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Precision health targeting TMAO in
postmenopausal women: polyphenol effects
modulated by urolithin A and equol metabotypes
in a randomised, placebo-controlled crossover trial

Maria Paula Jarrin-Orozco,t? Maria Garcia-Nicolas,t? Maria Romo-Vaquero, (2@
Concepcién Carrascosa,” José Berna, 2 € Julio Puigcerver,©
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Menopause increases cardiometabolic risk, partly by reducing the protective effects of estrogens and
inducing gut microbiota dysbiosis, which can promote the production of atherogenic metabolites such as
trimethylamine N-oxide (TMAO). Polyphenols may reduce TMAO levels, though interindividual variability
limits reproducibility. We compared urinary and serum TMAQO levels, and urinary trimethylamine (TMA) and
120) and non-
medicated postmenopausal women (Post-M, n = 90) using UPLC-QqQ-MS/MS. In Post-M women, we

dimethylamine (DMA) levels between healthy women of reproductive age (Pre-M, n =

conducted a randomised, placebo-controlled crossover study to evaluate the effects of a polyphenol-
rich extract mixture containing pomegranate, Polygonum cuspidatum, and red clover (sources of ellagi-
tannins, resveratrol, and isoflavones) on TMAO, TMA, and DMA in the whole group and after metabotyp-
ing. Because medication is common in Post-M women due to age and cardiometabolic risk, trials in non-
medicated participants are challenging, yet avoiding drug-diet interactions allows clearer attribution of
dietary effects. Urinary TMAO and DMA levels were higher in Post-M than in Pre-M. No changes were
observed in serum TMAO. However, the intervention reduced urinary TMAO and DMA versus baseline and
placebo. The effects varied by metabotype. TMAO reduction was significant in urolithin A metabotype
(UMA), equol producers (EP), and lunularin non-producers (LNP). Reductions and effect sizes were most
pronounced in the metabotype clusters MC3 (UMA + EP + LP) and MC7 (UMA + EP + LNP), which rep-
resented 39% of participants. DMA decreased selectively in UMA. No correlations were found between
TMAO or DMA changes and BMI, age at menopause onset, or years since menopause. These findings
show that polyphenol supplementation reduces urinary TMAO in a metabotype-dependent manner and
support metabotyping as a precision-health strategy to mitigate cardiometabolic risk after menopause.

ageing. The decline in estrogen levels triggers a cascade of
physiological, psychological, and metabolic changes that affect

Menopause is defined as the permanent cessation of men-
struation resulting from declining ovarian function and
reduced production of estrogen and progesterone. It typically
occurs between the ages of 50 and 52 and represents a
complex biological transition that extends beyond reproductive
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women’s health and well-being." This hormonal shift contrib-
utes to vasomotor symptoms, disturbances in lipid and
glucose metabolism, and increased vulnerability to mood dis-
orders. As a result, postmenopausal women face a higher risk
of cardiovascular disease (CVD), osteoporosis, type 2 diabetes,
cognitive decline, and affective disorders, all of which can sub-
stantially impair health-related quality of life.>’

Polyphenols are recognised as modulators of human physi-
ology and potential agents for the prevention of chronic dis-
eases. Experimental and clinical evidence links polyphenol
consumption with improvements in oxidative stress, inflam-
mation, lipid metabolism, and mitochondrial function.*®
However, despite a large body of literature suggesting ben-

Food Funct., 2026, 17, 2037-2049 | 2037


http://rsc.li/food-function
http://orcid.org/0000-0002-0084-6060
http://orcid.org/0000-0001-7775-3703
http://orcid.org/0000-0002-9099-3450
http://orcid.org/0000-0002-1068-8692
http://crossmark.crossref.org/dialog/?doi=10.1039/d5fo05461c&domain=pdf&date_stamp=2026-02-21
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo05461c
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO017004

Open Access Article. Published on 02 February 2026. Downloaded on 4/19/2026 2:36:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

eficial effects, most human trials have yielded inconsistent or
modest outcomes. This lack of reproducibility has led regulat-
ory authorities, including the European Food Safety Authority
(EFSA), to reject the majority of health claims related to poly-
phenols, mainly due to pronounced interindividual variability
in their metabolism and biological responses.”

This variability is especially evident in studies involving
postmenopausal women. Several meta-analyses support the
benefits of isoflavones in alleviating menopausal symptoms
and improving cardiometabolic health,® but other analyses
report inconsistent findings or significant heterogeneity
among participants.” The health effects of other polyphenols,
such as resveratrol, have been less frequently studied in post-
menopausal women, and the available evidence remains
inconclusive.’® These discrepancies likely stem from differ-
ences in gut microbial metabolism, since polyphenols are
extensively transformed in the colon before absorption.'™'?
Thus, these microbial transformations critically shape the
bioactivity and systemic actions of polyphenols.

Gut microbial metabolites, such as urolithins, equol, lunu-
larin, and various phenolic acids, exhibit higher bioavailability
and distinct biological activities than their precursors.
Subsequent phase II metabolism regulates their circulation
and excretion, while enterohepatic recycling prolongs systemic
exposure. Many of the physiological effects attributed to poly-
phenols are now believed to arise primarily from these gut
microbiota-derived metabolites.” Equol and urolithin A are
among the best characterised examples, both exerting anti-
oxidant, anti-inflammatory, mitophagic, and cardioprotective
actions.”

Variation in the capacity to produce these metabolites
among individuals has led to the identification of specific gut
microbiota metabotypes associated with polyphenol metab-
olism. Individuals can be classified according to their ability
to generate equol from daidzein, urolithins from ellagic acid,
or lunularin from resveratrol.” Combinations of these metabo-
types, known as metabotype clusters (MCs), may coexist in the
same individual, generating up to 12 possible profiles with dis-
tinct biological potentials.® Recent findings in postmenopau-
sal women showed that clinically meaningful improvements in
quality of life after supplementation with a mixture of polyphe-
nol-rich plant extracts (pomegranate, resveratrol, and red
clover) were mainly observed in equol producers (EP) and in
certain MCs."* These results indicate that the efficacy of poly-
phenol interventions can depend on the individual’s capacity
to generate specific bioactive metabolites, providing a mechan-
istic basis for the inconsistent outcomes often observed in
intervention trials and supporting the use of metabotyping as
a tool in precision health approaches.

Among the many metabolites produced by the gut micro-
biota, trimethylamine N-oxide (TMAO) has received particular
attention because of its role in CVD.">'® TMAO is generated in
the liver from trimethylamine (TMA), a compound produced
by gut bacteria from dietary precursors such as choline, carni-
tine, and betaine, which are abundant in red meat, fish, eggs,
and some vegetables. Despite some discrepancies between
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observational and intervention studies, elevated TMAO levels
have been associated with vascular inflammation, endothelial
dysfunction, foam cell formation, and platelet hyperreactivity,
processes that contribute to the development of atherosclero-
sis and adverse cardiovascular events.'” Lifestyle and dietary
factors that modulate the gut microbiota, such as increased
intake of fibre-rich or plant-based foods, can lower circulating
TMAO levels and improve cardiovascular outcomes.'®*°

Accumulating evidence suggests that polyphenols may
attenuate TMAO-related CVD risk by reshaping gut microbial
composition and reducing the abundance of taxa involved in
TMA production and/or modulating hepatic flavin monooxy-
genase 3 (FMO3) activity.”” This interaction provides an
additional explanation for the cardiovascular benefits of poly-
phenol-rich diets and highlights the potential of targeting
host-microbiota co-metabolism as a strategy to improve health
in postmenopausal women.

Based on the above, we hypothesise that the effects of
certain polyphenols on TMAO levels may be modulated by the
gut microbiota’s metabolism of these compounds, leading to
distinct metabolites with varying impacts on TMAO levels.
Therefore, this study aims to determine whether a mixture of
plant extracts rich in ellagitannins, resveratrol, and isoflavones
can influence serum and/or urinary TMAO levels compared
with a placebo in non-medicated postmenopausal women,
depending on their gut microbiota metabotype.

Materials and methods

Chemicals and reagents

Trimethylamine N-oxide (TMAO; Ref. 317594), trimethylamine
(TMA; Ref. 021758-01), dimethylamine (DMA; Ref. 011755-04),
and creatinine anhydrous (>98%, Ref. C4255) were obtained
from Sigma-Aldrich (St Louis, MO, USA). trans-Resveratrol
(resveratrol), ellagic acid, daidzein, genistein, formononetin,
biochanin A, equol, and hesperetin were purchased from
Sigma-Aldrich. O-Demethylangolensin (ODMA) and equol 7-O-
glucuronide were purchased from LGC Standards (Barcelona,
Spain). Resveratrol 3-O-glucuronide, dihydroresveratrol 3-O-glu-
curonide, resveratrol 3-O-sulfate, resveratrol 4’-O-sulfate,
Urolithin A (Uro-A), B (Uro-B), Isourolithin A (IsoUro-A), Uro-A
3-O-glucuronide, Uro-A 8-O-glucuronide, Uro-B glucuronide,
Uro-B sulfate, IsoUro-A 3-O-glucuronide, IsoUro-A 9-O-glucuro-
nide, lunularin, 4-hydroxydibenzyl (4HDB) were obtained as
reported elsewhere.”® Uro-A sulfate, lunularin-O-glucuronide
regioisomers, lunularin-O-sulfate regioisomers, 4HDB glucuro-
nide and 4HDB sulfate were obtained as described in the SI
(Fig. S1-S14). All the reagents and metabolites were 97% pure
or higher. Ammonium acetate was obtained from PanReac
AppliChem (Barcelona, Spain). Formic acid was purchased
from Sigma-Aldrich. LC-MS grade acetonitrile, dimethyl sulfox-
ide, and methanol were supplied by Scharlab (Barcelona,
Spain). Ultrapure water was produced using a Milli-Q purifi-
cation system (Millipore, Bedford, MA, USA) and was used for
all experiments and mobile phases.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fo05461c

Open Access Article. Published on 02 February 2026. Downloaded on 4/19/2026 2:36:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

Polyphenol-rich mixture (PPs)

The polyphenol-rich mixture (PPs), comprising resveratrol,
pomegranate, and red clover extracts, was prepared as pre-
viously described.”* Capsules (700 mg) contained Polygonum
cuspidatun extract (50 mg, containing 98% purity resveratrol),
punicalagin-rich pomegranate extract (320 mg, 20% punicala-
gin), EA-rich pomegranate extract (80 mg, 40% EA), and red
clover extract (250 mg, 20% isoflavones) (Laboratorios Admira
S.L., Alcantarilla, Spain). The extracts were further analysed by
HPLC-ESI-IT-MS/MS.>" Each PPs capsule contained 103.7 +
10.3 mg of ellagitannins and ellagic acid, 44.4 + 3.4 mg of
resveratrol, and 55.5 + 9.1 mg of isoflavones (Table S1).
Placebo capsules contained microcrystalline cellulose (700 mg)
and were identical in appearance to the PPs capsules.

Subjects and study design

The study protocol was approved by the Bioethics Committees
of the Spanish National Research Council (CSIC, Madrid; ref.
249/2023), IMDEA-Food (Madrid; ref. PI-065), and Virgen de La
Arrixaca University Hospital (Murcia; ref. 2023-4-9-HCUVA),
within the framework of the PolyPAUSE Project (PID2022-
1364190B-100; MICIU, Spain). The trial was conducted in
accordance with the Declaration of Helsinki (1975, as revised)
and registered at clinicaltrials.gov (NCT07182370). Participant
recruitment took place between September 2023 and January
2025. All participants provided written informed consent prior
to inclusion in the study.

The experimental design and general procedures have been
described in detail elsewhere.'” The trial comprised two
studies: Study 1 included healthy premenopausal women (Pre-
M), defined as women in their reproductive years (aged 30-48
years), who were recruited for comparative purposes; and
Study 2 involved postmenopausal women (Post-M, aged 45-59
years), enrolled in an 8-week intervention to assess the effects
of PPs on urinary and serum levels of TMAO, TMA, and DMA.

In Study 1, Pre-M participants consumed 3 capsules of PPs
daily for 3 days to standardise metabotype determination
using first-morning urine samples. Urine samples were col-
lected before and after intake.

In Study 2, healthy, non-medicated Post-M women were ran-
domised to receive either PPs or the placebo for 8 weeks, fol-
lowed by a 1-month washout and crossover to the alternate treat-
ment (Fig. 1). Participants followed a controlled diet, supervised
by a nutritionist throughout the trial, with several menu options.
Although not excessively strict given the five-month duration of
the study, the diet was low in polyphenols and regulated intake
of choline and carnitine sources (red meat, eggs, fish, and some
legumes such as lentils and chickpeas)."* Blood and urine
samples, and adherence records were collected at each time
point. Refer to SI for additional information.

The sample size for this two-period, two-sequence crossover
study was determined following established guidelines for
crossover designs in nutrition research and methodological
considerations for continuous outcomes in clinical nutrition;
i.e., a parallel design requires about five times as many partici-
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pants as a crossover to achieve similar power and a.>> We per-
formed an a priori sample size justification for a 2 x 2 cross-
over design with urinary and serum TMAO as the primary end-
point. Assuming a moderate within-subject standardised effect
size (paired Cohen’s d ~ 0.5), @ = 0.05, and 80% power, cross-
over trials require fewer participants than parallel designs
because power is driven by the within-subject variance of treat-
ment differences. Using a conservative efficiency factor (R = 5),
a parallel design achieving significance with n ~ 30-40 per
comparison**** would require approximately 10 participants
in a crossover design to achieve comparable power. However,
given our planned metabotyping and clustering (MCs), which
fragment the cohort and reduce per-group sample sizes with
uncertain prevalences, we prospectively increased recruitment
to n = 90 to ensure adequate power for the overall analysis and
for the most prevalent MCs. We further incorporated an antici-
pated 15% drop-out and accounted for phase and sequence in
the mixed/repeated measures analysis, with a washout period
to minimise carryover. This conservative, subgroup-oriented
planning ensured robust inference for both the primary end-
point and metabotype-specific comparisons. Baseline assess-
ments were performed before any supplementation to ensure
unsupplemented reference values.

Sampling procedure

Urine samples were centrifuged at 14 000g for 10 min at room
temperature. A volume of 500 pL of the supernatant was col-
lected and filtered through 13 mm polystyrene syringe filters
(PES) with a 0.22 um pore size (Agilent Technologies, Santa
Clara, CA, USA). The filtered urine was subsequently diluted
1:100 to a final volume of 500 pL. In some samples, a 1:200
dilution was required to ensure linearity within the calibration
range. Concentrations of DMA, TMA, TMAO, and creatinine
(used to normalise urinary metabolite concentrations) were
determined.

Serum samples were processed following the extraction pro-
cedure described elsewhere,>® with minor adaptations. Briefly,
20 pL of serum was mixed with 80 pL of MeOH. Proteins were
precipitated by vortexing for 1 min, and samples were then
centrifuged at 14 000g for 10 min at 4 °C. The resulting super-
natant was carefully recovered and further filtered using
0.22 pm PES syringe filters. A 30 pL aliquot was transferred
into a vial insert for injection. After analysing the three metab-
olites in a representative subset of samples, only TMAO was
measured in all the samples.

Matrix effects were evaluated by comparing the TMAO
response in post-extraction spiked serum samples with that
obtained from standards prepared in MeOH at equivalent con-
centrations. As the analyte is endogenously present in serum,
background signals from blank serum samples were sub-
tracted from all spiked samples prior to matrix effect calcu-
lation. Matrix effects were calculated as the percentage ratio of
background-corrected responses in serum and MeOH. In
accordance with commonly accepted bioanalytical criteria,
matrix effects within +15% were considered negligible. Under
these conditions, the observed matrix effect was below 5%,
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T1+3days, T2, T3, T4: Urine
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Assessed for eligibility (n=185)

»| Excluded (n=95)

| Not meeting inclusion criteria (n=72)
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Declined to participate (n=13)
Other reasons (n=10)

]

Period |

[ ARM1(n=45) |
[ Polyphenols (PPs) ]

Allocation 1

([ ARM2(n=45) |

Placebo (Pla) ]

T1 Baseline

Allocated to intervention (n=45) analyses Allocated to intervention (n=45)
Received allocated intervention (n=45) ' Received allocated intervention (n=45)
Did not receive allocated intervention Did not receive allocated intervention
(n=0) (n=0)

‘ Follow-Up ‘
Discontinued intervention (n=1) \ (8 weeks) Discontinued intervention (n=3)
Lost to follow-up for primary outcome Lost to follow-up for primary outcome
(n=0) (n=0)

‘ T2 Analysis ‘

Analysed for primary outcome (n=44)
Excluded from analysis (n=0)

Period Il

( ARM 2

washout
(4 weeks)

Analysed for primary outcome (n=42)
Excluded from analysis (n=0)

Crossover and

ARM 1 ]
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Allocated to intervention (n=42) Allocated to intervention (n=44)
Received allocated intervention (n=39) analyses Received allocated intervention (n=42)
Did not receive allocated intervention Did not receive allocated intervention
(n=3) (n=2)
‘ Follow-Up ;
Discontinued intervention (n=3) (8 weeks) Discontinued intervention (n=0)
Lost to follow-up for primary outcome Lost to follow-up for primary outcome
(n=0) (n=0)
‘ T4 Analysis ‘
Analysed for primary outcome (n=36) Analysed for primary outcome (n=42)
Excluded from analysis (n=0) Excluded from analysis (n=0)

ARM 2: Completed the
study (n=36)

Fig. 1

indicating minimal ion suppression or enhancement and con-
firming that matrix effects did not compromise quantitative
performance; therefore, no correction was required.

Thyroid, hepatic, and renal functions were determined at
the hospital’s facilities. All metabolites were analysed by
UPLC-QqQ using multiple reaction monitoring (MRM), as
described below.

2040 | Food Funct,, 2026, 17, 2037-2049

ARM 1: Completed the
study (n=42)

(A) Schematic overview of the trial design; (B) CONSORT flow diagram of the trial.

UPLC-QqQ-MS/MS analysis

The separation and quantification of TMAO, TMA, DMA, and
urinary creatinine in urine and serum samples were performed
using a 6460 QqQ-MS/MS (Agilent) equipped with an electro-
spray ionisation (ESI) source. Chromatographic separation was
achieved on an ACQUITY Premier BEH Amide column (2.1 x

This journal is © The Royal Society of Chemistry 2026
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100 mm, 1.7 pm; Waters, Germany) maintained at 30 °C. The
injection volume was 1 pL, and the flow rate was set at 0.3 mL
min~'. The mobile phase consisted of solvent A (20 mM
ammonium acetate with 0.1% formic acid in water) and
solvent B (100% acetonitrile). The chromatographic run began
at 90% B. The proportion of solvent B was then reduced to
60% at 4.6 min and subsequently increased to 90% at 6.0 min.
The system was finally returned to the initial conditions and
equilibrated for an additional 0.5 min before the next
injection.

The mass spectrometer was operated in multiple reaction
monitoring (MRM) mode. TMAO, TMA, DMA, and creatinine
were detected in positive ion mode. Optimised precursor and
product ion transitions (Q1 — Q3) and the corresponding col-
lision energies are summarised in Table S2. Data acquisition
and integration of chromatographic peaks were carried out
using MassHunter Quantitative Analysis software (Agilent
Technologies). Calibration curves were constructed using serial
dilutions of authentic standards for each analyte prepared in
water, and linearity was assessed by the correlation coefficient
(R?) exceeding 0.99.

UPLC-ESI-QTOF-MS for metabotype determination

Urinary (poly)phenol-derived metabolites were analysed by
Ultra-Performance Liquid Chromatography coupled to
Electrospray Ionisation Quadrupole Time-of-Flight Mass
Spectrometry (UPLC-ESI-QTOF-MS) using an Agilent 1290
Infinity UPLC system coupled to a 6550 accurate-mass QTOF
mass spectrometer (Agilent Technologies, Waldronn,
Germany). This analytical platform was used exclusively for
metabotype determination. Chromatographic separation and
ESI parameters were those recently described.'* Data were pro-
cessed using Mass Hunter Qualitative Analysis software
(version B.08.00, Agilent).

Phenolic-derived metabolites were identified by direct com-
parison with available analytical standards whenever possible.
Spectral characteristics such as molecular mass and fragmen-
tation patterns were evaluated to confirm compound assign-
ments. Quantification was performed using extracted ion chro-
matograms (EICs) with a narrow mass window to minimise
peak overlap. Metabolites used for metabotype classification,
including the corresponding phase-II metabolites of equol,
urolithin Aj isourolithin A, urolithin B, and lunularin, were
measured using a validated targeted metabolomics method
under consistent analytical conditions.'* These measurements
ensured accurate detection of phase II conjugates of equol,
urolithin, and lunularin, as well as the assignment of partici-
pants to their respective metabotype clusters (MCs).

For metabolites without commercial standards, such as iso-
urolithin A sulfate, the identification was based on accurate
mass and isotopic distribution; inclusion required a signal-to-
noise ratio >10.

Statistical analyses

The effects of polyphenol (PPs) intake on TMAO, TMA, and
DMA were examined using a two-way repeated-measures

This journal is © The Royal Society of Chemistry 2026
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ANOVA, which evaluated within- and between-group variations
in the dependent variables across time and treatment con-
ditions (SigmaPlot v16.0, Systat Software, San Jose, CA, USA;
jamovi v2.6.26, The jamovi project 2025, https:/www.jamovi.
org, Sydney, Australia). This approach allowed the assessment
of main effects for each factor and their potential interactions.
Data normality was verified through the Shapiro-Wilk test.
When overall differences reached statistical significance, pair-
wise comparisons were subsequently explored using the
Bonferroni post hoc test.

Analyses were carried out considering the entire group as a
single population and, additionally, stratifying by individual
metabotypes and their corresponding clusters (MCs). Changes
in TMAO, TMA, and DMA were estimated using least-squares
means (LSM) derived from the two-way repeated-measures
ANOVA model that accounted for intra-subject variability and
the crossover design of the trial. In cases where the assump-
tion of sphericity was not met, degrees of freedom were cor-
rected using the Greenhouse-Geisser adjustment, yielding
non-integer residual values. This procedure ensured reliable
inference of treatment effects with appropriate error control.

Cohen’s d was calculated for each within-subject compari-
son (pre- vs. post-intervention) to estimate the effect size of
PPs intake on TMAO, TMA, and DMA. Effect sizes were inter-
preted according to conventional thresholds (small: 0.2 < d <
0.5; medium: 0.5 < d < 0.8; and large: d > 0.8), thereby facilitat-
ing the evaluation of clinical relevance across metabotype-
defined subgroups.*®

Baseline values of TMAO, TMA, and DMA were compared
between the two arms at the start of each intervention phase
(T1 and T3; Fig. 1) to rule out carryover effects between treat-
ment periods.

Variations in TMAO (post-treatment vs. baseline) were cor-
related with BMI, chronological age, age at menopause onset,
years since menopause, PREDIMED questionnaire, and IPAQ
scores to assess potential confounding effects. Depending on
data distribution, relationships were tested using multiple
linear regression or by calculating Pearson’s or Spearman’s
correlation coefficients. Comparisons between two indepen-
dent groups (e.g., Pre-M vs. Post-M women at baseline) were
performed using independent Student’s ¢-tests for normally
distributed data, or Mann-Whitney U tests otherwise. For com-
parisons between two dependent conditions (e.g., pre- vs. post-
intervention with PPs or placebo within each arm, before and
after washout, and crossover), paired ¢-tests were applied for
parametric data and Wilcoxon signed-rank tests for nonpara-
metric distributions.

Participants were classified into low, medium, and high
producers using unsupervised K-means clustering (k = 3)
based on creatinine-normalised metabolite intensities as
described elsewhere.”® For each metabotype, the sum of the
specific metabolites was considered to define the production
groups. Data were log-transformed and autoscaled before ana-
lysis in MetaboAnalyst 5.0 (https:/www.metaboanalyst.ca).
Clustering was performed using the Hartigan-Wong algorithm
with Euclidean distance. The thresholds defining the three
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clusters correspond to the centroid values automatically deter-
mined by the algorithm. Data plots were performed using
GraphPad Prism 10.4.1 software (GraphPad Software, San
Diego, CA, USA) and SigmaPlot v16.0. Statistical significance
was set at *p < 0.05, **p < 0.01, and ***p < 0.001.

Results

Baseline characteristics of participants, metabotypes, and
metabotype clusters distribution

Baseline characteristics and the distribution of individual
metabotypes and metabotype clusters (MCs) are shown in
Table 1 and were previously reported in detail.'* In Pre-M, 160
eligible participants were contacted, and 120 agreed to partici-
pate (Study 1). Among Post-M participants, 185 were contacted,
and 90 were enrolled in Study 2 (Table 1; Fig. 1). The preva-
lence of equol producers (EP), urolithin A metabotype (UMA,
i.e., producing only Uro-A), and lunularin producers (LP, i.e.,
reducing resveratrol to dihydroresveratrol and subsequently
dehydroxylating it to lunularin and 4HDB) was comparable
between groups, with only minor differences associated with
menopausal status (Table 1). UMA was the most frequent meta-
botype in both groups. The distribution of MCs showed mod-
erate variation, with cluster MC3 (UMA + EP + LP; 21.8%) pre-
dominating in Pre-M women and cluster MC7 (UMA + EP +
LNP; 22.5%) in Post-M participants. Clusters MC2 (UMA + ENP
+ LP; 15.7%), MC3 (15.7%), and MC5 (UMA + ENP + LNP;
18%) were consistently prevalent, whereas clusters MC9 to
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Fig. 2 Comparison of urinary TMAO levels between pre-menopausal
(Pre-M; n = 120) and post-menopausal women at baseline (Post-M (B); n
=90) ***p < 0.001.

MC12 (all containing UMO) were not detected in Post-M
women (Table 1).

TMAO levels are influenced by menopausal status

Urinary TMAO levels were significantly higher in Post-M
women compared with Pre-M women (Fig. 2).

Excreted TMAO levels did not correlate with BMI or age in
either Pre-M or Post-M groups (results not shown). In Post-M
women, TMAO concentrations were likewise unrelated to age

Table 1 Baseline characteristics of premenopausal (Pre-M) and postmenopausal (Post-M) women

Characteristics Description Pre-M (n = 120) Post-M (n = 90)
Age (years) Mean + SD; 40.2 + 4.0; 41.0 (30-48) 53.2 + 3.3; 54.0 (45-59)
median (range)
BMI (kg m™2) Mean + SD; 23.7 + 3.8; 23.0 (18.3-36.2) 26.0 +4.3; 25.1 (19.0-37.4)
median (range)
BMI categories (%) Normal/ 70.8/22.5/6.7 50.0/35.6/14.4
overweight/
obese
Adherence to the Low/medium/ — 15.7/74.2/10.1
Mediterranean diet high
(PREDIMED) (%)
IPAQ score (%) Low/medium/ — 61.1/32.2/6.7
high
Menopause onset (years) Mean + SD — 49.8 + 3.7 (40-56)
(range)
Postmenopausal duration Mean + SD — 3.9 +3.5(0.3-14)
(years) (range)
Equol metabotype (%) EP/ENP 49.6/50.4 50.6/49.4
Urolithin metabotypes (%)  UMA/UMB/UMO  64.7/32.8/2.5 71.9/28.1/0
Lunularin metabotype (%) LP/LNP 60.5/39.5 50.6/49.4
Metabotype clusters (MC1-  Percentage per MC1: 10.9%; MC2: 14.3%; MC3: 21.8%; MC4: MC1: 10.1%; MC2: 15.7%; MC3: 15.7%;
MC12) cluster 12.6%; MC5: 18.5%; MC6: 6.0%; MC7: 10.1%; MC4: 9.0%; MC5: 18.0%; MC6: 5.6%;

MC8: 3.4%; MC9: 0.8%; MC10: 0.8%; MC11:

0.8%; MC12: 0%

Table 1 has been adapted from Jarrin-Orozco et al.**

MC7: 22.5%; MC8: 3.4%; MC9-MC12: 0%

The numbering of MCs corresponds to the order established in a previous report, based on

prevalence rates.’*> PREDIMED adherence categories were calculated from the 14-item Mediterranean diet questionnaire (score range 0-14),
classified as low (<5), moderate (6-9), and high (>10) adherence.>” IPAQ categories were derived from the International Physical Activity
Questionnaire-Short Form,”® and were normalised to a 0-100 scale for readability and classified as low (0-33), moderate (34-66), and high
(67-100) physical activity levels.
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at menopause onset, years since menopause, IPAQ score
(which had a low mean, Table 1), or adherence to the
Mediterranean diet (PREDIMED), which was moderate in the
majority (75%, Table 1) of participants.

Moreover, differences in TMAO between Pre-M and Post-M
did not vary when stratified by metabotypes or MCs, indicating
that menopausal status influences TMAO concentration inde-
pendently of other variables.

TMA levels did not differ between Pre-M and Post-M groups
(results not shown). In contrast, DMA levels were significantly
higher in Post-M than in Pre-M (Fig. S15). Similar to TMAO,
TMA and DMA values did not depend on BMI, age at menopause
onset, years since menopause, or IPAQ and PREDIMED scores.

Metabotype and cluster shifts following polyphenol-rich
extract intake in postmenopausal women

In Study 2, 78 Post-M participants completed the five-month
intervention. Adherence to the low-polyphenol diet and
capsule intake protocol was high, with full submission of
dietary records and minimal deviations in capsule consump-
tion. A few participants reported minor gastrointestinal symp-
toms, but these were transient and did not affect study
completion.

After 8 weeks of PPs intake, modest shifts in individual
metabotypes were observed. The proportion of UMB increased,

View Article Online

Paper

while UMA decreased slightly. Both EP and LP metabotypes
showed moderate increases, and the overall distribution
remained comparable to baseline and to that of Pre-M
women."* MC frequencies also changed moderately. MC3
became more prevalent (20%) and surpassed MC7 (19.2%),
which had dominated at baseline. Clusters MC1 and MC4
increased (12.8% and 14.1%, respectively), and MC2 declined
(9%). Although the distribution in Post-M women continued to
differ modestly from that in Pre-M participants, PPs intake led
to partial convergence in MC profiles without substantial
reconfiguration.*

Consumption of polyphenol-rich extracts reduces TMAO levels
in a metabotype-dependent manner compared with placebo

In a first attempt, we determined TMAO in serum. However,
no statistically significant changes were observed as a conse-
quence of PPs intake (Fig. 3A). Serum is not a reservoir,
and circulating metabolites are strongly conditioned by their
turnover in the organism, which can limit the detection of
changes in methylamine-related metabolites when using
fasting serum. For this reason, we analysed TMAO and related
metabolites in urine, normalising diuresis with excreted creati-
nine. Both serum and urinary TMAO are affected by recent
dietary intake, but they reflect different time windows. Urine
provides a more integrated measure of TMAO production over
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Fig. 3 Urinary TMAO changes after polyphenol supplementation (PPs) in postmenopausal women. (A) Serum TMAO concentrations in all Post-M
women across time points. (B) Urinary TMAO changes in all Post-M women; Post-M (B), baseline; Post-M (PPs), after PPs intervention; Post-M
(B-Pla), placebo baseline; and Post-M (Pla), after placebo consumption. (C) Urinary TMAO changes after stratification by metabotypes: UMA, urolithin
A metabotype (n = 49); EP, equol producers metabotype (n = 46); LNP, lunularin non-producers metabotype (n = 44). *p < 0.05, ***p < 0.001.
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Table 2 Change in urinary TMAO levels in postmenopausal (Post-M) women after 8 weeks of PPs intake vs. placebo, adjusted for interindividual
variability in a crossover design®

TMAO difference

Groups (LSM, pg mg™" creatinine) 95% CI LSM p-Value Cohen’s d
All participants (n = 78)
PPs —70.58 [-118.5, —22.7] 0.018 -0.25
Pla 18.08 [-28.5, 64.7] 0.543 0.13
PPs-Pla —85.97 [-136.0, —43.0] 0.013 -0.39
Metabotypes
UMA (1 = 49)
PPs —84.30 [-137.4, =31.2] 0.005 -0.38
Pla 15.73 [—42.8, 74.2] 0.543 0.07
PPs-Pla —~100.01 [-156.1, —44.3] 0.001 -0.45
EP (1 = 46)
PPs —69.40 [-136.3, —3.5] 0.033 -0.21
Pla —49.77 [-126.7,27.1] 0.543 -0.19
PPs-Pla -16.63 [-120.2, —=7.2] 0.032 -0.11
LNP (1 = 44)
PPs —55.10 [-108.5, —1.8] 0.009 -0.26
Pla —24.42 [-72.5, 23.7] 0.507 -0.14
PPs-Pla —30.72 [—89.1, 27.6] 0.011 —0.14
Metabotype clusters (MCs)
MC3 (UMA + EP + LP) (1 = 16)
PPs -139.10 [—249.1, —41] 0.013 -0.71
Pla —39.00 [-13.2, 35.2] 0.464 -0.25
PPs-Pla —100.10 [-178.2, —22.0] 0.044 —-0.52
MC7 (UMA + EP + LNP) (1 = 16)
PPs -111.41 [—188.4, —34.4] 0.005 -0.71
Pla 40.39 [—45.6, 126.4] 0.328 0.23
PPs-Pla —162.56 [—252.9, —72.3] 0.023 -1.58

“Only individual metabotypes and MCs with statistically significant differences are shown. Statistically significant differences are boldfaced.
Values are expressed as least squares mean (LSM) differences in urinary TMAO, derived from a two-factor (time x treatment) repeated measures
ANOVA adjusted for interindividual variability, washout period, and crossover. UMA, Uro-A producers; EP, equol producers; LNP, lunularin non-
producers (i.e., resveratrol is reduced to dihydroresveratrol, with no lunularin formation); LP, lunularin producers (i.e., dihydroresveratrol under-
goes dehydroxylation to yield lunularin and 4HDB). PPs and Pla indicate within-group changes from baseline to post-intervention. PPs - Pla indi-
cates the LSM difference between PPs and placebo post-intervention. Negative values denote decreases. Positive values denote increases. Cohen’s
d values quantify the magnitude and direction of group differences, with negative and positive values indicating reductions and increases,
respectively. Effect sizes were interpreted using conventional thresholds: small: 0.2 < d < 0.5; medium: 0.5 < d < 0.8; and large: d > 0.8.>°

time. In contrast, fasting serum represents a single moment tion, so the use of urinary metabolites was appropriate in this
and is more sensitive to the rapid turnover of this metabolite. context.

This helps explain the absence of detectable changes in In Post-M women, without stratification by metabotypes or
fasting serum despite the clear differences observed in urine. MCs, PPs intervention significantly reduced urinary TMAO
All participants were healthy women with normal renal func- levels compared with baseline and placebo, with effects of
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Fig. 4 Urinary TMAO changes after polyphenol supplementation (PPs) in postmenopausal (Post-M) women stratified by MCs (MC3 and MC7). Only
cases with statistically significant differences are shown. Post-M (B), baseline; Post-M (PPs), after PPs intervention; Post-M (B-Pla), placebo baseline;
and Post-M (Pla), after placebo consumption. *p < 0.05, **p < 0.01. Details are provided in Table 2.
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small to moderate magnitude (Table 2 and Fig. 3B). After stra-
tification by metabotypes, the greatest decreases in TMAO, sig-
nificantly different from both baseline and placebo, were
observed in UMA, followed by EP and LNP, also with small to
moderate effects, probably influenced by the reduction of the
sample size (Table 2 and Fig. 3C). No significant differences in
TMAO levels were detected in UMB, ENP, or LP (Fig. S16). The
effects of PPs intervention were even more pronounced in MC3
(UMA + EP + LP) and MC7 (UMA + EP + LNP), where PPs
intake significantly reduced TMAO with large or very large
effects (Table 2 and Fig. 4). Nevertheless, the low n warrants
caution, although it exceeded the minimum estimated for the
crossover trial design. No significant differences in TMAO
levels were found in the remaining MCs (Fig. $17).

Regarding TMA, no differences were observed in the entire
group or after stratification by metabotypes (results not
shown). In contrast, urinary DMA values decreased signifi-
cantly after PPs intervention, but only in the UMA metabotype
(Fig. S18).

The change in urinary TMAO induced by PPs intake did not
correlate with BMI, age at menopause onset, or years since
menopause. Likewise, no carryover effect was observed.
Remarkably, no significant effect was detected after placebo
intake in any case (Table 2, Fig. 3 and 4).

Discussion

This study demonstrates, for the first time, that supplemen-
tation with selected dietary polyphenols reduces TMAO levels
in non-medicated Post-M women compared with placebo, with
effects strongly conditioned by gut microbiota metabotypes.
The greatest reductions were observed in the urolithin A meta-
botype (UMA), equol producers (EP), and lunularin non-produ-
cers (LNP), particularly in the metabotype clusters MC3 and
MC?7, which together accounted for 39% of participants.

Most studies examining the association between TMAO and
cardiovascular risk have used serum or plasma measurements,
particularly in clinical populations with elevated risk. Our study
focuses on healthy women in a controlled dietary intervention,
in which urinary TMAO is commonly used to monitor changes
in microbial-derived production over the intervention period.

TMAO is recognised as an independent cardiovascular risk
factor, promoting atherosclerosis through foam cell formation,
impaired cholesterol efflux, endothelial inflammation, and
enhanced platelet reactivity."” However, causal evidence is pri-
marily supported by preclinical studies, and in humans, inter-
vention trials are limited and often yield mostly associative
findings. The relationship between diet and circulating TMAO
has been debated for nearly a decade. Adherence to a
Mediterranean diet has been inversely associated with urinary
TMAO levels, underscoring the role of dietary patterns in
shaping the gut microbiota and metabolome.”® In contrast,
other reports have shown that TMAO increased after a fibre-
enriched Mediterranean diet®® and after the consumption of
diets rich in fish-derived n-3 fatty acids and whole-grain cereals

This journal is © The Royal Society of Chemistry 2026
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(foods generally considered cardioprotective). These findings
suggest that TMAO is not a universally valid biomarker of
cardiovascular risk independent of dietary background.*!

Against this backdrop, several trials have explored the role
of polyphenols as possible modulators of TMAO. For example,
Annunziata et al. (2019) observed a marked reduction in TMAO
in young adults consuming a grape polyphenol extract, despite
its very low resveratrol content (135.7 + 0.64 ug g ' extract),
suggesting synergistic actions of the polyphenolic matrix.*?
However, no effect of a much higher resveratrol dose (0.5-1 g)
combined with exercise in older adults at high cardiovascular
risk was recently reported, suggesting that resveratrol alone
might be insufficient.*> Consuming flavanol-rich cocoa
improved endothelial function and decreased serum TMAO
concentrations in healthy ageing adults.>® Also, a polyphenol-
rich tomato extract reduced fasting TMAO levels, with effects
more evident in urine than in plasma, and was accompanied
by microbial shifts, including decreases in the genera
Bacteroides and Ruminococcus and increases in the genus
Alistipes.®* Recently, pomegranate polyphenols were shown to
inhibit the microbial conversion of choline and carnitine to
TMA in vitro.>® Within this evolving evidence, our trial in non-
medicated Post-M women adds a new dimension, i.e., polyphe-
nol supplementation significantly reduced TMAO levels com-
pared with placebo, with effects strongly dependent on gut
microbiota metabotypes.

A central feature of our study is the inclusion of non-medi-
cated Post-M women. In most previous trials, Post-M partici-
pants were either medicated or this information was not speci-
fied, and therapies such as hormone replacement or other
drugs can alter gut microbiota composition or hepatic metab-
olism of amines, including FMO3 activity. These confounders
make it difficult to attribute net effects to dietary constituents.
Although restricting recruitment to non-medicated women is
challenging, given the high prevalence of treatments in this
population segment, it allows a less confounded assessment
of the impact of polyphenols.

Comparison with women of reproductive age (Pre-M) pro-
vides additional context. Post-M women showed higher
urinary levels of TMAO and DMA than premenopausal women,
suggesting that menopause favours a more atherogenic
methylamine profile, independent of diet or physical activity.
In Pre-M women, lower TMAO levels may reflect both hormo-
nal protection and a more balanced gut microbiota. The
reduction of TMAO following polyphenol supplementation in
Post-M women supports the hypothesis that diet can partially
counteract this unfavourable profile.'> However, the inter-indi-
vidual variability, as captured by metabotype in our study,
appears to modulate the magnitude of the effects. In the
present study, gut microbiota analysis was not included, as it
is currently ongoing. We focused instead on endpoint
changes, particularly TMAO, consistent with other studies and
recent trials.>**> Gut microbiota analysis will complement
these findings in the near future, although the most widely
accepted mechanism for TMAO reduction is through the gut
microbiota.>® Other mechanisms have also been proposed,
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including downregulation of hepatic FMO3 expression (limit-
ing TMA to TMAO conversion), reduced intestinal absorption
of dietary precursors (e.g., choline and carnitine), systemic
anti-inflammatory and antioxidant actions (e.g., NFkB pathway
attenuation), and improved renal clearance. However, non-
microbiota mechanisms remain primarily supported by pre-
clinical evidence.?”®

Although FMO3 expression and/or activity could not be
assessed in the participants since it is a hepatic enzyme, its
involvement remains a plausible hypothesis. Our metabotypes
and MCs analysis indicate that the effect of polyphenols is not
uniform. UMA, EP, and LNP women showed greater reductions
in TMAO. Importantly, the magnitude of urolithin A, equol,
and dihydroresveratrol production did not directly correlate
with the decrease in TMAO. This reflects that causality is
elusive when linking single-time-point measurements to pro-
cesses modulated over weeks. It also suggests that benefits
may not derive exclusively from the metabolites themselves,
but from gut microbial ecosystems capable of producing them,
which may simultaneously suppress TMA-generating bacteria,
favour competing microbial routes, or activate alternative path-
ways in the host.*®

Our findings on DMA (dimethylamine) are particularly
novel. Very few studies have investigated DMA in postmeno-
pausal women, even fewer have addressed its dietary modu-
lation, and none to date have examined its modulation by poly-
phenols. The higher baseline DMA levels compared with those
of Pre-M women, and their selective reduction in UMA,
suggest that DMA may serve as a marker of alternative
microbial routes in methylamine metabolism. Although its
physiological role is not clearly defined, DMA is mostly
endogenously produced and is the most abundant short-chain
aliphatic amine in human and animal urine,***" with elevated
levels in renal dysfunction.** Although certain functions begin
to be compromised during menopause, renal, thyroid, and
hepatic function values remained within normal reference
ranges and were not affected by PPs consumption (results not
shown). Therefore, the slightly higher DMA levels observed in
Post-M compared with Pre-M cannot be directly attributed to
renal dysfunction in our study. DMA is not a direct precursor
of TMAO. Instead, TMA can be demethylated by hepatic de-
methylases and gut microbial pathways to generate DMA.*
Thus, monitoring DMA may provide insights into the complex-
ity of methylamine flux and its dietary responsiveness, an
emerging field.

Taken together, our results reinforce the concept of pre-
cision health. Stratification of Post-M women by metabotype
and MCs allows identification of those most likely to benefit
from polyphenol supplementation. This approach addresses
variability that has limited reproducibility of previous trials
and provides a mechanistic basis for personalised interven-
tions in Post-M women, a group at elevated CVD risk where
medication often introduces confounding.

We acknowledge some limitations. The relatively small
sizes of some subgroups after clustering limit generalisation
and the precision of estimates. Longer studies are needed to
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assess the persistence of polyphenol effects on TMAO and
their possible clinical translation, including vascular inflam-
mation, endothelial function, and platelet activity. Direct
evaluation of FMO3 expression and activity in humans
remains a challenge. Further research is required to identify
possible bioactive intermediates and to resolve the apparent
paradox between metabolite production and TMAO reduction.

Conclusion

Polyphenol supplementation in non-medicated Post-M women
significantly reduced urinary TMAO and DMA excretion in a
metabotype-dependent manner. Compared with fertile (Pre-M)
women, menopause was associated with a more atherogenic
methylamine profile, which the dietary intervention partially
counteracted. In a context where most previous studies
included medicated Post-M women, our trial provides a less
biased view of polyphenol action.

These results support the idea that identifying responsive
metabotypes highlights the need to integrate metabolic stratifi-
cation into precision intervention strategies. Thus, using meta-
botyping in Post-M women could predict the benefit of poly-
phenol supplementation, converting interindividual variability
into an opportunity for personalised interventions.

(Poly)phenols emerge as dietary modulators and catalysts of
precision health, capable of rebalancing methylamine metab-
olism at a critical stage in women’s lives. Overall, these find-
ings provide a mechanistic basis for understanding the hetero-
geneous outcomes observed in previous trials and reinforce
metabotyping as a strategy to mitigate cardiometabolic risk
after menopause.
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