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Background and Purpose: Both adherence to the Mediterranean diet (MedDiet) and the use of metformin could benefit the cognitive performance of individuals with type 2 diabetes, but evidence is still controversial. We examined the association between metformin use and cognition in older adults with type 2 diabetes following a MedDiet intervention.

Methods: Prospective cohort study framed in the PREDIMED-Plus-Cognition sub-study. The PREDIMED-Plus clinical trial aims to compare the cardiovascular effect of two MedDiet interventions, with and without energy restriction, in individuals with overweight/obesity and metabolic syndrome. The present sub-study included 487 cognitively normal subjects (50.5% women, mean ± SD age of 65.2 ± 4.7 years), 30.4% of them (N = 148) with type 2 diabetes. A comprehensive battery of neurocognitive tests was administered at baseline and after 1 and 3 years. Individuals with type 2 diabetes that exhibited a good glycemic control trajectory, either using or not using metformin, were compared to one another and to individuals without diabetes using mixed-effects models with inverse probability of treatment weights.

Results: Most subjects with type 2 diabetes (83.1%) presented a good and stable glycemic control trajectory. Before engaging in the MedDiet intervention, subjects using metformin scored higher in executive functions (Cohen's d = 0.51), memory (Cohen's d = 0.38) and global cognition (Cohen's d = 0.48) than those not using metformin. However, these differences were not sustained during the 3 years of follow-up, as individuals not using metformin experienced greater improvements in memory (β = 0.38 vs. β = 0.10, P = 0.036), executive functions (β = 0.36 vs. β = 0.02, P = 0.005) and global cognition (β = 0.29 vs. β = −0.02, P = 0.001) that combined with a higher MedDiet adherence (12.6 vs. 11.5 points, P = 0.031). Finally, subjects without diabetes presented greater improvements in memory than subjects with diabetes irrespective of their exposure to metformin (β = 0.55 vs. β = 0.10, P < 0.001). However, subjects with diabetes not using metformin, compared to subjects without diabetes, presented greater improvements in executive functions (β = 0.33 vs. β = 0.08, P = 0.032) and displayed a higher MedDiet adherence (12.6 points vs. 11.6 points, P = 0.046).

Conclusions: Although both metformin and MedDiet interventions are good candidates for future cognitive decline preventive studies, a higher adherence to the MedDiet could even outweigh the potential neuroprotective effects of metformin in subjects with diabetes.
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INTRODUCTION

The prevalence of diabetes has reached epidemic proportions in the past few years. There are currently 463 million people living with diabetes, representing 8.5% of the world's adult population (1). It is estimated that diabetes affects 1 in 10 adults in Spain (1). Individuals with diabetes are at increased risk of blindness, lower limb amputation, and cardiovascular and kidney diseases, and have about 60% greater risk of developing dementia (2).

Diabetes consequences can be avoided or delayed with good glycemic control and the management of cardiovascular risk factors, which can be achieved by following a healthy diet, practicing regular physical activity, and smoking cessation (3). In individuals with type 2 diabetes, the traditional Mediterranean diet (MedDiet) has been shown to improve their glycemic control, various cardiovascular risk factors, and body weight (4, 5). In individuals without diabetes but with high cardiovascular risk, the MedDiet has also been shown to decrease the incidence of diabetes (6). Moreover, adherence to the MedDiet has been associated with improvements in some cognitive functions (7). Therefore, although type 2 diabetes has been associated with worse performance in executive functions (8), MedDiet interventions could be beneficial controlling glycemic levels and could prevent cognitive decline and even improve cognition in individuals with type 2 diabetes.

As lifestyle and weight management alone often fail to establish and sustain optimal glycemic control, glucose-lowering treatments are also an important component of diabetes management (3). Diabetes drugs may have indirect effects on the brain by affecting circulating concentrations of insulin and glucose (9, 10). However, although type 2 diabetes has been consistently associated with incident dementia, distinguishing between treated and untreated diabetes as a risk factor for dementia is challenging in most observational studies (11). Metformin has been used since the 1950s as first-line pharmacotherapy for treating patients with type 2 diabetes with good glycemic control because of its glucose-lowering effects, good safety profile and relatively low cost. However, for patients with poor glycemic control after this first-line therapy, alternative oral glucose-lowering medications and/or injectable insulin are preferable, in monotherapy or in combination with other therapy regimens (12).

Previous studies have shown that metformin use for more than 6 years was associated with lower risk of cognitive impairment (13) and with better performance in some cognitive domains over time in cognitively normal subjects with type 2 diabetes (14). However, there is currently considerable controversy about the effect of metformin on cognition (15). Given the varied response to glucose lowering medications and the heterogeneity in type 2 diabetes (16), the identification of different glycemic trajectory subgroups could help optimize the study of the effects of metformin on cognition. Thus, the analysis of trajectories of glycemic control is an important initial step toward the application of personalized medicine in the treatment of diabetes as it could help in the development of targeted strategies to improve the effectiveness of interventions (17).

The objective of this study is to characterize different glycemic trajectories subgroups and to examine the association between metformin use and cognition in subjects with type 2 diabetes that participated in the PREDIMED-Plus MedDiet intervention.



MATERIALS AND METHODS


Study Design and Participants

The present study is a prospective cohort study framed in the PREDIMED-Plus-Cognition sub-study, using a subset of participants (N = 487) of the PREDIMED-Plus trial. Full details of the study design and procedures of the PREDIMED-Plus trial have been published elsewhere (5). Further details on the study inclusion/exclusion criteria as well as the study protocol are available at http://predimedplus.com/. Briefly, the PREDIMED-Plus study is an ongoing multi-center randomized parallel-group primary prevention trial (N = 6,874) designed to assess and compare the long-term effectiveness of an intensive lifestyle intervention with an energy-reduced Mediterranean diet (er-MedDiet, intervention group), physical activity (PA) promotion and behavioral support of weight loss goals, with a more common intervention featuring energy-unrestricted traditional MedDiet recommendations without any recommendations on PA and weight loss strategies (control group). In order to promote the adherence to the MedDiet both groups were free provided with an allotment of extra-virgin olive oil (1 L/month) and occasionally, tree nuts (125 g/month). Participant's recruitment took place between October 2013 and December 2016 across 23 Spanish hospitals, universities and research institutes. Participants were randomly assigned, in a 1:1 ratio, to intervention and control groups. The eligibility criteria for participants were community-dwelling adults with overweight grade II (18) or obesity [body mass index (BMI) between 27 and 40 kg/m2] from Primary Care Health Centers of the Spanish National Health System aged between 55 and 75 years in the case of men and between 60 and 75 years in women who met at least three criteria for metabolic syndrome. The clinical trial is registered at the International Standard Randomized Controlled Trials database (ISRCTN; 89898870).

Four study sites participated in the PREDIMED-Plus-Cognition sub-study, with an in-depth assessment of the cognitive performance at baseline, 1 and 3 years after the initiation of the assigned PREDIMED-Plus intervention: Hospital del Mar Medical Research Institute (IMIM), Barcelona; Pere Virgili Institute for Health Research (IISPV), Reus; University of Valencia (UV), Valencia; Bellvitge University Hospital (HUB), Hospitalet de Llobregat. Exclusion criteria for the present sub-study are included in Supplementary Table 1. The data were analyzed using the PREDIMED-Plus-Cognition database dated 14th January 2021. All participants gave written informed consent. The protocol of the PREDIMED-Plus-Cognition sub-study was approved by the local Research Ethics Committees from the participating centers and adheres to the standards of the World Medical Association (WAMA) Declaration of Helsinki.



Outcomes and Assessments
 
Type 2 Diabetes

According to the American Diabetes Association criteria (19), type 2 diabetes was defined by previous clinical diagnosis of diabetes, HbA1c ≥ 6.5% (48 mmol/mol) or fasting plasma glucose >126 mg/dL at both the screening and baseline visit or use of oral anti-diabetic medication (metformin, dipeptidyl peptidase 4 inhibitors, sulfonylureas, insulin secretagogues, SLGT2 inhibitors or thiazolidinediones) or use of insulin.



Cognitive Performance

Cognitive function was assessed by trained neuropsychologists blinded to the participants' group assignment and included the following cognitive domains: (i) Short-term and long-term auditory memory, using the Rey's Auditory-Verbal Learning Test (RAVLT) (20); (ii) Visuoconstructive praxis and attention, short- and long-term visuospatial memory and visual perception, evaluated with the Rey–Osterrieth complex figure Test (RCFT) (21); (iii) Processing speed, evaluated with the Symbol Digit Modalities Test (SDMT) (22); (iv) Inhibition and attention (mental flexibility and interference resistance), evaluated with the Stroop Color-Word Interference Test (23); (v) Decision-making abilities (risk and reward and punishment values), evaluated with the Iowa Gambling Task (IGT) (24) (not administered to participants recruited at the UV site); (vi) Inattentiveness, impulsivity, sustained attention and vigilance evaluated with the Conners' Continuous Auditory Test of Attention (CPT) (25) (not administered to participants recruited at the UV site). Finally, a cognitive screening was also included at baseline using the Folstein Mini-Mental State Examination (MMSE) (26).

Composite scores of 3 cognitive domains, namely memory, executive function and global cognition, were calculated for each participant by standardizing raw test scores to z-scores using the mean and standard deviation of baseline data. The memory composite included the mean standardized individual scores of the RAVLT immediate and delayed scores and the RCFT immediate, delayed and recognition scores. The executive function composite included the RCFT copy score, the SDMT direct score, the Stroop interference score, the IGT total score and the CPT omission, commission and hit reaction time scores. Lastly, the global cognition composite included all the tests of memory and executive functions.



Depressive Symptomatology

The severity of depressive symptomatology was assessed using the Beck's Depression Inventory-II (BDI-II) (27) and was categorized according to general guidelines as no or minimal depression (0–9 points), mild-to-moderate depression (10–18 points), moderate-to-severe depression (19–29 points), and severe depression (≥30 points).



Anthropometry and Cardiovascular Biomarkers

Weight and height were measured by nurses using standardized procedures. BMI (kg/m2) was categorized as normo-weight (BMI 18.5–24.9 kg/m2), overweight (BMI 25.0–29.9 kg/m2), obesity I (BMI 30.0–34.9 kg/m2), and obesity II (BMI 35.0–39.9 kg/m2).

Fasting blood glucose, HbA1c and lipid levels (triglycerides, total cholesterol and HDL cholesterol) were determined using standard methodology after an overnight fast. LDL cholesterol concentrations were calculated using the Friedewald formula whenever triglycerides were lower than 300 mg/dL. Insulin was centrally measured by an electrochemiluminescence immunoassay using an Elecsys immunoanalyzer (Roche Diagnostics, Meylan, France). Insulin resistance was estimated at baseline using the Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) index (28).



Intervention Adherence

Adherence to the er-MedDiet was evaluated with an adapted version of the validated 14-item PREDIMED questionnaire including 17-items, the energy-restricted Mediterranean Diet Adherence Screener (er-MEDAS) (29). Values ranged from 0 to 17 points and adherence was categorized as low (0–7 points), moderate (8–10 points), and high (11–17 points) using the cut-off values from previous studies based on approximate tertiles in the overall baseline PREDIMED-Plus sample (30). Physical activity categories (sedentary, under-active, moderately active, and active) were obtained from the Rapid Assessment of Physical Activity (RAPA) questionnaire (31).



Covariates

Covariates were evaluated at baseline through face-to-face interviews by trained staff using self-reported general questionnaires on socio-demographics (gender, age, years of education, employment status), lifestyle (smoking status), medication (use of treatment for high cholesterol, use of tranquilizers, or sedatives for anxiety or sleeping, use of medication for hypertension, use of medication for heart) and history of disease.




Statistical Analyses
 
Identification of Latent HbA1c Trajectories Subgroups

Longitudinal finite mixture modeling was applied to explain the between-subject heterogeneity in growth of HbA1c by identifying latent classes or subgroups with different growth trajectories (32). Thus, each latent class represents a group of subjects sharing a similar HbA1c trajectory. We first applied latent class growth analysis (LCGA), and two different types of growth mixture modeling (GMM): GMM with random intercept and GMM with random intercept and slope. In each type of model, we tested 1–5 latent classes, so 15 models were computed in total. In order to select the model with the best or most reasonable representation of the observed data, our model selection criteria were based on lowest fit information criteria statistics, including the Bayesian Information Criterion (BIC), the Akaike Information Criterion (AIC) and the sample-size adjusted BIC (SABIC), as well as at high entropy. Entropy is a measure of classification uncertainty in class assignment, with higher values indicating clearer delineation of classes. All these models did not include any covariates. Once the best model was selected among this first set of 15 models, we compared it with 3 additional models that included covariates (intervention group, diabetes medications or time-by-group interaction) as predictors of the growth factors and the class. Following the previously mentioned criteria for model selection, the best model was finally selected. The selected model presented a good discrimination index, since subjects classified in class 1, 2, and 3 had a mean probability of 98.4, 89.9, and 93.2% of belonging to their class, respectively. See details in Supplementary Table 2.



Descriptive and Inferential Statistics

Descriptive statistics of study variables stratified by diabetes status (yes/no) and by diabetes subgroups were obtained as mean and standard deviation (SD) or 95% confidence intervals (95%CI) for continuous variables and percentages for categorical variables. Univariate differences were estimated with the unpaired t test for continuous variables and chi-square test or Fisher's exact test, as deemed appropriate, for categorical variables. Additionally, standardized mean differences between groups were computed as Cohen's d (abbreviated as “d”) with cut-offs for effect size interpretation of 0.2 (small), 0.5 (medium), 0.8 (large), and 1.2 (very large). Adjusted differences between diabetes subgroups at each time point (baseline, 1 and 3 years) were estimated with analysis of variance (ANOVA) from linear models adjusted by study site, years of education, use of treatment for high cholesterol, use of metformin and use of insulin. Correction for multiple comparisons was performed with the Tukey method when the explanatory variable was normally distributed and the Benjamini & Hochberg method otherwise. Finally, linear mixed effects models were used to test differences between groups in the mean rate of change in cognition from baseline, after 1 and 3 years.



Inverse Probability of Treatment Weights

Given that metformin was not randomly assigned, it was necessary to achieve comparability between groups with regard to pretreatment characteristics to reduce the potential confounding by indication bias and to get better estimates of the treatment effect. This was accomplished using inverse probability of treatment weights (IPTW) (33). IPTW are based on propensity scores estimated via generalized boosted models, a non-parametric machine-learning method that weights treated and control cases to estimate the population average treatment effect (ATE) weights. IPTW were used to generate a weighted “artificial” population (called “pseudo-population”) with almost perfect covariate balance, in which treatment and measured pretreatment characteristics are independent. Three different IPTW were computed for each one of the following comparisons: (i) individuals with type 2 diabetes treated with metformin vs. individuals with type 2 diabetes not treated with metformin, (ii) individuals with type 2 diabetes treated with metformin vs. individuals without type 2 diabetes, and (iii) individuals with type 2 diabetes not treated with metformin vs. individuals without type 2 diabetes. Absolute standardized difference in means or proportions (abbreviated as “D”), was used to evaluate comparability between groups before and after IPTW matching. The relative influence of each variable in the models was also reported and expressed as a percentage. When there were residual differences in pretreatment characteristics between groups in the matched sample, regression adjustment was used to control for those unbalanced factors, which is known as a doubly robust approach (33). Accordingly, the comparison between individuals with diabetes exposed and not exposed to metformin was adjusted by sleep apnea. The comparison between subjects with and without diabetes and subjects taking metformin was adjusted by years of education, smoking status, total cholesterol, LDL-cholesterol, and use of treatment for high cholesterol. All the subsequent analyses were performed using weighted regression with robust standard errors.



Missing Data and Software

Missing data was reported as absolute and relative frequencies (N, %) and each specific analysis was performed on individuals with complete information on the variables involved. We used the R package “twang” to compute IPTW, the package “survey” to compute the weighted analysis and the package “nlme” to estimate linear mixed effects models.





RESULTS


Sample Characteristics

Baseline characteristics of study participants stratified by diabetes status are included in Table 1. Briefly, 50.5% were women, the mean (SD) age was 65.2 (4.7) years, 18.7% were employed and 62.1% were retired. Regarding their lifestyle, 12% were current smokers, most were underactive (66.9%) or sedentary (15.6%) and had a low or medium adherence to the er-MedDiet (45.4 and 41.5%, respectively). All participants were over-weight (27.3%) or obese (48.5% had obesity type I and 24.2% type II). Finally, 50.3% were taking medications for high cholesterol and 23.0% used tranquilizers or sedatives.


Table 1. Baseline characteristics of study participants stratified by type 2 diabetes (T2D) status and univariate differences.
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Compared to individuals without diabetes, individuals with type 2 diabetes were older (65.9 vs. 64.9 years), had less years of education (10.5 vs. 12.1 years) and took more treatments for high cholesterol (62.2 vs. 45.1%). Moreover, most individuals with diabetes were being treated with metformin (75.0%), only 6.7% were taking insulin and 34.5% were taking other oral medications for diabetes (alone or in combination with metformin or insulin). As expected, participants with diabetes had poorer glycemic profile than those without diabetes, with higher values of HbA1c (mean of 7.0 vs. 5.8%), fasting plasma glucose (mean of 146 mg/dL vs. 103 mg/dL) and HOMA-IR index (mean of 5.0 vs. 7.1).

Figure 1 includes a flow diagram of the follow-up of the present study.


[image: Figure 1]
FIGURE 1. Study flow diagram including the follow-up in the neuropsychological visits (neurops. visit) after 1 and 3 years of intervention. IMIM, Hospital del Mar Medical Research Institute. IISPV, Pere Virgili Institute for Health Research. UV, University of Valencia. HUB, Bellvitge University Hospital.




Longitudinal HbA1c Trajectories Subgroups

First, participants with type 2 diabetes were classified into three distinct latent subgroups based on their HbA1c trajectory from baseline to 1 and 3 years of MedDiet intervention. Subgroup 1 (S1) contained most of the subjects with diabetes (83.1%, N = 123), and the remaining 11.5% (N = 17) and 5.4% (N = 8) were grouped into subgroups 2 (S2) and 3 (S3), respectively. Figure 2A shows the trajectories of HbA1c for the three different subgroups. At baseline, those in S1 presented good glycemic control (HbA1c <7%), with a mean (SD) of 6.6% (0.55), which decreased to 6.3% (0.6) after 1 year but following a return to 6.5% (0.7) after 3 years. This subgroup was termed “S1. Good-Stable glycemic control pattern.” S2 individuals presented poor glycemic control at baseline (HbA1c > 7%), with a mean (SD) of 9.0% (0.9), but it improved during the follow-up, with values of 7.9% (1.3) after 1 year and of 7.1% (1.1) after 3 years. This subgroup was termed “S2. Poor-Improved glycemic control pattern.” Finally, those in S3 also presented poor glycemic control at baseline with high HbA1c levels (mean of 8.1%, SD = 0.81). Although after 1 year their glycemic control slightly improved (HbA1c declined to a mean of 7.5%, SD = 0.70), after 3 years it worsened and increased to 9.6% (0.7). This subgroup was termed “S3. Poor-Worsen glycemic control pattern.” Figure 2B shows the HbA1c trajectory of individuals without diabetes.


[image: Figure 2]
FIGURE 2. Representation of (A) glycemic control (HbA1c) latent trajectories or subgroups in subjects with diabetes, (B) HbA1c trajectory in subjects without diabetes, (C) fasting plasma glucose levels in each subgroup of subjects with diabetes and (D) in individuals without diabetes, and (E) er-MedDiet adherence score in diabetes subgroups and (F) in subjects without diabetes. Solid lines represent mean values, and shaded areas or dashed lines represent 95% confidence intervals (95% CI). HbA1c, glycosylated hemoglobin. N, number. S, subgroup.


As shown in Figure 2C, glucose trajectories in each subgroup mirrored HbA1c trajectories but with more variability, represented by a wider 95%CI. Figure 2D shows the mean glucose trajectory of individuals without diabetes. Regarding MedDiet adherence, at baseline, all subgroups scored a mean of 7.7–7.8 points, which is over the low adherence cut-off of 7 points and thus considered as moderate adherence. All subgroups presented mean improvements in their MedDiet adherence after 1 and 3 years. However, as shown in Figure 2E, S3 presented lower MedDiet adherence than S1 after 1 year (d = −0.87, 95% CI −1.59, −0.14) and especially after 3 years of follow-up (d = −1.16, 95% CI −1.89, −0.43). S2 also scored lower in MedDiet adherence than S1 after 1 year (d = −0.57, 95%CI −1.09, −0.04) but after 3 years they scored a high adherence for the MedDiet similar to the observed in S1 (11.5 vs. 11.8 points for S2 and S1, respectively). Despite of these moderate-to-large differences in MedDiet adherence between subgroups, results were not statistically significant, neither at baseline nor at the follow-up, probably due to the small subgroups sample size. See details in Supplementary Table 3. Figure 2F shows the MedDiet trajectory of individuals without diabetes.

Finally, metformin was used by 70.7% (N = 87) of participants from S1, and this treatment was maintained in 89.7% of them after 1 and 3 years of follow-up. From the remaining N = 36 participants from S1 that were not taking metformin at baseline, N = 26 (72.2%) continued without taking metformin throughout the 3 years of follow-up. Therefore, in S1 the metformin prescription did not change substantially throughout the follow-up (Supplementary Figure 1). Moreover, most of subjects from S1 who were not taking metformin did not take any treatment for type 2 diabetes (75%) or were taking other oral antidiabetic drugs (16.7%). The description and comparability between subgroups in terms of baseline characteristics and medications for diabetes is included in Supplementary Tables 4, 5.



Metformin and Cognition in Subjects With Diabetes

Within the main subgroup of subjects with diabetes with a good-stable glycemic control (S1), those subjects using metformin (N = 87) were compared to those not using metformin (N = 36) (Supplementary Table 6). Before applying IPTW, those not using metformin presented higher total cholesterol (213 vs. 184 mg/dL) and higher LDL-cholesterol (131 vs. 108 mg/dL), but these differences vanished after matching with IPTW.

As shown in Table 2 and Figure 3, at baseline, individuals with type 2 diabetes from S1 treated with metformin scored moderately higher in memory (d = 0.38, 95% CI −0.02, 0.79; P = 0.115), executive functions (d = 0.51, 95% CI −0.06, 1.08; P = 0.086) and global cognition (d = 0.48, 95% CI −0.01, 1.04; P = 0.124) than those not treated with metformin. Nonetheless, an effect difference ranging from d = −0.06, a very small negative association, to 1.08, a large positive association, is also compatible with our data. However, no between-group differences in cognition were observed after 1 and 3 years of follow-up, given that those not treated with metformin compared to those treated with metformin experienced an improved performance from baseline to 3 years in memory (mean change of 0.38 vs. 0.10 SD from baseline mean [z-score], P = 0.036 for the between-group difference in mean change), executive functions (mean change of 0.36 vs. 0.02, P = 0.005) and global cognition (mean change of 0.29 vs. −0.02, P = 0.001).


Table 2. Differences in MedDiet adherence and in cognitive composites at each time point and in the mean change from baseline between individuals with type 2 diabetes from subgroup 1 (T2D-S1) treated with metformin and not treated with metformin (matched with inverse probability of treatment weights).
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FIGURE 3. Differences in (A) MedDiet adherence, (B) Memory, (C) Executive functions, and (D) Global cognition between participants with type 2 diabetes from subgroup 1 (T2D-S1) treated and not treated with metformin (individuals were matched with inverse probability of treatment weights).


Supplementary Table 7 includes the differences in each specific cognitive test between subjects with type 2 diabetes (S1) treated and not treated with metformin. At baseline, those treated with metformin scored moderately higher in decision-making abilities (d = 0.60, P = 0.002) and visuoconstructive praxis and attention (d = 0.53, P = 0.018), as well as slightly higher in short- and long-term visual memory (d = 0.40, P = 0.050; and d = 0.45, P = 0.032, respectively). However, after 3 years, those using metformin scored lower in short- and long-term verbal memory (d = −0.42, P = 0.019; and d = −0.31, P = 0.051, respectively) and presented lower improvements in decision-making abilities (mean change of −1.2 vs. 15.9 points, P = 0.015).

Finally, at baseline, both groups presented a moderate adherence to the MedDiet (mean score of 7.7). However, after 3 years of dietary intervention, MedDiet adherence increased to 12.6 points (95% CI 11.8, 13.4) in subjects with type 2 diabetes not treated with metformin and to 11.5 points (95% CI 10.9, 12.1) in subjects treated with metformin, a difference which was statistically significant (d = −0.44, 95% CI −0.84, −0.02; P = 0.031).



Diabetes vs. No Diabetes

Irrespective of metformin exposure, participants with type 2 diabetes from S1 were compared to participants without diabetes. Participants with diabetes presented lower total cholesterol, LDL-cholesterol, lower HDL-cholesterol and were more physically active (Supplementary Table 8). Despite large differences in the glycemic profile (Supplementary Table 9), both groups did not differ in terms of MedDiet adherence and BMI, although subjects with diabetes scored higher in depressive symptomatology at baseline (d = 0.39, 95% CI 0.18, 0.60) and after 1 year (d = 0.63, 95% CI 0.41, 0.85).

There were no differences in baseline memory, executive functions and global cognition between subjects with and without type 2 diabetes (as shown in Figures 4A–D and Supplementary Table 10). However, from baseline to 3 years, those without diabetes exhibited a greater increase in their memory performance (mean change in memory z-score of 0.55 vs. 0.10, P < 0.001 for between group differences in mean change). This increase in the memory composite was mainly due to improvements in short- and long-term verbal memory. Subjects without diabetes also presented greater improvements in visuoconstructive praxis and attention (mean change of 2.8 vs. 0.9 points in RCFT figure copy task, P = 0.009) and did not present reductions in inhibition (mean change of −0.5 vs. −5.1 points in Stroop interference score), compared to subjects with diabetes. However, participants with diabetes presented greater reductions in the reaction time after 3 years (−48.5 ms vs. −0.5 ms in the CPT HRT, P = 0.016).
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FIGURE 4. Differences in MedDiet adherence, memory, executive functions and global cognition between subjects without type 2 diabetes (No-T2D) and all subjects with type 2 diabetes from subgroup 1 (T2D-S1) (A–D); T2D-S1 treated with metformin (E–H) and T2D-S1 not treated with metformin (I–L). In comparisons (E-L) subjects with and without type 2 diabetes were matched with inverse probability of treatment weights.




Diabetes Plus Metformin vs. No Diabetes

Subjects with type 2 diabetes from S1 treated with metformin were compared to subjects without diabetes (Supplementary Table 11). In the matched analysis (Figures 4E–H and Supplementary Table 12), baseline cognition did not differ between individuals with diabetes treated with metformin and individuals without diabetes. However, subjects without diabetes showed greater increases in memory after 1 and 3 years (mean change in z-score of 0.53 vs. 0.14, P < 0.001) and in global cognition after 3 years (mean change in z-score of 0.25 vs. −0.001, P = 0.003), compared to subjects with diabetes treated with metformin. These two groups did not differ in terms of executive functions and MedDiet adherence, neither at baseline nor after 1 and 3 years of follow-up.



Diabetes No-Metformin vs. No Diabetes

Participants without diabetes were compared to participants with type 2 diabetes from S1 who were not treated with metformin (Supplementary Table 13). Before matching these groups only differed in HDL-cholesterol (52.4 mg/dL in subjects without diabetes vs. 48.0 mg/dL in subjects with diabetes without metformin) but after matching this difference was balanced and no additional differences were observed. No differences in memory, executive functions and global cognition were observed between subjects with type 2 diabetes not treated with metformin and subjects without diabetes, except in the mean rate of change in executive functions, in which participants with diabetes not treated with metformin presented a greater improvement than participants without diabetes (mean change in z-score of 0.33 vs. 0.08, P = 0.032, as shown in Figures 4I–L and Supplementary Table 14). Moreover, participants with type 2 diabetes not treated with metformin also presented a greater adherence to the MedDiet after 3 years of follow-up (d = 0.32, 95%CI −0.03, 0.67; P = 0.046).




DISCUSSION


Main Findings

This is the first study to date to examine the effect of metformin on cognition in older adults with type 2 diabetes following a MedDiet intervention. We first examined the heterogeneity in HbA1c trajectories after 1 and 3 years of dietary intervention. We identified three different subgroups of individuals with diabetes irrespective of the intervention group. The largest group exhibited good glycemic control that remained stable during the follow-up, while the remaining two subgroups showed poor baseline glycemic control that improved or worsened during the follow-up. Among the group with good glycemic control, we observed that those treated with metformin presented a better baseline performance in memory, executive functions and global cognition than those not treated with metformin. However, those not treated with metformin presented higher adherence to the MedDiet over time as well as greater improvements in memory, executive functions and global cognition, so that baseline differences between individuals with type 2 diabetes treated and not treated with metformin vanished after 1 and 3 years of MedDiet intervention. These results suggest that adherence to a MedDiet intervention could be superior to the potential neuroprotective effects of metformin among older adults with overweight/obesity and metabolic syndrome who have good glycemic control of their type 2 diabetes.



Metformin Use and Cognition in Individuals With Diabetes

Our results suggest that metformin could have neuroprotective effects. Specifically, we observed that before starting the MedDiet intervention, individuals with type 2 diabetes from a group presenting good glycemic control (S1) treated with metformin presented a higher performance in memory, executive functions and global cognition than those not treated with metformin. These results agree with previous observational studies showing better memory performance (14) or greater maintenance of executive functions and global cognition (34) in cognitively normal subjects with diabetes type 2 treated with metformin, compared to those not treated with metformin. Metformin use has also been associated with lower dementia risk (35, 36) and better cognitive function (37), but results are still highly variable across studies (15). These inconsistencies could be explained by the fact that multiple neurocognitive pathways are affected by diabetes. Therefore, some pathways, but not all, may be improved with drug therapy (e.g., neurovascular alterations) (38). Moreover, metformin has the adverse effect of lowering serum vitamin B12 concentration, which can in turn, increase the risk of cognitive impairment (39).

Metformin mainly acts by reducing liver gluconeogenesis and inhibiting glucagon-mediated signaling in the liver, but it can also cross the blood brain barrier and thus affect the brain more directly (40). However, the potential neuroprotective effects of metformin have been mostly attributed to its anti-inflammatory and anti-coagulative properties, the prevention of metabolic syndrome (41) and the reduction of peripheral insulin levels that affect brain clearance of amyloid β-peptide (Aβ) (42). Several clinical trials have also tested the effects of metformin in subjects with mild cognitive impairment (MCI) (43) or Alzheimer's disease (AD) (40). In a pilot study in individuals with amnesic MCI (N = 80), metformin treatment for 12 months marginally improved the selective reminding score, but did not affect the global cognitive composite (ADAS-Cog) (43). However, in a cross-over RCT with 20 individuals with AD, metformin treatment for 8 weeks improved executive function and trends also suggested improved memory, learning and attention (40). These preliminary findings support the need for larger trials to evaluate the efficacy and cognitive safety of metformin in prodromal and dementia stages of AD, such as the one recently promoted by the University of Columbia (ClinicalTrials.gov Identifier: NCT04098666).



Mediterranean Diet Adherence and Cognition in Individuals With Diabetes

Our results also suggest that a higher adherence to the MedDiet could reverse the cognitive disadvantage of those subjects with diabetes that were not treated with metformin, since both groups with diabetes achieved similar cognitive scores along the follow-up. Subjects with diabetes from S1 not treated with metformin presented improvements in memory, executive functions and global cognition composites during the 3 years of follow-up, but cognition remained almost stable among those treated with metformin. Moreover, subjects with diabetes who were not exposed to metformin showed greater adherence to the MedDiet after 3 years of follow-up. The reason for this is unknown, but this indicates a group of subjects with a high capacity to make lifestyle changes. In fact, prior to participating in this study, most subjects from this group were able to control their blood glucose without medication and when offered a lifestyle intervention they adhered to it very faithfully, which probably translated into cognitive improvement. Another possibility is that those individuals with type 2 diabetes who take anti-diabetic drugs value lifestyle interventions less than those who do not take any drugs. Moreover, the greater compliance with the MedDiet among individuals with type 2 diabetes not taking metformin at baseline may also explain why they did not require metformin during the 3 years of follow-up. Previous studies have already reported the delayed need of medication for diabetes in patients with a newly diagnosed type 2 diabetes after a MedDiet intervention, compared to a low-fat diet (44, 45).

The favorable effect of the MedDiet intervention was likely due to the overall composition of the dietary pattern and not to a decreased caloric intake, weight loss or increased physical activity, because the allocation to the intervention or control group was balanced among subjects with diabetes either treated and not treated with metformin. In individuals with type 2 diabetes, the MedDiet has been consistently associated with better glycemic control (reduction of HbA1c by 0.32–0.53%) and a better profile of cardiovascular risk factors, compared to low-fat diets (4). These mechanisms could explain why adherence to the MedDiet might improve cognition in individuals with type 2 diabetes (46, 47). The high content in plant-based foods of the MedDiet (olive oil, legumes, vegetables, fruit, cereals, and nuts), along with fish and moderate red wine consumption during meals, make the MedDiet rich in phenolic compounds, n-3 polyunsaturated fatty acids and vitamins that, in conjunction, may contribute to a reduced oxidative stress and chronic inflammation and better neurovascular health (48, 49).



Differences Between Individuals With and Without Diabetes

When individuals with diabetes were compared to those without diabetes, we did not find baseline differences in memory, executive functions and global cognition composites. These results differ from previous cross-sectional studies in the overall PREDIMED-Plus population (N = 6,823) showing worse executive functioning (evaluated with different neuropsychological tests) at baseline among participants with type 2 diabetes (8). However, we observed that participants with diabetes experienced fewer improvements in memory than participants without diabetes after 3 years of follow-up.

Nevertheless, in our study subjects with diabetes not treated with metformin experienced a greater increase in their executive functions than subjects without diabetes after 3 years of follow-up. Therefore, their greater adherence to the MedDiet could explain this difference in the rate of change in executive functions. In turn, MedDiet adherence did not differ between subjects with diabetes treated with metformin and subjects without diabetes. However, those using metformin experienced a lower improvement in their memory after 1 and 3 years, and in their global cognition after 3 years of follow-up, compared to subjects without diabetes. Thus, in the face of equivalent adherence to MedDiet, metformin was unable to neutralize the negative impact of type 2 diabetes on cognition.



Strengths

The strengths of this study include its longitudinal design with 3 years of follow-up and the large number of cognitive tests that are administered to participants, covering 12 different cognitive abilities that are grouped in memory, executive functions and global cognitive composites. Moreover, the methodology used in the analysis of results allowed us to minimize confounding by indication which is not frequently addressed in most studies of metformin and cognitive associations. Finally, we also described the heterogeneity in the response to a MedDiet intervention among individuals with diabetes type 2, which aligns with the current recommendations of more patient-centered research and care in the field of diabetes (3).



Limitations

However, this study has several limitations. First, the small sample size of the population with diabetes (N = 148) leads to a small number of participants in the subgroups with poor glycemic control (N = 17 in S2 and N = 8 in S3). This limits the capacity to detect statistically significant differences in their baseline characteristics. Moreover, when testing the associations between metformin use and cognition within the group presenting good glycemic control (S1), the small sample size of the untreated (N = 36) and treated (N = 87) groups also limited the study of gender effects, which should be addressed in future studies. Moreover, this sample size constraint also prevented the stratification of subjects exposed and not exposed to metformin according to their adherence to the MedDiet (high/medium/low). Consequently, it was not possible to study the simultaneous effect (interaction) of metformin use and high MedDiet adherence on cognition.

Second, there were losses in the evaluation of the cognitive function during the follow-up (within S1, 14% in the first year and 18% in the third year). They were not unexpected given the burden of neuropsychological visits and the fact that visits of this sub-study were performed on different days to those of the main trial. In addition, executive functions and global cognition composites excluded participants from the UV study site (representing 27% of subjects from S1) since not all the tests that made up the construct of executive functions were administered in this site. Therefore, selection bias cannot be completely excluded from this study.

Third, our methodology was not suitable for investigating causal effects since metformin administration was not randomized, and we did not collect data on the duration of metformin use, specific doses, or patients' adherence to their medication regimens. However, we noted that participants did not change their metformin treatment during the 3 years of follow-up. Moreover, we used IPTW to match treated and untreated subjects in each comparison. This approach allows to account for systematic differences in comorbidities between groups and is used to limit confounding by indication. We also had no information about the APOE genotype of participants, which could influence the association between metformin use and cognitive decline, as reported in previous studies (14).

Finally, this study does not have a control group since all subjects were exposed to a MedDiet intervention. However, without any intervention, individuals with metabolic syndrome would have probably presented a cognitive decline over time (50) and in this study their cognition improved independently of their underlying pathological condition.




CONCLUSIONS

In summary, both metformin and MedDiet seem to have neuroprotective effects in older adults at increased risk of pathological cognitive decline, presenting overweight/obesity, metabolic syndrome and type 2 diabetes. Given the heterogeneity in type 2 diabetes and in the response to lifestyle interventions and glucose-lowering medications, a group-based trajectory analysis was initially performed to stratify the population with diabetes. There were two minor subgroups with high HbA1c levels that did not achieve good glycemic control despite of the intensive MedDiet intervention. Future studies should consider applying more intensive and personalized dietary interventions to subjects with poor glycemic control of their type 2 diabetes. However, the majority subgroup of individuals with type 2 diabetes presented good glycemic control throughout the follow-up. In this subgroup, metformin treatment was associated with better memory, executive functions and global cognition at baseline. Nevertheless, after 1 and 3 years of MedDiet intervention, both metformin-treated and non-metformin-treated subjects achieved similar cognitive function. We postulate that increased adherence to the MedDiet explained the cognitive improvement observed in individuals with type 2 diabetes not treated with metformin. In conclusion, a high adherence to MedDiet seems to at least slow down cognitive decline in the elderly with metabolic syndrome and other chronic diseases. Our results support the hypothesis that both metformin and MedDiet interventions are good candidates for future cognitive decline preventive studies.



DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available because there are restrictions on the availability of data for the PREDIMED-Plus trial, due to the signed consent agreements around data sharing. Requestors wishing to access the PREDIMED-Plus dataset generated and/or analyzed during the current study can make a request to the PREDIMED-Plus trial Steering Committee chair. Requests to access the datasets should be directed to Jordi Salas-Salvadó, jordi.salas@urv.cat.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Parc de Salut Mar Drug Research Ethics Committee, Clinical Research Ethics Committee of Bellvitge University Hospital, Drug Research Ethics Committee of the Institut d'Investigació Sanitària Pere Virgili and Committee of Ethics and Research on Humans of Valencia University. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

RT, NS-D, AC-R, and LF contributed to the conception and design of the study, wrote the manuscript, and reviewed/edited the manuscript. NS-D performed the statistical analyses. AC-R, LF, NB, SN, CG-M, RF-C, AA-S, CV-A, SJ-M, and OC contributed to data acquisition. DC, SC, JD-E, OC, MG-G, XP, JS-S, and FF-A contributed to critical revision of the manuscript for key intellectual content. RT, JS-S, and FF-A obtained funding for the study. All authors have read and approved the final manuscript.



FUNDING

Study resulting from the following grants: SLT006/17/00246, SLT002/16/00045 and SLT006/17/00077 funded by the Department of Health of the Generalitat de Catalunya by the calls Acció instrumental de programes de recerca orientats en l'àmbit de la recerca i la innovació en salut and Pla estratègic de recerca i innovació en salut (PERIS). We thank CERCA Programme/Generalitat de Catalunya for institutional support. This project was funded by Instituto de Salud Carlos III (ISCIII), the Spanish Government Official Agency for funding biomedical research-with competitive grants leaded by JS-S and Josep Vidal for the periods 2014–2016, 2015–2017, 2017–2019, and 2018–2020, through the Fondo de Investigación para la Salud (FIS), which is co-funded by the European Regional Development Fund, ERDF, a way to build Europe) [grants: PI13/00233, PI13/00728, PI13/01123, PI13/00462, PI16/00533, PI16/00366, PI16/01094, PI16/00501, PI17/01167, PI19/00017, PI19/00781, PI19/01032, PI19/00576]; the Especial Action Project entitled: Implementación y evaluación de una intervención intensiva sobre la actividad física Cohorte PREDIMED-Plus grant to JS-S; the European Research Council [Advanced Research Grant 2014–2019; agreement #340918] granted to Miguel Ángel Martínez-González; the Recercaixa (number 2013ACUP00194) grant to JS-S. This research was also partially funded by EU-H2020 Grants (Eat2beNICE/H2020-SFS-2016-2; Ref 728018; and PRIME/H2020-SC1-BHC-2018-2020; Ref: 847879), Grant PROMETEO/2017/017 (Generalitat Valenciana) and Grant FEA/SEA 2017 for Primary Care Research. This work is also partially supported by ICREA under the ICREA Academia programme. This work was supported by grants from DIUE de la Generalitat de Catalunya 2017 SGR 138 from the Departament d'Economia i Coneixement de la Generalitat de Catalunya (Spain). NS-D has received the FI 2021 predoctoral grant (FI_B2021/00104) from the Agency for Management of University and Research Grants (AGAUR) of the Generalitat de Catalunya. CV-A was supported by a predoctoral Grant of the Ministerio de Educación, Cultura y Deporte (FPU16/01453). AA-S has received a post-doctoral grant from the Consellería de Innovación, Ciencia y Sociedad Digital, Generalitat Valenciana, Valencia (APOSTD/2020/003). The Physiopathology of Obesity and Nutrition Networking Biomedical Research Center (CIBEROBN) is an initiative of ISCIII.

None of these funding sources plays any role in the design, collection, analysis, or interpretation of the data or in the decision to submit manuscripts for publication. The funders of the study had no role in study design, data collection, data analysis, data interpretation, or writing of the report.



ACKNOWLEDGMENTS

The authors thank the participants for their enthusiastic collaboration and the PREDIMED-Plus personnel for their invaluable support, as well as all affiliated primary care centers, for their excellent work.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2021.742586/full#supplementary-material



REFERENCES

 1. International Diabetes Federation. IDF Europe members (2020). Available online at: https://idf.org/our-network/regions-members/europe/members/159-spain.html (accessed: May 17, 2021). 

 2. Chatterjee S, Peters SAE, Woodward M, Arango SM, Batty GD, Beckett N, et al. Type 2 diabetes as a risk factor for dementia in women compared with men: a pooled analysis of 2.3 million people comprising more than 100,000 cases of dementia. Diabetes Care. (2016) 39:300–7. doi: 10.2337/dc15-1588

 3. Davies MJ, Alessio DAD, Fradkin J, Kernan WN, Mathieu C. Management of hyperglycaemia in type 2 diabetes, 2018. A consensus report by the American Diabetes Association and the European Association for the Study of Diabetes (EASD). Diabetologia. (2018) 61:2461–98. doi: 10.1007/s00125-018-4729-5

 4. Huo R, Du T, Xu Y, Xu W, Chen X, Sun K, et al. Effects of Mediterranean-style diet on glycemic control, weight loss and cardiovascular risk factors among type 2 diabetes individuals: a meta-analysis. Eur J Clin Nutr. (2015) 69:1200–8. doi: 10.1038/ejcn.2014.243

 5. Salas-Salvadó J, Díaz-López A, Ruiz-Canela M, Basora J, Fitó M, Corella D, et al. Effect of a lifestyle intervention program with energy-restricted Mediterranean diet and exercise on weight loss and cardiovascular risk factors: one-year results of the PREDIMED-Plus trial. Diabetes Care. (2019) 42:777–88. doi: 10.2337/dc18-0836

 6. Salas-Salvadó J, Bulló M, Babio N, Martínez-González MÁ, Ibarrola-Jurado N, Basora J, et al. Reduction in the incidence of type 2 diabetes with the mediterranean diet: Results of the PREDIMED-Reus nutrition intervention randomized trial. Diabetes Care. (2011) 34:14–9. doi: 10.2337/dc10-1288

 7. Valls-Pedret C, Sala-Vila A, Serra-Mir M, Corella D, de la Torre R, Martínez-González MÁ, et al. Mediterranean diet and age-related cognitive decline: a randomized clinical trial. JAMA Intern Med. (2015) 175:1094–103. doi: 10.1001/jamainternmed.2015.1668

 8. Mallorquí-Bagué N, Lozano-Madrid M, Toledo E, Corella D, Salas-Salvadó J, Cuenca-Royo A, et al. Type 2 diabetes and cognitive impairment in an older population with overweight or obesity and metabolic syndrome: baseline cross-sectional analysis of the PREDIMED-plus study. Sci Rep. (2018) 8:16128. doi: 10.1038/s41598-018-33843-8

 9. Yarchoan M, Arnold SE. Repurposing diabetes drugs for brain insulin resistance in Alzheimer disease. Diabetes Care. (2014) 63:2253–61. doi: 10.2337/db14-0287

 10. McCrimmon RJ. Consequences of recurrent hypoglycaemia on brain function in diabetes. Diabetologia. (2021) 64:971–7. doi: 10.1007/s00125-020-05369-0

 11. Livingston G, Huntley J, Sommerlad A, Ames D, Ballard C, Banerjee S, et al. Dementia prevention, intervention, and care: 2020 report of the Lancet Commission. Lancet. (2020) 396:413–46. doi: 10.1016/S0140-6736(20)30367-6

 12. Lipska KJ, Krumholz H, Soones T, Lee SJ. Polypharmacy in the aging patient. A review of glycemic control in older adults with type 2 diabetes. JAMA. (2016) 315:1034–45. doi: 10.1001/jama.2016.0299

 13. Ng TP, Feng L, Yap KB, Lee TS, Tan CH, Winblad B. Long-term metformin usage and cognitive function among older adults with diabetes. J Alzheimer's Dis. (2014) 41:61–8. doi: 10.3233/JAD-131901

 14. Wu CY, Ouk M, Wong YY, Anita NZ, Edwards JD, Yang P, et al. Relationships between memory decline and the use of metformin or DPP4 inhibitors in people with type 2 diabetes with normal cognition or Alzheimer's disease, and the role APOE carrier status. Alzheimer's Dement. (2020) 16:1663–73. doi: 10.1002/alz.12161

 15. Giaccari A, Solini A, Frontoni S, Prato SD. Metformin benefits: Another example for alternative energy substrate mechanism? Diabetes Care. (2021) 44:647–54. doi: 10.2337/dc20-1964

 16. Dennis JM. Precision medicine in type 2 diabetes: using individualized prediction models to optimize selection of treatment. Diabetes. (2020) 69:2075–85. doi: 10.2337/dbi20-0002

 17. Luo M, Tan KHX, Tan CS, Lim WY, Tai ES, Venkataraman K. Longitudinal trends in HbA1c patterns and association with outcomes: a systematic review. Diabetes Metab Res Rev. (2018) 34:e3015. doi: 10.1002/dmrr.3015

 18. Rubió M, Salas-Salvadó J, Barbany M, Moreno B, Aranceta J, Bellido D, et al. Consenso SEEDO 2007 para la evaluación del sobrepeso y la obesidad y el establecimiento de criterios de intervención terapéutica. Rev Española Obes. (2007) 128:184–96. doi: 10.1016/S0025-7753(07)72531-9

 19. American Diabetes Association. 2. Classification and diagnosis of diabetes: standards of medical care in diabetes−2021. Diabetes Care. (2021) 44:S15–33. doi: 10.2337/dc21-S002

 20. Rey A. L'examen clinique en psychologie. [The clinical examination in psychology]. Paris: Presses Universitaires De France (1958). 

 21. Osterrieth PA. Test of copying a complex figure; contribution to the study of perception and memory. Arch Psychol. (1944) 30:206–356. 

 22. Smith A. SDMT. Test de Símbolos y Dígitos [Symbol and Digit Test]. TEA Edicio., ed. D. Arribas Madrid (2002). 

 23. Stroop JR. Studies of interference in serial verbal reactions. J Exp Psychol. (1935) 18:643–62. doi: 10.1037/h0054651 

 24. Bechara A, Damasio H, Tranel D, Damasio AR. Deciding advantageously before knowing the advantageous strategy. Science. (1997) 275:1293–5. doi: 10.1126/science.275.5304.1293

 25. Conners CK. Conners' CPT II. Continuous Performance Test II. Computer Guide and Software Manual. North Tonawanda, NY: Multi Health Systems (2000). 

 26. Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical method for grading the cognitive state of patients for the clinician. J Psychiatr Res. (1975) 12:189–98. doi: 10.1016/0022-3956(75)90026-6

 27. Beck A, Steer A, Carbin M. Psychometric properties of the Beck depression inventory twenty-five years of evaluation. Clin Psych Rev. (1988) 8:77–100. doi: 10.1016/0272-7358(88)90050-5 

 28. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. Homeostasis model assessment: insulin resistance and β-cell function from fasting plasma glucose and insulin concentrations in man. Diabetologia. (1985) 28:412–9. doi: 10.1007/BF00280883

 29. Schröder H, Zomeño MD, Martínez-González MA, Salas-Salvadó J, Corella D, Vioque J, et al. Validity of the energy-restricted Mediterranean Diet Adherence Screener. Clin Nutr. (2021) 40:4971–9. doi: 10.1016/j.clnu.2021.06.030

 30. Álvarez-Álvarez I, Martínez-González MÁ, Sánchez-Tainta A, Corella D, Díaz-López A, Fitó M, et al. Adherence to an energy-restricted mediterranean diet score and prevalence of cardiovascular risk factors in the PREDIMED-plus: a cross-sectional study. Rev Española Cardiol. (2019) 72:925–34. doi: 10.1016/j.recesp.2018.08.007

 31. Topolski T, LoGerfo J, Patrick D, Williams B, Walwick J, Patrick M. The Rapid Assessment of Physical Activity (RAPA) among older adults. Prev Chronic Dis. (2006) 3:A118.

 32. van der Nest G, Lima Passos V, Candel MJJM, van Breukelen GJP. An overview of mixture modelling for latent evolutions in longitudinal data: modelling approaches, fit statistics and software. Adv Life Course Res. (2020) 43:100323. doi: 10.1016/j.alcr.2019.100323 

 33. Ali MS, Prieto-Alhambra D, Lopes LC, Ramos D, Bispo N, Ichihara MY, et al. Propensity score methods in health technology assessment: principles, extended applications, and recent advances. Front Pharmacol. (2019) 10:973. doi: 10.3389/fphar.2019.00973

 34. Samaras K, Makkar S, Crawford JD, Kochan NA, Wen W, Draper B, et al. Metformin use is associated with slowed cognitive decline and reduced incident dementia in older adults with type 2 diabetes: the Sydney memory and ageing study. Diabetes Care. (2020) 43:2691–701. doi: 10.2337/dc20-0892

 35. Orkaby AR, Cho K, Cormack J, Gagnon DR, Driver JA. Metformin vs sulfonylurea use and risk of dementia in US veterans aged >65 years with diabetes. Neurology. (2017) 89:1877–85. doi: 10.1212/WNL.0000000000004586

 36. Hsu CC, Wahlqvist ML, Lee MS, Tsai HN. Incidence of dementia is increased in type 2 diabetes and reduced by the use of sulfonylureas and metformin. J Alzheimer's Dis. (2011) 24:485–93. doi: 10.3233/JAD-2011-101524

 37. Herath PM, Cherbuin N, Eramudugolla R, Anstey KJ. The effect of diabetes medication on cognitive function: evidence from the PATH through life study. Biomed Res Int. (2016) 2016:7208429. doi: 10.1155/2016/7208429

 38. Kuehn BM. In Alzheimer Research, glucose metabolism moves to center stage. JAMA. (2020) 323:297–9. doi: 10.1001/jama.2019.20939

 39. Moore EM, Mander AG, Ames D, Kotowicz MA, Carne RP, Brodaty H, et al. Increased risk of cognitive impairment in patients with diabetes is associated with metformin. Diabetes Care. (2013) 36:2981–7. doi: 10.2337/dc13-0229

 40. Koenig AM, Mechanic-Hamilton D, Xie SX, Combs MF, Cappola AR, Xie L, et al. Effects of the insulin sensitizer metformin in Alzheimer Disease: pilot data from a randomized placebo-controlled crossover study. Alzheimer Dis Assoc Disord. (2017) 31:107–13. doi: 10.1097/WAD.0000000000000202

 41. Orchard TJ, Temprosa M, Goldberg R, Haffner S, Ratner R, Marcovina S, et al. The effect of metformin and intensive lifestyle intervention on the metabolic syndrome: the diabetes prevention program randomized trial. Ann Intern Med. (2005) 142:611–9. doi: 10.7326/0003-4819-142-8-200504190-00009

 42. Shalev D, Arbuckle MR. Metabolism and memory: obesity, diabetes, and dementia. Biol Psychiatry. (2017) 82:e81–3. doi: 10.1016/j.biopsych.2017.09.025

 43. Luchsinger JA, Perez T, Chang H, Mehta P, Steffener J, Pradabhan G, et al. Metformin in amnestic mild cognitive impairment: results of a pilot randomized placebo controlled clinical trial. J Alzheimer's Dis. (2016) 51:501–14. doi: 10.3233/JAD-150493

 44. Esposito K, Maiorino MI, Petrizzo M, Bellastella G, Giugliano D. The effects of a Mediterranean diet on the need for diabetes drugs and remission of newly diagnosed type 2 diabetes: Follow-up of a randomized trial. Diabetes Care. (2014) 37:1824–30. doi: 10.2337/dc13-2899

 45. Esposito K, Maiorino M, Ciotola M, Di Palo C, Scognamiglio P, Gicchino M, et al. Effects of a Mediterranean-style diet on the need for antihyperglycemic drug therapy in patients with newly diagnosed type 2 diabetes: a randomized trial. Ann Intern Med. (2009) 151:306–14. doi: 10.7326/0003-4819-151-5-200909010-00004

 46. Mattei J, Bigornia SJ, Sotos-Prieto M, Scott T, Gao X, Tucker KL. The Mediterranean diet and 2-year change in cognitive function by status of type 2 diabetes and glycemic control. Diabetes Care. (2019) 42:1372–9. doi: 10.2337/dc19-0130

 47. Soldevila-Domenech N, Forcano L, Vintro-Alcatraz C, Cuenca-Royo A, Pintó X, Jiménez-Murcia S, et al. Interplay between cognition and weight reduction in individuals following a Mediterranean Diet: three-year follow-up of the PREDIMED-Plus trial. Clin Nutr. (2021) 40:5221–37. doi: 10.1016/j.clnu.2021.07.020

 48. Zupo R, Griseta C, Battista P, Donghia R, Guerra V, Castellana F, et al. Role of plant-based diet in late-life cognitive decline: results from the Salus in Apulia Study. Nutr Neurosci. (2021). doi: 10.1080/1028415X.2020.1853416. [Epub ahead of print].

 49. Frisardi V, Panza F, Seripa D, Imbimbo BP, Vendemiale G, Pilotto A, et al. Nutraceutical properties of mediterranean diet and cognitive decline: possible underlying mechanisms. J Alzheimer's Dis. (2010) 22:715–40. doi: 10.3233/JAD-2010-100942

 50. Yaffe K, Weston AL, Blackwell T, Krueger KA. The metabolic syndrome and development of cognitive impairment among older women. Arch Neurol. (2009) 66:324–8. doi: 10.1001/archneurol.2008.566

Conflict of Interest: JS-S reports non-financial support from Nut and Dried Fruit Foundation, personal fees from Danone Institute Spain, other from Danone S.A., other from Font Vella Lanjaron, other from Nuts for Life, other from Eroski Distributors, outside the submitted work. FF-A reports consultation fees from Novo Nordisk and editor-in-chief honorarium from Wiley. JD-E reports honoraria for lectures and presentations from Novo Nordisk, Mundipharma, Lilly, Astra Zeneca, MSD and Boehringer Ingelheim. All these relationships did not influence study design, data collection, data analysis, data interpretation, or writing of the report.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Soldevila-Domenech, Cuenca-Royo, Babio, Forcano, Nishi, Vintró-Alcaraz, Gómez-Martínez, Jiménez-Murcia, Fernández-Carrión, Gomis-González, Alvarez-Sala, Carlos, Pintó, Corella, Díez-Espino, Castañer, Fernández-Aranda, Salas-Salvadó and de la Torre. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnut-08-742586-t001.jpg
All population No-T2D T2D e

Variable Category N (%) N (%) N (%)
N 487 (100) 339 (100) 148 (100)
Study group Intervention group 240 (49.3) 162 (47.8) 78 (62.7) 0.368
Study site IMIM 116 (23.8) 65(19.2) 51(34.5) <0.001
ISPV 143 (29.4) 131 (38.6) 12(8.1)
w 70 (14.4) 34(10.0) 36(24.3)
HUB 158 (32.4) 109 (32.2) 49 (33.1)
Sociodemographic characteristics
Sex Women 246 (50.5) 173(51.0) 73(49.3) 0804
Age Mean (SD) 65.2(4.7) 64.9(4.7) 65.9(4.7) 0.029
Education (years) Mean (SD) 11.763) 124 (6.7) 10.5 (4.0) <0.001
Employment status Employed 91 (18.7) 68 (20.1) 23(15.5) 0611
Unemployed 36(7.4) 27(8.0) 9(6.9)
Housework 50 (10.3) 36(10.7) 14(0.5)
Retired 302 (62.1) 202 (59.8) 100 (67.6)
Missing 1 1
festyle, obesity and mental health
Current smoker 59 (12.1) 47 (139) 128.11) 0.101
Physical activity® Sedentary 76 (15.6) 48(14.2) 28(18.9) 0.082
Under-active 326 (66.9) 238(70.2) 88(59.5)
Moderately active 44 9.08) 25 (7.37) 19 (12.8)
Active 418.42) 28(8.26) 13 (8.78)
Er-MedDiet adherence® Low 221 (45.4) 150 (44.2) 71(48.0) 0.741
Medium 202 (41.5) 144 (42.5) 58(39.2)
High 64 (13.1) 45(13.3) 19 (12.8)
BMiI category Over-weight 133 (27.9) 99(29.2) 34(23.0) 0.156
Obesity | 236 (48.5) 164 (48.4) 72 (48.6)
Obesity I 118 (24.2) 76 (22.4) 42(28.4)
Depressive symptomatology® No or minimal 304 (62.4) 217 (64.0) 87(658.8) 0544
Mid-to-moderate 140 (28.7) 93(27.4) 4731.8)
Moderate-to-severe 43(8.8) 29(85) 14.9.5)
Medications
Metformin 111 (22.7) 0(0.00) 111 (75.0) N
Insulin 10(2.0) 0(0.00) 10(6.7) -
Other treatments for diabetes? 51(105) 0(0.00) 51(34.5) -
Tranquilzers/sedatives 112 (23.0) 72(21.2) 40(27.0) 0201
Cholesterol treatment 245 (50.3) 153 (45.1) 92 (62.2) 0.001
Intelligence Quotient (PD)* Mean (SD) 92.0(39.6) 83.7(30.5) 995 (38.8) 0.006
Glycemic profile
Hbatc (%) Mean (SD) 6.1(0.8) 58(0.4) 7.0(1.0) <0.001
HbA1c (mmol/mol) Mean (SD) 435(9.2) 39.8(4.2) 52.6(11.2) <0.001
Glucose (mg/dL) Mean (SD) 116 (30.9) 108 (13.2) 146 (38.7) <0.001
HOMA-IR index Mean (SD) 5639 5.0(3.1) 71(6.2) <0.001

“T-test for continuous variables [presented as mean (SD)J: and chi-squared test (or Fisher's exact test when expected count in some celss is lower than 5) for categorical variables.
“Obtained from the Repid Assessment of Physicel Activity (RAPA) questionnaire.

bEr-MedDiet, energy-restricted Mediterranean Diet adherence, from the 17-tem er-MedDiet questionnaire.

“Obtained from the Beck's Depression Inventory-Il (BD).

Iinclucies: dipepticyl peptidase 4 inhibitors (N = 35), sulfonylureas (N = 21), insulin secretagogues (N = 11), SLGT2 inhibitors (N = 6, thiazolidineciones (N = 1), and others (N = 0)
*Obtained from the WAIS-Ii Vocabulary Subtest.

HbATc, glycosylated hemoglobin; IMIM, Hospital del Mar Medical Research Institute; ISPV, Pere Virgil Institute for Health Research; UV, University of Valencie; HUB, Bellvitge
University Hospital. Bold values denote statistical significance at the p < 0.05 level.
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Variable Time T2D-S1 No-Metformin T2D-S1 Metformin Differences Differences in the mean change

[N =36 IN=871° at each time point (95%Cl) from baseline
Missing Mean Missing Mean Cohen’s D Effect  P¢ No-Metformin Metformin P
IV (%)] (95% Cl) IV (%) (95% CI) (95% CIy* Size®
er-MedDiet adherence score  Baseline 0(0) 7.7(68,85) 00 77(7.2,83) 0.03 (~0.36, 0.41) Vs 0752
1 year 128) 121 (109,133  3(3.4) 11.6(11,122)  -0.16(-0.56,0.23) s o427 44(34,55) 39(32,46) 0476
3years 128) 126(118,134) 892  115(109,121) -0.44(-0.84, -0.02) s 0031 49(39,59) 39(33,44) 0.145
Memory composite (z-score) ~ Baseline  1(28) —-0.17(<046,0.12)  3(34)  0.1(=003,023) 0.38 (-0.02,0.79) s 0415
1 year 7(19.4) 0.1(-021,041) 13(149)  0.18(0.03,033) 0.11(-0.32,0.54) VS 0795  02(-0.03,042)  001(-0.11,0.14) 0307
3years  6(167) 033(0.04,063) 16(184)  029(0.14,044)  —0.06(-0.49,0.36) VS 0557  0.38(0.15,0.62) 0.1(~005,025)  0.036
Executive functions Baseline 10(345) -0.14(-0.42,0.14) 21(34.4) 0.13(-002,0.28) 051 (-0.06, 1.08) M 0086
composite (z-score)*®
fyear  10(345) -013(-047,021)  14(23) 009(-004,021) 0.39 (~0.16,0.93) S 0333  008(0.00,016) -002(-0.17,013) 0293
Syears  14(483) 0.23(-0.14,06) 28(459) 0.14(-001,028)  —0.18(~0.79,0.44) S 0857  0836(0.13,059)  002(-0.09,0.14) 0.005
Global cogrition composite Baseline 10(345)  —-0.1(-0.35,0.14) 22(36.1) 0.13(-0.02,0.27) 0.48 (=0.1, 1.04) M 0124
(z-score)
fyear  10(345)  002(-034,037) 15(4.6)  0.15(0.02,029) 0.23(-031,0.77) S 0676 0.12(-0.05029) 0.12(0,023 0511
3years  14(483)  034(-001,069) 28(459)  0.19(0.03,0.34) —0.28(~0.9,0.34) S 0304  029(0.10,049 —002(-0.11,007) 0.001

aN = 29 and °N = 67 when excluding participants from University of Valencia study site that did not receive all the tests from executive functions and global cognition.

SEffect Size: VIS = very small (Cohen’s d < 0.2); S = small [Cohen's d (0.2-0.5)}; M = medium [Cohen's d (0.5-0.8): L = large Cohe’s d (0.8-1.2)); VL. = very large (Cohen’s d = 1.2).

9ANOVA from multivariable-adjusted linear model.

SANOVA from multivariable-acfusted linear mixed effects model,

Inverse probabilty of treatment weighting (IPTW) was applied to all analyses to weight each indlvidual with his/her inverse probabilty of being treated with metformin, generating a pseudo-population with (almost) perfect covariate
balance. All models were adjusted by diagnosis of sleep apnoea.

*Reference group= No-Metformin. Bold values denote statistical significance at the p < 0.05 level.
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