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The Aging Gut Microbiota

Erin S. Keebaugh, Leslie D. Williams, and William W. Ja

Abstract Researchers have detailed changes in host—intestinal microbe homeosta-
sis in elderly humans, but it is not clear whether gut microbiota influence these
changes, or if maintaining intestinal homeostasis would support overall health with
age. Insight into age-related changes in hosts and their microbiota has been gained
by studying vertebrate models such as mice, rats, and African turquoise killifish,
and invertebrates, including Drosophila melanogaster and Caenorhabditis elegans.
Studies using aged, germ-free models show that intestinal microbiota do not initiate
all age-related pathologies, suggesting that host-specific changes may be a factor in
declining host—intestinal microbe homeostasis with age. Although it is not clear
how model-based host—intestinal microbe research applies to the elderly, under-
standing the interplay between aging hosts and gut microbiota will be critical toward
the design of therapeutic interventions. Since research on aging microbiota systems
is an emerging field, further developments may come through attempts to translate
model findings to humans.

Keywords Aging microbiome - Inflammaging - Intestinal permeability - Healthy
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Introduction

With a growing population of longer-living people, the promotion of healthy aging
is an increasingly urgent task. Our intestinal microbiota has gained attention because
of the notable changes in host—microbe homeostasis in aged hosts, though there is
great difficulty in distinguishing the physiological changes associated with the
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aging host from that of microbe-driven pathologies. Being able to make those dis-
tinctions will be of clinical importance, especially in the promotion of healthy aging.

The gut is a highly complex organ system with a tremendous surface area. It not
only serves as a barrier against luminal macromolecules and microbes, but it is also
involved in immune function, digestion, and nutrient assimilation. Like any other
organ system, gut aging is accompanied by physiological changes that lead to
impaired function, with ultimately far-reaching consequences on health. For exam-
ple, age-related changes in intestinal transit time (Woodmansey 2007) and in gut
function can impact nutritional intake and absorption (Lovat 1996), potentially
exacerbating diet-related influences on intestinal and organismal physiology.

Evidence from invertebrate and vertebrate model organisms suggests that gut
barrier integrity is compromised with age (Tran and Greenwood-Van Meerveld
2013; Tricoire and Rera 2015; Dambroise et al. 2016; Gelino et al. 2016; Rera et al.
2018); in mice and the invertebrate model Drosophila melanogaster, this change in
intestinal permeability is thought to allow the translocation of bacteria or bacterial
products from the lumen into circulation (Li et al. 2016; Thevaranjan et al. 2017).
The host is then thought to mount an inflammatory response against the leaked
microbial signatures. Although it is not yet known if a ‘leaky gut’ is a natural occur-
rence in the elderly, aged humans do show increased inflammation. Further, the
ability to resolve inflammation may be impaired with advancing age (Sarkar and
Fisher 2006). When the homeostatic balance of the immune system is no longer in
check, an age-associated inflammatory state, dubbed ‘inflammaging’, may ensue,
resulting in a chronic, low state of inflammation (Franceschi et al. 2000, 2007).
Chronic, low-grade inflammation may contribute to a range of comorbidities, accen-
tuating the aging phenotype.

There are documented examples of age-associated effects on components of the
intestinal barrier and immune system in humans, but what about the gut microbiota?
Here, we overview studies showing that aging is accompanied by changes in the
composition of the gut microbiota, but the extent to which these changes are causes
or consequences of aging gut physiology remains uncertain.

What Is a ‘Healthy’ Gut Microbiota?

The gut was believed to be sterile up until birth, although recent studies point to the
highly debated possibility of in utero colonization (Jimenez et al. 2005; Rautava
et al. 2012; Collado et al. 2016; de Goffau et al. 2019; Martin et al. 2016; Perez-
Munoz et al. 2017). As delineated earlier in this book, mode of delivery and feeding
influence the early intestinal microbiota composition, with possible consequences
for immune system development (Hallstrom et al. 2004; Rutayisire et al. 2016). The
early life microbiota may be an important factor in health outcomes, as Cesarean
births are sometimes associated with higher incidences of immune-related disorders
in early life (Negele et al. 2004). Indeed, microbes have been found to influence the
developing immune system and have an impact on mucosal and systemic immune
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tissues (Macpherson and Harris 2004; Malamitsi-Puchner et al. 2005; Hooper et al.
2012; Tamburini et al. 2016).

With the introduction of solid foods, the composition of gut microbiota is diver-
sified and at around age 3 begins to resemble that of the adult, after which differ-
ences resulting from the mode of delivery and breast or formula feeding are less
pronounced (Koenig et al. 2011; Yatsunenko et al. 2012; Duncan and Flint 2013).
The gut microbiota continues to diversify with age up through adulthood, although
there are individual differences in this maturation process (Odamaki et al. 2016).
Microbes are housed throughout the intestinal tract, continually increasing in abun-
dance and found in the highest amount in the large intestine (O’Hara and Shanahan
2006). The precise composition of microbiota in the adult gut varies between indi-
viduals and even among siblings, although there is thought to be a core, shared
microbiota amongst different people (Qin et al. 2010; Yatsunenko et al. 2012). It is
thought that greater than 20% of the observed interindividual variation in microbi-
ota composition is due to diet and other environmental factors as opposed to host
genetics (Rothschild et al. 2018). And though the gut microbiota is responsive to
environmental perturbations, the microbial communities inhabiting an individual
remain relatively stable (Costello et al. 2009).

The characterization of a healthy microbiota might assist in the diagnosis and
intervention of health conditions associated with alterations in gut microbes.
Identifying what constitutes a healthy microbiota, however, has proven difficult
despite a number of population-scale studies that have set out to do so (Human
Microbiome Project Consortium 2012). The microbial composition of subjects
ranging in age and geography have been measured to establish common microbial
features (Turnbaugh et al. 2007) and have generally focused on searching for taxa
abundant in healthy guts (Lloyd-Price et al. 2016). Faecalibacterium prausnitzii, a
member of Firmicutes, is one of the most abundant species in a healthy intestine and
has anti-inflammatory properties; a loss in abundance has been observed in various
intestinal disorders such as irritable bowel disease (Mueller et al. 2006; Sokol et al.
2008; Miquel et al. 2013; Cao et al. 2014). Not all microbes are ubiquitous across
humans, and a low prevalence of certain microbial groups does not indicate the lack
of functionality. Lesser-represented groups in some Western populations, such as
methanogenic archaea, are important despite their low relative abundance; metha-
nogens are useful for energy harvest from ingested food (Walker 2007).

Attempts to identify imbalances that reflect disease states are complicated by
interindividual diversity and by the existence of a range of possible ‘healthy’ micro-
biota configurations (Lloyd-Price et al. 2016). An ‘unhealthy’ gut may be defined by
a disproportionate amount of pathogenic bacteria, for example, Clostridium diffi-
cile, or when disease phenotypes manifest in the host as a result of an unbalanced
intestinal microbiota, or intestinal dysbiosis (Bien et al. 2013; Henderson and Nibali
2016). Alternatively, attempts to characterize a ‘healthy’ microbiome can use a
metagenomic approach that focuses on the functionality of genes present (Lozupone
et al. 2012; Rosen and Palm 2017). An analysis of fecal metagenomes (the genetic
material isolated from fecal samples) of humans from different countries found that
12 genetic biomarkers correlate with increasing age, including an elevation of
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digestive enzymes that degrade starch (Arumugam et al. 2011). These findings point
to a potential use of microbial biomarkers for the detection of an ‘aging’ microbiota
(Arumugam et al. 2011).

A high degree of diversity in an ecosystem is sometimes considered better for
adaptation to environmental stresses. Similarly, the diverse gut microbiota is some-
what malleable, responding to dietary changes to the potential benefit of the host
(David et al. 2014; Biagi et al. 2017). A system of checks and balances may render
a diverse microbiota ecosystem less susceptible to disease (Candela et al. 2012).
Therefore, instead of defining a healthy microbiota by a set of taxa known to sup-
port health, it may be more informative to identify a set of general characteristics
such as microbe diversity, stability, and plasticity (Backhed et al. 2012; Lloyd-Price
et al. 2016).

The Elderly Gut Microbiota

Though diversity and stability of the gut microbiome increases with age beginning
at birth and throughout early life (Palmer et al. 2007; Koenig et al. 201 1; Yatsunenko
et al. 2012; Rodriguez et al. 2015), the general trajectory for the aging gut is a loss
of biodiversity (Woodmansey 2007; Biagi et al. 2016), compromised stability, and
greater individual variation (Claesson et al. 2011, 2012). Although increased inter-
individual variation makes it difficult to make generalizations, there are some broad
trends and commonalities that are worth mentioning. A study focused on humans
ranging in age from adulthood to centenarians and beyond identified a core set of
shared microbes that were found to change in abundance over time. The dominant
core microbiota was mostly comprised of Ruminococcaceae, Lachnospiraceae, and
Bacteroidaceae (Biagi et al. 2016). While this dominant core shrank in representa-
tion in increasingly aged humans, subdominant groups increased in abundance
(Biagi et al. 2016). Across multiple studies, facultative anaerobes, streptococci,
staphylococci, enterococci, and enterobacteria were among the microbial groups
elevated with age (Candela et al. 2014). However, the same intestinal microbiota
shifts are not always common across studies (Magrone and Jirillo 2013).

Studies on aging humans are often focused on distinct populations and are there-
fore not always broadly applicable. As such, there are differences found in studies
across various groups of aging humans, and the conflicting observations are at least
partially due to differences in diet and other environmental factors between cohorts
(Magrone and Jirillo 2013). Further, the experimental design, microbe sampling
method (Biagi et al. 2012), and targeted populations in clinical trials can lead to
varying results between studies and lower the translatability of datasets. That said,
it is possible to identify similarities across distinct human populations. A study
focused on multiple European countries found that enterobacteria levels were
increased in the elderly sampled across countries; between-cohort differences, how-
ever, were also noted in the Bifidobacterium group within the same study (Mueller
et al. 2006). For these reasons, we focus largely on one dataset that used a unique
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study design to capture the interplay between gut microbiota and the environment
of aging humans.

The ELDERMET project was designed to identify links between health and gut
microbiota structure within elderly Irish subjects. The ongoing project has been
enacted in phases; one study tracked the elderly across different living situations
and care facilities to provide insight into the interaction between health status, diet,
lifestyle, and microbiota composition in aged humans. Subjects were categorized as
one of the following: individuals living in the community, making out-patient hos-
pital visits, receiving short term care (<6 weeks) for rehabilitation, or residing long-
term in residential care. The study identified several shifts in fecal microbiota
associated with residence, which also closely associated with diet (Claesson et al.
2012). The extent to which diet is a controllable factor to modulate age-related dis-
ease remains a major line of current research to determine if specialized diets can
delay the onset of age-related illness.

Most of the long-stay subjects reported a diet that was moderate to high in fat and
low in fiber, and their fecal metabolites revealed higher levels of glucose, glycine,
and lipids. Microbiota from long-term care residents was composed of a higher
proportion of Bacteroidetes over Firmicutes and was associated with Parabacteroides,
Eubacterium, Anaerotruncus, Lactonifactor, and Coprobacillus genera. In contrast,
the majority of community dwellers reported diets classified as low to moderate in
fat, and high in fiber. Community dwellers had higher levels of the metabolites glu-
tarate, butyrate, acetate, propionate, and valerate. Further, their microbiota showed
more abundant Coprococcus and Roseburia at the genus level, and Lachnospiraceae
was among the most prominent of associated families. Those that ate a diet classi-
fied as low fat/high fiber not only had the most diverse diet but also had the most
diverse intestinal microbiota (Claesson et al. 2012). It is possible that those living at
home had more exposure to a variety of foods. These findings may indicate that care
facilities can benefit from diversified food menus that promote intestinal microbiota
diversity.

The shifts observed in elderly gut microbiota were reflective of changes in health
as measured by a number of indices, including mental state, inflammatory markers,
and functional independence. A loss of certain community-associated microbes was
correlated with increased measures of frailty (Claesson et al. 2012). Frailty can be a
useful indicator of health deficit, and studies have shown that reduced microbiota
diversity is associated with increased frailty (Jackson et al. 2016). There are reported
differences in fecal microbiota composition between elderly persons with low and
high frailty scores. For example, Lactobacilli, Bacteroides/Prevotella, and F. praus-
nitzii were decreased, while Enterobacteriaceae were increased in the high-frailty
subjects (van Tongeren et al. 2005). These microbial changes associated with frailty
may represent diagnostic targets to monitor as individuals age.

Longitudinal studies following humans across their lifespan are not readily
attainable; these studies are more feasible in shorter-lived animal models. Some
human studies are semi-longitudinal over a brief portion of the human lifespan,
however most are cross-sectional, whereby representative groups are sampled at
one point in time. Although longitudinal studies may be ideal to record age-related
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trajectories, cross-sectional studies have provided insight into broad differences
across age, health, and lifestyle cohorts. Numerous studies not covered here detected
shifts in the intestinal microbiota of aged humans (Hopkins et al. 2001; Hopkins and
Macfarlane 2002; Hayashi et al. 2003; Woodmansey et al. 2004; Mariat et al. 2009;
Biagi et al. 2010; Rampelli et al. 2013; Odamaki et al. 2016; Buford 2017), includ-
ing other ELDERMET consortium studies (Claesson et al. 2011; Jeffery et al.
2016). It is worth reiterating that the variation in gut microbiota composition and the
specificity of human studies can complicate attempts to reveal common associations
between microbes and host age; the degree to which observed changes are due to
dietary or lifestyle factors, or are part of the natural aging process, is not always
clear. Future research may benefit from an integrative approach to reveal how envi-
ronmental factors impact a broader range of human populations.

Age-Related Changes in the Host-Microbiota System

Existing studies have detected age-related changes in the composition of gut micro-
bial populations (Buford 2017), leading to an interest in detailing causative factors.
One proposed causal factor is a change in nutrition in older adults (Lu and Wang
2018), which can be driven by natural processes, age-related illnesses, or behavioral
and lifestyle changes (Nagpal et al. 2018; Riaz Rajoka et al. 2018). Beyond changes
in physiologic systems, external factors including the environment and how an indi-
vidual responds to their environment can also influence the intestinal microbiota in
an age-dependent manner. Elderly humans show a higher threshold for sweet, salty,
sour, and bitter tastants, indicating that taste is altered with age (Fukunaga et al.
2005), potentially contributing to changes in food intake. Since changes in nutrition
correlate with fecal microbiota composition in healthy (Wu et al. 2011) and elderly
humans (Claesson et al. 2012), the factors that alter dietary intake with age may
interact to influence intestinal microbiota during the aging process. It is not yet clear
if specific diets can prevent aging-related microbial changes. However, it was pro-
posed that achieving optimal levels of protein, fiber, and fat may support intestinal
and immune health in the elderly (Clements and Carding 2018).

In addition to changes in nutrition, antibiotic use in elderly patients can reduce or
eradicate certain microbial species in fecal microbiota (Bartosch et al. 2004). The
rising antibiotic use in residential care facilities (Lim et al. 2014) and in older United
States residents (Lee et al. 2013, 2014) represents an increasingly influential factor
on intestinal microbes. Additionally, living conditions can impact how intestinal
microbiota respond to antibiotic treatment (Jeffery et al. 2016), making it difficult
to perform controlled analyses on human populations. Given the myriad of factors
that influence intestinal microbiota in humans, it follows that laboratory models are
commonly used for a more controlled approach to researching aging host-microbe
systems. The use of model systems has produced some of the most informative data
to date on age-associated changes in hosts and their intestinal microbes (Maynard
and Weinkove 2018).
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Humans and model organisms experience age-associated changes in systemic
and intestinal immunity (Man et al. 2014); models are useful to study aging host—
microbe systems because altered immune regulation can impact microbial symbi-
onts, and vice versa. Advancing studies use models to pursue a century-old
hypothesis generated by Elie Metchnikoff: maleffects of old age stem from changes
in intestinal microbiota and a restoration of host—-microbe homeostasis can improve
age-related illnesses (Metchnikoff 1908). To test this idea, researchers have begun
detailing aging guts to determine if altered host-microbe homeostasis underlies
broader age-related maladies.

One commonality of interest is the increase in chronic, systemic inflammation
with age (i.e., inflammaging). An age-related increase in inflammation is seen in a
range of organisms from insects (Rera et al. 2012; Clark et al. 2015; Li et al. 2016)
to mice (Conley et al. 2016) and humans. The inflammation status of elderly humans
is thought to be an indicator of disease and mortality risk (Franceschi and Campisi
2014). Although associative changes are known to occur along with inflammaging,
the definitive cause of age-related inflammation remains mostly unknown. As a
starting point for investigations of age-related inflammation, some research has
focused on the innermost layer of the intestine, the mucosa.

The mucus layer coats the inner lining of the intestinal tract and comes into con-
tact with luminal microbes; deterioration of this interface may be a source for the
homeostatic breakdown between host and microbes. In rodents, the density of the
colonic mucus layer varies both vertically and longitudinally, and this viscosity gra-
dient can impact the distribution of colonic microbes (Swidsinski et al. 2007b).
Although the mucus layer thickness varies across species, many animals (Varum
et al. 2012) including humans have two colonic mucus layers (Matsuo et al.
1997) with a relatively dense inner layer adjacent to epithelial cell surfaces, and a
less-dense outer layer exposed to the intestinal luminal contents. The inner layer is
expected to be absent of microbes, whereas the outer layer is colonized with
microbes, suggesting that microbes are typically partitioned from the epithelium by
the dense inner mucosal layer (Johansson et al. 2008, 2011).

Since the mucus layer covering the intestinal epithelium acts as a barrier for
those epithelial cells (Johansson 2014), a malfunctioning mucus layer is associated
with translocation of bacteria into intestinal crypts and an increase in intestinal
inflammation (Johansson et al. 2008; Johansson 2014). The mucus layer of the
mouse colon declines with age (van Beek et al. 2016). Aged mice show a diminish-
ing mucus layer and bacterial translocation into the mucus or even into the intestinal
epithelium. These changes are associated with a change in microbiota composition
and activation of the intestinal immune response (Elderman et al. 2017).

As in other organisms, the human colonic mucus layers largely prevent contact
between intestinal microbes and the epithelium. An investigation of normal and
inflamed colons from human subjects found an association with decreased mucus
layer thickness and increased inflammation, as well as a migration of bacteria into
the mucosa (Swidsinski et al. 2007a). Further, upon some intestinal insults, a dimin-
ished mucus layer is associated with increased intestinal epithelial permeability in
rats (Qin et al. 2011; Fishman et al. 2013). Thus, once this protective mucosal layer
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is diminished with age or with illness, the cellular barrier of the intestine may be
compromised and an associated increase in inflammation can occur.

It has been proposed that a compromised intestinal barrier function upon age
may allow gut microbes, or microbial products, to leak into non-tolerant areas
(Franceschi and Campisi 2014); a translocation of microbial signatures then sparks
a subsequent inflammatory response against exogenous products that hosts encoun-
ter in circulation. Indeed, aged mice show increased intestinal permeability—spe-
cifically, the colonic region shows higher paracellular permeability, indicating that
the increased intestinal permeability is due to compromised passage between inter-
cellular spaces (Thevaranjan et al. 2017). Aged mice also show higher levels of a
bacterial cell-wall product called muramyl dipeptide outside of the intestinal lumen,
which may indicate that displaced microbes or microbial products are indeed circu-
lating systemically (Thevaranjan et al. 2017).

Mice null for TNF, a pro-inflammatory cytokine, have been used to determine
how inflammation influences these age-associated changes. Aged TNF mutants do
not show heightened systemic inflammation, compromised intestinal barrier func-
tion, or increased microbial signatures in circulation (Thevaranjan et al. 2017).
Further, these mutants appear to have less prominent age-associated microbial
adjustments, and anti-TNF therapy has the capacity to modulate microbial diversity
(Thevaranjan et al. 2017). These results indicate that TNF-mediated inflammation
may influence aging phenotypes related to altered gut barrier function and microbial
composition.

Aged germ-free mice also lack some of the aforementioned age-related symp-
toms perhaps because of the absence of intestinal microbiota. Old germ-free mice
do not show a decline in intestinal barrier function or increased systemic inflamma-
tion. Co-housing germ-free mice with young or old conventional mice exposed
germ-free mice to a conventional, or ‘standard’, microbiota. Young germ-free mice
exposed to aged donor mice demonstrate an increase in intestinal permeability and
systemic inflammation (Thevaranjan et al. 2017). These results are consistent with
a model suggesting that microbiota from aged individuals can drive these intestinal
and systemic symptoms. However, no causal changes within the microbiota from
aged mice have been identified. Thus, specific dysbiotic changes in the microbiota
composition or quantity remain unknown. Interestingly, aged germ-free mice show
increased TNF when exposed to microbes from both young and old mice, suggest-
ing that older mice may also possess sensitivities to intestinal microbiota that are
absent in younger mice (Thevaranjan et al. 2017). Sensitivity to microbiota upon
age could potentially compound age-related symptoms.

In a similar study, fecal microbiota were transferred from young or old conven-
tional mice into young, germ-free mice by oral gavage. This process exposed for-
merly germ-free mice to conventional youthful or aged mouse gut microbiota. After
4 weeks, recipients of ‘old’ microbes showed systemic immune activation along
with an upregulation of several immune pathways in the small intestine (Fransen
et al. 2017). These changes were not detected in young mice, or recipients of
‘young’ microbiota (Fransen et al. 2017). A bioinformatics analysis suggested that
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lipopolysaccharides, molecules found on the outer membrane of some bacteria,
induce the immune modulatory effect of ‘old” microbiota (Fransen et al. 2017).

Further, cell culture-based tests indicated that sera from recipients of ‘old’ micro-
biota, but not from ‘young’ microbiota, may contain immune-stimulatory factors, a
proxy measurement for microbial signatures (Fransen et al. 2017). This is consistent
with a model in which the transfer of ‘old’ microbiota into young mice may lead to
translocation of immune-activating bacterial moieties systemically. More definitive
tests should be performed, however, since sera from conventional aged mice show
no increased signatures of bacterial components when compared to young conven-
tional mice. Changes in a few groups of bacteria including decreases in Akkermansia
and increases in TM7 and Proteobacteria are associated with older mice or recipi-
ents of ‘old’ microbiota. These changes in microbiota composition are dynamic
over a month-long period and it is not known if shifts in any of these groups are
causative to the observed age-related outcomes (Fransen et al. 2017).

Many of the current studies on the interaction between microbiota and the aging
host are associative. Further research is necessary to approach the status of clear,
causal evidence. Overall, these studies show that age-related changes occur in both
the host and microbiota across a range of animals, and that these changes are associ-
ated with negative health outcomes. As a result, there is great interest in finding
ways to prevent or delay ailments of old age by treating both the host and intestinal
microbiota.

Preventing Age-Related Deterioration by Genetically
Manipulating the Host

Studies on D. melanogaster were some of the first to provide detailed information
on the homeostatic changes in intestinal, commensal, and host physiology in aged
animals. Some of the benefits of the fly model are its genetic tractability, relatively
short lifespan (typically ranging from 30 to 80 days), and the similarities between
mammalian and fly intestinal biology (Buchon et al. 2013; Marianes and Spradling
2013). These benefits allow rapid studies on the connection between host—commensal
physiology, and organismal aging and longevity. A properly functioning intestinal
barrier is influential on longevity in D. melanogaster. Further, the general status of
fly-microbe homeostasis is indicative of intestinal barrier integrity and host mortal-
ity (Rera et al. 2012; Clark et al. 2015; Li et al. 2016). As flies age, they demonstrate
changes in the configuration and numbers of intestinal microbes, and flies also show
diminished barrier function (Guo et al. 2014; Clark et al. 2015). A recent focus on
the etiology of intestinal and commensal maleffects has identified genetic manipu-
lations that can impede or lessen these age-related breakdowns in host-microbe
homeostasis, ultimately extending life.

The fly intestine normally comprises ten or more compartments (Buchon et al.
2013, Marianes and Spradling 2013) that are involved in the localization of luminal



294 E. S. Keebaugh et al.

microbes along the intestinal tract (Li et al. 2016). An acidic region of the gut is
formed by the ‘copper cells’. pH alterations of the acidic region can modulate
microbiota levels, suggesting this distinct compartment has a regulatory role over
gut microbes (Overend et al. 2016). When the acidic region is intact, microbes are
most commonly housed within the anterior gut. When the copper cell region is
genetically ablated, however, the quantity of luminal microbes increases throughout
the intestinal tract (Li et al. 2016). As these changes occur, systemic inflammation
elevates as measured by the activity of conserved pathways that control inflamma-
tion in mammals (Li et al. 2016). It is possible that this inflammatory response
occurs as the fly responds to translocated microbial factors, similar to what was
suggested in the mouse model (Fransen et al. 2017; Thevaranjan et al. 2017).

The copper cell region of aging flies undergoes metaplastic changes as copper
cells are replaced with cell types typically found in other intestinal compartments;
these changes are also demonstrated by germ-free animals (Li et al. 2016). Aged
flies, even when germ-free, experience changes in septate junction protein localiza-
tion that may negatively impact intestinal barrier integrity (Byri et al. 2015; Resnik-
Docampo et al. 2017, 2018; Salazar et al. 2018). The occurrence of these cellular
alterations in germ-free flies indicates that intestinal microbiota do not initiate these
age-related intestinal pathologies. This is consistent with the possibility that age-
related changes in the copper cell region and intercellular junctions may drive
changes in host—-microbe homeostasis. Importantly, these results suggest that genetic
manipulations of the aging fly host could help pinpoint the onset of age-related
malfunctions in fly-microbe homeostasis.

To determine the etiology of age-related intestinal pathologies, researchers selec-
tively focused on the JAK/Stat pathway, which can control inflammatory-like
responses against infection and is deregulated with age (Guo et al. 2014). Further
analysis detected heightened JAK/Stat pathway activity in the intestine of aged flies.
Importantly, intestinal JAK/Stat activation causes metaplastic changes in the copper
cell region, comprised of both mis-differentiated and trans-differentiated cells (Li
et al. 2016). These results indicate that JAK/Stat activation can impair intestinal
partitions, one of the hallmarks of declining host—-microbe homeostasis in the fly.

In further supportive studies, knocking-down JAK/Stat activity in the intestinal
copper cell region counteracts negative health parameters in aged flies; these flies
harbor lower counts of intestinal bacteria and showed cellular characteristics of
younger flies (Li et al. 2016). Interestingly, these animals also have an increased
lifespan even when germ-free, suggesting that JAK/Stat misregulation in the copper
cell region generates negative health outcomes in aging flies, and inhibiting JAK/
Stat activity reverses some of those symptoms to extend life. Further, the longer
lifespan and intestinal compartment preservation in axenic flies with decreased
JAK/Stat signaling adds evidence that changes in intestinal microbiota alone do not
explain all of the ailments of age. Further studies are required to determine why
intestinal decompartmentalization drives negative effects with age, and how these
effects may influence host-microbe homeostasis.

Although there are some noted similarities between models and humans, such as
late-life shifts in microbiota (Claesson et al. 2011; Guo et al. 2014; Clark et al.
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2015; Conley et al. 2016; Li et al. 2016; Fransen et al. 2017; Thevaranjan et al.
2017) and increased inflammation (Franceschi and Campisi 2014; Li et al. 2016;
Thevaranjan et al. 2017), whether the remaining age-related disturbances occur in
humans is unknown. Therefore, while there are similarities between the age-related
pathologies across mice and flies, the implication of these findings for humans is not
definitive. Still, model systems have contributed valuable insight into potential
mechanisms leading to age-related inflammation and intestinal decline. Continued
work may enhance the translational power of models. Recent Drosophila stud-
ies suggest that microbes can influence host nutritional status or act as a nutritional
resource (Ridley et al. 2012; Broderick et al. 2014; Wong et al. 2014; Chaston et al.
2016) to impact fly lifespan under certain conditions (Yamada et al. 2015; Bing
et al. 2018; Keebaugh et al. 2018). It may be interesting to consider passive versus
active microbial effects in an aging fly model, potentially by differentiating between
microbes that stably colonize the fly intestine (Obadia et al. 2017; Pais et al. 2018)
versus those that pass through during meals. Ultimately, modern studies with vari-
ous models may provide a deeper understanding of the physiological alterations
influencing host—microbe homeostasis and whether these changes impact longevity.
Future research might also investigate how interventions targeting the aging intes-
tine can influence host-microbiota outcomes.

Treating Age-Related Symptoms with Probiotics

Some of the intestinal microbial species that decrease in aged humans can be benefi-
cial for preventing inflammatory responses. Whether compositional changes impact-
ing these species influence increased age-related inflammation remains unknown
(Rehman 2012). Research suggests that the immunomodulatory effect of some
microbial strains is impacted by aging (You and Yaqoob 2012). Because of the
potential link between microbiota, aging, and immune regulation, there is an inter-
est in treating aging symptoms by promoting beneficial microbes.

Live microbes that promote health benefits when adequately consumed are gen-
erally referred to as probiotics (see chapter on “Probiotics and Prebiotics”). There
are different ways probiotics can be administered, including as foods or as supple-
ments, and probiotics can have a range of beneficial effects on hosts (Hill et al.
2014). Fermented foods have also been found to have beneficial effects in older
adults (Turchet et al. 2003; Beausoleil et al. 2007; Fukushima et al. 2007; Hickson
et al. 2007; Guillemard et al. 2010) although not all fermented foods can be consid-
ered probiotics given their unquantified amount of microbes. Further, it is not always
straightforward to differentiate the benefits of microbes within fermented foods
with those associated with the food item itself (Hill et al. 2014). That said, studies
have found that dietary supplementation or fermented drinks with quantified levels
of Bifidobacterium can increase the levels of these microbes in fecal samples
(Ahmed et al. 2007; Lahtinen et al. 2009), and is correlated with an increase in
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cellular immune function (Gill et al. 2001) and potentially beneficial shifts in pro-
and anti-inflammatory cytokines in elderly subjects (Ouwehand et al. 2008).

Although some of the individual symptoms of age may be treated with probiot-
ics, there is no current probiotic or fermented food regimen to prevent the suite of
aforementioned age-related pathologies in host—-microbe homeostasis. Most of the
evidence for age-related probiotic treatments is largely produced in mice or in
accelerated-aging mouse models. There is some evidence for specific microbial
strains that can improve the intestinal permeability and longevity of aged mice.
Middle-aged mice gavaged with Bifidobacterium animalis strain LKMS512 three
times a week show decreased colon permeability and improved survival rates over
the 11-month dosing period (Matsumoto et al. 2011). Further, mice show suppressed
systemic and colonic inflammation at 45 weeks of treatment (Matsumoto et al.
2011). Currently, the relevance of these findings in humans is unknown.

Many studies, including some using human subjects, focus on the bacterial spe-
cies Lactobacillus plantarum. L. plantarum is a fermentative lactic acid bacterium
that is found in a variety of food products and in the intestines of multiple animals
(Ahrne et al. 1998; de Vries et al. 2006). A study testing the adherence capacity of
different L. plantarum strains found that a majority of tested strains have the capac-
ity to bind to a human-derived colonic cell line via what appears to be a mannose-
specific mechanism, suggesting that some L. plantarum strains adhere to
mannose-containing receptors within the intestine (Ahrne et al. 1998). Certain
strains of L. plantarum from a fermented diet can survive the gastrointestinal tract
and become associated with the intestinal mucosa in both healthy (Johansson et al.
1993) and ill patients (Klarin et al. 2005), although the capacity for L. plantarum to
colonize the human intestinal tract varies (Johansson et al. 1993; Vesa et al. 2000).
Since constant exposure is required for persistence of some strains (Vesa et al.
2000), recent attempts to identify ‘persisting’ L. plantarum strains are focusing on
strains derived from healthy human guts as opposed to other sources (Suryavanshi
et al. 2017). Such strains that are sustained within the intestine may be more suited
for probiotic applications. To date, various L. plantarum strains have been tested for
probiotic effects in human trials on patients harboring a diverse range of illnesses
(Darby and Jones 2017); of potential interest for the aging population, L. plantarum
strain 299v has the potential to attenuate systemic inflammation in ill patients
(McNaught et al. 2005; Jones et al. 2013).

Recently, a mouse model of accelerated aging was used to test for the effects
microbes have on aging intestines, since little is known about the impact of specific
microbial strains on the aging gut. Accelerated-aging mutant mice and their wild-type
littermates were exposed to L. plantarum strain WCFS1 by gavage three times per
week for a 10-week period. The WCEST strain impedes the thinning of the colonic
mucus barrier, which is a normal occurrence in the accelerated-aging mutants.
Interestingly, there are no noted effects of WCFES1 supplementation in wild-type lit-
termates, suggesting that the beneficial effects of this strain may be specific to aged
animals (van Beek et al. 2016). As L. plantarum strain WCFS1 has a sequenced and
annotated genome, it may provide a powerful system to investigate the mechanisms
underlying beneficial effects in aging mice (Kleerebezem et al. 2003).
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Conclusion and Future Directions

The expanse of recent gut microbiota research details a complex relationship
between hosts and their associated microbes. It is increasingly evident that the
maintenance of intestinal homeostasis may contribute to the overall health status of
aged individuals. With a growing population of elderly people, understanding how
an aging microbiota might accelerate or slow the pathophysiology of aging is of
particular interest and may lead to novel therapeutics or dietary interventions that
can restore intestinal homeostasis and support health.

It is currently unclear the degree to which aging gut physiology is a cause or
consequence of the microbiota shifts accompanying age. Numerous studies on the
elderly have detected changes in gut microbiota composition as well as increased
levels of inflammation, but it is not known whether microbiota drive inflammaging.
Although we do not yet understand the underlying etiological mechanisms in their
entirety, we know that there are a number of factors that may compromise our
homeostatic relationship with gut microbes, possibly tipping the scale toward a dys-
biotic ecology. Although the appealing idea to enterically treat the suite of age-
related gut and microbe alterations has no current support in humans, studies have
demonstrated that certain microbes may have the ability to modify the host pheno-
type in ways that pertain to host health.

Diet is a somewhat controllable factor by which to manipulate gut microbiota,
and a diverse, healthy diet is associated with a diverse gut microbiota. Modern
approaches may help in the development of dietary interventions for aging humans.
Researchers are investigating long-lived models of ‘healthy aging’ to identify life-
style and dietary habits that might support the maintenance of microbial diversity
and health with age (Kong et al. 2016, 2018; Franceschi et al. 2018), and consider-
ing biological markers of aging as opposed to chronological age to better under-
stand the interaction of diet, aging, and the microbiota (Kim and Jazwinski 2018).
These studies, in combination with longitudinal approaches (Santoro et al. 2018)
and new genome-scale metabolic modeling methods (Kumar et al. 2016), may
eventually reveal how physiological changes upon age impact nutritional intake and
microbiota composition and reveal nutritional means by which aging humans can
maintain health.

Researchers are responding to the mounting knowledge on aging intestinal
microbiota with attempts to develop food-based or probiotic treatments. A down-
stream initiative from the ELDERMET studies, referred to as ELDERFOOD, is
identifying food ingredients that support a healthy microbiota and overall health in
the elderly. As researchers continue to catalog specific functions performed by par-
ticular microbial strains, we may see an increase in targeted therapeutic probiotics.
Fermented foods are another abundant source of microbes, some of which are part
of traditional diets. Future studies may focus on aging human subjects to infer ben-
eficial effects of specific microbial strains or fermented foods. However, mechanis-
tic investigations into age-related changes are likely to be restricted to genetically
tractable model organisms.
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Most of the aforementioned treatment-focused studies rely on model organisms,
and they would not be possible without the prior progress made by aging model
research. Fly and mouse research provided premier details on the interrelated, age-
associated changes in host intestines, microbiota, and systemic immune regulation.
Although research has found correlative changes between intestinal microbiota and
age, causal roles that distinct microbial strains play in age-related changes have not
yet been detailed. Subsequent work using models may focus on identifying specific
dysbiotic changes that influence, or are characteristic of, age-related pathologies.
Identifying specific dysbiotic shifts across animals may help to identify health- or
age-associated microbes that may ultimately support direct probiotic developments.

There is still more to come from research pertaining to aging and gut microbiota
across animal systems. The nematode Caenorhabditis elegans has been used to
identify pro-longevity variants in Escherichia coli mutant libraries (Han et al. 2017);
downstream efforts from this study may aid in the development of pro-longevity
probiotics. C. elegans research has also demonstrated that intestinal microbes can
influence drug efficiency (Garcia-Gonzalez et al. 2017; Scott et al. 2017), and recent
studies in mice indicate that the microbiome can contribute greatly to drug metabo-
lism (Zimmermann et al. 2019). Future work on modeling host—gut microbe—drug
interactions may be important for aging humans because of the increasing polyphar-
macy observed with age (Charlesworth et al. 2015).

Aged African turquoise killifish lose gut microbe diversity during aging and live
longer when colonized with microbiota from younger fish (Smith et al. 2017). This
suggests that negative changes occur in killifish microbiota with age, and restoring
microbiota to a more youthful state is beneficial to older fish. Model organisms have
unique attributes and limitations (Douglas 2018). Although innate differences in gut
anatomy or microbiota partitioning may interfere with translating findings from
study organisms to humans (Nguyen et al. 2015; Keebaugh and Ja 2016), animal
models will continue to be valued for their use in uncovering molecular mecha-
nisms and in developing host- or microbe-targeted interventions.

Researchers have only scraped the surface in terms of aging microbiota research.
In particular, microbial populations outside of the intestine are lesser-studied and
may have significance for aged humans. For example, it has been suggested
that toxic proteases from Porphyromonas gingivalis, a bacterium associated with
periodontal disease, are found in higher levels in the brains of Alzheimer’s patients;
small-molecule inhibitors of those proteases reduced Alzheimer’s-like disease
pathology in the mouse brain and are now being tested in human trials (Dominy
et al. 2019). Further interesting developments may come as researchers continue to
compile and analyze data across species, and attempt to translate findings from
model organisms to the human system.
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