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Abstract
The gut microbiota plays crucial roles in maintaining the health and homeostasis of its host throughout
lifespan, including through its ability to impact brain function and regulate behaviour during ageing. Studies
have shown that there are disparate rates of biologic ageing despite equivalencies in chronologic age,
including in the development of neurodegenerative diseases, which suggests that environmental factors may
play an important role in determining health outcomes in ageing. Recent evidence demonstrates that the gut
microbiota may be a potential novel target to ameliorate symptoms of brain ageing and promote healthy
cognition. This review highlights the current knowledge around the relationships between the gut micro-
biota and host brain ageing, including potential contributions to age-related neurodegenerative diseases.
Furthermore, we assess key areas for which gutmicrobiota-based strategies may present as opportunities for
intervention.
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Introduction

Physiological changes that occur during ageing can contribute to a progressive decline in overall brain
health including cognitive abilities. This impairment in brain health is observable inmultiple age-related
diseases, including mild cognitive impairment (MCI), Alzheimer’s disease (AD), Parkinson’s disease
(PD) and multiple sclerosis (MS), and leads to a worsened quality of life for patients. There is an
important difference between one’s chronologic age (time since birth) versus one’s biologic age, and
differences in the rate of ageing, especially during midlife, can significantly impact future age-related
decline (Elliott et al., 2021). Furthermore, biologic age in healthy elderly individuals can predict the
development of dementia (Wu et al., 2021a). Recent studies suggest that peripheral changes in
physiology may affect age-related cognitive decline and therefore represent an emerging therapeutic
target to manage brain health in ageing. Moreover, gastrointestinal (GI) functions are disrupted during
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ageing, including weakened gut barrier function, altered intestinal neurotransmitter levels and altered
intestinal immunity (Bosco and Noti, 2021; Saffrey, 2014). Changes in GI physiology culminate in
alterations to the gut microbiota, which may in turn influence brain ageing.

Trillions of microorganisms reside in the GI tract and constantly survey, adapt and respond to their
environment. Collectively known as the gut microbiota, these microbes have coexisted and coevolved
with their host and are increasingly recognised for their contributions to maintaining the health of their
host throughout the lifespan, including brain health. The gut microbiota can communicate bidirection-
ally with the brain through several mechanisms, including endocrinal, nervous, immune and microbial
metabolite-driven pathways (Cryan et al., 2019b). Investigations into these pathways, along with the use
of germ-free (GF) rodents, which completely lack all microbes, and direct gut microbiota manipulation,
such as antibiotic treatment, faecal microbiota transplantation and microbiota administration, have
enabled a deeper understanding of how the gut microbiota influences biological functions in its host,
including in the brain. Critically, the gut microbiota influences the blood–brain barrier (Braniste et al.,
2014), neurochemistry and cellular functions in the brain, such as immunity and neuroplasticity (Erny
et al., 2015; Guzzetta et al., 2022; Mossad and Blank, 2021; Ogbonnaya et al., 2015; Parker et al., 2022; Rei
et al., 2022; Scott et al., 2017; Spichak and Guzzetta, 2018) and has been preclinically shown to modulate
cognitive function during ageing (Boehme, Guzzetta and Bastiaanssen et al., 2021; Mossad et al., 2021),
and neurodegeneration (Erny et al., 2021). Taken together, the gut microbiota plays a crucial role in
supporting healthy cognition and neurological functions of its host, including active participation in
important aspects of brain ageing.

While the composition of the gut microbiota is generally understood to be relatively stable during
early- andmid-adulthood, community stability appears to be uprooted in later stages of ageing, although
the effects of ageing on gutmicrobiome diversity appearmixed, perhaps due to factors such as health and
diet. For instance, elderly patients in care homes displayed an overall reduction in faecal microbial
diversity, which also associated to worsened health status of the individual, while centenarians living
amongst the general population had distinguishably increased alpha diversity, due to higher relative
abundance of subdominant taxa accompanied with reduced relative abundances of core taxa (Biagi et al.,
2016, 2017; Claesson et al., 2012; Fanli Kong et al., 2016;Wu et al., 2019). These conflicting results suggest
that ageing leads to divergences in the gutmicrobiome which are dependent on the community sampled,
and which likely contribute to an increased microbiome uniqueness overserved in ageing (Wilmanski
et al., 2021). Understanding the causal relationships between gut microbiome trajectory and healthy
brain ageing may allow for the discovery of novel microbiota-driven therapies for maintaining brain
health during ageing.

Biological ageing drives changes to the gut microbiome

The gut microbiome during ageing

Following birth, the composition of the gut microbiome is highly dynamic, and gradually increases in
stability with the development of the adaptive immune system, weaning onto a solid food diet and
standardisation of lifestyle factors in early adulthood (Koenig et al., 2011). While the composition of the
gutmicrobiome is relatively stable during early- tomid-adulthood if unperturbed, as an individual grows
older, the gutmicrobiota enters a period of increased volatility and distinct shifts occur in the diversity of
genera and functional capacity (Badal et al., 2020; Claesson et al., 2011). Ageing-associated alterations to
microbial diversity and composition of the gut microbiome have been observed in multiple species,
including flies (eg., Drosophila), worms (eg., Caenorhabditis elegans), rodents, dogs, monkeys
(Ambrosini et al., 2019; Dinić et al., 2021; Kubinyi et al., 2020; Lee et al., 2019; Pallikkuth et al., 2021;
Scott et al., 2017; van der Lugt et al., 2018; Wei et al., 2021) and in humans (Biagi et al., 2010; Claesson
et al., 2012; Jeffery et al., 2016; Leite et al., 2021). This may be due to a multitude of biological and
environmental factors, including immunosenescence (Bosco and Noti, 2021), altered physiology of the
gastrointestinal tract (Soenen et al., 2016), development of age-related diseases, and in humans,
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increased exposure to medication and altered diet associated with long-term care facilities (Claesson
et al., 2012).

In humans, characteristics of ageing within the gut microbiome begin to appear in mid-to-late
adulthood (Wilmanski et al., 2021), though the exact timepoint for this shift may vary based on genetic,
environmental and lifestyle factors which are unique to an individual. In general, ageing is associated
with a decline in core microbial genera, increased bacterial community uniqueness, altered microbial
diversity and altered functional ability of the gut microbiota (Claesson et al., 2011, 2012; Ghosh et al.,
2022a,b; Wilmanski et al., 2021). Critically, there is noticeable variation between studies examining the
gutmicrobiomewithin different older populations, whichmay be due to dietary, cultural, environmental
or geographical differences that can influence the gut microbiome, or due to differences in microbiome
analysis methodology (Biagi et al., 2010, 2017; Claesson et al., 2012; Odamaki et al., 2016; Salazar et al.,
2017; Wilmanski et al., 2021). For instance, the genus Bacteroides and other genera within the family
Bacteroidales including Alistipes and Parabacteroides have been observed at higher levels in people aged
65þ compared to younger, healthy adults (Claesson et al., 2011). However, other studies indicate that
ageing leads to a decrease in Bacteroidaceae, the family that contains Bacteroides, along with a reduction
in Faecalibacterium and Lachnospiraceae, and an increased abundance of Akkermansia, as recently
reviewed by Badal et al. (2020).

These differences in study outcomes suggest that it is currently impossible to pinpoint exactly when a
person’s gut microbiome shifts to that of an ‘elderly’ state. Nonetheless, an ageing-associated drift in the
gut microbiome was not as prevalent in less healthy individuals, suggesting that the shift in the
microbiome occurring during ageing may be beneficial for and predictive of host health (Wilmanski
et al., 2021). Furthermore, retention of a higher prevalence of Bacteroides or a low microbial uniqueness
was associated with a higher risk ofmortality in a 4-year follow up (Wilmanski et al., 2021). This research
highlights that the microbiota may act as a novel marker for lifespan in elderly humans with specific
bacterial genera potentially playing important roles.

Extreme ageing shows unique microbial signatures

It is important to consider the difference between biologic ageing that leads to physiologic decline versus
healthy ageing that supports longevity. While the gut microbiome signatures associated with increased
mortality uncovered by Wilmanski et al. (2021) may be detrimental, there may be beneficial microbes
unique or more abundant in healthy, long-living individuals that could support the health of their host
(Wilmanski et al., 2021). Indeed, uniquemicrobial signatures appear as an individual ages and are highly
apparent in centenarians (individuals who have lived for 100 years or more), though differences in
bacterial genera appear to vary depending on the culture and region in which the assessment occurred
(Biagi et al., 2016; Kim et al., 2019a; Kong et al., 2016; Odamaki et al., 2016; Sato et al., 2021; Tuikhar et al.,
2019; Wilmanski et al., 2021). In a well-characterised Italian cohort, the gut microbiome of centenarians
had higher abundance of several taxa such as Akkermansia and Christensenellaceae, some of which have
previously been associated with health, suggesting they may contribute to the maintenance of health
during ageing (Biagi et al., 2016). Meanwhile, other research found that Ruminococcaceae, Lachnospir-
aceae and Bacteroidaceae families decreased with advancing age (Biagi et al., 2016; Pu et al., 2021). In
another investigation in South Korea, Akkermansia, Collinsella, Clostridium and Christensenellaceae
were increased in the faecal microbiome of centenarians, while there was a decreased abundance of
Faecalibacterium andPrevotella (Kim et al., 2019b). This was associatedwith a greater predicted ability of
the gut microbiome to contribute to glycosphingolipid biosynthesis, various N-glycan biosynthesis and
the phosphatidylinositol signalling pathway (Kim et al., 2019a). While several studies have reported
different findings regarding the composition of the gutmicrobiome and ageing (Badal et al., 2020; Ghosh
et al., 2022a), synergies between clinical studies may highlight potential health-promoting or health-
degrading properties of specific bacteria, which could inspire investigations into whether these bacteria
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may also support cognitive health during extreme ageing (for further reading on this topic, see Ghosh
et al., 2022b).

It is tempting to speculate that longevity-associated bacterial taxa might be involved in the estab-
lishment of a longevity-promoting environment within the ageing host, and thus contribute to sup-
porting the extreme limits of ageing within the human life, perhaps by buffering an individual from
environmental challenges. Indeed, initial research involving the African turquoise killifish (Nothobran-
chius furzeri) demonstrated a causal role of the gutmicrobiota in longevity; transferringmicrobiota from
young fish into middle-aged fish improved their lifespan and motor behaviour and was accompanied by
distinct transcriptional changes in intestinal immunity (Smith et al., 2017). Furthermore, in a mouse
model of progeria, which is a condition of accelerated ageing wherein gut microbiome is also altered,
progeroid mice that received the faecal microbiota from wild-type mice showed a noticeable increase in
lifespan and health span (Barcena et al., 2019).While whole faecal microbiota transplantation (FMT) has
shown success in improving lifespan in these models, there is currently no evidence demonstrating
whether FMT has a beneficial impact on human lifespan. Moreover, FMT is an intensive clinical
procedure. Therefore, the use of individual probiotic bacteria, which can confer health benefits in
ageing, may prove to be a better strategy for intervening on the ageingmicrobiome. Indeed, single strains
of bacteria may hold the key for lifespan extension; administration of the bacterium Akkermansia
muciniphila alone was sufficient to exert similar effects on extending lifespan in progeroidmice (Barcena
et al., 2019). Whether these microbiota-targeted interventions could impact brain health during
advanced ageing was not assessed in these studies, but other research has demonstrated a protective
effect of Akkermansia in neurologic diseases including models of multiple sclerosis, amyotrophic lateral
sclerosis, epilepsy and Alzheimer’s disease (Blacher et al., 2019; Cox et al., 2021; Liu et al., 2019; Olson
et al., 2018; Ou et al., 2020), suggesting there could be a benefit of elevated Akkermansia in ageing.
Alternatively, certain bacteria may be harmful rather than helpful. Research involving germ-free mice
has shown that they live roughly 17 per cent longer than their specific pathogen free peers, suggesting
that there may be consequential interactions between bacteria and their host that accelerate ageing
(Tazume et al., 1991). Therefore, the elimination of these ageing-related potentially pathogenic
microbes, perhaps through select antibiotic usage or CRISPR knockout of individual genes or pathogens,
presents another potential intervention strategy. However, these strategies are currently limited by a lack
of scientific understanding of what makes the bacteria behave pathogenically.

The gut microbiota actively contributes to brain health during ageing

The microbiota and the ageing brain: establishing connections

The ageing brain is characterised by changes onmultiple levels ranging from cellular andmorphological
to functional changes (Peters, 2006). Systemic low-grade inflammation occurs and can lead to increased
permeability of the blood–brain barrier which can triggermicroglia activation, cause neuroinflammation
and can increase the production of reactive oxygen species which can lead to increased oxidative stress
and mitochondrial dysfunction (Peters, 2006). Ageing can also induce a decline in neuronal volume and
alterations in neurotransmitter levels such as dopamine, serotonin and gamma-aminobutyric acid
(GABA). This can trigger impaired synaptic plasticity and impaired neurogenesis and can cause
functional deficiencies such as cognitive impairments (Figure 1). Following adulthood, the volume of
the brain gradually shrinks, along with diminished grey and white matter in distinct brain areas in a sex-
dependent manner such as cortical and subcortical areas, which are implicated in cognitive processes
(Murphy et al., 1996; Peters, 2006). Further changes in vasculature and diffusion can occur, which can
underly neurodegenerative diseases and stroke (Lendahl et al., 2019).

While the impact of ageing on the mammalian (Fransen et al., 2017; Thevaranjan et al., 2017; van der
Lugt et al., 2018) and human (Biagi et al., 2016; Claesson et al., 2012; Jeffery et al., 2016; Leite et al., 2022;
Wilmanski et al., 2021) gut microbiome is well established, the impact of the gut microbiota on brain
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ageing has only recently been investigated, and relies dominantly on preclinical evidence and association
analysis derived from small clinical trials.

Studies utilising FMT have demonstrated that the gut microbiota from aged individuals has the
capacity to hinder cognitive performance and neurobiological phenotypes when transferred to younger
individuals. For instance, transplantingmicrobes from aged and diseasedmodels to youngmice has been
shown to impair learning, memory and neuroplasticity in recipient young mice (D’Amato et al., 2020;
Kim et al., 2021; Li et al., 2020). This coincided with alterations in microbial metabolites such as short-
chain fatty acids (SCFAs; D’Amato et al., 2020) which have previously been shown to regulate host
microglial maturation and function (Erny et al., 2021). Moreover, using humanised models by trans-
planting FMT from older subjects with Alzheimer’s disease into microbiota-depleted naïve adult rats
showed impairment in hippocampal neurogenesis accompanied with memory deficits, which correlated
with clinical cognitive scores (Grabrucker et al., 2022). Furthermore, young mice who received gut
microbiota from aged donors suffered increased rates of mortality following ischemic stroke, along with
increased levels of pro-inflammatory plasma cytokines and impaired motor strength (Spychala et al.,
2018). Conversely, aged mice who were colonised with the microbiota from young donor mice had
increased survival and improved recovery post-stroke (Spychala et al., 2018), demonstrating the

Figure 1. The microbiota–gut–brain axis during ageing. The process of ageing initiates distinct alterations in the gut, brain and
signalling pathways. Thesemanifest in alterations in the gutmicrobiota composition andmetabolic function, including a reduction in
short-chain fatty acids (SCFAs), depleted mucus integrity and impaired intestinal barrier function, allowing for increased invasion of
pathobionts from the intestinal lumen. Furthermore, low-grade inflammation and immunosenescence occurs during ageing,
disrupting the function of immune cell populations and leading to systemic inflammation triggered by increased pro-inflammatory
cytokines, such as interleukin (IL)-17. This inflammatory state is also noticeable within the ageing brain, and is related to increased
activation of microglia, the brain’s primary immune cell. Furthermore, ageing is associated with a decline in blood–brain barrier
integrity, demyelination, a reduction in hippocampal neurogenesis and increased inflammation resulting in more microglia activa-
tion, which all in all may contribute to ageing-related cognitive decline. Created with BioRender.com.
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functional differences between microbiota derived from young or aged individuals in influencing brain
recovery following trauma.

The age of the FMT recipient also appears to have a strong influence on how an individual responds to
an FMT. Counterintuitively, young germ-free (GF) mice who received microbiota from old mice
demonstrated increased hippocampal neurogenesis and signs of pro-longevity compared to those
who received FMT from young mice, while the same effects did not occur in aged GF mice (Kundu
et al., 2019). Hippocampal neurogenesis is influenced by the gut microbiota (Guzzetta et al., 2022;
Ogbonnaya et al., 2015), and is well characterised to decline with ageing (Kozareva et al., 2019),
suggesting there are underlying age-driven factors that may supersede how an individual responds to
amicrobial community (Wilmanski et al., 2022). Overall, these studies highlight that there are functional
differences in the gut microbiota of aged individuals which may be contributing to the decline in
cognition and altered neurobiology that occurs during ageing.

Fascinatingly, the gut microbiota from young mice appears to harness properties that enable it to
rejuvenate aspects of brain ageing when transferred into aged mice. Two studies recently confirmed
similar findings, wherein FMT from young mice to aged mice improved ageing-related deficits in
memory and learning ability (Boehme, Guzzetta, Bastiaanssen et al., 2021; Mossad et al. 2021).
Microbiota from young mice restored age-related changes in peripheral and hippocampal immune
responses and reversed age-related alterations in hippocampal transcriptional profiles and metabolites
(Boehme, Guzzetta, Bastiaanssen et al., 2021), suggesting potential mechanisms by which the gut
microbiota from young mice improve cognitive performance by modulating immune and metabolic
pathways. In this regard, the microbially-derived metabolite δ-valerobetaine, which is increased in aged
mice and humans, was shown to directly impair learning and memory abilities, and was reduced in aged
mice following FMT from young donor mice (Mossad et al., 2021). Relatedly, other gut microbiota-
derived metabolites which are linked to age-related shifts in the gut microbiota and are increased in aged
humans indicate that specific microbially-derived metabolites can impair cognitive abilities during
ageing. For example, isoamylamine supplementation induced cognitive dysfunction by triggering
microglia cell death in young mice (Teng et al., 2022). Meanwhile, N6-carboxymethyllysine adminis-
tration lead to oxidative stress andmitochondrial damage inmicroglia in young and agedmice, although
a starker effect was evident in young mice when N6-carboxymethyllysine was administered intraper-
itonially rather than by oral gavage whereas the delivery method was insignificant in aged mice,
suggesting a protective role of the intestinal barrier in minimising damage caused by harmful ageing-
related microbially-derived metabolites (Mossad et al., 2022).

On the other hand, it is currently unclear whether ageing-driven changes in the gut are protective or
harmful to cognitive health in ageing. For instance, research by Wilmanski et al. (2021) found that a
higher gut microbiome uniqueness score correlated to several health metrics in elderly individuals,
whereas a lower gut microbiome uniqueness score was associated with earlier mortality. This could
suggest that ageing-related changes in the gut foster increased uniqueness in the microbiome which may
in turn prevent or slow the progression of ageing. Therefore, there may exist key bacteria that are
increased in healthy ageing, and the inability of these probiotic bacteria to sustain and function in the
unhealthy ageing gut may underlie consequences of ageing. With this theory in mind, we should not
assume that FMT from young to aged individuals provides only beneficial effects, as this procedure could
also influence the existing, sensitive microorganisms supporting healthy ageing. In order to fully
understand the beneficial and/or harmful impacts of FMT on the ageing brain, more research needs
to be conducted to thoroughly investigate how FMT may impact broad aspects of health in ageing.

The gut microbiome during brain ageing and in age-related neurodegenerative diseases

Accumulating evidence is revealing associations between the gut microbiota and neurodegenerative
diseases associated with ageing, including mild cognitive impairment (MCI), Alzheimer’s disease (AD),
Parkinson’s disease (PD) and multiple sclerosis (MS) (Alkasir et al., 2017; Cox et al., 2021; Guo, 2021;
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Romano et al., 2021; Saji et al., 2019; Vogt et al., 2017). In addition to alterations in the microbiota in
human populations, studies involving preclinical disease models highlight the potential causal roles
which the gut microbiota plays in host neurodegenerative diseases (Berer et al., 2017; Dodiya et al., 2021;
Harach et al., 2017; Perez-Pardo et al., 2017; Sampson et al., 2016). The interaction of the microbiota in
AD, PD andMS has been extensively studied (Kincaid et al., 2021; Mirza et al., 2020; Tansey et al., 2022).
Thus, we will focus our review on highlighting key findings related to the contribution of the ageing gut
microbiota to these diseases and healthy brain ageing, and the current evidence for the use of gut
microbiota-targeted therapeutics.

Alzheimer’s disease and mild cognitive impairment
The most common age-related dementia, AD, is estimated to affect about 57 million individuals
worldwide with projections to 152 million in 2050 (Nichols et al., 2022) while pre-dementia states such
MCI has a prevalence of about 16 per cent amongst elderly subjects in the USA, with amnestic MCI,
which has a high likelihood to progress to AD, as the most common type (Petersen et al., 2010). Notably,
the gut microbiota of AD patients living in the USA has been shown to contain reduced relative
abundance of Firmicutes and Bifidobacterium, and higher levels of Bacteroidetes, including Bacteroides
(Vogt et al., 2017). In a Chinese cohort AD patients had lower levels of Lachnospira, Bacteroides and
Ruminiclostridium_9, as well as an increased abundance of Prevotella compared with healthy, age-
matched peers (Guo, 2021). Similarly, a Japanese cohort examining elderly patients with mild cognitive
impairment but no dementia, versus healthy elderly found higher prevalence of Bacteroides in patients
with cognitive decline (Saji et al., 2019), though others have observed only Lachnospira was significantly
lower in patients with mild cognitive impairments (Guo, 2021). Additional research into gut microbiota
of individuals ranging from healthy ageing over MCI to AD has revealed that bacterial genera that were
differentially abundant in ADwere also different inMCI, suggesting that changes in the gut microbiome
might precede AD onset (Li et al., 2019).

While clinical mechanistic evidence is largely lacking, two case studies reveal a glimpse of hope for the
direct potential of the gut microbiota to alleviate symptoms of dementia in AD. Fascinatingly, an
82-year-old man with AD who was administered FMT to treat Clostridioides difficile infection showed
improved cognitive score in the Mini-Mental State Examination (MMSE) from MCI levels to healthy
cognition at his 2-month follow-up visit (Hazan, 2020). Similarly, a 90-year-old woman suffering from
AD treated with FMT for C. difficile displayed a marked improvement in several cognitive function tests
within 3 months (Park et al., 2021). This clinical FMT literature, albeit limited by sample size, supports
the translatability of previous pre-clinical findings wherein FMT from young C57BL/6 wild-type male
mice rejuvenated aspects of cognition when transplanted into aged male C57BL/6 mice (Boehme,
Guzzetta, Bastiaanssen et al., 2021). Furthermore, FMT from wild-type mice into male APP/PS1
transgenic mice, a genetic mouse model of AD, led to reductions in memory impairment, Aβ accumu-
lation, synaptic dysfunction and neuroinflammation (Sun et al., 2019), while FMT from an additional
genetic AD mouse model known as 5xFAD mice into naïve C57BL/6 mice lead to decreased hippo-
campal neurogenesis and cognitive impairment (Kim et al., 2021). In addition to the transfer of the full
microbiota between animals, attempts to modulate AD pathology by administrating specific
AD-associated bacteria have also been made. Increasing levels of Bacteroides were reported in ageing
Tg2576 transgenic mice and correlated to the amyloid plaque levels in their brains, and weekly
administration of Bacteroides fragilis between 2 and 5 months of age increased amyloid plaque burden
in APP/PS1 mice (Cox et al., 2019).

Furthermore, there are hypotheses that the gut microbiota contributes to the development of AD,
which is supported by preclinical evidence involving antibiotic administration to rodent models of
AD. For instance, cocktail of antibiotics given to three different amyloidmousemodels of AD (APP/PS1,
5xFAD and AppNL-G-F) from early age reduced the amyloid plaque load observed later in life in male
mice (Guilherme et al., 2021; Kaur et al., 2021; Mezö et al., 2020; Minter et al., 2016), while no difference
has been observed in females. It was further demonstrated that it was sufficient to administer the
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antibiotic cocktail early in life (pre-weaning) to observe lasting alterations in the gut microbiome and
reduced amyloid pathology later in life (Minter et al., 2017). The administration of individual antibiotics,
however, did not reduce the accumulation of amyloid plaques (Dodiya et al., 2020). The antibiotic
cocktail administered early in life reduced alpha-diversity in the gut but led to increased relative
abundance of Akkermansia in the APP/PS1 model (Minter et al., 2017). Interestingly, mice given
antibiotics in early life had lasting alterations to peripheral and central immunity, with increased
proportions of regulatory T cells. Moreover, microglia appears critical for inducing this response; mice
with depleted microglia did not have reduced plaque levels after treatment with the antibiotic cocktail,
although microglia depletion also slightly reduced plaque burden (Dodiya et al., 2021). Antibiotic
treatment in the 5xFAD model of AD improved spatial and recognition memory performance, which
was also demonstrated in GF mice (Mezö et al., 2020). Treatment with antibiotics from the timepoint of
weaning also reduced anxiety in wild-type mice that were subjected to an intracerebral injection of
amyloid peptides to simulate the onset of AD at 80 days of age (Mosaferi et al., 2021). Overall, this
growing body of evidence strongly implicates the gut microbiota in the pathology of AD, as well as a
potential target for novel therapeutics.

Parkinson’s disease
Parkinson’s disease (PD) is the second most common age-related neurodegenerative disease, and may
have unique influences from the gut microbiota initiating disease pathogenesis in the gut (Yang et al.,
2019).Mouse studies suggest that the underlyingmechanism causing the death of dopaminergic neurons
in the striatum, a brain region that controls motor behaviour, is caused by the propagation of misfolded
alpha-synuclein along the vagus nerve (Kim et al., 2019a). Indeed, PD patients show gastrointestinal
symptoms long before the onset of PD (Sung et al., 2014). A Danish study investigated the risk for PD in
subjects who underwent vagotomy back in the 1970s and 1980s when it was used as a therapy to treat
peptic ulcer disease and found that truncal vagotomy, which cuts the entire nerve, was associated with a
decreased risk to develop PD (Svensson et al., 2015). This observation was confirmed two years later in a
Swedish cohort (Liu et al., 2017). These epidemiological findings support the view that PD initially
commences in the gut and not the brain, and strongly implicates a role of the vagus nerve in the
pathogenesis of PD. A recent preprint now suggests that inflammatory bowel disease (IBD) is linked to
PD suggesting that anti-inflammatory therapies targeting the gut may be preventive for PD later in life
(Espinosa-Oliva et al., 2022). In animal models of PD, transfer of microbiota from new-onset treatment-
naïve PD patients worsened motor function in alpha-synuclein overexpressing mice (Sampson et al.,
2016), and depleting the microbiota with antibiotics or by germ-free status improved motor symptoms,
which was linked to changes in microglia function. This study supports the potential role of the gut
microbiota in contributing to PD. In a study of Pink1–/– mice, early-life infection with Citrobacter
rodentium increased motor dysfunction and disease pathogenesis, which was linked to increased
mitochondrial specific cytotoxic CD8T cells in the brain (Matheoud et al., 2019).While PD is considered
an age-related disease, this study suggests that immunologic programming in infancy may affect PD
pathogenesis. Thus, gut-microbiota interactions throughout lifespan may be important determinants of
age-related neurologic disease.

Multiple sclerosis
Multiple sclerosis (MS) is a demyelinating neurodegenerative disease, with a typical age of onset in the
20s to 40s, and ageing can play an important role in disease progression (Dobson andGiovannoni, 2019).
The majority of MS patients develop a relapsing remitting form of the disease (RRMS), while a smaller
proportion of patients will initially present with a progressive form of the disease (primary progressive
MS, PPMS (Lassmann, 2018). Throughout the disease course, many RRMS patients will transition to a
secondary progressive disease course (SPMS), and ageing is one of the largest risk factors for developing
SPMS (Lassmann, 2018). Because progressive MS is more refractory to treatment and is associated with
higher disability and quality of life, it is critical to understand whether the host-microbiome interactions
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in ageing affect this transition. Patients diagnosed with progressive MS show increased Akkermansia,
Clostridium bolteae and Ruthenibacterium lactatiformans along with reduced levels of Blautia wexlerae,
Dorea formicigenerans and Erysipelotrichaceae CCMM and altered microbial β-diversity (Cox et al.,
2021). The abundance of Clostridium species was associated with worsened disability status on the
Expanded Disability Status Scale, suggesting a potentially detrimental role. Interestingly, although
Akkermansia was elevated in progressive MS, higher abundance of Akkermansia correlated with lower
disability, andwas demonstrated to ameliorate aspects of disease pathology in amousemodel ofmultiple
sclerosis, perhaps through its ability to reduce RORγtþ and IL-17–producing γδT cells (Cox et al., 2021).
Therefore, it might be that some microbes act protectively against the progression of neurodegenerative
disease, and that the absence of these species could be detrimental, although further research must be
conducted in order to conclude this. In an animal model of MS known as the experimental autoimmune
encephalomyelitis (EAE) model, treatment with antibiotics ameliorates disease and GF mice resist EAE,
suggesting that the microbiota can contribute to diseases pathogenesis. Interestingly, the colonization of
mice with the putative probiotic species Lactobacillus reuteri exacerbated EAE susceptibility, likely
through L. reuteri’s ability tometabolize dietary tryptophan into active metabolites which can induce IL-
17 production by binding to the aryl hydrocarbon receptor on T cells (Montgomery et al., 2022).
Furthermore, transferring microbiota fromMS patients into GF mice worsened EAE (Berer et al., 2017;
Cekanaviciute et al., 2017). In terms of ageing, recent studies have shown that mice show a more
progressive form of MS when they are older (Cahill et al., 2019), raising the question if age-related
changes in the gut microbiota may drive MS disease progression.

Potential mechanisms for microbiota–gut–brain signalling in ageing

The mechanism(s) of action underlying microbiota–gut–brain communication in ageing-related cog-
nitive decline remain elusive. Given the increased inflammation and immunosenescence which occurs
during ageing, it is probable that alterations tomicrobiota-immune signalling contribute to differences in
host brain ageing. Indeed, recently literature has demonstrated that some ageing-induced alterations to
gut-associated immunity were reversed following FMT from young to aged mice (Boehme, Guzzetta,
Bastiaanssen et al., 2021). This FMT also resulted in decreasedmicroglia soma area and reversed the age-
associated increase in proinflammatory-associated microglial genes, which indicates decreased immune
activation in the brain following FMT from youngmice into agedmice (Boehme, Guzzetta, Bastiaanssen
et al., 2021). Contrarily, this same study found that old mice who received microbiota from aged-
matched mice had elevated plasma levels of the anti-inflammatory cytokine IL-10, which was not the
case when old mice received FMT from young mice. This difference in plasma IL-10 could suggest that
either transferring microbiota from young to aged mice may not only confer health benefits, or
alternatively indicates that the inflammatory phenotype observed in old animals who received age-
matched FMT was no longer responsive to suppression by heightened IL-10.

Ageing-associated gut microbiota was previously demonstrated to play a key role in host inflamma-
geing, suggesting the potential for microbiota-driven changes in gut–brain axis communication during
ageing. Aged GF mice have lower levels of systemic inflammatory cytokines, including IL-6 and TNFα
and increased macrophage ability to phagocytose bacteria compared to conventional aged mice,
suggesting that the microbiome plays an important role in both inflammageing and immunosenescence
(Thevaranjan et al., 2017). Furthermore, administering FMT from aged mice into young mice trans-
ferred the ageing-related phenotypes of inflammation (increased systemic IL-6 and TNFα), immune
dysfunction and impaired gut barrier integrity, and was linked to a reduction of specific bacterial taxa
such as Akkermansia (Fransen et al., 2017; Thevaranjan et al., 2017), directly implicating the gut
microbiota as a causative contributor to inflammageing. Furthermore, when microbes were transferred
from young to aged mice via heterochronic FMT, the ageing-induced deficiency in the Peyer’s patch
germinal cell reaction, a key compartment of intestinal immunity, was rescued (Stebegg et al., 2019). This
work demonstrated that the age-associated deficiency in intestinal stem cell activity was reversible by the
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gut microbiome by possibly providing them with the appropriate stimuli (Stebegg et al., 2019). While
accumulating preclinical evidence strongly implicates the gut microbiota in regulating host longevity,
health span and immunity during ageing, whether the gut microbiota regulates host brain ageing
warrants further study.

Monocytes and microglia express stimulatory receptors that are activated by microbe-associated
molecular patterns (MAMPs) and other small molecule secreted metabolites. These molecules are
constantly produced by gut bacteria and shape host immunity (Chu and Mazmanian, 2013). Some
studies suggest that bacterial components originating from the gut can be found in the human brain
under pathological conditions. For example, a small study in six subjects with AD detected lipopoly-
saccharide (LPS) in the human hippocampus and neocortex (Zhao et al., 2017). Meanwhile, the
bacterially-derived metabolite trimethylamine-N-oxide has been measured in human cerebrospinal
fluid (Rio et al., 2017). Furthermore, a role of the oral microbiome in triggering neurodegenerative
diseases such as Alzheimer’s disease is increasingly discussed (Shoemark and Allen 2015). For instance,
toxins called gingipains from the oral bacteria Porphyromonas gingivalis have been identified in the
brains of AD patients (Dominy et al., 2019). GF wild-type mice, or mice treated with high-dose
antibiotics to nearly eliminate the microbiota had impaired maturation of microglia, which could be
partially restored by orally administered bacteria-derived SCFAs (Erny et al., 2015). GF APP/PS1mice, a
model of AD, had lower amyloid beta (Aβ) protein levels, demonstrating that bacterial-derived
metabolites can affect amyloid load (Harach et al., 2017; Minter et al., 2016). Colonising GF APP/PS1
mice with the microbiome of a conventionally raised APP/PS1 mouse increased Aβ levels compared to
those colonised with WT microbiota (Harach et al., 2017).

Recent literature demonstrated that bacterial-derived metabolite acetate regulates the function of
microglia in the brain. In the 5xFAD mouse model of AD, oral administration of acetate to GF mice
promoted a pro-inflammatory phenotype in cortical microglia, with reduced phagocytosis of amyloid
plaques leading to accelerated pathology (Erny et al., 2021). In contrast, work from a group in Japan
showed that acetate partially counteracted cognitive impairment in another mouse model of AD in
which Aβwas injected into the hippocampus of SPFmice (Kobayashi et al., 2017). In addition to acetate,
it has been shown that supplementationwith the secondmajor short-chain fatty acid, butyrate, decreased
neuroinflammation in aged mice (Matt et al., 2018). Another preclinical study found that when
administered even at a late stage of Alzheimer’s disease-related pathology, butyrate supplementation
improved associative memory in APP/PS1-21mice (Govindarajan et al., 2011). The exact mechanism by
which the gut microbiota exerts effects in AD through SCFAs and altered inflammation remains
unknown, but potentially involves altered age-related pro-inflammatory monocyte trafficking to the
brain (van deWouw et al., 2019), as microglia are not known to express receptors for SCFAs (Erny et al.,
2015). Furthermore, butyrate has been shown to affect the release of serotonin and gut hormone release
in the enteric nervous system which can stimulate the vagus nerve and can trigger endocrine signalling,
which can impact brain function (Stilling et al., 2016).

In addition to SCFAs, other microbially-derived metabolites have also been implicated in brain
health during ageing. As discussed previously, the microbially-produced metabolite δ-valerobetaine
is more abundant in older animals and was found to impair learning and memory abilities (Mossad
et al., 2021). Meanwhile, FMT from young mice into aged recipient mice lowered levels of
δ-valerobetaine systemically and in the brain, and improved learning and memory performance
(Mossad et al., 2021). Using data from the UK Biobank, the authors showed that increasing human
age is associated with an increase in systemic δ-valerobetaine levels. Interestingly, supplementation of
δ-valerobetaine to GF and conventional mice enlarged their visceral fat mass, and systemic levels of
this metabolite correlate with visceral adipose tissue mass in humans (Liu et al., 2021), a critical factor
for dementia later in life (Cereda et al., 2007), suggesting δ-valerobetaine as a potential target for
future therapies.

Meanwhile, indoles, which include a range of microbially-produced metabolites of dietary trypto-
phan, have been implicated to play a critical role in ageing. Through binding to the aryl hydrocarbon
receptor, indoles can act locally on gut inflammation but also in the brain, as have been shown to
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modulate neuroinflammation through microglia control of astrocytes (Rothhammer et al., 2018).
Furthermore, indoles in blood plasma have been positively associated with gut microbiome uniqueness
(Wilmanski et al., 2021). Of note, Bacteroides species produce indoles, and high level of Bacteroides was
linked with increased mortality in 85þ individuals (Wilmanski et al., 2021).

Accumulating clinical evidence suggests a link between bile acids and dementia (MahmoudianDehkordi
et al., 2019; Varma et al., 2021; Wang et al., 2020). By combining transcriptomics analyses with a metabolic
network analysis approach, researchers of the Alzheimer’s diseasemetabolomics consortium found that bile
acid synthesis differs in AD compared to cognitively healthy individuals (Baloni et al., 2020). Fascinatingly,
the presence of some of these bile acids measured in the brain cannot be explained by locally expressed
enzymes, which suggests that they may be derived from the gut microbiome (Baloni et al., 2020).
Preclinically, metabolomic analyses point to a role of secondary bile acids as a potential mechanism in
rebalancing disturbed gut microbiota associated with an improvement in health and lifespan in progeria
mice following FMT (Barcena et al., 2019). Interestingly, a recent study found that the secondary bile acid,
isoallolithocholic acid, is increased in centenarians (Sato et al., 2021) and has been shown to influence host
T-cell function by increasing the differentiation of Treg cells through increasing mitochondrial activity
(Hang et al., 2019) though whether secondary bile acids can directly exert effects on the brain is currently
unknown.Modulationof secondary bile acidmetabolismmight be a novel strategy tomodulate brain ageing
and may impact cognition in ageing.

The vagus nerve plays a fundamental role in microbiota–gut–brain axis signalling (Fulling et al.,
2019). Intriguingly, a recent study found that an increase in vagal activity was able tomitigate the adverse
effects of FMT from agedmouse donors on hippocampal function in youngmice (Rei et al., 2022). Initial
clinical data suggests that stimulation of the vagus nerve may improve some aspects of quality of life
under specific conditions in elderly subjects (Bretherton et al., 2019), and improved walking speed and
motor function in subjects with PDwhichwas associatedwith a decrease in inflammatory biomarker and
an increase in the myokine BDNF (Mondal et al., 2021).

Strategies for targeting the gut microbiome for better brain health during ageing

As the causal relationships between the gut microbiota and host brain ageing become increasingly
clear, it is critical to continue to investigate whether microbiota-targeted therapeutics hold the
potential to ameliorate the effects of ageing onto the brain. Several approaches to altering the gut
microbiota, including medical interventions such as FMT and antibiotics, as well as lifestyle choices
such as diet including probiotics, prebiotics, Mediterranean diet and intermittent fasting, and exercise,
may hold the key to the fountain of brain youth (Figure 2). In the following section, we review the
existing evidence with a focus on clinical evidence, accompanied with preclinical data as supporting
evidence.

Faecal microbiota transplant

Faecalmicrobiota transplant is now a commonly performedmedical procedure to treat patients suffering
from antibiotic-resistant C. difficile, and is being explored for use in a variety of other diseases and
disorders, including pathologies impacting brain health (Sorbara and Pamer, 2022). Fascinatingly, small-
scale clinical trials have shown that FMT can alleviate symptoms in patients with Parkinson’s disease
(Kuai et al., 2021; Xue et al., 2020), although these studies are limited by small sample size. Furthermore,
individual case studies have shown that FMT was sufficient to improve metrics of mobility in a patient
with multiple sclerosis (Engen et al., 2020), and improve cognitive performance in two individuals
diagnosed with Alzheimer’s disease who were administered FMT to treat their C. difficile infections
(Hazan, 2020; Park et al., 2021). This evidence provides promise that FMT may offer a potential
treatment option for patients suffering ageing-related neurological diseases.
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Still, clinical FMTpresents safety, logistical and feasibility questions, especially when operating within
a community that has a higher incidence of frailty and immunodeficiency (Marquez et al., 2020).
Therefore, although preclinical FMT studies have shown promise at improving brain health during
ageing (Boehme, Guzzetta, Bastiaanssen et al., 2021; Mossad et al., 2021; Parker et al., 2022), it would be
highly beneficial to develop alternative, less invasive and hazardous strategies to remodel the micro-
biome–gut–brain axis, which would allow physicians to move beyond faecal microbiota transplantation.

Antibiotics

Antibiotics are commonly administered to treat infections and antibiotic usage by elderly populations is
rising substantially, making it critical to understand whether there are off-target negative or beneficial
consequences to antibiotic usage in ageing. For instance, antibiotics can have off-target implications by
harming beneficial microbes or resulting in the emergence of antibiotic resistance (Barbosa and Levy,
2000). Alternatively, antibiotics that eradicate a harmful gut microbe may be able to improve brain
health, though this is largely unexplored. Furthermore, several orally administered antibiotics can leak
from the gut, allowing them to act directly on other systems including the brain regardless of the

Figure 2. Potential strategies for intervening on the microbiota–gut–brain axis for improved brain health in ageing. Abbreviations:
FMT, faecal microbiota transplant; LPS, lipopolysaccharides; SCFAs, short-chain fatty acids. Created with BioRender.com.
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microbiota–gut–brain axis. This is of higher concern in disease states where barrier function is known to
be compromised (Nau et al., 2010).

Compelling preclinical evidence demonstrates that antibiotics may be therapeutic for neurodegen-
erationwhen administered to rodentmodels of AD, as discussed earlier.While clinical evidence is largely
lacking, one pilot, open-label trial involving 10 patients with mild to moderate probable AD dementia
found that treatment with rifaximin (aminimally absorbed antibiotic) for 3months significantly reduced
neurofilament-light levels in the serum andmodestly improved other serummarkers for disease severity,
although no improvements to cognition were observed in this timeframe (Suhocki et al., 2022).
Interestingly, another study administering rifaximin to patients with cirrhosis and cognitive impairment
found that rifaximin treatment improved working memory and inhibitory control, along with enhanced
fronto-parietal and subcortical activation and connectivity (Ahluwalia et al., 2014).

Nonetheless, antibiotics may not be the best treatment approach for multiple reasons, including their
potential for triggering harmful neurotoxic side effects. For instance, broad-spectrum antibiotics may
deplete beneficial symbiotic gut bacteria, which may be playing critical support roles to the brain during
ageing. Several case reports have linked the consumption of antibiotics and high plasma levels of
antibiotics with the onset of delirium in the elderly (Moore and O’Keeffe, 1999; Schliamser et al.,
1991). Furthermore, one recent observational study involving over 14,000 women self-reporting their
antibiotic use found associations between chronic antibiotic use during midlife with slightly reduced
cognitive scores after a follow-up period of roughly 7 years (Mehta et al., 2022), although the type of
antibiotic and the reason for chronic antibiotic use were not known. These few clinical publications
implicating antibiotic use and cognitive function are also confounded by the requirement of antibiotics
to treat a specific health condition, rather than solely investigating their impact on brain health.

Since it is unclear whether the harms of antibiotic use outweigh the potential benefits in individuals
that are not actively battling a bacterial infection, and because antibiotic use supports the development of
antibiotic-resistant bacteria, the potential for antibiotics as a therapeutic for ageing-associated neuro-
degenerative diseases may be limited. Therefore, the development of novel antibiotics, such as engin-
eered phages that could specifically eliminate individual identified pathogenic bacteria, could become
valuable in treating conditions wherein specific pathogenic gut microbes are identified.

Probiotics

It is increasingly recognised that microbiome-host modulation through probiotics is a promising avenue
to improve cognitive function in human ageing (Eastwood et al., 2021). Probiotics are defined as live
microorganisms that, when administered in adequate amounts, confer a health benefit on the host (Hill
et al., 2014). Recent work by researchers in Japan has shown evidence that probiotics improve cognition
in elderly with mild cognitive impairment. In a randomised, double-blind, placebo-controlled trial, a
group from Japan showed that a 4-month intervention with a Bifidobacterium breve strain could be an
effective approach for improving memory functions of subjects with MCI showing improvements in
various cognitive domains such as immediate, delayed and visuospatial memory (Xiao et al., 2020).
Previously the same group investigated the effects of this strain on cognitive function of older adults with
a range of memory complaints, and found that, once the cohort was stratified, this probiotic induced
beneficial effects only in a sub-population withmore severe mild cognitive impairment (Kobayashi et al.,
2019). Intriguingly, new work from the group suggests that it may have an impact on age-related brain
atrophy (Asaoka et al., 2022). In aKorean study, 12weeks supplementationwith Lactobacillus plantarum
fermented soybean significantly improved a cognitive composite score which was predominantly driven
by an improvement in attention in MCI subjects (Hwang et al., 2019). Compared to these, the first
evidence in a Caucasian population showed efficacy in improving a cognitive composite score in elderly
with MCI, with another strain in the Lactobacillus genus, Lactobacillus rhamnosus GG (Sanborn et al.,
2020). Although these results are interesting, the design of the study demands caution. For example, the
researchers were not blinded to the randomisation of the groups. The beneficial effects of L. rhamnosus

13

https://doi.org/10.1017/gmb.2022.11 Published online by Cambridge University Press

https://doi.org/10.1017/gmb.2022.11


GG could bemediated through immunomodulatory pathways (Hibberd et al., 2014; Schultz et al., 2003),
which have been linked to poor cognitive performance in elderly (Baune et al., 2008; Trollor et al., 2010).
In a small Japanese cohort, (Ueda et al. (2021) observed a reduced relative abundance of Faecalibacter-
ium prausnitzii in elderly with MCI compared to healthy individuals. By isolating two F. prausnitzii
strains from the healthy elderly group, the authors improved cognitive impairments inmice concomitant
with changes in genes related to oxidative stress andmitochondrial function (Ueda et al., 2021). Notably,
one of the F. prausnitzii strains was given in a pasteurised form suggesting that beneficial effects are not
only restricted to live bacteria, which directly exert effects on the host but could be alsomediated through
effects elicited by extracellular membrane components or could act immunomodulatory. Another next
generation probiotic besides F. prausnitzii, A. muciniphila, showed a similar phenomenon in a small
RCT in humans exerting its positive effects on some metabolic parameters predominantly in its
pasteurised form (Depommier et al., 2019). While there is currently no direct clinical evidence that
Akkermansia improves cognition in elderly people, the possibility that A. muciniphila influences
cognition-linked metabolic factors, such as insulin sensitivity (Willmann et al., 2020), suggests that it
may have the potential for improving cognitive health during ageing.

The efficacy of probiotics was also assessed in AD with mixed findings (Agahi et al., 2018; Akbari
et al., 2016). An Iranian study using a multispecies mixture containing different stains and species of the
genera Lactobacillus and Bifidobacterium for 12 weeks, did not find a positive effect on cognition in
patients with severe AD (Agahi et al., 2018). It is plausible that probioticsmay not exert positive effects on
cognition when the damage is too advanced. Supplementation with a probiotic milk containing
Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium bifidum and Lactobacillus fermentum
another Iranian study showed improved insulin sensitivity, lower levels of the inflammatory marker
CRP, and an improved cognitive score in the Mini-Mental State Examination (MMSE) after 12-weeks
supplementation (Akbari et al., 2016). Furthermore, one study found that a probiotic mix containing
L. acidophilus, B. bifidum and Bifidobacterium longum combined with selenium improved the MMSE
score in patients with AD (Tamtaji et al., 2019), while another study in a Caucasian population did not
find benefits on a cognitive score in ADwith a multispecies probiotic consisting of L. casei W56, L. lactis
W19, L. acidophilus W22, B. lactis W52, L. paracasei W20, L. plantarumW62, B. lactis W51, B. bifidum
W23 and L. salivarius W24 (Leblhuber et al., 2018) possibly due to the shorter intervention time. The
criteria for recruiting subjects across MCI and AD studies differ substantially. Similarly, the evaluation
metrics for cognitive assessments also differ. Larger, well-controlled RCTs with harmonised inclusion
and cognitive evaluation criteria, and longer interval follow-ups are needed to provide more reliable
evidence (Xiang et al., 2022).

Apart from interventions with classical lactic acid bacteria, studies utilising preclinical models
showed that a combination of five Lactobacillus strains with five Enterococcus strains had beneficial
effects on high-fat diet–induced disturbances of the microbiome, intestinal permeability, metabolism,
immunity ultimately improving physical decline in older mice (Ahmadi et al., 2020). Interestingly, a
recent preclinical study suggests that Enterococcus faecalis plays a role in regulating social behaviour and
social stress-induced stress response in mice (Wu et al., 2021b) though ageing was not considered in this
paper.

Apart from studies examining older individuals with dementia or pre-dementia status, there is very
limited evidence of the beneficial effects of probiotics on cognition in healthy older adults with memory
complaints. Herein, probiotic-induced improvements have thus far been observed only under conditions
where additional stressors were present (Eastwood et al., 2021). For instance, one Korea-based study
found that Lactobacillus helveticus IDCC3801 fermented milk improved cognitive functioning during
cognitive fatigue tests (Chung et al., 2014). It seems that the cognitive status and accompanied underlying
physiological changes could be predictive for the susceptibility of an individual to cognitive decline,
althoughmore studies are needed to understand the factors driving sensitivity to probiotic interventions.

Studies on the use of probiotics for PD are sparse. Pilot data in an open-label, single-arm, baseline-
controlled trial suggests possible benefits on motor skills and quality of life with L. plantarum PS128
(Lu et al., 2021). Further placebo-controlled studies are needed to support these initial results.
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Certain clinical studies are looking into the prevention of neurodegenerative conditions through
microbiome-targeted strategies utilising microbial metabolites such as SCFAs. Duscha et al. (2020) have
shown that two weeks of propionic acid intake leads to a sustained increase of immunoregulatory T
(Treg) cells while three years of propionic acid intake positively influenced functional parameters
through a reduced relapse rate associated with reduced brain atrophy. In addition, preclinical models
have shown that modulation of neuroinflammation and cognitive decline can be achieved through oral
supplementation with butyrate (Govindarajan et al., 2011; Matt et al., 2018), however, these findings
have yet to be explored in humans. In contrast, a population-based cohort in France with over 9,000
community dwellers aged 65 years or more, found that increased propionic acid in serumwas associated
with increased odds of cognitive decline (Neuffer et al., 2022). Mediation analyses suggested that this
adverse association may be mediated through hypercholesterolemia and glycaemia with a strong
correlation with a fasting blood glucose suggestingmetabolic disruption as a possible pathway in relation
of propionic acid to cognitive health (Neuffer et al., 2022). Overall these data suggests that the effect of
microbial metabolites are context-dependent where further research is needed to understand how
underlying conditions can prevent or perturbate the effects of microbial metabolites.

Intriguingly, a recent study suggests that the bacteriophages group Caudovirales can improve
executive function and memory in both preclinical models and in humans (Mayneris-Perxachs et al.,
2022). However, the impact of bacteriophages on cognitive health in the elderly remains underexplored.
It is plausible that some of the apparent effects that bacteria have on the host may be in part mediated or
influenced by bacteriophages (Teng et al., 2022).

Prebiotics

Clinical evidence for prebiotics, substrates that are selectively utilised by hostmicroorganisms conferring
a health benefit (Gibson et al., 2017), to improve brain health in ageing is limited. Despite this lack of
research, there is some evidence that a prebiotic mix containing inulin and fructo-oligosaccharides can
improve frailty, a risk factor for cognitive decline (Borges et al., 2019), under certain conditions (Buigues
et al., 2016; Theou et al., 2019)without showing a benefit on cognition (Buigues et al., 2016). Preclinically,
supplementation with inulin decreased neuroinflammation in brains of middle-aged mice (Boehme
et al., 2020), while inulin in combination with Enterococcus faecium (Romo-Araiza et al., 2018) showed
similar effects in aged mice (Matt et al., 2018), and modulated brain ageing-related metabolites such as
TMAO following chronic stress in the brains of aged mice (Cruz-Pereira et al., 2022). Possible
mechanisms may include microbial metabolite signalling-mediated modulation of peripheral and brain
immune activation, modulation of brainmetabolites, stimulation of gut hormones and neurotransmitter
signalling (Boehme et al., 2020;Matt et al., 2018; Stilling et al., 2016; van deWouw et al., 2019).Moreover,
the combination of the prebiotic fructo-oligosaccharide with multiple bacterial strains (L. paracasei,
L. rhamnosus, L. acidophilus and B. lactis) mildly enhanced cognitive performance in healthy elderly
(Louzada and Ribeiro, 2020).

Diet

Novel dietary interventions modulating the gut microbiota composition has been proposed to combat
age-related decline and improve physiological well-being (Cryan et al., 2019a). From epidemiological
studies, compelling evidence suggests that Mediterranean diet can be beneficial for the ageing human
brain (van de Rest et al., 2015). Components of a Mediterranean diet such as Omega-3 polyunsaturated
fatty acids (O3-PUFAs) or vitamin A have been shown to elicit protective effects on the ageing brain in
preclinical models (Labrousse et al., 2012; Touyarot et al., 2013). Also, polyphenols have been shown to
positively influence cognition in preclinical and clinical settings (de Vries et al, 2021). Conversely, these
nutrients have been shown to modulate the gut microbiota and can rescue microbiome-associated
perturbations on brain health in preclinical models (Donoso et al., 2020; Provensi et al., 2019). Work
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from the NU-AGE consortium shed light onto the relationship between Mediterranean diet-induced
changes in the gut microbiota and their link to improved health in elderly, showing reduced frailty and
improved health status associated with an intermediate microbiome response (Ghosh et al., 2020).
Adherence to the Mediterranean diet was linked to increased abundance in taxa which were positively
associated with improved health outcomes such as decreased frailty and improved cognition, and
negatively associated with inflammatory markers such as C-reactive protein and interleukin-17
(IL-17) suggesting that Mediterranean diet may have the potential to promote healthier ageing
(Ghosh et al., 2020). Accumulating preclinical and clinical research highlights IL-17 as a major cytokine
involved in neurodegenerative processes and cognitive decline (Brigas et al., 2021; Cipollini et al., 2019;
Regen et al., 2021), suggesting that dietary strategies which decrease IL-17 could promote healthy ageing
(Dupraz et al., 2021). Notably, elderly individuals who maintained high adherence showed improved
global cognition and episodic memory after one year compared to low adherence (Marseglia et al., 2018)
which were associated with alterations in their gut microbiome, suggesting that broad dietary interven-
tion could be considered as a less invasive strategy than FMT for altering the gut microbiota towards
improved cognition in elderly people (Ghosh et al., 2020). Analysis of inferred microbial functions
showed an increase in short and branch chained fatty acid production and lower production of
secondary bile acids (Ghosh et al., 2020). Of note, metabolic network analysis in clinical studies of
ADpoints to a possible link of secondary bile acids with deterioration of cognition (Baloni et al., 2020). In
a large multicentre study, the authors report here an association between altered bile acid profile, genetic
variants implicated in Alzheimer’s disease, and cognitive changes (MahmoudianDehkordi et al., 2019).
Adherence to theMediterranean diet has further shown to slow down the progression of AD (Berti et al.,
2018). The impact on dementia-type cognitive impairment has been also assessed by introducing a
broader change in diet, which holds promise towards a more profound adjustment of the gut micro-
biome as opposed to the use of supplements (Del Bo et al., 2021; Ghosh et al., 2022a,b; Nagpal et al.,
2019). In a pilot study using a modified Mediterranean-ketogenic diet, the authors found changes in
several taxa with distinct patterns between cognitively impaired versus cognitively normal subjects
(Nagpal et al., 2019).

Vice versa, western-style diets, rich in saturated fat and high in sugar, may trigger cognitive
dysfunction in ageing (Beilharz et al., 2015; Gardener et al., 2015; Wieckowska-Gacek et al., 2021). A
recent study shed more light into the role of the microbiota in this process showing a microbiota-
dependent accumulation of the advanced glycation end product N6-carboxymethyllysine inmicroglia of
aged mice linked to oxidative stress andmitochondrial dysfunction (Mossad et al., 2022), risk factors for
cognitive impairment. Furthermore, calorie restriction resulted in a lower level of amyloid plaque in a
mouse model of AD (Cox et al., 2019). Intermittent fasting and caloric restriction emerged as a viable
strategy to improve cognition not only inmousemodels of ageing and Alzheimer’s disease and primates,
but also in humans (Chakraborty et al., 2020; Dal-Pan et al., 2011; Ooi et al., 2020; Pan et al., 2022; Witte
et al., 2009). While the level and feasibility of caloric restriction in humans remains to be elucidated,
intermittent fasting represents a possible strategy to improve cognitive health during ageing.

Conclusions and future perspectives

Research published over the last few years has demonstrated that the gut microbiota is a crucial
contributor to (and potential target to improve) host brain ageing, including in neurodegenerative
diseases, making this an exciting time for research within this scope. Indeed, microbiota-targeted
interventions have shown promise for improving cognitive performance and overall brain health during
ageing.While this field of research is very young andmechanistic evidence is entirely preclinical, clinical
studies involving probiotics and dietary interventions that alter the gutmicrobiota have shown success at
improving aspects of cognition in older people. Furthermore, clinical trials and case studies involving
FMT demonstrate promise for improving symptoms of neurodegenerative diseases, including PD, AD
andMS, giving hope to the future of medicine for the thousands of individuals living with these diseases
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who currently have limited treatment options. Nonetheless, this is a rapidly emerging field, and large-
scale, well-controlled clinical studies are required to better characterise the potential for the gut
microbiota as a treatment target within these diseases.

Ageing is a complex biological process, and individual’s age at different speeds and trajectories, which
complicates defining healthy ageing, including how the gut microbiota should be modulated to support
healthy ageing. Moreover, the impact of biological sex on ageing remains understudied, including how
sex shapes age-related physiological changes in themicrobiota-host dialogue, regardless of the increasing
evidence that suggests biological sex contributes to the susceptibility for several age-related diseases.
While the gut microbiota may become a diagnostic tool to better understand an individual’s biological
age(ing) (Ratiner et al., 2022), it may be necessary to tailor a microbiota-targeted intervention to an
individual’s ageing process, considering individualised factors such as lifestyle, dietary habits and its
existing resident gut microbiome. Therefore, there may not be a one-size-fits-all solution to improving
brain ageing via the gut microbiota, and instead personalised solutions may be required. Increasing our
understanding on ecological aspects in diet-microbiome interrelationship and its impact on the host are
key going forward in designing efficacious nutritional interventions. This also includes an understanding
on how the resident gut microbiome may impact the efficacy of nutritional solutions on host outcomes
(Maldonado-Gomez et al., 2016; Shepherd et al., 2018), taking into account factors such as geographical,
genetic and lifestyle differences across populations (Deschasaux et al., 2018).

A dominant, lingering question is the definition of a healthy gutmicrobiome, and whether a universal
microbiome indicative of health during ageing indeed exists (Hill, 2020; Shanahan et al., 2021).
Technological advances including high-resolution next-generation sequencing, metabolomics, tran-
scriptomics, proteomics and machine learning and our knowledge of microbial ecology will drive
forward our understanding of the microbiota–gut–brain axis in healthy brain ageing. Further well-
designed randomised-controlled clinical studies, mechanistic investigations and large-scale population
studies must be conducted to better understand the role of microbiota-targeted therapeutics for brain
health during ageing. Elucidating the factors which drive individualised responses and outcomes are key
to designing personalised microbiome-targeted interventions to improve physiology and brain function
in ageing.
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