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Abstract: Gut microbial composition codevelops with the host from birth and is influenced by several
factors, including drug use, radiation, psychological stress, dietary changes and physical stress.
Importantly, gut microbial dysbiosis has been clearly associated with several diseases, including
cancer, theumatoid arthritis and Clostridium difficile-associated diarrhoea, and is known to affect
human health and performance. Herein, we discuss that a shift in the gut microbiota with age and
reversal of age-related modulation of the gut microbiota could be a major contributor to the incidence
of numerous age-related diseases or overall human performance. In addition, it is suggested that
the gut microbiome of long-lived animals such as reptiles should be investigated for their unique
properties and contribution to the potent defense system of these species could be extrapolated for
the benefit of human health. A range of techniques can be used to modulate the gut microbiota to
have higher abundance of “beneficial” microbes that have been linked with health and longevity.

Keywords: gut microbiota; microbiota modulation; microbiota development; FMT; faecal microbiota
transplantation; prebiotics; probiotics

1. Introduction

The link between human health and the gut microbiome is profound and has been
speculated upon for thousands of years. In 400 B.C., it was suggested by Hippocrates that
“bad digestion is the root of all evil” and “death sits in the bowels” [1]. It is now well-known
that humans are inhabited by microorganisms, including bacteria, viruses and archaea,
that live in harmony with them, known as microflora, microbiota or normal flora [2,3]. It
is estimated that the human microbiome is comprised of a hundred trillion bacteria cells,
which amounts to ten times more than there are human cells in the human body [2,4]. With
a surface area of 200 m? to 300 m? [5], the gut alone accounts for over 70% of the human
microbiota [3]. During the average human lifespan, along with approximately 60 tonnes
of food, a plethora of microorganisms from the environment pass through the human
gastrointestinal (GI) tract, and this results in coevolution forming intricate and mutually
beneficial relationships, leading to the formation of the “gut microbiota” [6]. The gut
microbial composition develops concomitantly with the host from birth and is influenced
by several factors, including genetic predisposition and nutrition [7]. Even within the gut
microbiota, striking differences are observed at different locations such as the duodenum,
ileum and colon [8]. In addition, alterations in the gut microbiota may be influenced by
environmental factors, toxins, pathogens, diet and drugs [9]. While the gut microbiota is
present in the digestive tract, its effect is not limited to that location and is even known to
modulate brain development in mammals and later behaviour in adults [10]. Many aspects
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of human health are also influenced by the gut microbiota, as they may provide energy and
nutrients to the host by aiding the digestion of nondigestible dietary components and can
also contribute to inflammation, infection, gastrointestinal diseases, diabetes mellitus and
obesity [11]. Interestingly, the composition of the human gut microbiota shifts with age,
leading to influenced changes in the host’s health [12]. In this regard, the disturbance of the
microbiome has been suggested as a new hallmark of ageing in the recent meeting held in
Copenhagen on March 2022, in addition to the original nine hallmarks of ageing proposed
by Lépez-Otin and colleagues in 2013 [13]. Herein, we discuss how the gut microbiome
develops, the possible ways of manipulating the gut microbiome and its role in disease and
ageing. Furthermore, gut microbiota interventional strategies are discussed, as well as the
notion of learning from long-lived animals such as reptiles.

2. Gut Microbiota Development and Composition

Formerly, it was thought that initial contact with microbial species takes place during
birth, as was proposed by Tissier in 1900. The placenta was thought to prevent microor-
ganisms from entering the bloodstream of the fetus, thus maintaining a sterile environ-
ment [14,15]. Nonetheless, recently it has emerged that diverse microbial communities
may exist in human semen and in the womb [14,16]. Furthermore, a variety of other
reports state that microbial species may inhabit diverse niches, comprising the placenta,
umbilical cord blood and amniotic fluid, suggesting that select microbes may colonize
in utero [14,17-19]. A recent study was conducted in mice whereby pregnant mice were
colonized with genetically labelled Enterococcus faecium, that was isolated from human
breast milk; the labelled strain was successfully cultured from the amniotic fluid of mice
2 days before full term was achieved [17]. However, even though the findings suggest
transfer of some microbial species prior to birth, the results remain controversial because
of the probability of contamination while assessing the specimens, and so prospective
studies are necessitated [20]. Nonetheless, if this is the case, such microbial studies could
be extrapolated and studied in order to determine their unique properties.

The human gut microbiota typically undergoes an age-affiliated microbiota shift from
3 days after birth to 2, 3, 4 or 5 years later when the gut microbiota reaches an adult-
like configuration [21-24]. Effects of the microbiota on the host can be both beneficial
and harmful, and while it is estimated that 40% of the microbiota is yet to be identified
or cultured, links between the gut microbiota composition and human health have been
established, even in infants [25]. For example, in infants, reduced numbers of bifidobacterial
species have been linked to atopic sensitization and future development of obesity, while
increased numbers of Clostridium difficile have been linked to colicky infants [26-28].

Initially, the gut microbiota is influenced by prenatal factors, including maternal diet,
antibiotic use during pregnancy, maternal stress, smoking status and obesity [29,30]. The
microbiota is then affected by the type of birth, mainly vaginally and through Caesarean
section, whereby vaginally delivered children, as compared to those delivered through
Caesarean section, displayed lower rates of asthma, atopic symptoms and diabetes, while in-
terestingly, specific colonization of the microbiota in children delivered through Caesarean
section was delayed by up to one 1 month and the diversity and number of colonies in their
microbiota were lower [31-34]. Newborns are typically exposed to vaginal microbes that
are typically dominated by Lactobacilli and Prevotella spp. [35]. The microbiome of babies
born via Caeserean section is normally dominated by Staphylococcus, Propionibacterium spp.
and Corynebacterium [35,36]. Whether modulation of these microbiomes at an earlier stage
can affect ageing and the precise manner in which this may occur needs to be further inves-
tigated. For example, inoculation with maternal vaginal microbiota immediately following
C-section delivery is denoted as “vaginal seeding” [37]. Nonetheless, there are limitations
pertaining to this method as there is a lack of comprehension of the precise mechanisms in
early microbiota initialization and maturation. A major limitation is the ability to study
neonates in sufficient number. Moreover, the link between impaired maternal microbiota
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Influenced by prenatal factors
(maternal diet, antibiotic use
during pregnancy, maternal
stress, smoking status and
obesity) and type of birth

transfer at birth and acute or chronic illnesses in infants born by C-section needs to be
determined, and future work is needed.

The admixture of compounds and antigens in breast milk, together with its range of
bifidobacteria and lactobacilli strains, are the next factors that may affect the development
of the microbiota [25]. A recent study revealed that having older siblings positively im-
pacted bacterial diversity and richness in 18-month infants, inducing effects that are more
pronounced than early-life infections [38]. Notably, the administration of antibiotics in
infants also affects the development of their microbiome transiently or persistently [39].
Autochthonous bacteria—indigenous bacteria of the gut flora—inhibit the growth of al-
lochthonous species—bacteria from water, food or other organs—through the production
of specific substances, which is partly responsible for keeping the gut flora constant [40].

3. Gut Microbiota Modulation

While it is known that following initial colonization, the gut flora of humans remains
mostly constant throughout their adult life [41], evidence of intestinal microbiota changes
in adult humans have been reported and linked to specific phenomenon, including drug
use, radiation, psychological stress, dietary changes, altered gastrointestinal tract peristalsis
and physical stress (Figure 1) [1,42].

Diet Dietary changes

& - - =
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Remains mostly constant N , Age-related modulation of the
- throughout adult life due to :‘.: gut microbiota may increase
Antibioti inhibitory effects of indigenous ) A abundance of microbes linked to
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Figure 1. Development and modulation of the gut microbiota. Gut microbiota is initially influenced
by prenatal factors, including maternal diet, antibiotic use during pregnancy, maternal stress, smoking
status, obesity and type of birth. Breastfeeding, diet and antibiotic usage are the factors that affect
the development of the gut microbiota into its stable adult composition. The adult composition
of the gut microbiota may be modulated by drug usage, dietary changes, psychological stress and
physiological stress.

The most commonly used administration route for drugs is the oral route, owing to the
fact that it allows for the uptake of drugs without medical intervention, which exposes the
gut microflora to drugs [43]. For example, conventional anti-inflammatory drugs such as
naproxen, ibuprofen and aspirin, when taken daily over months, affect intestinal microbial
composition [44]. In addition, proton-pump inhibitors that are often taken in combination
with anti-inflammatory drugs to reduce the formation of stomach ulcers have been reported
to alter the gut microbiome [45]. The impact of drugs on intestinal microbes is not limited
to anti-inflammatory drugs and has also been linked to other type of medications, such as
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the use of metformin in the treatment of type 2 diabetes, which has been shown to change
the gut microbiota composition [46].

However, the most significant and common source of changes in normal gut microbiota
has been linked to antibiotic use [47,48]. Pharmacokinetics, spectrum of activity, length of
administration and dosage are some of the factors of antibiotic usage that influence the
impact of the antimicrobial agent on the gut flora [1]. Antimicrobial agents may severely
impact the gut microbiota, leading to an overgrowth of microorganisms, such as fungi, that
are already present [47,49]; a decrease in the production of short-chain fatty acids, responsi-
ble for electrolyte and water absorption, leading to electrolyte imbalances [50,51]; and /or
a decrease in colonization resistance by autochthonous bacteria, resulting in increased
susceptibility to intestinal pathogens [52,53]. While most orally administered antimicrobial
agents will trigger changes in the gut microbiota, the effects might be transient or long-
lasting [43]. For example, some antibiotics, such as amoxicillin, do not have long-term
impacts on the gut microbiome [54], while others, such as ciprofloxacin, leave a long-lasting
signature [55]. Furthermore, in elderly people, it has been observed that repeated exposure
to antibiotics may lead to destabilization of the gut flora resulting in antibiotic-resistant
pathogenic bacteria outgrowth [56].

Moreover, it has been demonstrated that the integrity of indigenous microflora can be
altered for several days due to psychological stress [57]. Changes in the gut microbiota of
Soviet cosmonauts were also identified and linked primarily to stress and increased risk of
colonization by pathogenic microorganisms [58]. It is now recognized that microgravity
environments can affect gut microbial composition [59]. In addition, 20% to 30% changes
in levels of some bacterial species were revealed in faeces of humans when experiencing
anger or fear, and concentrations of the bacteria returned to normal after the resolving the
situations [60]. Furthermore, a recent study that examined changes in the gut microbiome
of a world-class ultramarathon runner before and after competing revealed shifts in human
gut microbiome composition after acute exercise [61]. In another study, it was demonstrated
that gut microbial modulation with probiotics during a stressful ship voyage to Antarctica
was able to regulate gut microbiota homeostasis and reduce sea sickness prevalence as well
as other physiological complications [62].

Nutrition can also affect the gut microbiota, as variations in food intake may cause both
transient changes and cause shifts in specific bacteria leading to typical signatures [63,64].
It has been shown that the level, both low and high, of uptake of animal proteins and amino
acids modulates the levels of certain bacteria and increases the activity of certain bacterial
enzymes [65-67]. The amount of carbohydrates or sugars in regimes also affects the gut
microbiota [1,43]. Food rich in sulphur also modulates the microbiota by promoting the
growth of sulphate-reducing bacteria [68]. Fibres in food also have a predominant role in
variation of the gut microbiota, since they are indigestible and cause microbial fermenta-
tion [43]. Moreover, it has been shown that a Western diet, comprising of higher fat/higher
sugar and higher processed food intake, can lead to gut microbial changes [69,70].

4. Gut Microbiota and Disease

Gut microbiota dysbiosis has been clearly associated with the development of col-
orectal cancer [71], which has been linked to increased abundance of Firmicutes and
Fusobacteria from 0.1% of the gut microbiota in healthy individuals to approximately 10%
in colorectal cancer patients [72-74]. Changes in gut microbiota may lead to a population
with higher carcinogenic potential, such as Fusobacterium nucleatum, bacteria that express
Fusobacterium adhesin A, a virulence factor that activates growth and proliferation of cells,
and is abundant in tumour tissues [75-77]. Another bacterium, Bacteroides fragilis, also
stimulates cell proliferation and damages DNA through reactive oxygen species [78,79].

Increased levels of Enterobacteriaceae have been reported in elderly human subjects
suffering from Clostridium difficile-associated diarrhoea [80,81], Modulation of the gut
microbiome may also lead to Clostridium difficile-associated colitis [84]. In addition, a
decrease in the abundance of Firmicutes and increase in the abundance of Proteobacteria
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has been linked to necrotizing enterocolitis, a gut inflammation with a mortality of 30% [43].
Moreover, ulcerative colitis has been linked to a loss of bacterial diversity in the gut
microbiota and an increase in the abundance of Bacteroides and Candida [85].

Recent studies have linked the bidirectional gut microflora-brain interactions to mood
disorders, and this biochemical signalling has been termed the gut-brain axis [86,87].
Patients suffering from autism spectrum disorders exhibited increased abundances of
Lactobacillus, Corynebacterium and Collinsella in the gut microbiota compared to unaffected
siblings [88]. In individuals with bipolar disorder, higher levels of faecal Clostridium,
Oscillibacter, Bacteroides, Streptococcus and Bifidobacterium were identified [87].

Intestinal microbiota of rheumatoid arthritis patients was found to be different from
controls, and Yersinia, Salmonella, and Shigella have been linked to arthritis as triggers [89].
Gut microbiota changes are often reflected by a varying number of microorganisms, namely
Proteus mirabilis, in the faeces of patients [90,91] and an increase in Prevotella copri [92]. In
addition, specific changes in the gut microbiota of obese patients have been reported, such
as a decrease in the abundance of Bacteroides spp [93,94] and an increase in the abundance of
Akkermansia muciniphila, a mucin-degrading gut bacterium that, in obese patients, has been
linked to enhanced metabolic health [95]. Moreover, diminished gut microbial diversity
arising from vancomycin treatment and high levels of coliforms and Staphylococcus aureus
has been linked to allergy [96,97].

5. Gut Microbiota and Ageing

Considering that the gut microbiota is modulated by various phenomenon, as de-
scribed above, it is obvious that the gut microbiota changes throughout the lifespan of the
human life, and hence at older ages the changes will become more visible. A study with
528 individuals aged 0 to 70 years demonstrated that there is a shift in the gut microbiota
with age [22]. As documented in the previous section, it is apparent that alterations in the
gut microbiota are linked with several health conditions.

Data from 371 samples, from subjects of an age range of 0 to 104 years, were analysed
and classified into 187 bacterial groups, and 4 predominant phyla, namely Actinobacteria,
Bacteroidetes, Firmicutes and Proteobacteria, were revealed [12]. The relative abundance
of Actinobacteria decreased with age while the abundance of Firmicutes increased from
children to adults and then decreased in elderly individuals, and the abundance of Pro-
teobacteria and Bacteroidetes increased in individuals of 70 years and older [12]. Bacteroides,
Eubacterium and Clostridiaceae co-abundance groups were associated with elderly groups;
and co-abundance groups Megamonas and Peptoniphilus were found to be enriched in el-
derly [12]. Betaproteobacteria, Bacteroidetes and Deltaproteobacteria were found in higher
abundance in the elderly, as compared to infants, adolescents and adults [12].

Moreover, gut microbiota of 84 subjects, aged 25 to 104 years, were analysed using
the Human Intestinal Tract Chip and quantitative PCR [98]. The study revealed that Enter-
obacter aerogenes, Eggerthella Iento, Bacillus, Clostridium leptum and Clostridium orbiscindens
abundance gradually increased from young individuals to centenarians while an increase
in the abundance of Eubacterium limosum, Klebsiella pneumoniae, Vibrio, Sporobacter termiditis
and Anaerotruncus colihominis was identified in centenarians as compared to elderly [98].
Interestingly, the abundance of Clostridium colinim, Clostridium sphenoides, Eubacterium
rectale, Lachnobacilus bovis, Ruminococcus actaris and Ruminococcus obeum were higher in
elderly as compared to young individuals but was shown to decrease in centenarians as
compared to elderly [98]. Conversely, a gradual decrease in the abundance of Faecalibac-
terium prausnitzii, Papillibacter cinnamovorans, Eubacterium hallii, Eubacterium ventriosum and
Roseburia intestinalis was observed from in centenarians and elderly as compared to young
individuals [98].

Similarly, gut microbiota of 24 semisupercentenarians, aged 105 to 109 years, and
15 young adults, aged 22 to 48 years, were analysed [99]. The study also included precol-
lected gut microbiota of 15 centenarians, aged 99 to 104 years, and 15 elderlies, aged 65
to 75 years [99]. An increase in the abundance of Anaerotruncus, Odoribacter, Oscillospira,
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Bilophila and Eggerthella was observed in gut microbiota as age increased from young adults
to semisupercentenarians, through elderly and centenarians [99]. On the other hand, a
decrease in the abundance of Coprococcus and Roseburia was observed as age increased
from young adults to semisupercentenarians [99]. Interestingly, the abundance of Chris-
tensenellaceae, Butyricimonas and Barnesiellaceae increased as age increased from adults to
centenarians, but then decreased from centenarians to semisupercentenarians [99]. The
abundance of Lachnospiraceae and Akkermansia increased from young to elderly, then de-
creased from elderly to centenarian and then showed an increase from centenarians to
semisupercentenarians [99]. The abundance of Faecalibacterium was shown to increase from
adults to elderly and then decrease [99].

In another study, gut microbiota of 24 subjects, aged 100 to 108 years (centenarian),
85 to 99 years (elderly) and 80 to 92 years (younger elderly), were analysed [100]. It was
revealed that as age increases, the relative abundance of Verrucomicrobiaceae, Veillonellaceae,
Porphyromonadaceae, Barnesiellaceae, Odoribacteraceae and Alcaligenaceae decreases [100]. As
age increased from younger elderly to elderly, the relative abundance of Methanobacteriaceae,
Lactobacillaceae and Comamonadaceae increased; but when age increased from elderly to
centenarian, their relative abundance decreased [100]. In addition, the relative abundance
of Catabacteriaceae decreased from younger elderly to elderly and increased from elderly to
centenarian [100]. Relative abundance of Enterobacteriaceae increased from younger elderly
to elderly while that of Rikenellaceae decreased from elderly to centenarian [100].

Interestingly, a study analysed the gut microbiota composition of 168 participants
(67 healthy centenarians, 54 elderly and 47 young adults) from China and compared
the results with a dataset of Italian participants [101]. It was revealed that the relative
abundance of Clostridium, Ruminococcaceae, Akkermansia and Christensenellaceae are enhanced
in the older groups in both the Chinese and Italian populations [101]. This indicates that the
age-related modulation of the gut microbiota might be a process that takes place regardless
of geological location.

A recent study, comprising data from more than 9000 individuals, demonstrated
that the uniqueness of the microbiome that arises with age has a strong link to amino
acid derivatives produced by microbes that circulate in the bloodstream [102]. It was
observed that the gut microbiome of healthy individuals that are over 80 years still evolves
towards a unique compositional state, while this change is not apparent in less healthy
individuals [102]. Interestingly, decreased survival was observed in individuals with a
high abundance of Bacteroides, a fundamental genus observed in most humans, and those
displaying a low gut microbiota uniqueness [102].

6. Gut Microbiota and Age-Related Disease

Ageing alters the gut microbiota, as shown above, and this age-related modulation of
the gut microbiota may be a major contributor to poorer outcomes after acute injury in the
elderly and incidence of numerous age-related diseases [103]. While ageing is a complex
process that involves numerous biological pathways, age-related chronic inflammation,
notably with regards to its links with degenerative disorders and frailty, is believed to be
pathogenic, and hence, inflammation-mediated aging (inflammaging) has been proposed
as a vital mechanism of aging [104]. It has been suggested that age-related dysbiosis of the
gut microbiota might in turn mediate age-related chronic inflammation [105]. Moreover, it
has been shown that the gut microbiota is essential in both the development of immune
maturity in the gut and also systemic immunity, and additionally, it modulates the architec-
tural organization of secondary lymphoid organs into distinct T-cell and B-cell zones [106].
This is further supported by the fact that a decrease in the abundance of lactobacilli and
bifidobacterial, bacterial species that may cause upregulation of interleukin-10 and down-
regulation of tumour necrosis factor-« and interferon-y, is observed in the elderly [105].

Moreover, Faecalibacterium prausnitzii, commonly found in the human gut, is known
to exert an anti-inflammatory effect on the gut mucosa, and a decrease in its abundance
has been linked to the trigger of Crohn’s disease [107]. Presence of F. prausnitzii has also
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been linked to a reduction in the severity of colitis in animal models [107]. Upregulation
of interleukin-10 and downregulation of interleukin-12 and interferon-y has been demon-
strated in peripheral blood mononuclear cells exposed to F. prausnitzii [107]. Interestingly,
the abundance of F. prausnitzii is diminished in the gut microbiota of elderly, and the loss of
abundance of F. prausnitzii in centenarian gut microbiota has been linked with increased
levels of proinflammatory cytokines interleukin-6 and interleukin-8 in the blood [98]. It
has been further demonstrated that a lower abundance of F. prausnitzii is observed in stool
samples from hospitalized elderly as compared to nonhospitalized elderly [108], further
indicating that decrease in its abundance contributes to poor health.

The regulation of skeletal muscle mass is influenced by muscle protein synthesis and
breakdown, and in older individuals, the sensitivity of muscle protein synthesis to anabolic
stimuli, when compared to younger individuals, is weakened [109]. This diminished
anabolic responsiveness is termed anabolic resistance [109]. Gut microbes play an important
role in the digestion, processing and absorption of protein in the gastrointestinal tract [110].
In addition, microorganisms such as Bifidobacteria and Clostridia have been shown to
produce amino acids from nonspecific nitrogen sources [111]. Moreover, 19% to 22% of
leucine, an amino acid that may be a requirement to initiate anabolic intracellular signalling
pathways, is synthesized by intestinal microbes [112,113]. Interestingly, bacteria such as
Prevotella, which are involved in the biosynthesis of lysine (an amino acid that is essential
for muscle protein turnover that has also been linked to longevity when present in high
levels) have been shown to decrease in abundance with human ageing [109]. Similarly,
a reduction in abundance of Lactobacillus with advancing age has been observed, while
Lactobacillus plantarum has been shown to be important in the expression of insulin-like
growth factor 1, which is known to affect muscle development and growth throughout
life [109]. Hence, age-related gut dysbiosis may play a predominant role in age-related
anabolic resistance.

A study using animal models showed that transplantation of gut microbiota from
older mice into younger mice increased mortality following induced ischemic stroke as
compared to young mice with unaltered gut microbiota [103]. This indicates that the
ageing gut microbiome might be partly responsible for poor outcomes following stroke
in the elderly. Further studies into the comprehension of the mechanism utilized by gut
microbiota are needed.

7. Gut Microbiota Interventional Strategies

It is clear that the age-related dysbiosis of the gut microbiota may lead to unhealthy
ageing, contribute to the development of comorbidities and may even dictate the lifespan
of individuals, as shown in the previous sections. Hence, by inducing changes in the gut
microbiota, it might be possible to improve the health of the elderly and even prolong
their lifespan (Figure 2). A recent a randomized controlled clinical trial was conducted,
which comprised analysis of diet, sleep and exercise, as well as supplementation with
probiotics and phytonutrients [114]. The trial revealed that these lifestyle changes resulted
in an approximately 3-year decrease in epigenetic age using the using the online Horvath
DNAmAge clock in comparison to control subjects [114]. Future trials should focus on
the change in the gut microbiome as well, to identify particular changes in gut microbial
diversity and species of interest. Although a plethora of studies have examined the onset
of unhealthy ageing and the microbiome of rodents [115], a major limitation is whether
such studies may be extrapolated to humans. Furthermore, the cohort size or number of
participants is an important factor of consideration in current studies that are ongoing in
humans [116]. The mean number of participants involved in studies with a focus on ageing
and older participants is approximately 36, and in some cases such studies involve only few
patients [116]. A further shortcoming to consider is that some of these studies may utilize
low-resolution microbiome profiling or rely on the changes in the host physiology rather
than the microbiome profiles [116]. There is also the risk of transmission of microbiota,
which may detrimental to older patients [117].
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Figure 2. Voluntary modulation of the gut microbiota to improve health and longevity. Gut micro-
biota composition and abundance of specific microbes have been linked to health and longevity.
Faecal microbiota transplant, prebiotics usage, the use of probiotics and dietary interventions can be
exploited to modulate the gut microbiota to have higher abundances of microbes linked with health

and longevity.

7.1. Dietary Interventions

Diet can be used to modulate the composition of gut microbiota. An abundance of
short-chain fatty acids, which are produced by gut microbes and have been shown to exhibit
protective roles against a panoply of diseases, has been shown to correlate with diets [118].
It was shown that as compared to an animal-based diet, vegan and vegetarian diets which
comprise—through fruit and vegetables—greater intake levels of fibre, resulted in higher
levels of short-chain fatty acids [118]. The microbiota associated with vegetable-based diets
correlate with short-chain fatty acid levels, and Prevotella and Lachnospira are thought to be
bacteria that lead to the increased production of short-chain fatty acids [118].

The structure of the gut microbiota and microbial gene expression was shown to be
altered by the short-term consumption of diets made up entirely of plants or entirely of
animal products [70]. It was determined that by switching to a carnivorous diet from a
herbivorous one, the gut microbiota composition, activity and metabolic pathways may
be modulated within a single day [70]. Abundances of Alistipes, Bilophila and Bacteroides
were increased in individuals under the animal-based diet, while abundances of Roseburia,
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Eubacterium rectale and Ruminococcus bromii, involved in the metabolism of dietary plant
polysaccharides, were decreased [70].

It has also been hypothesized that coffee consumption may modulate the gut micro-
biota composition, resulting in protection against Parkinson’s disease [119]. The abundance
and activity of Bifidobacterium, (bacteria that possess anti-inflammatory properties) are
increased by coffee consumption, which mitigates the gastrointestinal inflammation (an
event that has been demonstrated in the early stage of Parkinson’s disease) [119]. In
turn, this reduces the misfolding of a-synuclein in enteric nerves, thereby reducing the
risks of Parkinson’s disease by diminishing neurodegeneration that would be induced by
propagation of the protein aggregates [119]. Additionally, intake of coffee might promote
the abundance and activity of microbes that counteract gastrointestinal infection, such as
Helicobacter pylori infection, which are overrepresented in Parkinson’s disease patients [119].

Interestingly, calorie restriction is known as the only experimental procedure that
can, in various animal models, effectively lengthen lifespan [120]. In a study that studied
the shift in gut microbiota induced by a high-fat diet versus a low-fat diet in mice, it was
demonstrated that mice with a 30% restriction of low-fat diet, as compared to the ad libitum
group, had a unique gut microbiota, indicating that modulation of the gut microbiota can be
achieved only by restricting the intake of diet [120]. Moreover, calorie restriction was shown
to enrich phenotypes that have been positively associated with lifespan, and decrease those
that correlate negatively with lifespan [120]. The gut microbiota modulations induced
by calorie restriction were also associated with a reduction in lipopolysaccharide-binding
proteins, indicating that gut microbiota architecture established through calorie restriction
can exert a health benefit [120].

In summary, diet can be used to modulate the composition of gut microbiota, which
may be tweaked to increase the abundance of microbes associated with a longer lifes-
pan while inducing a decrease in the abundance of microbes that negatively correlate
with lifespan.

7.2. Prebiotics and Probiotics

Prebiotics—nondigestible food ingredients that are metabolized by selective intesti-
nal microorganisms—can be used to modulate the gut microbiota to increase the abun-
dance and activities of beneficial bacteria [121]. Oligosaccharides, nondigestible carbohy-
drates and short polysaccharides, including inulin, galactooligosaccharides, galactofructose,
oligofructose and xylooligosaccharides, are common components of prebiotics [122]. Pre-
biotics resist digestion in the small intestine to reach the colon, where they are acted
upon by gut microflora, leading to specific changes in composition and activity in the gut
microbiota [123].

Probiotic supplementation has been applied in the modulation of the gut microbiota to
convey health benefits. Probiotics are defined as live microorganisms that confer to improve
the health of the host when adequate amounts are administered in a safe and efficacious
manner [124]. Several studies have supported the use of probiotic supplementation for
its therapeutic effects against a broad range of diseases, especially for metabolic and
gastrointestinal disorders [125]. In addition, the ability of probiotic supplementation to
modulate the gut microbiota was reported in terms of faecal bacterial community structure
being significantly different as compared to placebo [126]. One of the main proposed
mechanisms of action of probiotics is the modulation of gut microbiota abundance in favour
of desirable species with known health benefits, but probiotics may also act by competing
with harmful species for adhesion sites (for example, Escherichia coli Nissle can displace
other microbes and prevent their adhesion) by producing antimicrobial compounds (for
example, reuterin produced by Lactobacillus reuteri possesses antimicrobial activity) or by
inducing immune responses [122].

A study assessing the possible effects of probiotics in acute infectious diarrhoea, en-
compassing 12,127 participants, revealed that the duration of hospitalization of individuals
using probiotics was shorter compared to the control group [127]. Antibiotic-associated



Microorganisms 2022, 10, 1869

10 0of 18

diarrhoea, often caused by Clostridium difficile, may be reduced by using probiotics [128].
The efficacy of probiotics in the treatment of chronic inflammatory bowel disease has also
been investigated, and reports indicate that probiotics are as effective as usual treatment in
the prolongation of remission and reduction of symptoms [129]. The ability of probiotics
in the relief of irritable bowel syndrome was also analysed, through information from
1650 patients, and it was revealed that probiotics may be used as an alternative treatment,
considering how they showed significant effects as compared to the placebo group [130].

In summary, probiotics have shown their capability in the treatment of gut-related
diseases, and are thought to work through modulation of the gut microbiota. Prebiotics
are employed specifically for the modification of gut microbiota. Hence, probiotics and
prebiotics might be utilized to promote the abundance of gut microbes that have been
associated with health and longevity.

7.3. Faecal Microbiota Transplantation

Faecal microbiota transplantation is the administration, into a recipient’s intestinal
tract, of the whole microbiota from healthy donor faeces to modify or normalize intestinal
microbiota composition [131]. The ability of faecal microbiota transplantation to treat
several diseases, including irritable bowel syndrome, metabolic diseases, autoimmune
diseases, constipation, neuropsychiatric conditions, colon cancer, chronic fatigue syndrome
and allergic disorders, has been reported [122]. The ability of faecal microbiota transplan-
tation to treat Clostridioides difficile infection in the elderly (85 years old and above) was
recently investigated, and the report indicated that severe infections in all cases were im-
proved following one faecal microbiota transplantation, indicating that “frail older people”
might benefit from faecal microbiota transplantation [132].

Recently, capsules and enteric-coated capsules containing freeze-dried bacteria or
faeces were used in faecal microbiota transplantation, and were shown to be highly effi-
cient [122]. However, several pathways have been utilized in the transplantation of faecal
microbiota. Transplantations of faecal suspensions from donors, screened for pathogens,
were administered via retention enemas in patients suffering from ulcerative colitis and
were shown to be effective in the reversal of symptoms and resulted in patients free from
ulcerative colitis up to 13 years post-treatment [133]. Furthermore, in a study with patients
of a mean age of 69.4 years old, it was demonstrated that the administration of faecal sus-
pension from healthy donors through enema can be used to successfully treat Clostridium
difficile infection [134]. Similarly, another study studied the effects of self-administration of
faecal suspension, from family donors tested for pathogens and comorbidities, using low-
volume enema in the treatment of Clostridium difficile infection [135]. With up to 14 months’
follow-up, 100% clinical success was observed, and no repeat procedure was required for
any patients, indicating that faecal transplantation by low-volume enema at home is an
effective and safe option [135].

Bowel lavage by macrogol followed by faecal transplantation, in the form of fresh
faeces from healthy donors through colonoscopy into the caecum, was used in the treatment
of Clostridium difficile infection in patients (mean age of 70) and it was revealed as an effective
cure [136]. Similarly, colonic lavage through polyethylene glycol solution, followed by
faecal transplantation of homogenized donor faeces into the caecum through colonoscopy
using a biopsy channel in patients (mean age of 73) suffering from Clostridium difficile
infection was found to be an effective treatment [137]. More recently, the efficacy of
faecal microbiota transplantation in the treatment of ulcerative colitis was investigated
by administration, through colonoscopy into the 40 cm proximal of terminal ileum, of
filtered faecal microbiota suspension extracted from fresh faecal suspension, following
bowel lavage using sennoside, calcium and water [138].

Faecal transplantation of filtered faecal samples into the stomach of patients (mean
age of 73) through a nasogastric tube, placed in the stomach using radiography for the
tip placement position, was found to be effective in the treatment of Clostridium difficile
infection [139]. Another study also demonstrated the ability of faecal microbiota transplan-
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tation by nasogastric tube into the upper gastrointestinal tract of patients in the treatment
of Clostridium difficile infections [76]. Faecal microbial transplant in the treatment of Crohn’s
disease was investigated by transferring homogenized faecal samples into patients through
a nasogastric tube, and it was revealed as an effective treatment [140]. In another study,
faecal microbiota was purified through centrifugation and filtration and was then trans-
ferred to patients suffering from ulcerative colitis, and was shown to be a therapeutic
strategy, which is likely due to the restructuration of gut microbial composition [141]. A
nasoduodenal tube has also been used for the transplantation of faecal material into the
duodenum following bowel lavage in the treatment of Clostridium difficile infection, and
was shown to be more effective than vancomycin [142].

In summary, faecal microbiota transplantation is a method that has extensively been
utilized to “normalize” gut microbiota to tackle infection, such as Clostridium difficile
infection. Hence, faecal microbiota transplantation may be used to modulate gut microbiota
to promote the abundance of gut microbes that have been associated with health and
longevity; however, more research is needed. Nonetheless, the risk of transmission of
microbiota that may detrimental to older patients needs to be examined and is a limitation
to be mindful of [117].

8. Long-Lived Animals and Gut Microbiome, Can We Learn from Them?

Ageing is possibly one of the key biological challenges affecting human health; thus,
comprehending the precise biological mechanisms is warranted [143]. The use of long-
lived animals may offer distinctive prospects to identify the mechanisms, processes and
genes that offer protection against ageing [144]. In this regard, reptiles are certainly a
remarkable species, an example being crocodiles, which have been designated as ‘living
fossils’ [145]. Reptiles are thought to have originated in the last 310-320 million years, and
the crocodilians endured mass-extinction events, such as the Cretaceous—Tertiary extinction
event [146]. On the other hand, Homo sapiens are simply one species amongst millions in
this planet, and compared to other species, are a relatively new addition. Thus, it makes
sense to investigate the defense system of long-lived animals such as reptiles who exhibit
the abilities to evolve, adapt and survive successfully over millions of years, dwelling
in often harsh environments containing heavy metals and coming across radiation [147].
Given that most of the immune system is thought to be present in the gut, accordingly it
has been recently postulated that the gut microbiome of reptiles most likely contributes to
their robust immune system, their ability to thwart infectious diseases and cancer, and in
some cases display limited or negligible senescence [148].

It is now apparent that reptiles such as crocodiles possess a unique gut microbiome,
and this likely influences their ability to produce antimicrobial peptides, as well as their
apparent resistance to infection and cancer and their longevity [149,150]. Recently, it was
shown that selected gut bacterial metabolites from the saltwater crocodile exhibited potent
activities against various cancer cell lineages, and numerous molecules were elucidated,
which could be investigated for their effects on ageing and longevity. Nonetheless, at
present, very few studies on the reptile gut microbiome, and even less research on reptile
gut microbial metabolites, are underway. Future studies to understand effects of these gut
microbial metabolites from reptiles into models of disease or ageing/germ-free in vivo
models should be warranted, and may offer an alternative approach for the development
of novel interventions to modulate the ageing gut microbiome.

9. Concluding Remarks

The lifespan of individuals and healthy ageing has been linked to the gut microbiota
composition, and hence, the health of the elderly and their lifespan might be improved
through modulation of the gut microbiota. Interestingly, it has been demonstrated that
dietary interventions, prebiotics, probiotics and faecal microbiota transplantation may be
utilized to modulate the gut microbiota. In terms of dietary interventions and prebiotics,
controlling these to promote microbes that are beneficial to health or have been linked to
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longevity is desired, and needs to be carefully investigated. Probiotics and faecal micro-
biota transplantation might be exploited to shift the composition of the gut microbiota of
the elderly to resemble those of younger individuals or healthier elderly. Additionally,
strategies for the safe and efficient delivery of faecal microbiota, probiotics or specific
microbes into the gut microbiota need to be developed, especially in older patients. Fur-
thermore, studies with well-defined probiotic strains should be utilized, and should also
consider combinations of various probiotics and metabolites, as well as dosage, timing of
administration and the formulation of the product. Finally, the use of long-lived species
such as reptiles should be investigated for their gut microbial metabolites, to understand
the mechanisms of longevity and ageing in these robust species, and this may offer the
discovery of exciting and innovative molecules, which may be used for the benefit of
human health and human performance.

Funding: This research was funded by The Air Force Office of Scientific Research (AFOSR), VA, USA,
grant number: FA 8655-20-1-7004.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: R.S. acknowledges the American University of Sharjah, and N.A.K. acknowl-
edges the University of Sharjah for support of this work. This paper represents the opinions of
the author(s) and does not mean to represent the position or opinions of the American University
of Sharjah.

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

References

1.  Myers, S.P; Hawrelak, J.A. The causes of intestinal dysbiosis: A review. Altern. Med. Rev. 2004, 9, 180-197.

2. Leeming, E.R; Louca, P.; Gibson, R.; Menni, C.; Spector, T.D.; Le Roy, C.I. The complexities of the diet-microbiome relationship:
Advances and perspectives. Genome Med. 2021, 13, 1-14. [CrossRef] [PubMed]

3. Sekirov, I; Russell, S.L.; Antunes, L.C.M.; Finlay, B.B. Gut microbiota in health and disease. Physiol. Rev. 2010, 90, 859-904.
[CrossRef]

4. Ley, RE,; Peterson, D.A.; Gordon, J.I. Ecological and evolutionary forces shaping microbial diversity in the human intestine. Cell
2006, 124, 837-848. [CrossRef] [PubMed]

5. Gebbers, ].O.; Laissue, J.A. Immunologic structures and functions of the gut. Schweiz. Arch. Tierheilkd. 1989, 131, 221-238.
[PubMed]

6.  Thursby, E.; Juge, N. Introduction to the human gut microbiota. Biochem. |. 2017, 474, 1823-1836. [CrossRef] [PubMed]

7. Nicholson, ].K.; Holmes, E.; Kinross, J.; Burcelin, R.; Gibson, G.; Jia, W.; Pettersson, S. Host-gut microbiota metabolic interactions.
Science 2012, 336, 1262-1267. [CrossRef]

8. Sartor, R.B. Microbial influences in inflammatory bowel diseases. Gastroenterology 2008, 134, 577-594. [CrossRef]

9. Carding, S.; Verbeke, K; Vipond, D.T.; Corfe, B.M.; Owen, L.J. Dysbiosis of the gut microbiota in disease. Microb. Ecol. Health Dis.
2015, 26, 26191. [CrossRef]

10. Heijtz, R.D.; Wang, S.; Anuar, E; Qian, Y.; Bjorkholm, B.; Samuelsson, A.; Hibberd, M.L.; Forssberg, H.; Pettersson, S. Normal gut
microbiota modulates brain development and behavior. Proc. Natl. Acad. Sci. USA 2011, 108, 3047-3052. [CrossRef]

11.  Flint, HJ.; Scott, K.P; Louis, P.; Duncan, S.H. The role of the gut microbiota in nutrition and health. Nat. Rev. Gastroenterol. Hepatol.
2012, 9, 577. [CrossRef] [PubMed]

12.  Odamaki, T.; Kato, K.; Sugahara, H.; Hashikura, N.; Takahashi, S.; Xiao, ].Z.; Abe, F.; Osawa, R. Age-related changes in gut
microbiota composition from newborn to centenarian: A cross-sectional study. BMC Microbiol. 2016, 16, 1-12. [CrossRef]
[PubMed]

13.  Schmauck-Medina, T.; Moliére, A.; Lautrup, S.; Zhang, J.; Chlopicki, S.; Madsen, H.B.; Cao, S.; Soendenbroe, C.; Mansell, E.;
Vestergaard, M.B.; et al. New hallmarks of ageing: A 2022 Copenhagen ageing meeting summary. Aging 2022, 14, 6829-6839.
[CrossRef] [PubMed]

14. Kundu, P; Blacher, E.; Elinav, E.; Pettersson, S. Our gut microbiome: The evolving inner self. Cell 2017, 171, 1481-1493. [CrossRef]

15. Tissier, H. Recherches Sur la Flore Intestinale Des Nourrissons: (éTat Normal ET Pathologique). Doctoral Dissertation, University

of Paris, Paris, France, 1900.


http://doi.org/10.1186/s13073-020-00813-7
http://www.ncbi.nlm.nih.gov/pubmed/33472701
http://doi.org/10.1152/physrev.00045.2009
http://doi.org/10.1016/j.cell.2006.02.017
http://www.ncbi.nlm.nih.gov/pubmed/16497592
http://www.ncbi.nlm.nih.gov/pubmed/2669124
http://doi.org/10.1042/BCJ20160510
http://www.ncbi.nlm.nih.gov/pubmed/28512250
http://doi.org/10.1126/science.1223813
http://doi.org/10.1053/j.gastro.2007.11.059
http://doi.org/10.3402/mehd.v26.26191
http://doi.org/10.1073/pnas.1010529108
http://doi.org/10.1038/nrgastro.2012.156
http://www.ncbi.nlm.nih.gov/pubmed/22945443
http://doi.org/10.1186/s12866-016-0708-5
http://www.ncbi.nlm.nih.gov/pubmed/27220822
http://doi.org/10.18632/aging.204248
http://www.ncbi.nlm.nih.gov/pubmed/36040386
http://doi.org/10.1016/j.cell.2017.11.024

Microorganisms 2022, 10, 1869 13 of 18

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

Verstraelen, H.; Vilchez-Vargas, R.; Desimpel, F.; Jauregui, R.; Vankeirsbilck, N.; Weyers, S.; Verhelst, R.; De Sutter, P.; Pieper, D.H.;
Van De Wiele, T. Characterisation of the human uterine microbiome in non-pregnant women through deep sequencing of the
V1-2 region of the 16S rRNA gene. Peer] 2016, 4, €1602. [CrossRef]

Jiménez, E.; Fernandez, L.; Marin, M.L.; Martin, R.; Odriozola, ].M.; Nueno-Palop, C.; Narbad, A.; Olivares, M.; Xaus, J.;
Rodriguez, ].M. Isolation of commensal bacteria from umbilical cord blood of healthy neonates born by cesarean section. Curr.
Microbiol. 2005, 51, 270-274. [CrossRef]

Aagaard, K.; Ma, J.; Antony, K.M.; Ganu, R.; Petrosino, J.; Versalovic, J. The placenta harbors a unique microbiome. Sci. Transl.
Med. 2014, 21, 237ra65. [CrossRef]

Zheng, ].; Xiao, X.; Zhang, Q.; Mao, L.; Yu, M.; Xu, J. The placental microbiome varies in association with low birth weight in
full-term neonates. Nutrients 2015, 7, 6924—6937. [CrossRef]

Perez-Mufioz, M.E.; Arrieta, M.C.; Ramer-Tait, A.E.; Walter, J. A critical assessment of the “sterile womb” and “in utero
colonization” hypotheses: Implications for research on the pioneer infant microbiome. Microbiome 2017, 5, 1-19. [CrossRef]
Avershina, E.; Storrg, O.; Qien, T.; Johnsen, R.; Pope, P.; Rudi, K. Major faecal microbiota shifts in composition and diversity with
age in a geographically restricted cohort of mothers and their children. FEMS Microbiol. Ecol. 2014, 87, 280-290. [CrossRef]
Yatsunenko, T.; Rey, EE.; Manary, M.].; Trehan, I.; Dominguez-Bello, M.G.; Contreras, M.; Magris, M.; Hidalgo, G,
Baldassano, R.N.; Anokhin, A.P.; et al. Human gut microbiome viewed across age and geography. Nature 2012, 486, 222-227.
[CrossRef] [PubMed]

Bergstrom, A.; Skov, T.H.; Bahl, M.L; Roager, H.M.; Christensen, L.B.; Ejlerskov, K.T.; Melgaard, C.; Michaelsen, K.E; Licht, T.R.
Establishment of intestinal microbiota during early life: A longitudinal, explorative study of a large cohort of Danish infants.
Appl. Environ. Microbiol. 2014, 80, 2889-2900. [CrossRef] [PubMed]

Cheng, J.; Ringel-Kulka, T.; Heikamp-de Jong, I.; Ringel, Y.; Carroll, I.; de Vos, W.M.; Salojérvi, J.; Satokari, R. Discordant temporal
development of bacterial phyla and the emergence of core in the fecal microbiota of young children. ISME ]. 2016, 10, 1002-1014.
[CrossRef] [PubMed]

Isolauri, E. Development of healthy gut microbiota early in life. ]. Paediatr. Child Health 2012, 48, 1-6. [CrossRef] [PubMed]
Kallioméki, M.; Carmen Collado, M.; Salminen, S.; Isolauri, E. Early differences in fecal microbiota composition in children may
predict overweight. Am. . Clin. Nutr. 2008, 87, 534-538. [CrossRef]

Kallioméki, M.; Kirjavainen, P.; Eerola, E.; Kero, P; Salminen, S.; Isolauri, E. Distinct patterns of neonatal gut microflora in infants
in whom atopy was and was not developing. J. Allergy Clin. Immunol. 2001, 107, 129-134. [CrossRef]

Savino, F,; Cresi, E.; Pautasso, S.; Palumeri, E.; Tullio, V.; Roana, J.; Silvestro, L.; Oggero, R. Intestinal microflora in breastfed
colicky and non-colicky infants. Acta Paediatr. 2004, 93, 825-829. [CrossRef]

Vandenplas, Y.; Carnielli, V.P; Ksiazyk, J.; Luna, M.S.; Migacheva, N.; Mosselmans, ].M.; Picaud, ].C.; Possner, M.; Singhal, A.;
Wabitsch, M. Factors affecting early-life intestinal microbiota development. Nutrition 2020, 78, 110812. [CrossRef]

Wang, S.; Egan, M.; Ryan, C.A.; Boyaval, P.; Dempsey, E.M.; Ross, R.P,; Stanton, C. A good start in life is important—Perinatal
factors dictate early microbiota development and longer term maturation. FEMS Microbiol. Rev. 2020, 44, 763-781. [CrossRef]
Kero, J.; Gissler, M.; Gronlund, M.M.; Kero, P; Koskinen, P.; Hemminki, E.; Isolauri, E. Mode of delivery and asthma—ISs there a
connection? Pediatric Res. 2002, 52, 6-11.

Cardwell, C.R,; Stene, L.C.; Joner, G.; Cinek, O.; Svensson, J.; Goldacre, M.].; Parslow, R.C.; Pozzilli, P,; Brigis, G.; Stoyanov, D.;
et al. Caesarean section is associated with an increased risk of childhood-onset type 1 diabetes mellitus: A meta-analysis of
observational studies. Diabetologia 2008, 51, 726-735. [CrossRef] [PubMed]

Gronlund, M.M,; Salminen, S.; Mykkéanen, H.; Kero, P.; Lehtonen, O.P. Development of intestinal bacterial enzymes in infants-
relationship to mode of delivery and type of feeding. Apmis 1999, 107, 655-660. [CrossRef] [PubMed]

Huurre, A.; Kallioméki, M.; Rautava, S.; Rinne, M.; Salminen, S.; Isolauri, E. Mode of delivery-effects on gut microbiota and
humoral immunity. Neonatology 2008, 93, 236-240. [CrossRef] [PubMed]

Dominguez-Bello, M.G.; Costello, E.K.; Contreras, M.; Magris, M.; Hidalgo, G.; Fierer, N.; Knight, R. Delivery mode shapes the
acquisition and structure of the initial microbiota across multiple body habitats in newborns. Proc. Natl. Acad. Sci. USA 2010, 107,
11971-11975.

Han, S.; Ellberg, C.C.; Olomu, I.N.; Vyas, A K. Gestational microbiome: Metabolic perturbations and developmental programming.
Reproduction 2021, 162, R85-R98. [CrossRef]

Francavilla, R.; Cristofori, F.; Tripaldi, M.E.; Indrio, F. Intervention for dysbiosis in children born by C-section. Ann. Nutr. Metab.
2018, 73, 33-39. [CrossRef]

Laursen, M.F;; Zachariassen, G.; Bahl, M.I,; Bergstrom, A.; Host, A.; Michaelsen, K.E; Licht, T.R. Having older siblings is associated
with gut microbiota development during early childhood. BMC Microbiol. 2015, 15, 1-9. [CrossRef]

Zeissig, S.; Blumberg, R.S. Life at the beginning: Perturbation of the microbiota by antibiotics in early life and its role in health
and disease. Nat. Immunol. 2014, 15, 307-310. [CrossRef]

Mackie, R.L; Sghir, A.; Gaskins, H.R. Developmental microbial ecology of the neonatal gastrointestinal tract. Am. J. Clin. Nutr.
1999, 69, 1035s-1045s. [CrossRef]

Vanderhoof, J.A.; Young, R.J. Probiotics in pediatrics. Pediatrics 2002, 109, 956-958. [CrossRef]

Thompson-Chagoyan, O.C.; Maldonado, J.; Gil, A. Colonization and impact of disease and other factors on intestinal microbiota.
Dig. Dis. Sci. 2007, 52, 2069-2077. [CrossRef] [PubMed]


http://doi.org/10.7717/peerj.1602
http://doi.org/10.1007/s00284-005-0020-3
http://doi.org/10.1126/scitranslmed.3008599
http://doi.org/10.3390/nu7085315
http://doi.org/10.1186/s40168-017-0268-4
http://doi.org/10.1111/1574-6941.12223
http://doi.org/10.1038/nature11053
http://www.ncbi.nlm.nih.gov/pubmed/22699611
http://doi.org/10.1128/AEM.00342-14
http://www.ncbi.nlm.nih.gov/pubmed/24584251
http://doi.org/10.1038/ismej.2015.177
http://www.ncbi.nlm.nih.gov/pubmed/26430856
http://doi.org/10.1111/j.1440-1754.2012.02489.x
http://www.ncbi.nlm.nih.gov/pubmed/22681492
http://doi.org/10.1093/ajcn/87.3.534
http://doi.org/10.1067/mai.2001.111237
http://doi.org/10.1111/j.1651-2227.2004.tb03025.x
http://doi.org/10.1016/j.nut.2020.110812
http://doi.org/10.1093/femsre/fuaa030
http://doi.org/10.1007/s00125-008-0941-z
http://www.ncbi.nlm.nih.gov/pubmed/18292986
http://doi.org/10.1111/j.1699-0463.1999.tb01455.x
http://www.ncbi.nlm.nih.gov/pubmed/10440061
http://doi.org/10.1159/000111102
http://www.ncbi.nlm.nih.gov/pubmed/18025796
http://doi.org/10.1530/REP-21-0241
http://doi.org/10.1159/000490847
http://doi.org/10.1186/s12866-015-0477-6
http://doi.org/10.1038/ni.2847
http://doi.org/10.1093/ajcn/69.5.1035s
http://doi.org/10.1542/peds.109.5.956
http://doi.org/10.1007/s10620-006-9285-z
http://www.ncbi.nlm.nih.gov/pubmed/17420934

Microorganisms 2022, 10, 1869 14 of 18

43.

44.

45.

46.

47.
48.
49.
50.
51.
52.
53.
54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Weiss, G.A.; Hennet, T. Mechanisms and consequences of intestinal dysbiosis. Cell. Mol. Life Sci. 2017, 74, 2959-2977. [CrossRef]
[PubMed]

Rogers, M.A.; Aronoff, D.M. The influence of non-steroidal anti-inflammatory drugs on the gut microbiome. Clin. Microbiol.
Infect. 2016, 22, 178.el. [CrossRef] [PubMed]

Freedberg, D.E.; Toussaint, N.C.; Chen, S.P.; Ratner, A.]J.; Whittier, S.; Wang, T.C.; Wang, H.H.; Abrams, J.A. Proton pump
inhibitors alter specific taxa in the human gastrointestinal microbiome: A crossover trial. Gastroenterology 2015, 149, 883-885.
[CrossRef]

Forslund, K.; Hildebrand, F.; Nielsen, T.; Falony, G.; Le Chatelier, E.; Sunagawa, S.; Prifti, E.; Vieira-Silva, S.; Gudmundsdottir, V.;
Pedersen, H.K,; et al. Disentangling type 2 diabetes and metformin treatment signatures in the human gut microbiota. Nature
2015, 528, 262-266. [CrossRef]

Olofsson, L.E.; Backhed, F. The Metabolic Role and Therapeutic Potential of the Microbiome. Endocr. Rev. 2022. [CrossRef]
Gismondo, M.R. Antibiotic impact on intestinal microflora. Gastroenterol. Int. 1998, 11, 29-30.

Gorbach, S.L. Perturbation of intestinal microflora. Vet. Hum. Toxicol. 1993, 35, 15-23.

Bengmark, S. Econutrition and health maintenance—A new concept to prevent GI inflammation, ulceration and sepsis. Clin.
Nutr. 1996, 15, 1-10. [CrossRef]

Topping, D.L.; Clifton, PM. Short-chain fatty acids and human colonic function: Roles of resistant starch and nonstarch
polysaccharides. Physiol. Rev. 2001, 81, 1031-1064. [CrossRef]

Kim, S.; Covington, A.; Pamer, E.G. The intestinal microbiota: Antibiotics, colonization resistance, and enteric pathogens. Immunol.
Rev. 2017, 279, 90-105. [CrossRef] [PubMed]

Gorbach, S.L.; Barza, M.; Giuliano, M.; Jacobus, N.V. Colonization resistance of the human intestinal microflora: Testing the
hypothesis in normal volunteers. Eur. J. Clin. Microbiol. Infect. Dis. 1988, 7, 98-102. [CrossRef] [PubMed]

Korpela, K.; Salonen, A.; Virta, L.J.; Kekkonen, R.A.; Forslund, K.; Bork, P.; De Vos, WM. Intestinal microbiome is related to
lifetime antibiotic use in Finnish pre-school children. Nat. Commun. 2016, 7, 1-8. [CrossRef] [PubMed]

Dethlefsen, L.; Relman, D.A. Incomplete recovery and individualized responses of the human distal gut microbiota to repeated
antibiotic perturbation. Proc. Natl. Acad. Sci. USA 2011, 108 (Suppl. 1), 4554-4561. [CrossRef] [PubMed]

Furuya-Kanamori, L.; Stone, J.C.; Clark, J.; McKenzie, S.J.; Yakob, L.; Paterson, D.L.; Riley, T.V.; Doi, S.A.; Clements, A.C.
Comorbidities, exposure to medications, and the risk of community-acquired Clostridium difficile infection: A systematic review
and meta-analysis. Infect. Control. Hosp. Epidemiol. 2015, 36, 132-141. [CrossRef]

Bailey, M.T.; Coe, C.L. Maternal separation disrupts the integrity of the intestinal microflora in infant rhesus monkeys. Dev.
Psychobiol. |. Int. Soc. Dev. Psychobiol. 1999, 35, 146-155. [CrossRef]

Siddiqui, R.; Akbar, N.; Khan, N.A. Gut microbiome and human health under the space environment. J. Appl. Microbiol. 2021, 130,
14-24. [CrossRef]

Holdeman, L.V.; Good, L].; Moore, W.E. Human fecal flora: Variation in bacterial composition within individuals and a possible
effect of emotional stress. Appl. Environ. Microbiol. 1976, 31, 359-375. [CrossRef]

Grosicki, G.J.; Durk, R.P; Bagley, ].R. Rapid gut microbiome changes in a world-class ultramarathon runner. Physiol. Rep. 2019,
7,¢e14313. [CrossRef]

Srivastava, A.K.; Rohil, V,; Bhushan, B.; Eslavath, M.R.; Gupta, H.; Chanda, S.; Kumar, B.; Varshney, R.; Ganju, L. Probiotics
maintain the gut microbiome homeostasis during Indian Antarctic expedition by ship. Sci. Rep. 2021, 11, 1-14. [CrossRef]

Scott, K.P; Gratz, S.W.; Sheridan, P.O.; Flint, H.].; Duncan, S.H. The influence of diet on the gut microbiota. Pharmacol. Res. 2013,
69, 52-60. [CrossRef] [PubMed]

Turnbaugh, PJ.; Ridaura, V.K;; Faith, J.].; Rey, F.E.; Knight, R.; Gordon, ].I. The effect of diet on the human gut microbiome: A
metagenomic analysis in humanized gnotobiotic mice. Sci. Transl. Med. 2009, 1, 6ral4. [CrossRef] [PubMed]

Wu, G.D,; Chen, J.; Hoffmann, C.; Bittinger, K.; Chen, Y.Y.; Keilbaugh, S.A.; Bewtra, M.; Knights, D.; Walters, W.A.; Knight, R.; et al.
Linking long-term dietary patterns with gut microbial enterotypes. Science 2011, 334, 105-108. [CrossRef] [PubMed]

Shankar, V.; Gouda, M.; Moncivaiz, J.; Gordon, A.; Reo, N.V.; Hussein, L.; Paliy, O. Differences in gut metabolites and microbial
composition and functions between Egyptian and US children are consistent with their diets. Msystems 2017, 2, e00169-16.
[CrossRef] [PubMed]

Gorbach, S.L. The intestinal microflora and its colon cancer connection. Infection 1982, 10, 379-384. [CrossRef]

Cummings, ].H.; Macfarlane, G.T. Role of intestinal bacteria in nutrient metabolism. Clin. Nutr. 1997, 16, 3—11. [CrossRef]
Turnbaugh, PJ.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, ].I. An obesity-associated gut microbiome with
increased capacity for energy harvest. Nature 2006, 444, 1027-1031. [CrossRef]

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]
Akbar, N.; Khan, N.A.; Muhammad, ].S.; Siddiqui, R. The role of gut microbiome in cancer genesis and cancer prevention. Health
Sci. Rev. 2022, 2, 100010. [CrossRef]

Schwabe, R.E; Jobin, C. The microbiome and cancer. Nat. Rev. Cancer 2013, 13, 800-812. [CrossRef]


http://doi.org/10.1007/s00018-017-2509-x
http://www.ncbi.nlm.nih.gov/pubmed/28352996
http://doi.org/10.1016/j.cmi.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26482265
http://doi.org/10.1053/j.gastro.2015.06.043
http://doi.org/10.1038/nature15766
http://doi.org/10.1210/endrev/bnac004
http://doi.org/10.1016/S0261-5614(96)80253-6
http://doi.org/10.1152/physrev.2001.81.3.1031
http://doi.org/10.1111/imr.12563
http://www.ncbi.nlm.nih.gov/pubmed/28856737
http://doi.org/10.1007/BF01962192
http://www.ncbi.nlm.nih.gov/pubmed/3132394
http://doi.org/10.1038/ncomms10410
http://www.ncbi.nlm.nih.gov/pubmed/26811868
http://doi.org/10.1073/pnas.1000087107
http://www.ncbi.nlm.nih.gov/pubmed/20847294
http://doi.org/10.1017/ice.2014.39
http://doi.org/10.1002/(SICI)1098-2302(199909)35:2&lt;146::AID-DEV7&gt;3.0.CO;2-G
http://doi.org/10.1111/jam.14789
http://doi.org/10.1128/aem.31.3.359-375.1976
http://doi.org/10.14814/phy2.14313
http://doi.org/10.1038/s41598-021-97890-4
http://doi.org/10.1016/j.phrs.2012.10.020
http://www.ncbi.nlm.nih.gov/pubmed/23147033
http://doi.org/10.1126/scitranslmed.3000322
http://www.ncbi.nlm.nih.gov/pubmed/20368178
http://doi.org/10.1126/science.1208344
http://www.ncbi.nlm.nih.gov/pubmed/21885731
http://doi.org/10.1128/mSystems.00169-16
http://www.ncbi.nlm.nih.gov/pubmed/28191503
http://doi.org/10.1007/BF01642307
http://doi.org/10.1016/S0261-5614(97)80252-X
http://doi.org/10.1038/nature05414
http://doi.org/10.1038/nature12820
http://doi.org/10.1016/j.hsr.2021.100010
http://doi.org/10.1038/nrc3610

Microorganisms 2022, 10, 1869 15 of 18

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.
92.

93.

94.

95.

96.

Gao, Z.; Guo, B.; Gao, R.; Zhu, Q.; Qin, H. Microbiota disbiosis is associated with colorectal cancer. Front. Microbiol. 2015, 6, 20.
[CrossRef] [PubMed]

Ahn, J; Sinha, R.; Pei, Z.; Dominianni, C.; Wu, J.; Shi, ].; Goedert, ].].; Hayes, R.B.; Yang, L. Human gut microbiome and risk for
colorectal cancer. J. Natl. Cancer Inst. 2013, 105, 1907-1911. [CrossRef] [PubMed]

Castellarin, M.; Warren, R.L.; Freeman, J.D.; Dreolini, L.; Krzywinski, M.; Strauss, J.; Barnes, R.; Watson, P.; Allen-Vercoe, E.;
Moore, R.A; et al. Fusobacterium nucleatum infection is prevalent in human colorectal carcinoma. Genome Res. 2012, 22, 299-306.
[CrossRef] [PubMed]

Rubin, T.A.; Gessert, C.E.; Aas, J.; Bakken, J.S. Fecal microbiome transplantation for recurrent Clostridium difficile infection:
Report on a case series. Anaerobe 2013, 19, 22-26. [CrossRef]

Han, YW.; Ikegami, A.; Rajanna, C.; Kawsar, H.I.; Zhou, Y.; Li, M.; Sojar, H.T.; Genco, R.J.; Kuramitsu, HK.; Deng, C.X.
Identification and characterization of a novel adhesin unique to oral fusobacteria. J. Bacteriol. 2005, 187, 5330-5340. [CrossRef]
[PubMed]

Lizko, N.N. Stress and intestinal microflora. Food/Nahrung 1987, 31, 443—447. [CrossRef]

Wu, S.; Morin, PJ.; Maouyo, D.; Sears, C.L. Bacteroides fragilis enterotoxin induces c-Myc expression and cellular proliferation.
Gastroenterology 2003, 124, 392—400. [CrossRef]

Goodwin, A.C.; Shields, C.E.D.; Wu, S.; Huso, D.L.; Wu, X.; Murray-Stewart, T.R.; Hacker-Prietz, A.; Rabizadeh, S.; Woster, PM.;
Sears, C.L. Polyamine catabolism contributes to enterotoxigenic Bacteroides fragilis-induced colon tumorigenesis. Proc. Natl.
Acad. Sci. USA 2011, 108, 15354-15359. [CrossRef]

Hopkins, M.].; Macfarlane, G.T. Changes in predominant bacterial populations in human faeces with age and with Clostridium
difficile infection. J. Med. Microbiol. 2002, 51, 448-454. [CrossRef]

Rea, M.C.; O’Sullivan, O.; Shanahan, F.; O’Toole, PW.; Stanton, C.; Ross, R.P; Hill, C. Clostridium difficile carriage in elderly
subjects and associated changes in the intestinal microbiota. J. Clin. Microbiol. 2012, 50, 867-875. [CrossRef]

Wilson, K.H.; Perini, F. Role of competition for nutrients in suppression of Clostridium difficile by the colonic microflora. Infect.
Immun. 1988, 56, 2610-2614. [CrossRef] [PubMed]

Ng, KM.; Ferreyra, J.A.; Higginbottom, S.K.; Lynch, J.B.; Kashyap, P.C.; Gopinath, S.; Naidu, N.; Choudhury, B.; Weimer, B.C,;
Monack, D.M.; et al. Microbiota-liberated host sugars facilitate post-antibiotic expansion of enteric pathogens. Nature 2013, 502,
96-99. [CrossRef]

Theriot, C.M.; Koenigsknecht, M.].; Carlson, P.E.; Hatton, G.E.; Nelson, A.M.; Li, B.; Huffnagle, G.B.; Li, ].Z.; Young, V.B.
Antibiotic-induced shifts in the mouse gut microbiome and metabolome increase susceptibility to Clostridium difficile infection.
Nat. Commun. 2014, 5, 1-10. [CrossRef] [PubMed]

Mar, J.S.; LaMere, B.J; Lin, D.L.; Levan, S.; Nazareth, M.; Mahadevan, U.; Lynch, S.V. Disease severity and immune activity
relate to distinct interkingdom gut microbiome states in ethnically distinct ulcerative colitis patients. MBio 2016, 7, e01072-16.
[CrossRef] [PubMed]

Fung, T.C.; Olson, C.A.; Hsiao, E.Y. Interactions between the microbiota, immune and nervous systems in health and disease. Nat.
Neurosci. 2017, 20, 145-155. [CrossRef] [PubMed]

Jarbrink-Sehgal, E.; Andreasson, A. The gut microbiota and mental health in adults. Curr. Opin. Neurobiol. 2020, 62, 102-114.
[CrossRef]

Strati, F.; Cavalieri, D.; Albanese, D.; De Felice, C.; Donati, C.; Hayek, J.; Jousson, O.; Leoncini, S.; Renzi, D.; Calabro, A. New
evidences on the altered gut microbiota in autism spectrum disorders. Microbiome 2017, 5, 1-11. [CrossRef] [PubMed]
Toivanen, P. Normal intestinal microbiota in the aetiopathogenesis of rheumatoid arthritis. Ann. Rheum. Dis. 2003, 62, 807-811.
[CrossRef]

Kjeldsen-Kragh, J. Rheumatoid arthritis treated with vegetarian diets. Am. J. Clin. Nutr. 1999, 70, 594s—-600s. [CrossRef]

Eerola, E.; Mottonen, T.; Hannonen, P.; Luukkainen, R.; Kantola, I.; Vuori, K.; Tuominen, J.; Toivanen, P. Intestinal flora in early
rheumatoid arthritis. Rheumatology 1994, 33, 1030-1038. [CrossRef]

Scher, J.U.; Sczesnak, A.; Longman, R.S; Segata, N.; Ubeda, C.; Bielski, C.; Rostron, T.; Cerundolo, V.; Pamer, E.G.; Abramson, S.B.;
et al. Expansion of intestinal Prevotella copri correlates with enhanced susceptibility to arthritis. elife 2013, 2, e01202. [CrossRef]
[PubMed]

Ley, R.E.; Backhed, F; Turnbaugh, P.; Lozupone, C.A.; Knight, R.D.; Gordon, ].I. Obesity alters gut microbial ecology. Proc. Natl.
Acad. Sci. USA 2005, 102, 11070-11075. [CrossRef] [PubMed]

Andoh, A.; Nishida, A.; Takahashi, K.; Inatomi, O.; Imaeda, H.; Bamba, S.; Kito, K.; Sugimoto, M.; Kobayashi, T. Comparison
of the gut microbial community between obese and lean peoples using 16S gene sequencing in a Japanese population. J. Clin.
Biochem. Nutr. 2016, 59, 15-152. [CrossRef] [PubMed]

Dao, M.C.; Everard, A.; Aron-Wisnewsky, J.; Sokolovska, N.; Prifti, E.; Verger, E.O.; Kayser, B.D.; Levenez, F; Chilloux, J.;
Hoyles, L.; et al. Akkermansia muciniphila and improved metabolic health during a dietary intervention in obesity: Relationship
with gut microbiome richness and ecology. Gut 2016, 65, 426-436. [CrossRef] [PubMed]

Russell, S.L.; Gold, M.]J.; Hartmann, M.; Willing, B.P.; Thorson, L.; Wlodarska, M.; Gill, N.; Blanchet, M.R.; Mohn, WW,;
McNagny, K.M.; et al. Early life antibiotic-driven changes in microbiota enhance susceptibility to allergic asthma. EMBO Rep.
2012, 13, 440-447. [CrossRef] [PubMed]


http://doi.org/10.3389/fmicb.2015.00020
http://www.ncbi.nlm.nih.gov/pubmed/25699023
http://doi.org/10.1093/jnci/djt300
http://www.ncbi.nlm.nih.gov/pubmed/24316595
http://doi.org/10.1101/gr.126516.111
http://www.ncbi.nlm.nih.gov/pubmed/22009989
http://doi.org/10.1016/j.anaerobe.2012.11.004
http://doi.org/10.1128/JB.187.15.5330-5340.2005
http://www.ncbi.nlm.nih.gov/pubmed/16030227
http://doi.org/10.1002/food.19870310530
http://doi.org/10.1053/gast.2003.50047
http://doi.org/10.1073/pnas.1010203108
http://doi.org/10.1099/0022-1317-51-5-448
http://doi.org/10.1128/JCM.05176-11
http://doi.org/10.1128/iai.56.10.2610-2614.1988
http://www.ncbi.nlm.nih.gov/pubmed/3417352
http://doi.org/10.1038/nature12503
http://doi.org/10.1038/ncomms4114
http://www.ncbi.nlm.nih.gov/pubmed/24445449
http://doi.org/10.1128/mBio.01072-16
http://www.ncbi.nlm.nih.gov/pubmed/27531910
http://doi.org/10.1038/nn.4476
http://www.ncbi.nlm.nih.gov/pubmed/28092661
http://doi.org/10.1016/j.conb.2020.01.016
http://doi.org/10.1186/s40168-017-0242-1
http://www.ncbi.nlm.nih.gov/pubmed/28222761
http://doi.org/10.1136/ard.62.9.807
http://doi.org/10.1093/ajcn/70.3.594s
http://doi.org/10.1093/rheumatology/33.11.1030
http://doi.org/10.7554/eLife.01202
http://www.ncbi.nlm.nih.gov/pubmed/24192039
http://doi.org/10.1073/pnas.0504978102
http://www.ncbi.nlm.nih.gov/pubmed/16033867
http://doi.org/10.3164/jcbn.15-152
http://www.ncbi.nlm.nih.gov/pubmed/27499582
http://doi.org/10.1136/gutjnl-2014-308778
http://www.ncbi.nlm.nih.gov/pubmed/26100928
http://doi.org/10.1038/embor.2012.32
http://www.ncbi.nlm.nih.gov/pubmed/22422004

Microorganisms 2022, 10, 1869 16 of 18

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

He, F; Ouwehand, A.C.; Isolauri, E.; Hashimoto, H.; Benno, Y.; Salminen, S. Comparison of mucosal adhesion and species
identification of bifidobacteria isolated from healthy and allergic infants. FEMS Immunol. Med. Microbiol. 2001, 30, 43-47.
[CrossRef]

Biagi, E.; Nylund, L.; Candela, M.; Ostan, R.; Bucci, L.; Pini, E.; Nikkila, J.; Monti, D.; Satokari, R.; Franceschi, C.; et al. Through
ageing, and beyond: Gut microbiota and inflammatory status in seniors and centenarians. PLoS ONE 2010, 5, e10667. [CrossRef]
Biagi, E.; Franceschi, C.; Rampelli, S.; Severgnini, M.; Ostan, R.; Turroni, S.; Consolandi, C.; Quercia, S.; Scurti, M.; Monti, D.; et al.
Gut microbiota and extreme longevity. Curr. Biol. 2016, 26, 1480-1485. [CrossRef]

Wang, E; Yu, T.; Huang, G.; Cai, D.; Liang, X.; Su, H.; Zhu, Z,; Li, D.; Yang, Y.; Shen, P; et al. Gut microbiota community and its
assembly associated with age and diet in Chinese centenarians. J. Microbiol. Biotechnol. 2015, 25, 1195-1204. [CrossRef]

Kong, F; Hua, Y.; Zeng, B.; Ning, R.; Li, Y.; Zhao, J. Gut microbiota signatures of longevity. Curr. Biol. 2016, 26, R832-R833.
[CrossRef]

Wilmanski, T.; Diener, C.; Rappaport, N.; Patwardhan, S.; Wiedrick, J.; Lapidus, J.; Earls, ].C.; Zimmer, A.; Glusman, G,;
Robinson, M.; et al. Gut microbiome pattern reflects healthy ageing and predicts survival in humans. Nat. Metab. 2021, 3, 274-286.
[CrossRef] [PubMed]

Spychala, M.S.; Venna, V.R,; Jandzinski, M.; Doran, S.J.; Durgan, D.J.; Ganesh, B.P; Ajami, N.J.; Putluri, N.; Graf, |,
Bryan, RM.; et al. Age-related changes in the gut microbiota influence systemic inflammation and stroke outcome. Ann. Neurol.
2018, 84, 23-36. [CrossRef] [PubMed]

Franceschi, C.; Capri, M.; Monti, D.; Giunta, S.; Olivieri, F,; Sevini, F.; Panourgia, M.P,; Invidia, L.; Celani, L.; Scurti, M.; et al.
Inflammaging and anti-inflammaging: A systemic perspective on aging and longevity emerged from studies in humans. Mech.
Ageing Dev. 2007, 128, 92-105. [CrossRef] [PubMed]

Rehman, T. Role of the gut microbiota in age-related chronic inflammation. Endocr. Metab. Immune Disord.-Drug Targets 2012, 12,
361-367. [CrossRef] [PubMed]

Macpherson, A.J.; Harris, N.L. Interactions between commensal intestinal bacteria and the immune system. Nat. Rev. Immunol.
2004, 4, 478-485. [CrossRef] [PubMed]

Sokol, H.; Pigneur, B.; Watterlot, L.; Lakhdari, O.; Bermudez-Humaran, L.G.; Gratadoux, ].J.; Blugeon, S.; Bridonneau, C,;
Furet, ].P,; Corthier, G. Faecalibacterium prausnitzii is an anti-inflammatory commensal bacterium identified by gut microbiota
analysis of Crohn disease patients. Proc. Natl. Acad. Sci. USA 2008, 105, 16731-16736. [CrossRef]

Bartosch, S.; Fite, A.; Macfarlane, G.T.; McMurdo, M.E. Characterization of bacterial communities in feces from healthy elderly
volunteers and hospitalized elderly patients by using real-time PCR and effects of antibiotic treatment on the fecal microbiota.
Appl. Environ. Microbiol. 2004, 70, 3575-3581. [CrossRef]

Morton, R.W.; Traylor, D.A.; Weijs, PJ.; Phillips, S.M. Defining anabolic resistance: Implications for delivery of clinical care
nutrition. Curr. Opin. Crit. Care 2018, 24, 124-130. [CrossRef]

Zhao, J.; Zhang, X.; Liu, H.; Brown, M.A; Qiao, S. Dietary protein and gut microbiota composition and function. Curr. Protein
Pept. Sci. 2019, 20, 145-154. [CrossRef]

Matteuzzi, D.; Crociani, F.; Emaldi, O. Amino acids produced by bifidobacteria and some Clostridia. Ann. Microbiol. 1978, 129,
175-181.

Raj, T.; Dileep, U.; Vaz, M.; Fuller, M.E,; Kurpad, A.V. Intestinal microbial contribution to metabolic leucine input in adult men.
J. Nutr. 2008, 138, 2217-2221. [CrossRef] [PubMed]

Blomstrand, E.; Eliasson, J.; Karlsson, H.K.; Kéhnke, R. Branched-chain amino acids activate key enzymes in protein synthesis
after physical exercise. J. Nutr. 2006, 136, 2695-273S. [CrossRef] [PubMed]

Fitzgerald, K.N.; Hodges, R.; Hanes, D.; Stack, E.; Cheishvili, D.; Szyf, M.; Henkel, J.; Twedt, M.W.; Giannopoulou, D;
Herdell, J.; et al. Potential reversal of epigenetic age using a diet and lifestyle intervention: A pilot randomized clinical trial.
Aging Albany NY 2021, 13, 9419. [CrossRef] [PubMed]

Conley, M.N.; Wong, C.P; Duyck, KM.; Hord, N.; Ho, E.; Sharpton, T.J. Aging and serum MCP-1 are associated with gut
microbiome composition in a murine model. Peer] 2016, 4, e1854. [CrossRef] [PubMed]

Ghosh, T.S.; Shanahan, F; O'Toole, PW. The gut microbiome as a modulator of healthy ageing. Nat. Rev. Gastroenterol. Hepatol.
2022, 19, 565-584. [CrossRef] [PubMed]

Cheng, Y.W.; Fischer, M. The present status of fecal microbiota transplantation and its value in the elderly. Curr. Treat. Options
Gastroenterol. 2017, 15, 349-362. [CrossRef]

De Filippis, F; Pellegrini, N.; Vannini, L.; Jeffery, I.B.; La Storia, A.; Laghi, L.; Serrazanetti, D.I.; Di Cagno, R.; Ferrocino, I.; Lazzi, C.
High-level adherence to a Mediterranean diet beneficially impacts the gut microbiota and associated metabolome. Gut 2016, 65,
1812-1821. [CrossRef]

Derkinderen, P.; Shannon, K.M.; Brundin, P. Gut feelings about smoking and coffee in Parkinson’s disease. Mov. Disord. 2014, 29,
976-979. [CrossRef]

Zhang, C.; Li, S.; Yang, L.; Huang, P; Li, W.; Wang, S.; Zhao, G.; Zhang, M.; Pang, X.; Yan, Z.; et al. Structural modulation of gut
microbiota in life-long calorie-restricted mice. Nat. Commun. 2013, 4, 1-10. [CrossRef]


http://doi.org/10.1111/j.1574-695X.2001.tb01548.x
http://doi.org/10.1371/annotation/df45912f-d15c-44ab-8312-e7ec0607604d
http://doi.org/10.1016/j.cub.2016.04.016
http://doi.org/10.4014/jmb.1410.10014
http://doi.org/10.1016/j.cub.2016.08.015
http://doi.org/10.1038/s42255-021-00348-0
http://www.ncbi.nlm.nih.gov/pubmed/33619379
http://doi.org/10.1002/ana.25250
http://www.ncbi.nlm.nih.gov/pubmed/29733457
http://doi.org/10.1016/j.mad.2006.11.016
http://www.ncbi.nlm.nih.gov/pubmed/17116321
http://doi.org/10.2174/187153012803832620
http://www.ncbi.nlm.nih.gov/pubmed/23017185
http://doi.org/10.1038/nri1373
http://www.ncbi.nlm.nih.gov/pubmed/15173836
http://doi.org/10.1073/pnas.0804812105
http://doi.org/10.1128/AEM.70.6.3575-3581.2004
http://doi.org/10.1097/MCC.0000000000000488
http://doi.org/10.2174/1389203719666180514145437
http://doi.org/10.3945/jn.108.093021
http://www.ncbi.nlm.nih.gov/pubmed/18936222
http://doi.org/10.1093/jn/136.1.269S
http://www.ncbi.nlm.nih.gov/pubmed/16365096
http://doi.org/10.18632/aging.202913
http://www.ncbi.nlm.nih.gov/pubmed/33844651
http://doi.org/10.7717/peerj.1854
http://www.ncbi.nlm.nih.gov/pubmed/27069796
http://doi.org/10.1038/s41575-022-00605-x
http://www.ncbi.nlm.nih.gov/pubmed/35468952
http://doi.org/10.1007/s11938-017-0143-1
http://doi.org/10.1136/gutjnl-2015-309957
http://doi.org/10.1002/mds.25882
http://doi.org/10.1038/ncomms3163

Microorganisms 2022, 10, 1869 17 of 18

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Bindels, L.B.; Delzenne, N.M.; Cani, P.D.; Walter, ]. Towards a more comprehensive concept for prebiotics. Nat. Rev. Gastroenterol.
Hepatol. 2015, 12, 303-310. [CrossRef]

Hasan, N.; Yang, H. Factors affecting the composition of the gut microbiota, and its modulation. Peer] 2019, 7, €7502. [CrossRef]
[PubMed]

Slavin, J. Fiber and prebiotics: Mechanisms and health benefits. Nutrients 2013, 5, 1417-1435. [CrossRef] [PubMed]

Hill, C.; Guarner, E; Reid, G.; Gibson, G.R.; Merenstein, D.J.; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.J.; Salminen, S.; et al. Expert
consensus document: The International Scientific Association for Probiotics and Prebiotics consensus statement on the scope and
appropriate use of the term probiotic. Nat. Rev. Gastroenterol. Hepatol. 2014, 11, 506-514. [CrossRef] [PubMed]

Kristensen, N.B.; Bryrup, T.; Allin, K.H.; Nielsen, T.; Hansen, T.H.; Pedersen, O. Alterations in fecal microbiota composition by
probiotic supplementation in healthy adults: A systematic review of randomized controlled trials. Genome Med. 2016, 8, 1-11.
[CrossRef] [PubMed]

Ferrario, C.; Taverniti, V.; Milani, C.; Fiore, W.; Laureati, M.; De Noni, I.; Stuknyte, M.; Chouaia, B.; Riso, P.; Guglielmetti, S.
Modulation of fecal Clostridiales bacteria and butyrate by probiotic intervention with Lactobacillus paracasei DG varies among
healthy adults. J. Nutr. 2014, 144, 1787-1796. [CrossRef]

Allen, S.J.; Martinez, E.G.; Gregorio, G.V.; Dans, L.F. Probiotics for treating acute infectious diarrhoea. Cochrane Database Syst. Rev.
2010, 2010, CD003048. [CrossRef]

Hempel, S.; Newberry, S.J.; Maher, A.R.; Wang, Z.; Miles, ].N.; Shanman, R.; Johnsen, B.; Shekelle, P.G. Probiotics for the
prevention and treatment of antibiotic-associated diarrhea: A systematic review and meta-analysis. JAMA 2012, 307, 1959-1969.
Meijer, B.J.; Dieleman, L.A. Probiotics in the treatment of human inflammatory bowel diseases: Update 2011. J. Clin. Gastroenterol.
2011, 45, S139-S144. [CrossRef]

Moayyedi, P,; Ford, A.C.; Talley, N.J.; Cremonini, F; Foxx-Orenstein, A.E.; Brandt, L.J.; Quigley, E.M. The efficacy of probiotics in
the treatment of irritable bowel syndrome: A systematic review. Gut 2010, 59, 325-332. [CrossRef]

Khoruts, A.; Sadowsky, M.]. Understanding the mechanisms of faecal microbiota transplantation. Nat. Rev. Gastroenterol. Hepatol.
2016, 13, 508-516. [CrossRef]

Jorgensen, S.M.D.; Rubak, TM.M.; Damsgaard, E.M.; Dahlerup, ].F.; Hvas, C.L. Faecal microbiota transplantation as a home
therapy to frail older people. Age Ageing 2020, 49, 1093-1096. [CrossRef] [PubMed]

Borody, T.J.; Warren, E.F; Leis, S.; Surace, R.; Ashman, O. Treatment of ulcerative colitis using fecal bacteriotherapy. J. Clin.
Gastroenterol. 2003, 37, 42-47. [CrossRef] [PubMed]

Kassam, Z.; Hundal, R.; Marshall, ] K.; Lee, C.H. Fecal transplant via retention enema for refractory or recurrent Clostridium
difficile infection. Arch. Intern. Med. 2012, 172, 191-193. [CrossRef] [PubMed]

Silverman, M.S.; Davis, I.; Pillai, D.R. Success of self-administered home fecal transplantation for chronic Clostridium difficile
infection. Clin. Gastroenterol. Hepatol. 2010, 8, 471-473. [CrossRef] [PubMed]

Arkkila, PE.; Uusitalo-Seppald, R.; Lehtola, L.; Moilanen, V.; Ristikankare, M.; Mattila, E.J. Fecal bacteriotherapy for recurrent
Clostridium difficile infection. Gastroenterology 2010, 5, S-5. [CrossRef]

Mattila, E.; Uusitalo-Seppald, R.; Wuorela, M.; Lehtola, L.; Nurmi, H.; Ristikankare, M.; Moilanen, V.; Salminen, K.; Seppéld, M.;
Mattila, P.S.; et al. Fecal transplantation, through colonoscopy, is effective therapy for recurrent Clostridium difficile infection.
Gastroenterology 2012, 142, 490-496. [CrossRef]

Uygun, A.; Ozturk, K.; Demirci, H.; Oger, C.; Avci, 1.Y.; Turker, T.; Gulsen, M. Fecal microbiota transplantation is a rescue
treatment modality for refractory ulcerative colitis. Medicine 2017, 96, e6479. [CrossRef]

Aas, J.; Gessert, C.E.; Bakken, J.S. Recurrent Clostridium difficile colitis: Case series involving 18 patients treated with donor stool
administered via a nasogastric tube. Clin. Infect. Dis. 2003, 36, 580-585. [CrossRef]

Suskind, D.L.; Brittnacher, M.J.; Wahbeh, G.; Shaffer, M.L.; Hayden, H.S.; Qin, X.; Singh, N.; Damman, C.J.; Hager, KR,
Nielson, H.; et al. Fecal microbial transplant effect on clinical outcomes and fecal microbiome in active Crohn’s disease. Inflamm.
Bowel Dis. 2015, 21, 556-563. [CrossRef]

Cui, B.; Li, P; Xu, L.; Zhao, Y.; Wang, H.; Peng, Z.; Xiang, ].; He, Z.; Zhang, T.; Nie, Y.; et al. Step-up fecal microbiota transplantation
strategy: A pilot study for steroid-dependent ulcerative colitis. J. Transl. Med. 2015, 13, 1-12. [CrossRef]

Van Nood, E.; Vrieze, A.; Nieuwdorp, M.; Fuentes, S.; Zoetendal, E.G.; de Vos, W.M.; Visser, C.E.; Kuijper, E.J.; Bartelsman, J.F,;
Tijssen, J.G.; et al. Duodenal infusion of donor feces for recurrent Clostridium difficile. N. Engl. ]. Med. 2013, 368, 407-415.
[CrossRef] [PubMed]

de Magalhaes, J.P. Longevity pharmacology comes of age. Drug Discov. Today 2021, 26, 1559-1562. [CrossRef] [PubMed]

de Magalhaes, ].P. The big, the bad and the ugly: Extreme animals as inspiration for biomedical research. EMBO Rep. 2015, 16,
771-776. [CrossRef] [PubMed]

Stockdale, M.T.; Benton, M.J. Environmental drivers of body size evolution in crocodile-line archosaurs. Commun Bio. 2021, 4,
1-11. [CrossRef]

Jeyamogan, S.; Khan, N.A ; Sagathevan, K.; Siddiqui, R. Crocodylus porosus: A potential source of anticancer molecules. BM]
Open Sci. 2020, 4, e100040. [CrossRef]

Gholamhosseini, A.; Hosseinzadeh, S.; Soltanian, S.; Banaee, M.; Sureda, A.; Rakhshaninejad, M.; Ali Heidari, A.; Anbazpour, H.
Effect of dietary supplements of Artemisia dracunculus extract on the haemato-immunological and biochemical response, and
growth performance of the rainbow trout (Oncorhynchus mykiss). Aquac. Res. 2021, 52, 2097-2109. [CrossRef]


http://doi.org/10.1038/nrgastro.2015.47
http://doi.org/10.7717/peerj.7502
http://www.ncbi.nlm.nih.gov/pubmed/31440436
http://doi.org/10.3390/nu5041417
http://www.ncbi.nlm.nih.gov/pubmed/23609775
http://doi.org/10.1038/nrgastro.2014.66
http://www.ncbi.nlm.nih.gov/pubmed/24912386
http://doi.org/10.1186/s13073-016-0300-5
http://www.ncbi.nlm.nih.gov/pubmed/27159972
http://doi.org/10.3945/jn.114.197723
http://doi.org/10.1002/14651858.CD003048.pub3
http://doi.org/10.1097/MCG.0b013e31822103f7
http://doi.org/10.1136/gut.2008.167270
http://doi.org/10.1038/nrgastro.2016.98
http://doi.org/10.1093/ageing/afaa073
http://www.ncbi.nlm.nih.gov/pubmed/32365381
http://doi.org/10.1097/00004836-200307000-00012
http://www.ncbi.nlm.nih.gov/pubmed/12811208
http://doi.org/10.1001/archinte.172.2.191
http://www.ncbi.nlm.nih.gov/pubmed/22271132
http://doi.org/10.1016/j.cgh.2010.01.007
http://www.ncbi.nlm.nih.gov/pubmed/20117243
http://doi.org/10.1016/S0016-5085(10)60023-6
http://doi.org/10.1053/j.gastro.2011.11.037
http://doi.org/10.1097/MD.0000000000006479
http://doi.org/10.1086/367657
http://doi.org/10.1097/MIB.0000000000000307
http://doi.org/10.1186/s12967-015-0646-2
http://doi.org/10.1056/NEJMoa1205037
http://www.ncbi.nlm.nih.gov/pubmed/23323867
http://doi.org/10.1016/j.drudis.2021.02.015
http://www.ncbi.nlm.nih.gov/pubmed/33617794
http://doi.org/10.15252/embr.201540606
http://www.ncbi.nlm.nih.gov/pubmed/26041769
http://doi.org/10.1038/s42003-020-01561-5
http://doi.org/10.1136/bmjos-2019-100040
http://doi.org/10.1111/are.15062

Microorganisms 2022, 10, 1869 18 of 18

148. Siddiqui, R.; Maciver, S.; Elmoselhi, A.; Soares, N.C.; Khan, N.A. Longevity, cellular senescence and the gut microbiome: Lessons
to be learned from crocodiles. Heliyon 2021, 7, e08594. [CrossRef]

149. Willson, N.L.; Van, T.T.; Lever, ].; Moore, R.J.; Stanley, D. Characterisation of the intestinal microbiota of commercially farmed
saltwater crocodiles, Crocodylus porosus. Appl. Microbiol. Biotechnol. 2019, 103, 8977-8985. [CrossRef]

150. Khan, N.A.; Soopramanien, M.; Maciver, S.K.; Anuar, T.S.; Sagathevan, K.; Siddiqui, R. Crocodylus porosus gut bacteria: A
possible source of novel metabolites. Molecules 2021, 26, 4999. [CrossRef]


http://doi.org/10.1016/j.heliyon.2021.e08594
http://doi.org/10.1007/s00253-019-10143-3
http://doi.org/10.3390/molecules26164999

	Introduction 
	Gut Microbiota Development and Composition 
	Gut Microbiota Modulation 
	Gut Microbiota and Disease 
	Gut Microbiota and Ageing 
	Gut Microbiota and Age-Related Disease 
	Gut Microbiota Interventional Strategies 
	Dietary Interventions 
	Prebiotics and Probiotics 
	Faecal Microbiota Transplantation 

	Long-Lived Animals and Gut Microbiome, Can We Learn from Them? 
	Concluding Remarks 
	References

