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Abstract

The gut microbiota greatly influences host physiology, including immune regulation,
metabolic balance, and brain health. Aging is associated with alterations in the gut micro-
biome, including reduced microbial diversity and increased pro-inflammatory bacteria,
which are linked to age-related decline and chronic diseases. This review examines the
impact of the gut microbiota on key indicators of aging, including cellular senescence, mi-
tochondrial dysfunction, alterations in gene expression, and immune system modifications.
It also examines microbiome-related diseases associated with aging, including neurodegen-
eration, cardiovascular issues, metabolic syndrome, and frailty. Additionally, it highlights
evidence-based methods to restore a youthful microbial profile. New findings suggest
that certain microbial substances, including short-chain fatty acids, urolithins, and bile
acids, play a role in regulating inflammation, maintaining barrier integrity, and influencing
metabolism. Age-related diseases are often associated with molecular pathways driven by
an imbalance in the gut microbiome. Various intervention strategies, from dietary changes
and probiotics to personalized nutrition and fecal microbiota transplantation, have shown
promise in reversing signs of microbial aging and improving health outcomes in both lab
and human studies. Overall, the gut microbiome serves as both a marker and a regulator
of healthy aging. Treatments that restore microbial balance offer hopeful ways to extend
healthy living. Future studies should focus on developing long-term, multifaceted, and
personalized methods to identify causal pathways and enhance microbiota-based strategies
for various aging populations.

Keywords: gut microbiota; healthy aging; microbial dysbiosis; short-chain fatty acids (SC-
FAs); inflammaging; cellular senescence; mitochondrial dysfunction; epigenetic regulation;
fecal microbiota transplantation (FMT); microbiome-based interventions

1. Introduction

The global population is aging at an unprecedented rate, with those aged 60 and
above expected to exceed 2 billion by 2050 [1]. While this reflects remarkable advances
in medicine and public health, it also presents complex challenges. Aging often leads to
a gradual decline in physical and cognitive function, increased susceptibility to chronic
illnesses, and a heightened risk of frailty and multimorbidity [2,3]. Yet, not all aging follows
the same trajectory. The concept of “healthy aging” has shifted focus from merely extending
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lifespan to enhancing health span—the period of life spent in good health and functional
independence [4].

In recent years, gut microbiota has emerged as a potent modulator of aging
processes [5]. This vast ecosystem, comprising bacteria, archaea, fungi, viruses, and pro-
tozoa, plays a central role in human physiology [6]. It influences nutrient metabolism,
immune regulation, epithelial barrier integrity, and even brain function [7,8]. Aging is
typically accompanied by notable shifts in microbial composition and function, often driven
by factors such as diet, medication use, changes in the immune system, and comorbid
conditions [9]. A typical pattern includes reduced microbial diversity, loss of benefi-
cial taxa such as Bifidobacterium and Akkermansia, and enrichment of pro-inflammatory
microbes [10]. These microbial changes are increasingly linked to a phenomenon known
as “inflammaging”, a state of persistent low-grade inflammation that underlies many
age-related conditions [11]. Meta-analyses involving over 21,000 individuals found that
overall diversity does not always predict healthy aging; instead, the emergence of unique,
individualized microbial profiles—reflected in metrics like Kendall uniqueness—may be
more informative [12].

Notably, centenarians often display microbial patterns enriched in butyrate-producing
bacteria (Ruthenibacterium lactatiformans, Intestinimonas butyriciproducens, Butyricimonas
virosa, Eubacterium ramulus, and Bacteroides fragilis) [13]. This suggests that specific microbial
configurations may confer resilience and delay the onset of aging-related decline.

The gut microbiota exerts its effects through several biological mechanisms. It pro-
duces short-chain fatty acids (SCFAs), such as butyrate and acetate, which enhance gut
barrier function, reduce inflammation [14]. On the other hand, dysbiosis may lead to the
production of harmful compounds, such as trimethylamine N-oxide (TMAO) and pheny-
lacetic acid, which lead to the development of cardiovascular and neurological diseases [15].
Microbial metabolites also influence the gut-brain axis, modulating blood-brain barrier
integrity and neuroinflammation, and potentially playing roles in conditions such as
Alzheimer’s and Parkinson’s [16].

Immune regulation is particularly relevant in later life. As immune function
declines—a process known as immunosenescence—the microbiota helps modulate T-
regulatory cells and cytokine production, potentially delaying immune aging [17]. Addi-
tionally, early-life microbial acquisition, particularly through vaginal birth and breastfeed-
ing, lays the foundation for lifelong health, as illustrated in Figure 1 [18].

An emerging body of research supports the use of microbiome-based interventions,
including fiber-rich diets, probiotics, postbiotics, and fecal microbiota transplantation
(FMT) [19]. Lifestyle factors, such as physical activity and reduced stress, also display bene-
ficial effects [20]. However, in older adults—especially those in institutional care—unmet
needs such as poor nutrition or social isolation may intensify microbial decline and health
deterioration [21], as illustrated in Figure 1.



Gastrointest. Disord. 2025, 7, 68

3 of 37

' Microbiome Across Different Life Stages

Vaginal birth = Bacteroides, Mediterranean/polyphenol-rich diet > £
Lactobacillus prausnitzii, Bifidobacteria, inflammatory
Breastfeeding — Bifidobacterium taxa

infantis, B. breve Life Stages | Active lifestyle > maintains microbial

diversi

Good practices
and associated
microbiota

(sma;( g 01 09)abwiap|0

High-fiber, plant-based diet - =5 Traditional, natural diet (plant-rich,
Faecalibacterium prausnitzi fermented foods) - Akkermansi,
Roseburia, SCFAs ¥ 1 actobacilli, Bifidobacteria
Fermented foods — Lactebacillus, Unfavourable | | Continued mobility/activity —
Bifidobacterium practices and | | diversity, resilience

associated

microbiota

Adulthood(18 to 60 Years ) Early Life (0o 2 years)

(+s1eaf g JsueleUzUBD

Figure 1. Lifespan Dynamics of the Gut Microbiota. This image illustrates the changes in composition
and diversity of the gut microbiota from infancy to old age. Early life is marked by rapid microbial
assembly and increasing diversity, adulthood by relative stability, and older age by reduced diversity
and a shift toward pro-inflammatory taxa, all of which influence health outcomes.

2. Microbiome Dynamics Across the Lifespan

The human gut microbiome is not static—it is a highly dynamic and responsive
ecosystem that evolves across the lifespan. From birth to the later decades of life, the gut
microbiota continuously adapts to shifts in host biology, environment, diet, and lifestyle,
as illustrated in Figure 1. Understanding how the gut microbiome develops, stabilizes,
and transforms over time is crucial for revealing its role in both maintaining health and
age-related disease risk.

2.1. Early Life and Microbiome Assembly

Our microbial life begins at birth, and early events during this stage have long-
lasting effects on health. The mode of delivery is one of the first key factors shaping
the infant’s gut. Babies born via vaginal delivery are exposed to beneficial maternal
microbes, particularly species such as Lactobacillus and Bacteroides [22]. On the other hand,
infants delivered by cesarean section often acquire skin-associated bacteria, including
Staphylococcus, resulting in reduced microbial diversity [22,23]. Feeding practices further
shape microbial communities—breast milk not only provides essential nutrients but also
delivers beneficial microbes, notably Bifidobacterium [18].

This early colonization is not just about microbial presence—it plays an essential role in
immune training and metabolic programming [24,25]. Factors such as antibiotic exposure,
infection, or malnutrition during infancy can disrupt microbiota development, setting
the stage for increased susceptibility to chronic diseases, including allergies, metabolic
disorders, and autoimmune conditions, later in life [26].

By the age of 2 to 3 years, the gut microbiome typically matures into a more stable,
adult-like structure. At this point, diversity increases and is known to support gut barrier
integrity and regulate inflammation [27].

2.2. Microbiome Stability in Adulthood

Once mature, the adult microbiome tends to be relatively stable under normal
conditions, acting as a metabolic and immunological ally. The dominant bacterial
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phyla—Firmicutes and Bacteroidetes—maintain a balance that reflects long-term dietary
and lifestyle patterns [28]. A fiber-rich, plant-based diet helps sustain SCFA-producing
bacteria, while high-fat, low-fiber diets may disrupt this equilibrium [29].

In adulthood, the gut microbiota supports a wide range of physiological functions,
including nutrient absorption, antimicrobial protection, and immune modulation [7].
However, stability does not mean rigidity. The microbiota remains sensitive to exter-
nal disruptions—stress, illness, antibiotic use, and abrupt dietary changes can lead to
dysbiosis. Fortunately, a well-resilient gut ecosystem, backed by microbial redundancy and
immune competence, can often recover [30].

2.3. Microbial Shifts in Older Age

Aging leads to physiological changes that alter the intestinal environment, including
reduced gut motility, increased intestinal permeability, altered bile acid profiles, and a
weakened immune system. These changes, in turn, affect the composition and function of
the gut microbiota [31].

Older adults commonly exhibit a decline in microbial diversity, accompanied by a
loss of beneficial genera, such as Bifidobacterium and Faecalibacterium, and an increase in
potentially harmful taxa such as Enterobacteriaceae [32]. This shift might contribute to
low-grade chronic inflammation—or “inflammaging”—which has been linked to frailty,
metabolic disorders, and cognitive decline [32].

Another notable age-related shift is the reduction in SCFA production [33]. SCFAs,
such as butyrate, are essential for maintaining gut barrier integrity and regulating immune
responses [34]. A decrease in their availability can compromise gut function and lead to
increased systemic exposure to microbial toxins [35,36].

It is essential to recognize that these changes are highly individual [37]. Factors
such as diet, medication, underlying health conditions, and even living arrangements
(e.g., institutional care) can either accelerate or moderate microbial decline [38]. This
variability highlights the potential for modifiable lifestyle and clinical interventions to
support microbial health in the aging population [39].

2.4. Centenarians and Microbial Resilience

Centenarians represent an exceptional model of successful aging. Despite their ad-
vanced age, many retain functional independence and demonstrate unique gut microbial
profiles. Their microbiomes are often enriched in groups such as Akkermansiaceae, Lacto-
bacillaceae, and Christensenellaceae [40], which are associated with maintaining metabolic
balance, regulating the immune system, and exhibiting anti-inflammatory activity [41].

These findings suggest that microbial deterioration with age is not an inevitable
process. Instead, specific microbial configurations may actively contribute to resilience
and longevity, supporting the idea that promoting a healthy gut microbiota could enhance
quality of life in later years [41].

2.5. Insights from Longitudinal Animal Models

Animal models, especially those observed in the wild, offer additional insights. For
instance, a long-term study of wild Seychelles warblers revealed that microbial diversity
and composition remained largely stable across the adult lifespan [42]. This contrasts
with findings in humans and laboratory animals, suggesting that lifestyle factors—such as
diet, physical activity, and exposure to environmental microbes—may play a larger role in
shaping the gut microbiome than chronological age alone [39].

These observations suggest that age-related microbial decline may be, to a large
extent, a consequence of modern living conditions—such as processed diets, reduced
environmental exposure, sedentary behavior, and medical interventions—rather than age
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itself. This raises the possibility that microbiome health in older adults could be preserved
or even improved through targeted lifestyle and environmental modifications [43].

3. Microbiome-Hallmarks of Aging Interface

The aging process is characterized by progressive physiological deterioration, driven
by complex interactions among genetic, metabolic, immunological, and environmental
factors. Among the key drivers of this process are the nine hallmarks of aging originally
proposed by Lopez-Otin et al., which have since been expanded to include additional
mechanisms such as inflammaging, impaired mitophagy, and gut microbial dysbiosis.
Recent research increasingly highlights the gut microbiome as a critical modulator of many
of these hallmarks. These multifaceted interactions are illustrated in Figure 2, which maps
key microbial metabolites—such as SCFAs and bile acids—to the major hallmarks of aging,
including senescence, mitochondrial dysfunction, and inflammaging (38). As such, the
microbiome is not only considered an additional hallmark of aging but also an upstream
regulator influencing several canonical aging pathways [44].
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Figure 2. Microbiome-Hallmarks of Aging Interface. A schematic overview showing how gut
microbial metabolites (such as short-chain fatty acids and bile acids) interact with key hallmarks
of aging—including cellular senescence, mitochondrial dysfunction, inflammaging, and epigenetic
regulation—thereby modulating the aging process and susceptibility to age-related diseases.

As illustrated in Figure 2, the bidirectional interactions between host physiology
and the gut microbiota involve several mechanisms. These interactions are mediated
through microbial metabolites, including SCFAs, polyamines, bile acids, and neuroactive
compounds, which can influence gene expression, inflammation, mitochondrial health, and
neuronal function [45]. Disruptions in microbiota composition with age—characterized by
reduced diversity and overrepresentation of pro-inflammatory taxa—are linked to systemic
dysfunction across these biological axes [46].

These microbial influences are particularly relevant in the context of age-related dis-
eases such as Alzheimer’s, Parkinson’s, colorectal cancer, and metabolic syndrome [47],
where dysbiosis contributes to disease progression via mechanisms including epi-
genetic dysregulation, increased gut permeability, mitochondrial dysfunction, and
neuroinflammation [47,48].

This section examines how gut microbiota interfaces with five critical mechanisms of
aging—senescence, mitophagy, inflammaging, epigenetic regulation, and neurocognitive
decline—highlighting the microbial drivers and modulators of these pathways.
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3.1. Senescence and SASP Modulation
3.1.1. Cellular Senescence and Its Role in Aging

As we age, our cells accumulate stress from environmental insults, DNA damage, and
internal wear and tear. One typical cellular response to such stress is senescence—a state
where cells stop dividing but remain metabolically active. While this process is protective in
the short term, persistent senescence can become harmful. Senescent cells begin to secrete
a mix of pro-inflammatory signals, enzymes, and growth factors collectively known as
the senescence-associated secretory phenotype (SASP). This inflammatory environment
disrupts tissue structure, promotes chronic inflammation, and fuels the progression of
aging-related diseases [49].

3.1.2. Gut Microbiome Changes in Aging and Their Impact on Senescence

Recent evidence highlights a surprising but critical player in this process: the gut mi-
crobiome. In aging individuals, gut microbial diversity typically declines, beneficial SCFA-
producing bacteria decrease, and inflammatory taxa, such as Enterobacteriaceae, increase [50].
These changes do not just reflect the aging process—they actively influence senescence and
SASP pathways through direct molecular signaling [51].

3.1.3. Molecular Pathways Regulating SASP

At the heart of SASP regulation are transcription factors like Nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-«B), CCAAT/Enhancer Binding Protein beta
(C/EBP), and GATA binding protein 4 (GATA4), which are activated by persistent DNA
damage responses [52]. Age-associated mitochondrial dysfunction, often linked to gut dys-
biosis, amplifies these stress signals, leading to overactivation of the p38 mitogen-activated
protein kinase (p38 MAPK) and mammalian target of rapamycin (mTOR) pathways that
drive SASP expression [53,54].

3.1.4. Microbial Metabolites Modulating SASP

Crucially, microbiota-derived metabolites influence these pathways. Butyrate, a
key SCFA produced during fiber fermentation, acts as a histone deacetylase inhibitor
(HDAC:) [55]. It suppresses NF-kB activation and reduces SASP-related gene expression,
and thus, this might help maintain a balanced inflammatory tone in aging tissues [56]. On
the other hand, harmful microbial components, such as lipopolysaccharide (LPS), can leak
from the gut during dysbiosis, activating Toll-like receptor 4 (TLR4) receptors on host cells
and triggering SASP-like inflammatory responses even in otherwise healthy cells [57,58].

3.1.5. Cyclic GMP-AMP Synthase (cGAS)-Stimulator of Interferon Genes (STING) Pathway
and Microbiome-Linked Inflammation

Another link is the cGAS-STING pathway, a cellular defense mechanism that detects
misplaced DNA in the cytoplasm. In senescent cells, this includes chromatin fragments and
even leaked mitochondrial DNA [59,60]. When cGAS binds these fragments, it activates
STING, initiating interferon production and thereby intensifying SASP signaling [60,61].
Gut-derived mitochondrial stress and inflammation further amplify this cascade [62].

3.1.6. Microbiome Influence on Cellular Metabolism and Nicotinamide Adenine
Dinucleotide (NAD*) Pathway

The microbiome also plays a role in cellular metabolism, primarily through the NAD*-
pathway [63]. NAD™ levels decline with age, impairing the activity of sirtuins [64], which
represses typical senescence by stabilizing mitochondrial health and regulating p53/p21
signaling [65]. Microbial balance influences the availability of NAD* precursors [63],
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and enzymes like extracellular Nicotinamide Phosphoribosyltransferase (eNAMPT)—a
component of SASP—are affected by microbial metabolites [66].

3.1.7. Tissue-Specific Effects of Senescence and Microbiome Dysbiosis

The real-world effects of these changes are visible in tissue-specific outcomes. In
aging bone, for example, senescent osteoblasts secrete Interleukin-6 (IL-6) and Transform-
ing Growth Factor-beta (TGF-f3), tipping the balance toward bone loss [67]. Dysbiotic
microbiota exacerbate this by impairing calcium metabolism and promoting systemic
inflammation [67,68].

3.1.8. Immune Clearance of Senescent Cells and Microbiome Impact

Complicating matters, the immune system, which is responsible for clearing
senescent cells, becomes less effective with age [69]. Natural killer (NK) cells and
macrophages, which usually eliminate damaged or senescent cells [70], lose potency in
aged individuals—especially under the influence of gut dysbiosis, which alters immune
tone and reduces cytotoxic activity [70,71].

3.1.9. Senescence, Microbiome, and Cancer Risk

Senescent cells, when not cleared, accumulate and can even contribute to tumor
formation [72]. A striking example is obesity-related dysbiosis, where microbial metabolites,
such as deoxycholic acid, drive the production of SASP cytokines in liver tissue, promoting
hepatocarcinogenesis [73].

3.1.10. Epigenetic Regulation of SASP by Microbial Signals

Epigenetic regulation further complicates the picture. Proteins such as high mobility
group (HMG) proteins, including HMGB2 and HMGAL1, influence the accessibility of
SASP gene regions on chromatin. Their activity is sensitive to microbial signals such as
butyrate and polyamines, linking the gut microbiota to long-term transcriptional control of
senescence pathways [74].

3.1.11. Therapeutic Potential of Microbiome Modulation

Encouragingly, interventions that restore a healthy microbiota show potential for miti-
gating senescence and SASP [51]. Probiotics, prebiotics, and even FMT have been shown to
reduce pro-inflammatory cytokines like IL-6 and Tumor Necrosis Factor Alpha (TNF-w)
and improve tissue regeneration by rebalancing microbial communities and increasing
SCFA levels [75].

3.2. Mitochondrial Health and Mitophagy
3.2.1. Mitochondrial Decline and Its Impact on Aging

Mitochondria are central to cellular health, acting as the cell’s energy hubs and regula-
tors of metabolism, apoptosis, and oxidative stress [76]. As we age, mitochondrial function
naturally declines—an issue compounded by reduced turnover of damaged mitochon-
dria. This inefficiency is closely linked to age-related dysfunctions in the muscle, brain,
and immune systems [77]. A key quality-control process, mitophagy, which eliminates
defective mitochondria, is essential for maintaining mitochondrial integrity and cellular
homeostasis [78]. And now, compelling research is uncovering the gut microbiome’s role
in regulating this process—linking gut health to mitochondrial resilience [79].



Gastrointest. Disord. 2025, 7, 68

8 of 37

3.2.2. Mechanisms of Mitophagy: The PTEN-Induced Kinase 1 (PINK1)-Parkin Pathway
and Beyond

Mitophagy is primarily orchestrated through the PINK1-Parkin pathway [80]. Under
healthy conditions, PINK1 is imported and degraded within the mitochondria. But when a
mitochondrion is damaged, its membrane potential drops, leading to PINK1 accumulation
on its surface. This signals Parkin, an E3 ubiquitin ligase, to tag outer mitochondrial
membrane proteins for degradation, thereby triggering the recruitment of autophagosomes
and mitochondrial clearance [81,82]. Additionally, Parkin-independent mitophagy also
occurs via receptors such as BNIP3, NIX, and FUNDC1, which interact directly with the
autophagic machinery [83].

3.2.3. Microbial Metabolites Enhancing Mitophagy

Significantly, this entire quality control process is influenced by microbial metabolites.
For instance, SCFAs, particularly butyrate, are known to stimulate mitophagy by upregulat-
ing genes involved in autophagy and mitochondrial biogenesis, mainly through the Peroxi-
some Proliferator-activated Receptor Gamma Coactivator 1 Alpha (PGC-1«)-Silent Infor-
mation Regulator 1 (SIRT1) signaling axis [84,85]. SCFAs also help balance NAD"/NADH
levels, which are essential for activating sirtuins, thereby regulating mitochondrial turnover
and longevity [63].

3.2.4. Gut Dysbiosis, Inflammation, and Impaired Mitophagy

On the other hand, gut dysbiosis has the opposite effect. A disrupted microbial
community often leads to an overproduction of LPS, an endotoxin that compromises
mitophagy by activating the NOD-like receptor (NLR) [86]. This increases mitochondrial
reactive oxygen species (ROS), damages mitochondrial DNA, and inhibits mitophagic
efficiency [87]. When this cycle becomes chronic, it contributes to the development of
inflammaging and systemic mitochondrial decline [86-88].

3.2.5. Mitophagy Decline in Age-Related Muscle Wasting and Exercise Benefits

In tissues such as skeletal muscle, aging reduces the expression of mitophagy regu-
lators, including PINK1, Parkin, and LC3, which contributes to sarcopenia, a condition
characterized by age-related muscle wasting [89]. Exercise, especially endurance training,
reverses this by increasing mitochondrial turnover, improving metabolic health, and also
shifting the gut microbiome toward species that produce SCFAs [90].

3.2.6. Dietary and Pharmacological Modulation of Mitophagy

Dietary components and their interaction with the microbiome further influence
mitophagy [91]. Urolithin A, a gut-derived metabolite from ellagitannins, enhances
mitophagy and mitochondrial function by activating the AMP-activated protein ki-
nase (AMPK) and Peroxisome proliferator-activated receptor-y coactivator-1oc (PGC-1c)
pathway- (AMPK-PGC-1«x) pathway [92]. However, only specific bacteria can convert
ellagitannins into bioactive urolithins, meaning individual microbiota composition deter-
mines therapeutic benefit [93]. Likewise, drugs such as metformin have been found to
enhance mitophagy in human immune cells by increasing Parkin and Lysosome-Associated
Membrane Protein (LAMP2) expression [94]. Caloric restriction, another proven longevity
strategy, also induces mitophagy [95].

3.2.7. Mitophagy and Neurodegenerative Diseases

In the nervous system, impaired mitophagy is strongly associated with neurodegener-
ative diseases like Alzheimer’s and Parkinson’s [96]. In aged brain tissues, accumulation
of phosphorylated ubiquitin indicates stalled mitophagy [97]. AD patients often exhibit
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reduced expression of genes such as Autophagy-Related Gene (ATG5), Parkin, and Unc-51-
like Autophagy-Activating Kinase (ULK1) [98], suggesting a breakdown in mitochondrial
maintenance and function. Gut dysbiosis further exacerbates this by reducing SCFA pro-
duction and increasing the output of neuroinflammatory mediators [99].

3.2.8. Cardiac Mitophagy and Microbiome Interventions

In the heart, mitophagy regulates mitochondrial turnover, a process crucial for
cardioprotection [100]. Mice lacking PINKT1 or Parkin are more prone to cardiac injury [101].
Notably, probiotic and dietary strategies that restore microbial balance have been shown to
improve AMPK signaling [102], and enhance mitochondrial quality in cardiac tissues [103].

3.2.9. Emerging Non-Canonical Mitophagy Pathways

Emerging research is also shedding light on non-canonical mitophagy. For example,
mitochondrial-derived vesicles (MDVs) help isolate and remove damaged mitochondrial
components [104], and microbial-derived lipid signals, such as oxidized cardiolipin, modu-
late their formation [105]. Another lesser-known pathway, megamitochondria formation,
involves stress-induced mitochondrial fusion followed by internal degradation [106], and
may be influenced by gut-related hypoxic signals.

3.2.10. Mitochondrial Dynamics: Fission, Fusion, and Microbial Influence

Fission and fusion dynamics are critical to mitophagy [107]. Proteins like Dynamin-Related
Protein (DRP1) fragment damaged mitochondria into smaller units for degradation [108], while
Parkin suppresses fusion proteins like Mitofusin 1 and 2 (MFN1/2) to prevent the reinte-
gration of faulty mitochondria [109]. These processes are regulated by AMPK, which is in
turn influenced by microbial activity and metabolite levels [110].

3.2.11. Coordination of Mitophagy and Mitochondrial Biogenesis

Finally, effective mitophagy must be coupled with mitochondrial biogenesis to en-
sure the constant renewal of mitochondrial populations [111]. The AMPK coordinates
this PGC-1a«—NRF1 axis [112], which may suggest a link between microbial health and
mitochondrial rejuvenation.

3.3. Inflammaging and Immune System Rewiring

Aging is often accompanied by a subtle but persistent rise in inflammation—a phe-
nomenon known as inflammaging. Unlike the acute inflammation that helps fight infections
or heal wounds, inflammaging is a chronic, low-grade, and systemic process [113]. It is
characterized by elevated levels of cytokines, such as IL-6, TNF-«, and IL-1f3 [114]. It is
a major contributor to the development of age-related diseases, including Alzheimer’s,
cardiovascular disorders, diabetes, and cancer [114]. While many factors contribute to
this smoldering inflammation, the gut microbiota has emerged as a central orchestrator of
immune remodeling with age [9].

3.3.1. Gut Microbiota and Immune Homeostasis in Youth

In youth, a balanced and diverse gut microbiota helps maintain immune homeostasis
by supporting anti-inflammatory pathways and promoting the development of regulatory T
cells (Tregs) [115]. These effects are primarily mediated by SCFAs, such as butyrate and pro-
pionate, which are produced through microbial fermentation of dietary fibers [116]. These
SCFAs enhance the intestinal barrier, suppress NF-«B activation, and promote mucosal
tolerance [117].
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3.3.2. Age-Related Microbiome Shifts and Gut Barrier Dysfunction

With age, the composition of the gut microbiome shifts. Beneficial bacteria like Bi-
fidobacterium and Faecalibacterium decline, while pro-inflammatory taxa—particularly
from the Proteobacteria and Enterobacteriaceae families—increase [118]. This dysbiosis com-
promises the gut barrier, resulting in increased permeability, commonly referred to as a
“leaky gut” [119]. As a result, bacterial products such as LPS can enter the bloodstream,
where they activate Toll-like receptors (TLRs) and NLRs, triggering immune activation and
perpetuating systemic inflammation [120].

3.3.3. Mucosal Immune Changes and Local-Global Spillover

The intestinal mucosa, the body’s largest immune organ, is among the first to exhibit
age-related immune changes [121]. In older individuals, dendritic cells and macrophages
within the gut shift toward a more pro-inflammatory phenotype. They become less efficient
at sampling antigens and at inducing T regulatory cells (Tregs), thereby tipping the balance
toward inflammation. Over time, this local immune dysregulation spills over into systemic
immune compartments [122,123].

3.3.4. Monocyte and Macrophage Remodeling

Changes in the monocyte and macrophage populations are especially prominent in in-
flammaging [124]. Aging is associated with an expansion of CD14*CD16" monocytes [125],
which produce substantial amounts of IL-6 and TNF-o upon stimulation [126]. These
monocytes are hyper-responsive to bacterial products, such as LPS [127], linking microbial
shifts directly to immune overactivation. Additionally, harmful metabolites such as indoxyl
sulfate and TMAO are produced by dysbiotic microbiota, thereby contributing to vascular
inflammation [128,129].

3.3.5. T Cell Aging, Polyamines, and Microbial Influence

Aging also skews T cell homeostasis, with a decline in naive T cells and an increase in
senescent CD8"CD28™ T cells, which are pro-inflammatory and less effective at immune
surveillance [130]. Gut dysbiosis exacerbates this shift by reducing SCFA levels, which are
essential for thymic function and T cell diversity [131,132]. Moreover, polyamines such
as spermidine, produced by gut microbes, help sustain T cell mitochondrial function and
autophagy; however, their levels decline with age [133,134].

3.3.6. The cGAS-STING Pathway and Amplification of Inflammation

Another pivotal pathway connecting microbial signals to inflammaging is the cGAS—
STING axis [135]. This pathway detects cytosolic DNA, including leaked mitochondrial or
bacterial DNA, and activates type I interferons and inflammatory cytokines [136]. In aging
tissues, impaired mitophagy leads to increased mitochondrial DNA entering the cytoplasm,
which activates the cGAS-STING pathway and amplifies SASP-like responses [137].

3.3.7. Neuroinflammation and the Gut-Brain-Immune Axis

The effects of inflammaging are not confined to the gut. In the brain, aging-associated
microbial shifts correlate with increased microglial activation [138] and higher levels of
IL-1p and TNF-a—hallmarks of neuroinflammation [139]. Animal studies show that trans-
ferring microbiota from young to old mice reduces inflammation and improves cognitive
function and synaptic plasticity by modulating gut permeability [140].

3.3.8. Microbial Extracellular Vesicles (MEVs) and Systemic Inflammation

Another emerging factor is microbial extracellular vesicles (MEVs)—nano-sized pack-
ages secreted by gut microbes. MEVs from healthy microbes promote anti-inflammatory
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signaling and tissue repair [141], while those from dysbiotic communities intensify NF-xB
activation and systemic inflammation [142]. With aging, the balance of MEV types shifts
unfavorably, contributing to immune dysfunction in multiple organs [143].

3.3.9. B Cell Dysfunction and Age-Associated B Cells

B-cell function also deteriorates with age, with reduced antibody diversity and the emer-
gence of age-associated B cells (ABCs), which produce inflammatory cytokines [144,145]. LPS
from the gut microbiota can drive the expansion of these ABCs, further fueling immune
aging [146].

3.3.10. Microbiome-Targeted Interventions to Counter Inflammaging

Encouragingly, interventions that target the gut microbiota can help reverse aspects of
inflammaging [147]. Probiotics and prebiotics restore microbial diversity, increase SCFA
production, and reduce inflammation in both animal models and elderly humans [148].
For instance, supplementation with Lactobacillus plantarum improved gut barrier integrity
and reduced plasma IL-6 levels in aged mice [149], while Bifidobacterium breve enhanced
Treg cell numbers and mucosal immune tolerance [150]. Dietary strategies, such as caloric
restriction and intermittent fasting, also modulate the microbiome in favor of Akkermansia
and SCFA-producing bacteria, leading to reduced systemic inflammation [151]. Likewise,
polyphenols such as resveratrol have anti-inflammatory effects by reshaping the micro-
biome and inhibiting TLR and NLRP3 inflammasome signaling [152].

3.4. Epigenetic and Transcriptomic Regulation
3.4.1. Epigenetics: Beyond the Genetic Code

Aging is not only a story written in our genes but also in how those genes are
expressed—or silenced—over time. This delicate orchestration is managed by epige-
netic mechanisms [153], which involve reversible changes like DNA methylation, histone
modifications, and non-coding RNA regulation [154]. Together, these processes shape the
transcriptomic landscape, guiding how cells respond to internal and external stimuli [153].
Recent evidence shows that the gut microbiome plays a surprising yet crucial role in in-
fluencing these epigenetic pathways, adding a new layer to our understanding of how
environmental signals and microbial metabolites modulate gene expression in aging [155].

3.4.2. Microbial Metabolites and Histone Modification

Among the most influential microbial signals are SCFAs—especially butyrate, ac-
etate, and propionate—produced by gut bacteria during the fermentation of dietary
fibers [156]. Butyrate, in particular, is known to inhibit histone deacetylases (HDACs) [157],
enzymes that normally compact chromatin and suppress gene expression [158]. By block-
ing HDACs, butyrate promotes a more relaxed chromatin structure [157], enhancing the
transcription of genes involved in anti-inflammation, oxidative stress response, and cellular
metabolism [159].

3.4.3. Microbiome Influence on DNA Methylation

These microbial metabolites also influence DNA methylation, another core epigenetic
modification [160]. Bacteria such as F. prausnitzii and Bifidobacterium spp. synthesize
B vitamins, especially B2, B9, and B12, which are essential cofactors in the one-carbon
metabolism pathway [161]. This pathway supplies S-adenosylmethionine (SAM), the
primary methyl donor for DNA methyltransferases (DNMTs) [162]. When microbial
diversity is lost, as often seen in older adults, the availability of these cofactors drops,
leading to global DNA hypomethylation, which contributes to genomic instability and
aberrant gene expression [155,163,164].
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3.4.4. Epigenetic Clocks and Microbial Correlates

One of the best-known biomarkers of aging is the epigenetic clock, which estimates
biological age based on patterns of DNA methylation across the genome [165]. Interestingly,
these patterns are shaped, in part, by gut microbial composition [166]. Studies have found
that beneficial bacteria, such as Subdoligranulum and Erysipelotrichaceae, are linked to slower
epigenetic aging [167], whereas pro-inflammatory microbes, including Christensenellaceae
and Peptococcaceae, accelerate methylation-based aging phenotypes [168].

3.4.5. Pathological Epigenetic Modifications Induced by Dysbiosis

Beyond aging rates, dysbiosis can directly promote pathological epigenetic changes [48,169].
For instance, chronic Helicobacter pylori infection has been shown to increase methyla-
tion of genes in gastric mucosa [170], while uropathogenic Escherichia coli strains induce
methylation alterations in urogenital tissues [171]. Some of these bacteria even produce
nucleomodulins, proteins that mimic host histone modifiers, directly impacting chromatin
architecture [172].

3.4.6. Microbiome and Non-Coding RNA Regulation

Gut microbes also modulate non-coding RNAs, such as microRNAs (miRNAs) and long
non-coding RNAs (IncRNAs), which regulate gene expression post-transcriptionally [173].
Specific microbial signals can alter the expression of host miRNAs linked to inflammation
and aging [174]. Conversely, host-derived fecal miRNAs influence microbial community
composition, creating a feedback loop between the microbiome and the transcriptome [175].

3.4.7. Polyamines and Epigenetic Flexibility

Polyamines, including spermidine, are another group of microbial metabolites with
epigenetic roles [176]. Produced through microbial metabolism of amino acids, polyamines
regulate histone acetylation, support chromatin remodeling, and enhance expression of
stress response genes [177]. Their decline in aging corresponds to a reduction in transcrip-
tional flexibility and impaired cellular repair mechanisms [178].

3.4.8. Microbial Associations with Brain Epigenetics

In aging brains, large-scale methylome analyses have revealed that critical genes
are involved in critical roles during aging and neurodegenerative diseases [179]. These
methylation patterns have been correlated with specific microbial taxa. For example, Murib-
aculaceae abundance has been linked to methylation near ApoE, a key gene in Alzheimer’s
risk [180], while Lachnospiraceae correlates with neuroprotective gene networks [181].

3.4.9. Microbiota Transplantation and Epigenetic Rejuvenation

Animal studies reinforce this connection. In aged mice, microbiota transplantation
from young donors not only improved cognitive function but also reversed several age-
related methylation changes [182]. This rejuvenation was mediated through the restoration
of SCFA levels [182].

3.4.10. Transcriptomic Shifts in Aging and Microbial Modulation

At the transcriptomic level, aging is associated with upregulation of inflammatory
genes [183] and downregulation of DNA repair and autophagy pathways [184]. Dysbiosis
can exacerbate these trends, tipping the balance toward frailty and disease [185]. However,
beneficial microbes can mitigate these effects by promoting anti-inflammatory expression
or by supporting stress resilience mechanisms [186].
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3.4.11. Dietary Polyphenols, Microbiome, and Epigenetic Modulation

Environmental factors also shape both the epigenome and the microbiome. Diets rich
in polyphenols—such as resveratrol and green tea catechins—have been shown to inhibit
DNMTs and HDACs, leading to beneficial epigenetic changes [187]. These effects are often
microbiome-dependent, as microbes convert polyphenols into bioactive forms that can
modulate gene expression in the host [188].

3.4.12. Mitochondrial DNA Epigenetics and Microbial Influence

Interestingly, recent research suggests that epigenetic modifications in mitochondrial
DNA (mtDNA), a lesser explored yet potentially vital aspect of aging, play a role [189].
These mtDNA methylation changes vary with age and neurodegenerative disease, and
may also be modulated by SCFA levels and microbial signals, though this area remains
under active investigation [190,191].

3.5. Neurocognitive Resilience via the Gut—Brain Axis
3.5.1. The Gut-Brain Axis: A Bidirectional Communication Network

The idea that the gut can influence the brain might once have sounded implausible,
but today it is at the heart of one of the most exciting frontiers in aging science. The
gut-brain axis—a bidirectional communication network linking the gut microbiota to
the central nervous system—plays a significant role in shaping cognition, mood, and
emotional regulation [192]. As we age, maintaining neurocognitive resilience, or the brain’s
capacity to resist age-related decline, depends increasingly on the integrity of this gut-brain
connection [193].

3.5.2. Pathways of Microbiome-to-Brain Communication

The gut microbiome communicates with the brain through multiple pathways: neural
(via the vagus nerve), immune (via cytokine signaling), endocrine (via the hypothalamic—
pituitary—adrenal axis, also known as the HPA axis), and metabolic (via microbial
metabolites) [194]. Among the most important of these messengers are SCFAs, such as
butyrate, propionate, and acetate, which are known to cross the blood-brain barrier (BBB)
and modulate neuroinflammation, synaptic plasticity, and neurotransmitter systems [195].

3.5.3. Age-Related Microbial Shifts and Their Impact on Brain Health

In healthy individuals, a balanced gut microbiome helps maintain BBB integrity and
regulates microglial activation, thereby protecting against neurodegenerative processes [196].
However, with aging, the gut ecosystem undergoes significant changes, declining in di-
versity and losing beneficial microbes such as Bifidobacterium and Lactobacillus [197], while
increasing pro-inflammatory taxa, including Proteobacteria [198,199]. These microbial shifts
are associated with reduced SCFA production and increased systemic inflammation, both
of which contribute to cognitive decline [200].

3.5.4. Experimental Evidence from Animal Models

Animal studies have provided compelling evidence of this link. In one model, FMT
from young mice into aged recipients significantly improved performance in cognitive
tasks and reduced markers of hippocampal inflammation [140]. In contrast, FMT from
individuals with major depressive disorder (MDD) induced anxiety-like behaviors and
impaired reward processing in mice [201], suggesting that the microbiome can transfer
neuropsychiatric traits via microbial signaling [202].
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3.5.5. SCFAs and Epigenetic Neuroprotection

SCFAs exert their neuroprotective effects, in part, through epigenetic modulation [203].
For example, butyrate acts as a histone deacetylase inhibitor, enhancing the expression
of brain-derived neurotrophic factor (BDNF)—a critical regulator of synaptic plasticity
and memory [203,204]. In aging and Alzheimer’s disease (AD), lower SCFA levels are
consistently observed, correlating with increased microglial activation and reduced BDNF
signaling [205].

3.5.6. Microbial Metabolites Linked to Neurodegeneration

Beyond SCFAs, other microbial metabolites play darker roles. TMAO and secondary
bile acids have been implicated in AD progression [206]. Elevated TMAO levels in cere-
brospinal fluid are associated with 3-amyloid deposition and tau phosphorylation, hall-
marks of Alzheimer’s pathology [207]. Similarly, increased deoxycholic acid and other bile
acid metabolites have been found in the brains and serum of AD patients, linking dysbiosis
to neurotoxicity [208].

3.5.7. Neural Pathways: Vagus Nerve and HPA Axis

The vagus nerve is a key neural highway connecting the gut to the brain [209]. Certain
probiotics, such as Lactobacillus rhamnosus, can modulate vagal activity and alter GABA
receptor expression, affecting anxiety and mood regulation [210]. Vagal stimulation is
known to enhance neuroplasticity and may contribute to the antidepressant effect observed
with specific microbial strains [211].

Another key player is the HPA axis, which governs the body’s response to stress [212].
Aging, combined with gut dysbiosis, can lead to hyperactivation of the HPA axis, resulting
in elevated corticosterone levels and impaired cognitive resilience [213]. In germ-free
mice, this stress response is exaggerated, but can be normalized through colonization with
beneficial microbial strains [213].

3.5.8. Microbiome Influence on Synaptic Structure and Function

In terms of structure and function, the gut microbiota also influences synaptic
architecture [214]. Resilient animal models have demonstrated increased dendritic spine
density and higher BDNF expression in key brain regions, such as the prefrontal cortex and
hippocampus, effects that are modifiable by gut microbial composition [215]. For instance,
mice receiving microbiota from behaviorally resilient donors exhibited improved cognition
and emotional regulation, alongside healthier neurotransmitter profiles [201].

3.5.9. Electrophysiological and Imaging Evidence

Electrophysiological and imaging studies support this. Altered microbial states have
been linked to shifts in default mode network (DMN) connectivity—an essential brain
network involved in memory and introspection [216]. Probiotic supplementation has also
been shown to affect EEG markers of stress and resilience [217], supporting the idea that
gut microbes influence not only structural changes but also real-time brain function.

3.5.10. Human Clinical Evidence and Cognitive Outcomes

Human clinical data is still evolving but increasingly promising. In elderly adults,
probiotic supplementation with Lactobacillus and Bifidobacterium has been shown to improve
cognitive scores, mood, and metabolic markers [218]. One study showed that older adults
receiving probiotics had better Mini-Mental State Examination (MMSE) scores and reduced
insulin resistance [219]—suggesting improved brain-glucose metabolism, which is vital for
cognitive health.
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3.5.11. Microbial Epigenetics and Future Directions

There is also emerging interest in how microbial signals influence the epigenetic
regulation of cognitive genes. SCFAs, such as butyrate, may modify DNA methylation in
neurons, thereby altering the expression of genes related to learning, memory, and synaptic
integrity [220,221]. Although still in its early stages, these insights suggest that microbial
epigenetics may be a promising future target for interventions aimed at preserving brain
health in the aging population.

4. Age-Related Diseases and Microbial Imbalance

Aging is not simply a matter of accumulating years—it is a complex, systemic trans-
formation influenced by interconnected biological processes, including cellular senescence,
immune dysfunction, oxidative stress, and, more recently, the human microbiome [222]. As
we age, the rich and diverse microbial communities that inhabit our gut begin to shift. This
change, known as microbial dysbiosis, is characterized by a loss of microbial diversity, a
decline in beneficial bacteria, and an increase in harmful pathobionts [223]. These microbial
changes are far from benign—they actively contribute to the development and worsening
of many chronic diseases that disproportionately affect older adults [224].

4.1. Inflammaging and Immune Dysfunction

A dysbiotic microbiome is a key driver of inflammaging—a chronic, low-grade inflam-
matory state that underlies many age-related disorders. As microbial diversity decreases,
the gut barrier becomes compromised, allowing microbial products, such as LPS, to leak
into the bloodstream [225]. These LPS molecules activate TLRs and NF-kB pathways,
triggering widespread systemic inflammation [226]. Compromised mucosal immunity
and epithelial barrier integrity further exacerbate immunosenescence [227], reducing the
body’s ability to defend against infections and increasing vulnerability to autoimmune
disorders [228].

4.2. Neurodegeneration and the Gut—Brain Axis

The gut-brain axis is an essential link between gut health and brain function. In aging,
reductions in microbial taxa such as Bifidobacterium are associated with lower brain-derived
neurotrophic factor (BDNF) levels and increased brain inflammation [229]. Animal studies
demonstrate that FMT from young donors can restore synaptic plasticity and reverse
behavioral impairments in aged mice [202]. Moreover, distinct microbial signatures found
in Alzheimer’s and Parkinson’s disease patients are being explored as early biomarkers of
neurodegeneration [230].

4.3. Metabolic Syndrome and Obesity

Age-related microbial changes are strongly implicated in the development of metabolic
disorders, including obesity, insulin resistance, and type 2 diabetes [231]. The decline of
SCFA-producing microbes impairs glucose regulation [232]. At the same time, the over-
growth of Prevotella and Ruminococcus promotes the synthesis of branched-chain amino
acids (BCAAs), which worsens insulin resistance [233]. Notably, FMT from lean donors has
resulted in transient improvements in insulin sensitivity in individuals with metabolic syn-
drome, highlighting the causal role of the microbiota in maintaining metabolic health [234].

4.4. Cardiovascular Disease

The gut microbiota also influences the aging cardiovascular system. Certain bacteria
metabolize choline and carnitine into trimethylamine, which is converted into TMAO in
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the liver—a compound now known to be pro-atherogenic. Elevated TMAO levels are
associated with increased risk of heart attacks, stroke, and heart failure [235].

4.5. Sarcopenia and Frailty

The age-related decline in muscle mass and strength, known as sarcopenia, may
also be linked to the microbiome. Aging alters gut flora and reduces SCFA levels, which
compromises mitochondrial function in muscle cells [236]. Inflammatory shifts in the
gut also interfere with amino acid absorption and increase the catabolism of these amino
acids [237]. Notably, probiotics such as Lactobacillus acidophilus DDS-1 have been shown to
improve muscle mass and reduce frailty markers in aging models [238].

4.6. Osteopenia and Bone Health

The gut-bone connection is another emerging field. Microbiota influence calcium
absorption, SCFA levels, and immune signaling, all of which are vital for bone health [239].
Dysbiosis leads to increased gut permeability and systemic inflammation, activating osteo-
clasts (bone-resorbing cells) while inhibiting osteoblasts (bone-forming cells), resulting in
osteopenia and osteoporosis [240]. SCFAs like butyrate and propionate play anabolic roles
and are reduced in older adults with fragile bones [241].

4.7. Non-Alcoholic Fatty Liver Disease (NAFLD)

In older people, NAFLD is increasingly understood as a microbiome-mediated
condition [242]. Microbial products crossing a leaky gut barrier reach the liver via the portal
circulation, triggering hepatic inflammation [243,244]. Clinical studies have demonstrated
that FMT can enhance liver function and restore intestinal barrier integrity in patients with
NAFLD [245], highlighting the therapeutic potential of targeting the gut-liver axis.

4.8. Cognitive Impairment and Mood Disorders

The gut microbiome affects the central nervous system through modulation of trypto-
phan metabolism and GABAergic pathways [246]. Older adults with cognitive decline often
have diminished levels of microbes that produce neuroactive metabolites [247]. In aged
rodents, probiotics have been shown to reverse anxiety-like behaviors and restore synap-
tic plasticity [248], further supporting the link between microbial health and emotional
well-being.

4.9. Colorectal and Gastric Cancer

Certain microbes can increase cancer risk by metabolizing bile acids into genotoxins
and producing carcinogenic compounds such as hydrogen sulfide and N-nitrosamines [249].
Fusobacterium nucleatum is frequently found in colorectal tumors, where it enhances cancer
progression by modulating the immune response and activating 3-catenin signaling [250].
Coupled with the decline in aging-related DNA repair, these microbial factors significantly
increase the mutational burden [251].

4.10. Autoimmunity and Immune Regulation

With age, the gut microbiota loses Treg-inducing species, such as Clostridium cluster
XIVa, and accumulates pro-inflammatory taxa [252,253]. This imbalance contributes to
autoimmune diseases such as rheumatoid arthritis, lupus, and multiple sclerosis [254].
SCFAs, such as butyrate, are critical for Treg stability and IL-10 production, both of which
decline in older people, thereby compromising immune tolerance [255].
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4.11. Gut Barrier Dysfunction

One of the most direct impacts of dysbiosis is the erosion of gut barrier integrity [256].
The loss of beneficial microbes, such as A. muciniphila spp. compromises the mucin
layer, leading to microbial translocation and endotoxemia [257]. This breakdown often
precedes or worsens conditions like inflammatory bowel disease (IBD) and metabolic
syndrome [258].

4.12. Chronic Respiratory Disease

The gut-lung axis is another pathway affected by aging and microbial imbalance [259].
Dysbiosis can suppress alveolar macrophages and exacerbate neutrophilic inflammation,
contributing to respiratory conditions such as Chronic Obstructive Pulmonary Disease
(COPD) and increasing vulnerability to pneumonia [260]. SCFA supplementation has been
shown to mitigate lung inflammation in animal models, suggesting potential therapeutic
applications for the future [261].

4.13. Urogenital Infections

Postmenopausal shifts in the vaginal and gut microbiota often lead to recurrent uri-
nary tract infections (UTIs) [262]. The elderly community fosters an environment for
uropathogenic bacteria, such as E. coli [263]. In older adults with gut barrier dysfunction,
these pathogens can more easily migrate and establish infections in the urinary tract [264].

4.14. Diet, Lifestyle, and Microbial Aging

Diet profoundly shapes microbial composition. Fiber- and polyphenol-rich diets
support a diverse, anti-inflammatory microbiota [265], whereas high-fat, processed diets
favor the growth of pathogenic Firmicutes and Proteobacteria, contributing to obesity and
inflammation [266]. Unfortunately, many older adults consume low-fiber diets, which
exacerbates microbial aging and increases the risk of chronic disease [267].

4.15. Longevity and Microbial Profiles

Centenarians offer a blueprint for microbial resilience. Their gut microbiota are of-
ten enriched with SCFA producers and anti-inflammatory taxa, such as Akkermansia and
Bifidobacterium [268]. These microbial configurations are associated with lower inflamma-
tion, better immune profiles, and delayed onset of frailty [269]. Remarkably, FMT from
centenarian donors into aged mice has extended both lifespan and health span [270].

5. Interventions to Promote a Youthful Microbiome

Aging is no longer viewed as an isolated biological process, but rather as a systemic
progression influenced by intricate relationships between host physiology and the gut
microbiome [222]. One of the most striking revelations in recent geroscience is that the
microbial changes occurring in the gastrointestinal tract are not merely consequences
of aging—they may actively drive it [271]. With age, the gut microbiota becomes less
diverse, loses beneficial organisms like Bifidobacterium and Faecalibacterium, and accumulates
potentially harmful taxa [222]. These shifts contribute to chronic inflammation, metabolic
dysregulation, cognitive decline, and immune deterioration [48]. Fortunately, the gut
ecosystem is remarkably plastic. Emerging research suggests that lifestyle, nutrition,
and targeted interventions can reshape the microbiota and restore youthful microbial
patterns—offering a promising route to promote healthy aging [43]. A comprehensive
summary of these intervention strategies and their microbiome-level effects is provided
in Figure 3.
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Figure 3. Interventions Targeting the Aging Microbiome. This figure summarizes evidence-based
interventions—such as dietary fiber, probiotics, and fecal microbiota transplantation—that can restore
microbial diversity and function in older adults, highlighting their potential to promote healthy aging
and extend health span.

5.1. Dietary Strategies to Rejuvenate the Microbiota

Among all interventions, diet is the most potent and modifiable factor influencing
gut microbial composition, as depicted in Figure 3. The nutrients we consume shape
microbial metabolism, dictate the abundance of SCFA-producing bacteria, and modulate
immune responses [272]. Diets rich in fermentable fibers, such as whole grains, legumes,
fruits, and vegetables, enhance the growth of beneficial microbes like A. muciniphila and
F. prausnitzii—both of which are known for their anti-inflammatory effects and role in
maintaining epithelial integrity [273].

The Mediterranean diet has garnered particular attention for its beneficial effects on
the microbiota [274]. High in polyphenols and fiber, this dietary pattern has been associated
with improved microbial diversity and reductions in frailty and systemic inflammation
in older adults [275]. In the landmark Nutrition for Aging (NU-AGE) trial—a one-year
intervention across five European countries—participants who adopted the Mediterranean
diet showed significant improvements in cognitive function, which were linked to microbial
shifts [275].

Furthermore, phytochemicals such as polyphenols and terpenoids act as prebiotics and
microbial substrates [276]. These bioactive compounds promote the growth of beneficial
bacteria while inhibiting the expansion of pathogens [277]. Their fermentation by gut
microbes produces bioactive metabolites, such as urolithins, which have been shown to
reduce inflammation and enhance both muscle and cognitive performance [278].

5.2. Probiotic-Based Interventions

Probiotics—live microorganisms that confer health benefits when administered in
appropriate doses—are another cornerstone of microbiome-based strategies. Strains of
Lactobacillus and Bifidobacterium have been shown to exhibit anti-aging properties in
model organisms [279]. For instance, Lactobacillus gasseri SBT2055 has been shown to
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increase lifespan in Caenorhabditis elegans by enhancing oxidative stress resistance and
boosting innate immunity [280].

In human studies, probiotics have shown promise in improving skin health, reducing
oxidative stress, and mitigating signs of biological aging [148]. Supplementation with
L. casei LC122 and B. longum BL986 has been found to enhance hippocampal neurogenesis
and elevate neurotrophic factors [281].

Clinically, probiotics are being tested for conditions ranging from osteoporosis to
inflammatory bowel disease [282]. In postmenopausal women, supplementation with
L. reuteri ATCC 6475 improved bone mineral density [283], while fermented dairy products
containing probiotics enhanced bone turnover markers in osteoporotic patients [284].

5.3. Personalized Nutrition and Microbiome Configuration

One-size-fits-all nutritional advice often falls short because microbiomes vary signifi-
cantly between individuals. This interindividual variability influences how people respond
to the same foods, particularly in aging populations with complex health profiles [285].
Personalized nutrition, guided by baseline microbial and metabolic profiles, is emerging as
a more precise and effective strategy for promoting health span [286].

Al-driven models that integrate microbiome data with genetics, dietary patterns, and
anthropometric data can predict post-meal glucose responses with remarkable accuracy.
This was demonstrated in a study by Zeevi et al. [287], which laid the foundation for
microbiome-guided nutritional interventions. More recently, microbial signatures were
shown to predict improvements in cardiometabolic health during diet-based trials [288].

For aging adults, tailoring dietary and probiotic interventions to microbiome profiles
holds the potential to delay or prevent age-related diseases [289]. Though still in develop-
ment, this personalized approach is likely to reshape the future of geriatric medicine.

5.4. Exercise and Physical Activity

Physical activity is not just beneficial for muscles; it is also suitable for microbes.
Moderate to vigorous exercise increases the abundance of SCFA-producing bacteria, such
as Lachnospiraceae, Ruminococcaceae, and Bifidobacterium [290]. In older women, increased
physical activity has been associated with improved gut microbial diversity and reduced
risk of sarcopenic obesity [291].

Animal studies further reveal that exercise-induced shifts in the microbiome can
influence muscle metabolism, energy expenditure, and immune modulation [292]. Notably,
endurance athletes have a higher abundance of Veillonella atypica, a bacterium that converts
lactate into propionate, potentially enhancing recovery and performance [293]. These
findings support integrating exercise with microbiome-enhancing dietary strategies to
maximize physiological benefits during aging.

5.5. Drug—-Microbiota Interactions

Elderly individuals often take multiple medications (polypharmacy), which can sig-
nificantly alter the gut microbiome. Common drugs, including metformin, proton-pump
inhibitors, and statins, can reshape microbial communities, sometimes leading to adverse
outcomes [294]. Metformin, however, has been shown to promote A. muciniphila, a bac-
terium linked to improved glucose regulation and metabolic health [295].

Understanding drug-microbiota interactions opens the door to co-administering
probiotics or prebiotics alongside pharmaceuticals. Such combinations may enhance drug
efficacy, reduce side effects, and restore microbial balance in aging populations [296].
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5.6. Fecal Microbiota Transplantation (FMT)

FMT, which involves the transfer of stool from a healthy donor to a recipient with
dysbiosis, is gaining attention beyond its conventional use in treating Clostridioides difficile
infections [297]. In aging models, FMT from young or healthy donors has been shown to
restore microbial diversity, reduce inflammatory markers, and improve overall health span.
Mouse studies using FMT from young animals into progeroid (prematurely aging) models
showed not only improvements in gut integrity and systemic inflammation but also positive
effects on cognitive and muscular function [140,182]. Though human applications remain
limited, FMT represents a promising frontier for rejuvenation therapies, as illustrated
in Figure 3.

5.7. Integration of Al and Wearable Technologies

As microbiome science evolves, technology is accelerating its clinical application.
Machine learning tools now allow researchers to predict biological age using gut microbial
signatures with surprising accuracy [298]. Combined with wearable devices that monitor
sleep, movement, and nutrition, these tools enable dynamic, real-time health assessments.

These integrated platforms could one day provide fully personalized microbiome
care—adjusting diet, activity, and medication in response to microbial trends. However,
they raise ethical concerns regarding data privacy, bias in algorithmic predictions, and
access to digital health tools—all of which must be addressed as the field matures [299].

5.8. Limitations in Microbiome-Based Based Intervention

Growing evidence suggests that gut microbiome-based interventions can mean-
ingfully influence health and aging, though the effects are often subtle and context-
dependent [300]. Probiotic supplementation has shown measurable changes in both mi-
crobial composition and host physiology [301]. In a controlled study, individuals with
attention-deficit/hyperactivity disorder (ADHD) who received Bifidobacterium supple-
ments showed a 1.4-1.6-fold increase in Bifidobacterium levels, along with significant
alterations in dopamine precursor pathways and reduced ventral striatal reactivity during
reward anticipation (t(85) = 2.1, p = 0.038) [302]. Similarly, in a Chinese cohort of 51 un-
treated ADHD children, Faecalibacterium abundance was about 35% lower than in 32 healthy
controls (p < 0.05), and its reduction correlated with more severe symptoms (3 = —0.42,
p = 0.048) [303]. Antibiotic-based modulation also produced behavioral and microbiota
shifts [304]: minocycline treatment reduced depressive-like behavior and increased Lach-
nospiraceae abundance, while decreasing microglial density in the prefrontal cortex [305].
On a population level, findings from the Flemish Gut Flora Project suggest that diet-driven
microbiota changes explain only 5-10% of total variance, indicating that host factors like
age, BMI, and stool consistency play larger roles [306].

However, these interventions have several important limitations. For example, indi-
vidual responses to probiotics or dietary changes vary widely—up to 40-60% of people
show little to no measurable benefit [307]. Most clinical trials are also short-term (typically
under 12 weeks) and lack follow-up to determine whether changes in the gut microbiota
persist over time [308]. Moreover, probiotic benefits depend heavily on strain type and
dosage, and many commercial strains fail to effectively colonize the gut or maintain long-
term presence [309]. Antibiotic-based approaches, while mechanistically informative, risk
disrupting beneficial microbial communities and metabolic networks [310]. Finally, most
studies still rely on single-omics data; moving forward with personalized and longitudinal
approaches, combined with multi-omics integration [311] and standardized methodologies,
is crucial to transform these modest statistical effects into reliable, long-term therapeutic
strategies [312].



Gastrointest. Disord. 2025, 7, 68

21 of 37

6. Research Gaps and Future Directions

Despite the exciting strides made in unraveling the connection between the gut mi-
crobiome and healthy aging, several key gaps continue to limit the application of this
knowledge in real-world clinical and public health settings. A significant limitation of
most existing studies is their design: they are often cross-sectional and lack ethnically
and geographically diverse cohorts, making it difficult to distinguish causation from
correlation [313]. To move forward, we urgently need longitudinal, multi-omic investiga-
tions that integrate not only microbial sequencing but also metabolomics, immune profiling,
and host transcriptomics to capture the dynamic interplay between the gut and aging bi-
ology over time [314]. An integrated schematic of microbiota shifts across lifespan, aging
mechanisms, and potential interventions is depicted in Figure 4.

Gut Microbiota As A Modulator Of healthy Ageing

Infant Adult Older Age
Higher Diversity , Supportive taxa Reduced Diversity ,
Protective taxa, (eg, Increased pro-
(eq. Christensenellaceae, inflammatory taxa
Bifidebacterium ) Akkermansia ) (eg

Proteobacteria )

Mechanism

Cellular senescence ;

Mitochondrial dysfunction ;
Epigenetic regulation ;
Immune rewiring

Figure 4. Gut Microbiota as a Modulator of Healthy Aging. This figure illustrates how age-associated
microbiota shifts—from infancy through older age—contribute to mechanisms of aging, includ-
ing cellular senescence, mitochondrial dysfunction, epigenetic alterations, and immune rewiring.
Intervention strategies, such as dietary modulation, probiotics, prebiotics, and fecal microbiota trans-
plantation, may help restore microbial balance, leading to beneficial effects including the production
of short-chain fatty acids (SCFAs), reduced inflammation, and enhanced immune regulation.

In addition, the current research landscape remains bacteriocentric, often overlook-
ing the broader ecosystem of the gut microbiota. Non-bacterial components—such as
fungi, viruses, and archaea—remain underexplored, despite evidence suggesting they can
significantly influence host immune responses, intestinal barrier function, and systemic
inflammation [315]. Understanding these microbial kingdoms and their crosstalk is crucial
for developing a more holistic model of gut-host interactions.

Mechanistically, while many studies highlight the importance of microbial metabolites—
including SCFAs, bile acids, and polyphenol-derived compounds—the precise ways these
molecules influence host epigenetics, mitochondrial function, and chronic inflammation
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remain only partially understood [316]. Animal models have provided important in-
sights, showing how fecal transplants or dietary modulation can extend lifespan or delay
frailty [317]. However, translating these findings to humans is complicated by interindivid-
ual variability in diet, lifestyle, medication use, and environment.

Medication—microbiota interactions present another overlooked frontier. Older adults
are often exposed to polypharmacy, yet our understanding of how drugs such as metformin,
statins, or proton pump inhibitors affect microbial diversity and function over time remains
limited [318]. These interactions could either enhance or undermine therapeutic effects,
depending on how they shift microbial metabolism or immune tone.

Furthermore, while interventions shown in Figure 3, such as probiotics, prebiotics, and
high-fiber diets, are widely recommended, the evidence base remains fragmented. Clinical
trials vary widely in terms of strain selection, dosage, duration, and outcome measures,
making it difficult to draw firm conclusions [319]. Moreover, an individual’s response to
interventions is heavily influenced by their baseline microbiota, genetic background, and
lifestyle—factors that current general guidelines often overlook [308].

The growing field of personalized microbiome medicine offers a compelling way
forward. Studies using Al-based algorithms have shown that microbiota composition
can predict glycemic responses to specific meals in younger populations [320]. However,
such tools have yet to be validated in older adults, whose microbial profiles and metabolic
responses differ markedly [321].

FMT, a more radical approach, has demonstrated rejuvenating effects in animal models,
including the restoration of immune balance and improvement in cognition [140,182]. Yet,
concerns around regulation, safety, ethics, and donor standardization currently limit its
application in older populations.

Finally, lifestyle factors such as physical activity, sleep quality, and psychosocial well-
being are well known to influence microbiota composition but are rarely integrated into
microbiome intervention studies [322]. This is a critical oversight. To truly promote healthy
aging, future research must adopt a systems biology perspective, blending multi-kingdom
microbial analytics, wearable technology, Al-powered diagnostics, and personalized nutri-
tion. Only through such interdisciplinary integration can we move from understanding to
intervention—and from promise to practice.

Beyond the conceptual and biological challenges explored, researchers in microbiome
and aging studies face a host of practical hurdles that continue to complicate what we can
and cannot discover [271]. The reality is that most of our current understanding comes from
laboratory experiments using cell cultures and animal models—valuable tools, certainly,
but ones that fall short of capturing the intricate reality of the human gut [323].

For example, the cell lines that researchers rely on daily, such as Caco-2 and HT-29.
While these have been workhorses in the field, they present a simplified view of gut
biology [324]. They lack the diverse immune cells that patrol our intestines, the oxygen
gradients that create distinct microbial neighborhoods, and the rich microbial communities
that call our guts home [325,326]. Even when scientists turn to more sophisticated ap-
proaches like 3D organoids and organ-on-chip technologies, they encounter new challenges.
While these cutting-edge models are promising, they often differ from lab to lab, making it
difficult to compare results and build consistent knowledge [327]. This variability might
suggest that what works in one laboratory setting may not translate seamlessly to human
health and disease.

The computational side of microbiome research presents its own set of limitations.
To understand what genes and proteins actually do in gut bacteria, researchers turn to
databases like UniProt, KEGG, and EggNOG [328]. However, these repositories have
significant blind spots. Many gut bacteria remain poorly characterized, leaving researchers
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with incomplete or inconsistent functional predictions [328]. It is like trying to solve a
puzzle with half the pieces missing and no clear picture of what the final image should
look like.

Adding to these challenges, the technical aspects of sequencing and data analysis
introduce their own biases [329]. The process of sorting genetic material into distinct
bacterial “bins” is not always accurate [330], and different research groups often use
different analytical approaches, making it difficult to compare studies meaningfully [331].
Thus, these technical hurdles compound the interpretive challenges.

What becomes clear is that the field desperately needs a more integrated approach—one
that brings together experimental microbiologists working with better human-relevant
models, computational scientists developing more accurate databases and analytical tools,
and clinical researchers conducting long-term studies of real people [332,333]. Future
research efforts should prioritize developing culture systems that better mirror human gut
conditions, improving the computational tools we use to interpret microbial functions, and
expanding long-term human studies that account for the messy realities of human life—our
varied diets, medications, and lifestyles [332,333].

Only by tackling these challenges head-on, through coordinated efforts across disci-
plines, can we move beyond correlation to truly understand how our gut microbes influence
healthy aging. The path forward requires not just better tools and methods, but also the
patience to build knowledge systematically, piece by piece, until we can see the complete
picture of how our microbial partners shape our journey through life.

7. Conclusions

The gut microbiome plays a decisive role in shaping the trajectory of human aging,
influencing inflammation, metabolism, cellular repair, and cognitive health. As we age,
disruptions in this delicate microbial ecosystem can accelerate disease, frailty, and functional
decline. However, targeted interventions—ranging from dietary strategies and probiotics to
personalized nutrition and fecal transplants—hold immense promise in restoring microbial
balance and promoting resilience. With continued investment in mechanistic research,
customized tools, and ethical translational studies, microbiome-based therapies could soon
become a cornerstone of healthy aging strategies for a rapidly graying world.
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