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Abstract: Non-communicable diseases are those conditions to which causative infectious agents
cannot readily be assigned. It is increasingly likely that at least some of these conditions are due to
the breakdown of the previously mutualistic intestinal microbiota under the influence of a polluted,
biocide-rich, environment. Following the mid-20th century African studies of Denis Burkitt, the
environmental cause of conditions such as obesity has been ascribed to the absence of sufficient
fibre in the modern diet, however in itself that is insufficient to explain the parallel rise of problems
with both the immune system and of mental health. Conversely, Burkitt himself noted that the
Maasai, a cattle herding people, remained healthy even with their relatively low intake of dietary
fibre. Interestingly, however, Burkitt also emphasised that levels of non-communicable disease within
a population rose as faecal weight decreased significantly, to about one third of the levels found in
healthy populations. Accordingly, a more cogent explanation for all the available facts is that the
fully functioning, adequately diverse microbiome, communicating through what has been termed
the microbiota–gut–brain axis, helps to control the passage of food through the digestive tract to
provide itself with the nutrition it needs. The method of communication is via the production of
semiochemicals, interkingdom signalling molecules, potentially including dopamine. In turn, the
microbiome aids the immune system of both adult and, most importantly, the neonate. In this article
we consider the role of probiotics and prebiotics, including fermented foods and dietary fibre, in the
stimulation of the immune system and of semiochemical production in the gut lumen. Finally, we
reprise our suggestion of an ingestible sensor, calibrated to the detection of such semiochemicals, to
assess both the effectiveness of individual microbiomes and methods of amelioration of the associated
non-communicable diseases.

Keywords: microbiota; microbiome; microbiota–gut–brain axis; non-communicable diseases; prebiotics;
probiotics; semiochemicals; ingestible sensor

1. Introduction: The Unstoppable Rise of Obesity

By the late 20th century, it was clear that dietary and behavioural treatments for
the control of obesity were failing [1] and yet, interestingly, the accumulated evidence
pointed to the idea that people were following the recommendations of the time and were,
indeed, eating less than had been normal in earlier years, at least in Britain [2]. By the early
21st century, experiments involving heavy isotope labelled water confirmed that levels of
physical activity of people were similar in distinct parts of the world, were about what
could be expected for similar-sized mammals and, moreover, had not undergone notable
change since the 1980s [3]. As no new ideas were available at the time, there was little to
do except bemoan the failure of these “biology and genetics” approaches [4], to recognise
that the field is full of unsupported assumptions, indeed plain guesses [5], and to count the
substantial cost of the obesity crisis [6]. Needless to say, levels of obesity continue to rise

Life 2022, 12, 1197. https://doi.org/10.3390/life12081197 https://www.mdpi.com/journal/life

https://doi.org/10.3390/life12081197
https://doi.org/10.3390/life12081197
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/life
https://www.mdpi.com
https://orcid.org/0000-0003-4459-419X
https://doi.org/10.3390/life12081197
https://www.mdpi.com/journal/life
https://www.mdpi.com/article/10.3390/life12081197?type=check_update&version=2


Life 2022, 12, 1197 2 of 17

across the world [7], along with a worryingly rapid drop in strength, especially noticeable
in schoolchildren, as reported both in England [8], and in Slovenia [9].

However, alongside the essentially thermodynamic studies of the late 20th century,
there was an increasing interest in the bacteria inhabiting our intestine. One observation
caused an immediate stir, that obesity could be transferred as if it were an infectious disease,
at least among the microbiota of mice [10]. Unfortunately, this apparent lead turned out
not to be useful, and it remains possible to study aspects of obesity without any reference
to the microbiome whatsoever [11]. Alongside these deliberations, however, the existence
of the microbiota–gut–brain axis was noted when its degradation became associated with
obesity [12]. Interestingly, Denis Burkitt strongly suggested early on that elevated levels
of dietary fibre reduced the levels of non-communicable disease, including obesity (see
discussion, below) [13]; and although his suggestions were not fully borne out in practice,
his dietary fibre hypothesis has been given renewed emphasis by observations about the
production of the energy-supplying short chain fatty acids acetate, propionate and butyrate
(SCFAs) within the microbiome under the influence of high-fibre diets [14]. Although these
leads are still being pursued, Burkitt nevertheless also noted that the cattle-rearing Maasai
did not eat a high-fibre diet and yet remained healthy, in his day at least [13].

By contrast, our own work suggests that the mutualistic microbiome behaves as a
combination of immune and messenger chemical (semiochemical) systems stemming from
the Precambrian Vertebrata. The presence of non-communicable disease further suggests
that it has been damaged by the use of caesarean section and by biocides, including heavy
metal pollution [15], and that the damage is increased from one generation to the next in
an ongoing “snowball effect” following transfer of a malfunctioning microbiome in the
apparently accidental process that we have termed maternal microbial inheritance [16].

Note that, while the term “microbiota” is a consortium of microorganisms including
bacteria and archaea, fungi (mycobiome), and viruses (virome) that have evolved to live
cooperatively in each ecosystem, for example, inside human body, the term microbiome
includes both the symbiotic microorganisms and their genes with beneficial characteristics;
microeukaryotes are present in the microbiome and are assumed to play a significant
role but are not adequately defined as yet. However, we use the two terms microbiota
and microbiome interchangeably, primarily to avoid repetition and to smooth the flow of
discussion. Overall, the focus of this article is on the microbiome as a “black box”, in which
the key point is the output of the microbiota, rather than the complexity of the system
within the intestine itself.

2. Health versus Pollution: The Degraded Microbiome

The earliest metagenomic analyses of the human microbiome was carried out on
two reportedly healthy adults using the 16S ribosomal DNA sequences, illustrating the
diversity of microbial form and function that we now take for granted [17], obsoleting
the idea that all microbes are malignant per se. Interestingly, of course, we now know that
greater microbial diversity is associated with health [18,19], bringing into question the
concept of what exactly constitutes a “healthy adult” in the first place, and also of what
a human being is constituted, because human attributes combine with the result of the
metabolism of millions of microbes [17] in the mouth, throat, nose, skin, vagina, saliva,
and intestines [20]. e focused on guts because there is located the largest sensory organ of
the human body [21], and the bidirectional communication between the intestines and the
brain, the microbiota–gut–brain axis, possibly arose long time ago during the Precambrian
Vertebrata [15].

The Yanomami, a people living in the Venezuelan–Brazilian Amazon, are among the
healthiest in terms of their blood lipid profiles, with no sign of obesity, at least until they leave
their communities and enter what can loosely be termed the “modern world” [22], suggesting
that “westernisation affects human microbiome diversity” [23]. Likewise, the Tsimane, from
the Bolivian Amazon, not only show low levels of cardiovascular disease [24], but also little
dementia, despite their high systemic inflammation [25]. Lest people think that this is unique
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to South America, the Hadza, a people from Tanzania, were similarly healthy and, moreover,
were found not to carry any strains of Bifidobacteria [26], a group of microorganisms currently
held to confer health benefits [27], albeit not very successfully [28].

In the mid-20th century, Denis Burkitt studied the health gap between what he called
“Modern Western Civilization” on the one hand, and traditional African societies on the
other, finding a host of non-communicable diseases among the former that were simply
absent from the latter [13]. Having discerned an environmental cause, and knowing nothing
of the microbiome, he then went on to surmise that the low levels of fibre in modern
foods stood for a form of dietary deficiency. However, not only could he not connect the
inflammatory forms of non-communicable disease with dietary fibre, but he also reported
that the cattle-rearing Maasai (Masai in his day) were free from such disease, despite their
relatively low fibre, modern-type diet [13]. By contrast, the epidemiology of many non-
communicable conditions is more consistent with selective poisoning of the microbiome by
the pollution associated with industrialisation, leading to disease following a deficiency
of microbiome function [29]. It is likely that this microbiome–body relationship was first
developed in the Precambrian Vertebrata, and that the disconnect between microbiome and
gut is due specifically to heavy metal poisoning [15]. Accordingly, it follows that no one
born in a polluted environment can be considered safe from non-communicable disease [15];
by following this argument, there is no absolute definition for the term “healthy adult”. In
terms of the potential for disease, the mantra must be “guilty until proven innocent”.

3. Genes versus Environment: Maternal Microbial Inheritance

While it has always been realised that the action of our genes must, somehow, be
modified by factors within our environment, more attention has been paid to the former,
with its readable sequences and theoretical opportunities for modification, but the precise
significance of the term “environment” has been left in abeyance. Regarding obesity, Claude
Bouchard and his team performed an experiment in the 1980s in which twelve pairs of
young adult genetically identical twins were over-fed by 1000 kcal per day above their
normal baseline food intake. Prior to the experiment, neither the twins themselves, nor
their parents, showed any sign of excessive adiposity or specific lipid-related diseases.
Over 100 days, all the twin pairs had gained weight, but each pair, though similar within
themselves, were very different from one another [30], these results were presented in terms
of their genetics. At about the same time, David Barker was developing his hypothesis by
stating that the nature of non-communicable diseases in adults, including schizophrenia,
could be traced back to their childhood, or even into the womb itself [31]. Although much
speculated on [32], and economically literate [33], this “fetal origins hypothesis” has never
been fully accepted. Our suggestion is that the microbiome of the mother represents a
part of the overall environment in which the individual genetic code of the child operates.
Epigenetic mechanisms for temporary deactivation of protein synthesis have been known
since the mid-20th century [34], but more recently, there have been investigations into the
existence of heritable epigenetic mechanisms [35], but not without debating the viability
of the available evidence [36]. Of course, such questions would be answered if the micro-
biome inherited from the mother were capable of epigenetic control over aspects of the
development of the child. As yet, however, there is little known about the ability of bacteria
to exert control over genetic processes [37], let alone any skills obtained by the uptake of
mobile genetic elements or, indeed, those conferred by unicellular eukaryotes [15].

As with Burkitt’s findings discussed above, nobody knew about the microbiome, nor
that it was being transferred from mother to child by the seemingly accidental process of
maternal microbial inheritance [16]. Of course, twins are born at the same time from the
same mother so, accordingly, the outcome of Bouchard’s experiment [30] would have been
affected by both their somatic gene sequence and, also, the genes belonging to their micro-
biota. While this accounts for the intra-pair similarity, in a sense the microbiome stands for a
factor associated with the environment, as the inter-pair variability shows a significant prior
influence on the mother, such as may be associated with antibiotic treatment, for example.
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Similarly, in principle this accounts for Barker’s epidemiological observations about the
source of adult disease, albeit in the modified form of an “infant origins hypothesis” [31].
Interestingly, the presence of significant differences within genetically identical twin pairs
may, perhaps, be attributable to differential microbial contamination following delivery by
caesarean section [38], or simply differences in their adaptive immune system [39].

A similar argument applies to the findings of David Strachan, in which immune
system malfunctioning in the infant will lead to future problems such as asthma and
hay fever [40]. While Strachan’s original “hygiene hypothesis” has been followed up by
Rook and co-workers, still no trace of an external immune system training agent has been
found [41]. Nevertheless, the possibility remains that the fully functioning microbiome
carries an internal agent which enables the calibration of the immune system against the
microbial environment of the mother. Such an agent could represent a so-far hypothetical
microbial equivalent of the dendritic cells of our own human immune system [42], which
we have previously described as microbial sentinel cells [43], and suggested that they may
stem from the Precambrian Animalia [15].

4. The Mutualistic Microbiome: External Microbes and Their Antigens

Of course, all foods are closely associated with potentially pathogenic microbial
contamination and, while cleaning and disinfection may reduce the microbial load [44],
even cooking still leaves certain genetic sequences more or less intact [45]. Presumably these
microbial fragments include plasmids and other mobile genetic elements that can become
incorporated into the functioning microbiome and, in turn, can be passed on to the neonate
in preparation for the microbial world it will soon inhabit as an independent entity [15].
While weaning a child onto solid foods is usually achieved relatively easily, an adult eating
uncooked food in a foreign environment may suffer from dramatic consequences [46].
Although the causative agents of traveller’s diarrhoea are the commonly called pathogens,
of course they have no effect on people originally brought up in those countries. Needless
to say, as these conditions are unpleasant but rarely life-threatening, to our knowledge
there has been little research on the possibility of adults themselves becoming immune
to this whole new set of microbes. Instead, assuming the worse effects are avoided, it
is interesting to speculate as to whether this probiotic-like immune stimulation of the
microbiota–gut–brain axis can actually contribute to the enjoyment of the overall experience
of foreign travel.

Significantly, however, it is worth noting that most of the microbiome-related work
has been conducted on the degraded microbiome, as described above, and focuses virtually
exclusively on the prokaryote constituents. Although the relative absence of work on the
potentially critical microeukaryote components of the microbiome has been noted [47,48],
there are exceptions, such as a study on the early development of the human myco-
biome [49]. Of course, the ability of Toxoplasma gondii to influence the brain of a mammal
illustrates the potential organising ability of unicellular eukaryotes [50]. Although, as with
T. gondii, such species are almost invariably treated as parasites, it is noteworthy that
Blastocystis species are commonly observed in apparently healthy individuals [51] and can
pass between different animal species relatively easily [52]. Nevertheless, if one role of
hypothetical microbial sentinel cells is to seek out novel antigens to effectively calibrate
the immune system of the child compared to that faced by the mother, it could be that
such cells are simply no longer present in populations chronically exposed to heavy metal
pollution [15].

Although there is currently no reason to assume that traveller’s diarrhoea is altered by
microbiome-function deficiency disease, it is worth mentioning that the whole spectrum
of allergic and autoimmune diseases could come within its range. Significantly, the first
comprehensive description of what we now know as seasonal allergic rhinitis was by
John Bostock in the early 19th century [53], at about the time when Burkitt mentioned
descriptions of obese people becoming common in art and literature [13]. Thinking that
he was on to something important, Bostock continued his search for people with unam-
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biguous symptoms, eventually uncovering a grand total of 28 from all over the British
Isles. Compare this with the situation in Britain in recent times, with a report of 21% of
schoolchildren taking medication in 2005 [54]. While hay fever is itself trivial, of course
there is a relationship with food allergy [55] and atopic disease in general [56]. Although
he could not have understood its significance, Bostock stressed that the sufferers were “all
from the highest ranks of society” [57], and it is probable that their mothers were using
heavy metal-based cosmetics [58], thus condemning their children to the sort of diseases
we are familiar with today [29]. While the symptoms of hay fever are unmistakable, the
same cannot be said for mental illness and, when faced with such problems among rich
people in 19th century Vienna, Sigmund Freud had no precedent to fall back on. Although
psychoanalysis eventually became respectable [59], of course it was never fully accepted.
Indeed, it is telling that Burkitt’s otherwise comprehensive review never mentioned mental
health at all [13].

5. The Mutualistic Microbiome: The Immune/Semiochemical Complex

Rather than consider all the interactions between the different microbes both with one
another and with the gut wall, it is more valuable to consider the microbiome as a “black
box”, an object whose internal workings are a still an intricate mystery but whose output is
significant [60]. During the initial investigations, it was noted that so-called germ-free mice
exhibited an unnatural stress response [61]. As noted in the Introduction, in due course the
term microbiota–gut–brain axis has become recognised as a significant component of the
healthy body due, at least in part, to its association with obesity [12]; on the other side, in-
dividuals with anorexia nervosa manifest a reduction in microbiota diversity and there is a
significant association with depression, anxiety, and lack of appetite [62]. It seems that there
are two classes of significant chemical output from the microbiome: molecules associated
with energy supply on the one hand, and interkingdom signalling molecules, semiochemi-
cals, on the other. Note that, by this definition, any bodily hormones or related chemicals
sending signals to modify the behaviour of the microbiome are also semiochemicals.

In reporting his African studies, Burkitt emphasised that a substantially greater
faecal weight, indeed as much as three-fold, was associated with the absence of non-
communicable disease [13]. Interestingly, it has been reported that greater stool microbial
diversity has been associated with a higher level of gut motility, presumably implying that
signals from the microbiome (psycho-active substances such as dopamine, serotonin, and
catecholamines) improve peristalsis [63].

Signalling molecules have been described as being produced in the gut lumen, in-
cluding the catechol dopamine [64], which has a role in controlling aspects of the immune
system [65]. Dopamine generated within the brain has also been shown to affect systemic
glucose production, possibly as a part of the overall microbiota–gut–brain axis [66]. In
a similar fashion, while the microbiota produces both energy-related B-vitamins and the
short chain fatty acids (SCFAs) acetate, propionate, and butyrate [67], these latter com-
pounds contribute to the production of serotonin [68], as well as aspects of the immune
system [69]. Accordingly, all these molecules can be classed as part of the dual immune
system/semiochemical output of the mutualistic microbiome [70]. Interestingly, it seems
that the ability to synthesise these key semiochemicals could have been passed on from
bacteria to animal cells by horizontal gene transfer at some stage during their evolution [71].

6. Breaking the Contract: Dysbiosis as Microbiome Failure

While the name “dysbiosis” seems an excellent shorthand for a malfunctioning micro-
biome, the term is imprecisely defined [72]. Likewise, Harald Brüssow has pointed out that
there is a need for more investigation into causal relationships between specific bacterial
commensals and disease states, within a “sound ecological and evolutionary” rationale [73].
Our own suggestion is that there is essentially no connection between specific bacteria
and disease, rather it is the inability of the depleted microbiome to support mobile genetic
elements that is the critical factor [16]. In support of this thesis, we further suggest that
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the rationale for the microbiome is to add the flexibility of horizontal gene transfer at
the microbial level to the relative stability of multicellular evolution by the inheritance of
acquired characteristics, thus combining the benefits of operating both above and below
what has been called the Darwinian threshold [74]. Note that the failure of the microbiome
is at an evolutionary level, albeit that this failure is reflected in a myriad of seemingly
different conditions [75]. Of course, this is closely analogous to the holobiont concept
pioneered by Lynn Margulis [76–78]. Nevertheless, it is both the nature and the timing of
the non-communicable diseases resulting from the breakdown of mutualism that supplies
the best sign as to the role of the fully functioning microbiome prior to its degradation.

In the light of Barker’s original observation of the “fetal and infant origins of adult
disease”, it seems likely that both the immune system and the microbiota–gut–brain axis
start to develop immediately after birth [75], and that any lack of microbial function will
have a negative impact on the eventual health of the individual, to a greater or lesser
extent [29]. The concept of mutualism implies two parallel interactions that benefit both
components. Thus, while the microbiome guest calibrates the immune system of the
neonate against the microbial environment of its host mother, the adult must, in turn,
respond by supplying nutrition to its microbial guest ready for the next generation [15]. It
is important to note, however, that this host–guest relationship must be sufficiently flexible
to cope with the expected events of life: accident and illness; famine and, of course, the
special conditions of pregnancy [79]. Although the details are not yet clear, it is possible to
imagine the microbiome providing a steady level of semiochemical-delivered demand for
nutrition, balanced against a variable hormone-delivered demand from the body. If so, any
inclement conditions may lead to an increase in hormone-delivered demand followed by
microbiome shutdown until conditions improve. Our suggestion is that the mutualistic
microbiome operates across the generations as illustrated in Figure 1 [15].
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Figure 1. Semiochemical/immune complex: Adult and child. Figure 1. Semiochemical/immune complex: Adult and child.

Left hand side: Normal functioning in an adult with a healthy microbiome. Box 1: The
balance of bodily hormones and microbiome semiochemicals communicate through the gut–
brain axis to partition the flow of nutrition according to need. Box 2: Information regarding
the microbial environment is accumulated in the microbiome. Right hand side: From child
to adult. Box 3: This information is passed on to the neonate by the seemingly accidental
process of maternal microbial inheritance. Box 4: The newly inherited microbiome of the
mother helps to calibrate the immune system of the child against the antigenic environment
of the mother. At the same time, the gut–brain axis starts to develop. A breakdown in these
latter stages sets the scene for non-communicable disease in later life.
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By contrast, the failure of the dual immune/semiochemical control system leads to a
complex series of health problems normally classified by the single most troublesome vari-
ety. Thus, while coeliac disease is classed as a problem of the intestine [80], immune system
problems can, nonetheless, occur anywhere around the body, along with problems of food
absorption and of depression [75]. It is important to note that these non-communicable
diseases are modern due only to their prevalence, as occasional examples of similar diseases
can be found dating from earlier times [29]. Of course, ancient empires used heavy metals
extensively and this may have functioned as a trigger to activate latent genetic suscepti-
bilities for coeliac disease, for example [81]. Similarly, perhaps the earliest example of a
non-communicable disease has been the atherosclerotic plaques detected by CT scanning
of Egyptian mummies [82].

7. The Partition of Nutrition: The Loss of Semiochemical Control

In this section we again employ the “black box” concept to indicate that, although there
are many bioactive molecules produced within the microbiome, the term semiochemical is a
composite term implying that signalling molecules emitted by the microbiota strengthen the
gut–brain axis. Note that this term also includes the vitamins and SCFAs that supply energy
to power cells adjacent to the gut [67] as these cells are also known to be involved both with
the regulation of the immune system [69] and with serotonin production [68]. Accordingly,
Figure 2 illustrates the energy partition between body and microbiome consistent with
our interpretation of a fully functioning microbiome, with energy outflow represented
by carbon dioxide production on the one hand, and by faecal energy output via excess
microbial growth on the other.
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This Figure illustrates an equable partition of nutrition between bodily digestion and
microbiome fermentation. Energy flow is represented by carbon dioxide on the one hand
and faecal output on the another. Box 1: Following Burkitt’s observations, it seems that
either high- or low-residue diets (c.f. the cattle-herding Maasai [16]) are equally conducive
to high levels of gut motility and consequent absence of non-communicable disease [13].
Box 2: The flux of semiochemicals, potentially including dopamine, controls the rate of
peristalsis according to the nutritional status of the individual. Box 3: Again, following
Burkitt, faecal energy output will be a significant factor in the energy balance of a healthy
individual [16].

Whatever the precise mechanisms of semiochemical control, it is likely to involve
peristalsis, so that its loss leads to reduced gut motility and the consequent increase in
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the absorption of food compared to its excretion from the body. Consequently, Figure 3
illustrates the current situation, in which the reduced output of semiochemicals follows
from low microbial growth. The observations of Burkitt that the average daily faecal
weight from people living in traditional societies was approximately three times that of
high-income countries [13] have been supported by modern findings [83]. In a similar
theme, it has been found that faeces hold 25–50% of bacteria by weight [84], and it is
interesting to speculate whether the lower bacterial fractions may correspond to both a
lower faecal weight and, possibly, to a higher bodyweight. This, along with an increased
production of carbon dioxide, is the ultimate rationale for the obesity epidemic [16]. It
is under these “dysbiotic” conditions that less readily digestible, fermentable, foodstuffs
become more relevant.
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This Figure illustrates the concept of increased adiposity because of reduced peristalsis.
Box 1: An increase in energy stored as fat leads to a higher metabolic rate and, therefore,
greater carbon dioxide outflow. In essence, microbiome-function deficiency disease (dys-
biosis) causes an increase in stored fat mass until the increased metabolic rate balances
the reduction in faecal energy output [16]. Box 2: A semblance of metabolic efficiency
may be regained if the diet consists of a high proportion of digestion-resistant foodstuffs—
dietary fibre, resistant starch, and polyphenols. Box 3: While a reduction in the quantity
of semiochemical output leads to weight gain, it is possible that a drop in the mix of such
agents leads to a change in the distribution of energy—visceral fat or excess growth, for
example—albeit with the reduction in strength seen among 10-year-old schoolchildren [8].
Box 4: A reduction in both gut motility and microbial growth leads to a reduced faecal
output, with Burkitt’s original observations confirmed more recently [83]. It is interesting
to speculate whether this low output, along with a natural reluctance to work with such
material, has resulted in its neglection as a cause of obesity relative to higher-profile aspects
of biology and genetics [4].

Whereas the term constipation is normally brought to the attention of a medical pro-
fessional after an actual change in bowel behaviour [85], of course no one will be able
to diagnose a mere inefficiency of excretion without some external source of comparison.
Presumably owing to the low faecal volume observed in rich countries, this aspect of the
overall energy balance has not previously been considered as a cause of obesity [16].

8. Microbe to Market: Pro- and Pre-Biotics

Laboratory studies in mice have demonstrated the disappearance of some classes of in-
testinal microbes following exposure of successive generations to poor-quality, low-residue
diets [86]. In turn, this has focussed attention onto the high-fibre diets originally espoused
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by Burkitt, a trend reinforced by the discovery of the microbial production of SCFAs [14].
Alongside these efforts, an attempt has been made to understand the development of
diseases by bacterial microbiome-based prediction of glycaemic response [87], however,
the method employed and conclusions reached have been challenged [88].

Following the argument that key microbes have been lost by exposure to low-residue
diets, much effort has been put into either increasing the nutritional supply of live mi-
crobes, probiotics [89], or stimulating the activity of those already existing, prebiotics [90].
The combination of the two, often including oligosaccharides [91], has been described
as synbiotics [92], while people who are interested in the mental health aspects of diet
use the expression psychobiotics [93]. Unfortunately, while one definition of probiotics is
“live microorganisms which, when administered in adequate amounts, confer a health
benefit to the host” [89], it was recognised that the terms health benefit and adequate amount
would be hard to define [94]. Nevertheless, the search for health improvement from live
biotherapeutic microorganisms goes on [95].

Bearing in mind the comments of Brüssow [73], if the search for health-enhancing
microbes is to become more focused, in general it is more likely that greater diversity will
confer greater advantage [18]. Equally, the search for microbial diversity should not exclude
unicellular eukaryotes, a potential missing link between the prokaryote microbiota and the
multicellular Animalia [48]. In spite of these caveats, however, in certain circumstances,
such as improving the outcome for preterm infants, a combination of probiotics and
prebiotics can definitively be shown to be beneficial [96]. It could also be argued that the
probiotic concept represents a subset of faecal microbiota transplantation and, indeed, the
success of this procedure against Clostridioides difficile (formerly Clostridium) overgrowth
can depend on the exact condition to be treated [97,98].

9. Feeding the Microbiome: Food, Fermentation, FODMAP, and Plant Polyphenols

In general, the primary difficulty with the probiotic concept is that it is hard to see
why the addition of limited numbers of specific, patentable, living bacteria should make a
significant contribution to the diversity of the microbiome. Indeed, a study was carried
out comparing apples grown by conventional and by so-called “organic” management
technologies. Analysis of the different bacterial communities suggested that, while the
conventionally grown apples have greater amounts of the bacterial genera that, rightly
or not, have been associated with healthier outcomes, the organically managed apples
nevertheless hold a significantly greater diversity of different bacterial classes [99]. In
a similar fashion, the apparent absence of any bifidobacteria, normally considered to
be probiotic species [27], in the seemingly healthy Hadza [26] seems to undermine the
notion that there is any value in selectively adding specific bacteria to the microbiome.
As stated above, however, there is plenty of opportunity for foodstuffs in general to
supply potentially valuable microbes, or their associated antigens and plasmids, even if
the microbes themselves are deactivated [15]. Honey, for example, is not only a potential
microbe growth-inhibitory agent, but also a staple of many hunter–gatherer societies [100].
Interestingly, although honey is indeed recognised as a source of microbes, before the recent
interest in probiotics there was a concern that these bacteria were pathogens [101]. The
dilemma can be resolved if the immune system successfully tackles pathogens/probiotics,
while activating the gut–brain axis at the same time, in analogy with the above discussion
surrounding traveller’s diarrhoea. In turn, this confirms that any such psychobiotic-style
benefits are necessarily transitory.

Of course, many pre-modern cultures included microbes in the form of foods preserved
by fermentation, of which one of the earliest examples comes from sealed vessels found in
China during the seventh millennium BCE [102]. Equally, many traditional recipes survive
to the present day, one example being pozol, made by the Maya from alkali-treated corn
dough [103]. While “pre-refrigerator” people would probably have fermented foodstuffs
solely in order to preserve them, recently we have started to consider such processing to be
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of health value in its own right. Unfortunately, of course, definitive health studies around
fibre and fermentation are not easy to arrange [104].

Although dietary fibre is normally considered to be an asset, in the presence of certain
non-communicable diseases, by contrast, substances requiring such microbial digestive
assistance may be associated with significant gastrointestinal symptoms. In this case a
FODMAP-excluding diet may be prescribed, i.e., eliminating all f ermentable oligo-, di-,
and mono-saccharides and polyols [105] while, in addition, non-coeliac gluten sensitivity
appears to be similar and also requires an exclusionary diet [106,107]. Interestingly, at least
some of these dietary intolerances can be reversed by gradual reintroduction under medical
supervision [108] and, although there are microbial changes throughout this process, their
involvement in the progress of disease remains unclear [109]. In principle, dietary fibre-like
benefits can be gained by processing starchy foods so that digestion is slowed. Studies in
so-called resistant starch are ongoing [110], as are their effects on the gut microbiota, albeit
covering only bacteria [111]. To our knowledge, there are no uncomfortable side-effects
specifically noted with the consumption of such resistant starches.

Finally, alongside the interest in high-fibre diets, the recognition of the health benefits
of the plant polyphenols [112] led initially to their description as antioxidants, based largely
on their in vitro behaviour [113]. Nevertheless, the recognition of the low bioavailability of
these substances [114] implies that they behave in a similar fashion to the oligosaccharides,
by directly feeding the microbiome. Significantly, many phenol derivatives are themselves
toxic to the body [115], implying that high concentrations in the bloodstream are unlikely
to be helpful. In spite of this, however, interest in the polyphenols remains high, a recent
favourite being curcumin, a major component of turmeric. Its bioavailability remains low,
even with added piperine [116], and a review has cast doubt on its likelihood as a medicinal
agent, primarily due to its reactivity [117]. In turn, this raises the possibility that the various
components of turmeric may act directly on the intestinal microbiome, with any health
benefits accruing from the production of semiochemicals stimulating the gut–brain axis.
The same comments may well apply to the documented reduction in the risk of stroke
and dementia associated with the consumption of polyphenol-containing tea and coffee,
alongside their well-known stimulant action [118]. Finally, a recent review considers the
effect of polyphenol supplementation in terms of microbial balance [119].

10. Microbiome-Function Deficiency Disease: Cure, Control, or Prevent?

Attempting microbiomes characterisation, we found technical variations related with
sampling and statistical limitations related to cohort sizes to avoid confounding factors that
do in fact influence microbial composition, such as age or sex and hormones. Some of them
express in two-way interactions such as BMI, comorbidities, diet, lifestyle, medication and
not only antibiotics, and even geographic region and culture; by contrast, genetic ancestry
has actually minor effects [120–122].

We can see that changing the diet even in the short term alters not only the macronu-
trient intake but also the microbiota although not successfully to improve some condi-
tions [123], because the effects will be more permanent only with long-term diets of several
months or years [124]. Therefore, the microbiome–metabolome crosstalk is dependent on
how the biochemistry of molecules produced by gut microbes affect the physiology. For ex-
ample, fibre intake promotes SCFA and vitamin production, yogurt is itself a good probiotic
source, and some polyphenols from red fruits or wine have positive effects on the host as
well as for the resident microbiota, while the atherogenic molecule TMAO comes from the
microbial degradation of meat proteins [121,122,125–127]. Additionally, even if resveratrol
in wine is beneficial, smoking and alcoholism have adverse effects in digestive/absorptive
microbiota by changing the stomach pH and promoting chronic gut inflammation that
leads to leaky gut [128]. Even so, the boundary between the healthy and the dysbiotic gut is
fuzzy, sometimes with explanations that seem ad hoc [73]. What is clearer is that a healthy
microbial composition supports gut homeostasis, prevents permeability, and promotes the
production of metabolites beneficial to the host [129].
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Indeed, microbiota composition was found to covariate with a myriad of factors.
In a Belgian study, 69 covariates were found to be associated with microbiota variation,
with stool consistency showing the largest effect size, and medication explaining the
largest variance and with more covariate–microbiota associations [130]; whereas in a Dutch
study, 126 factors were found to influence microbiota composition, but a lower faecal
chromogranin A was found to be a biomarker indicating higher microbiome diversity [131].

As the Introduction hopefully makes clear, people living in unpolluted environments
do not suffer from extensive non-communicable disease, and, presumably, have significant
faecal energy output. Just as importantly, Burkitt’s observations of the healthy Maasai
confirm that, contrary to his own supposition, a fibre-rich diet is not in itself a decisive
health-determining feature [13]. By contrast, as non-communicable disease arises from the
pollution-initiated breakdown of the dual immune/semiochemical control system, so both
systems must be considered in the process of disease modification. Sadly, of course, as the
initial microbiome–gut dissociation takes place from earliest childhood, so a formal cure
for affected individuals is impossible, but amelioration of diseases is yet possible [132,133].
Fortunately, perhaps, a recognition of the underlying cause may allow any incipient disease
to be controlled prior to the development of symptoms. However, the most satisfactory
outcome will be to add missing microbiome functionality at the moment of birth, thus
preventing disease in the first place and, thereby, effectively future-proofing humanity to
face serious challenges such as those posed by climate change.

Bearing in mind that it is diversity and equilibrium that make an individual healthy,
and that many types of related organisms secrete and consume the same compounds, it
is reasonable to consider a search method based on semiochemicals rather than looking
for a plethora of compounds [134], or searching phylum by phylum [135,136], in faecal
samples involving collection and storage problems [120], to discover whether gut microbes
exist at adequate levels. Therefore, diverse types of pill-like devices bearing detectors and
transmitters have been designed for numerous applications, such as: imaging, measuring
pH or temperature, medication monitoring or with a drug reservoir, receiving acoustic
data and transforming it to vital sign monitoring [137,138], for luminescence-based sens-
ing using engineered bacteria [139], and to sense gas pressure, as shown most recently
in [140]. Interestingly, two of the authors—DS and SJ—have recently suggested the de-
velopment of an ingestible sensor, where the detector is calibrated to measure levels of
semiochemicals produced in the gut lumen, potentially including dopamine [141]. Using
our microbiome-function approach, it is worth stating that, in principle, the microbiome-
gut–brain axis should produce semiochemicals to stimulate gut motility regardless of the
type of food supplied to the animal. By contrast, in the presence of dysbiosis, with weaker
gut–brain axis and/or less efficient production of semiochemicals, a less readily digested
prebiotic-like substance will be required to produce a similar signal from the ingestible
sensor [141]; results can then be combined with -omic data and theoretical models based
on metabolic fluxes [129]. Significantly, however, prior microbiome–gut dissociation may
mean that even an enhanced semiochemical signal may have a limited effect on disease
symptoms [75]. While animals could be used in such studies, a recent observation has
illustrated a difference in the outcome of trials involving genetically identical animals
raised in two different laboratories. Faecal transplantation experiments showed that the
difference lay in the microbiome [142], possibly indicating a wider problem with animal
models for human disease.

Prevention of future human disease by modifying the microbiome of children in
vulnerable populations may be a possibility. Although faecal transplantation procedure is
usually employed in the intestine of an adult recipient [27,97], in principle it would be more
effective if the missing microbiota could be applied directly on to the head of the new-born,
thus replicating the process of maternal microbial inheritance [143]. Unfortunately, rolling
back the progress of non-communicable disease will require a greater understanding of
the details of microbiome function than we possess at present. Although the connection
between the microbiome with the gut–brain axis is relatively easy to comprehend, its
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relationship to the immune system is much less clear and may include unicellular eukaryotic
microbial sentinel cells [15]. Fortunately, there are people who live in relatively unpolluted
parts of the world who are already cooperating with medical investigators. Such people,
including the Tsimane [25] and the Hadza [26], may be able to help in the search for relevant
microeukaryotes. Principles have been established for the compensation of people for the
use of their knowledge in medical advances, and such principles could be applied here [144].
In the meantime, western societies could benefit from sound scientific knowledge to attempt
an improvement of our general health [145], after all, Hippocrates of Kos was right in that
“all disease begins in the gut” [146–148].

Author Contributions: D.S. and S.J.: concept design and hypothesis consideration; D.S. and M.P.-P.:
manuscript draft and related research; S.J. and M.P.-P.: proofreading and suggestions; S.J.: figure
preparation; H.V.F.: additional references and accuracies. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank to Marco V. José and María Cardona for their helpful discussions, and
to Kathy McGrath for her checking punctuations and English grammar within this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Garner, D.M.; Wooley, S.C. Confronting the failure of behavioral and dietary treatments for obesity. Clin. Psychol. Rev. 1991,

11, 729–780. [CrossRef]
2. Prentice, A.M.; Jebb, S.A. Obesity in Britain: Gluttony or sloth? BMJ 1995, 311, 437–439. [CrossRef] [PubMed]
3. Westerterp, K.R.; Speakman, J.R. Physical activity energy expenditure has not declined since the 1980s and matches energy

expenditures of wild mammals. Int. J. Obes. 2008, 32, 1256–1263. [CrossRef] [PubMed]
4. Jou, C. The biology and genetics of obesity—A century of inquiries. N. Engl. J. Med. 2014, 370, 1874–1877. [CrossRef]
5. Casazza, K.; Brown, A.; Astrup, A.; Bertz, F.; Baum, C.; Brown, B.B.; Dawson, J.; Durant, N.; Dutton, G.; Fields, D.A.; et al.

Weighing the evidence of common beliefs in obesity research. Crit. Rev. Food Sci. Nutr. 2015, 55, 2014–2053. [CrossRef]
6. Hruby, A.; Hu, F.B. The epidemiology of obesity: A big picture. Pharmacoeconomics 2015, 33, 673–689. [CrossRef]
7. Reilly, J.J.; El-Hamdouchi, A.; Diouf, A.; Monyeki, A.; Somda, S.A. Determining the world-wide prevalence of obesity. Lancet

2018, 39, 1773–1774. [CrossRef]
8. Sandercock, G.R.H.; Cohen, D.D. Temporal trends in muscular fitness of English 10-year-olds 1998–2014: An allometric approach.

J. Sci. Med. Sport 2019, 22, 201–205. [CrossRef]
9. Ðuric, S.; Sember, V.; Starc, G.; Soric, M.; Kovac, M.; Jurak, G. Secular trends in muscular fitness from 1983 to 2014 among

Slovenian children and adolescents. Scand. J. Med. Sci. Sports 2021, 31, 1853–1861. [CrossRef]
10. Turnbaugh, P.J.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An obesity-associated gut microbiome with

increased capacity for energy harvest. Nature 2006, 444, 1027–1031. [CrossRef]
11. Berthoud, H.-R.; Morrison, C.D.; Münzberg, H. The obesity epidemic in the face of homeostatic body weight regulation: What

went wrong and how can it be fixed? Physiol. Behav. 2020, 222, 112959. [CrossRef] [PubMed]
12. Torres-Fuentes, C.; Schellenkens, H.; Dinan, T.G.; Cryan, J.F. The microbiota-gut-brain axis in obesity. Lancet Gastroenterol. Hepatol.

2017, 2, 747–756. [CrossRef]
13. Burkitt, D.P. Some diseases characteristic of modern western civilization. BMJ 1973, 1, 274–278. [CrossRef] [PubMed]
14. O’Keefe, S.J. The association between dietary fibre deficiency and high-income lifestyle-associated diseases: Burkitt’s hypothesis

revisited. Lancet Gastroenterol. Hepatol. 2019, 4, 984–996. [CrossRef]
15. Smith, D.; Palacios-Pérez, M.; Jheeta, S. The enclosed intestinal microbiome: Semiochemical signals from the Precambrian and

their disruption by heavy metal pollution. Life 2022, 12, 287. [CrossRef]
16. Smith, D.; Jheeta, S. Microbiome-gut dissociation: Investigating the origins of obesity. Gastrointest. Disord. 2021, 3, 156–172.

[CrossRef]
17. Gill, S.R.; Pop, M.; DeBoy, R.T.; Eckburg, P.B.; Turnbaugh, P.J.; Samuel, B.S.; Gordon, J.I.; Relman, D.A.; Fraser-Liggett, C.M.;

Nelson, K.E. Metagenomic analysis of the human distal gut microbiome. Science 2006, 312, 1355–1359. [CrossRef]
18. Valdes, A.M.; Walter, J.; Segal, E.; Spector, T.D. Role of the gut microbiota in nutrition and health. BMJ 2018, 361, k2179. [CrossRef]

http://doi.org/10.1016/0272-7358(91)90128-H
http://doi.org/10.1136/bmj.311.7002.437
http://www.ncbi.nlm.nih.gov/pubmed/7640595
http://doi.org/10.1038/ijo.2008.74
http://www.ncbi.nlm.nih.gov/pubmed/18504442
http://doi.org/10.1056/NEJMp1400613
http://doi.org/10.1080/10408398.2014.922044
http://doi.org/10.1007/s40273-014-0243-x
http://doi.org/10.1016/S0140-6736(18)30794-3
http://doi.org/10.1016/j.jsams.2018.07.020
http://doi.org/10.1111/sms.13981
http://doi.org/10.1038/nature05414
http://doi.org/10.1016/j.physbeh.2020.112959
http://www.ncbi.nlm.nih.gov/pubmed/32422162
http://doi.org/10.1016/S2468-1253(17)30147-4
http://doi.org/10.1136/bmj.1.5848.274
http://www.ncbi.nlm.nih.gov/pubmed/4568142
http://doi.org/10.1016/S2468-1253(19)30257-2
http://doi.org/10.3390/life12020287
http://doi.org/10.3390/gidisord3040017
http://doi.org/10.1126/science.1124234
http://doi.org/10.1136/bmj.k2179


Life 2022, 12, 1197 13 of 17

19. Stojanov, S.; Berlec, A.; Štrukelj, B. The Influence of Probiotics on the Firmicutes/Bacteroidetes Ratio in the Treatment of Obesity
and Inflammatory Bowel Disease. Microorganisms 2020, 8, 1715. [CrossRef]

20. Huttenhower, C.; Gevers, D.; Knight, R.; Abubucker, S.; Badger, J.H.; Chinwalla, A.T.; Creasy, H.H.; Earl, A.M.; FitzGerald, M.G.;
Fulton, R.S.; et al. Structure, Function and Diversity of the Healthy Human Microbiome. Nature 2012, 486, 207–214. [CrossRef]

21. Kaelberer, M.M.; Buchanan, K.L.; Klein, M.E.; Barth, B.B.; Montoya, M.M.; Shen, X.; Bohórquez, D.V. A Gut-Brain Neural Circuit
for Nutrient Sensory Transduction. Science 2018, 361, eaat5236. [CrossRef] [PubMed]

22. Hidalgo, G.; Marini, E.; Sanchez, W.; Contreras, M.; Estrada, I.; Comandini, O.; Buffa, R.; Magris, M.; Dominguez-Bello, M.G. The
nutrition transition in the Venezuelan Amazonia: Increased overweight and obesity with transculturation. Am. J. Hum. Biol. 2014,
26, 710–712. [CrossRef] [PubMed]

23. Clemente, J.C.; Pehrsson, E.C.; Blaser, M.J.; Sandhu, K.; Gao, Z.; Wang, B.; Magris, M.; Hidalgo, G.; Contreras, M.; Noya-Alarcón, Ó.; et al.
The Microbiome of Uncontacted Amerindians. Sci. Adv. 2015, 1, e1500183. [CrossRef]

24. Kaplan, H.; Thompson, R.C.; Trumble, B.C.; Wann, L.S.; Allam, A.H.; Beheim, B.; Frohlich, B.; Sutherland, M.L.; Sutherland, J.D.;
Stieglitz, J.; et al. Coronary atherosclerosis in indigenous South American Tsimane: A cross sectional cohort study. Lancet 2017,
389, 1730–1739. [CrossRef]

25. Irimia, A.; Chaudhari, N.N.; Robles, D.J.; Rostowsky, K.A.; Maher, A.S.; Chowdhury, N.F.; Calvillo, N.F.; Ngo, V.; Gatz, M.;
Mack, W.J.; et al. The indigenous South American Tsimane exhibit relatively modest decrease in brain volume with age despite
high systemic inflammation. J. Gerontol. A Biol. Sci. Med. Sci. 2021, 76, 2147–2155. [CrossRef]

26. Schnorr, S.L.; Candela, M.; Rampelli, S.; Centanni, M.; Consolandi, C.; Basaglia, G.; Turroni, S.; Biagi, E.; Peano, C.; Severgnini, M.; et al.
Gut microbiome of the Hadza hunter-gatherers. Nat. Commun. 2014, 5, 3654. [CrossRef]

27. Mizuno, S.; Masaoka, T.; Naganuma, M.; Kishimoto, T.; Kitazawa, M.; Kurokawa, S.; Nakashima, M.; Takeshita, K.; Suda, W.;
Mimura, M.; et al. Bifidobacterium-rich fecal donor may be a positive predictor for successful fecal microbiota transplantation in
patients with irritable bowel syndrome. Digestion 2017, 96, 29–38. [CrossRef]

28. Pratt, C.; Campbell, M.D. The effect of bifidobacterium on reducing symptomatic pain in patients with irritable bowel syndrome:
A systematic review. Probiotics Antimicrob. Proteins 2020, 12, 834–839. [CrossRef]

29. Smith, D.; Jheeta, S. The epidemiology of the dysfunctional microbiome in animals and in humans: The propensity for the
development of non-communicable disease. EC Gastroenterol. Dig. Syst. 2020, 7, 83–93.

30. Bouchard, C.; Tremblay, A.; Després, J.-P.; Nadeau, A.; Lupien, P.J.; Thériault, G.; Dussault, J.; Moorjani, S.; Pinault, S.; Fournier, G.
The response to long-term overfeeding in identical twins. N. Engl. J. Med. 1990, 322, 1477–1482. [CrossRef]

31. Barker, D.J. The fetal and infant origins of adult disease. BMJ 1990, 301, 1111. [CrossRef] [PubMed]
32. Eriksson, J.G. The fetal origins hypothesis—10 years on. BMJ 2005, 330, 1096–1097. [CrossRef] [PubMed]
33. Almond, D.; Currie, J. Killing me softly: The fetal origins hypothesis. J. Econ. Perspect. 2011, 25, 153–172. [CrossRef] [PubMed]
34. Waddington, C.H. Toward a Theoretical Biology; Edinburgh University Press: Edinburgh, UK, 1968; pp. 1–32.
35. Trerotola, M.; Relli, V.; Simeone, P.; Alberti, S. Epigenetic inheritance and the missing heritability. Hum. Genom. 2015, 9, 17.

[CrossRef]
36. Horsthemke, B. A critical view on transgenerational epigenetic inheritance in humans. Nat. Commun. 2018, 9, 2973. [CrossRef]
37. Qin, Y.; Wade, P.A. Crosstalk between the microbiome and the epigenome: Messages from bugs. J. Biochem. 2018, 163, 105–112.

[CrossRef] [PubMed]
38. Yuan, C.; Gaskins, A.J.; Blaine, A.I.; Zhang, C.; Gillman, M.W.; Missmer, S.A.; Field, A.E.; Chavarro, J.E. Association between

cesarean birth and risk of obesity in offspring in childhood, adolescence, and early adulthood. JAMA Pediatr. 2016, 170, e162385.
[CrossRef]

39. Zhao, Q.; Elson, C.O. Adaptive Immune Education by Gut Microbiota Antigens. Immunology 2018, 154, 28–37. [CrossRef]
40. Strachan, D.P. Hay fever, hygiene and household size. BMJ 1989, 299, 1259–1260. [CrossRef]
41. Rook, G.A.W.; Lowry, C.A.; Raison, C.L. Microbial ‘Old Friends’, immunoregulation and stress resilience. Evol. Med. Public Health

2013, 1, 46–64. [CrossRef]
42. Banchereau, J.; Briere, F.; Caux, C.; Davoust, J.; Lebecque, S.; Liu, Y.-J.; Pulendran, B.; Palucka, K. Immunobiology of dendritic

cells. Annu. Rev. Immunol. 2000, 18, 767–811. [CrossRef]
43. Jheeta, S.; Smith, D. Seeing the wood for the trees: A new way to view the human intestinal microbiome and its connection with

non-communicable disease. Med. Hypotheses 2019, 125, 70–74. [CrossRef] [PubMed]
44. Tuladhar, E.; Hazeleger, W.C.; Koopmans, M.; Zwietering, M.H.; Beumer, R.R.; Duizer, E. Residual viral and bacterial contamina-

tion of surfaces after cleaning and disinfection. Appl. Environ. Microbiol. 2012, 78, 7769–7775. [CrossRef] [PubMed]
45. Tuladhar, E.; Bouwknegt, M.; Zwietering, M.H.; Koopmans, M.; Duizer, E. Thermal stability of structurally different viruses with

proven or potential relevance to food safety. J. Appl. Microbiol. 2012, 112, 1050–1057. [CrossRef] [PubMed]
46. Giddings, S.L.; Stevens, A.M.; Leung, D.T. Traveler’s diarrhea. Med. Clin. N. Am. 2016, 100, 317–330. [CrossRef]
47. Underhill, D.M.; Iliev, I.D. The Mycobiota: Interactions between Commensal Fungi and the Host Immune System. Nat. Rev.

Immunol. 2014, 14, 405–416. [CrossRef]
48. Laforest-Lapointe, I.; Arrieta, M.-C. Microbial eukaryotes: A missing link in gut microbiome studies. mSystems 2018, 3, e00201-17.

[CrossRef]
49. Ward, T.L.; Dominguez-Bello, M.G.; Heisel, T.; Al-Ghalith, G.; Knights, D.; Gale, C.A. Development of the human mycobiome

over the first month of life and across body sites. mSystems 2018, 3, e00140. [CrossRef]

http://doi.org/10.3390/microorganisms8111715
http://doi.org/10.1038/nature11234
http://doi.org/10.1126/science.aat5236
http://www.ncbi.nlm.nih.gov/pubmed/30237325
http://doi.org/10.1002/ajhb.22567
http://www.ncbi.nlm.nih.gov/pubmed/24889785
http://doi.org/10.1126/sciadv.1500183
http://doi.org/10.1016/S0140-6736(17)30752-3
http://doi.org/10.1093/gerona/glab138
http://doi.org/10.1038/ncomms4654
http://doi.org/10.1159/000471919
http://doi.org/10.1007/s12602-019-09609-7
http://doi.org/10.1056/NEJM199005243222101
http://doi.org/10.1136/bmj.301.6761.1111
http://www.ncbi.nlm.nih.gov/pubmed/2252919
http://doi.org/10.1136/bmj.330.7500.1096
http://www.ncbi.nlm.nih.gov/pubmed/15891207
http://doi.org/10.1257/jep.25.3.153
http://www.ncbi.nlm.nih.gov/pubmed/25152565
http://doi.org/10.1186/s40246-015-0041-3
http://doi.org/10.1038/s41467-018-05445-5
http://doi.org/10.1093/jb/mvx080
http://www.ncbi.nlm.nih.gov/pubmed/29161429
http://doi.org/10.1001/jamapediatrics.2016.2385
http://doi.org/10.1111/imm.12896
http://doi.org/10.1136/bmj.299.6710.1259
http://doi.org/10.1093/emph/eot004
http://doi.org/10.1146/annurev.immunol.18.1.767
http://doi.org/10.1016/j.mehy.2019.02.016
http://www.ncbi.nlm.nih.gov/pubmed/30902154
http://doi.org/10.1128/AEM.02144-12
http://www.ncbi.nlm.nih.gov/pubmed/22941071
http://doi.org/10.1111/j.1365-2672.2012.05282.x
http://www.ncbi.nlm.nih.gov/pubmed/22404161
http://doi.org/10.1016/j.mcna.2015.08.017
http://doi.org/10.1038/nri3684
http://doi.org/10.1128/mSystems.00201-17
http://doi.org/10.1128/mSystems.00140-17


Life 2022, 12, 1197 14 of 17

50. Berdoy, M.; Webster, J.P.; Macdonald, D.W. Fatal attraction in rats infected with Toxoplasma gondii. Proc. Royal Soc. B 2000,
267, 1591–1594. [CrossRef]

51. Scanlan, P.D.; Stensvold, C.R.; Rajilic-Stojanovic, M.; Heilig, H.G.H.J.; De Vos, W.M.; O’Toole, P.W.; Cotter, P.D. The microbial
eukaryote Blastocystis is a prevalent and diverse member of the healthy human gut microbiota. FEMS Microbiol. Ecol. 2014,
90, 326–330. [CrossRef]

52. Noel, C.; Dufemez, F.; Gerbod, G.; Egcomb, V.P.; Delgado-Viscogliosi, P.; Ho, L.-C.; Singh, M.; Wintjens, R.; Soglin, M.L.; Capron, M.; et al.
Molecular phylogenies of Blastocystis isolates from different hosts: Implications for genetic diversity, identification of species, and
zoonosis. J. Clin. Microbiol. 2005, 43, 348–355. [CrossRef] [PubMed]

53. Bostock, J. Case of a periodical affection of the eyes and chest. Med. Chir. Trans. 1819, 10, 161–165. [CrossRef] [PubMed]
54. Walker, S.; Khan-Wasti, S.; Fletcher, M.; Sheikh, A. Prevalence of hayfever symptoms and diagnosis in UK teenagers. Prim. Care

Respir. J. 2005, 14, 270. [CrossRef]
55. Loh, W.; Tang, M.L.K. The epidemiology of food allergy in the global context. Int. J. Environ. Res. Public Health 2018, 15, 2043.

[CrossRef]
56. Hill, D.A.; Spergel, J.M. The atopic march: Critical evidence and clinical relevance. Ann. Allergy Asthma Immunol. 2018, 120, 131–137.

[CrossRef]
57. Bostock, J. Of the catarrhus aestivus or summer catarrh. Med. Chir. Trans. 1828, 14, 437–446. [CrossRef]
58. Corson, R. Fashions in Makeup: From Ancient to Modern Times; Peter Owen Ltd.: London, UK, 1972.
59. Tansley, A.G. Sigmund Freud, 1856–1939. Obit. Not. Fellows R. Soc. 1941, 3, 246–275.
60. Yan, F.; Polk, D.B. Commensal Bacteria in the Gut: Learning Who Our Friends Are. Curr. Opin. Gastroenterol. 2004, 20, 565–571.

[CrossRef]
61. Sudo, N.; Chida, Y.; Aiba, Y.; Sonoda, J.; Oyama, N.; Yu, X.-N.; Kubo, C.; Koga, Y. Postnatal microbial colonization programs the

hypothalamic-pituitary-adrenal system for stress response in mice. J. Physiol. 2004, 558, 263–275. [CrossRef]
62. Kleiman, S.C.; Watson, H.J.; Bulik-Sullivan, E.C.; Huh, E.Y.; Tarantino, L.M.; Bulik, C.M.; Carroll, I.M. The Intestinal Microbiota in

Acute Anorexia Nervosa and During Renourishment: Relationship to Depression, Anxiety, and Eating Disorder Psychopathology.
Psychosom. Med. 2015, 77, 969–981. [CrossRef]

63. Vandeputte, D.; Falony, G.; Veira-Silva, S.; Tito, R.; Joossens, M.; Raes, J. Stool consistency is strongly associated with gut
microbiota richness and composition, enterotypes and bacterial growth rates. Gut 2016, 65, 57–62. [CrossRef] [PubMed]

64. Sudo, N. Biogenic amines: Signals between commensal microbiota and gut physiology. Front. Endocrinol. 2019, 10, 504. [CrossRef]
[PubMed]

65. Xue, R.; Zhang, H.; Pan, J.; Du, Z.; Zhou, W.; Zhang, Z.; Tian, Z.; Zhou, R.; Bai, L. Peripheral dopamine controlled by gut microbes
inhibits invariant natural killer T cell-mediated hepatitis. Front. Immunol. 2018, 9, 2398. [CrossRef] [PubMed]

66. Ter Horst, K.W.; Lammers, N.M.; Trinko, R.; Opland, D.M.; Figee, M.; Ackermans, M.T.; Booij, J.; van den Munckhof, P.;
Schuurman, P.R.; Fliers, E.; et al. Striatal dopamine regulates systemic glucose metabolism in humans and mice. Sci. Transl. Med.
2018, 10, eaar3752. [CrossRef]

67. LeBlanc, J.G.; Chain, F.; Martin, R.; Bermùndez-Humarán, L.G.; Courau, S.; Langella, P. Beneficial effects on host energy
metabolism of short-chain fatty acids and vitamins produced by commensal and probiotic bacteria. Microb. Cell Factories 2017,
16, 79. [CrossRef]

68. Reigstad, C.S.; Salmonson, C.E.; Rainey, J.F., III; Szurszewski, J.H.; Linden, D.R.; Sonnenburg, J.L.; Farrugia, G.; Kashyap, P.C. Gut
microbes promote colonic serotonin production through an effect of short-chain fatty acids on enterochromaffin cells. FASEB J.
2015, 29, 1395–1403. [CrossRef]

69. Smith, P.M.; Howitt, M.R.; Panikov, N.; Michaud, M.; Gallini, C.A.; Bohlooly-Y, M.; Glickman, J.N.; Garrett, W.S. The microbial
metabolites, short-chain fatty acids, regulate colonic Treg cell homeostasis. Science 2013, 341, 569–573. [CrossRef]

70. Le Chatelier, E.; Nielsen, T.; Qin, J.; Prifti, E.; Hildebrand, F.; Falony, G.; Almeida, M.; Arumugam, M.; Batto, J.-M.; Kennedy, S.; et al.
Richness of Human Gut Microbiome Correlates with Metabolic Markers. Nature 2013, 500, 541–546. [CrossRef]

71. Iyer, L.M.; Aravind, L.; Coon, S.L.; Klein, D.C.; Koonin, E.V. Evolution of cell-cell signaling in animals: Did late horizontal gene
transfer from bacteria have a role? Trends Genet. 2004, 20, 292–299. [CrossRef]

72. Hooks, K.B.; O’Malley, M.A. Dysbiosis and its discontents. mBio 2017, 8, e01492-17. [CrossRef]
73. Brüssow, H. Problems with the concept of gut microbiota dysbiosis. Microb. Biotechnol. 2019, 13, 423–434. [CrossRef] [PubMed]
74. Woese, C. On the evolution of cells. Proc. Natl. Acad. Sci. USA 2002, 99, 8742–8747. [CrossRef]
75. Smith, D.; Palacios-Pérez, M.; Jheeta, S. Microbiome–Gut Dissociation in the Neonate: Obesity and Coeliac Disease as Examples

of Microbiome Function Deficiency Disorder. Gastrointest. Disord. 2022, 4, 108–128. [CrossRef]
76. Margulis, L. Symbiogenesis and symbionticism. In Symbiosis as a Source of Evolutionary Innovation: Speciation and Morphogenesis;

Margulis, L., Fester, R., Eds.; MIT Press: Cambridge, MA, USA, 1991; pp. 49–92.
77. Guerrero, R.; Margulis, L.; Berlanga, M. Symbiogenesis: The holobiont as a unit of evolution. Int. Microbiol. 2013, 16, 133–143.

[PubMed]
78. Simon, J.-C.; Marchesi, J.R.; Mougel, C.; Selosse, M.-A. Host-microbiota interactions: From holobiont theory to analysis. Microbiome

2019, 7, 5. [CrossRef] [PubMed]
79. Mesa, D.M.; Loureiro, B.; Iglesia, I.; Gonzalez, S.F.; Olivé, E.L.; Algar, O.G.; Solana, M.J.; Cabero, M.J.; Sainz, T.; Martinez, L.; et al.

The evolving microbiome from pregnancy to early infancy: A comprehensive review. Nutrients 2020, 12, 133. [CrossRef]

http://doi.org/10.1098/rspb.2000.1182
http://doi.org/10.1111/1574-6941.12396
http://doi.org/10.1128/JCM.43.1.348-355.2005
http://www.ncbi.nlm.nih.gov/pubmed/15634993
http://doi.org/10.1177/09595287190100P111
http://www.ncbi.nlm.nih.gov/pubmed/20895372
http://doi.org/10.1016/j.pcrj.2005.06.007
http://doi.org/10.3390/ijerph15092043
http://doi.org/10.1016/j.anai.2017.10.037
http://doi.org/10.1177/09595287280140P204
http://doi.org/10.1097/00001574-200411000-00011
http://doi.org/10.1113/jphysiol.2004.063388
http://doi.org/10.1097/PSY.0000000000000247
http://doi.org/10.1136/gutjnl-2015-309618
http://www.ncbi.nlm.nih.gov/pubmed/26069274
http://doi.org/10.3389/fendo.2019.00504
http://www.ncbi.nlm.nih.gov/pubmed/31417492
http://doi.org/10.3389/fimmu.2018.02398
http://www.ncbi.nlm.nih.gov/pubmed/30386344
http://doi.org/10.1126/scitranslmed.aar3752
http://doi.org/10.1186/s12934-017-0691-z
http://doi.org/10.1096/fj.14-259598
http://doi.org/10.1126/science.1241165
http://doi.org/10.1038/nature12506
http://doi.org/10.1016/j.tig.2004.05.007
http://doi.org/10.1128/mBio.01492-17
http://doi.org/10.1111/1751-7915.13479
http://www.ncbi.nlm.nih.gov/pubmed/31448542
http://doi.org/10.1073/pnas.132266999
http://doi.org/10.3390/gidisord4030012
http://www.ncbi.nlm.nih.gov/pubmed/24568029
http://doi.org/10.1186/s40168-019-0619-4
http://www.ncbi.nlm.nih.gov/pubmed/30635058
http://doi.org/10.3390/nu12010133


Life 2022, 12, 1197 15 of 17

80. Lindfors, K.; Ciacci, C.; Kurppa, K.; Lundin, K.E.A.; Makharia, G.K.; Mearin, M.L.; Murray, J.A.; Verdu, E.F.; Kaukinen, K. Coeliac
disease. Nat. Rev. Dis. Primers 2019, 5, 3. [CrossRef]

81. Gasbarrini, G.; Rickards, O.; Martínez-Labarga, C.; Pacciani, E.; Chilleri, F.; Laterza, L.; Marangi, G.; Scaldaferri, F.; Gasbarrini, A.
Origin of celiac disease: How old are predisposing haplotypes? World J. Gastroenterol. 2012, 18, 5300–5304.

82. Thompson, R.C.; Allam, A.H.; Lombardi, G.G.; Wann, L.S.; Sutherland, M.L.; Sutherland, J.D.; Soliman, M.A.; Frohlich, B.;
Mininberg, D.T.; Monge, J.M.; et al. Atherosclerosis across 4000 years of human history: The Horus study of four ancient
populations. Lancet 2013, 381, 1211–1222. [CrossRef]

83. Rose, C.; Parker, A.; Jefferson, B.; Cartmell, E. The characterisation of feces and urine: A review of the literature to inform
advanced treatment technology. Crit. Rev. Environ. Sci. Technol. 2015, 45, 1827–1879. [CrossRef]

84. Tortora, G.J.; Anagnostakos, N.P. Principles of Anatomy and Physiology, 5th ed.; Harper and Row: New York, NY, USA, 1987; p. 624.
85. Forootan, M.; Bagheri, N.; Darvishi, M. Chronic constipation. Medicine 2018, 97, e10631. [CrossRef] [PubMed]
86. Sonnenburg, E.D.; Smits, S.A.; Tikhonov, M.; Higginbottom, S.A.; Wingreen, N.S.; Sonnenburg, J.L. Diet-induced Extinctions in

the Gut Microbiota Compound over Generations. Nature 2016, 529, 212–215. [CrossRef] [PubMed]
87. Zeevi, D.; Korem, T.; Zmora, N.; Israeli, D.; Rothschild, D.; Weinberger, A.; Ben-Yakov, O.; Lador, D.; Avnit-Sagi, T.; Lotan-Pompan,

M.; et al. Personalized nutrition by prediction of glycaemic responses. Cell 2015, 163, 1079–1094. [CrossRef] [PubMed]
88. Wolever, T. Personalized nutrition by prediction of glycaemic responses: Fact or fantasy? Eur. J. Clin. Nutr. 2016, 70, 411–413.

[CrossRef] [PubMed]
89. Brown, A.C.; Valiere, A. Probiotics and medical nutrition therapy. Nutr. Clin. Care 2004, 7, 56–68.
90. Hutkins, R.W.; Krumbeck, J.A.; Bindels, L.B.; Cani, P.D.; Fahey, G., Jr.; Goh, Y.J.; Hamaker, B.; Martens, E.C.; Mills, D.A.; Rastal, R.A.; et al.

Prebiotics: Why definitions matter. Curr. Opin. Biotechnol. 2016, 37, 1–7. [CrossRef]
91. Bomba, A.; Nemcova, R.; Gancarcíková, S.; Herich, R. Improvement of the probiotic effect of micro-organisms by their combination

with maltodextrins, fructooligosaccharides and polyunsaturated fatty acids. Br. J. Nutr. 2002, 88, S95–S99. [CrossRef]
92. Pandey, K.R.; Naik, S.R.; Vakil, B.V. Probiotics, prebiotics and synbiotics—A review. J. Food Sci. Technol. 2015, 52, 7577–7587.

[CrossRef]
93. Zhou, L.; Foster, J.A. Psychobiotics and the gut-brain axis: In the pursuit of happiness. Neuropsychiatr. Dis. Treat. 2015, 11, 715–723.
94. Rijkers, G.T.; de Vos, W.M.; Brummer, R.-J.; Morelli, L. Health benefits and health claims of probiotics: Bridging science and

marketing. Br. J. Nutr. 2011, 106, 1291–1296. [CrossRef]
95. O’Toole, P.W.; Marchesi, J.R.; Hill, C. Next-generation probiotics: The spectrum from probiotics to live biotherapeutics. Nat.

Microbiol. 2017, 2, 17057. [CrossRef] [PubMed]
96. Underwood, M.A.; Salzman, N.H.; Bennett, S.H.; Barman, M.; Mills, D.A.; Marcobal, A.; Tancredi, D.J.; Bevins, C.L.; Sherman, M.P.

A randomized placebo-controlled comparison of 2 prebiotic/probiotic combinations in preterm infants: Impact on weight gain,
intestinal microbiota, and fecal short-chain fatty acids. J. Paediatr. Gastroenterol. Nutr. 2009, 48, 216–225. [CrossRef] [PubMed]

97. Petrof, E.O.; Khoruts, A. From Stool Transplants to Next-Generation Microbiota Therapeutics. Gastroenterology 2014, 146, 1573–1582.
[CrossRef] [PubMed]

98. Tariq, R.; Pardi, D.S.; Bartlett, M.G.; Khanna, S. Low cure rates in controlled trials of fecal microbiota transplantation for recurrent
Clostridium difficile infection: A systematic review and meta-analysis. Clin. Infect. Dis. 2019, 68, 1351–1358. [CrossRef]

99. Wassermann, B.; Müller, H.; Berg, G. An apple a day: Which bacteria do we eat with organic and conventional apples? Front.
Microbiol. 2019, 10, 1629. [CrossRef]

100. Marlowe, F.W.; Berbesque, J.C.; Wood, B.; Crittenden, A.; Porter, C.; Mabulla, A. Honey, Hadza, hunter-gatherers, and human
evolution. J. Hum. Evol. 2014, 71, 119–128. [CrossRef]

101. Olaitan, P.B.; Adeleke, O.E.; Ola, I.O. Honey: A reservoir for microorganisms and an inhibitory agent for microbes. Afr. Health Sci.
2007, 7, 159–165.

102. McGovern, P.E.; Zhang, J.; Tang, J.; Zhang, Z.; Hall, G.R.; Moreau, R.A.; Nuñez, A.; Butrym, E.D.; Richards, M.P.; Wang, C.S.; et al.
Fermented beverages of pre- and proto-historic China. Proc. Natl. Acad. Sci. USA 2004, 101, 17593–17598. [CrossRef]

103. Rizo, J.; Guillén, D.; Díaz-Ruiz, G.; Wacher, C.; Encarnación, S.; Sánchez, S.; Rodríguez-Sanoja, R. Metaproteomic insights into the
microbial community in pozol. Front. Nutr. 2021, 8, 714814. [CrossRef]

104. Dahl, W.J.; Agro, N.C.; Eliasson, A.M.; Mialki, K.L.; Olivera, J.D.; Rusch, N.C.; Young, C. Heath benefits of fiber fermentation.
J. Am. Coll. Nutr. 2017, 36, 127–136. [CrossRef]

105. Gibson, P.R.; Shepherd, S.J. Evidence-based dietary management of functional gastrointestinal symptoms: The FODMAP
approach. J. Gastroenterol. Hepatol. 2010, 25, 252–258. [CrossRef] [PubMed]

106. Makharia, A.; Catassi, C.; Makharia, G.K. The overlap between irritable bowel syndrome and non-celiac gluten sensitivity: A
clinical dilemma. Nutrients 2015, 7, 10417–10426. [CrossRef] [PubMed]

107. Biesiekierski, J.R.; Iven, J. Non-coeliac gluten sensitivity: Piecing the puzzle together. United Eur. Gastroenterol. 2015, 3, 160–165.
[CrossRef] [PubMed]

108. Whelan, K.; Martin, L.D.; Staudacher, H.M.; Lomer, M.C.E. The low FODMAP diet in the management of irritable bowel
syndrome: An evidence-based review of FODMAP restriction, reintroduction and personalisation in clinical practice. J. Hum.
Nutr. Diet 2018, 31, 239–255. [CrossRef]

109. Vandeputte, D.; Joossens, M. Effects of low and high FODMAP diets on human gastrointestinal microbiota composition in adults
with intestinal diseases: A systematic review. Microorganisms 2020, 8, 1638. [CrossRef]

http://doi.org/10.1038/s41572-018-0054-z
http://doi.org/10.1016/S0140-6736(13)60598-X
http://doi.org/10.1080/10643389.2014.1000761
http://doi.org/10.1097/MD.0000000000010631
http://www.ncbi.nlm.nih.gov/pubmed/29768326
http://doi.org/10.1038/nature16504
http://www.ncbi.nlm.nih.gov/pubmed/26762459
http://doi.org/10.1016/j.cell.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/26590418
http://doi.org/10.1038/ejcn.2016.31
http://www.ncbi.nlm.nih.gov/pubmed/27050901
http://doi.org/10.1016/j.copbio.2015.09.001
http://doi.org/10.1079/BJN2002634
http://doi.org/10.1007/s13197-015-1921-1
http://doi.org/10.1017/S000711451100287X
http://doi.org/10.1038/nmicrobiol.2017.57
http://www.ncbi.nlm.nih.gov/pubmed/28440276
http://doi.org/10.1097/MPG.0b013e31818de195
http://www.ncbi.nlm.nih.gov/pubmed/19179885
http://doi.org/10.1053/j.gastro.2014.01.004
http://www.ncbi.nlm.nih.gov/pubmed/24412527
http://doi.org/10.1093/cid/ciy721
http://doi.org/10.3389/fmicb.2019.01629
http://doi.org/10.1016/j.jhevol.2014.03.006
http://doi.org/10.1073/pnas.0407921102
http://doi.org/10.3389/fnut.2021.714814
http://doi.org/10.1080/07315724.2016.1188737
http://doi.org/10.1111/j.1440-1746.2009.06149.x
http://www.ncbi.nlm.nih.gov/pubmed/20136989
http://doi.org/10.3390/nu7125541
http://www.ncbi.nlm.nih.gov/pubmed/26690475
http://doi.org/10.1177/2050640615578388
http://www.ncbi.nlm.nih.gov/pubmed/25922675
http://doi.org/10.1111/jhn.12530
http://doi.org/10.3390/microorganisms8111638


Life 2022, 12, 1197 16 of 17

110. Robertson, T.M.; Brown, J.E.; Fielding, B.A.; Hovorka, R.; Robertson, M.D. Resistant starch production and glucose release from
pre-prepared chilled food: The SPUD project. Nutr. Bull. 2021, 46, 52–59. [CrossRef]

111. Yang, X.; Darko, K.O.; Huang, Y.; He, C.; Yang, H.; He, S.; Li, J.; Li, J.; Hocher, B.; Yin, Y. Resistant starch regulates gut microbiota:
Structure, biochemistry and cell signalling. Cell. Physiol. Biochem. 2017, 42, 306–318. [CrossRef]

112. Pandey, K.B.; Rizvi, S.I. Plant polyphenols as dietary antioxidants in human health and disease. Oxid. Med. Cell Longev. 2009,
2, 270–278. [CrossRef]

113. Carocho, M.; Ferreira, I.C.F.R. A review on antioxidants and related controversy: Natural and synthetic compounds, screening
and analysis methodologies and future perspectives. Food Chem. Technol. 2013, 51, 15–25. [CrossRef]

114. D’Archivio, M.; Filesi, C.; Vari, R.; Scazzocchio, B.; Masella, R. Bioavailability of the polyphenols: Status and controversies. Int. J.
Mol. Sci. 2010, 11, 1321–1342. [CrossRef]

115. Shadnia, H.; Wright, J.S. Understanding the toxicity of phenols: Using quantitative structure-activity relationships and enthalpy
changes to discriminate between possible mechanisms. Chem. Res. Toxicol. 2008, 21, 1197–1204. [CrossRef] [PubMed]

116. Hewlings, S.J.; Kalman, K.S. Curcumin: A review of its effects on human health. Foods 2017, 6, 92. [CrossRef] [PubMed]
117. Nelson, K.M.; Dahlin, J.L.; Bisson, J.; Graham, J.; Pauli, G.F.; Walters, M.A. The essential medicinal chemistry of curcumin. J. Med.

Chem. 2017, 60, 1620–1637. [CrossRef]
118. Zhang, Y.; Yang, H.; Li, S.; Li, W.-D.; Wang, Y. Consumption of coffee and tea and risk of developing stroke, dementia, and

poststroke dementia: A cohort study in the UK Biobank. PLoS Med. 2021, 18, e1003830. [CrossRef]
119. Ma, G.; Chen, Y. Polyphenol supplementation benefits human health via gut microbiota: A systematic review via meta-analysis.

J. Funct. Foods 2020, 66, 103829. [CrossRef]
120. Falony, G.; Vandeputte, D.; Caenepeel, C.; Vieira-Silva, S.; Daryoush, T.; Vermeire, S.; Raes, J. The Human Microbiome in Health

and Disease: Hype or Hope. Acta Clin. Belg. 2019, 74, 53–64. [CrossRef]
121. Lee-Sarwar, K.A.; Lasky-Su, J.; Kelly, R.S.; Litonjua, A.A.; Weiss, S.T. Metabolome–Microbiome Crosstalk and Human Disease.

Metabolites 2020, 10, 181. [CrossRef]
122. Redondo-Useros, N.; Nova, E.; González-Zancada, N.; Díaz, L.E.; Gómez-Martínez, S.; Marcos, A. Microbiota and Lifestyle: A

Special Focus on Diet. Nutrients 2020, 12, 1776. [CrossRef]
123. David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, J.E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.; Varma, Y.;

Fischbach, M.A.; et al. Diet Rapidly and Reproducibly Alters the Human Gut Microbiome. Nature 2014, 505, 559–563. [CrossRef]
124. Xu, Z.; Knight, R. Dietary Effects on Human Gut Microbiome Diversity. Br. J. Nutr. 2015, 113, S1–S5. [CrossRef]
125. Yadav, M.; Verma, M.K.; Chauhan, N.S. A Review of Metabolic Potential of Human Gut Microbiome in Human Nutrition. Arch.

Microbiol. 2018, 200, 203–217. [CrossRef] [PubMed]
126. Van Treuren, W.; Dodd, D. Microbial Contribution to the Human Metabolome: Implications for Health and Disease. Annu. Rev.

Pathol. Mech. Dis. 2020, 15, 345–369. [CrossRef] [PubMed]
127. Angelis, M.D.; Garruti, G.; Minervini, F.; Bonfrate, L.; Portincasa, P.; Gobbetti, M. The Food-Gut Human Axis: The Effects of Diet

on Gut Microbiota and Metabolome. Curr. Med. Chem. 2019, 26, 3567–3583. [CrossRef]
128. Capurso, G.; Lahner, E. The Interaction between Smoking, Alcohol and the Gut Microbiome. Best Pract. Res. Clin. Gastroenterol.

2017, 31, 579–588. [CrossRef] [PubMed]
129. Wilmanski, T.; Rappaport, N.; Diener, C.; Gibbons, S.M.; Price, N.D. From Taxonomy to Metabolic Output: What Factors Define

Gut Microbiome Health? Gut Microbes 2021, 13, 1907270. [CrossRef]
130. Falony, G.; Joossens, M.; Vieira-Silva, S.; Wang, J.; Darzi, Y.; Faust, K.; Kurilshikov, A.; Bonder, M.J.; Valles-Colomer, M.;

Vandeputte, D.; et al. Population-Level Analysis of Gut Microbiome Variation. Science 2016, 352, 560–564. [CrossRef]
131. Zhernakova, A.; Kurilshikov, A.; Bonder, M.J.; Tigchelaar, E.F.; Schirmer, M.; Vatanen, T.; Mujagic, Z.; Vila, A.V.; Falony, G.;

Vieira-Silva, S.; et al. Population-Based Metagenomics Analysis Reveals Markers for Gut Microbiome Composition and Diversity.
Science 2016, 352, 565–569. [CrossRef]

132. Sandhu, K.V.; Sherwin, E.; Schellekens, H.; Stanton, C.; Dinan, T.G.; Cryan, J.F. Feeding the Microbiota-Gut-Brain Axis: Diet,
Microbiome, and Neuropsychiatry. Transl. Res. 2017, 179, 223–244. [CrossRef]

133. Tsai, Y.-L.; Lin, T.-L.; Chang, C.-J.; Wu, T.-R.; Lai, W.-F.; Lu, C.-C.; Lai, H.-C. Probiotics, Prebiotics and Amelioration of Diseases.
J. Biomed. Sci. 2019, 26, 3. [CrossRef]

134. Karu, N.; Deng, L.; Slae, M.; Guo, A.C.; Sajed, T.; Huynh, H.; Wine, E.; Wishart, D.S. A Review on Human Fecal Metabolomics:
Methods, Applications and the Human Fecal Metabolome Database. Anal. Chim. Acta 2018, 1030, 1–24. [CrossRef]

135. Zhang, X.; Li, L.; Butcher, J.; Stintzi, A.; Figeys, D. Advancing Functional and Translational Microbiome Research Using
Meta-Omics Approaches. Microbiome 2019, 7, 154. [CrossRef] [PubMed]

136. Berg, G.; Rybakova, D.; Fischer, D.; Cernava, T.; Vergès, M.-C.C.; Charles, T.; Chen, X.; Cocolin, L.; Eversole, K.; Corral, G.H.; et al.
Microbiome Definition Re-Visited: Old Concepts and New Challenges. Microbiome 2020, 8, 103. [CrossRef] [PubMed]

137. Kalantar-Zadeh, K.; Ha, N.; Ou, J.Z.; Berean, K.J. Ingestible Sensors. ACS Sens. 2017, 2, 468–483. [CrossRef] [PubMed]
138. Traverso, G.; Ciccarelli, G.; Schwartz, S.; Hughes, T.; Boettcher, T.; Barman, R.; Langer, R.; Swiston, A. Physiologic Status

Monitoring via the Gastrointestinal Tract. PLoS ONE 2015, 10, e0141666. [CrossRef] [PubMed]
139. Mimee, M.; Nadeau, P.; Hayward, A.; Carim, S.; Flanagan, S.; Jerger, L.; Collins, J.; McDonnell, S.; Swartwout, R.; Citorik, R.J.; et al. An

Ingestible Bacterial-Electronic System to Monitor Gastrointestinal Health. Science 2018, 360, 915–918. [CrossRef]

http://doi.org/10.1111/nbu.12476
http://doi.org/10.1159/000477386
http://doi.org/10.4161/oxim.2.5.9498
http://doi.org/10.1016/j.fct.2012.09.021
http://doi.org/10.3390/ijms11041321
http://doi.org/10.1021/tx800058r
http://www.ncbi.nlm.nih.gov/pubmed/18500785
http://doi.org/10.3390/foods6100092
http://www.ncbi.nlm.nih.gov/pubmed/29065496
http://doi.org/10.1021/acs.jmedchem.6b00975
http://doi.org/10.1371/journal.pmed.1003830
http://doi.org/10.1016/j.jff.2020.103829
http://doi.org/10.1080/17843286.2019.1583782
http://doi.org/10.3390/metabo10050181
http://doi.org/10.3390/nu12061776
http://doi.org/10.1038/nature12820
http://doi.org/10.1017/S0007114514004127
http://doi.org/10.1007/s00203-017-1459-x
http://www.ncbi.nlm.nih.gov/pubmed/29188341
http://doi.org/10.1146/annurev-pathol-020117-043559
http://www.ncbi.nlm.nih.gov/pubmed/31622559
http://doi.org/10.2174/0929867324666170428103848
http://doi.org/10.1016/j.bpg.2017.10.006
http://www.ncbi.nlm.nih.gov/pubmed/29195678
http://doi.org/10.1080/19490976.2021.1907270
http://doi.org/10.1126/science.aad3503
http://doi.org/10.1126/science.aad3369
http://doi.org/10.1016/j.trsl.2016.10.002
http://doi.org/10.1186/s12929-018-0493-6
http://doi.org/10.1016/j.aca.2018.05.031
http://doi.org/10.1186/s40168-019-0767-6
http://www.ncbi.nlm.nih.gov/pubmed/31810497
http://doi.org/10.1186/s40168-020-00875-0
http://www.ncbi.nlm.nih.gov/pubmed/32605663
http://doi.org/10.1021/acssensors.7b00045
http://www.ncbi.nlm.nih.gov/pubmed/28723186
http://doi.org/10.1371/journal.pone.0141666
http://www.ncbi.nlm.nih.gov/pubmed/26580216
http://doi.org/10.1126/science.aas9315


Life 2022, 12, 1197 17 of 17

140. Kalantar-Zadeh, K.; Berean, K.J.; Ha, N.; Chrimes, A.F.; Xu, K.; Grando, D.; Ou, J.Z.; Pillai, N.; Campbell, J.L.; Brkljača, R.; et al. A
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