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Abstract: The gut microbiota (GM) has been the subject of intense research in recent years. Therefore,
numerous factors affecting its composition have been thoroughly examined, and with them, their
function and role in the individual’s systems. The gut microbiota’s taxonomical composition dramati-
cally impacts older adults’ health status. In this regard, it could either extend their life expectancy
via the modulation of metabolic processes and the immune system or, in the case of dysbiosis, pre-
dispose them to age-related diseases, including bowel inflammatory and musculoskeletal diseases
and metabolic and neurological disorders. In general, the microbiome of the elderly tends to present
taxonomic and functional changes, which can function as a target to modulate the microbiota and
improve the health of this population. The GM of centenarians is unique, with the faculty-promoting
metabolic pathways capable of preventing and counteracting the different processes associated with
age-related diseases. The molecular mechanisms by which the microbiota can exhibit anti-ageing
properties are mainly based on anti-inflammatory and antioxidant actions. This review focuses on
analysing the current knowledge of gut microbiota characteristics and modifiers, its relationship with
ageing, and the GM-modulating approaches to increase life expectancy.
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1. Introduction

The gut microbiota (GM) comprises a group of bacteria, viruses, archaea, and other
microbes present in the gastrointestinal tract (GI), which establishes a symbiotic relationship
with its host and directly influences their health status [1–3]. Likewise, each individual’s
GM is unique, constituted by approximately 100 trillion microorganisms whose singularity
is comparable to a fingerprint [4]. In addition, the GM modulates immune [5], cardio-
vascular, and central systems activity, fulfilling fundamental roles in the human body’s
homeostasis [6,7].

GM composition and interactions vary according to diverse agents’ interactions
throughout life, highlighting the individual’s lifestyle and sociodemographic factors [8,9].
Hence, both its functioning and relationship with the host may be affected by a vari-
ety of environmental and biological factors driving anomalies in number and bacterial
composition, thereby leading to intestinal dysbiosis (ID), a condition implicated in the
development and progression of many metabolic [10], immunological [11], respiratory [12],
cardiovascular [13], and neurodegenerative diseases [14], and even the ageing process [15].
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Due to its correlation with several health parameters, several research groups have
sought to determine the implications of gut microbiota in longevity and the ageing pro-
cess [16,17]. Furthermore, developments in microbiome research have allowed the elucida-
tion of differences in the GM composition of centenarians and the rest of the population,
thereby highlighting its importance in the ageing process [18]. However, most research
in this field has focused on developing therapeutic tools to modify the GM, providing a
window to control the ageing process and promote longevity [16]. In this respect, prebiotics,
probiotics, symbiotics, a healthy diet, regular physical activity, and drugs have gained
scientific interest in microbial activity regulation.

Under this premise, this review will describe the current knowledge on GM archi-
tecture, modifiers, and the relationship between changes in its composition related to
ageing and longevity, emphasising the missing link between the taxonomic and functional
composition of the microbiota with these processes. Similarly, current scientific evidence re-
garding ageing management by GM modulation will be presented to clarify the therapeutic
properties of diet, prebiotics, probiotics, and physical activity.

2. Materials and Methods

A narrative review with an extensive literature search on Scopus, EMBASE, PubMed,
ISI Web of Science, and Google Scholar databases, from inception to March 2023, was
conducted. The articles recovered for this review were only those in English and Span-
ish. There were no restrictions according to study type, and only scientific articles from
high-impact journals were selected. The terms “dysbiosis”, “microbiota”, “longevity”,
“prebiotic”, “ageing”, “ageing”, “probiotic”, and “physical activity” were the keywords
used in the search.

3. A General View on the Gut Microbiota: Features, Composition, and Modifiers

The completion of The Human Microbiome Project paved the way for considerable
developments in the field of microbiomes and shed some light on its implications for health
and disease [19]. Since then, the scientific community has advanced in GM metagenomics,
allowing an approximation of functionality and taxonomical composition [20]. Currently,
it is recognised that approximately 95% of the microorganisms present in the GM are
anaerobic bacteria, which comprise at least more than a thousand types to date [21,22]; the
Firmicutes and Bacteroidetes phyla are the most abundant, followed by Actinobacteria,
Cyanobacteria, Fusobacteria, Proteobacteria, and Verrucomicrobia [23,24].

The most common genera within Firmicutes are Clostridium (95% of Firmicutes), Lacto-
bacillus, Bacillus, Enterococcus, Eubacterium, and Ruminococcus, whereas, in the case of Bac-
teroidetes, the most prevalent genera are Bacteroides, Prevotella, and Porphyromonas [25,26].
In addition, more than 3.8 million non-repetitive microbial genes have been characterised,
representing a proportion 150 times greater than the complete human genome, of which
99% are of bacterial origin [27]. In addition, it is essential to highlight other relevant mi-
croorganisms such as archaea (Methanobrevibacter), fungi (Saccharomyces, Malassezia,
and Candida), and some protozoa (Blastocystis) [28]. Along this vein, the characterisation
of predominant phyla and genera has inspired the development of enterotypes, which
aims to identify patterns of microbiota variation, a concept that remains polemical in the
scientific community [29].

Interestingly, the number and diversity of the gut microbiota microorganism vary
according to life stage and genetic composition, environmental and disease exposure, and
diet. These factors lead a distinctive microbiota development for each individual from
birth [30]. However, it is worth noting that factors that may lead to significant changes in
specific populations have not been determined yet, as highlighted by Nishijima et al. [31].
Despite its uniqueness, the general features in the microbiomes at different age groups
have been identified. In this regard, during the first years of life, there is an expansion in
the microbiome’s diversity, which starts declining at age 3, only to stabilise itself at age 5
(acquiring the GM complexity seen in adults), but such GM composition is disrupted during
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ageing when it loses abundance and diversity [32]. However, the loss in microbe abundance
and a reduction in the Bacteroides population have been associated with increased survival
chances [19].

On the other hand, certain factors (such as age, psychobiology, and environmental
elements) influence individual taxonomic and functional GM variations (Figure 1) [33].
First, gestational conditions, both maternal microbiota and medical history, birth route,
and the type of feeding during the first years of life are critical determinants in an infant’s
microbiome and GM [34]. For example, it has been considered that the GM composition
of babies born at term by vaginal delivery and who are breastfed are optimal for proper
child development. Under these conditions, the GM in children tends to be colonised
by facultative anaerobic bacteria genera (Enterobacter, Enterococcus, Staphylococcus, and
Streptococcus), which will subsequently allow the proliferation of strict anaerobic microbes
genera such as Bifidobacterium, Bacteroides, and Clostridium [35–37].
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Figure 1. Gut microbiota modifiers. The composition of the intestinal microbiota can be modified by
various factors throughout life. The main modifiers include lifestyle, age, the perinatal period and
some maternal components, as well as the sociocultural environment and psychological factors of
the individual.

In turn, preterm babies possess a different GM composition from term babies [38],
with a higher proportion of facultative anaerobic and pathogenic bacteria genera, such as
Enterococcus and others belonging to the Proteobacteria phylum (Enterobacter, Escherichia,
and Klebsiella) [39–41], together with reduced levels of strict anaerobic microbes such as
Bifidobacterium, Bacteroides, and Atopobium. Such disposition could result from immature
organs, feeding, hospital stays, and antibiotic use [42–44]. Similarly, birth type is essential to
the GM composition of newborns [45]. For example, babies born by vaginal delivery inherit
a GM similar to their mother’s vaginal microbiota, so Lactobacillus, Prevotella, Escherichia,
Staphylococcus, Bacteroides, and Streptococcus colonies are present [46]. Meanwhile, babies
born by caesarean section present a less diverse GM, characterised by acquiring both in-
hospital and mother’s skin bacteria (Staphylococcus, Corynebacterium, Propionibacterium spp.).
For this reason, there is a lesser proportion of anaerobic bacteria (Escherichia, Shigella, and
Bacteroides) [47,48].

Several factors throughout life modify the intestinal microbiota composition. The
primary modifiers include lifestyle, age, the perinatal period, and some maternal compo-
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nents, as well as the individual’s sociocultural environment and psychological factors. For
example, regarding the perinatal period and some maternal components, in babies born
at term by vaginal delivery and breastfed, GM is composed of Enterobacter, Enterococcus,
Staphylococcus, Streptococcus, Actinobacteria, Firmicutes, Lactobacillus, Bifidobacterium, Bac-
teroides, and Clostridium. On the other hand, moderate exercise induces positive changes
in gut microbiota composition and microbial metabolites produced in the gastrointestinal
tract. Furthermore, physical activity frequency is positively associated with a higher gut
microbial diversity, shifted toward bacterial species involved in amino acid biosynthesis
and carbohydrate metabolism, consequently producing key metabolites such as short-chain
fatty acids. Additionally, stress can impact the intestinal barrier’s developmental trajectory
and has been associated with increased gut permeability. For example, early-life maternal
separation significantly decreases faecal Lactobacillus three days post-separation, which
correlates with stress-related behaviours.

Nevertheless, term babies born by caesarean section who are exclusively breastfed
during their first weeks of life can present GM compositions similar to the GM of babies
born by vaginal delivery [49]. Therefore, the infant’s diet is fundamental in developing their
GM. In this respect, components in breast milk, such as oligosaccharides and lactoferrin,
exhibit prebiotic properties; hence, they can modulate GM composition [50,51]. In addition,
breast milk also contains beneficial bacteria that will colonise the infant’s GT [52].

In turn, breastfed babies present abundant Bifidobacterium in their GMs, which are
involved in the metabolism of oligosaccharides from breast milk. In addition, abundance
in Actinobacteria, Firmicutes, Staphylococcus, Bacteroides, Streptococcus, and Lactobacillus is
also present [53,54]. In contrast, formula-fed babies tend to be frequently colonised by
Proteobacteria and Clostridium species [55]. However, the weaning period [56] and the
mother’s secretory and health status also seem to be determining factors in infants’ GM.
Curiously, it has been reported that the GM of preterm babies, who were formula-fed and
born by caesarean section, predispose them to suffer from obesity, necrotising enterocol-
itis, and other diseases, probably due to its interaction with energy metabolism and the
maturation of the immune system [57–60].

Similarly, GM composition and characteristics vary depending on the individual’s
dietary habits during infancy and the rest of their lives [61]. Since industrialisation, people
have adopted obesogenic habits influencing GM composition and metabolism [62]. For
instance, persons with obesity present a high Firmicute over Bacteroidetes rate compared
to their lean and overweight counterparts [63]. Furthermore, studies have found a stronger
association with Firmicutes phylum species, such as Blautia hydrogenotorophica, Coprococcus
catus, Eubacterium ventriosum, Ruminococcus bromii, and Ruminococcus obeum, in patients
with obesity; whereas, lean people have higher proportions of Bacteroides [64].

Accordingly, dietary patterns behave as cornerstones in GM composition in all life
stages [65]. In this respect, hypercaloric diets (HCD) have been related to increases in
Firmicutes and Actinobacteria species and decreases in Bacteroidetes, which agrees with
the GM composition observed in obese patients [66]. Similarly, the Western diet englobes
high protein, carbohydrate, and fat contents, which is associated with reduced GM diversity
characterised by a diminished load of beneficial bacteria, such as Bifidobacterium and
Eubacterium, and a more significant proportion of potentially detrimental genera, such as
Shigella and Escherichia [67,68]. Likewise, diets with high caloric restriction are associated
with diminished GM variety and enrichment of pathogenic bacteria like Clostridium difficile,
which negatively influences biliary acid metabolism [69]. In contrast, individuals who
follow diets rich in vegetables and fibres, such as Mediterranean dietary patterns, tend
to have significant enrichment of Bifidobacterium, Bacteroidetes (especially Prevotella), and
depletion of Firmicutes, which correlates to a lower inflammatory state and a better general
health status [70,71].

At the same time, dietary habits correlate to geographic location and GM character-
istics. Interestingly, European countries exhibit a North-South gradient concerning child
obesity [72]. In this respect, studies have confirmed that this gradient correlates to GM
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composition, finding that children from northern regions exhibit higher Bifidobacterium,
Clostridium, and Atopobium species proportions. In contrast, children from southern regions
have higher species diversity, characterised by Eubacteria, Lactobacillus, and Bacteroides
richness [73]. On the other hand, African individuals and people from rural Latin America
who eat traditional diets rich in vegetables and natural products have healthier and more
diverse microbiota compared to GM compositions from areas with Westernised diets (carni-
vore and fat-diet microbiome) [74,75]. In addition, other factors modify the inter-individual
GM taxonomic diversity across all life stages and prominence in some host biological con-
stituents [76], the frequency of physical activity [77], and age [78], which will be addressed
in the following sections of this review.

4. The Science behind Ageing

Ageing is a phenomenon consisting of developmental, functional, and morphologi-
cal changes at the cellular, tissue, and organic levels that occur over time. In mammals,
such as humans, age has been considered irreversible due to the “central dogma” that
some tissues and cells are irreplaceable. For example, terminally differentiated adult
neurons remain in the body throughout an organism’s life and cannot be replaced nat-
urally [79–81]. Ageing is the most important risk factor for mortality in humans due
to a clear and predictable functional decline, increased frailty, and susceptibility to
chronic diseases [80–82]. Although its underlying mechanisms have not been completely
elucidated yet, a series of common hallmarks have been identified, all of which are
predominant during ageing and are common to all human beings; these are classified
into three categories: primary, antagonistic, and integrative [83,84].

The primary hallmarks include several factors considered detrimental to cellular
well-being. This category includes genome instability, telomere shortening, epigenetic
alterations, and proteostasis loss [85]. On the other hand, antagonistic hallmarks may be
beneficial in narrowly regulated quantities, while their excess produces deleterious effects;
these include dysregulation of nutrient sensors, cellular senescence, and mitochondrial
dysfunction [86,87]. Lastly, the integrative hallmarks are those phenomena that alter cellular
homeostasis; therefore, within this group are found stem cell depletion and altered cell
signalling [86,88,89]. Although all these changes contribute to a greater or lesser extent to
ageing, the exact triggers and mechanisms of this process remain controversial and are not
fully understood [90].

In a nutshell, there are two main theories aimed at determining the origins and devel-
opment of ageing: the programmed or adaptive theories, which state that some “genetic
clock” determines the start of ageing in an organism, and the damage or error theories,
which explain ageing-related events as consequences of the lack of natural selection as age
advances [91,92]. However, these theories and their derivatives could be complementary
rather than mutually exclusive. The intrinsic and environmental factors and their reciprocal
interaction as determinants of ageing are gaining more recognition among the scientific
community [93,94]. Genetics dramatically contribute to the intrinsic factors, where progres-
sive telomere shortening and subsequent genome instability, as well as the expression or
suppression of age-related genes such as APOE, FOXO3, or IGF-1R, have been proposed
as main mechanisms [95–101]. In this regard, epigenetic modifications like genome hy-
pomethylation and hypermethylated genomic areas, histone modifications, and chromatin
loss have been classically linked to genomic instability, senescence, neoplasia development,
and other age-related diseases [102–105].

Other intrinsic elements, such as metabolic pathways and mitochondrial dysfunction,
are also involved in ageing through mechanisms that increase the production of reactive
oxygen species (ROS) and protein glycosylation. The accumulation of ROS promotes
oxidative damage in proteins and lipids, which subsequently leads to alterations in several
cellular functions, oxidative membrane stress, misfolded proteins accumulation and the
subsequent endoplasmic reticulum stress with decreased autophagy, glycosylation of
intracellular proteins, and activation of inflammatory pathways. Moreover, due to its



Int. J. Environ. Res. Public Health 2023, 20, 5845 6 of 24

deleterious effects on the extracellular matrix (reduced elasticity in connective tissues), it
is thought that ROS build-up could also foster the production of advanced glycation end
products (AGEs) and glucose auto-oxidation, which are well-known factors that contribute
to ageing and its associated diseases [106–111]. On the other hand, lifestyle factors, such
as diet, physical activity, socioeconomic status, and habits like smoking, alcohol, and
other illicit drugs consumption, through endocrine and immune signalling pathways can
induce epigenetic changes, which ultimately promote the expression or suppression of
ageing-related genes, having a profound impact on longevity—perhaps even more than
the endogenous factor [112–117].

In this regard, it is not a matter of debate about the importance of the gut-brain axis.
This complex immune-neuro-endocrine network between the gut microbiota and their
hosts regulates a myriad of immune, metabolic, and neural functions. Hence, it is a logical
candidate as a fine-tuning interface between the external milieu and the inner ambient of
our bodies. Moreover, age-related and disease-related deterioration in the gut microbiome
of older people reflects overlapping interactive but distinct processes. Thus, resetting gut
microbiome-derived signals of ‘unhealthy ageing’ is biologically plausible to slow the
ageing process and decrease the prevalence of chronic non-communicable diseases by
combating low-grade inflammation and immuno-senescence.

5. Microbiota and Ageing: Finding the Missing Link
5.1. Age-Related Microbiome Modifications

Far from being a static entity, the microbiome suffers various modifications during
different life stages of the individual. The transformation of these biocommunities in
older adults is particularly evident after considering that when a person reaches an
advanced age, they have been exposed to different environmental factors over an ex-
tended period [118,119]. However, the microbiome categorisation of older cohorts has
proven challenging due to individual variation and the lack of great-scale longitudinal
studies analysing GM changes over time.

Beyond these limitations, multiple studies that analysed GM compositions from people
of advanced age concluded that there is a general decrease in microorganism diversity
and probiotics, together with an increase in opportunistic agents that could be related to
age-related chronic diseases [120–129]. Although the modifications vary according to the
specific age group, numerous studies that found differences in the GM composition of
elderly groups (ages 99–80 and 79–60) agree on the predominance of the phyla Bacteriodetes
and Firmicutes, the first one being more prevalent in the elderly than in younger adults
where the phylum Firmicutes is more abundant [19,130–132].

Similarly, studies have also found decreases in several bacterial groups, including
Actinobacteria, certain Ruminococcaceae and Bacteroidaceae members, and Bifidobacterium,
Faecalibacterium, Eubacterium, Bacteroides, Clostridium, and Oscillospiraceae genera [133–136].
On the contrary, numerous microorganisms, mainly opportunistic pathogens and those re-
lated to chronic inflammation, increase during ageing, e.g., Cyanobacteria, Lachnospiraceae,
Enterobacteriaceae members, and multiple genera such as Akkermansia, Lactobacillus, Strep-
tococci, Alistipes, Prevotella, Paraprevotella, Helicobacter, Eggerthella, Coprobacillus, and Pep-
toniphilus [137–141]. However, it is not adequate to state that the GM of elderly persons
loses its diversity and richness in direct proportion to age. Multiple clinical trials indicate
general biodiversity increases that surpass that of younger adults [17,142]. In contrast to
younger persons, older adults and centenarians present a depletion in Faecalibacterium praus-
nitzii and Eubacterium rectale and a more enriched population of Methanobrevibacter smithii,
Ruminococceae, Proteobacteria, Anaerotruncus colihominus, Bifidobacterium, Porphyromonaceae,
Rikenellaceae, Christensenellaceae, Escherichia, and Roseburia; centenarians also have a greater
abundance of Bacteroidetes compared to younger adults and younger older adults [142–146].

In addition to the GM taxonomic changes in the elderly, consequent functional modi-
fications have also been observed [147,148]. For instance, GM from centenarians exhibits
increased activity in the phosphatidyl-inositol pathway, glycosphingolipid biosynthesis,
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N-glycans, and short-chain fatty acids (SCFAs) fermentation. It is also characterised by
higher levels of γ-aminobutyric acid (GABA), hydroxybenzoate, polyalkylene glycol (PAG),
phenylalanyl methyl chloride (PCS), and 4-imidazole acid. In addition, younger elderly
GM shows decreased saccharolytic capacity and low levels of acetate, propionate, butyrate,
tryptophan, indole, and nicotinamide [120,149,150]. Finally, reprogramming the saccha-
rolytic metabolic profile to a proteolytic profile is frequently observed due to decreased
bacterial species associated with carbohydrate fermentation. Low levels of allantoin,
guanosine, butyric, and isovaleric acid, and Mitochondrial Pyruvate Carrier 1 (MCP1)
expression [135,151] are also found in young elderly.

Microbiome experiences modifications not only in response to ageing but also to
diverse exogenous stimuli such as dietary patterns, medications, and various patholo-
gies [152]. In this sense, it is essential to highlight the impact of drugs influencing micro-
biome composition (directly or indirectly). In this category, antibiotics and proton-pump
inhibitors (PPIs) are modifiers of the diversity and proportions of microorganisms within
the microbiome in different organs by significantly decreasing acid secretion [153]. Long-
term administration of PIPs may result in significant changes across the digestive system,
such as increased quantities of Firmicutes and decreased Bacteroidetes and Proteobacteria
in the oesophagus. At the same time, the gastric microbiota showcases increments in
the abundance of Streptococcaceae predominantly, followed by Prevotellaceae, Campy-
lobacteraceae, and Leptotrichiaceae. Similarly, chronic treatments with PIPs are linked to
bacterial overgrowth of microorganisms such as Streptococcus, Staphylococcus, Escherichia,
Salmonella, Campylobacter, Enterobacteriaceae Klebsiella, Lactobacillus, Veillonela, and
Clostridium in the small intestine and colon. Due to dysbiosis, the organism is prone to
suffer GI infections, small intestinal bacterial overgrowth (SIBO), chronic inflammation,
malabsorption and even oesophagal, gastric, or colorectal cancer [154].

Furthermore, the microbiome association with antibiotics has been well documented
and varies according to the specific drug and treatment duration. For instance, clinical trials
using 500 mg of ciprofloxacin two times a day for seven days have resulted in minor changes
(73% similarity to the original state). These positive results are similar to other antibiotics,
such as cefazolin, which did not drastically alter the microbiota. However, treatments with
drugs such as amoxicillin/clavulanic acid or clindamycin resulted in major changes to
all bacterial groups (Clostridium, Enterobacteriaceae, Bifidobacterium, and Bacteroides).
Dysbiotic changes induced by antibiotics are generally temporary; nevertheless, in some
cases, the consequences can transcend and predispose the individual to pathologies such
as obesity, GI perturbations, or bacterial resistance [155–157].

In this context, microbiome changes might result from different pathologic conditions,
from GI disorders to autoimmune, respiratory, or neurodegenerative diseases. Among
the autoimmune pathologies such as Type 1 diabetes and rheumatoid arthritis that have
displayed reduced bacterial diversity, individuals with RA possess an increase in Prevotella,
Porphyromonas gingivalis, and Bacteroides, as well as reduced Clostridia, Lachnospiraceae,
and Bacteroides fragilis; meanwhile, DM1 patients present lower levels of Bacteroides, Bifi-
dobacterium, and Lactobacillus, and increased abundance of Bacteroides ovatus [158]. A clinical
trial carried out by XXX has revealed a higher abundance of Bifidobacterium genus, which
was associated with a higher T1D risk (OR: 1.605; 95% CI, 1.339–1.922), implying a causal
relationship between gut microbiota alterations and autoimmune diseases [159].

Another condition notoriously associated with dysbiosis is obesity. Multiple studies
have demonstrated microbiome modifications in these patients, such as increased Fir-
micutes, Prevotella, Bacteroidetes, Lactobacillus, Faecalibacterium, or Methanobrevibacter
smithii [155,160]. Moreover, the knowledge regarding microbiota alterations and respiratory
diseases is a subject of the current controversy. Nevertheless, multiple studies show less
diverse microbiota than healthy individuals. In this sense, asthma may impact the micro-
biome within the respiratory tract, causing reduced levels of Bacteroides, Lactobacillus,
Clostridium, and Bifidobacterium in these patients [161].
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Liver diseases have also been linked to bacterial dysbiosis through increased intesti-
nal permeability and bacterial translocation that could potentially facilitate the arrival of
bacterial metabolites to the liver, impairing bile acid metabolism, gut dysmotility, and in-
flammation. Major alterations comprised the phyla Bacteroidetes and Firmicutes, decreased
Bifidobacterium, Lactobacillus, Enterococcus, and Clostridiales, and increased Proteobacte-
ria, Prevotella, Faecalibacterium, Klebsiella, Proteus, Streptococcus, and Veillonella, among
others [162].

Finally, microbiome dysbiosis represents an increasingly relevant field in neurode-
generative and psychiatric disorders [163]. From diseases such as Alzheimer’s, attention
deficit hyperactivity disorder (ADHD), amyotrophic lateral sclerosis (ALS), autism spec-
trum disorder (ASD), anorexia nervosa (AN), bipolar disorder (BD), eating disorder (ED),
generalised anxiety disorder (GAD), major depressive disorder (MDD), multiple sclerosis
(MS), obsessive-compulsive disorder (OCD), Parkinson’s disease (PD), posttraumatic stress
disorder (PTSD), spinal cord injury (SCI), to schizophrenia, the modifications differ between
conditions, displaying either a beneficial or detrimental role as well as, specific microbial
changes in each case [164,165].

5.2. Microbiota: An Age-Modulator Agent?

In recent years, scientific evidence has shown the possibility of delaying ageing by ma-
nipulating the regulatory pathways involved in its bidirectional relationship with the GM.
It is known that there is a relationship between intestinal dysbiosis and multiple age-related
diseases, such as inflammatory bowel and musculoskeletal diseases and neurological con-
ditions (Figure 2). Nevertheless, there are beneficial bacteria that, rather than deleterious
consequences of ageing, may contribute to homeostasis maintenance and healthy ageing.
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Figure 2. Implications for healthy ageing related to gut microbiota. GM is capable of influencing
healthy aging as well as inducing age-related diseases. On the one hand (A) Prevotella species
have the faculty to induce dendritic cell activity and the release of proinflammatory cytokines
(IL23, IL-6 and IL-1). However, there are bacterial strains associated with longevity (B), including:
A. muciniphila, which de-creases activation of CD80+ and CD273+ B cells in Peyer’s patches, ac-
companied by attenuation of immu-ne-associated processes. They modulate the decrease of the
proinflammatory profile and oxidative stress through the positive regulation of antioxidant enzyme.
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GM influences healthy ageing as well as inducing age-related diseases. On the one
hand, (A) Prevotella species have the faculty of inducing dendritic cell activity and the
release of proinflammatory cytokines (IL23, IL-6 and IL-1), probably through the binding
of LPS to TLR2, and in turn mediate the activation of Th1 and cytotoxic T lymphocytes,
as well as the modulation of neutrophil recruitment by Th17 cells, which is negatively
associated with healthy ageing. On the other hand, bacterial strains associated with
longevity (B), including A. muciniphila, decreases activation of CD80+ and CD273+ B cells
in Peyer’s patches, accompanied by attenuation of immune-associated processes. Likewise,
Lactobacillus and Bifidobacterium strains cause the down-regulation of Sirtuin1 (Sirt1),
Forkheag box O1 (FoxO1), and FoxO3, improving learning and memory. Furthermore,
they modulate a decrease in proinflammatory and oxidative stress profiles by stimulating
antioxidant enzymes such as GSR and SOD1 and decreasing TNF, IL-6, and IL-1b expression.
Moreover, these bacteria are potent SCFA synthesisers inhibiting the MAPK-Fox03-Atrogin1
pathway and BCAA catabolism. Finally, Alistipes, Bacteroides cellulosilitycus, Bacteroides
intestinalis, Parabacteroides merdae, Parabacteroides goldsteinii, and Odoribacter laneus possess
enzymes producing secondary bile acids such as iso-, 3-oxo-, and isoalolithocholic acid;
the first two suppress T helper 17 cells effectively. At the same time, the last one induces
Treg cells.

In this vein, A. muciniphila, usually abundant during ageing, improves colonic mucus
thickness and attenuates processes related to the immune system due to decreased CD80
CD273 B cell activation in Peyer’s patches [166]. In turn, lactobacillus strains can improve
the individual’s lipid profile by activating the AMP-activated protein kinase (AMPK)
and its accelerating effects on energy and lipid metabolism [167]. Moreover, Lactobacillus
and Bifidobacterium strains augment learning and memory capacities by down-regulating
neurodegenerative markers such as Sirtuin 1 (Sirt1) and members of the Forkhead box
(FOX) family: FOXO1 and FOXO3. Additionally, these bacteria up-regulate genes related to
myocyte survival and differentiation, thereby improving muscular function and decreasing
the proinflammatory profile and oxidative stress. This phenomenon is the consequence of
their capacity to up-regulate antioxidant enzymes such as glutathione disulfide reductase
(GSR) and superoxide dismutase (SOD1), together with the reduction in the expression of
proinflammatory cytokines such as tumour necrosis factor (TNF), interleukin 6 (IL-6) and
IL-1b [168].

On the other hand, emerging studies have associated the abundance of Prevotella
species with systemic diseases, such as rheumatoid arthritis (RA), certain metabolic dis-
orders, and low-grade inflammation [169]. Possibly, the negative association between
longevity and healthy ageing with Prevotella is due to the ability of this bacterial strain to in-
duce dendritic cell activity and the release of proinflammatory cytokines (IL-23, IL-6 e IL-1),
probably through the recognition of lipopolysaccharides (LPS) by the toll-like receptor 2
(TLR2). Furthermore, this bacterial strain mediates CD4 and CD8 T cell activation and
modulates neutrophil recruitment via the secretion of IL-17 by Th17 cells [170]. In contrast,
Prevotella histicola has shown to be a potent immunomodulatory bacterium, capable of
suppressing the release of inflammatory cytokines (IL-2, IL17), monocyte chemoattractant
protein 1 (MCP-1) and TNF-α. At the same time, this species could induce the release of
anti-inflammatory cytokines such as IL-4 and IL-10, resulting in improved proinflammatory
profiles seen in age-related diseases such as AR [171,172].

However, certain age-related musculoskeletal conditions have been associated with
decreased GM biodiversity and SCFA production [173]. In this regard, the GM can use
amino acids involved in muscle protein synthesis, and therefore, it can also alter bioavail-
ability and the individual’s muscular phenotype. Moreover, preclinical and clinical studies
have shown that bacteria from the genus Sutterella, which significantly increases in older
adults, may have an essential role in muscle mass loss, probably due to its relationship
with alterations in vitamin B12 levels [174,175]. In contrast, an adequate GM composition
during ageing could positively influence the muscular system. For instance, Lactobacil-
lus and Bifidobacterium strains can restore age-related muscle loss due to the synthesis of
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SCFA molecules that inhibit the MAPK-FoxO3-Atrogin1 and branched-chain amino acids
pathways [176]. Similarly, enzymes found in the GM increase the bioavailability of amino
acids (e.g., leucine) via the breakdown of peptides and polypeptides, leading to the mTOR
pathway activation and, subsequently, myofibril synthesis gene expression [177]. How-
ever, even though the gut-muscle axis has been proposed, its exact mechanisms remain to
be elucidated.

Curiously, studies on centenarians (individuals over a hundred years old), as a life
expectancy extreme model, do not fully support the GM changes associated with age-
ing. However, centenarians have similar GM compositions to young adults, presenting
themselves as an advantage in maintaining homeostasis. Therefore, advances in this field
have shed some light on the relationship between the microbiome, healthy ageing, and
longevity [178]. In this context, a study collecting faecal samples from centenary indi-
viduals identified bacterial species, genes, and pathways that promote the generation of
unique secondary bile acid derivatives, such as iso-, 3-oxo-, and isoalolitocolic acid (LCA),
through the participation of 5-alpha reductase (5AR) enzymes, 3-b hydroxysteroid dehydro-
genase (3bHSDH) and 5-beta reductase (5BR) [177]. The genes encoding these enzymes are
presumed to be found in Alistipes, Bacteroides cellulosilitycus, Bacteroides intestinalis, Parabac-
teroides merdae, Parabacteroides goldsteinii, and Odoribacter laneus. Furthermore, isoalloLCA is
known to induce T regulatory cell function, while isoLCA and 3-oxoLCA suppress Th17
cell activity, thereby protecting the host from exaggerated immune responses. In addition,
isoalloLCA is a selective, potent antibacterial agent against drug-resistant gram-positive
bacteria. Hence, these secondary bile acids may contribute to healthy ageing [179].

In addition, a previous study in Sardinia, Italy, found a large abundance of Bifi-
dobacterium adolescents, Lactobacillus, and Escherichia in the centenary population, which
was accompanied by the up-regulation of genes associated with glycolysis and SCFA
production [180]. Particularly, SCFAs exert protective functions on the epithelial barrier,
supporting the growth of beneficial commensal bacteria and reducing colonisation by
opportunistic pathogens; consequently, these compounds regulate gut homeostasis and
the immune response. On the other hand, a lower abundance of F. prausnitzii, E. rectale,
and Ruminococcus sp 5 1 39BFAA was found, along with a deficiency in genes responsible
for carbohydrate degradation (e.g., galactose), resulting in a decrease in the production of
simple endogenous carbohydrates. The impact of this finding on the health of the centenary
population needs further research [179].

6. Therapeutic Approach against Ageing: Influencing the Gut Microbiota to
Increase Longevity

As has been presented, a clear relationship exists between gut microbiota and age-
ing; therefore, GM is considered a prospective therapeutic target to delay the onset of
various ageing processes. Likewise, various methods have been proposed to modify the
composition of the GM so that the development of bacterial species that promote organic
homeostasis is favoured.

Therefore, based on clinical and preclinical studies, different strategies have been
described to delay ageing and its complications via the consumption of probiotics (living
microbes), prebiotics (compounds that favour the growth of beneficial species), and sym-
biotics (a mixture of the previous two) [181]. In this respect, studies that administered
probiotics to canines [182] and mice [183–186] showed the efficacy of such substances in
restoring the immune system homeostasis, reducing the levels of proinflammatory markers
(TNF-α, IL-1β, IL-4, IFN-γ), bolster memory, improve both neuronal and synaptic lesions,
and finally, contribute to glial cell activation and bone mass increments.

Nevertheless, human studies have yielded divergent results (Table 1). For example, a
meta-analysis compiling data from RCTs involving 564 subjects states that even though the
consumption of probiotics increases serum calcium levels, it does not improve markers of
bone health [187]. In contrast, Jansson et al. [188] conducted a randomised, double-blind,
multicentre placebo study in Sweden involving 249 postmenopausal women for 12 months,



Int. J. Environ. Res. Public Health 2023, 20, 5845 11 of 24

where they found three Lactobacillus species prevented bone loss in the lumbar spine.
Moreover, a randomised, placebo-controlled study assessed the action of symbiotics in
60 people (ages 65–80) diagnosed with metabolic syndrome (MetS). After two months of
symbiotic administration, an anti-inflammatory effect was observed with a reduction in
high-sensitivity reactive C protein and TNF- α levels [189]. Similar results were found in a
meta-analysis of patients with Diabetes [190]. However, the meta-analysis conducted by
Qu et al. [191] determined that there were no statistically significant results regarding the
aforementioned inflammatory markers, as well as IL-1 β, IL-6, IL-8, IL-10, and MCP-1.

Table 1. Clinical evidence of gut microbiota improvements on degenerative changes associated
with ageing.

Author [Ref] Treatment Methodology Results

Liu et al. [173]

Probiotics,
prebiotics, or

synbiotics
consumption

The study of physiological
and molecular changes in

aging male Wistar rats aged
8–24 months, analyzing

body composition, muscular
activity, blood biochemistry,

and gut microbiota.

Significant increase in serum calcium levels after
consumption of probiotics, prebiotics, or synbiotics

compared to the control group. (0.52 mg/dL, 95% CI,
p = 0.13, I2 = 44%). There was no significant difference

neither in the bone density of the participants
(−0.04 g/cm2; 95% CI; p = 0.47; I2 = 0%) nor in the PTH,
OC, and ALP levels, respectively (0.71 pg/mL; 95% CI;

p = 0.09; I2 = 59%), (1.80 ng/mL; 95% CI; p = 0.66,
I2 = 0%), and (−10.64 U/L; 95% CI; p = 0.0010; I2 = 86%).

Tabrizi et al. [177]

Consumption of
probiotics

and/or
synbiotics

Meta-analysis of 18 RCTs
performed in adults with

diabetes providing detailed
information on

inflammatory markers such
as IL-6, TNF-α, CRP, and

NO after probiotics and/or
synbiotics administration

compared to a
control group.

Decreased levels of TNF-α (SMD = −2.99; 95% CI;
p = 0.001; I2: 96.3) and CRP p (SMD = −0.87; 95% CI;

p < 0.001; I2: 90.2) with increased levels of NO
(SMD = 1.49; 95% CI; p < 0.001; I2: 92.1) after

supplementing participants with probiotics and/or
synbiotics. On the other hand, there was no significant
change in IL-6 levels (SMD = −0.65; 95% CI; p = 0.306;

I2: 94.7).

Miller et al. [179]

Consumption of
probiotics based
on Bifidobacterium

animalis ssp.
lactis HN019

Meta-analysis of
4 controlled trials involving

527 participants
supplemented with

Bifidobacterium animalis ssp.
lactis HN019 using low-fat
milk as a vehicle for 3 to

6 weeks.

An increase in the phagocytic capacity of PMNs was
observed (MDS = 0.74; 95% CI; p < 0.001) in addition to
a moderate increase in the tumoricidal activity of NK

cells (MDS = 0.43; 95% CI: 0.08; p = 0.02).

Zhong et al. [187] Physical activity

RCT with 14 female
participants divided into a
control group and a second
group which performed an

aerobic and resistance
exercise program for

eight weeks.

Increase in the phylum Fusobacteria in the control group
(F = 5.257, p = 0.045). In addition, a significant difference
was observed in Betaproteobacteria abundance between
both groups (F = 5.149; p = 0.047) and a decrease in the

Bifidobacteriales order in the control group
(F = 7.624, p = 0.020).

Ghosh et al. [190] Nutritional
changes

Multicenter RCT with
612 participants (286 men,
326 women) divided into a
control group and a second

group to which a
Mediterranean diet was

administered for 12 months,
separated into three groups:

non-fragile, pre-fragile,v
and fragile.

A significant decrease in DietNegative Otus was found
in all groups. However, dietPositive OTUs increased

significantly in the non-fragile group compared to the
fragile group. In addition, markers of DietPositive OTUs

showed a negative association with levels of
inflammatory markers such as IL-17.
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Table 1. Cont.

Author [Ref] Treatment Methodology Results

Ntemiri et al. [191] Nutritional
changes

A pilot study with
17 women divided into two
groups (young and old) who

consumed 38 g of
freeze-dried cranberry

powder daily for six weeks.

The β diversity of the faecal microbiota of older women
formed a distinct cluster; however, the sample size,

along with its interindividual variability, the trend was
considered non-significant (PERMANOVA R2 = 0.03).
However, an increase in certain CAGs associated with

favourable species was identified.

In turn, Miller et al. [192] presented the beneficial effects of supplement consumption
with Bifidobacterium animalis ssp. Lactis HN019 is an immunomodulator in healthy people
since these products increase the anticancer activity of polymorphonuclear and NK cells. It
is worth noting that other meta-analyses have highlighted the immunomodulatory effects of
probiotics and symbiotics [193,194]. Likewise, another randomised, double-blind, placebo
study performed in South Korea on 63 participants over 65 years old found that probiotics
had a positive effect on the individuals’ cognitive regions, which resulted from an increase
in blood-brain-derived neurotrophic factor (BDNF) levels and a subsequent increase in
neuroplasticity [195]. However, several systematic reviews highlight the need for more
randomised studies to ascertain the real beneficial effects of probiotics on cognition area,
mood, metabolic markers, and ageing-related weakness [196,197].

In a different vein, several groups have also looked into the relationship between phys-
ical activity, GM, and longevity. In this regard, Zhu et al. [198] conducted a study that com-
pared faecal samples from 897 elderly subjects and 1589 participants aged
18–60 years. Their results found that overweight older subjects who undertook physi-
cal activity had diminished alpha diversity, increased phylum Bacteroidetes, and decreased
Proteobacteria, Cyanobacteria, and Firmicutes. Even though other studies have reported
similar results, they have failed to observe changes in alpha diversity. However, they
found increased species associated with improved cardiometabolic health in men and anti-
inflammatory effects in women—Oscillospira and Verrucomicrobia, respectively [199,200].
These correlations could result from their possible role in altering pathways related to the
biosynthesis of nucleotides, which are inhibited in older people and reactivated when such
individuals engage in regular exercise. However, several systematic reviews raise the need
for studies that assess physical activity as a unique factor in GM modification since dietary
changes could act as confounding factors. In addition, these reviews also call for clinical
trials with better designs and larger samples [201,202].

Accordingly, Ghosh et al. [203] reported that elderly individuals who maintained a
Mediterranean diet had a better cognitive function, a low inflammatory state, and a lower
risk of age-related degeneration since they favoured the development of a GM with species
associated with positive changes, e.g., the production of short-chain fatty acids. In turn,
a pilot study on 17 women subjected to the daily consumption of 38 g of blueberries for
six weeks showed an increase in the alpha diversity of their GM, especially in species
such as Anaerostipes hadrus, F. prausnitzii, Ruminococcus bromii, E. hallii, B. intestinihominis,
Butyrisimonas virosa, B. intestinihominis, and F. prausnitzii [204].

Finally, it is worth noting that even though the clinical evidence in this respect is scarce
and has confounding results, targeting the GM may counteract multiple degenerative
changes associated with ageing, thereby providing a better quality of life to the older
population. However, to achieve this objective, more large-scale controlled clinical trials
which assess each possible therapeutic management independently are needed.

7. A New Integrative Field: Dysbiosis, Immunosenescence, and the Ageing Gut

In the last 15 years, a new field, cellular senescence, has offered a new terrain of
interaction between classical theories of ageing and the functions of the gut microbiota.
In biology, senescence encompasses the ageing of cells until they stop dividing, but
they do not die, and over time, large amounts of senescent cells (SC) accumulate
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in tissues [205–207]. These cells can be identified by one or more of the following
characteristics: increase in cell size, increase in β-galactosidase, cyclin-dependent
kinase inhibitors p16INK4a, and p21WAF1 expression. Furthermore, several studies
have shown that removing the SC in aged tissues can delay the development and
severity of age-related pathologies and improve life expectancy [24]. In addition, it
has also been observed that through pharmacological interventions, senescent cells
can be selectively eliminated from the body, accompanied by positive changes in
life expectancy and a delay in chronic disease development [208–210]. From these
observations, a key question arises: How can the intestinal microbiota play a role
of interest in the production and elimination of senescent cells? The answer to this
question may lie in gut dysbiosis and the senescent gut, which also appears to play
an important role in developing natural but harmful age-related processes such as
immunosenescence and inflammatory ageing [207,211].

Immunosenescence describes the age-dependent immune system remodelling that
determines alterations in immune response and function affect both innate and adaptive im-
mune responses in in the elderly [120]. For instance, adaptive immunosenescence comprises
changes such as a reduced B cell lymphopoiesis, loss of naïve B cells and B cells accumula-
tion, impaired antigen presentation by dendritic cells [212–214], CD28− veCD57+ve senes-
cent T cells [215], skewing towards Th17 polarisation, anomalous Th1/Th2 responses [216],
increase in CD4+veCD25+veFoxp3+ve T cells [Tregs], and thus, increased cancer risk [217].
On the other hand, innate immunosenescence includes a reduced natural killer cytotoxic-
ity [218], an altered clearance of apoptotic cells, accumulation of non-classical monocytes
showing a senescence-associated proinflammatory secretory phenotype [219], reduced
neutrophil chemotaxis [220], the decreased bactericidal activity of monocytes and neu-
trophils [221,222], and altered cytokine production by monocytes and dendritic cells [223].
Thus, immunosenescence is the basis for age-related systemic oxidative and inflammatory
stress, which makes the elderly susceptible to many diseases [224].

In this context, the association between the gut microbiome and health is on the
agenda of several research groups, and some evidence has recently emerged that partly
immunosenescence is related to age-associated gut dysbiosis [225]. For example, a direct
relationship between the gut microbiota and blood neutrophils immunosenescence has been
described through the regulation of TLR and MYD88 signalling pathways [226], as well as
changes in the gut microbiota in young people that may be associated with multi-omics
variables with paramount value in detecting accelerated ageing by immunosenescence
markers [174,227].

Intestinal tissue cells, such as epithelial cells and fibroblasts, protect the host’s internal
environment from the luminal compartment. At the same time, the intestinal barrier detects
changes in nutrients and bacterial metabolites to maintain intestinal immune homeostasis.
The progressive increase in age-related SC burden, the chronic environment of cellular
senescence, and a senescence-associated secretory phenotype in intestinal tissue may dereg-
ulate the normal function of the enterocytes (i.e., barrier function) and ultimately contribute
to increased intestinal permeability and being prone to inflammation and infections. In this
regard, a recent study showed an age-dependent increase in senescent p16Inka4a+/p21+
cells in several human organs, including colon tissues, suggesting SC accumulation as a
function of intestinal ageing throughout the human lifespan [228]. Likewise, one study
revealed that intestinal tissue developed strong signatures of cellular senescence by in-
creased expression markers like p16Ink4a, p21Cip1, and SA-β-gal in both WT mice and
accelerated ageing model-Ercc1-/∆ mice [229]. Furthermore, an age-dependent increase
in DNA damage, cellular senescence (p53/p21WAF1), SASP regulators activation (NFκB,
p38MAPK, Cox-2), and metabolic stress was also observed in the intestinal tissue of aged
mice, indicating their vulnerability to spontaneous age-related genotoxic stress.

Overall, evidence supports the role of intestinal epithelial cells in exhibiting age-
dependent cellular senescence that may contribute to intestinal barrier permeability and
altered gastrointestinal homeostasis. In addition, chronic SASP secreted by senescent intesti-
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nal cells may promote an inflammatory environment and/or oncogenic transformation that
may have deleterious effects on immune activation and the composition of the intestinal
microbiome [225,230].

8. Conclusions

The relationship between GM, ageing, and longevity has been most noticeable in
recent years, highlighting its influence and importance in the ageing process. Factors influ-
encing the GM’s inter-individual and taxonomic diversity include host-specific biological
components, psychobiological habits, environmental elements, and age. Differences in
the GM taxonomic composition between centenary individuals and younger older adults
(mostly deficient in the abovementioned processes) have made GM a promising target for
anti-ageing therapeutic interventions.

Beyond its limitations, multiple studies in this field have assessed the consumption of
probiotics, prebiotics, and symbiotics, as well as the implementation of physical activity
and the Mediterranean diet as therapeutic targets, all of which have GM-modulating
effects that could delay the onset of ageing and its complications. It has been suggested
that such tools could increase colonic mucus thickness, improve processes related to the
immune system, lipid profile, learning and memory, and muscular function, and decrease
the proinflammatory profile, oxidative stress, and colonisation by opportunistic species.
It is a fact that GM has a strong influence on ageing, so more comprehensive studies are
recommended in order to endorse and develop therapeutic tools that allow individuals to
extend their life expectancy via healthy ageing.
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106. Kozakiewicz, M.; Kornatowski, M.; Krzywińska, O.; Kędziora-Kornatowska, K. Changes in the blood antioxidant defense of

advanced age people. Clin. Interv. Aging 2019, 14, 763–771. [CrossRef] [PubMed]

https://doi.org/10.7717/peerj.7502
https://doi.org/10.1111/ijpo.12480
https://pubmed.ncbi.nlm.nih.gov/31345317/
https://doi.org/10.18632/aging.204082
https://doi.org/10.1038/s41430-020-00841-x
https://www.frontiersin.org/articles/10.3389/fgene.2021.693071
https://www.frontiersin.org/articles/10.3389/fgene.2021.693071
https://doi.org/10.3389/fgene.2021.693071
https://www.ncbi.nlm.nih.gov/pubmed/34512720
https://doi.org/10.1016/j.arr.2021.101407
https://www.ncbi.nlm.nih.gov/pubmed/34271186
https://doi.org/10.3389/fcell.2020.594416
https://www.ncbi.nlm.nih.gov/pubmed/33324647
https://www.frontiersin.org/articles/10.3389/fgene.2021.719713
https://www.frontiersin.org/articles/10.3389/fgene.2021.719713
https://doi.org/10.3389/fgene.2021.719713
https://doi.org/10.1016/j.cell.2016.07.031
https://doi.org/10.1016/j.btre.2021.e00658
https://doi.org/10.32607/20758251-2015-7-1-9-18
https://doi.org/10.1016/j.exger.2017.12.015
https://doi.org/10.1111/acel.12841
https://www.ncbi.nlm.nih.gov/pubmed/30346102
https://doi.org/10.1534/g3.119.400448
https://www.ncbi.nlm.nih.gov/pubmed/31484785
https://doi.org/10.1038/s41598-020-61241-6
https://doi.org/10.1146/annurev-biochem-062917-012239
https://doi.org/10.1007/s10522-018-9769-1
https://www.ncbi.nlm.nih.gov/pubmed/30229407
https://doi.org/10.1073/pnas.0705467105
https://www.ncbi.nlm.nih.gov/pubmed/18316725
https://doi.org/10.1038/s41467-017-02183-y
https://doi.org/10.1016/j.neubiorev.2013.05.006
https://doi.org/10.2217/epi.13.5
https://doi.org/10.1080/10409238.2019.1570075
https://doi.org/10.1016/j.molcel.2016.05.013
https://www.ncbi.nlm.nih.gov/pubmed/27259204
https://doi.org/10.4161/cc.28433
https://www.ncbi.nlm.nih.gov/pubmed/24603410
https://doi.org/10.3390/cells7050037
https://www.ncbi.nlm.nih.gov/pubmed/29734735
https://doi.org/10.2147/CIA.S201250
https://www.ncbi.nlm.nih.gov/pubmed/31118597


Int. J. Environ. Res. Public Health 2023, 20, 5845 19 of 24

107. Stryeck, S.; Birner-Gruenberger, R.; Madl, T. Integrative metabolomics as emerging tool to study autophagy regulation. Microb.
Cell. 2017, 4, 240–258. [CrossRef]

108. Darst, B.F.; Koscik, R.L.; Hogan, K.J.; Johnson, S.C.; Engelman, C.D. Longitudinal plasma metabolomics of aging and sex. Aging
(Albany NY) 2019, 11, 1262–1282. [CrossRef]

109. Miwa, S.; Kashyap, S.; Chini, E.; von Zglinicki, T. Mitochondrial dysfunction in cell senescence and aging. J. Clin. Investig. 2022,
132, e158447. [CrossRef]

110. Chatterjee, D.; Das, P.; Chakrabarti, O. Mitochondrial Epigenetics Regulating Inflammation in Cancer and Aging. Front. Cell. Dev.
Biol. 2022, 10, 929708. [CrossRef]

111. Ordovas, J.M.; Berciano, S. Personalized nutrition and healthy aging. Nutr. Rev. 2020, 78 (Suppl. S3), 58–65. [CrossRef]
112. de Lucia, C.; Murphy, T.; Steves, C.J.; Dobson, R.J.B.; Proitsi, P.; Thuret, S. Lifestyle mediates the role of nutrient-sensing pathways

in cognitive aging: Cellular and epidemiological evidence. Commun. Biol. 2020, 3, 157. [CrossRef]
113. O’Keefe, E.L.; Torres-Acosta, N.; O’Keefe, J.H. training for longevity: The reverse J-curve for exercise. MO Med. 2020, 117, 355–361.

[PubMed]
114. Langhammer, B.; Bergland, A.; Rydwik, E. The Importance of Physical Activity Exercise among Older People. BioMed Res. Int.

2018, 2018, 1–3. [CrossRef] [PubMed]
115. Lim, S. Eating a Balanced Diet: A Healthy Life through a Balanced Diet in the Age of Longevity. JOMES 2018, 27, 39–45. [CrossRef]

[PubMed]
116. Samieri, C. The Association Between Dietary Patterns at Midlife and Health in Aging: An Observational Study. Ann. Intern. Med.

2013, 159, 584. [CrossRef]
117. Sovran, B.; Hugenholtz, F.; Elderman, M.; Van Beek, A.A.; Graversen, K.; Huijskes, M.; Boekschoten, M.V.; Savelkoul, H.F.J.;

de Vos, P.; Dekker, J.; et al. Age-associated Impairment of the Mucus Barrier Function is Associated with Profound Changes in
Microbiota and Immunity. Sci. Rep. 2019, 9, 1437. [CrossRef]

118. Odamaki, T.; Kato, K.; Sugahara, H.; Hashikura, N.; Takahashi, S.; Xiao, J.-Z.; Abe, F.; Osawa, R. Age-related changes in gut
microbiota composition from newborn to centenarian: A cross-sectional study. BMC Microbiol. 2016, 16, 90. [CrossRef]

119. Lim, M.Y.; Song, E.J.; Kang, K.S.; Nam, Y.D. Age-related compositional and functional changes in micro-pig gut microbiome.
GeroScience 2019, 41, 935–944. [CrossRef]

120. Reveles, K.R.; Patel, S.; Forney, L.; Ross, C.N. Age-related changes in the marmoset gut microbiome. Am. J. Primatol. 2019,
81, e22960. [CrossRef]

121. Xu, C.; Zhu, H.; Qiu, P. Aging progression of human gut microbiota. BMC Microbiol. 2019, 19, 236. [CrossRef]
122. Alam, M.S.; Gangiredla, J.; Hasan, N.A.; Barnaba, T.; Tartera, C. Aging-Induced Dysbiosis of Gut Microbiota as a Risk Factor for

Increased Listeria monocytogenes Infection. Front. Immunol. 2021, 12, 672353. [CrossRef]
123. Zhang, L.; Liao, J.; Chen, Q.; Chen, M.; Kuang, Y.; Chen, L.; He, W. Characterization of the gut microbiota in frail elderly patients.

Aging Clin. Exp. Res. 2020, 32, 2001–2011. [CrossRef] [PubMed]
124. Kamo, T.; Akazawa, H.; Suda, W.; Saga-Kamo, A.; Shimizu, Y.; Yagi, H.; Liu, Q.; Nomura, S.; Naito, A.T.; Takeda, N.; et al.

Dysbiosis and compositional alterations with aging in the gut microbiota of patients with heart failure. PLoS ONE. 2017,
12, e0174099. [CrossRef] [PubMed]

125. Renson, A.; Harris, K.M.; Dowd, J.B.; Gaydosh, L.; McQueen, M.B.; Krauter, K.S.; Shannahan, M.; Aiello, A.E. Early Signs of Gut
Microbiome Aging: Biomarkers of Inflammation, Metabolism, and Macromolecular Damage in Young Adulthood. J. Gerontol. Ser.
A 2020, 75, 1258–1266. [CrossRef] [PubMed]

126. Flemer, B.; Gaci, N.; Borrel, G.; Sanderson, I.; Chaudhary, P.P.; Tottey, W.; O’Toole, P.W.; Brugère, J.-F. Fecal microbiota variation
across the lifespan of the healthy laboratory rat. Gut Microbes. 2017, 8, 428–439. [CrossRef]

127. Wu, J.; Ren, W.; Li, L.; Luo, M.; Xu, K.; Shen, J.; Wang, J.; Chang, G.; Lu, Y.; Qi, Y.; et al. Effect of Aging and Glucagon-like Peptide
2 on Intestinal Microbiota in SD Rats. Aging Dis. 2018, 9, 566. [CrossRef] [PubMed]

128. Zhang, S.; Ning, R.; Zeng, B.; Deng, F.; Kong, F.; Guo, W.; Zhao, J.; Li, Y. Gut Microbiota Composition and Metabolic Potential of
Long-Living People in China. Front. Aging Neurosci. 2022, 14, 820108. [CrossRef] [PubMed]

129. Reza, M.M.; Finlay, B.B.; Pettersson, S. Gut microbes, ageing & organ function: A chameleon in modern biology? EMBO Mol. Med.
2019, 11, e9872. [PubMed]

130. Vemuri, R.; Gundamaraju, R.; Shastri, M.D.; Shukla, S.D.; Kalpurath, K.; Ball, M.; Tristram, S.; Shankar, E.M.; Ahuja, K.; Eri, R.
Gut Microbial Changes, Interactions, and Their Implications on Human Lifecycle: An Ageing Perspective. BioMed Res. Int. 2018,
2018, 4178607. [CrossRef]

131. Ratto, D.; Roda, E.; Romeo, M.; Venuti, M.T.; Desiderio, A.; Lupo, G.; Capelli, E.; Sandionigi, A.; Rossi, P. The Many Ages of
Microbiome–Gut–Brain Axis. Nutrients 2022, 14, 2937. [CrossRef]

132. Salazar, N.; Arboleya, S.; Fernández-Navarro, T.; de los Reyes-Gavilán, C.G.; Gonzalez, S.; Gueimonde, M. Age-Associated
Changes in Gut Microbiota and Dietary Components Related with the Immune System in Adulthood and Old Age: A Cross-
Sectional Study. Nutrients 2019, 11, 1765. [CrossRef]

133. Kato, K.; Odamaki, T.; Mitsuyama, E.; Sugahara, H.; Xiao, J.Z.; Osawa, R. Age-Related Changes in the Composition of Gut
Bifidobacterium Species. Curr. Microbiol. 2017, 74, 987–995. [CrossRef] [PubMed]

https://doi.org/10.15698/mic2017.08.584
https://doi.org/10.18632/aging.101837
https://doi.org/10.1172/JCI158447
https://doi.org/10.3389/fcell.2022.929708
https://doi.org/10.1093/nutrit/nuaa102
https://doi.org/10.1038/s42003-020-0844-1
https://www.ncbi.nlm.nih.gov/pubmed/32848273
https://doi.org/10.1155/2018/7856823
https://www.ncbi.nlm.nih.gov/pubmed/30627571
https://doi.org/10.7570/jomes.2018.27.1.39
https://www.ncbi.nlm.nih.gov/pubmed/31089539
https://doi.org/10.7326/0003-4819-159-9-201311050-00004
https://doi.org/10.1038/s41598-018-35228-3
https://doi.org/10.1186/s12866-016-0708-5
https://doi.org/10.1007/s11357-019-00121-y
https://doi.org/10.1002/ajp.22960
https://doi.org/10.1186/s12866-019-1616-2
https://doi.org/10.3389/fimmu.2021.672353
https://doi.org/10.1007/s40520-019-01385-2
https://www.ncbi.nlm.nih.gov/pubmed/31656031
https://doi.org/10.1371/journal.pone.0174099
https://www.ncbi.nlm.nih.gov/pubmed/28328981
https://doi.org/10.1093/gerona/glaa122
https://www.ncbi.nlm.nih.gov/pubmed/32421783
https://doi.org/10.1080/19490976.2017.1334033
https://doi.org/10.14336/AD.2017.1001
https://www.ncbi.nlm.nih.gov/pubmed/30090647
https://doi.org/10.3389/fnagi.2022.820108
https://www.ncbi.nlm.nih.gov/pubmed/35875797
https://www.ncbi.nlm.nih.gov/pubmed/31410991
https://doi.org/10.1155/2018/4178607
https://doi.org/10.3390/nu14142937
https://doi.org/10.3390/nu11081765
https://doi.org/10.1007/s00284-017-1272-4
https://www.ncbi.nlm.nih.gov/pubmed/28593350


Int. J. Environ. Res. Public Health 2023, 20, 5845 20 of 24

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

135. Arboleya, S.; Watkins, C.; Stanton, C.; Ross, R.P. Gut Bifidobacteria Populations in Human Health and Aging. Front. Micro-
biol. 2016, 7, 1204. Available online: http://journal.frontiersin.org/Article/10.3389/fmicb.2016.01204/abstract (accessed on 2
February 2022). [CrossRef] [PubMed]

136. Maffei, V.J.; Kim, S.; Blanchard, E.; Luo, M.; Jazwinski, S.M.; Taylor, C.M.; A Welsh, D. Biological Aging and the Human Gut
Microbiota. J. Gerontol. Ser. A 2017, 72, 1474–1482. [CrossRef] [PubMed]

137. Choi, S.I.; Son, J.H.; Kim, N.; Kim, Y.S.; Nam, R.H.; Park, J.H.; Song, C.-H.; Yu, J.E.; Lee, D.H.; Yoon, K.; et al. Changes in Cecal
Microbiota and Short-chain Fatty Acid During Lifespan of the Rat. J. Neurogastroenterol. Motil. 2021, 27, 134–146. [CrossRef]

138. LaMonte, M.J.; Genco, R.J.; Buck, M.J.; McSkimming, D.I.; Li, L.; Hovey, K.M.; Andrews, C.; Zheng, W.; Sun, Y.;
Millen, A.E.; et al. Composition and diversity of the subgingival microbiome and its relationship with age in postmenopausal
women: An epidemiologic investigation. BMC Oral. Health. 2019, 19, 246. [CrossRef]

139. Donati Zeppa, S.; Agostini, D.; Ferrini, F.; Gervasi, M.; Barbieri, E.; Bartolacci, A.; Piccoli, G.; Saltarelli, R.; Sestili, P.; Stocchi, V.
Interventions on Gut Microbiota for Healthy Aging. Cells 2023, 12, 34. [CrossRef]

140. Sepp, E.; Smidt, I.; Rööp, T.; Štšepetova, J.; Kõljalg, S.; Mikelsaar, M.; Soidla, I.; Ainsaar, M.; Kolk, H.; Vallas, M.; et al. Comparative
Analysis of Gut Microbiota in Centenarians and Young People: Impact of Eating Habits and Childhood Living Environment.
Front. Cell. Infect. Microbiol. 2022, 12, 851404. [CrossRef]

141. 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]

142. Kong, F.; Deng, F.; Li, Y.; Zhao, J. Identification of gut microbiome signatures associated with longevity provides a promising
modulation target for healthy aging. Gut Microbes. 2019, 10, 210–215. [CrossRef]

143. Wu, L.; Zeng, T.; Zinellu, A.; Rubino, S.; Kelvin, D.J.; Carru, C. A Cross-Sectional Study of Compositional and Functional Profiles
of Gut Microbiota in Sardinian Centenarians. mSystems 2019, 4, e00325-19. [CrossRef] [PubMed]

144. Cаtoi, A.F.; Corina, A.; Katsiki, N.; Vodnar, D.C.; Andreicut, , A.D.; Stoian, A.P.; Rizzo, M.; Pérez-Martínez, P. Gut microbiota and
aging-A focus on centenarians. Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866, 165765. [CrossRef] [PubMed]

145. Wu, J.; Ren, W.; Chen, L.; Lou, Y.; Liu, C.; Huang, Y.; Hu, Y. Age-Related Changes in the Composition of Intestinal Microbiota in
Elderly Chinese Individuals. Gerontology 2022, 68, 976–988. [CrossRef] [PubMed]

146. Yusufu, I.; Ding, K.; Smith, K.; Wankhade, U.D.; Sahay, B.; Patterson, G.T.; Pacholczyk, R.; Adusumilli, S.; Hamrick, M.W.; Hill,
W.D.; et al. A Tryptophan-Deficient Diet Induces Gut Microbiota Dysbiosis and Increases Systemic Inflammation in Aged Mice.
Int. J. Mol. Sci. 2021, 22, 5005. [CrossRef]

147. An, R.; Wilms, E.; Masclee, A.A.M.; Smidt, H.; Zoetendal, E.G.; Jonkers, D. Age-dependent changes in GI physiology and
microbiota: Time to reconsider? Gut 2018, 67, 2213–2222. [CrossRef]

148. Wu, C.-S.; Muthyala, S.D.V.; Klemashevich, C.; Ufondu, A.U.; Menon, R.; Chen, Z.; Devaraj, S.; Jayaraman, A.; Sun, Y. Age-
dependent remodeling of gut microbiome and host serum metabolome in mice. Aging 2021, 13, 6330–6345. [CrossRef]

149. Rubio, C.; Lizárraga, E.; Álvarez-Cilleros, D.; Pérez-Pardo, P.; Sanmartín-Salinas, P.; Toledo-Lobo, M.V.; Alvarez, C.; Escrivá, F.;
Fernández-Lobato, M.; Guijarro, L.G.; et al. Aging in Male Wistar Rats Associates With Changes in Intestinal Microbiota, Gut
Structure, and Cholecystokinin-Mediated Gut–Brain Axis Function. J. Gerontol. Ser. A 2021, 76, 1915–1921. [CrossRef]

150. Ruiz-Ruiz, S.; Sanchez-Carrillo, S.; Ciordia, S.; Mena, M.C.; Méndez-García, C.; Rojo, D.; Bargiela, R.; Zubeldia-Varela, E.;
Martínez-Martínez, M.; Barbas, C.; et al. Functional microbiome deficits associated with ageing: Chronological age threshold.
Aging Cell. 2020, 19, e13063. [CrossRef]

151. Sheng, L.; Jena, P.K.; Hu, Y.; Wan, Y.J.Y. Age-specific microbiota in altering host inflammatory and metabolic signaling as well as
metabolome based on the sex. Hepatobiliary Surg. Nutr. 2021, 10, 31–48. [CrossRef]

152. Lam, T.J.; Ye, Y. Meta-analysis of microbiome association networks reveal patterns of dysbiosis in diseased microbiomes. Sci. Rep.
2022, 12, 17482. [CrossRef]

153. Revisión Sistemática: Los Efectos de los Inhibidores de la Bomba de Protones en el Microbioma del Tracto Digestivo: Evidencia
de Estudios de Secuenciación de Próxima Generación—Macke—2020—Alimentary Pharmacology & Therapeutics—Wiley Online
Library. Available online: https://onlinelibrary.wiley.com (accessed on 14 February 2023).

154. Bruno, G.; Zaccari, P.; Rocco, G.; Scalese, G.; Panetta, C.; Porowska, B.; Pontone, S.; Severi, C. Proton pump inhibitors and
dysbiosis: Current knowledge and aspects to be clarified. World J. Gastroenterol. 2019, 25, 2706–2719. [CrossRef] [PubMed]

155. McDonnell, L.; Gilkes, A.; Ashworth, M.; Rowland, V.; Harries, T.H.; Armstrong, D.; White, P. Association between antibiotics
and gut microbiome dysbiosis in children: Systematic review and meta-analysis. Gut Microbes. 2021, 13, 1870402. [CrossRef]
[PubMed]

156. Miller, S.A.; Wu, R.K.S.; Oremus, M. The association between antibiotic use in infancy and childhood overweight or obesity: A
systematic review and meta-analysis. Obes. Rev. 2018, 19, 1463–1475. [CrossRef] [PubMed]

157. Luo, Z.; Hao, S.; Li, Y.; Cheng, L.; Zhou, X.; Gunes, E.G.; Liu, S.; Chen, J. The Negative Effect of Antibiotics on RCC Patients
with Immunotherapy: A Systematic Review and Meta-Analysis. Front. Immunol. 2022, 13, 1065004. Available online: https:
//www.frontiersin.org/articles/10.3389/fimmu.2022.1065004 (accessed on 11 February 2023). [CrossRef] [PubMed]

https://doi.org/10.7717/peerj.1854
https://www.ncbi.nlm.nih.gov/pubmed/27069796
http://journal.frontiersin.org/Article/10.3389/fmicb.2016.01204/abstract
https://doi.org/10.3389/fmicb.2016.01204
https://www.ncbi.nlm.nih.gov/pubmed/27594848
https://doi.org/10.1093/gerona/glx042
https://www.ncbi.nlm.nih.gov/pubmed/28444190
https://doi.org/10.5056/jnm20148
https://doi.org/10.1186/s12903-019-0906-2
https://doi.org/10.3390/cells12010034
https://doi.org/10.3389/fcimb.2022.851404
https://doi.org/10.1016/j.cub.2016.04.016
https://doi.org/10.1080/19490976.2018.1494102
https://doi.org/10.1128/mSystems.00325-19
https://www.ncbi.nlm.nih.gov/pubmed/31289141
https://doi.org/10.1016/j.bbadis.2020.165765
https://www.ncbi.nlm.nih.gov/pubmed/32169505
https://doi.org/10.1159/000520054
https://www.ncbi.nlm.nih.gov/pubmed/35100593
https://doi.org/10.3390/ijms22095005
https://doi.org/10.1136/gutjnl-2017-315542
https://doi.org/10.18632/aging.202525
https://doi.org/10.1093/gerona/glaa313
https://doi.org/10.1111/acel.13063
https://doi.org/10.21037/hbsn-20-671
https://doi.org/10.1038/s41598-022-22541-1
https://onlinelibrary.wiley.com
https://doi.org/10.3748/wjg.v25.i22.2706
https://www.ncbi.nlm.nih.gov/pubmed/31235994
https://doi.org/10.1080/19490976.2020.1870402
https://www.ncbi.nlm.nih.gov/pubmed/33651651
https://doi.org/10.1111/obr.12717
https://www.ncbi.nlm.nih.gov/pubmed/30035851
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1065004
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1065004
https://doi.org/10.3389/fimmu.2022.1065004
https://www.ncbi.nlm.nih.gov/pubmed/36505435


Int. J. Environ. Res. Public Health 2023, 20, 5845 21 of 24

158. Keeney, K.M.; Yurist-Doutsch, S.; Arrieta, M.C.; Finlay, B.B. Effects of Antibiotics on Human Microbiota and Subsequent Disease.
Annu. Rev. Microbiol. 2014, 68, 217–235. [CrossRef]

159. Xu, Q.; Ni, J.J.; Han, B.X.; Yan, S.S.; Wei, X.T.; Feng, G.J.; Zhang, H.; Zhang, L.; Li, B.; Pei, Y.-F. Causal Relationship Between
Gut Microbiota and Autoimmune Diseases: A Two-Sample Mendelian Randomization Study. Front. Immunol. 2022, 12, 746998.
Available online: https://www.frontiersin.org/articles/10.3389/fimmu.2021.746998 (accessed on 10 January 2023). [CrossRef]

160. Stanislawski, M.A.; Dabelea, D.; Lange, L.A.; Wagner, B.D.; Lozupone, C.A. Gut microbiota phenotypes of obesity. Npj. Biofilms
Microbiomes. 2019, 5, 18. [CrossRef]

161. Avalos-Fernandez, M.; Alin, T.; Métayer, C.; Thiébaut, R.; Enaud, R.; Delhaes, L. The respiratory microbiota alpha-diversity in
chronic lung diseases: First systematic review and meta-analysis. Respir. Res. 2022, 23, 214. [CrossRef]

162. Milosevic, I.; Vujovic, A.; Barac, A.; Djelic, M.; Korac, M.; Radovanovic Spurnic, A.; Gmizic, I.; Stevanovic, O.; Djordjevic, V.; Lekic,
N.; et al. Gut-Liver Axis, Gut Microbiota, and Its Modulation in the Management of Liver Diseases: A Review of the Literature.
Int. J. Mol. Sci. 2019, 20, 395. [CrossRef]

163. Payen, A.; Chen, M.J.; Carter, T.G.; Kilmer, R.P.; Bennett, J.M. Childhood ADHD, Going Beyond the Brain: A Meta-Analysis
on Peripheral Physiological Markers of the Heart and the Gut. Front. Endocrinol. 2022, 13, 738065. Available online: https:
//www.frontiersin.org/articles/10.3389/fendo.2022.738065 (accessed on 10 February 2023). [CrossRef]

164. Zang, Y.; Lai, X.; Li, C.; Ding, D.; Wang, Y.; Zhu, Y. The Role of Gut Microbiota in Various Neurological and Psychiatric
Disorders—An Evidence Mapping Based on Quantified Evidence. Mediat. Inflamm. 2023, 2023, e5127157. [CrossRef] [PubMed]

165. Van der Lugt, B.; van Beek, A.A.; Aalvink, S.; Meijer, B.; Sovran, B.; Vermeij, W.P.; Brandt, R.M.C.; de Vos, W.M.; Savelkoul, H.F.J.;
Steegenga, W.T.; et al. Akkermansia muciniphila ameliorates the age-related decline in colonic mucus thickness and attenuates
immune activation in accelerated aging Ercc1−/∆7 mice. Immun. Ageing 2019, 16, 6. [CrossRef] [PubMed]

166. Lew, L.-C.; Hor, Y.-Y.; Jaafar, M.-H.; Lau, A.-S.; Lee, B.-K.; Chuah, L.-O.; Yap, K.-P.; Azlan, A.; Azzam, G.; Choi, S.-B.; et al.
Lactobacillus Strains Alleviated Hyperlipidemia Liver Steatosis in Aging Rats via Activation of, A.M.P.K. Int. J. Mol. Sci. 2020,
21, E5872. [CrossRef] [PubMed]

167. Ni, Y.; Yang, X.; Zheng, L.; Wang, Z.; Wu, L.; Jiang, J.; Yang, T.; Ma, L.; Fu, Z. Lactobacillus and Bifidobacterium Improves
Physiological Function and Cognitive Ability in Aged Mice by the Regulation of Gut Microbiota. Mol. Nutr. Food Res. 2019,
63, e1900603. [CrossRef] [PubMed]

168. Alpízar-Rodríguez, D.; Lesker, T.; Gronow, A.; Raemy, E.; Lamacchia, C.; Courvoisier, D.; Gabay, C.; Finckh, A.; Strowig, T.
Prevotella copri in individuals at risk for rheumatoid arthritis. Ann. Rheum. Dis. 2019, 78, 590–593. [CrossRef] [PubMed]

169. Larsen, J.M. The immune response to Prevotella bacteria in chronic inflammatory disease. Immunology 2017, 151, 363–374.
[CrossRef]

170. Marietta, E.V.; Murray, J.A.; Luckey, D.H.; Jeraldo, P.R.; Lamba, A.; Patel, R.; Luthra, H.S.; Mangalam, A.; Taneja, V. Suppression of
Inflammatory Arthritis by Human Gut-Derived Prevotella histicola in Humanized Mice. Arthritis Rheumatol. 2016, 68, 2878–2888.
[CrossRef] [PubMed]

171. Balakrishnan, B.; Luckey, D.; Bodhke, R.; Chen, J.; Marietta, E.; Jeraldo, P.; Murray, J.; Taneja, V. Prevotella histicola Protects From
Arthritis by Expansion of Allobaculum and Augmenting Butyrate Production in Humanized Mice. Front. Immunol. 2021, 12.
Available online: https://www.frontiersin.org/articles/10.3389/fimmu.2021.609644 (accessed on 18 February 2022). [CrossRef]

172. Ticinesi, A.; Nouvenne, A.; Cerundolo, N.; Catania, P.; Prati, B.; Tana, C.; Meschi, T. Gut Microbiota, Muscle Mass and Function in
Aging: A Focus on Physical Frailty and Sarcopenia. Nutrients 2019, 11, E1633. [CrossRef]

173. Siddharth, J.; Chakrabarti, A.; Pannérec, A.; Karaz, S.; Morin-Rivron, D.; Masoodi, M.; Feige, J.N.; Parkinson, S.J. Aging and
sarcopenia associate with specific interactions between gut microbes, serum biomarkers and host physiology in rats. Aging 2017,
9, 1698. [CrossRef]

174. Shen, X.; Miao, J.; Wan, Q.; Wang, S.; Li, M.; Pu, F.; Wang, G.; Qian, W.; Yu, Q.; Marotta, F.; et al. Possible correlation between gut
microbiota and immunity among healthy middle-aged and elderly people in southwest China. Gut Pathog. 2018, 10, 4. [CrossRef]
[PubMed]

175. Liu, C.; Cheung, W.; Li, J.; Chow, S.K.; Yu, J.; Wong, S.H.; Ip, M.; Sung, J.J.Y.; Wong, R.M.Y. Understanding the gut microbiota and
sarcopenia: A systematic review. J. Cachexia Sarcopenia Muscle 2021, 12, 1393–1407. [CrossRef] [PubMed]

176. De Marco Castro, E.; Murphy, C.H.; Roche, H.M. Targeting the Gut Microbiota to Improve Dietary Protein Efficacy to Mitigate
Sarcopenia. Front. Nutr. 2021, 8, 656730. [CrossRef]

177. Tuikhar, N.; Keisam, S.; Labala, R.K.; Ramakrishnan, P.; Arunkumar, M.C.; Ahmed, G.; Biagi, E.; Jeyaram, K. Comparative analysis
of the gut microbiota in centenarians and young adults shows a common signature across genotypically non-related populations.
Mech. Ageing Dev. 2019, 179, 23–35. [CrossRef] [PubMed]

178. Sato, Y.; Atarashi, K.; Plichta, D.R.; Arai, Y.; Sasajima, S.; Kearney, S.M.; Suda, W.; Takeshita, K.; Sasaki, T.; Okamoto, S.; et al.
Novel bile acid biosynthetic pathways are enriched in the microbiome of centenarians. Nature 2021, 599, 458–464.e9. [CrossRef]

179. Li, W.; Hang, S.; Fang, Y.; Bae, S.; Zhang, Y.; Zhang, M.; Wang, G.; McCurry, M.D.; Bae, M.; Paik, D.; et al. A bacterial bile
acid metabolite modulates Treg activity through the nuclear hormone receptor NR4A1. Cell. Host Microbe 2021, 29, 1366–1377.
[CrossRef] [PubMed]

180. Wu, L.; Xie, X.; Li, Y.; Liang, T.; Zhong, H.; Yang, L.; Xi, Y.; Zhang, J.; Ding, Y. Gut microbiota as an antioxidant system
in centenarians associated with high antioxidant activities of gut-resident Lactobacillus. Npj Biofilms Microbiomes 2022, 8, 102.
[CrossRef]

https://doi.org/10.1146/annurev-micro-091313-103456
https://www.frontiersin.org/articles/10.3389/fimmu.2021.746998
https://doi.org/10.3389/fimmu.2021.746998
https://doi.org/10.1038/s41522-019-0091-8
https://doi.org/10.1186/s12931-022-02132-4
https://doi.org/10.3390/ijms20020395
https://www.frontiersin.org/articles/10.3389/fendo.2022.738065
https://www.frontiersin.org/articles/10.3389/fendo.2022.738065
https://doi.org/10.3389/fendo.2022.738065
https://doi.org/10.1155/2023/5127157
https://www.ncbi.nlm.nih.gov/pubmed/36816743
https://doi.org/10.1186/s12979-019-0145-z
https://www.ncbi.nlm.nih.gov/pubmed/30899315
https://doi.org/10.3390/ijms21165872
https://www.ncbi.nlm.nih.gov/pubmed/32824277
https://doi.org/10.1002/mnfr.201900603
https://www.ncbi.nlm.nih.gov/pubmed/31433910
https://doi.org/10.1136/annrheumdis-2018-214514
https://www.ncbi.nlm.nih.gov/pubmed/30760471
https://doi.org/10.1111/imm.12760
https://doi.org/10.1002/art.39785
https://www.ncbi.nlm.nih.gov/pubmed/27337150
https://www.frontiersin.org/articles/10.3389/fimmu.2021.609644
https://doi.org/10.3389/fimmu.2021.609644
https://doi.org/10.3390/nu11071633
https://doi.org/10.18632/aging.101262
https://doi.org/10.1186/s13099-018-0231-3
https://www.ncbi.nlm.nih.gov/pubmed/29449892
https://doi.org/10.1002/jcsm.12784
https://www.ncbi.nlm.nih.gov/pubmed/34523250
https://doi.org/10.3389/fnut.2021.656730
https://doi.org/10.1016/j.mad.2019.02.001
https://www.ncbi.nlm.nih.gov/pubmed/30738080
https://doi.org/10.1038/s41586-021-03832-5
https://doi.org/10.1016/j.chom.2021.07.013
https://www.ncbi.nlm.nih.gov/pubmed/34416161
https://doi.org/10.1038/s41522-022-00366-0


Int. J. Environ. Res. Public Health 2023, 20, 5845 22 of 24

181. Hadi, A.; Ghaedi, E.; Khalesi, S.; Pourmasoumi, M.; Arab, A. Effects of synbiotic consumption on lipid profile: A systematic
review and meta-analysis of randomized controlled clinical trials. Eur. J. Nutr. 2020, 59, 2857–2874. [CrossRef]

182. Xu, H.; Huang, W.; Hou, Q.; Kwok, L.-Y.; Laga, W.; Wang, Y.; Ma, H.; Sun, Z.; Zhang, H. Oral Administration of Compound
Probiotics Improved Canine Feed Intake, Weight Gain, Immunity and Intestinal Microbiota. Front. Immunol. 2019, 10, 666.
[CrossRef]

183. Yang, X.; Yu, D.; Xue, L.; Li, H.; Du, J. Probiotics modulate the microbiota–gut–brain axis and improve memory deficits in aged
SAMP8 mice. Acta Pharm. Sin. B 2020, 10, 475–487. [CrossRef]

184. Hor, Y.-Y.; Lew, L.-C.; Jaafar, M.H.; Lau, A.S.-Y.; Ong, J.-S.; Kato, T.; Nakanishi, Y.; Azzam, G.; Azlan, A.; Ohno, H.; et al.
Lactobacillus sp. improved microbiota and metabolite profiles of aging rats. Pharmacol. Res. 2019, 146, 104312. [CrossRef]
[PubMed]

185. Parvaneh, K.; Ebrahimi, M.; Sabran, M.R.; Karimi, G.; Hwei, A.N.; Abdul-Majeed, S.; Ahmad, Z.; Ibrahim, Z.; Jamaluddin, R.
Probiotics (Bifidobacterium longum) Increase Bone Mass Density and Upregulate Sparc and Bmp-2 Genes in Rats with Bone Loss
Resulting from Ovariectomy. Biomed. Res. Int. 2015, 2015, 897639. [CrossRef] [PubMed]

186. Parvaneh, M.; Karimi, G.; Jamaluddin, R.; Ng, A.M.H.; Ibrahim, Z.; Muhammad, S.I. Lactobacillus helveticus (ATCC 27558)
upregulates Runx2 and Bmp2 and modulates bone mineral density in ovariectomy-induced bone loss rats. CIA 2018, 13,
1555–1564. [CrossRef] [PubMed]

187. Liu, Y.; Zhao, Y.; Yang, Y.; Wang, Z. Effects of Probiotics, Prebiotics, and Synbiotics on Calcium Homeostasis and Bone Health
With Aging: A Systematic Review. Worldviews Evid. Based Nurs. 2019, 16, 478–484. [CrossRef]

188. Jansson, P.A.; Curiac, D.; Lazou Ahrén, I.; Hansson, F.; Martinsson Niskanen, T.; Sjögren, K. Probiotic treatment using a mix of
three Lactobacillus strains for lumbar spine bone loss in postmenopausal women: A randomised, double-blind, placebo-controlled,
multicentre trial. Lancet Rheumatol. 2019, 1, e154–e162. [CrossRef]

189. Cicero, A.F.G.; Fogacci, F.; Bove, M.; Giovannini, M.; Borghi, C. Impact of a short-term synbiotic supplementation on metabolic
syndrome and systemic inflammation in elderly patients: A randomized placebo-controlled clinical trial. Eur. J. Nutr. 2021, 60,
655–663. [CrossRef]

190. Tabrizi, R.; Ostadmohammadi, V.; Lankarani, K.B.; Akbari, M.; Akbari, H.; Vakili, S.; Shokrpour, M.; Kolahdooz, F.; Rouhi, V.;
Asemi, Z. The effects of probiotic and synbiotic supplementation on inflammatory markers among patients with diabetes: A
systematic review and meta-analysis of randomized controlled trials. Eur. J. Pharmacol. 2019, 852, 254–264. [CrossRef]

191. Qu, H.; Zhang, Y.; Chai, H.; Gao, Z.; Shi, D. Effects of microbiota-driven therapy on inflammatory responses in elderly individuals:
A systematic review and meta-analysis. PLoS ONE. 2019, 14, e0211233. [CrossRef]

192. Miller, L.; Lehtoranta, L.; Lehtinen, M. The Effect of Bifidobacterium animalis ssp lactis HN019 on Cellular Immune Function in
Healthy Elderly Subjects: Systematic Review and Meta-Analysis. Nutrients 2017, 9, 191. [CrossRef]

193. Miller, L.E.; Lehtoranta, L.; Lehtinen, M.J. Short-term probiotic supplementation enhances cellular immune function in healthy
elderly: Systematic review and meta-analysis of controlled studies. Nutr. Res. 2019, 64, 1–8. [CrossRef]

194. Kazemi, A.; Soltani, S.; Nasri, F.; Clark, C.C.T.; Kolahdouz-Mohammadi, R. The effect of probiotics, parabiotics, synbiotics,
fermented foods and other microbial forms on immunoglobulin production: A systematic review and meta-analysis of clinical
trials. Int. J. Food Sci. Nutr. 2021, 72, 632–649. [CrossRef] [PubMed]

195. Kim, C.-S.; Cha, L.; Sim, M.; Jung, S.; Chun, W.Y.; Baik, H.W.; Shin, D.-M. Probiotic Supplementation Improves Cognitive
Function and Mood with Changes in Gut Microbiota in Community-Dwelling Older Adults: A Randomized, Double-Blind,
Placebo-Controlled, Multicenter Trial. J. Gerontol. 2021, 76, 32–40. [CrossRef] [PubMed]
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