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Overview
Homo sapiens harbor a complex and dynamic community of 

microorganisms, collectively known as ‘the microbiome’, that together 
constitute the largest ‘dispersed organ system’ on and within the body, 
cumulatively more massive, more metabolically active, and much 
more genetically complex than all of the multiple cell types of the 
human liver. Together with host cells and their genes, the microbiome 
constitutes the ‘metaorganism’, defined as an assemblage of interacting 
biological entities with significant commensal or symbiotic benefit 
to the entire lifeform. The human GI-tract microbiome's dynamic 
complexity of different microbial species is largely dependent on diet, 
dietary fiber, environmental and lifestyle-factors, and the most 
recent evidence suggests that this in turn contributes to human 
behavior and immunological and neurological health and disease. 
This communication-perspectives article will briefly discuss the 
relatively recent research advances at the intersection of human 
GI-tract microbiome-derived pro-inflammatory neurotoxins and 
the effects of low-fiber diets, and environmental and lifestyle 
factors on microbial abundance and speciation. In addition to 
the nutrients obtained from our diet it is becoming increasingly clear 
that beneficial dietary effects on the maintenance of a healthy GI-tract 
microbiome may also reduce the abundance of pro-inflammatory 
neurotoxins with gastric, immunological and neurological implications. 
This paper will further focus on current research developments: (i) 
of one of the human GI-tract’s most abundant Gram-negative bacterial 
species Bacteroides fragilis (of the phylum Bacteriodetes); (ii) discuss recent 
advances in our understanding of the contribution of B. fragilis-derived 
pro-inflammatory neurotoxins and their noteworthy contribution to 
biophysical barrier disruption and systemic effects; and (iii) evaluate 
their potential influences on progressive, age-related inflammatory 
neurodegenerative disease such as those associated with the Alzheimer’s 
disease (AD) process. 

The human GI-tract microbiome
The microbiome of the human gastrointestinal (GI) tract 

contains by far the largest reservoir of microbes in the body, and is 
composed of about ~1015 microorganisms from many thousands 
of different microbial species; the latest estimate is that the number 
of microbial genes in the human GI-tract microbiome outnumber 
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‘human ‘host’ genes by about ~837 to 1 [1-9]. This tremendous genetic 
abundance and diversity of the cumulative microbiome genome and 
the transcription and translation of components needed for highly 
integrated biochemical signaling pathways forms the basis for GI-tract 
microbial influence on health and disease [9-15]. Especially over the 
last decade have we just begun to appreciate that the human GI-tract 
is a very bioactive and dynamic source of microorganisms that possess 
a staggering complexity and diversity [7-11]. The vast majority 
of the human GI-tract microbiota is composed of anaerobic or 
facultative anaerobic bacteria, with fungi, protozoa, Archaebacteria 
(an ancient intermediate microbial group between the prokaryotes 
and eukaryotes), viruses and other microorganisms making up the 
remainder. Interestingly, of all mammals so far characterized, human 
GI-tract microbial densities of up to 1012 per cm3 represent the highest 
recorded packing density of any known microbial ecosystem, and 
only 2 of the 52 known major bacterial divisions, currently identified 
by 16S rRNA sequencing and metagenomics analysis, are abundant 
in the average, healthy human GI-tract microbiome. These 2 major 
bacterial divisions include the Gram-positive Firmicutes (~51% of 
the total) and the anaerobic Gram-negative Bacteroidetes (~48%). 
The remaining 1% of microbiome-resident phylotypes are distributed 
amongst the Cyanobacteria, Fusobacteria, Proteobacteria, Spirochetes 
and Verrucomicrobia. In addition to various different species of 
Archaebacteria, fungi, protozoa, viruses and other commensal 
microorganisms these microorganisms make up the essential ‘core’ of 
the human GI-tract microbiome [4-9,16-22]. That the Firmicutes and 
Bacteroidetes were preferentially selected from the ~52 bacterial phyla 
available in the earth’s biosphere is of considerable evolutionary interest 
with implications for the ‘hologenome’ theory. This theory postulates 
that it is not the individual organism, but rather the host organism 
together with its associated symbiotic microbial communities, or 
complete ‘metaorganism’ with the repertoire of all genes that form the 
‘metagenome’ that should be considered as the basic unit of evolution, 
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natural selection, genetic composition and potential for that individual 
organism [23-26]. Indeed the ‘hologenome’ theory incorporates the idea 
that the host along with its intracellular and extracellular microbiome 
functions as a unique and distinctive biological entity. Currently one 
of the most thoroughly studied and anatomically, developmentally, 
evolutionarily, immunologically and metabolically characterized 
phylum in the entire human GI-tract microbiome consist of the 
Gram-negative anaerobic bacillus of the genus Bacteriodetes and the 
abundant species Bacteroides fragilis [26-35]. 

Bacteriodetes and Bacteroides fragilis

About ~99.5% of all of the microbes in the human GI-tract 
microbiome consist of facultative and/or obligate anaerobic bacteria 
depending mostly on their position along the human digestive/intestinal 
systems that measures about ~3.5 cm in diameter and approximately 
~7 m in length [1-6,21,36-39]. Perhaps not too surprisingly the 
microbes in the deeper, more anaerobic parts of the small intestine are 
the most enriched in anaerobic microbial subtypes suggesting a robust 
adaptation to the pH and the biophysical and microbial composition 
of that segment of the GI-tract environment [14,15,21-31]. Within 
these specific GI-tract regions the most abundant Gram-negative 
bacteria of the human GI-tract microbiome consist mostly of the 
phylum Bacteriodetes, with a major genus-species being represented 
by the obligate Gram-negative anaerobe non-spore forming bacillus 
Bacteroides fragilis. The genus Bacteroidetes and the species Bacteroides 
fragilis: (i)  are amongst the most studied and genetically understood 
human GI-tract resident microorganism [3,27-29,32-35]; (ii) lie at 
the core of the human GI-tract microbiome in both American and 
European populations [3,16,17]; (iii) exhibit a surprising amount of 
intra-species genomic diversity and associated range and variety of 
potential biochemical functions [3,5,34,35]; and (iv) can generate some 
of the most potent pro-inflammatory and pathogenic neurotoxins of 
all lifeforms yet studied [10-13,21,27-29]. Further, in these deep 
GI-tract regions B. fragilis: (i) are present at about one-hundred times 
the abundance of Gram negative bacilli of the phylum Proteobacteria 
and the genus-species Escherichia coli [28,29]; (ii) colonize this section 
of the human GI-tract at densities of up to 8 × 1010  CFU/cm3; this 
being the highest density of any microbial colonization known in 
nature [21-31]; (iii) reside and proliferate exclusively in the GI-tract of 
mammals [27-35]; and (iv) normally constitute an abundant repository 
of commensal, symbiotic bacteria generally highly beneficial to human 
immune-, digestive-, nutritive- and neurological health[31,32]. 

 The significant health benefits of Bacteriodetes and Bacteroides 
fragilis in particular to human health is due in part to the remarkable 
ability of Bacteroides species to metabolize dietary fiber into volatile 
short chain fatty acids (SCFAs; including acetate, butyrate, lactate, 
propionate, valerate and other lipid nutrients) and/or to biosynthesize 
complex sugars and polysaccharides to maintain overall glucose 
homeostasis in multiple biophysiological compartments of the host, 
such as the systemic circulation, intracellular compartments and 
cerebrospinal fluid (CSF) [20,35,40]. SCFAs: (i) ordinarily function 
in the development, homeostasis, and maintenance of the host 
immune, neuro-endrocrine and digestive systems; and (ii) play an 
important regulatory role in glucose homeostasis, lipid metabolism 
and anti-inflammatory signaling in endothelial cells of the lining 
of the GI-tract, sometimes known as the intestinal endothelium 
[27-29]. Besides being of immense benefit to human general health 
in the extraction of energy from the diet, absorption of nutrients and 
generation of vitamins (such as vitamin B12 and K), amino acids (such 
as lysine) and peptide sugars (such as peptidoglycans), the microbiome 

anchors a robust systemic immune-defense system against infective 
pathogens [10-12,15-17]. Interestingly bacteria and microorganisms 
that make up the smallest 1% of the human GI-tract microbiome 
have a disproportionately large impact on, and relevance to, human 
disease, and a major function of abundant species normally residing 
in the healthy GI-tract microbiome is to regulate the proliferation of 
any potentially pathogenic microbes and keep them under homeostatic 
control [40-42]. 

On the other hand some of the most potent pathogenic and 
pro-inflammatory neurotoxins known originate from enterotoxigenic 
strains of the GI-tract microbiome-abundant anaerobic bacillus 
Bacteroides fragilis [27-35]. These include a group of extremely 
pro-inflammatory glycolipids known as lipopolysaccharide (LPS), 
lipooligosaccharide (LOS; truncated versions of ‘regular-sized’ LPS 
molecules), barrier-disrupting, cell-cell adhesion proteins, including 
E-cadherin cleaving-and-destroying enterotoxins such as Bacteroides 
fragilis toxin (BFT) or fragilysin, a large family of species-specific 
bacterial amyloids and information-carrying small non-coding RNAs 
(sncRNAs) similar in size and ribonucleic acid structure and composition 
to microRNAs (miRNAs) of the human host [43,44]. Together these 
B. fragilis exudates are known to negatively affect the structure and 
function of biophysiological barriers, such as the gastrointestinal 
(GI) mucosa that forms the basis for the GI-tract barrier, and the 
blood-brain barrier (BBB), to disrupt normal barrier-based selection 
and exclusion properties, enabling these toxic exudates to enter the 
systemic circulation and pass through the BBB to elicit inflammatory 
neurodegeneration and induce neuronal dysfunction, atrophy and 
loss in the CNS [13-18]. Very recently it has been shown that BF-LPS 
is abundant in AD brain neocortex, and in later stages of the disease 
can encapsulate neuronal nuclei of the neocortical hexalayer into ‘LPS 
cage’ structures and in doing so impair the exit of neuron-specific 
messenger RNA (mRNA) transcripts such as synapsin (SYN) and the 
neurofilament light (NF-L) chain protein [44-46]. Down-regulation of 
SYN and NF-L gene expression is an important characteristic of AD 
neuropathology and AD amyloids (such as Aβ42 peptide) appear to 
facilitate LPS entry into human neurons [45-47]. Another very recent 
finding is that the environmentally abundant neurotoxin aluminum 
sulfate significantly induces the generation of LPS from certain species 
of the human GI-tract microbiome-resident genus Bacteriodetes [48,49].

Neurotoxins derived from the human GI-tract 
microbiome - GI-tract exudates – BF-LPS and fragilysin

The multiple strains of Bacteroides fragilis (B. fragilis) in the 
human GI-tract consist of two predominant subspecies - distinguished 
in part by their gene makeup, their genetic encoding capabilities and 
potential to biosynthesize and secrete: (i) extremely pro-inflammatory 
lipopolysaccharides such as BF-LPS; and (ii) to produce a zinc-dependent 
metalloprotease enterotoxin (sometimes recognized as a metalloproteotoxin 
or metalloprotease), also known as B. fragilis toxin (BFT) or fragilysin (EC 
3.4.24.74) [33]. Species of Bacteroides that do not secrete BF-LPS or BFT 
(fragilysin) are termed ‘nontoxigenic B. fragilis’ while those that do 
secrete BF-LPS or BFT are called ‘enterotoxigenic’ strains of B. fragilis 
[32,33]. The GI-tract microbiome in addition secretes copious quantities 
of bacterial amyloids and small non-coding RNAs (sncRNAs) of which 
virtually nothing is known, or if they act independently or together to 
induce neuro-inflammation and neuropathology [43-49]. Within the 
last several years it has been demonstrated that enterotoxigenic strains 
of B. fragilis (ETBF) proliferate rapidly in the mammalian GI-tract 
both in the absence of adequate dietary fiber and in the presence of 
high-fat cholesterol (HF-C) diets [35,50-52]. This remarkable species 
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propagation of a GI-tract resident microbe based on dietary fiber 
intake appears to enhance the intestinal abundance of B. fragilis and 
hence the potential of this Gram-negative obligate anaerobe to secrete 
its formidable array neurotoxic exudates. As mentioned previously 
these primarily include (i) the lipoglycan lipopolysaccharide (LPS), a 
particularly potent, pro-inflammatory LPS glycolipid subtype (BF-LPS) 
[10-12]; and (ii) the hydrolytic, extracellular zinc metalloproteinase 
known as Bacteroides fragilis toxin (BFT; also known as fragilysin); 
either alone or together these are respectively amongst the most 
pro-inflammatory lipoglycans and enterotoxins known [53-55]. For 
example, as quantified by the ability to generate the pro-inflammatory 
transcription factor NF-kB (p50/p65) in human neuronal-glial 
(HNG) cells in primary co-culture, BF-LPS was found to be the most 
inflammation-supporting factor in a large analytical panel of cytokines 
and amyloids, either alone or in combination [43,44]. The other major 
B. fragilis-derived, secreted enterotoxin BFT (fragilysin) has long 
been known to hydrolyze extracellular matrix proteins, and disrupt 
tight junctions of intestinal cells while also degrading intracellular 
and cytoskeletal proteins such as actin, myosin and other filamentous 
proteins [55,56]. BFT also causes significant oxidative DNA damage, 
epithelial membrane barrier damage and activation of pathogenic 
STAT3/Th17 immune responses [34,57]. Importantly, both BF-LPS 
and BFT (fragilysin) can leak through the normally protective mucosal 
barriers of the GI-tract intestinal endothelium to bring about substantial 
inflammatory pathology in both the systemic circulation and after 
BBB transit into vulnerable CNS compartments, including the highly 
vascularized neocortical parenchyma of the brain [29,53,55,58,59]. 
Indeed, while Bacteroides fragilis is an anaerobic bacillus and part of the 
normal microbiota of the human colon and is generally commensal, 
this microbe can cause a ‘smoldering’ systemic infection if displaced 
into the bloodstream or surrounding tissue following disease, trauma 
or surgery [58,60-66]. It is important to note that BF-LPS and BFT 
together have been detected both in the general circulation in patients 
exhibiting systemic inflammation, in the brains of amyloid over-expressing 
transgenic Alzheimer’s disease (AD) murine models and in the blood 
serum and parenchyma of advanced AD patients [66-69].

When the highly toxic exudates of enterotoxigenic strains of B. fragilis 
escape the microbial-dense environment of the human GI-tract 
they can produce substantial systemic inflammatory pathology with 
significant mortality and morbidity. B. fragilis proliferation and excess 
is associated with the development of multiple pro-inflammatory bowel 
cancers, bacteremia, brain and intra-abdominal abscess, cellulitis, 
colitis, diabetic ulcer, diarrhea, necrotizing fasciitis, peritonitis, 
sepsis, septicemia, systemic infection and systemic inflammation, the 
development of neurological diseases involving progressive, age-related 
inflammatory neurodegeneration (such as AD), and those neurological 
disorders that display a significantly elevated incidence of atypical 
developmental programming against a background of aging (such 
as schizophrenia) [37,70-76]. Very recently LPS-induced systemic 
inflammation has been associated with synaptic loss and cognitive 
decline in multiple human neurological disorders and in transgenic 
murine models for AD, and a role for LPS-mediated microglial release 
of pro-inflammatory cytokines, such as interleukin IL-1β, is currently 
based on both in vivo and primary culture studies in vitro [53,73]. 

Diet and dietary fiber
While it is generally appreciated that healthy diets are replete with 

vitamins, essential trace metals, amino acids, fatty acids, lipids and 
nutrients for human health benefit it is not as well acknowledged that 
these same wholesome diets are also packed with both soluble and 

insoluble forms of dietary fiber. Generally, the term fiber refers to all the 
parts of plant-derived foods that cannot be easily digested or absorbed 
by the body. Soluble fiber is hydrophilic, water-soluble and turns into 
a gel-like constituency during digestion; examples are cereals, legumes 
of the family Fabaceae (or Leguminosae), fruits and vegetables of the 
families Solanacea (tomatoe), Brassicas (cruciferous vegetables) and 
others such as seaweeds from the Plantae kingdoms of chlorophytes, 
rhodophytes, phaeophytes and cyanophtyes. On the other hand insoluble 
fiber does not dissolve in water and is left relatively intact as food moves 
through the GI-tract; important examples of insoluble fiber includes 
‘hard’ grains such as barley (Hordeum vulgare) and whole grain rice 
(Oryza sativa), cruciferous vegetables of the family Brassicaceae and 
dark leafy vegetables. Perhaps as interesting as the contribution of 
Firmicutes and Baceriodetes to a healthy human microbiome is the 
contribution of Fabaceae or Leguminosae or Brassicas or other fiber-laden 
dietary nutrition to microbiome health, and serves as another interesting 
example of ‘interkingdom communication’, ‘beneficial plant-microbe 
interactions’ and dynamic signaling amongst selective species which 
inhabit our biosphere [73,75,77]. 

The average American diet is woefully inadequate in both soluble 
and insoluble forms of dietary fiber. For example for optimum health 
both the United States Food and Drug Administration (FDA) and the 
American Heart Association (AHA) suggest that the total daily fiber 
intake should range between 21-25 gm per day (for women under 
50) and between 30-38 gm per day (for men under 50); while the 
average American diet contains only a fraction of this, averaging only 
12-15 grams of total fiber per day or only 35-65% of what is termed 
as an ‘ideal fiber intake’ [74-78]. For one of the few thorough studies 
conducted in mammals (Sus scrofa domesticus) by Heinritz et al. 
reported that low-fat/high-fiber (LF/HF) diets stimulated beneficial 
bacteria and SCFA production while a high fat/low fiber (HF/LF) diet 
fostered the proliferation of those bacterial groups, including B. fragilis, 
associated with a negative impact on health conditions - concluding 
that there are important relationships amongst dietary fiber and fat 
intake, nutrition, gut microbial composition and host health [5,51]. In 
a more recent study in Homo sapiens the consumption of almonds, a 
rich source of  both soluble and insoluble fiber, unsaturated fats, and 
polyphenols, all nutrients that can favorably alter the composition 
of the gut microbiome, were found to decrease the abundance of the 
pathogenic bacterium  Bacteroides  fragilis  by 48% (overall relative 
abundance, p<0.05) [50]. It appears from multiple studies and from the 
evidence available that an adequate intake of dietary fiber is associated 
with digestive health and reduced risk for heart disease, stroke, 
hypertension, certain gastrointestinal disorders, obesity, type 2 diabetes, 
certain cancers such as colorectal cancer as well as neurological diseases 
ranging from schizophrenia to AD [13,34,37,42,43,50,57,74].

Several excellent and extensive recent reviews on the ability of 
fiber-rich foods to suppress the incidence and mortality from 'Western' 
diseases, notably cancers of the colon, breast, liver, cardiovascular, 
infectious, and respiratory diseases, diabetes, obesity and neurological 
disease have recently appeared and will not be dealt with further here. 
Most of these reviews are based on the original ideas of the British 
surgeon Denis Burkitt (1911-1993) and others on the ‘dietary fiber 
hypothesis’ and its important role in the maintenance of human health 
[75-79]. 

Environment and lifestyle 
Environment and lifestyle are two highly integrated elements that 

help define the biological, biochemical, biophysiological and microbial 
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niche in which each organism occupies. Our environment for example 
directly impacts human lifestyle choices which can have a critical, vital 
and determining influence on the health, complexity and dynamics 
of the GI-tract microbiome, and the microbial-derived supply of 
elements ranging from beneficial to detrimental and associated with 
homeostatic dysfunction and disease (Figure 1). These elements 
broadly impact glucose and energy metabolism, cellular, nuclear and 
metabolic function and homeostasis, the health of the GI-tract and 
BBB membranes and other biophysiological barriers, immunological, 
neuroendocrine and digestive activities and neurobehavioral 
development, maintenance and neurological function [80-82]. One 
continuing paradox of Westernized societies is that as the leading 
historical causes, constraints and limitations to human life expectancy 
are diminished or eradicated by progressive and significant advances 
in medicine, diseases related to poor dietary choices (including low 
fiber and high fat diets), sedentary life-styles, excessive and prolonged 
exposure to environmental toxins from toxic contaminants in our diet 
to antibiotics, food additives and food processing, health economics 
and age-related disease have now become major contributors to 
human mortality. The dynamics of the human GI-tract microbiome 
is becoming increasingly recognized as perhaps the most important 
contributor to many of these diseases especially through the provision 
of nutrients, the modulation of both active- and innate-immunity and 
the myriad of signaling intermediates that regulate diverse biological 
systems driven by the transcription, translation and the massive 
interaction and integration of both the human host and the microbial 
‘hologenome’ acting together. 

Very recently, in studies involving the functional and phylogenetic 
diversity associated with global populations, an extensive 
biostatistical- and bioinformatics-based analyses of the GI-tract 

‘metagenomes’ of ~2100 human donors detected about ~22.3 million 
non-redundant prokaryotic genes, and at least half of all of the genes 
identified were unique to the individual from which that GI-tract 
microbiome was derived [9]. When compared to the established 
human genome content of 26.6 thousand protein-encoding transcripts 
of the human genome sequencing project obtained about ~18 years ago, 
the number of microbial genes in the human GI-tract microbiome alone 
was found to outnumber human genes by about 837 to 1 [9,83-85]. In a 
related study from a total of 9,428 global, body-wide human metagenomes, 
154,723 microbial genomes and 2.85 million genes were annotated, and 
thousands of microbial genomes were identified from yet-to-be-named 
species [3,83]. Perhaps the most fascinating and novel findings were: (i) 
that ~50% of all of an individual’s microbial genetic make-up was found 
to be unique to that individual; and (ii) the huge genetic variation 
in many intestinal bacteria, including the human GI-tract abundant 
microbe B. fragilis. Overall this suggests that even for common, 
well-studied microorganisms a surprising amount of intra-species 
genomic diversity and associated biochemical functions still remains 
to be categorized. These findings continue to support the GI-tract 
microbiome as being an extremely active, dynamic and changing 
ecosystem dependent on the host’s age, diet, habits, environment, 
ethnicity, and health and/or disease status [86-89], and that lifestyle 
choices and environmental variables including for example, the host’s 
choice of geographical and environmental location has a significant 
bearing on both the dynamic composition of their microbiome and 
through this their overall health status [90-100]. 

Use of probiotic and/or prebiotic to approaches to 
optimize human health

As our characterization and understanding of the human 
microbiome advances, there is emerging the intriguing possibility that 
the constitution of the GI-tract microbiome could be transiently or 
permanently altered through diet, dietary fiber intake, probiotics 
and/or prebiotics to optimize human health and both lower the 
incidence or even treat disease. This approach might be especially useful 
in those disorders resistant to pharmacological- or immunological-based 
therapies. For example, experiments in transgenic murine models as 
well as emerging human clinical studies have revealed that therapeutic 
manipulation of the microbiota, using fecal microbial transplantation, 
natural or engineered probiotics, or pre-biotics represent effective 
nontoxic and non-invasive approaches for the treatment, clinical 
management and/or prevention of for example, allergies, autoimmune 
diseases, Clostridium difficile infection and enhance the efficacy 
of certain cancer immune-therapeutics, especially in the elderly 
[21,30,89,95-100]. Preliminary results from our own laboratory 
using the 5xFAD amyloid-overexpressing murine mouse model of 
AD (containing 5 familial Alzheimer’s disease genes and based on a 
C57BL6 murine background) shows that animals fed high-fiber (both 
soluble and insoluble) diets have a lower abundance of B. fragilis in their 
GI-tract microbiome compared to age-matched control mice receiving 
standard diets, and show significant improvement in cognition and 
memory tasks as they age (manuscript in preparation).

Summary
Over the last decade, our understanding of the immense 

contribution of GI-tract microbiome to human physiology and host 
metabolic functions has increased dramatically, yet progress is limited 
by the sheer complexity and dynamics of these microbial communities 
[3,81]. Microorganisms of the human GI-tract microbiome are now 
generally appreciated as playing some critical role in the maintenance 

Figure 1. Highly simplified schematic of an integrated signaling system consisting of 
dietary-, environmental- and lifestyle-derived elements which provide neurotoxins – 
both neuro-inflammatory and neuro-pathogenic - to the brain and central nervous system 
(CNS). Dietary factors, such as both soluble and insoluble fiber from the diet are becoming 
increasingly appreciated as critical regulators of the abundance, speciation and health of 
microbial species in the microbiome [95-100]. In turn, abundant microbiome-resident 
Gram negative bacilli such as Bacteroides fragilis are known to secrete a formidable array 
of highly pro-inflammatory glycolipids, lipopolysaccharides (LPSs), lipooligosaccharides 
(LOS; smaller versions of LPS), barrier-disrupting enterotoxins such as BFT (fragilysin), 
bacterial amyloids and small non-coding RNAs (sncRNAs) that are known to affect the 
structure and function of biophysiological barriers such as the gastrointestinal (GI) tract 
barrier and blood-brain barrier (BBB) [16-21,43-49,94,100]. It is important to point 
out that B. fragilis (and its complex repertoire of neurotoxins) is just one of the many 
hundreds of thousands of bacterial subtypes resident in the GI-tract microbiome, and under 
normal physiological conditions there might be expected to be potentially generated an 
exceedingly variable and noxious mixture of multiple bacterial neurotoxins from many 
different microbial species. Dietary fiber intake, environment and lifestyle represent highly 
integrated components contributing to the maintenance of the microbiome and the potential 
for a life-long and continuous supply of neurotoxins (dashed black lines); the potential 
for contribution of neurotoxins via feedback mechanisms to microbiome abundance, 
complexity and speciation and lifestyle are currently suspected but are not well understood 
(dashed black lines with question marks)
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of health and the development of disease, however the complexity 
and diversity of this ‘dispersed organ system’, and commensal and 
symbiotic relationships with human host cells, particularly with 
host cells of the central nervous system (CNS) remains incompletely 
understood. Neurotoxins detrimental to the normal structure, function 
and signaling properties of brain cells: (i) may be acquired directly 
via naturally-occurring, plant growth- and plant yield-promoting 
factors or processed components of ingested foodstuffs; (ii) from the 
environment; (iii) from the individual lifestyles that we live; and also 
(iv) from the neurotoxic exudates derived from thousands of species of 
stressed GI-tract resident microbes. Diet, environment and lifestyle 
are inextricably linked when considering 'hologenome' aspects of a 
highly networked 'metaorganism' and metagenomics factors with 
the most recent findings that microbiome-derived neurotoxins can 
strongly contribute to human diseases from intestinal and systemic 
inflammation, to obesity to schizophrenia and to Alzheimer's disease 
(AD) [21,27-33,37-40]. For example, in fiber-deprived diets which 
can be strongly impacted by environmental and lifestyle choices 
certain GI-tract abundant Gram negative bacilli such as B. fragilis 
appear to strongly proliferate, increasing both their potential and 
abundance for the synthesis and release of neurotoxins by mass action 
alone. Importantly, especially against a background of unwise and 
unhealthy environmental and lifestyle choices, some of the most potent 
neurotoxins known can be a significant and a continuous ‘life-long’ 
source from the diet, in part through an insufficient supply of dietary 
fiber and the maintenance, support and proliferation of dysbiotic 
microbes that maintain their persistent and continual residence in the 
human GI-tract microbiome. 

Acknowledgments 
The research in this was presented in part at the Society for 

Neuroscience (SFN) Annual Meeting, Chicago IL USA, November 
2019. Sincere thanks are extended to Drs. L. Cong, F. Culicchia, C. 
Eicken, K. Navel, W. Poon, E. Head and the late Drs. J.M. Hill and 
P.N. Alexandrov for helpful discussions in this research area, for short 
postmortem interval (PMI) human brain and retinal tissues or extracts, 
for initial bioinformatics and data interpretation, and to A.I. Pogue and 
D. Guillot for expert technical assistance and medical artwork. Research 
on microRNAs, ethnobiology, botanical neurotoxins, pro-inflammatory 
and pathogenic signaling in the Lukiw laboratory involving the 
microbiome, the innate-immune response, amyloidogenesis, 
synaptogenesis, and neuro-inflammation in AD, prion and in other 
human neurological- and plant-viroid-based diseases was supported 
through an unrestricted grant to the LSU Eye Center from Research 
to Prevent Blindness (RPB); the Louisiana Biotechnology Research 
Network (LBRN) and NIH grants NEI EY006311, NIA AG18031, and 
NIA AG038834 (WJL). The content of this manuscript is solely the 
responsibility of the authors and does not necessarily represent the 
official views of the National Institute on Aging, the National Center for 
Research Resources, or the National Institutes of Health. 

References
1. Jones BP, Duncan CC, Brouwers P, Mirsky AF (1991) Cognition in eating disorders. J 

Clin Exp Neuropsychol 13: 711-728. [Crossref] 

2. Mancini N, Peri F, Rescigno M, Zanoni I (2020) Microbiome studies in the medical 
sciences and the need for closer multidisciplinary interplay. Sci Signal 13: eaba9911. 
[Crossref]

3. Pasolli E, Asnicar F, Manara S, Zolfo M, Karcher N, et al. (2019) Extensive unexplored 
human microbiome diversity revealed by over 150,000 genomes from metagenomes 
spanning age, geography, and lifestyle. Cell 176: 649-662. [Crossref]

4. Bhattacharjee S, Lukiw WJ (2013) Alzheimer's disease and the microbiome. Front Cell 
Neurosci 7: 153. [Crossref] 

5. Heintz C, Mair W (2014) You are what you host: microbiome modulation of the aging 
process. Cell 156: 408-411. [Crossref] 

6. Halber D (2014) The microbiome. http://now.tufts.edu/articles/microbiome. 

7. Fitzgibbon G, Mills KHG (2020) The microbiota and immune-mediated diseases: 
Opportunities for therapeutic intervention. Eur J Immunol 50: 326-337. [Crossref]

8. Zhu S, Jiang Y, Xu K, Cui M, Ye W, et al. (2020) The progress of gut microbiome 
research related to brain disorders. J Neuroinflammation 17: 25. 

9. Joyner MJ, Nauss LA, Warner MA, Warner DO (1992) Sympathetic modulation of 
blood flow and O2 uptake in rhythmically contracting human forearm muscles. Am J 
Physiol 263: H1078-1083. [Crossref] 

10. Lukiw WJ (2016) Bacteroides fragilis lipopolysaccharide and inflammatory signaling 
in Alzheimer's disease. Front Microbiol 7: 1544.

11. Lukiw WJ (2016) The microbiome, microbial-generated pro-inflammatory neurotoxins, 
and Alzheimer's disease. J Sport Health Sci 5: 393-396. 

12. Zhao Y, Lukiw WJ (2018) Bacteroidetes neurotoxins and inflammatory 
neurodegeneration. Mol Neurobiol 55: 9100-9107. 

13. Fujii Y, Khasnobish A, Morita H (2019) Relationship between Alzheimer’s disease 
and the human microbiome. In: Wisniewski T, editor. Alzheimer’s disease [Internet]. 
Brisbane (AU): Codon publications.

14. Pignataro O1 (1991) Conservative surgical treatment of supraglottic cancer and lymph 
node metastases. Arch Otorhinolaryngol Suppl 1: 23-29. [Crossref] 

15. Fox M, Knorr DA, Haptonstall KM (2019) Alzheimer's disease and symbiotic 
microbiota: an evolutionary medicine perspective. Ann N Y Acad Sci 1449: 3-24. 

16. Zhao Y, Jaber V, Lukiw WJ (2017) Secretory products of the human GI tract microbiome 
and their potential impact on Alzheimer's disease (AD): detection of lipopolysaccharide 
(LPS) in AD hippocampus. Front Cell Infect Microbiol 7: 318. 

17. Hill JM, Lukiw WJ (2015) Microbial-generated amyloids and Alzheimer's disease 
(AD). Front Aging Neurosci 7: 9. 

18. Zhao Y, Dua P, Lukiw WJ (2015) Microbial Sources of Amyloid and Relevance to 
Amyloidogenesis and Alzheimer's Disease (AD). J Alzheimers Dis Parkinsonism 5: 
177. [Crossref] 

19. Bhattacharjee S, Lukiw WJ (2013) Alzheimer's disease and the microbiome. Front Cell 
Neurosci 7: 153. [Crossref] 

20. Castillo-Álvarez F, Marzo-Sola ME (2019) Role of the gut microbiota in the 
development of various neurological diseases. Neurologia. 

21. Lukiw WJ (2020) Gastrointestinal (GI) tract microbiome-derived neurotoxins - potent 
neuro-inflammatory signals from the GI tract via the systemic circulation into the brain. 
Front Cell Infect Microbiol 12: 22. [Crossref]

22. Dykhuizen D (2005) Species Numbers in Bacteria. Proc Calif Acad Sci 56: 62-71. 
[Crossref] 

23. The Integrative HMP (iHMP) Research Network Consortium (2019) The integrative 
hmp (ihmp) research network consortium the integrative human microbiome project. 
Nature 569: 641-648.

24. Collens A, Kelley E, Katz LA (2019) The concept of the hologenome, an epigenetic 
phenomenon, challenges aspects of the modern evolutionary synthesis. J Exp Zool B 
Mol Dev Evol 332: 349-355. 

25. Stencel A, Wloch-Salamon DM (2018) Some theoretical insights into the hologenome 
theory of evolution and the role of microbes in speciation. Theory Biosci 137: 197-206. 

26. Rosenberg E, Zilber-Rosenberg I (2018) The hologenome concept of evolution after 10 
years. Microbiome 6: 78. 

27. Sears CL (2009) Enterotoxigenic Bacteroides fragilis: a rogue among symbiotes. Clin 
Microbiol Rev 22: 349-69. 

28. Lukiw WJ (2016) Bacteroides fragilis lipopolysaccharide and inflammatory signaling 
in Alzheimer's disease (AD). Front Microbiol 7: 1544.

29. Fathi P, Wu S (2016) Isolation, detection, and characterization of enterotoxigenic 
Bacteroides fragilis in clinical samples. Open Microbiol J 10: 57-63. 

30. Fitzgibbon G, Mills KHG (2020) The microbiota and immune-mediated diseases: 
Opportunities for therapeutic intervention. Eur J Immunol.

http://www.ncbi.nlm.nih.gov/pubmed/1955527
https://www.ncbi.nlm.nih.gov/pubmed/32019901
https://www.ncbi.nlm.nih.gov/pubmed/30661755
http://www.ncbi.nlm.nih.gov/pubmed/24062644
http://www.ncbi.nlm.nih.gov/pubmed/24485451
http://now.tufts.edu/articles/microbiome
https://www.ncbi.nlm.nih.gov/pubmed/31991477
http://www.ncbi.nlm.nih.gov/pubmed/1415755
http://www.ncbi.nlm.nih.gov/pubmed/1867568
http://www.ncbi.nlm.nih.gov/pubmed/25977840
http://www.ncbi.nlm.nih.gov/pubmed/24062644
https://www.ncbi.nlm.nih.gov/pubmed/32117799
http://www.ncbi.nlm.nih.gov/pubmed/21874075


Lukiw WJ (2020) Human gastrointestinal (GI) tract microbiome-derived pro-inflammatory neurotoxins from Bacteroides fragilis: Effects of low fiber diets and 
environmental and lifestyle factors

Integr Food Nutr Metab, 2020         doi: 10.15761/IFNM.1000277  Volume 7: 6-7

31. Zhao S, Lieberman TD, Poyet M, Kauffman KM, Gibbons SM, et al. (2019) Adaptive 
Evolution within gut microbiomes of healthy people. Cell Host Microbe 25: 656-667. 
[Crossref]

32. Anisimova IuN, Matiash VI (1991) Clinico-morphological characteristics of 
disseminated intravascular coagulation in bacterial meningoencephalitis. Klin Med 
(Mosk) 69: 74-78. [Crossref] 

33. Allen J, Hao S, Sears CL, Timp W (2019) Epigenetic changes Induced by Bacteroides 
fragilis toxin. Infect Immun 87: e00447-18. 

34. Haghi F, Goli E, Mirzaei B, Zeighami H (2019) The association between fecal 
enterotoxigenic B. fragilis with colorectal cancer. BMC Cancer 19: 879. 

35. Wexler AG, Goodman AL (2017) An insider's perspective: Bacteroides as a window 
into the microbiome. Nat Microbiol 2: 17026. [Crossref] 

36. O'Toole PW, Shiels PG (2020) The role of the microbiota in sedentary life style 
disorders and ageing: Lessons from the animal kingdom. J Intern Med.

37. Vindegaard N, Speyer H, Nordentoft M, Rasmussen S, Benros ME (2020) Gut 
microbial changes of patients with psychotic and affective disorders: A systematic 
review. Schizophr Res.

38. Jones BP, Duncan CC, Brouwers P, Mirsky AF (1991) Cognition in eating disorders. J 
Clin Exp Neuropsychol 13: 711-728. [Crossref] 

39. Yılmaz C, Gökmen V (2020) Neuroactive compounds in foods: Occurrence, mechanism 
and potential health effects. Food Res Int 128: 108744. 

40. Nagpal R, Neth BJ, Wang S, Craft S, Yadav H (2019) Modified Mediterranean-
ketogenic diet modulates gut microbiome and short-chain fatty acids in association with 
Alzheimer's disease markers in subjects with mild cognitive impairment. EBioMedicine 
47: 529-542. 

41. Parada Venegas D, De la Fuente MK, Landskron G, González MJ, Quera R, et al. 
(2019) Short chain fatty acids (SCFAs)-mediated gut epithelial and immune regulation 
and its relevance for inflammatory bowel diseases. Front Immunol 10: 277. [Crossref]

42. Stilling RM, Dinan TG, Cryan JF (2014) Microbial genes, brain and behaviour - 
epigenetic regulation of the gut-brain axis. Genes Brain Behav 13: 69-86.

43. Zhao Y, Lukiw WJ (2018) Bacteroidetes neurotoxins and inflammatory 
neurodegeneration. Mol Neurobiol 55: 9100-9107. 

44. Lukiw WJ (2016) The microbiome, microbial-generated proinflammatory neurotoxins, 
and Alzheimer's disease (AD). J Sport Health Sci 5: 393-396. 

45. Lukiw WJ, Li W, Bond T, Zhao Y (2019) Facilitation of gastrointestinal (GI) tract 
microbiome-derived lipopolysaccharide (LPS) entry into human neurons by amyloid 
beta-42 (Aβ42) peptide. Front Cell Neurosci 13: 545. 

46. Zhao Y, Sharfman NM, Jaber VR, Lukiw WJ (2019) Down-regulation of essential 
synaptic components by GI-tract microbiome-derived lipopolysaccharide (LPS) 
in LPS-treated human neuronal-glial (HNG) cells in primary culture: relevance to 
Alzheimer's disease (AD). Front Cell Neurosci 13: 314. 

47. Lukiw WJ, Cong L, Jaber V, Zhao Y (2018) Microbiome-derived lipopolysaccharide 
(LPS) selectively inhibits neurofilament light chain (NF-L) gene expression in human 
neuronal-glial (HNG) cells in primary culture. Front Neurosci 12: 896. 

48. Clement C, Hill JM, Dua P, Culicchia F, Lukiw WJ (2016) Analysis of RNA from 
Alzheimer's Disease Post-mortem Brain Tissues. Mol Neurobiol 53: 1322-1328. 
[Crossref] 

49. Alexandrov PN, Hill JM, Zhao Y, Bond T, Taylor CM, et al. (2020) Aluminum-induced 
generation of lipopolysaccharide (LPS) from the human gastrointestinal (GI)-tract 
microbiome-resident Bacteroides fragilis. J Inorg Biochem 203: 110886. 

50. Dhillon J, Li Z, Ortiz RM (2019) Almond snacking for 8 wk increases alpha-diversity 
of the gastrointestinal microbiome and decreases Bacteroides fragilis abundance 
compared with an isocaloric snack in college freshmen. Curr Dev Nutr 3: nzz079. 

51. Heinritz SN, Weiss E, Eklund M, Aumiller T, Heyer CM, et al. (2016) Impact of a high-
fat or high-fiber diet on intestinal microbiota and metabolic markers in a pig model. 
Nutrients 8: E317. 

52. Poeker SA, Geirnaert A, Berchtold L, Greppi A, Krych L, et al. (2018) Understanding 
the prebiotic potential of different dietary fibers using an in vitro continuous adult 
fermentation model. Sci Rep 8: 4318. 

53. Sheppard O, Coleman M P, Durrant CS (2019) Lipopolysaccharide-induced 
neuroinflammation induces presynaptic disruption through a direct action on brain 
tissue involving microglia-derived interleukin 1 beta. J Neuroinflam 16: 106. 

54. Batista CRA, Gomes GF, Candelario-Jalil E, Fiebich BL, de Oliveira ACP 
(2019) Lipopolysaccharide-induced neuroinflammation as a bridge to understand 
neurodegeneration. Int J Mol Sci 20: E2293. 

55. Wu S, Lim KC, Huang J, Saidi RF, Sears CL (1998) Bacteroides fragilis enterotoxin 
cleaves the zonula adherens protein, E-cadherin. Proc Natl Acad Sci USA 95: 14979-
14984

56. BFT details - enzyme number UniProtKB - P54355 (ENTM_BACFG), Toxin that 
hydrolyzes gelatin, azocoll, actin, tropomyosin, and fibrinogen; Broad proteolytic 
specificity, bonds hydrolyzed includes -Gly-|-Leu-, -Met-|-Leu-, -Phe-|-Leu-, -Cys-|-
Leu-, -Leu-|-Gly-. EC:3.4.24.74. https://www.uniprot.org/uniprot/P54355

57. Bundgaard-Nielsen C, Baandrup UT, Nielsen LP, Sorensen S (2019) The presence 
of bacteria varies between colorectal adenocarcinomas, precursor lesions and non-
malignant tissue. BMC Cancer 19: 399. 

58. Fox M, Knorr DA, Haptonstall KM (2019) Alzheimer's disease and symbiotic 
microbiota: an evolutionary medicine perspective. Ann NY Acad Sci 1449: 3-24. 

59. Barton SM, Janve VA, McClure R, Anderson A, Matsubara JA, et al. (2019) 
Lipopolysaccharide induced opening of the blood brain barrier on aging 5XFAD mouse 
model. J Alzheimers Dis 67: 503-513. 

60. Montagne A, Zhao Z, Zlokovic BV (2017) Alzheimer's disease: A matter of blood-brain 
barrier dysfunction? J Exp Med 214: 3151-3169. [Crossref] 

61. Tulkens J, Vergauwen G, Van Deun J, Geeurickx E, Dhondt B, et al. (2018) Increased 
levels of systemic LPS-positive bacterial extracellular vesicles in patients with 
intestinal barrier dysfunction. Gut.

62. Kreller JS, Carr RF, Quinn JH (1978) Cystic hygroma in a 17-year old patient: report of 
case. J Oral Surg 36: 808-810. [Crossref] 

63. Erdő F, Krajcsi P (2019) Age-related functional and expressional changes in efflux 
pathways at the blood-brain barrier. Front Aging Neurosci 11: 196. 

64. Patrick KL, Bell SL, Weindel CG, Watson RO (2019) Exploring the "Multiple-hit 
Hypothesis" of neurodegenerative disease: bacterial infection comes up to bat. Front 
Cell Infect Microbiol 9: 138. 

65. Contestabile A, Ercolessi M, Bellucci A (1978) Acetylcholinesterase decrease in the 
optic lobe after unilateral eye deprivation. Experientia 34: 759-760. [Crossref] 

66. Zhao Y, Cong L, Lukiw WJ (2017) Lipopolysaccharide (LPS) accumulates in 
neocortical neurons of Alzheimer's Disease (AD) brain and impairs transcription in 
human neuronal-glial primary co-cultures. Front Aging Neurosci 9: 407. 

67. Zhan X, Stamova B, Jin LW, DeCarli C, Phinney B, et al. (2016) Gram-negative 
bacterial molecules associate with Alzheimer disease pathology. Neurology 87: 2324-
2332.

68. Zhan X, Stamova B, Sharp FR (2018) Lipopolysaccharide associates with amyloid 
plaques, neurons and oligodendrocytes in Alzheimer's disease brain: A review. Front 
Aging Neurosci 10: 42. 

69. Zhao Y, Cong L, Lukiw WJ (2017) Lipopolysaccharide (LPS) accumulates in 
neocortical neurons of Alzheimer's disease (AD) brain and impairs transcription in 
human neuronal-glial primary co-cultures. Front Aging Neurosci 9: 407. 

70. Leshchyns'ka I, Sytnyk V (2016) Synaptic Cell Adhesion Molecules in Alzheimer's 
Disease. Neural Plast 2016: 6427537. [Crossref] 

71. Shivaji S (2017) We are not alone: a case for the human microbiome in extra intestinal 
diseases. Gut Pathog 9: 13. 

72. Agrawal M, Ajazuddin Tripathi DK, Saraf S, Saraf S, et al. (2017) Recent advancements 
in liposomes targeting strategies to cross blood-brain barrier (BBB) for the treatment of 
Alzheimer’s disease. J Control Release 260: 61-77. 

73. Kan J, Fang R, Jia Y (2017) Interkingdom signaling in plant-microbe interactions. Sci 
China Life Sci 60: 785-796. 

74. Quagliani D, Felt-Gunderson P (2016) Closing America's fiber intake gap: 
communication strategies from a food and fiber summit. Am J Lifestyle Med 11: 80-85. 

75. Davidson AC, Weaver JB, Davies P, Pearson JF (1976) The relation between ease of 
forceps delivery and speed of cervical dilatation. Br J Obstet Gynaecol 83: 279-283. 
[Crossref] 

76. O'Keefe SJ (2019) The association between dietary fibre deficiency and high-income 
lifestyle-associated diseases: Burkitt's hypothesis revisited. Lancet Gastroenterol 
Hepatol 4: 984-996. 

https://www.ncbi.nlm.nih.gov/pubmed/31028005
http://www.ncbi.nlm.nih.gov/pubmed/1857085
http://www.ncbi.nlm.nih.gov/pubmed/28440278
http://www.ncbi.nlm.nih.gov/pubmed/1955527
https://www.ncbi.nlm.nih.gov/pubmed/30915065
http://www.ncbi.nlm.nih.gov/pubmed/25631714
https://www.uniprot.org/uniprot/P54355
http://www.ncbi.nlm.nih.gov/pubmed/29061693
http://www.ncbi.nlm.nih.gov/pubmed/280653
http://www.ncbi.nlm.nih.gov/pubmed/658292
http://www.ncbi.nlm.nih.gov/pubmed/27242933
http://www.ncbi.nlm.nih.gov/pubmed/1268135


Lukiw WJ (2020) Human gastrointestinal (GI) tract microbiome-derived pro-inflammatory neurotoxins from Bacteroides fragilis: Effects of low fiber diets and 
environmental and lifestyle factors

Integr Food Nutr Metab, 2020         doi: 10.15761/IFNM.1000277  Volume 7: 7-7

Copyright: ©2020 Lukiw WJ. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original author and source are credited.

77. Kaptsov VA, Karpenko LZ, Solovarov VP (1991) Hygienic assessment of protective 
effects of overalls and individual protective devices used in the production of ampicillin 
trihydrate and its dosage form, ampicillin sodium salt. Gig Tr Prof Zabol. [Crossref] 

78. Huizen J (2020) Soluble and insoluble fiber what’s the difference. Accessed 17 February 
2020. https://www.medicalnewstoday.com/articles/319176.

79. Cummings JH, Engineer A (2018) Denis Burkitt and the origins of the dietary fibre 
hypothesis. Nutr Res Rev 31: 1-15. [Crossref] 

80. Salvucci E (2019) The human-microbiome superorganism and its modulation to restore 
health. Int J Food Sci Nutr 70: 781-795. 

81. Ma Q, Xing C, Long W, Wang HY, Liu Q, et al. (2019) Impact of microbiota on central 
nervous system and neurological diseases: the gut-brain axis. J Neuroinflammation 16: 
53. 

82. Barko PC, McMichael MA, Swanson KS, Williams DA (2018) The gastrointestinal 
microbiome: a review. J Vet Intern Med 32: 9-25. 

83. Fields C, Adams MD, White O, Venter JC (1994) How many genes in the human 
genome? Nat Genet 7: 345-346. [Crossref] 

84. Venter JC, Adams MD, Myers EW, Li PW, Mural RJ, et al. (2001) The sequence of the 
human genome. Science 291: 1304-1351.

85. Hicks M, Bartha I, di Iulio J, Venter JC, Telenti A (2019) Functional characterization 
of 3D protein structures informed by human genetic diversity. Proc Natl Acad Sci USA 
116: 8960-8965. 

86. Rios-Covian D, Salaza, N, Gueimonde M, de Los Reyes-Gavilan CG (2017) Shaping 
the metabolism of intestinal Bacteroides population through diet to improve human 
health. Front Microbiol 8: 376. 

87. Rinninella E, Cintoni M, Raoul P, Lopetuso LR, Scaldaferri F, et al. (2019) Food 
components and dietary habits: keys for a healthy gut microbiota composition. 
Nutrients 11: E2393. 

88. Rinninella E, Raoul P, Cintoni M, Franceschi F, Miggiano GAD, et al. (2019) 
What is the healthy gut microbiota composition? A changing ecosystem across age, 
environment, diet, and diseases. Microorganisms 7: E14. 

89. Öztürk Y, Öztürk N (2019) Plant- and nutraceutical-based approach for the management 
of diabetes and its neurological complications: a narrative review. Curr Pharm Des 25: 
3536-3549. 

90. Zhu S, Jiang Y, Xu K, Cui M, Ye W, et al. (2020) The progress of gut microbiome 
research related to brain disorders. J Neuroinflammation 17: 25. 

91. Oka A, Sartor RB (2020) Microbial-based and microbial-targeted therapies for 
inflammatory bowel diseases. Dig Dis Sci.

92. Marrone MC, Coccurello R (2019) Dietary fatty acids and microbiota-brain 
communication in neuropsychiatric diseases. Biomolecules 10: E12. 

93.  No authors listed (1991) Dideoxyinosine is approved for advanced AIDS. Am J 
Nurs 91: 13. [Crossref] 

94. Lukiw WJ, Li W, Bond T, Zhao Y (2019) Facilitation of gastrointestinal (GI) tract 
microbiome-derived lipopolysaccharide (LPS) entry into human neurons by amyloid 
beta-42 (Aβ42) peptide. Front Cell Neurosci 13: 545. 

95. Liu M, Li X, Zhou S, Wang TTY, Zhou S, et al. (2020) Dietary fiber isolated from sweet 
potato residues promotes a healthy gut microbiome profile. Food Funct 11: 689-699. 

96. Christensen L, Roager HM, Astrup A, Hjorth MF (2018) Microbial enterotypes in 
personalized nutrition and obesity management. Am J Clin Nutr 108: 645-651. 

97. Hiippala K, Jouhten H, Ronkainen A, Hartikainen A, Kainulainen V, et al. (2018) The 
potential of gut commensals in reinforcing intestinal barrier function and alleviating 
inflammation. Nutrients 10: E988. 

98. Requena T, Martínez-Cuesta MC , Peláez C (2018) Diet and microbiota linked in health 
and disease. Food Funct 9: 688-704. [Crossref] 

99. Simpson HL, Campbell BJ (2015) Review article: dietary fibre-microbiota interactions. 
Aliment Pharmacol Ther 42: 158-79. 

100. Chijiiwa R, Hosokawa M, Kogawa M, Nishikawa Y, Ide K, et al. (2020) Single-cell 
genomics of uncultured bacteria reveals dietary fiber responders in the mouse gut 
microbiota. Microbiome 8: 5.

http://www.ncbi.nlm.nih.gov/pubmed/2060812
https://www.medicalnewstoday.com/articles/319176
http://www.ncbi.nlm.nih.gov/pubmed/28583217
http://www.ncbi.nlm.nih.gov/pubmed/7920649
http://www.ncbi.nlm.nih.gov/pubmed/1951487
http://www.ncbi.nlm.nih.gov/pubmed/29410981

	Title
	Correspondence
	Overview
	The human GI-tract microbiome 
	Neurotoxins derived from the human GI-tract microbiome - GI-tract exudates - BF-LPS and fragilysin 
	Diet and dietary fiber 
	Environment and lifestyle  
	Use of probiotic and/or prebiotic to approaches to optimize human health 
	Summary 
	Acknowledgments
	References

