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A B S T R A C T

Aging is associated with the decline of tissue and cellular functions, which can promote the development of age-related diseases like cancer,
cardiovascular disease, neurodegeneration, and disorders of the musculoskeletal and immune systems. Healthspan is the length of time an
individual is in good health and free from chronic diseases and disabilities associated with aging. Two modifiable factors that can influence
healthspan, promote healthy aging, and prevent the development of age-related diseases, are diet and microbiota in the gastrointestinal tract
(gut microbiota). This review will discuss how dietary phytochemicals and gut microbiota can work in concert to promote a healthy gut and
healthy aging. First, an overview is provided of how the gut microbiota influences healthy aging through its impact on gut barrier integrity,
immune function, mitochondria function, and oxidative stress. Next, the mechanisms by which phytochemicals effect gut health, inflam-
mation, and nurture a diverse and healthy microbial composition are discussed. Lastly, we discuss how the gut microbiota can directly
influence health by producing bioactive metabolites from phytochemicals in food like urolithin A, equol, hesperetin, and sulforaphane.
These and other phytochemical-derived microbial metabolites that may promote healthspan are discussed. Importantly, an individual’s
capacity to produce health-promoting microbial metabolites from cruciferous vegetables, berries, nuts, citrus, and soy products will be
dependent on the specific bacteria present in the individual’s gut.
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This comprehensive and novel review highlights the critical connection between dietary phytochemicals, gut microbiota, and healthy aging.

In particular, the review focuses crucial insights on how specific phytochemicals and gut microbiota interact to generate unique plant-derived
microbial metabolites that have profound potential to positively influence healthspan by preventing or delaying the development of age-
related diseases.
Introduction: Interconnections Between Diet,
Gut Microbiota, and Aging

Aging is associated with changes in molecular, cellular, and
systemic processes that leads to impaired function and progressive
deterioration in health. The hallmarks of aging include deregu-
lated nutrient sensing, chronic inflammation, mitochondrial
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dysfunction, cellular senescence, stem cell exhaustion, and dys-
biosis. Dysbiosis is characterized by an imbalance in gut micro-
bial composition and changes in microbial metabolite profile in
the gastrointestinal (GI) tract [1]. Dysbiosis interacts closely
with other hallmarks of aging and plays a significant role in
age-related chronic diseases [2]. Slowing the progression of the
hallmarks of aging, such as gut dysbiosis, is an important
trointestinal; IKK, IκB kinase; Keap1, kelch-like ECH-associated protein 1; LCA,
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strategy to improve both lifespan and healthspan (the length of
time an individual is in good health and free from chronic dis-
eases and disabilities of aging) [3]. Healthy centenarians, in-
dividuals who successfully achieved a long healthspan, have gut
microbial signatures that are more consistent with microbial
signatures found in young populations that lack dysbiosis and
produces health-promoting metabolites [4,5]. A person’s diet is
one of the most promising and practical strategies to intervene in
the aging process by affecting the microbiota and the hallmarks
of aging [6,7]. Consumption of a healthy diet is associated with a
reduction in age-associated diseases like cancer, neurodegener-
ative, cardiovascular, and metabolic diseases and has been pro-
posed to decelerate the aging process and promote healthy gut
microbiota [8,9].

Reducing the intake of excess sugar and unhealthy fats, as
well as providing essential nutrients and fiber are important
ways that a healthy diet promotes health aging [8,10]. Healthy
diets are high in plant-based foods like legumes, whole grains,
nuts, fruits, vegetables, and herbs, which are a rich source of
phytochemicals. Phytochemicals are defined as nonnutritive
bioactive compounds produced by plants and typically give
plants their color, flavor, and smell [9]. Phytochemicals can
promote a long healthspan and healthy gut microbiota [8,11].
Many dietary phytochemicals, and in particularly polyphenols,
can be metabolized by gut microbiota to create new bioactive
microbial metabolites [12]. Importantly, both phytochemicals
from the diet and their microbial metabolites can impact local
tissues, making them particularly suited for improving gut
health [13].

In this review, we explore the interconnection between di-
etary phytochemicals and gut microbiota in promoting both gut
health and healthy aging and explore how microbial metabolites
FIGURE 1. Aging is typically associated with cellular and tissue level dysfu
development of cancer, osteoporosis, sarcopenia, neurodegeneration, and c
with phytochemicals can promote a healthy gastrointestinal tract, which in
can produce metabolites that act locally (e.g. improve intestinal barrier fun
to improve healthspan. Created in BioRender. BioRender.com/a48l667.
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may prevent or delay the development of age-related diseases
including cancer, neurodegeneration, cardiovascular and meta-
bolic diseases, and disorders of the musculoskeletal and immune
systems (Figure 1). The influence of gut microbiota on the
development of age-related diseases, through its impact on gut
barrier integrity, immune function, mitochondria function, and
oxidative stress are discussed. As the GI tract is at the intersection
where diet and the microbiota converge, we also discuss the
mechanisms by which phytochemicals affect gut health,
inflammation, gut microbiota balance, and diversities. This may
be especially important in mitigating age-related chronic
inflammation, which is one of the underlying mechanisms that
contributes to age-related diseases. We also provide insights on
the role microbial metabolites play in gut health and healthspan.
Microbial metabolites can be derived from dietary sources (like
phytochemicals or fiber), host metabolites, or secreted directly
from bacteria. In this review, we will discuss two categories of
microbial metabolites produced in the intestine that are at the
nexus between gut microbiota and dietary phytochemicals. The
first category can be derived from a number of sources and
include short-chain fatty acids (SCFAs), secondary bile acids, and
indoles produced from tryptophan. These metabolites are pro-
duced by bacteria and can be modulated indirectly by phyto-
chemicals effects on gut microbiota balance. The second
category discussed in detail are compounds produced by bacte-
rial metabolism of phytochemicals (phytochemical-derived like
urolithins) (Figure 1). Overall microbial metabolites are a sig-
nificant and rapidly expanding field, which provide us with
novel opportunities to identify new compounds, which may
prevent or delay the development of age-related disease like
heart attacks, strokes, type 2 diabetes, dementia, sarcopenia,
osteoporosis, and cancers.
nction that adversely affects healthspan and lifespan and promotes the
ardiovascular and metabolic diseases. Consuming foods or supplements
turn can promote healthy aging. Additionally some bacteria in the gut
ction) or are absorbed and act in distant tissues (e.g. brain and muscle)
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Gut Microbiota and Aging

The role of the gut microbiota in health and aging
The human microbiome plays a significant role in aging and

health and encompasses a diverse community of microorganisms
composed primarily of bacteria but also includes viruses, fungi,
and archaea. The gut microbiota serve many important functions
to the host, including maintaining intestinal barrier function,
protection against exogenous pathogens, and nutrient and drug
metabolism (e.g. folate, riboflavin, and vitamin B-12 production)
[2]. Beyond the GI tract, microbial metabolites that enter sys-
temic circulation can act as signaling molecules that mediate
host-microbiota communications and exert influence and
modulate host immune, metabolic, and neurologic function in
distant organs. Various interrelated factors influence the
composition and function of the gut microbiota, including host
genetics, age, diet, medication, health status, as well as physical
activity and social/living environment [2]. Age-related dysbiosis
is associated with alterations in the composition, diversity, and
function of the microbiota. In general, there is reduced microbial
diversity, a decrease in dominant commensal taxa and a
replacement of other commensals with pathobionts with aging
[14]. Although diversity and uniqueness of the gut microbiota
are linked to aging, they alone cannot define healthy compared
with unhealthy aging [15]. Instead, considering the proportions
and relative abundance of health-associated and
disease-associated microbial taxa detected in an aging
FIGURE 2. The interplay between age-related dysbiosis, intestinal permea
inflammation. Dysbiosis contributes to increased intestinal permeability
products and endotoxin into circulation that contributes to systemic in
senescence, and inflammaging trigger local inflammatory response that fu
amplifies dysbiosis and age-related dysfunction that contributes to neuroinfl
com/y74r211. mtDNA, mitochondrial DNA; ROS, reactive oxygen species;
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microbiome serve as more accurate predictors of health status
[15]. The causal relationship among dysbiosis, aging, and health
is difficult to untangle in human studies. Direct evidence con-
necting dysbiosis with health outcomes were primarily demon-
strated using fecal microbiota transplant in animal models,
which showed the microbiota plays a causal role in aging, in-
flammatory disease, cardiometabolic disease, cancer, and neu-
rodegeneration [2,16]. In these studies, disease conditions can
be transferred from the host to the recipient solely via replace-
ment of the recipient microbiota. Conversely, fecal transplants
from healthy donors can ameliorate disease conditions in the
recipients. The functional consequence of dysbiosis include
increased intestinal permeability and altered microbial metab-
olite profiles (loss of beneficial metabolites and the gain of
harmful metabolites) that impact both local and systemic
inflammation status, host metabolism, and disease risk [2,16]. At
the same time, other hallmarks of aging including immune aging,
cellular senescence, and mitochondrial dysfunction also have
reciprocal relationship with dysbiosis that collectively amplify
the intestinal inflammatory response as well as systemic chronic
inflammation that contributes to neuroinflammation and
age-related diseases (Figure 2). Although bacteria are the most
studied members of the gut microbiome and is the focus of this
review, there is emerging evidence highlighting the importance
of viruses (gut virome) and fungus (gut mycobiome) in main-
taining a balanced bacteria community, and play a role in health
and longevity [17,18].
bility, and other hallmarks of aging that results in local and systemic
, altered microbial metabolite production, and release of microbial
flammation. At the same time, mitochondrial dysfunction, cellular
rther drives dysbiosis. Systemic chronic inflammation in turn further
ammation and age-related diseases. Created in BioRender. BioRender.
SASP, senescence-associated secretory phenotype.
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Interplay among dysbiosis, aging, and inflammation
In the gut, the intestinal mucosal barrier acts as a semi-

permeable barrier that allows the selective absorption of nutri-
ents and water and protects against pathogens and harmful
substances from the external environment [19]. Under healthy
conditions, the microbiota protects the mucosal barrier directly
by regulating the production and secretion of mucin to maintain
the mucus layer, modulating tight junction protein expression,
and through the production of microbial metabolites that have
downstream targets to maintain gut health (see Key Mechanistic
Targets of Dietary Phytochemicals in the Gut section for details)
[20]. Changes in microbiota composition can alter the penetra-
bility of the mucus layer and intestinal barrier integrity, resulting
in increased intestinal permeability [21]. Aging is associated
with gradual deterioration of the intestinal barrier function,
where age-related dysbiosis and increased intestinal perme-
ability can lead to local mucosal inflammation and the release of
bacterial endotoxin into circulation, which triggers systemic
inflammation [22]. Various hallmarks of aging are closely asso-
ciated with dysbiosis that collectively lead to local and systemic
inflammation (Figure 2). Aging of the immune system, in
particular inflammaging (age-related chronic inflammation) is
associated with increased morbidity and mortality in the elderly
and is a risk factor for developing age-related diseases including
neurodegenerative diseases and autoimmune diseases [23].
Cellular senescence is a major determinant of inflammaging
[24]. Senescent cells of both immune and nonimmune origin
acquire an inflammatory senescence-associated secretory
phenotype that secretes a host of proinflammatory and
immune-modulatory factors that results in systemic inflamma-
tion and tissue damage, including senescence-associated secre-
tory phenotype–driven inflammation that increases intestinal
permeability and drives dysbiosis [25]. The gut microbiota in
turn plays an important role in modulating various aspects of
host immunity, including inflammation [23] and is associated
with the development of immune disorders where dysregulated
inflammatory response plays a role in disease pathogenesis,
including multiple sclerosis, rheumatoid arthritis, and type 1
diabetes [26].

Another hallmark of aging is mitochondrial dysfunction,
where a progressive decline in mitochondrial function with age
is implicated in numerous age-related diseases including
neurodegenerative and cardiovascular disorders, diabetes,
obesity, and cancer [27]. Mitochondrial dysfunction is attributed
to the accumulation of mitochondrial DNA mutations, increased
reactive oxygen species (ROS) production, and mitochondrial
oxidative stress [28]. In the gut, mitochondrial dysfunction re-
sults in intestinal epithelium inflammation and oxygenation,
which results in alteration to the microbial composition and the
induction and amplification of senescence-induced inflammation
[29]. At the same time, the gut microbiota influences mito-
chondrial function and metabolism in intestinal cells, mediated
through bacterial metabolites including SCFAs and secondary
bile acids [30]. Decreased SCFA production (e.g. butyrate) due to
dysbiosis can lead to altered mitochondrial metabolism and in-
crease oxygenation in the gut and encourage expansion of
pathogenic bacteria [31]. Dysbiosis associated with inflamma-
tory bowel disease and colorectal cancer involves both alter-
ations in microbial composition (e.g. depletion of butyrate
producers) and microbial metabolites (bile acids and B vitamins)
4
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and contributes to mitochondrial dysfunction and disease path-
ogenesis [32].

Gut microbiota have also been shown to play an important
role in the communications between the GI tract and the central
nervous system, termed the gut–brain axis, which is also
important for healthy aging. Microbiota have been demonstrated
to affect memory, cognitive behavior, microglia maturation, and
blood–brain barrier (BBB) integrity [33,34]. Alterations in mi-
crobial metabolites can influence the gut–brain axis by modu-
lating BBB permeability, neuroinflammation, and oxidative
stress in the central nervous system [34]. Age-related chronic
inflammation, which is promoted by dysbiosis, extends to neu-
roinflammation in the central nervous system, and chronic un-
resolved neuroinflammation can lead to neurodegeneration and
promote the development of age-related disease [35]. Dysbiosis
is associated with neurodegenerative diseases including Alz-
heimer disease, Parkinson disease, dementia, moderate cognitive
impairment, and amyotrophic lateral sclerosis [36].

In summary, age-related dysbiosis is intimately related to
other hallmarks of aging. Increased intestinal permeability and
cellular senescence leads to local mucosal inflammation and the
release of bacterial endotoxins into the circulation, which trig-
gers systemic inflammation including neuroinflammation.
Chronic inflammation and mitochondrial dysfunction can drive
further alterations in the microbiota, exacerbate gut perme-
ability, and further amplify the inflammatory response. The
importance of microbiota in multiple facets of health, and its
involvement in the development and progression of age-related
diseases, is unequivocal. Strategies to reset and restore the bal-
ance of a healthy microbiota, with the aim of improving gut
health, will have great impacts toward promoting healthy aging,
and thus, there is great interest in using diet and phytochemicals
to promote a healthy microbiota in aging individuals.

Key Mechanistic Targets of Dietary
Phytochemicals in the Gut

There are>100,000 known phytochemicals including but not
limited to polyphenols, carotenoids, isothiocyanates, alkaloids,
phytosterols, and saponins [37,38]. When consumed as part of a
diet, phytochemicals have various degrees of bioavailability,
which depends on their size, lipophilicity, chemical stability and
reactivity, how they are complexed in the matrix of food, and to
what extent they are metabolized by gut microbiota. Many
phytochemicals, particularly polyphenols, are poorly absorbed;
however, this characteristic allows the phytochemicals to reach
the large intestine, where they interact with gut microbiota and
can be metabolized to create new bioactive microbial metabo-
lites [37,39].
Phytochemical effects on inflammation for gut
health

There is a dynamic interplay between the local mucosal im-
mune system and gut microbiota, which balances inhibition of
pathogens, promotion of commensal microbes, and prevention of
overall bacterial overgrowth [1]. Chronic, unresolved inflam-
matory processes in the gut can lead to aging-associated dysre-
gulated functions both locally and systemically [19].
Phytochemicals from food and dietary supplements can play an
ry of Health and Social Security de ClinicalKey.es por Elsevier en marzo 13, 
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important role in modulating inflammatory processes as many
have well-established anti-inflammatory, antioxidant, and
immune-modulatory effects (Figure 3). Many phytochemicals,
particularly polyphenols, are colloquially referred to as antioxi-
dants due to their physiochemical properties. Although some
phytochemicals have free radical–scavenging capabilities in vitro,
it is unlikely that intracellular levels, which rarely reach micro-
molar concentrations, would be able to compete with the two
foremost small-molecule antioxidants, ascorbic acid and gluta-
thione, which are both present in cells at low millimolar con-
centrations. Instead, the consensus regarding the mechanisms
of action for many phytochemicals’ antioxidant and anti-
inflammatory effects in vivo stem from induction of endogenous
immune modulatory and antioxidant defense systems, as well as
indirect effects on gut microbiota composition. In this section, we
discuss the effects of phytochemicals on transcription signaling
pathways involved in inflammatory response and the role of
phytochemicals in modulating the structure and function of the
gut microbiota.

Effects of phytochemicals on nuclear factor κB
In a healthy gut, the mucosal immune system balances

proinflammatory and anti-inflammatory responses, which allows
for defense against pathogens, while preventing an over-
whelming response to harmless food antigens and commensal
microbes. Central to these processes is the transcription factor,
nuclear factor kappa B (NF-κB). NF-κB activation leads to in-
duction of a number of proinflammatory genes and results in
expression of proinflammatory cytokines, including the common
biomarkers of inflammation, tumor necrosis factor alpha (TNF-α)
and IL-6. There is convincing evidence that many age-related
changes to the gut microbiota are initiated by these inflamma-
tory signaling molecules. For example, old TNF knockout mice
FIGURE 3. Phytochemicals’ multifaceted effects on an aging gut enviro
phytochemicals have direct anti-inflammatory effects by targeting cellula
meostasis by modulating microbial composition, improving function of
Phytochemicals can also be metabolized by gut microbiota into more poten
cases are absorbed and enter circulation. Created in BioRender. https://Bi
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do not display the same degree of gut dysbiosis as observed in old
wild-type mice [40]. A variety of stimuli can activate NF-κB (e.g.
inflammatory cytokines, bacterial endotoxins, and ROS), which
involves the enzyme IκB kinase (IKK) phosphorylating the
inhibitory subunit, IκB. This leads to degradation of IκB and
translocation of NF-κB to the nucleus. A chemically diverse range
of phytochemicals are reported to inhibit NF-κB and subsequent
expression of inflammatory genes. Polyphenols broadly exhibit
NF-κB inhibition. A comparison of 36 different polyphenols
found that daidzein, genistein, isorhamnetin, kaempferol, quer-
cetin, naringenin, and pelargonidin reduced nitric oxide pro-
duction, a downstream marker of NF-κB activity at micromolar
concentrations in macrophages exposed to an inflammatory
stimulus [41]. This established a mechanism explaining why
these flavonoid compounds are anti-inflammatory. Similarly,
several phytochemicals are reported to inhibit NF-κB upstream
through inhibition of IKK-α or the IKK-γ subunits, preventing
nuclear translocation of the NF-κB active subunit. Numerous
phytochemicals inhibit NF-κB activation by affecting the abun-
dance or phosphorylation of IκB. For example, capsaicin, a
pungent component of hot chili pepper, was shownwhen applied
in a topical cream to inhibit IκB-α degradation in female mice,
explaining a mechanism by which it achieves its
anti-inflammatory properties and suggesting that capsaicin could
possibly be used for chemoprevention of skin cancer. Gingerol,
one of the primary phytochemicals from ginger root, was also
shown in mice skin cells to phosphorylate the IκBα and p65
subunits, thereby inhibiting NF-κB signaling [42,43].

Toll-like receptors are cell membrane receptors that mediate
the recognition of pathogen-associated molecular patterns.
Activation of toll-like receptors leads to inflammatory cytokine
expression through signaling pathways that ultimately converge
on NF-κB. Several phytochemicals, including epigallocatechin-3-
nment with intestinal permeability and chronic inflammation. Many
r signaling pathways. Phytochemicals can also promote intestinal ho-
the gut microbiota by producing microbial metabolites, like SCFAs.
t compounds, which act directly on the intestinal mucosa and in some
oRender.com/j57f597. SCFA, short-chain fatty acids.
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gallate [44], luteolin [45], and resveratrol [46], inhibit these
pathways, at 0-50 μM concentrations in cultured macrophages,
representing a parallel route to NF-κB inhibition. Taken together,
NF-κB plays an important role in gut health, and because NF-κB is
a key mediator of inflammatory processes, phytochemical inhi-
bition of NF-κB can protect against chronic inflammation.

Effects of phytochemicals on nuclear factor erythroid 2-related
factor 2

Chronic mucosal inflammation results in elevated infiltration
of macrophages, which produce ROS as signaling molecules that
activate NF-κB. With prolonged activation, ROS can cause
extensive oxidative stress and damage to local tissues, contrib-
uting to a weakening gut barrier with age. An endogenous
mechanism to reduce oxidative stress involves a transcription
factor called nuclear factor erythroid 2-related factor 2 (Nrf2),
which regulates detoxification and antioxidant defense systems
through transcription of phase II detoxifying and antioxidant
genes. Nrf2 has pleiotropic roles in controlling inflammation,
metabolism, autophagy, and mitochondrial activity [47]. Under
homeostatic conditions, Nrf2 is bound to the repressor protein
called Kelch-like ECH-associated protein 1 (Keap1), and
degraded by the proteasome, leaving low amounts of Keap1-Nrf2
in the cytosol. During periods of oxidative or electrophilic stress,
Keap1 repression of Nrf2 is diminished, allowing Nrf2 to accu-
mulate, translocate to the nucleus, and bind to antioxidant
response elements in DNA, promoting transcription of a wide
variety of genes. Numerous phytochemicals regulate the Nrf2
signaling pathway, some at considerably low concentrations.
Xanthohumol, a chalcone derived from the hop plant, induces
quinone reductase, an enzyme regulated by Nrf2 in Hepa1c1c7
hepatoma cells at 1–2 μM concentrations [48]. Xanthohumol
modifies cysteine residues of Keap1, preventing Nrf2 ubiquiti-
nation [49]. Sulforaphane, an isothiocyanate from cruciferous
vegetables such as broccoli, has been shown in vitro, in animal
models, and in clinical trials (using broccoli sprouts) to induce
phase II detoxification enzymes through activation of the Nrf2
pathway [50]. Evidence suggests that Nrf2 and NF-κB pathways
bidirectionally interfere with one another at the transcriptional
level [51]. Thus, phytochemical-driven inhibition of NF-κB likely
adds to increase Nrf2 induction [51]. Collectively, phytochem-
ical induction of Nrf2 protects the gut barrier and works in sync
with NF-κB inhibition to promote gut health.

Phytochemicals as prebiotics and modulators of gut
microbial communities

More recently, the focus of phytochemical research turned to
interaction with the gut microbiota as a mechanistic target for
their bioactivity. Previously, the primary mechanisms of action
were focused on cellular receptors involved in antioxidant and
inflammatory pathways alone. It was the observation that many
orally administered phytochemicals appear in circulation at
pharmacologically low concentrations, as glucuronide conju-
gates, or are poorly correlated to changes in relevant biological
end points [52]. With increasing awareness toward the rela-
tionship between the gut microbiota and health, many re-
searchers shifted the focus of phytochemical research toward
metabolism of phytochemicals, interactions with the gut micro-
biota, and bioactivity of metabolites. Furthermore, many phy-
tochemicals interact with gut microbiota bidirectionally,
6
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whereby they not only are metabolized by microbes but also
modulate microbial composition. These observations have raised
the question as to whether the primary mechanism for many
phytochemicals’ health-promoting effects is through enhancing
abundance of beneficial taxa and inhibiting potentially patho-
genic taxa.

Prebiotics were narrowly defined as nondigestible carbohy-
drates. However, the definition has been expanded to include
noncarbohydrate substances, such as certain phytochemicals,
utilized by microorganisms, which confer a health benefit [53].
Polyphenols have garnered much attention for their dynamic
influence on microbes, promoting beneficial taxa and inhibiting
pathogenic ones, which has been shown to correlate with
healthy aging [15]. In models of intestinal inflammation, one of
the most consistent reports is that polyphenols increase
alpha-diversity, which is commonly lost with aging [16]. For
example, tangeretin, a polyphenol extracted from citrus peel,
supplemented in the diet increased alpha diversity measures in
mice with chemically induced intestinal inflammation [54]. In
this model, tangeretin treatment reduced the severity of colitis,
increased colon length, attenuated colon tissue damage,
improved intestinal barrier function, and decreased the
expression of colonic inflammatory cytokines. Microbial taxa
that are overwhelmingly seen as beneficial, such as
SCFA-producing clades like lactobacilli and bifidobacteria, seem
to benefit from phytochemical supplementation as well. In the
same study, tangeretin increased Lachnospiraceae, which pro-
duce SCFAs through the fermentation of soluble dietary fiber.
SCFAs increased significantly in the treated group as well, likely
contributing to its protective effect. Another example of how
phytochemicals effect the gut microbiota was found in a study
using a colorectal cancer mouse model that showed anthocya-
nins from black raspberry rescued inflammatory-driven changes
to the gut microbiota, increasing Eubacterium rectale, Faecali-
bacterium prausnitzii, and Lactobacillus sp., and caused changes
in gene expression consistent with colon cancer chemopreven-
tion [55]. The changes in gut microbiota observed are func-
tionally important because F prausnitzi produce the important
SCFA, butyrate, which inhibits intestinal inflammation through
the NF-κB cellular signaling pathway [55].

Phytochemicals in concert with probiotics may provide added
benefit as a synbiotic. A synbiotic refers to a combination of
probiotics and prebiotics, which are designed to work synergis-
tically to promote health. In some cases, the probiotics may even
use the prebiotics, enhancing their survival and activity in the
gut. There is burgeoning evidence that synbiotics improve
several age-related health conditions. For example, elderly pa-
tients receiving a synbiotic for two months experienced statisti-
cally significant improvements in waist circumference, fasting
plasma insulin, total cholesterol, high-density lipoprotein
cholesterol, low-density lipoprotein cholesterol, high-sensitivity
C-reactive protein, and TNF-α levels, both compared with base-
line and the control group [56].

Phytochemicals may exert antibacterial, antifungal, and
antiviral properties through interacting with microbial proteins,
disrupting DNA synthesis and replication, interfering with bac-
terial cell walls, disrupting biofilms or quorum sensing, and
inhibiting energy metabolism. Importantly, multiple lines of
evidence suggest that phytochemicals exert antimicrobial activ-
ity selectively, inhibiting pathogenic microbes or behaviors to a
ry of Health and Social Security de ClinicalKey.es por Elsevier en marzo 13, 
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greater extent than the commensal majority [57]. Some mech-
anisms of phytochemical inhibition of bacteria specifically target
gram-negative bacteria by binding lipopolysaccharide (LPS,
endotoxin) in their cell walls. LPS triggers immune responses,
particularly when cells are lysed. Age-associated changes to the
gut microbiota have shown increases in gram-negative bacteria
and LPS secretion [58]. Highly polymerized proanthocyanidins
bind LPS in the outer membrane of gram-negative bacteria and
prevent interactions with mammalian TLR4, inhibiting proin-
flammatory pathways through NF-κB [59]. Many phytochemi-
cals inhibit microbial growth by chelating and depriving
microbes of essential micronutrients, such as iron and zinc,
which can disproportionately inhibit potentially pathogenic
bacteria. For example, Escherichia coli is inhibited in vitro in the
presence of tannic acid, but its growth is restored by the addition
of iron [60]. Beneficial bacteria, such as bifidobacteria and lac-
tobacilli do not require iron for growth, contributing to resis-
tance against the antimicrobial actions of these phytochemicals.
Antivirulence activity of phytochemicals disrupts pathogenic
behavior of microbes, thereby reducing damage to the host and
impairing the ability of the organism to initiate disease pro-
cesses. For example, several terpenoids, such as thymol from
thyme (Thymus vulgaris), carvacrol from oregano (Origanum
vulgare), and hinokitol from cypress (Cupressaceae), are found to
strongly inhibit resistant strains of Candida albicans by disrupting
biofilm formation.

Influence of phytochemicals on microbiota
composition that effects the generation of SCFAs,
secondary bile acids, and indoles

In addition to host metabolism and immune processes, the gut
microbial community carry out a variety of metabolic activities
that influence the local intestinal tissues, as well as distal organs
through the production of metabolites that are absorbed and
distributed through circulation (Figure 3). Microbial metabolites
have far-reaching consequences on health and healthspan. In this
section, we discuss SCFAs, secondary bile acids, and tryptophan
metabolites, all impacting mechanisms that promote healthspan.
The generation of these microbial metabolites can be modulated
by phytochemicals effect on gut microbiota composition.

Short-chain fatty acids
SCFAs are a common example of bacterial metabolites, orig-

inating from indigestible dietary fiber, which play a central role
to the host physiology. Enterocytes use SCFAs as energy sub-
strates, particularly in the colon, and transport excess SCFAs into
circulation where they are used by other tissues. As previously
mentioned, SCFAs have been shown to be beneficial to intestinal
homeostasis, metabolism, and brain function [61]. They are also
known to bolster immune response and host defense against
pathogens. Butyrate, a SCFA produced by the fewest number of
bacteria within the phyla Firmicutes, differentiates macrophages
that displays enhance antimicrobial activity and antimicrobial
peptide production without increasing an inflammatory cytokine
response [62]. Amounts of microbial SCFA production decreases
with age [63], and the proportions of butyrate-producing Fir-
micutes are reported to be significantly lower in older in-
dividuals than those in young adults [64]. Furthermore, SCFAs,
specifically propionate and butyrate, affect epigenetic hallmarks
of aging through inhibition of histone deacetylases [65]. Gut
7
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microbial dysbiosis and decreased production of SCFAs are
associated with the pathogenesis of GI diseases, including in-
flammatory bowel disease and colorectal cancer [32].

Phytochemicals likely contribute directly and indirectly to
SCFA production. Many phytochemicals occur as glycosides in
nature, bound to one or more sugar moieties. Bacteria can hy-
drolyze the glycone and further metabolize it into SCFAs. How-
ever, the contribution of phytochemicals directly to SCFA
production is likely insignificant compared to the millimolar
concentrations produced in the proximal colon from dietary
soluble fiber [66]. Rather, phytochemicals may elicit a greater
response in SCFA production by encouraging SCFA-producing
microbes, such as lactobacilli and bifidobacteria, increasing the
capacity of the gut microbiota to generate SCFAs from dietary
sources. Phytochemicals are frequently reported to help rescue
the loss in SCFA production that results from chemically induced
colitis in animal models. Rats given a polyphenol-rich beverage
derived frommango for 3 wk had greater butyric and valeric acid
concentrations after a dextran sodium sulfate (DSS) challenge
compared with control, showing that concentrations of poly-
phenols achievable in diet can affect SCFA production in this
model [67]. Further analysis revealed the beverage was rich in
monogalloyl glucoside, gallic acid, p-hydroxybenzoic acid
glycoside, coumaric acid glycoside, and dihydrophaseic acid
glucoside. The increase was concomitant with increases in
SCFA-producing lactobacilli, as well as butyrate-producing
Clostridium butyricum. In a similar study, tangeretin helped
mice recover from chemically induced colitis, which corre-
sponded to greater acetic, butyric, and valeric acid production as
compared to controls [54]. The gut microbiome of the tangeretin
group had increased Lachnospiraceae and Lactobacillaceae
abundance, as well as improved tight junction protein expression
and reduced inflammatory cytokines. Galangin is a natural
flavonoid found in honey and, when administered to mice before
DSS-induced colitis, alleviated the pathologic changes to the
colon, as well as SCFA amounts, including acetic, propionic, and
butyric acid. Similarly, Lactobacillus and Butyricimonas species
abundances were rescued, thought to be linked to galangin’s
protective effect [68].
Bile acids
Bile acids are endogenous metabolites derived from choles-

terol generated in the liver, which facilitate the digestion of
lipids. A small proportion of bile acids escape absorption and
reach the large intestine where they are modified by microbiota,
producing secondary bile acids. The role of bile acids in aging
physiology was first observed in a mouse model where increased
bile acid concentrations upregulated xenobiotic detoxification
genes through farnesoid-X receptor (Fxr), increased resistance to
a number of xenobiotics, and increased lifespan by 20% [69].
The capability of the gut microbiota to produce certain second-
ary bile acids may contribute to the longevity in humans since
the gut microbiota of centenarians are enriched in microor-
ganism capable of generating unique isoforms of the secondary
bile acid, lithocholic acid (LCA) [4].

Phytochemicals can modulate the bile acid pool, through
remodeling of the gut microbiota, exemplified in animal models
of intestinal inflammation. Dihydromyricetin, a flavonoid from
the fruit of the Japanese raisin tree (Hovenia dulcis), restored LCA
and chenodeoxycholic acid concentrations in mice, which were
ry of Health and Social Security de ClinicalKey.es por Elsevier en marzo 13, 
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significantly reduced in chemical-induced colitis [70]. LCA and
chenodeoxycholic acid are agonists from the bile acid receptors,
Takeda G protein-coupled receptor 5 (Tgr5) and Fxr, respectively,
which both play a role in mediating intestinal inflammation
[71–73]. In a similar experiment in rats, dihydromyricetin
significantly upregulated Tgr5 and Fxr expression. However,
antibiotic treatment disrupted the induction of these receptors,
demonstrating that the effect on the gut microbiota was critical to
dihydromyricetin’s effect on receptor expression. A similar study
demonstrated that phloretin, a polyphenol found in apples,
normalized total bile acids and secondary bile acids, LCA and
deoxycholic acid, in chemically induced colitis in mice [74].
Along with amelioration of intestinal inflammation, phloretin
increased mRNA expression of intestinal Tgr5, likely through
secondary bile acid signaling. Berberine, an alkaloid found in
many plants in the species Berberis, protected chemically induced
dysbiosis to gut microbiota in mice. These changes resulted in
normalization of the bile acid pool composition, including in-
creases in secondary bile acids similar to controls [75]. Berberine
promoted expression of Tgr5 and Fxr in the colon. Conversely,
berberine failed to induce expression of Tgr5 and Fxr in the colon
tissue of gut microbiota-depleted mice, again, suggesting modu-
lation of the gut microbiota are necessary in mediating its effects.

Tryptophan-derived and dietary indoles
Tryptophan is an essential amino acid and a biosynthetic

precursor to a large number of microbial and host metabolites.
Tryptophan biotransformation follows three primary pathways
in the GI tract, one of which is carried out by gut microbiota to
produce indole and indole derivatives [76]. Tryptophan meta-
bolism by gut microbiota play a key role in maintaining intesti-
nal homeostasis and preventing inflammaging. For example,
indole-3-carbinol suppresses proinflammatory cytokines and
increased anti-inflammatory IL-10 levels from dendritic cells
after LPS activation [76]. Indoleacetic acid and
indole-3-propionic acid are known to affect intestinal perme-
ability and host immunity [77]. The fecal metabolome is
reportedly enriched in microbial tryptophan metabolites in
centenarians compared to younger individuals [14]. At the same
time, fecal indole metabolites are reported to be dramatically
reduced with age [78]. Animal models suggest phytochemicals
can be used to improve the tryptophan metabolism pathways of
gut microbiota. A polyphenol-rich extract from turmeric recov-
ered inflammatory markers in mice after a DSS challenge [79].
The recovery coincided with significant reduction in tryptophan
and elevated tryptophan metabolites, indole-3-acetic acid and
indole-3-propionic acid, which correlated with increased Lacto-
bacilli sp. abundances, a known tryptophan-metabolizing taxon.
Consistently, the turmeric extract treatment restored the aryl
hydrocarbon receptor (AhR) and IL-22 concentrations in colon
tissue, as well as tight junction proteins (occludin, ZO-1, and
claudin-1). The AhR plays a central role in immune homeostasis,
epithelial barrier integrity, and xenobiotic metabolism.
Indol-3-carbinol, a metabolite of glucobrassicin in cruciferous
vegetables, significantly reduced intestinal inflammation and the
loss of tight junction proteins in DSS-challenged mice. Moreover,
TH17 cells reduced significantly, although Treg cells increased
significantly compared with DSS-only treatment. These
improvement in immune system regulation and barrier function
were not observed in Ahr�/� mice, suggesting Ahr is critical to
8

Descargado para Daniela Zúñiga Agüero (danyzuag@gmail.com) en National Libra
2025. Para uso personal exclusivamente. No se permiten otros usos sin autor
indol-3-carbinol improving the colitis phenotype [80]. Indoles
can be directly obtained in the diet by consuming brassica veg-
etables, such as broccoli, cabbage, and cauliflower. Thus, these
dietary phytochemicals may contribute directly to some of the
cellular mechanisms listed previously, such as AhR agonism, as
well as through modulation of gut microbiota. Indoles from diet
have also been shown to promote healthy aging by inhibiting the
progression of tumor growth and metastasis [81].

Collectively, phytochemicals—abundant in dietary fruits,
vegetables, whole grains, spices, and certain drinks—play a
pivotal role in fostering gut health, promoting healthy aging, and
enhancing healthspan. These bioactive compounds exhibit
multifaceted effects, notably reducing inflammation and oxida-
tive stress through direct cellular signaling pathways. This may be
especially important in mitigating inflammaging, as well as age-
related diseases. Moreover, phytochemicals act as modulators of
gut microbiota, promoting the growth of beneficial bacteria
although suppressing harmful ones, thus maintaining a balance
crucial for GI health. Phytochemicals also in turn influence the
metabolic milieu produced by these bacteria, which serve as
signaling molecules for a resilient gut environment, namely
through enhancing barrier function, regulating immune function,
and further modulating microbial composition. These character-
istics, which may be afforded through a phytochemical-rich,
healthy diet, ultimately provide resilience against environment
and lifestyle factors that contribute to age-related diseases.
Microbial Metabolites Produced From Dietary
Phytochemicals and Their Health Benefits

In this section,we discussmicrobialmetabolites produced from
bacterial metabolism of dietary phytochemicals and focus on how
they can promote gut health and healthy aging.Microorganisms in
the gut collectively house a large and flexible metabolism, capable
of enzymatic conversion of numerous phytochemicals. Thus, the
composition of the gut microbiota impacts the metabolism and
pharmacokinetics of dietary phytochemicals. Some
phytochemical-derived microbial metabolites that are of partic-
ular interest in the field of aging include urolithins, equol, hes-
peretin, and SFN although other microbial metabolites of interest
are also explored (Table 1) [82–123]. We summarize the food
sources, parent phytochemicals, and bacteria that are known to
make these metabolites. Importantly, an individual’s capacity to
produce these microbial metabolites after consuming foods (like
strawberries, walnuts, citrus fruits, cruciferous vegetables, and soy
products) will be dependent on the specific bacteria present in the
individual’s gut microbiota. More specifically, the presence of a
specific metabolic pathway among the microbiota that make up
the microbiome, will determine whether the health-promoting
microbial metabolite is made [124]. An individual’s microbiota
could be a significant driver of interindividual variation in
bioactive metabolite generation and response to foods and their
phytochemicals. This variation in metabolite production is
described in the literature as people having differentmetabotypes,
or as responder and nonresponders populations [125]. The pro-
duction of microbial metabolites is also interconnected to factors
affecting gut health, like intestinal permeability and aging
(described in Introduction: Interconnections Between Diet, Gut
Microbiota, and Aging and Gut Microbiota and Aging sections).
ry of Health and Social Security de ClinicalKey.es por Elsevier en marzo 13, 
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TABLE 1
Microbial metabolites with health-promoting properties.

Microbial metabolite Phytochemical Plant source Method1 Health effect, dose2

Baicalein Baicalin Scutellaria baicalensis
Georgi3

Scutellaria lateriflora

I, A Colorectal cancer chemoprevention, 0–40 μM [82]
A Protects from neuroinflammation, 100 mg/kg [83]
A Decrease risk of sarcopenia, 1–10 mg/kg [84]
I Promotes dental health, 200 μM [85]
I, A Neuroprotective, 3.5 μM [86]
H Clinical trials primarily establishing safety and

pharmacokinetics, 100–800 mg [87]
Capsiate Capsaicin Peppers I Anti-inflammatory, 0.01 g/100 g diet [88]

I, A, H Improved glucose regulation, 100 μM [89]
I, A, H Reduced joint degeneration and osteoarthritis,

10 mg/kg [90]
H Improved bone mineral density, 9 mg/d [91]
H Variable effects on strength and fat storage, 12 mg [92]
H Decrease risk of sarcopenia, FFQ [93]

Tetra-hydrocurcumin Curcumin Turmeric A Protection against diabetes, 100–200 mg/kg [94]
A Colon cancer chemoprevention, 8–162 mg/kg [95]
A Antioxidative and anti-inflammatory, 40 mg/kg [96]
A Neuroprotective, 60–80 mg/kg [97]
I, A Cardioprotective, 50 mg/kg [98]
H Clinical trial on skin repigmentation, topical cream [99]

Protocatechuic acid Anthocyanin Fruits (blackberries)
Vegetables (red cabbage)
Legume (black beans)
Drinks (wine)

A Protects the liver, 0.025% or 0.1% [100]
A Protects against ulcerative colitis, 5–20 mg/kg [101]
I, A Cardioprotective, 250 mg/kg [102]
A Cancer chemoprevention, 500 ppm [103]
I, H Protects skin from aging, lotion with 0.02% [104]

Enterodiol and
enterolactone

Lignans (e.g. matairesinol,
secoisolariciresinol,
and glycosides)

Flaxseed
Nuts
Legumes
Whole-grain products

I Cancer chemoprevention, 1–5 μM [105]
I Immune modulatory, 0–1000 μM [106]
H Decreased cognition, FFQ [107]
H Improved glycemic control, 360 mg [108]
H Safety and pharmacokinetics, 25–172 mg [109]

Hydroxytyrosol Oleuropein Olive skin, flesh,
seed and leaves

H Cardioprotective, 2.5 mg [110]
A Neuroprotective, 50 mg/kg [111]
I Cancer chemoprevention, 0–200 μM [112]
I, A May decrease inflammaging, 0–80 μM [113]
H Decreased pain associated with joint damage,

22% [114]
Naringenin Naringin Citrus fruits

Rosemary
Oregano

I Cancer chemoprevention, 500 nmol/mL [115]
A Protects against osteoporosis, 100 mg/kg [116]
H Cardioprotection, 200 mg [117]
A Protective inflammatory bowel disease, 25 mg/kg [118]
A Renal protective effects, 50–100 mg/kg [119]
H Protects against hepatic steatosis, 200 mg [120]
H Being tested for effect cognitive decline, 3 mg [121]

Prenylnaringenin
Dihydroxanthohumol

Xanthohumol
Xanthohumol

Hops
Hops

I Estrogenic activity, 4 nM [122]
A Antihyperglycemic activity, 0–60 mg/kg [123]

1 Letters indicate the methodologies that were used in conducting research: A, animal model; I, in vitro; H, humans.
2 Dose is a dose used in the cited reference as an example of work done in this area, milligrams per kilogram doses given daily or before injury, FFQ

indicates the data were collected from a cross-sectional study of dietary intake.
3 Plant used in traditional Chinese medicine.
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Other factors that can influence the production of microbial me-
tabolites include the presence of a disease, use of drugs (like an-
tibiotics), genetics, and environmental factors.

Urolithins from ellagitannins and ellagic acid
Urolithins are compounds produced when the human gut

microbiota metabolizes ellagitannins and ellagic acid, present in
foods like pomegranates, strawberries, and walnuts [126]. The
microbial metabolites of ellagic acid, urolithins, are thought to
drive its health-promoting effects. Urolithins are known for their
antioxidant and anti-inflammatory properties and are produced
via a series of biochemical reactions. Ellagitannins undergo hy-
drolysis in the stomach and intestines to form ellagic acid, which
9
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is further metabolized in the colon by specific bacteria into
bioavailable urolithins. Bacteria that can produce urolithins
include Gordonibacter urolithinfaciens, Gordonibacter pamelaeae,
Bifidobacterium pseudocatenulatum INIA P815, Lactococcus gar-
vieae FUA009, Enterococcus faecium, and Streptococcus thermo-
philus FUA329 [127–129]. Three different urolithin metabotypes
(UM) have been identified according to their ability to generate
urolithins, UM-A, UM-B and UM-0. Individuals in the UM-0
category do not produce urolithins, highlighting the crucial
role of gut microbiota composition in processing ellagitannins
and generating compounds that may offer health benefits [127,
129]. Individuals with a UM-A metabotype produce urolithin
(Uro)-A, although those in UM-B category produce Uro-B and a
ry of Health and Social Security de ClinicalKey.es por Elsevier en marzo 13, 
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metabolite called isourolithin-A, and sometimes produce Uro-A
[128]. Supplementation may provide a viable means to harness
urolithin’s health benefits for those unable to naturally produce
it [130].

The microbial metabolite Uro-A has the highest level of bio-
logical activity among all urolithins and is of great scientific in-
terest in the field of aging [125,128]. Uro-A has significant
anti-inflammatory and antioxidative effects. Uro-A has also
been shown to act by altering signaling in multiple pathways
(AKT/mTORr, TLR3, NF-κB/STAT1, ERK/MAPK, and Nrf2) and
reduce the expression of proinflammatory microRNAs and cy-
tokines, minimize oxidative stress by lowering ROS and super-
oxide concentrations, and protect against DNA damage,
sometimes at relatively low doses (eg, 1 μM) [131]. Uro-A, can
promote healthy skeletal muscles during age-associated muscle
decline, improve cardiac and skeletal muscle function in human
models of heart failure (when given at concentrations achievable
in a clinic), and may reduce the effect of mitochondrial
dysfunction that occurs with cardiac aging and disease [132].
Preclinical studies have also demonstrated that Uro-A signifi-
cantly enhances recovery from diminished physical and cogni-
tive functions associated with age, along with mitigating muscle
wasting and brain damage. These effects are accompanied by a
reduction in aging-related molecules like advanced glycation
end-products and a decrease in neuronal apoptosis, suggesting a
protective benefit against brain damage [133]. A study in pa-
tients with Parkinson disease found those with a diverse micro-
biome (capable of producing urolithins) exhibit a less severe
disease stage [134]. Other studies suggest Uro-B may promote
learning and memory. Together these works underscore a po-
tential microbial-mediated therapeutic avenue for neurodegen-
erative disease treatment [135]. Concurrent treatments with
Uro-A and metformin, in a type 2 diabetes mellitus model,
significantly reduced fasting blood glucose concentrations and
enhanced cognitive abilities, and downregulating inflammatory
markers [136]. In conditions of osteoarthritis, Uro-A adminis-
tration in aging mice protected against systemic bone loss and
improved bone mineral density [137]. Uro-A and Uro-B treat-
ments also alleviated some negative effects of a high-fat diet,
protecting against weight gain, dyslipidemia, and dysbiosis, with
Uro-A being more effective [138]. In summary, there is a diverse
set of literature that suggests Uro-A, and also Uro-B, may be
beneficial to promote healthy aging but, more research in this
field is needed as the cytotoxic effects of urolithins across
different cell lines present a controversial and complex picture.

Urolithins have also been associated with potential health
benefits for the gut like maintaining intestinal mucosa integrity
[139]. Potential also exists for urolithins in treating inflammatory
bowel diseases, as a study in a colitis model showed treatment
with Uro-A and its synthetic analog UAS03 had therapeutic and
preventative efficacy through the activation of AhR and Nrf2
pathways [140]. In colonic cells Uro-A and Uro-B have also been
shown to inhibit prostaglandin E2 production, whereas ellagic
acid had no effect. It is also worth noting that consumption of
foods containing ellagic acid, like walnuts, changed microbial
community structure and bacterial richness in participants [141].
Equol from daidzein
S-equol (referred to as equol in this paper) is a phytoestrogen

and isoflavone formed by intestinal bacteria from daidzein, or its
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glucoside daidzin, following the consumption of soybeans or
other legumes [142]. Based on clinical trials, only 20%–70% of
human participants produce equol from soy products or daid-
zein, as its production relies on the gut microbiota [142,143].
Many equol-producing microbes belong to the family Cor-
iobacteriaceae (including species such as Adlercreutzia equolifa-
ciens, Slackia isoflavoniconvertens, and Slackia equolifaciens), but
many species from other families have also been discovered like
Bifidobacterium breve, Streptococcus intermedius, Bacteroides ova-
tus, and Ruminococcus productus [142,144]. To date, equol pro-
duction has been shown to be influenced by genetics, lifestyle,
gender, and dietary habits [145,146]. Age-related diseases
like stroke can also affect the capacity to produce equol by
decreasing the abundance of bacteria that can metabolize daid-
zein. Supplements are an alternative source for equol, especially
in individuals who do not eat soy or who do not produce
equol [147].

Research spanning over 40 years in cell culture, animal
models, and human studies has established that soy isoflavones,
and equol, promote healthy aging, although some controversy
still exists [142,145,146,148]. Several clinical trials, demon-
strated that the equol-producing status of an individual was
critical for participants to obtain the benefits associated with soy
isoflavones [149]. Equol supplements have been shown, mostly
in the context of clinical trials focused on menopause, to improve
hot flashes, skin health, vaginal health, metabolic health, and
protect from bone mineral loss [147]. Equol has great affinity for
estrogen receptors, antiandrogenic activity, and antioxidant
properties [142,145,146,148]. Isoflavones, including equol, also
affect signaling pathways like NF-κB and promote cardiovascular
and skin health [150]. Isoflavones, and in particular equol, have
vasodilatory properties, and equol was shown to improve arterial
stiffness and atherosclerosis [151]. The potential antidiabetic
and neuroprotective effects of isoflavones, including their role in
reducing cognitive decline and dementia were also examined
[152]. Equol may also promote bone mineral density in women
through mechanisms involving the estrogen receptor or other
pathways [148]. Consumption of soy foods and their isoflavones
have also been inversely associated with the development of
cancers including breast and prostate cancers [148,153]. A
cancer clinical trial showed that S-equol supplements were
well-tolerated and decreased cell proliferation in patients with
triple-negative breast cancer [154]. There is a need to expand
this work and additionally test whether equol supplementation
can help reduce cancer incidence.
Sulforaphane from glucoraphanin
Sulforaphane (SFN) is an isothiocyanate, a bioactive sulfur-

containing compound made from glucoraphanin found in crucif-
erous vegetables like broccoli. Glucoraphanin is metabolized by
gut bacteria (e.g. Bacteroides thetaiotaomicron), which cleaves
glucose to produce SFN [155]. Other factors like presence of
myrosinase and epithiospecifier protein enzymes, cooking condi-
tions, and pH of the environment play important roles in SFN
production and absorption [50,156]. Glucoraphanin can also be
converted to SFN-nitrile by bacteria including Lactococcus lactis
KF147 and Lactobacillus plantarum KW30 [155]. This is significant
because SFN-nitrile is biologically inert and its production may
decrease the efficacy of cruciferous vegetable consumption [157].
These data highlight that the composition of an individual’s
ry of Health and Social Security de ClinicalKey.es por Elsevier en marzo 13, 
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microbiota may directly affect the bioavailability of SFN, particu-
larly when cruciferous vegetables are cooked, and likely contrib-
utes to high concentrations of interindividual variation in
isothiocyanate concentrations observed in clinical trials [158].

SFN has been shown in Caenorhabditis elegans and Drosophila
models to promote longevity and healthspan [159,160]. SFN is
best known for promoting healthspan through its cancer che-
mopreventive properties [50]. For example, in multiple cancer
models, SFN treatment has been shown to block cancer initiation
by modulating the Nrf2 pathway and increasing the clearance of
carcinogens at concentrations that are achievable by eating
broccoli sprouts [161]. After cancer initiation, SFN can inhibit
tumor growth, beneficially alter expression of epigenetic en-
zymes, induce apoptosis, and inhibit metastasis [162,163]. SFN
treatment, in rodent models, was associated with healthier aging
by slowing the progression of neurodegenerative diseases,
reduced serum triglycerides and total cholesterol, alleviated
nonalcoholic fatty liver disease, protected against cardiovascular
dysfunction, and improved neurologic outcomes after ischemic
stroke [164,165]. Clinical trials, which often use broccoli sprouts
as a concentrated source of SFN, found significantly lowered LDL
cholesterol concentrations, and among type 2 diabetics, broccoli
sprouts improved markers of oxidative stress and insulin resis-
tance [166]. SFN intake has also been linked to improved
cognitive functions, like processing speed and working memory
in older adults, and reduced depressive symptoms in cardiac
patients [167]. SFN may also be beneficial for those with con-
ditions involving inflammation, such as people with seasonal
allergies and asthma, and may protect against muscle injury and
Helicobacter pylori infection [168]. Although there are likely
multiple mechanisms by which SFN contributes to these positive
outcomes, the common mechanisms identified include reduced
inflammation, induction of the Nrf2 pathway, and beneficial
changes in cell signaling cascades [169].

Recent work also suggest that SFN may promote healthy
aging by positively influencing the gut microbiota. Two months
of SFN treatment (supplemented in diet at 442.5 mg/kg) restored
the gut microbe in old mice to mimic that found in young ani-
mals [170]. In addition, in rodent models, SFN supplementation,
or consumption of broccoli sprouts, protected the gut from the
development of ulcerative colitis and Crohn disease and was
associated with improved NF-κB and Nrf2 signaling, improved
gut barrier integrity, and decreased inflammation [171]. SFN
treatment also reversed or improved gut dysbiosis triggered
through chemical agents known to cause ulcerative colitis or
bladder cancer [172]. Taken together, these data show that SFN
can protect gut integrity but more work is needed to test this in a
clinical setting and with SFN rich foods. It is also worth noting
that consumption of cruciferous vegetables at concentrations
achievable in diet, or SFN treatment, can shift the gut micro-
biota, including changes in the Firmicutes/Bacteroidetes ratio or
increasing Bacteroides fragilis abundance [173].
Hesperetin from hesperidin
Hesperetin is a bioactive flavonoid made by intestinal bacte-

ria following consumption of hesperidin, a polyphenol abundant
in foods like sweet oranges, lemons, and orange juice [174].
Hesperidin reaches the colon without being absorbed earlier in
the digestive tract due to its resistance to stomach and intestinal
enzymes [175]. In the colon, specific microbiota convert
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hesperidin into hesperetin through enzymatic action, primarily
involving bifidobacteria (e.g. Bifidobacterium catenulatum, B
pseudocatenulatum, B pseudocatenulatum WC0403, and B breve
WC0422) [176]. Hesperetin is absorbed into the bloodstream, is
further metabolized (forms metabolites like
hesperetin-7-O-glucuronide and hesperetin-3-sulfate), and
crosses the BBB [177]. Bioavailability of hesperidin and hes-
peretin from foods and supplements is variable across clinical
studies, but overall, these compounds are thought to have low
bioavailability. Clinical trials are investigating optimal delivery
methods and strategies to enhance their bioavailability include
improving solubility and permeability [177].

Hesperetin has been associated with potential health benefits
for the gut, including improving barrier functions and reducing
inflammation, in both animal and in vitro studies. The composi-
tion of the gut microbiota has also been shown to be affected by
treatment with hesperetin, hesperidin, hesperetin-7-O-glucoside,
and dietary sources of these compounds [178]. In addition,
these compounds can inhibit the growth of pathogenic microbes,
reduce inflammation, stimulate SCFA production, and increase
beneficial commensal bacteria (like Lactobacillus and Bifidobacte-
rium species) [179]. In a recent study, increased SCFA production
and an improvement in a biomarker of intestinal inflammation
was found in persons with metabolic syndrome following 12 wk
of supplementation with a citrus extract that was >80% hesperi-
din [180].

In animal studies, hesperetin treatment extended lifespan and
mitigated symptoms of neurodegenerative diseases [181]. Hes-
peretin prolonged healthspan by decreasing the accumulation of
age-related body fat, improving glucose homeostasis, and
decreasing muscle aging. The mechanisms by which hesperetin
protects from aging phenotypes include the increased expression
of the prolongevity gene CISD2, modulation of Nrf2 and NF-κB,
reduction in oxidative stress and inflammation, and prevention of
protein aggregate formation associated with Alzheimer disease
[182–184].Hesperetin, hesperidin, and/or citrus flavones can also
protect against senescence, promote skin rejuvenation, and protect
against age-associated bone loss [175,185,186]. Consumption of
citrus flavones is also associated with decreased risk of developing
cancer and cardiovascular diseases, suggesting that metabolites
derived from citrus, like hesperetin, could increase healthspan by
preventing these conditions. Clinical evidence shows that hesper-
etin, hesperidin, and citrus juices enhance endothelial function,
peripheral vasodilation, stimulate nitric oxide production, and
reduce inflammation. Additionally, a 12-wk regimen of hesperidin
supplementation has been found to lower triglyceride amounts,
fasting glucose, blood pressure, and inflammation markers in in-
dividuals with metabolic syndrome or nonalcoholic fatty liver
disease [187]. A clinical study on the antiaging effects of hesper-
etin on skin reported improvedhydration and elasticity after 12wk
of topical application of a skincare product containing hesperetin
and sodium cyclic lysophosphatidic acid [188]. Further clinical
trials are necessary to determine broadly how well hesperetin
promotes healthy aging, although existing studies indicate it may
benefit cardiovascular health [189].

Additional microbial metabolites from
phytochemicals that may promote healthy aging

There is a growing number of known microbial metabolites
made from phytochemicals, which promote healthy aging. This
ry of Health and Social Security de ClinicalKey.es por Elsevier en marzo 13, 
ización. Copyright ©2025. Elsevier Inc. Todos los derechos reservados.
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list includes naringenin, baicalein, capsiate, tetrahydrocurcumin,
protocatechuic, hydroxytyrosol, enterodiol, and enterolactone.
Although less is known about these metabolites than Uro-A, in
vitro studies, animal studies, and a few clinical trials show that
they have a wide array of potential benefits including properties
that support cancer chemoprevention, cardioprotection, neuro-
protection, improved skin health, and improved bone mineral
density (Table 1). Many of these studies were completed with the
microbial metabolite delivered in a purified form, so more work
will be needed to establish if these benefits can be achieved by
consuming foods. It is important to note that these metabolites
may not be uniformly beneficial, as seen with enterodiol which
has promising cancer chemoprevention potential, but has also
been associated with a decrease in cognition among older women
[190]. Although we have focused on the metabolites that may be
beneficial in the context of preventing aging, microbial metabo-
lites that promote aging also exist. The microbial metabolites
described in Table 1 come from a diverse variety of plant-based
foods, including some found in the Mediterranean diet and a
root used in traditional Chinese medicine. This list also highlights
that an individual’s culture and food choices will play a strong
role in determining which of these metabolites individuals may
encounter and be able to produce.

There are a growing number of gnotobiotic and fecal trans-
plant studies that establish the requirement of microbiota and
microbial metabolism in the health-promoting effects of phyto-
chemicals. New technologies including metabolomics and
improved in vitro modeling of the GI tract (e.g. the SHIME
(Simulator of Human Intestinal Microbial Ecosystem) model) are
likely to lead to many new discoveries of microbial metabolites
produced from phytochemicals that may promote healthy aging
[191]. To facilitate these discoveries, there is a significant need to
improve and expandmetabolomics databases to contain a broader
range of microbial metabolites. Likewise, new technologies that
allow sampling of the microbiota in the intestine may provide
greater capacity to understand what microbes are actively pro-
ducing health-promoting metabolites from phytochemicals [192,
193]. There is also an exciting future for research focusing on the
metabolic capacity of an individual’s microbiota (ie, the meta-
bolic pathways present) rather than focusing on the presence of
specific taxa, as many different organisms in the microbiota often
have similar capacities to metabolize phytochemicals [124]. As
these discoveries are made, additional work will be needed to
establish the bioactivity of newmicrobial metabolites, and clinical
trials will be needed to test their efficacy for promoting health-
span and reducing disease burden.
Conclusion

Both diet and the gut microbiota can influence lifespan and
healthspan by promoting healthy aging and preventing the
development of age-related diseases. Phytochemicals in our diet
play an important role in promoting gut health, healthy aging,
and healthspan. These bioactive compounds exhibit multifaceted
effects and collectively mitigate inflammation, nurture a diverse
and healthy microbial composition, and shape resilient metabolic
signaling which are foundational to a healthy gut and healthy
aging. Importantly, the mitigation of dysbiosis and chronic
inflammation, key hallmarks of aging, is a critical way by which
12
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diet can promote healthy aging. The gut microbiota also pro-
duces beneficial microbial metabolites from phytochemicals like
Uro-A, equol, hesperetin and SFN. These, and a growing list of
microbial metabolites, have potential to target the hallmarks of
aging including mitochondrial dysfunction, cellular senescence,
epigenetic alterations, genomic instability, chronic inflamma-
tion, and dysbiosis. Through these and other mechanisms, these
beneficial microbial metabolites have promise for the prevention
and, in some cases, treatment of age-related diseases including
cancer, osteoporosis, neurodegeneration, and cardiovascular and
metabolic diseases to improve healthspan. More trials are needed
in diverse clinical populations, to discover the full potential of
microbial metabolites produced from phytochemicals for health
aging. In the application of how these microbial metabolites are
used, it is important to consider that an individual’s capacity to
produce health-promoting microbial metabolites from food will
be dependent on the specific bacteria present in the individual’s
gut microbiota.
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