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Abstract

Centenarians, those aged 100years or older, are considered the most successful bio-
logical aging model in humans. This population is commonly characterized by a low
prevalence of chronic diseases, with favorable maintenance of functionality and inde-
pendence, thus determining a health phenotype of successful aging. There are many
factors usually associated with extreme longevity: genetics, lifestyles, diet, among
others. However, it is most likely a multifactorial condition where protective factors
contribute individually to some extent. The gut microbiota (GM) has emerged as a
potential factor associated with the establishment of a favorable health phenotype
that allows for extreme longevity, as seen in centenarians. To understand the possible
impact generated by the GM, its changes, and the probable causes for successful
aging, the aim of this review was to synthesize evidence on the role of the GM as a

potential protective factor for achieving extreme longevity, using its relationship with

centenarians.

KEYWORDS

1 | THE IMPORTANCE OF STUDYING
AGING AND CENTENARIANS

The aging of global population is an unprecedented phenome-
non that will cause a radical shift in the conception and approach
to human health and disease. According to data from the World
Health Organization (WHO), it is estimated that by the year 2050,
the proportion of people over 60years old will account for 22% of
the total global population (around 2.1 billion), with 80% of them
living in low- and middle-income countries.> Additionally, the pop-
ulation over 80vyears old will be close to 430 million.? Based on the
current aging trend, which is associated with the rise of age-related

chronic diseases,? the global disease burden and healthcare costs

aging, centenarians, geroscience, gut, healthy aging, longevity

they produce, would be unsustainable for many healthcare systems
worldwide.>* In an attempt to resolve this, the United Nations (UN)
declared the period from 2021 to 2030 as the Decade of Healthy
Aging,® aims to optimize opportunities for maintaining and improv-
ing the well-being, functional capacity, physical and mental health,
and quality of life of the aging population.

Diverse factors have been associated with healthy or unhealthy

aging such as demographic factors®™?; prosociality level,°

11,12

physical

mental health,13 lifestyle factors,l“'15

and organic health status,
and genetics.'6® This converges in the concept of biological aging
(BA), defined as the set of processes that cause organ deteriora-
tion over time.” BA depends on the complex interaction of these

factors,?° which can lead to a heterogeneous aging process across
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multiple organic systems,*? and correlate with a specific survival
time and health or disease phenotype even in advanced ages.*?

To deeply understand the mechanisms associated with aging and
to identify potential targets for intervention to control or delay BA
and the onset of diseases, it is necessary to study successful BA mod-
els. These models reflect phenotypes that are resistant to external
stress factors with a favorable organic response.zm2 Centenarians,
individuals with a chronological age (CA; defined as the number of
years an individual has lived) equal to or greater than 100years, con-
stitute one such model of successful aging.21 The proportion of cen-
tenarians globally increases significantly and quietly.?® Some sources
claim that there are currently at least 500,000 centenarians in the
world, with expectations that this number will increase to millions by
the year 2100.% This group is essentially characterized by reaching
this CA with adequate adaptation to BA,% represented by a rela-
tively healthy morbidity profile (considering the time of exposure to
external stressors throughout their lives), as few are polymorbid and
maintain proper functional capacity.?>~>” What causes these individ-
uals to have a more favorable aging phenotype, placing them at the
extreme end of the Gaussian bell curve of aging?

Currently, there is a significant knowledge gap from the transla-
tional perspective due to the evolutionary and exhaustive nature of
aging research, which requires robust and reproducible omics stud-

).28 These studies would

ies on populations (specially in centenarians
aid in understanding precisely how modifiable and nonmodifiable
factors impact the organic evolution of centenarians. Cellular senes-
cence, epigenetic clocks, and alterations in stem ceIIs,29 are some of
the cellular and molecular processes that could theoretically reflect
cellular proteodynamics,®® adaptation to aging,! and the develop-
ment of health phenotypes and prognosis during Iongevity.32 Having
specific data on these mechanisms could facilitate the identifica-
tion of aging biomarkers for cells, tissues, organs, or diseases,®® and
predict the onset of age-related chronic diseases. However, there
are not enough, studies to corroborate these hypotheses based on
centenarians as a model of successful aging. Therefore, evidence re-
garding possible interventions to delay aging and prevent the onset
of age-related chronic diseases into extreme ages remains weak and
speculative.

The gut microbiota (GM) has been described as a biological and
metabolic regulator of various organs and diseases.3* Age and diet,
determinants in aging, are two factors directly related to the estab-
lishment and modification of the composition of the GM.% To date,
little discussion has taken place regarding the specific changes that
occur in the long-lived population, which allow the establishment
of an antioxidant system with characteristics similar to those of a
young population, as a result of successful evolutionary adapta-
tion.3¢ Although the specific mechanisms are unknown, this may
possibly be one of the strongest reasons influencing life expectancy
and healthy lifespan during aging. To understand the possible im-
pact generated by the GM, its changes, and the probable causes for
successful aging, the aim of this review was to synthesize evidence
on the role of the GM as a potential protective factor for achieving
extreme longevity, using its relationship with centenarians.
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2 | DETERMINANTS AND PROTECTIVE
FACTORS FOR HEALTHY AGING AND
EXTREME HUMAN LONGEVITY: MATTER
MUCH OR LITTLE?

While nonmodifiable factors such as gender and CA significantly
impact human aging and life expectancy,®” modifiable factors play
a crucial role throughout life, maintaining or altering health pheno-
type.“"”’13 Consequently, these factors influence healthy lifespan,
type of aging, and overall quality of life. For instance, there is a
predisposition for women to be biologically more resistant and re-
silient to BA compared to men (possibly due to possessing two X
chromosomes, which provides a degree of protection against muta-
tions in this chromosome).®”*8 This is clearly observed in centenar-
ian cohorts where, in addition to be predominant, women tend to
age more successfully.23%4° However, there is also evidence that has
identified how clinical, behavioral, and socioeconomic variables dur-
ing childhood and adolescence are associated with a higher risk of
premature death.®?° Therefore, there is no single answer. It is nec-
essary to explore clusters from biological, demographic, social, and
clinical data to comprehend and address questions about extreme
longevity. To accomplish this task, we must ask ourselves: What are
the most important factors to consider during the study of healthy
aging and extreme longevity, and how much information do cente-
narians provide for understanding these mechanisms?

Previously, the urgent need to thoroughly study aging as a global
health priority has been emphasized, considering the challenges,
gaps, and benefits of developing evidence-based interventions*>*?
that can be applied to long-lived population. The absence of ran-
domized controlled trials in centenarian populations focused on
the prevention, control, and treatment of age-related chronic dis-

4344 35 well as massive exclusive centenarian cohorts with

eases
long-term follow-up that allow for a deep understanding of the
biological, social, behavioral, and clinical changes experienced by
this specific population group,45 are some examples of the current
gaps in evidence regarding one of the most successful aging models.
Particularly, the lack of evidence in both clinical and translational
research in centenarians hampers the design and implementation of
evidence-based specific strategies due to discrepancies in decision-

making*®#’

making it difficult to promote their health outcomes and
disability-free life expectancy. To gain a deeper understanding of
the considerations that need to be discussed before studying cente-
narians, we believe there are concepts that must be understood to
assess the heterogeneity and validity of original data from different
parts of the world. This is due to the demographic, cultural, social,

and genetic diversity across different regions worldwide.

3 | THE GM AS A DRIVER OF EXTREME
LONGEVITY? EVIDENCE IN CENTENARIANS

The GM is a malleable ecosystem capable of adapting its func-
tional and phylogenetic profile to environmental, dietary, lifestyle,



LOZADA-MARTINEZ et AL.

WI LE Y-Aging Medicine

408

(08) 193443 Alojewiwejjul
-Ijue ue Sey pue saseas|p J1|ogelaW SJUaA3.d

(62) 42A1] A33e} d1jO0YODjEUOU SE
4ons saseas|p d1joqeiaw JO 3si 3y} 03 paje|al S|

(9€) 8uijapowa.
W3SAS SUNWIW] Y}IM PIJBID0SSE S| PUE ‘103442
Jownjijue ue sassassod ‘A3Aa8uo| sajowold

(G2) sdapJosip d1i3elydAsd Jo uolzuanaid

(f£) soS€3SIP JaAI| O UOIIUBASI

(L)
109449 AJojewwe|juiljue ‘si3ijod JO UoljuaAaId

(T£) S|9A3] 21W32A|S pue ‘saseasip [eul}sajul
‘s9seasIp d1jogejaw ‘A3Isaqo jsuiese $30930.d

(£9) s@32qeIp puE ‘A}IS9q0 ‘SaWOIPUAS dljogelaw
‘aseasip [amo(q AJojewweljul 3suiese s30930.1d

sadAjouayd
aseasip/y}jeay YHm uojleidosse a|qissod

(08)
9sea|al au03AD pue ‘s||92 sunwiwil ‘sisejsoswoy

JalLeq saje|n8as pue ‘uljjaSe)y saonpoud ‘ueuuew-g
pue UBjAX SJUSWIDY ‘9SBID)SURI] \YOD) 918198 YO
-|AJAIng sawAzus ay3 y3no.yj ajelAing sadnpoid

(6£°82)
uoljew.oy [0493sajoyd pue sisauagodipe sajowoud

‘uoljepes3ap apl309[dnu sujsouens :josoul

-0Aw Jo uoljepes3dap ‘A34aus pue ‘sajljoqelaw
10sandaud ‘pIoe 213928 pue ‘joueyls ‘ploe d1wio)
‘p1oe 21108 0] UOIIBIUSWLIDS |03IX3Y 10 3|qisuodsay

(9€) uonepixouad pidi| Jo uoiigiyul pue ‘uoijeulwl|e
uolue spIxoJ4adns JO S3jed ‘UoIIe|aYd Uol SNOJI3) JO
S9jed ‘s|edlped 9.y [AX0JpAy Jo sajed uoljeulwl|s
‘QuajeAlnba aul91sAd-] JO sal3IAIlOe SuldNpal
‘[AzeapAy|Aadid-g-|Ausydip-T‘T JO 9)eJ uoljeuiwi|d
3y} y3noJyy AjAioe Juepixoljue sAedsiq

(G£) SIsoIgSAp B3010.IW |BUI}SIUI PUE ‘UOIIBAI}DE
g3-4N sassauddns ‘uoissaidxa 4NQg s2onpu|

(v£)
asejonpal o)) |Alen|SjAylaw-g-AxXoipAy-g swAzuUd
ay3 Jo uononpoud ayj uniqiyul Aq spidi| seonpay

(g£) uonaudas O1-7| pue sadeydoioew
|eulysajul Jo uoipiodoud ayy sasealdul Ajjedidads

(T£) Syusiinu

10J uonipadwod 3uljesausad Aq eliajdeq |esuswiwod
3uiseauoul pue susdoyjied d13siunjioddo 3udnpal
‘Wa3SAS023 |e1qosdIW 3Y3 Sua)e 3] (/) ‘PIoe 214AINg
pue 21392e $30npoud 31 ‘uoijejus WIS} 9502N|3 U]

(6989) 1504 3y pue
©e149]2B( I3Y30 104 $33e.IISqNS Se Sulnlas ‘9jeuoidoud
pue 93e3a0e saonpoud 3 ‘udnw Suipelsap Usypa

suolnedljipow
|eai3ojoisAyd 1o “ejnasjow ‘|eaisololg

(08)
JUSWUOJIAUD S} Ul Juasald s| 93e3a0e

uaym A319ud JO 924n0S 9|0S dY] Se
95030N44081|0 Sazl|13n pue sapeidap
‘A8ojoydiow padeys-pou paje|a8e|y

pue paAnd Aj3ysiis e yym

(22)} ‘e14930eq aA131s0d-wels diqosseuy

(92)

s||92 padeys-poJ senda.ul pue 3uo|

0] 1]]198q02202 J40Ys wo.y Suidues

‘adeys ul o1ydiowoa|d ‘Sujwioy

(£2) 1 -240dsuou ‘eluaoeq aAlesau-wels)

(22£) saano1wia4 wnjAyd
ay3 03 3ui3uo|aq pue ‘padeys-po.
‘ulwioy-alodsuou ‘aqoiaeue

(99'9€) | aAne3NIEy ‘eliv)eq SARISOd-UIEID

(2£) sa1noiwil4 wnjAyd
ay3 o3 3uiduo|aq pue ‘padeys-pou
‘ulwiog-asodsuou ‘sqoiseue

(99'9€) 1 aAne3naey ‘ela)oeq aAisod-wel

(/) seana1wi4 wnjAyd
ay3 03 8ui8uo|aq pue ‘padeys-po.
‘8ujwioy-alodsuou ‘@qoiaeue

(999€) I aAneINdey ‘eia1eq BAINISOd-WelD

(2/) saano1wi4 wnjAyd
ay3 03 3ui3uojaq pue ‘padeys-po.
‘3ujwiog-al0dsuou ‘aqoiaeue

(99'9€) | anneINIEy ‘eliv)eq dARISOd-UeID

(02)

9onpoud sjopul pue ‘aseaun ‘9sepixo
‘ase|ejed 10J aAIle3au ‘9|Ijowuou
‘uiwioy-aiodsuou ‘dlqolaeue

(9g) ! A]32143s el19)oe(q 9AI3RSaU-WelD)

(£9) biqoojwodniiap wnjAyd
ay3 03 3ui3uo|aq ‘adeys |eAO UB YyHM
(£9) ! JlqoJaeue ‘elualdeq aAlesau-wel

sueleuajuad
ul uoissaudx3y

so13s149)0848YD |E3150[01qOIIIA

SI[DUIISa3UI DLINGISOY

Sbuowv8a

wnJpjup|d snjj1opqo3on7]

11355D8 SN|[100q032DT

S1I0 SN|[19Dq039D7]

nuosuyof snjj1opqo3on]

DINUIW D[]aUaSUIISLIYD)

(9€) iIydiuPNW DISUDULIBYYY

elsloeg

'sadAjouayd yjjeay o1419ads Jo Juawdo|aASp 3Y3 Y}M UOIIBID0SSE puE ‘SUOIjedIipow [ed130]01q pajejad ‘Suelleuaiuad uj sulaljed |ND Ul el4a3oeq papipuap] T 379dV.L



LOZADA-MARTINEZ ET AL.

e W LEYM

Aging Medicine

(Continued)

TABLE 1

Possible association with health/disease

phenotypes

Biological, molecular, or physiological

modifications

Expression in

centenarians

Microbiological characteristics

Bacteria

Possesses antioxidant and anti-inflammatory
effects, a decrease in Faecalibacterium is

Its final products from glucose fermentation are

1(77)

Strictly anaerobic gram-positive

bacteria, bacillus-shaped,

Faecalibacterium

formate, D-lactate, and butyrate; it can ferment

associated with inflammatory bowel diseases,

irritable bowel syndrome, obesity, liver

pectin and inulin and transform avenanthramides

into dihydroavenanthramides (81)

nonmotile, and nonspore-forming

(81)

disorders, metabolic conditions, cancer,

neurological conditions, and dermatitis (81)

Prevents anxiety and depression disorders (83)

Has the ability to transform monosodium glutamate

precursor into GABA (83)

1(77)

Strict anaerobic gram-positive

Bifidobacterium adolescente

bacteria, typically residing in the

GM (82)

pharmacological, and stress-related changes. This functional plas-
ticity optimizes the metabolic and immunological performance
of the host in response to physiological and environmental dy-
namics, preserving homeostasis and health.*® It is estimated that
around 1000 different microbial species constitute the human
GM. Among these, the predominant species are Firmicutes and
Bacteroidetes, followed by Actinobacteria, Verrucomicrobia, and
Proteobacteria.*>*° Variations in human microbiota colonization
findings are attributed to factors such as geography, genetics, diet,
antibiotic consumption, and gastrointestinal diseases.’* Moreover,
it has been demonstrated that exposure to antibiotics during preg-
nancy, cesarean section birth, postnatal antibiotic administration,
and formula feeding can all disrupt early intestinal microecology,
and these factors have been linked to the risk of disease in later
life.52:53

Once the GM is structured, it forms an interconnected micro-
bial community that intimately relates to various organic functions,
including both digestion and nutrient absorption, regulation of im-
mune function, and modulation of physiological stress response.
This symbiotic relationship grants the human being the status of a
“meta-organism,” making it interdependent on the characteristics of
the microbial community. Based on the impact exerted by the GM
(with its primary commensal function) on various organic functions,
this agent has been considered as a metabolic, endocrine, and immu-
nological organ. This recognition is due to its evolution and ability to
control low-grade chronic inflammatory responses, inherent GM dy-
namics.”*%° Thus, the sterolbiome, defined as the genetic potential
of the GM to produce endocrine molecules from both endogenous
and exogenous steroids in mammals, is formed. Over time, due to ex-
posure to external factors and adaptation to aging, diverse reactions
triggered changes in the metabolism of different tissues.>® For this
reason, the assessment and recognition of the GM and its diversity
as an agent associated with aging are essential during the study of
longevity and centenarians (Table 1). This association is closely re-
lated to regulatory mechanisms governing the cellular and immuno-
logical adaptation of human beings throughout their lives.

Chronic low-grade inflammation associated with aging, known as
“inflammaging,” has a significant impact on the GM, triggering irreg-
ular variations that disrupt the physiological and metabolic mecha-
nisms of this organ. Persistent inflammation leads to higher levels of
aerobic conditions and an imbalance in the production of reactive
oxygen species, which inactivates the reproduction and survival of
anaerobes such as Firmicutes (associated with better health phe-
notypes) and favors the colonization of facultative aerobes, often
observed in individuals experiencing unhealthy aging. These nega-
tively impacting microorganisms, known as “pathobionts,” such as
Enterobacteriaceae, Enterococcaceae, Staphylococcaceae, create a
mutualistic symbiosis that perpetuates inflammation.*®°” Therefore,
studying inflammaging, comorbidities, GM, and health profiles in
centenarians has the potential to answer questions about the pos-
sible association between an individual's adaptation and favorable
cellular response with a microbiota exhibiting specific characteris-
tics in a population with unique environmental features (Figure 1).
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Determinants of gut microbiota
at the onset of life
Geography ?
Initial gut
‘ﬂ\\ (‘\ (J‘)ﬁ microbiota

Genetic U A

exposure

Gastrointestinal

diseases Inflammating

Early
antimicrobial
exposure

Exposome
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Ruminococcaceae Faecalibacterium

Akkermansia Roseburia
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Transition of gut
microbiota during aging
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balance of pathobionts
and subdominant species)

Remodeled and readapted
gut microbiota in old age
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Yy

>

Sterolbiome

Favorable health phenotype
and extreme longevity

FIGURE 1 Evolution of the GM throughout life, and factors associated with the transition, remodeling, and adaptation of the GM during

aging leading to a favorable health phenotype and extreme longevity.

This research can provide valuable evidence on how this protective
phenomenon against inflammaging occurs.

A microbiota composed of a dominant symbiotic bacterial com-
munity (such as Bacteroidaceae or Ruminococcaceae) leads to a loss
of diversity and abundance with age. In extreme longevity, such as in
centenarians, this readaptation is counteracted by an increase in sub-
dominant species related to aging (for example, Bifidobacterium and
Akkermansia), which, depending on colonization characteristics, can
contribute to a specific state of health. Thus, the transition of the GM
during aging, involving the loss of certain components, is compen-
sated by a new GM with potential pathobionts (a crucial element to
study as a possible target for intervention or prediction of aging). This
tolerance property in restructuring can be utilized in researching ther-
apeutic targets for senolytics, aiming to repopulate the GM during
aging and attempting to delay or regulate inflammaging and BA.

A valuable piece of information to understand this phenom-
enon is, at extreme ages, that it has been found that the restruc-
turing of human GM acquires properties typical of the microbiota
of ancestral communities.’®>® This comparison revealed specific
GM adaptations to the respective subsistence strategies, including
higher diversity and enrichment in microorganisms generally consid-
ered as pathobionts (e.g., Prevotella, Treponema, Bacteroidetes, and
Clostridiales) in the GM from ancestral populations. Interestingly, this
finding correlates with results from GM in rural communities, which
possess better co-evolutionary adaptations.®° This is a special con-
sideration during the analysis and comparison of the structure and
characteristics of GM among areas with different geographical and
environmental features.

Findings derived from cohorts studied in blue zones where
there is a high rate of long-lived population, such as in Italy or
China, have shown that their GM is enriched with Ruminococcaceae,
Akkermansia, and Christensenellaceae, which have been classified as
potentially beneficial bacteria. These bacteria have been linked to
body mass index, immunomodulation, and healthy homeostasis.®>!
Importantly, a decrease in Faecalibacterium, Roseburia, Coprococcus,
Blautia, and an increase in Enterobacteriaceae were observed in sub-
jects aged 90 and 100years, resembling the age-related microbiota
features found in Italian centenarians but with some differences
from Chinese centenarians.®?

Remarkably is the distinct metabolic pattern exhibited by cente-
narians, associated with the GM. Specific modifications affect glyc-
erophospholipids and sphingolipids, alongside decreased circulating
levels of lipid peroxidation markers which manifest in the longevity
phenotype observed in Italy. This occurrence results from the pro-
found influence exerted by the longevity process on the structure
and composition of the metabolome derived from the human GM.
This influence is evidenced by the excretion of certain metabolites,
such as phenylacetylglutamine and p-cresol sulfate, observed in the
urine of Italian centenarians.®? In contrast, in other regions such as
the United States, evidence of high concentrations of metabolites
like isocitrate and taurocholate, products derived from citric acid
and bile acid metabolism, respectively, has been associated with
a lower likelihood of reaching the age of 80.%% However, in Bama,
China, a documented Blue Zone, centenarians exhibit high levels of
fecal short-chain fatty acids and total bile acids,®* which is contra-
dictory and intriguing to investigate in depth.
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So, it is clear that the GM represents a hot topic in studies of
healthy aging, considering its impact on various organic axes and
the establishment of health and disease phenotypes. In centenari-
ans, there is still limited evidence available due to the extensive di-
versity of the microorganism community, which can vary based on
geographic location, lifestyles, medication, or associated diseases.
Nevertheless, understanding the features of microbial signatures in
the GM would allow discovering potential novel mechanisms related
to the adaptation and physiological response of centenarians, either
in favor or against their healthy aging phenotype.>! This would facil-
itate the identification of therapeutic targets, possible interventions
based on restructuring, recolonization, and control of the microbial
community, and serve as a set of biomarkers for healthy aging and
health status, predicting the onset and response to certain age-
related chronic diseases.®®

This landscape forces us to consider the GM as a variable of great
interest in discovering the novel and unknown mechanisms on the
physiology and physiopathology of centenarians. This, because it
reflects the adaptation and immunological resilience in the gastro-
intestinal tract for over 100years. Few studies have translationally
associated the health phenotype of centenarians with the evolution
of the GM throughout their lives.®® There might not even be active
prospective cohorts with open-access data revealing information
about these characteristics, enabling a deeper understanding of the
differences and impact of GM among very long-lived communities.
Some of these variables to consider in future studies could be the
mode of birth, type, and quality of postnatal breastfeeding, envi-
ronmental exposure, and hygienic conditions. Therefore, a mixture
of approaches, including anthropological, biodemographic, environ-
mental, clinical, social, and translational, is essential to unveil critical
and precise data about the relationship between GM, centenarians,

and healthy aging.

4 | CONCLUSIONS

Evidence suggests that there are significant changes in the composi-
tion of the GM of centenarians, compared to other age groups, which
could be associated with specific phenotypes of healthy aging, and
be determinants in extreme longevity. However, numerous factors
condition the establishment of the GM over time. The origin of the
data is limited to certain countries with some blue zones. This field
should be extensively studied in regions lacking data and determine
the possible specific causal association between genera and species

of microorganisms, and extreme longevity.
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