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Abstract 
Background: The diet-microbiota-gut-brain axis emerges as a promising target for preventing 
neurodegenerative disorders. Nuts are nutrient-dense foods with potential neuroprotective and 
prebiotic properties, yet their relationship with longitudinal cognitive changes and gut microbiota 
remains unclear.  

Objective: To assess the association of baseline nut consumption with 6-year changes in cognitive 
function and baseline gut microbiota composition in older adults.  

Methods: This prospective study included 747 participants (mean age 65±5 years, 48% women) 
with overweight/obesity and metabolic syndrome. Baseline nut consumption, assessed via a 
validated food frequency questionnaire, was categorized as ≤1, 1–3, 3–7, and >7 servings/week. 
Cognitive function was evaluated at baseline and at 2, 4, and 6 years, using a comprehensive 
battery of neuropsychological tests. Gut microbiota composition was profiled through 16S rRNA 
amplicon sequencing. Multivariable linear mixed-effects and linear regression models were 
utilized.  

Results: Participants consuming 3–7 servings of nuts/week showed significantly slower declines 
in global cognitive function over the follow-up period compared to those consuming ≤1 
serving/week (4-year: β[95%CI]=0.170[0.022,0.319], p=0.024; 6-year: 0.176[0.020,0.331], 
p=0.027). This nut consumption category was also associated with higher gut microbial diversity 
(Shannon index: β[95%CI]=0.211[0.008,0.414], p=0.042). Thirteen taxa were associated with nut 
consumption, ten positively, including Lachnospiraceae UCG-004, which was further associated 
with positive changes in global cognitive function (2-year: β[95%CI]=0.020[0.004,0.036], 
q=0.050) and slower decline in attention (6-year: 0.042[0.020,0.064], q=0.001). 

Conclusions: Moderate nut consumption (3–7 servings/week), was interconnectedly associated 
with cognitive preservation and favorable gut microbiota composition, underscoring the potential 



 

of dietary modulation of the gut-brain axis for healthy aging. 

 

Keywords: nuts, gut microbiota, cognitive decline, cognitive function, microbiota-gut-brain axis, 
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Key Points:  

• Moderate nut consumption (3–7 servings/week) was associated with slower cognitive 
decline.  

• Higher gut microbial diversity was observed in participants with moderate nut consumption. 

• Nut-related gut microbiota taxa may play a role in preserving cognitive health.   

Abbreviations: AD, Alzheimer’s disease; ASVs, amplicon sequence variants; BDI-II, 
Beck Depression Inventory; BMI, body mass index; CDT, Clock Drawing Test; CLR, 
centered log-ratio; DST, Digit Span Test; erMedDiet, energy-reduced Mediterranean diet; 
FDR, false discovery rate; FFQ, Food Frequency Questionnaire; IQR, interquartile range; 
LMM, linear mixed-effects models; MEDAS, Mediterranean diet adherence screener; 
METs, metabolic equivalents; MMSE, Mini-Mental State Examination; PCoA, principal 
coordinate analysis; PCR, polymerase chain reaction; PERMANOVA, permutational 
multivariate analysis of variance; PREDIMED-Plus, PREvención con DIeta MEDiterránea; 
rRNA, ribosomal RNA; SCFAs, short-chain fatty acids; s/wk, serving(s) per week; TMT, 
Trail Making Tests; VFT, Verbal Fluency Tests; WAIS-III, Wechsler Adult Intelligence 
Scale-III.  

  



 

Introduction  
Tree nuts and peanuts (hereafter referred to as ‘nuts’) are nutrient-dense foods rich in unsaturated 
fatty acids, high-quality vegetable protein, dietary fiber, vitamins, non-sodium minerals, 
phytosterols and polyphenols[1]. These compounds confer anti-inflammatory, antioxidant, and 
prebiotic properties with potential neuroprotective effects that may support cognitive health[2,3]. 
Epidemiological studies have demonstrated positive associations between nut consumption and 
cognitive performance[2]. While cross-sectional studies have more consistently reported 
beneficial links[4,5,6,7,8,9], prospective findings remain inconsistent, particularly over longer 
periods[10,11,12]. This gap is concerning given the increasing global burden of mild cognitive 
impairment and dementia due to aging[13]. Cognitive decline is both a precursor to these 
conditions and a natural aspect of aging[14,15], with no effective curative treatments available, 
preventive strategies targeting modifiable risk determinants, such as diet and nutrition, offer a 
promising approach to mitigate cognitive decline, particularly in older adults with cardiometabolic 
disorders, conditions linked to higher dementia risk[3,13].  

Alterations in gut microbiota have been proposed as a potential mechanism underlying diet-
induced changes in cognitive function[16]. Individuals with neurodegenerative diseases have been 
shown to exhibit aberrant gut microbiota composition, characterized by a reduced microbial 
diversity and lower abundances of beneficial taxa[17]. Nuts may beneficially shape the gut 
microbiota composition due to prebiotic properties derived from fermentable fiber, polyphenols 
and specific lipids[18,19]. Specifically, studies have identified greater abundances of beneficial 
taxa in nut consumers, such as Clostridium, Lachnospira, and Roseburia, genera predominantly 
linked to the production of short-chain fatty acids (SCFAs)[19], which are gut microbiota-derived 
metabolites implicated in glucose and lipid metabolism, blood pressure regulation, inflammation, 
and also in neuroimmune function[16]. Decreases in the relative abundances of these genera have 
been observed in individuals with Alzheimer’s disease (AD)[17]. Nut consumption has also been 
associated with lower levels of Ruminococcus and Parabacteroides, which have been reported to 
be increased in AD patients[17,19,20]. In light of these observations and the paucity of evidence, 
further research is warranted to explore the gut microbiota composition and microbial signatures 
associated with nut consumption to uncover their potential role in the mechanisms linking nut 
consumption to cognitive health.  

Therefore, in the present study, we aim to explore the intricate relationship between nut 
consumption, gut microbiota, and changes in cognitive function in a community-dwelling cohort 
at high risk of cognitive decline. Our objectives are threefold: first, to evaluate the association 
between nut consumption and changes in cognitive function over time; second, to assess the 
relationship between nut consumption and gut microbial composition at baseline; and third, to 
determine whether nut-related microbial signatures are prospectively associated with cognitive 
function or specific cognitive domains linked to nut consumption.  



 

Methods  
Study design and participants  
For the present longitudinal cohort study, we used data from the PREDIMED-Plus (PREvención 
con DIeta MEDiterránea) trial, which is a multicenter, randomized controlled primary prevention 
trial. A total of 6,874 eligible men and women aged 55-75 years with overweight or obesity and 
metabolic syndrome[21], free of cardiovascular diseases or dementia at baseline, were randomized 
in a 1:1 ratio to the lifestyle intervention or control group. Details of the study design are available 
online (https://www.predimedplus.com/), in previous publications[22,23,24] and briefly described 
in Appendix_Methods. In this study, we included participants who provided self-collected stool 
samples at baseline, baseline dietary intake data, baseline data for the neuropsychological test 
battery and at least one follow-up cognition assessment. Participants who used an antibiotic within 
30 days before stool sample collection or reported implausible baseline energy intakes outside 
predefined limits (800-4000kcal/day for men and 500-3500kcal/day for women) were 
excluded[25](Appendix_Figure_1).  

Assessment of nut consumption 
Habitual dietary intake was assessed at baseline using a validated 143-item semi-quantitative food 
frequency questionnaire (FFQ)[26]. The FFQ included four specific questions on nuts (i.e., 
almonds, pistachios, walnuts, and other nuts) and one calculation for total nut consumption. 
Intraclass correlation coefficients of nut consumption for relative reproducibility and validity were 
0.80 and 0.55, respectively[26]. Participants reported their consumption frequency with one of 
nine categories ranging from ‘never to almost never’, to ‘>6 servings/day’ (serving size=30 grams). 
Total energy intake and nutrients were estimated using Spanish food composition tables[27,28]. 
To estimate average daily nut consumption, the reported frequencies (using the midpoint for range 
categories) were multiplied by the serving size.  

Cognitive function assessment  
Cognitive function was assessed at baseline and follow-up visits at years 2, 4, and 6 using a 
comprehensive battery of eight neuropsychological tests including the Mini-Mental State 
Examination (MMSE)[29,30], Clock Drawing Test (CDT)[31,32,33], Verbal Fluency Tests for 
Animals and Letter “P”[34,35], Digit Span Test (DST)-Forward and DST-Backward from the 
Wechsler Adult Intelligence Scale-III[36,37,38], and Trail Making Tests part A and B[38,39,40]. 
Detailed descriptions of the neuropsychological tests and methods for deriving cohort-specific z-
scores have been previously reported[41]. 

An overall score for Global Cognitive Function (GCF) was obtained by averaging all test scores, 
adding or subtracting based on whether higher test scores represent better or worse cognitive 



 

performance. To evaluate specific cognitive domains, four composite scores were also calculated 
by averaging the z-scores of relevant individual tests. These composites included executive 
function, attention, language, and general cognitive function as a screening-summary measure[42]. 
Further details regarding the calculation of composite scores are provided in Appendix_Table_1. 
The GCF score and domain-specific cognitive composite scores calculated at each visit were 
standardized to z-scores using the mean and standard deviation of the respective baseline 
composite score, with higher values reflecting better cognitive performance. 

Taxonomic profiling of gut microbiota  
Detailed methods for stool sample collection, microbial DNA extraction, and 16S ribosomal RNA 
amplicon sequencing have been described previously[43] and are presented in 
Appendix_Methods.  

Assessment of covariates 
Sociodemographic characteristics, lifestyle information, personal medical history and medication 
use, and anthropometric data were collected at baseline. Details of the covariate assessment are 
described in Appendix_Methods.  

Statistical analysis  
Baseline characteristics of the study population were compared across nut consumption categories 
using one-way ANOVA for continuous variables and chi-square tests for categorical variables. To 
assess longitudinal associations between baseline nut consumption and changes in cognitive 
function over the follow-up period, we applied multivariable linear mixed-effects models (LMMs), 
adjusting for relevant sociodemographic, lifestyle, clinical, and dietary covariates. Gut microbiota 
diversity and composition were evaluated using multivariable linear regression models, principal 
coordinate analysis (PCoA), permutational multivariate analysis of variance (PERMANOVA), and 
MaAsLin2 to identify taxonomic associations with nut consumption. Associations between nut-
related microbial taxa and cognitive outcomes were analyzed using LMMs with false discovery 
rate (FDR) correction for multiple testing. Further details on statistical analyses are provided in 
Appendix_Methods. All analyses were performed using R (version 4.3.1), and statistical 
significance was determined at p <0.05 (two-tailed), unless specified otherwise. 

Results 
Study population characteristics 
The flow of the study population is shown in Appendix_Figure_1, and the final analytical cohort 
consisted of 747 participants, with a mean age of 65±5 years, of whom 48% were women. Baseline 



 

characteristics of the study population, overall and grouped by baseline nut consumption categories, 
are presented in Table_1. Participants with higher nut consumption tended to have a higher 
education level, lower BMI and waist circumference, and exhibited greater adherence to the 
MedDiet, characterized by higher consumption of vegetables, fruits, legumes, and fish. In contrast, 
participants consuming ≤1serving of nuts/week were more likely to have type 2 diabetes and 
depressive symptoms, accompanied by greater use of antidiabetic and antidepressant medications. 

Nut consumption and cognitive function changes over 
follow-up 
During the follow-up period, participants consuming 3–7 servings of nuts/week at baseline 
experienced significantly slower GCF decline compared to those consuming ≤1 serving/week, 
particularly at 4 (β:0.170; 95%CI:0.022,0.319; p-value:0.0243) and 6 (β:0.176; 
95%CI:0.020,0.331; p-value:0.0267) years of follow-up (Table_2 and Appendix_Figure_2). 
Participants consuming 1–3 servings/week (β:0.163; 95%CI:0.023,0.303; p-value:0.0229) and >7 
servings/week (β:0.183; 95%CI:0.009,0.357; p-value:0.0392) also exhibited reduced cognitive 
decline after 4 years, but the significant associations were not sustained at 6 years. Furthermore, 
participants in the 1–3 servings/week category showed significantly slower declines in attention 
(β:0.218; 95%CI:0.045,0.391; p-value:0.0138) after 6 years of follow-up compared to the 
reference group. Participants consuming 3–7 servings of nuts/week also showed a non-significant 
slower decline in attention at 4 and 6 years of follow-up. No significant associations were observed 
in changes of other cognitive domains. Sensitivity analyses yielded consistent results and showed 
no significant interactions between nut consumption and education level, physical activity, 
MedDiet adherence, or the presence of type 2 diabetes, hypertension, hypercholesterolemia, or 
depressive symptomatology (all p for interaction values >0.05; data not shown).  

Nut consumption and gut microbiota  
The associations between nut consumption and gut microbiota profiles at baseline are presented in 
Figure_1. Participants consuming 3–7 servings of nuts/week had significantly higher gut 
microbial diversity (Shannon index, β:0.211; 95%CI:0.008,0.414; p-value:0.042) compared to 
those consuming ≤1 serving/week (Figure_1a-c and Appendix_Table_2). While nut consumption 
was not a dominant driver of overall gut microbial composition (Appendix_Figure_3b), the 
PERMANOVA result revealed a statistically significant association between nut consumption and 
overall variation of the gut microbiota composition (p-value:0.047) after adjusting for covariates 
related to gut microbiota composition (Figure_1d and Appendix_Table_3). Additionally, nut 
consumption explained the highest percentages of variation (R2:0.46%) in the gut microbiome 
among a set of variables including age, sex, BMI, physical activity, smoking status, alcohol intake, 
total energy intake and the prevalence of several diseases (Appendix_Figure_3b). 

A total of 13 microbial taxa were linked to nut consumption (q-value<0.25;Figure_1e and 



 

Appendix_Table_4). Of these, 10 taxa (i.e., Lachnospiraceae UCG-004, Flavonifractor, 
Oscillibacter, Turicibacter, Colidextribacter, Pseudobutyrivibrio, Intestinimonas, Hungatella, 
Terrisporobacter, and Roseburia) demonstrated positive associations with higher nut consumption, 
with the most pronounced associations observed in participants consuming 3–7 servings of 
nuts/week compared to those consuming ≤1 serving/week. Conversely, 3 taxa (i.e., 
Phascolarctobacterium, Parvimonas, and Ruminococcus gauvreauii group) negatively associated 
with nut consumption, were observed exclusively in the >7 servings/week category. 

Nut consumption, gut microbiota, and changes in cognitive 
function  
Given the significant associations observed between nut consumption and changes in GCF and 
attention during follow-up, subsequent analyses focused on the relationship between nut-related 
microbial taxa and these cognitive outcomes. As shown in Figure_2 and Appendix_Table_5, 
Lachnospiraceae UCG-004, which was positively associated with higher nut consumption, was 
significantly associated with a greater GCF after 2 years of follow-up (β:0.020; 
95%CI:0.004,0.036; q-value:0.050). Additionally, higher abundance of Lachnospiraceae UCG-
004 was associated with a slower decline in attention after 6 years of follow-up (β:0.042; 
95%CI:0.020,0.064; q-value:0.001). No other significant associations between nut-related 
microbial taxa and nut-associated cognitive outcomes were observed after controlling for the FDR. 

Discussion  
In this longitudinal study of older Mediterranean adults at high risk of cognitive decline, moderate 
nut consumption was associated with both slower global cognitive decline over a long-term follow-
up period and favorable gut microbiota composition profile at baseline. Specifically, participants 
consuming 3-7 servings of nuts/week at baseline showed the most favorable global cognitive 
trajectories over time, accompanied by higher baseline microbial diversity and higher relative 
abundances of key taxa predominant connected to SCFA production. These findings suggest the 
potential of nut consumption in modulating the gut-brain axis to preserve cognitive health.  

Our findings contribute to the growing body of evidence linking nut consumption to cognitive 
benefits. Prior research in China reported that nut consumers experienced less cognitive decline, 
as measured by the telephone version of the MMSE, compared to non-consumers after 15-years 
of follow-up[44]. Similarly, in another large Chinese cohort it has been reported that higher 
baseline nut consumption was associated with a lower risk of cognitive impairment over a 6-year 
follow-up period[45]. Our study expands on this by capturing longitudinal cognitive trajectories 
with comprehensive neuropsychological tests, revealing that moderate and regular nut 
consumption, rather than very high or low consumption, was associated with more favorable 
cognitive preservation over time. This may reflect a non-linear dose-response relationship, as 



 

suggested by our non-significant p-trend values, indicating that cognitive benefits may plateau 
beyond moderate nut consumption. It is also important to consider that the >7 servings/week group 
comprised a smaller subset of participants, which may have reduced statistical power to detect 
associations in this category. Additionally, individuals with higher nut consumption may have 
consumed more salted nuts, potentially increasing sodium intake, which could attenuate the 
neurocognitive benefits of nuts [46]. These findings underscore the importance of considering both 
amount and type of nut consumption in relation to cognitive health.  

Nuts may support gut health by promoting intestinal homeostasis and microbial diversity due to 
their unique nutritional composition, including fiber, polyphenols, and unsaturated fatty acids, with 
potential prebiotic effects[16,19]. In our study, we observed modest but distinct patterns in the gut 
microbial community across nut consumption categories. Moreover, participants consuming 3-7 
servings of nuts/week exhibited the highest value of Shannon index, reflecting greater microbial 
richness and evenness. This is particularly relevant given that lower microbial diversity has been 
linked to adverse health outcomes, such as obesity, cardiometabolic conditions, and 
neurodegenerative disorders[17,47]. Our findings align with a previous systematic review[19], 
which reported a modest but positive association between nut consumption and gut microbiota 
diversity. However, results from randomized controlled trials (RCTs) have been inconsistent, likely 
due to differences in the types of nuts consumed, the duration of the interventions, and other 
methodological factors[20].  

Furthermore, in our study we identified 10 taxa positively associated with nut consumption, 
including Lachnospiraceae UCG-004 and Roseburia, bacteria belonging to the Lachnospiraceae 
family, which is known for their predominant capacity to produce SCFAs. The enrichment of these 
taxa in response to nut consumption has been consistently reported in previous studies[19,20]. A 
recent 4-week randomized crossover study in healthy, nonelderly adults demonstrated that an 
unclassified Lachnospiraceae ASV was significantly enriched in participants supplemented with 
30 g/d of nuts[48]. Similarly, increases in Roseburia, Clostridium, and Dialister have been 
observed with the consumption of nuts, although these associations have not been consistently 
replicated across studies[19,20]. Additionally, we observed 3 taxa that were more abundant in 
individuals who consumed fewer nuts (≤1 serving/week). Notably, similar to the Ruminococcus 
gauvreauii group, observed in our study, other taxa within the Ruminococcaceae family have also 
been reported to exhibit lower abundance in nut consumers[19,20]. Importantly, depleted 
Lachnospiraceae and higher Ruminococcaceae abundance are among the most consistently 
reported alternations in the gut microbiome studies in individuals with neurodegenerative diseases 
such as AD, highlighting their potential role in cognitive health[17]. 

Previous human studies investigating the relationship between diet, cognitive function, and the gut 
microbiota are sparse. A 12-month intervention with MedDiet (NU-Age diet) in older adults who 
were either non-frail or pre-frail demonstrated higher relative abundances of several butyrogenic 
species, including Faecalibacterium prausnitzii, Anaerostipes, and Roseburia, which were weakly 
but positively associated with cognitive function[49]. However, a subsequent analysis of the NU-



 

AGE study assessing the impact of specific food groups, including nuts, revealed a strong 
association between nut consumption and gut microbiota composition but failed to show a 
significant association between cognitive outcomes and the gut microbiota[50]. Similarly, the 
aforementioned 4-week randomized crossover study in adults reported that while nut consumption 
positively influenced cognition and gut microbiota, these effects appeared to be independent of 
one another[48]. In our study of older adults with a follow-up of 6 years, we observed that 
Lachnospiraceae UCG-004, a SCFAs-producing genus that was more abundant in individuals with 
moderate nut consumption, was associated with a slower rate of cognitive decline. Although future 
research incorporating intervention studies and mediation analyses is needed to clarify the 
mechanism, our findings highlight the potential of nuts in modulating gut microbiota to preserve 
cognitive health via the diet–microbiota–gut–brain axis[16].  

The benefits of nut consumption on gut microbiota and cognitive function may be attributed to 
their fiber content. A fiber-deficient diet has been shown to impair cognitive function in mice via 
gut-microbiota-hippocampal axis disruption, hippocampal synaptic ultrastructure damage, and gut 
microbiota dysbiosis, distinct from normal brain aging[51]. Fermentation of fiber in the gut leads 
to the production of SCFAs, predominantly acetate, propionate and butyrate, which regulate 
various functions including gastrointestinal health, blood pressure, inflammation and 
neuroimmune function. Altered SCFA levels have been associated with neurological and metabolic 
disorders, including AD, Parkinson’s disease and obesity[16,52]. Notably, the bacterial genera 
Lachnospiraceae UCG-004 and Roseburia are prominent producers of butyrate, a microbial 
metabolite that plays a pivotal role in immune system, reducing neuroinflammation, oxidative 
stress, and strengthening brain-blood barrier[52]. Moreover, polyphenols in nuts are known to 
exhibit prebiotic-like properties by promoting the growth of intestinal barrier-protecting bacteria 
(such as Lactobacillus and Bifidobacteria), butyrate-producing bacteria (Faecalibacterium 
prausnitzii and Roseburia), as well as immune-modulating bacteria (Bacteroides vulgatus and 
Akkermansia muciniphila)[47]. Many polyphenols arrive intact in the colon and are extensively 
metabolized by gut microbiota into bioactive metabolites that may improve cognition and 
emotional well-being[16]. Unsaturated fatty acids rich in nuts further support brain and cognitive 
health[2]. A recent randomized crossover trial demonstrated that longer-term mixed nut 
consumption, without other n-3 polyunsaturated fatty acids, significantly improved insulin action 
in brain regions involved in the modulation of metabolic and cognitive processes in older adults 
with overweight/obesity underlying the potential mechanisms of nut consumption on brain insulin 
signaling[53]. The lipid composition of nuts may also influence the gut microbiota composition 
and subsequent metabolites[18]. Another trial demonstrated that a walnut-free diet, matched in α-
linolenic acid, resulted in a similar enrichment of Roseburia as a whole-walnut diet suggesting a 
potential role for lipids in the prebiotic effect of walnuts[54]. 

The present study has several limitations. First, because of its observational design, causality 
cannot be established. Second, while robust adjustments were made for confounders and 
supplementary sensitivity analyses were conducted, residual confounding cannot be entirely ruled 



 

out. Third, the study focused on Mediterranean older adults with overweight/obesity and metabolic 
syndrome which limits generalizability to other populations. Fourth, dietary information collected 
through FFQ does not include details about nut processing and is subject to recall bias and 
misclassification; however, given the prospective design of the study, baseline nut consumption 
recall is unlikely to have been influenced by cognitive outcomes over the follow-up period. Fifth, 
the use of 16S rRNA sequencing provides limited resolution in distinguishing species and 
identifying functional capabilities. Finally, microbiome data were only collected at baseline, 
limiting assessment of temporal changes in microbial profiles. Future studies with longitudinal 
microbiome measures and mediation frameworks are warranted to underly the potential 
mechanistic pathway. Despite these limitations, our study has several notable strengths. To the best 
of our knowledge, this is the first study to prospectively investigate the relationship between nut 
consumption, gut microbiota, and changes in cognitive function in a large Spanish population at 
high risk of cognitive decline, adding valuable evidence to the promising research on the diet-
microbiota-gut-brain axis. The robust assessment of cognitive function by using multiple cognitive 
tests and composite scores. The prospective design with a long follow-up period of 6 years. 
Moreover, the rigorous statistical analyses, which accounted for relevant confounders in the 
associations between nut consumption, gut microbiota, and cognitive function, further enhances 
the robustness of the study’s findings.  

In conclusion, moderate nut consumption is associated with cognitive preservation and favorable 
gut microbiota profiles, highlighting its potential as a dietary strategy to promote healthy aging. 
Further longitudinal studies and RCTs in humans are required to confirm these findings and 
elucidate the mechanistic role of the gut microbiome in the diet-cognition relationship. 
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Table 1 Baseline characteristics of study population overall and according to nut consumption categories 

  Total Nut Consumption   

  Total ≤1 s/wk1 1-3 s/wk 3-7 s/wk >7 s/wk P-value2 

No. of participants 747 185 254 199 109  

Socio-demographic variables 

Age, years    65 ± 5    65 ± 5    65 ± 5    65 ± 5    65 ± 5 0.743 

Women, n (%)      361 (48)        98 (53)       127 (50)        89 (45)        47 (43)  0.251 

Intervention group, n (%)      360 (48)        84 (45)       119 (47)        94 (47)        63 (58)  0.182 

Education level, n (%) 

Primary or less      397 (53)       113 (61)       131 (52)       110 (55)        43 (39)  

0.001 Secondary      212 (28)        39 (21)        85 (34)        56 (28)        32 (29)  

College      138 (19)        33 (18)        38 (15)        33 (17)        34 (31)  

Civil status, n (%) 

Single, divorced or separated       99 (13)        25 (14)        33 (13)        30 (15)        11 (10)  

0.715 Married      575 (77)       137 (74)       199 (78)       152 (76)        87 (80)  

Widower       73 (10)        23 (12)        22 (9)        17 (9)        11 (10)  

Disease present at recruitment 

Type 2 diabetes, n (%)      204 (27)        61 (33)        58 (23)        52 (26)        33 (30)  0.103 

Hypertension, n (%)      607 (81)       140 (76)       204 (80)       177 (89)        86 (79)  0.007 

Hypercholesterolemia, n (%)      494 (66)       118 (64)       166 (65)       140 (70)        70 (64)  0.516 

Depressive symptomatology, n (%)      145 (19)        56 (30)        40 (16)        33 (17)        16 (15)  0.001 

Medication use, n (%) 

Insulin or other antidiabetic drugs        172 (23)        56 (30)        45 (18)        41 (21)        30 (28)  0.01 

Antihypertensive agents      579 (78)       138 (75)       187 (74)       167 (84)        87 (80)  0.043 

Statins or other hypolipidemic drugs      364 (49)        87 (47)       117 (46)       103 (52)        57 (52)  0.528 

Antidepressant      166 (22)        53 (29)        56 (22)        31 (16)        26 (24)  0.022 

Anthropometric variables 

BMI, kg/m2    32.8 ± 3.5    33.4 ± 3.5    32.8 ± 3.4    32.6 ± 3.7    32.2 ± 3.3 0.014 



 

Waist circumference, cm       

Women 104 ± 10 105 ± 10 104 ± 10 102 ± 9 104 ± 11 0.214 

Men 111 ± 9 113 ± 10 111 ± 9 110 ± 9 109 ± 8 0.029 

Lifestyle variables 

Smoking status, n (%) 

Current smoker       96 (13)        24 (13)        33 (13)        24 (12)        15 (14)  

0.271 Former smoker      292 (39)        62 (34)       109 (43)        72 (36)        49 (45)  

Never smoked      359 (48)        99 (54)       112 (44)       103 (52)        45 (41)  

Physical activity, METs/min/day   361 ± 344   286 ± 284   348 ± 347   422 ± 374   408 ± 349 0.001 

Adherence to modified 13-point 
Mediterranean diet score*     8.01 ± 1.69     7.68 ± 1.78     8.13 ± 1.65     8.05 ± 1.61     8.23 ± 1.71 0.016 

Cognitive performance assessment, raw scores 

Mini-Mental State Examination    28.57 ± 1.63    28.55 ± 1.84    28.58 ± 1.57    28.56 ± 1.56    28.60 ± 1.54 0.993 

Clock Drawing Test      5.90 ± 1.23     5.74 ± 1.49     5.94 ± 1.17     5.88 ± 1.16     6.11 ± 0.97 0.077 

Verbal Fluency tasks semantical    15.66 ± 4.52    15.63 ± 4.61    15.57 ± 4.55    15.42 ± 4.46    16.36 ± 4.41 0.351 

Verbal Fluency tasks phonological    11.97 ± 4.14    11.72 ± 4.35    12.03 ± 4.25    12.01 ± 3.86    12.15 ± 4.06 0.82 

Trail Making Test Part A3    53.50 ± 30.41    56.90 ± 34.14    53.87 ± 31.80    51.84 ± 23.26    49.90 ± 31.69 0.217 

Trail Making Test Part B3   129.00 ± 65.95   136.42 ± 72.41   131.05 ± 66.44   125.34 ± 61.11   118.28 ± 60.68 0.109 

Digit Span test forward     9.06 ± 2.55     9.14 ± 2.74     8.92 ± 2.48     8.99 ± 2.41     9.38 ± 2.66 0.42 

Digit Span test backward     5.45 ± 2.28     5.39 ± 2.27     5.49 ± 2.24     5.34 ± 2.23     5.68 ± 2.50 0.615 

Dietary consumption 

Total energy intake, kcal/day 2,464 ± 497 2,318 ± 524 2,441 ± 469 2,478 ± 464 2,741 ± 462 <0.001 

Fiber, g/day    26.8 ± 8.2    24.4 ± 7.3    25.1 ± 7.4    28.1 ± 7.8    32.6 ± 8.6 <0.001 

Vegetables, g/day   346.1 ± 140.2   334.1 ± 147.0   325.9 ± 128.5   364.4 ± 134.1   380.0 ± 156.0 0.001 

Fruits, g/day   358.8 ± 199.1   335.6 ± 189.4   329.3 ± 176.4   382.3 ± 210.8   423.9 ± 223.5 <0.001 

Legumes, g/day    19.8 ± 10.4    19.1 ± 9.1    18.7 ± 9.5    19.8 ± 10.0    23.3 ± 13.7 0.001 

Cereals, g/day   159.1 ± 70.2   164.7 ± 79.5   163.5 ± 70.5   149.3 ± 62.8   157.7 ± 64.2 0.108 

Total meat, g/day   159.9 ± 55.6   161.7 ± 59.7   162.8 ± 53.3   156.2 ± 56.1   156.4 ± 53.2 0.533 

Total fish, g/day   107.8 ± 46.1    93.4 ± 42.5   111.0 ± 50.0   110.1 ± 42.6   120.5 ± 43.2 <0.001 



 

Total dairy, g/day   307.5 ± 177.8   323.9 ± 192.4   275.3 ± 151.5   321.7 ± 181.6   328.4 ± 193.3 0.005 

Biscuits, g/day    24.5 ± 26.4    24.8 ± 29.0    23.3 ± 22.6    25.1 ± 29.2    25.9 ± 24.6 0.81 

Total olive oil, g/day    45.5 ± 14.6    43.9 ± 14.7    46.9 ± 13.3    46.1 ± 13.9    44.1 ± 17.8 0.107 

Coffee, mL/day    41.7 ± 52.8    42.7 ± 54.1    43.7 ± 52.7    39.3 ± 53.5    39.7 ± 49.8 0.801 

Tea, mL/day     9.6 ± 26.1    12.1 ± 30.8     8.4 ± 24.9     9.0 ± 25.3     9.1 ± 21.1 0.499 

Total alcohol, g/day    10.8 ± 13.8     9.5 ± 13.9    11.7 ± 14.7    10.1 ± 12.0    12.2 ± 14.4 0.209 

Data are presented as n (%) and mean ± SD or median [IQR] for categorical and continuous variables, respectively.  
* The nuts consumption item was removed from the original 14-point Mediterranean diet score. 
Abbreviations: BMI, body mass index; IQR, interquartile range; METs, metabolic equivalents; s/wk, serving(s) per week. 
1 1 serving=30 g.  
2 p-value for differences between categories of total nut consumption was calculated by Pearson’s Chi-square test or one-way ANOVA, 
as appropriate. 
3 Inverse neuropsychological assessment score, lower scores represent better cognitive performance.  

 



 

Table 2 Mixed-effect linear regression model for the association between baseline total nut consumption and cognitive function changes over follow-up 

Nut consumption  ≤1 s/wk 1-3 s/wk 3-7 s/wk >7 s/wk p-trend 

  β, [95% CI] p-value β, [95% CI] p-value β, [95% CI] p-value  

Global cognitive function (n=744) 
Year 2 vs Baseline Ref. 0.098, [-0.024, 0.221] 0.117 0.077, [-0.053, 0.207] 0.245 0.010, [-0.143, 0.164] 0.895 0.901 
Year 4 vs Baseline Ref. 0.163, [0.023, 0.303] 0.023 0.170, [0.022, 0.319] 0.024 0.183, [0.009, 0.357] 0.039 0.077 
Year 6 vs Baseline Ref. 0.073, [-0.073, 0.220] 0.326 0.176, [0.020, 0.331] 0.027 0.041, [-0.138, 0.221] 0.652 0.370 
General cognitive function (n=746) 
Year 2 vs Baseline Ref. 0.085, [-0.108, 0.278] 0.387 0.183, [-0.022, 0.388] 0.080 0.076, [-0.165, 0.316] 0.538 0.360 
Year 4 vs Baseline Ref. 0.156, [-0.092, 0.405] 0.217 0.243, [-0.020, 0.505] 0.071 0.288, [-0.020, 0.596] 0.067 0.060 
Year 6 vs Baseline Ref. -0.10, [-0.378, 0.176] 0.476 0.157, [-0.137, 0.452] 0.295 0.041, [-0.299, 0.381] 0.813 0.284 
Executive function (n=745) 
Year 2 vs Baseline Ref. 0.032, [-0.097, 0.160] 0.630 0.036, [-0.100, 0.172] 0.605 0.011, [-0.150, 0.171] 0.896 0.905 
Year 4 vs Baseline Ref. 0.084, [-0.052, 0.220] 0.228 0.086, [-0.057, 0.230] 0.238 0.106, [-0.062, 0.274] 0.217 0.291 
Year 6 vs Baseline Ref. 0.036, [-0.103, 0.176] 0.609 0.091, [-0.057, 0.239] 0.230 -0.020, [-0.192, 0.152] 0.822 0.964 
Attention (n=745) 
Year 2 vs Baseline Ref. 0.123, [-0.025, 0.272] 0.104 -0.026, [-0.184, 0.131] 0.742 -0.103, [-0.289, 0.083] 0.276 0.051 
Year 4 vs Baseline Ref. 0.148, [-0.011, 0.306] 0.068 0.091, [-0.077, 0.258] 0.287 0.034, [-0.163, 0.231] 0.736 0.891 
Year 6 vs Baseline Ref. 0.218, [0.045, 0.391] 0.014 0.154, [-0.030, 0.338] 0.100 0.053, [-0.160, 0.267] 0.625 0.931 
Language (n=747) 
Year 2 vs Baseline Ref. 0.049, [-0.103, 0.201] 0.526 0.123, [-0.037, 0.284] 0.131 0.113, [-0.075, 0.301] 0.240 0.143 
Year 4 vs Baseline Ref. 0.040, [-0.113, 0.193] 0.606 0.127, [-0.035, 0.288] 0.124 0.024, [-0.165, 0.213] 0.805 0.512 
Year 6 vs Baseline Ref. 0.059, [-0.106, 0.225] 0.482 0.157, [-0.018, 0.333] 0.079 -0.042, [-0.245, 0.161] 0.687 0.985 
The multivariable linear mixed-effects model was adjusted for age (years), sex (male, female), recruiting center (Alicante, Barcelona, Reus, Valencia), intervention 
group (control, intervention), educational level (primary, high school, college), civil status (single/divorced/separated, married, widower), BMI (kg/m2), physical 
activity (METs-min/day), smoking status (never, former, current smoker), alcohol consumption in g/day and adding the quadratic term, depressive symptomatology 
(yes, no), total energy intake (kcal/day), prevalence of diabetes (yes, no), hypertension (yes, no), hypercholesterolemia (yes, no), and Mediterranean diet adherence 
(modified 13-point MEDAS score). Abbreviations: BMI, body mass index; METs, metabolic equivalents; s/wk, serving(s) per week.  



 

 
Figure 1. Nut consumption and gut microbiota. a-c: associations between nut consumption and alpha diversity metrics 
(a. Chao1; b. Shannon; c. Simpson). In the boxplots, the central band of the boxplot represents the predicted median 
of the category, the lower and upper hinges correspond to the first and third quartiles, and the whiskers represent the 
1.5× IQR from the hinge, whichever is lower. Alpha diversity metrics are scaled. d: PCoA plot illustrating the gut 
microbial compositions across groups with different nut consumption categories, based on ASV-level Aitchison 
dissimilarity. The PERMANOVA p-value was calculated with 999 permutations. e: Associations between nut 
consumption and gut microbial features (q < 0.25). Values are beta coefficients (95% CI) derived from multivariable-
adjusted linear regression models linking categories of nut consumption with genus-level microbial features. Statistical 
significance was determined using the linear regression model with multiple comparison adjustment via the 
Benjamini-Hochberg method, with a target false discovery rate of 0.25. ** q-value<0.05, * q-value<0.1. Nut 
consumption of ≤1 serving/week was set as reference. All models were adjusted for age (years), sex (male, female), 
recruiting center (Alicante, Barcelona, Reus, Valencia), BMI (kg/m2), physical activity (METs-min/day), smoking 
status (never, former, current smoker), alcohol consumption in g/day and adding the quadratic term, total energy intake 
(kcal/day), depressive symptomatology (yes, no), prevalence of diabetes (yes, no), hypertension (yes, no), and 
hypercholesterolemia (yes, no). Abbreviations: BMI, body mass index; METs, metabolic equivalents; s/wk, serving(s) 
per week.



 

 

Figure 2. Associations between nut-related genera and changes in nut-associated cognitive function scores over time. 
Colors of the heatmap are in correspondence to the beta coefficient for interaction terms between each genus and visit 
from linear mixed models. All models included participant as random intercept and visit as random slope, and were 
adjusted for nut consumption categories, age (years), sex (male, female), recruiting center (Alicante, Barcelona, Reus, 
Valencia), intervention group (control, intervention), educational level (primary, high school, college), civil status 
(single/divorced/separated, married, widower), BMI (kg/m2), physical activity (METs-min/day), smoking status 
(never, former, current smoker), alcohol consumption in g/day and adding the quadratic term, depressive 
symptomatology (yes, no), total energy intake (kcal/day), prevalence of diabetes (yes, no), hypertension (yes, no), 
hypercholesterolemia (yes, no), and Mediterranean diet adherence (modified 13-point MEDAS score). Statistical 
significance was assessed using the Benjamini-Hochberg method to control the false discovery rate, with q-value 
(adjusted p-value) reported. * q-value<0.05, + q-value=0.05 (exact values are provided in Appendix Table 5). 
Abbreviations: BMI, body mass index; MEDAS, Mediterranean Diet Adherence Screener; METs, metabolic 
equivalents.
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Appendix Methods.  

PREDIMED-Plus study design 

The PREDIMED-Plus (PREvención con DIeta MEDiterránea) is a multicenter, randomized 

controlled primary prevention trial designed to evaluate the effects of an intensive lifestyle 

intervention, including an energy-reduced Mediterranean diet (erMedDiet), physical activity 

promotion, and behavioral support (intervention group), compared to usual care with ad libitum 

MedDiet recommendations (control group) on a composite cardiovascular endpoint as the 

primary outcome. Neurodegenerative diseases and changes in cognitive function are pre-

defined secondary and intermediate outcomes in this trial. All participants provided written 

informed consent, and the trial protocol was approved by the research ethics committees of all 

participating institutions. The trial was registered at the International Standard Randomized 

Controlled Trial (Number: ISRCTN89898870) in 2014.  

Taxonomic profiling of gut microbiota  

At baseline, participants collected stool samples at home following standardized instructions 

provided with detailed illustrations. Samples were immediately frozen after collection and 

transported to the laboratory under cold conditions to ensure preservation. Upon receipt, stool 

samples were stored at -80°C until microbial DNA extraction was performed. DNA quality and 

concentration were evaluated prior to sequencing. The V4 region of the 16S rRNA gene was 

amplified in triplicate polymerase chain reaction (PCR), and the resulting amplicons were 

sequenced on the Illumina NovaSeq platform. Quality control measures included the use of 

artificial mock communities with known composition as positive controls and negative control 

samples to detect potential contaminant sequences. Raw sequencing data were processed using 

the DADA2 pipeline with default parameters[1], which involved paired-end reads 

demultiplexing, quality filtering, and the generation of amplicon sequence variants (ASVs). 

Taxonomic assignment of ASVs was performed using the Silva reference database (v138.1)[2]. 



Assessment of covariates  

Sociodemographic characteristics (e.g., age, sex, education level, and civil status), lifestyle 

information (e.g., smoking status, physical activity, and adherence to the Mediterranean diet 

(MedDiet)) were collected by trained personnel via interviewer-administered questionnaires. 

Physical activity was estimated using a validated Spanish short version of the Minnesota 

Leisure Time Physical Activity Questionnaire (the REGICOR questionnaire)[3]. Adherence to 

the traditional MedDiet was evaluated using a validated 14-item MedDiet adherence screener 

(MEDAS)[4]. The original MEDAS score ranges from 0 to 14, with higher values indicating 

greater adherence to the MedDiet. However, to avoid over-adjustment in statistical analyses, 

the item specifically related to nut consumption, defined as consuming ≥3 servings of 30 g per 

week for 1 point, was removed. Therefore, a modified 13-item MedDiet score was derived and 

used as a covariate in the statistical models. 

Personal medical history (e.g., prevalence of type 2 diabetes, hypertension, and 

hypercholesterolemia), and medication use, was obtained from participant self-report or 

collected from medical records. Depressive symptomatology was evaluated using the Beck 

Depression Inventory (BDI-II), with a score of ≥14 established as the threshold for identifying 

individuals at risk for depression[5,6]. 

Anthropometric measurements, including weight and height, were taken by trained personnel 

using calibrated scales and wall-mounted stadiometers, with participants wearing light clothing 

and no footwear or accessories. 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. 

Detailed statistical analysis  

The study population was categorized into four groups of baseline nut consumption: ≤1 

serving/week, 1–3 servings/week, 3–7 servings/week, and >7 servings/week. These categories 



were determined based on the distribution of nut intake within the study population, 

recommendations for nut consumption[7,8], and prior research findings[9]. Baseline 

characteristics of the study population were compared across nut consumption categories and 

are presented as means±SD using one-way ANOVA for continuous variables, and numbers 

(percentages) for categorical variables using the chi-square test. Baseline nut consumption, 

classified into these categories, was used as the primary exposure variable for the study, with 

≤1 serving/week functioning as the reference group for all analyses. Missing data in covariates 

were minimal, with one missing value each for civil and smoking status, which were imputed 

using the most frequent category. No imputations were performed for cognitive function 

outcomes. 

To evaluate the association between baseline nut consumption and cognitive function changes 

over the follow-up period, multivariable linear mixed-effects models (LMMs) were applied. 

Given the nonlinear trajectory of cognitive function over time, the follow-up visit was modeled 

as a categorical variable. Fixed effects included nut consumption categories, visit, and their 

interaction term, alongside baseline covariates: age (years), sex (male or female), recruiting 

center (Alicante, Barcelona, Reus, or Valencia), intervention group (control or intervention), 

educational level (primary, high school, or college), civil status (single/divorced/separated, 

married, or widower), BMI (kg/m2), physical activity (METs-min/day), smoking status (never, 

former, or current smoker), alcohol intake (g/day and adding the quadratic term), total energy 

intake (kcal/day), type 2 diabetes status (yes or no), hypertension status (yes or no), 

hypercholesterolemia status (yes or no), depressive symptomatology (yes or no), and 

Mediterranean diet (MedDiet) adherence score as a measure of diet quality. Random effects 

included participants as intercepts and visit as slopes. Additionally, linear trends in nut 

consumption categories were assessed by assigning the median nut intake value for each 

category of participants. Several sensitivity analyses were conducted to assess the robustness 



of our findings. Potential effect modification by education level, physical activity, diet quality 

(13-point MEDAS score), presence of type 2 diabetes, hypertension, and hypercholesterolemia, 

and depressive symptomatology was evaluated with the likelihood ratio test by comparing 

models with and without the multiplicative interaction term between these variables and nut 

consumption categories in the fully adjusted models. Additionally, we conducted analyses 

excluding participants with a baseline MMSE score <24[10] to further test the robustness of 

the results. 

In the microbiome analysis, we first applied multivariable linear regression models to assess 

associations between nut consumption and gut microbial alpha diversity indices with 

adjustment 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), alcohol consumption in g/day and adding the quadratic term, total energy 

intake (kcal/day), prevalence of diabetes (yes or no), hypertension (yes or no), and 

hypercholesterolemia (yes or no), and depressive symptomatology (yes or no). Alpha diversity 

metrics, including Chao1, Shannon, and Simpson indices[11,12,13], were calculated based on 

16,256 ASV-level absolute abundance counts and standardized to z-scores for comparability.  

Beta diversity was calculated in terms of Aitchison distance metric (Euclidean distance over 

centered log-ratio (CLR)-transformed ASV-level abundance counts), incorporating all 16,256 

ASVs [14]. To assess the overall gut microbial community structure, dimensionality reduction 

was performed using principal coordinate analysis (PCoA) based on the Aitchison distance 

metric. The first two PCoA axes (PCoA1 and PCoA2) were extracted to summarize the primary 

variation in microbial community composition. Beta diversity differences across nut 

consumption categories were tested using permutational multivariate analysis of variance 

(PERMANOVA)[15] with 999 permutations, adjusting for the same covariates as in the alpha 

diversity analysis models.  



To identify specific microbial genera associated with nut consumption, we used the 

MaAsLin2[16] with adjustments for the same covariates. Before the analysis, we applied 

quality control filtering for taxonomic features at genus level by excluding features with a 

relative abundance of <0.1% in more than 10% of samples. A total of 221 microbial genera 

met these criteria and were included in the per-feature analysis. All high-dimensional tests were 

corrected for multiple comparisons using the Benjamini–Hochberg method with a false 

discovery rate (FDR) threshold of 0.25 for q values, as commonly applied[17].  

Linear mixed-effects models were subsequently employed to evaluate the associations between 

nut-related microbial genera and nut-associated cognitive function changes. These models 

included similar adjustments as previous LMMs, with the addition of the nut consumption 

variable as a covariate. The Benjamini–Hochberg method was used to account for multiple 

testing, and an adjusted p-value threshold of <0.05 was considered statistically significant. 
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Appendix Figure 1. Flow chart of the study population. 



 



Appendix Figure 2. Estimated marginal means of cognitive function through follow-up by nut consumption categories. Abbreviations: s/wk, 
serving(s) per week and 1 serving of nuts = 30g.



 
Appendix Figure 3. Nut consumption and overall gut microbiota composition. a. Composition bar plot of relative abundance of phylum rank by 
nut consumption categories. b. Proportion of variation in gut microbial taxonomic composition explained by the nut consumption and covariates, 
as quantified by two-sided permutational multivariate analysis of variance based on ASV-level Aitchison distance metric. Abbreviations: s/wk, 
serving(s) per week. 



Appendix Table 1. Composite cognitive function assessment equations1. 

Composite cognitive domain  Composite component score  

Attention = ("#$%$"&)	)	#*+$",
-

 

Executive Function = #./$"0	)	#./$"1	)	("#$%$"2)	)	#*+$"3
4

 

Language = #./$"0	)	#./$"1	
-

 

General Cognitive Function = #%%+5	)	#6*$
-

 

Global Cognitive Function = #%%+5	)	#6*$	)	#./$"0	)	#./$"1	)	("#$%$"&)	)	("#$%$"2)	)	#*+$",	)	#*+$"3
7

 

1z-scores of the TMT-A and TMT-B for generating composite scores were inverted, so that higher scores would represent better cognitive performance. 
Abbreviations: CDT, Clock Drawing Test; DST-b, Digit Span test - backward; DST-f, Digit Span test - forward; MMSE, Mini-Mental State Examination; 
TMT-A, Trail Making Test Part A; TMT-B, Trail Making Test Part B; VFT-a, Verbal Fluency tasks semantical; VFT-p, Verbal Fluency tasks phonological. 



Appendix Table 2. Associations between baseline nut consumption and gut microbial alpha diversity. 
  ≤1 s/wk 1-3 s/wk 3-7 s/wk >7 s/wk 

  β CI (95%) p-value β CI (95%) p-value β CI (95%) p-value 
Chao 1  Ref. 0.040 -0.153 0.233 0.681 0.151 -0.055 0.356 0.152 -0.030 -0.276 0.217 0.814 
Shannon Ref. 0.048 -0.143 0.238 0.622 0.211 0.008 0.414 0.042 0.010 -0.234 0.253 0.937 
Simpson Ref. -0.053 -0.249 0.142 0.591 -0.149 -0.357 0.059 0.161 -0.240 -0.490 0.011 0.061 
The linear regression models was adjusted for age (years), sex (male, female), recruiting center (Alicante, Barcelona, Reus, Valencia), BMI 
(kg/m2), physical activity (METs-min/day), smoking status (never, former, current smoker), alcohol consumption in g/day and adding the 
quadratic term, total energy intake (kcal/day), depressive symptomatology (yes, no), prevalence of diabetes (yes, no), hypertension (yes, no), 
and hypercholesterolemia (yes, no). Alpha diversity metrics are scaled. Abbreviations: s/wk, serving(s) per week. 

 



Appendix Table 3. PERMANOVA test results based on Aitchison distance 
across baseline nut consumption categories. 
  Df SumOfSqs R2 F Pr(>F) 

Total nut consumption 
Model 1  3 48235 0.00455 1.1361 0.079 
Model 2 3 48235 0.00433 1.1477 0.066 
Model 3 3 48235 0.00455 1.1522 0.047 

PERMANOVA with 999 permutations was performed to test for significant beta diversity clustering across 
nut consumption categories, using the adonis2 function with the argument “by” set to “term” in the R 
package vegan (version 2.6-4). 
Model 1 adjusted for age (years), sex (male, female), and energy intake (kcal/d). 
Model 2 further adjusted for recruiting center (Alicante, Barcelona, Reus, Valencia), BMI (kg/m2), physical 
activity (METs-min/day), smoking status (never, former, current smoker), alcohol consumption in g/day and 
adding the quadratic term. 
Model 3 further adjusted for depressive symptomatology (yes, no), prevalence of diabetes (yes, no), 
hypertension (yes, no), and hypercholesterolemia (yes, no). 
Pr(>F) < 0.05 deemed as significant. 
Abbreviations: BMI, body mass index; METs, metabolic equivalents; PERMANOVA, permutational 
multivariate analysis of variance; SumOfSqs, sum of squares. 



Appendix Table 4. Results of MaAsLin2 analysis showing taxa significantly associated with baseline nut consumption 
(q<0.25).  
feature metadata value coef stderr pval qval 
Lachnospiraceae.UCG.004 nut_categories 3-7s/wk 1.14612573 0.31905875 0.00034997 0.0236476 
Flavonifractor nut_categories >7s/wk 0.97678081 0.28589347 0.00066937 0.03747606 
Lachnospiraceae.UCG.004 nut_categories 1-3s/wk 1.00409507 0.29922088 0.00083278 0.0421305 
Oscillibacter nut_categories 3-7s/wk 0.89412133 0.2923452 0.00230656 0.08591808 
Oscillibacter nut_categories >7s/wk 1.02355531 0.35021023 0.00357796 0.10886837 
Parvimonas nut_categories >7s/wk -0.7642889 0.26255147 0.00371287 0.10979104 
Flavonifractor nut_categories 3-7s/wk 0.68613118 0.23865546 0.00415852 0.12032252 
Phascolarctobacterium nut_categories >7s/wk -2.0923445 0.7469619 0.00522757 0.14253613 
Turicibacter nut_categories 3-7s/wk 1.38869865 0.50856247 0.00647436 0.15558153 
Colidextribacter nut_categories >7s/wk 0.81156189 0.30037482 0.00705665 0.16461591 
Pseudobutyrivibrio nut_categories 3-7s/wk 0.70775757 0.26350917 0.00739868 0.1675065 
Colidextribacter nut_categories 3-7s/wk 0.66711987 0.25074407 0.0079731 0.17285404 
Intestinimonas nut_categories 3-7s/wk 0.72887248 0.27952319 0.00930619 0.19155232 
Hungatella nut_categories >7s/wk 0.85378418 0.33678716 0.01145053 0.2162106 
Terrisporobacter nut_categories 3-7s/wk 1.21123784 0.48116487 0.01203964 0.22427121 
Roseburia nut_categories 3-7s/wk 0.57056465 0.22964958 0.01319732 0.23783498 
X.Ruminococcus..gauvreauii.group nut_categories >7s/wk -0.9660781 0.39459148 0.01458852 0.24601289 
The linear regression models were adjusted for age (years), sex (male, female), recruiting center (Alicante, Barcelona, Reus, Valencia), BMI 
(kg/m2), physical activity (METs-min/day), smoking status (never, former, current smoker), alcohol consumption in g/day and adding the 
quadratic term, total energy intake (kcal/day), depressive symptomatology (yes, no), prevalence of diabetes (yes, no), hypertension (yes, no), 
and hypercholesterolemia (yes, no). Abbreviations: coef, coefficient; pval, p-value; q-val, q value; stderr, standard error; s/wk, serving(s) per 
week. 



Appendix Table 5. Mixed-effect linear regression model for the association between nut-related genera and changes in nut-associated cognitive 

function scores. 

Nut-related taxa  Global cognitive function Attention 

 β CI (95%) p-value q-value β CI (95%) p-value q-value 
Lachnospiraceae.UCG-004                     

Year 2 vs Baseline 0.020 0.004 0.036 0.012 0.050 0.017 -0.002 0.036 0.082 0.181 
Year 4 vs Baseline 0.019 0.001 0.037 0.037 0.096 0.013 -0.007 0.034 0.196 0.340 
Year 6 vs Baseline 0.005 -0.014 0.024 0.575 0.702 0.042 0.020 0.064 0.000 0.001 

Flavonifractor                     
Year 2 vs Baseline 0.012 -0.013 0.037 0.340 0.534 0.022 -0.008 0.052 0.147 0.262 
Year 4 vs Baseline 0.023 -0.005 0.051 0.111 0.262 0.023 -0.008 0.055 0.150 0.262 
Year 6 vs Baseline -0.003 -0.033 0.027 0.843 0.960 0.041 0.006 0.076 0.023 0.075 

Oscillibacter                     
Year 2 vs Baseline 0.012 -0.012 0.035 0.332 0.560 0.013 -0.015 0.042 0.361 0.595 
Year 4 vs Baseline 0.013 -0.014 0.040 0.356 0.560 0.017 -0.013 0.047 0.272 0.472 
Year 6 vs Baseline 0.001 -0.028 0.030 0.956 0.956 0.034 0.000 0.068 0.053 0.159 

Parvimonas                     
Year 2 vs Baseline -0.021 -0.051 0.008 0.158 0.302 -0.009 -0.045 0.028 0.636 0.837 
Year 4 vs Baseline -0.028 -0.062 0.006 0.104 0.244 -0.023 -0.061 0.015 0.238 0.447 
Year 6 vs Baseline -0.009 -0.044 0.026 0.626 0.795 -0.006 -0.048 0.036 0.779 0.845 

Phascolarctobacterium                     
Year 2 vs Baseline 0.003 -0.008 0.015 0.566 0.778 -0.001 -0.014 0.013 0.938 0.938 
Year 4 vs Baseline 0.000 -0.013 0.013 0.957 0.957 0.006 -0.008 0.021 0.395 0.652 
Year 6 vs Baseline 0.006 -0.008 0.019 0.403 0.738 0.011 -0.005 0.027 0.161 0.380 

Turicibacter                     
Year 2 vs Baseline -0.012 -0.025 0.001 0.070 0.166 -0.003 -0.019 0.012 0.665 0.783 
Year 4 vs Baseline -0.005 -0.020 0.009 0.482 0.758 -0.001 -0.018 0.015 0.867 0.894 



Year 6 vs Baseline -0.001 -0.016 0.015 0.902 0.950 -0.008 -0.026 0.011 0.413 0.649 
Colidextribacter                     

Year 2 vs Baseline 0.029 0.006 0.053 0.014 0.057 0.041 0.013 0.070 0.004 0.025 
Year 4 vs Baseline 0.026 0.000 0.053 0.053 0.125 0.027 -0.003 0.057 0.082 0.159 
Year 6 vs Baseline 0.000 -0.029 0.028 0.976 0.976 0.030 -0.003 0.064 0.076 0.156 

Pseudobutyrivibrio                     
Year 2 vs Baseline 0.009 -0.010 0.029 0.354 0.584 0.006 -0.017 0.030 0.595 0.840 
Year 4 vs Baseline 0.009 -0.014 0.031 0.444 0.684 0.009 -0.016 0.035 0.469 0.774 
Year 6 vs Baseline 0.000 -0.023 0.024 0.973 0.973 0.005 -0.022 0.033 0.700 0.840 

Intestinimonas                     
Year 2 vs Baseline -0.002 -0.023 0.018 0.817 0.917 0.013 -0.012 0.038 0.323 0.592 
Year 4 vs Baseline 0.005 -0.019 0.028 0.686 0.906 -0.011 -0.038 0.015 0.403 0.666 
Year 6 vs Baseline -0.006 -0.030 0.019 0.642 0.883 0.010 -0.019 0.039 0.502 0.753 

Hungatella                     
Year 2 vs Baseline 0.003 -0.016 0.023 0.729 0.860 0.010 -0.013 0.033 0.405 0.607 
Year 4 vs Baseline 0.020 -0.002 0.042 0.074 0.175 0.023 -0.001 0.048 0.064 0.164 
Year 6 vs Baseline 0.008 -0.015 0.031 0.483 0.705 0.021 -0.007 0.048 0.136 0.314 

Terrisporobacter                     
Year 2 vs Baseline -0.005 -0.017 0.007 0.429 0.708 -0.004 -0.018 0.011 0.643 0.826 
Year 4 vs Baseline 0.001 -0.013 0.015 0.878 0.934 0.000 -0.016 0.015 0.972 0.984 
Year 6 vs Baseline -0.002 -0.017 0.012 0.750 0.872 0.000 -0.017 0.017 0.984 0.984 

Roseburia                     
Year 2 vs Baseline 0.018 -0.006 0.042 0.149 0.307 0.022 -0.007 0.051 0.141 0.328 
Year 4 vs Baseline 0.021 -0.006 0.048 0.136 0.302 0.023 -0.008 0.053 0.144 0.328 
Year 6 vs Baseline 0.003 -0.025 0.031 0.830 0.913 0.018 -0.016 0.052 0.296 0.477 

Ruminococcus.gauvreauii.group 
Year 2 vs Baseline 0.009 -0.008 0.027 0.288 0.453 -0.002 -0.023 0.020 0.884 0.941 
Year 4 vs Baseline 0.017 -0.003 0.037 0.093 0.219 -0.001 -0.023 0.022 0.965 0.965 



Year 6 vs Baseline 0.013 -0.008 0.034 0.212 0.349 0.008 -0.017 0.033 0.521 0.819 
The multivariable linear mixed-effects model was adjusted for nut consumption categories, age (years), sex (male, female), recruiting center (Alicante, Barcelona, Reus, Valencia), 
intervention group (control, intervention), educational level (primary, high school, college), civil status (single/divorced/separated, married, widower), BMI (kg/m2), physical activity 
(METs-min/day), smoking status (never, former, current smoker), alcohol consumption in g/day and adding the quadratic term, depressive symptomatology (yes, no), total energy 
intake (kcal/day), prevalence of diabetes (yes, no), hypertension (yes, no), hypercholesterolemia (yes, no), and Mediterranean diet adherence (modified 13-point MEDAS score). 
Abbreviations: BMI, body mass index; MEDAS, Mediterranean Diet Adherence Screener; METs, metabolic equivalents. 

 


