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Aging is recognized as a common risk factor for many chronic diseases and functional decline. The newly emerging
field of geroscience is an interdisciplinary field that aims to understand the molecular and cellular mechanisms
of aging. Several fundamental biological processes have been proposed as hallmarks of aging. The proposition
of the geroscience hypothesis is that targeting holistically these highly integrated hallmarks could be an effective
approach to preventing the pathogenesis of age-related diseases jointly, thereby improving the health span of
most individuals. There is a growing awareness concerning the benefits of the prophylactic use of probiotics
in maintaining health and improving quality of life in the elderly population. In view of the rapid progress in
geroscience research, a new emphasis on geroscience-based probiotics is in high demand, and such probiotics
require extensive preclinical and clinical research to support their functional efficacy. Here we propose a new
term, “gerobiotics”, to define those probiotic strains and their derived postbiotics and para-probiotics that are
able to beneficially attenuate the fundamental mechanisms of aging, reduce physiological aging processes, and
thereby expand the health span of the host. We provide a thorough discussion of why the coining of a new term is
warranted instead of just referring to these probiotics as anti-aging probiotics or with other similar terms. In this
review, we highlight the needs and importance of the new field of gerobiotics, past and currently on-going research
and development in the field, biomarkers for potential targets, and recommended steps for the development of
gerobiotic products. Use of gerobiotics could be a promising intervention strategy to improve health span and

longevity of humans in the future.
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INTRODUCTION

The world population is aging rapidly. Life expectancy is
72 years old globally, mainly due to medical advances that reduce
mortality, while the number of people aged 65 and over accounts
for 8.9% of the total population. The global health span, defined
as the time in life that an individual is in a reasonably good health
condition, is around 63.3 years [1]. Thus, for the last 8.7 years of
life, elderly people tend to experience adverse health conditions,
as medical treatments fall short of improving overall health.
According to the National Council on Aging, approximately 80%
of senior adults have at least one chronic disease, and 77% have
at least two [2]. Heart disease, stroke, cancer, and diabetes are
among the most common chronic health conditions of seniors,
which account for two-thirds of deaths each year. The mental
health of seniors is also an important health issue. Approximately
15% of adults aged 60 and over suffer from mental disorders, such
as dementia and depression. Indeed, population aging, described

as the “Silver Tsunami”, is bringing crises to every aspect of
our society, especially to the public healthcare system. It is only
logical that aging is recognized as a common risk factor for many
chronic diseases and functional decline. One of the frequently
asked questions about aging is, what is the role of aging in driving
age-related chronic diseases and loss of function, and vice versa?
On the other hand, the newly emerging field of “geroscience”
asks the same question from a different perspective: What are the
basic biological mechanisms responsible for the aging process
and the accompanying age-related diseases or conditions [3-6]?
Geroscience is an interdisciplinary field that aims to understand
the relationship between aging and age-related diseases and to
explore how to slow down the progression of age-related diseases
and functional losses [3-0]. A geroscience approach to anti-aging
interventions targeting fundamental biological mechanisms
of aging could result in postponement of the onset of multiple
age-related chronic diseases all at once and effectively expand
health span with greater efficiency. Consequently, a reduction in
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Nine hallmarks of aging: genomic instability, epigenetic alterations, loss of proteostasis, telomere attrition, deregulated nutrient sensing,

cellular senescence, stem cell exhaustion, mitochondrial dysfunction, and altered intercellular communication.

healthcare costs is to be expected. It is indeed a paradigm shift
in our endeavor to conduct aging research. Aging not only could
be postponed and slowed down but could also be reversed, so
long as it is managed with the right approaches. More important
for aging management is the awareness of starting it as early as
possible. In the past, it was only in their 50s and 60s that people
became aware of age-related health issues when signs of loss of
vigor or the presence of high blood pressure, high blood sugar,
or high cholesterol levels surfaced. Furthermore, only then did
they start to pay attention to their diets and lifestyles and take
prophylactic medication. In contrast, the concept of geroscience
aims to emphasize the importance of early intervention when
people are in their 40s, or even their 30s, before the appearance
of symptoms of aging. This is a recent and novel concept in
preventive medicine.

The rapid advancement in our understanding of the
aging process has identified several fundamental biological
processes as hallmarks of aging, including telomere attrition,
genomic instability, epigenetic alterations, loss of proteostasis,
deregulated nutrient sensing, cellular senescence, stem cell
exhaustion, mitochondrial dysfunction, and altered intercellular
communication (chronic inflammation; Fig. 1) [3, 7-9]. The
proposition of the geroscience hypothesis is that targeting
holistically these highly integrated hallmarks of aging could be

an effective approach to preventing/delaying the pathogenesis of
age-related diseases or functional decline simultaneously, thereby
improving the health span of most individuals [10-12].

CURRENT STATUS OF EFFORTS ON GEROSCIENCE
GLOBALLY

There have been more and more organizations actively
investing in advancing geroscience research. The National
Institute on Aging (NIA) has a mission to improve the health
and well-being of the elderly population in the U.S. through
biomedical, social, and behavioral research. Since 1974, the
NIA has been focusing on understanding the dynamics of aging,
improving the health, well-being, and independence of adults as
they age, and supporting the research community. The NIA”s
Interventions Testing Program (ITP) looks to test chemicals for
the purpose of extending longevity [13]. Results obtained from
ITP studies showed that rapamycin (both genders) [14], acarbose
(both genders) [15], aspirin (males) [16], Protandim® (males)
[17], nordihydroguaiaretic acid (males) [16], and glycine [18]
effectively increased lifespan in a mouse model. Chemicals
targeting the aging-related hallmarks are reported to not only
extend lifespan but also to slow down the aging process.

In 2012, the GeroScience Interest Group (GSIG) was formed
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to explore the intersection between aging biology and the biology
of diseases, with 20 NIH Institutes and Centers participating.
The GSIG is focused on basic biology, together with a vision
toward translation. By developing a collaborative framework, the
GSIG rapidly and effectively integrated all aspects of geroscience
knowledge, from basic research to clinical studies [19]. In 2013,
the GSIG debuted a geroscience summit, which attracted an
audience from academia, industry, and also the general public to
the emerging field of geroscience, on the important public health
role of geroscience in combating aging-related problems.

Rapamycin, a potent immunosuppressive agent, was known to
play the key roles in cellular growth and lifespan via its targets,
the nutrient-sensing protein complex and mTOR [20-22].
Resveratrol is a well-known antioxidant nutraceutical that has
been reported to be an activator of sirtuins, essential factors that
delay cellular senescence [23]. Cellular senescence resulting in a
senescence-associated secretory phenotype (SASP), such as stem
cell depletion and chronic inflammation, has been reported to
be blocked by senolytics [24, 25]. Precursors of NAD" possibly
extend longevity via activation of the NAD™/SIRT1 axis [26].
Metformin is a widely used medication approved by the Food and
Drug Administration (FDA) for treating type-2 diabetes. Studies
have shown that metformin can target a number of aging-related
mechanisms, such as mitochondria dysfunction, inflammation,
deregulated nutrient sensing, and cellular senescence [27-29].

Recently, a large-scale human clinical geroscience trial,
Targeting Aging with metformin (TAME), managed by the
American Federation for Aging Research (AFAR) was designed
to test the anti-aging effect of metformin on the elderly. This
randomized, placebo-control trial will recruit 3,000 seniors who
have slow gait speeds or age-related diseases and are between
the ages of 65 and 80. The time to incidence of any age-related
disease is set as the primary outcome, the time to incidence of
disability is set as the secondary outcome, and changes in blood-
based biomarkers of aging are set as the tertiary outcomes [9, 12,
30]. AFAR believes that the TAME trial will provide a proof of
concept to test the geroscience hypothesis in humans. One of the
important goals of the TAME trial is to seek FDA’s recognition
of aging as an indication, which will subsequently speed up the
development of new treatments for a whole range of age-related
diseases.

Since aging is currently not recognized as a disease, it cannot
be used as an indication in clinical trials for any new drugs or
new therapies [31, 32]. However, in the 2018 version of the
International Classification of Diseases (ICD-11), the World
Health Organization (WHO) implemented an extension code for
“ageing-related” (XTIT) diseases. It is defined as those “caused
by pathological processes which persistently lead to the loss of
an organism’s adaptation and progress in older ages”. The new
code “ageing-related” can be added to any other conditions listed
in ICD-11, such as gastrointestinal tract dystrophy (ageing-
related gastrointestinal tract dystrophy), low-grade inflammation
(ageing-related low-grade inflammation), and mental disorder
(ageing-related mental disorder). The new coding of aging-
related diseases reveals the growing recognition of aging as a
pathological process. Furthermore, it is an important move that
creates more opportunities for the development and registration
of innovative anti-aging biomedical technologies, identifying
innovative therapies, and establishing health-promoting strategies
for treating aging.

There is an increasing awareness of the benefits of prophylactic
use of probiotics in maintaining health and improving quality of life
in the elderly population [33-36]. As summarized in Table 1, some
specific probiotic strains have been reported to have beneficial
health effects in several preclinical studies using various aging
animal models and in clinical studies for seniors. Although most of
the proposed health-promoting mechanisms of those probiotics are
immunomodulation, anti-inflammation, microbiota modulation,
etc., there are a few unique strains showing the potential to affect
some hallmarks of aging, such as mitochondria dysfunction
(Lactobacillus paracasei PS23 [37], Bifidobacterium breve B-3
[38]) and telomere attrition (Lactobacillus fermentum DR9 [39]).

PROBIOTICS FOR ANTI-AGING REPORTED FROM
RESEARCH MODELS

A growing body of evidence has revealed that the aging
process is also tightly linked to the homeostasis of the intestinal
microbiome [40-43]. Over a century ago, Elie Metchnikoff
proposed that the onset of the aging process could be delayed
by manipulating the intestinal environment with friendly bacteria
[44]. He has been regarded as one of the pioneers of a rapidly
growing field focusing on the health benefits of probiotics.
Probiotics are well recognized as safe and have significant health
benefits to the elderly, such as boosting immunity and maintaining
gut microbiota in a healthy state. Today, probiotics are not only an
important subject in the field of geroscience research but also a
source of a multi-billion-dollar industry globally. Advancements
in geroscience make us wonder whether certain probiotics might
target basic biological mechanisms of aging. If such mechanisms
can be validated, those probiotics could possibly be used to
delay the onset of multiple age-related chronic diseases and thus
effectively expand the health span [33].

A good number of probiotics with anti-aging potential have
been identified using mainly invertebrate organism models for
studying lifespan extension and rodent models for studying
detailed molecular mechanisms. Some clinical trials for certain
probiotic strains have even been completed with promising
results with respect to their anti-aging effects.

Invertebrate model organisms

The nematode worm Caenorhabditis elegans and the fruit
fly Drosophila melanogaster have been used for decades for
studying anti-aging and prolongevity [45-47]. The nematode C.
elegans is a powerful in vivo model in the study of host-probiotic
interactions [48, 49]. In 2007, Ikeda et al. used C. elegans to test
the effects of lactic acid bacteria on the lifespan of C. elegans
and reported that Lactobacillus rhamnosus NBRC14710 [50]
was able to improve lifespans in wild-type worms. In C. elegans,
DAF-16 is a key transcription factor that integrates multiple
signaling pathways, such as the insulin/IGF-1 signaling pathway,
TOR signaling, AMPK pathway, and JNK pathway, which are
involved in aging and longevity. Several probiotic strains directly
or indirectly mediated by DAF-16 were reported to increase the
lifespan of the worms, such as Bifidobacterium longum BB68
[51], Lactobacillus gasseri SBT2055 [52], L. fermentum MBC2
[53], and Bifidobacterium infantis ATCC15697 [54]. Bacillus
subtilis PXN21 inhibits a-synuclein aggregation, which is also
partly mediated by DAF-16 [55]. SKN-1 is yet another protein
that plays important roles in oxidative stress defense and aging
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Table 1. Selected probiotic strains as potential gerobiotics

Strain Model Aging hallmark Physiology Mechanisms
B. longum BB68 C. elegans Lifespan 1 DAF-16
L. gasseri SBT2055 C. elegans Lifespan 1 p38 MAPK, SKN-1
L. fermentum MBC2 C. elegans Lifespan 1 DAF-16, pep-1
B. infantis ATCC15697 C. elegans Lifespan 1 p38 MAPK, Insulin/IGF-1,
SKN-1
B. subtilis PXN21 C. elegans Lifespan 1 a-Synuclein, DAF-16

L. brevis OW38 Aged mice Learning, memory 1 pl6, p53, SAMHDI1, BDNF,
DCX
L. paracasei PS23 SAMP8 mice Senescence appearance | Dopamine, Serotonin, BDNF,
Cognition 1, Sarcopenia | mtDNA, PGCl-a, NRF1, TFAM,
SOD, GPx, IL-6, TNF-a, MCP-1
L. paracasei K71 SAMP8 mice Cognition 1 MAOA, BDNF, CREB
L. plantarum ARS501 D-gal mice Liver damages | Nrf2, glutathione reductase,

glutathione S-transferase

L. helveticus KLDS1.8701 D-gal mice Gut microbiota Nrf2 , ROS, Butyrate, endotoxin

L plantarum C29 D-gal, SXFAD Memory 1 DCX, BDNF, p-CREB, COX-2,
mice Gut microbiota p-p65, iINOS, SIRT-1, pl6, p53
Fischer 344 rats

L. plantarum NDC 75017  D-gal rats Learning, memory Mitochondrial ultrastructure,

ATP level
L. fermentum DR9 D-gal rats - Exercise capacity Telomere length, p53, TNF-a,
(©0 4’ 1 TFN-y, IL-1B

B. lactis HNO19 Mice Innate immunity 1 Phagocytosis activity

human
B. breve B-3 Mice Grip strength 1 Fasting glucose, insulin, Akt,

Rats Mental condition? AMPK

human Body mass index |

Bowel movement?

L. casei Shirota human Innate immunity 1 NK cells activity, IL-12

Constipation |
Hypertension |

9 ° % =N <
Markers of aging: 1. 8 Altered intercellular communication. 2. ® Cellular senescence. 3. [\4 Deregulated nutrient sensing. 4. %\g Genomic instability.

S. Mitochondrial dysfunction. 6. dl Telomere attrition. 7. fit? Gut microbiota. 8. © ~ Neuropeptides. 9. .@ Oxidative stress. D-gal: D-galactose,
SAMPS: Senescence Accelerated Mouse-Prone 8, MAPK: mitogen-activated protein kinase, NRF1: Nuclear Respiratory Factor 1, TFAM: transcription
factor A, mitochondrial, SOD: superoxide dismutase, MCP-1: Monocyte chemoattractant protein-1, DCX: Doublecortin, NK: natural killer, AMPK: AMP-
activated protein kinase, CREB: cAMP-response element binding protein, SAMHD1: SAM And HD Domain Containing Deoxynucleoside Triphosphate
Triphosphohydrolase 1.
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processes of C. elegans. [56]. The effects of extending the
lifespan of C. elegans with L. gasseri SBT2055 and B. infantis
ATCC15697 were found to be associated with the expression
of SKN-1. Connections with antioxidation effects have been
reported for almost all lactobacilli reported to have prolongevity
potential. These lactobacilli include L. gasseri SBT2055, as well
as several others not included in Table 1, such as L. rhamnosus
CNCM 1-3690 [57], Lactobacillus salivarius FDB89 [58], and L.
fermentum LA12 [59].

D. melanogaster was rarely used for investigating anti-aging
effects of probiotics in the past, but this has changed, as axenic
Drosophila can be generated rather easily and investigating the
monoassociation of individual probiotic strains has become more
accessible in conducting aging-related research [60]. Recently,
Gomez et al. suggested that the axenic Drosophila system is
suitable in preliminary testing for investigating the effects of
probiotics on developmental or behavioral aspects [61].

Rodent models

Rodent models of aging are usually used for investigating the
anti-aging effects of probiotics. Normally aged mouse models are
the closest rodent models of aging to the progression of biological
aging in humans; however, the generation of such models are a
time-consuming process. Oral administration of Lactobacillus
brevis OW38 to aged mice (18 months old) for 8 weeks suppressed
the expression of several senescence markers, p16, p53, and sterile
a~-motif domain- and HD domain-containing protein 1 (SAMHD1),
in the colon and hippocampus [62]. The senescence-accelerated
mouse (SAM) model was established through phenotypic
selection from a common genetic pool of the AKR/J strain of mice
[63]. The SAM starts senescence at approximately 6 months of
age with the irreversible advancement of senescence. Among the
9 different substrains of the SAM model (SAMP1 to SAMP9),
SAMPS8 was most widely used for anti-aging studies of probiotics
[64, 65]. L. paracasei PS23 preserved mitochondrial function,
one of the central hallmarks of aging, and extenuated sarcopenia
progression and cognitive decline with aging in SAMP8 mice
[37]. Long-term administration of L. paracasei K71 resulted in
increased protein expression of brain-derived neurotrophic factor
(BDNF) and cAMP-response element-binding protein (CREB)
phosphorylation in the hippocampus [66].

The D-galactose-induced accelerated aging rodent model is
also widely used for evaluating anti-aging effects of probiotics.
Over-administration of D-galactose can induce the generation
of reactive oxygen species (ROS), oxidative stress, and
inflammation and accelerate such aging processes as memory and
learning deficits [67, 68]. The nuclear factor erythroid 2-related
factor 2 (Nrf2)-linked pathways are involved in protective
mechanisms against oxidation and have been associated with
both aging and the pathogenesis of many chronic diseases. By
using the D-galactose-induced aging model, it was revealed
that Lactobacillus plantarum ARS01 greatly elevated the gene
expression of Nrf2 and upregulated the expressions of several
antioxidant genes, such as glutathione reductase and glutathione
S-transferase, in the liver of aging mice [69]. Lactobacillus
helveticus KLDS1.8701 supplementation also reduced hepatic
oxidative stress by modulating the Nrf-2 pathway [70]. Treatment
with L. plantarum C29 ameliorated D-gal-induced suppression
of BDNF and activation of CREB and decreased the expression
of the senescence marker p16 and inflammation markers p-p65,

cyclooxygenase (COX-2), and inducible NO synthase (iNOS)
[71]. L. plantarum NDC 75017 treatment improved mitochondrial
ultrastructure functions, including the mitochondrial respiratory
chain, mitochondrial membrane potential, and mitochondrial
permeability transition, in D-galactose-treated mice [72]. In
a recent report, L. fermentum DRO, L. plantarum DR7, and
Lactobacillus reuteri 8513d reduced telomere shortening induced
by D-galactose treatment [39].

Human studies

Interventional studies of probiotics in the elderly population
remain scarce [35], and this is primarily attributed to the
challenges of a placebo control when elderly are considered a
vulnerable population with comorbid conditions. In addition,
it is less feasible to observe longitudinal effects of probiotics
over prolonged periods of time. Thus, most aging studies in
human clinical trials have involved observations of beneficial
effects related to inflammation, infection, immune modulation,
metabolic profiles, cognitive function, gut microbiota, and
quality of life. For example, consumption of a probiotic drink
containing Lactobacillus casei Shirota for 4 weeks by the elderly
was reported to improve the tumoricidal activity of natural killer
(NK) cells, increase the serum level of interleukin (IL)-10 [73],
and reduce the number of days on which fever was detected
[74]. Daily consumption of Bifidobacterium lactis HNO19 for
3 or 6 weeks enhanced the phagocytic capacity of NK cells
and polymorphonuclear (PMN) cells [75]. Consumption of L.
plantarum C29 fermented soybean for 12 weeks by the elderly
with mild cognitive impairment showed improvements in
cognitive functions and increased serum BDNF levels [76].

Several probiotics have shown convincing evidence of anti-
aging effects in a series of animal and human studies. Here we
take L. plantarum C29, L. paracasei PS23, and B. breve B-3 as
examples to illustrate the models used to study their effects on
anti-aging.

L. plantarum C29 has been reported to improve memory
impairment in various rodent models, such as in the scopolamine-
induced memory deficit mouse model [77], the D-galactose-
induced aging mouse model [71], the Fischer 344 rat model
[78], and the TNBS-induced colitis mouse model [79]. Increased
expression of BDNF, DCX, and CREB in the hippocampus;
reduced inflammation markers, p-p65, p-FOX03a, COX-2, and
iNOS; and decreased senescence markers, pl6 and p53, were
observed with L. plantarum C29. In aged Fischer 344 rats, L.
plantarum C29 treatment inhibited aging-associated activation of
Akt, mTOR, and FOX3a in the colon and the hippocampus more
potently than treatment with rapamycin, an mTOR inhibitor [78].
Recently, a multi-center, randomized, double-blind, placebo-
controlled clinical trial was carried out to study 100 elderly
subjects with an average age of 69. After consumption of L.
plantarum C29-fermented soybean for 12 weeks, improvements
in the combined cognitive functions related to memory and
attention, especially in the attention domain, were observed along
with increased serum BDNF levels [76].

L. paracasei PS23 has been shown to reduce the scores of
senescence and attenuate age-related decreases of muscle mass
and strength, cognitive decline, and memory impairment in the
SAMPS aging mouse model [37]. Also, it was observed that PS23
extenuated sarcopenia progression during aging, which might
have been caused by the preservation of mitochondrial function
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via a reduction in age-related inflammation and ROS and by
maintenance of protein uptake. Administration of PS23 increased
the number of mitochondria and the expression of PGCla,
SIRT1, NRF1, and TFAM involved in mitochondrial biogenesis.
Moreover, increased levels of superoxide dismutase, glutathione
peroxidase activities, and tumor necrosis factor (TNF)-a and
lower levels of IL-10 in serum suggested that L. paracasei PS23
enhanced the antioxidative capacity and modulated inflammation
[80].

Based on results from the maternal separation— and chronic
corticosterone treatment-induced depression mouse models,
L. paracasei PS23 is also a potential psychobiotic [81, 82].
Administration of either live or heat-killed L. paracasei
PS23 improved anxiety and depression-like behaviors and
increased dopamine and 5-HT levels in the hippocampus and
prefrontal cortex, which was accompanied by higher serum
anti-inflammatory IL-10 levels and lower corticosterone levels.
The anti-aging effects of heat-killed L. paracasei PS23 were
not evaluated in SAMPS8 mice; however, in the D-galactose-
induced aging model, heat-killed L. paracasei PS23 showed
improvements in muscle strength and other aging biomarkers
(article in preparation) as effective as those with live cells of L.
paracasei PS23.

B. breve B-3 showed anti-obesity effects in a high-fat
diet-induced obesity mouse model [83] and in a clinical study
on subjects with mild obesity [84]. In another clinical study
on healthy elderly subjects who were supplemented with a
combination probiotic containing B. breve B-3 and assigned
to moderate resistance training, the results showed that the
combination probiotic containing B. breve B-3 improved mental
condition, body weight, and bowel movement frequency [85].
Administration of both live and heat-killed B. breve B-3 to
8-week-old SD rats increased muscle mass and muscle strength,
promoted oxidative muscle fiber composition, and modified
metabolic functions, and the effects possibly occurred via the
Akt and AMPK pathways [38]. In these studies, heat-killed B.
breve B-3 showed equivalent or even stronger effects compared
with live cells. A similar phenomenon was also observed with L.
paracasei PS23.

GEROBIOTICS: WHY A NEW TERM?

According to a consensus statement made by the International
Scientific Association for Probiotics and Prebiotics (ISAPP),
some mechanisms of action, such as inhibition of pathogens, bile
salt metabolism, and neutralization of carcinogens, are prevalent
among various probiotic strains [86]. On the other hand, some
mechanisms, including neurological effects, immunological
effects, and endocrinological effects, are more likely to be strain
specific. Those specific probiotic strains that promote health
effects by driving mucosal immune mechanisms were named
“immunobiotics” [87], and those that influence brain cells
and neuron cells were named “psychobiotics” [88]. These two
terms are now well recognized within the probiotics research
community.

Here, we propose a new term, “gerobiotics”, to define those
specific probiotic strains that are able to reduce physiological aging
processes and those probiotic strains and their derived postbiotics
and para-probiotics that are able to beneficially attenuate the
fundamental mechanisms of aging, reduce physiological aging

processes, and thereby expand the health span of the host.

The ISAPP, however, advises the use of existing terms for
probiotics with appropriate modifiers, e.g., immune-active
probiotic instead of immunobiotic and probiotic drugs instead
of live biotherapeutic products [89]. Why do we now wish to
create the new term gerobiotics for those anti-aging probiotic
strains that show solid scientific data supporting their anti-aging
mechanisms? The reasons are as follows.

In response to the rapid development of geroscience
Geroscience is a novel concept that emphasizes the importance
of targeting basic mechanisms of aging for the prevention of
age-related chronic diseases. This new trend caused the NIH
to form the Trans-NIH Geroscience Interest Group in order to
effectively integrate collaborative research [19]. It has also led
WHO to implement an extension code for “ageing-related”
diseases in the latest version of the ICD, which might open the
door to recognition of aging as a disease and could be used as an
indication in official clinical trials for new drugs or new therapies.
This has not only led organizations to recognize the potential
of geroscience but also drawn the attention of scientists to re-
examination of the anti-aging effects of some classical drugs,
such as metformin and rapamycin. Consequently, this has made
the development of geroprotectors a highly coveted territory for
many pharmaceutical companies [90]. Since probiotics have long
been recognized as an important preventative measure for many
age-related conditions and for maintenance of the general health
of the elderly, we believe that a new term is needed to accelerate
the development of unique probiotic strains capable of promoting
health through direct effects on the fundamental mechanisms of

aging.

Changing market strategies for the development of new anti-
aging probiotics

It is essential for customers to experience beneficial effects
personally from the probiotic products that they consume before
they consider re-ordering. Unlike those probiotics for improving
gastrointestinal functions and those for alleviating allergies, the
beneficial effects of which users can experience within a few
weeks or months, gerobiotics that aim to slow the aging process
could take years or even more than ten years before noticeable anti-
aging effects can be observed. New marketing strategies that are
different from traditional approaches are needed for gerobiotics.
In the research and development process, implementation of a
panel of blood-based biomarkers that reflects the status of aging
before and after interventions may serve as an effective approach
to gaining the trust of those who take gerobiotics. However, the
new term is not merely for implementing new market strategies
effectively. It communicates well to users that certain biological
markers affected by gerobiotics are actually associated with aging
and aging processes.

BIOMARKERS ARE CRUCIAL FOR IDENTIFYING
AND EVALUATING GEROBIOTIC CANDIDATES

Studies on the prolongevity effects of gerobiotic candidates
are extremely lengthy and costly. Therefore, biomarkers could
serve as much-needed indicators for evaluating interventions
and providing evidence for halting of aging processes [91].
Biomarkers that properly reflect the differences in the underlying
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Table 2. Potential aging biomarkers

Justice et al. Inflammation
[30] Nutrient sign
Cardio vascular

Stress response GDF15, Isoprostane

IL6, CRP, TNF, Eotxin, CMV antibody
IGF-1, Insulin, IGFBPs,
NT-proBNP, Fibrinogen, AGE/rAGE, tPA

Others Cystatin C, DHEAS, Telomere length, Adiponectin, TSH, Leptin
Cardoso et al. Inflammation CXCL10, CX3CL1, IL-6, Pentraxin, sVCAM/sICAM, Defensin
[93] Mitochondria GDF15, FDNCS, Vimentin, APP, LDH
Ca homeostasis Regucalcin, Calreticulin, S100B
Fibrosis PLAU, AGT, TGF-B, PAI-1, TGM2
NMJ & Neurons BDNF, Progranulin, SRAGE, HMGBI1, C3/Caq, ST2, Agrin
Cytoskeleton o-KL, FGF23, FGF21, Leptin, IGF1, Resistin, Adiponectin, Ghrelin, GH
Others miRNA, AHCY, KRT18, GpnmB, Microparticle panel, Lactoferrin
Wagner ef al. Physical and anthropometric walking speed, chair stand, standing balance, grip strength, BMI, waist circumference, muscle
[94] mass,
Blood-based IL-6, TNF-a, CRP, HbA1C, glu, Adipokines, TSH, Vit D, NT-proBNP
DNA based Telomere length, DNA repair, DNA/chromosomal damage
Novel Bilirubin, AGEs, MTs, DNA methylation, miRNA
Guerville Genomic instability:Micronucleus assay Telomere attrition:Telomere length
et al. [8] Epigenetic alterations:DNA methylation Loss of proteostasis:Clusterin

Nutrient sensing:Sirtuin 1
Cellular Senescence:P16INK4A

Inter. Communication: Inflammasomes, IMM-AGE score

Mitochondrial dysfunction: GDF-15, Apelin
Stem cell exhaustion: COP

TSH: Thyroid hormones, AGEs: Advanced glycation end products, MTs: Metallothioneins, COP: Circulating osteogenic progenitors, NMJ: neuromus-
cular junction, Inter. Communication: intercellular communication, CMV: Cytomegalovirus, FNDCS5: Fibronectin Type III Domain Containing 5, APP:
Amyloid precursor protein, GH: Growth hormone, AHCY: Adenosylhomocysteinase, IGFBPs: insulin-like growth factor-binding protein, LDH: Lactate
Dehydrogenase, BDNF: Brain-derived neurotrophic factor, HMGB1: High mobility group box 1, GDF-15: Growth and differentiation factor 15, TGM2:
Transglutaminase 2, GpnmB: Glycoprotein Nmb, CRP: C-Reactive Protein, tPA: Tissue plasminogen activator.

age-adjusted biological aging processes are critical in the
translation of information from invertebrate model organisms
to vertebrate models in preclinical studies and subsequently in
the clinical stage. In order for biomarkers to be useful in human
clinical studies, they should be easily measured with minimal
invasiveness, such as with blood, urine, or saliva samples, which
could be collected throughout different investigation phases.
Many blood-based and tissue-based biomarkers have been
reported from aging research. The most comprehensive list of
human aging biomarkers is available online in the Digital Ageing
Atlas database (http://ageing-map.org) [92].

Four recently published panels of aging biomarkers are listed
in Table 2. The TAME Biomarkers Workgroup selected 9 blood-
based biomarkers as high-priority biomarkers and 11 as medium-
priority biomarkers from 258 candidate molecules for aging and
aging-related diseases. Those 9 high-priority biomarkers will
be measured in a clinical trial involving 3,000 elderly subjects
undergoing metformin intervention for 6 years [30]. There are
still more markers available for consideration in small-scale
human trials or animal studies. Cardoso ef al. searched gene
expression databases for aging and aging-related disease genes
that can be detected in body fluid [93]. They identified 44 core
panels of frailty biomarkers, consisting of 19 that were considered
a high priority, 22 considered a medium priority, and 3 considered
a low priority. Tissue distribution, concentration range in serum/
plasma, and an overview of each of the biomarkers were clearly
presented in tables in this study. Wagner et al. also selected a set
of aging biomarkers, which included 9 blood-based markers, 3
DNA-based markers, and several relatively novel markers [94].
They considered some physical function and anthropometric
markers, such as walking speed, chair stand, standing balance,
grip strength, BMI, waist circumference, and muscle mass, as

useful markers for aging evaluation. Both Cardoso et al. [93]
and Wagner et al. [94] selected miRNAs as novel biomarkers.
A growing number of studies have revealed that miRNAs are
potential sensors of aging and cellular senescence [95-97], and
several miRNAs, such as miR-21, miR-34a [98], and miR-146a
[99], have been proposed to be useful biomarkers for aging
and aging-related diseases. Guerville et al. selected one or two
markers for each aging hallmark based on their association with
mortality, age-related chronic diseases, frailty, and/or functional
loss [&]. Their list included some unique markers that are hard
to quantify in a timely fashion. Nevertheless, the micronucleus
assay, a widely used genotoxicity test, was chosen for evaluation
of genomic instability. Circulating osteogenic progenitor (COP)
cells, a proposed surrogate marker of the mesenchymal stem cell
population, have been used for evaluating stem cell exhaustion. As
for altered intercellular communication (chronic inflammation),
inflammasomes and the recently reported IMM-AGE score were
chosen. There are also several other biomarker panels for aging,
frailty, or sarcopenia research deserving our attention [100—102].
In Table 2, we summarized biomarkers for aging and aging-
related diseases. All the chosen biomarkers are blood based,
having consistent responses to aging and age-related disease
conditions both in animal and clinical trials, and their costs of
analysis are reasonably low, which makes them suitable in
preclinical or clinical research of gerobiotics (biomarkers in
boldface). However, it is still unclear whether the responses to
specific gerobiotics can be observed in short-term interventions,
e.g., 3 or 6 months. Any success for certain aging biomarkers
responding to specific gerobiotics in preclinical experiments
with short-term interventions would greatly facilitate further
investigations in clinical studies using the same biomarkers.
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The first step is to screen potential gerobiotics from a functional probiotics bank and then to use cell and invertebrate models for high-throughput
screening. Evaluation of aging biomarkers by multiple rodent models is a critical step in the process, since it can facilitate experimental designs for

subsequent human trials.

HOW TO DEVELOP PROSPECTIVE GEROBIOTICS

Most probiotics, especially those with immune-modulatory,
anti-inflammation, and anti-infection functions, are beneficial to
improvement of quality of life for the elderly. To a large extent,
they can all be generalized as gerobiotics. However, we reasoned
that gerobiotics should be defined as those that are capable of
attenuating the fundamental mechanisms of aging and reducing
physiological aging processes, thereby expanding the health span
of the host. In accordance with such a definition, we recommend
a 3-step systematic approach for gerobiotic development. Firstly,
evaluate the capabilities of probiotic candidates to extend lifespan
in invertebrate animal models. Secondly, look for evidence of
positive effects on multiple aging biomarkers in aging rodent
models that can point out which fundamental processes are
involved in the anti-aging effects of a candidate gerobiotic
strain. Finally, similar positive trends in the same aging pathway
should also be evaluated in well-designed human clinical studies.
With such a systematic research approach, the biomarker data
collected in preclinical or clinical studies can earn the trust of the
general public and convey to them that long-term consumption
of gerobiotics could bring benefits of extension of the healthy
lifespan and reduction of aging-related chronic diseases.

Based on the abovementioned research approach, we propose
detailed strategies for the development of potential gerobiotics
(Fig. 2).

(1) In order to facilitate the screening process, it should start
with those functional probiotic strains currently available that
have shown immune-modulation, anti-inflammation, anti-allergy,
anti-infection, or psychiatric activity.

(2) Some cell models developed for screening of small
molecular geroprotectors can also be used for preliminary high-
throughput screening from a large number of probiotic strains
[103, 104].

(3) Potential gerobiotics could be screened from a functional

probiotics bank, and then in vitro cell and invertebrate (C. elegans
and D. melanogaster) models could be used for high-throughput
screening.

(4) Rodents models should be positioned as the core of a
screening pipeline so that every candidate is evaluated in multiple
aging rodent models. Since probiotics are mainly delivered
orally, distributed in the gastrointestinal tract, and excreted in
feces, one might tend to focus only on those biomarkers that
could be affected by the microbes resident in the gastrointestinal
tract. However, we should not omit biomarkers that seem to
be unrelated to the gastrointestinal system. Many potential
biomarkers reported in published articles are considered, and a
selection of them were chosen as examples and listed in Table 2. It
is necessary to analyze as many biomarkers as possible in order to
explore the entirety of all possible biological pathways that might
be involved in the anti-aging activities of the studied strains. This
will further facilitate the design of subsequent human trials. Not
only aging rodent models but also other aging-related disease
models, such as Parkinson’s disease, Alzheimer disease, and
frailty models, could be used to further validate the efficacy of
the target strains. Even normal naive rodent models can be used
for analyzing changes of aging-related biomarkers, as in the case
of B. breve B-3, which was described in Section 3.

(5) Ultimately, the anti-aging potential of gerobiotics will
be determined by human trials. The observation of changes in
certain physiological biomarkers, such as muscle mass, grip
strength, bone mineral density, and gait velocity, would be very
convincing. However, it is hard to observe these changes in
interventions with gerobiotics in a relatively short term. Since it
is impractical to observe effects on lifespan extension caused by
gerobiotics in human studies, one should focus on the influence of
the target strains on blood-based biological biomarkers selected
based on animal studies.
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CONCLUSION

As a preventative intervention, probiotics have the benefit
of low cost, ease of administration, high safety, and high user
acceptance. Implementation of the geroscience-based approach
will facilitate the development of anti-aging probiotics and the
setting of effective marketing strategies. We therefore proposed
the new term, gerobiotics, in order to highlight the importance of
those anti-aging probiotic strains that have gone through sufficient
preclinical or even clinical studies and had their positive effects
validated with aging hallmarks. Several potential gerobiotics have
been identified and evaluated with aging rodent models. Research
on gerobiotics, although currently at an early stage, has the
exciting potential to improve the health span of the elderly, which
in turn will help resolve the silver tsunami problem. Those strains
qualified as gerobiotics will demonstrate effects on prolongevity
or improvements in multiple physiological characteristics of aging
in C. elegans, D. melanogaster, or other aging rodent models.
More importantly, it will delineate the biological pathway(s) that
affects various aging biomarkers in preclinical or clinical studies.
Gerobiotic candidates surely need to go through well-designed
clinical trials to validate their anti-aging effects and the underlying
fundamental pathways, even if only conducted in small-scale
studies. As aging involves many intracellular signaling pathways,
the joint action of several gerobiotics and other well-known
geroprotectors aimed at different targets or processes may have
additive or synergistic effects on life expectancy. Ultimately, the
key to setting effective marketing strategies for gerobiotics is
to accumulate solid preclinical and clinical evidence in order to
convince business investors and to earn trust from the general
public for long-term consumption. Postbiotics and para-probiotics
derived from specific gerobiotics have been included in the
definition of gerobiotics, since we anticipate their undeniable role
in the extension of health span.

GLOSSARY

Geroscience: The Trans-NIH Geroscience Interest Group
(GSIG), established in 2012, defined geroscience as an
interdisciplinary field that seeks to understand the molecular and
cellular mechanisms of aging, which is viewed as a major driver
of common chronic conditions and diseases of the elderly. The
aims of geroscience, as suggested by the GSIG, are to understand
how aging triggers diseases and to exploit that knowledge to slow
down the progression of age-related diseases and disabilities [19].

Geroscience hypothesis: The geroscience hypothesis suggests
that any intervention targeting the basic biological mechanisms
of aging will simultaneously delay the onset or even reverse the
progression of multiple chronic diseases and functional decline
and effectively expand the health span with greater efficiency [11].

Hallmarks of aging: In 2013, Lopez-Otin et al. identified
nine tentative hallmarks of aging, including genomic instability,
epigenetic alterations, loss of proteostasis, telomere attrition,
deregulated nutrient sensing, cellular senescence, stem cell
exhaustion, mitochondrial dysfunction, and altered intercellular
communication [7].

Aging biomarkers: Biomarkers of aging are molecular,
cellular, and physiological parameters of the body that demonstrate
reproducible quantitative or qualitative changes with age.

Geroprotector: Any intervention that aims to increase

longevity or that reduces, delays, or impedes the onset of age-
related pathologies by hampering aging-related processes,
repairing damage, or modulating stress resistance [105].

Gerobiotics: Probiotic strains and their derived postbiotics
and para-probiotics that are able to beneficially attenuate the
fundamental mechanisms of aging, reduce physiological aging
processes, and thereby expand the health span of the host.

Immunobiotics: Microbial strains that are able to beneficially
regulate the immune system of the host [87].

Psychobiotics: Beneficial bacteria or support for such bacteria
that influence bacteria—brain relationships [88, 106].

Postbiotics: Postbiotics refer to soluble factors secreted by
live probiotics or released after bacterial lysis, such as enzymes,
peptides, teichoic acids, muropeptides, polysaccharides, cell
surface proteins, and organic acids [107, 108].

Para-probiotics: Para-probiotics are defined as nonviable
microbial cells (intact or broken) or crude cell extracts which
when administered in adequate amounts confer a benefit on the
human or animal consumer [109].

REFERENCES

1. World Health Organization. 2019. World health statistics overview 2019: monitoring
health for the SDGs, sustainable development goals, World Health Organization,
Geneva.

2. National Council on Aging. Healthy Aging Facts. https://www.ncoa.org/news/
resources-for-reporters/get-the-facts/healthy-aging-facts/.

3. Kennedy BK, Berger SL, Brunet A, Campisi J, Cuervo AM, Epel ES, Franceschi C,
Lithgow GJ, Morimoto RI, Pessin JE, Rando TA, Richardson A, Schadt EE, Wyss-
Coray T, Sierra F. 2014. Geroscience: linking aging to chronic disease. Cell 159:
709-713. [Medline] [CrossRef]

4. Yabluchanskiy A, Ungvari Z, Csiszar A, Tarantini S. 2018. Advances and challenges
in geroscience research: an update. Physiol Int 105: 298-308. [Medline] [CrossRef]

5. Seals DR, Justice JN, LaRocca TJ. 2016. Physiological geroscience: targeting function
to increase healthspan and achieve optimal longevity. J Physiol 594: 2001-2024.
[Medline] [CrossRef]

6. Sierra F. 2016. The emergence of geroscience as an interdisciplinary approach to the
enhancement of health span and life span. Cold Spring Harb Perspect Med 6: a025163.
[Medline] [CrossRef]

7. Lépez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. 2013. The hallmarks
of aging. Cell 153: 1194-1217. [Medline] [CrossRef]

8. Guerville F, De Souto Barreto P, Ader I, Andrieu S, Casteilla L, Dray C, Fazilleau N,
Guyonnet S, Langin D, Liblau R, Parini A, Valet P, Vergnolle N, Rolland Y, Vellas B.
2020. Revisiting the hallmarks of aging to identify markers of biological age. J Prev
Alzheimers Dis 7: 56-64. [Medline]

9. Justice J, Miller JD, Newman JC, Hashmi SK, Halter J, Austad SN, Barzilai N,
Kirkland JL. 2016. Frameworks for proof-of-concept clinical trials of interventions
that target fundamental aging processes. J Gerontol A Biol Sci Med Sci 71: 1415-1423.
[Medline] [CrossRef]

10. Kritchevsky SB, Justice JN. 2020. Testing the geroscience hypothesis: early days. J
Gerontol A Biol Sci Med Sci 75: 99-101. [Medline] [CrossRef]

11. Austad SN. 2016. The Geroscience Hypothesis: is it possible to change the rate of
aging? In Advances in Geroscience, Sierra F, Kohanski R(eds), Springer International
Publishing, Cham, pp. 1-36.

12. Justice JN, Niedernhofer L, Robbins PD, Aroda VR, Espeland MA, Kritchevsky SB,
Kuchel GA, Barzilai N. 2018. Development of clinical trials to extend healthy lifespan.
Cardiovasc Endocrinol Metab 7: 80-83. [Medline] [CrossRef]

13. Nadon NL, Strong R, Miller RA, Nelson J, Javors M, Sharp ZD, Peralba JM, Harrison
DE. 2008. Design of aging intervention studies: the NIA interventions testing program.
Age (Dordr) 30: 187-199. [Medline] [CrossRef]

14. Harrison DE, Strong R, Sharp ZD, Nelson JF, Astle CM, Flurkey K, Nadon NL,
Wilkinson JE, Frenkel K, Carter CS, Pahor M, Javors MA, Fernandez E, Miller RA.
2009. Rapamycin fed late in life extends lifespan in genetically heterogeneous mice.
Nature 460: 392-395. [Medline] [CrossRef]

15. Harrison DE, Strong R, Allison DB, Ames BN, Astle CM, Atamna H, Fernandez E,
Flurkey K, Javors MA, Nadon NL, Nelson JF, Pletcher S, Simpkins JW, Smith D,
Wilkinson JE, Miller RA. 2014. Acarbose, 17-a-estradiol, and nordihydroguaiaretic
acid extend mouse lifespan preferentially in males. Aging Cell 13: 273-282. [Medline]
[CrossRef]

16. Strong R, Miller RA, Astle CM, Floyd RA, Flurkey K, Hensley KL, Javors MA,
Leeuwenburgh C, Nelson JF, Ongini E, Nadon NL, Warner HR, Harrison DE. 2008.

doi: 10.12938/bmfh.2020-026

©2021 BMFH Press


http://www.ncbi.nlm.nih.gov/pubmed/25417146?dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2014.10.039
http://www.ncbi.nlm.nih.gov/pubmed/30587027?dopt=Abstract
http://dx.doi.org/10.1556/2060.105.2018.4.32
http://www.ncbi.nlm.nih.gov/pubmed/25639909?dopt=Abstract
http://dx.doi.org/10.1113/jphysiol.2014.282665
http://www.ncbi.nlm.nih.gov/pubmed/26931460?dopt=Abstract
http://dx.doi.org/10.1101/cshperspect.a025163
http://www.ncbi.nlm.nih.gov/pubmed/23746838?dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2013.05.039
http://www.ncbi.nlm.nih.gov/pubmed/32010927?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/27535966?dopt=Abstract
http://dx.doi.org/10.1093/gerona/glw126
http://www.ncbi.nlm.nih.gov/pubmed/31834386?dopt=Abstract
http://dx.doi.org/10.1093/gerona/glz267
http://www.ncbi.nlm.nih.gov/pubmed/30906924?dopt=Abstract
http://dx.doi.org/10.1097/XCE.0000000000000159
http://www.ncbi.nlm.nih.gov/pubmed/19424842?dopt=Abstract
http://dx.doi.org/10.1007/s11357-008-9048-1
http://www.ncbi.nlm.nih.gov/pubmed/19587680?dopt=Abstract
http://dx.doi.org/10.1038/nature08221
http://www.ncbi.nlm.nih.gov/pubmed/24245565?dopt=Abstract
http://dx.doi.org/10.1111/acel.12170

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Y. Tsal, et al. 10

Nordihydroguaiaretic acid and aspirin increase lifespan of genetically heterogeneous
male mice. Aging Cell 7: 641-650. [Medline] [CrossRef]

Strong R, Miller RA, Antebi A, Astle CM, Bogue M, Denzel MS, Fernandez E, Flurkey
K, Hamilton KL, Lamming DW, Javors MA, de Magalhaes JP, Martinez PA, McCord
IM, Miller BF, Miiller M, Nelson JF, Ndukum J, Rainger GE, Richardson A, Sabatini
DM, Salmon AB, Simpkins JW, Steegenga WT, Nadon NL, Harrison DE. 2016.
Longer lifespan in male mice treated with a weakly estrogenic agonist, an antioxidant,
an a-glucosidase inhibitor or a Nrf2-inducer. Aging Cell 15: 872—-884. [Medline]
[CrossRef]

Miller RA, Harrison DE, Astle CM, Bogue MA, Brind J, Fernandez E, Flurkey K,
Javors M, Ladiges W, Leeuwenburgh C, Macchiarini F, Nelson J, Ryazanov AG,
Snyder J, Stearns TM, Vaughan DE, Strong R. 2019. Glycine supplementation extends
lifespan of male and female mice. Aging Cell 18: ¢12953. [Medline] [CrossRef]
Sierra F, Kohanski R. 2017. Geroscience and the trans-NIH Geroscience Interest
Group, GSIG. Geroscience 39: 1-5. [Medline] [CrossRef]

Blagosklonny MV. 2017. From rapalogs to anti-aging formula. Oncotarget 8: 35492—
35507. [Medline] [CrossRef]

Arriola Apelo SI, Lamming DW. 2016. Rapamycin: an inhibitor of aging emerges
from the soil of Easter Island. J Gerontol A Biol Sci Med Sci 71: 841-849. [Medline]
[CrossRef]

Weichhart T. 2018. mTOR as regulator of lifespan, aging, and cellular senescence: a
mini-review. Gerontology 64: 127-134. [Medline] [CrossRef]

Lee SH, Lee JH, Lee HY, Min KJ. 2019. Sirtuin signaling in cellular senescence and
aging. BMB Rep 52: 24-34. [Medline] [CrossRef]

Myrianthopoulos V, Evangelou K, Vasileiou PVS, Cooks T, Vassilakopoulos TP,
Pangalis GA, Kouloukoussa M, Kittas C, Georgakilas AG, Gorgoulis VG. 2019.
Senescence and senotherapeutics: a new field in cancer therapy. Pharmacol Ther 193:
31-49. [Medline] [CrossRef]

Kang C. 2019. Senolytics and senostatics: a two-pronged approach to target cellular
senescence for delaying aging and age-related diseases. Mol Cells 42: 821-827.
[Medline]

Mouchiroud L, Houtkooper RH, Moullan N, Katsyuba E, Ryu D, Canté C, Mottis A,
Jo YS, Viswanathan M, Schoonjans K, Guarente L, Auwerx J. 2013. The NAD(+)/
Sirtuin pathway modulates longevity through activation of mitochondrial UPR and
FOXO signaling. Cell 154: 430-441. [Medline] [CrossRef]

Salvatore T, Pafundi PC, Morgillo F, Di Liello R, Galiero R, Nevola R, Marfella R,
Monaco L, Rinaldi L, Adinolfi LE, Sasso FC. 2020. Metformin: an old drug against
old age and associated morbidities. Diabetes Res Clin Pract 160: 108025. [Medline]
[CrossRef]

Glossmann HH, Lutz OMD. 2019. Metformin and aging: a review. Gerontology 65:
581-590. [Medline] [CrossRef]

Piskovatska V, Stefanyshyn N, Storey KB, Vaiserman AM, Lushchak O. 2019.
Metformin as a geroprotector: experimental and clinical evidence. Biogerontology 20:
33-48. [Medline] [CrossRef]

Justice JN, Ferrucci L, Newman AB, Aroda VR, Bahnson JL, Divers J, Espeland MA,
Marcovina S, Pollak MN, Kritchevsky SB, Barzilai N, Kuchel GA. 2018. A framework
for selection of blood-based biomarkers for geroscience-guided clinical trials: report
from the TAME Biomarkers Workgroup. Geroscience 40: 419-436. [Medline]
[CrossRef]

The Lancet Diabetes Endocrinology 2018. Opening the door to treating ageing as a
disease. Lancet Diabetes Endocrinol 6: 587. [Medline] [CrossRef]

De Winter G. 2015. Aging as disease. Med Health Care Philos 18: 237-243. [Medline]
[CrossRef]

Sharma R, Padwad Y. 2020. Probiotic bacteria as modulators of cellular senescence:
emerging concepts and opportunities. Gut Microbes 11: 335-349. [Medline]
Jayanama K, Theou O. 2019. Effects of probiotics and prebiotics on frailty and ageing:
a narrative review. Curr Clin Pharmacol. [Medline] [CrossRef]

Setbo E, Campbell K, O’Cuiv P, Hubbard R. 2019. Utility of probiotics for maintenance
or improvement of health status in older people—a scoping review. J Nutr Health
Aging 23: 364-372. [Medline] [CrossRef]

Lye HS, Lee YT, Ooi SY, Teh LK, Lim LN, Wei LK. 2018. Modifying progression of
aging and reducing the risk of neurodegenerative diseases by probiotics and synbiotics.
Front Biosci (Elite Ed) 10: 344-351. [Medline]

Chen LH, Huang SY, Huang KC, Hsu CC, Yang KC, Li LA, Chan CH, Huang HY.
2019. Lactobacillus paracasei PS23 decelerated age-related muscle loss by ensuring
mitochondrial function in SAMPS8 mice. Aging (Albany NY) 11: 756-770. [Medline]
[CrossRef]

Toda K, Yamauchi Y, Tanaka A, Kuhara T, Odamaki T, Yoshimoto S, Xiao JZ.
2020. Heat-killed Bifidobacterium breve B-3 enhances muscle functions: possible
involvement of increases in muscle mass and mitochondrial biogenesis. Nutrients 12:
12. [Medline] [CrossRef]

Lew LC, Hor YY, Jaafar MH, Lau ASY, Ong JS, Chuah LO, Yap KP, Azzam G, Azlan
A, Liong MT. 2019. Lactobacilli modulated AMPK activity and prevented telomere
shortening in ageing rats. Benef Microbes 10: 883-892. [Medline] [CrossRef]

Singh H, Torralba MG, Moncera KJ, DiLello L, Petrini J, Nelson KE, Pieper R.
2019. Gastro-intestinal and oral microbiome signatures associated with healthy aging.
Geroscience 41: 907-921. [Medline] [CrossRef]

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Bana B, Cabreiro F. 2019. The microbiome and aging. Annu Rev Genet 53: 239-261.
[Medline] [CrossRef]

Kim S, Jazwinski SM. 2018. The gut microbiota and healthy aging: a mini-review.
Gerontology 64: 513-520. [Medline] [CrossRef]

Nagpal R, Mainali R, Ahmadi S, Wang S, Singh R, Kavanagh K, Kitzman DW,
Kushugulova A, Marotta F, Yadav H. 2018. Gut microbiome and aging: physiological
and mechanistic insights. Nutr Healthy Aging 4: 267-285. [Medline] [CrossRef]
Mackowiak PA. 2013. Recycling metchnikoff: probiotics, the intestinal microbiome
and the quest for long life. Front Public Health 1: 52. [Medline] [CrossRef]
Taormina G, Ferrante F, Vieni S, Grassi N, Russo A, Mirisola MG. 2019. Longevity:
lesson from model organisms. Genes (Basel) 10: 10. [Medline] [CrossRef]

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

Piper MDW, Partridge L. 2018. Drosophila as a model for ageing. Biochim Biophys
Acta Mol Basis Dis 1864 9 Pt A: 2707-2717. [Medline] [CrossRef]

Shen P, Yue Y, Zheng J, Park Y. 2018. Caenorhabditis elegans: a convenient in vivo
model for assessing the Impact of food bioactive compounds on obesity, aging, and
Alzheimer’s disease. Annu Rev Food Sci Technol 9: 1-22. [Medline] [CrossRef]
Son HG, Altintas O, Kim EJE, Kwon S, Lee SV. 2019. Age-dependent changes and
biomarkers of aging in Caenorhabditis elegans. Aging Cell 18: ¢12853. [Medline]
[CrossRef]

Ikeda T, Yasui C, Hoshino K, Arikawa K, Nishikawa Y. 2007. Influence of lactic acid
bacteria on longevity of Caenorhabditis elegans and host defense against salmonella
enterica serovar enteritidis. Appl Environ Microbiol 73: 6404-6409. [Medline]
[CrossRef]

Zhao L, Zhao Y, Liu R, Zheng X, Zhang M, Guo H, Zhang H, Ren F. 2017. The
transcription factor DAF-16 is essential for increased longevity in C. elegans exposed
to Bifidobacterium longum BB68. Sci Rep 7: 7408. [Medline] [CrossRef]
Nakagawa H, Shiozaki T, Kobatake E, Hosoya T, Moriya T, Sakai F, Taru H, Miyazaki
T. 2016. Effects and mechanisms of prolongevity induced by Lactobacillus gasseri
SBT2055 in Caenorhabditis elegans. Aging Cell 15: 227-236. [Medline] [CrossRef]
Schifano E, Zinno P, Guantario B, Roselli M, Marcoccia S, Devirgiliis C, Uccelletti D.
2019. The foodborne strain Lactobacillus fermentum MBC2 triggers pept-1-dependent
pro-longevity effects in Caenorhabditis elegans. Microorganisms 7: 7. [Medline]
[CrossRef]

Sun S, Mizuno Y, Komura T, Nishikawa Y, Kage-Nakadai E. 2019. Toll-like receptor
homolog TOL-1 regulates Bifidobacterium infantis-elicited longevity and behavior
in Caenorhabditis elegans. Biosci Microbiota Food Health 38: 105-110. [Medline]
[CrossRef]

Goya ME, Xue F, Sampedro-Torres-Quevedo C, Arnaouteli S, Riquelme-Dominguez
L, Romanowski A, Brydon J, Ball KL, Stanley-Wall NR, Doitsidou M. 2020. Probiotic
bacillus subtilis protects against a-Synuclein aggregation in C. elegans. Cell Rep 30:
367-380.e7, e7. [Medline] [CrossRef]

Tullet IMA, Green JW, Au C, Benedetto A, Thompson MA, Clark E, Gilliat AF, Young
A, Schmeisser K, Gems D. 2017. The SKN-1/Nrf2 transcription factor can protect
against oxidative stress and increase lifespan in C. elegans by distinct mechanisms.
Aging Cell 16: 1191-1194. [Medline] [CrossRef]

Grompone G, Martorell P, Llopis S, Gonzalez N, Genovés S, Mulet AP, Fernandez-
Calero T, Tiscornia I, Bollati-Fogolin M, Chambaud I, Foligné B, Montserrat A,
Ramon D. 2012. Anti-inflammatory Lactobacillus rhamnosus CNCM 1-3690 strain
protects against oxidative stress and increases lifespan in Caenorhabditis elegans.
PLoS One 7: €52493. [Medline] [CrossRef]

Zhao'Y, Zhao L, Zheng X, Fu T, Guo H, Ren F. 2013. Lactobacillus salivarius strain
FDBR89 induced longevity in Caenorhabditis elegans by dietary restriction. ] Microbiol
51: 183-188. [Medline] [CrossRef]

Lee J, Yun HS, Cho KW, Oh S, Kim SH, Chun T, Kim B, Whang KY. 2011. Evaluation
of probiotic characteristics of newly isolated Lactobacillus spp.: immune modulation
and longevity. Int J Food Microbiol 148: 80-86. [Medline] [CrossRef]

Kietz C, Pollari V, Meinander A. 2018. Generating germ-free drosophila to study gut-
microbe interactions: protocol to rear drosophila under axenic conditions. Curr Protoc
Toxicol: e52. [Medline] [CrossRef]

Gomez E, Martin F, Nogacka AM, Salazar N, Alaez L, Alcorta E, Gueimonde M, De
Los Reyes-Gavilan CG. 2019. Impact of probiotics on development and behaviour
in Drosophila melanogaster—a potential in vivo model to assess probiotics. Benef
Microbes 10: 179-188. [Medline] [CrossRef]

Jeong JJ, Kim KA, Hwang YJ, Han MJ, Kim DH. 2016. Anti-inflammaging effects
of Lactobacillus brevis OW38 in aged mice. Benef Microbes 7: 707-718. [Medline]
[CrossRef]

Takeda T, Hosokawa M, Higuchi K. 1997. Senescence-accelerated mouse (SAM): a
novel murine model of senescence. Exp Gerontol 32: 105-109. [Medline] [CrossRef]
Akiguchi I, Pallas M, Budka H, Akiyama H, Ueno M, Han J, Yagi H, Nishikawa
T, Chiba Y, Sugiyama H, Takahashi R, Unno K, Higuchi K, Hosokawa M. 2017.
SAMPS mice as a neuropathological model of accelerated brain aging and dementia:
Toshio Takeda’s legacy and future directions. Neuropathology 37: 293-305. [Medline]
[CrossRef]

Karuppagounder V, Arumugam S, Babu SS, Palaniyandi SS, Watanabe K, Cooke

doi: 10.12938/bmfh.2020-026

©2021 BMFH Press


http://www.ncbi.nlm.nih.gov/pubmed/18631321?dopt=Abstract
http://dx.doi.org/10.1111/j.1474-9726.2008.00414.x
http://www.ncbi.nlm.nih.gov/pubmed/27312235?dopt=Abstract
http://dx.doi.org/10.1111/acel.12496
http://www.ncbi.nlm.nih.gov/pubmed/30916479?dopt=Abstract
http://dx.doi.org/10.1111/acel.12953
http://www.ncbi.nlm.nih.gov/pubmed/28299635?dopt=Abstract
http://dx.doi.org/10.1007/s11357-016-9954-6
http://www.ncbi.nlm.nih.gov/pubmed/28548953?dopt=Abstract
http://dx.doi.org/10.18632/oncotarget.18033
http://www.ncbi.nlm.nih.gov/pubmed/27208895?dopt=Abstract
http://dx.doi.org/10.1093/gerona/glw090
http://www.ncbi.nlm.nih.gov/pubmed/29190625?dopt=Abstract
http://dx.doi.org/10.1159/000484629
http://www.ncbi.nlm.nih.gov/pubmed/30526767?dopt=Abstract
http://dx.doi.org/10.5483/BMBRep.2019.52.1.290
http://www.ncbi.nlm.nih.gov/pubmed/30121319?dopt=Abstract
http://dx.doi.org/10.1016/j.pharmthera.2018.08.006
http://www.ncbi.nlm.nih.gov/pubmed/31838837?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/23870130?dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2013.06.016
http://www.ncbi.nlm.nih.gov/pubmed/31954752?dopt=Abstract
http://dx.doi.org/10.1016/j.diabres.2020.108025
http://www.ncbi.nlm.nih.gov/pubmed/31522175?dopt=Abstract
http://dx.doi.org/10.1159/000502257
http://www.ncbi.nlm.nih.gov/pubmed/30255224?dopt=Abstract
http://dx.doi.org/10.1007/s10522-018-9773-5
http://www.ncbi.nlm.nih.gov/pubmed/30151729?dopt=Abstract
http://dx.doi.org/10.1007/s11357-018-0042-y
http://www.ncbi.nlm.nih.gov/pubmed/30053981?dopt=Abstract
http://dx.doi.org/10.1016/S2213-8587(18)30214-6
http://www.ncbi.nlm.nih.gov/pubmed/25240472?dopt=Abstract
http://dx.doi.org/10.1007/s11019-014-9600-y
http://www.ncbi.nlm.nih.gov/pubmed/31818183?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/31750806?dopt=Abstract
http://dx.doi.org/10.2174/1574884714666191120124548
http://www.ncbi.nlm.nih.gov/pubmed/30932135?dopt=Abstract
http://dx.doi.org/10.1007/s12603-019-1187-9
http://www.ncbi.nlm.nih.gov/pubmed/29293462?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/30696799?dopt=Abstract
http://dx.doi.org/10.18632/aging.101782
http://www.ncbi.nlm.nih.gov/pubmed/31952193?dopt=Abstract
http://dx.doi.org/10.3390/nu12010219
http://www.ncbi.nlm.nih.gov/pubmed/31965837?dopt=Abstract
http://dx.doi.org/10.3920/BM2019.0058
http://www.ncbi.nlm.nih.gov/pubmed/31620923?dopt=Abstract
http://dx.doi.org/10.1007/s11357-019-00098-8
http://www.ncbi.nlm.nih.gov/pubmed/31487470?dopt=Abstract
http://dx.doi.org/10.1146/annurev-genet-112618-043650
http://www.ncbi.nlm.nih.gov/pubmed/30025401?dopt=Abstract
http://dx.doi.org/10.1159/000490615
http://www.ncbi.nlm.nih.gov/pubmed/29951588?dopt=Abstract
http://dx.doi.org/10.3233/NHA-170030
http://www.ncbi.nlm.nih.gov/pubmed/24350221?dopt=Abstract
http://dx.doi.org/10.3389/fpubh.2013.00052
http://www.ncbi.nlm.nih.gov/pubmed/31324014?dopt=Abstract
http://dx.doi.org/10.3390/genes10070518
http://www.ncbi.nlm.nih.gov/pubmed/31658751?dopt=Abstract
http://dx.doi.org/10.3390/ijms20205020
http://www.ncbi.nlm.nih.gov/pubmed/28964875?dopt=Abstract
http://dx.doi.org/10.1016/j.bbadis.2017.09.016
http://www.ncbi.nlm.nih.gov/pubmed/29261338?dopt=Abstract
http://dx.doi.org/10.1146/annurev-food-030117-012709
http://www.ncbi.nlm.nih.gov/pubmed/30734981?dopt=Abstract
http://dx.doi.org/10.1111/acel.12853
http://www.ncbi.nlm.nih.gov/pubmed/17704266?dopt=Abstract
http://dx.doi.org/10.1128/AEM.00704-07
http://www.ncbi.nlm.nih.gov/pubmed/28785042?dopt=Abstract
http://dx.doi.org/10.1038/s41598-017-07974-3
http://www.ncbi.nlm.nih.gov/pubmed/26710940?dopt=Abstract
http://dx.doi.org/10.1111/acel.12431
http://www.ncbi.nlm.nih.gov/pubmed/30736484?dopt=Abstract
http://dx.doi.org/10.3390/microorganisms7020045
http://www.ncbi.nlm.nih.gov/pubmed/31384522?dopt=Abstract
http://dx.doi.org/10.12938/bmfh.18-031
http://www.ncbi.nlm.nih.gov/pubmed/31940482?dopt=Abstract
http://dx.doi.org/10.1016/j.celrep.2019.12.078
http://www.ncbi.nlm.nih.gov/pubmed/28612944?dopt=Abstract
http://dx.doi.org/10.1111/acel.12627
http://www.ncbi.nlm.nih.gov/pubmed/23300685?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0052493
http://www.ncbi.nlm.nih.gov/pubmed/23625218?dopt=Abstract
http://dx.doi.org/10.1007/s12275-013-2076-2
http://www.ncbi.nlm.nih.gov/pubmed/21652104?dopt=Abstract
http://dx.doi.org/10.1016/j.ijfoodmicro.2011.05.003
http://www.ncbi.nlm.nih.gov/pubmed/29933523?dopt=Abstract
http://dx.doi.org/10.1002/cptx.52
http://www.ncbi.nlm.nih.gov/pubmed/30574803?dopt=Abstract
http://dx.doi.org/10.3920/BM2018.0012
http://www.ncbi.nlm.nih.gov/pubmed/27824273?dopt=Abstract
http://dx.doi.org/10.3920/BM2016.0016
http://www.ncbi.nlm.nih.gov/pubmed/9088907?dopt=Abstract
http://dx.doi.org/10.1016/S0531-5565(96)00036-8
http://www.ncbi.nlm.nih.gov/pubmed/28261874?dopt=Abstract
http://dx.doi.org/10.1111/neup.12373

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

GEROBIOTICS TARGETING FUNDAMENTAL AGING PROCESSES 11

JP, Thandavarayan RA. 2017. The senescence accelerated mouse prone 8 (SAMP8):
a novel murine model for cardiac aging. Ageing Res Rev 35: 291-296. [Medline]
[CrossRef]

Corpuz HM, Ichikawa S, Arimura M, Mihara T, Kumagai T, Mitani T, Nakamura S,
Katayama S. 2018. Long-term diet supplementation with Lactobacillus paracasei
K71 prevents age-related cognitive decline in senescence-accelerated mouse prone 8.
Nutrients 10: 10. [Medline] [CrossRef]

Sadigh-Eteghad S, Majdi A, McCann SK, Mahmoudi J, Vaface MS, Macleod MR.
2017. D-galactose-induced brain ageing model: a systematic review and meta-analysis
on cognitive outcomes and oxidative stress indices. PLoS One 12: e0184122. [Medline]
[CrossRef]

Wei H, Li L, Song Q, Ai H, Chu J, Li W. 2005. Behavioural study of the D-galactose
induced aging model in C57BL/6J mice. Behav Brain Res 157: 245-251. [Medline]
[CrossRef]

Lin X, Xia 'Y, Wang G, Xiong Z, Zhang H, Lai F, Ai L. 2018. Lactobacillus plantarum
ARS501 alleviates the oxidative stress of D-galactose-induced aging mice liver
by upregulation of Nrf2-mediated antioxidant enzyme expression. J Food Sci 83:
1990-1998. [Medline] [CrossRef]

Li B, Evivie SE, Lu J, Jiao Y, Wang C, Li Z, Liu F, Huo G. 2018. Lactobacillus
helveticus KLDS1.8701 alleviates d-galactose-induced aging by regulating Nrf-2 and
gut microbiota in mice. Food Funct 9: 6586-6598. [Medline] [CrossRef]

Woo JY, Gu W, Kim KA, Jang SE, Han MJ, Kim DH. 2014. Lactobacillus pentosus var.
plantarum C29 ameliorates memory impairment and inflammaging in a D-galactose-
induced accelerated aging mouse model. Anaerobe 27: 22-26. [Medline] [CrossRef]
Peng X, Meng J, Chi T, Liu P, Man C, Liu S, Guo Y, Jiang Y. 2014. Lactobacillus
plantarum NDC 75017 alleviates the learning and memory ability in aging rats
by reducing mitochondrial dysfunction. Exp Ther Med 8: 1841-1846. [Medline]
[CrossRef]

Dong H, Rowland I, Thomas LV, Yaqoob P. 2013. Immunomodulatory effects of a
probiotic drink containing Lactobacillus casei Shirota in healthy older volunteers. Eur
J Nutr 52: 1853-1863. [Medline] [CrossRef]

Kushiro A, Shimizu K, Takada T, Kusunoki I, Aiba N. 2019. Decreased number of days
of fever detection and duration of fever with continuous intake of a fermented milk
drink: a randomized, double-blind, placebo-controlled study of elderly nursing home
residents. Biosci Microbiota Food Health 38: 151-157. [Medline] [CrossRef]

Miller LE, Lehtoranta L, Lehtinen MJ. 2017. The effect of bifidobacterium animalis
ssp. lactis HNO19 on cellular immune function in healthy elderly subjects: systematic
review and meta-analysis. Nutrients 9: 9. [Medline] [CrossRef]

Hwang YH, Park S, Paik JW, Chae SW, Kim DH, Jeong DG, Ha E, Kim M, Hong G,
Park SH, Jung SJ, Lee SM, Na KH, Kim J, Chung YC. 2019. Efficacy and safety of
Lactobacillus plantarum C29-fermented soybean (DW2009) in individuals with mild
cognitive impairment: a 12-week, multi-center, randomized, double-blind, placebo-
controlled clinical trial. Nutrients 11: 11. [Medline] [CrossRef]

Jung IH, Jung MA, Kim EJ, Han MJ, Kim DH. 2012. Lactobacillus pentosus var.
plantarum C29 protects scopolamine-induced memory deficit in mice. J Appl
Microbiol 113: 1498-1506. [Medline] [CrossRef]

Jeong JJ, Woo JY, Kim KA, Han MJ, Kim DH. 2015. Lactobacillus pentosus var.
plantarum C29 ameliorates age-dependent memory impairment in Fischer 344 rats.
Lett Appl Microbiol 60: 307-314. [Medline] [CrossRef]

Lee HJ, Jeong JJ, Han MJ, Kim DH. 2018. Lactobacillus plantarum C29 alleviates
TNBS-induced memory impairment in mice. J Microbiol Biotechnol 28: 175-179.
[Medline] [CrossRef]

Huang SY, Chen LH, Wang MF, Hsu CC, Chan CH, Li JX, Huang HY. 2018.
Lactobacillus paracasei PS23 delays progression of age-related cognitive decline in
Senescence Accelerated Mouse Prone 8 (SAMP8) mice. Nutrients 10: 10. [Medline]
[CrossRef]

Liao JF, Hsu CC, Chou GT, Hsu JS, Liong MT, Tsai YC. 2019. Lactobacillus paracasei
PS23 reduced early-life stress abnormalities in maternal separation mouse model.
Benef Microbes 10: 425-436. [Medline] [CrossRef]

Wei CL, Wang S, Yen JT, Cheng YF, Liao CL, Hsu CC, Wu CC, Tsai YC. 2019.
Antidepressant-like activities of live and heat-killed Lactobacillus paracasei PS23
in chronic corticosterone-treated mice and possible mechanisms. Brain Res 1711:
202-213. [Medline] [CrossRef]

Kondo S, Xiao JZ, Satoh T, Odamaki T, Takahashi S, Sugahara H, Yaeshima T,
Iwatsuki K, Kamei A, Abe K. 2010. Antiobesity effects of Bifidobacterium breve
strain B-3 supplementation in a mouse model with high-fat diet-induced obesity. Biosci
Biotechnol Biochem 74: 1656-1661. [Medline]| [CrossRef]

Minami J, Iwabuchi N, Tanaka M, Yamauchi K, Xiao JZ, Abe F, Sakane N. 2018.
Effects of Bifidobacterium breve B-3 on body fat reductions in pre-obese adults: a
randomized, double-blind, placebo-controlled trial. Biosci Microbiota Food Health 37:
67-75. [Medline] [CrossRef]

Inoue T, Kobayashi Y, Mori N, Sakagawa M, Xiao JZ, Moritani T, Sakane N, Nagai
N. 2018. Effect of combined bifidobacteria supplementation and resistance training
on cognitive function, body composition and bowel habits of healthy elderly subjects.
Benef Microbes 9: 843-853. [Medline] [CrossRef]

Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, Pot B, Morelli L, Canani RB,

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Flint HJ, Salminen S, Calder PC, Sanders ME. 2014. Expert consensus document. The
International Scientific Association for Probiotics and Prebiotics consensus statement
on the scope and appropriate use of the term probiotic. Nat Rev Gastroenterol Hepatol
11: 506-514. [Medline] [CrossRef]

Clancy R. 2003. Immunobiotics and the probiotic evolution. FEMS Immunol Med
Microbiol 38: 9-12. [Medline] [CrossRef]

Dinan TG, Stanton C, Cryan JF. 2013. Psychobiotics: a novel class of psychotropic.
Biol Psychiatry 74: 720-726. [Medline] [CrossRef]

Sanders ME. 2019 Defining emerging ‘biotics’. https://isappscience.org/defining-
emerging-biotics/.

Moskalev A, Chernyagina E, Kudryavtseva A, Shaposhnikov M. 2017. Geroprotectors:
a unified concept and screening approaches. Aging Dis 8: 354-363. [Medline]
[CrossRef]

Xu K, GuoY, Li Z, Wang Z. 2019. Aging biomarkers and novel targets for anti-aging
interventions. Adv Exp Med Biol 1178: 39-56. [Medline] [CrossRef]

Craig T, Smelick C, Tacutu R, Wuttke D, Wood SH, Stanley H, Janssens G, Savitskaya
E, Moskalev A, Arking R, de Magalhées JP. 2015. The Digital Ageing Atlas: integrating
the diversity of age-related changes into a unified resource. Nucleic Acids Res 43:
D873-D878. [Medline] [CrossRef]

Cardoso AL, Fernandes A, Aguilar-Pimentel JA, de Angelis MH, Guedes JR, Brito
MA, Ortolano S, Pani G, Athanasopoulou S, Gonos ES, Schosserer M, Grillari J,
Peterson P, Tuna BG, Dogan S, Meyer A, van Os R, Trendelenburg AU. 2018. Towards
frailty biomarkers: Candidates from genes and pathways regulated in aging and age-
related diseases. Ageing Res Rev 47: 214-277. [Medline] [CrossRef]

Wagner KH, Cameron-Smith D, Wessner B, Franzke B. 2016. Biomarkers of aging:
from function to molecular biology. Nutrients 8: 8. [Medline] [CrossRef]

Kinser HE, Pincus Z. 2020. MicroRNAs as modulators of longevity and the aging
process. Hum Genet 139: 291-308. [Medline] [CrossRef]

Kumar S, Vijayan M, Bhatti JS, Reddy PH. 2017. MicroRNAs as peripheral biomarkers
in aging and age-related diseases. Prog Mol Biol Transl Sci 146: 47-94. [Medline]
[CrossRef]

Teodori L, Petrignani I, Giuliani A, Prattichizzo F, Gurdu F, Matacchione G, Olivieri F,
Coppari S, Albertini MC. 2019. Inflamm-aging microRNAs may integrate signals from
food and gut microbiota by modulating common signalling pathways. Mech Ageing
Dev 182: 111127. [Medline] [CrossRef]

Chua CEL, Tang BL. 2019. miR-34a in neurophysiology and neuropathology. J Mol
Neurosci 67: 235-246. [Medline] [CrossRef]

Mensa E, Giuliani A, Matacchione G, Gurau F, Bonfigli AR, Romagnoli F, De Luca
M, Sabbatinelli J, Olivieri F. 2019. Circulating miR-146a in healthy aging and type 2
diabetes: age- and gender-specific trajectories. Mech Ageing Dev 180: 1-10. [Medline]
[CrossRef]

Marzetti E, Picca A, Marini F, Biancolillo A, Coelho-Junior HJ, Gervasoni J, Bossola
M, Cesari M, Onder G, Landi F, Bernabei R, Calvani R. 2019. Inflammatory signatures
in older persons with physical frailty and sarcopenia: the frailty “cytokinome” at its
core. Exp Gerontol 122: 129-138. [Medline] [CrossRef]

Sebastiani P, Thyagarajan B, Sun F, Schupf N, Newman AB, Montano M, Perls TT.
2017. Biomarker signatures of aging. Aging Cell 16: 329-338. [Medline] [CrossRef]
Saedi AA, Feehan J, Phu S, Duque G. 2019. Current and emerging biomarkers of frailty
in the elderly. Clin Interv Aging 14: 389-398. [Medline] [CrossRef]

Auclair M, Guénantin AC, Fellahi S, Garcia M, Capeau J. 2020. HIV antiretroviral
drugs, dolutegravir, maraviroc and ritonavir-boosted atazanavir use different pathways
to affect inflammation, senescence and insulin sensitivity in human coronary
endothelial cells. PLoS One 15: €0226924. [Medline] [CrossRef]

Chen B, Sun'Y, Zhang J, Zhu Q, Yang Y, Niu X, Deng Z, Li Q, Wang Y. 2019. Human
embryonic stem cell-derived exosomes promote pressure ulcer healing in aged mice
by rejuvenating senescent endothelial cells. Stem Cell Res Ther 10: 142. [Medline]
[CrossRef]

Moskalev A, Chernyagina E, de Magalhées JP, Barardo D, Thoppil H, Shaposhnikov
M, Budovsky A, Fraifeld VE, Garazha A, Tsvetkov V, Bronovitsky E, Bogomolov
V, Scerbacov A, Kuryan O, Gurinovich R, Jellen LC, Kennedy B, Mamoshina P,
Dobrovolskaya E, Aliper A, Kaminsky D, Zhavoronkov A. 2015. Geroprotectors.org:
anew, structured and curated database of current therapeutic interventions in aging and
age-related disease. Aging (Albany NY) 7: 616-628. [Medline] [CrossRef]

Sarkar A, Lehto SM, Harty S, Dinan TG, Cryan JE, Burnet PWJ. 2016. Psychobiotics
and the manipulation of bacteria-gut-brain signals. Trends Neurosci 39: 763-781.
[Medline] [CrossRef]

Wegh CAM, Geerlings SY, Knol J, Roeselers G, Belzer C. 2019. Postbiotics and their
potential applications in early life nutrition and beyond. Int J Mol Sci 20: 20. [Medline]
[CrossRef]

Aguilar-Toala JE, Garcia-Varela R, Garcia H, Mata-Haro V, Gonzalez-Cérdova AF,
Vallejo-Cordoba B, Hernandez-Mendoza A. 2018. Postbiotics: an evolving term within
the functional foods field. Trends Food Sci Technol 75: 105-114.

de Almada CN, Almada CN, Martinez RCR, Sant’Ana AS. 2016. Paraprobiotics:
Evidences on their ability to modify biological responses, inactivation methods and
perspectives on their application in foods. Trends Food Sci Technol 58: 96-114.
[CrossRef]

doi: 10.12938/bmfh.2020-026

©2021 BMFH Press


http://www.ncbi.nlm.nih.gov/pubmed/27825897?dopt=Abstract
http://dx.doi.org/10.1016/j.arr.2016.10.006
http://www.ncbi.nlm.nih.gov/pubmed/29899283?dopt=Abstract
http://dx.doi.org/10.3390/nu10060762
http://www.ncbi.nlm.nih.gov/pubmed/28854284?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0184122
http://www.ncbi.nlm.nih.gov/pubmed/15639175?dopt=Abstract
http://dx.doi.org/10.1016/j.bbr.2004.07.003
http://www.ncbi.nlm.nih.gov/pubmed/29905928?dopt=Abstract
http://dx.doi.org/10.1111/1750-3841.14200
http://www.ncbi.nlm.nih.gov/pubmed/30488048?dopt=Abstract
http://dx.doi.org/10.1039/C8FO01768A
http://www.ncbi.nlm.nih.gov/pubmed/24657159?dopt=Abstract
http://dx.doi.org/10.1016/j.anaerobe.2014.03.003
http://www.ncbi.nlm.nih.gov/pubmed/25371742?dopt=Abstract
http://dx.doi.org/10.3892/etm.2014.2000
http://www.ncbi.nlm.nih.gov/pubmed/23307112?dopt=Abstract
http://dx.doi.org/10.1007/s00394-012-0487-1
http://www.ncbi.nlm.nih.gov/pubmed/31763118?dopt=Abstract
http://dx.doi.org/10.12938/bmfh.18-024
http://www.ncbi.nlm.nih.gov/pubmed/28245559?dopt=Abstract
http://dx.doi.org/10.3390/nu9030191
http://www.ncbi.nlm.nih.gov/pubmed/30717153?dopt=Abstract
http://dx.doi.org/10.3390/nu11020305
http://www.ncbi.nlm.nih.gov/pubmed/22925033?dopt=Abstract
http://dx.doi.org/10.1111/j.1365-2672.2012.05437.x
http://www.ncbi.nlm.nih.gov/pubmed/25598393?dopt=Abstract
http://dx.doi.org/10.1111/lam.12393
http://www.ncbi.nlm.nih.gov/pubmed/29081213?dopt=Abstract
http://dx.doi.org/10.4014/jmb.1709.09042
http://www.ncbi.nlm.nih.gov/pubmed/30002347?dopt=Abstract
http://dx.doi.org/10.3390/nu10070894
http://www.ncbi.nlm.nih.gov/pubmed/30882243?dopt=Abstract
http://dx.doi.org/10.3920/BM2018.0077
http://www.ncbi.nlm.nih.gov/pubmed/30684456?dopt=Abstract
http://dx.doi.org/10.1016/j.brainres.2019.01.025
http://www.ncbi.nlm.nih.gov/pubmed/20699581?dopt=Abstract
http://dx.doi.org/10.1271/bbb.100267
http://www.ncbi.nlm.nih.gov/pubmed/30094122?dopt=Abstract
http://dx.doi.org/10.12938/bmfh.18-001
http://www.ncbi.nlm.nih.gov/pubmed/30198326?dopt=Abstract
http://dx.doi.org/10.3920/BM2017.0193
http://www.ncbi.nlm.nih.gov/pubmed/24912386?dopt=Abstract
http://dx.doi.org/10.1038/nrgastro.2014.66
http://www.ncbi.nlm.nih.gov/pubmed/12900049?dopt=Abstract
http://dx.doi.org/10.1016/S0928-8244(03)00147-0
http://www.ncbi.nlm.nih.gov/pubmed/23759244?dopt=Abstract
http://dx.doi.org/10.1016/j.biopsych.2013.05.001
http://www.ncbi.nlm.nih.gov/pubmed/28580190?dopt=Abstract
http://dx.doi.org/10.14336/AD.2016.1022
http://www.ncbi.nlm.nih.gov/pubmed/31493221?dopt=Abstract
http://dx.doi.org/10.1007/978-3-030-25650-0_3
http://www.ncbi.nlm.nih.gov/pubmed/25232097?dopt=Abstract
http://dx.doi.org/10.1093/nar/gku843
http://www.ncbi.nlm.nih.gov/pubmed/30071357?dopt=Abstract
http://dx.doi.org/10.1016/j.arr.2018.07.004
http://www.ncbi.nlm.nih.gov/pubmed/27271660?dopt=Abstract
http://dx.doi.org/10.3390/nu8060338
http://www.ncbi.nlm.nih.gov/pubmed/31297598?dopt=Abstract
http://dx.doi.org/10.1007/s00439-019-02046-0
http://www.ncbi.nlm.nih.gov/pubmed/28253991?dopt=Abstract
http://dx.doi.org/10.1016/bs.pmbts.2016.12.013
http://www.ncbi.nlm.nih.gov/pubmed/31401225?dopt=Abstract
http://dx.doi.org/10.1016/j.mad.2019.111127
http://www.ncbi.nlm.nih.gov/pubmed/30488149?dopt=Abstract
http://dx.doi.org/10.1007/s12031-018-1231-y
http://www.ncbi.nlm.nih.gov/pubmed/30880174?dopt=Abstract
http://dx.doi.org/10.1016/j.mad.2019.03.001
http://www.ncbi.nlm.nih.gov/pubmed/31054959?dopt=Abstract
http://dx.doi.org/10.1016/j.exger.2019.04.019
http://www.ncbi.nlm.nih.gov/pubmed/28058805?dopt=Abstract
http://dx.doi.org/10.1111/acel.12557
http://www.ncbi.nlm.nih.gov/pubmed/30863033?dopt=Abstract
http://dx.doi.org/10.2147/CIA.S168687
http://www.ncbi.nlm.nih.gov/pubmed/31971958?dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0226924
http://www.ncbi.nlm.nih.gov/pubmed/31113469?dopt=Abstract
http://dx.doi.org/10.1186/s13287-019-1253-6
http://www.ncbi.nlm.nih.gov/pubmed/26342919?dopt=Abstract
http://dx.doi.org/10.18632/aging.100799
http://www.ncbi.nlm.nih.gov/pubmed/27793434?dopt=Abstract
http://dx.doi.org/10.1016/j.tins.2016.09.002
http://www.ncbi.nlm.nih.gov/pubmed/31547172?dopt=Abstract
http://dx.doi.org/10.3390/ijms20194673
http://dx.doi.org/10.1016/j.tifs.2016.09.011

