The Journal of Prevention of Alzheimer’s Disease 13 (2026) 100670

FI. SEVIER

The Journal of Prevention of Alzheimer's Disease

JPAD

Contents lists available at ScienceDirect

OF PREVENTION
OF ALZHEIMER'S
DISEASE

journal homepage: www.elsevier.com/locate/tjpad )

Original Article

L))

Check for

Characterization of a metabolomics signature of the | el
brain-health-promoting MIND diet in older persons

a,b,*

Jeanne Neuffer

, Ratil Gonzalez-Dominguez ““‘®, Sophie Lefevre-Arbogast?,

Dorrain Y Low '@, Alba Tor-Roca ““‘®, Catherine Helmer®, Andrea Du Preez?,
Chiara de Lucia"®, Silvie R. Ruigrok ', Barbara Altendorfer’, Ludwig Aigner’,
Paul J Lucassen ““, Aniko Korosi', Sandrine Thuret ",

Claudine Manach ¢, Merce Pallas', Alex Sanchez-Pla “¢,

Cristina Andres-Lacueva “‘®, Mireia Urpi-Sarda ““®, Cécilia Samieri*

2 University of Bordeaux, Inserm Bordeaux Population Health Research Center, UMR 1219, F-33000, Bordeaux, France
b University Paris-Saclay, AgroParisTech, INRAE, UMR PNCA, F-91120, Palaiseau, France
¢ Nutrition, Food Science and Gastrononty Department, Institute of Nutrition and Food Safety (INSA-UB), Faculty of Pharmacy and Food Science, University of

Barcelona, 08028, Barcelona, Spain

4 CIBER Fragilidad y Envejecimiento Saludable (CIBERFES), Instituto de Salud Carlos III, 28029, Madrid, Spain

€ University Clermont Auvergne, INRAE, UMR1019, Human Nutrition Unit, F-63000, Clermont Ferrand, France

f Lee Kong Chian School of Medicine, Nanyang Technological University, 308232, Singapore

8 Department of Nutritional Sciences, School of Life Course & Population Sciences, Faculty of Life Sciences & Medicine, King’s College London, 150 Stamford Street,

London, SE1 9NH, UK

1 Department of Basic and Clinical Neuroscience, Maurice Wohl Clinical Neuroscience Institute, Institute of Psychiatry, Psychology and Neuroscience, King’s College

London, London, SE5 9NU, UK

! Brain Plasticity Group, Swammerdam Institute for Life Sciences, University of Amsterdam, Amsterdam, the Netherlands

I Institute of Molecular Regenerative Medicine, Paracelsus Medical University, Salzburg, 5020, Austria

X The Center for Urban Mental Health, University of Amsterdam, the Netherlands

! Pharmacology Section, Department of Pharmacology, Toxicology and Medicinal Chemistry, Faculty of Pharmacy and Food Sciences, and Institute of Neurociencies,

University of Barcelona, E-08028, Barcelona, Spain

ARTICLE INFO

Keywords:
Cognitive decline
Metabolomics
MIND diet

Diet

ABSTRACT

Background: The MIND diet supports healthy cognitive aging. Yet, a challenge remains to identify individuals
who do not adhere to the MIND and could be at risk for accelerated cognitive decline. A multi-metabolite
biomarker panel could facilitate population screening.

Objectives: To determine and validate a blood metabolomics signature of MIND adherence in a large cohort of
older adults, and to estimate its association with subsequent cognitive decline.

Design, setting and participants: Participants were older adults (>65 years) from the population-based three-City
(3C) cohort, free of dementia at study baseline and followed for up to 12 years for cognition, who were included
in two case-control samples on cognitive decline nested within two centers (Bordeaux and Dijon cities, n = 838).
Exposures: 155 diet-related serum metabolites measured with a multianalyte metabolomics platform.

Main outcomes and measurements: The primary outcome was adherence to the MIND diet, assessed in a subsample
of 344 participants from Bordeaux center (which underwent the dietary surveys, 24 h recall and food-frequency
questionnaire). A metabolomics signature of MIND diet adherence was characterized with penalized regression
and a metabolomics score (“metaboscore™) reflecting the overall MIND biological fingerprint was calculated. The
secondary outcome was cognitive decline status (coded as binary: accelerated, vs. null or minimal decline) over
follow-up, assessed using repeated cognitive measures in the two case-control samples. The metaboscore was
reconstructed and linked to the odds of cognitive decline.

Results: Eight metabolites were identified: three were associated with higher MIND adherence (3-hydrox-
yhippuric acid, 5-hydroxyindole-3-acetic acid, betaine - phenolic acids and amino acid related to plant foods) and

* Corresponding author at: University Paris-Saclay, AgroParisTech, INRAE, UMR PNCA, F-91120, Palaiseau, France.
E-mail address: jeanne.neuffer@agroparistech.fr (J. Neuffer).

https://doi.org/10.1016/j.tjpad.2026.100670

Received 23 January 2026; Received in revised form 9 July 2026; Accepted 11 August 2026

Available online 11 September 2026

2274-5807/© 2026 The Authors. Published by Elsevier Masson SAS on behalf of SERDI Publisher. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://orcid.org/0000-0002-3667-6948
https://orcid.org/0000-0002-3667-6948
https://orcid.org/0000-0002-7640-8833
https://orcid.org/0000-0002-7640-8833
https://orcid.org/0000-0002-7742-3189
https://orcid.org/0000-0002-7742-3189
https://orcid.org/0000-0002-0842-2502
https://orcid.org/0000-0002-0842-2502
https://orcid.org/0000-0002-7541-2814
https://orcid.org/0000-0002-7541-2814
https://orcid.org/0000-0002-8494-4978
https://orcid.org/0000-0002-8494-4978
https://orcid.org/0000-0002-4064-5175
https://orcid.org/0000-0002-4064-5175
mailto:jeanne.neuffer@agroparistech.fr
www.sciencedirect.com/science/journal/22745807
https://www.elsevier.com/locate/tjpad
https://doi.org/10.1016/j.tjpad.2026.100670
https://doi.org/10.1016/j.tjpad.2026.100670
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tjpad.2026.100670&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

J. Neuffer et al.

The Journal of Prevention of Alzheimer’s Disease 13 (2026) 100670

five with lower MIND adherence (1-methylhistidine from red meat; cyclo(L-leucyl-L-prolyl) from coffee; tartaric
acid from wine; myristoyl-carnitine and dehydroepiandrosterone sulfate, endogenous). The French-MIND
metaboscore was linked to lower odds of cognitive decline, although replication was not statistically signifi-
cant after multivariable adjustment.

Conclusion: A novel metabolomic signature of the MIND diet was characterized, which may help screen older
adults at risk of poor brain nutrition and could support personalized dietary prevention strategies.

1. Introduction

Cognitive decline refers to the progressive deterioration of cognitive
functions (including memory, language and reasoning) that occurs with
aging. While it may represent a normal aspect of aging and then
generally remains relatively mild, when accelerated, it may signal pro-
gression towards age-related disorders like Alzheimer’s disease [1].
With increasing life expectancy and the global increase in aging pop-
ulations worldwide, cognitive aging has become a significant public
health concern. As the underlying biological mechanisms (neurode-
generative and vascular disorders, inflammation, oxidative stress,
among others) evolve over years and often overlap, preventive strategies
are particularly promising, especially via nutrition, which can modulate
many of these pathways [2]. Diet approaches combining multiple di-
etary compounds are key and, in this context, the hybrid
Mediterranean-DASH intervention for neurodegenerative delay (MIND)
diet has been proposed and validated as an optimized diet to promote
brain health with aging [3]. The MIND diet is characterized by a high
intake of neuroprotective foods (olive oil, fish, whole grains, berries,
green leafy and other vegetables) and contains a lower intake of foods
found to be detrimental to general and brain health (red meats, pastries
and sweets, cheese, butter and fried food) [3]. Higher adherence to the
MIND diet has indeed been associated with a lower risk of dementia and
a lower cognitive decline in several population-based cohorts [3-6].

However, evaluation of the adherence to diets like MIND depends on
questionnaire-based tools, which are prone to various sources of biases,
including measurement errors. There is therefore a growing interest in
complementing these approaches with objective biomarker panels to
assess the adherence to healthy diets, like the MIND. In this context,
metabolomics offers a distinct and complementary perspective: rather
than capturing declared dietary intakes, metabolomic signatures reflect
the biological footprint of diet at the individual level, integrating both
nutritional exposures and inter-individual variability in metabolic re-
sponses. Mass Spectrometry (MS)-based metabolomic profiles, which
reflect both external exposures as well as endogenous metabolism,
represent a promising tool to capture the markers of nutritional expo-
sures, situated at the crossroad between dietary intakes and their impact
on internal biology [7]. In addition, deciphering the molecular patterns
associated with brain-health promoting diets such as the MIND would
provide a better understanding of the biological mechanisms underlying
the association between these diets and cognitive aging [8].

The few studies which have investigated metabolomic predictors of
adherence to the MIND diet [9-13] used either nuclear magnetic reso-
nance (NMR) spectroscopy-based metabolomics in blood [9,11], or
liquid chromatography-mass spectrometry (LC-MS)-based metab-
olomics in blood [10,13] or urines [12]. While the results were prom-
ising, there was little overlap between the studies, possibly because the
metabolomic platforms used were not specific, covering mainly the
endogenous metabolome (especially NMR) and missing most of the food
metabolome. So far, no metabolomic biomarker discovery study has
been conducted that was based on a specific and comprehensive tar-
geted food metabolomics platform.

Here, we leveraged a unique combination of nutrition, food metab-
olomics and repeated cognitive data from a large population-based
cohort on dementia, the 3C study. Our aim was to determine a metab-
olomics signature of the brain health-promoting MIND diet and evaluate
its prospective association with cognitive decline in a period of 12 years.

2. Methods
2.1. Population

2.1.1. 3C study design

The 3C study is a French cohort initiated in 1999 with the primary
aim of studying vascular risk factors for dementia. It included 9294 non-
institutionalized community dwellers aged 65 years or over, from three
French cities: Bordeaux (n = 2104), Dijon (n = 4931) and Montpellier (n
= 2259) [14]. The 3C study protocol was approved by the Consultative
committee for the protection of Persons participating in Biomedical
Research at Kremlin-Bicétre University hospital in France and all par-
ticipants provided written informed consent. At baseline, face-to-face
interviews were conducted to collect socio-demographic data, lifestyle
and health parameters. In addition, anthropometric and blood pressure
measurements were performed, as well as fasting blood sampling for
constitution of a biobank. The number of medications regularly
consumed by participants was recorded. Follow-up visits were con-
ducted at home every two to three years. At baseline and at each
follow-up visit, a battery of cognitive tests was ascertained by a certified
and experienced neuropsychologist [14].

In Bordeaux, a nutritional survey was performed by trained dietitians
during a home interview conducted at the first follow-up in 2001-2002,
including a food frequency questionnaire (FFQ) and a 24 h recall [15,
16].

2.1.2. Nested case-control study on serum metabolome and cognitive
decline

An ancillary study on metabolomics and trajectories of cognitive
decline was initiated in 2016, exploiting the blood biobank collected at
baseline (1999-2000) in two 3C study centers, Bordeaux and Dijon
cities. Eligible participants had serum samples available in the biobank,
no dementia diagnosis at the time of blood draw at baseline, and at least
one repeated cognitive examination over the subsequent 12 years (with
a maximum of five repeated examinations at visit V=2, 4,7, 10 and 12
years, with a median of 7 years of follow-up) [17]. The methods of this
ancillary study are detailed elsewhere [17].

Two nested case-control samples were designed from Bordeaux and
Dijon 3C centers, as described previously [17]. In both samples, case and
control status were defined using slopes of change in global cognitive
composite scores over the 12 years of follow-up (estimated by linear
mixed models). Cases included the 220 participants with the strongest
slopes of cognitive decline, and each case was matched to a control
participant (i.e., a participant with a slope of cognitive change better
than the population median) with same age (+3 years), sex and
educational level (lower or higher than secondary school). In total, 209
cases in Bordeaux were successfully matched to a control, leading to a
discovery sample of 418 subjects (209 cases, 209 controls). Similarly, in
Dijon, 212 cases were successfully matched to a control, amongst whom
two had no metabolomics measurement available and were excluded,
leading to a validation sample of 420 subjects (210 cases, 210 controls).

2.1.3. Analytical study samples

The MIND metabolomics signature discovery analysis was conducted
on the subsample with both metabolomics and nutrition data available,
i.e., n = 344 3C Bordeaux participants (out of the 418 subjects from the
original case-control sample) (Supplementary figure 1). Estimates
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from this discovery stage were used to predict a metabolomics signature
of the MIND diet among individuals without dietary data. This allowed
us to study the association between the MIND metabolomics signature
and cognitive decline status in the entire case control sample (Bordeaux,
n = 418; Dijon, n = 420).

2.2. MIND diet adherence score

A MIND diet adherence score adapted to the French population was
estimated using the methodology previously developed in the 3C cohort
[4]. The components of this score were selected from the literature [3]
and adapted to the dietary habits of the French population and to na-
tional recommendations [18]. The MIND diet adherence score was
composed of 15 items combining the consumption of 10 foods associated
with better cognitive aging in the literature (green leafy vegetables,
other vegetables, nuts, berries’ polyphenols, whole grains, fish, olive oil,
and wine [consumed in moderation]) and 5 unhealthy foods (red meat,
butter and margarine, cheese, pastries and sweets, and fried foods). Each
component was assigned a score of 0, 0.5, or 1, depending on the fre-
quency of consumption. The final adherence score was obtained by
summing the scores for all components. Dietary intakes were obtained
from the FFQ whenever possible and from the 24-hour recall when no
information was available on the FFQ (for berries’ polyphenols, whole
grains, nuts and green leafy vegetables, Supplementary Table 1).

2.3. Metabolomics data

MS-based metabolomics analysis of serum samples was conducted
using a large-scale and quantitative multi-metabolite platform for the
simultaneous detection and quantification of food-related metabolites,
microbiota derivatives and endogenous metabolites [19].

Serum samples were first subjected to protein precipitation with
acetonitrile containing 1.5 M formic acid, as previously described [17].
Supernatants were transferred to 96-well injection plates after addition
of a set of internal standards. Analyses were carried out by ultra-high
performance liquid chromatography coupled to tandem mass spec-
trometry (UHPLC-MS/MS), using the operating conditions described
elsewhere [19]. Calibration curves were prepared at 10 concentration
levels in the range of 0.01-100 pg/L.

The concentration of metabolites known to be influenced by pre-
analytical factors (e.g., improper handling/storage of blood samples)
was checked for the absence of abnormal values (&3 x IQR). The co-
efficients of variation for peak areas, retention times and peak widths of
the internal standards were computed to evaluate the reproducibility.
Endogenous metabolites with more than 20% missing data were
excluded, and the other metabolites were imputed by the k-nearest
neighbors (KNN) algorithm. We further removed metabolites with a
high proportion of zero values (>70% of the dataset), as these may
compromise accuracy in the signature discovery statistical procedure
(our primary interest being relatively prevalent markers of the food
metabolome). Finally, 155 metabolites (104 endogenous and 51 exog-
enous) were included in the analyses (Supplementary Table 2). Me-
tabolites were analyzed as z-scores (subtracting the mean concentration
of the metabolite and dividing by its standard deviation) to allow
comparison of effect estimated across compounds.

3. Statistical analyses
3.1. Characterization of a metabolomics signature of MIND diet

We characterized a serum metabolomics signature of MIND diet
adherence (dependent variable, continuous) using Least Absolute
Shrinkage and Selection Operator (LASSO) penalized regression,
adjusted for: age; sex; education; smoking; BMI; use of cholesterol-
lowering, hypoglycemic and antihypertensive medications; regular
practice of physical activity; daily caloric intake; and the date of blood
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draw (unpenalized covariates). LASSO allows simultaneous variable
selection by adding a penalty to the regression coefficients [20]. The
penalty parameter was estimated through cross-validation. As LASSO
could lead to unstable results and false positives, the method was opti-
mized with bootstrap resampling (n = 1000 bootstraps) [21]. The me-
tabolites detected in more than 40% of the bootstrap samples were
selected to be included in the MIND metabolomics signature.

3.2. Computation of a MIND metaboscore

The metabolites selected with LASSO in the discovery stage were
subsequently introduced in a non-penalized linear regression of the
MIND diet score (dependent variable), adjusted on the same covariates
as in the LASSO, to estimate unbiased regression coefficients and
compute a unique metabolomics signature score (hereafter referred to as
the French-MIND metaboscore). Confidence intervals were not esti-
mated at this step as they are known to be biased due to post-selection
inference. The score was the sum of the concentration scaled to have
mean zero and unit variance concentrations of the selected metabolites,
weighted by the coefficient of association with the MIND adherence
score. The French-MIND metaboscore can be interpreted as the overall
serum metabolomics fingerprint of a MIND diet in the French popula-
tion. The metaboscore was further predicted for each participant of the
case-control study, in the Bordeaux and Dijon study centers.

3.3. Association study of the MIND metaboscore with the odds of
cognitive decline

In each case/control sample (Bordeaux and Dijon), the association
between the French-MIND metaboscore and cognitive decline status was
estimated independently by a logistic regression model conditioned on
matching variables (age, sex and education). The model was adjusted for
smoking, alcohol consumption, BMI, physical activity, diabetes, hyper-
cholesterolemia and hypertension.

3.4. Sensitivity analyses

We performed a sensitivity analysis excluding the participants with
extreme values (defined graphically as values <—2 or >2 (supple-
mentary Figure 2) for the MIND metaboscore.

All statistical analyses were conducted using R software version 4.0.3
(R Foundation for Statistical Computing, Vienna, Austria). Missing data
for covariates (less than 17% for all variables) were imputed using
chained equations with fully conditional specification method, when-
ever necessary [22].

4. Results

4.1. Characterization of the metabolomics signature and the MIND
metaboscore

Participants from the discovery sample (n = 344) were on average
75.7 years old (Table 1) with a majority of women (68%). Increasing
MIND adherence was associated with a higher proportion of men, of
participants taking cholesterol-lowering drugs or exercising regularly.
The proportion of participants taking an anti-hypertensive medication
was lower as MIND adherence increased. As expected, participants with
higher adherence to the MIND diet showed higher intakes in whole
grains, nuts, total polyphenols, vegetables, fish, and poultry (Table 1).
Conversely, they had lower intakes of red meat, cheese, sweets, fried and
fast foods, butter and margarine, and they were more likely to use olive
oil as their primary added fat.

Among the 155 metabolites, 8 were selected by the bootstrap-LASSO
in the discovery subsample and defined as the metabolomics signature of
MIND diet (Table 2). Five of those metabolites were associated with
lower MIND diet (1-methylhistidine, myristoyl-carnitine, tartaric acid,
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Table 1
Characteristics of the French-MIND metabolomics signature discovery sample
(3C Bordeaux, n = 344).

Total MIND diet adherence score'
population N Mean (SD) = 7.2 (1.6)
=344 Low [3.5; Medium High [8;
6.5] N = [6.5; 81 N 11.5] N =
141 =108 95
Sociodemographic and
health
characteristics
Age (years), mean (SD) 75.7 (4.3) 76.0 (4.6) 75.0 (4.3) 76.0 (4.0)
Women 233 (68%) 107 69 (64%) 57 (60%)
(76%)
Education > high 103 (30%) 42 (30%) 35 (32%) 26 (28%)
school
Smoking (pack-years), 8.9 (18.1) 9.3(19.6) 7.9(16.7) 9.4(17.4)
mean (SD)
Alcohol intake (g/day), 14.1 (16.6) 13.6 14.7 (16.9) 14.2
mean (SD) (16.5) (16.5)
BMI (kg/m?), mean 26.5 (4.2) 26.5(4.4) 26.3(4.0) 26.7 (4.0)
(SD)
Cholesterol-lowering 119 (35%) 35 (25%) 35 (32%) 49 (52%)
treatment
Antidiabetic treatment 29 (8%) 13 (9%) 9 (8%) 7 (7%)
Anti-hypertensive 36 (10%) 19 (13%) 9 (8%) 8 (8%)
treatment
Number of 4.5 (2.7) 4.6 (2.6) 4.5 (2.8) 4.2 (2.5)
medications, mean
(SD)
Regular physical 100 (34%) 33 (29%) 34 (37%) 33 (38%)
activity
Daily energy intake 1699.8 1697.2 1707.5 1695.1
(Kcal), mean (SD) (542.3) (557.6) (545.2) (521.0)
Coffe intake (cups/ 5.6 (4.9) 4.9 (4.8) 5.8 (5.0) 6.3 (5.1)
week), mean (SD)
MIND diet Components
Whole grains (>0 g / 32 (9%) 2 (1%) 8 (7%) 22 (23%)
day)
Nuts (>0 g / day) 14 (4%) 4 (3%) 3 (3%) 7 (7%)
Total polyphenols 117 (34%) 32 (23%) 42 (39%) 43 (45%)
(>1.21 g / day)
Green leafy vegetables 118 (34%) 23 (16%) 40 (37%) 55 (58%)
(>60 g / day)
Other vegetables (>14 159 (46%) 24 (17%) 66 (61%) 69 (73%)
times / week)
Beans (>2 times / 19 (6%) 7 (5%) 7 (6%) 5 (5%)
week)
Fish (>2 times / week) 247 (72%) 78 (55%) 90 (83%) 79 (83%)
Poultry (>2 times / 174 (51%) 52 (37%) 57 (53%) 65 (68%)
week)
Red meat and products 113 (33%) 29 (21%) 38 (35%) 46 (48%)
(<4 times / week)
Cheese (<1 time / 22 (6%) 5 (4%) 7 (6%) 10 (11%)
week)
Pastries and sweets 208 (60%) 51 (36%) 73 (68%) 84 (88%)
(<5 times / week)
Fried and fast food (<1 282 (82%) 103 90 (83%) 89 (94%)
time / week) (73%)
Butter and margarine 155 (45%) 48 (34%) 45 (42%) 62 (65%)
(<7 times / week)
Olive oil (Primary 63 (18%) 9 (6%) 21 (19%) 33 (35%)
added fat)
Wine ([7-10] glasses/ 55 (16%) 12 (9%) 16 (15%) 27 (28%)
week)

Values are numbers (percentage) unless otherwise stated. Percentages are of
non-missing values.

! Low, medium and high categories were defined at tertiles of the MIND diet
score.

dehydroepiandrosterone sulfate [DHEA-S] and cyclo(L-leucyl-L-prolyl))
and three were associated with higher MIND diet adherence (5-
hydroxyindole-3-acetic acid [5-HIAA], betaine and 3-hydroxyhippuric
acid [3-HHA]). Out of the 8 metabolites from the signature, 3 were
from endogenous metabolism (5-HIAA, myristoyl-carnitine and DHEA-
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S) and the remaining 5 were of external, from dietary origin (Table 2).
Thus, the metabolites inversely associated with MIND were markers of
red meat (1-methylhistidine), red wine (tartaric acid), cocoa/coffee
(cyclo(L-leucyl-L-prolyl)) while all metabolites positively associated
with MIND (5-HIAA, betaine, 3-HHA) were putative markers of plant
foods.

4.2. Association between the MIND metaboscore and cognitive decline

The case-control samples used to estimate the association of the
metaboscore and cognitive decline (Bordeaux and Dijon samples) were
similar in terms of mean age, sex ratio, and education level (Supple-
mentary Table 3). However, the Bordeaux sample included a lower
proportion of participants with hypertension compared to the Dijon
sample, where participants consumed less alcohol. In the two samples,
cases included a higher proportion of participants smoking, practicing
regular physical activity, or suffering from diabetes. The French-MIND
metaboscore was equally distributed in both samples, albeit with a
slightly higher number of extreme values in the Dijon sample, which did
not participate in MIND metabolomic signature discovery (Supple-
mentary Figure 2).

The French-MIND metaboscore was significantly associated with
lower odds of subsequent cognitive decline in the Bordeaux sample
(Fig. 1). For each increase of one point of the MIND metaboscore, the
odds of cognitive decline decreased by 38% (OR = 0.62, 95% CI 0.43;
0.90, model 1, light green line) and by 37% after adjusting for potential
confounders (OR = 0.63, 95% CI 0.42; 0.90, model 2, light green line). A
similar trend was found in the external Dijon sample although the as-
sociation did not reach statistical significance (OR = 0.73, 95% CI
0.49;1.10 in model 2, dark green line).

Six participants were identified as having an extreme French-MIND
metaboscore (n = 1 in discovery and n = 5 in validation sample),
defined graphically as values <—2 or >2 (Supplementary Figure 2).
After removal of these participants and their matched pair member, the
association between the French-MIND metaboscore and cognitive
decline did not change meaningfully in the discovery sample and was
slightly strengthened in the validation sample (OR = 0.61, 95%CI
0.39-0.96 in model 1 and OR = 0.63, CI 0.38-1.04 in model 2) (Sup-
plementary Figure 3).

5. Discussion

Capitalizing on a unique database combining MS-based assessment
of the food metabolome, dietary intake and repeated cognitive data from
the large population-based 3C cohort, we characterized a serum
metabolomics signature of adherence to the brain health-promoting
MIND diet. The signature was composed of eight metabolites encom-
passing markers from the endogenous metabolism and exogenous
compounds derived from diet. The three metabolites associated with
better adherence to the MIND diet (3-HHA, 5-HIAA and betaine) were
phenolic acids and amino acid derivatives - two ubiquitous families of
the food metabolome related to plant foods, which are lead components
of the MIND diet. The metabolites associated with lower MIND adher-
ence were derived from red meat (1-methylhistidine), coffee (cyclo(L-
leucyl-L-prolyl)) and wine (tartaric acid) — the two first diet components
scoring negatively in MIND - or resulted from endogenous metabolism
(myristoyl-carnitine and DHEA-S). When modeling this biomarker
fingerprint globally in the form of a French-MIND metaboscore, the
signature was associated with a lower odd of accelerated cognitive
decline in the following 12 years in the Bordeaux sample, that was
confirmed (albeit not statistically significantly after full covariate
adjustment) in the Dijon sample. Taken together, the French-MIND
metaboscore, derived from a unique combination of MS-based food
metabolome assessment, dietary intake and repeated cognitive data,
captured a biologically meaningful signature of MIND diet adherence in
the French population that was associated with a reduced risk of
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Table 2
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Identification of a metabolomics signature of MIND diet adherence and definition of a French-MIND metaboscore (3C Bordeaux, n = 344).

 coefficient (unpenalized)”

Primary origin (diet or endogenous)

Metabolites % of selection across 1000 bootstrap-LASSO'
1-methylhistidine 91
Myristoyl-carnitine 72
5-HIAA 67
Betaine 66
Tartaric acid 46
3-HHA 43
DHEA-S 42
cyclo(L-leucyl-L-prolyl) 40

—0.24 Red meat

—0.25 Endogenous

0.27 Endogenous, increase with serotonin-rich foods intake
0.15 Fruits and vegetables

-0.17 Red wine and grapes

0.21 Fruits and vegetables

—0.10 Endogenous

—0.12 Cocoa and coffee

1 LASSO regression was applied to 1000 bootstrapped samples to identify metabolites robustly associated with the MIND diet adherence score. Metabolites selected
in more than 40% of the bootstraps were selected. For each bootstrap sample, the optimal penalty was selected by cross-validation. Models were adjusted for age, sex,
education, smoking status, BMI, cholesterol-lowering, antidiabetic and anti-hypertensive treatments, physical activity, daily energy intake and blood sampling date.

2 B coefficients estimated for one SD increase in standardized metabolite concentration in a non-penalized linear regression model including all the metabolites
selected by LASSO and adjusted for the same list of covariates. Abbreviations: 3-HHA: 3-hydroxyhippuric acid, 5-HIAA: 5-hydroxyindole-3-acetic acid, DHEA-S:

dehydroepiandrosterone sulfate.

Model 1

3C Bordeaux (N=418)
3C Dijon (N=420)

Model 2

04 0.6 0.8

1.0

Odds Ratio (95% Confidence Interval)

Fig. 1. Association between the French-MIND metaboscore and the case/control status for cognitive decline (3C Bordeaux, discovery, n = 418; 3C Dijon, validation,
n = 420). Odds ratio were estimated for the increase of one unit of the MIND metaboscore using conditional logistic regression (with age, sex and education as
matching factors). Model 1 was unadjusted and model 2 was adjusted for BMI, smoking, alcohol consumption, physical activity, diabetes, hypercholesterolemia and

hypertension.

accelerated cognitive decline over 12 years.

Five previous studies have characterized a metabolomics signature of
the MIND diet [9-12], and strikingly, none of them reported any
metabolite in common with our signature. However, in contrast with our
research, the metabolomics platform used in those studies was not
specialized on the food metabolome per se that contains many small
molecules, or were performed on urine samples, leading to a different set
of metabolites measured. In two studies of 100 000 middle-aged in-
dividuals from the UK biobank [9,11], metabolites from the NMR-based
Nightingale platform, measured in plasma, were linked to MIND diet
adherence score and subsequently associated with frailty or cognition.
The two studies found a MIND signature composed of around 40 me-
tabolites, including HDL cholesterol, various lipids and lipoproteins,
fatty acids and inflammatory markers. NMR has low sensitivity and does
not detect compounds below one millimolar, allowing to capture only a
few hundred compounds from the endogenous metabolism and thereby

missing all small molecules from the food metabolome (that are
measured in our UHPLC-MS/MS-based platform) [23]. In the US Balti-
more Longitudinal Study of Aging (BLSA) cohort, a metabolomics
signature of the MIND diet was searched among 806 participants from
the Biocrates platform, a targeted LC-MS approach encompassing 249
metabolites from main biochemical classes, that does not covers the food
metabolome [10]. Their signature included 218 metabolites, and
mediated significantly the association between adherence to the MIND
diet and frailty. A previous study conducted in the ARIC cohort among
3908 adults identified a signature of 27 metabolites associated with
MIND diet adherence using the Metabolon platform (LC-MS approach, in
serum). None of these metabolites overlapped with our signature, which
is likely attributable to the limited specificity of the Metabolon panel for
the food metabolome compared to our UHPLC-MS/MS-based platform
[13]. Finally, a study conducted in the POLYINTAKE cohort among 218
middle-aged participants identified 15 urinary metabolites constituting
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a MIND diet signature, most of which were polyphenols [12]. Although
the metabolite panel was restricted to the food metabolome (i.e.,
plant-derived metabolites), the use of urine as the biological matrix al-
lows only limited overlap with the metabolites measured in our study.
Of course, other differences in study designs such as slight variations in
the definitions of MIND diet scores or the statistical approach used for
signature selection could also explain the divergent results.

One of the metabolites identified in lower concentrations associated
with MIND in our signature, 1-methylhistidine, was also identified in
decreased levels with Mediterranean diet adherence in previous
metabolomics-based studies, including the BLSA cohort and a small
sample of diabetes-free participants from the Spanish PREDIMED
intervention study [24]. This metabolite is a derivative of the amino acid
histidine and a biomarker of red meat consumption which has been
linked to increased risk of brain aging-related outcomes in the literature
[24,25]. For instance, a recent study of >100 elderly subjects found
higher levels of 1-methylhistidine in the plasma and cerebrospinal fluid
of patients with Alzheimer’s disease compared to controls [26]. We
found another endogenous metabolite potentially linked to meat intake,
myristoyl-carnitine [27], related to lower MIND adherence. This
metabolite belongs to the acylcarnitine family and has previously been
associated with cognitive decline in our cohort [21]. Other studies have
consistently reported that myristoyl-carnitine metabolism is dysregu-
lated in metabolic syndrome and in early Alzheimer’s disease [28-30].

Our signature also included betaine as a biomarker positively asso-
ciated to MIND diet adherence. Betaine, an exogenous molecule derived
from the amino acid glycine, has ubiquitous dietary sources, including
beets, spinach, wheat bran, and seafood. Betaine has been regularly
identified as a biomarker of healthy diets such as the Healthy Eating
Index (HEI, based on US dietary recommendations) and the DASH diet
[31,32]. This metabolite has also been associated with reduced brain
aging-related markers (e.g., cognitive function) in animals and humans
[33,34]. This protective relationship could be linked to a role in the
conversion of homocysteine to methionine (homocysteine being an
established vascular risk factor implicated in dementia) [35,36], and in
the regulation of osmotic stress [37].

The two other amino acid derivatives identified in our signature of
the MIND diet, 5-hydroxyindole-3-acetic acid (5-HIAA) and cyclo(L-
leucyl-L-prolyl), are more novel metabolites in relation to a brain health-
promoting dietary pattern. 5-HIAA is derived from serotonin, and its
concentration in plasma is increased after intake of serotonin-rich foods
(pineapple, banana, kiwi, and walnuts) [38,39]. It is therefore biologi-
cally relevant to identify 5-HIAA as a biomarker of MIND, a diet which
emphasizes fruit and vegetable, berries and nuts consumption.
Furthermore, there is preliminary evidence suggesting that 5-HIAA
could prevent some cognitive aging endpoints. For instance, a small
study (N = 78) showed a significantly reduced concentration of 5-HIAA
in the cerebrospinal fluid of patients with advanced Lewy body de-
mentia, compared with newly-diagnosed participants [40].

Our findings of cyclo(L-leucyl-L-prolyl) are more complex to inter-
pret. Cyclo(L-leucyl-L-prolyl), derived from leucine and proline, is a
validated biomarker of coffee consumption [17]. While this metabolite
was inversely associated with the protective MIND diet in the present
study, we previously found cyclo(L-leucyl-L-prolyl) (from non-targeted
metabolomics) as positively associated with cognitive preservation in
the 3C cohort [21]. There is biological plausibility for such protective
association, as cyclo(L-leucyl-L-prolyl) increases the heat shock protein
70 (HSP70) that lowers brain accumulation of the Alzheimer’s disease
proteins Amyloid beta and tau [41]. Like the aforementioned coffee
biomarker, tartaric acid, an organic acid present in wine, was inversely
associated with adherence to the MIND diet. This finding is coherent
with the inclusion of moderate wine consumption as a component of the
MIND adherence score (higher wine consumptions scoring negatively in
MIND). We previously linked tartaric acid to higher cognitive decline
[42]. Actually, in Western dietary patterns, the consumption of wine,
meat, and coffee are correlated, thus the identification of metabolites
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such as tartaric acid (wine), 1-methylhistidine (meat), and cyclo(L-leu-
cyl-L-prolyl) (coffee) may reflect dietary behaviors inversely correlated
to MIND diet habits [43].

Besides the coffee, wine and meat biomarkers scoring negatively in
the French-MIND metaboscore, we also reported the steroid hormone
dehydroepiandrosterone sulfate (DHEA-S), a potential biomarker of
stress [44], inversely associated with the MIND diet. There are multiple
potential pathways by which healthier diets such as MIND could
decrease stress levels, and increased stress is a risk factor for cognitive
decline [45].

The polyphenol metabolite 3-HHA, a benzoic acid derived from
intake of various polyphenol-rich foods and found as a positive
contributor to the French-MIND metaboscore, is also a novel metabolite
found in relation to a neuroprotective diet. Currently, polyphenol me-
tabolites are poorly measured in metabolomics studies, partly due to
their low circulating levels, requiring sensitive analytical tools to detect
them in the general population. They are, however, of strong interest in
the context of brain aging. Several prospective studies found an asso-
ciation between higher flavonoid intake and a lower risk of dementia
and cognitive decline while also preclinical studies are of interest in this
respect . Their pleiotropic effects on various biological pathways could
underly, at least in part, the potentially neuroprotective role of the
MIND diet [46].

Our study has important strengths. The unique collection of epide-
miological data offered by the 3C study, combining a dietary survey
(FFQ and 24 h recall), a blood biobank and a comprehensive assessment
of cognitive performances over more than a decade, provide a unique
opportunity to map the food exposome from dietary intakes to their
biological fingerprints within the food metabolome and finally the
longitudinal assessment of brain health with aging. The use of a unique
multi-metabolite metabolomics platform based on innovative MS tech-
nology coupled with ultra-high performance liquid chromatography,
enabled the accurate quantification of metabolites specifically related to
diet, some of which being not often measured in metabolomics studies
(e.g., short-chain fatty acids and phenolic acids). The availability of
samples with different geographical origins (south-west France
(Bordeaux) and north-east France (Dijon)) with different dietary and
lifestyle habits, is also an important strength of the study [47-51].

There are also some limitations. First, there was an average 1.9 year-
lag (min = 1.0; max = 3.5) between the dietary survey and blood-draw
collection, which may have caused some mis-specification of the
signature in the event that participants have changed their dietary
habits. However, FFQ assess habitual diet habits over the year and these
habits are generally stable in longer periods, especially in older persons
[52,53]. A single time point for metabolite measurement is also a limi-
tation to develop biomarkers of dietary habits, especially when it is to
capture non-daily food intakes. Nonetheless, even in the context of
non-daily consumed foods such as fish, we previously found reasonably
good correlations between a single measurement of long-chain omega-3
fatty acids and fish intake [54]. As another limitation, a detailed dietary
survey was available in 3C Bordeaux only, thus we were not in capacity
of evaluating the external validity of our MIND metabolomic signature
discovery. We could only evaluate in the external sample the ability of
the signature to associate with cognitive decline. Finally, the present
findings were derived from a French older adult population, which may
limit their generalizability to populations of different age groups, eth-
nicities, or dietary cultures, where the food metabolome and dietary
patterns may substantially differ.

Overall, we reported here a novel metabolomics signature of a brain-
health promoting diet, composed of robust serum biomarkers of plant
foods typically emphasized in the MIND diet such as betaine, 3-HHA and
5-HIAA (specifically enriched in fruits, vegetables and nuts, important
components of the MIND) and negatively scored with metabolites
related to meat intake (myristoyl-carnitine and 1-methylhistidine),
coffee (cyclo(L-Leucyl-L-Prolyl)), wine (tartaric acid), and the stress
hormone DHEA-S. The global metabolomics fingerprint of MIND diet
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adherence in the form of a French-MIND metaboscore was associated
with lower odds of accelerated cognitive decline over 12 years in the
first sample and a similar borderline significant trend was found in an
external validation sample (with very different metabolomic profile and
lifestyle habits). This study contributes to a broader effort to identify
reproducible food metabolomics signatures of dietary patterns, which,
through comparisons across studies, may ultimately lead to more robust
signatures with wider applicability beyond the French population. The
signature proposed here could be quantified and further refined in other
cohorts by incorporating additional markers, thereby progressively
improving its robustness and reliability. Once replicated in external
studies, such a food metabolomics-based signature of MIND diet
adherence could primarily serve as a tool to better understand the bio-
logical mechanisms linking diet to cognitive aging, and to identify older
individuals at risk of suboptimal nutrition for brain health. Although on
a practical point of view, dietary screeners may remain a primary tool
for screening populations at risk of poor adherence, the metaboscore
could provide complementary biological insight to support tailored diet
counseling in primary prevention programs.

Funding and acknowledgements

The Three-City Study was conducted under a partnership agreement
between the Institut National de la Santé et de la Recherche Médicale
(INSERM), the Institut de Santé Publique, Epidémiologie et
Développement of the University of Bordeaux and Sanofi-Aventis. The
Fondation pour la Recherche Médicale funded the preparation and
initiation of the study. The Three-City Study is also supported by the
Caisse Nationale Maladie des Travailleurs Salariés, Direction Générale
de la Santé, Mutuelle Générale de I’Education Nationale, Institut de la
Longévité, Regional Governments of Aquitaine and Bourgogne, Fonda-
tion de France, Ministry of Research-INSERM Programme “Cohortes et
collections de données biologiques”, French National Research Agency
COGINUT ANR-06-PNRA-005 and ANR 2007LVIE 003, the Fondation
Plan Alzheimer (FCS 2009-2012), the Caisse Nationale pour la Solid-
arité et ’Autonomie (CNSA), and Roche Pharma. The sponsors were not
involved in the design of the study or in the data analyses or manuscript
elaboration. This work was accomplished as a part of the D-CogPlast
project (“Identification of dietary modulators of cognitive ageing and
brain plasticity and proof of concept of efficacy for preventing/reversing
cognitive decline”), supported by the European Joint Programming
Initiative “A Healthy Diet for a Healthy Life” (JPI HDHL, http://www.
healthydietforhealthylife.eu) (accessed on 11 June 2025), granted by
MINECO (Spain, PCIN-2015-229; PID2019-106285RB, PID2020-
114921RB-C21), ANR (France, ANR-15-HDHL-0002-05) and the Medi-
cal Research Council UK (UK, MR/N030087/1). This work also received
funding from the JPI-HDHL ERA-Net Cofund on INtesTInal MICro-
biomics (ERA-HDHL INTIMIC, AC19/00096), CIBERFES funded by
Instituto de Salud Carlos III and co-funded by the European Regional
Development Fund “A way to make Europe”, and the Gen-ralitat de
Catalunya’s Agency AGAUR (2021SGR00687). RGD thanks the “Juan de
la Cierva” program from MINECO (1JC2019-041867-I) and CAL ac-
knowledges the ICREA Academia Award 2018/2023. Jeanne Neuffer
was supported by the grant “SilverBrainFood” within the framework of
the “Future Investment Program” (Programme d’Investissements
d’Avenir PIA3), “Competitiveness cluster structuring projects” (Projets
structurants des poles de compétitivité, PSPC) operated by BPI France.
PJL is supported by the Zon-MW MODEM consortium, by Alzheimer
Nederland, by the Center for Urban Mental Health and by the Gravita-
tion program ICNS from NWO (nr 024.006.009).

Data statement

Data not available due to ethical restrictions.

The Journal of Prevention of Alzheimer’s Disease 13 (2026) 100670

Al use statement

During the preparation of this manuscript, the authors used Claude
(anthropic) to improve the phrasing of a limited number of individual
sentences. The tool was not used to draft, generate, or restructure any
part of the manuscript's content. After using this tool, the authors
reviewed and edited the affected sentences and take full responsibility
for the content of the publication.

CRediT authorship contribution statement

Jeanne Neuffer: Writing — review & editing, Writing — original draft,
Methodology, Investigation, Formal analysis, Conceptualization. Ratil
Gonzalez-Dominguez: Writing — review & editing, Methodology,
Investigation. Sophie Lefevre-Arbogast: Writing — review & editing,
Methodology, Investigation, Formal analysis. Dorrain Y Low: Writing —
review & editing, Investigation. Alba Tor-Roca: Writing — review &
editing, Methodology, Investigation. Catherine Helmer: Writing — re-
view & editing, Investigation, Funding acquisition. Andrea Du Preez:
Writing — review & editing, Investigation, Funding acquisition. Chiara
de Lucia: Writing — review & editing, Investigation. Silvie R. Ruigrok:
Writing — review & editing, Investigation. Barbara Altendorfer:
Writing — review & editing, Investigation. Ludwig Aigner: Writing —
review & editing, Investigation, Funding acquisition. Paul J Lucassen:
Writing — review & editing, Investigation, Funding acquisition. Aniko
Korosi: Writing — review & editing, Investigation, Funding acquisition.
Sandrine Thuret: Writing — review & editing, Investigation, Funding
acquisition. Claudine Manach: Writing — review & editing, Investiga-
tion, Funding acquisition. Merce Pallas: Writing — review & editing,
Investigation. Alex Sanchez-Pla: Writing — review & editing, Method-
ology, Investigation. Cristina Andres-Lacueva: Writing — review &
editing, Methodology, Investigation, Funding acquisition. Mireia Urpi-
Sarda: Writing — review & editing, Methodology, Investigation, Funding
acquisition. Cécilia Samieri: Writing — review & editing, Writing —
original draft, Supervision, Investigation, Funding acquisition,
Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.tjpad.2026.100670.

References

[1] Alzheimer’s Association. 2022 Alzheimer’s disease facts and figures. Alzheimers
Dement 2022;18(4):700-89. https://doi.org/10.1002/alz.12638. avr.

[2] Scarmeas N, Anastasiou CA, Yannakoulia M. Nutrition and prevention of cognitive

impairment. Lancet Neurol 2018;17(11):1006-15. https://doi.org/10.1016/

S1474-4422(18)30338-7. nov.

Morris MC, Tangney CC, Wang Y, Sacks FM, Bennett DA, Aggarwal NT. MIND diet

associated with reduced incidence of Alzheimer’s disease. Alzheimers Dement

2015;11(9):1007-14. https://doi.org/10.1016/j.jalz.2014.11.009. sept.

[4] Thomas A, Lefevre-Arbogast S, Féart C, Foubert-Samier A, Helmer C, Catheline G,
et al. Association of a MIND diet with brain structure and dementia in a French
population. J Prev Alzheimer Dis 2022;9(4):4.

[5] Chen H, Dhana K, Huang Y, Huang L, Tao Y, Liu X, et al. Association of the
mediterranean dietary approaches to stop hypertension intervention for
neurodegenerative delay (MIND) diet with the risk of dementia. JAMA Psychiatry
2023;80(6):630. https://doi.org/10.1001/jamapsychiatry.2023.0800. 1
juinPubMed PMID: 37133875; PubMed Central PMCID: PMC10157510.

[6] Huang L, Tao Y, Chen H, Chen X, Shen J, Zhao C, et al. Mediterranean-dietary
approaches to stop hypertension intervention for neurodegenerative delay (MIND)
diet and cognitive function and its decline: a prospective study and meta-analysis
of cohort studies. Am J Clin Nutr 2023;118(1):174-82. https://doi.org/10.1016/j.
ajenut.2023.04.025. 1 juill.

[3

—


http://www.healthydietforhealthylife.eu
http://www.healthydietforhealthylife.eu
https://doi.org/10.1016/j.tjpad.2026.100670
https://doi.org/10.1002/alz.12638
https://doi.org/10.1016/S1474-4422(18)30338-7
https://doi.org/10.1016/S1474-4422(18)30338-7
https://doi.org/10.1016/j.jalz.2014.11.009
http://refhub.elsevier.com/S2274-5807(26)00194-9/sbref0004
http://refhub.elsevier.com/S2274-5807(26)00194-9/sbref0004
http://refhub.elsevier.com/S2274-5807(26)00194-9/sbref0004
https://doi.org/10.1001/jamapsychiatry.2023.0800
https://doi.org/10.1016/j.ajcnut.2023.04.025
https://doi.org/10.1016/j.ajcnut.2023.04.025

J. Neuffer et al.

[71

[8

=

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(171

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Lefevre-Arbogast S, Chaker J, Mercier F, Barouki R, Coumoul X, Miller GW, et al.
Assessing the contribution of the chemical exposome to neurodegenerative disease.
Nat Neurosci 2024;27(5):812-21. https://doi.org/10.1038/541593-024-01627-1.
mai.

Brennan L. Use of metabotyping for optimal nutrition. Curr Opin Biotechnol 2017;
44:35-8. https://doi.org/10.1016/j.copbio.2016.10.008. avrPubMed PMID:
27835796.

Yao Z, Jia X, Chen Z, Zhang T, Li X, Zhang L, et al. Dietary patterns, metabolomics
and frailty in a large cohort of 120 000 participants. Food Funct 2024;15(6):
3174-85. https://doi.org/10.1039/D3FO03575A.

Tanaka T, Talegawkar SA, Jin Y, Candia J, Tian Q, Moaddel R, et al. Metabolomic
profile of different dietary patterns and their association with frailty index in
community-dwelling older men and women. Nutrients 2022;14(11):2237. https://
doi.org/10.3390/nu14112237. janv.

Chen H, Shen J, Tao Y, Zhang Y, Gao M, Ma Y, et al. Circulating metabolomic
profile of the MIND diet and its relation to cognition in middle-aged and older
adults. iMetaOmics 2025;2(1):e61. https://doi.org/10.1002/imo2.61.

Li Y, Xu Y, Sayec ML, Spector TD, Steves CJ, Menni C, et al. Development of
metabolic signatures of plant-rich dietary patterns using plant-derived metabolites.
Eur J Nutr 2025;64(1):29. https://doi.org/10.1007/s00394-024-03511-x. 28 nov.
Yang J, Bernard L, Wong KE, Yu B, Steffen LM, Sullivan VK, et al. Serum metabolite
signature of the modified mediterranean-DASH intervention for neurodegenerative
delay (MIND) diet. Metabolomics 2024;20(6):118. https://doi.org/10.1007/
s11306-024-02184-1. 21 oct.

the 3C study Group. Vascular factors and risk of dementia: design of the three-city
study and baseline characteristics of the study population. Neuroepidemiology
2003;22(6):316-25. https://doi.org/10.1159/000072920.

Féart C, Jutand MA, Larrieu S, Letenneur L, Delcourt C, Combe N, et al. Energy,
macronutrient and fatty acid intake of French elderly community dwellers and
association with socio-demographic characteristics: data from the Bordeaux sample
of the three-city study. Br J Nutr 2007;98(5):1046-57. https://doi.org/10.1017/
50007114507756520. novPubMed PMID: 17532868.

Féart C, Samieri C, Rondeau V, Amieva H, Portet F, Dartigues JF, et al. Adherence
to a mediterranean diet, cognitive decline, and risk of dementia. JAMA 2009;302
(6):638. https://doi.org/10.1001/jama.2009.1146. 12 aottPubMed PMID:
19671905; PubMed Central PMCID: PMC2850376.

Low DY, Lefevre-Arbogast S, Gonzdlez-Dominguez R, Urpi-Sarda M, Micheau P,
Petera M, et al. Diet-related metabolites associated with cognitive decline revealed
by untargeted metabolomics in a prospective cohort. Mol Nutr Food Res 2019;63
(18):18. https://doi.org/10.1002/mnfr.201900177.

Chaltiel D, Adjibade M, Deschamps V, Touvier M, Hercberg S, Julia C, et al.
Programme national nutrition santé - guidelines score 2 (PNNS-GS2): development
and validation of a diet quality score reflecting the 2017 French dietary guidelines.
Br J Nutr 2019;122(3):331-42. https://doi.org/10.1017/50007114519001181. 14
aotitPubMed PMID: 31342885.

Gonzélez-Dominguez R, Jauregui O, Mena P, Hanhineva K, Tinahones FJ,
Angelino D, et al. Quantifying the human diet in the crosstalk between nutrition
and health by multi-targeted metabolomics of food and microbiota-derived
metabolites. Int J Obes 2020;44(12):2372-81. https://doi.org/10.1038/541366-
020-0628-1. déc.

Tibshirani R. Regression shrinkage and selection via the lasso. J R Stat Soc B
(Methodol) 1996;58(1):1.

Low DY, Lefevre-Arbogast S, Gonzalez-Dominguez R, Urpi-Sarda M, Micheau P,
Petera M, et al. Diet-related metabolites associated with cognitive decline revealed
by untargeted metabolomics in a prospective cohort. Mol Nutr Food Res 2019;63
(18):1900177. https://doi.org/10.1002/mnfr.201900177.

Van Buuren S, Brand JPL, Groothuis-Oudshoorn CGM, Rubin DB. Fully conditional
specification in multivariate imputation. J Stat Comput Simul 2006;76(12):
1049-64. https://doi.org/10.1080/10629360600810434. 1 déc.
Gonzalez-Dominguez R, Jauregui O, Queipo-Ortunio MI, Andrés-Lacueva C.
Characterization of the human exposome by a comprehensive and quantitative
large-scale multianalyte metabolomics platform. Anal Chem 2020;92(20):
13767-75. https://doi.org/10.1021/acs.analchem.0c02008. 20 oct.
Vazquez-Fresno R, Llorach R, Urpi-Sarda M, Lupianez-Barbero A, Estruch R,
Corella D, et al. Metabolomic pattern analysis after mediterranean diet
intervention in a nondiabetic population: a 1- and 3-year follow-up in the
PREDIMED study. J Proteome Res 2015;14(1):531-40. https://doi.org/10.1021/
pr5007894. 2 janvPubMed PMID: 25353684.

Kochlik B, Gerbracht C, Grune T, Weber D. The influence of dietary habits and
meat consumption on plasma 3-methylhistidine—a potential marker for muscle
protein turnover. Mol Nutr Food Res 2018;62(9):9. https://doi.org/10.1002/
mnfr.201701062.

Kalecky K, German DC, Montillo AA, Bottiglieri T. Targeted metabolomic analysis
in Alzheimer’s disease plasma and brain tissue in non-hispanic whites.

J Alzheimers Dis 2023;86(4):1875-95. https://doi.org/10.3233/JAD-215448. 14
aolitPubMed PMID: 35253754; PubMed Central PMCID: PMC9108583.

Wedekind R, Kiss A, Keski-Rahkonen P, Viallon V, Rothwell JA, Cross AJ, et al.
A metabolomic study of red and processed meat intake and acylcarnitine
concentrations in human urine and blood. Am J Clin Nutr 2020;112(2):381-8.
https://doi.org/10.1093/ajcn/ngaal40. 1 aofit.

Bene J, Szabo A, Komldsi K, Melegh B. Mass spectrometric analysis of L-carnitine
and its esters: potential biomarkers of disturbances in carnitine homeostasis. Curr
Mol Med 2020;20(5):336-54. https://doi.org/10.2174/
1566524019666191113120828. juinPubMed PMID: 31729298; PubMed Central
PMCID: PMC7231908.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

The Journal of Prevention of Alzheimer’s Disease 13 (2026) 100670

Sampey BP, Freemerman AJ, Zhang J, Kuan PF, Galanko JA, O’Connell TM, et al.
Metabolomic profiling reveals mitochondrial-derived lipid biomarkers that drive
obesity-associated inflammation. PLoS One 2012;7(6):e38812. https://doi.org/
10.1371/journal.pone.0038812. 12 juinPubMed PMID: 22701716; PubMed
Central PMCID: PMC3373493.

Cristofano A, Sapere N, La Marca G, Angiolillo A, Vitale M, Corbi G, et al. Serum
levels of acyl-carnitines along the continuum from normal to Alzheimer’s
dementia. PLoS One 2016;11(5):e0155694. https://doi.org/10.1371/journal.
pone.0155694. 19 maiPubMed PMID: 27196316; PubMed Central PMCID:
PMC4873244.

Playdon MC, Moore SC, Derkach A, Reedy J, Subar AF, Sampson JN, et al.
Identifying biomarkers of dietary patterns by using metabolomics. AJCN 2017;105
(2):450-65. https://doi.org/10.3945/ajcn.116.144501. févr.

Costello E, Goodrich JA, Patterson WB, Walker DI, Chen JC, Baumert BO, et al.
Proteomic and metabolomic signatures of diet quality in young adults. Nutrients
2024;16(3):429. https://doi.org/10.3390/nul6030429. 31 janvPubMed PMID:
38337712; PubMed Central PMCID: PMC10857402.

Knight LS, Piibe Q, Lambie I, Perkins C, Yancey PH. Betaine in the brain:
characterization of betaine uptake, its influence on other osmolytes and its
potential role in neuroprotection from osmotic stress. Neurochem Res 2017;42(12):
3490-503. https://doi.org/10.1007/s11064-017-2397-3. décPubMed PMID:
28918494.

Eussen SJPM, Ueland PM, Clarke R, Blom HJ, Hoefnagels WHL, van Staveren WA,
et al. The association of betaine, homocysteine and related metabolites with
cognitive function in Dutch elderly people. Br J Nutr 2007;98(5):960-8. https://
doi.org/10.1017/50007114507750912. novPubMed PMID: 17537289.

Smith AD, Refsum H, Bottiglieri T, Fenech M, Hooshmand B, McCaddon A, et al.
Homocysteine and dementia: an international consensus statement. J Alzheimers
Dis 2018;62(2):561-70. https://doi.org/10.3233/JAD-171042. PubMed PMID:
29480200; PubMed Central PMCID: PMC5836397.

Seshadri S, Beiser A, Selhub J, Jacques PF, Rosenberg IH, D’Agostino RB, et al.
Plasma homocysteine as a risk factor for dementia and Alzheimer’s disease. N Engl
J Med 2002;346(7):476-83. https://doi.org/10.1056/NEJMoa011613. 14
févrPubMed PMID: 11844848.

Bhatt M, Di lacovo A, Romanazzi T, Roseti C, Bossi E. Betaine-the dark knight of
the brain. Basic Clin Pharmacol Toxicol 2023;133(5):485-95. https://doi.org/
10.1111/bept.13839. novPubMed PMID: 36735640.

Tohmola N, Johansson A, Sane T, Renkonen R, Himaélainen E, Itkonen O. Transient
elevation of serum 5-HIAA by dietary serotonin and distribution of 5-HIAA in
serum protein fractions. Ann Clin Biochem 2015;52(4):428-33. https://doi.org/
10.1177/0004563214554842. juill.

Garcia-Aloy M, Llorach R, Urpi-Sarda M, Tulipani S, Estruch R, Martinez-
Gonzalez MA, et al. Novel multimetabolite prediction of walnut consumption by a
urinary biomarker model in a free-living population: the PREDIMED study.

J Proteome Res 2014;13(7):3476-83. https://doi.org/10.1021/pr500425r. 3
juillPubMed PMID: 24882253.

Morimoto S, Takao M, Hatsuta H, Nishina Y, Komiya T, Sengoku R, et al.
Homovanillic acid and 5-hydroxyindole acetic acid as biomarkers for dementia
with lewy bodies and coincident Alzheimer’s disease: an autopsy-confirmed study.
PLoS One 2017;12(2):e0171524. https://doi.org/10.1371/journal.pone.0171524.
PubMed PMID: 28166276; PubMed Central PMCID: PMC5293256.

Zenimoto T, Takahashi M. Effect of a standardized extract of asparagus officinalis
stem (ETAS®50) on cognitive function, psychological symptoms, and behavior in
patients with dementia: a randomized crossover trial. Evid Based Complement
Altern Med 2023;2023:9960094. https://doi.org/10.1155/2023/9960094. 22
aolitPubMed PMID: 37650072; PubMed Central PMCID: PMC10465245.
Gonzalez-Dominguez R, Castellano-Escuder P, Carmona F, Lefevre-Arbogast S,
Low DY, Du Preez A, et al. Food and microbiota metabolites associate with
cognitive decline in older subjects: a 12-year prospective study. Mol Nutr Food Res
2021;65(23):2100606. https://doi.org/10.1002/mnfr.202100606.

Touvier M, Niravong M, Volatier JL, Lafay L, Lioret S, Clavel-Chapelon F, et al.
Dietary patterns associated with vitamin/mineral supplement use and smoking
among women of the E3N-EPIC cohort. Eur J Clin Nutr 2009;63(1):39-47. https://
doi.org/10.1038/sj.ejcn.1602907. janv.

Dutheil F, de Saint Vincent S, Pereira B, Schmidt J, Moustafa F, Charkhabi M, et al.
DHEA as a biomarker of stress: a systematic review and meta-analysis. Front
Psychiatry 2021;12:688367. https://doi.org/10.3389/fpsyt.2021.688367. 6
juillPubMed PMID: 34295276; PubMed Central PMCID: PMC8290065.
Wallensten J, Ljunggren G, Nager A, Wachtler C, Bogdanovic N, Petrovic P, et al.
Stress, depression, and risk of dementia — a cohort study in the total population
between 18 and 65 years old in region Stockholm. Alzheimer’s Res Ther 2023;15
(1):161. https://doi.org/10.1186/s13195-023-01308-4. 2 oct.

Villegas-Aguilar MDC, Fernandez-Ochoa A, Cadiz-Gurrea MDLL, Pimentel-Moral S,
Lozano-Sanchez J, Arrdez-Roman D, et al. Pleiotropic biological effects of dietary
phenolic compounds and their metabolites on energy metabolism. Inflamm Aging
Mol 2020;25(3):596. https://doi.org/10.3390/molecules25030596. 29 janv.
Letenneur L, Proust-Lima C, Le Gouge A, Dartigues J, Barberger-Gateau P.
Flavonoid intake and cognitive decline over a 10-year period. AJE 2007;165(12):
1364-71. https://doi.org/10.1093/aje/kwm036. 10 mars.

Commenges D, Scotet V, Renaud S, Jacqmin-Gadda H, Barberger-Gateau P. Intake
of flavonoids and risk of dementia. AJE 2000;16:357-63.

Lefevre-Arbogast S, Gaudout D, Bensalem J, Letenneur L, Dartigues JF,

Hejblum BP, et al. Pattern of polyphenol intake and the long-term risk of dementia
in older persons. Neurology 2018;90(22):22. https://doi.org/10.1212/
WNL.0000000000005607. 29 mai.


https://doi.org/10.1038/s41593-024-01627-1
https://doi.org/10.1016/j.copbio.2016.10.008
https://doi.org/10.1039/D3FO03575A
https://doi.org/10.3390/nu14112237
https://doi.org/10.3390/nu14112237
https://doi.org/10.1002/imo2.61
https://doi.org/10.1007/s00394-024-03511-x
https://doi.org/10.1007/s11306-024-02184-1
https://doi.org/10.1007/s11306-024-02184-1
https://doi.org/10.1159/000072920
https://doi.org/10.1017/S0007114507756520
https://doi.org/10.1017/S0007114507756520
https://doi.org/10.1001/jama.2009.1146
https://doi.org/10.1002/mnfr.201900177
https://doi.org/10.1017/S0007114519001181
https://doi.org/10.1038/s41366-020-0628-1
https://doi.org/10.1038/s41366-020-0628-1
http://refhub.elsevier.com/S2274-5807(26)00194-9/sbref0020
http://refhub.elsevier.com/S2274-5807(26)00194-9/sbref0020
https://doi.org/10.1002/mnfr.201900177
https://doi.org/10.1080/10629360600810434
https://doi.org/10.1021/acs.analchem.0c02008
https://doi.org/10.1021/pr5007894
https://doi.org/10.1021/pr5007894
https://doi.org/10.1002/mnfr.201701062
https://doi.org/10.1002/mnfr.201701062
https://doi.org/10.3233/JAD-215448
https://doi.org/10.1093/ajcn/nqaa140
https://doi.org/10.2174/1566524019666191113120828
https://doi.org/10.2174/1566524019666191113120828
https://doi.org/10.1371/journal.pone.0038812
https://doi.org/10.1371/journal.pone.0038812
https://doi.org/10.1371/journal.pone.0155694
https://doi.org/10.1371/journal.pone.0155694
https://doi.org/10.3945/ajcn.116.144501
https://doi.org/10.3390/nu16030429
https://doi.org/10.1007/s11064-017-2397-3
https://doi.org/10.1017/S0007114507750912
https://doi.org/10.1017/S0007114507750912
https://doi.org/10.3233/JAD-171042
https://doi.org/10.1056/NEJMoa011613
https://doi.org/10.1111/bcpt.13839
https://doi.org/10.1111/bcpt.13839
https://doi.org/10.1177/0004563214554842
https://doi.org/10.1177/0004563214554842
https://doi.org/10.1021/pr500425r
https://doi.org/10.1371/journal.pone.0171524
https://doi.org/10.1155/2023/9960094
https://doi.org/10.1002/mnfr.202100606
https://doi.org/10.1038/sj.ejcn.1602907
https://doi.org/10.1038/sj.ejcn.1602907
https://doi.org/10.3389/fpsyt.2021.688367
https://doi.org/10.1186/s13195-023-01308-4
https://doi.org/10.3390/molecules25030596
https://doi.org/10.1093/aje/kwm036
http://refhub.elsevier.com/S2274-5807(26)00194-9/sbref0048
http://refhub.elsevier.com/S2274-5807(26)00194-9/sbref0048
https://doi.org/10.1212/WNL.0000000000005607
https://doi.org/10.1212/WNL.0000000000005607

J. Neuffer et al.

[50]

[51]

[52]

Geertsema J, Kratochvil M, Gonzalez-Dominguez R, Lefevre-Arbogast S, Low DY,
Du Preez A, et al. Coffee polyphenols ameliorate early-life stress-induced cognitive
deficits in male mice. Neurobiol Stress 2024;31:100641. https://doi.org/10.1016/

j.ynstr.2024.100641. juillPubMed PMID: 38827176; PubMed Central PMCID:

PMC11140806.

Geertsema J, Juncker HG, Wilmes L, Burchell GL, de Rooij SR, van Goudoever JB,
et al. Nutritional interventions to counteract the detrimental consequences of
early-life stress. Mol Psychiatry 2025;30(7):3269-300. https://doi.org/10.1038/
541380-025-03020-1. juill.

Edstrom KM, Devine CM. Consistency in women’s orientations to food and
nutrition in midlife and older age: a 10-year qualitative follow-up. J Nutr Educ

[53]

[54]

The Journal of Prevention of Alzheimer’s Disease 13 (2026) 100670

2001;33(4):215-23. https://doi.org/10.1016/51499-4046(06)60034-1. PubMed
PMID: 11953243.

Newby PK, Weismayer C, Akesson A, Tucker KL, Wolk A. Long-term stability of
food patterns identified by use of factor analysis among Swedish women. J Nutr
2006;136(3):626-33. https://doi.org/10.1093/jn/136.3.626. marsPubMed PMID:
16484535.

Thomas A, Baillet M, Proust-Lima C, Féart C, Foubert-Samier A, Helmer C, et al.
Blood polyunsaturated omega-3 fatty acids, brain atrophy, cognitive decline, and
dementia risk. Alzheimers Dement 2021;17:407-16. https://doi.org/10.1002/
alz.12195.


https://doi.org/10.1016/j.ynstr.2024.100641
https://doi.org/10.1016/j.ynstr.2024.100641
https://doi.org/10.1038/s41380-025-03020-1
https://doi.org/10.1038/s41380-025-03020-1
https://doi.org/10.1016/s1499-4046(06)60034-1
https://doi.org/10.1093/jn/136.3.626
https://doi.org/10.1002/alz.12195
https://doi.org/10.1002/alz.12195

	Characterization of a metabolomics signature of the brain-health-promoting MIND diet in older persons
	1 Introduction
	2 Methods
	2.1 Population
	2.1.1 3C study design
	2.1.2 Nested case-control study on serum metabolome and cognitive decline
	2.1.3 Analytical study samples

	2.2 MIND diet adherence score
	2.3 Metabolomics data

	3 Statistical analyses
	3.1 Characterization of a metabolomics signature of MIND diet
	3.2 Computation of a MIND metaboscore
	3.3 Association study of the MIND metaboscore with the odds of cognitive decline
	3.4 Sensitivity analyses

	4 Results
	4.1 Characterization of the metabolomics signature and the MIND metaboscore
	4.2 Association between the MIND metaboscore and cognitive decline

	5 Discussion
	Funding and acknowledgements
	Data statement
	AI use statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Supplementary materials
	References


