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In 2020, my colleagues and I curated a special issue of The Journals 
of Gerontology, Biological Science (JoGBS) publishing 10 pa-
pers on the subject of “The Microbiome and Aging” (1–10) with 
a Commentary proceeding characterizing the scientific contribution 
of the gut to multiple facets of aging and health (11). The impetus 
for this special issue was based not only upon our own work and 
interest (2,10,12–15) but also upon growing interest across mul-
tiple fields of science generally and the field of the biology of aging/
geroscience in particular. The request for papers for the issue stated:

“the human intestinal tract (i.e., “gut”) is inhabited by over 100 tril-

lion microorganisms; including over 1000 species of known bacteria. 

These organisms have co-evolved with humans over millennia to 

live together for mutual benefit. Though commonly long overlooked 

in considerations of human health and disease treatment (hence the 

nickname the “forgotten organ”), gut microorganisms encode >150 

times more genes than the human genome and are highly involved 

in numerous metabolic reactions which influence normal host physi-

ology. A variety of biologic, medical, and lifestyle factors appear to 

contribute to gut dysbiosis in late-life, and interventions specifically 

designed to target these factors may be useful in restoring microbial 

balance. Indeed, evidence from both clinical and preclinical studies 

suggests that gut dysbiosis is highly correlated with age-related per-

sistent inflammation, age-related diseases such as Alzheimer’s disease, 

mobility disability, and perhaps even longevity. Crosstalk between the 

gut and multiple organ systems (brain, heart, muscle etc.) that subserve 

the unfolding of aging, in the aging process, including development 

of age-related diseases and loss of physiological function is not well 

understood”.

Indeed, over the last 20  years, there has been an exponential in-
crease in this field of study first reported by Buford (11) and up-
dated here. In 2000, there were 3 papers published compared with 
over 5000 published in 2020 as indexed in PubMed investigating 
the “gut microbiota and disease” (Figure 1A). A similar trajectory is 
observed, when searching “gut microbiota and aging” with 0 papers 
published in 2000 and 356 published in 2020 (Figure 1B). These 
data clearly attest that this field is growing and can longer be con-
sidered as a “fringe” science studying a “forgotten organ” (16), the 

gut, and must be seriously considered as a fundamental process to 
aging and age-related disease. Since the publication of the special 
issue, the JoGBS has received even more submissions related to this 
subject, inspiring the editors to create an additional collection of art-
icles, published herein, to emphasize the importance of this field of 
study to aging and age-related disease.

Although the notion of disturbances in the gut microbiota 
is touted as a relatively new concept in the context of aging, this 
is far from true. As early as 1908, Elie Metchnikoff, the father of 
both cellular immunology and gerontology (he actually coined this 
word), made the case for the role of, what is now referred to as gut 
dysbiosis in the “Prolongation of Life” (17). Metchnikoff assumed 
that aging was likely due to the poisoning of the body by pathogenic 
micro-organisms in the large intestine and thus proposed to change 
the microbial population, and so avoid poisoning. He was inspired 
by Stamen Grigorov’s discovery of “Bacillus bulgaricus,” the lactic 
acid bacterium responsible for transforming milk into yoghurt and 
a daily food taken by in Bulgaria’s long-lived rural populations. He 
opined the local farmers’ long-life expectancy was due to their daily 
consumption of fresh yoghurt such that the “good” bacteria could 
offset the impact of the “bad” bacteria that poisoned the gut during 
the aging process. His views spawned a “sour-milk” craze across 
Europe and the United States when in a lecture in France in 1908, 
he touted the life and healthspan enhancing effects of sour milk, 
espousing that people could live to >150 years (18). The emergence 
of the use of anti-biotics to combat “bad” bacteria led to a nearly 
80-year gap in the study of “good” bacteria as means to combat 
aging and age-related disease. Since that time, it is now well under-
stood that the use of antibiotics drive the destruction of not only 
“bad” bacteria but also the healthy gut microbiota environment 
(19,20) and is often used as an experimental tool to repopulate the 
gut with “good” bacteria (21).

This evidence lead me to some critical thinking regarding our 
understanding of the biology of aging through the “Leading Edge 
Review” published by Lopez-Otin et  al. (22) in 2013 defining 
9  “Hallmarks of Aging” representing common denominators of 
aging across a variety of organisms. While this article is certainly not 
the only approach to studying the biology of aging, it is quite a useful 
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didactic in so far as “Hallmarks” provide a unifying platform from 
which to approach the very complex multiorgan, multidisease, and 
multibiomarker nature of the aging process. Since that time, this list 
of Hallmarks has remained relatively stable. Based upon my own re-
search experience, general scientific evidence, and observation of the 
field through the Microbiome Special Issue and now this collection, 
I believe we should consider the contribution of disturbances of the 
gut microbiota as the “10th Hallmark.” In fact, Guerville et al. (23) 
made this suggestion recently, with the caveat that there is still some 
work to do, which I will describe below. And as Lopez-Otin describe 
there is “extensive interconnectedness between the aging Hallmarks, 
implying that experimental amelioration of one particular Hallmark 
may impinge on others” (22). Indeed, the articles in the special issue 
covered a range of topics and addressed how the gut interacted with 
several different Hallmarks. Thus, the current collection of articles 
expands upon these findings and adds evidence to our field that dis-
turbances of the gut fundamentally contributes to aging.

However, to complete the argument that disturbances of the gut 
microbiota are indeed a true Hallmark of aging, we must assess 
whether this condition meets the criteria for what defines a Hallmark 
via Lopez-Otin: (i) the Hallmark should manifest during normal 
aging; (ii) its experimental aggravation should accelerate aging; and 
(iii) its experimental amelioration should retard the normal aging 
process. While it is beyond the scope of this simple perspective to 
fully review the entire field to support this angle (Figure 1B), I would 
like to highlight the publications within the new collection to pro-
vide this insight, based on the 3 criteria of Hallmarks of aging. This 
argues that our scientific field of geriatrics/gerontology/geroscience 
should facilitate/consider publishing those lines of investigation here 
and perhaps create room in our meetings to make gut research prom-
inent. Conversely, it is imperative that we encourage microbiologists 
studying the gut to participate in our various annual aging meetings, 
perhaps by creating specialized integrative symposia in conjunction 
with calls for papers as our group has participated in over the last 
few years. The articles published here in this collection use a variety 
of animal models of aging (both males and females), from rats to 
mice to non-human primates, furthering the translational strength 
of this argument to improve the health- and lifespan of older adults, 
which is the ultimate goal of our biology of aging, gerontology, 
geriatrics and geroscience fields. We all want to live and age better. 
Introducing new approaches is fundamental and why I am so excited 
for this new collection.

Experimental Aggravation Should 
Accelerate Aging

In line with Guerville’s (23), assessment, none of the articles in the 
current collection address this aspect of what defines a Hallmark. 
While gut microbiota dysregulation has been associated with a 
number of diseases including diabetes, Alzheimer’s and Parkinson’s 
disease (10,12,13,24–26), there are only a few experimental 
studies to indicate that aggravating the gut should accelerate aging. 
A PubMed search using the terms “Microbiota and Longevity” re-
turned a total of 228 articles, although many of these were reviews 
and in relation to age-related disease states. However, a few stand 
out. For example, in their recent systematic review of 27 studies, 
Badal et  al. (27) concluded that in special human populations of 
“healthy” versus “normal aging,” there were distinct differences 
in the gut microbiota diversity and downstream metabolic func-
tioning indicative of a pro-aging phenotype. Using the turquoise 
killifish model, Smith et  al. demonstrated that transfer of the gut 
microbiome from young to middle-aged killifish resulted in an in-
crease in lifespan and a delayed behavioral decline, compared to fish 
that received the microbiota from middle-aged fish (28). Conversely, 
Kundu et al. found that young germ-free mice receiving a gut micro-
biota transplant from old donor mice showed increased neurogen-
esis in the hippocampus of the brain and increased intestinal growth 
(29). Thus, with regards to this criteria of a Hallmark, I still think we 
have some work to do.

The Hallmark Should Manifest During 
Normal Aging

Vemuri et  al. (30) in this collection demonstrate, through correl-
ational analyses, that fecal and blood samples from healthy young 
and old female vervet monkeys reveal microbial co-occurrence pat-
terns relating to inflammation, aging and deleterious shifts in 16s 
rRNA analysis of microbiome diversity and abundance. Specifically, 
elevated levels of plasma LBP-1, MCP-1, and C-reactive protein in 
old monkeys, were indicative of higher microbial translocation into 
the circulation. These findings provide novel insights into systemic 
inflammation and gut microbial interactions, highlights the import-
ance of the gut mucosal niche, and the decline in the stability of the 
microbial community with aging. This study suggests that perhaps 
the age-related disturbances in the gut may proceed and may even 

Figure 1.  An investigation of papers related to the gut microbiota and aging. Twenty year trajectory of publications indexed in PubMed investigating the “gut 
microbiota and disease” (A) and the “gut microbiota and aging” (B). Full color version is available within the online issue.

1892� Journals of Gerontology: BIOLOGICAL SCIENCES, 2021, Vol. 76, No. 11



eventually prove to be causative as a source for age-related inflam-
mation and age-related disease. While these data are correlational, 
this study used an NHP model, in a colony that continues to age and 
could be related to translational traits of this model to such condi-
tions as metabolic dysfunction, hypertension, and neurodegenerative 
conditions such as Alzheimer’s disease (31–34).

Rubio et  al. (35) show that aged male Wistar rats have in-
creased presence of mucin-degrading and lipopolysaccharide (LPS)-
producing bacteria, resulting in a weaker gut barrier in older animals 
that facilitates LPS leakage. LPS is known to induce leptin resist-
ance of vagal afferents to impact hypothalamic-mediated feeding be-
havior thus supporting their additional finding that cholecystokinin 
(CCK) satiating effect is impaired in aged rats. These data provide 
support for a gut-brain axis contribution to feeding behavior but 
also raises the question if changes in body composition (increased 
adiposity and decreased lean mass) are a consequence or cause of 
this shift in gut barrier function.

Experimental Amelioration Should Retard the 
Normal Aging Process

The aging field is a bit unusual in that we often find interventions 
that impact on aging, then use these to understand mechanisms (the 
opposite to disease-based research, where understanding the biology/
mechanism is the first step, and used to develop subsequent interven-
tions). This is why, as stated in the introduction, we must certainly 
partner with gut microbiologist researchers to integrate approaches 
of understanding. Below are 2 studies from the new collection which 
integrate understanding of longevity interventions (senolytics and 
diet) and their impact on the gut microbiome.

Saccon et  al. (15) investigate the senolytic drug combination, 
Dasatinib plus Quercetin (D+Q), which is known to reduce senes-
cent cell abundance, comparing young and old female BALB/c mice. 
Their primary outcomes included senescence, and inflammatory 
markers in small (ileum) and large (caecum and colon) intestine as 
well as the microbial composition along the intestinal tract in these 
mice. Overall, aged-treated mice experienced lower senescence and 
inflammatory markers in the gut, and this correlated with specific 
amelioration of deleterious microbial signatures. What is particu-
larly interesting about this article is the question that a regional 
specific approach is an important consideration for targeting the gut 
during intervention.

There are previous studies to suggest that macronutrient intake 
may influence longevity in the context of host/gut microbiome inter-
actions (36,37). Nichenametla et  al. (38) utilized male 21-week-
old C57BL6/J mice to compare a lifespan enhancing diet, sulfur 
amino acid restriction (SAAR, restriction of dietary methionine at 
0.12%, in the absence of cysteine, also called methionine restric-
tion) with other diets that controlled for levels caloric intake (low 
calorie diet or LCD with/isocaloric to SAAR) as well as of cysteine 
and methionine nutrition (control diet or CD with 0.86% methio-
nine). After 10 weeks on the diet, plasma markers of bile acids 
and fecal microbial profiles were determined. Overall, SAAR and 
LCD diets induced distinct positive changes in the gut microbiome 
environment, β-diversity, and bile acid profiles, although the 
patterns of these changes were different between these groups. 
This study, controlling for caloric intake, provides evidence that 
manipulating micronutrients can have both overlapping and dis-
tinctive effects, which may lead to a better understanding of how 
caloric versus nutrient intake may modulate the gut microbiome 
during aging to impact health and longevity.

Conclusion

So, are we at complete “Hallmark” status regarding disturbance 
of the gut during aging? To be sure, some of the results pre-
sented in this collection are correlational/observational and have 
not quite reached mechanistic maturity as may be required for 
establishing a true Hallmark. What else is needed: (i) empirical 
studies that manipulate the gut at various points in the lifespan to 
envision the impact on longevity; (ii) sex difference studies using 
both males and females within the same experiments; (iii) use of 
multiple aging models to provide convergent evidence; and (iv) 
use of well-described longevity enhancing interventions. But this 
type of approach always represents a nascent science, even when 
steeped in a theoretical yet checkered history. Hopefully, this piece 
and the articles included in this collection engenders discussion 
and opens a window to expand our modes of thinking as geron-
tologists/geoscientists to help find a way to mitigate how, when, 
and why we age to consider our “gut feelings.”
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