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Abstract

Naturally derived bioactive compounds that modulate aging-associated mechanisms have
attracted growing research interest, yet few reviews examine how such compounds might
act together. This narrative review examines four mechanistically distinct compounds,
namely spermidine, fisetin, berberine, and urolithin A, as emerging functional food in-
gredients with scientifically supported effects on key hallmarks of human aging. Sper-
midine, a dietary polyamine from wheat germ and fermented foods, induces autophagy
through EP300 inhibition and is associated with reduced all-cause mortality in prospective
studies. Fisetin, a flavonoid from strawberries and apples, exerts senolytic activity by
selectively eliminating senescent cells via PI3K/AKT and Bcl-2/Bcl-xL inhibition, with
emerging clinical evidence. Berberine, an isoquinoline alkaloid from Berberis species,
modulates metabolic dysfunction via AMP-activated protein kinase (AMPK) activation
and reshapes gut microbiota composition through direct high intraluminal exposure, with
the most extensive clinical dataset of the four compounds. Urolithin A, a gut microbiome-
derived postbiotic from ellagitannins in pomegranates and nuts, induces mitophagy via
PINK1/Parkin and has been evaluated in a growing number of registered human clinical
trials. Together, the four compounds primarily target distinct but complementary aging-
associated pathways (autophagy, senolysis, metabolic regulation, mitophagy), suggesting
rational potential for combined functional food formulations. Limited direct evidence for
their combined use and the need for dedicated co-administration studies are discussed,
alongside bioavailability, safety, and regulatory considerations.

Keywords: functional food; bioactive compounds; spermidine; fisetin; berberine; urolithin
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1. Introduction

The global population is aging at an unprecedented rate. According to the World
Health Organization, the number of people aged 60 years and older is projected to reach
2.1 billion by 2050 [1]. The associated burden of non-communicable, age-related diseases is
among the foremost challenges facing global health systems today. The biological basis of
this functional decline was systematized in the landmark hallmarks of aging framework,
first proposed by Lépez-Otin et al. in 2013 [2] and subsequently expanded in 2023 to en-
compass twelve interconnected molecular, cellular, and systemic processes. These include
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genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, disabled
macroautophagy, deregulated nutrient-sensing, mitochondrial dysfunction, cellular senes-
cence, stem cell exhaustion, altered intercellular communication, chronic inflammation, and
dysbiosis [2—4]. The framework has been instrumental in identifying tractable molecular
targets for interventions capable of delaying or reversing aspects of biological aging.

Dietary interventions are among the most promising translational strategies to emerge
from aging biology. Functional foods, broadly defined as foods that provide health benefits
beyond basic nutrition through their bioactive constituents [5,6], offer a practical route
for translating mechanistic knowledge of aging biology into dietary recommendations
and product development. Growing evidence supports specific plant-derived bioactive
compounds as modulators of aging mechanisms at concentrations achievable through diet
or controlled supplementation [7,8]. The field, however, has largely focused on individual
compounds or narrow compound classes, and comprehensive reviews addressing the
complementarity of multiple natural bioactive agents across distinct aging pathways remain
scarce. This fragmented body of literature makes it difficult to evaluate how mechanistically
complementary natural compounds may collectively target multiple hallmarks of aging
within a functional food framework.

This narrative review addresses four compounds that collectively cover mechanis-
tically distinct and largely complementary hallmarks of aging: spermidine, a dietary
polyamine and potent inducer of autophagy; fisetin, a flavonoid with documented
senolytic activity; berberine, an isoquinoline alkaloid with broad metabolic and microbiome-
modulating effects; and urolithin A, a gut microbiome-derived postbiotic that selectively
induces mitophagy. The four compounds were selected on the basis of four criteria: (i) nat-
ural dietary origin or derivation from dietary precursors; (ii) mechanistically characterized
effects on defined hallmarks of aging; (iii) availability of at least preliminary human clinical
data; and (iv) mechanistic complementarity among the four compounds. This criterion of
complementarity explains the exclusion of other well-studied dietary polyphenols such as
resveratrol and quercetin. Although both compounds affect aging-related pathways, their
principal mechanisms substantially overlap with those already represented here, including
AMPK/sirtuin signaling shared with berberine and senescence/inflammation modulation
shared with fisetin. By contrast, the four compounds selected for this review were chosen
because each primarily engages a distinct hallmark of aging with comparatively limited
mechanistic redundancy. Taken together, the four compounds represent a spectrum of
dietary bioactive strategies: from direct food constituents (spermidine, fisetin, berberine) to
microbiome-mediated postbiotics (urolithin A), collectively addressing autophagy, cellular
senescence, metabolic dysregulation, and mitochondrial quality control.

Existing peer-reviewed literature includes individual reviews for each compound
and comparative analyses of subsets (notably spermidine and urolithin A as autophagy/
mitophagy inducers [7], and spermidine and berberine as caloric restriction mimetics [8]),
but no review has previously examined all four compounds within a unified framework
centered on functional food applications and aging mechanism complementarity. The
present review provides an integrated perspective on the four compounds, with particular
attention to their mechanistic complementarity, an area supported by emerging clinical
and mechanistic evidence despite the absence of dedicated multi-compound intervention
trials. The contribution of this review is therefore integrative rather than mechanistic. The
individual molecular pathways described for each compound have largely been established
in prior single-compound literature, which we cite throughout; the novel element is the
systematic cross-compound synthesis demonstrating their mechanistic non-redundancy
across four distinct hallmarks of aging within a single functional food framework.
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2. Materials and Methods

Literature was identified through systematic searches of PubMed, Scopus, Web of
Science, and Google Scholar (through 2025), combining the compound names spermi-
dine, fisetin, berberine, and urolithin A with terms including functional food, hallmarks
of aging, autophagy, senescence, senolysis, mitophagy, clinical trial, and bioavailability.
Review articles, randomized controlled trials, prospective cohort studies, and mechanistic
in vitro and animal studies were included; grey literature and conference abstracts were
excluded except where referenced in clinical trial registries. Because the objective was
conceptual integration across four mechanistically distinct compounds rather than quanti-
tative pooling of evidence for a single intervention, a formal systematic review protocol
(e.g., PRISMA) was not applied; the approach instead follows established conventions for
narrative reviews synthesizing heterogeneous evidence streams across compound classes
and mechanism types.

3. Spermidine: The Dietary Autophagy Inducer
3.1. Natural Sources and Dietary Availability

Spermidine is a naturally occurring triamine belonging to the polyamine family, which
also includes putrescine and spermine. It occurs in virtually all living organisms and
is found in measurable quantities in a wide range of plant-derived foods. Wheat germ
constitutes the richest commonly available dietary source, containing up to approximately
337 mg of spermidine per kilogram of dry weight [9-11]. Other notable plant sources
include soybeans (up to approximately 207 mg/kg), mushrooms, green peas, lentils and
other legumes, corn, broccoli, and cauliflower [10]. Among fermented and animal-derived
foods, mature cheeses (particularly aged cheddar and brie), natto (fermented soybeans),
and fermented sausages contain significant spermidine concentrations due to microbial
polyamine biosynthesis during fermentation [9,10].

Systemic spermidine availability is determined by three sources: dietary intake, en-
dogenous biosynthesis from putrescine via spermidine synthase (SRM), and intestinal
microbiome synthesis [12]. All three sources decline with age, contributing to the progres-
sive reduction in circulating polyamine levels observed in aging humans, a phenomenon
thought to contribute to the age-associated decline in autophagic flux [10,12,13]. Average di-
etary spermidine intake in Western populations is estimated at approximately 8-12 mg/day,
with higher intakes reported in populations adhering to Mediterranean or Japanese dietary
patterns rich in legumes, whole grains, and fermented foods [9,10].

3.2. Molecular Mechanisms

Spermidine primarily induces autophagy through inhibition of the acetyltransferase
EP300 (E1A binding protein p300), a histone acetyltransferase that normally maintains cyto-
plasmic autophagy-related proteins (ATGs) in an acetylated, inactive state [12,14]. EP300 in-
hibition leads to hypoacetylation of multiple ATG proteins, including ATG5, ATG7, ATG12,
and LC3, derepressing autophagy gene expression and initiating autophagic flux. This
mechanism is distinct from the classical mMTORC1 inhibition pathway used by rapamycin,
suggesting that spermidine acts as an mTOR-independent autophagy inducer [12].

Additional mechanistic targets include activation of AMP-activated protein kinase
(AMPK) and upregulation of SIRT1 deacetylase activity, both of which further promote
autophagic signaling and mitochondrial quality control [12,15]. Spermidine also modulates
the eIF5A (eukaryotic translation initiation factor 5A) hypusination pathway, supporting
mitochondrial respiratory complex synthesis and translation fidelity, a mechanism particu-
larly relevant to the maintenance of mitochondrial function in aging tissues [16,17]. At the
inflammatory level, spermidine suppresses NLRP3 inflammasome activation and NF-kB-
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mediated transcription, thereby reducing the senescence-associated secretory phenotype
(SASP) and systemic low-grade inflammation characteristic of aging [12,13].

Together, these mechanisms position spermidine as a pleiotropic caloric restriction
mimetic. It recapitulates many of the cellular adaptations induced by dietary restriction,
including autophagy induction, mitochondrial optimization, and anti-inflammatory signal-
ing, without requiring caloric restriction itself [8,13,18].

3.3. Preclinical Evidence

Spermidine administration extends lifespan in multiple model organisms including
Saccharomyces cerevisiae, Caenorhabditis elegans, Drosophila melanogaster, and mice through
autophagy-dependent mechanisms, with genetic disruption of autophagy (atg gene knock-
outs) abolishing the longevity-extending effects [19,20].

In aged mice, oral spermidine supplementation reduced cardiac hypertrophy, pre-
served diastolic function, enhanced cardiac autophagy and mitophagy, and improved mito-
chondrial respiration [19]. Notably, cardioprotective effects were absent in cardiomyocyte-
specific Atgb-knockout mice, providing direct in vivo evidence for the autophagy-
dependency of spermidine’s cardiovascular benefits [19]. In hypertensive rat models,
spermidine feeding reduced systolic blood pressure, increased titin phosphorylation, and
prevented progression to heart failure [19].

Neuroprotective effects have been documented in multiple rodent models of neurode-
generation. Spermidine supplementation reduced tau hyperphosphorylation, attenuated
amyloid- accumulation, and preserved spatial memory in murine Alzheimer’s disease
models [21]. Additional preclinical evidence supports immunomodulatory benefits, in-
cluding enhancement of T cell-mediated anticancer immunosurveillance and restoration of
age-related immune decline [22,23].

3.4. Human Clinical Evidence

Currently, the strongest epidemiological evidence for dietary spermidine comes from
the prospective Bruneck Study cohort (1 = 829, aged 45-84 years, 20-year follow-up), which
demonstrated that higher dietary spermidine intake was significantly and independently
associated with reduced all-cause mortality [24]. All-cause mortality rates decreased across
increasing thirds of spermidine intake from 40.5 to 23.7 and 15.1 deaths per 1000 person-
years [24], corresponding to an adjusted reduction in 20-year cumulative mortality of
approximately 10 percentage points between the lowest and highest intake tertiles. These
associations were robust against unmeasured confounding and were independently repli-
cated in the Salzburg Atherosclerosis Prevention Program cohort [24].

Randomized controlled trial evidence has focused primarily on cognitive outcomes.
The SmartAge phase Il trial established the safety and tolerability of a wheat germ-derived
spermidine extract (1.2 mg/day) administered for 3 months in older adults with subjec-
tive cognitive decline (n = 30), with no adverse events attributable to supplementation
and preliminary improvements in memory performance in the treatment group [25]. The
subsequent 12-month SmartAge phase IIb trial (n = 100) showed that spermidine supple-
mentation (0.9 mg/day) did not significantly improve mnemonic discrimination capacity
or modulate peripheral inflammatory and autophagy-related biomarkers compared with
placebo [26]. The relatively low doses used in the SmartAge trials (0.9-1.2 mg/day, com-
pared with an estimated habitual dietary intake of 8-12 mg/day in Western populations;
Section 3.1) likely reflect the conservative dose-escalation strategy typically adopted in
early-phase studies involving older adults, rather than an attempt to match or exceed habit-
ual dietary exposure. Whether supplemental doses closer to or exceeding typical dietary
intake would produce different clinical outcomes remains untested. Several limitations of
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the current clinical evidence on spermidine merit acknowledgment. The two completed
SmartAge trials were relatively small (n = 30 and n = 100), single-center studies conducted
in cognitively at-risk rather than general aging populations, limiting the generalizability of
their findings. In addition, long-term safety data beyond 12 months and evidence regarding
hard clinical endpoints, such as cognitive decline and cardiovascular events, remain un-
available. The Bruneck Study, while methodologically robust, is observational and therefore
remains susceptible to residual confounding by dietary patterns and lifestyle factors.

The ongoing POLYCAD trial (Denmark, NCT06186102) is evaluating spermidine
supplementation in patients with coronary artery disease over 48 weeks, with primary
endpoints including cardiac function and biomarkers of autophagy and inflammation,
representing the first dedicated cardiovascular RCT of dietary spermidine in humans [27].

3.5. Potential in Functional Food Formulations

Spermidine’s established safety profile, measurable presence in common foods, and
dose-dependent biological effects make it a tractable candidate for functional food develop-
ment. Key strategies include: enrichment of wheat germ content in cereal-based products;
incorporation of natto or natto extracts into fermented food formulations; legume-enriched
functional beverages; and standardized wheat germ extract supplements for populations
with low dietary intake [9,10].

A practical constraint is that conventionally processed foods may contain reduced
spermidine concentrations due to heat-induced degradation, underscoring the importance
of processing method optimization. The age-related decline in both dietary intake adher-
ence and endogenous synthesis further strengthens the public health rationale for fortified
functional food products targeting older adults [12].

4. Fisetin: The Senolytic Flavonoid
4.1. Natural Sources and Dietary Availability

Fisetin (3,3’ ,4’,7-tetrahydroxyflavone) is a naturally occurring flavonol belonging
to the polyphenolic flavonoid class. It is present in a range of commonly consumed
fruits and vegetables, with strawberries representing the richest dietary source at ap-
proximately 160 mg/kg fresh weight [28]. Other quantitatively relevant sources include
persimmons (~10.5 mg/kg), apples (~26 mg/kg), grapes (~4 mg/kg), kiwi fruit, peaches,
cucumbers, and onions [28]. The flavonol is localized predominantly in the outer lay-
ers of fruit and in vegetable skins, rendering it susceptible to losses during peeling and
conventional processing.

Bioavailability from dietary sources is substantially limited by fisetin’s poor aqueous
solubility, rapid phase II glucuronidation and sulfation in intestinal epithelial cells, and
extensive first-pass hepatic metabolism [29]. Plasma concentrations following ingestion
of fisetin-containing foods are typically in the low nanomolar range, considerably below
the micromolar concentrations required for senolytic activity in preclinical models. This
pharmacokinetic constraint is the principal translational challenge for dietary fisetin and
has motivated the development of advanced delivery systems and intermittent high-dose
supplementation strategies.

4.2. Molecular Mechanisms

Fisetin exerts senolytic activity primarily through inhibition of the PI3K/AKT pro-
survival signaling axis, which is constitutively activated in senescent cells and renders them
resistant to apoptosis [29,30]. AKT inhibition leads to reduced phosphorylation and nuclear
exclusion of FOXO transcription factors, impairs NF-kB-mediated pro-survival gene ex-
pression, and lowers the apoptotic threshold selectively in senescent cells. Complementary
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senolytic targets include direct inhibition of anti-apoptotic Bcl-2 family proteins, notably
Bcl-2 and Bcl-xL, reducing the mitochondrial apoptotic threshold in cells dependent on
these proteins for survival [29,31].

In addition to its senolytic activity, fisetin exerts senomorphic effects through sup-
pression of the NF-kB transcription factor and downstream SASP components, includ-
ing interleukin-6 (IL-6), interleukin-8 (IL-8), and matrix metalloproteinases (MMP-1,
MMP-3) [32]. Additional mechanisms include activation of the Nrf2 antioxidant response
pathway, modulation of the mTOR/AMPK energy-sensing axis, inhibition of NLRP3 in-
flammasome assembly, and activation of SIRT1-dependent deacetylase activity. Together,
these support fisetin’s dual character as both a senolytic (cell-eliminating) and senomorphic
(SASP-suppressing) compound, depending on dose and cellular context [32,33].

Neuroprotective effects include inhibition of tau hyperphosphorylation through GSK-
3B modulation, reduction of amyloid-f3 aggregation, and activation of ERK1/2 survival
signaling in neurons, mechanisms relevant to age-related cognitive decline and neurode-
generation [33-35].

4.3. Preclinical Evidence

The landmark preclinical study by Yousefzadeh et al. (2018) screened a panel of ten
flavonoid polyphenols for senolytic activity using senescent murine and human fibroblasts
and identified fisetin as the most potent senolytic compound in the panel, selectively elimi-
nating approximately 25-50% of senescent cells in vitro at concentrations of 1-10 uM [29].
In aged mice, continuous dietary administration of fisetin (500 mg/kg diet) beginning at
85 weeks of age significantly extended both median and maximum lifespan. In a separate
acute-dosing paradigm, oral gavage of fisetin (100 mg/kg/day for 5 days) in aged mice
reduced senescent cell burden in multiple tissues and decreased expression of SASP com-
ponents. Importantly, these beneficial effects were observed when treatment commenced
in aged animals, establishing translational relevance [29].

Murray et al. (2025) demonstrated that intermittent oral fisetin supplementation
(1 week on—2 weeks off-1 week on protocol) in old mice significantly improved frailty scores
and grip strength compared to age-matched controls, accompanied by downregulation
of senescence-related transcripts (Cdknla, Ddit4) in skeletal muscle [30]. Of particular
relevance, the magnitude of improvement with fisetin was comparable to that achieved by
genetic clearance of p16* senescent cells and by the synthetic senolytic ABT-263, providing
proof-of-concept that a natural dietary compound can achieve senolytic efficacy equivalent
to genetic or pharmacological approaches in vivo [30].

Fisetin’s antioxidant, anti-inflammatory, and senolytic activities have also been high-
lighted as potentially relevant to vascular aging, with proposed benefits including protec-
tion of endothelial function and attenuation of SASP-driven vascular inflammation, though
dedicated vascular aging trials remain to be conducted [36].

4.4. Human Clinical Evidence

Clinical evidence supporting fisetin as a senolytic remains at an early, albeit rapidly
evolving, stage. It is essential to distinguish clearly between the strong preclinical and
mechanistic evidence base and the substantially more limited clinical validation. Unlike
berberine, which has been evaluated in a meta-analysis pooling 46 randomized controlled
trials with consistent evidence across glycemic, lipid, and inflammatory endpoints (see
Section 5.4), fisetin has no completed phase III trials and only a small number of early-phase
human studies with modest sample sizes. The available human data support safety and
tolerability but do not yet establish clinical efficacy for senolytic endpoints in adequately
powered, placebo-controlled trials. The most comprehensive review of available phase
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I/1I trial data, by Tavenier et al. (2024) with co-authorship from the Mayo Clinic senolytic
research group, concluded that fisetin induces apoptosis in senescent cells in several but not
all cell types in vitro, reduces senescent cell burden in animal models, and has a favorable
safety profile in early human studies, while noting that pharmacokinetic limitations and
the absence of validated circulating biomarkers of senolysis remain key translational
barriers [31].

Among ongoing and recently completed human trials, the STOP-Sepsis trial
(NCT05758246) is evaluating fisetin’s ability to reduce senescent immune cell accumu-
lation and prevent clinical deterioration in elderly patients with sepsis in a multicenter,
randomized, double-blind phase II study with adaptive allocation. To date, it represents the
most rigorous clinical assessment of fisetin’s senolytic activity [37]. Additional registered
trials are investigating fisetin in peripheral arterial disease (NCT06399809), frailty in older
adults, and post-COVID condition [29].

Safety data across available human studies indicate that fisetin is well tolerated at
doses ranging from 100 mg to 1000 mg/day, with no serious adverse events attributable
to supplementation reported in published trials. Gastrointestinal effects have been noted
at high doses in a subset of participants [29]. Overall, no convincing evidence currently
exists that fisetin produces clinically meaningful senolytic effects in humans; the avail-
able data establish safety and biological plausibility but fall well short of demonstrating
clinical efficacy.

4.5. Bioavailability Challenges and Functional Food Strategies

The primary translational limitation of fisetin is its poor oral bioavailability, driven by
low aqueous solubility (log P ~ 2.9-3.2), rapid glucuronidation in the gut wall and liver,
and short elimination half-lives [29,30]. Several formulation strategies are under active
investigation to address this constraint. Complexation of fisetin with galactomannan fiber
(fenugreek-derived) has been reported to increase bioavailability by more than 25-fold com-
pared to unformulated fisetin in a randomized crossover study in healthy volunteers [38].
Additional approaches include liposomal encapsulation, polymeric nanoparticle delivery,
self-emulsifying drug delivery systems (SEDDSs), and co-crystallization with absorption
enhancers [36].

From a functional food perspective, the intermittent dosing paradigm shown to be
efficacious in preclinical models may align favorably with food product design. Periodic
consumption of high-fisetin foods or supplemented products, rather than daily continuous
intake, could be sufficient to achieve senolytic effects, provided bioavailability limitations
are adequately addressed. Strawberry-based functional food formulations, fisetin-enriched
extracts added to beverages, and standardized capsule supplements represent the primary
delivery vehicles under consideration [29,32].

5. Berberine: The Metabolic and Microbiome Modulator
5.1. Natural Sources and Functional Food Context

Berberine is an isoquinoline alkaloid present in the roots, rhizomes, bark, and stems of
numerous plant species across multiple families. Quantitatively significant plant sources
include Berberis vulgaris (barberry), Berberis aristata (Indian barberry), Coptis chinensis (Chi-
nese goldthread), Hydrastis canadensis (goldenseal), and Phellodendron amurense (Amur cork
tree), with berberine concentrations in roots and bark ranging from less than 1% to more
than 8% dry weight depending on species, plant part, and growing conditions [39].

In contrast to spermidine and fisetin, berberine is not a constituent of commonly con-
sumed Western foods at nutritionally relevant concentrations. Its dietary relevance derives
principally from its long history of use in traditional Chinese medicine and Ayurvedic
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practice, as well as from its current status as a regulated dietary supplement and bioac-
tive ingredient used in functional food formulations in multiple jurisdictions. Berberine-
containing products include standardized plant extracts, encapsulated supplements, and
functional beverages. The compound’s well-documented metabolic effects and favorable
safety profile relative to pharmaceutical alternatives have driven substantial consumer
interest, making it one of the most commercially significant botanical supplements globally.

Berberine occupies a unique position at the interface between functional foods, nu-
traceuticals and botanical medicines.

5.2. Molecular Mechanisms

The primary mechanism of berberine action is activation of AMPK through inhibi-
tion of mitochondrial respiratory chain complex I, which reduces cellular ATP produc-
tion, elevates the AMP:ATP ratio, and triggers AMPK phosphorylation at Thr172 [40].
AMPK activation initiates a coordinated metabolic shift from anabolic to catabolic pro-
cesses: increased glucose transporter GLUT4 translocation and glucose uptake in skeletal
muscle, enhanced fatty acid 3-oxidation, inhibition of lipogenic gene expression through
SREBP-1c downregulation, and induction of autophagic flux through mTORC1 suppres-
sion [41,42]. These effects closely parallel the metabolic adaptations induced by caloric re-
striction and exercise, suggesting that berberine functions as a pharmacomimetic of energy
deficit signaling.

Anti-inflammatory mechanisms include suppression of NF-kB nuclear translocation,
inhibition of NLRP3 inflammasome assembly [43], reduction of TNF-« and IL-6 secre-
tion, and modulation of macrophage polarization from pro-inflammatory M1 to anti-
inflammatory M2 phenotype [41]. Berberine also upregulates SIRT1 deacetylase activity
and activates the Nrf2-ARE (antioxidant response element) antioxidant response pathway,
both of which contribute to attenuation of oxidative stress-driven cellular aging [40,44].

A distinctive feature of berberine among the four compounds reviewed here is its pro-
found modulatory effect on gut microbiota composition. Berberine’s low oral bioavailability
(estimated at 1-5%) results in high intraluminal concentrations that selectively reshape
the microbiome: increasing the abundance of beneficial bacteria including Akkermansia
muciniphila, Bifidobacterium spp., and short-chain fatty acid (SCFA)-producing Lactobacillus
species, while reducing conditionally pathogenic taxa associated with metabolic endotox-
emia [43]. This microbiome-mediated dimension creates a systemic anti-inflammatory
and metabolic effect that operates independently of, and in addition to, berberine’s direct
cellular actions. It also contributes to gut barrier integrity and systemic immune tone.

5.3. Preclinical Evidence

In Caenorhabditis elegans, berberine extended mean lifespan by approximately 27%
through coordinated activation of the DAF-16/FOXO, HSF-1, and SKN-1/NRF2 tran-
scription factors (the canonical longevity-regulatory pathways in this model organism),
alongside favorable modulation of lipid and fatty acid metabolism [44]. In rodent models of
insulin resistance and type 2 diabetes, berberine consistently improved glucose tolerance, re-
duced fasting glycemia, lowered plasma triglycerides and LDL cholesterol, and attenuated
hepatic steatosis across multiple animal models and experimental paradigms [41].

In naturally aging rats, berberine administration for six months improved cognitive
function, reversed insulin resistance in skeletal muscle, and increased mitochondrial bio-
genesis markers (p-AMPK, SIRT1, PGC-1x, ATP production) in skeletal muscle tissue.
These findings provide preclinical evidence for berberine’s capacity to address age-related
sarcopenia and cognitive decline through mitochondrial mechanisms [42]. Berberine has
additionally been shown to attenuate premature cellular senescence in human fibroblasts
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exposed to oxidative stress, an effect attributed to SIRT1-mediated deacetylation of p53 and
consequent delay of p21-dependent cell cycle arrest [40].

5.4. Human Clinical Evidence

Berberine possesses the most extensive clinical evidence base among the four com-
pounds reviewed here. This evidence spans head-to-head pharmaceutical comparisons,
large-scale meta-analyses pooling dozens of randomized controlled trials across several
thousand patients with type 2 diabetes and related metabolic conditions, and a dedicated
microbiome-focused trial, summarized below. The landmark head-to-head comparison
by Yin et al. (2008) randomized 36 newly diagnosed type 2 diabetes patients to berber-
ine (500 mg three times daily) or metformin (500 mg three times daily) for 3 months,
demonstrating comparable reductions in HbAlc, fasting blood glucose, postprandial blood
glucose, and triglycerides in both groups [45]. This was the first direct evidence that a
natural alkaloid could achieve glycemic efficacy equivalent to a first-line pharmaceutical
agent [45].

Subsequent meta-analyses have consolidated this evidence. A systematic review and
meta-analysis of 46 randomized controlled trials in type 2 diabetes patients (Guo et al,,
2021) demonstrated that berberine significantly reduced HbAlc (MD = —0.73%; 95% CI:
—0.97 to —0.51), fasting plasma glucose (MD = —0.86 mmol /L), 2-h postprandial glucose
(MD = —1.26 mmol/L), and HOMA-IR (MD = —0.71) [46]. The same analysis also demon-
strated reductions in total cholesterol (MD = —0.64 mmol/L), LDL-C (MD = —0.86 mmol /L),
and triglycerides (MD = —0.50 mmol/L), with simultaneous reductions in inflammatory
biomarkers C-reactive protein (CRP), IL-6, and TNF-« [46]. A subsequent umbrella meta-
analysis of randomized controlled trials (2023/2024) corroborated these findings, con-
firming consistent glycemic, lipid, and anti-inflammatory efficacy across the accumulated
clinical trial literature [47].

The clinical evidence extends beyond metabolic parameters. The PREMOTE trial, a
multi-center RCT in approximately 400 newly diagnosed type 2 diabetes patients, demon-
strated that berberine reduced HbAlc by approximately 1% at 12 weeks and produced
significant, measurable changes in gut microbiota composition and microbial metabo-
lite profiles, directly linking clinical metabolic improvement with microbiome-mediated
mechanisms in humans [48].

5.5. Bioavailability and Delivery Systems

Berberine’s paradoxically useful pharmacokinetic profile, characterized by low sys-
temic bioavailability of 1-5% due to P-glycoprotein-mediated efflux and extensive first-
pass metabolism combined with high intraluminal concentrations, means that its gut
microbiome-modulating effects may be favored by conventional oral formulations, while
systemic AMPK activation in peripheral tissues requires adequate absorption [40].

To address the latter, advanced delivery strategies include dihydroberberine (BBR-H2),
a reduced form with markedly improved intestinal absorption that is re-oxidized to berber-
ine in tissues; phospholipid complexes (berberine-phosphatidylcholine); nanoparticle en-
capsulation; and solid dispersions in hydrophilic polymers [40]. Berberine-ursodeoxycholic
acid salt formulations have been evaluated in recent clinical trials for improved bioavailabil-
ity and hepatic targeting [49]. The choice of formulation for functional food applications
should be informed by whether the primary therapeutic goal is systemic metabolic modula-
tion (favoring enhanced-absorption forms) or microbiome reshaping (where conventional
berberine may be sufficient or even preferable).

https:/ /doi.org/10.3390/nu18152511


https://doi.org/10.3390/nu18152511

Nutrients 2026, 18, 2511

10 of 28

6. Urolithin A: The Dietary Postbiotic and Mitophagy Activator
6.1. Ellagitannins as Dietary Precursors and Food Sources

Urolithin A (UA; 3,8-dihydroxy-6H-dibenzo[b,d]pyran-6-one) is not present in food
per se but is produced endogenously through the intestinal microbiome’s transformation
of ellagitannins and ellagic acid, polyphenols naturally occurring in a range of plant-based
foods [50-52]. These three terms describe sequential stages of the same pathway rather than
interchangeable substances: ellagitannins are the parent dietary polyphenols; ellagic acid is
their direct hydrolysis product, released in the small intestine; and urolithin A is the termi-
nal, colon-microbiota-derived metabolite responsible for the bioactivity discussed in this
section. Urolithin A is commonly described in the literature as a gut microbiome-derived
postbiotic metabolite, reflecting its origin as a product of microbial metabolism rather than
a dietary constituent per se; its formal classification under the widely adopted Interna-
tional Scientific Association of Probiotics and Prebiotics (ISAPP) definition of “postbiotic”,
namely a preparation of inanimate microorganisms and/or their components that confers a
health benefit on the host, remains subject to terminological debate, since a single purified
microbial metabolite does not straightforwardly fit a definition centered on microbial prepa-
rations. We use “microbiome-derived metabolite” and “postbiotic” interchangeably in this
review, consistent with common usage in the field. Principal dietary precursor sources
include pomegranate (fruit, juice, and peel), which contains the highest ellagitannin density
(principally punicalin and punicalagin), followed by walnuts, pecans, almonds, raspberries,
strawberries, blackberries, oak-aged wines, and certain herbal teas [52,53]. Ellagitannins
are hydrolyzed to ellagic acid in the gastrointestinal tract, which is subsequently converted
by specific gut bacteria to urolithins through a reductive lactonization cascade involving
sequential removal of hydroxyl groups.

The principal bacterial taxa responsible for urolithin A biosynthesis are Gordonibacter
urolithinfaciens and Ellagibacter isourolithinifaciens, with contributions from select Entero-
closter species [52]. This conversion is a multi-step process requiring a specific microbial
consortium that is not universally present in the human gut. The pathway proceeds from
ellagic acid through urolithin M6 and urolithin C to urolithin A as the terminal and predom-
inant metabolite in efficient converters, with urolithin B (a dehydroxylated form) produced
by a subset of individuals [53].

6.2. Gut Microbiome Conversion and Inter-Individual Variability

One of the defining characteristics of urolithin A biology is the marked interindividual
variability in production capacity from dietary ellagitannin intake [51,52]. Population
studies have classified individuals into three urolithin metabotypes: Metabotype A (UA
producers), Metabotype B (producers of urolithin B and isoUrolithin A but not UA), and
Metabotype 0 (non-producers), regardless of ellagitannin consumption. The original charac-
terization of a Western cohort reported approximately 40% Metabotype A, 10% Metabotype
B, and 50% Metabotype 0. However, substantial inter-population variability has since
been documented, with Metabotype A prevalence ranging from roughly 25% to 55% and
Metabotype 0 from approximately 10% to 50%, depending on ethnicity, geography, and
cohort characteristics [51,52]. This classification implies that dietary strategies relying on
ellagitannin-rich food consumption will be ineffective for achieving urolithin A exposure
in the majority of the population, a fundamental constraint distinguishing UA from the
other three compounds reviewed here.

This interindividual variability has driven the development of direct urolithin A
supplementation, bypassing microbiome dependency. Unlike dietary ellagitannins, direct
supplementation offers consistent systemic exposure independent of individual differences
in gut microbiota composition.
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6.3. Molecular Mechanisms

Urolithin A was identified as the first naturally occurring compound to induce mi-
tophagy (the selective autophagic elimination of damaged or dysfunctional mitochondria)
both in vitro and in vivo following oral consumption, by Ryu et al. in 2016 [54]. The
primary mechanistic pathway involves stabilization and accumulation of PINK1 (PTEN-
induced kinase 1) on the outer mitochondrial membrane of depolarized mitochondria,
leading to phosphorylation and activation of the E3 ubiquitin ligase Parkin (PRKN). Parkin-
mediated ubiquitination of outer mitochondrial membrane proteins generates recognition
signals for autophagy receptors (p62/SQSTM1, NDP52, OPTN), initiating selective engulf-
ment of the damaged mitochondrion by the autophagosome and subsequent lysosomal
degradation [55].

6.4. Preclinical Evidence

In C. elegans, UA extended median lifespan by 45.4% at 50 uM, the most potent
longevity effect among the four urolithin metabolites tested, through mitophagy-dependent
mechanisms confirmed by genetic ablation of dct-1 (the nematode BNIP3L ortholog) and
the autophagy gene bec-1 [54]. UA also prevented the age-related accumulation of dysfunc-
tional mitochondria, preserved pharyngeal pumping and mobility in aged worms, and
extended healthspan independently of changes in feeding behavior [54].

Rodent studies have demonstrated that UA supplementation improved exercise capac-
ity and skeletal muscle mitochondrial function in a Duchenne muscular dystrophy mouse
model [56]. Cardiovascular benefits have been documented in preclinical models, with
UA restoring mitochondrial function, reducing cardiac hypertrophy, and reversing cardiac
remodeling in models of heart failure with preserved ejection fraction, effects mediated
through mitophagy induction in cardiomyocytes [57].

6.5. Human Clinical Evidence

Urolithin A has been evaluated in a growing number of registered human clinical
trials. A 2024 systematic review identified five completed trials (n = 250 total participants)
assessing mitochondprial, inflammatory, and muscle-function outcomes, with numerous ad-
ditional trials registered or ongoing on ClinicalTrials.gov. This is the largest peer-reviewed
clinical dataset among naturally occurring mitophagy-inducing compounds [58]. The
first-in-human phase I trial by Andreux et al. (2019, Nature Metabolism) established a favor-
able safety and bioavailability profile for UA at single doses of 250-2000 mg and multiple
doses of 500 and 1000 mg/day over 4 weeks in healthy sedentary elderly individuals [59].
Both 500 mg and 1000 mg doses significantly modulated plasma acylcarnitine profiles and
induced mitochondrial gene expression in skeletal muscle biopsies, providing the first
human evidence of target engagement (mitophagy pathway activation) following oral UA
consumption [59].

The ATLAS randomized controlled trial (Singh et al., 2022, Cell Reports Medicine)
enrolled 88 middle-aged adults (NCT03464500) to receive UA (500 or 1000 mg/day) or
placebo for 4 months [60]. UA supplementation produced significant improvements in
muscle strength (~12% increase in hamstring strength at 500 mg/day), aerobic endurance
(peak VO,), and 6-min walk test distance, alongside reductions in plasma acylcarnitines
and C-reactive protein, consistent with mitochondrial efficiency improvements and anti-
inflammatory effects [60].

A parallel trial in older adults (Liu et al., 2022, JAMA Network Open; NCT03283462)
demonstrated that UA (1000 mg/day for 4 months) significantly improved skeletal mus-
cle endurance in both hand (first dorsal interosseous) and leg (tibialis anterior) muscles
compared to placebo, with accompanying improvements in plasma mitochondrial health
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biomarkers [61]. The most recent RCT, published in Nature Aging (2025), demonstrated
that UA supplementation (1000 mg/day for 4 weeks) produced significant remodeling
of the peripheral immune landscape in healthy middle-aged adults, expanding naive T
cell and TSCM populations and reprogramming T cell metabolic profiles toward oxidative
phosphorylation, consistent with modulation of immune aging-related phenotypes [62].

6.6. Dietary Strategy vs. Direct Supplementation

Given the substantial interindividual variability in microbiome-mediated ellagitannin-
to-urolithin A conversion, consumption of ellagitannin-rich foods (pomegranate juice,
walnut-enriched products, berry formulations) yields reliable UA exposure only in Metabo-
type A individuals, a subgroup reported to comprise roughly a quarter to half of most
studied populations [51,52]. For the remaining individuals, dietary precursor intake does
not reliably translate to measurable UA exposure. This has two implications for func-
tional food design: first, ellagitannin-enriched products may benefit a defined population
subgroup that can be identified through urolithin metabotyping; second, direct supplemen-
tation with purified UA (as Mitopure or equivalent) delivers consistent, dose-controlled
systemic exposure independent of microbiome composition [59]. Hybrid strategies combin-
ing prebiotic support for Gordonibacter and Ellagibacter growth, together with ellagitannin
intake, remain promising but understudied.

7. Complementary Mechanisms and the Combination Hypothesis
7.1. Mechanistic Complementarity Within the Hallmarks of Aging Framework

The central premise of this review is that spermidine, fisetin, berberine, and urolithin A
target distinct, largely independent mechanisms within the hallmarks of aging framework
while converging on common downstream processes, namely mitochondrial health, re-
duced chronic inflammation, and preservation of cellular homeostasis (Figure 1) [2,3]. This
complementarity provides the rationale for considering these compounds as a multi-target
strategy for functional food development.

Spermidine primarily induces general (bulk) autophagy through EP300 inhibition,
thereby maintaining proteostasis, clearing damaged organelles broadly, and suppress-
ing NLRP3-mediated inflammaging [12,13]. Urolithin A, by contrast, induces selective
mitophagy (the targeted elimination of damaged mitochondria specifically) through the
PINK1/Parkin pathway [54,55]. These two forms of autophagy are complementary: general
autophagy provides global cellular quality control, while mitophagy addresses mitochon-
drial quality control specifically. Impaired mitophagy, even in the context of preserved
general autophagy, results in accumulation of dysfunctional mitochondria, ROS over-
production, and activation of the cGAS/STING pathway and downstream inflammatory
signaling [63]. Spermidine and urolithin A thus address complementary aspects of cellular
recycling that cannot substitute for each other [63-65].

The relationship between autophagy and cellular senescence is further illuminated by a
recently proposed threshold model (Bahar et al., 2026), which posits that autophagic flux sup-
presses senescence initiation below a critical cellular damage threshold, but is reprogrammed
to support senescent cell survival once that threshold is exceeded [66]. This model offers a
conceptual rationale for combining these compounds: spermidine’s autophagy-enhancing
effect may operate most beneficially in pre-senescent cells (preventing senescence initiation),
while fisetin’s senolytic activity is required to eliminate established senescent cells that have
already crossed this threshold, suggesting that the two compounds act sequentially and
non-redundantly on the autophagy—senescence continuum.

https:/ /doi.org/10.3390/nu18152511


https://doi.org/10.3390/nu18152511

Nutrients 2026, 18, 2511

13 of 28

A Spermidine — Autophagy Induction

Spermidine
(dietary)

B Fisetin — Senolysis

Fisetin
(flavonoid)

EP300 PI3K/AKT {
inhibition Bcl-2/Bcl-xL {4
Vv A
Atg protein % Senescent cell
hypoacetylation AMECTESIRELT apoptosis NEKBY
v \4
Autophagpsome % mMTORC1 L 1 SASP fa;tors NFf21
formation ! Paracrine
\4 Vv
! Inflammaging 1 Tissue
T Proteostasis inflammation

C Berberine — Metabolic Regulation

Berberine
(alkaloid)

v

! Inflammaging
T Metabolic

D Urolithin A — Selective Mitophagy

Urolithin A
(postbiotic)

Complex |1 = Gut microbiota PINK1
AMP:ATP t reshaping stabilisation
Vv Vv
AMPK Parkin ubiquitin CGAS/STING ¢
phosphorylation activation
Vv A
mTORC1 1 Mitophagosome
GLUT41 FA-ox1 NF-kB! NLRP3! formation SIRT1T PGC-la T

v

T Mitochondrial
quality ! ROS

Converging Target: Healthy Aging

! Inflammaging - T Autophagy flux - | Senescent cell burden - T Mitochondrial quality

Figure 1. Mechanistic complementarity of the four reviewed bioactive compounds. This is an original,
author-generated conceptual schematic. Each panel illustrates the primary signaling cascade for
spermidine (A), fisetin (B), berberine (C), and urolithin A (D), each summarized from the single-
compound evidence cited in the corresponding section of the main text, converging on shared
downstream outcomes relevant to healthy aging. Abbreviations are as defined in the main text and
the Abbreviations list.

Unlike spermidine and urolithin A, fisetin’s senolytic mechanism (selective elimina-
tion of PI3K/AKT-dependent and Bcl-2/Bcl-xL-protected senescent cells [29,30]) addresses
a distinct cellular population and biological process from the autophagic pathways tar-
geted by spermidine and urolithin A. Senescent cells accumulate dysfunctional mitochon-
dria and produce SASP factors that propagate paracrine senescence to neighboring cells
and sustain systemic chronic inflammation. Their elimination through fisetin-mediated
senolysis reduces this SASP-driven inflammatory burden and removes a major source
of mitochondrial-damaging ROS. Finally, berberine complements these mechanisms by
restoring metabolic homeostasis through AMPK activation and gut microbiota remodel-
ing, thereby counteracting nutrient-sensing dysregulation and gut-derived inflammatory
signaling that amplify the other hallmarks of aging [41,42,67,68]. This mechanistic comple-
mentarity is summarized in Table 1.
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Table 1. Mechanistic complementarity of the four reviewed bioactive compounds within the hall-
marks of aging framework.

. . Aging Hallmarks Key Signaling .
Compound  Primary Mechanism Targeted Nodes Principal Source
General autooha Loss of proteostasis; EP300 |; AMPK 1; Wheat germ, soy,
Spermidine induction phagy disabled macroautophagy; SIRT11; mTORC1 |  mushrooms, fermented
chronic inflammation [2,3] [12-14] foods [9,10,12]
Cellular senescence; PI3K/AKT J|;
Fisetin Senolysis and SASP  chronic inflammation; Bcl-2/Bcl-xL |; Strawberries, apples,
suppression altered intercellular NF-«B |; Nrf2 + persimmons, onions [28]
communication [2,3] [29-31]
Metabolic regulation Derggulated . AMPKT; mTORCL; Berberis spp., Coptis spp.
. ) - nutrient-sensing; NF-«B |; gut :
Berberine and microbiome S ! . . . (nutraceuti-
modulation dysbiosis; chronic microbiota reshaping cal /supplement) [39,71]
inflammation [2,3] [40,69,70] !
Selective mitopha gdlz?jﬂggg;%aclhronic PINK1/Parkin 1; Eﬁ:t}?’tggrcﬁgs B
Urolithin A phagy <y g SIRT1/PGC-1a 1; &

induction

inflammation;
immunosenescence [2,3]

(pomegranate, berries,

NLRP3 | [54,55] walnuts) [52,53]

T—indicates activation or upregulation; |—indicates inhibition or downregulation.

7.2. Evidence for Combined Use: Pairs and Subsets

Direct evidence for the combined administration of all four compounds simultaneously
does not yet exist in the peer-reviewed literature. However, a growing body of indirect
and partial evidence supports the mechanistic complementarity of compound subsets and
provides a mechanistic rationale for prospective multi-compound trials.

The most direct clinical evidence comes from NCT06990256, a registered randomized,
quadruple-blind, placebo-controlled trial (Bonerge/Huazhong University of Science and
Technology; n = 80, aged 45-70) currently underway, which evaluates single and combined
effects of urolithin A (500 mg) and fisetin (500 mg), including a combination arm (UA
300 mg + fisetin 200 mg), on sleep quality and aging biomarkers including DNA methyla-
tion age, inflammatory markers, circadian proteins (BMAL1, PER2), and HOMA-IR over
12 weeks [72]. This is, to our knowledge, the only registered trial assessing the combined
effect of any two of the four compounds, and its results may help clarify the feasibility of
multi-target combination strategies.

At the mechanistic level, a 2025 review comparing spermidine and urolithin A as
autophagy/mitophagy inducers concluded that the two compounds operate through
distinct but convergent pathways: spermidine through broad EP300-dependent autophagy
induction and urolithin A through PINK1/Parkin-specific mitophagy, and proposed that
their combination could provide more comprehensive mitochondrial and proteostatic
quality control than either compound alone [7]. Similarly, a 2025 analysis comparing
spermidine and berberine as caloric restriction mimetics identified complementary rather
than redundant mechanisms: spermidine’s primary action through histone deacetylation
and autophagy, and berberine’s through AMPK-gut microbiota axes, supporting additive
benefits from co-administration [8].

From a conceptual perspective, the four compounds converge on a shared set of
hallmarks of aging despite acting through distinct, largely non-overlapping primary molec-
ular targets (Figure 2). Spermidine acts on EP300- and Atg protein-dependent general
autophagy; fisetin acts on PI3K/AKT- and Bcl-2-dependent senolysis; berberine acts on
AMPK- and mTOR-dependent metabolic regulation; and urolithin A acts on PINK1/Parkin-
dependent selective mitophagy. Each compound’s primary mechanism has so far been
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characterized largely in isolation. Whether their combined use could produce complemen-
tary downstream benefits, such as reduced inflammaging, lower senescent cell burden,
improved mitochondrial quality, and enhanced autophagic activity, therefore remains a
hypothesis rather than an established finding. Although this hypothesis remains untested
experimentally and has not yet been directly examined in human co-administration studies,
it is consistent with concepts from network medicine suggesting that simultaneous modu-
lation of multiple highly connected regulatory nodes may yield disproportionate biological
effects [67,68,72]. Mechanistic complementarity does not necessarily translate into clinical
synergy, since pharmacokinetic interactions, disease stage, and individual biological vari-
ability may substantially influence treatment outcomes; the proposed multi-target model
should therefore be regarded as a scientifically grounded hypothesis awaiting prospective
validation rather than as established evidence of combined efficacy. The mechanistic non-
redundancy of the four compounds, verified by the fact that genetic or pharmacological
ablation of any single pathway (autophagy, senolysis, AMPK signaling, or mitophagy)
produces distinct and non-overlapping aging phenotypes in animal models, lends mech-
anistic support to the hypothesis of additive rather than merely redundant, effects from
their co-administration [67,73-75].
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Solid connectors indicate established primary molecular targets of individual compounds.

Conceptual model

The overall framework is conceptual and does not imply experimentally demonstrated synergistic interactions.
Potential complementary biological outcomes remain hypothetical until validated in dedicated combination studies.

Abbreviations: EP300, E1A-binding protein p300; Atg, autophagy-related proteins; PI3K, phosphoinositide 3-kinase; AKT, protein kinase B;

Bcl-2, B-cell lymphoma 2; PINK1, PTEN-induced kinase 1; AMPK, AMP-activated protein kinase; mTOR, mechanistic target of rapamycin;

NLRP3, NOD-like receptor family pyrin domain-containing 3; SASP, senescence-associated secretory phenotype.
Figure 2. Conceptual illustration of the complementary, non-redundant molecular activities of spermi-
dine, fisetin, berberine, and urolithin A across selected hallmarks of aging. The diagram summarizes
evidence discussed in this review and does not imply experimentally demonstrated synergistic effects
of combined administration. Potential complementary biological outcomes remain hypothetical until
validated in dedicated combination studies [3]. T—indicates activation or upregulation; |—indicates
inhibition or downregulation.

7.3. Practical Considerations for Multi-Compound Functional Food Formulations

Translating this multi-target rationale into functional food or dietary supplement for-
mulations requires attention to several practical parameters. For dosing, the effective dose
ranges established in human trials are: spermidine, 0.9-3.3 mg/day (as wheat germ extract);
fisetin, 100-1000 mg/day (intermittent dosing preferred); berberine, 900-1500 mg/day
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(divided doses); and urolithin A, 500-1000 mg/day [25,26,29,30,45,59-61]. These doses
are achievable in supplement formulations, though food matrix delivery for fisetin and
berberine faces bioavailability constraints requiring formulation innovation.

Pharmacokinetic interactions among the four compounds remain unstudied and repre-
sent a critical knowledge gap. Berberine is a known inhibitor of CYP3A4 and P-glycoprotein,
which could theoretically modulate the absorption and metabolism of co-administered
fisetin and urolithin A, an interaction warranting dedicated investigation before multi-
compound formulations are advanced to clinical use. Spermidine’s pharmacokinetics
as a dietary polyamine are relatively well-characterized and do not suggest significant
interaction potential with the other three compounds at dietary doses.

Population heterogeneity in urolithin A production capacity (Metabotypes A, B, and
0) means that ellagitannin-based dietary strategies will be effective only in a subset of indi-
viduals. Metabotype A prevalence ranges from approximately 25% to 55% across studied
populations, reflecting the substantial inter-population variability in urolithin metabotypes
described in Section 6.2 [51,52]. For multi-component functional food formulations tar-
geting broad population coverage, direct urolithin A supplementation (e.g., as Mitopure)
rather than reliance on pomegranate or berry ingredients is the more reliable delivery
strategy. Alternatively, including microbiome-modulating components (prebiotics, specific
fermented food elements) that support Gordonibacter and Ellagibacter populations could
expand the proportion of effective converters, though this approach remains understud-
ied. These considerations point toward two complementary formulation concepts rather
than a single universal product: a broad-coverage formula built around direct urolithin
A supplementation, suitable across all metabotypes without requiring prior screening;
and a diet-integrated formula combining ellagitannin-rich ingredients with Gordonibac-
ter / Ellagibacter-supporting prebiotics, positioned for Metabotype A-enriched populations
or consumers willing to undergo metabotype screening to confirm converter status.

7.4. Priority Directions for Future Research

The multi-target hypothesis advanced here, that spermidine, fisetin, berberine, and
urolithin A address partially distinct aging mechanisms and may produce complementary
or additive benefits when combined, remains to be tested prospectively. Several research
priorities should therefore be addressed. First, dedicated co-administration randomized
controlled trials should be conducted in defined aging populations (older adults with
metabolic syndrome, frailty, or accelerated biological aging), incorporating composite
biomarker panels that address multiple aging hallmarks simultaneously. Second, the phar-
macokinetics of the four compounds should be characterized during co-administration,
with particular attention to CYP3A4/P-glycoprotein-mediated interactions. Third, partici-
pants should be stratified by urolithin metabotype and gut microbiome composition to iden-
tify subgroups most likely to benefit from dietary versus supplemental urolithin A delivery.
Fourth, composite aging biomarker indices, incorporating markers of autophagy, senes-
cence, mitochondrial function, and metabolic health, should be developed and validated as
efficacy endpoints. Fifth, preclinical co-administration studies in aged animal models are
needed to establish proof-of-concept for multi-target effects before human translation; a
concrete design would randomize aged mice to single-compound arms (spermidine, fisetin,
berberine, or urolithin A alone), pairwise-combination arms informed by the mechanistic
pairings discussed above, a four-compound combination arm, and vehicle control, with a
composite readout panel spanning autophagic flux, senescent cell burden, mitochondrial
quality, and systemic inflammatory markers. Finally, pharmacogenomic determinants that
may influence individual response, including CYP3A4*3 and CYP2D6 poor-metabolizer
alleles affecting berberine exposure [76] and urolithin metabotype-determining gut mi-
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crobiome signatures, warrant exploration where supported by preliminary evidence; the
specific contribution of AMPK a2 (PRKAAZ2) variants to berberine and spermidine efficacy
remains preliminary and requires confirmation.

8. Safety, Bioavailability, and Regulatory Considerations
8.1. Safety Profiles

Spermidine. As a naturally occurring dietary constituent present in all studied mam-
malian species and consumed in varying quantities throughout human life, spermidine
has an inherent basis for safety at dietary concentrations. In a dedicated preclinical GLP-
compliant 90-day oral toxicity study in rats, spermidine trihydrochloride (high-purity syn-
thetic form) produced no adverse effects at doses up to 728-829 mg/kg body weight/day,
establishing a wide safety margin relative to supplementary doses used in human trials [77].
In human randomized controlled trials at doses of 0.9-3.3 mg/day (as wheat germ extract),
no adverse events attributable to spermidine were reported across safety endpoints in-
cluding vital signs, clinical chemistry, and hematological parameters [25,26]. A theoretical
concern is that polyamine supplementation could support the proliferation of pre-existing
cancer cells; however, this effect has not been demonstrated in human supplementation
trials to date [12].

Fisetin. Available human trial data indicate that fisetin is well tolerated at doses
ranging from 100 mg to 1000 mg/day, with no serious adverse events reported in published
trials [29]. Gastrointestinal effects (mild nausea, loose stool) have been noted at higher
doses in a subset of participants. Fisetin’s low oral bioavailability limits systemic exposure
from standard formulations, which may paradoxically reduce the risk of off-target effects
while simultaneously constraining efficacy. A theoretical concern pertains to fisetin’s
inhibitory activity on CYP1A2 and CYP3A4 at high concentrations, which could interact
with co-administered medications metabolized by these enzymes; however, this has not
been clinically documented at doses used in human trials [29].

Berberine. Berberine has an extensive safety record from decades of clinical use in
Asia, primarily at doses of 900-1500 mg/day in divided doses [48,78]. The most commonly
reported adverse effects are gastrointestinal (nausea, constipation, abdominal discomfort),
generally mild and transient. Caution is warranted regarding drug interactions: berberine
inhibits CYP3A4, CYP2D6, and P-glycoprotein, potentially elevating plasma concentrations
of co-administered drugs including statins, warfarin, cyclosporine, and certain antidiabetic
agents [78]. Berberine is contraindicated in pregnancy due to preclinical evidence of
teratogenicity and neonatal jaundice risk. EFSA initiated a formal safety assessment
of berberine in plant preparations for food supplements in 2023 (EFSA-Q-2022-00803).
The NDA Panel endorsed a draft opinion in January 2026, and the subsequent public
consultation closed in May 2026; finalization of the opinion is expected to significantly
influence the compound’s regulatory standing in the European Union [79].

The clinical relevance of berberine’s CYP3A4 and P-gp inhibitory activity deserves
particular attention in the context of multi-compound formulations and polypharmacy.
Berberine has been shown to increase plasma concentrations of cyclosporine and to in-
hibit CYP3A4 activity, with direct clinical consequences for co-administered CYP3A4-
metabolized drugs including certain statins and warfarin in vulnerable populations [78].
In the specific context of the four compounds reviewed here, berberine co-administration
with fisetin is of concern, as fisetin is itself a CYP3A4 substrate and partial inhibitor; their
simultaneous administration could result in mutually elevated plasma levels with unpre-
dictable pharmacodynamic consequences. Genetic polymorphisms in CYP3A4 (notably
the *3 allele) and CYP2D6 (poor metabolizer phenotype, ~7% in Europeans [76]) would
further amplify interindividual variability in berberine exposure and interaction potential.
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Until dedicated pharmacokinetic interaction studies are conducted, practitioners should
exercise caution when combining berberine with CYP3A4-metabolized medications or with
fisetin at high doses. As a pragmatic precaution pending such studies, temporal separation
of dosing (e.g., berberine with the morning meal and fisetin in the evening) and avoid-
ance of co-administration in individuals concurrently taking narrow-therapeutic-index
CYP3A4 substrates (e.g., certain immunosuppressants or anticoagulants) represent reason-
able interim risk-mitigation strategies for any multi-compound formulation combining
these two compounds.

Urolithin A. Urolithin A has undergone the most rigorous formal safety evaluation of
the four compounds reviewed here. The phase I first-in-human trial established a favorable
safety and tolerability profile at single doses up to 2000 mg and multiple doses up to
1000 mg/day for 4 weeks [59]. Across the completed and ongoing RCTs identified in
the 2024 systematic review and subsequent registry entries, no serious adverse events
attributable to urolithin A have been reported, and clinical chemistry, hematology, and
vital sign parameters have remained within normal ranges [58-62]. No clinically significant
drug interactions have been identified to date.

Across all four compounds, an important gap common to the existing safety literature
is the near-total absence of dedicated, prospectively designed drug-interaction studies
and of toxicology data extending beyond approximately 90 days in animal models or
12 months in human trials. Current safety conclusions therefore rest on relatively short
observation windows and should be interpreted accordingly, particularly for any future
multi-compound formulation intended for long-term daily use.

8.2. Bioavailability Comparison

The four compounds exhibit markedly different bioavailability profiles, with im-
portant implications for functional food design and dosing strategies. Spermidine, as a
small, water-soluble polyamine, is absorbed efficiently from the intestinal lumen through
polyamine transporters. Its plasma pharmacokinetics are difficult to characterize by con-
ventional means, however, because absorbed spermidine is rapidly interconverted with
spermine and taken up by peripheral tissues; plasma concentrations may therefore not
directly reflect systemic exposure. Despite this analytical limitation, systemic bioavailabil-
ity appears sufficient to modulate autophagy in peripheral tissues at dietary doses [12].
Urolithin A, when administered as purified supplement, demonstrates dose-proportional
plasma pharmacokinetics with Tmax of 4-6 h and plasma half-life of approximately 20 h,
supporting once-daily dosing [59].

Fisetin and berberine both face significant bioavailability constraints. Fisetin’s oral
bioavailability is limited by poor aqueous solubility, rapid phase II conjugation, and a short
plasma half-life not yet well characterized in humans, resulting in plasma concentrations
from standard formulations that may be insufficient for senolytic activity in peripheral tis-
sues [29,30]. Berberine’s systemic oral bioavailability is estimated at 1-5% due to intestinal
P-glycoprotein efflux and first-pass hepatic metabolism, though intraluminal concentra-
tions substantially exceed systemic levels and may be therapeutically relevant for gut
microbiome modulation independently of systemic absorption [80]. Table 2 summarizes
key pharmacokinetic and bioavailability parameters for the four compounds.
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Table 2. Comparative pharmacokinetic and bioavailability parameters of the four reviewed compounds.

Oral 1 Effective Human  Bioavailability
Compound Bioavailability Tmax (h) B2 (h) Dose Strategies
) . Wheat germ extract;
Spermidine Moderat_e ! ~1-2 Variable (see 0.9-3.3 mg/day standardized foods
diet-equivalent text) (extract) [25,26] [9,10]
Not well 100-1000 mg/day  Galactomannan
Fisetin Low (<10%) ~1-2 characterized in  (intermittent) complex; liposomes;
humans [29,30] nanoparticles [38,81]
. 900-1500 mg/day Dlhydrob.er.berme;
. Very low (1-5% o phospholipid
Berberine . ~1-2 ~3-5 (divided doses)
systemic) [45,46] complex; SEDDS
' [80]
Good (direct g\l/}ggei:el;Pplement
Urolithin A supplement); ~4—6 ~20 500-1000 mg/day ropure);
variable from diet microbiome
optimization [54,82]
8.3. Regulatory Status
The four compounds occupy distinct regulatory positions across major jurisdictions,
with implications for their use as functional food ingredients (Table 3).
Table 3. Regulatory status of the four reviewed compounds in major jurisdictions (as of 2025/2026).
Compound USA (FDA) European Union (EFSA/EC) Regulatory Concern
. Dietary supplement; GRAS Food supplement (wheat germ . o
Spermidine self-affirmation (synthetic) [77] extract); no novel food required [12] None identified
Fisetin Dietary supplement Food supplement (plant gxtract) ;no  Low; advapcmg cllr}lcal
novel food currently required use may trigger review
EFSA safety assessment ongoing
(2023-2026; public consultation Moderate-High; EU
Berberine Dietary supplement closed May 2026); novel food regulatory uncertainty
authorization terminated (April 2025) pending EFSA opinion
[79,83]
Urolithin A GRAS (Mitopure, 2018) [84] Noyel food application under EFSA  Low; most advanced
review regulatory pathway

Spermidine is classified as a dietary supplement in the United States and as a food
supplement ingredient in the European Union, where it is marketed primarily as wheat
germ extract. No novel food authorization is required for wheat germ-derived spermidine,
as it is derived from a traditional food source [12]. High-purity synthetic spermidine
trihydrochloride is subject to GRAS self-affirmation procedures in the US; at least one
submission supporting its safety has been completed [77].

Fisetin is regulated as a dietary supplement in the United States and as a food supple-
ment in the European Union, where it is generally sold as a plant extract (principally from
Rhus succedanea or Strawberry). No novel food authorization is currently required in the EU
for naturally sourced fisetin extracts with a history of use, though this may be subject to
review as clinical applications advance [29].

Berberine occupies the most complex regulatory position. In the United States, berber-
ine is sold as a dietary supplement. In the European Union, a critical development occurred
in April 2025, when the European Commission terminated the novel food authorization
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procedure for a berberine-silymarin combination preparation from Berberis aristata (Com-
mission Implementing Decision C(2025)2494), reflecting ongoing safety uncertainty under
EU novel food regulations [79,83]. EFSA’s parallel safety assessment of berberine in plant
preparations, covering genotoxicity, carcinogenicity, hepatotoxicity, and drug interaction
endpoints, has also progressed: the NDA Panel endorsed a draft opinion in January 2026,
and the subsequent public consultation closed in May 2026 [79]. This regulatory process
introduces further uncertainty for berberine-containing functional food formulations in the
EU market pending the final opinion.

Urolithin A has the most advanced regulatory status. The Mitopure formulation
(Amazentis SA /Timeline) received FDA GRAS designation in the United States in 2018 [84].
In the European Union, urolithin A is currently under review by EFSA as a novel food
ingredient [85]. This regulatory trajectory, including the most advanced novel food applica-
tion status among the four compounds, makes urolithin A the most legally straightforward
ingredient for inclusion in novel functional food products in the EU.

9. Conclusions and Future Directions

This narrative review has examined four naturally occurring bioactive compounds,
spermidine, fisetin, berberine, and urolithin A, as emerging functional food ingredients with
distinct and potentially complementary effects, supported by evidence of varying clinical
maturity, on key hallmarks of human aging. These compounds address non-overlapping
molecular targets: autophagy induction (spermidine), senolysis (fisetin), metabolic and
microbiome regulation (berberine), and selective mitophagy (urolithin A). These targets
are mechanistically interconnected within the hallmarks of aging network, providing a
rational basis for considering the four compounds together as a complementary multi-target
dietary strategy.

The evidence base for each compound individually ranges from strong to emerging.
Berberine possesses the most extensive clinical dataset, with robust meta-analytic evidence
across 46 randomized controlled trials demonstrating significant and consistent reductions
in glycemic, lipid, and inflammatory parameters [46]. Urolithin A has accumulated the most
extensive peer-reviewed clinical dataset among naturally occurring mitophagy-inducing
compounds, with completed and ongoing trials documenting safety, target engagement
(mitochondrial gene expression modulation in skeletal muscle biopsy), functional improve-
ments in muscle strength and endurance, and, most recently, immunological remodeling
involving immune aging-related phenotypes [58-62]. Nevertheless, important translational
caveats apply to the UA evidence base. Most studies have evaluated surrogate endpoints
(mitochondrial gene expression, muscle biomarkers) rather than hard clinical outcomes
such as falls, hospitalization, or functional independence in activities of daily living. The
marked interindividual variability in UA production capacity (a substantial proportion
of individuals across studied populations are suboptimal converters) further complicates
interpretation of dietary intervention studies in which metabotype stratification was not
applied. Spermidine has prospective epidemiological evidence from the Bruneck Study
linking higher dietary intake to reduced all-cause mortality [24], while phase II and phase
IIb trials have established safety but provided inconclusive evidence regarding cognitive
efficacy [25,26]. Fisetin remains in the earliest clinical stage of the four compounds, with sev-
eral ongoing trials and strong preclinical and ex vivo human tissue evidence for senolytic
activity [29,30,32]. A comparative assessment of the current evidence base and translational
readiness of the reviewed compounds is presented in Table 4.
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Table 4. Comparative assessment of clinical evidence and translational readiness of the reviewed

compounds.
Principal . .
Compound Hallmark(s) El‘inec::?ccl'le Clinical Evidence E::;ili;(;nal Main Limitations
Targeted y
Prospective
epidemiological
evidence links higher
dietary intake to
Loss of . . reducefi all—ca}use Limited m.mnber of
teostasis: In vitro + animal +  mortality, while phase large multicenter
Spermidine ELO aired ’ observational + I1/1Ib trials support Moderate trials and lack of
au’i)phagy phase II/1Ib RCT safety but have not long-term clinical
established cognitive outcome data.
efficacy; cardiovascular
outcomes are currently
under investigation
[24-27].
Clinical evidence Insufficient number
Cellular In vitro + animal +  remains limited, with of completed
Fiseti . early-phase human  most support derived randomized
isetin senescence; SASP .. . Low .
modulation (n(? completed from prec.hmcall s.tuches c.on.trolled trials and
efficacy RCT) and ongoing clinical limited oral
trials [29,30,32,33]. bioavailability.
Multiple randomized
Deregulated controlled trials and o .
nutrient sensing; . . meta-analyses N Most clinical studles
altered gut § In vitro + animal +  demonstrate beneficial focus on metabolic
Berberine microbiome: multiple RCTs + effects on glucose High disorders rather than
chronic ’ meta-analyses metabolism, lipid aging-specific
inflammation profiles, and endpoints.
inflammatory markers
[46-49].
Completed and ongoing Long-term effects on
human clinical studies healthy aging
Mitochondrial In vitro + animal + have demonstrated Fema.in une ertain;
dysfunction; phase I + multiple safety, target interindividual
Urolithin A impaired / RCTs (5 completed engagement, and Moderate-High  variability may
mifo ha =250 [58])p ’  improvements in result from
phasy mitochondrial and differences in gut
muscle-related outcomes microbiota
[58-62]. composition.
Strong mechanistic Benefits beyond
rationale based on those of the
Mechanistic + one complementary individual
Combined Multiple hallmarks registered RCT biological pathways; Low compounds remain
strategy of aging (ongoing) however, direct clinical hypothetical and

validation remains
limited to early-stage
investigation [66,72].

require experimental
and clinical
confirmation.

As shown in Table 4, substantial differences exist between mechanistic promise and

clinical validation. While berberine, spermidine, and urolithin A have accumulated consid-

erable human evidence, fisetin remains at an earlier stage of clinical development. Berber-

ine currently possesses the most extensive clinical evidence base among the reviewed

compounds, although most studies have focused on metabolic rather than aging-specific

outcomes. Furthermore, despite a strong mechanistic rationale for combination strategies,
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direct evidence supporting additional benefits from combined administration remains
limited and warrants further investigation.

The multi-target hypothesis that combined administration of these four compounds
could produce complementary or additive effects on aging biomarkers and functional out-
comes exceeding those of individual agents is supported by mechanistic logic and network
biology principles, but direct prospective evidence is currently limited to one registered clin-
ical trial combining urolithin A and fisetin (NCT06990256) [72]. The autophagy-senescence
threshold model (Bahar et al., 2026) offers a particularly compelling conceptual framework:
spermidine-induced autophagy prevents senescence initiation in pre-senescent cells, while
fisetin-mediated senolysis eliminates established senescent cells that have crossed the dam-
age threshold, representing two sequential, non-redundant interventions addressing the
same continuum [66]. Berberine’s microbiome reshaping reduces the gut-derived inflam-
matory input that accelerates both senescence and mitochondrial dysfunction, and urolithin
A’s mitophagy activation addresses the organelle-level quality control impairment that
characterizes senescent cells and aged tissues alike [42,57].

From a functional food science perspective, the four compounds present both opportu-
nities and challenges. Spermidine’s presence in conventional foods (wheat germ, legumes,
fermented products) at measurable concentrations enables dietary enrichment strategies
without novel food authorization requirements. Fisetin’s natural occurrence in strawberries
and other common fruits offers a food-compatible dietary origin, though pharmacokinetic
constraints require delivery system innovation to achieve therapeutically relevant tissue
exposure. Berberine’s status as a botanical medicine rather than a conventional food con-
stituent, combined with emerging regulatory uncertainty in the European Union following
the April 2025 termination of its novel food authorization procedure [83] and the ongoing
EFSA safety assessment [79], means that its inclusion in EU functional food products re-
quires careful regulatory navigation pending the outcome of these assessments. Urolithin
A occupies the most favorable regulatory position, with FDA GRAS designation and an
ongoing EFSA novel food application under review [84,85], making it the most legally
straightforward ingredient for novel functional food formulations targeting aging-related
mechanisms [86].

To translate this concept into evidence-based nutritional strategies, several key ques-
tions require systematic investigation. First, dedicated multi-compound co-administration
trials in well-characterized aging populations, incorporating composite biomarker end-
points spanning autophagy, senescence, mitochondrial function, and metabolic health,
are needed to test the multi-compound hypothesis prospectively. The results of
NCT06990256 (urolithin A + fisetin) will provide the first human data point and should
inform the design of more comprehensive multi-compound trials. Second, pharmacoki-
netic characterization of the four compounds in co-administration is essential, with par-
ticular attention to berberine’s established inhibitory effects on CYP3A4, CYP2D6, and
P-glycoprotein, which could modulate the systemic exposure of co-administered fisetin
and urolithin A [78]. Third, population stratification by urolithin metabotype (A, B, or 0) is
critical for trials incorporating dietary ellagitannin strategies, as a substantial proportion
of individuals lack efficient conversion capacity and would require direct urolithin A sup-
plementation to achieve meaningful systemic exposure [51,52]. Fourth, the development
of validated composite aging biomarker indices, integrating measures of autophagic flux,
senescent cell burden, mitochondrial quality, and metabolic insulin sensitivity, would sub-
stantially enhance the ability to detect multi-hallmark effects in clinical trials of moderate
duration and sample size.

From a practical dietary perspective, a rational multi-compound strategy need not
rely exclusively on supplementation. A Mediterranean-style dietary pattern enriched in
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wheat germ (spermidine), strawberries and apples (fisetin), and pomegranate and wal-
nuts (ellagitannin precursors of urolithin A), combined with berberine as a standardized
botanical supplement (given its absence from conventional Western foods at pharmacologi-
cally relevant concentrations), could provide several of these compounds simultaneously
within a coherent dietary framework. Such an approach aligns with the existing evidence
that Mediterranean dietary adherence is associated with reduced biological aging as mea-
sured by epigenetic clocks and inflammatory biomarkers [87], and would be amenable to
pragmatic clinical testing without the regulatory and formulation complexities of novel
multi-compound products. Berberine would require targeted supplementation as the di-
etary element least achievable through food alone, and urolithin A delivery would need to
account for metabotype heterogeneity as discussed above.

Functional food science is entering an era in which multi-target, mechanism-informed
bioactive compound strategies, grounded in aging biology and supported by translational
clinical evidence, are increasingly feasible. The four compounds differ substantially in their
pharmacokinetic profiles, with important implications for formulation design and clinical
translation. Their integration into evidence-based functional food products will require
rigorous clinical evaluation, population-level biomarker stratification, and carefully navi-
gated regulatory pathways. Achieving this integration represents an important, although
methodologically demanding, direction for future functional food research. Overall, the
available evidence supports further investigation of spermidine, fisetin, berberine, and
urolithin A as potentially complementary components of functional food strategies aimed
at promoting healthy aging.
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AMP adenosine monophosphate
AMPK AMP-activated protein kinase
ARE antioxidant response element
ATG autophagy-related gene/protein
ATP adenosine triphosphate

Bcl-2 B-cell lymphoma 2

Bcl-xL B-cell lymphoma extra-large
BMAL1 brain and muscle ARNT-like 1
cGAS cyclic GMP-AMP synthase
CRP C-reactive protein

CYP2D6 cytochrome P450 2D6
CYP3A4 cytochrome P450 3A4
EC European Commission
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EFSA European Food Safety Authority

elF5A eukaryotic translation initiation factor 5A
EP300 E1A binding protein p300

EU European Union

FDA US Food and Drug Administration
FOXO forkhead box O transcription factor
GLUT4 glucose transporter type 4

GRAS generally recognized as safe

GSK-3p glycogen synthase kinase 3 beta
HbAlc glycated hemoglobin Alc
HOMA-IR homeostatic model assessment of insulin resistance

IL-6 interleukin-6
1L-8 interleukin-8
LC3 microtubule-associated protein 1A /1B-light chain 3
LDL-C low-density lipoprotein cholesterol
MMP matrix metalloproteinase
mTOR mechanistic target of rapamycin
mTORC1  mechanistic target of rapamycin complex 1
NF-«B nuclear factor kappa-light-chain-enhancer of activated B cells
NLRP3 NOD-like receptor thermal protein domain associated protein 3
Nrf2 nuclear factor erythroid 2-related factor 2
P-gp P-glycoprotein
PER2 period circadian regulator 2
PGC-1a peroxisome proliferator-activated receptor gamma coactivator 1-alpha
PIBK phosphatidylinositol 3-kinase
PINK1 PTEN-induced kinase 1
PRKAA2  protein kinase AMP-activated catalytic subunit alpha 2
RCT randomized controlled trial
ROS reactive oxygen species
SASP senescence-associated secretory phenotype
SCFA short-chain fatty acid
SEDDSs self-emulsifying drug delivery systems
SIRT1 sirtuin 1
SREBP-1c  sterol regulatory element-binding protein 1c
STING stimulator of interferon genes
TNF-o tumor necrosis factor alpha
TSCM T memory stem cell
UA urolithin A
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