Ageing Research Reviews 100 (2024) 102451

AGEING
RESEARCH
REVIEWS

Contents lists available at ScienceDirect

Ageing Research Reviews

FI. SEVIER

journal homepage: www.elsevier.com/locate/arr
Short review ' :.)
The metabolic and endocrine impact of diet-derived gut microbiota

metabolites on ageing and longevity

a,b

= s. a,* ST F . . b .~ a,c .
Joao R. Aratijo™ , Claudia Marques“, Catarina Rodrigues ’, Conceicao Calhau™“, Ana Faria
2 Nutrition & Metabolism, CINTESIS@RISE, NOVA Medical School, Faculdade de Ciencias Médicas, NMS, FCM, Universidade NOVA de Lisboa, Lisboa 1169-056,
Portugal
Y Nutrition & Metabolism, CHRC, NOVA Medical School, Faculdade de Ciéncias Médicas, NMS, FCM, Universidade NOVA de Lisboa, Lisboa 1169-056, Portugal
¢ Unidade Universitaria Lifestyle Medicine José de Mello Satide by NOVA Medical School, Faculdade de Ciencias Médicas, NMS, FCM, Universidade NOVA de Lisboa,
Lisboa 1169-056, Portugal

ARTICLE INFO ABSTRACT

Keywords: Gut dysbiosis has been recently recognized as a hallmark of ageing. At this stage of life, gut microbiota becomes
Ageing ) depleted from bacteria involved in the production of short-chain fatty acids (SCFA), indole and its derivative
Gut microbiota indole-3-propionic acid (IPA), metabolites shown to improve host glycemic control as well as insulin sensitivity
Metabolites . . . . . . L. . .

Diet and secretion. Moreover, gut microbiota becomes enriched in pathobiont bacteria involved in the production of

imidazole propionate, phenols and trimethylamine, metabolites that promote host insulin resistance and
atherosclerosis. The magnitude of these changes is much more pronounced in unhealthy than in healthy ageing.
On the other hand, a distinct gut microbiota signature is displayed during longevity, the most prominent being an
enrichment in both SCFA and IPA bacterial producers. This short Review discusses, in an innovative and inte-
grative way, cutting-edge research on the composition of gut microorganisms and profile of metabolites secreted
by them, that are associated with a healthy and unhealthy ageing pattern and with longevity. A detailed
description of the positive or detrimental metabolic effects, in the ageing host, of diet-derived gut microbial
metabolites is provided. Finally, microbiota-targeted interventions that counteract gut dysbiosis associated with
ageing, are briefly outlined.

Host metabolic response

1. Introduction

In the next 30 years, it is estimated that the number of individuals
aged 65 years old or over (designated as “elderly”) will nearly double,
reaching 1 in 6 people worldwide by 2050 (United Nations, 2019). From
a biological point of view, ageing is defined as the progressive loss of
homeostasis, impaired organ function and vulnerability to death
(Lopez-Otin et al., 2013). Recently, it has been proposed that changes in
the composition of gut microorganisms and in the profile of metabolites
produced and secreted by them (gut dysbiosis), constitutes 1 of the 12
cellular and molecular hallmarks of ageing (Lopez-Otin et al., 2023).
Taking this into consideration, and the fact that gut dysbiosis contrib-
utes to the dysregulation of host physiological functions, increasing the
risk of disease (Canfora et al., 2019), this short Review aims to describe,

in an integrative way, the composition and metabolic function of the gut
microbiota associated with a healthy and unhealthy ageing pattern and
with longevity. Particular emphasis is given to gut microbial metabolites
produced from dietary carbohydrates (including short-chain fatty acids)
and proteins (including indole and its derivatives, imidazole propionate,
phenols, hydrogen sulfide and trimethylamine) and how changes in
their levels, during healthy and unhealthy ageing, impact host metabolic
and endocrine functions. Finally, in the last part of this Review, the
therapeutic potential of microbiota-targeted interventions that promote
healthy ageing and longevity is outlined.

2. Factors affecting the gut microbiota during ageing

The composition and metabolic function of the gut microbiota of
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elderly individuals is influenced by several intrinsic and extrinsic factors
(reviewed by Ghosh et al. (2022)). One of the most important intrinsic
factors is the deterioration of gastrointestinal tract physiological func-
tions including: a) the reduction of smell, taste and masticatory capac-
ities, b) alterations in peristaltic movements, c) the reduction or absence
of gastric acid secretion, d) the decrease in the activity of digestive en-
zymes and nutrients absorption, and e) the decline of intestinal immune
function (Ghosh et al., 2022). Another important intrinsic factor is the
development of age-related diseases in particular frailty - a state of
decreased reserve and function resulting in increased vulnerability to
adverse outcomes upon exposure to stressors (Fried et al., 2021) — as
well as cardiometabolic, neoplastic, musculoskeletal, cognitive, neuro-
degenerative and infectious diseases (Ghosh et al., 2022). Concerning
extrinsic factors, these include a reduction in diet quality, the use of
multiple drugs, physical inactivity and changes in social environment (e.
g living in an institutional accommodation or at home) (Ghosh et al.,
2022). Although the extent to which each of these factors contribute to
shape the gut microbiota during ageing is still unclear, their modulation,
particularly by diet, may constitute a strategic opportunity to correct gut
dysbiosis associated with ageing (DeJong et al., 2020).

3. Gut microbiota composition during ageing

Compared with young and middle-aged individuals, the gut micro-
biota of elderlies (aged between 65 and 80 years old) shows a distinct
and unique composition (Ghosh et al., 2020a; Wilmanski et al., 2021)
characterized by: a) a decrease in microbial species diversity (Hopkins,
2001; O’Toole and Jeffery, 2015; Salazar et al., 2019), b) a depletion of
beneficial symbiotic bacteria belonging to Prevotella, Faecalibacterium,
Eubacterium, Lachnospira, Roseburia, Coprococcus and Bifidobacterium
genera (Ghosh et al., 2022; O’Toole and Jeffery, 2015; Salazar et al.,
2019; Zhang et al., 2021), c) an enrichment in “potentially” beneficial
bacteria (i.e. with less consistent health benefits compared to the pre-
vious ones) including Akkermansia, Christensenellaceae, Butyricimonas,
Butyrivibrio, Odoribacter, Oscillospira and Barnesiellaceae (Ghosh et al.,
2022; O'Toole and Jeffery, 2015; Salazar et al., 2019), and d) a higher
abundance of pathobionts (Ghosh et al., 2022) - microorganisms that are
benign under physiological gut conditions but become potentially
pathogenic under altered gut conditions (e.g. an increase in pH and/or a
decrease in motility and enzymatic activity) - such as Eggerthella, Bilo-
phila, Fusobacteria, Streptococcus, Desulfovibrio, Escherichia, Campylo-
bacter and certain Clostridium species (e.g. C. hathewayi, C. scindens and
C. bolteae) (Ghosh et al., 2022; O’Toole and Jeffery, 2015; Salazar et al.,
2019; Zhang et al., 2021).

Unhealthy ageing, typically defined by the presence of chronic age-
related diseases in the elderly (Ghosh et al., 2022), is usually associ-
ated with a higher magnitude of both depletion of beneficial bacteria
and enrichment of pathobionts, and a lower magnitude of enrichment of
“potentially” beneficial bacteria (Ghosh et al., 2022). In contrast, a
lower magnitude of both depletion of beneficial bacteria and enrichment
of pathobionts and a higher magnitude of enrichment of “potentially”
beneficial bacteria, is associated with healthy ageing (Ghosh et al.,
2022), typically defined by the absence of chronic age-related diseases
in the elderly (Rowe and Kahn, 1987). Although healthy ageing is not
necessarily equivalent to longevity, i.e. the property of living until or
close to the maximal human lifespan, several studies have been con-
ducted on centenarians (individuals aged 100 years old or over) in order
to potentially identify specific gut microbiota signatures associated with
an extended healthy lifespan (Biagi et al., 2016; DeJong et al., 2020;
Ghosh et al., 2022; Kim et al., 2019; Kong et al., 2019, 2016; Sato et al.,
2021; Tuikhar et al., 2019; Wu et al., 2019). Compared to younger
elderly and/or middle-aged individuals, the gut microbiota of cente-
narians is generally characterized by a higher diversity of bacterial
species (Kong et al., 2019, 2016; Sato et al., 2021), and a greater
abundance of beneficial Bifidobacterium and Lactobacillus and of
“potentially” beneficial Akkermansia, Christensenellaceae, Lachnospira,
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Butyricimonas, Odoribacter, Oscillospira and Methanobrevibacter (Biagi
et al., 2016; Kim et al., 2019; Kong et al., 2019, 2016; Sato et al., 2021;
Tuikhar et al., 2019; Wu et al., 2019). However, a lower abundance of
beneficial Faecalibacterium, Coprococcus, Roseburia and Eubacterium has
been observed in this long-lived population (Kim et al., 2019; Kong
et al., 2019; Sato et al., 2021; Tuikhar et al., 2019; Wu et al., 2019).
Although this microbiota signature is similar across different cente-
narian populations, such as those from Italy (Wu et al., 2019), China
(Kong et al., 2019, 2016), India (Tuikhar et al., 2019), Japan (Sato et al.,
2021) and Korea (Kim et al., 2019), there are some differences between
them, particularly regarding the most prevalent bacterial genera. This
may reflect their distinct geographical locations, genetic backgrounds,
dietary habits, and nutritional, cognitive and functional states as well
(Wu et al., 2019).

4. Gut microbiota metabolic function during ageing

Although the majority of studies elucidated the composition rather
than the metabolic function of the gut microbiota during ageing (see
Section 3.), metabolites derived from the microbial metabolism of non-
digestible dietary compounds have recently gained importance and
visibility, as these have been shown to beneficially or detrimentally
impact host energy and nutrient metabolism (Fig. 1 and Table 1)
(Canfora et al., 2019; Fan and Pedersen, 2021; Wilmanski et al., 2021).
Diet-derived microbial metabolites can be detected in feces, serum,
urine and/or cerebrospinal fluid (Lavelle and Sokol, 2020), and alter-
ations in their concentration in elderly individuals robustly correlate
with changes in their gut microbiota composition (Wilmanski et al.,
2021). Therefore, these metabolites have been proposed as useful bio-
markers of gut microbiota signatures associated with healthy or un-
healthy ageing (Ghosh et al., 2022; Salazar et al., 2019).

4.1. Short-chain fatty acids production

Acetate, propionate and butyrate are the main metabolic end-
products resulting from non-digestible carbohydrate fermentation by
the gut microbiota (Lavelle and Sokol, 2020). These short-chain fatty
acids (SCFA) exert several metabolic and endocrine effects in the host
(Fig. 1), in particular the regulation of glycemic response (Tolhurst
et al., 2012), appetite (Chambers et al., 2015; Freeland and Wolever,
2010; Frost et al., 2014; Larraufie et al., 2018) and energy expenditure
(Chambers et al., 2018; Gao et al., 2009; Sahuri-Arisoylu et al., 2016),
mainly through the activation of specific free fatty acids receptors
(Lavelle and Sokol, 2020) and/or induction of epigenetic modifications
(e.g. histone acetylation) (Table 1) (Barres and Zierath, 2016). SCFA
regulate the glycemic response by stimulating gut enteroendocrine L
cells to secrete glucagon-like peptide 1 (GLP-1) which, after being
released into the systemic circulation, promotes insulin secretion in
pancreatic f-cells, thereby lowering postprandial glycemia (Tolhurst
et al.,, 2012). In addition, by up-regulating gluconeogenesis in enter-
ocytes, propionate and butyrate prevent an hepatic overproduction of
glucose and, consequently, its release into the blood circulation, thereby
reducing the risk of hyperglycemia (De Vadder et al., 2014; Kimura
et al., 2013). Regarding appetite regulation, propionate and acetate
have been shown to stimulate the secretion of YY peptide (Freeland and
Wolever, 2010; Larraufie et al., 2018) and GLP-1 (Freeland and Wolever,
2010) by gut enteroendocrine L cells, and leptin by adipocytes (Xiong
et al., 2004). After crossing the blood-brain barrier, these three hor-
mones activate hypothalamic pro-opiomelanocortin neurons respon-
sible for generating satiety signals, resulting in appetite reduction
(Chambers et al., 2015; Frost et al., 2014). Concerning energy expen-
diture, although not completely understood, SCFA seem to increase
white adipose tissue energy expenditure by promoting thermogenesis
and fatty acids beta-oxidation in white adipocytes (Chambers et al.,
2018; Gao et al., 2009; Sahuri-Arisoylu et al., 2016), thereby preventing
adipose mass accumulation. As a whole, this evidence suggests that
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Fig. 1. Diet-derived gut microbiota metabolites beneficially or detrimentally impact metabolic and endocrine functions in the ageing host. Short-chain fatty acids,
indole and indole-3-propionic acid improve glycemic control and insulin sensitivity and secretion - being associated with healthy ageing - while imidazole propi-
onate, phenols and trimethylamine promote insulin resistance and atherosclerosis - being associated with unhealthy ageing. Abbreviations: glucagon-like peptide 1
(GLP-1), hydrogen sulfide (H,S), indole-3-propionic acid (IPA), myocardial infarction (MI), trimethylamine (TMA) and trimethylamine N-oxide (TMAO).

SCFA may exert a preventive and therapeutic role against chronic
metabolic diseases, in particular obesity and type 2 diabetes (Fig. 1)
(Canfora et al., 2019).

In comparison with young and middle-aged individuals, a reduction
in fecal and serum concentrations of butyrate, acetate and propionate
have been observed in elderlies (Rampelli et al., 2013; Salazar et al.,
2019; Sato et al., 2021), most probably due to their gut microbiota
depletion from the SCFA’ main bacterial producers: the beneficial Pre-
votella, Faecalibacterium, Roseburia, Eubacterium and Bifidobacterium
(Lavelle and Sokol, 2020; Rampelli et al., 2013; Salazar et al., 2019; Sato
et al.,, 2021). Although the depletion of these bacteria could be
compensated by the enrichment in “potentially” beneficial
SCFA-producing bacteria belonging to Akkermansia, Butyricimonas,
Butyrivibrio, Odoribacter and Oscillospira genera, these are not core SCFA
producers (Ghosh et al., 2022; O'Toole and Jeffery, 2015; Salazar et al.,
2019). Moreover, low fecal levels of SCFA, in particular butyrate, were
found to strongly correlate with biomarkers of frailty in elderly in-
dividuals (Claesson et al., 2012; Ghosh et al., 2020a), most probably
reflecting the greater depletion of beneficial butyrate-producing bacte-
ria and lesser enrichment of “potentially” beneficial butyrate-producing
bacteria associated with unhealthy ageing (Ghosh et al., 2022). On the
other hand, gut microbiota production (Wu et al., 2019) and, conse-
quently, fecal concentrations (Cai et al., 2016) of butyrate, acetate and
propionate were found to be higher in healthy centenarians compared to
both healthy elderly (aged between 70 and 99 years old) and young

adult individuals. These observation suggest that fecal levels of SCFA
may be regarded as a promising biomarker of a gut microbiota pattern
associated with healthy ageing and longevity (Table 1) (Wu et al., 2019).
Future studies are however necessary to establish the fecal SCFA
threshold concentration characteristic of that gut microbiota pattern.

4.2. Amino acid metabolites production

Compared to the fermentation of non-digestible carbohydrates, the
metabolism of non-digestible proteins and amino acids by the human
gut microbiota yields a more diverse range of metabolites, including
indole and its derivates, imidazole propionate, phenols, hydrogen sul-
fide and amines (Canfora et al., 2019; Khan et al., 2014; Lavelle and
Sokol, 2020). Indole and its derivative indole-3-propionic acid (IPA) can
be produced from the essential aromatic amino acid tryptophan, via the
indole pathway (Lavelle and Sokol, 2020). Both metabolites, but
specially IPA, have been demonstrated to regulate the glycemic response
by stimulating GLP-1 secretion in gut enteroendocrine L-cells (Chimerel
et al., 2014) (as described for SCFA), being still unclear if this effect
depends or not on the activation of aryl hydrocarbon receptors, of which
both indole and IPA are potent agonists (Fig. 1) (Dong and Perdew,
2020). Notwithstanding, elevated serum concentrations of IPA were
found to be associated with improvements in insulin secretion and
sensitivity and, consequently, with a lower risk of developing type 2
diabetes in the Finnish Diabetes Prevention Study (Table 1) (de Mello
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Table 1

Metabolic and endocrine impact of diet-derived gut microbiota metabolites during ageing and longevity.
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Metabolites Dietary Producing microorganisms Host metabolic and Changes associated Changes associated Changes associated
substrates endocrine effects with healthy aging with unhealthy with longevity
aging
SCFA: acetate, Carbohydrates Akkermansia, Bifidobacterium, 1 GLP—1-mediated insulin | SCFA fecal 1] Butyrate fecal 1 SCFA gut
butyrate, (mainly fiber) Butyricimonas, Butyrivibrio, secretion (Tolhurst et al., concentrations ( concentrations microbiota
propionate Coprococcus, Eubacterium, 2012); 1 Gluconeogenesis in Rampelli et al., 2013; associated with production and fecal
Faecalibacterium, Odoribacter, enterocytes (De Vadder et al., Salazar et al., 2019; frailty (Claesson concentrations (Cai
Oscillospira, Prevotella, 2014; Kimura et al., 2013); 1 Sato et al., 2021) et al., 2012) etal., 2016; Wu et al.,
Roseburia (Ghosh et al., 2022; YY peptide (Freeland and 2019)
Lavelle and Sokol, 2020; Wolever, 2010; Larraufie
O’Toole and Jeffery, 2015; etal., 2018), GLP—1 (Freeland
Rampelli et al., 2013; Salazar and Wolever, 2010) and leptin
et al., 2019; Sato et al., 2021) (Xiong et al., 2004) secretion
(1 satiety); 1 Adipose tissue
energy expenditure by
inducing thermogenesis and
fatty acids beta-oxidation
(Chambers et al., 2018; Gao
et al., 2009; Sahuri-Arisoylu
et al., 2016)
Indole and its L-tryptophan Coprococcus, Lactobacillus, 1 GLP—1-mediated insulin | Indole and IPA gut 11 IPA serum 1 Indole and IPA gut
derivative Lactococcus, Bacteroides ( secretion and sensitivity microbiota concentrations microbiota
IPA Lavelle and Sokol, 2020) (Chimerel et al., 2014; de production and fecal associated with type production (Rampelli
Mello et al., 2017) concentrations ( 2 diabetes (de Mello et al., 2013)
Ruiz-Ruiz et al., et al., 2017)
2020)
Imidazole L-histidine Clostridium boltae, 1 Insulin resistance (Fan and 1 serum 11 serum Not determined
propionate Ruminococcus gnavus (Allin Pedersen, 2021; Khan et al., concentrations ( concentrations
et al., 2018; Molinaro et al., 2014) by impairing insulin Molinaro et al., 2020) associated with pre-
2020; Qin et al., 2012) receptor substrate signalling in diabetes or type 2
peripheral tissues (Koh et al., diabetes (Molinaro
2018) et al., 2020)
Metabolites Dietary Producing Host metabolic and Changes associated Changes associated Changes associated
substrates microorganisms endocrine effects with healthy aging with unhealthy aging with longevity
Phenols: p- L-tyrosine Clostridium cluster I and 1 Insulin resistance by 1 p-cresol fecal 11 p-cresol fecal | p-cresol fecal
cresol, p- XVI, Coriobacteriaceae ( impairing ERK1/2 concentrations ( concentrations concentrations;
cresyl Collino et al., 2013; Saito  signalling pathway in Claesson et al., 2012;  associated with frailty (1 p-cresyl sulphate
sulphate et al., 2018) skeletal muscle (rodents) ( Ghosh et al., 2020a) Claesson et al., 2012; urinary
Koppe et al., 2013) Ghosh et al., 2020a) concentrations (
Collino et al., 2013;
Saito et al., 2018)
Hydrogen L-methionine, L- Desulfovibrio, 1 Insulin resistance by Not determined?® Not determined?® Not determined?®
sulfide cysteine Enterobacter, Escherichia, stimulating hepatic glucose
Fusobacteria, Klebsiella ( output (rodents) (Zhang
Blachier et al., 2021) et al., 2013)
Biogenic L-carnitine, choline, Escherichia, Citrobacter, 1 Cardiovascular disease 1 TMA fecal 11 TMA fecal Not determined
amines: phosphatidylcholine Klebsiella, Providentia, risk by promoting concentrations ( concentrations
TMA and Shigella (Cai et al., 2022; atherosclerosis progression Yoshimoto et al., associated with frailty (
TMAO Yoshimoto et al., 2021) (Haghikia et al., 2018; 2021); Claesson et al., 2012;
Koeth et al., 2013; 1 TMAO serum Ghosh et al., 2020a)

Senthong et al., 2016)

concentrations (Ke
et al., 2018)

ERK1/2: extracellular signal-regulated kinase 1/2, GLP-1: glucagon-like peptide 1, IPA: indole-3-propionic acid, SCFA: short-chain fatty acids, TMA: trimethylamine,
TMAO: trimethylamine N-oxide. Single arrows represent an increase (1) or a decrease (|) in metabolic outcomes or metabolite concentrations. Double arrows represent
a greater magnitude of effect than a single arrow. aExcluding the hydrogen sulfide of host origin.

et al., 2017).

Compared to young and middle-aged individuals, a reduction in the
expression of gut bacterial enzymes involved in the synthesis of indole
and its derivatives, as well as a reduction in their fecal concentrations,
have been reported in elderly individuals (Ruiz-Ruiz et al., 2020), most
probably reflecting the depletion of gut microbiota from their main
bacterial producers: the beneficial Coprococcus and Lactobaccillus (Lav-
elle and Sokol, 2020). In contrast, a higher capacity of gut bacteria to
metabolize tryptophan, and consequently to produce indole and its de-
rivatives, was found in centenarians compared to both elderly (aged
between 60 and 75 years old) and young adult individuals (Rampelli
et al., 2013). Although fecal concentrations of indole and its derivatives
were not measured in these three groups, this result is in agreement with
the reduction of tryptophan concentrations found in the serum of cen-
tenarians (Table 1) (Collino et al., 2013).

Gut microbiota-derived imidazole propionate (produced from histi-
dine) (Fan and Pedersen, 2021; Khan et al., 2014), phenols (produced
from tyrosine) (Canfora et al., 2019; Fan and Pedersen, 2021; Khan
et al., 2014; Koppe et al., 2013) and hydrogen sulfide (produced from
methionine and cysteine) (Blachier et al., 2021; Canfora et al., 2019; Fan
and Pedersen, 2021; Khan et al., 2014; Wu et al., 2009) have been
associated with detrimental metabolic and endocrine effects in the host,
in particular insulin resistance (Fig. 1 and Table 1). In the case of
imidazole propionate, the most well-studied of these metabolites (Fan
and Pedersen, 2021; Khan et al., 2014; Koh et al., 2018; Molinaro et al.,
2020), Molinaro et al. (2020) observed that in more than 1900
middle-aged and elderly individuals aged between 40 and 67 years old,
those who were prediabetic or type 2 diabetic presented higher serum
imidazole propionate concentrations compared with those who were
heathy. Since dietary intake of histidine was similar in both groups, this
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observation likely reflects the greater enrichment in pathobiont bacteria
capable of metabolizing histidine to imidazole propionate - such as
C. bolteae and Ruminococcus gnavus - found in the gut microbiota of
prediabetic and type 2 diabetic middle-aged and elderly individuals
(Allin et al., 2018; Molinaro et al., 2020; Qin et al., 2012). One of the
proposed mechanisms by which imidazole propionate contributes to the
pathogenesis of type 2 diabetes, is the impairment of the insulin
signaling pathway at the level of insulin receptor substrate in liver,
skeletal muscle and white adipose tissue cells. This effect is mediated by
the activation of p38y mitogen-activated protein kinase and mechanistic
target of rapamycin complex 1 (Koh et al., 2018).

Regarding gut microbiota-derived p-cresol, its sulfated metabolite p-
cresyl sulphate, and hydrogen sulfide, their metabolic and endocrine
effects have not been examined in humans yet. However, studies in ro-
dents demonstrated that p-cresyl sulphate induces insulin resistance in
skeletal muscle cells by activating extracellular signal-regulated kinase
1/2 (ERK1/2) (Koppe et al., 2013). With respect to hydrogen sulfide,
this gaseous metabolite increases the risk of hyperglycemia, and
consequently of insulin resistance, in mice, by stimulating hepatocyte
production of glucose and its release into the blood circulation (Fig. 1)
(Zhang et al., 2013). Compared to elderly individuals (aged between 60
and 99 years old), centenarians showed lower fecal concentrations of
p-cresol (Cai et al., 2016) and higher urinary concentrations of p-cresyl
sulphate (Collino et al., 2013), suggesting that long-lived individuals
may have a greater capacity to metabolize p-cresol to p-cresyl sulphate
and excrete it in urine. On the other hand, elevated fecal levels of
p-cresol were found to correlate with biomarkers of frailty in elderly
individuals (Claesson et al., 2012; Ghosh et al., 2020a), most probably
reflecting the greater gut microbiota enrichment in phenols-producing
pathobiont bacteria (Ghosh et al., 2022), such as certain Clostridium
species (Collino et al., 2013; Saito et al., 2018), associated with un-
healthy ageing (Table 1) (Ghosh et al., 2022).

The biogenic amine trimethylamine (TMA) is produced from the
amino acid L-carnitine or the micronutrient choline - both found in foods
of animal origin e.g. red meat - by gut bacteria expressing carnitine
monooxygenase or TMA lyase, respectively (Cai et al., 2022; Zeisel and
Warrier, 2017). After its production, TMA is absorbed through the in-
testinal epithelium, further oxidized to trimethylamine N-oxide (TMAO)
in the liver and then released into the blood circulation (Bennett et al.,
2013). Elevated plasma levels of TMAO have been positively associated
with atherosclerosis progression and, consequently, with an increased
risk of developing cardiovascular diseases, such as myocardial infarction
and stroke (Table 1) (Haghikia et al., 2018; Senthong et al., 2016).
Although not fully elucidated, TMAQ’s proatherogenic effect seems to
be explained by its capacity to inhibit the reverse transport of cholesterol
from peripheral tissues and blood circulation to the liver, and to stim-
ulate cholesterol uptake and accumulation in arterial macrophages
leading to foam cells formation (Koeth et al., 2013). Furthermore, in-
hibition of gut microbiota production of TMA and, consequently, its
conversion to TMAO by 3,3-dimethyl-1-butanol (a TMA-lyase inhibitor),
was found to hamper the development of atherosclerotic lesions in
atherosclerosis-prone apolipoprotein E-deficient mice fed a high choline
diet (Wang et al., 2015). Even though this inhibitory drug has not yet
been evaluated in clinical studies, high plasma levels of TMAO have
been proposed as an independent biomarker of atherosclerosis severity
(Xie et al., 2021) and cardiovascular risk in humans (Fig. 1) (Tan et al.,
2019).

By comparing healthy individuals harboring an adult-type gut
microbiota with those harboring an elderly-type one, Yoshimoto et al.
(2021) observed an increase in fecal concentrations of TMA in the latter
group, most probably reflecting their gut microbiota enrichment in
TMA-producing bacteria. In fact, the relative abundance of
TMA-producing Escherichia and Klebsiella oxytoca pathobionts not only
was higher in individuals with an elderly-type gut microbiota, but was
also found to positively correlate with concentrations of fecal TMA
(Yoshimoto et al., 2021). In agreement with these results, plasma
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concentrations of TMAO were found to be higher in elderly individuals
when compared to younger adults (10.5 vs. 2.9 pM) (Ke et al., 2018).
These observations strongly suggest that an increase in fecal and blood
concentrations of TMA and TMAO, respectively, may in part explain
why ageing is an independent risk factor for the development of
atherosclerotic cardiovascular diseases (Wang and Bennett, 2012).
Moreover, elevated fecal levels of TMA were shown to strongly correlate
with biomarkers of frailty in elderly individuals (Claesson et al., 2012;
Ghosh et al., 2020a), most probably reflecting the greater gut microbiota
enrichment in TMA-producing pathobiont bacteria (Ghosh et al., 2022)
associated with unhealthy ageing (Ghosh et al., 2022). To our knowl-
edge, no studies analyzing fecal and serum concentrations of TMA and
TMAO, respectively, in centenarians have been published (Table 1).
These are undoubtedly necessary to increase the knowledge about the
role of these two gut microbiota-derived metabolites in healthy ageing
and longevity.

As a whole, evidence presented in Section 4. suggests that healthy
aging seems to be associated with a lower gut depletion of beneficial
SCFA, indole and IPA, and a lower gut enrichment of detrimental
imidazole propionate, phenols and TMA compared to unhealthy aging.
In contrast, longevity seems to be associated with a gut enrichment of
beneficial SCFA and IPA.

5. Strategies to correct ageing-related changes in gut microbiota

Several interventions have been demonstrated to counteract, at least
in part, changes in gut microbiota composition and metabolic function
associated with ageing, in particular unhealthy ageing. These in-
terventions aimed to increase the diversity of bacterial species and the
abundance of both beneficial and “potentially” beneficial bacteria and
their secreted metabolites. Also these intervention aimed to decrease the
abundance of pathobiont bacteria and their secreted metabolites (Ghosh
et al., 2022) and, simultaneously, improve metabolic outcomes in the
ageing host.

Most of the available interventions to counteract gut microbiota
changes associated with ageing are dietary-based, since are more easily
implemented (DeJong et al., 2020), and include the adherence to the
Mediterranean diet and the consumption of specific prebiotic, probiotic
and postbiotic supplements (Ghosh et al., 2022). A Mediterranean diet is
usually characterized by a high intake of plant-based fiber rich foods
such as vegetables, fruits, legumes, whole grain cereals and nuts, and
low to moderate intake of animal-based foods such as meat, fish, eggs
and dairy products (Guasch-Ferré and Willett, 2021). A study by Ghosh
et al. (2020) found that a 1-year adherence to this dietary pattern,
consistently altered the fecal microbiota composition of 612 non-frail or
pre-frail elderly individuals from five different European countries. The
Mediterranean diet attenuated the loss of microbial diversity, increased
the abundance of Faecalibacterium prausnitzii, Roseburia, Eubacterium,
Bacteroides thetaiotaomicron and Prevotella copri, and decreased the
abundance of Ruminoccus torques, Collinsella aerofaciens, Clostridium
ramosum and Flavonifractor plautii. These changes, particularly of genera
and species whose abundance increased, were positively associated with
biomarkers of lower frailty and negatively associated with biomarkers of
systemic inflammation (high-sensitivity C-reactive protein and
interleukin-17 concentrations). Even though a metabolomic analysis
was not performed in this study, an in silico prediction based on meta-
genomic data suggested that the Mediterranean diet promotes SCFA and
branched-chain fatty acids production, while decreases phenols
(p-cresol) and ethanol production (Ghosh et al., 2020b).

Regarding prebiotic supplements, substrates selectively used by
specific microorganisms thereby conferring health benefits (Gibson
et al, 2017), these include inulin, fructooligosaccharides, gal-
actooligosaccharides and arabinoxylan-oligosaccharides (Ghosh et al.,
2022). Probiotic supplements, defined as live microorganisms that when
administered in adequate amounts confer health benefits (Hill et al.,
2014), include mostly Lactobacillus and Bifidobacteria species (Ghosh
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et al., 2022). With respect to postbiotics - inactivated microorganisms
and/or their components, including metabolites, that confer health
benefits (Salminen et al., 2021) - they include essentially heat-killed
Lactobacillus (Ghosh et al., 2022) and Akkermansia muciniphila supple-
ments (Depommier et al., 2019). The impact of beneficial
microbiota-based metabolites supplementation such as SCFA, indole
and its derivatives, whose fecal and blood levels where shown to be
decreased during ageing, particularly unhealthy ageing (see Section 4.1.
and 4.2.), have not yet been assessed in elderly individuals. This is un-
expected since metabolite-based supplements are considered, in general,
equally efficacious and safer when compared to probiotic supplements
(Sonowal et al., 2017).

On the other hand, non-dietary-based interventions shown to coun-
teract gut microbiota changes associated with ageing include, essen-
tially, fecal microbiota transplant. Despite promising, the feasibility and
efficacy of this intervention is not well proven in elderly individuals
(Ghosh et al., 2022) due to several constraints. The most challenging
ones include: 1) the risk of transmission of pathobionts or pathogenic
microorganisms from donors to individuals with a physiological and/or
pathological decline of intestinal immune function, as is the case for
elderly, 2) engraftment failure of donor microbiota and 3) lack of
knowledge regarding individual’s own transplantation of feces bio-
banked during childhood or adolescence (Fan and Pedersen, 2021;
Ghosh et al., 2022). Besides fecal microbiota transplant, novel and
promising non-dietary-based interventions are being developed such as
drugs that inhibit gut microbiota metabolic pathways (e.g. enzymes)
involved in the synthesis of detrimental metabolites such as TMA (Wang
et al., 2015) and p-cresol (Harrison et al., 2023), without affecting mi-
croorganisms’ growth. Considering that clinical studies evaluating the
efficacy of both dietary- and non-dietary-based interventions on the gut
microbiota profile and metabolic outcomes of elderly individuals have
been excellently reviewed elsewhere (Donati Zeppa et al., 2022; Ghosh
et al., 2022), they will not be further discussed in this Review. However,
an important point that deserves discussion is the individualization or
personalization of the above-mentioned microbiota-targeted in-
terventions during ageing. This mainly depends on the pre-intervention
gut microbiota profile of elderly individuals, which is determined by
several factors such as deterioration of physiological functions,
age-related diseases, diet, polypharmacy, genetic background, sex,
ethnicity, among others (Ghosh et al., 2022). Therefore, a deep knowl-
edge of the baseline gut microbiota composition (by shotgun meta-
genomic sequencing) and metabolic function (by metabolomic analysis)
and the medical history of elderly individuals, is crucial for selecting the
appropriate type of intervention as well as its characteristics (Ghosh
et al., 2022).

6. Conclusions

Ageing is associated with profound alterations in gut microbiota
composition and metabolic function. One of the most notable ones, is the
depletion of beneficial bacteria involved in the metabolism of dietary
carbohydrates and aromatic amino acids thereby producing SCFA,
indole and IPA - metabolites that exert positive metabolic and endocrine
effects in the host. Moreover, ageing is also associated with a notable
enrichment in pathobiont bacteria capable of producing imidazole
propionate, phenols and amines — metabolites derived from amino acids
and other compounds found in foods of animal origin, that exert detri-
mental metabolic and endocrine effects in the ageing host. Altogether,
these changes suggest that the gut microbiota becomes compositionally
and functionally less fermentative and more proteolytic during ageing.
The magnitude of the above-mentioned changes is much more pro-
nounced in unhealthy than in healthy ageing. However, one particular
scenario occurs in longevity, since a distinct gut microbiota signature is
displayed by centenarians, the most prominent one being an enrichment
in both SCFA and IPA bacterial producers. Regarding the abundance of
detrimental metabolites producing-bacteria, it is still unclear if they are
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decreased or not in these long-lived individuals. Another important
knowledge gap is to understand whether changes in gut microbiota
profile drive unhealthy or healthy ageing and longevity or, in contrast,
age-related changes in host physiological functions and lifestyle patterns
(particularly diet) determine gut microbiota composition and metabolic
function during ageing. Altought this knowledge gap can be narrowed
by performing large and long-term longitudinal human trials, studies
using a simple model organism such as the fruit fly, Drosophila mela-
nogaster, demonstrated that changes in microbiota composition may
precede aging. Morevover, microbiota modulation of these invertre-
brates can extend their lifespan suggesting that microorganisms, and
metabolites secreted by them, may predict aging (Broderick and
Lemaitre, 2012; Clark et al., 2015).

A considerable number of dietary-based interventions have been
demonstrated to counteract ageing-related changes in gut microbiota
and improve host metabolic function. To enhance the personalization of
these interventions, future studies assessing the impact of novel gut
microbiota-derived metabolites, such as those produced from dietary
lipids and polyphenols, during healthy or unhealthy ageing are neces-
sary. Finally, metabolites produced by gut virus and fungi should also be
subjet of future studies, since recent data demonstrated that the gut
microbiota of elderly individuals, particularly of centenarians, is
enriched in unique viral and fungal genera (Johansen et al., 2023; Pu
et al., 2024).
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