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Microbial Phenolic Metabolites Are Associated with
Improved Cognitive Health
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Scope: Diets rich in polyphenols has been associated with better cognitive performance. The aim of this study is to
assess the relationship between microbial phenolic metabolites (MPM) in urine and cognition in the context of an older
population at high cardiovascular risk.
Methods and results: A cross-sectional analysis is conducted in 400 individuals of the PREDIMED-Plus study. Liquid
chromatography coupled tomass spectrometry is used to identify urinaryMPM.Mediterranean diet (MedDiet) adherence
is estimated with a 17-item questionnaire and cognitive function is evaluated with a battery of neuropsychological tests.
Multivariable-adjusted linear regression models are fitted to assess the relationship of urinary MPM with the MedDiet
and cognitive tests. Protocatechuic acid and enterolactone glucuronide are associated with higher adherence to the
MedDiet. Regarding cognitive function, protocatechuic acid, vanillic acid glucuronide, 3-hydroxybenzoic acid, enterodiol
glucuronide, and enterolactone glucuronide are directly associated with a global composite score of all the cognitive tests.
Furthermore, protocatechuic acid and enterolactone glucuronide are associated with higher scores in the Mini-Mental
State Examination, whereas enterodiol glucuronide is associated with improved Clock Drawing Test scores.
Conclusions: These results suggest that the MedDiet is linked to MPM associated with better cognitive performance in
an older population.
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1. Introduction

The increasing prevalence of neurodegenerative diseases among
the elderly population means there is a pressing need to develop
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early detection and prevention strategies. While an early diagno-
sis relies on the health care system, prevention can be addressed
individually in multiple ways.[1] Modifiable risk factors include
smoking, physical inactivity, sleep disturbances, social isolation,
and diet.[2]
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Dietary patterns and nutrients have been widely studied in re-
lation to cognitive health.[3] Higher adherence to the Mediter-
ranean diet (MedDiet) is reported to delay cognitive decline and
reduce the risk of AD.[4,5] The cognitive benefits of the MedDiet
might be related to a high intake of nutrients, micronutrients,
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and bioactive compounds involved in neurological mechanisms.
This plant-based dietary pattern is characterized by a high con-
sumption of fruits, vegetables, legumes, nuts, whole grains, and
olive oil.[6] Some of these foods, such as nuts, are valuable sources
of healthy fats, including vegetable omega-3 fatty acids, such as
alpha-linolenic acid, which is suggested to play an important
role in reducing cognitive decline.[7] Moreover, vegetables, fruits,
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nuts, and virgin olive oil are rich in polyphenols, which possess
neuroprotective antioxidant and anti-inflammatory properties.[8]

A positive relationship between dietary polyphenols and cogni-
tion has been found in several observational studies and clinical
trials.[9–11] However, these studies have not considered the exten-
sive metabolism that polyphenols undergo before they reach the
bloodstream. Most of these metabolic changes occur in the colon
and are catalyzed by gut microbiota, as polyphenol absorption in
the stomach and small intestine is low.[12] The resultingmicrobial
phenolic compounds (MPM)may exert biological activities differ-
ent to those of the parental polyphenols, corresponding to their
altered chemical characteristics. Evidence suggests that the ben-
efits of polyphenols on the host’s health are intricately linked to
their interactions with the gut microbiota.[13] The gut microbiota
plays a crucial role in metabolizing polyphenols, resulting in the
production of a wide array of metabolites that can exert differ-
ent effects on the body, including the central nervous system.[14]

Furthermore, the relationship between polyphenols and the gut
microbiota is bidirectional, as dietary polyphenols are prebiotics
that can influence the composition of the microbiota.[15,16]

The aim of the present study was to assess the relationship
between the MedDiet and urinary phenolic metabolites derived
from the gut microbiota, as well as the association between these
metabolites and neurocognition in an older population at high
cardiovascular risk.

2. Experimental Section

2.1. Study Design

A cross-sectional analysis was conducted using baseline data
from the PREDIMED-Plus study, an ongoing multicenter, ran-
domized, parallel-group clinical trial conducted in Spain to assess
the effects of an energy-reducedMedDiet combinedwith physical
activity and behavioral support on weight loss and cardiovascular
disease morbidity and mortality. Details of the study protocol can
be found at http://predimedplus.com.[17,18] A total of 6874 partic-
ipants were recruited from September 2013 to December 2016
in 23 Spanish centers from universities, hospitals, and research
institutes. Eligible participants were men aged 55–75 years and
women aged 60–80 years who were overweight or obese (body
mass index [BMI] = 27–40 kg m−2) and met at least three of the
metabolic syndrome criteria established by the International Di-
abetes Federation and the American Heart Association and Na-
tional Heart, Lung, and Blood Institute.[19]

The present sub-study was performed in a random subsam-
ple of 400 participants with available urinary MPM and data
from cognitive tests. Participants who reported extreme total en-
ergy intakes (>3500 or <500 kcal day−1 in women or >4000 or
<800 kcal day−1 in men) were excluded from the analysis,[20]

as were those with missing data on covariates (diabetes, hyper-
cholesterolemia, or hypertension).

2.2. Ethics Statement

The study was conducted according to the ethical guidelines of
the Declaration of Helsinki and all procedures were approved by
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the Institutional Review Boards of the participating centers. The
clinical trial was registered with the ISRCTN (London, England),
number 89898870, on July 24, 2014. Written informed consent
was obtained from all participants.

2.3. Covariate Assessment

Data on covariates were collected by trained personnel in
interviews using general self-report questionnaires on socio-
demographics (sex, age, level of education), lifestyle (smoking
habits, physical activity, alcohol consumption), and history of ill-
ness and medication use.[18] Leisure time physical activity was
estimated using the validated Minnesota-REGICOR Short Phys-
ical Activity questionnaire.[21] Dietary intake was assessed us-
ing the validated, semi-quantitative 143-item PREDIMED-Plus
food frequency questionnaire with the assistance of trained
dietitians.[22] Adherence to the MedDiet was determined with a
17-item MEDAS questionnaire, adapted from the validated 14-
item PREDIMED questionnaire.[23] Trained staff measured an-
thropometric variables, namely weight and height. Body mass
index (BMI) was calculated as the weight in kilograms divided
by height in meters2.

2.4. Neuropsychological Assessment

Participants completed a battery of cognitive tests at baseline ad-
ministered by trained personnel. The Mini-Mental State Exami-
nation (MMSE) was a commonly used brief cognitive screening
test that measured five cognitive domains: serial subtraction, lan-
guage,memory, orientation, and visuospatial skills; higher scores
(maximum of 30) indicate an absence of cognitive decline.[24,25]

The Clock Drawing Test (CDT) evaluated visuospatial and visuo-
constructive capacity.[26,27]

Other neuropsychological tests used were focused on specific
cognitive domains. The Verbal Fluency Test (VFT) assessed ver-
bal ability and executive function and consisted of two parts: se-
mantic and phonological verbal fluency tasks (VFT-a and VFT-p,
respectively).[28] The Digit Span Test (DST) of theWechsler Adult
Intelligence Scale-III (WAIS-III) included forward recall (DST-f),
which evaluated attention and short-termmemory, and backward
recall (DST-b), which evaluated working memory.[29,30] The Trail
Making Test (TMT) assessed attention and processing speed (part
A), and cognitive flexibility (part B).[31] The score was the time
taken to complete the task, and therefore lower scores implied
better performance.
Z-scores were created from raw scores for each cognitive as-

sessment to standardize the results. The Global Cognitive Func-
tion (GCF) was calculated as a composite score that was derived
from all eight assessments,[32,33] adding or subtracting each indi-
vidual test value based onwhether a higher score indicates higher
or lower cognitive performance, respectively.

2.5. Microbial Phenolic Metabolites

2.5.1. Standards and Reagents

Protocatechuic acid (PCA), enterodiol, urolithin-A, and urolithin-
B were obtained from Sigma-Aldrich (St. Louis, MO, USA). The

internal standard (+) cis, trans-abscisic acid D6 was purchased
from Santa Cruz (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). Vanillic acid, 3-hydroxybenzoic acid (3-OHBz), enterolac-
tone, and creatinine were purchased from Fluka (St. Louis, MO,
USA). Standards were stored in powder form and protected from
light. The reagents were obtained from the following commercial
suppliers: methanol of LC-MS grade and acetonitrile of HPLC
grade from Sigma-Aldrich and formic acid (≥98%) from Panreac
Química S.A. (Barcelona, Spain). Ultrapure water (Milli-Q) was
generated by a Millipore system (Bedford, MA, USA).

2.5.2. Sample Preparation

Urine samples were collected after an overnight fast, coded,
and stored at −80 °C until analysis. MPM were analyzed us-
ing a method previously validated by the group with minor
modifications.[34] The present study focused only on MPM that
were mostly or exclusively produced by the gut microbiota.
Briefly, 50 μL urine samples were diluted 1:20 (v:v) with Milli-Q
Water and 100 μL of the internal standard was added. Then, 2 μL
of formic acid was added to acidify the samples before centrifu-
gating at 15 000× g at 4 °C for 4min. To eliminate undesired com-
pounds, present in urine and to isolate the MPM, the acidified
urines underwent a solid-phase extraction in Water Oasis HLB
96-well plates 30 μm (30 mg) (Water Oasis, Milford, MA, USA).
The samples were loaded in an activated plate withmethanol and
1.5 M formic acid, and a clean-up step was performed with 1.5 M
formic acid and methanol (0.5%). The MPM were eluted with
methanol acidified with 1.5 M formic acid, evaporated to dry-
ness with nitrogen gas, and reconstituted with 100 μL formic acid
(0.05%). The samples were mixed in the vortex for 20 min and
filtered through 0.22 μm polytetrafluoroethylene 96-well plate fil-
ters (Millipore, MA, USA).
Urinary concentrations of MPMwere corrected by urinary cre-

atinine, measured according to the Jaffé alkaline picrate method
adapted for Thermo microtiter 96-well plates, as described by
Medina-Remón et al.[35]

2.5.3. HPLC-LTQ Orbitrap ESI Analysis

The high-performance liquid chromatography (HPLC) analysis
was performed on an Accela chromatograph (Thermo Scientific,
Hemel Hempstead, UK) coupled to a linear ion trap quadrupole-
Orbitrap mass spectrometer (LTQ-Orbitrap-MS) (Thermo Scien-
tific, Hemel Hempstead, UK) equipped with an ESI source work-
ing in negative mode as described.[34] Chromatographic separa-
tion was performed on a Kinetex F5 100A (50 × 4.6mm× 2.6 μm)
from Phenomenex (Torrance, CA, USA). Mobile phases A and B
were, respectively, 0.05% formic acid in water and 0.05% formic
acid in acetonitrile. The following linear gradient was used: held
at 98% A for 1.7 min, decreased to 92% A for 3 min, decreased to
80% A for 1.3 min, decreased to 70% A for 1.3 min, decreased to
50% for 0.1 min, decreased to 0% for 1.3 min, then returned to
the initial conditions for 1.7 min and re-equilibrated for 3 min.
The flow rate was set at 0.750 μL min−1 and the injection volume
was 5 μL.

Mol. Nutr. Food Res. 2024, 68, 2300183 2300183 (4 of 10) © 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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2.5.4. Identification and Quantification of MPM

MPM identification and quantification were performed using
Trace Finder software version 4.1 (Thermo Fisher Scientific, San
Jose, CA, USA). The glucuronidated and sulfated MPM were
quantified with their respective aglycone equivalents due to the
unavailability of standards.
As microbial phenolic metabolism showed high inter-

individual variability, the MPM were not detected in all the par-
ticipants. For the sake of simplicity and to facilitate comprehen-
sion, only metabolites with <20% of missing values were in-
cluded in the statistical analysis. Thus, a total of sevenMPMwere
considered: PCA, vanillic acid glucuronide (VAG), vanillic acid
sulfate (VAS), 3-OHBz, enterodiol glucuronide (EDG), entero-
lactone glucuronide (ELG), and urolithin B glucuronide (UBG).
Missing values of the previously listed metabolites with less than
20% of missing values were replaced by the half of the minimum
detectable value.

2.6. Statistical Analyses

Statistical analyses were performed using the PREDIMED-Plus
database updated to July 2021. Baseline characteristics were de-
scribed as means ± standard deviation (SD) for quantitative vari-
ables and as n (percentages) for qualitative variables. The study
used natural logarithmic transformations to approximate a nor-
mal distribution of MPM concentrations.
Multivariable adjusted linear regression models were fitted to

assess the relationship between MPM and MedDiet adherence
and the neuropsychological tests adjusted by confounders. Two
adjustment models of increasing complexity were used; Model
1 was minimally adjusted for age (years) and sex (men/women);
Model 2 was further adjusted for smoking habits (never, former,
or current), educational level (medium-high or low), BMI (obe-
sity/overweight), physical activity (METS min week−1), total en-
ergy intake (kcal day−1), hypertension (yes/no), diabetes mellitus
(yes/no), dyslipidemia (yes/no), and treatment with cholesterol-
lowering and anticholinergic drugs (yes/no). All analyses were
conducted with robust estimates of the variance to correct for in-
tracluster correlation.
Statistical analyses were performed using Stata 16.0 (Stata-

Corp. LP, TX,USA) and statistical significance was set at p< 0.05.

3. Results

3.1. General Characteristics of Participants

The main characteristics of the 400 PREDIMED-Plus partici-
pants are summarized in Table 1. There were slightly more men
than women, and the average age was 65 years. By study design,
all participants had cardiovascular risk factors: nearly one out
of four had type-2 diabetes, one-third had hypercholesterolemia,
most had hypertension, and only a minority were current smok-
ers. Actual urinary metabolite concentrations are depicted in
Table S1, Supporting Information. A heat map of Spearman cor-
relation coefficients of the urinary metabolites analyzed in the
present study is presented in Figure S1, Supporting Information.

Table 1. General characteristics of the participants (n = 400).

Age [years] 65.3 ± 4.9

Women, n [%] 169 (42.5)

BMI [kg m−2] 32.6 ± 3.3

Type-2 diabetes, n [%] 111 (27.75)

Hypertension, n [%] 350 (87.5)

Hypercholesterolemia, n [%] 275 (68.75)

Medium-high educational level, n [%] 222 (55.5)

Current smokers, n [%] 43 (10.8)

Physical activity [MET min week−1] 2825.3 ± 2612.4

Total energy intake [kcal day−1] 2384.5 ± 534.4

MedDiet adherence [score] 8 ± 3

Continuous variables are shown as means ± SDs, and categorical variables are
shown as n (%). BMI, body mass index; MedDiet, Mediterranean diet; MET,
metabolic equivalent of task.

3.2. Microbial Phenolic Metabolites and the Mediterranean Diet

The association between individual MPM and MedDiet adher-
ence is described in Figure 1. PCA and ELG were found to be
significantly associated with higher adherence to the MedDiet (𝛽
= 0.14, 95% CI: 0.01, 0.27 per 1-SD, p-value = 0.038 and 𝛽 = 0.12,
95% CI: 0.02, 0.22 per 1-SD, p-value = 0.022, respectively). Re-
sults with all adjustment models can be found in Table S2, Sup-
porting Information.

3.3. Association between Microbial Phenolic Metabolites and
Cognitive Composite

Table 2 depicts the associations between individual MPM and
global cognitive function (GCF). PCA and enterolactone glu-
curonide showed significant associationswith the score (𝛽 = 0.04,
95% CI: 0.02, 0.07 per 1-SD, p-value = 0.002) and (𝛽 = 0.02, 95%
CI: 0.01, 0.04 per 1-SD, p-value= 0.010), respectively. OtherMPM
were also positively associated with the GCF, such as VAG (𝛽 =
0.06, 95% CI: 0.01, 0.12 per 1-SD, p-value = 0.025), 3-OHBz (𝛽
= 0.03, 95% CI: 0.01, 0.06 per 1-SD, p-value = 0.017), or EDG (𝛽
= 0.01, 95% CI: <0.01, 0.02 per 1-SD, p-value = 0.039). VAS and
UBG showed no association with the score.

3.4. Microbial Phenolic Metabolites and Neuropsychological
Tests

The associations between individual MPM and the scores of
MMSE and CDT cognitive tests are shown in Table 3. PCA was
positively associated with the MMSE score in the fully adjusted
model (𝛽 = 0.06, 95% CI: 0.03, 0.13 per 1-SD, p-value = 0.005),
as was ELG (𝛽 = 0.04, 95% CI: 0.01, 0.06 per 1-SD, p-value =
0.011). A positive association was also observed between EDG
and the CDT score (𝛽 = 0.02, 95% CI: <0.01, 0.04 per 1-SD, p-
value = 0.047). No other significant associations were found be-
tween othermetabolites and these cognitive tests. Results on spe-
cific cognitive tests can be found in Table S3, Supporting Infor-
mation.
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Figure 1. Association between individual MPM andMedDiet adherence (p-17 score) usingmultivariable adjusted linear regressionsmodels adjusted for
age, sex, smoking habit, educational level, obesity/overweight, total energy intake, diabetes, hypertension, hypercholesterolemia, and use of cholesterol-
lowering drugs. All analyses were conducted with robust estimates of the variance to correct for intracluster correlation.

4. Discussion

In this cross-sectional study of participants in the PREDIMED-
Plus trial, we observed that urinary MPM were directly as-
sociated with better cognitive function in an older popula-
tion at high cardiovascular risk. Moreover, the specific MPM
PCA and ELG were directly associated with MedDiet adher-
ence. These results suggest that compliance with the MedDiet
is associated with the production of phenolic compounds by
the gut microbiota that can contribute to better cognitive func-
tion.
In our study, individuals with higher adherence to theMedDiet

presented more PCA and ELG in urine. Evidence indicates that
theMedDiet induces changes in the gutmicrobiota and increases
short-chain fatty acid production.[36] Mitsou et al. reported that
higher adherence to the MedDiet was associated with greater
amounts of total bacteria and lower levels of Escherichia coli in
the gut,[37] whereas in another study this dietary pattern induced
an increase of Bifidobacteria sp., which are involved in the syn-
thesis of MPM.[38–40] Therefore, the MedDiet may influence the
composition of the gut microbiota and enhances the production
of specific MPM.

Several studies have demonstrated that polyphenol-enriched
diets may improve cognition and reduce the risk of developing
neurodegenerative diseases.[9,41] Previously, a study has shown
the protective association between metabolites related to the
consumption of polyphenol-rich foods and cognitive decline.[42]

In the present work, PCA was one of the urinary metabolites
most strongly associated with cognitive function and was also
related to MedDiet adherence. PCA is present in the circula-
tion for significantly longer periods and at higher concentrations
than the parent compounds and easily crosses the blood–brain
barrier.[43] The parent compounds of PCA, present in fruits, are
anthocyanins and procyanidins, such as cyanidin-3-O-glucoside,
which after ingestion aremetabolized to PCA by intestinalmicro-
biota and can be detected in blood and urine.[44–46] Experimen-
tal and clinical studies strongly support a preventative role for
PCA in neurodegenerative processes, including AD and Parkin-
son’s disease. A favorable influence of PCA on factors under-
lying cognitive and behavioral disorders has been described,
such as the accumulation of 𝛽-amyloid plaques in brain tis-
sues and neuroinflammation.[43] Experiments conducted by Ban
et al. on cultured rat cortical neurons revealed that PCA exerts
concentration-dependent protective effects against neuronal cell

Mol. Nutr. Food Res. 2024, 68, 2300183 2300183 (6 of 10) © 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Table 2. Multivariable adjusted regression between microbial phenolic
metabolites and global cognitive function.

Global cognitive function

𝛽 (CI 95%) per 1-SD p-value

Protocatechuic acid

Model 1 0.04 (0.01; 0.07) 0.011

Model 2 0.04 (0.02; 0.07) 0.002

Vanillic acid glucuronide

Model 1 0.05 (←0.01; 0.11) 0.069

Model 2 0.06 (0.01; 0.12) 0.025

Vanillic acid sulfate

Model 1 0.01 (-0.01; 0.02) 0.499

Model 2 ←0.01 (-0.02; 0.02) 0.942

3-Hydroxybenzoic acid

Model 1 0.02 (-0.01; 0.05) 0.118

Model 2 0.03 (0.01; 0.06) 0.017

Enterodiol glucuronide

Model 1 0.01 (←0.01; 0.03) 0.061

Model 2 0.01 (<0.01; 0.02) 0.039

Enterolactone glucuronide

Model 1 0.03 (0.01; 0.06) 0.020

Model 2 0.02 (0.01; 0.04) 0.010

Urolithin B glucuronide

Model 1 0.01 (-0.01; 0.02) 0.236

Model 2 0.01 (-0.01; 0.02) 0.345

A natural logarithmic transformation was applied to the raw values of individual
metabolites. Model 1 was adjusted for age and sex. Model 2 was further adjusted for
smoking habit, educational level, obesity/overweight, total energy intake, diabetes,
hypertension, hypercholesterolemia, and use of cholesterol-lowering and anticholin-
ergic drugs. All analyses were conducted with robust estimates of the variance to
correct for intracluster correlation.

death and prevents neurotoxicity.[47] A study inmice revealed that
PCA reduced the number of 𝛽-amyloid deposits in the hippocam-
pus and cerebral cortex, diminished inflammatory responses,
and improved learning and memory performance.[48]

Another compound strongly associated with cognitive func-
tion that was detected in participants with high adherence to the
MedDiet was ELG. This MPM is metabolized from dietary lig-
nans such as pinoresinol, sesamolin, or syringaresinol, present
inwhole grains, nuts, and legumes.[49] A positive associationwith
global cognition was also found for EDG, another compound
of the lignan family with a similar origin to that of ELG. Even
though other lignans have been associated with improvements in
neurocognition,[50,51] the role of ELG and EDG has been scarcely
studied. It has been suggested that the enterolactone aglycone
may possess neuroprotective properties due to its capacity to in-
hibit the activities of carbonic anhydrase, acetylcholinesterase,
and butyrylcholinesterase.[52] The few clinical and observational
studies that have examined the association between dietary lig-
nans and cognitive performance have found them to be positively
related.[53–55] Altogether, these results suggest that the microbial
lignans ELD and EDGmay have a beneficial impact on neurocog-
nitive health.

3-OHBz was associated with higher GCF scores and, more
specifically, with better attention and short-term memory. This
MPM is derived from dietary polyphenols such as epicatechin
and procyanidin B, and produced after the intake of cocoa, coffee,
grapes, and other plant food sources.[56] Although not previously
associated with memory or cognition in humans, in vitro and an-
imal studies have shown that 3-OHBz has a significant protective
effect against AD and Parkinson’s disease. Capable of penetrat-
ing the blood–brain barrier, it accumulates in the brain, and ex-
erts neuroprotective effects.[57] An in vitro study reported that 3-
OHBz potentially interferes with the self-assembly of 𝛽-amyloid
peptides, which play a key role in AD neuropathogenesis.[57]

In our study, VAG was positively associated with global cog-
nition and especially with verbal ability and executive func-
tion, as well as with short-term and working memory. A glu-
curonidated form of vanillic acid, VAG has been detected af-
ter the consumption of berries, being one of the main metabo-
lites of cyanidin-3-O-glucoside.[58,59] Vanillic acid is reported
to reduce streptozotocin-induced neurodegeneration, improve
learning and memory, and exert specific anti-inflammatory
and antioxidant effects that down-regulate neuroinflammatory
processes.[60] Moreover, experimental studies in mice revealed
that vanillic acid has a neuroprotective effect against A𝛽-induced
neurotoxicity, resulting in improved memory function.[61] A pos-
sible mechanism to explain the memory-enhancing effect of
vanillic acid is an increased expression of nuclear factor erythroid
2-related factor 2 (Nrf2) protein, which provides neuroprotection
in AD.[61] The activation of Akt/Nrf2 signaling pathways is an-
other feasible mechanism, since their inhibition plays an impor-
tant role in the development of AD.[61] Interestingly, we observed
that VAS was negatively associated with attention and process-
ing speed, a relationship not previously reported in the literature,
which may indicate that glucuronidation metabolism is more
beneficial than sulfation.
Our study has limitations. The sample size was relatively

small, although comparable to that in similar studies[62] and
given the cross-sectional nature of the study, we cannot exclude
the possibility of reverse causation or residual confounding. Due
to the study design, only older Mediterranean individuals at high
cardiovascular risk were studied, hence the results cannot be gen-
eralized to other populations, since pre-existing conditions, age,
or lifestyle factors could potentially influence the composition
and function of the microbiota as well as the resulting metabo-
lites. In the PREDIMED-trial only spot urine samples were avail-
able, however a previous study observed that both samples can be
used for large scale studies.[63] Finally, since not all existingMPM
have been quantified, theremay be other compounds with effects
on the cognitive system. The study also has strengths, such as
the use of biological samples, which provide the most accurate
indication of the metabolic state of participants. Furthermore,
the use of high-precision equipment such as HPLC coupled with
LTQ-Orbitrap MS detectors facilitated the detection, identifica-
tion, and quantification of polyphenols and theirmetabolites with
high sensitivity. Moreover, we included a comprehensive battery
of neuropsychological tests to assess cognitive function.
In conclusion, our findings suggest that the MedDiet is linked

to the production of MPM, especially PCA and ELG, which are
associated with better cognitive functions in an older population
at high cardiovascular risk. These results underscore the poten-
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Table 3.Multivariable adjusted regression between microbial phenolic metabolites and cognitive tests.

Mini-Mental State Examination Z-score Clock drawing test Z-score

𝛽 (CI 95%) per 1-SD p-value 𝛽 (CI 95%) per 1-SD p-value

Protocatechuic acid

Model 1 0.08 (0.03; 0.13) 0.005 0.02 (−0.04; 0.08) 0.569

Model 2 0.06 (0.03; 0.13) 0.005 0.03 (−0.03; 0.09) 0.379

Vanillic acid glucuronide

Model 1 0.03 (−0.07; 0.13) 0.550 0.05 (−0.03; 0.14) 0.191

Model 2 0.04 (−0.04; 0.13) 0.266 0.06 (−0.02; 0.13) 0.120

Vanillic acid sulfate

Model 1 0.01 (−0.03; 0.04) 0.769 <0.01 (−0.03; 0.03) 0.951

Model 2 <0.01 (−0.03; 0.03) 0.984 <0.01 (−0.03; 0.04) 0.917

3-Hydroxybenzoic acid

Model 1 0.04 (−0.02; 0.10) 0.214 0.03 (−0.03; 0.09) 0.280

Model 2 0.05 (−0.01; 0.11) 0.102 0.04 (−0.02; 0.09) 0.152

Enterodiol glucuronide

Model 1 0.02 (−0.01; 0.05) 0.109 0.02 (←0.01; 0.04) 0.056

Model 2 0.02 (←0.01; 0.05) 0.067 0.02 (<0.01; 0.04) 0.047

Enterolactone glucuronide

Model 1 0.04 (0.02; 0.07) 0.005 0.02 (−0.03; 0.06) 0.442

Model 2 0.04 (0.01; 0.06) 0.011 0.02 (−0.03; 0.06) 0.458

Urolithin B glucuronide

Model 1 0.03 (0.01; 0.06) 0.022 −0.03 (−0.09; 0.02) 0.202

Model 2 0.03 (←0.01; 0.05) 0.055 −0.03 (−0.08; 0.03) 0.276

A natural logarithmic transformation was applied to the raw values of individual metabolites. Model 1 was adjusted for age and sex. Model 2 was further adjusted for smoking
habit, educational level, obese/overweight, total energy intake, diabetes, hypertension, hypercholesterolemia, and use of cholesterol-lowering and anticholinergic drugs. All
analyses were conducted with robust estimates of the variance to correct for intracluster correlation.

tial role of the MedDiet in reducing age-related cognitive decline.
Further studies are needed to investigate the molecular mecha-
nisms linking these metabolites to cognition.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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