant Superoxide Dismutase-1 for Amyotrophic
Lateral Sclerosis Therapy from Traditional Chinese Medicine. Evid. Based Complement. Alternat. Med. 2014, 2014, 156276.
[CrossRef] [PubMed]

O’Mahony, S.M.; Clarke, G.; Borre, Y.E.; Dinan, T.G.; Cryan, J.E. Serotonin, Tryptophan Metabolism and the Brain-Gut-Microbiome
Axis. Behav. Brain Res. 2015, 277, 32-48. [CrossRef]

Zhao, Z.; Fu, J.; Li, S.; Li, Z. Neuroprotective Effects of Genistein in a SOD1-G93A Transgenic Mouse Model of Amyotrophic
Lateral Sclerosis. . Neuroimmune Pharmacol. 2019, 14, 688-696. [CrossRef]

De Boever, P.; Deplancke, B.; Verstraete, W. Fermentation by Gut Microbiota Cultured in a Simulator of the Human Intestinal
Microbial Ecosystem Is Improved by Supplementing a Soygerm Powder. |. Nutr. 2000, 130, 2599-2606. [CrossRef]

Bolca, S.; Possemiers, S.; Herregat, A.; Huybrechts, I.; Heyerick, A.; De Vriese, S.; Verbruggen, M.; Depypere, H.; De Keukeleire, D.;
Bracke, M.; et al. Microbial and Dietary Factors Are Associated with the Equol Producer Phenotype in Healthy Postmenopausal
Women. . Nutr. 2007, 137, 2242-2246. [CrossRef] [PubMed]

Clavel, T.; Fallani, M.; Lepage, P.; Levenez, F.; Mathey, |J.; Rochet, V.; Sérézat, M.; Sutren, M.; Henderson, G.; Bennetau-Pelissero,
C.; et al. Isoflavones and Functional Foods Alter the Dominant Intestinal Microbiota in Postmenopausal Women. . Nutr. 2005,
135, 2786-2792. [CrossRef]

Nakatsu, C.H.; Armstrong, A.; Clavijo, A.P; Martin, B.R; Barnes, S.; Weaver, C.M. Fecal Bacterial Community Changes Associated
with Isoflavone Metabolites in Postmenopausal Women after Soy Bar Consumption. PLoS ONE 2014, 9, e108924. [CrossRef]
Fernandez-Raudales, D.; Hoeflinger, J.L.; Bringe, N.A.; Cox, S.B.; Dowd, S.E.; Miller, M.].; Gonzalez de Mejia, E. Consumption of
Different Soymilk Formulations Differentially Affects the Gut Microbiomes of Overweight and Obese Men. Gut Microbes 2012, 3,
490-500. [CrossRef] [PubMed]

Espin, J.C.; Gonzélez-Sarrias, A.; Tomas-Barberan, FA. The Gut Microbiota: A Key Factor in the Therapeutic Effects of
(Poly)Phenols. Biochem. Pharmacol. 2017, 139, 82-93. [CrossRef]

Saez-Lara, M.].; Gomez-Llorente, C.; Plaza-Diaz, J.; Gil, A. The Role of Probiotic Lactic Acid Bacteria and Bifidobacteria in the
Prevention and Treatment of Inflammatory Bowel Disease and Other Related Diseases: A Systematic Review of Randomized
Human Clinical Trials. Biomed. Res. Int. 2015, 2015. [CrossRef]

Zhang, X.; Zhu, X.; Sun, Y.; Hu, B,; Sun, Y,; Jabbar, S.; Zeng, X. Fermentation in Vitro of EGCG, GCG and EGCG3"Me Isolated
from Oolong Tea by Human Intestinal Microbiota. Food Res. Int. 2013, 54, 1589-1595. [CrossRef]

Morissette, A.; Kropp, C.; Songpadith, J.-P.; Junges Moreira, R.; Costa, J.; Mariné-Casadé, R.; Pilon, G.; Varin, T.V.; Dudonné, S.;
Boutekrabt, L.; et al. Blueberry Proanthocyanidins and Anthocyanins Improve Metabolic Health through a Gut Microbiota-Dependent
Mechanism in Diet-Induced Obese Mice. Am. J. Physiol. Endocrinol. Metab. 2020, 318, E965-E980. [CrossRef] [PubMed]

Ju, M,; Liu, Y,; Li, M.; Cheng, M.; Zhang, Y.; Deng, G.; Kang, X.; Liu, H. Baicalin Improves Intestinal Microecology and Abnormal
Metabolism Induced by High-Fat Diet. Eur. |. Pharmacol. 2019, 857, 172457. [CrossRef]

Wang, C.-Z.; Zhang, C.-F,; Luo, Y.; Yao, H.; Yu, C.; Chen, L.; Yuan, J.; Huang, W.-H.; Wan, ].-Y.; Zeng, | ; et al. Baicalein, an Enteric
Microbial Metabolite, Suppresses Gut Inflammation and Cancer Progression in ApcMin/+ Mice. Clin. Transl. Oncol. 2020, 22,
1013-1022. [CrossRef] [PubMed]

Pandurangan, A.K.; Mohebali, N.; Esa, N.M.; Looi, C.Y.; Ismail, S.; Saadatdoust, Z. Gallic Acid Suppresses Inflammation in
Dextran Sodium Sulfate-Induced Colitis in Mice: Possible Mechanisms. Int. Immunopharmacol. 2015, 28, 1034-1043. [CrossRef]
[PubMed]

Maya, S.; Prakash, T.; Goli, D. Evaluation of Neuroprotective Effects of Wedelolactone and Gallic Acid on Aluminium-Induced
Neurodegeneration: Relevance to Sporadic Amyotrophic Lateral Sclerosis. Eur. ]J. Pharmacol. 2018, 835, 41-51. [CrossRef]
[PubMed]

Maya, S.; Prakash, T.; Goli, D. Effect of Wedelolactone and Gallic Acid on Quinolinic Acid-Induced Neurotoxicity and Impaired
Motor Function: Significance to Sporadic Amyotrophic Lateral Sclerosis. Neurotoxicology 2018, 68, 1-12. [CrossRef]

Kawabata, K.; Yoshioka, Y.; Terao, J. Role of Intestinal Microbiota in the Bioavailability and Physiological Functions of Dietary
Polyphenols. Molecules 2019, 24, 370. [CrossRef]


http://doi.org/10.3390/nu11071464
http://www.ncbi.nlm.nih.gov/pubmed/31252646
http://doi.org/10.1046/j.1471-4159.2003.01652.x
http://www.ncbi.nlm.nih.gov/pubmed/12641740
http://doi.org/10.1139/cjpp-2015-0035
http://doi.org/10.3390/antiox9070609
http://doi.org/10.1016/j.pbiomolbio.2018.12.003
http://doi.org/10.1021/acs.analchem.6b03359
http://doi.org/10.1155/2014/156276
http://www.ncbi.nlm.nih.gov/pubmed/24963318
http://doi.org/10.1016/j.bbr.2014.07.027
http://doi.org/10.1007/s11481-019-09866-x
http://doi.org/10.1093/jn/130.10.2599
http://doi.org/10.1093/jn/137.10.2242
http://www.ncbi.nlm.nih.gov/pubmed/17885005
http://doi.org/10.1093/jn/135.12.2786
http://doi.org/10.1371/journal.pone.0108924
http://doi.org/10.4161/gmic.21578
http://www.ncbi.nlm.nih.gov/pubmed/22895080
http://doi.org/10.1016/j.bcp.2017.04.033
http://doi.org/10.1155/2015/505878
http://doi.org/10.1016/j.foodres.2013.10.005
http://doi.org/10.1152/ajpendo.00560.2019
http://www.ncbi.nlm.nih.gov/pubmed/32228321
http://doi.org/10.1016/j.ejphar.2019.172457
http://doi.org/10.1007/s12094-019-02225-5
http://www.ncbi.nlm.nih.gov/pubmed/31650468
http://doi.org/10.1016/j.intimp.2015.08.019
http://www.ncbi.nlm.nih.gov/pubmed/26319951
http://doi.org/10.1016/j.ejphar.2018.07.058
http://www.ncbi.nlm.nih.gov/pubmed/30075221
http://doi.org/10.1016/j.neuro.2018.06.015
http://doi.org/10.3390/molecules24020370

Metabolites 2021, 11, 120 21 of 22

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Barber, S.C.; Higginbottom, A.; Mead, R.].; Barber, S.; Shaw, PJ. An in Vitro Screening Cascade to Identify Neuroprotective
Antioxidants in ALS. Free Radic. Biol. Med. 2009, 46, 1127-1138. [CrossRef]

Fontanilla, C.V.; Wei, X.; Zhao, L.; Johnstone, B.; Pascuzzi, RM.; Farlow, M.R.; Du, Y. Caffeic Acid Phenethyl Ester Extends
Survival of a Mouse Model of Amyotrophic Lateral Sclerosis. Neuroscience 2012, 205, 185-193. [CrossRef]

Rebai, O.; Belkhir, M.; Sanchez-Gomez, M.V.; Matute, C.; Fattouch, S.; Amri, M. Differential Molecular Targets for Neuroprotective
Effect of Chlorogenic Acid and Its Related Compounds Against Glutamate Induced Excitotoxicity and Oxidative Stress in Rat
Cortical Neurons. Neurochem. Res. 2017, 42, 3559-3572. [CrossRef] [PubMed]

Zhang, Z.; Wu, X,; Cao, S.; Wang, L.; Wang, D.; Yang, H.; Feng, Y.; Wang, S.; Li, L. Caffeic Acid Ameliorates Colitis in Association
with Increased Akkermansia Population in the Gut Microbiota of Mice. Oncotarget 2016, 7, 31790-31799. [CrossRef]

Zhang, Z.; Wang, D.; Qiao, S.; Wu, X,; Cao, S.; Wang, L.; Su, X.; Li, L. Metabolic and Microbial Signatures in Rat Hepatocellular
Carcinoma Treated with Caffeic Acid and Chlorogenic Acid. Sci. Rep. 2017, 7, 4508. [CrossRef]

Wang, P;; Li, D.; Ke, W.; Liang, D.; Hu, X.; Chen, F. Resveratrol-Induced Gut Microbiota Reduces Obesity in High-Fat Diet-Fed
Mice. Int. J. Obes. 2020, 44, 213-225. [CrossRef]

Ma, T; Chen, D.-D.; Tu, Y.; Zhang, N.-F; Si, B.-W.; Deng, K.-D.; Diao, Q.-Y. Effect of Dietary Supplementation with Resveratrol on
Nutrient Digestibility, Methanogenesis and Ruminal Microbial Flora in Sheep. J. Anim. Physiol. Anim. Nutr. 2015, 99, 676-683.
[CrossRef]

Luca, S.V.; Macovei, L; Bujor, A.; Miron, A.; Skalicka-Wozniak, K.; Aprotosoaie, A.C.; Trifan, A. Bioactivity of Dietary Polyphenols:
The Role of Metabolites. Crit. Rev. Food Sci. Nutr. 2020, 60, 626-659. [CrossRef] [PubMed]

Walker, ] M.; Eckardt, P.; Aleman, J.O.; da Rosa, ].C.; Liang, Y.; lizumi, T.; Etheve, S.; Blaser, M.].; Breslow, ]J.L.; Holt, P.R. The
Effects of Trans-Resveratrol on Insulin Resistance, Inflammation, and Microbiota in Men with the Metabolic Syndrome: A Pilot
Randomized, Placebo-Controlled Clinical Trial. J. Clin. Transl. Res. 2019, 4, 122-135.

Chen, M.; Hou, P; Zhou, M,; Ren, Q.; Wang, X.; Huang, L.; Hui, S.; Yi, L.; Mi, M. Resveratrol Attenuates High-Fat Diet-Induced
Non-Alcoholic Steatohepatitis by Maintaining Gut Barrier Integrity and Inhibiting Gut Inflammation through Regulation of the
Endocannabinoid System. Clin. Nutr. 2020, 39, 1264-1275. [CrossRef]

Wang, J.; Zhang, Y.; Tang, L.; Zhang, N.; Fan, D. Protective Effects of Resveratrol through the Up-Regulation of SIRT1 Expression
in the Mutant HSOD1-G93 A-Bearing Motor Neuron-like Cell Culture Model of Amyotrophic Lateral Sclerosis. Neurosci. Lett.
2011, 503, 250-255. [CrossRef] [PubMed]

Yun, Y.C,; Jeong, S.-G.; Kim, S.H.; Cho, G.-W. Reduced Sirtuin 1/Adenosine Monophosphate-Activated Protein Kinase in
Amyotrophic Lateral Sclerosis Patient-Derived Mesenchymal Stem Cells Can Be Restored by Resveratrol. |. Tissue Eng. Regen.
Med. 2019, 13, 110-115. [CrossRef]

Yafiez, M.; Galan, L.; Matias-Guiu, J.; Vela, A.; Guerrero, A.; Garcia, A.G. CSF from Amyotrophic Lateral Sclerosis Patients
Produces Glutamate Independent Death of Rat Motor Brain Cortical Neurons: Protection by Resveratrol but Not Riluzole. Brain
Res. 2011, 1423, 77-86. [CrossRef]

Mancuso, R.; del Valle, J.; Modol, L.; Martinez, A.; Granado-Serrano, A.B.; Ramirez-Nufiez, O.; Pallas, M.; Portero-Otin, M.; Osta,
R.; Navarro, X. Resveratrol Improves Motoneuron Function and Extends Survival in SOD1(G93A) ALS Mice. Neurotherapeutics
2014, 11, 419-432. [CrossRef]

Obrador, E.; Salvador, R.; Marchio, P.; Lépez-Blanch, R.; Jihad-Jebbar, A.; Rivera, P.; Vallés, S.L.; Banacloche, S.; Alcécer, J.;
Colomer, N.; et al. Nicotinamide Riboside and Pterostilbene Cooperatively Delay Motor Neuron Failure in ALS SOD1G93A Mice.
Mol. Neurobiol. 2020. [CrossRef]

Etxeberria, U.; Hijona, E.; Aguirre, L.; Milagro, EI.; Bujanda, L.; Rimando, A.M.; Martinez, J.A.; Portillo, M.P. Pterostilbene-
Induced Changes in Gut Microbiota Composition in Relation to Obesity. Mol. Nutr. Food Res. 2017, 61. [CrossRef] [PubMed]
Zhang, Z.; Hamada, H.; Gerk, PM. Selectivity of Dietary Phenolics for Inhibition of Human Monoamine Oxidases A and B.
Biomed. Res. Int. 2019, 2019, 8361858. [CrossRef] [PubMed]

Cashman, ].R.; Gagliardi, S.; Lanier, M.; Ghirmai, S.; Abel, K.J.; Fiala, M. Curcumins Promote Monocytic Gene Expression Related
to B-Amyloid and Superoxide Dismutase Clearance. Neurodegener Dis. 2012, 10, 274-276. [CrossRef] [PubMed]

Di Meo, F.; Margarucci, S.; Galderisi, U.; Crispi, S.; Peluso, G. Curcumin, Gut Microbiota, and Neuroprotection. Nutrients 2019, 11,
2426. [CrossRef] [PubMed]

Kim, D.S.H.L,; Kim, J.Y,; Han, Y. Curcuminoids in Neurodegenerative Diseases. Recent. Pat. CNS Drug Discov. 2012, 7, 184-204.
[CrossRef]

Chico, L,; Ienco, E.C.; Bisordi, C.; Lo Gerfo, A.; Petrozzi, L.; Petrucci, A.; Mancuso, M.; Siciliano, G. Amyotrophic Lateral Sclerosis
and Oxidative Stress: A Double-Blind Therapeutic Trial After Curcumin Supplementation. CNS Neurol. Disord. Drug Targets 2018,
17,767-779. [CrossRef]

Bereswill, S.; Mufioz, M.; Fischer, A.; Plickert, R.; Haag, L.-M.; Otto, B.; Kiihl, A.A.; Loddenkemper, C.; Gobel, U.B.; Heimesaat,
M.M. Anti-Inflammatory Effects of Resveratrol, Curcumin and Simvastatin in Acute Small Intestinal Inflammation. PLoS ONE
2010, 5, €15099. [CrossRef]

Shen, L.; Liu, L.; Ji, H.-F. Regulative Effects of Curcumin Spice Administration on Gut Microbiota and Its Pharmacological
Implications. Food Nutr. Res. 2017, 61. [CrossRef]

Abdellah, A.M.; Sliem, M.A.; Bakr, M.; Amin, R.M. Green Synthesis and Biological Activity of Silver-Curcumin Nanoconjugates.
Future Med. Chem. 2018, 10, 2577-2588. [CrossRef]


http://doi.org/10.1016/j.freeradbiomed.2009.01.019
http://doi.org/10.1016/j.neuroscience.2011.12.025
http://doi.org/10.1007/s11064-017-2403-9
http://www.ncbi.nlm.nih.gov/pubmed/28948515
http://doi.org/10.18632/oncotarget.9306
http://doi.org/10.1038/s41598-017-04888-y
http://doi.org/10.1038/s41366-019-0332-1
http://doi.org/10.1111/jpn.12264
http://doi.org/10.1080/10408398.2018.1546669
http://www.ncbi.nlm.nih.gov/pubmed/30614249
http://doi.org/10.1016/j.clnu.2019.05.020
http://doi.org/10.1016/j.neulet.2011.08.047
http://www.ncbi.nlm.nih.gov/pubmed/21896316
http://doi.org/10.1002/term.2776
http://doi.org/10.1016/j.brainres.2011.09.025
http://doi.org/10.1007/s13311-013-0253-y
http://doi.org/10.1007/s12035-020-02188-7
http://doi.org/10.1002/mnfr.201500906
http://www.ncbi.nlm.nih.gov/pubmed/27377854
http://doi.org/10.1155/2019/8361858
http://www.ncbi.nlm.nih.gov/pubmed/30809547
http://doi.org/10.1159/000333123
http://www.ncbi.nlm.nih.gov/pubmed/22156608
http://doi.org/10.3390/nu11102426
http://www.ncbi.nlm.nih.gov/pubmed/31614630
http://doi.org/10.2174/157488912803252032
http://doi.org/10.2174/1871527317666180720162029
http://doi.org/10.1371/journal.pone.0015099
http://doi.org/10.1080/16546628.2017.1361780
http://doi.org/10.4155/fmc-2018-0152

Metabolites 2021, 11, 120 22 of 22

181. Gerhardt, S.; Mohajeri, M.H. Changes of Colonic Bacterial Composition in Parkinson’s Disease and Other Neurodegenerative
Diseases. Nutrients 2018, 10, 708. [CrossRef] [PubMed]

182. Peterson, C.T.; Vaughn, A.R.; Sharma, V.; Chopra, D.; Mills, PJ.; Peterson, S.N.; Sivamani, R.K. Effects of Turmeric and Curcumin
Dietary Supplementation on Human Gut Microbiota: A Double-Blind, Randomized, Placebo-Controlled Pilot Study. J. Evid. Based
Integr. Med. 2018, 23. [CrossRef] [PubMed]


http://doi.org/10.3390/nu10060708
http://www.ncbi.nlm.nih.gov/pubmed/29857583
http://doi.org/10.1177/2515690X18790725
http://www.ncbi.nlm.nih.gov/pubmed/30088420

	Introduction 
	Gut Microbiota and ALS 
	Diet, Polyphenols and Neuroprotection. The Effect on Gut Microbiota 
	Polyphenols, Microbiota and ALS 
	Flavonoids 
	Quercetin 
	Catechins 
	Naringin and Hesperidin 
	Genistein 
	Proanthocyanidins 
	Baicalin 

	Non-Flavonoids 
	Gallic Acid 
	Caffeic Acid 
	Resveratrol 
	Pterostilbene 
	Curcumin 


	Conclusions 
	References

