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Abstract

Background Over the past decade, emerging evidence has shed light on the role of the gut microbiota in the inter-
face between diet and brain health. Olive oil, particularly virgin olive oil, a key component and major fat source

in the Mediterranean diet, has exhibited widespread healthful benefits, including improvements in gut microbiota
and cognitive health. Despite insights from preclinical studies into the relationship between virgin olive oil consump-
tion, gut microbiota, and cognitive function, human research in this area remains limited. Therefore, our study aims

to investigate the interplay between total olive oil consumption and its subtypes, gut microbiota, and changes in cog-
nitive function in older adults who were cognitively healthy at baseline but at high risk of cognitive decline.

Methods In this prospective cohort study, we assessed a total of 656 participants aged 55 to 75y (mean age
65.0+4.9y, 47.9% women) with overweight/obesity and metabolic syndrome who provided stool samples and com-
pleted a validated semi-quantitative food frequency questionnaire at baseline and a comprehensive battery of neu-
ropsychological tests at baseline and at a 2-y follow-up.

Results Results from the multivariable linear regression models showed that higher consumption of virgin olive

oil was associated with improved cognitive function over a 2-y follow-up, and a more diverse gut microbiota over-

all structure at baseline. Conversely, increased consumption of common olive oil is linked to lower alpha diversity

of the microbial communities, and accelerated cognitive decline. Mediation analysis suggests that gut microbiota
and particularly the Adlercreutzia, may serve as a mediator taxon in the association between virgin olive oil consump-
tion and positive changes in general cognitive function.

Conclusions Higher consumption of virgin olive oil was associated with cognitive preservation, possibly mediated
by favorable alterations in gut microbiota composition. Our study provides novel insights into the complex interplay
between different types of olive oil consumption, gut microbiota, and changes in cognitive function. These findings
underscore the potential of microbiota-targeted dietary strategies to promote cognitive health in aging populations,
though further high-quality and clinical cohort studies are required.
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Background

Cognitive decline poses a significant public health chal-
lenge in a globally aging population, with an increasing
incidence of neurodegenerative diseases (NDs) such as
Alzheimer’s disease (AD) and other forms of dementia,
and a substantial impact on societal healthcare costs
[1]. Among various modifiable lifestyle factors, dietary
patterns with a particular focus on the Mediterranean
diet (MedDiet), have emerged as critical preventive
strategies to mitigate age-related cognitive decline and
neurodegeneration [2—4].

Virgin olive oil (VOO), a key component of the Med-
Diet, is distinguished for its high content of mono-
unsaturated fatty acids and phenolic compounds,
playing a crucial role in disease prevention [5-7]. Spe-
cifically, VOO is obtained directly from olives using
only mechanical means and contains multiple bioac-
tive components, such as polyphenols (e.g. hydroxyty-
rosol (HTyr) and oleuropein (OLE)), phytosterols and
tocopherols [6]. These bioactive components, known
for their antioxidant and anti-inflammatory prop-
erties, may confer neuroprotective benefits beyond
the lipid profile [8, 9]. In contrast, common olive oil
(COO) comprises a higher proportion of refined olive
oil or olive—pomace oil and a minimal amount of VOO
[10], resulting in a reduced content of phytochemicals
despite sharing a similar lipid profile with VOO [7].
While recent findings have shown the cognitive bene-
fits of olive oil consumption, many studies have not dis-
tinguished between olive oil types [5]. Given that olive
oil types differ in both organoleptic characteristics and
nutritional properties [7, 10], the diverse effects of dif-
ferent olive oil types on cognitive function remain to be
comprehensively explored.

Emerging evidence from human and animal studies
demonstrates the potential benefits of olive oil consump-
tion-particularly VOO-on gut microbiota and intestinal
health [6]. Given the critical role of gut microbiota in
regulating cognitive function and modifying neurode-
generative disease risk through the “gut-brain” axis [11-
13], investigating the mechanism underlaying olive oil’s
effect on gut microbiota as a target of nutritional strat-
egies for improving brain health and function is of par-
ticular interest [6, 14, 15]. Olive oil, especially VOO for
its higher concentrations of phenolic compounds, may
exert its cognitive benefits through modulation of the
gut microbiota, influencing various immunological, neu-
ronal, and metabolic pathways involved in the gut-brain
communication network [6, 8, 9, 16]. Although preclini-
cal studies have begun to elucidate the interplay between
VOO, gut microbiota, and cognitive health [6], there has
been limited human research investigating this intricate
relationship thus far.
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Therefore, to address the current gaps in knowledge, we
analyzed the interplay between total olive oil (TOO) con-
sumption-defined as the sum of VOO and COO-and its
subtypes, gut microbiota, and changes in cognitive func-
tion in a subpopulation from the PREDIMED (PREven-
cién con Dleta MEDiterranea)-Plus study (Fig. 1). Our
study had four main objectives. First, to prospectively
analyze the association between the amount of TOO and
its subtypes (VOO and COO) consumed, and changes in
cognitive function after 2 years of follow-up in a popula-
tion at high risk of cognitive decline. Second, to analyze
cross-sectional associations between different amount
and types of olive oil consumption and gut microbiota
diversity and composition. Third, to prospectively ana-
lyze whether these olive oil-microbial associations are
connected with changes in cognitive function during fol-
low-up. Finally, to determine whether the gut microbiota
mediates the association between TOO, VOO or COO
consumption, and cognitive function.

Methods

Study design and participants

The present prospective cohort study was conducted
within the framework of the PREDIMED-Plus primary
prevention trial. PREDIMED-Plus is an ongoing, mul-
ticenter, parallel-group, randomized controlled trial
(RCT). The aim of the trial is to evaluate the effects of
lifestyle interventions on a combined cardiovascular pri-
mary endpoint, as well as other secondary and intermedi-
ate outcomes, including neurodegenerative disorders and
cognitive function. The intervention group receives an
energy-reduced MedDiet, physical activity recommen-
dations and behavioral modifications, while the control
group receives usual care and adlibitum MedDiet rec-
ommendations. A total of 6874 eligible participants, men
and women aged 55-75 years with overweight or obesity
and metabolic syndrome [17], without cardiovascular or
severe neurodegenerative disease, schizophrenia, bipolar
disease, eating disorders, depression with hospitalization,
or any other condition that may interfere with adher-
ence to the study protocol at baseline, were randomly
allocated to either the intervention group or the control
group in a ratio of 1:1. All participants provided written
informed consent. A detailed trial protocol is available at
https://www.predimedplus.com/en/ and elsewhere [18].
The trial, approved by the research ethics committees of
all participating institutions, was registered at the Inter-
national Standard Randomized Controlled Trial Number
Registry (ISRCTN89898870).

In the present study, a random subsample of 656 par-
ticipants was included in the downstream analysis (Sup-
plementary Fig. S1). Participants were excluded based
on the following criteria: (1) absence of baseline stool
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Fig. 1 Overview of the study design. Abbreviations: CDT, Clock Drawing Test; COO, common olive oil; DST-b, Digit Span test-backward; DST-f,
Digit Span test-forward; FFQ, food frequency questionnaire; MMSE, Mini-Mental State Examination; PREDIMED-Plus, PREvencién con Dieta
MEDiterranea-Plus; TMT-A, Trail Making Test Part A; TMT-B, Trail Making Test Part B; TOO, total olive oil; VFT-a, Verbal Fluency tasks semantical; VFT-p,

Verbal Fluency tasks phonological; VOO, virgin olive oil

samples or antibiotic use within 30 days before stool
sample collection; (2) missing baseline food frequency
questionnaire (FFQ) or incomplete neuropsychological
test assessments at baseline and after 2 years of follow-
up; (3) reported baseline energy intakes outside pre-
defined limits (>800 to <4000 kcal/day for men,>500
to<3500 kcal/day for women) [19]; or (4) TOO con-
sumption exceeding 100 g/d.

Dietary and covariate assessment

Dietary intake was assessed annually by trained dieti-
tians using a validated semi-quantitative FFQ [20].
Nutrients and energy intake were estimated using Span-
ish food composition tables [21, 22]. Within the FFQ, 3
items focused on different types of olive oil consumption:
(1) VOO intake, including extra virgin olive oil (acid-
ity <0.8%) and virgin olive oil (acidity <2%); (2) refined
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olive oil intake, which referred to oils obtained through
refining process (acidity <0.3%); and (3) olive—pomace
oil intake, comprising oils obtained from treating the
byproduct after extracting olive oil and those directly
obtained from olives acidity <0.3%) [10, 23]. For analy-
sis, COO consumption was defined as the combination
of “refined olive oil intake” and “olive—pomace oil intake’,
while TOO consumption was calculated as the sum of all
3 items. VOO is minimally processed and retains a high
content of polyphenols, tocopherols, and other bioactive
compounds. In contrast, COO undergoes industrial pro-
cessing that removes most of these minor components,
resulting in a lower concentration of bioactive com-
pounds but a similar fatty acid profile to VOO [10]. The
collected information was converted into grams per day.
The baseline consumption of TOO, VOO, and COO
were adjusted for total energy intake using the residual
method [24], and these adjusted values were considered
as the exposures in this study. Subsequently, participants
were grouped into tertiles based on their energy-adjusted
consumption of TOO, VOO, or COO.

Moreover, dietitians administered a validated 14-item
Mediterranean Diet Adherence Screener (MEDAS) [25]
designed to assess adherence to the traditional MedDiet,
to all participants. Two questions within the MEDAS
are related to olive oil intake: the use of olive oil as the
primary cooking oil and dressing fat (1 point for an
affirmative response) and the daily consumption of four
or more tablespoons of olive oil (1 point for an affirma-
tive response). To control for the overall dietary quality,
a modified 12-point MedDiet score derived from the
MEDAS after removing the olive oil related items was
used as a covariate in the statistical models.

Sociodemographic and lifestyle information were
collected through interviewer-administered question-
naires conducted by trained personnel at baseline. The
data encompassed information such as age, sex, educa-
tion level (categorized as primary school or lower, high
school, or college), civil status (categorized as single,
divorced, separated, married, or widower), smoking sta-
tus (categorized as current smoker, former smoker, or
never smoked), physical activity (measured in METs-
min/day). Physical activity was estimated using the REGI-
COR questionnaire, a validated Spanish short version of
the Minnesota Leisure Time Physical Activity Question-
naire [26]. Personal medical history (e.g., prevalence of
type 2 diabetes, hypertension, and hypercholesterolemia)
and medication use were either self-reported or collected
from the participants’ medical records. Anthropometric
measurements, including weight and height, were con-
ducted by trained personnel using calibrated scales and
wall-mounted stadiometers, respectively. Measurements
were taken with participants wearing light clothing and
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without shoes or accessories. Body mass index (BMI)
was calculated as weight in kilograms divided by height
in meters squared. Waist circumference was measured
using an anthropometric tape midway between the low-
est rib and the iliac crest. Depressive symptomatology
was evaluated by the Beck Depression Inventory (BDI-
II), and a cut-off point of > 14 was established to identify
individuals at risk for depressive status [27, 28].

Cognitive function assessment

Cognitive function was evaluated by trained staff at
baseline and at 2 years of follow-up using an extensive
neuropsychological test battery, including the Mini—
Mental State Examination (MMSE): examining orienta-
tion, memory, attention, and language; Clock Drawing
Test (CDT): visuospatial, visuo-construction, verbal and
numerical knowledge, memory, and executive function;
Verbal Fluency Test (VFT)-Animals: verbal abilities, and
VFT-Letter “p”: verbal abilities and executive function;
Digit Span Test (DST)-Forward of the Wechsler Adult
Intelligence Scale-III (WAIS-III): attention capacities
and short-term memory, and DST-Backward: executive
function and working memory; Trail Making Test (TMT)
part A: attention and processing speed, and TMT part B:
executive function. Detailed information about the neu-
ropsychological test battery was described in the Supple-
mentary Methods, Additional file 1.

For each cognitive test, a cohort-specific z-score was
calculated for each participant at baseline and follow-
up, based on the means and standard deviations (SDs)
of the test scores at baseline. These standardized scores
were then combined to form composite scores for neu-
rocognitive domains, i.e., executive function, attention,
and language [29]. Additionally, given that MMSE and
CDT assess multiple cognitive domains, they were incor-
porated into the general cognitive function composite as
a cognitive screening-summary score. Furthermore, the
global cognitive function composite score was computed
by adding or subtracting the z-scores of all eight tests,
depending on whether a higher score indicates better or
worse cognitive performance, respectively.

The specific formulas for composite scores were as
follows:

— Executive function=(,VFT-a+ ,VFT-p+(—,TMT-
B)+,DST-b)/4

— Attention=((-,TMT-A)+,DST-f)/2

— Language=(,VFT-a+,VFT-p)/2

— General cognitive function = (;MMSE + ,CDT)/2.

— Global cognitive function = (;MMSE + ,CDT + ,VFT-
a+ ,VET-p + (—,TMT-A) + (—,TMT-B) + ,DST-
f+,DST-b)/8
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These composite scores, calculated at each visit, were
further re-standardized to z-scores using the means and
SDs of composite scores at baseline, where higher scores
indicated better cognitive performance. In the present
study, changes in standardized composite scores between
baseline and 2 years of follow-up were considered as the
main outcome.

Taxonomic profiling of gut microbiota

Details on stool sample collection, microbial DNA
extraction, and 16S ribosomal RNA (rRNA) ampli-
con sequencing were described in the Supplementary
Methods, Additional file 1. Briefly, stool samples were
collected by participants at baseline and were stored
at—80 °C until extracting microbial DNA. DNA con-
centration and purity were assessed before 165 rRNA
amplicon sequencing. The V4 region of 16S rRNA gene
was amplified in triplicate PCR reactions and sequenced
using the Illumina Novaseq platform. Quality control
for the sequencing data included artificial mock com-
munities with known composition as positive controls
and negative control samples to account for potential
contaminant sequences. Raw sequence data were pro-
cessed using the NG-Tax pipeline, paired-end reads were
demultiplexed and filtered to be summarized to amplicon
sequence variants (ASVs). Taxonomic profiles of each
ASV were generated using the USEARCH algorithm and
the Silva database (v138.1).

Statistical analyses
Baseline characteristics of the study population were
compared across energy-adjusted TOO consumption
tertiles. The results are presented as numbers (percent-
ages) for categorical variables, and means+SD for con-
tinuous variables.

The regression analyses comprised 4 sets of statistical
approaches: (1) prospective associations between olive
oil consumption and changes in cognitive function over a
2-year follow-up period; (2) cross-sectional associations
between olive oil consumption and gut microbiota diver-
sity (alpha and beta diversity) and composition (differen-
tial taxa) at baseline; (3) prospective associations between
olive oil-related microbial signatures and changes in cog-
nitive function; and (4) causal mediation analyses of the
pathway: olive oil consumption — gut microbiota diver-
sity and composition — changes in cognitive function.
Specifically,

1) Prospective association between olive oil consump-
tion and cognitive change. Multivariable linear
regression models were used to assess longitudinal
associations between olive oil consumption at base-
line and changes in cognitive function over a 2-year
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follow-up period. Total and different types of olive oil
consumption, i.e., TOO, VOO, and COO consump-
tion, were evaluated as continuous (per 10 g/d incre-
ment) and categorized into tertiles, with the first ter-
tile being the reference. Results from three models
were presented: a basic model (adjusted for respec-
tive cognitive composite scores at baseline, age, and
sex), a socio-demographically adjusted model (fur-
ther adjusted for PREDIMED-Plus groups of rand-
omization, geographical area, educational level, civil
status) and a fully adjusted model (further adjusted
for BMI, physical activity, smoking status, alcohol
consumption and adding the quadratic term, depres-
sive symptomatology, prevalence of diabetes, hyper-
tension, and hypercholesterolemia, and MedDiet
adherence). To assess the linear trend across tertiles
of TOO, VOO, COO consumption, the median value
of each consumption tertile was treated as a scored
trend variable and modelled continuously.
Cross-sectional association between olive oil con-
sumption and gut microbiota. Alpha and beta diver-
sity were assessed to evaluate overall patterns in gut
microbiome variation, while differential abundance
analysis was conducted to identify differentially
abundant taxa in the comparison of various types
and amount of olive oil consumption.

Chaol, Simpson, Shannon, and Inverse Simpson
indices [30-32] were calculated from ASV-level
absolute abundance counts to measure alpha-diver-
sity, specifically species richness, evenness, and diver-
sity (a combination of richness and evenness) within
individual samples. Differences in alpha diversity
indices across tertiles of olive oil consumption were
evaluated using the Kruskal-Wallis non-parametric
test, with post-hoc pairwise comparisons conducted
using the Wilcoxon rank sum test. Beta diversity,
measured with Aitchison distance metric (Euclidean
distance derived from centered log-ratio (clr) trans-
formed abundance counts) [33], was used to quan-
tify the dissimilarity between samples. Permutational
multivariate analysis of variance (PERMANOVA)
[34] with 999 permutations was performed to test
for significant beta diversity clustering across tertiles
of olive oil consumption, using the adonis2 func-
tion with the argument “by” set to “margin” in the
R package vegan (version 2.6-4). Additionally, prin-
cipal component analysis (PCA) was employed to
visually inspect the unsupervised ordination of the
two first principal components (PC1 and PC2) of
Aitchison distances. These principal components
were selected for use as variables representing beta
diversity of microbial community composition in
the subsequent analysis. For per-feature analysis, a
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taxonomic filtering process was initially conducted.
Microbial features at the genus level detected at a
minimum relative abundance of 0.1% in at least 10%
of samples were included. Subsequently, the relative
abundance of these features was clr-transformed
before conducting downstream analyses. Differential
abundance analysis was performed using the R pack-
age MaAsLin2 (version 1.16.0) [35] with multivari-
able linear regression models, adjusting for age, sex,
geographical area, educational level, civil status, BMI,
physical activity, smoking status, alcohol consump-
tion and adding its quadratic term, depressive symp-
tomatology, prevalence of diabetes, hypertension,
and hypercholesterolemia, and MedDiet adherence.
All high-dimensional tests were corrected for multi-
ple comparison by controlling the false discovery rate
using the Benjamini—-Hochberg method with a target
rate of 0.25 for q values. Additionally, linear regres-
sion models with the same adjustment were fitted to
test potential dose-response relationships of alpha
diversity (Chaol, Simpson, Shannon, and Inverse
Simpson indices) and beta diversity (PC1 and PC2)
with olive oil consumption at baseline.

Prospective association of the identified gut microbial
signatures with cognitive changes. Linear regression
models were performed to assess the associations
between identified olive oil consumption-related
microbial signatures and changes in cognitive func-
tion after a 2-year follow-up. These models were
adjusted for respective cognitive composite scores at
baseline, and the aforementioned covariates. All gut
microbial signatures, i.e., alpha diversity indices, beta
diversity (PC1 and PC2), and clr-transformed relative
abundance of identified olive oil-related taxa, were
converted to z-scores before analysis when used as
predictors in the models.

Mediation analysis. To assess the mediatory effect
of the gut microbiota, two methods were employed.
First, causal mediation analysis functions from the
R package mediation (version 4.5.0) [36] were per-
formed using the quasi-Bayesian Monte Carlo
simulation approaches with 1000 iterations. In this
analysis, olive oil consumption served as the expo-
sure variable, alpha diversity indices, PC1, and PC2
accounted for the mediation by overall microbial
composition, and cognitive changes were the out-
come variable. Second, acknowledging the com-
positionality and sparsity inherent of the micro-
biome abundance data, nonparametric bootstrap
approaches with 1000 iterations were applied, using
the same exposure/outcome variables [37]. This
approach aimed to address the identification of olive
oil-related taxa as potential mediators. All continu-
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ous mediators were converted to z scores before
analysis, and genus-level relative abundances were
clr-transformed before z-conversion. In addition, the
potential interaction between exposure and media-
tor to the outcome was tested using the test.TMint
function from the R package mediation (version
4.5.0) [36, 38, 39]. Supplementary Fig. S4 illustrates
the path diagram of the causal mediation analysis
models assessed. The average causal mediation effect
(ACME) denoted the indirect associations of olive
oil consumption with cognitive changes through
the mediators. The average direct effect (ADE) rep-
resented the associations of the baseline olive oil
consumption with cognitive changes without the
involvement of a mediator. The proportion of media-
tion was calculated via dividing the ACME by the
total effect (TE), which encompasses all direct and
indirect effects of the exposure on the outcome.

To test the robustness of the results of the first three
sets of statistical approaches, several sensitivity analy-
ses were conducted: 1) we removed participants with
baseline MMSE score<24, and ran analyses within the
remaining sample (N=649); 2) to account for potential
multiple testing in the analysis of associations between
identified gut microbial signatures and cognitive change,
we controlled the false discovery rate using the Benja-
mini-Hochberg method with a target rate of 0.25 for q
values; and 3) we further adjusted in all models with
an additional covariate representing the consump-
tion of other types of oil, as well as conducting analyses
restricted to participants who were exclusive VOO con-
sumers (N=502) by excluding COO users.

All analyses were two-sided and performed in R ver-
sion 4.3.1. A p-value<0.05 was deemed statistically
significant.

Results

Baseline characteristics of the study population

A total of 656 participants (mean age 65.0+4.9y, 47.9%
women) were included. Table 1 outlines baseline charac-
teristics of the study population across tertiles of energy-
adjusted TOO consumption. Mean raw consumption of
TOO was approximately 30+11, 50+1, and 58+10 g/
day in lowest, medium, and highest tertiles, respectively.
Participants in the medium tertile presented with lower
prevalence of type 2 diabetes, hypercholesterolemia and
depression, and better cognitive performance at baseline.
No substantial differences in the consumption of other
dietary components were observed across tertiles of
TOO intake. Additionally, participants in the highest ter-
tile of COO consumption were more likely to have lower
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Table 1 Baseline characteristics of the study population according to tertiles of energy-adjusted total olive oil consumption?

Overall T1 T2 T3
(n=656) (n=219) (n=219) (n=218)
Total olive oil, g/d 46 (15) 30(11) 50(1) 58(10)
Virgin olive oil, g/d 40 (21) 21(16) 46 (12) 53(17)
Common olive oil, g/d 6(13) 9(12) 4(12) 5(14)
Women, n (%) 314 (48) 105 (48) 87 (40) 122 (56)
Age,y 65.0 (4.9) 65.0 (4.6) 64.9 (5.2) 65.2 (4.9)
Education level, n (%)
Primary school or less 355(54) 133 (61) 109 (50) 113 (52)
High school 183 (28) 52 (24) 71(32) 60 (28)
College 118(18) 34(16) 39(18) 45(21)
Civil status, n (%)
Single, divorced or separated 87(13) 25(11) 28(13) 34(16)
Married 504 (77) 163 (74) 178 (81) 163 (75)
Widower 65 (10) 31(14) 13 (6) 21(10)
Geographically area, n (%)
Catalonia 403 (671) 97 (44) 170 (78) 136 (62)
Valencia 253(39) 122 (56) 49 (22) 82 (38)
Intervention group, n (%) 312 (48) 108 (49) 107 (49) 97 (45)
BMI, kg/m? 327 (35) 328(34) 325@35) 33.0(3.6)
Waist circumference, cm 108 (10) 107 (10) 107 (10) 108 (10)
Smoking status, n (%)
Never smoker 312 (48) 103 (47) 95 (43) 114 (52)
Former smoker 255(39) 78 (36) 100 (46) 77 (35)
Smoker 89 (14) 38(17) 24(11) 27(12)
Physical activity, METs-min/day 372 (350) 367 (326) 370 (361) 378 (364)
Modified MedDiet score, 12-point MEDAS 6.9 (1.6) 6.7 (1.7) 6.9(1.7) 7.0(1.6)
Type 2 diabetes, n (%) 174 (27) 80 (37) 35(16) 59(27)
Hypertension, n (%) 532(81) 179 (82) 182 (83) 171(78)
Hypercholesterolemia, n (%) 434 (66) 158(72) 134 (61) 142 (65)
Depressive symptomatology, n (%) 127 (19) 50(23) 27 (12) 50(23)
Global cognitive function, z-score 0.0(1.0) -0.1(1.1) 0.1(1.0) -0.0(1.0)
General cognitive function, z-score 0.0(1.0) -0.1 (1.1) 0.1(0.9) 0.0 (1.0)
Executive function, z-score 0.0(1.0) -0.1(1.0) 0.1(1.0) -0.1(1.0)
Attention, z-score 0.0(1.0) -0.1 (1.1) 0.1(1.0) -0.0 (0.9)
Language, z-score 0.0(1.0) -0.1 (1.0) 0.1(1.0) -0.1 (1.0)
Energy intake, kcal/d 2474 (502) 2,502 (607) 2,640 (236) 2,280 (519)
Fatty acids intake, % of total energy
Monounsaturated 22 (4) 18(3) 22 (3) 25(3)
Polyunsaturated 7(2) 7(2) 7(1) 7(1)
Saturated 10 (2) 10 (2) 10(2) 10(2)
Fibre, g/d 27(8) 28 (8) 27 (7) 26 (9)
Alcohol, g/d 11(14) 12(16) 13(14) 7(10)
Vegetables, g/d 349 (140) 378 (142) 337 (140) 330(134)
Fruits, g/d 368 (203) 373 (204) 351 (169) 380 (231)
Legumes, g/d 20(10) 19 (10) 20 (10) 20(12)
Cereals, g/d 160 (69) 169 (78) 174 (58) 137 (65)
Dairy products, g/d 307 (177) 332(176) 327(188) 263 (158)
Meat, g/d 161 (55) 174 (59) 168 (50) 39 (50)
Fish, g/d 107 (46) 109 (51) 109 (41) 103 (47)
Nuts, g/d 17 (16) 19(18) 16 (14) 15(16)
Confectionery products, g/d 25(27) 31(32) 27 (25) 17 (19)

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

Abbreviations: BMI body mass index, MedDiet Mediterranean diet, MEDAS Mediterranean Diet Adherence Screener, METs metabolic equivalents, SD standard deviation, T tertile
2 Adjustment for total energy intake with the residual method. Dietary variables presented in accordance with tertiles of energy-adjusted total olive oil consumption
were raw values before energy adjustment
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educational levels and a higher prevalence of smoking
(Supplementary Table S1, Additional file 1).

Associations between olive oil consumption and changes
in cognitive function

Results from the multivariable regression models
revealed that (Table 2), compared to participants in
the lowest tertile of TOO, those in the higher tertiles
had increases in global cognitive function, general cog-
nitive function, and attention after a 2-year follow-
up, with a significant dose-response relationship (all
p-trend <0.05). Additionally, a 10 g increment consump-
tion of TOO per day was positively associated with
changes in global cognitive function (p 0.044 z-score; 95%
CI 0.013, 0.075; p=0.006), general cognitive function
(0.051; 0.009, 0.093; p=0.018), executive function (0.034;
0.000, 0.067; p=0.047), and attention (0.046; 0.008, 0.084;
p=0.017). Similar results were observed for VOO, where
a 10 g increment in VOO consumption per day was posi-
tively associated with changes in global cognitive func-
tion, general cognitive function, executive function, and
language. Positive dose—response associations were also
observed in global, general cognitive function, executive
function, and attention changes when comparing ter-
tiles (all p-trend <0.05). Conversely, in terms of COO, a
10 g increment in COO consumption per day was asso-
ciated with a decrease in executive function and a more
pronounced decline in global and general cognitive func-
tion, executive function, and language (all p-trend < 0.05).
These findings remained consistent after removal of par-
ticipants with baseline MMSE score <24, further adjust-
ing the model for consumption of other type of oils, or
restricting the analysis to exclusive VOO consumers
(data not shown).

Associations between olive oil consumption and gut
microbiota
Significant differences, assessed by Kruskal-Wallis non-
parametric test, in alpha-diversity indices were observed
across tertiles of VOO and COO consumption (Fig. 2a).
Multivariable linear regression models showed that
higher consumption of VOO was positively associated
with higher scores of Chaol (p-trend =0.016) and Inverse
Simpson indices (p-trend=0.041) (Supplementary
Table s2, Additional file 1). Conversely, higher consump-
tion of COO was significantly associated with lower alpha
diversity (p-trend=0.019, 0.043, 0.008,<0.001 for Chaol,
Simpson, Shannon, and Inverse Simpson indices, respec-
tively), even after fully adjusting for cofounding variables.
No statistically significant difference was found in alpha
diversity across TOO consumption tertiles (Fig. 2a).
PERMANOVA tests demonstrated significant differ-
ences in fully adjusted models across tertiles of TOO

Page 8 of 18

(»=0.008), VOO (p=0.011), and COO (p=0.001), indi-
cating that participants in different tertiles presented
overall compositional differences in their gut microbiota,
independent of other microbiota-influencing covariates
(Fig. 2b and Supplementary Table S3, Additional file 1).
PCA plots revealed modest clustering across tertiles of
TOO, VOO, COO consumption, where PC1 and PC2
accounted for approximately 70.3% and 4.7% to the total
variation, respectively (Fig. 2b). Although olive oil con-
sumption was not a major driver of overall gut microbial
community composition variation, explaining 0.3% by
TOO, 0.4% by VOO and 0.3% by COO, VOO accounted
for the second largest proportion of variation in taxon-
omy among the olive oil types, covariables and baseline
cognitive performance considered in this analysis (Sup-
plementary Fig. 2, Additional file 1).

A total of 19 genera were identified to be related to the
olive oil consumption (q<0.25) in the differential abun-
dance analysis (Fig. 3a and Supplementary Table S4,
Additional file 1). Among these, 3 taxa (Bacteroides,
Phascolarctobacterium, Acidaminococcus) showed posi-
tive and 6 taxa (Eubacterium_hallii_group, Clostridium_
sensu_stricto_1, Collinsella, Dorea, Senegalimassilia,
Adlercreutzia) showed negative associations with TOO
consumption. For VOO, 4 taxa (Bacteroides, Phasco-
larctobacterium, Acidaminococcus, CAG.56) showed
positive and 12 taxa (Blautia, Akkermansia, Strep-
tococcus,  Eubacterium_hallii_group, uncultured__5,
Clostridium_sensu_stricto_I1, Romboutsia, Dorea, Col-
linsella, uncultured 8, Mogibacterium, Adlercreutzia)
showed negative associations. In the case of COO, 4 taxa
(Streptococcus, Christensenellaceae R.7_group, Eubac-
terium_hallii_group, Adlercreutzia) were positively and
1 taxon (Faecalibacterium) was negatively associated.
Adlercreutzia, Eubacterium_hallii_group, and Streptococ-
cus were found to be commonly associated with all three
exposures, showing negative associations with TOO and/
or VOO while being positively associated with COO
consumption.

Identified gut microbial signatures and changes

in cognitive function

After adjusting for potential confounders, no significant
association between alpha-diversity indices and changes
in cognitive function were observed (Supplementary
Fig. 3, Additional file 1). However, PC1 and PC2, which
were derived from the Aitchison dissimilarity metric and
represent beta-diversity, summarizing overall microbial
community composition, were significantly associated
with changes in executive function and language, respec-
tively (p<0.05) (Supplementary Fig. 3, Additional file 1).
Furthermore, 6 identified gut microbial features at the
genus level, which were related to olive oil consumption,
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Table 2 Associations between baseline energy-adjusted olive oil consumption and changes in cognitive performance after 2-y

follow-up?
Continuous T1 T2 T3
(per 10 g/d increment) (low) (medium) (high)
Total olive oil° 29 [25,34] g/d 491[48,50] g/d 55[53,66] g/d
B (95% Cl) p Reference B (95% Cl) B (95% Cl) p-trend®
Global cognitive function
Basic model 0.055 [0.024, 0.086] <0.001 reference 0.242[0.135,0.348] 0.181[0.075,0.287] <0.001
Socio-demographically adjusted ~ 0.043[0.012,0.073] 0006  reference 0.180[0.072,0.289]  0.132[0.026,0.237]  0.003
model
Fully adjusted model 0.044[0.013,0.075] 0.006 reference 0.182[0.070, 0.294] 0.138[0.030, 0.246] 0.003
General cognitive function
Basic model 0.065 [0.024,0.107] 0.002 reference 0.243[0.100, 0.386] 0.238[0.095, 0.380] <0.001
Socio-demographically adjusted ~ 0.055[0.013,0.096]  0.010  reference 0.210[0.063,0.358]  0.205[0.061,0.349]  0.002
model
Fully adjusted model 0.051[0.009,0.093] 0018  reference 0.18710.035,0.339]  0.194[0.047,0.341]  0.005
Executive function
Basic model 0.0451[0.012,0.079] 0.007 reference 0.194 [0.080, 0.308] 0.13710.023,0.251] 0.003
Socio-demographically adjusted ~ 0.032 [-0.001,0.064] 0057  reference 0.131[0.014,0.247] 0.082[-0.031,0.195]  0.071
model
Fully adjusted model 0.034[0.000,0.067]  0.047  reference 0.134[0.014,0.254]  0.089[-0.027,0.205] ~ 0.063
Attention
Basic model 0.057 [0.020, 0.095] 0.003 reference 0.289[0.161,0418] 0.166 [0.037,0.294] <0.001
Socio-demographically adjusted  0.043 [0.006, 0.080] 0.023 reference 0.208 [0.077,0.339] 0.111[-0.016,0.239]  0.021
model
Fully adjusted model 0.046 [0.008, 0.084] 0.017 reference 0.220 [0.083, 0.356] 0.124 [-0.008,0.255]  0.016
Language
Basic model 0.043[0.004,0.081] 0029  reference 0.146 [0.014,0.279]  0.115[-0.017,0.248]  0.038
Socio-demographically adjusted 0.031 [-0.007,0.070] 0.110 reference 0.124[-0.013,0.261]  0.076[-0.057,0.210]  0.149
model
Fully adjusted model 0.031 [-0.008,0.070] 0.115 reference 0.116 [-0.025,0.257]  0.083[-0.053,0.219]  0.150
Virgin olive oil® 15[4,26] g/d 48[46,49] g/d 54[53,65]g/d
B (95% Cl) P Reference B (95% Cl) B (95% Cl) p-trend®
Global cognitive function
Basic model 0.046 [0.024, 0.067] <0.001 reference 0.240[0.132,0.348] 0.204[0.098,0.311] <0.001
Socio-demographically adjusted  0.035 [0.014, 0.056] 0.001 reference 0.177 [0.068, 0.286] 0.167 [0.062,0.272] <0.001
model
Fully adjusted model 0.036 [0.014,0.057] 0.001 reference 0.180[0.069, 0.292] 0.174[0.068, 0.280] <0.001
General cognitive function
Basic model 0.051[0.022, 0.080] <0.001 reference 0.226 [0.081,0.370] 0.214[0.072,0.357] <0.001
Socio-demographically adjusted 0.043[0.014,0.072] 0.004 reference 0.184 [0.035, 0.334] 0.189[0.045, 0.332] 0.004
model
Fully adjusted model 0.041[0.011,0.071] 0.007 reference 0.17910.027,0.330] 0.189 [0.044, 0.333] 0.005
Executive function
Basic model 0.047[0.024,0.070] <0.001 reference 0.21710.102,0.332] 0.193[0.079, 0.306] <0.001
Socio-demographically adjusted 0.035[0.013, 0.058] 0.002 reference 0.152 [0.034, 0.269] 0.149[0.036,0.261] 0.004
model
Fully adjusted model 0.036 [0.013,0.060] 0.002 reference 0.152[0.033,0.271] 0.156 [0.043,0.269] 0.003
Attention
Basic model 0.036 [0.010, 0.062] 0.008 reference 0.266 [0.136, 0.396] 0.172[0.043,0.301] <0.001
Socio-demographically adjusted ~ 0.023 [-0.003,0.049]  0.083  reference 0.187[0.055,0319]  0.130[0.003,0.258]  0.011
model
Fully adjusted model 0.025[-0.001,0.052] 0062  reference 0.200[0.065,0.336]  0.139[0.010,0.269]  0.007
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Continuous T T2 T3
(per 10 g/d increment) (low) (medium) (high)
Language
Basic model 0.040[0.014, 0.067] 0.003 reference 0.173[0.039, 0.307] 0.143[0.011,0.276] 0.009
Socio-demographically adjusted ~ 0.031 [0.004,0.058]  0.026  reference 0.133[-0.005,0.271] ~ 0.107 [-0.026,0.239]  0.057
model
Fully adjusted model 0.030[0.003,0.0571  0.031 reference 0.117[-0.023,0.258]  0.110[-0.024,0.244]  0.066
Common olive oil® -0.08 [-0.1,-0.04] g/d 0.05[0.01,0.08]g/d 24.8[0.2,25.0] g/d
B(95% Cl) p Reference B (95% Cl) B (95% ClI) p-trend®
Global cognitive function
Basic model -0.047 [-0.081,-0.012] 0.008 reference 0.000[-0.108,0.109]  -0.220[-0.329,-0.110] <0.001
Socio-demographically adjusted ~ -0.034 [-0.067,0.000] 0.048  reference 0.001 [-0.105,0.107]  -0.172[-0.279,-0.064] < 0.001
model
Fully adjusted model -0.033[-0.067,0.001] 0.055  reference 0.009 [-0.100,0.118]  -0.166 [-0.276,-0.056] < 0.001
General cognitive function
Basic model -0.048 [-0.094, -0.002] 0.040 reference -0.042 [-0.187,0.103]  -0.242[-0.389,-0.095] <0.001
Socio-demographically adjusted -0.038 [-0.084,0.008] 0.102 reference -0.027 [-0.171,0.118]  -0.202 [-0.349, -0.055] 0.003
model
Fully adjusted model -0.037 [-0.083,0.009] 0.114  reference -0.031 [-0.180,0.117]  -0.208 [-0.358,-0.058] 0.003
Executive function
Basic model -0.063 [-0.099,-0.026] <0.001 reference 0.009 [-0.107,0.125]  -0.219[-0.336,-0.103]  <0.001
Socio-demographically adjusted -0.049 [-0.084,-0.013] 0.008 reference 0.013[-0.101,0.126]  -0.169 [-0.284,-0.054] <0.001
model
Fully adjusted model -0.047 [-0.083,-0.011] 0.010 reference 0.026 [-0.090,0.143]  -0.153 [-0.270,-0.035] 0.001
Attention
Basic model -0.020 [-0.061,0.022] 0349  reference 0.002 [-0.130,0.135]  -0.137[-0.271,-0.003] 0.018
Socio-demographically adjusted -0.004 [-0.045,0.036] 0.831 reference 0.005 [-0.124,0.135]  -0.074 [-0.206,0.057] 0.178
model
Fully adjusted model -0.006 [-0.047,0.035] 0.771 reference 0.014[-0.120,0.148]  -0.073 [-0.209, 0.062] 0.170
Language
Basic model -0.049 [-0.091, -0.007] 0.023 reference -0.019[-0.155,0.116]  -0.170[-0.306,-0.034] 0.007
Socio-demographically adjusted -0.037 [-0.079, 0.005]  0.082 reference -0.003 [-0.138,0.131]  -0.135[-0.271,0.001]  0.024
model
Fully adjusted model -0.035[-0.077,0.007] 0.107 reference 0.015[-0.123,0.153]  -0.112[-0.251,0.027] 0.047

Basic model adjusted for respective cognitive composite scores at baseline, age (years), and sex

Socio-demographically adjusted model further adjusted for PREDIMED-Plus groups of randomization, geographical area (Catalonia or Valencia), educational level
(primary or lower, high school, or college), civil status (single, divorced, separated, married, or widower)

Fully adjusted model further adjusted for BMI (kg/m?), physical activity (METs-min/day), smoking status (never, former, or current smoker), alcohol consumption in g/
day and adding the quadratic term, depressive symptomatology (yes or no), prevalence of diabetes (yes or no), hypertension (yes or no), and hypercholesterolemia
(yes or no), and Mediterranean diet adherence (modified 12-point MEDAS score)

Abbreviations: BMI, body mass index; Cl, confidence interval; IQR, interquartile range; MEDAS, Mediterranean diet adherence screener; METs, metabolic equivalents;
PREDIMED-Plus, PREvencion con Dieta MEDiterranea-Plus

2Values are B-coefficients [95% Cl] estimated from linear regression models. In the continuous model, B-coefficients represent changes in cognitive composite
z-scores associated with 10 g increment in olive oil consumption per day. In the categorical model, B-coefficients represent changes in cognitive composite z-scores in
each tertile of olive oil consumption versus reference tertile (T1). p <0.05 was deemed statistically significant

b Energy-adjusted olive oil consumption per each tertile was presented as median [IQR]. Total, virgin, and common olive oil consumption were adjusted for total
energy intake using the residual method. Negative values in the lowest tertile of common olive oil consumption indicate an observed intake below the predicted

mean for the given total energy intake

¢ Linear trend was calculated by assigning the median values of each tertile of olive oil and treating these values across tertiles as a continuous variable in the linear

regression models

showed significant associations with changes in cogni-
tive function (p <0.05) (Supplementary Fig. 3, Additional
file 1). Two taxa remained relevant even after control-
ling for the false discovery rate (q<0.25) (Fig. 3b and

Supplementary Table S5, Additional file 1). Specifically,
higher consumption of TOO and VOO were associated
with decreased abundance of Adlercreutzia, while this
taxon was negatively associated with changes in general
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cognitive function. Akkermansia, inversely associated
with VOO consumption, showed a negative association
with changes in attention (Fig. 3).

Gut microbiota mediates the associations between olive oil
consumption and changes in cognitive function

The mediation analysis suggested that gut microbiota
partially mediated the association between olive oil con-
sumption and changes in cognitive function (Table 3).
Specifically, Adlercreutzia emerged as a significant medi-
ator taxon between VOO consumption and changes in
general cognitive function (ACME: [3 0.008; 95% CI 0.002,
0.017; p=0.016), contributing 20% of the total effect. In
the analysis of the overall gut microbial community com-
position as a mediator, the total effect of TOO on execu-
tive function change was  0.033 (95% CI 0.001, 0.064;
p=0.050), and the indirect effect through PC1 was p
-0.003 (95% CI -0.008, -0.000; p=0.044). For the VOO,
the indirect effect through PC1 on changes in execu-
tive function and language was f -0.003 (95% CI -0.007,
-0.000; p=0.024) and B -0.003 (95% CI -0.008, -0.000;
p=0.046). There was no interaction between the expo-
sures and the assessed mediators (data not shown).

Discussion

The present study marks a significant advancement in the
understanding of the interplay between the consump-
tion of total and different olive oil types, gut microbiota
diversity and composition, and changes in cognitive
function in older adults at high risk of cognitive decline.
We observed a positive association between TOO and/
or VOO consumption and favorable cognitive changes
across multiple cognitive domains over a 2-year follow-
up, contrasting with the greater cognitive decline associ-
ated with higher COO consumption. Our findings also
underscore the potential role of olive oil consumption

(See figure on next page.)
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and its different types in shaping gut microbiota diversity
and composition. Mediation analysis suggests that gut
microbiota and particularly Adlercreutzia, may serve as
a mediator taxon in the association between VOO con-
sumption and changes in general cognitive function.

Previous clinical trials have reported similar find-
ings regarding the positive association between VOO
consumption and cognitive function [5, 9]. Sub-studies
within the PREDIMED randomized trial consistently
demonstrated that adherence to MedDiet supplemented
with extra virgin olive oil (EVOO) resulted in improved
cognitive performance and a lower incidence of mild cog-
nitive impairment compared to a low-fat diet [40-42].
Similarly, small RCTs conducted in diverse Mediterra-
nean regions [43, 44], have suggested that EVOO may
confer added protection to the MedDiet against age-
related cognitive decline. Although observational studies
have yielded inconsistent results [5], the overall evidence
suggests that TOO consumption, especially VOO, has a
positive relationship on cognitive function. Differential
effects of distinct olive oil types on cognitive function
have recently been reported in individuals with mild cog-
nitive impairment [45]. In that RCT, EVOO consumption
significantly reduced blood-brain barrier permeability
and enhanced brain functional connectivity compared
to refined olive oil [45]. In line with their findings, in
our study, higher consumption of COO was associated
with accelerated cognitive decline, providing additional
insights into the differential associations of olive oil types
on cognitive health.

Beyond the positive association with changes in cog-
nitive function, our study also demonstrated that higher
consumption of TOO and/or VOO was linked to the
presence of a beneficial gut microbiota composition,
characterized by greater alpha diversity, consistent with
previous preclinical and clinical studies [6, 46]. This was
accompanied by higher abundance of Acidaminococcus,

Fig. 2 Associations of different amount and types of olive oil consumption with overall gut microbiota composition. a, Violin plots with included
boxplots representing the differences in alpha diversity indices, i.e, Chao1, Simpson, Shannon, and Inverse Simpson, across tertiles of baseline
energy-adjusted TOO, VOO, and COO consumption. Differences across tertiles were examined through Kruskal-Wallis non-parametric test.
Post-hoc pairwise comparison was performed with Wilcoxon rank sum test. b, Ordinations of beta diversity principal components 1 and 2

for tertiles of baseline energy-adjusted TOO, VOO, and COO consumption. The ordination plots are based on the first 2 principal components
derived from Aitchison distances. The ellipsoids depict the spread of 95% of the respective groups according to Student t-distribution. The amount
of variance explained by each respective principal component is marked on their axis labels. Boxplots alongside the x and y axes represents PC1
and PC2 per tertile, respectively. Results of PERMANOVA tests across tertiles of baseline energy-adjusted TOO, VOO, and COO consumption are
provided. The model was adjusted for age (years), sex, geographical area (Catalonia or Valencia), educational level (primary or lower, high school,
or college), civil status (single, divorced, separated, married, or widower), BMI (kg/m?), physical activity (METs-min/day), smoking status (never,
former, or current smoker), alcohol consumption in g/day and adding the quadratic term, depressive symptomatology (yes or no), prevalence

of diabetes (yes or no), hypertension (yes or no), and hypercholesterolemia (yes or no), and Mediterranean diet adherence (modified 12-point

MEDAS score). p<0.05 (*) was deemed statistically significant. Abbreviations: BMI, body mass index; COO, common olive oil; MEDAS, Mediterranean
diet adherence screener; METs, metabolic equivalents; PC, principal component; PERMANOVA, permutational multivariate analysis of variance; TOO,
total olive oil; VOO, virgin olive oil
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Bacteroides, and Phascolarctobacterium (“TOO/VOO-  group, Mogibacterium, Romboutsia, Senegalimassilia,
enriched” taxa), and lower abundance of taxa mainly  Streptococcus (“TOO/VOO-depleted” taxa). While the
assigned to Adlercreutzia, Akkermansia, Blautia, Clostrid-  microbiota effects varied by study, most of these “TOO/
ium sensu stricto 1, Collinsella, Dorea, Eubacterium hallii  VOO-depleted” taxa have been previously associated with
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Fig. 3 Interplay between olive oil consumption, genus-level gut microbial features, and 2-y changes in cognitive function. a, this heatmap

shows the significant associations of olive oil consumption variables (TOO, VOO, COO) with genus-level features abundances (q<0.25). The
blue-to-red gradient represents the magnitude and direction of the associations (3-coefficients) estimated by multivariable linear regression
models in MaAsLin2 (see the “Methods” section). Microbial features at genus-level with a minimum relative abundance of 0.1% in at least 10%

of all samples were included and the relative abundance of these features was clr-transformed before conducting the MaAsLin2 models. Models
were adjusted for age (years), sex, geographical area (Catalonia or Valencia), educational level (primary or lower, high school, or college), civil

status (single, divorced, separated, married, or widower), BMI (kg/m?), physical activity (METs-min/day), smoking status (never, former, or current
smoker), alcohol consumption in g/day and adding the quadratic term, depressive symptomatology (yes or no), prevalence of diabetes (yes or no),
hypertension (yes or no), and hypercholesterolemia (yes or no), and Mediterranean diet adherence (modified 12-point MEDAS score). Asterisks
denote statistical significance based on the multiple comparison adjustment using Benjamini-Hochberg method with g values at a target false
discovery rate of 0.25:%q <0.25,% % q<0.10, % s % q<0.05,% * * % q <0.01. All microbial features with g <0.25 are in Additional file 1: Supplementary
Table 4. b, this heatmap illustrates the prospective associations between olive oil consumption-related microbial signatures identified in panel

a and changes in cognitive function after a 2-year follow-up. Genus-level relative abundances of these microbial signatures were clr-transformed
and then converted to z scores before analysis. The blue-to-red gradient represents the magnitude and direction of the associations (3-coefficients)
estimated by multivariable linear regression models, which were adjusted for respective cognitive composite scores at baseline, PREDIMED-Plus
groups of randomization, and aforementioned covariates in panel a. Asterisks denote statistical significance levels after controlling the false
discovery rate:#q<0.25, % * % q < 0.05. All associations of these individual microbial signatures with 2-year changes in cognitive function are

in Additional file 1: Supplementary Table 5. Abbreviations: BMI, body mass index; clr, centered log-ratio; COO, common olive oil; MaAsLin2,
Microbiome Multivariable Association with Linear Models; MEDAS, Mediterranean diet adherence screener; METs, metabolic equivalents;
PREDIMED-Plus, PREvencién con Dleta MEDiterrdnea-Plus; TOO, total olive oil; VOO, virgin olive oil

diseases like obesity, type 2 diabetes, cardiometabolic
disease, metabolic liver disease, and NDs [12, 47]. Con-
versely, higher COO consumption was associated with
lower alpha diversity, and higher abundance of Adler-
creutzia, Christensenellaceae R.7 group, Eubacterium
hallii group and Streptococcus, alongside reduced levels
of Faecalibacterium, a predominant butyrate-producing

bacterium whose depletion was observed in several dis-
eases, including depression [48]. Remarkably, our study
is the first in assessing and demonstrating the potential
impacts of different olive oil types on gut microbiota com-
position in humans, filling a gap in current research.

Our findings lend support to the involvement of gut
microbiota in modulating cognitive function. Limited
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Table 3 Significant results from the causal mediation analysis
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Exposure Mediator Outcome Proportion  ACME [95%Cl], ADE [95%Cl], TE [95%Cl], p-value
of p-value p-value
mediation
Overall composition®
Total olive oil ~ PC1 Executive function -8.9% -0.003 [-0.008, -0.000], 0.037 [0.004, 0.067], 0.033[0.001, 0.064],
0.044 0.020 0.050
Virgin olive oil  PC1 Executive function -8.5% -0.003 [-0.007,-0.000], 0.039 0.035[0.015,0.057],
0.024 [0.017,0.061],<0.001  0.004
Virgin olive oil  PC1 Language -9.8% -0.003 [-0.008, -0.000],  0.032 [0.007, 0.059], 0.029 [0.004,0.055],
0.046 0.020 0.026
Olive oil-related
feature®
Total olive oil  Adlercreutzia General cognitive 18.3% 0.009 [0.001,0.019], 0.042 [-0.000,0.086], 0.051[0.010, 0.094],
function 0.014 0.052 0.014
Virgin olive oil ~ Adlercreutzia General cognitive 20.0% 0.008 [0.002,0.017], 0.033 [0.002, 0.063], 0.041[0.011,0.070],

function

0016

0.032

0014

The ACME denotes the indirect effects of the olive oil consumption on cognitive changes through the mediators. The ADE represents the effects of the baseline olive
oil consumption on cognitive changes without the involvement of a mediator. The proportion of mediation was calculated via dividing the ACME by the TE, which
encompasses all direct and indirect effects of the exposure on the outcome. All continuous mediators were converted to z scores before analysis, and genus-level

relative abundances were clr-transformed before z-conversion

Abbreviations: ACME average causal mediation effect, ADE average direct effect, clr centred log-ratio, PC principal component, TE total effect

2The mediation analysis was performed using the quasi-Bayesian Monte Carlo simulation method with 1000 iterations

b The mediation analysis was performed using the nonparametric bootstrap approaches with 1000 iterations to address the compositionality and sparsity nature of

the microbiome data

data is available assessing gut microbiota composition
and its association with cognitive decline in humans,
particularly in individuals without diagnosed neurologic
disorders. Previous studies have identified distinct micro-
biome features associated with different NDs [12]. Nota-
bly, Akkermansia has consistently exhibited increased
abundance in individuals with both Parkinson’s disease
and AD [12], mirroring our study’s findings where we
observed an enrichment of Akkermansia associated with
accelerated cognitive decline. One study involving only
25 AD patients reported a decreased abundance of Adler-
creutzia [49], contradicting the present results where
increased Adlercreutzia abundance was linked to cogni-
tive decline. These discrepancies may arise from differ-
ences in, among others, factors related to study design
and the disease progression stage of the population stud-
ied, as in that study, participants had already been diag-
nosed with the disease compared to our participants,
who were free of dementia.

In our study, we have also found that gut microbiota
mediates the association between olive oil consump-
tion and changes in cognitive function. While the spe-
cific mediation role of Adlercreutzia in the association
between TOO/VOO consumption and cognitive change
is unique in our study, previous research has shed light
on the importance of gut microbiota-mediated pathways
in modulating cognitive function [6, 8, 50, 51]. The over-
all gut microbiota composition also has been observed

to mediate the association between the consumption of
TOO or VOO and changes in cognitive function. Con-
sidering the nascent phase of research in this area, it is
essential to exercise caution and avoid overinterpretation
of results.

The differing associations of VOO and COO on cogni-
tive function may be attributed to their distinct phenolic
compound content. Phenolic compounds, including
HTyr, tyrosol (Tyr), and secoiridoids such as OLE, lig-
stroside, oleacein, and oleocanthal, are predominantly
found in VOO [8, 9]. These phenolic compounds have
been shown to cross blood—brain barrier (BBB) and may
directly enhance cognitive health by mitigating oxidative
stress and neuroinflammation, both of which are path-
ways closely associated with the onset and progression
of NDs [9]. Preclinical studies have demonstrated that
HTyr and OLE can cross the BBB and accumulate in the
brain regions such as hippocampus, where they protect
neuronal cells by inhibiting f-amyloid (AP) aggregation,
Tau protein fibrillization, apoptotic pathways activa-
tion and reducing pro-inflammatory cytokines produc-
tion, as well as enhancing autophagy and AP deposits
clearance [6, 8, 9]. Additionally, they may also indirectly
impact cognitive function by shaping the gut microbiota
composition through the “gut-brain” axis [6, 8]. Studies
have also shown that these two major VOO polyphenols,
HTyr and OLE, exhibit beneficial effects on gut microbi-
ota by inhibiting pathogenic bacteria growth, increasing
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microbiota richness, reversing gut dysbiosis, and pro-
moting intestinal integrity, thus reducing inflammation
and favoring intestinal microbial homeostasis, even in the
presence of chronic diseases [6, 8]. Moreover, phenolic
compounds impact gut microbiota to produce bioactive
metabolites (e.g., short-chain fatty acids), which further
enhance cognitive function [6, 8, 16]. These metabolites
have been associated with reduced oxidative and neu-
roinflammatory stress, improved blood-brain barrier
permeability, and the modulation of synaptic plasticity
[6, 8, 16]. Furthermore, certain gut microbes or micro-
bial metabolites influenced by the consumption of VOO
have been shown to stimulate intestinal vagal terminals,
promoting the synthesis of neurotrophic factors and neu-
rotransmitters such as y-aminobutyric acid [6, 16]. All
these effects may induce changes on the function and
structure of neurons and synapses in the central nervous
system, exerting regulatory effects in the brain through
the enteric and vagal nervous systems which plays an
important part in learning, memory, and mood [16].

The strengths of our study lie in its robust methodol-
ogy, including a well-characterized cohort with dietary,
gut microbiota, and cognitive function data, a prospec-
tive design allowing for longitudinal analysis, compre-
hensive assessment of cognitive function changes across
multiple domains, control for potential confounders, and
the novel exploration of the mediating role of gut micro-
biota in the association between olive oil consumption
and cognitive health. Furthermore, unlike previous stud-
ies that often overlooked the distinctions among differ-
ent types of olive oil, we conducted separate analyses for
VOO and COO, enabling a more detailed examination of
their respective associations with cognitive decline and
gut microbiota composition. Nevertheless, it is impor-
tant to recognize certain limitations of the present study.
First, due to its observational nature, establishing cau-
sality is not feasible and, despite adjusting for numerous
potential confounders, residual confounding could not be
ruled out. Second, our study population comprised older
adults with overweight/obesity and metabolic syndrome
from a Mediterranean country, where olive oil, espe-
cially VOO, is primarily consumed, potentially limiting
the generalizability of our findings to broader popula-
tions. Additionally, opposite direction of the associations
observed between COO and VOO with changes in cog-
nitive function and gut microbiota composition may be
influenced by several factors, warranting cautious inter-
pretation of the results. On the one hand, in our popula-
tion, the amount of COO consumed is much smaller than
that of VOO. On the other hand, participants with higher
COO consumption had lower educational levels and
were more likely to be smokers. Although we adjusted
for these socioeconomic status (SES) related factors, the
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absence of information on other SES indicators remains a
limitation, leaving the possibility of residual confounding.
While our sensitivity analyses did not reveal substantial
changes in the results after adjusting for the consump-
tion of other oil types, future research comparing olive
oil with other commonly consumed oils in other coun-
tries, such as soybean oil or rapeseed oil, would provide
additional insights into the associations between dietary
oils, gut microbiota, and cognitive function. Further-
more, investigating polyphenol content and its associa-
tion with cognitive function and microbiota composition
in different types of olive oil would be warranted to bet-
ter understand underlying mechanisms. Third, olive oil
consumption was evaluated from a FFQ which may be
prone to measurement error and recall bias. Fourth, the
sequencing depth of 16S rRNA amplicon sequencing was
relatively short, which may introduce some degree of
taxonomic misclassification, particularly at lower taxo-
nomic levels. Lastly, we acknowledged that the exposure
and the mediator were assessed at the same time point,
potentially limiting our ability to establish temporal
sequence in the “olive oil-gut microbiota-cognitive func-
tion” pathway.

In conclusion, our study provides further insights
into the interplay between olive oil consumption, gut
microbiota, and changes in cognitive function. Higher
consumption of TOO/VOO was associated with
improved cognitive function, while increased con-
sumption of COO was linked to accelerated cognitive
decline, underscoring the importance of distinguishing
between olive oil types in future research and dietary
recommendations. Moreover, our findings indicate a
mediating role of the gut microbiota in this relation-
ship, suggesting the potential mechanistic pathways
involved in the ‘olive oil-gut-brain’ axis. Given the early
stage of research in this promising field, additional
data, specifically from high-quality and clinical cohort
studies are required to provide evidence-based recom-
mendations for developing microbiota-targeted dietary
strategies aimed at enhancing brain health and promot-
ing healthy aging.
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