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Abstract Aging is associated with cellular and 
physiological changes, which significantly reduce 
the quality of life and increase the risk for disease. 
Geroprotectors improve lifespan and slow the pro-
gression of detrimental aging-related changes such as 
immune system senescence, mitochondrial dysfunc-
tion, and dysregulated nutrient sensing and metabo-
lism. Emerging evidence suggests that gut microbiota 
dysbiosis is a hallmark of aging-related diseases and 
microbiome modulators, such as probiotics (live bac-
teria) or postbiotics (non-viable bacteria/bacterial 
byproducts) may be promising geroprotectors. How-
ever, because they are strain-specific, the geropro-
tective effects of probiotics and postbiotics remain 
poorly understood and understudied. Drosophila 
melanogaster, Caenorhabditis elegans, and rodents 
are well-validated preclinical models for studying 
lifespan and the role of probiotics and/or postbiot-
ics, but each have their limitations, including cost 
and their translation to human aging biology. C. ele-
gans is an excellent model for large-scale screening 
to determine the geroprotective potential of drugs or 

probiotics/postbiotics due to its short lifecycle, easy 
maintenance, low cost, and homology to humans. The 
purpose of this article is to review the geroprotective 
effects of microbiome modulators and their future 
scope, using C. elegans as a model. The proposed 
geroprotective mechanisms of these probiotics and 
postbiotics include delaying immune system senes-
cence, preventing or reducing mitochondrial dysfunc-
tion, and regulating food intake (dietary restriction) 
and metabolism. More studies are warranted to under-
stand the geroprotective potential of probiotics and 
postbiotics, as well as other microbiome modulators, 
like prebiotics and fermented foods, and use them to 
develop effective therapeutics to extend lifespan and 
reduce the risk of debilitating aging-related diseases.
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MAPK  Mitogen-activated protein kinase
MRSA  Methicillin-resistant Staphylococ-

cus aureus
NO  Nitric oxide
OP50  Escherichia coli OP50
QoL  Quality of life
ROS  Reactive oxygen species
SCFA  Short-chain fatty acid
SOD  Superoxide dismutase
TGF-β  Transforming growth factor-β
TLR  Toll-like receptor

Introduction

Aging is defined by cellular, molecular, and physi-
ological changes over time and is the major risk fac-
tor for many chronic and debilitating diseases like 
cancer, diabetes, and neurodegenerative diseases, 
which significantly reduce quality of life (QoL) and 
increase mortality [1, 2]. As the population continues 
to rapidly age, there is a dire need for therapeutics 
to reduce debilitating aging-related changes and the 
risk of disease. Geroprotective agents are primarily 
chosen because of their ability to (1) extend lifespan; 
(2) slow aging progression by reducing changes in 
cellular, molecular, and physiological biomarkers of 
aging; and (3) improve QoL during aging [3, 4]. They 
can impact aging biology by modulating immune 
responses to pathogens, quenching reactive oxygen 
species (ROS) and other mitochondrial byproducts, 
which damage lipids, proteins, and DNA, regulating 
mitochondrial function and stress responses, and reg-
ulating food intake (through dietary restriction [DR]) 
and metabolism [4]. However, the concept of gero-
protection is emerging and we still lack fundamental 
knowledge of the precise molecular and physiologi-
cal changes occurring during aging. As a result, there 
also remains a need to identify safe and effective ger-
oprotectors to slow aging progression.

Our gut microbiota composition changes as we 
age, and emerging evidence suggests that significant 
perturbations in its composition and metabolites (dys-
biosis) are a hallmark of aging-related diseases [5–9]. 
Therefore, maintaining gut microbiome health as we 
age is linked to a longer life, reduced disease risk, and 
improved QoL. The gut microbiome can be easily and 
beneficially modulated by many factors, including a 
fiber-rich diet, probiotics, prebiotics, and fermented 

foods; these changes are functionally stable, making 
the gut microbiome a promising and highly modifi-
able target for reducing aging-related disease burden 
[10]. Probiotics (live bacteria) and postbiotics (benefi-
cial metabolites of probiotics or heat-inactivated bac-
teria) are microbiome modulators that may improve 
gut health and/or reduce the risk of debilitating 
aging-related diseases, and, thus, have geroprotective 
potential [11, 12]. Probiotics confer benefits when 
administered in adequate amounts and their effects 
are strain-specific [11, 13]. They must be (1) non-
pathogenic and safe, (2) able to survive in acidic envi-
ronments like the gut, and (3) be resistant against bile 
salts and enzymes [14]. Although many probiotics 
are also anti-pathogenic (i.e., against enteropathogens 
like Helicobacter pylori and Campylobacter jejuni) 
and have strong resistance against common antibiot-
ics, these qualities are not required to be considered 
a probiotic [15, 16]. Potential benefits of probiotics 
include significant restoration of good bacteria and 
production of beneficial metabolites (i.e., short-chain 
fatty acids [SCFAs] like acetate and butyrate) [15, 
17–19]. Multi-strain probiotics, like VSL#3 and fer-
mented milk, improved obesity and diabetes via gut 
microbiome modulation and the production of SCFAs 
(i.e., butyrate) in animals and humans [20–26]. We 
have recently shown that a human-origin probiotic 
cocktail containing five lactobacilli and five entero-
cocci improved aging-related leaky gut and inflam-
mation in obese mice [27]. Other studies reported the 
beneficial effects of multi-strain probiotics on behav-
ior, inflammation, oxidative stress, and gut microbi-
ome composition in aging mice [28–30] and on the 
microbiome and cognitive functions in humans [31]. 
Compared to probiotics, the geroprotective potential 
of postbiotics is significantly less studied. We recently 
showed that heat-inactivated Lactobacillus paracasei 
D3.5 significantly ameliorated aging-related leaky gut 
and inflammation and restored physical and cogni-
tive deficits in Caenorhabditis elegans and mice [32]. 
However, the anti-aging and geroprotective poten-
tials of probiotics and postbiotics remain elusive and 
require further investigation.

There are multiple preclinical models available to 
study the effects of microbiome modulators on lifes-
pan and geroprotection, including Drosophila mela-
nogaster (fruit flies), C. elegans (nematodes), and 
rodents (mice/rats). The geroprotective effects of 
probiotics have been demonstrated in each of these 



131GeroScience (2024) 46:129–151 

1 3
Vol.: (0123456789)

models, but each model also has limitations, includ-
ing their ability to recapitulate human aging biology 
and feasibility for use in larger-scale screening stud-
ies [33]. In this manuscript, we are focusing on the 
geroprotective effects of probiotics and postbiotics 
in C. elegans, which is a powerful model for large-
scale and high-throughput screening studies due to its 
quick reproducibility and short lifespan (~ 2  weeks), 
low cost, easy maintenance, and close homology to 
humans [33].

According to metagenomic studies, the dauer for-
mation (DAF), p38 mitogen-activated protein kinase 
(MAPK), and c-Jun N-terminal kinase (JNK) path-
ways are central to aging pathology in C. elegans [33, 
34]. Details of these pathways have been described 
elsewhere [33, 35–37] and are largely outside of 
the scope of this review. Briefly, the DAF cascade, 
including the daf-2 insulin-like receptor, daf-16 mas-
ter transcription factor, and several other daf genes, 
is activated in response to nutrient levels, which are 
connected to metabolism, growth, development, and 
behavior, and therefore impacts lifespan [35, 37]. In 
addition, the p38 MAPK pathway affects life- and 
healthspan in C. elegans via innate immune system 
modulation and by conferring resistance to patho-
genic bacteria [36, 38]. The JNK pathway is activated 
in response to several stressors, such as oxidative 
stress, heat, ultraviolet irradiation, and inflamma-
tion [37]. Therefore, targeting these pathways using 
high-throughput screening pipelines may signifi-
cantly contribute to our understanding of geroprotec-
tion and lifespan extension mediated by microbiome 
modulators [39]. According to studies investigating 
host–microbiome interactions in C. elegans, many 
probiotics colonize significantly in the worm gut and 
their signals may modulate the DAF, p38 MAPK, 
JNK, or other pathways by modulating innate immu-
nity (by regulating signaling pathways or producing 
antimicrobial compounds), decreasing cellular stress 
(by reducing ROS through antioxidants or enhancing 
stress resistance), or regulating food intake through 
DR and shifting levels of beneficial metabolites [40, 
41] (Fig. 1). The simplest approach for studying the 
geroprotective potential of microbiome modulators is 
to study lifespan, but other parameters like (1) body 
length, (2) body fat percentage, (3) pharyngeal pump-
ing rate, (4) locomotion, (5) intestinal permeability, 
(6) brood size, and (7) muscle mass are also impor-
tant for evaluating healthspan [42, 43]. Because the 

standard and most common laboratory diet for C. 
elegans is Escherichia coli OP50, with other common 
strains including E. coli K-12, E. coli HT115, and E. 
coli HB101 [44], screening the effects of potential 
probiotics only requires changing the diet [33]. Most 
studies have focused on single strains, such as those 
of genera Lactobacillus, Bifidobacterium, Enterococ-
cus, and Streptococcus. The beneficial metabolites 
and byproducts of probiotics and heat-inactivated 
probiotics (both collectively referred to as postbiotics) 
are also being investigated to determine if bacteria in 
their non-viable form have geroprotective potential.

The purpose of this manuscript is to review the 
studies reporting the anti-aging effects and geropro-
tective potential of probiotics and postbiotics, focus-
ing on their effects and proposed mechanisms in the 
C. elegans model.

Advantages of using C. elegans for large‑scale 
screening studies

D. melanogaster, C. elegans, and rodents are 
well-established and relevant models for studying 
host–microbiome interactions and evaluating the 
potential benefits of probiotics and postbiotics. Sin-
gle- and/or multi-strain combinations of Limosilac-
tobacillus reuteri, Lactobacillus fermentum, Lacto-
bacillus plantarum, Bifidobacterium longum subsp. 
infantis, and Enterococcus faecium significantly 
extended lifespan in D. melanogaster via modula-
tion of insulin-like genes (i.e., dilp-2) and reduction 
of ROS levels [45–47]. Furthermore, multiple bifi-
dobacteria, including Bifidobacterium breve, Bifido-
bacterium animalis, B. longum, and Bifidobacterium 
adolescentis improved lifespan by reducing ROS 
accumulation or increasing expression of antioxidants 
as catalase (CAT, gene name ctl) and superoxide dis-
mutase (SOD, gene name sod) [48, 49]. Despite these 
reports, studying the microbiome in D. melanogaster 
is limited because they have a low microbial diversity 
and high-throughput screening protocols are more 
challenging to implement [33]. Thus, C. elegans has 
emerged as powerful model organism for investigat-
ing host–microbiome interactions in larger-scale 
studies.

C. elegans are also widely used because of 
their low cost, quick development to reproduc-
tive adulthood (2–3  days), relatively short lifespan 
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(2–3 weeks), and easy laboratory maintenance [33]. 
According to 16S rDNA sequencing, the C. elegans 
core microbiome changes depending on its natural 
environment and diet, is considerably species rich, 
and is characterized by many distinct taxa, with 
Proteobacteria and Enterobacteriaceae being the 
most abundant [50–53]. Under laboratory condi-
tions, where C. elegans are most commonly fed E. 
coli OP50, their microbiome is rich in Proteobacte-
ria, Firmicutes, and Actinobacteria (at the phylum 
level)—thus, when their diet is controlled in the 
laboratory setting, it allows us to easily understand 
how different microbes impact their life- and health-
span [54]. These reports highlight the strengths of 
using C. elegans to study host–microbiome interac-
tions and also can recapitulate how introducing spe-
cific microbes can impact host processes in mam-
malian systems and how modulating these pathways 
may have geroprotective effects. Transcriptomic, 

proteomic, metabolomic, and functional analy-
ses are available to use with C. elegans, allowing 
us to understand the molecular changes associated 
with lifespan extension and anti-aging physiology. 
Furthermore, C. elegans studies are the most fea-
sible for large-scale screening studies, especially 
in the context of aging, compared to rodents. In 
the laboratory, mice and rats live 2–3 years and are 
costly, making screening studies in these organisms 
impractical and expensive [33, 55]. Based on these 
advantages in C. elegans and the limitations of 
other organisms, we are focusing on the geroprotec-
tive potential of probiotics and postbiotics using C. 
elegans as a model organism. However, it is impor-
tant to validate the findings from C. elegans screen-
ing experiments in complex mammalian systems to 
better translate the effects of probiotics and/or post-
biotics on the microbiome and disease to humans.

Fig. 1  Supplementing probiotics and postbiotics to C. elegans 
significantly improves lifespan by targeting multiple pathways. 
These include the DAF (insulin-like), p38 MAPK, TLR/TIR, 
TGF-β-like, and JNK pathways, which modulate the innate 
immune system, activate stress responses, and change feeding 

patterns and host metabolism. AMPs, antimicrobial peptides; 
C. elegans, Caenorhabditis elegans; DAF, dauer formation; 
JNK, c-Jun N-terminal kinase; MAPK, mitogen-activated pro-
tein kinase; TGF-β, transforming growth factor-β; TIR, Toll-
interleukin repeat; TLR, Toll-like receptor
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Geroprotective effects of probiotics in C. elegans

Lactobacillus and Bifidobacterium have been studied 
the most as potential geroprotectors, but emerging 
screening studies are demonstrating that other genera, 
including Enterococcus, Streptococcus, and Bacil-
lus, also have geroprotective effects in C. elegans. 
In these studies, geroprotection was assessed based 
on extended lifespan, in comparison to E. coli OP50 
(hereafter referred to as OP50) or E. coli HB101, two 
common laboratory diets for C. elegans, or L. rham-
nosus GG (LGG) as a positive control (due to its 
well-studied probiotic potential and ability to colo-
nize in the C. elegans gut). Other anti-aging markers 
such as increased locomotion, decreased body fat/size 
and pharyngeal pumping, and reduced accumulation 
of ROS, lipofuscin (a product of lipid peroxidation), 
or lipid droplets were also observed in several stud-
ies. Probiotics impact lifespan and worm physiol-
ogy/behaviors by modulating (1) the innate immune 
system, (2) stress responses, and (3) food intake and 
metabolism; many studies report modulation of mul-
tiple or all these systems, demonstrating potential 
multifactorial effects of probiotics. Table  1 summa-
rizes the effects of Lactobacillus and Bifidobacterium 
strains on C. elegans lifespan, while Table 2 summa-
rizes the effects of other genera on the lifespan in C. 
elegans.

Modulation of innate immune system

Immune system impairment occurs during aging, 
leaving us more susceptible to infections, which can 
severely impact QoL and even be lethal. Therefore, 
modulating the immune system is one mechanism 
by which probiotics may improve lifespan and slow 
aging progression. Under Gardnerella vaginalis 
infection, Lactiplantibacillus plantarum P1 improved 
the C. elegans lifespan by 39.7% compared to OP50-
fed controls [56]. Although the mechanism was not 
explored in  vivo, L. plantarum P1 had several char-
acteristics of common probiotics, including tolerance 
to low pH and bactericidal activity, and, because G. 
vaginalis is a potent pathogen and the causative agent 
of bacterial vaginosis, it is inferred that immune sys-
tem modulation had a prominent role in L. plantarum 
P1-mediated geroprotection [56]. While C. elegans 
lack many fundamental immune system mediators 
like nuclear factor kappa B (NFκB) and myeloid 

differentiation primary response 88 (MyD88), other 
evolutionarily conserved pathways including p38 
MAPK, transforming growth factor β (TGF-β)-like, 
insulin-like, and toll-like receptor (TLR) pathways 
are central to their innate immune system [57, 58]. 
An early study reported that feeding with Lactoba-
cillus helveticus, L. plantarum, Lactobacillus rham-
nosus, B. infantis, and B. longum increased worm 
lifespan by 25%, 22%, 33%, 29%, and 17%, respec-
tively, compared to control worms and significantly 
improved resistance to Salmonella enterica serovar 
Enteritidis infection [59]. The mechanisms contrib-
uting to improved lifespan were not investigated, but 
the authors speculated that bacterial cell wall com-
ponents may have modulated DAF or p38 MAPK 
signaling and stimulated the immune system, thus 
enhancing pathogen resistance. These authors later 
reported that B. infantis whole cell and cell wall com-
ponents improved lifespan through pmk-1 (MAPK) 
and skn-1 (skinhead-1), two critical genes in the p38 
MAPK cascade [60]. skn-1 is an ortholog of human 
NF-E2-related factor (nrf-2) and is involved in many 
cellular processes, such as stress response, detoxifi-
cation, lipid metabolism, and immunity [61]. Other 
studies have also confirmed the importance of the p38 
MAPK signaling pathway and its regulators, includ-
ing pmk-1, sek-1 (encodes MAPKK), nsy-1 (encodes 
MAPKKK), and tir-1 (toll-interleukin repeat pro-
tein; contains a toll-like receptor domain), in lifespan 
extension and pathogen resistance. Supplementation 
of Lactobacillus acidophilus NCFM improved resist-
ance to Enterococcus faecalis and Staphylococcus 
aureus infections at least in part via pmk-1 and tir-1 
[62]. NCFM also modulated the β-catenin (BAR-
1) pathway, which is highly conserved in C. elegans 
and integral to Wnt signaling [62]. Lactobacillus 
salivarius (13–7 and Z5), L. plantarum N9, and L. 
plantarum JBC5 feeding significantly upregulated 
the expression of p38 MAPK genes, specifically 
nsy-1, sek-1, and pmk-1 [63, 64]. Deletion of pmk-1 
significantly reduced C. elegans lifespan, even with 
L. fermentum JDFM216 pre-treatment, suggesting 
that pmk-1 (and nuclear hormone receptors, which 
are affected downstream of pmk-1 phosphorylation) 
are central mediators of longevity under exposure 
to food-borne pathogens like S. aureus and E. coli 
O157:H7 [65]. Newly identified Leuconostoc mesen-
teroides (strains C2 and C7) significantly improved 
lifespan and resistance to S. aureus and Pseudomonas 
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aeruginosa; upregulated pmk-1 and hsf-1 (activated 
in response to heat shock) transcripts suggested that 
L. mesenteroides strains enhanced longevity through 
p38 MAPK signaling [66].

Furthermore, the insulin-like pathway, which 
includes the insulin-like receptor (daf-2) and its tran-
scriptional regulator (daf-16) has impacts on lifes-
pan in the context of pathogen exposure and C. ele-
gans innate immunity [35]. Lactobacillus zeae LB1 
impacted daf signaling, as mutants defective in daf-16 
were significantly more susceptible to enterotoxigenic 
E. coli (ETEC) infection [67, 68]. skn-1 mutants were 
more susceptible to S. aureus infection, even after 
feeding with L. plantarum JBC5, indicating at least a 
partial dependence of insulin-like signaling on lifes-
pan extension during infection [64]. Real-time PCR 
also revealed that daf-16, as well as other genes in the 
DAF pathway (skn-1, age-1, or daf-2) were signifi-
cantly upregulated after pre-treatment with L. salivar-
ius (13–7 or Z5) or L. plantarum N9 (under C. jejuni 
infection) [63] or Clostridium butyricum MIYAIRI 
588 (under S. enterica or S. aureus infections) [69].

DBL-1 is a ligand in the TGF-β-like pathway, 
which is anti-inflammatory and contributes to innate 
immunity/antimicrobial activity in C. elegans, and 
there are several sma genes (human smad orthologs) 
activated downstream of DBL-1 [70]. Feeding of 
Lactobacillus spp. Lb21 (containing a mix of Levilac-
tobacillus brevis and Lactiplantibacillus plantarum) 
improved resistance to methicillin-resistant S. aureus 
(MRSA), including clinical isolates, through a dbl-
1 mediated mechanism in the intestine [71]. Mutant 
worms defective in dbl-1 or daf-12 had a shortened 
lifespan under Salmonella typhimurium infection, 
even after treatment with Butyricicoccus pullicae-
corum or Megasphaera elsdenii, indicating a central 
role of dbl-1 signaling and TGF-β [72].

In C. elegans, the sole TLR is encoded by tol-1 and 
worms defective in this gene are highly susceptible to 
Gram-negative pathobionts like S. enterica but are 
more resistant to Gram-positive microbes like E. fae-
calis [73]. Nonetheless, its role in probiotic-mediated 
longevity and geroprotection require further inves-
tigation. Interestingly, tol-1 mutant worms were sig-
nificantly more resistant to E. faecalis and S. aureus 
(both Gram-positive) infections, which was enhanced 
by B. infantis feeding [74]. Innate immunity-related 
genes, such as those encoding lysozyme/inverte-
brate-type lysozymes (lys-3, ilys-2, and ilys-3) were Ta
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Table 2  Beneficial effects of other genera on Caenorhabditis elegans lifespan and proposed mechanism and pathway

Year Species name(s) Effects on C. elegans lifespan Proposed mechanism/pathway Reference

Enterococcus
  2018 E. faecium L11 • ↑ (compared to OP50)

• ↑ after S. typhimurium infection
Mechanism: immune system modu-

lation
Pathways: p38 MAPK, TGF-β, and 

DAF (insulin-like)

[73]

  2021 E. faecalis 12D26
E. faecalis 20D48
E. faecalis 30D36

• ↑ (compared to OP50)
• ↑ resistance to S. aureus infection
• ↑ resistance to E. coli O157:H7 

(20D48 and 30D36 only)

Mechanism: immune system 
modulation

[75]

  2022 E. faecium • ↑ resistance to S. enterica infec-
tion

Mechanism: immune system 
modulation, mediated by HLH-26 
(transcription factor)

Pathway: Wnt/BAR-1

[83]

Weisella
  2015 W. koreensis

W. cibaria
• ↑ (compared to OP50) Mechanism: stress response

Pathways: DAF and JNK
[94]

  2022 W. confusa • ↑ (compared to OP50)
• ↑ resistance to  H2O2-induced 

oxidative stress and S. typhimu-
rium infection

Mechanisms: immune system 
modulation and stress response, 
observed through RNAseq/gene 
expression analyses

[117]

Bacillus
  2015 B. licheniformis 141

B. licheniformis 143
B. licheniformis 147
B. licheniformis 156

• ↑ (compared to OP50 and B. 
subtilis ATCC 6633 controls)

Mechanism: serotonin signaling, 
observed through gene expression 
analyses

[120]

  2017 B. subtilis JH642
B. subtilis NCIB3610
B. subtilis RG4365

• ↑ by 23.5% (JH642), 52.3% 
(NCIB3610), and 59.5% 
(RG4365)

Mechanism: biofilm formation and 
NO production

[122]

  2020 B. subtilis PXN21
B. subtilis JH642
B. subtilis 168
B. subtilis NCIB3610

• ↑ in α-synuclein worms Mechanism: DR, biofilm forma-
tion, and NO production

Pathways: DAF-16 (vegetative 
cells), PHA-4/DR (spores)

[105]

  2020 B. subtilis • ↑ in transgenic worms overex-
pressing Aβ

Mechanism: biofilm formation [123]

Propionibacterium
  2016 P. freudenreichii • ↑ by ~ 13% (compared to controls)

• ↑ resistance to S. typhimurium
Mechanisms: immune system 

modulation, and upregulation of 
antimicrobial genes

Pathways: p38 MAPK, TGF-β, 
DAF (insulin-like)

[74]

Pediococcus
  2018 P. acidilactici DM-9

L. brevis SDL1411
P. pentosaceus SDL1409

• ↑ lifespan
• ↑ resistance against P. aeruginosa 

PA14 infection

Mechanisms: immune system 
modulation, NO production

[81]

  2022 P. acidilactici • ↑ lifespan Mechanisms: immune system 
modulation, stress response, 
changes in metabolism (lipids)

Pathways: p38 MAPK, JNK, DAF 
(insulin-like)

[119]

  2022 P. acidilactici CECT9879 • ↑ lifespan Mechanisms: stress response and 
changes in metabolism (fatty acid 
degradation and synthesis)

Pathway: DAF (insulin-like)

[114]
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Aβ, amyloid beta; BAR-1, β-catenin pathway; B. nematocida, Bacillus nematocida; DAF, dauer formation; DR, dietary restriction; 
E. coli, Escherichia coli; HLH-26, helix-loop-helix 26 transcription factor;  H2O2, hydrogen peroxide; JNK, c-Jun N-terminal kinase; 
MAPK, mitogen-activated protein kinase; NO, nitric oxide; OP50, Escherichia coli OP50; P. aeruginosa, Pseudomonas aeruginosa; 
PHA-4, defective pharynx development; S. aureus, Staphylococcus aureus; S. enterica, Salmonella enterica; S. enteriditis, Salmo-
nella enteriditis; S. typhimurium, Salmonella typhimurium; SKN-1, Skinhead-1; SOD, superoxide dismutase; TGF-β, transforming 
growth factor-β

Table 2  (continued)

Year Species name(s) Effects on C. elegans lifespan Proposed mechanism/pathway Reference

  2022 P. acidilactici MNL5 • ↑ lifespan (also in daf-2 and liu1) 
transgenic worms

Mechanisms: DR and changes in 
metabolism (lipids)

[104]

Lactococcus
  2022 L. cremoris subsp. cremoris • ↑ lifespan

• ↑ resistance against S. enteriditis 
and S. aureus

Mechanisms: immune system 
modulation, stress response, 
decreased gut permeability

Pathways: p38 MAPK (skn-1 and 
pmk-1) and DAF

[118]

Streptococcus
  2021 S. thermophilus ST-T1

S. thermophilus ST-510
• ↑ lifespan (compared to OP50) Mechanisms: stress response and 

increased antioxidants, observed 
through changes in expression of 
related genes

Pathway: DAF

[95]

Butyricioccus
  2018 B. pullicaecorum • ↑ by 6.9%

• ↑ resistance to S. typhimurium
Mechanism: immune system modu-

lation
Pathway: TGF-β (dbl-1)

[70]

Megasphaera
  2018 M. elsdenii • ↑ by 6.9%

• ↑ resistance to S. typhimurium
Mechanism: immune system modu-

lation
Pathway: TGF-β (dbl-1)

[70]

Clostridium
  2018 C. butyricum MIYAIRI 588 • ↑ (MIYAIRI 588 alone and in 

combination with OP50)
• ↑ resistance to S. enterica or S. 

aureus infections and UV irradia-
tion–induced cellular stress

Mechanisms: immune system 
modulation, stress resistance, DR, 
and changes in metabolism

Pathway: DAF

[67]

Leuconostoc
  2021 L. mesenteroides C2

L. mesenteroides C7
• ↑ by ~ 50%
• ↑ resistance to P. aeruginosa and 

S. aureus

Mechanisms: immune system 
modulation

Pathway: p38 MAPK (pmk-1 and 
hsf-1)

[64]

Stenotrophomonas
  2021 Stenotrophomonas strain CPCC 

101271
• ↑ by 40% (compared to OP50)
• ↑ resistance to B. nematocida 

B16

Mechanism: immune system modu-
lation

[79]

Weizmannia
  2023 W. coagulans • ↑ by 34.3%

• ↑ by 67.7% and 78.8% follow-
ing oxidative and heat stresses, 
respectively

Mechanisms: stress response and 
improved gut barrier functions/
permeability

Pathways: p38 MAPK, DAF 
(insulin-like), and JNK

[96]
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significantly upregulated in tol-1 mutants, suggest-
ing that tol-1 could be central to immune responses 
to Gram-negative bacteria, rather than Gram-positive 
bacteria [74]. The authors also hypothesized that 
expression of tol-1 promotes the digestion of the B. 
infantis cell wall (as it is Gram positive); nonethe-
less, the mechanisms remain largely unexplored and 
require further investigation.

As these three pathways are tightly regulated and 
are central to the C. elegans innate immune system, 
they are likely all interconnected and contribute to 
anti-pathogenicity and lifespan protection elicited 
by probiotics. L. zeae LB1 and E. faecium L11 both 
modulated MAPK pathways (i.e., pmk-1 or sek-1) 
and the insulin-like pathway (i.e., daf-2 or daf-16) 
under S. typhimurium infection; this was determined 
directly using mutant worms defective in these genes 
or by observing a positive correlation between gene 
expression and lifespan extension/pathogen resist-
ance [67, 68, 75]. E. faecium L11 also increased gene 
expression of dbl-1 and sma-3, suggesting modu-
lation of the TGF-β-like pathway and downstream 
human SMAD orthologs, and was shown to activate 
macrophages in vitro, further highlighting the impor-
tance of this probiotic in innate immune system acti-
vation [75]. Resistance to S. typhimurium by Propion-
ibacterium freudenreichii was shown to modulate the 
p38 MAPK, TGF-β-like, and insulin-like pathways by 
using mutant worms for lifespan assays and observing 
increases in gene expressions of daf, pmk-1, and sek-1 
(p38 MAPK), dbl-1 and sma-3 (TGF-β-like), and daf-
2 (insulin-like), according to real-time PCR [76].

Apart from these mechanisms, it is of interest how 
probiotics enhance the resistance to pathogens. One 
hypothesis is that the ability of probiotics to attach 
to the mucus layer and colonize in the C. elegans 
gut contributes to pathogen resistance. LGG is often 
used as a positive control in these studies because it 
has been reported to colonize well in the C. elegans 
gut and adhere to mucins (both in vitro and in vivo), 
which could constitute an important mechanism for 
probiotics. Indeed, increased colonization of Lacto-
bacillus sakei 20D49 [77], L. fermentum JDFM216 
[65, 78], Lacticaseibacillus rhamnosus GG [79], 
Lacticaseibacillus rhamnosus Probio-M9 [80], Lac-
tobacillus spp. Lb21 [71], and multiple strains of L. 
salivarius and L. plantarum [41, 63] in the worm gut 
was associated with improved lifespan and/or resist-
ance to enteropathogens like E. faecalis, S. aureus, E. 

coli O157:H7, C. jejuni, S. typhimurium, and MRSA. 
It is thought that probiotics outcompete pathogens 
and, thus, inhibit their colonization. For example, L. 
acidophilus NCFM [62], L. salivarius 13–7 [63], L. 
salivarius Z5 [63], L. plantarum (strains JDFM440, 
JDFM60, JDFM970, and JDFM1000) [41], L. rham-
nosus GG [79], and C. elegans–derived Stenotropho-
monas strain CPCC 101271 [81] inhibited the colo-
nization of E. faecalis, C. jejuni, S. typhimurium/E. 
faecalis, S. aureus, and Bacillus nematocida B16, 
respectively, suggesting an inverse correlation 
between pathogen load and lifespan. However, in the 
case of CPCC 101271, although it improved lifespan 
by approximately 40% compared to OP50, B. nema-
tocida outcompeted it and induced microbiota dys-
biosis (according to metagenomic sequencing) [81]. 
Interestingly, despite Enterococcus being a source of 
infection in many models, multiple E. faecalis strains 
(12D26, 20D48, and 30D36) also have been sug-
gested as potential probiotics as they enhanced resist-
ance to E. coli O157:H7 and S. aureus, likely due to 
significant adhesion to mucin proteins and coloniza-
tion in the C. elegans gut [77].

Conversely, other probiotics, such as L. zeae LB1 
[82], Lactobacillus spp. Lb21 [71], or Pediococcus 
isolates (P. acidilactici DM-9, L. brevis SDL1411, 
and P. pentosaceus SDL1409) [83] did not signifi-
cantly reduce colonization of ETEC, MRSA, or P. 
aeruginosa PA14, respectively, indicating that the 
mechanisms of these probiotics were not related to 
reduced pathogen load. Instead, they exerted anti-
pathogenic effects through other mechanisms, includ-
ing changes in gene expression and production of 
antimicrobial peptides (AMP) or other metabolites 
(i.e., nitric oxide [NO]), during infection. For exam-
ple, Pediococcus species exhibited strong bactericidal 
properties (against P. aeruginosa PA14), which was 
likely due to the production of NO [83]. C. elegans 
are unable to intrinsically produce NO, but its pro-
duction by probiotics may mediate immune responses 
[84]. In addition, L. zeae LB1 significantly sup-
pressed the expression of ETEC toxin genes, includ-
ing estA, estB, and elt, suggesting that decreased 
expression of these genes directly increased lifespan 
under ETEC infection [82]. Furthermore, L. zeae 
LB1 [67], L. salivarius 13–7 and Z5, and L. plan-
tarum N9 [63] also increased the expressions of AMP 
genes including lys-7 (lysozyme), spp-1 (saposin-
like protein), and abf-3 (antibacterial factor) as well 
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as upregulated defensin molecules like abf-2 and 
clec-85 (C-type lectin domain-containing protein). 
L. plantarum JBC5 also increased lys-1, lys-8, spp-7, 
abf-2, and abf-3 [64]. L. rhamnosus GG enhanced the 
lifespan and pathogen resistance (S. aureus, S. typh-
imurium, and E. faecalis) and increased expressions 
of lysozymes and proteases involved in innate immu-
nity [79]. Furthermore, gene ontology enrichment 
analysis confirmed the involvement of defense/innate 
responses (in particular to Gram-negative bacteria) 
in L. rhamnosus GG-mediated longevity [79]. Innate 
immune genes also require transcription factors to 
be activated—but these mechanisms have not been 
explored as much. Intestinal accumulation of HLH-
26 after E. faecium treatment induced the transcrip-
tion of immune genes including ilys-2 (invertebrate-
type lysozyme), spp-2, cnc-2 (caenacin), and clec-165 
under S. enterica infection, suggesting that this tran-
scription factor was responsible for the production of 
AMPs, which was associated with lifespan extension 
[85]. Collectively, these data suggest a positive corre-
lation between transcript levels of AMP and defensin 
genes and C. elegans lifespan.

Modulation of stress responses

Abiotic stressors like oxidation, heat, heavy metals, 
and UV irradiation can significantly damage lipids, 
proteins, and DNA, leading to dysfunction of cel-
lular processes and, over time, a subsequent decline 
in health and QoL. Therefore, proper regulation 
of stress responses is critical and is another mecha-
nism that probiotics may use to extend lifespan in 
C. elegans. Quenching of ROS by SOD and CAT is 
one component of the stress response in C. elegans. 
DAF (insulin-like) is a principal receptor and JNKs 
are a family of kinases and both have key roles in the 
C. elegans stress response and antioxidant pathways 
[35, 86]. Although the mechanism was not studied 
in  vivo, L. rhamnosus R4 and L. helveticus S4 sig-
nificantly improved lifespan compared to OP50 and 
Enterococcus hirae H4 and these lactobacilli dem-
onstrated better scavenging activity of ROS and free 
radicals as well as improved cholesterol and triglycer-
ide levels, in vitro, suggesting that antioxidant capac-
ity may contribute to R4- and S4-mediated longevity 
[87]. Similarly, L. plantarum As21 feeding improved 
resistance to heat and hydrogen peroxide stresses, 
which was associated with decreased ROS levels and 

upregulation of SOD, CAT, and glutathione (GSH) 
[88]. B. adolescentis recapitulated the effects seen 
in D. melanogaster and significantly increased the 
lifespan of C. elegans, through sod-3- and ctl-2-de-
pendent mechanisms [49]. Taken together, although 
signaling pathways were not heavily explored in these 
studies, scavenging of ROS or heat-induced stress 
molecules by antioxidants or enhanced resistance to 
exogenous stress may be critical features of probiot-
ics and may improve lifespan via modulation of the 
stress response. However, it is important to consider 
that removal of ROS and reducing cellular stress by 
antioxidants as a mechanism of lifespan extension by 
potential probiotics may have no benefits or may even 
be detrimental [89]. For example, supplementation of 
GSH and its precursor N-acetyl cysteine accelerated 
aging and shortened lifespan in C. elegans by acti-
vating the unfolded protein response and increasing 
proteotoxic stress levels [90]. One speculation is that 
chronic or excessive supplementation of antioxidant 
compounds may interfere with normal, physiologi-
cal ROS signaling, which, in turn, accelerates aging 
[90, 91]. Nonetheless, studying antioxidant capaci-
ties of probiotics and the effects of this mechanism 
on lifespan extension in C. elegans warrant further 
investigation.

In terms of mechanism, specific antioxidant tar-
get genes of daf-16 include sod-3 and multiple cata-
lase (ctl) genes. Furthermore, skn-1 is relevant in the 
stress response and is activated via phosphorylation 
downstream of daf-2 by factors such as ROS and 
lipid accumulation [61]. Stress modulatory effects 
of L. rhamnosus CNCM I-3690 [92], L. fermentum 
U-21 [93], L. fermentum MBC2 [78], and Lactoba-
cillus gasseri SBT2055 [94] in response to oxida-
tive/heat stress were mediated, at least in part, by 
daf/skn-1, jnk-1 signaling, or the pept-1 gene (L. fer-
mentum MBC2). Changes in these signaling path-
ways was also associated with higher mitochondrial 
numbers (L. gasseri), upregulation of sod and other 
stress regulatory genes, such as hsp (L. rhamnosus 
and L. fermentum), and changes to lipid metabolism 
(L. rhamnosus and L. gasseri). A screening of many 
potential probiotics revealed that L. plantarum 427, 
Lactobacillus crispatus X13, Lactobacillus reuteri 
9–5, L. fermentum 422, L. salivarius Z5, and L. reuteri 
G14 significantly protected C. elegans from hydro-
gen peroxide- and juglone-induced oxidative stress, 
extending lifespan and upregulating activities of SOD, 
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CAT, and malondialdehyde, decreasing ROS lev-
els, and upregulating gene expressions of pmk-1 and 
sek-1 (MAPK signaling) as well as skn-1 and sod-3 
(DAF signaling) [95]. Therefore, supplementation of 
these probiotics may have impacted stress response 
by enhancing resistance to exogenous stress and by 
reducing ROS or other markers of cellular stress. Mul-
tiple species of Weisella, including W. koreensis and 
W. cibaria, significantly extended lifespan, which was 
associated with decreases in ROS and ATP levels and 
significant upregulation of daf-16, sod-3, jkk-1, and 
jnk-1 [96]. These data suggest the involvement of the 
JNK stress response as well as insulin-like signaling 
and, due to increased nuclear localization of daf-16 
(and decreased cytosolic concentration), the authors 
speculated that Weisella enhanced lifespan primar-
ily through insulin-like signaling [96]. daf genes, 
including daf-16, daf-12, and daf-7, were significantly 
upregulated after treatment with Streptococcus ther-
mophilus ST-T1 or ST-510 [97]. Hydrogen peroxide 
was also significantly lower in these worms, suggest-
ing that its accumulation was suppressed by antioxi-
dants, including SOD, CAT, or GSH. Indeed, accord-
ing to real-time PCR, the expressions of sod-3, sod-4, 
ctl-1, and ctl-2 were significantly elevated in S. ther-
mophilus–treated worms and the authors concluded 
that the daf-16 antioxidant pathway primarily con-
tributed to lifespan extension [97]. Feeding of newly 
isolated and potential geroprotectors Levilactobacillus 
brevis and Weizmannia coagulans was associated with 
changes in gut barrier functions and increased resist-
ance to exogenous stress (oxidative and heat), which 
was mediated, at least in part, by a combination of p38 
MAPK, DAF (insulin-like), and JNK (more prominent 
in W. coagulans) signaling [98].

These studies highlight the importance of modu-
lating stress responses to improve life- and health-
span in C. elegans. Activation of stress response 
pathways is critical during acute stress to prevent 
stress-induced damage to mitochondria, proteins, 
and DNA; this damage impairs normal cellular pro-
cesses, including food intake behaviors and metab-
olism, which constitute another principal mecha-
nism of probiotic-mediated geroprotection.

Modulation of food intake and metabolism

It has been established that DR, or a reduction in food 
intake that does not result in malnutrition, is highly 

beneficial for extending lifespan and slowing aging 
progression in multiple models, including yeast, D. 
melanogaster, C. elegans, and rodents [99, 100]. In 
C. elegans, eat-2 and eat-18 mutant worms, which 
are defective in motor neurons related to pharyn-
geal pumping and, therefore, mimic DR during food 
intake, are well-established models for understanding 
how DR impacts metabolism [101]. Apart from eat 
genes, other central regulators of energy balance and 
nutrient sensing in C. elegans include the daf (insu-
lin-like) pathway, adenosine monophosphate-acti-
vated kinase (aak-2),  NAD+-dependent deacetylases 
(i.e., sirt-1), and skn-1 and pha-4 (defective in phar-
ynx development) transcription factors [102–105]. 
Feeding of P. acidilactici MNL5 improved lifespan 
through a DR-mediated mechanism as the worms 
exhibited a significantly smaller body size compared 
to their OP50-fed counterparts [106]. The authors 
hypothesized that bile salt hydrolase (BSH) activity 
of P. acidilactici may have driven its benefits, which 
also were associated with decreased accumulation of 
lipid droplets and suppression of fat-4, fat-5, and fat-6 
genes, which are related to fat storage in C. elegans. 
Furthermore, Bacillus subtilis spores and vegetative 
cells (strains PXN21, JH642, 168, and NCIB3610) 
protected against α-synuclein aggregation (hall-
mark pathology of Parkinson’s disease) through DR-
dependent mechanisms [107]. In particular, eat-2 
mutants harbored significantly less aggregates per 
worm when given OP50 or B. subtilis and daf-16 
mutation led to a rapid increase in aggregates when 
given vegetative B. subtilis. Spores attenuated neuro-
toxic protein aggregation through a pha-4-dependent 
DR mechanism. However, more studies should be 
conducted to better understand the differing effects 
between vegetative and sporulated B. subtilis.

Feeding behaviors directly regulate metabolic 
pathways, including those associated with the 
breakdown of fatty acids/lipids, proteins, and car-
bohydrates. Metabolism of these biomolecules 
facilitates cellular respiration through the tricarbo-
xylic acid (or TCA) cycle and ion exchange, which 
ultimately regulate energy intake and expenditure 
[108]. High-throughput “omics” analyses, including 
metabolomics and proteomics, coupled with in  vivo 
screening approaches, allow correlation between 
physiological changes and molecular changes/path-
way analysis, which improves our understanding 
of how certain bacteria are impacting lifespan and 
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through what mechanisms. Untargeted nuclear mag-
netic resonance-based metabolomics revealed that 
geroprotective effects of Lactobacillus spp. Lb21 
were associated with increases or changes in metab-
olites related to energy metabolism and oxidative 
stress/osmoregulation, suggesting the importance of 
metabolic flux in regulating lifespan and health [109]. 
Furthermore, high accumulation of Lactobacillus 
delbrueckii subsp. bulgaricus in the C. elegans gut 
(compared to two L. delbrueckii subsp. lactis isolates 
and OP50) was associated with lifespan extension as 
well as increased synthesis/accumulation of folate 
and amino acids and secretion of galactose (indicat-
ing upregulated galactose metabolism) and decreased 
saturated fatty acids [110]. Inhibition of folate synthe-
sis by bacteria or its activity in E. coli–fed worms has 
been shown to accelerate aging and worsen longevity, 
suggesting the importance of folate (in the presence 
of certain bacteria) for mediating life- and healthspan 
[111, 112]. Furthermore, decreases in saturated fatty 
acids, such as palmitic acid and stearic acid, as well 
as enhanced galactose metabolism, have been asso-
ciated with increased lifespan in other studies and 
likely influenced longevity mediated by L. delbrueckii 
subsp. bulgaricus here [110, 113, 114]. Overall, bac-
terial metabolism of lipids, proteins, and carbohy-
drates, is a fundamental mechanism contributing to 
lifespan extension and geroprotection. However, these 
mechanisms, especially in the context of potential 
probiotics, remain largely unexplored and require fur-
ther investigations.

Lifespan extension via multiple mechanisms

As with any biological system, C. elegans are com-
plex and, as such, many mechanisms contribute to 
probiotic-mediated lifespan extension and gero-
protection. In most cases, innate immunity, stress 
responses, and energy metabolism/DR (among oth-
ers) work together to impact host physiology, but few 
studies have discussed this interplay in C. elegans, 
particularly in the context of probiotic-mediated 
effects. There are connections between the oxidative 
stress response and lipid metabolism and B. anima-
lis subsp. lactis CECT 8145 feeding modulated both 
of them [115]. This probiotic enhanced resistance 
to oxidative stress but also significantly upregulated 
energy metabolism (correlated with increases in car-
bohydrate, lipid, and xenobiotic/drug metabolisms) 

through daf-2 and daf-16 signaling [115]. Feeding of 
P. acidilactici CECT9879 also modulated daf genes, 
downregulating daf-2 and upregulating daf-16 [116]. 
Upregulation of daf-16 and its nuclear localization 
was associated with reduced ROS accumulation, 
increases in genes related to fatty acid degradation 
(i.e., β-oxidation genes in mitochondria and peroxi-
somes), and a suppression of genes responsible for 
fatty acid synthesis (i.e., fasn, fat-5, fat-7, and mdt-
15) [116]. Similarly, extension of lifespan in L. sali-
varius FDB89-fed worms was correlated with higher 
SOD activity and XTT reduction (related to metabo-
lism), which naturally decline with age [117]. L. sali-
varius feeding was also associated with smaller body 
size, lower reproductivity, and a significant decline in 
pharyngeal pumping rate, suggesting that both stress 
response and DR mechanisms contributed to L. sali-
varius–mediated longevity [117].

On the other hand, centenarian-derived B. 
longum BB68 impacted both innate immunity and 
oxidative stress mechanisms to extend lifespan by 
28% and this was dependent on daf-16 mediated 
transcription of antioxidant and anti-aging genes 
[118]. Lifespan promotion was also dependent on 
tir-1 and jnk-1, suggesting that TIR-JNK signaling, 
and their crosstalk are central to BB68-mediated 
longevity via daf-16. Similarly, W. confusa demon-
strated geroprotective effects in comparison to OP50 
and also under hydrogen peroxide-induced oxidative 
stress and S. typhimurium infection [119]. Mecha-
nistically, W. confusa had significantly greater free 
radical and superoxide scavenging capabilities and 
RNAseq confirmed that glutathione S-transferase 
genes (gst-44, gst-9, and gst-18, involved in detoxi-
fication) and sod-5 were significantly upregulated 
and differentially expressed [119]. Feeding with 
Lactococcus cremoris subsp. cremoris also medi-
ated significant protection from heat- and juglone-
induced cellular stresses through skn-1 [120]. Nota-
bly, under S. enteriditis and S. aureus infections, L. 
cremoris feeding significantly extended lifespan, 
which was lost in daf-16, skn-1, and pmk-1 mutants, 
suggesting involvement of innate immunity, stress 
responses, and potentially metabolic flux in L. cre-
moris–mediated longevity [120].

Furthermore, lifespan improvement by L. rhamno-
sus Probio-M9 (isolated from healthy breast milk) was 
associated with modulation of innate immune signal-
ing, stress responses, as well as metabolism [80]. For 



143GeroScience (2024) 46:129–151 

1 3
Vol.: (0123456789)

example, enhanced resistance to heat stress was likely 
dependent on skn-1 but Probio-M9 lifespan extension 
also was at least partially dependent on p38 MAPK 
genes (nsy-1, sek-1, and pmk-1) and associated with an 
increased mitochondrial unfolded protein response as 
well as the metabolism of amino acids, sphingolipids, 
fatty acids, and galactose [80]. Genes related to lipid 
metabolism (fat-4 and lipl-4) and antioxidants (sod-3) 
were also upregulated in worms fed P. acidilactici and 
the authors speculated that P. acidilactici was immu-
noregulatory due to antimicrobial effects and pro-
duction of bacteriocin [121]. Furthermore, lifespan 
extension was lost in daf-2, daf-16, and jnk-1 mutants, 
suggesting that P. acidilactici–mediated effects were 
at least partially dependent on insulin-like and JNK 
signaling. Lastly, feeding of C. butyricum MIYAIRI 
588 (a potent producer of butyrate, a well-studied 
SCFA) alone and in combination with OP50 enhanced 
resistance to S. enterica and S. aureus pathogens as 
well as UV irradiation-mediated cellular stress, and 
reduced body size, suggesting modulation of innate 
immunity, stress response, and DR by C. elegans [69]. 
In fact, these effects were at least partially dependent 
on daf-2, daf-16, and the skn-1/nrf-2 pathway. Taken 
together, these data suggest that L. rhamnosus Probio-
M9–, P. acidilactici–, and C. butyricum–mediated 
lifespan extension may be dependent on modulation of 
multiple C. elegans pathways.

Other mechanisms

Some bacteria also utilize other mechanisms apart 
from the immune system, stress response, or food 
intake and metabolism. For example, four strains of 
Bacillus licheniformis (141, 143, 147, and 156) sig-
nificantly increased lifespan compared to OP50 and 
B. subtilis control strains, and it was revealed that 
genes involved in serotonin signaling (i.e., tph-1, bas-
1, mod-1, and ser-1) were upregulated [122]. This is 
of interest because it is known that serotonin signals 
the presence of food and, therefore, modulation of 
this signaling pathway may extend lifespan and be 
geroprotective by mimicking DR [123]. However, 
more studies need to be conducted to better under-
stand the geroprotective effects of probiotics in the 
context of serotonin signaling.

One notable property of B. subtilis strains, includ-
ing JH642, NCIB3610, RG4365, PXN21, and 168, 
is that they are spore-forming bacteria, meaning that 

they are able to remain dormant as spores in the gut 
and in the absence of adequate nutrients [124]. In 
wild-type and transgenic worms of neurodegenerative 
disease (i.e., Parkinson’s and Alzheimer’s diseases), 
B subtilis strains in both the vegetative (active) and 
spore (dormant) stages remained colonized in the gut 
and improved lifespan, through daf-16 (insulin-like) 
and DR [107, 124, 125]. The formation of biofilm 
and production of NO by these B. subtilis strains is 
another prominent mechanism that was explored 
in these studies. Specifically, B. subtilis defective 
in tasA, espG, and bslA (biofilm formation-related 
genes), as well as the nos mutant (defective in NO 
production) were unable to extend lifespan, sug-
gesting the longevity effects were associated with 
biofilm formation and/or NO production [124]. The 
formation of biofilm and production of NO protected 
from α-synuclein accumulation (a major pathology 
observed in Parkinson’s disease) [107] and delayed 
neuronal deterioration, as well as ameliorated from 
paralysis and poor chemotaxis in worms overexpress-
ing amyloid-β (a major pathology of Alzheimer’s dis-
ease) [125].

Another interesting, yet largely unexplored, mech-
anism of probiotics in the context of lifespan exten-
sion is improvement in gut barrier functions. It has 
been found that many probiotics confer pathogen or 
stress resistance or modulate metabolic functions by 
significant adhesion to mucins and colonization in 
the gut. In fact, a major criterion to be considered a 
probiotic is the ability to survive in acidic/gastrointes-
tinal conditions [126]. However, a less studied phe-
nomenon is the ability of these bacteria to modulate 
intestinal permeability, through regulation of tight 
junction proteins or mucins. As we age, there is a 
natural deterioration in gut barrier integrity (called 
“leaky gut”), which is associated with gut dysbio-
sis, breakdown of tight junction proteins, and a thin-
ning of the mucin layer [127]. Exposure to infectious 
agents, increased cellular stress, and irregular metab-
olism may accelerate this aging-related phenotype 
and, thereby, also elevate gut permeability and impair 
normal gut functions. Therefore, modulation of the 
gut microbiota by probiotics may restore gut barrier 
functions and decrease gut permeability and we have 
shown this in mammalian cell culture systems, C. ele-
gans, and mice [27]. Specifically, although we did not 
focus on lifespan extension in that study, we found 
that probiotics may have exerted beneficial effects on 
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intestinal permeability via BSH, a bacteria-derived 
enzyme that deconjugates bile salts [27]. In the con-
text of C. elegans lifespan, P. acidilactici MNL5 may 
have extended lifespan and strengthened gut barriers 
through similar BSH activity, which subsequently 
modulated lipid metabolism and DR [106]. Also sim-
ilar to our reports, L. cremoris subsp. cremoris [120], 
Levilactobacillus brevis [98], and W. coagulans [98] 
all attenuated leaky gut and improved gut barrier 
integrity, which was measured by quantifying the 
leakage of blue dye from the gut cavity (Smurf assay) 
or using transgenic (dlg-1::GFP-labeled) worms.

Here, we have reviewed recent research reporting 
the anti-aging and potential geroprotective effects 
of probiotics and how modulation of principal sign-
aling pathways, including innate immunity, stress 
responses, and metabolism, is central to probiotic-
mediated effects. Most studies identify Lactobacillus 
and Bifidobacterium, but emerging studies are iden-
tifying new probiotic strains. Despite the literature 
reviewed here and the promising findings reported, 
there is still a lack of high-throughput screenings 
of potential probiotics, which will better elucidate 
strain-specific effects and add to our understanding of 
their geroprotective potential.

Geroprotective effects of postbiotics in C. elegans

Most of the research to date has focused on the 
effects of probiotics, or live bacteria. However, stud-
ies involving postbiotics and their classification are 
emerging, especially in the contexts of obesity/diabe-
tes and aging [32]. Postbiotics are defined as “dead” 
or “heat-inactivated/pasteurized” probiotics and their 
byproducts/metabolites, which confer health benefits 
on the host [12]. Although not studied as extensively 
as probiotics, there is emerging research describ-
ing the geroprotective potential of postbiotics in C. 
elegans. One of the first postbiotic studies screened 
approximately 350 strains of heat-killed lactic acid 
bacteria, which had been isolated from stool samples 
and kimchi, and L. fermentum LA12 and L. plan-
tarum CJLP133 were found to significantly improve 
lifespan compared to heat-killed OP50 and LGG—
however, the mechanisms were not investigated [128]. 
Later, these researchers reported that heat-killed L. 
plantarum 133 and L. fermentum 21 significantly 
improved lifespan in S. typhimurium– and Yersinia 

enterocolitica–infected worms, which was also asso-
ciated with upregulation of innate immunity genes 
involved in pmk-1 signaling (i.e., acdh-1 [acyl-CoA 
dehydrogenase] and cnc-2) and some downstream 
effectors of daf-16 (i.e., dod-19) [129]. Similarly, 
heat-inactivated Lactobacillus curvatus BGMK2-41 
feeding demonstrated immunoregulatory effects as it 
enhanced pathogen resistance against S. aureus ATCC 
25923 and P. aeruginosa PA14. Pathogen resistance 
and lifespan extension was correlated with upregula-
tion of tir-1, pmk-1, and atf-7 and antimicrobial genes 
(AMPs, C-type lectins, and lysozymes), according 
to real-time PCR, and increased phosphorylated p38 
MAPK (according to Western blots), suggesting that 
BGMK2-41 effects were dependent on modulation of 
this pathway [130]. Our laboratory reported that dead 
L. paracasei D3.5 significantly promoted C. elegans 
lifespan and aging-related parameters (i.e., muscle 
mass and movement decline) via cell wall–derived 
lipoteichoic acid [32]. We did not investigate the L. 
paracasei–mediated mechanisms in worms, but we 
reported that TLR-2/p38 MAPK signaling was acti-
vated by the postbiotic in older mice, indicating that 
anti-inflammatory and innate immune response mod-
ulation may be principal mechanisms contributing to 
lifespan extension by D3.5 [32].

Regarding modulation of stress response, heat-
killed B. longum significantly increased survival 
during heat- and hydrogen peroxide-induced oxida-
tive stress [131]. Fluorescent microscopy revealed 
nuclear localization of daf-16 and real-time PCR 
demonstrated upregulation of daf-16 mRNA as 
well as other stress response and antioxidant genes, 
including hsp-12.6, hsp-70, skn-1, ctl-1, ctl-2, and 
sod-1 [131]. Mitochondrial function, as assessed by 
increases in mitochondrial ROS levels, membrane 
potential, and activity, was important for extending 
lifespan by B. longum and L. fermentum BGHV110 
postbiotics [131, 132]. The effects of heat-killed 
L. fermentum were driven by HLH-30, which is 
a transcription factor regulating expressions of 
autophagy-related genes, such as lysosomal hydro-
lases and membrane proteins [132]. Therefore, 
increased autophagy of aging or senescent cells may 
have improved lifespan in L. fermentum postbiotic-
fed C. elegans, as this has been studied as a media-
tor of lifespan extension in multiple studies and 
organisms [133]. Recently, cell-free supernatants of 
Akkermansia muciniphila extended lifespan while 
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reducing ROS levels and oxidative damage [134]. 
A. muciniphila postbiotic also modulated metabolic 
functions, which was indicated by upregulation of 
glucose metabolism (i.e., gsy-1, pygl-1, and pyk-1) 
and lipid metabolism (i.e., acs-2, cpt-4, and tph-1) 
genes and, conversely, a downregulation of fat-7, 
which regulates fatty acid biosynthesis [134].

Furthermore, some of the probiotics reported above 
also extended lifespan and demonstrated geroprotec-
tive potential when fed to C. elegans in the heat-/UV-
killed form. For example, L. cremoris subsp. cremoris 
[120], B. infantis [74], B. animalis subsp. lactis CECT 
8145 [115], C. butyricum MIYAIRI 588 [69], and four 
isolates of B. subtilis (strains PXN21, JH642, 168, and 
NCIB3610) [124] improved lifespan when adminis-
tered in both the live and non-viable forms, suggest-
ing that cellular components or bacterial metabolites 
(such as SCFAs or bile acids), mediate probiotic and 
postbiotic effects in C. elegans.

Despite these exciting findings, there is still a large 
gap in our understanding of postbiotics and their 
effects on aging, both physiologically and mechanis-
tically. It is well studied that probiotic bacteria and 
their ingredients (i.e., cell wall components or cell 
surface molecules) and/or the antimicrobial mol-
ecules they secrete elicit innate immune or stress 
responses, which contributes to enhanced resist-
ance against pathogens and heat/oxidative stress and 
improved lifespan; perhaps these are the major com-
ponents driving postbiotic-mediated geroprotection 
[132]. Furthermore, since some studies have reported 
that postbiotic effects are not mediated by increased 
colonization in the C. elegans gut [130], the ben-
eficial effects could be related to upregulation of gut 
barrier proteins (i.e., tight junction proteins) [135]. 
Changes in gut barrier functions have been impli-
cated as a potential mechanism of both probiotics and 
postbiotics, but still requires investigation. It is also 
important to conduct additional studies because it is 
still unclear why some postbiotics have demonstrated 
geroprotective effects, but others are only beneficial 
when administered in the live form, such as with L. 
rhamnosus Probio-M9 and E. faecium [80, 85].

Future perspectives

This article has reviewed the geroprotective potential 
of probiotics and postbiotics in C. elegans and their 

major mechanisms. C. elegans are a valuable model 
for high-throughput drug and probiotic/postbiotic 
screens; however, they lack several organ/systems 
present in mammals, such as a brain and vasculature, 
which severely limits aging studies [136]. Therefore, 
in order to apply findings from C. elegans screenings 
to human health, it is important to validate their find-
ings in mammalian systems, like mice, to understand 
the anti-aging and geroprotective potential of micro-
biome modulators on human biology. It is also impor-
tant to use complex systems that harbor a gut micro-
biome so we can gain a more complete understanding 
of probiotic- and/or postbiotic-mediated gut micro-
biota modulation and how these shifts impact lifespan 
extension and geroprotective pathways (innate immu-
nity, stress response, and metabolism).

Future studies should also investigate the anti-
aging potential of multi-strain probiotics, which may 
exert synergistic effects when administered in com-
bination. Multi-strain probiotics have been largely 
studied using models of cancer, enteric infection, 
and obesity/diabetes [20, 137–142], but the effects 
of multi-strain probiotics on aging remain elusive. 
Some emerging studies are reporting that other nutri-
ents and dietary supplements, like folic acid, vitamin 
D, vitamin  B12, and cranberries improve longevity in 
C. elegans due to their antioxidant effects [143–146]. 
Based on these interesting findings, future stud-
ies should continue to investigate the geroprotective 
potential of other dietary supplements, such as prebi-
otics/resistant starches (indigestible fibers that serve 
as food for probiotics [i.e., inulin and sago]), synbi-
otics (the synergistic formulation of probiotics and 
prebiotics), and fermented foods (i.e., yogurt). Previ-
ous studies have reported the antidiabetic effects of 
these supplements in preclinical models and clinical 
trials, but their anti-aging and geroprotective poten-
tials remain unknown [21, 147, 148]. Elucidating the 
geroprotective potential of food supplements is also 
of interest because many of the probiotics/postbiot-
ics reviewed here were isolated from fermented foods 
like dairy and kimchi and fermented foods may be a 
better approach for integrating probiotics or bioactive 
ingredients into the diet to extend life and improve 
health and QoL. Therefore, screening them for their 
anti-aging and geroprotective effects using C. elegans 
will serve as a gateway to future preclinical and clini-
cal studies, which will greatly contribute to the devel-
opment of therapeutics and food supplements that 
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will increase lifespan, slow aging progression, and 
improve QoL.

Conclusions

Microbiome modulators, such as probiotics and post-
biotics, have strain-specific geroprotective effects in 
C. elegans. Live and non-viable (pasteurized) bac-
teria from many genera including Lactobacillus, 
Bifidobacterium, Enterococcus, Bacillus, and others 
promote longevity and have geroprotective poten-
tial via modulation of multiple pathways, such as 
(1) innate immunity, (2) stress response, and (3) DR 
and regulating metabolism (i.e., of fatty acids/lipids, 
amino acids, and carbohydrates). Despite the findings 
reviewed here, additional high-throughput screen-
ing studies are needed to elucidate the interplay of 
these multiple mechanisms and understand the anti-
aging and geroprotective potentials of probiotics and 
postbiotics. Furthermore, screening multi-strain pro-
biotics, prebiotics/resistant starches, synbiotics, and 
fermented foods will add to our understanding of the 
potential benefits and anti-aging effects of these sup-
plements and potential geroprotectors, which can be a 
promising therapeutic strategy for improving lifespan 
and reducing the risk of aging-related diseases and 
their burden.

Acknowledgements All the authors are thankful for won-
derful support from Center of Excellence for Aging and Brain 
Repair, Morsani College of Medicine, as well as the University 
of South Florida.

Author contribution BCM: literature search, compiling 
data, first draft formulation, editing, and overall manuscript 
compilation and formatting; MM: literature search and writing 
first draft; HY: expert suggestions and editing; SJ: conceptual-
ization; supervising, editing, writing, and formatting.

Funding This study received funding from the National 
Institutes of Health (HY) and Florida Department of Health 
(HY and SJ).

Declarations 

Disclosure None of the authors report any conflict of inter-
est related to this work. HY is Co-founder and Chief Scientific 
Officer of Postbiotics Inc and SJ is founder of MusB LLC, but 
their roles have no conflict and influence with the work pre-
sented in this manuscript.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Harman D. The aging process. Proc Natl Acad Sci. 
1981;78:7124–8.

 2. Bahour N, Cortez B, Pan H, Shah H, Doria A, Aguayo-
Mazzucato C. Diabetes mellitus correlates with increased 
biological age as indicated by clinical biomarkers. Gero-
science. 2022;44:415–27.

 3. Moskalev A, Chernyagina E, Kudryavtseva A, Shaposh-
nikov M. Geroprotectors: a unified concept and screening 
approaches. Aging Dis. 2017;8:354–63.

 4. Moskalev A, Chernyagina E, Tsvetkov V, Fedintsev A, 
Shaposhnikov M, Krut’ko V, et  al. Developing criteria 
for evaluation of geroprotectors as a key stage toward 
translation to the clinic. Aging Cell. 2016;15:407–15.

 5. Nagpal R, Mainali R, Ahmadi S, Wang S, Singh R, 
Kavanagh K, et  al. Gut microbiome and aging: physi-
ological and mechanistic insights. Nutr Healthy Aging. 
2018;4:267–85.

 6. Badal VD, Vaccariello ED, Murray ER, Yu KE, Knight 
R, Jeste DV, et al. The gut microbiome, aging, and lon-
gevity: a systematic review. Nutrients. 2020;12:3759.

 7. Fan Y, Pedersen O. Gut microbiota in human metabolic 
health and disease. Nat Rev Microbiol. 2021;19:55–71.

 8. de Vos WM, Tilg H, Van Hul M, Cani PD. Gut 
microbiome and health: mechanistic insights. Gut. 
2022;71:1020–32.

 9. Zhang X, Yang Y, Su J, Zheng X, Wang C, Chen S, et al. 
Age-related compositional changes and correlations of 
gut microbiome, serum metabolome, and immune factor 
in rats. Geroscience. 2021;43:709–25.

 10. Faith JJ, Guruge JL, Charbonneau M, Subramanian S, 
Seedorf H, Goodman AL, et al. The long-term stability of 
the human gut microbiota. Science. 2013;341:1237439.

 11. Schrezenmeir J, de Vrese M. Probiotics, prebiotics, and 
synbiotics—approaching a definition. Am J Clin Nutr. 
2001;73:361s-s364.

 12. Salminen S, Collado MC, Endo A, Hill C, Lebeer S, 
Quigley EM, et  al. The International Scientific Asso-
ciation of Probiotics and Prebiotics (ISAPP) consensus 
statement on the definition and scope of postbiotics. Nat 
Rev Gastroenterol Hepatol. 2021;18:649–67.

http://creativecommons.org/licenses/by/4.0/


147GeroScience (2024) 46:129–151 

1 3
Vol.: (0123456789)

 13. Colombo M, Castilho N, Todorov SD, Nero LA. Benefi-
cial properties of lactic acid bacteria naturally present in 
dairy production. BMC Microbiol. 2018;18:219.

 14. Nagpal R, Kumar A, Kumar M, Behare PV, Jain S, Yadav 
H. Probiotics, their health benefits and applications for 
developing healthier foods: a review. FEMS Microbiol 
Lett. 2012;334:1–15.

 15. Nagpal R, Wang S, Ahmadi S, Hayes J, Gagliano J, 
Subashchandrabose S, et  al. Human-origin probiotic 
cocktail increases short-chain fatty acid production via 
modulation of mice and human gut microbiome. Sci Rep. 
2018;8:12649.

 16. Shi LH, Balakrishnan K, Thiagarajah K, Ismail NIM, 
Yin OS. Beneficial properties of probiotics. Trop Life 
Sci Res. 2016;27:73–90.

 17. Dahiya DK, Puniya M, Shandilya UK, Dhewa T, 
Kumar N, Kumar S, et  al. Gut microbiota modulation 
and its relationship with obesity using prebiotic fibers 
and probiotics: a review. Front Microbiol. 2017;8:563.

 18. LeBlanc JG, Chain F, Martín R, Bermúdez-Humarán 
LG, Courau S, Langella P. Beneficial effects on host 
energy metabolism of short-chain fatty acids and vita-
mins produced by commensal and probiotic bacteria. 
Microb Cell Fact. 2017;16:79.

 19. Peterson CT, Perez Santiago J, Iablokov SN, Chopra 
D, Rodionov DA, Peterson SN. Short-chain fatty acids 
modulate healthy gut microbiota composition and func-
tional potential. Curr Microbiol. 2022;79:128.

 20. Yadav H, Lee J-H, Lloyd J, Walter P, Rane SG. Ben-
eficial metabolic effects of a probiotic via butyrate-
induced GLP-1 hormone secretion. J Biol Chem. 
2013;288:25088–97.

 21. Miller B, Mainali R, Nagpal R, Yadav H. A newly 
developed synbiotic yogurt prevents diabetes by 
improving the microbiome–intestine–pancreas Axis. 
Int J Mol Sci. 2021;22:1647.

 22. Yadav H, Jain S, Sinha PR. Oral administration of 
dahi containing probiotic Lactobacillus acidophilus 
and Lactobacillus casei delayed the progression of 
streptozotocin-induced diabetes in rats. J Dairy Res. 
2008;75:189–95.

 23. Yadav H, Jain S, Sinha P. The effect of probiotic dahi 
containing Lactobacillus acidophilus and Lactobacillus 
casei on gastropathic consequences in diabetic rats. J 
Med Food. 2008;11:62–8.

 24. Lisko DJ, Johnston GP, Johnston CG. Effects of die-
tary yogurt on the healthy human gastrointestinal (GI) 
microbiome. Microorganisms. 2017;5:6.

 25. Le Roy CI, Kurilshikov A, Leeming ER, Visconti A, 
Bowyer RC, Menni C, et  al. Yoghurt consumption is 
associated with changes in the composition of the 
human gut microbiome and metabolome. BMC Micro-
biol. 2022;22:39.

 26. Kocsis T, Molnár B, Németh D, Hegyi P, Szakács Z, 
Bálint A, et  al. Probiotics have beneficial metabolic 
effects in patients with type 2 diabetes mellitus: a 
meta-analysis of randomized clinical trials. Sci Rep. 
2020;10:11787.

 27. Ahmadi S, Wang S, Nagpal R, Wang B, Jain S, 
Razazan A, et  al. A human-origin probiotic cocktail 
ameliorates aging-related leaky gut and inflammation 

via modulating the microbiota/taurine/tight junction 
axis. JCI Insight. 2020;5: e132055.

 28. Fang X, Yue M, Wei J, Wang Y, Hong D, Wang B, 
et al. Evaluation of the anti-aging effects of a probiotic 
combination isolated from centenarians in a SAMP8 
mouse model. Front Immunol. 2021;12: 792746.

 29. Yang X, Yu D, Xue L, Li H, Du J. Probiotics modu-
late the microbiota–gut–brain axis and improve mem-
ory deficits in aged SAMP8 mice. Acta Pharm Sin B. 
2020;10:475–87.

 30. Lin W-Y, Lin J-H, Kuo Y-W, Chiang P-FR, Ho H-H. Pro-
biotics and their metabolites reduce oxidative stress in 
middle-aged mice. Curr Microbiol. 2022;79:104.

 31. Kim C-S, Cha L, Sim M, Jung S, Chun WY, Baik HW, 
et al. Probiotic supplementation improves cognitive func-
tion and mood with changes in gut microbiota in commu-
nity-dwelling older adults: a randomized, double-blind, 
placebo-controlled, multicenter trial. J Gerontol A Biol 
Sci Med Sci. 2021;76:32–40.

 32. Wang S, Ahmadi S, Nagpal R, Jain S, Mishra SP, 
Kavanagh K, et  al. Lipoteichoic acid from the cell wall 
of a heat killed Lactobacillus paracasei D3–5 amelio-
rates aging-related leaky gut, inflammation and improves 
physical and cognitive functions: from C. elegans to 
mice. Geroscience. 2020;42:333–52.

 33. Poupet C, Chassard C, Nivoliez A, Bornes S. Caenorhab-
ditis elegans, a host to investigate the probiotic properties 
of beneficial microorganisms. Front Nutr. 2020;7:135.

 34. Roselli M, Schifano E, Guantario B, Zinno P, Uccelletti 
D, Devirgiliis C. Caenorhabditis elegans and probiotics 
interactions from a prolongevity perspective. Int J Mol 
Sci. 2019;20:5020.

 35. Murphy CT, Hu PJ. Insulin/insulin-like growth fac-
tor signaling in C. elegans. In: WormBook: The Online 
Review of C elegans Biology [Internet]. Pasadena (CA): 
WormBook; 2005–2018.

 36. Troemel ER, Chu SW, Reinke V, Lee SS, Ausubel FM, 
Kim DH. p38 MAPK regulates expression of immune 
response genes and contributes to longevity in C. ele-
gans. PLoS Genet. 2006;2:e183.

 37. Oh SW, Mukhopadhyay A, Svrzikapa N, Jiang F, Davis 
RJ, Tissenbaum HA. JNK regulates lifespan in Caeno-
rhabditis elegans by modulating nuclear translocation of 
forkhead transcription factor/DAF-16. Proc Natl Acad 
Sci U S A. 2005;102:4494–9.

 38. Inoue H, Hisamoto N, An JH, Oliveira RP, Nishida E, 
Blackwell TK, et  al. The C. elegans p38 MAPK path-
way regulates nuclear localization of the transcription 
factor SKN-1 in oxidative stress response. Genes Dev. 
2005;19:2278–83.

 39. Ali I, Martin J, Zárate-Potes A, Benedetto A.  High-
throughput screening of microbial isolates with impact 
on Caenorhabditis elegans health. J Vis Exp. 2022;(182). 
https:// doi. org/ 10. 3791/ 63860.

 40. Sharma K, Pooranachithra M, Balamurugan K, Goel 
G. Multivariate analysis of increase in life span of Cae-
norhabditis elegans through intestinal colonization by 
indigenous probiotic strains. Probiotics Antimicrob Pro-
teins. 2019;11:865–73.

 41. Park M, Yun H, Son S, Oh S, Kim Y. Development of 
a direct in  vivo screening model to identify potential 

https://doi.org/10.3791/63860


148 GeroScience (2024) 46:129–151

1 3
Vol:. (1234567890)

probiotic bacteria using Caenorhabditis elegans. J Dairy 
Sci. 2014;97:6828–34.

 42. Son HG, Altintas O, Kim EJE, Kwon S, Lee SJV. Age-
dependent changes and biomarkers of aging in Caeno-
rhabditis elegans. Aging Cell. 2019;18: e12853.

 43. Solis GM, Petrascheck M. Measuring Caenorhabditis 
elegans life span in 96 well microtiter plates. J Vis Exp. 
2011;49:2496.

 44. Zečić A, Dhondt I, Braeckman BP. The nutritional 
requirements of Caenorhabditis elegans. Genes Nutr. 
2019;14:15.

 45. Westfall S, Lomis N, Prakash S. Longevity extension in 
Drosophila through gut-brain communication. Sci Rep. 
2018;8:8362.

 46. Bhanja A, Nayak N, Mukherjee S, Sutar PP, Mishra M. 
Treating the onset of diabetes using probiotics along 
with prebiotic from Pachyrhizus erosus in high-fat diet 
fed Drosophila melanogaster. Probiotics Antimicrob Pro-
teins. 2022;14:884–903.

 47. Lee H-Y, Lee J-H, Kim SH, Jo S-Y, Min K-J. Probi-
otic Limosilactobacillus reuteri (Lactobacillus reuteri) 
extends the lifespan of Drosophila melanogaster through 
insulin/IGF-1 signaling. Aging Dis. 2023. https:// doi. org/ 
10. 14336/ AD. 2023. 0122.

 48. Stuivenberg GA, Chmiel JA, Akouris PP, Burton JP, 
Reid G. Probiotic bifidobacteria mitigate the deleterious 
effects of para-cresol in a Drosophila melanogaster toxic-
ity model. mSphere. 2022;7:e0044622.

 49. Chen S, Chen L, Qi Y, Xu J, Ge Q, Fan Y, et  al. Bifi-
dobacterium adolescentis regulates catalase activity and 
host metabolism and improves healthspan and lifespan in 
multiple species. Nat Aging. 2021;1:991–1001.

 50. Zhang F, Berg M, Dierking K, Félix M-A, Shapira M, 
Samuel BS, et al. Caenorhabditis elegans as a model for 
microbiome research. Front Microbiol. 2017;8:485.

 51. Dirksen P, Marsh SA, Braker I, Heitland N, Wagner S, 
Nakad R, et al. The native microbiome of the nematode 
Caenorhabditis elegans: gateway to a new host-microbi-
ome model. BMC Biol. 2016;14:38.

 52. Samuel BS, Rowedder H, Braendle C, Félix M-A, 
Ruvkun G. Caenorhabditis elegans responses to bacte-
ria from its natural habitats. Proc Natl Acad Sci U S A. 
2016;113:E3941–9.

 53. Berg M, Zhou XY, Shapira M. Host-specific functional 
significance of Caenorhabditis gut commensals. Front 
Microbiol. 2016;7:1622.

 54. Lee S, Kim Y, Choi J. Effect of soil microbial feeding on 
gut microbiome and cadmium toxicity in Caenorhabditis 
elegans. Ecotoxicol Environ Saf. 2020;187: 109777.

 55. Van Norman GA. Limitations of animal studies for pre-
dicting toxicity in clinical trials. JACC: Basic Transl Sci. 
2019;5:387–97.

 56. Li Y, Jiang Y, Lessing DJ, Chu W. Exploring of pro-
biotic potential vaginal lactobacillus isolates from 
healthy women against Gardnerella vaginalis and Cae-
norhabditis elegans model testing. J Appl Microbiol. 
2022;133:1392–401.

 57. Pukkila-Worley R, Ausubel FM. Immune defense mecha-
nisms in the Caenorhabditis elegans intestinal epithe-
lium. Curr Opin Immunol. 2012;24:3–9.

 58. Gravato-Nobre MJ, Hodgkin J. Caenorhabditis elegans as 
a model for innate immunity to pathogens. Cell Micro-
biol. 2005;7:741–51.

 59. Ikeda T, Yasui C, Hoshino K, Arikawa K, Nishikawa Y. 
Influence of lactic acid bacteria on longevity of Caeno-
rhabditis elegans and host defense against Salmonella 
enterica serovar enteritidis. Appl Environ Microbiol. 
2007;73:6404–9.

 60. Komura T, Ikeda T, Yasui C, Saeki S, Nishikawa Y. 
Mechanism underlying prolongevity induced by bifi-
dobacteria in Caenorhabditis elegans. Biogerontology. 
2013;14:73–87.

 61. Blackwell TK, Steinbaugh MJ, Hourihan JM, Ewald 
CY, Isik M. SKN-1/Nrf, stress responses, and aging 
in Caenorhabditis elegans. Free Radic Biol Med. 
2015;88:290–301.

 62. Kim Y, Mylonakis E. Caenorhabditis elegans immune 
conditioning with the probiotic bacterium Lactobacil-
lus acidophilus strain NCFM enhances gram-positive 
immune responses. Infect Immun. 2012;80:2500–8.

 63. Jin X, He Y, Zhou Y, Chen X, Lee Y-k, Zhao J, et  al. 
Lactic acid bacteria that activate immune gene expres-
sion in Caenorhabditis elegans can antagonise Campylo-
bacter jejuni infection in nematodes, chickens and mice. 
BMC Microbiol. 2021;21:169.

 64. Kumar A, Joishy T, Das S, Kalita MC, Mukherjee AK, 
Khan MR. A potential probiotic Lactobacillus plantarum 
JBC5 improves longevity and healthy aging by modulat-
ing antioxidative, innate immunity and serotonin-sign-
aling pathways in Caenorhabditis elegans. Antioxidants 
(Basel). 2022;11:268.

 65. Park MR, Ryu S, Maburutse BE, Oh NS, Kim SH, Oh S, 
et al. Probiotic Lactobacillus fermentum strain JDFM216 
stimulates the longevity and immune response of Cae-
norhabditis elegans through a nuclear hormone receptor. 
Sci Rep. 2018;8:7441.

 66. Schifano E, Tomassini A, Preziosi A, Montes J, Aureli 
W, Mancini P, et  al. Leuconostoc mesenteroides strains 
isolated from carrots show probiotic features. Microor-
ganisms. 2021;9:2290.

 67. Zhou M, Liu X, Yu H, Yin X, Nie S-P, Xie M-Y, et al. 
Cell signaling of Caenorhabditis elegans in response to 
enterotoxigenic Escherichia coli infection and Lactoba-
cillus zeae protection. Front Immunol. 2018;9:1745.

 68. Zhou M, Liu X, Yu H, Gong J. Lactobacillus regulates 
Caenorhabditis elegans cell signaling to combat Salmo-
nella infection. Front Immunol. 2021;12: 653205.

 69. Kato M, Hamazaki Y, Sun S, Nishikawa Y, Kage-Naka-
dai E. Clostridium butyricum MIYAIRI 588 increases 
the lifespan and multiple-stress resistance of Caenorhab-
ditis elegans. Nutrients. 2018;10:1921.

 70. Gumienny TL, Savage-Dunn C. TGF-β signaling in C. ele-
gans. In: WormBook: The Online Review of C elegans Biol-
ogy [Internet]. Pasadena (CA): WormBook; 2005–2018.

 71. Mørch MG, Møller KV, Hesselager MO, Harders RH, 
Kidmose CL, Buhl T, et al. The TGF-β ligand DBL-1 is 
a key player in a multifaceted probiotic protection against 
MRSA in C. elegans. Sci Rep. 2021;11:10717.

 72. Kwon G, Lee J, Koh J-H, Lim Y-H. Lifespan extension of 
Caenorhabditis elegans by Butyricicoccus pullicaecorum 

https://doi.org/10.14336/AD.2023.0122
https://doi.org/10.14336/AD.2023.0122


149GeroScience (2024) 46:129–151 

1 3
Vol.: (0123456789)

and Megasphaera elsdenii with probiotic potential. Curr 
Microbiol. 2018;75:557–64.

 73. Tenor JL, Aballay A. A conserved Toll-like receptor is 
required for Caenorhabditis elegans innate immunity. 
EMBO Rep. 2008;9:103–9.

 74. Sun S, Mizuno Y, Komura T, Nishikawa Y, Kage-Naka-
dai E. Toll-like receptor homolog TOL-1 regulates Bifi-
dobacterium infantis-elicited longevity and behavior in 
Caenorhabditis elegans. Biosci Microbiota Food Health. 
2019;38:105–10.

 75. Sim I, Park K-T, Kwon G, Koh J-H, Lim Y-H. Probiotic 
potential of Enterococcus faecium isolated from chicken 
cecum with immunomodulating activity and promoting 
longevity in Caenorhabditis elegans. J Microbiol Bio-
technol. 2018;28:883–92.

 76. Kwon G, Lee J, Lim Y-H. Dairy Propionibacterium 
extends the mean lifespan of Caenorhabditis elegans 
via activation of the innate immune system. Sci Rep. 
2016;6:31713.

 77. Kim H, Shin M, Ryu S, Yun B, Oh S, Park D-J, et  al. 
Evaluation of probiotic characteristics of newly isolated 
lactic acid bacteria from dry-aged Hanwoo beef. Food 
Sci Anim Resour. 2021;41:468–80.

 78. Schifano E, Zinno P, Guantario B, Roselli M, Marcoccia 
S, Devirgiliis C, et al. The foodborne strain Lactobacillus 
fermentum MBC2 triggers pept-1-dependent pro-longev-
ity effects in Caenorhabditis elegans. Microorganisms. 
2019;7:45.

 79. Yun B, Ryu S, Kang M, Lee J, Yoo J, Kim Y, et al. Probi-
otic Lacticaseibacillus rhamnosus GG increased longev-
ity and resistance against foodborne pathogens in Caeno-
rhabditis elegans by regulating microRNA miR-34. Front 
Cell Infect Microbiol. 2022;11: 819328.

 80. Zhang J, Zhao Y, Sun Z, Sun T. Lacticaseibacillus rham-
nosus Probio-M9 extends the lifespan of Caenorhabditis 
elegans. Comm Biol. 2022;5:1139.

 81. Han R, Wang Y, Deng Y, Zhang Y, Zhang L, Niu Q. 
Stenotrophomonas strain CPCC 101271, an intestinal 
lifespan-prolonging bacterium for Caenorhabditis ele-
gans that assists in host resistance to “Bacillus nemato-
cida” colonization. Arch Microbiol. 2021;203:4951–60.

 82. Zhou M, Yu H, Yin X, Sabour PM, Chen W, Gong J. 
Lactobacillus zeae protects Caenorhabditis elegans from 
enterotoxigenic Escherichia coli-caused death by inhibit-
ing enterotoxin gene expression of the pathogen. PLoS 
One. 2014;9: e89004.

 83. Chelliah R, Choi J-G, Hwang S-B, Park B-J, Daliri 
EB-M, Kim S-H, et  al. In  vitro and in  vivo defensive 
effect of probiotic LAB against Pseudomonas aerugi-
nosa using Caenorhabditis elegans model. Virulence. 
2018;9:1489–507.

 84. Gusarov I, Gautier L, Smolentseva O, Shamovsky I, Ere-
mina S, Mironov A, et al. Bacterial nitric oxide extends 
the lifespan of C. elegans. Cell. 2013;152:818–30.

 85. Sang Y, Ren J, Aballay A. The transcription factor HLH-
26 controls probiotic-mediated protection against intes-
tinal infection through up-regulation of the Wnt/BAR-1 
pathway. PLoS Biol. 2022;20: e3001581.

 86. Rodriguez M, Snoek LB, De Bono M, Kammenga JE. 
Worms under stress: C. elegans stress response and its 

relevance to complex human disease and aging. Trends 
Genet. 2013;29:367–74.

 87. Azat R, Liu Y, Li W, Kayir A, Lin D-b, Zhou W-w, et al. 
Probiotic properties of lactic acid bacteria isolated from 
traditionally fermented Xinjiang cheese. J Zhejiang Univ 
Sci B. 2016;17:597–609.

 88. Li W, Huang W, Ma Y, Muhammad I, Hanif A, Ding Z, 
et  al. Antioxidant properties of lactic acid bacteria iso-
lated from traditional fermented yak milk and their probi-
otic effects on the oxidative senescence of Caenorhabdi-
tis elegans. Food Funct. 2022;13:3690–703.

 89. Pun PBL, Gruber J, Tang SY, Schaffer S, Ong RLS, 
Fong S, et  al. Ageing in nematodes: do antioxidants 
extend lifespan in Caenorhabditis elegans? Biogeron-
tology. 2010;11:17–30.

 90. Gusarov I, Shamovsky I, Pani B, Gautier L, Eremina S, 
Katkova-Zhukotskaya O, et al. Dietary thiols accelerate 
aging of C. elegans. Nat Commun. 2021;12:4336.

 91. Yang W, Hekimi S. A mitochondrial superoxide signal 
triggers increased longevity in Caenorhabditis elegans. 
PLoS Biol. 2010;8: e1000556.

 92. Grompone G, Martorell P, Llopis S, González N, 
Genovés S, Mulet AP, et  al. Anti-inflammatory Lac-
tobacillus rhamnosus CNCM I-3690 strain protects 
against oxidative stress and increases lifespan in Cae-
norhabditis elegans. PLoS One. 2012;7: e52493.

 93. Marsova M, Poluektova E, Odorskaya M, Ambaryan 
A, Revishchin A, Pavlova G, et  al. Protective effects 
of Lactobacillus fermentum U-21 against paraquat-
induced oxidative stress in Caenorhabditis elegans 
and mouse models. World J Microbiol Biotechnol. 
2020;36:104.

 94. Nakagawa H, Shiozaki T, Kobatake E, Hosoya T, 
Moriya T, Sakai F, et  al. Effects and mechanisms 
of prolongevity induced by Lactobacillus gasseri 
SBT2055 in Caenorhabditis elegans. Aging Cell. 
2016;15:227–36.

 95. Jin X, He Y, Liu Z, Zhou Y, Chen X, Wang G, et al. Lac-
tic acid bacteria exhibit similar antioxidant capacities 
in Caenorhabditis elegans- and Campylobacter jejuni-
infected mice. RSC Adv. 2020;10:3329–42.

 96. Lee J, Kwon G, Lim Y-H. Elucidating the mechanism of 
Weissella-dependent lifespan extension in Caenorhabdi-
tis elegans. Sci Rep. 2015;5:17128.

 97. Desaka N, Ota C, Nishikawa H, Yasuda K, Ishii N, 
Bito T, et  al. Streptococcus thermophilus extends lifes-
pan through activation of DAF-16-mediated antioxidant 
pathway in Caenorhabditis elegans. J Clin Biochem Nutr. 
2022;70:7–13.

 98. Thiruppathi G, Mohankumar A, Kalaiselvi D, Velum-
ani M, Saravana Bhavan P, Premasudha P, et  al. Gero-
protective effect of Levilactobacillus brevis and 
Weizmannia coagulans in Caenorhabditis elegans. Probi-
otics Antimicrob Proteins. 2023. https:// doi. org/ 10. 1007/ 
s12602- 023- 10060-y.

 99. Kapahi P, Kaeberlein M, Hansen M. Dietary restriction 
and lifespan: lessons from invertebrate models. Ageing 
Res Rev. 2017;39:3–14.

 100. Swindell WR. Dietary restriction in rats and mice: 
a meta-analysis and review of the evidence for 

https://doi.org/10.1007/s12602-023-10060-y
https://doi.org/10.1007/s12602-023-10060-y


150 GeroScience (2024) 46:129–151

1 3
Vol:. (1234567890)

genotype-dependent effects on lifespan. Ageing Res Rev. 
2012;11:254–70.

 101. McKay JP, Raizen DM, Gottschalk A, Schafer WR, 
Avery L. eat-2 and eat-18 are required for nicotinic neu-
rotransmission in the Caenorhabditis elegans pharynx. 
Genetics. 2004;166:161–9.

 102. Apfeld J, O’Connor G, McDonagh T, DiStefano PS, Cur-
tis R. The AMP-activated protein kinase AAK-2 links 
energy levels and insulin-like signals to lifespan in C. 
elegans. Genes Dev. 2004;18:3004–9.

 103. Wang Y, Oh SW, Deplancke B, Luo J, Walhout AJ, Tis-
senbaum HAC. elegans 14–3–3 proteins regulate life 
span and interact with SIR-2.1 and DAF-16/FOXO. 
Mech Ageing Dev. 2006;127:741–7.

 104. Bishop NA, Guarente L. Two neurons mediate diet-
restriction-induced longevity in C. elegans. Nature. 
2007;447:545–9.

 105. Chen D, Riddle DL. Function of the PHA-4/FOXA tran-
scription factor during C. elegans post-embryonic devel-
opment. BMC Dev Biol. 2008;8:26.

 106. Barathikannan K, Chelliah R, Elahi F, Tyagi A, Selvaku-
mar V, Agastian P, et al. Anti-obesity efficacy of Pedio-
coccus acidilactici MNL5 in Canorhabditis elegans gut 
model. Int J Mol Sci. 2022;23:1276.

 107. Goya ME, Xue F, Sampedro-Torres-Quevedo C, Arnaou-
teli S, Riquelme-Dominguez L, Romanowski A, et  al. 
Probiotic Bacillus subtilis protects against α-synuclein 
aggregation in C. elegans. Cell Rep. 2020;30:367-80.e7.

 108. Yuan Y, Kadiyala CS, Ching T-T, Hakimi P, Saha S, Xu 
H, et al. Enhanced energy metabolism contributes to the 
extended life span of calorie-restricted Caenorhabditis 
elegans. J Biol Chem. 2012;287:31414–26.

 109. Møller KV, Nguyen HTT, Mørch MGM, Hesselager MO, 
Mulder FA, Fuursted K, et  al. A Lactobacilli diet that 
confers MRSA resistance causes amino acid depletion 
and increased antioxidant levels in the C. elegans host. 
Front Microbiol. 2022;13:886206.

 110. Zanni E, Schifano E, Motta S, Sciubba F, Palleschi C, 
Mauri P, et  al. Combination of metabolomic and prot-
eomic analysis revealed different features among Lac-
tobacillus delbrueckii subspecies bulgaricus and lactis 
strains while in vivo testing in the model organism Cae-
norhabditis elegans highlighted probiotic properties. 
Front Microbiol. 2017;8:1206.

 111. Virk B, Correia G, Dixon DP, Feyst I, Jia J, Oberleitner 
N, et al. Excessive folate synthesis limits lifespan in the 
C. elegans: E. coli aging model. BMC Biol. 2012;10:67.

 112. Virk B, Jia J, Maynard CA, Raimundo A, Lefebvre J, 
Richards SA, et al. Folate acts in E. coli to accelerate C. 
elegans aging independently of bacterial biosynthesis. 
Cell Rep. 2016;14:1611–20.

 113. Reis RJS, Xu L, Lee H, Chae M, Thaden JJ, Bharill P, 
et  al. Modulation of lipid biosynthesis contributes to 
stress resistance and longevity of C. elegans mutants. 
Aging (Albany NY). 2011;3:125–47.

 114. Brokate-Llanos AM, Garzón A, Muñoz MJ. Escherichia coli 
carbon source metabolism affects longevity of its predator 
Caenorhabditis elegans. Mech Ageing Dev. 2014;141:22–5.

 115. Martorell P, Llopis S, Gonzalez N, Chenoll E, Lopez-
Carreras N, Aleixandre A, et al. Probiotic strain Bifido-
bacterium animalis subsp. lactis CECT 8145 reduces fat 

content and modulates lipid metabolism and antioxidant 
response in Caenorhabditis elegans. J Agric Food Chem. 
2016;64:3462–72.

 116. Yavorov-Dayliev D, Milagro FI, Ayo J, Oneca M, Aranaz 
P. Pediococcus acidilactici CECT9879 (pA1c) counter-
acts the effect of a high-glucose exposure in C. elegans 
by affecting the insulin signaling pathway (IIS). Int J Mol 
Sci. 2022;23:2689.

 117. Zhao Y, Zhao L, Zheng X, Fu T, Guo H, Ren F. Lactoba-
cillus salivarius strain FDB89 induced longevity in Cae-
norhabditis elegans by dietary restriction. J Microbiol. 
2013;51:183–8.

 118. Zhao L, Zhao Y, Liu R, Zheng X, Zhang M, Guo H, et al. 
The transcription factor DAF-16 is essential for increased 
longevity in C. elegans exposed to Bifidobacterium 
longum BB68. Sci Rep. 2017;7:7408.

 119. Wang W, Li S, Heng X, Chu W. Weissella confusa 
CGMCC 19,308 Strain protects against oxidative stress, 
increases lifespan, and bacterial disease resistance in 
Caenorhabditis elegans. Probiotics Antimicrob Proteins. 
2022;14:121–9.

 120. Komura T, Takemoto A, Kosaka H, Suzuki T, Nishi-
kawa Y. Prolonged lifespan, improved perception, and 
enhanced host defense of Caenorhabditis elegans by 
Lactococcus cremoris subsp. cremoris. Microbiol Spectr. 
2022;10:e0045421.

 121. Hu R, Zhang Y, Qian W, Leng Y, Long Y, Liu X, et al. 
Pediococcus acidilactici promotes the longevity of C. 
elegans by regulating the insulin/IGF-1 and JNK/MAPK 
signaling, fat accumulation and chloride ion. Front Nutr. 
2022;9:821685.

 122. Park MR, Oh S, Son SJ, Park D-J, Oh S, Kim SH, et al. 
Bacillus licheniformis isolated from traditional Korean 
food resources enhances the longevity of Caenorhabditis 
elegans through serotonin signaling. J Agric Food Chem. 
2015;63:10227–33.

 123. Miller HA, Huang S, Dean ES, Schaller ML, Tuckowski 
AM, Munneke AS, et al. Serotonin and dopamine modu-
late aging in response to food odor and availability. Nat 
Commun. 2022;13:3271.

 124. Donato V, Ayala FR, Cogliati S, Bauman C, Costa JG, 
Lenini C, et  al. Bacillus subtilis biofilm extends Cae-
norhabditis elegans longevity through downregulation 
of the insulin-like signalling pathway. Nat Commun. 
2017;8:14332.

 125. Cogliati S, Clementi V, Francisco M, Crespo C, Arga-
naraz F, Grau R. Bacillus subtilis delays neurodegenera-
tion and behavioral impairment in the Alzheimer’s dis-
ease model Caenorhabditis elegans. J Alzheimers Dis. 
2020;73:1035–52.

 126. Monteagudo-Mera A, Rastall RA, Gibson GR, 
Charalampopoulos D, Chatzifragkou A. Adhesion mech-
anisms mediated by probiotics and prebiotics and their 
potential impact on human health. Appl Microbiol Bio-
technol. 2019;103:6463–72.

 127. Camilleri M. Leaky gut: mechanisms, measurement and 
clinical implications in humans. Gut. 2019;68:1516–26.

 128. Lee J, Yun HS, Cho KW, Oh S, Kim SH, Chun T, et al. 
Evaluation of probiotic characteristics of newly isolated 
Lactobacillus spp.: immune modulation and longevity. 
Int J Food Microbiol. 2011;148:80–6.



151GeroScience (2024) 46:129–151 

1 3
Vol.: (0123456789)

 129. Lee J, Choe J, Kim J, Oh S, Park S, Kim S, et al. Heat-
killed Lactobacillus spp. cells enhance survivals of Cae-
norhabditis elegans against Salmonella and Yersinia 
infections. Lett Appl Microbiol. 2015;61:523–30.

 130. Dinić M, Jakovljević S, Đokić J, Popović N, Radojević 
D, Strahinić I, et  al. Probiotic-mediated p38 MAPK 
immune signaling prolongs the survival of Caenorhab-
ditis elegans exposed to pathogenic bacteria. Sci Rep. 
2021;11:21258.

 131. Sugawara T, Sakamoto K. Killed Bifidobacterium 
longum enhanced stress tolerance and prolonged life 
span of Caenorhabditis elegans via DAF-16. Br J Nutr. 
2018;120:872–80.

 132. Dinić M, Herholz M, Kačarević U, Radojević D, Novović 
K, Đokić J, et al. Host–commensal interaction promotes 
health and lifespan in Caenorhabditis elegans through the 
activation of HLH-30/TFEB-mediated autophagy. Aging 
(Albany NY). 2021;13:8040–54.

 133. Hansen M, Rubinsztein DC, Walker DW. Autophagy as 
a promoter of longevity: insights from model organisms. 
Nat Rev Mol Cell Biol. 2018;19:579–93.

 134. Wu Z-Q, Chen X-M, Ma H-Q, Li K, Wang Y-L, Li Z-J. 
Akkermansia muciniphila cell-free supernatant improves 
glucose and lipid metabolisms in Caenorhabditis elegans. 
Nutrients. 2023;15:1725.

 135. Popović N, Brdarić E, Đokić J, Dinić M, Veljović K, 
Golić N, et al. Yogurt produced by novel natural starter 
cultures improves gut epithelial barrier in vitro. Microor-
ganisms. 2020;8:1586.

 136. Zhang S, Li F, Zhou T, Wang G, Li Z. Caenorhabditis 
elegans as a useful model for studying aging mutations. 
Front Endocrinol (Lausanne). 2020;11: 554994.

 137. Lee S-H, Cho S-Y, Yoon Y, Park C, Sohn J, Jeong J-J, 
et  al. Bifidobacterium bifidum strains synergize with 
immune checkpoint inhibitors to reduce tumour burden 
in mice. Nat Microbiol. 2021;6:277–88.

 138. Lai C-H, Tsai C-C, Kuo W-W, Ho T-J, Day C-H, Pai P-Y, 
et  al. Multi-strain probiotics inhibit cardiac myopathies 
and autophagy to prevent heart injury in high-fat diet-fed 
rats. Int J Mol Sci. 2016;13:277–85.

 139. Lin C-C, Huang W-C, Su C-H, Lin W-D, Wu W-T, Yu 
B, et  al. Effects of multi-strain probiotics on immune 
responses and metabolic balance in Helicobacter pylori-
infected mice. Nutrients. 2020;12(8):2476.

 140. Hsieh P-S, Ho H-H, Tsao SP, Hsieh S-H, Lin W-Y, Chen 
J-F, et  al. Multi-strain probiotic supplement attenu-
ates streptozotocin-induced type-2 diabetes by reduc-
ing inflammation and β-cell death in rats. PLoS One. 
2021;16: e0251646.

 141. Yoo SR, Kim YJ, Park DY, Jung UJ, Jeon SM, Ahn YT, 
et  al. Probiotics L. plantarum and L. curvatus in combi-
nation alter hepatic lipid metabolism and suppress diet-
induced obesity. Obesity (Silver Spring). 2013;21:2571–8.

 142. Alard J, Lehrter V, Rhimi M, Mangin I, Peucelle V, Abra-
ham AL, et  al. Beneficial metabolic effects of selected 
probiotics on diet-induced obesity and insulin resistance 
in mice are associated with improvement of dysbiotic gut 
microbiota. Environ Microbiol. 2016;18:1484–97.

 143. Rathor L, Akhoon BA, Pandey S, Srivastava S, Pandey 
R. Folic acid supplementation at lower doses increases 
oxidative stress resistance and longevity in Caenorhabdi-
tis elegans. Age (Dordr). 2015;37:113.

 144. Scerbak C, Vayndorf E, Hernandez A, McGill C, Taylor 
B. Lowbush cranberry acts through DAF-16/FOXO sign-
aling to promote increased lifespan and axon branching 
in aging posterior touch receptor neurons. Geroscience. 
2018;40:151–62.

 145. Huggins B, Farris M. Vitamin D3 promotes longevity in 
Caenorhabditis elegans. Geroscience. 2023;45:345–58.

 146. Bito T, Matsunaga Y, Yabuta Y, Kawano T, Watanabe F. 
Vitamin B12 deficiency in Caenorhabditis elegans results 
in loss of fertility, extended life cycle, and reduced lifes-
pan. FEBS Open Bio. 2013;3:112–7.

 147. Ahmadi S, Nagpal R, Wang S, Gagliano J, Kitzman DW, 
Soleimanian-Zad S, et  al. Prebiotics from acorn and 
sago prevent high-fat-diet-induced insulin resistance via 
microbiome–gut–brain axis modulation. J Nutr Biochem. 
2019;67:1–13.

 148. Tabrizi R, Moosazadeh M, Lankarani KB, Akbari M, 
Heydari ST, Kolahdooz F, et al. The effects of synbiotic 
supplementation on glucose metabolism and lipid pro-
files in patients with diabetes: a systematic review and 
meta-analysis of randomized controlled trials. Probiotics 
Antimicrob Proteins. 2018;10:329–42.

Publisher’s note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.


	Geroprotective potential of microbiome modulators in the Caenorhabditis elegans model
	Abstract 
	Introduction
	Advantages of using C. elegans for large-scale screening studies
	Geroprotective effects of probiotics in C. elegans
	Modulation of innate immune system
	Modulation of stress responses
	Modulation of food intake and metabolism
	Lifespan extension via multiple mechanisms
	Other mechanisms

	Geroprotective effects of postbiotics in C. elegans
	Future perspectives
	Conclusions
	Acknowledgements 
	References


