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Abstract 

Background  Emerging evidence highlights that diet dynamically shapes the gut microbiome, which in turn influ-
ences cognitive function through bidirectional gut-brain communication, offering a promising target for mitigating 
cognitive decline and neurodegenerative disorders. While the Mediterranean diet (MedDiet) is a well-established 
dietary pattern with demonstrated neuroprotective benefits, the interplay between MedDiet adherence, gut micro-
biota, and longitudinal cognitive trajectories remains poorly understood. We aimed to identify a gut microbial signa-
ture of the MedDiet adherence and prospectively examine the associations of MedDiet adherence and MedDiet gut 
microbial signature (MedDiet-GMS) with cognitive changes over time in older adults at high risk of cognitive decline.

Methods  This study included 746 participants (mean age 65 ± 5 years, 48% women) with overweight/obesity 
and metabolic syndrome. Adherence to the MedDiet was assessed using a validated 14-item Mediterranean Diet 
Adherence Screener (MEDAS). Baseline gut microbiota composition was profiled via 16S rRNA sequencing. Cogni-
tive function was evaluated at baseline, 2, 4, and 6 years using a comprehensive neuropsychological battery. Elastic 
net regressions were applied to derive a MedDiet-GMS, and linear mixed models were used to assess associations 
of both MEDAS and MedDiet-GMS with trajectories of cognitive function, adjusting for potential confounders.

Results  Higher adherence to the MedDiet was associated with greater gut microbial diversity (p < 0.05) and distinct 
microbial composition (PERMANOVA, p = 0.001). The MedDiet-GMS comprised 20 taxa, including short-chain fatty 
acid-producers (e.g., Barnesiella, Butyricicoccus) positively weighted and pro-inflammatory taxa (e.g., Eggerthella) 
negatively weighted. Both higher MEDAS scores (p = 0.007) and MedDiet-GMS (p = 0.036) were independently associ-
ated with slower global cognitive decline. The MedDiet-GMS was additionally linked to preserved executive function 
(p = 0.049), while MEDAS was associated with attenuated general cognitive decline (p = 0.028). Eggerthella, inversely 
associated with MedDiet adherence, was linked to greater executive function decline (FDR < 0.05).
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Conclusions  Greater adherence to the MedDiet was associated with a favorable gut microbiota profile and slower 
cognitive decline over 6-year of follow-up. A microbiome-derived signature of MedDiet adherence was prospec-
tively associated with favorable cognitive trajectories in older adults at risk of cognitive decline. External validation 
and experimental research are warranted to translate these findings into targeted microbiome-based dietary inter-
ventions for healthy cognitive aging.
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Background
Cognitive functions, such as executive function, atten-
tion, language, learning and memory abilities, are 
essential for daily activities and are fundamental to main-
taining independence and quality of life, particularly in 
older adults [1, 2]. While cognitive decline is a natural 
process of aging, accelerated deterioration character-
izes neurodegenerative disorders such as mild cognitive 
impairment (MCI) and dementia [1]. With the rapid 
increase in the aging population, these cognitive-def-
icit conditions represent a growing global public health 
concern and economic burden [3]. Therefore, identify-
ing cost-effective strategies to delay or prevent the onset 
of MCI and dementia or mitigate cognitive decline has 
become a major public health priority [1, 3]. Numerous 
modifiable risk factors associated with dementia have 
been identified [1], many of which are inter-related and 
are closely linked to dietary habits, making diet a par-
ticularly promising target due to its accessibility and 
potential to deliver a cascade of health benefits for aging 
populations at risk of dementia [1, 3, 4].

The Mediterranean diet (MedDiet), characterized by 
a high consumption of plant-based foods, e.g., vegeta-
bles, fruits, nuts, legumes, and whole grains, the use of 
extra virgin olive oil as the main fat source, and moder-
ate consumption of fish and wine, with limited intake 
of red and processed meat, dairy products, sweetened 
beverages, and saturated fats, has been associated with 
better cognitive outcomes, including a reduced risk of 
cognitive impairment and dementia, as well as a slower 
rate of cognitive decline, in both observational stud-
ies and randomized controlled trials (RCTs) [5, 6]. The 
mechanisms underlying the neuroprotective effects of 
the MedDiet still remain unclear, but growing evidence 
points to the gut-brain axis as a key pathway [7]. The 
gut microbiota, a complex and dynamic community of 
microorganisms inhabiting the gastrointestinal tract, 
plays a crucial role in regulating brain function through 
immune, neuroendocrine, vagus nerve, and meta-
bolic pathways [8]. Diet is one of the most influential 
modulators of the gut microbiota, capable of inducing 
substantial changes in microbial diversity and the abun-
dance of specific taxa [9–11]. A previous RCT demon-
strated that adherence to a modified MedDiet can alter 

gut microbiota composition that correlated with cer-
ebrospinal fluid biomarkers of Alzheimer’s disease such 
as amyloid-β (Aβ42) in adults with MCI [12]. Further-
more, in pre-frail older adults, 12-month adherence to 
the MedDiet was associated with improvements in cog-
nitive performance, which were linked to diet-induced 
enrichment of butyrogenic taxa, microbes known to 
produce bioactive compounds with potential neuropro-
tective properties [13].

Despite the emerging interest in microbiota-targeted 
nutritional strategies for cognitive health [7, 14], few 
studies have concurrently examined dietary patterns, 
gut microbiota composition, and cognitive trajectories 
in aging populations [12, 15]. Studying populations at 
elevated risk of cognitive decline may provide important 
insights, as preventive strategies are most relevant in 
those most vulnerable. Therefore, in the present study, 
we investigated the associations between MedDiet, 
gut microbiota composition, and changes in cognitive 
performance over a 6-year of follow-up in cognitively 
healthy older adults with overweight or obesity and 
metabolic syndrome (MetS) at baseline, conditions that 
are well-established modifiable risk factors for dementia 
[1, 3, 16, 17]. Thus, our cohort provides a unique oppor-
tunity to evaluate whether MedDiet and its microbiome 
correlates may confer protective benefits in a rela-
tively high-risk context. Specifically, our aims were to 
as follows: (1) examine the cross-sectional association 
between MedDiet adherence and gut microbiota com-
position, and to derive a gut microbiota signature score 
correlated with adherence to the MedDiet (MedDiet-
GMS); and (2) prospectively assess the associations of 
both self-reported MedDiet adherence and the derived 
MedDiet-GMS with cognitive changes over time. We 
hypothesized that higher adherence to the MedDiet 
would be associated with gut microbiota characteristics 
supportive of host health, and that both dietary adher-
ence and the gut microbial signature of MedDiet would 
be associated with a slower rate of cognitive decline.

Methods
Study design and participants
PREDIMED-Plus (PREvención con DIeta MEDiterránea-
Plus) is a 6-year, multicenter, randomized controlled 
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lifestyle trial for prevention of a composite cardiovascu-
lar endpoint. Neurodegenerative diseases and changes in 
cognitive function are pre-defined secondary and inter-
mediate outcomes in this trial. This trial enrolled men 
and women aged 55–75 years with overweight or obesity 
and MetS [18]. Briefly, exclusion criteria included previ-
ous history of CVD, any chronic medical condition, psy-
chiatric disorders, dementia, institutionalization, and 
any allergy to MedDiet-related foods. Eligible partici-
pants were randomized in a 1:1 ratio to either an energy-
reduced Mediterranean diet (erMedDiet) with physical 
activity promotion and behavioral support (intervention 
group) or a control group following ad libitum MedDiet 
recommendations with usual care. All participants pro-
vided written informed consent, and the trial protocol 
was approved by the research ethics committees of all 
participating institutions. Details of the study design are 
available online (https://​www.​predi​medpl​us.​com/) and in 
previous publications [19–21]. The trial was registered at 
the International Standard Randomized Controlled Trial 
(Number: ISRCTN89898870) in 2014.

The present study included 746 participants who had 
baseline stool samples for microbial profiling, collected 
at least 15 days after the cessation of antibiotic treatment 
when applicable. All these participants also completed 
dietary and cognitive function assessments at baseline 
and at least one follow-up visit. A detailed overview of 
the present study population selection and design is pro-
vided in Additional file 1: Fig. S1 and Fig. 1, respectively.

Cognitive function assessment
Cognitive function was evaluated at baseline and dur-
ing follow-up visits at years 2, 4, and 6 using a compre-
hensive battery of eight neuropsychological tests. These 
assessments included the Mini-Mental State Examina-
tion (MMSE) [22, 23], Clock Drawing Test (CDT) [24–
26], Verbal Fluency Tests (VFT) for Animals and Letter 
“P” [27, 28], Digit Span Test (DST)-Forward and DST-
Backward from the Wechsler Adult Intelligence Scale-
III (WAIS-III) [29–31], and Trail Making Tests (TMT) 
parts A and B [31–33]. A detailed description of these 
neuropsychological tests and the methodology used to 
generate cohort-specific z-scores has been previously 
published [34].

To assess overall cognitive performance, a global cog-
nitive function (GCF) score was derived by averaging all 
individual test z-scores, adding or subtracting based on 
whether higher values indicate better or worse cognitive 
performance. Since MMSE and CDT serve as multid-
omain screening tools, an additional general cognitive 
function composite score was generated as a screening-
summary measure. Furthermore, three domain-specific 
composite scores, i.e., executive function, attention, and 

language, were calculated by averaging the z-scores of 
relevant tests. A comprehensive explanation of the com-
posite score calculations can be found in Additional file 1: 
TableS1. The GCF and general cognitive function scores, 
as well as domain-specific cognitive composite scores at 
each visit were standardized to z-scores using the mean 
and standard deviation of the respective baseline com-
posite score, where higher values represent better cogni-
tive performance.

Dietary assessment
Habitual dietary intake was evaluated at baseline and 
annually during follow-up using a validated, semi-quan-
titative Food Frequency Questionnaire (FFQ) [35]. This 
questionnaire included predefined portion sizes for each 
food item, with nine frequency options ranging from 
“never or almost never” to “ ≥ 6 times/day.” Total energy 
and nutrients intake were estimated from Spanish food 
composition tables [36, 37]. Adherence to the tradi-
tional MedDiet was assessed using a validated 14-item 
Mediterranean Diet Adherence Screener (MEDAS) [38]. 
The screener consists of 14 dichotomous questions on 
habitual intake of several food items (Additional file  1: 
TableS2): habitual consumption of olive oil (2 questions), 
fruits, vegetables, red/processed meat, butter/margarine/
cream, sugar-sweetened beverages (SSB), wine, legumes, 
seafood, sweets/pastries, nuts, whether participants pre-
fer white meat over red meat, and consumption of sof-
rito as seasoned sauce. A score of 1 was assigned for each 
criterion met, with a total MEDAS score ranging from 0 
to 14, where higher values indicate greater adherence to 
the MedDiet. In the control group, the 14-item MEDAS 
was directly administered by trained dietitians during in-
person visits at baseline and annually. In the intervention 
group, adherence was assessed using a validated 17-item 
energy-restricted MEDAS (er-MEDAS) instead [39]. 
The er-MEDAS is a modification of the original 14-item 
MEDAS designed to capture moderation of food intake 
to reflect energy restriction. Most items from the original 
MEDAS were retained with slight modifications, while 
four new items were added and one was removed (Addi-
tional file 1: TableS3). In our dataset, among participants 
with both assessments available, the correlation between 
er-MEDAS and MEDAS scores was high (r = 0.71, 
p < 0.001), supporting their comparability. Therefore, for 
harmonization, an equivalent 14-point MEDAS score 
was derived post hoc in the intervention group using cor-
responding items from the er-MEDAS and FFQ [40]. To 
align dietary assessments with cognitive function meas-
urements and minimize potential bias from the interven-
tion over time, MEDAS scores from baseline, year 2, year 
4, and year 6 visits were used in this analysis.

https://www.predimedplus.com/
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DNA extraction and microbiome profiling
The methods for stool sample collection, microbial 
DNA extraction, 16S ribosomal RNA (rRNA) amplicon 
sequencing, and bioinformatic processing have been pre-
viously detailed [41]. In summary, participants collected 
stool samples at home following standardized proto-
cols accompanied by illustrated instructions at baseline. 
Stool samples were aliquoted and stored at − 80  °C until 
microbial DNA extraction. The extracted DNA was 
assessed for quality and concentration before sequenc-
ing. The V4 region of the 16S rRNA gene was amplified 
using triplicate polymerase chain reaction (PCR), and 

the resulting amplicons were sequenced on the Illumina 
NovaSeq platform. Quality control procedures included 
the incorporation of artificial mock communities with 
known composition as positive controls and the use of 
negative control samples to identify potential contami-
nant sequences. Raw sequencing data were processed 
using the DADA2 pipeline under default settings [42], 
which involved demultiplexing paired-end reads, qual-
ity filtering, and the generation of amplicon sequence 
variants (ASVs). Taxonomic assignment of ASVs was 
performed using the Silva reference database (v138.1) 
[43]. A total of 1.080.337 paired-end reads per sample on 

Fig. 1  Study population, data collection and analysis strategy. Abbreviations: FDR, false discovery rate; MaAsLin2, Microbiome Multivariable 
Association with Linear Models; MEDAS, Mediterranean Diet Adherence Screener; MedDiet, Mediterranean diet; MedDiet-GMS, Mediterranean diet 
related gut microbial score; PCoA, principal coordinate analysis; PERMANOVA, permutational multivariate analysis of variance
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average (median, 1.120.481; IQR, [379.416–1.645.145]) 
were generated across all study samples. After filtering, 
denoising, and chimera removal, an average of 948.831 
non-chimeric reads per sample (median, 969.828; 
IQR, [334.276–1.415.867]) were retained, with 11% of 
sequences identified as chimeric and removed. Impor-
tantly, no samples were excluded due to low sequencing 
depth, as all exceeded a 10.000-read threshold that was 
used in this study.

Assessment of covariates
Sociodemographic information including age, sex, edu-
cation level, and marital status, as well as lifestyle factors 
such as smoking status and physical activity were col-
lected by trained personnel via interviewer-administered 
questionnaires. Physical activity was assessed using a 
validated Spanish short version of the Minnesota Leisure 
Time Physical Activity Questionnaire (the REGICOR 
questionnaire) [44]. Medical history (e.g., prevalence of 
type 2 diabetes, hypertension, and hypercholesterolemia), 
along with medication use, was obtained from par-
ticipant self-reports or collected from medical records. 
Depressive symptomatology was evaluated using the 
Beck Depression Inventory (BDI-II), with a score of ≥ 14 
indicating a risk of depression [45, 46]. Anthropomet-
ric measurements were performed by trained personnel 
following standardized procedures. Weight and height 
were recorded using calibrated scales and wall-mounted 
stadiometers, with participants wearing light clothing 
and no footwear or accessories. Body mass index (BMI) 
was calculated as weight in kilograms divided by height 
in meters squared. Waist circumference was measured at 
the midpoint between the lowest rib and the iliac crest 
using a flexible anthropometric tape.

Statistical analysis
Baseline characteristics of the study population
Baseline characteristics of the study population were 
described according to lower versus higher adherence to 
the MedDiet, as assessed by the MEDAS and/or Med-
Diet-GMS scores, and presented using descriptive statis-
tics (i.e., means, medians, and proportions).

Associations between adherence to the MedDiet and gut 
microbiota at baseline
Multivariable linear regression models were used to 
examine the association between MedDiet adherence 
assessed by MEDAS and gut microbial alpha diversity 
indices (Chao1, Inverse Simpson, Shannon) [47–49], 
adjusting for age, sex, recruiting center, BMI, physical 
activity, smoking status, total energy intake, depressive 
symptomatology, prevalence of diabetes, hypertension, 
and hypercholesterolemia (Additional file  1: Fig. S2). 

Alpha diversity indices were standardized to z-scores to 
facilitate comparability. To determine variability in over-
all gut microbial structure, we calculated the Aitchison 
distance metric for each sample, a Euclidean distance 
metric based on centered log-ratio (clr) transformed 
abundance counts [50]. Principal coordinate analysis 
(PCoA) was conducted based on the Aitchison distance 
to detect potential intrinsic patterns of microbial com-
munity structure, with the first two PCoA axes (PCoA1 
and PCoA2) extracted to summarize the primary varia-
tion in microbial community composition. Permutational 
multivariate analysis of variance (PERMANOVA; n = 999 
permutations) [51] using “adonis2” function of vegan 
package was applied to quantify the percentage of vari-
ance in the microbial taxonomy explained by dietary var-
iables, baseline cognitive function, and covariables based 
on Aitchison dissimilarity metric. Additionally, PER-
MANOVA assessed cross-sectional differences in micro-
biota dissimilarity at baseline MEDAS levels, adjusting 
for the same covariates used in the alpha diversity anal-
ysis. For per-feature analysis, microbial features at the 
genus level detected at a relative abundance of at least 
0.1% in at least 10% of all samples were included in the 
analysis. Multivariable linear regression models imple-
mented in MaAsLin2 [52] were used to identify microbial 
taxa associated with MEDAS. Default MaAsLin2 settings 
were applied, models were adjusted for the same covari-
ates as mentioned above. p-values were adjusted using 
the Benjamini–Hochberg method. In line with previous 
microbiome studies [53, 54], we reported results at an 
FDR threshold of 0.25 to identify suggestive associations, 
used for exploratory purposes to enable comparability 
with prior work and to highlight potential signals war-
ranting further validation, while statistical significance in 
our study was defined as FDR (q value) < 0.05.

Construction of Mediterranean diet related gut microbial 
signature score (MedDiet‑GMS)
We applied elastic net penalized regression models as a 
dimension-reduction approach, regressing gut micro-
bial genera on the MEDAS score at baseline to construct 
a Mediterranean diet related gut microbial signature score 
(MedDiet-GMS). The relative abundances of filtered micro-
bial genera were transformed using total sum scaling, log-
transformed, and subsequently standardized (z-scored) to 
ensure all features were on the same scale before including 
them in the models. This preprocessing approach mirrors 
the filtering, transformation and scaling procedures applied 
in MaAsLin2 for per-feature microbiome analysis, ensuring 
consistency in data treatment. We performed 10 iterations 
of tenfold cross-validated elastic net regression. In each 
iteration, the optimal combination of alpha and lambda 
parameters was selected via internal cross-validation on 
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90% of the data. The final model for each iteration was 
refitted using these optimal parameters, and microbial gen-
era with non-zero coefficients were extracted. We retained 
only genera that were consistently selected (non-zero coef-
ficient) in all 10 iterations. Their coefficients were then 
averaged and used to construct the final MedDiet-GMS. 
The association between each individual genus constitut-
ing the MedDiet-GMS and the MEDAS score was further 
assessed using multivariable linear regression. The Benja-
mini–Hochberg method was used to correct for multiple 
testing, with a false discovery rate (FDR) threshold of < 0.05 
considered statistically significant.

Associations between adherence to the MedDiet 
and trajectories of cognitive function over time
Multivariable linear mixed-effects models (LMMs) were 
used to evaluate the association between MedDiet adher-
ence and trajectories of cognitive function over 6 years of 
follow-up. Adherence to the MedDiet was assessed using 
repeated MEDAS scores at each follow-up visit, so the 
MEDAS exposure was updated over time, and/or baseline 
microbiome predicted MedDiet adherence score (Med-
Diet-GMS). Given the nonlinear trajectory of cognitive 
function over time, follow-up visit was modeled as a cat-
egorical variable. Cognitive function at baseline was mod-
eled as visit = 0, with random intercept specified at the 
participant level to account for inter-individual variability 
in baseline performance. Three models were constructed: 
model 1: included fixed effects for MEDAS or MedDiet-
GMS, visit, and their interaction term (MEDAS*visit or 
MedDiet-GMS*visit); model 2: further adjusted for age 
(years), sex (male or female), recruiting center (Alicante, 
Barcelona, Reus, or Valencia), intervention group; model 
3: additionally adjusted for educational level (primary, 
secondary, or college), marital status (single, divorced, 
separated, married, or widowed), as well as baseline BMI 
(kg/m2), physical activity (MET-min/day), smoking sta-
tus (never, former, or current smoker), total energy intake 
(kcal/day), depressive symptomatology (yes or no), along 
with baseline prevalence of diabetes (yes or no), hyper-
tension (yes or no), and hypercholesterolemia (yes or no) 
(Additional file 1: Fig. S2). The general specification of the 
Models can be written as follows:

where:

–	 i: participants
–	 j: visit/timepoint (baseline, 2 years, 4 years, 6 years)

Cognitive function_ij = β0 + β1 × MEDAS_ij + β2 × Visit_ij

+ β3 × (MEDAS_ij × Visit_ij) + u_i + ε_ij,

Cognitive function_ij = β0 + β1 × MedDiet − GMS_i + β2 × Visit_ij

+ β3 × (MedDiet − GMS_i × Visit_ij) + u_i + ε_ij

–	 β0: overall intercept (mean cognitive function at 
baseline)

–	 β3: interaction effect (how the association between 
MEDAS or MedDiet-GMS modifies cognitive tra-
jectories over time

–	 u_i: participant-specific random intercept
–	 ε_ij: residual error

 For the MEDAS models, the exposure variable was 
updated at each visit (time-varying), whereas MedDiet-
GMS was estimated at baseline only.

Cognitive decline was operationalized as the trajec-
tory of repeated cognitive assessments and the inter-
action term between exposure and visit (β3) represents 
how MedDiet adherence was associated with the rate of 
cognitive change over time.

In addition, associations between individual genera 
constituting the MedDiet-GMS and trajectory of cog-
nitive function were also examined using LMMs with 
the same adjustments. Multiple testing correction was 
applied using the Benjamini–Hochberg procedure, and 
associations with FDR < 0.05 were considered statisti-
cally significant.

Missing data in baseline covariates were minimal, 
with one missing value each for civil and smoking sta-
tus, which were imputed using the most frequent cat-
egory. No imputations were performed for cognitive 
function outcomes. All statistical analyses were per-
formed using R (version 4.3.1). A two-tailed p-value 
or FDR (q value) < 0.05 was considered statistically 
significant.

Results
Study population characteristics
Figure  1 provides an overview of the present study, 
while the inclusion flowchart of the study population 
is illustrated in Additional file  1: Fig. S1. A total of 
746 participants were included in the analysis, with a 
mean age of 65 ± 5  years, of whom 48% were women. 
Baseline characteristics of the study population were 
described for the entire cohort analyzed and strati-
fied into 2 groups based on adherence to the MedDiet, 
assessed either by the MEDAS or predicted by the 
MedDiet-GMS (Table 1 and Additional file 1: TableS4). 
The mean MEDAS score for the total study popula-
tion was 8.42 ± 1.78, with the median (range) MEDAS 
scores being 7 (2–8) and 10 (8–13) for the lower and 
higher adherence groups, respectively. When predicted 
by the MedDiet-GMS, the lower and higher adherence 
group scores were 8.1 (4.4–8.4) and 8.8 (8.4–11.6), 



Page 7 of 17Ni et al. BMC Medicine          (2025) 23:669 	

Table 1  Baseline characteristics of the study population

MEDAS MedDiet-GMS

Total Lower 
6.98 (1.08)
Median (range): 7 (2–8)

Higher 
9.87 (1.01)
Median (range): 10 (8–13)

Lower 
7.95 (0.52)
Median (range): 
8.06 (4.44–8.42)

Higher 
8.90 (0.43)
Median (range): 
8.80 (8.42–
11.60)

No. of participants 746 373 373 373 373

Socio-demographic variables
  Age, years 64.89 (4.92) 64.21 (5.18) 65.56 (4.55) 64.43 (5.10) 65.35 (4.70)

  Women, n (%) 360 (48.3) 167 (44.8) 193 (51.7) 161 (43.2) 199 (53.4)

Education level, n (%)

  Primary or less 396 (53.1) 191 (51.2) 205 (55.0) 201 (53.9) 195 (52.3)

  Secondary 212 (28.4) 111 (29.8) 101 (27.1) 104 (27.9) 108 (29.0)

  College 138 (18.5) 71 (19.0) 67 (18.0) 68 (18.2) 70 (18.8)

Marital status, n (%)

  Single, divorced or separated 99 (13.3) 49 (13.1) 50 (13.4) 52 (13.9) 47 (12.6)

  Married 575 (77.1) 289 (77.5) 286 (76.7) 282 (75.6) 293 (78.6)

  Widower 72 (9.7) 35 (9.4) 37 (9.9) 39 (10.5) 33 (8.8)

Disease present at recruitment
  Type 2 diabetes, n (%) 204 (27.3) 102 (27.3) 102 (27.3) 115 (30.8) 89 (23.9)

  Hypertension, n (%) 606 (81.2) 302 (81.0) 304 (81.5) 305 (81.8) 301 (80.7)

  Hypercholesterolemia, n (%) 493 (66.1) 247 (66.2) 246 (66.0) 247 (66.2) 246 (66.0)

  Depressive symptomatology, n 
(%)

145 (19.4) 77 (20.6) 68 (18.2) 84 (22.5) 61 (16.4)

Medication use, n (%)

  Insulin or other antidiabetic drugs 172 (23.1) 86 (23.1) 86 (23.1) 99 (26.5) 73 (19.6)

  Antihypertensive agents 578 (77.5) 283 (75.9) 295 (79.1) 292 (78.3) 286 (76.7)

  Statins or other hypolipidemic 
drugs

364 (48.8) 182 (48.8) 182 (48.8) 183 (49.1) 181 (48.5)

  Antidepressant 166 (22.3) 90 (24.1) 76 (20.4) 89 (23.9) 77 (20.6)

Anthropometric variables
  BMI, kg/m2 32.83 (3.51) 33.12 (3.51) 32.53 (3.48) 32.97 (3.46) 32.68 (3.55)

Waist circumference, cm

  Women 104 (10) 105 (10) 103 (10) 104 (9) 104 (10)

  Men 111 (9) 111 (9) 111 (9) 112 (9) 110 (9)

Lifestyle variables
Smoking status, n (%)

  Never smoked 358 (48.0) 173 (46.4) 185 (49.6) 162 (43.4) 196 (52.5)

  Former smoker 292 (39.1) 145 (38.9) 147 (39.4) 158 (42.4) 134 (35.9)

  Current smoker 96 (12.9) 55 (14.7) 41 (11.0) 53 (14.2) 43 (11.5)

  Physical activity, METs/min/day 360.85 (344.04) 331.08 (324.78) 390.61 (360.27) 320.87 (329.66) 400.82 (353.79)

  Total alcohol intake, g/day 10.81 (13.78) 10.54 (14.51) 11.09 (13.02) 10.95 (13.81) 10.67 (13.77)

Cognitive performance assessment, raw scores
  Mini-Mental State Examination 28.57 (1.63) 28.47 (1.79) 28.67 (1.45) 28.55 (1.62) 28.59 (1.64)

  Clock Drawing Test 5.90 (1.23) 5.85 (1.29) 5.95 (1.17) 5.88 (1.27) 5.92 (1.20)

  Verbal fluency tasks semantical 15.67 (4.52) 15.73 (4.69) 15.61 (4.35) 15.85 (4.67) 15.49 (4.36)

  Verbal fluency tasks phonological 11.98 (4.13) 11.99 (4.29) 11.96 (3.98) 11.89 (4.29) 12.06 (3.97)

  Trail making test part Aa 53.47 (30.41) 55.92 (36.50) 51.01 (22.53) 54.58 (34.70) 52.36 (25.44)

  Trail making test part Ba 128.97 (65.99) 131.26 (70.87) 126.67 (60.72) 129.54 (69.02) 128.40 (62.91)

  Digit Span Test forward 9.06 (2.55) 9.14 (2.49) 8.98 (2.62) 9.25 (2.58) 8.88 (2.52)

  Digit Span Test backward 5.46 (2.28) 5.51 (2.27) 5.40 (2.29) 5.66 (2.29) 5.25 (2.26)
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respectively. Baseline characteristics were generally 
comparable between the two classification methods. 
Participants with higher adherence to the MedDiet, 
whether assessed by a higher MEDAS score or a higher 
MedDiet-GMS score, tended to be older, more physi-
cally active, and had higher consumption of key ben-
eficial MedDiet components, including fruits, whole 
grains, fish, total olive oil, and nuts, along with lower 
consumption of red/processed meat, sweets and sugar 
sweetened beverages (Table  1 and Additional file  1: 
TableS4).

Gut microbiota taxonomy profile of the Mediterranean diet
Higher adherence to the MedDiet was associated with 
greater α-diversity, as indicated by higher inverse Simp-
son and Shannon indices in the fully adjusted mod-
els, reflecting a greater richness and diversity of the 
gut microbiota composition (Fig.  2a). PERMANOVA 
revealed that MEDAS was significantly associated 

with diversity of the gut microbiota composition 
(p-value = 0.001; Fig.  2b), although it was not a major 
driver of overall variation, explaining 0.3% of variance 
(Fig.  2c). To identify microbial features associated with 
MedDiet and its individual components, we performed 
per-feature testing in MaAsLin2 using multivariable lin-
ear regression models. A total of 113 microbial features 
were associated with either MEDAS total score or one 
of its 14 individual components, with 29 taxa associ-
ated with the MEDAS total score only (q < 0.25; Fig. 2d). 
In general, we observed that the associations of taxa 
abundance with plant-based foods were in the opposite 
direction compared to those with red meat. Among the 
components of the MEDAS, olive oil, vegetables, red 
meat, and wine were the major contributors to the asso-
ciations between the overall dietary pattern and the taxo-
nomic features (Fig. 2d).

We applied an elastic net model as a dimension-
reduction approach, regressing the taxa on the MEDAS 

Data are presented as n (%) or mean (SD) for categorical or continuous variables, respectively

p-value for differences between groups was calculated by Pearson’s chi-square test or Student’s t test, as appropriate

BMI body mass index, IQR interquartile range, MEDAS Mediterranean Diet Adherence Screener, MedDiet-GMS Mediterranean diet related gut microbial score, METs 
metabolic equivalents, SSB sugar sweetened beverage
a Inverse neuropsychological assessment score, lower scores represent better cognitive performance

Table 1  (continued)

MEDAS MedDiet-GMS

Total Lower 
6.98 (1.08)
Median (range): 7 (2–8)

Higher 
9.87 (1.01)
Median (range): 10 (8–13)

Lower 
7.95 (0.52)
Median (range): 
8.06 (4.44–8.42)

Higher 
8.90 (0.43)
Median (range): 
8.80 (8.42–
11.60)

Dietary consumption
  Total energy intake, kcal/day 2464.38 (497.47) 2464.60 (533.10) 2464.16 (459.82) 2460.43 (504.62) 2468.33 (490.87)

  Fiber, g/day 26.80 (8.18) 25.09 (7.63) 28.51 (8.36) 25.58 (7.70) 28.01 (8.46)

  Vegetables, g/day 345.91 (140.21) 330.33 (139.68) 361.48 (139.20) 335.89 (139.47) 355.92 (140.42)

  Fruits, g/day 358.51 (199.06) 332.33 (187.27) 384.70 (207.15) 341.58 (190.57) 375.44 (206.06)

  Legumes, g/day 19.77 (10.36) 18.26 (9.47) 21.28 (10.98) 19.04 (9.44) 20.51 (11.16)

  Total cereals, g/day 159.14 (70.25) 161.83 (73.91) 156.44 (66.37) 162.17 (71.26) 156.10 (69.18)

  Whole grains, g/day 40.22 (62.33) 34.75 (57.75) 45.68 (66.22) 34.38 (59.60) 46.05 (64.49)

  Total meat, g/day 159.87 (55.66) 166.75 (57.44) 152.99 (53.01) 162.76 (56.53) 156.99 (54.70)

  Red/processed meat, g/day 105.06 (48.18) 112.14 (51.13) 97.98 (43.97) 108.07 (49.00) 102.05 (47.22)

  Total fish, g/day 107.74 (46.12) 99.04 (41.43) 116.44 (48.91) 103.24 (45.68) 112.24 (46.19)

  Total dairy, g/day 307.14 (177.70) 315.75 (179.95) 298.52 (175.25) 320.47 (185.81) 293.80 (168.40)

  Confectionery products, g/day 24.53 (26.39) 29.27 (29.07) 19.78 (22.46) 26.97 (28.39) 22.09 (24.02)

  Total olive oil, g/day 45.57 (14.55) 41.63 (14.65) 49.50 (13.36) 43.46 (14.52) 47.68 (14.29)

  Butter/margarine, g/day 1.13 (2.95) 1.58 (3.82) 0.68 (1.56) 1.32 (3.29) 0.94 (2.56)

  Total nuts, g/day 16.57 (15.94) 13.23 (14.67) 19.91 (16.46) 14.67 (14.74) 18.46 (16.86)

  Coffee, mL/day 41.74 (52.77) 41.92 (52.77) 41.55 (52.84) 39.35 (50.91) 44.12 (54.53)

  Tea, mL/day 9.56 (26.07) 10.20 (30.47) 8.93 (20.78) 9.29 (24.66) 9.84 (27.43)

  SSB, mL/day 37.84 (78.19) 48.25 (94.15) 27.43 (56.24) 43.98 (92.79) 31.70 (59.66)

  Wine, mL/day 59.49 (86.92) 50.78 (85.73) 68.19 (87.35) 57.59 (85.61) 61.39 (88.28)
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Fig. 2  Mediterranean diet adherence and gut microbiota composition. a Associations between MEDAS and alpha diversity metrics assessed 
using linear regression models adjusted for age (years); sex (male or female); recruiting center (Alicante, Barcelona, Reus, or Valencia); BMI (kg/m2); 
physical activity (METs-min/day); smoking status (never, former, or current smoker); total energy intake (kcal/day); depressive symptomatology 
(yes or no); prevalence of diabetes (yes or no); hypertension (yes or no); and hypercholesterolemia (yes or no). b Principal coordinate analysis 
of all samples using ASV-level Aitchison distance dissimilarity. Results of PERMANOVA analysis assessing cross-sectional differences in microbiota 
dissimilarity at baseline MEDAS levels are provided. c Proportion of variation in taxonomy explained by the MEDAS and its components, 
cognitive function at baseline and covariables as quantified by two-sided permutational multivariate analysis of variance (based on ASV-level 
Aitchison distance dissimilarity). The q values (false discovery rate adjusted p-value) were calculated using the Benjamini–Hochberg method, ***q 
value < 0.005, **q value < 0.01, *q value < 0.05. d Associations of the MEDAS and its components with genus-level features. Colors of the heatmap 
are in correspondence to the beta coefficient for dietary variables from linear regression models in MaAsLin2 with genus-level feature as outcomes. 
All models were adjusted for the same covariables as previously mentioned. Statistical significance is from the linear regression model with multiple 
comparison adjustment using the Benjamini–Hochberg method to calculate q value, ****q value < 0.01, ***0.01 ≤ q value < 0.05, **0.05 ≤ q 
value < 0.1, *0.1 ≤ q value < 0.25. Abbreviations: GCF, global cognitive function; MEDAS, Mediterranean Diet Adherence Screener; PCoA, principal 
coordinate analysis; PERMANOVA, permutational multivariate analysis of variance; SSB, sugar sweetened beverages
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to construct a gut microbial signature score (MedDiet-
GMS) for the Mediterranean diet. Model performance 
was modest, with R2 = 0.15 and cross-validated Q2 = 0.03, 
though with limited predictive ability but appropri-
ate for identifying robust taxa associated with MedDiet 
adherence. Among the 256 taxa, 20 were selected for 
the MedDiet-GMS construction, with positive weights 
assigned to genera such as Barnesiella, Butyricicoc-
cus, and Bacteroides, while negative weights assigned to 
genera including Latilactobacullus and Bifidobacterium 
(Additional file  1: Fig. S3). The MedDiet-GMS was sig-
nificantly correlated with the MEDAS (Pearson’s r = 0.38, 
p-value < 0.001; Additional file  1: Fig. S4). As expected, 
and similar to observations with MEDAS, a higher 
MedDiet-GMS was associated with greater α-diversity 
across all three indices (Chao1, Inverse Simpson, Shan-
non), indicating higher richness and diversity (Addi-
tional file 1: Fig. S5a). Moreover, PERMANOVA revealed 
a significant association between MedDiet-GMS and 
overall structural variation of the gut microbiota com-
position (p-value = 0.001) (Additional file  1: Fig. S5b). 
In per-feature testing in MaAsLin2 using multivariable 
linear regression models, 133 taxa were associated with 
MedDiet-GMS, and generally following the same direc-
tional patterns observed with MEDAS (q < 0.25; Addi-
tional file 1: Fig. S6a). Considering all three sets together 
(MEDAS total score, MEDAS components, MedDiet-
GMS), 171 taxa were identified (q < 0.25; Additional file 1: 
Fig. S6a). At the stricter threshold of q < 0.05, 3 taxa were 
significantly associated with MEDAS total score only, and 
91 taxa with the MedDiet-GMS only. The overlap of taxa 
associated with MEDAS and MedDiet-GMS is illustrated 
at thresholds q < 0.25 (Additional file  1: Fig. S6b) and 
q < 0.05 (Additional file 1: Fig. S6c).

Associations with cognitive trajectories over time
We assessed the associations of the MEDAS and Med-
Diet-GMS with trajectories of cognitive function z-scores 
over 6  years using multivariable LMMs. Results from 
the fully adjusted models (Model 3) are presented in the 
Fig.  3, with estimates from all models shown in Addi-
tional file1: TableS5. Higher scores of both MEDAS and 
MedDiet-GMS were associated with a more favora-
ble trajectory in global cognitive function over time 
(MEDAS*visit, overall p-value = 0.0074; MedDiet-
GMS*visit, overall p-value = 0.0355 respectively in the 
fully adjusted models). Specifically, per 1-point higher 
MEDAS was associated with 0.05 (95% CI, 0.02–0.08) 
higher standardized global cognitive scores at year 2 
compared to baseline and 0.04 (95% CI, 0.01–0.07) at 
year 4. Similarly, each 1-point higher MedDiet-GMS was 
associated with 0.1 (95% CI, 0.03–0.17) higher stand-
ardized global cognitive scores at year 4 versus baseline 

and 0.08 (95% CI, 0.01–0.16) at year 6 (Additional file 1: 
TableS5, Model 3). Domain-specific analyses further 
showed that in the fully adjusted models, higher MEDAS 
score was significantly associated with attenuated decline 
in general cognitive function (Year 2 vs Baseline: β = 0.06, 
95% CI = 0.01–0.11; Year 4 vs Baseline: β = 0.08, 95% 
CI = 0.02–0.13; overall p-value = 0.0278), whereas higher 
MedDiet-GMS score was significantly associated with 
slower decline in executive function (Year 4 vs Baseline: 
β = 0.09, 95% CI = 0.02–0.16; Year 6 vs Baseline: β = 0.08, 
95% CI = 0.01–0.16; overall p-value = 0.0487) over 6 years 
of follow-up. No significant associations were observed 
in the fully adjusted models for attention or language 
domains, for either the MEDAS or MedDiet-GMS.

We further assessed the association between each of 
the 20 taxa comprising the MedDiet-GMS and trajecto-
ries of cognitive function. Eggerthella, which was nega-
tively associated with higher adherence to MedDiet, was 
associated with a greater decline in executive function 
(FDR < 0.05) (Fig. 4 and Additional file2: Table S6). Simi-
lar associations were observed for Enterococcus in the 
language domain (FDR < 0.05) (Fig. 4 and Additional file2: 
Table S6).

Discussion
In this cohort of Spanish older adults with overweight or 
obesity and MetS, higher adherence to the MedDiet was 
associated with a gut microbial profile consistently linked 
to beneficial health outcomes and a more favorable cog-
nitive trajectory over 6  years of follow-up. Participants 
with higher MedDiet adherence showed increased micro-
bial diversity, distinct overall community composition, 
and enrichment of specific fiber- and polyphenol-metab-
olizing as well as SCFA-producing taxa. Importantly, we 
identified a novel gut microbial signature correlated with 
MedDiet adherence (MedDiet-GMS), which was also 
independently associated with more favorable long-term 
cognitive trajectories. To our knowledge, this is the first 
study to characterize a gut microbiota-based MedDiet 
adherence score that was prospectively associated with 
long-term trajectories of cognitive function. These find-
ings support the hypothesis that, in older adults at risk of 
cognitive decline, both self-reported MedDiet adherence 
and its microbiome-derived counterpart reflect dietary 
patterns that may beneficially modulate the gut-brain 
axis and help mitigate cognitive decline during aging.

Consistent with previous studies, we observed that 
higher MedDiet adherence was associated with greater 
gut microbial richness and diversity [15, 54, 55], which 
are regarded as markers of a healthy gut ecosystem and 
have been linked to cardiometabolic and neurologi-
cal health [7, 56, 57]. We also observed modest but sig-
nificant differences in overall gut microbial composition 
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according to MedDiet adherence levels. Among the indi-
vidual components of the MEDAS, olive oil, vegetables 
and wine emerged as the primary contributors to varia-
tion in microbial composition in our study population. 
A common characteristic of these key MedDiet foods 
is their high content of polyphenols, a diverse class of 
bioactive phytochemicals with well-established antioxi-
dant and prebiotic properties [14]. Due to their limited 
absorption in the upper gastrointestinal tract (approxi-
mately 5–10%), the majority of ingested dietary poly-
phenols are accumulated in the large intestine, where 
they are extensively metabolized by gut microbiota 
into phenolic metabolites with potential antioxidants, 
anti-inflammatory, and neuroprotective properties in 
maintaining gut barrier function, modulating immune 
responses, and promoting neuroprotection and cognitive 
health [7, 14]. In support of this, a previous cross-sec-
tional analysis conducted within the same PREDIMED-
Plus framework showed that the MedDiet was linked 
to higher levels of urinary phenolic metabolites derived 

from the gut microbiota, especially protocatechuic acid 
and enterolactone glucuronide, which were associated 
with better cognitive performance [58].

Our feature-level taxonomic analysis complements 
these earlier findings by identifying microbial genera 
associated with MedDiet adherence and its specific food 
components. In line with prior studies, we found that 
taxa such as Barnesiella, Butyricicoccus, Agathobacter, 
and Bacteroides were enriched in individuals with higher 
MedDiet adherence. These genera are well-known pro-
ducers of short-chain fatty acids (SCFAs) [59], under-
scoring that a dietary pattern rich in plant-based foods 
may preferentially support and enrich bacteria that pro-
cess dietary fibers and polyphenols into microbial bioac-
tive metabolites. These metabolites play a pivotal role in 
maintaining gut mucosal integrity, regulating immune 
responses, and modulating brain health via the micro-
biota-gut-brain axis [7, 14]. Conversely, taxa such as 
Acidaminococcus, Eggerthella, and Enterococcus, which 
were negatively associated with MedDiet adherence in 

Fig. 3  Associations of MEDAS and MedDiet-GMS with cognitive function changes over follow-up time. β-coefficients represent the estimated 
difference in cognitive change (z-score) per unit increase in exposure at each follow-up visit compared to baseline, adjusted for covariates. Positive 
values indicate greater cognitive improvement (or less decline) associated with higher exposure values at that visit, while negative values suggest 
worse cognitive trajectories. Error bars show 95% CIs; intervals not crossing zero denote visit-specific significance (p < 0.05). *The significant overall 
interaction term (p < 0.05) indicates differential patterns of associations across all visits. Multivariable linear mixed-effect models included random 
intercepts for participants and adjusted for MEDAS or MedDiet-GMS, visit, and their interaction term (MEDAS*visit or MedDiet-GMS*visit); age 
(years); sex (male or female); recruiting center (Alicante, Barcelona, Reus, or Valencia); intervention group; educational level (primary, secondary, 
or college); marital status (single, divorced, separated, married, or widowed); baseline BMI (kg/m2); baseline physical activity (METs-min/day); 
smoking status (never, former, or current smoker); baseline total energy intake (kcal/day); depressive symptomatology (yes or no); prevalence 
of diabetes (yes or no); hypertension (yes or no); and hypercholesterolemia (yes or no). Abbreviations: BMI, body mass index; CI, confidence interval; 
MEDAS, Mediterranean Diet Adherence Screener; MedDiet-GMS, Mediterranean diet related gut microbial score
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our study, have been previously linked to inflammatory 
states and adverse cardiometabolic, neurodegenerative, 
and psychiatric disorders [8, 57, 60]. These genera share 
a propensity for proteolytic metabolism and are often 
more abundant in western-style, low fiber, high saturated 
fat and animal-protein diets [7, 14, 61]. The observed 
composition shift, i.e., enrichment of SCFA-producing 
taxa and depletion of pro-inflammatory genera, aligns 
with findings from other large cohorts, including the His-
panic Community Health Study-Study of Latinos cohort 
and the Health Professionals Follow-up Study [53, 54], 
reinforcing the generalizability of the diet-microbiome 
interaction across diverse populations.

Extending previous evidence from the PREDIMED 
and PREDIMED-Plus trials, which reported cogni-
tive benefits of the MedDiet [40, 62], in this PRED-
IMED-Plus sub-study, we leveraged gut microbiome 
data and employed a machine learning approach to 

derive a microbiome-based MedDiet adherence score 
(MedDiet-GMS). Importantly, we demonstrated for 
the first time that both self-reported MEDAS and 
MedDiet-GMS were independently associated with 
a more favorable trajectory in global cognitive func-
tion over 6  years. However, it should be noted that 
the MedDiet-GMS showed a modest correlation with 
MEDAS (r = 0.38) and limited predictive model perfor-
mance (R2 = 0.15, Q2 = 0.03). The modest performance 
highlights the exploratory nature of the score and indi-
cates that additional determinants beyond diet adher-
ence are likely to shape microbiota-based signatures, 
underscoring that the MedDiet-GMS is not a direct 
substitute for MEDAS but rather a complementary 
microbiota-derived correlate. Interestingly, the asso-
ciations of the MedDiet-GMS with cognitive trajecto-
ries were in some cases stronger than those of MEDAS, 
potentially reflecting the added contribution of these 

Fig. 4  Associations of the 20 taxa comprising the MedDiet-GMS with trajectories of cognitive function and baseline MedDiet adherence (MEDAS 
score). Values represent β coefficients (95% confidence intervals) derived from multivariable-adjusted linear regression models and linear mixed 
models. The linear regression models assessed associations between baseline MEDAS and log-transformed relative abundance of microbial genera 
constituting the MedDiet-GMS; adjusted for age (years); sex (male or female); recruiting center (Alicante, Barcelona, Reus, or Valencia); BMI (kg/
m2); physical activity (METs-min/day); smoking status (never, former, or current smoker); total energy intake (kcal/day); depressive symptomatology 
(yes or no); diabetes prevalence (yes or no); hypertension (yes or no); and hypercholesterolemia (yes or no). The linear mixed models evaluated 
associations between baseline MedDiet-GMS constituent genera and trajectories of cognitive function over time, adjusted for the same covariates 
plus group intervention. Statistical significance was determined using the Benjamini–Hochberg method to control the false discovery rate (FDR). 
For the linear regression models, FDR-adjusted q values reflect associations between MEDAS and taxa at baseline. For the linear mixed models, 
FDR-adjusted q values were derived from the interaction term (taxa × visit). Shapes denote different study visits, and significance levels are indicated 
as follows: *0.1 ≤ FDR < 0.25, **0.05 ≤ FDR < 0.1, ***FDR < 0.05. Abbreviations: MEDAS, Mediterranean Diet Adherence Screener; MedDiet-GMS, 
Mediterranean diet related gut microbial score
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microbiota-related pathways that are relevant for cog-
nitive aging. Notably, most of the microbial features 
contributing positively to the MedDiet-GMS (13 out 
of 20) were SCFA-producing taxa, further highlight-
ing the potential role of SCFAs in supporting cogni-
tive function. SCFAs can cross the blood–brain barrier 
and influence microglial activation, neurotransmit-
ter synthesis, and brain-derived neurotrophic factor 
expression, all of which are mechanisms relevant to 
cognitive maintenance and neurodegeneration preven-
tion [7, 14, 57]. Moreover, taxa that negatively contrib-
uted to the MedDiet-GMS, particularly Eggerthella, 
were found to be associated with a more pronounced 
cognitive decline in our study population, especially in 
the domain of executive function. Eggerthella has pre-
viously been associated with production of potential 
neurotoxic metabolites like p-cresol and phenylacetic 
acid, which may contribute to systemic inflamma-
tion disruption of blood–brain barrier (BBB) integrity, 
and neuronal dysfunction when elevated [63, 64]. This 
observation adds to the evidence that healthy dietary 
patterns like MedDiet may induce shifts in gut micro-
biota composition by enriching taxa and reducing the 
abundance of species associated with the production of 
pathogenic metabolites.

The higher risk profile of our study population, i.e., 
older adults with overweight/obesity and MetS, is impor-
tant to consider when interpreting current findings. 
Both obesity and MetS have been consistently linked to 
an elevated risk of cognitive impairment and dementia, 
largely through mechanisms involving systemic inflam-
mation, insulin resistance, and vascular dysfunction [1, 
3, 17]. In parallel, these cardiometabolic conditions have 
been associated with perturbations in gut microbiota 
composition, including reduced microbial diversity and 
depletion of beneficial SCFAs–producing taxa, alongside 
enrichment of pro-inflammatory and metabolically detri-
mental species [65, 66]. Such microbiota alterations may 
exacerbate pathways that contribute to cognitive decline, 
including chronic low-grade inflammation, impaired BBB 
integrity, and altered neurotransmitter metabolism and 
signaling [67]. While this high-risk background under-
scores the potential relevance of dietary and microbi-
ome-targeted strategies to mitigate cognitive decline in 
populations most vulnerable to dementia, it may also 
limit the generalizability of our findings to healthier pop-
ulations. Future studies in cohorts with different demo-
graphic and clinical profiles will therefore be essential to 
confirm the broader applicability of these results.

There are practical challenges older adults may 
encounter when trying to adhere to healthy dietary pat-
terns including the MedDiet, such as age-related condi-
tions like social isolation, dentition problems, dysphagia, 

or gastrointestinal disorders. One strength of our study 
is the identification of a specific gut microbiome signa-
ture reflecting MedDiet adherence, offering a promis-
ing approach for translational applications and aiding 
adherence. Such microbial profiles may serve not only 
as objective biomarkers for dietary adherence, helping 
to complement or address for measurement error com-
monly observed in self-reported dietary assessments, 
but also as potential targets for microbiome-based 
therapeutics as a complementary or alternative strat-
egy to preserve cognitive function and delay the onset 
of dementia. It is worth noting that although the effect 
sizes observed in our study were statistically significant, 
they were modest in magnitude. To contextualize their 
potential clinical relevance, we compared them to the 
impact of chronological aging. In our fully adjusted mod-
els, a 1-year increase in age was associated with a 0.051 
decline in global cognitive z-scores (data not shown), 
whereas a 1-point higher MedDiet-GMS was linked to a 
0.082 higher z-score unit of trajectory over 6 years. This 
suggests that, under consistent adherence, a 1-point 
MedDiet-GMS increase could roughly equivalent to off-
setting 1.6  years of age-related cognitive decline. While 
this provides a useful benchmark for interpretation, it 
remains uncertain whether such effect sizes translate into 
clinically significant differences at the individual or popu-
lation level. Further studies are needed to better define 
the clinical significance of the findings and to clarify the 
potential implications for cognitive health. Another nota-
ble strength of our study lies in the integration of die-
tary, microbiome, and cognitive data within the context 
of a well-characterized prospective cohort. Focusing on 
the MedDiet, a dietary pattern extensively validated for 
its various health benefits, allowed for a comprehensive 
assessment of dietary quality while minimizing the com-
plexities and potential confounding inherent to studying 
individual nutrients or foods in isolation. Furthermore, 
the cognitive function outcomes were rigorously assessed 
using multiple validated cognitive tests and composite 
scores with both global and domain-specific cognitive 
trajectories over a substantial 6-year follow-up period 
evaluated, enhancing the robustness of the observed 
associations. Nonetheless, several limitations should be 
acknowledged. The MedDiet-GMS was developed using 
16S rRNA gene sequencing at the genus level, which, 
despite its practicality for large-scale studies, lacks the 
taxonomic resolution required for species- or strain-level 
identification. In addition, the absence of direct meas-
ures of microbial metabolites, inflammatory markers, or 
BBB function limited our ability to validate mechanis-
tic pathways and precluded robust cross-omics integra-
tion. While we observed enrichment of SCFA-producing 



Page 14 of 17Ni et al. BMC Medicine          (2025) 23:669 

taxa with higher MedDiet adherence, we were unable to 
quantify SCFAs or other microbially derived metabo-
lites in plasma, making our biological interpretations 
partly inferential. Although a subsample of PREDIMED-
Plus participants has plasma or fecal metabolomics and 
16S rRNA data available, the overlap was too limited to 
enable adequately powered integrative analyses. Future 
studies incorporating larger samples with repeated, 
multi-omics assessments will be essential to confirm 
and extend these mechanistic insights. Additionally, 
the MedDiet shares many food components with other 
healthy dietary patterns, which could limit the speci-
ficity of the microbial signature to the MedDiet itself. 
Future investigations are warranted to explore whether 
microbial signatures can distinguish among different 
health-promoting dietary patterns, using metagenomic 
and metabolomic approaches. Another limitation is that 
gut microbiota was assessed only at baseline, without 
accounting for potential changes during the follow-up. 
Although the adult gut microbiota demonstrates a sub-
stantial degree of stability [68], it is also dynamic and 
can be modified by dietary changes, medication use, and 
health status over time [69]. This may introduce uncer-
tainty when linking baseline microbiota profiles to long-
term cognitive trajectories. However, it is worth noting 
that our microbiota analyses were aligned with baseline 
dietary assessments, reflecting overall lifestyle status at 
study entry, but precluding assessment of whether the 
derived MedDiet-GMS and its associations with MEDAS 
and other microbial features are maintained longitudi-
nally. Future studies incorporating repeated microbiome 
measurements are needed to better capture these tempo-
ral dynamics and provide a more comprehensive under-
standing of diet-microbiota-cognition relationships. 
Large-scale prospective cohorts with repeated sampling 
can offer valuable insights into long-term associations, 
whereas RCTs with repeated microbiome and cogni-
tive assessments would be particularly informative to 
strengthen causal inference and clarify mechanistic path-
ways. While the observational nature of this study limits 
causal inference, the prospective study design and appli-
cation of linear mixed models help mitigate concerns 
regarding reverse causality, particularly for the micro-
biota–cognitive trajectory associations, since baseline 
microbiota profiles and diet-related microbial signatures 
were assessed prior to changes in cognitive outcomes. 
However, residual confounding cannot be entirely ruled 
out despite extensive adjustment for known covariates. 
Finally, the MedDiet-GMS was developed within a Span-
ish cohort of older adults with overweight/obesity and 
MetS. While this represents a clinically relevant high-risk 

population for dementia, it may also limit generaliz-
ability. Future studies in larger and more diverse cohorts 
are needed to determine whether this interplay of diet-
microbiota-cognition differ according to different health 
status. Validation across diverse ethnic, racial, and geo-
graphical groups will be an important next step. Encour-
agingly, the direction and magnitude of our findings align 
with results from other cohorts, including studies con-
ducted in Hispanic/Latino populations and the Health 
Professionals Follow-Up Study among US white male 
participants, suggesting broader relevance of diet-gut 
microbiome-cognition interrelations.

Conclusions
In conclusion, this study expands existing evidence by dem-
onstrating that not only a self-reported MedDiet adherence 
but also a gut microbial signature correlated with MedDiet 
adherence were associated with favorable cognitive trajecto-
ries over time in older adults with overweight/obesity and 
MetS, thus, at higher risk of cognitive decline. Our results 
highlight the potential of microbiome-informed approaches 
both for monitoring dietary adherence and for developing 
microbiome-targeted strategies to support cognitive health 
in aging populations. Future research should prioritize the 
external validation of these microbial signatures across 
diverse populations and exploring their clinical utility in 
personalized nutrition and microbiome-based intervention 
for promoting healthy cognitive aging.
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