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Abstract

Population aging is a substantial challenge for the global sanitation framework. Unhealthy aging tends to be
accompanied by chronic diseases such as cardiovascular disease, diabetes, and cancer, which undermine the
welfare of the elderly. Based on the fact that aging is inevitable but retarding aging is attainable, flexible aging
characterization and efficient anti-aging become imperative for healthy aging. The gut microbiome, as the most
dynamic component interacting with the organism, can affect the aging process through its own structure and
metabolites, thus holding the potential to become both an ideal aging-related biomarker and an intervention
strategy. This review summarizes the value of applying gut microbiota as aging-related microbial biomarkers in
diagnosing aging state and monitoring the effect of anti-aging interventions, ultimately pointing to the future
prospects of microbial intervention strategies in maintaining healthy aging.

Keywords: Aging, gut microbiota, microbial biomarker, anti-aging intervention

INTRODUCTION

Aging is a physiological process that individuals must undergo to death. The World Health Organization
(WHO) defines it as “the gradual accumulation of molecular and cellular damage over time”", which
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further involves all tissues and triggers systemic structural breakdown and functional decline. As estimated,
people aged 65 or older accounted for 9.1% of the world’s overall population in 2019, imposing a heavy
burden on the national economy and healthcare system®.. Glycation, oxidation, inflammation, and dysbiosis
have been emphasized for a prominent correlation with aging"/, which benefits both the elaboration of
aging status and the expansion of the anti-aging drug spectrum. With the deepening of research these years,
the position of gut microbes in aging events has been progressively better described.

Trillions of microbes constitute the broadest human symbiotic microecology, co-operating in the
maintenance of the body’s immune defense'”, nutrient absorption”, and neuroprotection'. Technical
advancements in high-throughput sequencing and multi-omics analysis have facilitated the study of
microbiota in individual growth and metabolism, and the role of gut microbes in host aging has been
increasingly elucidated”. Metagenomic sequencing of fecal samples from multiple longevity families
implicated that the diversity of gut microbiota and the abundance of bacterial metabolites in aging
populations were lower than in younger generations®. However, specific adjuncts such as fecal microbiota
transplantation (FMT)" or probiotic supplementation"” could, in turn, help retard aging, or at least
enhance the survival quality of the elderly. At this scale, gut microbes can be interpreted as a potential
aging-related biomarker and, through microbiota modulation, hold promise for healthy aging or even aging
reversal.

This mini-review systematically depicts the role of gut microbiota in distinguishing different aging patterns,
and its feasibility in retarding aging or maintaining healthy aging, thus outlining a blueprint for the
application of gut microbes as biomarkers or intervention targets in active health.

BIOLOGICAL OR CLINICAL PERSPECTIVES TO DEFINE AND CHARACTERIZE

DIFFERENT PATTERNS OF AGING

The definition and signatures of aging

Aging can be interpreted as a state of generalized degeneration. The superimposition of genetic and
environmental factors contributes to the complexity of aging, and the intuitive evaluation of clinical aging
by chronological age is no longer applicable. The inconsistency between physical function and age has
become highly pronounced, making biological age a better criterion. Cellular senescence, the initiating link
of systemic aging, first triggers molecular damage, which in turn induces oxidative stress, inflammatory
immunity, nutritional dysregulation, metabolic impairment, and neurodegeneration in the organism, and
eventually presents signs of aging!"’. On the basis of biological alterations, aging can be classified into
physiological and pathological aging
diseases"*, cancers'”, and neuro-degenerative diseases"?, resulting in poor life quality and, ultimately, a

021 The latter is often associated with diabetes!?, cardiovascular

shortened lifespan.

It is worth emphasizing that although aging is inevitable, the pursuit of delayed aging or at least healthy
aging is attainable with flexible monitoring and potent interventions. The identification and detection of
aging-related biomarkers are paramount for quantifying the level of physical function and evaluating the
effect of behavioral factors. The ideal aging-related biomarker, as defined by the American Consortium for
Aging Research (AFAR), should enable individualized marking and systematic monitoring of aging, as well
as longitudinal non-invasive follow-up in subjects"”. The DNAmAge, to determine chronological age based
on the methylation of deoxyribonucleic acids, and GlycanAge, to track the effects of lifestyle interventions
on aging based on the glycosyl molecules attached to immunoglobulin G, are among the more established
and commercially available biomarkers of aging"®. Although none have yet been approved for clinical
application, their accuracy in marking aging is well accepted. Other studies have also focused on the host
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level of age-related biomarkers; it is possible that the combination of serum biomarkers such as
inflammatory bodies"” (indicating inflammatory aging), Sirtuins™ (associated with malnutrition risk and
frailty phenotype), and Clusterin®’ (monitoring neurodegeneration) will be adopted in conjunction for the
quantification of aging. A common shortcoming, however, is the unsatisfactory efficacy of the above
indicators in characterizing inter-individual variabilities and environmental sensitivities.

Gut microbiota can be summarized as bacterial communities that colonize or temporarily reside in the
gastrointestinal cavity”. The spatiotemporal variations in the abundance, composition, and vitality of
microbiota constitute a vast microecology, thus bridging the human body and the external environment,
and exerting a pivotal impact on health and disease. The key point lies in the role of the gut microbiome in
characterizing diseases such as gastrointestinal cancers, diabetes, and obesity. For instance, significant
correlations have been reported between Helicobacter pylori infection and the high risk of gastric
lymphoma'/, as well as the indication of Fusobacterium nucleatum abundance in the prognosis of colorectal
cancer™. These years, with the inclusion of dysbiosis in aging signatures in 2023""” and multiple researches
elucidating the function of microbiota interventions in aging-related diseases, here we reiterate the
possibility of using gut microbiota as biomarkers to predict aging and evaluate the efficacy of anti-aging
interventions.

Gut microbiota as biomarkers to diagnose and monitor aging

Gut microbiota as predictive biomarkers

Multiple large-sample, multi-center, and group-based studies have partially clarified the inter- and intra-
population differences in aging-related microorganisms. Metagenomic sequencing of gut microbes from 32
long-lived families across three generations (including centenarians, the elderly, and the younger) revealed
reduced gut microbiota diversity and functional deficits of associated essential amino acids in the elderly.
However, interestingly, a significant enrichment of anti-inflammatory bacteria such as Desulfovibrio piger,
Gordonibacter pamelaeae, and Ruminococcaceae bacterium D5 was observed in centenarians compared to
younger and older age groups, and short-chain fatty acid high-yielding bacteria like Akkermansia
muciniphila and other potential probiotic behave similarly, which may contribute to the health maintenance
of aging individuals’. In addition, an observational study of four age groups, young, old, centenarians, and
semi-centenarians, proposed the concept of enterotype®, which divides the gut microbiota into multiple
functional core microbiome clusters. One group of enterotypes containing Bacillariophyceae, Prevotella,
and Rumenococcaceae decreased in abundance in the advanced age groups, suggesting that the delineation
and definition of enterotypes may help describe the downgrading of overall functional levels in the aging
population and also serve as potential aging-related microbial biomarkers.

Further, healthy elderly individuals also exhibit an evident flora profile compared to the non-healthy ones.
Akkermansia spp. and Erysipelaceae UGG were the units with significantly increased abundance in the
microbial taxa of a healthy aging population®”. Monitoring data on immune function, blood pressure, and
body weight in both groups also illustrated the role of quantitative changes in taxa such as Ruminococcus,
Prevotella, Oscellobacter CAG, and Bacteroides in the gut microbiome in healthy aging”®. Notably, a study
has confirmed the feasibility of using altered Sartorius spp./Pasteurella ratios as an essential microbial
alteration for aging-associated sarcopenia; the role of gut bacteria-derived metabolites in characterizing
aging-induced neurodegeneration has also been highlighted in another study™, which inspired us to
construct a subsystem of aging-related diseases with associated microbial factors for a more precise aging
representation.
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Gut microbiota as reactive biomarkers

Response to interventions is another major criterion for screening aging-related biomarkers. Utilizing diet
and drug interventions as the primary means of anti-aging has become a consensus, in which gut microbial
alterations as reactive biomarkers make sense. Modification of dietary strategies such as caloric restriction
(CR)" and intermittent fasting (IF)"" has been proven to maintain health and prolong lifespan in a target
of rapamycin (TOR) signaling pathway-dependent or -independent manner, and this is, at least partially
due to gut improvement. Therefore, the detection of a-diversity and p-diversity, which indicate microbiome
abundance and diversity, can well reflect the intervention effect””. Furthermore, biased diets fortified with
substances such as phenols and fiber intake have been observed to exhibit dual benefits of delaying aging
and regulating the gut microbiota. The above effect can be signified by the enhanced abundance of
probiotics such as Bifidobacterium and Lactobacillus®. In addition, medications contribute to the anti-
aging campaign. TOR signaling inhibitor Rapamycin®, chronic disease targeting drug Resveratrol””, and
the Chinese pharmaceutical preparation FuFang Zhenshu TiaoZhi (FTZ) have all been adopted in the
preventive healthcare of the elderly. Unexpectedly, gut microbial changes can also describe drug efficacy.
The FTZ-administered aging mice model showed an extended lifespan, along with a decline in the level of
Clostridium erysipelae, and the raised abundance of probiotics such as A. muciniphila and Clostridium
butyricum existed at the same time. However, the problem is that the causal association between the anti-
aging capacity of the above interventions and the altered microbiota remains unknown.

THE INVOLVEMENT OF GUT MICROBIOTA IN HEALTHY AGING

Inflammatory immunity

The capacity of gut microbiota to mark aging is inextricably linked to the biological mechanisms by which it
acts on the body, dominated by immunomodulation. Intestinal stem cells (ISCs), located in the crypts, serve
as the cellular basis for intestinal epithelial renewal and mucosal permeability"””. Gut microbes in healthy
adults can interact with ISCs through their bacterial components and metabolites, on the one hand
activating the dual oxidase to generate reactive oxygen (ROX) in response to bacterial uracil®’, and on the
other hand initiating the immune deficiency (IMD)/Relish pathway to enhance the expression of
antimicrobial peptides (AMP)", which together mediate the maintenance of the balance between gut and
microbiome, as well as normal immune state. The intestinal mucus layer also depends on the commensal
microbiota to induce the release of secretory immunoglobulin A and inflammatory factors such as
interleukin-6, interleukin-10, and tumor necrosis factor-a, thereby achieving immune suppression and
killing of opportunistic pathogens'*’..

Due to the hyperfunction of pro-inflammatory T-cell populations (e.g., TH1 and TH17 cells), defects in
immune surveillance, and loss of self-tolerance, the intrinsic immunity of the elderly is susceptible*". In this
case, unhealthy aging accompanied by intestinal dysbiosis directly disrupts the delicate balance that exists in
the gut of healthy individuals, as described above, which may at least partially explain the onset of systemic
low-grade inflammation. Specifically, the upregulated expressions of ROX and AMP should be blamed.
ROX is a key molecule mediating cellular senescence, while sustained ROX production also leaves the
intestinal epithelium in a state of chronic oxidative stress damage". Impaired intestinal barrier integrity
and elevated mucosal permeability not only hinder the digestion and absorption of nutrients in the elderly,
but also accelerate the leakage of pathogens and harmful substances into the circulation, raising the
incidence of aging-related diseases"”. Studies have also confirmed that in Drosophila, the upregulation of
AMP would make the peptidoglycan recognition protein-dependent gut development and longevity
modulation difficult to achieve'®”. All of the above prompt that the imbalance of gut symbiotic microbiota-
host interactions may induce a chain reaction of aging and short lifespan via activating conserved immune
pathways. Therefore, surveillance and maintenance of normal intestinal microecology are required for
healthy aging.
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Nutrient metabolism regulation

Nutrition is the main common factor that links both gut microbes and hosts; thus, the microbiome may
influence lifespan and health by supplementing nutrition or regulating the body’s nutritional metabolic
signaling pathways™!. Cellulose, for instance, can be decomposed into short-chain fatty acids by
Ruminococcus and Butyrivibrio, etc., converting from being unavailable for intestinal absorption to
indispensable bioactive molecules. These bacterial-derived metabolites have been shown to be effective in
the amelioration of basic diseases in the elderly, such as type 2 diabetes and obesity"**. Insulin/insulin-like
growth factor 1 (IGF-1) signaling (IIS), the first signaling proven to be involved in aging regulation, was
found to be somewhat relevant to the nutrient metabolism of gut bacteria*”. Caenorhabditis elegans model
with healthy bacterial composition features proper intestinal nutrient supply and sensory capacity, and the
I1S pathway is sustained in low activation, thus mitigating the host aging"’. Similar situations also occur on
other nutritional metabolic pathways associated with the IIS, such as Sirtuins, Forkhead Box O (FOXO)"”,
and mammalian TOR pathways'*". For instance, 4hns Escherichia coli administration could extend the
lifespan of C. elegans by activating decay accelerating factor-16 (DAF-16)/FOXO family transcription
factors, and this effect is independent of the IIS pathway!*.

Neuroprotection

Neurodegeneration is the typical feature of individual aging in the central nervous system, mainly
manifested as motor and cognitive decline, for which the onset of Parkinson’s disease”” and Alzheimer’s
disease™’ is most common. For the gut-brain axis, a figurative perception defines it as the collection of
signaling pathways between the central and enteric nervous systems that enable a bidirectional connection
between the gut and the brain through immune, metabolic, and neuroendocrine mediators™. Studies have
shown that healthy gut microbiota could prevent Alzheimer’s disease through the gut-brain axis, an effect
that relies on the interaction and signaling of microecology-associated neurological and humoral factors. In
particular, the restriction of trimethylamine oxide levels inhibits B-amyloid formation, neuroinflammation,
and tau phosphorylation, mitigating the further progression of mild cognitive impairment to organic lesions
in older individuals™. In addition, metabolites of gut microbes such as secondary bile acids and tryptophan
derivatives can modulate the bile acid profile, serotonin synthesis pathway, and the number of brain-derived
neurotrophic factors, which, in turn, yield positive guidance for the learning behavior, memory recognition,

[54,55]

and emotional expression in the organism"***.

INTERVENTIONS FOR HEALTHY AGING: GUT MICROBIOTA TARGETED

Fecal microbiota transplantation

The mechanism of gut microbiota-host interaction provides another perspective on anti-aging research,
that is, in addition to marking aging, gut microbes themselves or strategies targeting gut microbes possess
the potential for anti-aging effects. FMT transplants functional microbiota from the feces of healthy donors
into the gut of patients, treating both intestinal and extra-intestinal diseases through microecological
remodeling. Initially, FMT was tentatively applied in Clostridium difficile infection, stubborn constipation,
and intestinal immune deficiency, with demonstrable efficacy™. As standardized FMT takes hold, there is
growing evidence to support its anti-aging effect. In a premature aging mice model, the experimental group
transplanted with fecal bacteria from wild-type mice showed a 13.5% prolonged average lifespan and a 9%
enhanced maximum survival rate””. After transplantation of fecal bacteria from long-lived elders into mice,
alleviation of aging indicators and improved richness of Lactobacillus spp. and short-chain fatty acid-
producing bacteria were observed compared to controls”®. Another study then illustrated that FMT
improved aging-related signatures in the eye, brain, and gut by repairing intestinal barrier, reversing
systemic inflammation, and refining nutrient metabolism"”'.
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In addition, the advantage of FMT also lies in the capacity to treat various aging-related diseases through
the distal effects of axial networks such as the gut-brain axis, gut-skin axis, and gut-muscle axis.
Enterobacteria transplantation from young mice into premature aging mice revealed that the rejuvenated
microbiota could reverse aging-related dementia and cognitive decline to some extent via hippocampal
restoration'. In a trial that involved 110 middle and old-aged women with dry, wrinkled skin, a 21.73%
improvement in skin elasticity and evident reduction in wrinkle depth were observed after consistently
administrating a specially formulated microbiota drug for 12 weeks'*'. The senile osteoporosis cohort also
presented significantly better histologic indices, such as bone volume and trabecular bone thickness, than
the controls after receiving FMT!*”. The above experimental findings could be considered compelling
arguments for FMT retarding aging and alleviating aging-related lesions. Remarkably, metabolomic analysis
showed a gradual resumption of the originally dysregulated bile acid profile after FMT, which elucidates the
contribution of gut microbiota to the endocrine metabolism of the organism'®.

Along with the benefits, we must also be alert to the shortcomings of FMT at this stage. The occurrence of
adverse events is a concern, since cases of death from resistant bacterial infections after FMT have been
reported, as well as ineffective transplantation, immune rejection, and gastrointestinal side effects'*’. In
addition, FMT in unhealthy aging populations is intended to mitigate or even reverse the negative effects of
aging, but follow-up observational data on whether offsetting these effects on a large scale is feasible in the
long term is lacking. The specificity of the elderly also requires more rigorous process management for the
anti-aging application of FMT compared to current regulatory guidelines, including ethical approval,
metrics assessment, and adverse event monitoring.

Probiotics, prebiotics and postbiotics

WHO defines probiotic living microorganisms as those that benefit the health of the host when
supplemented adequately®. Specific probiotics maintain health and exert aging-delaying effects in multiple
dimensions, such as dysbiosis regulation, anti-inflammation, and neuroprotection. In addition to the well-
known probiotics with anti-aging properties, such as Lactobacillus salivarius, Lactobacillus galacteri, and
Lactococcus lactis, other probiotics that have been observed to extend lifespan are emerging these years''.

Recent studies have revealed that Lactobacillus plantarum JBC5 administration prolonged the average
longevity of Drosophila by 27.81%, mainly through the modulation of the serotonin signaling pathway'"".

Bifidobacterium adolescentis could raise superoxide dismutase values in serum and alleviate neuropathies by
combating oxidative stress'*”. Lacticaseibacillus rhamnosus Probio-M9 significantly extended nematode
lifespan with a calorie-independent DAF-2 pathway and P38 signaling cascade'*”. Moreover, Clostridium
pratense (the main producer of butyrate) and Bacillus spp. (production of glycosyl hydrolases) also deliver
superior anti-aging properties by regulating the balance of small molecules, such as short-chain fatty acids
in the gut”. Probiotics from different phyla work through different biological pathways for anti-aging;
judging which is superior or inferior makes little sense. Currently, A. muciniphila is a well-deserved hotspot
with definite anti-glycemic and anti-aging performance'’. After oral administration of A. muciniphila, the
biosynthesis of secondary bile acids in premature aging mice was also enriched, thereby exerting the
protective effect on accelerated aging"”. Since the relevant research is just starting, the industrialization of
A. muciniphila in anti-aging still has a long way to go. The results of microbiota localization also remind us
that the action site of supplemented probiotics is rather limited and the species is relatively homogeneous,
making it difficult to achieve the holistic regulation of the gut microecology.

Except for probiotics themselves, prebiotics such as inulin, oligosaccharides, and polyphenols have been
repeatedly shown to selectively promote the growth of beneficial intestinal bacteria without being digested
and absorbed by the host, thus providing a certain anti-aging effect. In particular, oligosaccharides have
been proven in previous studies to regulate gut homeostasis by activating Bifidobacteria and inhibiting the



Xu et al. Microbiome Res Rep 2024;3:13 | https://dx.doi.org/10.20517/mrr.2023.68 Page 7 of 11

production of intestinal spoilage substances”. Recent studies have observed the proliferation of
A. muciniphila in the gut after consumption of oligosaccharides, which may also be one of the anti-aging
mechanisms of prebiotics'”*. The processed probiotic metabolites, collectively known as postbiotics, contain
various active ingredients such as vitamins, proteins, and SCFAs". Studies have reported the superior
probiotic and anti-aging properties of postbiotics in the internal environment compared to living microbes;
thus, preliminary progress has been made in the application of postbiotic extracts in skin aging and certain
chronic diseases”. The intake of prebiotics and postbiotics is undoubtedly safer compared to direct
supplementation with exogenous probiotics, but the extent to which their actual anti-aging efficacy can be
attributed to themselves is worth speculating.

Dietary intervention

Compared to supplements, interventions based on a holistic diet may better reset the gut microbiota and
thus achieve long-term health maintenance for the aging population. CR that does not induce malnutrition
is optimal for extending lifespan. A study concluded that a fasting strategy of cutting food intake by 30% for
two weeks shaped the Lactobacillus-dominant gut microbiota in mice, and the median lifespan of the
experimental group increased by 20.8% after further full-life-cycle dieting””. As estimated, the standard CR
adopted in most studies could extend the lifespan by an average of 10%-20%"*".. The other is the
Mediterranean diet, which emphasizes the intake of fruits, vegetables, and grains, and limits the
consumption of red meat and saturated fats. The maintenance of health-related microbiome, including
enrichment of potential probiotics such as Enterococcus faecalis and Rhodobacter sphaeroides and depletion
of deleterious bacteria such as Rhodobacter torques and Collinsella, has been found in the elderly with
Mediterranean diet intervention™. This contributes to lowering inflammatory levels, improving cognitive
function, and reducing frailty, implying a healthier aging condition. The accessibility and health benefits of
the Mediterranean diet make it a recommended preventive medicine therapy, but its relevance for
generalization in anti-aging practice still requires individualized assessment by clinicians.

CONCLUSION

Aging is the joint outcome of both genetic and environmental factors. Microorganisms have been observed
to be involved in multiple aging-related diseases, and their inter-individual variability renders them an
alternative as aging-related markers and intervention targets. In this review, underlying mechanisms of
microbiota on host aging were explored, including inflammatory immunity, nutrient metabolic regulation,
and neuroprotection. By summarizing the microbial features of aging populations, the value of various
bacteria such as A. muciniphila and derived metabolites as biomarkers in characterizing aging and
monitoring anti-aging interventions was identified. Additionally, given the active interactions between gut
microbiota and host, we generalized the current status and future prospects of microbiota-targeted anti-
aging interventions such as FMT and probiotic supplementation, attempting to satisfy the healthy aging of
the widest range of aging populations.

Setting gut microbiota as an entrance to explore aging characterization and anti-aging interventions is
certainly a revolutionary mindset, but problems exist as well. The field of gut microbiota as aging-related
biomarkers is still in its infancy, and the characterization of aging by microbiota remains only qualitative,
lacking specific quantitative indicators to describe the correlation between both, thus necessitating the
standardization of authoritative guidelines”®. Secondly, the detailed mechanism between gut microbiota
alterations and host aging is not yet clarified, and the actual microbial involvement in the aging process may
be exaggerated or obscured. Thus, microbiota intervention combined with other anti-aging therapies might
be a viable option. In addition, given the complexity of aging, model organisms such as nematodes,
Drosophila, and mice"™ are often employed to simplify variable control and experimental manipulation.
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This inevitably erases species-specific and inter-individual variations in human aging; thus, how to transfer
the findings to humans remains to be investigated. Inserting primate models (e.g., rhesus monkey)"™’ as an
intermediate transition may work. Certainly, the microbiota system is already highly sophisticated, and even
more so with human experiments. Human anti-aging studies must be optimized with updated statistical
tools and multi-omics analysis to obtain more reference data.

DECLARATIONS

Authors’ contributions

Literature searching and manuscript writing: Xu X

Article revisions: Xu T, Chen T

Theme formulation and procedure supervision: Xu X, Xu T, Wei J, Chen T
All authors have checked and agreed to the submitted version.

Availability of data and materials
Not applicable.

Financial support and sponsorship
None.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2024.

REFERENCES

1.

10.

11.

Bautmans I, Knoop V, Amuthavalli Thiyagarajan J, et al; WHO Working Group on Vitality Capacity. WHO working definition of
vitality capacity for healthy longevity monitoring. Lancet Healthy Longev 2022;3:¢789-96. DOI PubMed PMC

DelJong EN, Surette MG, Bowdish DME. The gut microbiota and unhealthy aging: disentangling cause from consequence. Cell Host
Microbe 2020;28:180-9. DOI PubMed

Moskalev A, Guvatova Z, Lopes A, et al. Targeting aging mechanisms: pharmacological perspectives. Trends Endocrinol Metab
2022;33:266-80. DOI

Chen M, Luo C, Zhao J, Devarajan G, Xu H. Immune regulation in the aging retina. Prog Retin Eye Res 2019;69:159-72. DOI
PubMed PMC

Lopez-Otin C, Pietrocola F, Roiz-Valle D, Galluzzi L, Kroemer G. Meta-hallmarks of aging and cancer. Cell Metab 2023;35:12-35.
DOI PubMed

Burtscher J, Mallet RT, Burtscher M, Millet GP. Hypoxia and brain aging: neurodegeneration or neuroprotection? Ageing Res Rev
2021;68:101343. DOI PubMed

Rutledge J, Oh H, Wyss-Coray T. Measuring biological age using omics data. Nat Rev Genet 2022;23:715-27. DOI PubMed PMC
Wu L, Xie X, Liang T, et al. Integrated multi-omics for novel aging biomarkers and antiaging targets. Biomolecules 2021;12:39. DOI
PubMed PMC

Zeng X, Li X, Li X, et al. Fecal microbiota transplantation from young mice rejuvenates aged hematopoietic stem cells by suppressing
inflammation. Blood 2023;141:1691-707. DOI PubMed PMC

Sharma R, Padwad Y. Probiotic bacteria as modulators of cellular senescence: emerging concepts and opportunities. Gut Microbes
2020;11:335-49. DOI PubMed PMC

Zhang L, Pitcher LE, Yousefzadeh MJ, Niedernhofer LJ, Robbins PD, Zhu Y. Cellular senescence: a key therapeutic target in aging


https://dx.doi.org/10.1016/s2666-7568(22)00200-8
http://www.ncbi.nlm.nih.gov/pubmed/36356628
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9640935
https://dx.doi.org/10.1016/j.chom.2020.07.013
http://www.ncbi.nlm.nih.gov/pubmed/32791111
https://dx.doi.org/10.1016/j.tem.2022.01.007
https://dx.doi.org/10.1016/j.preteyeres.2018.10.003
http://www.ncbi.nlm.nih.gov/pubmed/30352305
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6373845
https://dx.doi.org/10.1016/j.cmet.2022.11.001
http://www.ncbi.nlm.nih.gov/pubmed/36599298
https://dx.doi.org/10.1016/j.arr.2021.101343
http://www.ncbi.nlm.nih.gov/pubmed/33862277
https://dx.doi.org/10.1038/s41576-022-00511-7
http://www.ncbi.nlm.nih.gov/pubmed/35715611
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10048602
https://dx.doi.org/10.3390/biom12010039
http://www.ncbi.nlm.nih.gov/pubmed/35053186
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8773837
https://dx.doi.org/10.1182/blood.2022017514
http://www.ncbi.nlm.nih.gov/pubmed/36638348
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10646769
https://dx.doi.org/10.1080/19490976.2019.1697148
http://www.ncbi.nlm.nih.gov/pubmed/31818183
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7524351

Xu et al. Microbiome Res Rep 2024;3:13 | https://dx.doi.org/10.20517/mrr.2023.68 Page 9 of 11

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.
217.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

and diseases. J Clin Invest 2022;132:¢158450. DOI PubMed PMC

Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. Hallmarks of aging: an expanding universe. Cell 2023;186:243-78.
DOI PubMed

Halim M, Halim A. The effects of inflammation, aging and oxidative stress on the pathogenesis of diabetes mellitus (type 2 diabetes).
Diabetes Metab Syndr 2019;13:1165-72. DOI

Triposkiadis F, Xanthopoulos A, Butler J. Cardiovascular aging and heart failure: JACC review topic of the week. J Am Coll Cardiol
2019;74:804-13. DOI PubMed

Pérez RF, Tejedor JR, Fernandez AF, Fraga MF. Aging and cancer epigenetics: where do the paths fork? Aging Cell 2022;21:¢13709.
DOI PubMed PMC

Culig L, Chu X, Bohr VA. Neurogenesis in aging and age-related neurodegenerative diseases. Ageing Res Rev 2022;78:101636. DOI
PubMed PMC

Yousefzadeh MJ, Zhu Y, McGowan SJ, et al. Fisetin is a senotherapeutic that extends health and lifespan. EBioMedicine 2018;36:18-
28. DOI PubMed PMC

XuR, Li S, LiS, et al. Surrounding greenness and biological aging based on DNA methylation: a twin and family study in Australia.
Environ Health Perspect 2021;129:87007. DOI PubMed PMC

Ansary TM, Hossain MR, Kamiya K, Komine M, Ohtsuki M. Inflammatory molecules associated with ultraviolet radiation-mediated
skin aging. Int J Mol Sci 2021;22:3974. DOI PubMed PMC

Ji Z, Liu GH, Qu J. Mitochondrial sirtuins, metabolism, and aging. J Genet Genomics 2022;49:287-98. DOI PubMed

Chen F, Swartzlander DB, Ghosh A, Fryer JD, Wang B, Zheng H. Clusterin secreted from astrocyte promotes excitatory synaptic
transmission and ameliorates Alzheimer’s disease neuropathology. Mol Neurodegener 2021;16:5. DOI PubMed PMC

Budden KF, Shukla SD, Rehman SF, et al. Functional effects of the microbiota in chronic respiratory disease. Lancet Respir Med
2019;7:907-20. DOI

Della Bella C, Soluri MF, Puccio S, et al. The Helicobacter pylori CagY protein drives gastric Thl and Th17 inflammation and B cell
proliferation in gastric MALT lymphoma. /nt J Mol Sci 2021;22:9459. DOI PubMed PMC

Chen S, Zhang L, Li M, et al. Fusobacterium nucleatum reduces METTL3-mediated m°A modification and contributes to colorectal
cancer metastasis. Nat Commun 2022;13:1248. DOI PubMed PMC

Wang J, Qie J, Zhu D, et al. The landscape in the gut microbiome of long-lived families reveals new insights on longevity and aging -
relevant neural and immune function. Gut Microbes 2022;14:2107288. DOI PubMed PMC

Kim S, Jazwinski SM. The gut microbiota and healthy aging: a mini-review. Gerontology 2018;64:513-20. DOI PubMed PMC
Singh H, Torralba MG, Moncera KJ, et al. Gastro-intestinal and oral microbiome signatures associated with healthy aging.
Geroscience 2019;41:907-21. DOI PubMed PMC

Xiong X, Xu J, Yan X, et al. Gut microbiome and serum metabolome analyses identify biomarkers associated with sexual maturity in
quails. Poult Sci 2023;102:102762. DOI PubMed PMC

Connell E, Le Gall G, Pontifex MG, et al. Microbial-derived metabolites as a risk factor of age-related cognitive decline and dementia.
Mol Neurodegener 2022;17:43. DOI PubMed PMC

Flanagan EW, Most J, Mey JT, Redman LM. Calorie restriction and aging in humans. Annu Rev Nutr 2020;40:105-33. DOI PubMed
PMC

de Cabo R, Mattson MP. Effects of intermittent fasting on health, aging, and disease. N Engl J Med 2019;381:2541-51. DOI PubMed
Badal VD, Vaccariello ED, Murray ER, et al. The gut microbiome, aging, and longevity: a systematic review. Nutrients 2020;12:3759.
DOI PubMed PMC

Liu C, Cheung WH, Li J, et al. Understanding the gut microbiota and sarcopenia: a systematic review. J Cachexia Sarcopenia Muscle
2021;12:1393-407. DOI PubMed PMC

Selvarani R, Mohammed S, Richardson A. Effect of rapamycin on aging and age-related diseases - past and future. GeroScience
2021;43:1135-58. DOI PubMed PMC

Pyo IS, Yun S, Yoon YE, Choi JW, Lee SJ. Mechanisms of aging and the preventive effects of resveratrol on age-related diseases.
Molecules 2020;25:4649. DOI PubMed PMC

Luo D, Chen K, Li J, et al. Gut microbiota combined with metabolomics reveals the metabolic profile of the normal aging process and
the anti-aging effect of FuFang Zhenshu TiaoZhi(FTZ) in mice. Biomed Pharmacother 2020;121:109550. DOI

Jasper H. Intestinal stem cell aging: origins and interventions. Annu Rev Physiol 2020;82:203-26. DOI PubMed

Zhang P, Lu G, Sun Y, Yan Z, Dang T, Liu J. Metagenomic analysis explores the interaction of aged microplastics and roxithromycin
on gut microbiota and antibiotic resistance genes of Carassius auratus. J Hazard Mater 2022;425:127773. DOI

Zhu'Y, Cai Q, Zheng X, et al. Aspirin positively contributes to Drosophila intestinal homeostasis and delays aging through targeting
imd. Aging Dis 2021;12:1821-34. DOI PubMed PMC

Paone P, Cani PD. Mucus barrier, mucins and gut microbiota: the expected slimy partners? Gur 2020;69:2232-43. DOl PubMed
PMC

Mogilenko DA, Shpynov O, Andhey PS, et al. Comprehensive profiling of an aging immune system reveals clonal GZMK™ CD8" T
cells as conserved hallmark of inflammaging. Immunity 2021;54:99-115.¢12. DOI

Arias-Rojas A, Frahm D, Hurwitz R, Brinkmann V, latsenko I. Resistance to host antimicrobial peptides mediates resilience of gut
commensals during infection and aging in Drosophila. Proc Natl Acad Sci U S A 2023;120:¢2305649120. DOI PubMed PMC


https://dx.doi.org/10.1172/jci158450
http://www.ncbi.nlm.nih.gov/pubmed/35912854
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9337830
https://dx.doi.org/10.1016/j.cell.2022.11.001
http://www.ncbi.nlm.nih.gov/pubmed/36599349
https://dx.doi.org/10.1016/j.dsx.2019.01.040
https://dx.doi.org/10.1016/j.jacc.2019.06.053
http://www.ncbi.nlm.nih.gov/pubmed/31395131
https://dx.doi.org/10.1111/acel.13709
http://www.ncbi.nlm.nih.gov/pubmed/36103298
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9577950
https://dx.doi.org/10.1016/j.arr.2022.101636
http://www.ncbi.nlm.nih.gov/pubmed/35490966
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9168971
https://dx.doi.org/10.1016/j.ebiom.2018.09.015
http://www.ncbi.nlm.nih.gov/pubmed/30279143
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6197652
https://dx.doi.org/10.1289/ehp8793
http://www.ncbi.nlm.nih.gov/pubmed/34460342
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8404778
https://dx.doi.org/10.3390/ijms22083974
http://www.ncbi.nlm.nih.gov/pubmed/33921444
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8069861
https://dx.doi.org/10.1016/j.jgg.2021.11.005
http://www.ncbi.nlm.nih.gov/pubmed/34856390
https://dx.doi.org/10.1186/s13024-021-00426-7
http://www.ncbi.nlm.nih.gov/pubmed/33517893
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7849119
https://dx.doi.org/10.1016/s2213-2600(18)30510-1
https://dx.doi.org/10.3390/ijms22179459
http://www.ncbi.nlm.nih.gov/pubmed/34502367
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8431018
https://dx.doi.org/10.1038/s41467-022-28913-5
http://www.ncbi.nlm.nih.gov/pubmed/35273176
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8913623
https://dx.doi.org/10.1080/19490976.2022.2107288
http://www.ncbi.nlm.nih.gov/pubmed/35939616
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9361766
https://dx.doi.org/10.1159/000490615
http://www.ncbi.nlm.nih.gov/pubmed/30025401
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6191326
https://dx.doi.org/10.1007/s11357-019-00098-8
http://www.ncbi.nlm.nih.gov/pubmed/31620923
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6925087
https://dx.doi.org/10.1016/j.psj.2023.102762
http://www.ncbi.nlm.nih.gov/pubmed/37209654
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10208887
https://dx.doi.org/10.1186/s13024-022-00548-6
http://www.ncbi.nlm.nih.gov/pubmed/35715821
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9204954
https://dx.doi.org/10.1146/annurev-nutr-122319-034601
http://www.ncbi.nlm.nih.gov/pubmed/32559388
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9042193
https://dx.doi.org/10.1056/nejmra1905136
http://www.ncbi.nlm.nih.gov/pubmed/31881139
https://dx.doi.org/10.3390/nu12123759
http://www.ncbi.nlm.nih.gov/pubmed/33297486
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7762384
https://dx.doi.org/10.1002/jcsm.12784
http://www.ncbi.nlm.nih.gov/pubmed/34523250
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8718038
https://dx.doi.org/10.1007/s11357-020-00274-1
http://www.ncbi.nlm.nih.gov/pubmed/33037985
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8190242
https://dx.doi.org/10.3390/molecules25204649
http://www.ncbi.nlm.nih.gov/pubmed/33053864
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7587336
https://dx.doi.org/10.1016/j.biopha.2019.109550
https://dx.doi.org/10.1146/annurev-physiol-021119-034359
http://www.ncbi.nlm.nih.gov/pubmed/31610128
https://dx.doi.org/10.1016/j.jhazmat.2021.127773
https://dx.doi.org/10.14336/ad.2020.1008
http://www.ncbi.nlm.nih.gov/pubmed/34631223
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8460307
https://dx.doi.org/10.1136/gutjnl-2020-322260
http://www.ncbi.nlm.nih.gov/pubmed/32917747
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7677487
https://dx.doi.org/10.1016/j.immuni.2020.11.005
https://dx.doi.org/10.1073/pnas.2305649120
http://www.ncbi.nlm.nih.gov/pubmed/37639605
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10483595

Page 10 of 11 Xu et al. Microbiome Res Rep 2024;3:13 | https://dx.doi.org/10.20517/mrr.2023.68

43.

44,
45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

Longo VD, Anderson RM. Nutrition, longevity and disease: from molecular mechanisms to interventions. Cell 2022;185:1455-70.

DOI PubMed PMC

Froidurot A, Julliand V. Cellulolytic bacteria in the large intestine of mammals. Gut Microbes 2022;14:2031694. DOI PubMed PMC

Wang B, Tang X, Mao B, et al. Anti-aging effects and mechanisms of anthocyanins and their intestinal microflora metabolites. Crit
Rev Food Sci Nutr 2022:1-17. DOI

Varadé J, Magadan S, Gonzalez-Fernandez A. Human immunology and immunotherapy: main achievements and challenges. Cell Mol
Immunol 2021;18:805-28. DOI PubMed PMC

Gao Y, Yu T, Wu Y, et al. Bacillus coagulans (Weizmannia coagulans) XY?2 attenuates Cu-induced oxidative stress via DAF-16/FoxO
and SKN-1/Nrf2 pathways and gut microbiota regulation. J Hazard Mater 2023;457:131741. DOI

Kundu P, Lee HU, Garcia-Perez I, et al. Neurogenesis and prolongevity signaling in young germ-free mice transplanted with the gut
microbiota of old mice. Sci Transl Med 2019;11:eaaud760. DOI

Shin MG, Lee JW, Han JS, et al. Bacteria-derived metabolite, methylglyoxal, modulates the longevity of C. elegans through TORC2/
SGK-1/DAF-16 signaling. Proc Natl Acad Sci U S A 2020;117:17142-50. DOI PubMed PMC

Trist BG, Hare DJ, Double KL. Oxidative stress in the aging substantia nigra and the etiology of Parkinson’s disease. Aging Cell
2019;18:¢13031. DOI PubMed PMC

Hou Y, Dan X, Babbar M, et al. Ageing as a risk factor for neurodegenerative disease. Nat Rev Neurol 2019;15:565-81. DOI

Cryan JF, O’Riordan KJ, Cowan CSM, et al. The microbiota-gut-brain axis. Physiol Rev 2019;99:1877-2013. DOI PubMed

Shabbir U, Arshad MS, Sameen A, Oh DH. Crosstalk between gut and brain in Alzheimer’s disease: the role of gut microbiota
modulation strategies. Nutrients 2021;13:690. DOI PubMed PMC

Faits T, Walker ME, Rodriguez-Morato J, et al. Exploring changes in the human gut microbiota and microbial-derived metabolites in
response to diets enriched in simple, refined, or unrefined carbohydrate-containing foods: a post hoc analysis of a randomized clinical
trial. Am J Clin Nutr 2020;112:1631-41. DOI PubMed PMC

Heyck M, Ibarra A. Microbiota and memory: a symbiotic therapy to counter cognitive decline? Brain Circ 2019;5:124-9. DOI

PubMed PMC

Khoruts A, Staley C, Sadowsky MJ. Faecal microbiota transplantation for Clostridioides difficile: mechanisms and pharmacology. Nat
Rev Gastroenterol Hepatol 2021;18:67-80. DOI PubMed

Barcena C, Valdés-Mas R, Mayoral P, et al. Healthspan and lifespan extension by fecal microbiota transplantation into progeroid mice.
Nat Med 2019;25:1234-42. DOI

Boehme M, Guzzetta KE, Bastiaanssen TFS, et al. Microbiota from young mice counteracts selective age-associated behavioral
deficits. Nat Aging 2021;1:666-76. DOI

Parker A, Romano S, Ansorge R, et al. Fecal microbiota transfer between young and aged mice reverses hallmarks of the aging gut,
eye, and brain. Microbiome 2022;10:68. DOI

D’Amato A, Di Cesare Mannelli L, Lucarini E, et al. Faecal microbiota transplant from aged donor mice affects spatial learning and
memory via modulating hippocampal synaptic plasticity- and neurotransmission-related proteins in young recipients. Microbiome
2020;8:140. DOI PubMed PMC

Zhang H, Guo F, Tang M, et al. Association between skeletal muscle strength and dysphagia among Chinese community-dwelling
elderly adults. J Nutr Health Aging 2020;24:642-9. DOI

Ma S, Wang N, Zhang P, Wu W, Fu L. Fecal microbiota transplantation mitigates bone loss by improving gut microbiome
composition and gut barrier function in aged rats. Peer 2021;9:¢12293. DOI PubMed PMC

Shi X, Ma T, Sakandar HA, Menghe B, Sun Z. Gut microbiome and aging nexus and underlying mechanism. App! Microbiol
Biotechnol 2022;106:5349-58. DOI PubMed

Khoruts A, Sadowsky MJ. Understanding the mechanisms of faecal microbiota transplantation. Nat Rev Gastroenterol Hepatol
2016;13:508-16. DOI PubMed PMC

Quigley EMM. Prebiotics and probiotics in digestive health. Clin Gastroenterol Hepatol 2019;17:333-44. DOI PubMed

Boyajian JL, Ghebretatios M, Schaly S, Islam P, Prakash S. Microbiome and human aging: probiotic and prebiotic potentials in
longevity, skin health and cellular senescence. Nutrients 2021;13:4550. DOI PubMed PMC

Kumar A, Joishy T, Das S, Kalita MC, Mukherjee AK, Khan MR. A potential probiotic Lactobacillus plantarum JBC5 improves
longevity and healthy aging by modulating antioxidative, innate immunity and serotonin-signaling pathways in Caenorhabditis
elegans. Antioxidants 2022;11:268. DOl PubMed PMC

Chen S, Chen L, Qi Y, et al. Bifidobacterium adolescentis regulates catalase activity and host metabolism and improves healthspan and
lifespan in multiple species. Nat Aging 2021;1:991-1001. DOI

Zhang J, Zhao Y, Sun Z, Sun T. Lacticaseibacillus rhamnosus probio-M9 extends the lifespan of Caenorhabditis elegans. Commun
Biol 2022;5:1139. DOI PubMed PMC

Lee J, d’Aigle J, Atadja L, et al. Gut microbiota-derived short-chain fatty acids promote poststroke recovery in aged mice. Circ Res
2020;127:453-65. DOI PubMed PMC

Zeng SY, Liu YF, Liu JH, Zeng ZL, Xie H, Liu JH. Potential effects of Akkermansia muciniphila in aging and aging-related diseases:
current evidence and perspectives. Aging Dis 2023;14:2015-27. DOI PubMed PMC

Ma J, Liu Z, Gao X, et al. Gut microbiota remodeling improves natural aging-related disorders through Akkermansia muciniphila and
its derived acetic acid. Pharmacol Res 2023;189:106687. DOI


https://dx.doi.org/10.1016/j.cell.2022.04.002
http://www.ncbi.nlm.nih.gov/pubmed/35487190
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9089818
https://dx.doi.org/10.1080/19490976.2022.2031694
http://www.ncbi.nlm.nih.gov/pubmed/35184689
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8865330
https://dx.doi.org/10.1080/10408398.2022.2123444
https://dx.doi.org/10.1038/s41423-020-00530-6
http://www.ncbi.nlm.nih.gov/pubmed/32879472
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7463107
https://dx.doi.org/10.1016/j.jhazmat.2023.131741
https://dx.doi.org/10.1126/scitranslmed.aau4760
https://dx.doi.org/10.1073/pnas.1915719117
http://www.ncbi.nlm.nih.gov/pubmed/32636256
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7382248
https://dx.doi.org/10.1111/acel.13031
http://www.ncbi.nlm.nih.gov/pubmed/31432604
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6826160
https://dx.doi.org/10.1038/s41582-019-0244-7
https://dx.doi.org/10.1152/physrev.00018.2018
http://www.ncbi.nlm.nih.gov/pubmed/31460832
https://dx.doi.org/10.3390/nu13020690
http://www.ncbi.nlm.nih.gov/pubmed/33669988
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7924846
https://dx.doi.org/10.1093/ajcn/nqaa254
http://www.ncbi.nlm.nih.gov/pubmed/32936872
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7727488
https://dx.doi.org/10.4103/bc.bc_34_19
http://www.ncbi.nlm.nih.gov/pubmed/31620659
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6785944
https://dx.doi.org/10.1038/s41575-020-0350-4
http://www.ncbi.nlm.nih.gov/pubmed/32843743
https://dx.doi.org/10.1038/s41591-019-0504-5
https://dx.doi.org/10.1038/s43587-021-00093-9
https://dx.doi.org/10.1186/s40168-022-01243-w
https://dx.doi.org/10.1186/s40168-020-00914-w
http://www.ncbi.nlm.nih.gov/pubmed/33004079
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7532115
https://dx.doi.org/10.1007/s12603-020-1379-3
https://dx.doi.org/10.7717/peerj.12293
http://www.ncbi.nlm.nih.gov/pubmed/34721980
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8542369
https://dx.doi.org/10.1007/s00253-022-12089-5
http://www.ncbi.nlm.nih.gov/pubmed/35882675
https://dx.doi.org/10.1038/nrgastro.2016.98
http://www.ncbi.nlm.nih.gov/pubmed/27329806
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5909819
https://dx.doi.org/10.1016/j.cgh.2018.09.028
http://www.ncbi.nlm.nih.gov/pubmed/30267869
https://dx.doi.org/10.3390/nu13124550
http://www.ncbi.nlm.nih.gov/pubmed/34960102
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8705837
https://dx.doi.org/10.3390/antiox11020268
http://www.ncbi.nlm.nih.gov/pubmed/35204151
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8868178
https://dx.doi.org/10.1038/s43587-021-00129-0
https://dx.doi.org/10.1038/s42003-022-04031-2
http://www.ncbi.nlm.nih.gov/pubmed/36302976
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9613993
https://dx.doi.org/10.1161/circresaha.119.316448
http://www.ncbi.nlm.nih.gov/pubmed/32354259
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7415518
https://dx.doi.org/10.14336/ad.2023.0325
http://www.ncbi.nlm.nih.gov/pubmed/37199577
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10676789
https://dx.doi.org/10.1016/j.phrs.2023.106687

Xu et al. Microbiome Res Rep 2024;3:13 | https://dx.doi.org/10.20517/mrr.2023.68 Page 11 of 11

73.

74.

75.

76.

71.

78.

79.

80.

81.
82.

83.

Fu X, Liu Z, Zhu C, Mou H, Kong Q. Nondigestible carbohydrates, butyrate, and butyrate-producing bacteria. Crit Rev Food Sci Nutr
2019;59:S130-52. DOI

Lordan C, Thapa D, Ross RP, Cotter PD. Potential for enriching next-generation health-promoting gut bacteria through prebiotics and
other dietary components. Gut Microbes 2020;11:1-20. DOI PubMed PMC

Lin CW, Chen YT, Ho HH, et al. Impact of the food grade heat-killed probiotic and postbiotic oral lozenges in oral hygiene. Aging
2022;14:2221-38. DOI PubMed PMC

Agagiindiiz D, Kocaadam-Bozkurt B, Bozkurt O, et al. Microbiota alteration and modulation in Alzheimer’s disease by gerobiotics:
the gut-health axis for a good mind. Biomed Pharmacother 2022;153:113430. DOI

Machado-Fragua MD, Fayosse A, Yerramalla MS, et al. Association of metabolic syndrome with incident dementia: role of number
and age at measurement of components in a 28-year follow-up of the whitehall II cohort study. Diabetes Care 2022;45:2127-35. DOI

PubMed PMC

Ham DJ, Borsch A, Chojnowska K, et al. Distinct and additive effects of calorie restriction and rapamycin in aging skeletal muscle.
Nat Commun 2022;13:2025. DOI PubMed PMC

Kim DH, Bang E, Jung HJ, et al. Anti-aging effects of calorie restriction (CR) and CR mimetics based on the senoinflammation
concept. Nutrients 2020;12:422. DOI PubMed PMC

Ghosh TS, Shanahan F, O’Toole PW. The gut microbiome as a modulator of healthy ageing. Nat Rev Gastroenterol Hepatol
2022;19:565-84. DOI PubMed PMC

Partridge L, Deelen J, Slagboom PE. Facing up to the global challenges of ageing. Nature 2018;561:45-56. DOI

Asadi Shahmirzadi A, Edgar D, Liao CY, et al. Alpha-ketoglutarate, an endogenous metabolite, extends lifespan and compresses
morbidity in aging mice. Cell Metab 2020;32:447-56.¢6. DOl PubMed PMC

Zhang H, LiJ, Ren J, et al. Single-nucleus transcriptomic landscape of primate hippocampal aging. Protein Cell 2021;12:695-716.

DOI PubMed PMC


https://dx.doi.org/10.1080/10408398.2018.1542587
https://dx.doi.org/10.1080/19490976.2019.1613124
http://www.ncbi.nlm.nih.gov/pubmed/31116628
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6973326
https://dx.doi.org/10.18632/aging.203923
http://www.ncbi.nlm.nih.gov/pubmed/35236778
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8954981
https://dx.doi.org/10.1016/j.biopha.2022.113430
https://dx.doi.org/10.2337/dc22-0206
http://www.ncbi.nlm.nih.gov/pubmed/35819815
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9472484
https://dx.doi.org/10.1038/s41467-022-29714-6
http://www.ncbi.nlm.nih.gov/pubmed/35440545
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9018781
https://dx.doi.org/10.3390/nu12020422
http://www.ncbi.nlm.nih.gov/pubmed/32041168
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7071238
https://dx.doi.org/10.1038/s41575-022-00605-x
http://www.ncbi.nlm.nih.gov/pubmed/35468952
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9035980
https://dx.doi.org/10.1038/s41586-018-0457-8
https://dx.doi.org/10.1016/j.cmet.2020.08.004
http://www.ncbi.nlm.nih.gov/pubmed/32877690
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8508957
https://dx.doi.org/10.1007/s13238-021-00852-9
http://www.ncbi.nlm.nih.gov/pubmed/34052996
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8403220

