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Abstract

Background The Mediterranean diet (MedDiet) is strongly associated with lower cardiovascular disease (CVD)
risk and is particularly rich in polyphenols, bioactive compounds with potential cardioprotective effects. How-
ever, the specific phenolic compounds underlying these benefits remain unclear. The objective of this study
was to develop a urinary multi-metabolite signature of phenolic compounds reflecting MedDiet adherence
and to evaluate its prospective association with CVD risk.

Methods In a case-cohort nested study within the PREDIMED trial, we measured 62 phenolic metabolites in spot
urine by liquid chromatography-high-resolution mass spectrometry at baseline and after 1 year in 1180 individuals:
653 incident CVD cases (stroke, myocardial infarction, CVD death, or heart failure) and a random subcohort of 603
participants (76 overlapping cases). We applied elastic net regression to derive a urinary multi-metabolite signature
prospectively associated with MedDiet adherence, measured by the validated 14-item Mediterranean Diet Adherence
Screener (MEDAS). Multivariable Cox models were used to estimate hazard ratios (HRs) of CVD by levels of the multi-
metabolite signature.

Results The urinary multi-metabolite signature, comprising eight phenolic compounds selected by elastic net
regression, was inversely associated with CVD risk in a dose—response pattern (HR per SD=0.80 (0.68-0.94); HR Q4
vs Q1=0.48 (0.30-0.78); p-trend =0.002). The metabolites included in the signature were derived from foods typical
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of the MedDiet, particularly virgin olive oil, wine, nuts, fruits, and vegetables. After 1 year, MedDiet interventions sig-
nificantly increased urolithin A metabolites (derived from walnuts) compared to the control group.

Conclusions We identified a urinary multi-metabolite signature of MedDiet adherence that is prospectively associ-
ated with lower CVD incidence. These findings support that polyphenols derived from the MedDiet showed inverse

associations with cardiovascular outcomes.

Trial registration The study was registered with the International Standard Randomized Controlled Trial Number

(ISRCTN) 35739639.

Keywords Hydroxytyrosol, Urolithins, Naringenin, Metabolomics, Cardiovascular health, Mediterranean diet

Background

Cardiovascular disease (CVD) is the leading cause of
death and disability worldwide [1]. The Mediterranean
diet (MedDiet) has emerged as one of the healthiest die-
tary patterns for CVD prevention. Seminal, large-scale
intervention trials with a traditional MedDiet such as the
PREDIMED |[2], along with many well-conducted obser-
vational studies, have provided strong evidence that the
MedDiet is effective in preventing CVD, as well as in
improving its prognosis [3]. Several individual compo-
nents of the traditional MedDiet are beneficial for cardio-
vascular health, including higher consumption of fruits
and vegetables, extra-virgin olive oil (EVOO), nuts, and
moderate wine consumption [4—7]. Interestingly, many
of these foods are also high in (poly)phenol content [8].

(Poly)phenols are plant-derived compounds linked
to lower risks of mortality, CVD, cancer, and cognitive
decline [9, 10]. Dietary unabsorbed (poly)phenols are
metabolized by gut microbiota into phenolic metabo-
lites and further modified in the liver through conjuga-
tion [11]. Traditional self-reported dietary assessment
methods may present limitations to capture interindi-
vidual variability in dietary (poly)phenol’s metabolism
[12]. Importantly, to our knowledge, no study has applied
metabolomics to urinary (poly)phenol metabolites in
large populations to investigate their relevance for car-
diovascular health.

In the present study, we aimed to identify a multi-
metabolite signature of phenolic compounds measured
in urine reflecting adherence to the traditional MedDiet,
and to prospectively assess the association of this multi-
metabolite signature with subsequent CVD events in the
PREDIMED trial. In secondary analyses, we examined
the association between the individual metabolites of the
multi-metabolite signature with CVD risk, as well as with
individual items of the MedDiet.

Methods

Study design

A prospective case-cohort analysis was conducted using
baseline and 1-year data from the PREDIMED (PRE-
vencién con Dleta MEDiterranea) study, a well-known

randomized, controlled intervention trial conducted in
Spain [2, 13]. Eligible participants included men (aged
55-80 years) and women (aged 60—80 years) with type 2
diabetes or exhibiting at least three of the following risk
factors: current smoking, hypertension, dyslipidemia,
overweight/obesity, and/or a family history of premature
CVD. It involved 7447 participants at high CVD risk, and
its aim was to assess the effects of a MedDiet enriched
with EVOO or nuts on the incidence of CVD events.
After the active intervention period, an extended follow-
up until December 2017 was planned, consisting of the
review of medical records for the selected end-points.

We included all the identified incident cases of CVD
with available urine samples (#=653), and a random
subsample of 10% of the PREDIMED trial participants
(referred to as the sub-cohort) representative of the full
PREDIMED cohort (Additional file 1: Table S1). This
case-cohort design included a total of 1180 participants,
653 incident cases of CVD and a random sub-cohort of
603 participants that included 527 non-cases and 76
overlapping incident CVD cases. Cases were the par-
ticipants who developed a clinical cardiovascular event
(cardiovascular death, myocardial infarction, stroke, or
heart failure) during the active trial (2003—2010) plus an
extended follow-up period until December 2017. During
a median follow-up of 9.0 years, 189 cases of heart fail-
ure, 96 cases of non-fatal myocardial infarction, 144 cases
of non-fatal stroke, and 224 cardiovascular deaths were
adjudicated by the independent Clinical Event Ascertain-
ment Committee.

Ascertainment of CVD cases

During the active trial, at every recruitment center, medi-
cal experts, blinded to the intervention, performed yearly
assessments of participants’ medical files to detect poten-
tial cardiovascular events. To identify new cases, four
independent sources of information were used: regular
communication with participants, collaboration with
their primary care physicians, yearly reviews of medical
records, and consultation of the Spanish National Death
Index. Following this, de-identified data were sent to a
central Event Ascertainment Committee, also blinded
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to the intervention, which conducted the ultimate event
adjudication. During the extended follow-up, CVD case
detection was based on the review of medical records
and the corresponding confirmation by the central Event
Ascertainment Committee. Cases were defined based on
the first diagnosed CVD event in each participant.

Covariate assessment
Food intake was assessed through a validated, semi-
quantitative FFQ with 137 items under the guidance of
trained dietitians and delivered in face-to-face interviews
[14]. Nutrient intake was determined using Spanish food
composition tables by skilled dietitians with expertise in
nutritional epidemiology. Compliance with the MedDiet
was evaluated using a 14-item questionnaire (Mediter-
ranean Diet Adherence Screener, MEDAS), with each
dietary component scored as either 0 or 1 [13].
Anthropometric measurements, such as weight and
height, were performed by trained personnel using estab-
lished techniques, allowing for the calculation of body
mass index (BMI) in kg/m?. Physical activity levels were
assessed using a validated Spanish version of the Min-
nesota physical activity questionnaire, quantifying met-
abolic equivalent tasks per minute per day (METs min/
day) [15].

Urinary phenolic metabolites

Biological samples were collected after an overnight fast,
coded, and stored at— 80 °C until analysis. Phenolic com-
pounds were determined following dilution and acidifica-
tion of the spot urine samples (Additional File 1: Methods
S1) [16]. A list of the standards and their commercial
sources used to identify and quantify the phenolic com-
pounds can be found in Additional file 1: Table S2. The
compounds whose standard was not available were iden-
tified by comparison with reference spectra [16].

The analysis was performed in a liquid chromatograph
Agilent 1290 Infinity II coupled to a high-resolution
mass spectrometer Agilent 6560 Ion Mobility QTOF
LC/MS (Santa Clara, CA, USA), available at the Separa-
tion Techniques Unit of the Scientific and Technologi-
cal Centers (CCiTUB), Universitat de Barcelona. Agilent
Mass Hunter Software (Version 10.0) was used to identify
and quantify the phenolic compounds (Additional file 1:
Table S3 [17]). Further details can be found in Additional
file 1: Methods S1.

Statistical analyses

After data preprocessing, 58 urinary phenolic com-
pounds were included in the linear elastic net regression
model to identify a signature of adherence to the Med-
Diet. A total of 8 compounds were selected for the final
signature prospectively associated with adherence to the
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MedDiet. Further details on the data preprocessing and
development of the signature can be found in Additional
File 1: Methods S2 [18, 19].

Baseline characteristics of participants were described
as means and standard deviations (SDs) for quantitative
variables and as percentages for categorical variables. We
categorized all participants into quartiles of the urinary
multi-metabolite signature of the MedDiet.

Cox regression models with Barlow weights [20]
(to account for oversampling cases in the case-cohort
design) were used to calculate hazard ratios (HR) and
their 95% confidence interval (CI) for the association
between the urinary multi-metabolite signature of the
MedDiet with the risk of the composite CVD outcome.
The CVD composite included heart failure, myocardial
infarction, stroke, and CVD death. Model 1 was mini-
mally adjusted for age and sex, and stratified by recruit-
ment center; Model 2 was further adjusted for smoking
habit (no/former/current), physical activity (continuous),
waist-to-height ratio (quartiles), hypertension (yes/no),
hypercholesterolemia (yes/no), diabetes (yes/no), medi-
cation for dyslipidemia (yes/no) and hypertension (yes/
no), family history of CVD (yes/no), and total energy
intake (continuous). Models were stratified by recruit-
ment center, randomized intervention group, and edu-
cational level (5 categories), using the Stata command
strata. Linear trends were assessed by modeling quartile
medians as continuous variables. The same adjustment
models were used to assess the association between Med-
Diet adherence measured by the MEDAS with the risk
of CVD events. We evaluated the association between
1-year changes in the urinary multi-metabolite signature
and CVD risk, adjusting for baseline values and assess-
ing interaction with intervention groups. The interaction
between the 1-year changes in the urinary multi-metab-
olite signature of the MedDiet and intervention groups
was assessed using the likelihood ratio test. Associations
between the standardized individual metabolites and
CVD were assessed using the same multivariable mod-
els described above, with p-values corrected for multiple
testing using the Simes procedure [19].

Multivariable linear regressions were used to assess
associations between MEDAS (independent variable) and
the baseline urinary multi-metabolite signature of the
MedDiet (dependent variable). Correlations between the
8 individual standardized metabolites that made up the
urinary multi-metabolite signature and MEDAS (0-14),
as well as with the main food groups, were assessed using
the Pearson correlation coefficient. Detailed descriptions
of all study methods are provided in Additional File 1:
Methods S2.

P-values <0.050 were considered statistically signifi-
cant. All statistical analyses were performed with Stata
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16.0 (Stata-Corp LP, Tx. USA) and R 4.5.0 version,
using glmnet 4.1.8, survival 3.8.3, and tidyverse 2.0.0
packages.

Results

Characteristics of study participants

We analyzed 1180 participants, including 653 sub-
jects who suffered incident CVD events during the
follow-up. Baseline characteristics of the population
are described in Table 1. The mean age of participants
was 68y and the proportion of women was higher in the
lowest quartile of the urinary multi-metabolite signa-
ture of the MedDiet. Participants in the highest quartile
of urinary multi-metabolite signature had lower BMI
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and lower waist-to-height ratio. Additional file 1: Fig.
S1 depicts the flowchart of the study.

Identification and description of the phenolic compounds
Our analysis identified and quantified a total of 62 com-
pounds. Among them, phenolic acids were the pre-
dominant class, accounting for 30 (48%) of the selected
metabolites. They were followed by 7 flavonoids (11%), 6
lignans, hydroxycoumarins, and tyrosols (each constitut-
ing 10%). Additionally, there were 2 stilbenes (3%) and
1 secoiridoid (2%), along with 4 metabolites from other
categories.

The elastic net regressions selected a combination
of 8 urinary compounds associated with adherence
to MedDiet (Table 2): catechol, vanillin glucuronide,
urolithin A metabolites, m-coumaric acid, naringenin
glucuronide, hydroxytyrosol, protocatechuic acid,

Table 1 General characteristics of the study population at baseline according to quartiles of the urinary multi-metabolite signature

prospectively associated with MedDiet adherence (n=1180)

Q1 (n=295) Q2 (n=295) Q3 (n=295) Q4 (n=295) p-value

Urinary m*ulti-metabolite —1.14 (- 2.98to — 0.74) —0.33(-0.73t0o+0.02) +0.32(+0.02t0+0.68) +1.16 (0.69 to+2.98)
signature
Age, years 69.1+64 683+6.3 67.7+6.1 683+58 0.032
Women, n (%) 175 (59.3) 153(51.9) 133 (45.1) 169 (57.3) 0.002
BMI, kg/m2 304+4.0 303+39 299435 295+36 0.017
Waist-to-height ratio 0.64+0.07 0.64+0.07 0.63+0.06 0.63+0.07 <0.001
Diabetes Mellitus, n (%) 171 (58.0) 162 (54.9) 150 (50.8) 154 (52.2) 0317
Dyslipidemia, n (%) 195 (66.1) 196 (66.4) 207 (70.2) 212(71.9) 0.349
Hypertension, n (%) 243 (82.4) 252 (85.4) 245 (83.1) 242 (82.0) 0.687
Educational level, n (%) 0.047

- Low (none or primary) 245 (83.1) 219 (74.2) 223 (75.6) 233 (79.0)

- High and medium (second- 50 (16.9) 76 (25.8) 72 (24.4) 62 (21.0)
ary/university)
Smoking habit, n (%) 0.036

- Current smokers 37 (12.5) 36 (12.2) 50 (17.0) 38(12.9)

- Former smokers 84 (28.5) 83(28.1) 98 (33.2) 69 (48.3)
Total energy intake, kcal/day 2239+609 2283+663 2357+589 2299+ 591 0.134
MEDAS score 82422 84+20 87+18 9.0£19 <0.001
Physical activity, MET-min/day 2174242 2394234 250+ 251 259+ 224 0.151
Family history of early-onset 59 (20.0) 69 (23.4) 71 (24.1) 61(20.7) 0.562
CHD, n (%)
Lipid-lowering medication, n (%) 131 (44.4) 141 (47.8) 136 (46.1) 133 (45.1) 0.855
Anti-hypertensive agents, n (%) 216 (734) 233 (79.1) 220 (74.6) 214(72.7) 0.268
Intervention group, n (%) 0.151

- MedDiet + EVOO 103 (34.9) 90 (30.5) 107 (36.3) 111 (37.6)

- MedDiet +nuts 85(28.8) 92(31.2) 95(32.2) 101 (34.2)

- Control diet 107 (36.3) 113(383) 93(31.5) 83(28.1)

BMI body mass index, METS metabolic task equivalents, CVD cardiovascular disease, CHD coronary heart disease, MEDAS Mediterranean Diet Adherence Screener,

MedDiet Mediterranean diet, EVOO extra-virgin olive oil

Values are percentages for categorical variables and means + SD for continuous variables

One-ANOVA factor was used for continuous variables, and chi-square test was used for categorical variables. p <0.05 was considered significant

“The urinary multi-metabolite signature is presented with the interquartile range (Q1-Q3)
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Table 2 Urinary phenolics included in the urinary multi-
metabolite signature of the Mediterranean diet

Metabolite Phenolic class—subclass Coefficient

Catechol Other 0.079

Vanillin glucuronide Other—hydroxybenzaldehydes ~ 0.067

Urolithin A metabolites  Other—hydroxycoumarins 0.055

m-Coumaric acid Phenolic acid—hydroxycinnamic  0.055
acid

Naringenin glucuronide  Flavonoid—flavanones 0.052

Hydroxytyrosol Other-tyrosol 0.043

Protocatechuic acid Phenolic acid—hydroxybenzoic ~ 0.031
acid

Hydroxytyrosol sulfate 2 Other—tyrosol 0.030

MEDAS Mediterranean diet adherence screener (0 to 14 points)

Coefficients for the 8 metabolites selected for the urinary multi-metabolite
signature prospectively associated with MedDiet adherence (MEDAS) using
elastic net linear regression

and hydroxytyrosol sulfate 2. Their dietary and meta-
bolic sources are described in Fig. 1. Additional file 1:
Figure S2 shows their Pearson’s pairwise correlation
coefficients for the metabolites selected in the urinary
multi-metabolite signature, and Additional file 1: Fig.
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S3 includes the Pearson’s correlation coefficients of all
the metabolites.

Urinary phenolic metabolites, metabolomics signature,
and MedDiet adherence

Additional file 1: Table S4 presents 1-year changes in
each phenolic compound in the MedDiet groups as
compared to the control group. In multivariable analy-
ses, only urolithin A metabolites maintained significant
1-year increases in the MedDiet groups (vs. control) after
correcting for multiple testing. One-year increases in the
urinary multi-metabolite signature of the MedDiet were
higher in the two groups randomized to the MedDiet
intervention as compared to the control group, but this
association was not statistically significant.

In Additional file 1: Table S5, a positive and linear asso-
ciation was observed between MedDiet adherence and
the baseline urinary multi-metabolite signature (3=0.15
(0.06; 0.24) per 1-SD increment, p-trend=0.006). This
significant and linear relationship was also found when
evaluating 1-year changes in both the signature and
adherence to the MedDiet, after adjusting for potential
confounders and baseline measurements. Consistently,
most selected metabolites showed a direct correlation

Vanilin glucuronide
Urolithin A glucuronide
Urolithin A sulfate

Phase-2 metabolism

Naringenin glucuronide

in theliver:
DietorypolyphenOIS' Hydroxytyrosol sulfate
g Vanilin
¢ 'k, m-Coumaric acid Naringenin
Protocatechuic acid Hydroxytyrosol
ﬂ Catechol Urolithin A
é‘ - i y 5 Vanilin y T
X ( Absorptionin the | Blood E
| ,?‘ Naringenin /i - small intestine [~ -—_c>° i
N -
) Hydroxytyrosol 3 A
» (_( — Microbialmetabolism | @ % & ¥ g € Entferocytes
A 4
’ \ 3 -\ inthe gut:
« Ellagic acid { (A Not-absorbedin [=#
Anthocyanins £ the small intestine |
Phenolic acids o G0, -
Urolithin A
vt ~——————— m-Coumaric acid

<t
R Protocatechuic acid

[

Fig. 1 Overview of the occurrence of metabolites in the urinary multi-metabolite signature (underlined). Dietary polyphenols are found in plant
foods like olives and olive oil (vanillin, hydroxytyrosol), walnuts (ellagic acid), fruits (anthocyanins, naringenin, vanillin, phenolic acids, ellagic acid),
vegetables (phenolic acids), coffee (phenolic acids, catechol), and wine (hydroxytyrosol). Vanillin, hydroxytyrosol, catechol, and phenolic acids (e.g.,
protocatechuic, m-coumaric acid) are absorbed in the small intestine and enter the bloodstream. Ellagic acid, anthocyanins, and some phenolic
acids reach the gut, where microbiota convert them into urolithin A and phenolic acids before absorption. These compounds undergo liver phase-2
metabolism, conjugated with glucuronide or sulfate by glucuronosyltransferases and sulfotransferases enzymes
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with the MEDAS score and its individual components,
as shown in Additional file 1: Fig. S4. When examining
continuous food intake data, the urinary multi-metab-
olite signature correlated most strongly with fruit con-
sumption (r=0.15), followed by nuts (r=0.11), vegetables
(r=0.10), and wine (r=0.09) (Additional file 1: Fig. S5A).
The highest correlation was observed between nut con-
sumption and the excretion of urolithin A metabolites
(r=0.20). Similar patterns were found in the 1-year
data, where the signature showed the strongest associa-
tions with nuts (r=0.16) and fruits (r=0.14) (Additional
file 1: Fig. S5B). In contrast, correlations between 1-year
changes in reported food consumption and both urinary
metabolites and the overall signature were weaker, likely
reflecting the limited variation in changes in dietary
intake during the first year of intervention (Additional
file 1: Fig. S5C).

Urinary metabolomics signature and CVD events
Table 3 shows that baseline values of the urinary multi-
metabolite signature of the MedDiet were strongly and
inversely associated with the risk of subsequent CVD
events. The signature showed a highly significant inverse
association with CVD (HR=0.80 (0.68; 0.94) per SD).
The multivariable adjusted associations for the upper
versus the lowest quartile rendered a 52% relative risk
reduction (95% CI: 22% to 70%; p for trend =0.002). Simi-
lar, although weaker, associations were found between
adherence to the MedDiet measured by the MEDAS and
CVD events (Additional file 1: Table S6).

Individually, two single compounds included in the
signature showed significant inverse associations with
CVD (Fig. 2). These metabolites were hydroxytyrosol
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sulfate 2 (HR=0.75 (0.63; 0.90)) and vanillin glucuro-
nide (HR=0.84 (0.71; 0.99)). However, none of them
retained significant associations after correcting for
multiple testing (Additional file 1: Table S7).

Additional file 1: Table S8 shows the HRs for each
individual type of CVD event. We observed an inverse
association between the urinary multi-metabolite sig-
nature (per 1-SD increment) and the risk of heart fail-
ure (HR=0.72; 95% CI: 0.56—0.94, p for trend =0.005)
and myocardial infarction (HR=0.60; 95% CI: 0.42—
0.86, p for trend=0.003). The urinary multi-metabo-
lite signature of the MedDiet was also associated with
a lower risk of the primary combined endpoint of the
original trial including myocardial infarction, stroke,
and CVD death (HR =0.84; 95% CI: 0.70-1.00 per SD).

CVD risk by 1-year changes in the urinary multi-
metabolite signature of the MedDiet is shown in Addi-
tional file 1: Table S9. We found a non-linear pattern,
showing an increased risk of CVD for the first quartile
of change, with lower risk at the second quartile, that
subsequently plateaued. Therefore, in the categorical
analysis, quartiles 2—4 were merged and used as the ref-
erence group in order to assess the impact of subopti-
mal changes (lowest quartile) in excretion of phenolic
compounds. Participants with 1-year reductions in the
excretion of phenolic compounds (Q1) were at higher
risk of CVD as compared to those with higher excre-
tion levels (Q2-Q4) (multivariable-adjusted HR=1.61
(1.01; 1.96)). When stratifying by intervention group,
this relationship was observed only among participants
in the control group. However, the p for interaction was
not significant (p for interaction=0.151).

Table 3 Risk of CVD according to the baseline urinary multi-metabolite signature of the traditional Mediterranean diet (continuous

and categorized in quartiles)

Continuous per 1-SD

Urinary multi-metabolite signature, quartiles

(n=1180)
Q1 (n=295) Q2 (n=295) Q3 (n=295) Q4 (n=295) p linear trend
Cases 653 183 172 165 133
Person-years 6195 1318 1457 1557 1864
HR (95% Cl) p-value HR (95% Cl) HR (95% Cl) HR (95% Cl)
Model 1 0.85(0.74; 0.98) 0.027 Ref 0.92 (0.63; 1.35) 0.78(0.53; 1.13) 0.56 (0.38;0.84) 0.003
Model 2 0.80 (0.68;0.94) 0.007 Ref 1.05 (0.67; 1.62) 0.85(0.55; 1.29) 048 (0.30;0.78) 0.002

CVD cardiovascular disease, Q quartile, HR hazard ratio
The subcohort included 76 overlapping cases

Model 1 was adjusted for age and sex and stratified by recruitment center

Model 2 was further adjusted for smoking habit, physical activity, total energy intake, waist-to-height ratio (quartiles), hypercholesterolemia, hypertension, diabetes,
medication for hypertension and dyslipidemia, family history of CHD, and stratified by educational level and intervention group (MedDiet vs control)

P-trend was assessed by modeling medians of each quartile as a continuous variable

The metabolites included in the urinary multi-metabolite signature and their coefficients were: catechol (0.079), vanillin glucuronide (0.067), the mean of 4 urolithin A
metabolites (0.055), m-coumaric acid (0.055), naringenin glucuronide (0.052), hydroxytyrosol (0.043), protocatechuic acid (0.031), and hydroxytyrosol sulfate 2 (0.030)
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HR (95% Cl) p-value
Hydroxytyrosol sulfate 2 —— 0.75 (0.63; 0.90) 0.002
Vanillin glucuronide A 0.84 (0.71; 0.99) 0.034
Naringenin glucuronide —— 0.86 (0.74; 1.00) 0.055
Urolithin A metabolites @ 0.88 (0.75; 1.02) 0.098
Catechol 1 0.90 (0.78; 1.05) 0.194
Protocatechuic acid e 0.95 (0.80; 1.12) 0.507
Hydroxytyrosol e 0.96 (0.83; 1.12) 0.641
m-Coumaric acid i 1.04 (0.90; 1.20) 0.601
0.75 1 1.25

— 95% CI

® Hazard Ratio

Fig. 2 Association of the 8 metabolites in the urinary multi-metabolite signature at baseline with CVD (n=1180). Urolithin A metabolites were
combined into a single score due to the strong positive pairwise correlations observed among them. The subcohort included 76 overlapping
cases. Adjusted for age, sex, smoking habit, physical activity, total energy intake, waist-to-height ratio (quartiles), hypercholesterolemia,
hypertension, diabetes, medication for hypertension and dyslipidemia, family history of CHD, and stratified by recruitment center, educational level,

and intervention group (MedDiet vs Control)

Discussion

In this prospective case-cohort study nested in the
PREDIMED trial, we identified a multi-metabolite signa-
ture, composed of 8 compounds, that reflects adherence
to the MedDiet and is prospectively associated with lower
risk of CVD events. By linking objective biomarkers of
(poly)phenol-rich food intake to hard clinical cardiovas-
cular outcomes, our findings provide novel evidence that

a specific combination of phenolic compounds derived
from the MedDiet is associated with a lower risk of CVD.

Previous research has reported the benefits of indi-
vidual (poly)phenols on cardiovascular health through
reducing inflammation by inhibiting proinflammatory
enzymes and transcription factors [21], while boosting
the activity of antioxidant enzymes and signaling path-
ways [22]. However, due to their chemical diversity and
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complex metabolism, it has been challenging to identify
which compounds contribute most to cardiovascular
protection in humans.

Previous studies have developed metabolomic signa-
tures related to adherence to the MedDiet or to some of
its characteristic foods, but they have generally neglected
minor components, such as (poly)phenols [23, 24]. In
our novel targeted analysis, the urinary multi-metabolite
signature associated with greater adherence to the Med-
Diet was prospectively linked to a lower risk of CVD.
This association was stronger when using the multi-
metabolite signature than that observed for self-reported
MedDiet adherence, underscoring the potential of uri-
nary polyphenols as reliable and objective biomarkers
of MedDiet components likely beneficial for cardiovas-
cular health. However, the interventions conducted in
PREDIMED did not significantly increase the urinary
multi-metabolite signature, suggesting that recent dietary
changes over 1 year might not be sufficient to induce
meaningful changes in the combined metabolic signa-
ture. Furthermore, we used spot urine samples, which
can increase within-person variability in metabolite lev-
els and make urinary concentrations less reflective of
long-term intake.

Several components of the MedDiet pattern are rel-
evant sources of (poly)phenols. Since most (poly)phe-
nols are not produced endogenously, they provide good
opportunities to examine their association with the con-
sumption of certain foods and to identify biomarkers of
intake. Walnuts, a rich source of ellagic acid, are metabo-
lized in the gut microbiota into urolithins [25]. Consist-
ent with this, nut consumption (both as dichotomous, >3
servings/day, and on a continuous scale) was positively
correlated with urolithin A metabolites. Wine, well-
known for its high content of (poly)phenols [26], was
correlated with some urinary (poly)phenols, particularly
hydroxytyrosol sulfate 2, and catechol. Fruit consump-
tion above>3 servings/day was correlated with higher
levels of phenolic compounds, including naringenin glu-
curonide—a flavonoid commonly found in citrus fruits
[26]—and vanillin glucuronide. When fruit consumption
was modeled as a continuous variable, vanillin glucuro-
nide showed the strongest correlation. As expected, this
metabolite was also linked to the consumption of vegeta-
bles and of olive oil [26, 27], although these associations
were weaker in the continuous models. Additionally,
m-coumaric acid showed a correlation with the preferen-
tial use of olive oil as the main culinary fat source, which
is consistent with previous findings [26].

The most strongly associated metabolite with lower
risk of CVD was hydroxytyrosol sulfate 2, a phase-II
metabolite of the tyrosol class. Hydroxytyrosol is typi-
cally derived from the hydrolysis of the oleuropein found
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in EVOO, although it is also present in red wine [28]. Of
note, our findings suggest that wine was also an impor-
tant source of hydroxytyrosol, which aligns with previous
studies conducted in Europe [29]. Consistent evidence
supports the cardiovascular benefits of hydroxytyrosol
[30], particularly its protective effect against low-density
lipoprotein (LDL) oxidation, as recognized by the Euro-
pean Commission with a health claim [31].

The microbial metabolite urolithin A has been less
studied than other urinary metabolites. Dietary ellagitan-
nins and ellagic acid can be found in various foods such
as pomegranates and berries but are particularly abun-
dant in walnuts [26], and we found a correlation between
nuts consumption and these metabolites. Although the
ability to produce urolithin A depends on the composi-
tion of an individual’s gut microbiota, it is estimated that
most adults can generate it, mainly from walnuts [32].
Indeed, most participants in the present study were able
to produce it. Urolithin A and their metabolites were
included in the urinary multi-metabolite signature and
showed inverse associations with CVD events. In a prior
cross-sectional study in children, urolithin A was linked
to lower blood pressure [33]. Most studies, however, have
been conducted in animal models or in vitro, suggesting
cardioprotective mechanisms of the aglycone urolithin A
such as the induction of mitophagy and the inhibition of
Akt kinase phosphorylation, an overactivated pathway in
type 2 diabetes [34].

Naringenin glucuronide was the only flavonoid in the
urinary multi-metabolite signature that was prospectively
associated with lower CVD risk. This phase II metabolite
of naringenin is found in citrus fruits like oranges, lem-
ons, and grapefruits [26]. Preclinical studies have dem-
onstrated that naringenin possesses lipid-lowering and
insulin-sensitizing properties [35], along with notable
anti-inflammatory effects [36]. Although its poor bio-
availability [37] has limited consistent results in humans,
small clinical trials with specific populations reported
improvements in CVD risk markers and reduced arterial
stiffness following naringenin supplementation [38, 39].
However, our study is the first to link urinary naringenin
with lower CVD events in a large population.

The best documented source of vanillin is EVOO [26,
40], although it has also been identified in other foods
(fruits, vegetables, and cereals) and used by the food
industry as a flavoring agent, derived naturally from
vanilla beans [41]. Consistent with this, we observed a
positive correlation between vanillin glucuronide and
olive oil. Importantly, vanillin glucuronide was inversely
associated with CVD risk in our study. Its precursor, van-
illin, has shown promising antioxidant and anti-inflam-
matory properties in vitro and in animal studies, which
could help reduce the oxidative stress and inflammation
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linked to CVD [42]. Vanillin glucuronidation is recog-
nized as a key metabolic pathway in vivo [43]; however,
its potential health effects are unknown. Moreover, the
wide array of products containing vanillin prevents
us from attributing its presence solely to natural food
sources.

Other metabolites in the signature—catechol, protocat-
echuic acid sulfate, and m-coumaric acid—were not indi-
vidually associated with lower CVD risk. Catechol likely
reflects the breakdown of multiple complex polyphenols
[44, 45], while protocatechuic acid and m-coumaric acid
may originate from both direct dietary intake and micro-
bial metabolism [46, 47]. Their presence in the signature
suggests that they act as integrative markers of overall
MedDiet adherence rather than as specific bioactive con-
tributors to cardiovascular protection.

Overall, adherence to the MedDiet is associated with
bioactive phenolic compounds, which individually sup-
port cardiovascular health and may act synergistically
when consumed together within the dietary pattern.
Importantly, most of the phenolic compounds associ-
ated with lower CVD risk are derived from gut microbial
metabolism. These findings underscore the importance
of measuring phenolic compounds in biological samples,
as the transformation of dietary (poly)phenols generates
a range of metabolites with potential bioactive and car-
dioprotective effects.

The strengths of this study include its large sample size
and case-cohort study design nested within a well-known
randomized intervention trial of primary prevention of
CVD through MedDiet interventions. The prospective
design with repeated 1-year measurements of pheno-
lics, while not confirming causality, helps to reduce the
concerns about reverse causation. We measured urinary
phenolic compounds, avoiding the subjectivity associated
with self-reported dietary assessment tools. These bio-
markers reflect not only dietary intakes of (poly)phenols,
but also absorption and metabolism of these compounds.
The study has well-defined CVD outcomes and includes
detailed covariate data to control for potential confound-
ing factors.

The study also has limitations. The metabolites identi-
fied were derived from a pool of 150 annotated phenolic
compounds, and we cannot exclude that further relevant
phenolic metabolites could be absent in our analyses.
Stool samples from the participants were not collected;
thus, we could not examine the gut microbiome involved
in the production of the metabolites detected. In the
PREDIMED, only spot urine samples were available, and
samples were only collected 1 day alone (both pre and
post intervention), rather than in repeated samples across
multiple days. Using single time-point spot urine samples
may have introduced some degree of imprecision in the
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measurement of urinary phenolic compounds, thereby
reducing statistical power and potentially contributing
to the attenuated associations between 1-year changes in
the multi-metabolite signature and CVD. Nevertheless,
prior studies have reported high correlations between
(poly)phenol excretion measured in spot urine samples
and in 24-h urine collection [48]. Also, similar correla-
tions have been reported between fruits and vegetables
intake with (poly)phenols determined in spot and 24-h
urine samples [49]. In addition, given that most cohorts
collect spot urine samples rather than 24-h urine collec-
tions [50], our approach enhances the comparability of
our findings with the broader literature. Finally, the study
was conducted in an older Mediterranean population at
high CVD risk; therefore, the results should be replicated
in other populations.

Conclusions

In conclusion, we developed a urinary multi-metabolite
signature prospectively associated with higher adher-
ence to the MedDiet, which was inversely associated with
prospective CVD risk. These findings suggest that the
combination of specific (poly)phenols derived from the
MedDiet pattern is associated with a lower risk of CVD.
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