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Abstract 

According to the World Health Organization, the global population over 60 years of age will nearly double by 2050, re-
aching 2.1 billion. This demographic shift has intensified efforts to identify strategies that modulate aging and extend he-
althspan. Once viewed as inevitable, aging is increasingly recognized as a process shaped by cellular senescence, mito-
chondrial dysfunction, and gut microbiota imbalance - pathways that may be amenable to intervention. Senotherapeutics, 
including senolytics and senomorphics, target these mechanisms, while the emerging category of gerobiotics - probiotics, 
prebiotics, and postbiotics designed for older adults offers a complementary approach. Lactic acid bacteria, abundant 
in fermented foods, show promise in promoting healthy aging by enhancing mitochondrial function, regulating immune 
responses, restoring microbial balance, and reducing inflammation and oxidative stress. Although clinical evidence re-
mains limited, preliminary findings support gerobiotics as potential tools for improving metabolic, immune, and cognitive 
functions, underscoring their value in science-based strategies for healthy longevity. (Gerontol Pol 2025; 33; 228-233) doi: 
10.53139/GP.20253323
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Introduction 

By 2050, the number of people aged 60 years and ol-
der is projected to double to nearly 2.1 billion, according 
to the World Health Organization [1]. This profound 
demographic shift has intensified the search for inter-
ventions that can slow or modulate the aging process. 
Increasingly, aging and its associated diseases are be-
ing recognized as pathological conditions rather than 
inevitable outcomes, a perspective that has catalyzed the 
development of anti-aging therapies, innovative dietary 
supplements, and strategies promoting healthy longev-
ity [2]. Central to these efforts is the study of cellular 
senescence, a process in which cells permanently exit 
the cell cycle in response to telomere attrition, DNA 
damage, oxidative stress, or other insults. Although 
senescent cells cease to divide, they remain metaboli-
cally active and release a pro-inflammatory secretome 
known as the senescence-associated secretory phenotype 
(SASP), which disrupts tissue homeostasis and drives 
chronic inflammation [3,4]. Accumulation of senescent 
cells disrupts tissue homeostasis and contributes to age-
related diseases, including cardiovascular disease, diabe-
tes, neurodegeneration, and cancer. These insights have 
catalyzed the emergence of senotherapeutics, a class of 

interventions designed to eliminate senescent cells or 
suppress their harmful secretions [5-10]. In parallel, gro-
wing evidence implicates the gut microbiome in shaping 
immune function, metabolism, cognitive health, and sys-
temic inflammation during aging [11-14]. This recogni-
tion has given rise to the concept of gerobiotics - probio-
tics, prebiotics, and postbiotics specifically selected to 
target fundamental aging processes and support healthy 
longevity [15,16].

Senotherapeutics

Senotherapeutics can be broadly classified into two ca-
tegories:
–	 Senolytics: agents that selectively eliminate senescent 

cells. These include chemotherapeutics such as dasa-
tinib and navitoclax; flavonoids such as fisetin and 
quercetin; and emerging immunotherapies, including 
senolytic vaccines, antibody–drug conjugates, and 
CAR-T cells [6‑9],

–	 Senomorphics (or senostatics): agents that suppress 
SASP factors without killing senescent cells. Exam-
ples include rapamycin, resveratrol, kaempferol, api-
genin, and metformin [5,7,8]. 
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Preclinical studies have shown that senotherapeu-
tics can restore tissue function, extend healthspan, and 
reduce disease burden in animal models. Early clini-
cal studies demonstrate feasibility, but key challenges 
remain: defining biomarkers of efficacy, standardiz-
ing treatment regimens, ensuring safety in multimorbid 
older adults, and identifying optimal drug combinations 
[10]. In addition to pharmacological approaches, natural 
compounds and microbiome-modulating strategies have 
been proposed as indirect senotherapeutics. Evidence 
suggests that phytochemicals and probiotics can attenu-
ate SASP-driven inflammation, reduce oxidative stress, 
and improve mitochondrial function mechanisms that 
overlap with those of canonical senomorphics [16-18].

Gerobiotics: framework and rationale 

The term gerobiotics was introduced to describe mi-
crobiome-based interventions probiotics, prebiotics, 
postbiotics, and synbiotics, specifically designed to pro-
mote healthy aging [17]. Unlike conventional probiotics, 
gerobiotics are defined by their ability to beneficially 
affect fundamental aging processes. Tsai et al. (2021) 
proposed a translational framework for their develop-
ment, consisting of: (i) high-throughput screening in in-
vertebrate models such as Caenorhabditis elegans and 
Drosophila melanogaster; (ii) validation in mammalian 
aging models, particularly mice, and (iii) well-designed 
human clinical trials with standardized aging biomarkers 
[17]. Recent perspectives emphasize that strain specific-
ity, host–diet interactions, and baseline microbiota com-
position are critical determinants of gerobiotic efficacy. 
Mahamud et al. (2025) argue that gerobiotics should be 
evaluated through the lens of the hallmarks of aging, in-
cluding mitochondrial dysfunction, deregulated nutrient 
sensing, and chronic inflammation, while acknowledg-
ing the regulatory, methodological, and ethical challeng-
es of conducting long-term trials in elderly populations 
[16]. 

Mechanistically, gerobiotics appear to influence aging 
through several convergent pathways:
–	 Immune modulation and inflammaging control: re-

storing gut barrier integrity, reducing endotoxemia, 
and dampening NF-κB-driven cytokine cascades,

–	 Mitochondrial and redox homeostasis: enhancing oxi-
dative stress resistance and supporting energy metab-
olism,

–	 Nutrient sensing and metabolic regulation: modulat-
ing AMPK and mTOR pathways, improving insulin 
sensitivity, and influencing IGF-1 signaling [16,17],

–	 Gut–brain axis effects: studies suggest gerobiotics 
may reduce neuroinflammation, improve neurotrans-

mitter balance, and protect against age-related cogni-
tive decline, including in Alzheimer’s disease models 
[18]. 

Together, these mechanisms position gerobiotics as a 
complementary branch of senotherapeutics, with the po-
tential to promote systemic resilience and extend health-
span by targeting both local gut processes and systemic 
aging pathways. 

Evidence for gerobiotics in aging

Invertebrate models

Invertebrate organisms such as the nematode Cae-
norhabditis elegans and the fruit fly Drosophila melano-
gaster are widely used to evaluate the impact of microbi-
al interventions on lifespan and aging-related pathways. 
These models provide cost-effective, high-throughput 
systems that allow rapid screening of probiotic strains 
and elucidation of conserved molecular mechanisms 
[19–21]. For example, Ligilactobacillus murinus CR147 
increased nematode size and lifespan while reducing in-
terleukin-8 production in intestinal epithelial cells [22]. 
Ligilactobacillus salivarius FDB89 extended nematode 
lifespan by nearly 12%, partly by mimicking dietary 
restriction mechanisms [23]. In Drosophila melanogas-
ter, supplementation with Limosilactobacillus reuteri 
extended lifespan by modulating insulin/insulin-like 
growth factor-1 (IGF-1) signaling [24]. These findings 
suggest that gerobiotic effects on evolutionarily con-
served nutrient-sensing and stress-response pathways 
may contribute to longevity promotion. 

Rodent studies

Rodent models provide valuable insights into the 
systemic effects of probiotics and their role in mitigat-
ing hallmark features of aging. Accelerated aging para-
digms, such as the D-galactose model, have been used 
extensively to test lactic acid bacteria (LAB). Levilacto-
bacillus brevis OW38 alleviated inflammation in aged 
mice by reducing lipopolysaccharide levels and inhibit-
ing pro-inflammatory cytokines [25]. Similarly, Limosi-
lactobacillus reuteri BM36301 improved metabolic 
health, reduced weight gain, and enhanced skin and re-
productive parameters in aging mice [26]. Lacticasei-
bacillus paracasei NCC2461 boosted antigen-specific 
immune responses, highlighting the immunomodulatory 
potential of gerobiotics [27]. Studies using D-galactose-
induced oxidative stress models demonstrated that Lac-
tiplantibacillus plantarum strains AR113 and AR501 
enhanced antioxidant enzyme activity via nuclear factor 
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erythroid 2–related factor 2 (Nrf2)-mediated pathways, 
reducing oxidative damage in hepatic tissue [28]. Simi-
larly, Lactiplantibacillus plantarum CCFM10 protected 
against oxidative stress and gut dysbiosis [23]. These 
data collectively support a role for LAB in modulat-
ing oxidative stress, inflammation, mitochondrial func-
tion, and immunity four major axes of aging biology. 
These experimental outcomes are summarized in Table 
I, which highlights representative lactic acid bacteria 
strains and their effects across model organisms. 

Human trials

Building on these preclinical findings (table I), several 
clinical studies have begun to evaluate LAB-based inte-
rventions in older adults. Despite promising preclinical 
data, clinical research on gerobiotics remains limited. 
Nonetheless, several human studies have reported enco-
uraging results. In elderly nursing home residents, conti-
nuous intake of a fermented milk drink containing Lac-
ticaseibacillus casei Shirota reduced fever duration and 
enhanced natural killer (NK) cell activity, accompanied 
by increased levels of the anti-inflammatory cytokine 
interleukin-10 [29]. A randomized, double-blind trial de-
monstrated that Lactiplantibacillus plantarum HY7714 
improved skin hydration, elasticity, and reduced wrinkle 
depth, providing evidence for gerobiotic effects on skin 
aging [30]. Emerging human data also suggest that gut 
microbiota modulation may influence cognitive health 
and resilience in aging. In particular, Ağagündüz et al. 
(2022) highlighted the potential role of gerobiotics in 
Alzheimer’s disease, proposing mechanisms such as re-

duced neuroinflammation, improved neurotransmitter 
metabolism, and strengthened gut–brain axis signaling 
[18]. Although promising, these findings underscore the 
need for large, placebo-controlled trials using standardi-
zed biomarkers of aging, such as markers of senescen-
ce, mitochondrial function, and systemic inflammation. 
Mahamud et al. (2025) emphasize that the translational 
success of gerobiotics will depend on rigorous clinical 
validation, regulatory clarity, and precise strain charac-
terization [16]. 

Future perspectives and challenges 

Although gerobiotics represent a promising frontier in 
aging research, their advancement from concept to clini-
cal application faces several obstacles.

1.	 Clinical trial design

Most studies to date rely on invertebrate and rodent 
models, while human trials remain sparse, small in scale, 
and often focused on general health outcomes rather 
than validated biomarkers of aging. Placebo-controlled, 
longitudinal trials in elderly populations are particularly 
challenging because of frailty, comorbidities, and poly-
pharmacy, which can confound results. Mahamud et al. 
(2025) stress the importance of integrating standardized 
biomarkers such as senescence-associated proteins, mi-
tochondrial function markers, and systemic inflamma-
tion indices to reliably assess gerobiotic efficacy [16]. 

Table I. Modulation of Cellular Aging by Lactic Acid Bacteria (examples)

Strain Action Model organism Reference

Ligilactobacillus murinus 
CR147

Reduced interleukin-8 production in Caco-2 
cells; increased lifespan and body size

Caenorhabditis 
elegans

(22)

Ligilactobacillus salivarius 
FDB89

Increased lifespan by 11.9%, mimicking 
dietary restriction

(23)

Limosilactobacillus reuteri Lifespan extension; downregulation of 
insulin/IGF-1 

Drosophila 
melanogaster

(24)

Levilactobacillus brevis 
OW38

Anti-inflammatory effects; reduced 
lipopolysaccharide and cytokine expression

Aging mice (25)

Limosilactobacillus reuteri 
BM36301

Reduced weight gain; increased testosterone 
in males; improved skin in females

(26)

Lacticaseibacillus paracasei 
NCC2461

Enhanced antigen-specific adaptive 
immunity

(27)

Lactiplantibacillus plantarum 
AR113 and AR501 

Improved antioxidant defense via Nrf2 
activation; reduced oxidative liver damage

D-galactose-induced 
aging mice 

(28)

Lactiplantibacillus plantarum  
CCFM 10

Protected against oxidative damage and gut 
dysbiosis

(23)

Lacticaseibacillus casei 
Shirota

Enhanced NK cell activity, increased IL-10, 
reduced fever days

Older adults (29)

Lactiplantiobacillus plantarum 
HY771

Reduced wrinkle depth, improved skin tone, 
elasticity, and hydration

Volunteers (30)
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2.	 Strain specificity and host context

The effects of lactic acid bacteria and other probiot-
ics are highly strain-dependent. Benefits observed in one 
strain cannot be generalized to others within the same 
species. Moreover, efficacy is influenced by host fac-
tors such as diet, genetics, baseline microbiota composi-
tion, and overall health status. This complexity demands 
precise strain characterization and an understanding of 
host–microbe interactions to ensure reproducible out-
comes [16,17].

3.	 Regulatory and manufacturing 
considerations

Gerobiotics occupy a gray zone between dietary sup-
plements, functional foods, and therapeutic agents. Reg-
ulatory frameworks differ across regions, and current 
standards may not adequately address strain-level claims 
or aging-specific indications. Manufacturing challenges 
include maintaining viability and stability of live strains, 
ensuring reproducibility, and developing delivery sys-
tems that preserve functionality in elderly individuals 
with altered gut physiology [16].

4.	 Mechanistic clarity

Although multiple pathways have been proposed 
including modulation of nuclear factor κB (NF-κB), 
mechanistic target of rapamycin (mTOR), AMP-acti-
vated protein kinase (AMPK), and the gut-brain axis de-
finitive mechanistic links remain to be established in hu-
mans. Integrating multi-omics approaches, such as me-
tabolomics, transcriptomics, and microbiome sequenc-
ing, will be critical to uncover how gerobiotics influence 
aging biology at the molecular level. Ağagündüz et al. 
(2022) emphasize that understanding gut–brain signaling 
and neuroinflammation is particularly important in the 
context of Alzheimer’s disease and cognitive aging [18].

5.	 Ethical and practical issues

Long-term gerobiotic supplementation in elderly 
populations raises ethical and logistical concerns. These 
include informed consent in frail participants, safety in 
multimorbid patients, and the risk of over-commercial-
ization of products before sufficient scientific validation. 
The dietary supplement market already capitalizes on 
health trends, and premature claims may undermine sci-
entific credibility [31].

Overall, while preclinical findings are encouraging, 
translating gerobiotics into validated clinical interven-
tions will require carefully designed studies, regulatory 
clarity, and mechanistic insights. Addressing these chal-
lenges will determine whether gerobiotics can transition 
from a theoretical construct to an evidence-based com-
ponent of healthy aging strategies.

Conclusion

Aging, once regarded as an inevitable decline, is now 
recognized as a modifiable biological process shaped 
by conserved cellular and molecular mechanisms. Inte-
rventions targeting cellular senescence senotherapeutics 
have opened new opportunities for delaying age-related 
diseases and extending healthspan. Parallel advances in 
microbiome research have given rise to the concept of 
gerobiotics, defined as probiotics, prebiotics, and post-
biotics selected for their ability to modulate hallmarks of 
aging.

Evidence from invertebrate and rodent models, as 
well as early clinical trials, suggests that specific strains 
of lactic acid bacteria can influence critical pathways of 
aging, including inflammation, oxidative stress, mito-
chondrial function, nutrient sensing, and gut–brain si-
gnaling. Emerging data also point to their potential role 
in protecting against cognitive decline and supporting 
immune function in older adults.

Despite these promising findings, gerobiotics remain 
an emerging field. Translational progress is limited by 
strain specificity, methodological variability, regulatory 
uncertainties, and the lack of standardized aging biomar-
kers in human studies. Addressing these challenges will 
be crucial to establish gerobiotics as validated, evidence-
-based interventions.

In conclusion, gerobiotics represent a promising addi-
tion to the toolbox of geroscience. With rigorous mecha-
nistic studies and carefully designed clinical trials, they 
have the potential to complement pharmacological seno-
therapeutics and contribute to the promotion of healthy 
longevity.
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