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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 dramatically 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, predispose 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 [1,2,3]. 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], cardiovascular, 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 variety 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].



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 process [16,17]. Furthermore, developments in microbiome research have allowed the elucidation 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 architecture, 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 regarding 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 Spanish. 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), Lactobacillus, Bacillus, Enterococcus, Eubacterium, and Ruminococcus, whereas, in the case of Bacteroidetes, 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 microorganisms 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 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 [35,36,37].



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) [39,40,41], 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 [42,43,44]. 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 components, 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, Bacteroides, 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 enterocolitis, and other diseases, probably due to its interaction with energy metabolism and the maturation of the immune system [57,58,59,60].



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 characteristics. Interestingly, European countries exhibit a North-South gradient concerning child obesity [72]. In this respect, studies have confirmed that this gradient correlates to GM 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 (carnivore 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 constituents [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 morphological 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 naturally [79,80,81]. 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 [80,81,82]. 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 development 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 progressive 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 [95,96,97,98,99,100,101]. In this regard, epigenetic modifications like genome hypomethylation and hypermethylated genomic areas, histone modifications, and chromatin loss have been classically linked to genomic instability, senescence, neoplasia development, and other age-related diseases [102,103,104,105].



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 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 [106,107,108,109,110,111]. 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 [112,113,114,115,116,117].



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 extended 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 [120,121,122,123,124,125,126,127,128,129]. 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 [19,130,131,132].



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 [133,134,135,136]. On the contrary, numerous microorganisms, mainly opportunistic pathogens and those related to chronic inflammation, increase during ageing, e.g., Cyanobacteria, Lachnospiraceae, Enterobacteriaceae members, and multiple genera such as Akkermansia, Lactobacillus, Streptococci, Alistipes, Prevotella, Paraprevotella, Helicobacter, Eggerthella, Coprobacillus, and Peptoniphilus [137,138,139,140,141]. 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 prausnitzii 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 [142,143,144,145,146].



In addition to the GM taxonomic changes in the elderly, consequent functional modifications have also been observed [147,148]. For instance, GM from centenarians exhibits increased activity in the phosphatidyl-inositol pathway, glycosphingolipid biosynthesis, 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 saccharolytic 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 pathologies [152]. In this sense, it is essential to highlight the impact of drugs influencing microbiome 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, Campylobacteraceae, 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 [155,156,157].



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, Bifidobacterium, 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 Firmicutes, 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 microbiome within the respiratory tract, causing reduced levels of Bacteroides, Lactobacillus, Clostridium, and Bifidobacterium in these patients [161].



Liver diseases have also been linked to bacterial dysbiosis through increased intestinal permeability and bacterial translocation that could potentially facilitate the arrival of bacterial metabolites to the liver, impairing bile acid metabolism, gut dysmotility, and inflammation. Major alterations comprised the phyla Bacteroidetes and Firmicutes, decreased Bifidobacterium, Lactobacillus, Enterococcus, and Clostridiales, and increased Proteobacteria, Prevotella, Faecalibacterium, Klebsiella, Proteus, Streptococcus, and Veillonella, among others [162].



Finally, microbiome dysbiosis represents an increasingly relevant field in neurodegenerative and psychiatric disorders [163]. From diseases such as Alzheimer’s, attention deficit hyperactivity disorder (ADHD), amyotrophic lateral sclerosis (ALS), autism spectrum 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 manipulating 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 conditions (Figure 2). Nevertheless, there are beneficial bacteria that, rather than deleterious consequences of ageing, may contribute to homeostasis maintenance and healthy ageing.



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 disorders, 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 induce 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 bioavailability 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, Lactobacillus and Bifidobacterium strains can restore age-related muscle loss due to the synthesis of 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]. However, 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 ageing. 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 individuals 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 dehydrogenase (3bHSDH) and 5-beta reductase (5BR) [177]. The genes encoding these enzymes are presumed to be found in Alistipes, Bacteroides cellulosilitycus, Bacteroides intestinalis, Parabacteroides 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 Bifidobacterium 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 ageing; 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 symbiotics (a mixture of the previous two) [181]. In this respect, studies that administered probiotics to canines [182] and mice [183,184,185,186] 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, 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.



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 physical activity, GM, and longevity. In this regard, Zhu et al. [198] conducted a study that compared faecal samples from 897 elderly subjects and 1589 participants aged 18–60 years. Their results found that overweight older subjects who undertook physical 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 in tissues [205,206,207]. 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 [208,209,210]. 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 immune 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 accumulation, impaired antigen presentation by dendritic cells [212,213,214], CD28− veCD57+ve senescent 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 cytotoxicity [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 neutrophils [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 deregulate 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 increased expression markers like p16Ink4a, p21Cip1, and SA-β-gal in both WT mice and accelerated ageing model-Ercc1-/Δ 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 intestinal 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 influencing 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.







Author Contributions


Conceptualisation: V.B. and J.S.; Investigation: V.B., P.D., J.S., M.P.D., R.S., E.M., E.G., X.L., A.D., M.B. and D.E.; Writing—original draft: V.B., P.D., J.S., M.P.D., M.C., R.S., E.M., E.G., X.L., A.D. and D.E.; Writing—review & editing: V.B., P.D., J.S., M.P.D., M.C., R.S., E.M., E.G., D.E. and L.A.P.H.; Funding acquisition: V.B., M.C. and M.B. All authors have read and agreed to the published version of the manuscript.




Funding


Universidad Simón Bolívar (Colombia). Internal Funds for Research Strengthening from Universidad Simón Bolívar, Vicerrectoría de Investigación, Extensión e Innovación, Barranquilla, Colombia.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare that there is no conflict of interest.




Abbreviations


GM: gut microbiota; LPS: lipopolysaccharides; TLR2: toll-like receptors 2; Th1: T helper 1 cell; IL: Interleukin; IsoLCA: iso lithocholic acid;3-oxoLCA: 3-oxo lithocholic acid; IsoalloLCA: Isoallo lithocholic acid; SIRT: Sirtuins; Fox01/02: Forkhead Box 01/02; GSR: Glutathione-Disulfide Reductas; SOD1: superoxide dismutase 1; SCFAs: Short-chain fatty acids; BCAA: Branched Chain Amino Acids; MAPK: mitogen-activated protein kinases.



RCTs: randomised clinical trials; PTH: parathyroid hormone; OC: Osteocalcin; ALP: alkaline phosphatase; MetS: metabolic syndrome; IL-6: interleukin-6; TNF-α: tumour necrosis factor-α; CRP: C-reactive protein; NO: nitric oxide; OTU: Operational Taxonomic Units; DietPositive OTU: OTUs with a positive association with adherence scores; DietNegative OTU: OTUs with a negative association with adherence scores; IL-17: interleukin-17; CAG: co-abundance groups.




References


	



Han, S.; Van Treuren, W.; Fischer, C.R.; Merrill, B.D.; DeFelice, B.C.; Sanchez, J.M.; Higginbottom, S.K.; Guthrie, L.; Fall, L.A.; Dodd, D.; et al. A metabolomics pipeline for the mechanistic interrogation of the gut microbiome. Nature 2021, 595, 415–420. [Google Scholar] [CrossRef] [PubMed]

	



Sankar, S.A.; Lagier, J.C.; Pontarotti, P.; Raoult, D.; Fournier, P.E. The human gut microbiome, a taxonomic conundrum. Syst. Appl. Microbiol. 2015, 38, 276–286. [Google Scholar] [CrossRef]

	



Fan, Y.; Pedersen, O. Gut microbiota in human metabolic health and disease. Nat. Rev. Microbiol. 2021, 19, 55–71. [Google Scholar] [CrossRef]

	



Thursby, E.; Juge, N. Introduction to the human gut microbiota. Biochem. J. 2017, 474, 1823–1836. [Google Scholar] [CrossRef] [PubMed]

	



Schluter, J.; Peled, J.; Taylor, B.P.; Markey, K.A.; Smith, J.A.; Taur, Y.; Niehus, R.; Staffas, A.; Dai, A.; Fontana, E.; et al. The gut microbiota is associated with immune cell dynamics in humans. Nature 2020, 588, 303–307. [Google Scholar] [CrossRef] [PubMed]

	



The Integrative HMP (iHMP) Research Network Consortium. The Integrative Human Microbiome Project. Nature 2019, 569, 641–648. [Google Scholar] [CrossRef]

	



Ma, Q.; Xing, C.; Long, W.; Wang, H.Y.; Liu, Q.; Wang, R.F. Impact of microbiota on central nervous system and neurological diseases: The gut-brain axis. J. Neuroinflamm. 2019, 16, 53. [Google Scholar] [CrossRef]

	



The Milieu Intérieur Consortium; Scepanovic, P.; Hodel, F.; Mondot, S.; Partula, V.; Byrd, A.; Hammer, C.; Alanio, C.; Bergstedt, J.; Patin, E.; et al. A comprehensive assessment of demographic, environmental, and host genetic associations with gut microbiome diversity in healthy individuals. Microbiome 2019, 7, 130. [Google Scholar] [CrossRef]

	



Redondo-Useros, N.; Nova, E.; González-Zancada, N.; Díaz, L.E.; Gómez-Martínez, S.; Marcos, A. Microbiota and Lifestyle: A Special Focus on Diet. Nutrients 2020, 12, 1776. [Google Scholar] [CrossRef]

	



Bermúdez, V.; Durán, P.; Rojas, E.; Díaz, M.P.; Rivas, J.; Nava, M.; Chacín, M.; Cabrera de Bravo, M.; Carrasquero, R.; Ponce, C.C.; et al. The Sick Adipose Tissue: New Insights Into Defective Signaling and Crosstalk With the Myocardium. Front. Endocrinol. 2021, 12, 735070. [Google Scholar] [CrossRef]

	



De Luca, F.; Shoenfeld, Y. The microbiome in autoimmune diseases. Clin. Exp. Immunol. 2019, 195, 74–85. [Google Scholar] [CrossRef] [PubMed]

	



Yeoh, Y.K.; Zuo, T.; Lui, G.C.-Y.; Zhang, F.; Liu, Q.; Li, A.Y.; Chung, A.C.; Cheung, C.P.; Tso, E.Y.; Fung, K.S.; et al. Gut microbiota composition reflects disease severity and dysfunctional immune responses in patients with COVID-19. Gut 2021, 70, 698–706. [Google Scholar] [CrossRef] [PubMed]

	



Trøseid, M.; Andersen, G.Ø.; Broch, K.; Hov, J.R. The gut microbiome in coronary artery disease and heart failure: Current knowledge and future directions. EBioMedicine 2020, 52, 102649. [Google Scholar] [CrossRef] [PubMed]

	



Romano, S.; Savva, G.M.; Bedarf, J.R.; Charles, I.G.; Hildebrand, F.; Narbad, A. Meta-analysis of the Parkinson’s disease gut microbiome suggests alterations linked to intestinal inflammation. Npj. Parkinsons Dis. 2021, 7, 27. [Google Scholar] [CrossRef]

	



Nagpal, R.; Mainali, R.; Ahmadi, S.; Wang, S.; Singh, R.; Kavanagh, K.; Kitzman, D.W.; Kushugulova, A.; Marotta, F.; Yadav, H. Gut microbiome and aging: Physiological and mechanistic insights. NHA 2018, 4, 267–285. [Google Scholar] [CrossRef]

	



Mangiola, F.; Nicoletti, A.; Gasbarrini, A.; Ponziani, F.R. Gut microbiota and aging. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 7404–7413. [Google Scholar]

	



Badal, V.D.; Vaccariello, E.D.; Murray, E.R.; Yu, K.E.; Knight, R.; Jeste, D.V.; Nguyen, T.T. The Gut Microbiome, Aging, and Longevity: A Systematic Review. Nutrients 2020, 12, E3759. [Google Scholar] [CrossRef]

	



Wilmanski, T.; Diener, C.; Rappaport, N.; Patwardhan, S.; Wiedrick, J.; Lapidus, J.; Earls, J.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. [Google Scholar] [CrossRef]

	



Turnbaugh, P.J.; Ley, R.E.; Hamady, M.; Fraser-Liggett, C.M.; Knight, R.; Gordon, J.I. The Human Microbiome Project. Nature 2007, 449, 804–810. [Google Scholar] [CrossRef]

	



Ngom-Bru, C.; Barretto, C. Gut microbiota: Methodological aspects to describe taxonomy and functionality. Brief. Bioinform. 2012, 13, 747–750. [Google Scholar] [CrossRef]

	



Rajilić-Stojanović, M.; de Vos, W.M. The first 1000 cultured species of the human gastrointestinal microbiota. FEMS Microbiol. Rev. 2014, 38, 996–1047. [Google Scholar] [CrossRef] [PubMed]

	



Muñoz-Garach, A.; Diaz-Perdigones, C.; Tinahones, F.J. Gut microbiota and type 2 diabetes mellitus. Endocrinol. Nutr. 2016, 63, 560–568. [Google Scholar] [CrossRef] [PubMed]

	



Noh, H.; Jang, H.-H.; Kim, G.; Zouiouich, S.; Cho, S.-Y.; Kim, H.-J.; Kim, J.; Choe, J.-S.; Gunter, M.J.; Ferrari, P.; et al. Taxonomic Composition and Diversity of the Gut Microbiota in Relation to Habitual Dietary Intake in Korean Adults. Nutrients 2021, 13, 366. [Google Scholar] [CrossRef] [PubMed]

	



Cruz-Morales, P.; Orellana, C.A.; Moutafis, G.; Moonen, G.; Rincon, G.; Nielsen, L.K.; Marcellin, E. Revisiting the Evolution and Taxonomy of Clostridia, a Phylogenomic Update. Genome Biol. Evol. 2019, 11, 2035–2044. [Google Scholar] [CrossRef] [PubMed]

	



Raethong, N.; Nakphaichit, M.; Suratannon, N.; Sathitkowitchai, W.; Weerapakorn, W.; Keawsompong, S.; Vongsangnak, W. Analysis of Human Gut Microbiome: Taxonomy and Metabolic Functions in Thai Adults. Genes 2021, 12, 331. [Google Scholar] [CrossRef] [PubMed]

	



Nash, A.K.; Auchtung, T.A.; Wong, M.C.; Smith, D.P.; Gesell, J.R.; Ross, M.C.; Stewart, C.J.; Metcalf, G.A.; Muzny, D.M.; Gibbs, R.A.; et al. The gut mycobiome of the Human Microbiome Project healthy cohort. Microbiome 2017, 5, 153. [Google Scholar] [CrossRef] [PubMed]

	



Costea, P.I.; Hildebrand, F.; Arumugam, M.; Bäckhed, F.; Blaser, M.J.; Bushman, F.D.; de Vos, W.M.; Ehrlich, S.D.; Fraser, C.M.; Hattori, M.; et al. Enterotypes in the landscape of gut microbial community composition. Nat. Microbiol. 2018, 3, 8–16. [Google Scholar] [CrossRef]

	



Bäckhed, F.; Roswall, J.; Peng, Y.; Feng, Q.; Jia, H.; Kovatcheva-Datchary, P.; Li, Y.; Xia, Y.; Xie, H.; Zhong, H.; et al. Dynamics and Stabilization of the Human Gut Microbiome during the First Year of Life. Cell. Host Microbe. 2015, 17, 690–703. [Google Scholar] [CrossRef]

	



Ruan, W.; Engevik, M.A.; Spinler, J.K.; Versalovic, J. Healthy Human Gastrointestinal Microbiome: Composition and Function After a Decade of Exploration. Dig. Dis. Sci. 2020, 65, 695–705. [Google Scholar] [CrossRef]

	



Voth, E.; Khanna, S. The Integrative Human microbiome project: A mile stone in the understanding of the gut microbiome. Expert. Rev. Gastroenterol. Hepatol. 2020, 14, 639–642. [Google Scholar] [CrossRef]

	



Durack, J.; Lynch, S.V. The gut microbiome: Relationships with disease and opportunities for therapy. J. Exp. Med. 2019, 216, 20–40. [Google Scholar] [CrossRef]

	



Edwards, S.M.; Cunningham, S.A.; Dunlop, A.L.; Corwin, E.J. The Maternal Gut Microbiome During Pregnancy. MCN Am. J. Matern. Child. Nurs. 2017, 42, 310–317. [Google Scholar] [CrossRef] [PubMed]

	



Nishijima, S.; Suda, W.; Oshima, K.; Kim, S.-W.; Hirose, Y.; Morita, H.; Hattori, M. The gut microbiome of healthy Japanese and its microbial and functional uniqueness. DNA Res. 2016, 23, 125–133. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez, J.M.; Murphy, K.; Stanton, C.; Ross, R.P.; Kober, O.I.; Juge, N.; Avershina, E.; Rudi, K.; Narbad, A.; Jenmalm, M.C.; et al. The composition of the gut microbiota throughout life, with an emphasis on early life. Microb. Ecol. Health Dis. 2015, 26, 26050. [Google Scholar] [CrossRef] [PubMed]

	



Rinninella, E.; Raoul, P.; Cintoni, M.; Franceschi, F.; Miggiano, G.A.D.; Gasbarrini, A.; Mele, M.C. What is the Healthy Gut Microbiota Composition? A Changing Ecosystem across Age, Environment, Diet, and Diseases. Microorganisms 2019, 7, E14. [Google Scholar] [CrossRef] [PubMed]

	



Arboleya, S.; Sánchez, B.; Milani, C.; Duranti, S.; Solís, G.; Fernández, N.; de Los Reyes-Gavilan, C.G.; Ventura, M.; Margolles, A.; Gueimonde, M. Intestinal microbiota development in preterm neonates and effect of perinatal antibiotics. J. Pediatr. 2015, 166, 538–544. [Google Scholar] [CrossRef]

	



Jacquot, A.; Neveu, D.; Aujoulat, F.; Mercier, G.; Marchandin, H.; Jumas-Bilak, E.; Picaud, J.-C. Dynamics and clinical evolution of bacterial gut microflora in extremely premature patients. J. Pediatr. 2011, 158, 390–396. [Google Scholar] [CrossRef]

	



Coelho, G.D.P.; Ayres, L.F.A.; Barreto, D.S.; Henriques, B.D.; Prado, M.R.M.C.; Passos, C.M.D. Acquisition of microbiota according to the type of birth: An integrative review. Rev. Lat. Am. Enfermagem. 2021, 29, e3446. [Google Scholar] [CrossRef]

	



Hill, L.; Sharma, R.; Hart, L.; Popov, J.; Moshkovich, M.; Pai, N. The neonatal microbiome in utero and beyond: Perinatal influences and long-term impacts. J. Lab. Med. 2021, 45, 275–291. [Google Scholar] [CrossRef]

	



Healy, D.B.; Ryan, C.A.; Ross, R.P.; Stanton, C.; Dempsey, E.M. Clinical implications of preterm infant gut microbiome development. Nat. Microbiol. 2022, 7, 22–33. [Google Scholar] [CrossRef]

	



Pammi, M.; Cope, J.; Tarr, P.I.; Warner, B.B.; Morrow, A.L.; Mai, V.; Gregory, K.E.; Kroll, J.S.; McMurtry, V.; Ferris, M.J.; et al. Intestinal dysbiosis in preterm infants preceding necrotizing enterocolitis: A systematic review and meta-analysis. Microbiome 2017, 5, 31. [Google Scholar] [CrossRef] [PubMed]

	



Moles, L.; Gómez, M.; Heilig, H.; Bustos, G.; Fuentes, S.; De Vos, W.; Fernández, L.; Rodríguez, J.; Jiménez, E. Bacterial diversity in meconium of preterm neonates and evolution of their fecal microbiota during the first month of life. PLoS ONE 2013, 8, e66986. [Google Scholar] [CrossRef] [PubMed]

	



Butel, M.-J.; Suau, A.; Campeotto, F.; Magne, F.; Aires, J.; Ferraris, L.; Kalach, N.; Leroux, B.; Dupont, C. Conditions of bifidobacterial colonization in preterm infants: A prospective analysis. J. Pediatr. Gastroenterol. Nutr. 2007, 44, 577–582. [Google Scholar] [CrossRef] [PubMed]

	



Henderickx, J.G.E.; Zwittink, R.D.; van Lingen, R.A.; Knol, J.; Belzer, C. The Preterm Gut Microbiota: An Inconspicuous Challenge in Nutritional Neonatal Care. Front. Cell. Infect. Microbiol. 2019, 9, 85. [Google Scholar] [CrossRef]

	



Arboleya, S.; Ang, L.; Margolles, A.; Yiyuan, L.; Dongya, Z.; Solís, G.; Fernández, N.; Reyes-Gavilán, C.G.D.L.; Gueimonde, M. Deep 16S rRNA metagenomics and quantitative PCR analyses of the premature infant fecal microbiota. Anaerobe 2012, 18, 378–380. [Google Scholar] [CrossRef]

	



Fettweis, J.M.; Serrano, M.G.; Brooks, J.P.; Edwards, D.J.; Girerd, P.H.; Parikh, H.I.; Huang, B.; Arodz, T.J.; Edupuganti, L.; Glascock, A.L.; et al. The vaginal microbiome and preterm birth. Nat. Med. 2019, 25, 1012–1021. [Google Scholar] [CrossRef]

	



Ferretti, P.; Pasolli, E.; Tett, A.; Asnicar, F.; Gorfer, V.; Fedi, S.; Armanini, F.; Truong, D.T.; Manara, S.; Zolfo, M.; et al. Mother-to-Infant Microbial Transmission from Different Body Sites Shapes the Developing Infant Gut Microbiome. Cell. Host Microbe 2018, 24, 133–145.e5. [Google Scholar] [CrossRef]

	



Kim, G.; Bae, J.; Kim, M.J.; Kwon, H.; Park, G.; Kim, S.-J.; Choe, Y.H.; Kim, J.; Park, S.-H.; Choe, B.-H.; et al. Delayed Establishment of Gut Microbiota in Infants Delivered by Cesarean Section. Front. Microbiol. 2020, 11, 2099. Available online: https://www.frontiersin.org/articles/10.3389/fmicb.2020.02099 (accessed on 5 August 2022). [CrossRef]

	



Jakobsson, H.E.; Abrahamsson, T.R.; Jenmalm, M.C.; Harris, K.; Quince, C.; Jernberg, C.; Björkstén, B.; Engstrand, L.; Andersson, A.F. Decreased gut microbiota diversity, delayed Bacteroidetes colonisation and reduced Th1 responses in infants delivered by caesarean section. Gut 2014, 63, 559–566. [Google Scholar] [CrossRef]

	



Hill, C.J.; Lynch, D.B.; Murphy, K.; Ulaszewska, M.; Jeffery, I.B.; O’shea, C.A.; Watkins, C.; Dempsey, E.; Mattivi, F.; Tuohy, K.; et al. Evolution of gut microbiota composition from birth to 24 weeks in the INFANTMET Cohort. Microbiome 2017, 5, 4. [Google Scholar] [CrossRef]

	



Laursen, M.F.; Pekmez, C.T.; Larsson, M.W.; Lind, M.V.; Yonemitsu, C.; Larnkjær, A.; Mølgaard, C.; Bode, L.; Dragsted, L.O.; Michaelsen, K.F.; et al. Maternal milk microbiota and oligosaccharides contribute to the infant gut microbiota assembly. ISME Commun. 2021, 1, 21. [Google Scholar] [CrossRef] [PubMed]

	



Efrain Molotla-Torres, D.; Mario Hernández-Soto, L.; Guzmán-Mejía, F.; Godínez-Victoria, M.; Elisa Drago-Serrano, M.; Félix Aguirre-Garrido, J. Oral bovine lactoferrin modulation on fecal microbiota of mice underwent immobilization stress. J. Funct. Foods 2022, 95, 105153. [Google Scholar] [CrossRef]

	



Kim, S.Y.; Yi, D.Y. Analysis of the human breast milk microbiome and bacterial extracellular vesicles in healthy mothers. Exp. Mol. Med. 2020, 52, 1288–1297. [Google Scholar] [CrossRef] [PubMed]

	



Zimmermann, P.; Curtis, N. Breast milk microbiota: A review of the factors that influence composition. J. Infect. 2020, 81, 17–47. [Google Scholar] [CrossRef] [PubMed]

	



Ma, J.; Li, Z.; Zhang, W.; Zhang, C.; Zhang, Y.; Mei, H.; Na Zhuo, N.; Wang, H.; Wang, L.; Wu, D. Comparison of gut microbiota in exclusively breast-fed and formula-fed babies: A study of 91 term infants. Sci. Rep. 2020, 10, 15792. [Google Scholar] [CrossRef] [PubMed]

	



Yang, I.; Corwin, E.J.; Brennan, P.A.; Jordan, S.; Murphy, J.R.; Dunlop, A. The Infant Microbiome: Implications for Infant Health and Neurocognitive Development. Nurs. Res. 2016, 65, 76–88. [Google Scholar] [CrossRef]

	



Meng, Q.; Luo, Z.; Cao, C.; Sun, S.; Ma, Q.; Li, Z.; Shi, B.; Shan, A. Weaning Alters Intestinal Gene Expression Involved in Nutrient Metabolism by Shaping Gut Microbiota in Pigs. Front. Microbiol. 2020, 11, 694. [Google Scholar] [CrossRef]

	



Karvonen, A.M.; Sordillo, J.E.; Gold, D.R.; Bacharier, L.B.; O’connor, G.T.; Zeiger, R.; Beigelman, A.; Weiss, S.T.; Litonjua, A.A. Gut microbiota and overweight in 3-year old children. Int. J. Obes. 2019, 43, 713–723. [Google Scholar] [CrossRef]

	



Xu, H.; Liu, M.; Cao, J.; Li, X.; Fan, D.; Xia, Y.; Lu, X.; Li, J.; Ju, D.; Zhao, H. The Dynamic Interplay between the Gut Microbiota and Autoimmune Diseases. J. Immunol. Res. 2019, 2019, 1–14. [Google Scholar] [CrossRef]

	



Bering, S.B. Human Milk Oligosaccharides to Prevent Gut Dysfunction and Necrotizing Enterocolitis in Preterm Neonates. Nutrients 2018, 10, E1461. [Google Scholar] [CrossRef]

	



Sevelsted, A.; Stokholm, J.; Bønnelykke, K.; Bisgaard, H. Cesarean section and chronic immune disorders. Pediatrics 2015, 135, e92–e98. [Google Scholar] [CrossRef]

	



Lv, H.; Zhang, L.; Han, Y.; Wu, L.; Wang, B. The Development of Early Life Microbiota in Human Health and Disease. Engineering 2022, 12, 101–114. [Google Scholar] [CrossRef]

	



Sonnenburg, J.L.; Sonnenburg, E.D. Vulnerability of the industrialized microbiota. Science 2019, 366, eaaw9255. [Google Scholar] [CrossRef] [PubMed]

	



Houtman, T.A.; Eckermann, H.A.; Smidt, H.; de Weerth, C. Gut microbiota and BMI throughout childhood: The role of firmicutes, bacteroidetes, and short-chain fatty acid producers. Sci. Rep. 2022, 12, 3140. [Google Scholar] [CrossRef] [PubMed]

	



Castaner, O.; Goday, A.; Park, Y.-M.; Lee, S.-H.; Magkos, F.; Shiow, S.-A.T.E.; Schröder, H. The Gut Microbiome Profile in Obesity: A Systematic Review. Int. J. Endocrinol. 2018, 2018, 4095789. [Google Scholar] [CrossRef]

	



Cotillard, A.; Cartier-Meheust, A.; Litwin, N.S.; Chaumont, S.; Saccareau, M.; Lejzerowicz, F.; Tap, J.; Koutnikova, H.; Lopez, D.G.; McDonald, D.; et al. A posteriori dietary patterns better explain variations of the gut microbiome than individual markers in the American Gut Project. Am. J. Clin. Nutr. 2022, 115, 432–443. [Google Scholar] [CrossRef]

	



Moreira Júnior, R.E.; de Carvalho, L.M.; dos Reis, D.C.; Cassali, G.D.; Faria, A.M.C.; Maioli, T.U.; Brunialti-Godard, A.L. Diet-induced obesity leads to alterations in behavior and gut microbiota composition in mice. J. Nutr. Biochem. 2021, 92, 108622. [Google Scholar] [CrossRef]

	



Las Heras, V.; Melgar, S.; MacSharry, J.; Gahan, C.G.M. The Influence of the Western Diet on Microbiota and Gastrointestinal Immunity. Annu. Rev. Food Sci. Technol. 2022, 13, 489–512. [Google Scholar] [CrossRef]

	



Rinninella, E.; Cintoni, M.; Raoul, P.; Lopetuso, L.R.; Scaldaferri, F.; Pulcini, G.; Miggiano, G.A.D.; Gasbarrini, A.; Mele, M.C. Food Components and Dietary Habits: Keys for a Healthy Gut Microbiota Composition. Nutrients 2019, 11, 2393. [Google Scholar] [CrossRef]

	



Von Schwartzenberg, R.J.; Bisanz, J.E.; Lyalina, S.; Spanogiannopoulos, P.; Ang, Q.Y.; Cai, J.; Dickmann, S.; Friedrich, M.; Liu, S.Y.; Collins, S.L.; et al. Caloric restriction disrupts the microbiota and colonization resistance. Nature 2021, 595, 272–277. [Google Scholar] [CrossRef]

	



Merra, G.; Noce, A.; Marrone, G.; Cintoni, M.; Tarsitano, M.G.; Capacci, A.; de Lorenzo, A. Influence of Mediterranean Diet on Human Gut Microbiota. Nutrients 2020, 13, E7. [Google Scholar] [CrossRef] [PubMed]

	



Tsigalou, C.; Paraschaki, A.; Karvelas, A.; Kantartzi, K.; Gagali, K.; Tsairidis, D.; Bezirtzoglou, E. Gut microbiome and Mediterranean diet in the context of obesity. Current knowledge, perspectives and potential therapeutic targets. Metab. Open 2021, 9, 100081. [Google Scholar] [CrossRef] [PubMed]

	



World Health Organization; Regional Office for Europe. WHO European Childhood Obesity Surveillance Initiative: Overweight and Obesity Among 6–9-Year-Old Children: Report of the Third Round of Data Collection 2012–2013 [Internet]. World Health Organization. Regional Office for Europe; 2018. Report No.: WHO/EURO:2018-2980-42738-59613. Available online: https://apps.who.int/iris/handle/10665/346092 (accessed on 11 November 2022).

	



Fallani, M.; Young, D.; Scott, J.; Norin, E.; Amarri, S.; Adam, R.; Aguilera, M.; Khanna, S.; Gil, A.; Edwards, C.A.A.; et al. Intestinal microbiota of 6-week-old infants across Europe: Geographic influence beyond delivery mode, breast-feeding, and antibiotics. J. Pediatr. Gastroenterol. Nutr. 2010, 51, 77–84. [Google Scholar] [CrossRef]

	



Yatsunenko, T.; Rey, F.E.; Manary, M.J.; 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. [Google Scholar] [CrossRef] [PubMed]

	



De Filippo, C.; Cavalieri, D.; Di Paola, M.; Ramazzotti, M.; Poullet, J.B.; Massart, S.; Collini, S.; Pieraccini, G.; Lionetti, P. Impact of diet in shaping gut microbiota revealed by a comparative study in children from Europe and rural Africa. Proc. Natl. Acad. Sci. USA 2010, 107, 14691–14696. [Google Scholar] [CrossRef]

	



Hasan, N.; Yang, H. Factors affecting the composition of the gut microbiota, and its modulation. PeerJ 2019, 7, e7502. [Google Scholar] [CrossRef]

	



Bai, J.; Hu, Y.; Bruner, D.W. Composition of gut microbiota and its association with body mass index and lifestyle factors in a cohort of 7–18 years old children from the American Gut Project. Pediatr. Obes. 2019, 14, e12480. [Google Scholar] [CrossRef]

	



Maynard, C.; Weinkove, D. The Gut Microbiota and Ageing. Subcell. Biochem. 2018, 90, 351–371. [Google Scholar]

	



Can Aging Be Slowed Down?—PubMed [Internet]. Available online: https://pubmed.ncbi.nlm.nih.gov/31345317/ (accessed on 20 December 2022).

	



Blagosklonny, M.V. Hallmarks of cancer and hallmarks of aging. Aging 2022, 14, 4176–4187. [Google Scholar] [CrossRef]

	



Shannon, O.M.; Ashor, A.W.; Scialo, F.; Saretzki, G.; Martin-Ruiz, C.; Lara, J.; Matu, J.; Griffiths, A.; Robinson, N.; Lillà, L.; et al. Mediterranean diet and the hallmarks of ageing. Eur. J. Clin. Nutr. 2021, 75, 1176–1192. [Google Scholar] [CrossRef]

	



Lemoine, M. The Evolution of the Hallmarks of Aging. Front. Genet. 2021, 12, 693071. Available online: https://www.frontiersin.org/articles/10.3389/fgene.2021.693071 (accessed on 8 November 2022). [CrossRef] [PubMed]

	



Gems, D.; de Magalhães, J.P. The hoverfly and the wasp: A critique of the hallmarks of aging as a paradigm. Ageing Res. Rev. 2021, 70, 101407. [Google Scholar] [CrossRef] [PubMed]

	



Van der Rijt, S.; Molenaars, M.; McIntyre, R.L.; Janssens, G.E.; Houtkooper, R.H. Integrating the Hallmarks of Aging Throughout the Tree of Life: A Focus on Mitochondrial Dysfunction. Front. Cell. Dev. Biol. 2020, 8, 594416. [Google Scholar] [CrossRef] [PubMed]

	



Podder, A.; Raju, A.; Schork, N.J. Cross-Species and Human Inter-Tissue Network Analysis of Genes Implicated in Longevity and Aging Reveal Strong Support for Nutrient Sensing. Front Genet. 2021, 12, 719713. Available online: https://www.frontiersin.org/articles/10.3389/fgene.2021.719713 (accessed on 20 January 2023). [CrossRef]

	



López-Otín, C.; Galluzzi, L.; Freije, J.M.P.; Madeo, F.; Kroemer, G. Metabolic Control of Longevity. Cell 2016, 166, 802–821. [Google Scholar] [CrossRef]

	



Muralikumar, M.; Manoj Jain, S.; Ganesan, H.; Duttaroy, A.K.; Pathak, S.; Banerjee, A. Current understanding of the mesenchymal stem cell-derived exosomes in cancer and aging. Biotechnol. Rep. (Amst.) 2021, 31, e00658. [Google Scholar] [CrossRef]

	



Carmona, J.J.; Michan, S. Biology of Healthy Aging and Longevity. Rev. Investig. Clin. 2016, 68, 7–16. [Google Scholar]

	



Sergiev, P.V.; Dontsova, O.A.; Berezkin, G.V. Theories of aging: An ever-evolving field. Acta Nat. 2015, 7, 9–18. [Google Scholar] [CrossRef]

	



Jin, K. Modern Biological Theories of Aging. Aging Dis. 2010, 1, 72–74. [Google Scholar]

	



Bektas, A.; Schurman, S.H.; Sen, R.; Ferrucci, L. Aging, inflammation and the environment. Exp. Gerontol. 2018, 105, 10–18. [Google Scholar] [CrossRef]

	



Ogrodnik, M.; Salmonowicz, H.; Gladyshev, V.N. Integrating cellular senescence with the concept of damage accumulation in aging: Relevance for clearance of senescent cells. Aging Cell. 2019, 18, e12841. [Google Scholar] [CrossRef] [PubMed]

	



Wright, K.M.; Rand, K.A.; Kermany, A.; Noto, K.; Curtis, D.; Garrigan, D.; Slinkov, D.; Dorfman, I.; Granka, J.M.; Byrnes, J.; et al. A Prospective Analysis of Genetic Variants Associated with Human Lifespan. G3 (Bethesda) 2019, 9, 2863–2878. [Google Scholar] [CrossRef] [PubMed]

	



Mendioroz, M.; Puebla-Guedea, M.; Montero-Marín, J.; Urdánoz-Casado, A.; Blanco-Luquin, I.; Roldán, M.; Labarga, A.; García-Campayo, J. Telomere length correlates with subtelomeric DNA methylation in long-term mindfulness practitioners. Sci. Rep. 2020, 10, 4564. [Google Scholar] [CrossRef]

	



Niedernhofer, L.J.; Gurkar, A.U.; Wang, Y.; Vijg, J.; Hoeijmakers, J.H.J.; Robbins, P.D. Nuclear Genomic Instability and Aging. Annu. Rev. Biochem. 2018, 87, 295–322. [Google Scholar] [CrossRef]

	



Zhu, Y.; Liu, X.; Ding, X.; Wang, F.; Geng, X. Telomere and its role in the aging pathways: Telomere shortening, cell senescence and mitochondria dysfunction. Biogerontology 2019, 20, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Suh, Y.; Atzmon, G.; Cho, M.-O.; Hwang, D.; Liu, B.; Leahy, D.J.; Barzilai, N.; Cohen, P. Functionally significant insulin-like growth factor I receptor mutations in centenarians. Proc. Natl. Acad. Sci. USA 2008, 105, 3438–3442. [Google Scholar] [CrossRef] [PubMed]

	



Flachsbart, F.; Dose, J.; Gentschew, L.; Geismann, C.; Caliebe, A.; Knecht, C.; Nygaard, M.; Badarinarayan, N.; ElSharawy, A.; May, S.; et al. Identification and characterization of two functional variants in the human longevity gene FOXO3. Nat. Commun. 2017, 8, 2063. [Google Scholar] [CrossRef]

	



Reinvang, I.; Espeseth, T.; Westlye, L. APOE-related biomarker profiles in non-pathological aging and early phases of Alzheimer’s disease. Neurosci. Biobehav. Rev. 2013, 37, 1322–1335. [Google Scholar] [CrossRef]

	



Boyd-Kirkup, J.D.; Green, C.D.; Wu, G.; Wang, D.; Han, J.D.J. Epigenomics and the regulation of aging. Epigenomics 2013, 5, 205–227. [Google Scholar] [CrossRef]

	



Kane, A.E.; Sinclair, D.A. Epigenetic changes during aging and their reprogramming potential. Crit. Rev. Biochem. Mol. Biol. 2019, 54, 61–83. [Google Scholar] [CrossRef]

	



Booth, L.N.; Brunet, A. The Aging Epigenome. Mol. Cell. 2017, 36, 728–744. [Google Scholar] [CrossRef] [PubMed]

	



Moskalev, A.A.; Aliper, A.M.; Smit-McBride, Z.; Buzdin, A.; Zhavoronkov, A. Genetics and epigenetics of aging and longevity. Cell. Cycle. 2014, 13, 1063–1077. [Google Scholar] [CrossRef] [PubMed]

	



Metaxakis, A.; Ploumi, C.; Tavernarakis, N. Autophagy in Age-Associated Neurodegeneration. Cells 2018, 7, E37. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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

	



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. [Google Scholar] [CrossRef]

	



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

	



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

	



Ordovas, J.M.; Berciano, S. Personalized nutrition and healthy aging. Nutr. Rev. 2020, 78 (Suppl. S3), 58–65. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [PubMed]

	



Langhammer, B.; Bergland, A.; Rydwik, E. The Importance of Physical Activity Exercise among Older People. BioMed Res. Int. 2018, 2018, 1–3. [Google Scholar] [CrossRef] [PubMed]

	



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

	



Samieri, C. The Association Between Dietary Patterns at Midlife and Health in Aging: An Observational Study. Ann. Intern. Med. 2013, 159, 584. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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

	



Xu, C.; Zhu, H.; Qiu, P. Aging progression of human gut microbiota. BMC Microbiol. 2019, 19, 236. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Cӑtoi, A.F.; Corina, A.; Katsiki, N.; Vodnar, D.C.; Andreicuț, 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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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

	



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).

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



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. [Google Scholar] [CrossRef]

	



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]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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−/Δ7 mice. Immun. Ageing 2019, 16, 6. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Hutchinson, A.N.; Bergh, C.; Kruger, K.; Sűsserová, M.; Allen, J.; Améen, S.; Tingö, L. The Effect of Probiotics on Health Outcomes in the Elderly: A Systematic Review of Randomized, Placebo-Controlled Studies. Microorganisms 2021, 9, 1344. [Google Scholar] [CrossRef] [PubMed]

	



Coutts, L.; Ibrahim, K.; Tan, Q.Y.; Lim, S.E.R.; Cox, N.J.; Roberts, H.C. Can probiotics, prebiotics and synbiotics improve functional outcomes for older people: A systematic review. Eur. Geriatr. Med. 2020, 11, 975–993. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Q.; Jiang, S.; Du, G. Effects of exercise frequency on the gut microbiota in elderly individuals. Microbiol. Open 2020, 9, e1053. [Google Scholar] [CrossRef] [PubMed]

	



Taniguchi, H.; Tanisawa, K.; Sun, X.; Kubo, T.; Hoshino, Y.; Hosokawa, M.; Takeyama, H.; Higuchi, M. Effects of short-term endurance exercise on gut microbiota in elderly men. Physiol. Rep. 2018, 6, e13935. [Google Scholar] [CrossRef]

	



Zhong, F.; Wen, X.; Yang, M.; Lai, H.-Y.; Momma, H.; Cheng, L.; Sun, X.; Nagatomi, R.; Huang, C. Effect of an 8-week Exercise Training on Gut Microbiota in Physically Inactive Older Women. Int. J. Sports Med. 2021, 42, 610–623. [Google Scholar] [CrossRef]

	



Codella, R.; Luzi, L.; Terruzzi, I. Exercise has the guts: How physical activity may positively modulate gut microbiota in chronic and immune-based diseases. Dig. Liver Dis. 2018, 50, 331–341. [Google Scholar] [CrossRef]

	



Ortiz-Alvarez, L.; Xu, H.; Martinez-Tellez, B. Influence of Exercise on the Human Gut Microbiota of Healthy Adults: A Systematic Review. Clin. Transl. Gastroenterol. 2020, 11, e00126. [Google Scholar] [CrossRef]

	



Ghosh, T.S.; Rampelli, S.; Jeffery, I.B.; Santoro, A.; Neto, M.; Capri, M.; Giampieri, E.; Jennings, A.; Candela, M.; Turroni, S.; et al. Mediterranean diet intervention alters the gut microbiome in older people reducing frailty and improving health status: The NU-AGE 1-year dietary intervention across five European countries. Gut 2020, 69, 1218. [Google Scholar] [CrossRef]

	



Ntemiri, A.; Ghosh, T.S.; Gheller, M.E.; Tran, T.T.T.; Blum, J.E.; Pellanda, P.; Vlckova, K.; Neto, M.C.; Howell, A.; Thalacker-Mercer, A.; et al. Whole Blueberry and Isolated Polyphenol-Rich Fractions Modulate Specific Gut Microbes in an In Vitro Colon Model and in a Pilot Study in Human Consumers. Nutrients 2020, 12, 2800. [Google Scholar] [CrossRef] [PubMed]

	



Kumari, R.; Jat, P. Mechanisms of Cellular Senescence: Cell Cycle Arrest and Senescence Associated Secretory Phenotype. Front. Cell. Dev. Biol. 2021, 9, 645593. Available online: https://www.frontiersin.org/articles/10.3389/fcell.2021.645593 (accessed on 15 February 2023). [CrossRef] [PubMed]

	



Di Micco, R.; Krizhanovsky, V.; Baker, D.; d’Adda di Fagagna, F. Cellular senescence in ageing: From mechanisms to therapeutic opportunities. Nat. Rev. Mol. Cell. Biol. 2021, 22, 75–95. [Google Scholar] [CrossRef] [PubMed]

	



Tuttle, C.S.L.; Luesken, S.W.M.; Waaijer, M.E.C.; Maier, A.B. Senescence in tissue samples of humans with age-related diseases: A systematic review. Ageing Res. Rev. 2021, 68, 101334. [Google Scholar] [CrossRef]

	



Bussian, T.J.; Aziz, A.; Meyer, C.F.; Swenson, B.L.; van Deursen, J.M.; Baker, D.J. Clearance of senescent glial cells prevents tau-dependent pathology and cognitive decline. Nature 2018, 562, 578–582. [Google Scholar] [CrossRef]

	



Song, P.; An, J.; Zou, M.H. Immune Clearance of Senescent Cells to Combat Ageing and Chronic Diseases. Cells 2020, 9, 671. [Google Scholar] [CrossRef]

	



Walaszczyk, A.; Dookun, E.; Redgrave, R.; Tual-Chalot, S.; Victorelli, S.; Spyridopoulos, I.; Owens, W.; Arthur, H.M.; Passos, J.F.; Richardson, G.D. Pharmacological clearance of senescent cells improves survival and recovery in aged mice following acute myocardial infarction. Aging Cell. 2019, 18, e12945. [Google Scholar] [CrossRef]

	



Ferrucci, L.; Fabbri, E. Inflammageing: Chronic inflammation in ageing, cardiovascular disease, and frailty. Nat. Rev. Cardiol. 2018, 15, 505–522. [Google Scholar] [CrossRef]

	



Frasca, D.; Diaz, A.; Romero, M.; Garcia, D.; Blomberg, B.B. B Cell Immunosenescence. Annu. Rev. Cell. Dev. Biol. 2020, 36, 551–574. [Google Scholar] [CrossRef]

	



Mogilenko, D.A.; Shchukina, I.; Artyomov, M.N. Immune ageing at single-cell resolution. Nat. Rev. Immunol. 2022, 22, 484–498. [Google Scholar] [CrossRef]

	



Chougnet, C.A.; Thacker, R.I.; Shehata, H.M.; Hennies, C.M.; Lehn, M.A.; Lages, C.S.; Janssen, E.M. Loss of Phagocytic and Antigen Cross-Presenting Capacity in Aging Dendritic Cells Is Associated with Mitochondrial Dysfunction. J. Immunol. 2015, 195, 2624–2632. [Google Scholar] [CrossRef]

	



Rodriguez, I.J.; Ruiz, N.L.; León, M.L.; Enríquez, L.M.; Velásquez, M.D.P.M.; Aguirre, J.P.O.; Bohórquez, O.M.R.; Vargas, E.A.V.; Hernández, E.D.; López, C.A.P. Immunosenescence Study of T Cells: A Systematic Review. Front. Immunol. 2021, 11, 604591. Available online: https://www.frontiersin.org/articles/10.3389/fimmu.2020.604591 (accessed on 15 February 2023). [CrossRef]

	



Denkinger, M.D.; Leins, H.; Schirmbeck, R.; Florian, M.C.; Geiger, H. HSC Aging and Senescent Immune Remodeling. Trends Immunol. 2015, 36, 815–824. [Google Scholar] [CrossRef] [PubMed]

	



Bektas, A.; Schurman, S.H.; Sen, R.; Ferrucci, L. Human T cell immunosenescence and inflammation in aging. J. Leukoc. Biol. 2017, 102, 977–988. [Google Scholar] [CrossRef] [PubMed]

	



Brauning, A.; Rae, M.; Zhu, G.; Fulton, E.; Admasu, T.D.; Stolzing, A.; Sharma, A. Aging of the Immune System: Focus on Natural Killer Cells Phenotype and Functions. Cells 2022, 11, 1017. [Google Scholar] [CrossRef] [PubMed]

	



Ong, S.-M.; Hadadi, E.; Dang, T.-M.; Yeap, W.-H.; Tan, C.T.-Y.; Ng, T.-P.; Larbi, A.; Wong, S.-C. The pro-inflammatory phenotype of the human non-classical monocyte subset is attributed to senescence. Cell. Death Dis. 2018, 9, 266. [Google Scholar] [CrossRef]

	



Sapey, E.; Greenwood, H.; Walton, G.; Mann, E.; Love, A.; Aaronson, N.; Insall, R.H.; Stockley, R.A.; Lord, J.M. Phosphoinositide 3-kinase inhibition restores neutrophil accuracy in the elderly: Toward targeted treatments for immunosenescence. Blood 2014, 123, 239–248. [Google Scholar] [CrossRef] [PubMed]

	



Lichtfuss, G.F.; Cheng, W.-J.; Farsakoglu, Y.; Paukovics, G.; Rajasuriar, R.; Velayudham, P.; Kramski, M.; Hearps, A.C.; Cameron, P.U.; Lewin, S.R.; et al. Virologically suppressed HIV patients show activation of NK cells and persistent innate immune activation. J. Immunol. 2012, 189, 1491–1499. [Google Scholar] [CrossRef] [PubMed]

	



Hearps, A.C.; Martin, G.E.; Angelovich, T.; Cheng, W.-J.; Maisa, A.; Landay, A.L.; Jaworowski, A.; Crowe, S.M. Aging is associated with chronic innate immune activation and dysregulation of monocyte phenotype and function. Aging Cell. 2012, 11, 867–875. [Google Scholar] [CrossRef]

	



Hazeldine, J.; Hampson, P.; Lord, J.M. Reduced release and binding of perforin at the immunological synapse underlies the age-related decline in natural killer cell cytotoxicity. Aging Cell. 2012, 11, 751–759. [Google Scholar] [CrossRef]

	



Bleve, A.; Motta, F.; Durante, B.; Pandolfo, C.; Selmi, C.; Sica, A. Immunosenescence, Inflammaging, and Frailty: Role of Myeloid Cells in Age-Related Diseases. Clin. Rev. Allergy Immunol. 2023, 64, 123–144. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, R. Emerging Interrelationship Between the Gut Microbiome and Cellular Senescence in the Context of Aging and Disease: Perspectives and Therapeutic Opportunities. Probiotics Antimicro Prot. 2022, 14, 648–663. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, D.; Chen, G.; Manwani, D.; Mortha, A.; Xu, C.; Faith, J.J.; Burk, R.D.; Kunisaki, Y.; Jang, J.-E.; Scheiermann, C.; et al. Neutrophil ageing is regulated by the microbiome. Nature 2015, 525, 528–532. [Google Scholar] [CrossRef] [PubMed]

	



Agrawal, A.; Agrawal, S.; Gupta, S. Role of Dendritic Cells in Inflammation and Loss of Tolerance in the Elderly. Front. Immunol. 2017, 8, 896. Available online: https://www.frontiersin.org/articles/10.3389/fimmu.2017.00896 (accessed on 15 February 2023). [CrossRef]

	



Idda, M.L.; McClusky, W.G.; Lodde, V.; Munk, R.; Abdelmohsen, K.; Rossi, M.; Gorospe, M. Survey of senescent cell markers with age in human tissues. Aging (Albany NY) 2020, 12, 4052–4066. [Google Scholar] [CrossRef]

	



Yousefzadeh, M.J.; Zhao, J.; Bukata, C.; Wade, E.A.; McGowan, S.J.; Angelini, L.A.; Bank, M.P.; Gurkar, A.; McGuckian, C.A.; Calubag, M.F.; et al. Tissue specificity of senescent cell accumulation during physiologic and accelerated aging of mice. Aging Cell. 2020, 19, e13094. [Google Scholar] [CrossRef]

	



Ohtani, N. Deciphering the mechanism for induction of senescence-associated secretory phenotype (SASP) and its role in aging and cancer development. J. Biochem. 2019, 166, mvz055. [Google Scholar] [CrossRef]








[image: Ijerph 20 05845 g001 550] 





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. 
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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, accompanied 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. 






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, accompanied 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.



[image: Ijerph 20 05845 g002]







[image: Table] 





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



	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.
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