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Abstract            

Global population ageing represents many opportunities but also a great challenge for science 

and health policy, as this increase in longevity is intended not to lead to a worse health status 

or a lower quality of life. For this reason, there is a need to study factors that can influence health 

status throughout life and in old age, especially in the prevention and management of chronic 

diseases and disability. Healthy dietary patterns, such as the Mediterranean diet, have generally 

been shown to reduce the risk of chronic diseases, as well as the risk of mortality. The effects of 

healthy dietary patterns can be explained by the synergy of factors that composes it, such as 

phytochemicals and unsaturated fatty acids. However, evidence provided by both clinical and 

epidemiological studies regarding physical and cognitive functions is still limited and mixed. This 

is partly due to the methods traditionally used to collect dietary data, which are susceptible to 

measurement errors. For this reason, the use of dietary biomarkers represents an opportunity 

not only to obtain more objective measures but also to take into account other relevant aspects 

such as the bioavailability of food compounds and the metabolic intervariability of individuals.  

Thus, the hypothesis stemming from this doctoral thesis is that high adherence to a dietary 

pattern rich in phytochemicals and unsaturated fatty acids, such as the Mediterranean diet, may 

contribute to determining the physical and cognitive health status of older adults. This work 

aims to study the effect of the Mediterranean diet and its components, evaluated through 

dietary assessment instruments and/or metabolomic tools, on physical and cognitive function 

in adults aged 65 years or over. This doctoral thesis has been reflected and documented in five 

scientific publications.  

In the framework of the FoodBall Project, the phytochemical profile of legumes was 

investigated, and their composition was analyzed in a second stage. Metabolomics data analysis 

tools were used to visualize qualitative differences of phytochemicals between pulses, showing 

beans as those with the greatest number of described phytochemicals. Beans had the most 

discriminant profile, while lentils, chickpeas, and peas revealed a high number of common 

compounds. The intervention study with pulses, which aimed to characterize the composition 

of bioactive compounds of legumes and to identify biomarkers of their consumption, revealed 

a broad list of candidate metabolites. Some metabolites and their families were found to be 

specific for certain pulses, while others appeared to be more generic indicators of legume 

consumption.  



 

 

Pulses are one of the main protein sources of the Mediterranean diet, which was evaluated 

through the MEDAS questionnaire to investigate the relationship between adherence to this 

pattern and response to an exercise and health education program to prevent hospital 

associated disability in older patients within the AGECAR-PLUS clinical trial. The work showed 

that while intervention proved effective in preventing hospital associated disability, patients 

with low adherence to the Mediterranean diet would probably benefit more from it than 

patients with higher adherence. In the study, the concentration of urinary total polyphenols was 

also used as a biomarker of polyphenol intake and as a proxy for the Mediterranean diet, and 

similar results were obtained. In the fourth study, within the InCHIANTI prospective cohort, it 

was observed that fish consumption was inversely associated with the risk of cognitive decline, 

one of the main causes of disability and dependency in the elderly. In this same vein, a greater 

adherence to the Mediterranean diet, assessed through an a priori Mediterranean diet 

metabolomic score, was retrospectively associated with lower odds of cognitive decline in older 

adults from the Three-City Study.  

In conclusion, the results obtained in this doctoral thesis provide evidence that adherence to a 

healthy diet pattern rich in phytochemicals and unsaturated fatty acids, such as the 

Mediterranean diet, may contribute to the prevention of cognitive and functional decline in 

older people. In addition, they reinforce the need to refine nutritional metabolomic techniques 

for their full application in future research, in the study of both the diet-health relationship in 

aging as well as the value of bioactive compounds from a food group of high nutritional and 

health relevance such as legumes and fish. 

 

 

 



 

 

Resum            

L’envelliment poblacional a nivell global suposa moltes oportunitats però també un gran repte 

per a la ciència i les polítiques de salut, ja que es pretén que aquest augment de la longevitat no 

impliqui un pitjor estat de salut ni una menor qualitat de vida. Per aquest motiu, sorgeix la 

necessitat d’estudiar els factors que poden influenciar en l’estat de salut al llarg de la vida i 

durant la vellesa, especialment en la prevenció i maneig de les malalties cròniques i la 

discapacitat. En aquest sentit, els patrons dietètics saludables, com la dieta mediterrània, han 

demostrat reduir generalment el risc de patir malalties cròniques, així com el risc de mortalitat. 

Els efectes dels patrons dietètics saludables es poden explicar per la sinergia dels factors que els 

composen, tals com els fitoquímics i els àcids grassos insaturats. No obstant, l’evidència 

aportada tant per estudis clínics com per estudis epidemiològics en relació a la funció física i 

cognitiva és encara limitada i ambivalent. Aquest fet és degut, en part, als mètodes usats 

tradicionalment per recollir les dades dietètiques, els quals són susceptibles a errors de mesura. 

Per aquest motiu, l’ús de biomarcadors dietètics suposa una oportunitat per no només obtenir 

mesures més objectives, sinó també per tenir en compte altres aspectes rellevants com la 

biodisponibilitat dels compostos alimentaris i la intervariabilitat metabòlica dels individus.  

Així doncs, la hipòtesis que se’n deriva en aquesta tesis doctoral és que una alta adherència a 

un patró dietètic ric en fitoquímics i àcids grassos insaturats, tal com la dieta mediterrània, pot 

contribuir en determinar l’estat de salut funcional i cognitiu dels adults majors. El present treball 

té com a objectiu l’estudi de la dieta mediterrània i dels seus components, estimats a través 

d’eines d’avaluació dietètica i/o metabolòmiques, en la funció física i cognitiva d’adults de 65 

anys o majors. Aquesta tesis doctoral s’ha reflectit i queda constància en cinc publicacions 

científiques.  

En el marc del Projecte FoodBall, es va procedir a investigar el perfil fitoquímic dels llegums i a 

analitzar la composició d’aquests en una segona fase. Es van usar eines d’anàlisi de dades 

metabolòmiques per visualitzar diferències qualitatives de fitoquímics entre llegums, mostrant 

les mongetes com els llegums amb major nombre de compostos descrits. Les mongetes tenien 

el perfil fitoquímic més discriminant, mentre que les llenties, els cigrons i els pèsols van revelar 

un gran nombre de compostos comuns. L’estudi d’intervenció amb llegums, que tenia per 

objectiu caracteritzar la composició de compostos bioactius dels llegums i identificar 

biomarcadors del seu consum, va revelar una àmplia llista de metabòlits candidats. Alguns 



 

 

metabòlits i les seves famílies es van trobar específicament en certs tipus de llegums, mentre 

que altres van semblar ser indicadors més genèrics del consum de llegums.  

Els llegums són una de les principals fonts proteiques de la dieta mediterrània, la qual es va 

avaluar a través del qüestionari MEDAS per investigar la relació entre l’adherència a aquest patró 

i la resposta a un programa d’exercici i educació sanitària per prevenir la discapacitat associada 

a l’hospitalització en pacients grans dins de l’estudi clínic AGECAR-PLUS. El treball va demostrar 

que, si bé la intervenció va resultar eficaç per prevenir la discapacitat associada a 

l’hospitalització, els pacients amb baixa adherència a la dieta mediterrània probablement es 

beneficiarien més d’aquesta que els pacients amb major adherència. En l’estudi també es va 

utilitzar la concentració de polifenols totals en orina com a biomarcador del consum de 

polifenols i proxy de la dieta mediterrània, i es van obtenir resultats similars. En el quart estudi, 

emmarcat en la cohort prospectiva d’InCHIANTI, es va observar que el consum de peix estava 

inversament associat al risc de declivi cognitiu, una de les principals causes de discapacitat i 

dependència en la gent gran. En aquesta mateixa línia, una major adherència a la dieta 

mediterrània, avaluada a través d’una puntuació metabolòmica a priori de dieta mediterrània, 

es va associar retrospectivament amb una menor probabilitat de declivi cognitiu en persones 

adultes de l’Estudi de les Tres Ciutats.  

En conclusió, els resultats derivats d’aquesta tesis doctoral aporten evidència de que 

l’adherència a un patró dietètic ric en fitoquímics i àcids grassos instaurats, com la dieta 

mediterrània, pot contribuir a la prevenció del declivi cognitiu i funcional de la gent gran. A més, 

reforcen la necessitat de refinar les tècniques nutricionals metabolòmiques per la seva completa 

aplicació en la recerca futura, tant en l’estudi de la relació dieta-salut en l’envelliment com del 

valor en compostos bioactius de grups d’aliments de gran rellevància nutricional i sobre la salut 

com són els llegums i el peix. 
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1. Background          

1.1. Ageing 

At the biological level, the ageing process has been considered as the convoluted natural set of 

structural and physiological changes (also known as the hallmarks of ageing) which arise from 

the impact of the gradual accumulation of molecular and cellular damage over time. These 

changes include shifts in body composition, hormone level alterations, changes in blood 

pressure and lipids, and reduced responsiveness to hormones (Figure 1). This leads to a 

progressive decline in both physical and cognitive abilities, an increased susceptibility to 

diseases, and eventual mortality (Partridge et al., 2018). However, these changes are neither 

homogenous, consistent, nor linear, but may reflect a mix of genetics and influencing external 

factors such as the physical and social environments and the individual’s behaviors and lifelong 

choices (World Health Organization, 2015). 

Figure 1. The hallmarks of ageing and their contribution to the etiology of specific age-related 

phenotypes and diseases. 

Source: Partridge et al., 2018. 

1.1.1. Epidemiology of ageing 

In 2019, the global population aged 65 years and over was 703 million people, representing 9% 

of the world’s population. This number is projected to reach nearly 1.5 billion by 2050. 

Moreover, the number of persons aged 80 years or older nearly tripled between 1990 and 2019, 

and it is projected to triple again between 2019 and 2050 worldwide (United Nations - 

Department of Economic and Social Affairs, 2019). 
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Population ageing is driven by the reductions in fertility rates and the increase in life expectancy 

associated with the historically unprecedented socioeconomic development and with advances 

in nutrition, medicine, and public health. This progress has led to shifts in the age structure of 

populations as successive cohorts live longer and have fewer children (United Nations - 

Department of Economic and Social Affairs, 2019). 

The increase in life expectancy is not only due to improved survival at younger ages but also at 

older ages, particularly in high-income settings. For instance, the life expectancy at birth in 

Europe in 2000 was 72.5 years, while the life expectancy at 60 was 19.6 years. In 2019, the life 

expectancy at birth and at 60 was 78.2 years and 22.5 years, respectively (World Health 

Organization, 2020).  

1.1.2. Ageing and health 

These changes imply a variation in population cause of death, as the leading cause in older age 

are non-communicable diseases, especially in high-income settings. Moreover, a greater 

lifespan does not necessary imply experiencing better health. In fact, recent epidemiological 

evidence reveals that changing age-related demographics have dramatically augmented the 

health burden of chronic non-communicable diseases and attributable disability (Engchuan et 

al., 2019). This trend might be attributed to the fact that ageing is still generally associated with 

a greater prevalence of impaired physical performance and cognitive function, which leads to 

associated morbidity and ultimately lowers quality of life and increases dependency (Chang et 

al., 2019; Partridge et al., 2018). 

1.1.2.1. Physical function 

Physical functioning is of critical importance in quality of life in old age. Adequate levels of 

physical function are essential for independently performing both activities of daily living (ADLs), 

such as self-care tasks and transferring, and instrumental ADLs (IADLs), such as housework and 

managing money. Physical functioning is not only important for participation in recreational and 

social activities but also for emotional wellbeing. Moreover, limitations in physical functioning 

are highly predictive of important clinical outcomes, such as falls, morbidity, institutionalization, 

and mortality in older persons (Painter et al., 1999). 

The ability to perform daily living tasks involves the complex integration of multiple physiological 

systems such as the neuromotor, musculoskeletal, and cardiorespiratory systems. At the same 

time, there are many factors that affect the ability to perform basic movements (e.g., walking, 
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sitting, and standing) and more complex activities. Such factors include physical fitness (i.e., 

cardiorespiratory fitness, muscle function, and flexibility), clinical conditions (e.g., weakness, 

pain, depression, cognitive function, orthopedic problems), sensory (e.g., vision and hearing), 

environmental (e.g., social support and education level), and behavioral factors (e.g., physical 

activity, nutrition, smoking, self-confidence) (Painter et al., 1999). 

Figure 2. The quality-of-life pyramid. 

Source: Adapted from Painter et al., 1999. 

In order to evaluate the functional independence in older population, several tools have been 

proposed over time. The Barthel Index (BI) is one of the instruments widely used to this end, as 

it measures the ability of a person to independently perform ten basic ADLs: feeding, 

transferring from bed to chair and back, walking on level surfaces, stair climbing, bowel and 

bladder control, using the toilet, bathing, grooming (e.g., tooth brushing, shaving), and dressing. 

The BI essentially scores on a 3-point scale, and the sum score ranges from 0 (total dependence) 

to 100 (complete independence) points (Mahoney & Barthel, 1965). Although studies evaluating 

responsiveness and sensitivity of the BI have produced mixed results, it is considered a quick 

and reliable scale with tested validity and predictive validity (Cohen & Marino, 2000; Rix et al., 

2022). 

1.1.2.1.1. Hospital-associated disability 

Physical function might be a critical aspect during hospitalization in older adults, since acute 

medical illness that necessitates hospitalization may often deteriorate functional capacity even 

when such illness is successfully treated. This leads to the subsequent inability to live 

independently and complete ADLs (Covinsky et al., 2011). Hospitalization-associated disability 

(HAD; i.e., loss of the ability to perform one or more ADLs independently at discharge) occurs in 

approximately one-third of patients older than 70 within the first 24-48 hours after admission, 

especially the most fragile (Cunha et al., 2019; Fimognari et al., 2017; Loyd et al., 2020).  

Quality of 
life

Recreational 
activities

Social activities

Activities of daily living

Physical functioning ↔Emotional 
well-being 
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Moreover, HAD is associated with an increased length of stay, higher use of resources, 

institutionalization, hospital readmissions, long-term disability, and mortality (Dharmarajan et 

al., 2020; Resnick & Boltz, 2019). Hospitalization periods are also associated with an increased 

risk of cognitive decline and dementia (Mathews et al., 2014). 

HAD arises from the mobility barriers during hospitalization and numerous risk factors have 

been identified for its development (Dijkstra et al., 2022). These include the medical illness itself, 

as well as predisposing, hospital-associated, and post-discharge factors. Predisposing factors 

that might increase susceptibility and dimmish recovery capacity include older age, lower pre-

illness function, comorbidities, and cognitive impairment. Hospital factors encompass 

undernutrition, treatment (e.g., repose, procedures, and medication), the institution (hospital 

and support staff availability), and the patient and medical staff’s attitude towards 

encouragement of independence during hospitalization (Brown et al., 2007). Posthospital 

factors include the quality of the discharge planning, community support, and resources 

available (Covinsky et al., 2011). 

Beyond individual risk factors, low levels of physical activity and poor mobility during 

hospitalization seem to play a major role in the negative health consequences associated with 

hospitalization (Agmon et al., 2017; Pavon et al., 2020; Zisberg et al., 2011). Indeed, hospitalized 

older adults often spend most of their time in bed even if they can ambulate independently 

(Brown et al., 2009), and nearly 75% of them do not walk at all during hospitalization (Callen et 

al., 2004). This leads to a significant loss of total lean mass in the lower limbs, and up to 5% of 

muscle strength loss per day (Coker et al., 2015; Zisberg et al., 2011). 

On the other hand, the evolution of such physical decline is highly variable once the acute illness 

precipitating the hospitalization is reversed: between 30 and 60% of the older patients who 

experience disability during hospitalization recover their functional abilities at some point after 

discharge (D. E. Barnes et al., 2013; Boyd et al., 2008; X. Li et al., 2020). In addition, there is 

evidence to suggest that interdisciplinary exercise programs aimed at maintaining or improving 

the functional capacity of older patients during hospitalization have the potential to improve - 

or to attenuate the decline of - functional status and quality of life at discharge (Hartley et al., 

2022; Valenzuela, Morales, et al., 2020).  
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1.1.2.2. Cognitive function 

Optimal cognitive function is a crucial aspect of brain health and wellbeing. However, age is the 

major risk factor for cognitive decline (CD), a core and prodromal feature of mild cognitive 

impairment and dementia (World Health Organization, 2019). In fact, dementia describes a 

syndrome, usually of a chronic or progressive nature, that leads to deterioration of cognitive 

function beyond what might be expected from the usual consequences of biological ageing. 

Dementia affects language, memory, perception, personality, and cognitive skills, and of 

sufficient severity to impair daily life and independent function. The impairment in brain 

function is usually accompanied, and occasionally preceded, by changes in mood, emotional 

control, behavior, or motivation (World Health Organization, 2021). Dementia results from a 

variety of diseases and injuries that primarily or secondarily affect nerve cells and their 

connections in the brain, such as Alzheimer’s disease or stroke. Indeed, the most common type 

of dementia is Alzheimer’s disease, followed by vascular dementia and dementia with Lewy 

bodies.  

Dementia is a rapidly growing public health problem affecting around 50 million people 

worldwide and entailing high socioeconomic costs. Every year, there are nearly 10 million new 

cases, and this figure is projected to triple by 2050 due to the global ageing population (World 

Health Organization, 2019). Moreover, dementia is a leading cause of disability and dependency 

among older people and a major cause of mortality worldwide (C. S. Liang et al., 2021; Tyrovolas 

et al., 2022). It accounts for 11.9% of the years lived with disability due to noncommunicable 

diseases.  

Several tests have been proposed to evaluate cognitive function, depending on the specific 

cognitive process being assessed. The Mini-Mental State Examination (MMSE) is a cognitive 

screening tool that provides a brief, objective measure of cognitive function. It can be used to 

screen for cognitive impairment and dementia, to estimate the severity of cognitive impairment, 

and to document cognitive change over time (Creavin et al., 2016; Folstein et al., 1975). The 

MMSE tests six cognitive domains for a maximal score of 30 points: time and place orientation, 

registration of words, verbal recall, attention and calculation, language, and visual construction. 

The Benton Visual Retention Test (BVRT) is a widely used test of visual memory, visual 

perception, and/or visual construction (Sivan, 1992). It is scored for the number of correct 

reproductions and for the number and types of errors. The Trail Making Test (TMT) is a timed 

test that involves visual scanning and working memory. The TMT has two parts, the TMT-A (rote 
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memory) and TMT-B (executive functioning) and it is scored by how long it takes to complete 

the test (with lower scores being better) (Retain, 1958). The average times to complete part A 

and B are 29 and 75 seconds, respectively. Finally, the Isaac’s Set Test evaluates verbal fluency 

abilities and speed of verbal production by awarding each correct item offered, with a maximum 

of 10 in each set and a maximum total score of 40 (Isaacs & Kennie, 1973).  

 

1.2. Healthy diet for healthy ageing 

Despite the abovementioned age-related disorders, older populations don’t have to be 

predominantly defined and restricted by poor health. Since most of the disease burden in older 

people is because of noncommunicable diseases (Figure 3), strategies designed for reducing 

their risk factors throughout life may enable the delay or even the prevention of these conditions 

(Chang et al., 2019; World Health Organization, 2015). 

Figure 3. Global leading Level 2 causes of global YLDs and percentage of total YLDs (1990 and 

2019), for both sexes combined for 70 years and older. 

YLDs, years lived with disability. Source: The 2019 Global Burden of Disease (GBD) study. 

This direction is aligned with the goal of healthy ageing proposed by the World Health 

Organization (WHO), which shift the focus from merely “absence of disease” to promote 

functional ability allowing older people to live fulfilling lives (World Health Organization, 2015). 

Healthy ageing encompasses the ongoing process of developing and maintaining the functional 

ability that enables wellbeing in older age (World Health Organization, 2015). Functional ability 

(i.e., the health-related attributes that enable people to be and to do what they have reason to 

value) is determined by intrinsic capacity (i.e., the composite of all the physical and mental 
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capacities of an individual), the environment (i.e., all the factors in the extrinsic world that form 

the context of an individual’s life), and the interactions between the two (Beard et al., 2016). 

In this sense, there is growing evidence that healthy habits such as maintaining adequate 

nutrition and engaging in regular physical activity may play a pivotal role in preventing and 

managing chronic diseases, influencing intrinsic capacity, and thus improving wellbeing in older 

age (World Health Organization, 2015; Yeung et al., 2021).  

Healthy dietary patterns have been defined as those with an appropriate caloric intake and 

largely consisting of the following components: (i) whole grains as the main source of 

carbohydrates, with low consumption of refined grains and added sugar; (ii) high intake of fruits 

and vegetables, not including starchy vegetables; (iii) protein sources primarily from legumes, 

nuts, fish and seafood, with a modest intake of lean meat, poultry, and eggs and no or low 

consumption of red meat and processed meat; (iv) moderate dairy consumption as an option; 

(v) unsaturated rather than saturated fats, especially from plant sources; (vi) and no or a low 

quantity of highly processed foods (Willett et al., 2019). 

The human dietary intake is a complex, multicomponent, interacting exposure. Considering 

dietary patterns instead of individual nutrients, food components or foods provides an accurate 

approach to the individuals’ actual intake as nutrients and foods are consumed in combination. 

Moreover, analyzing food consumption as dietary patterns accounts for the complex synergistic 

interaction between nutrients and the food matrix, thus offering a holistic and comprehensive 

effective method for assessing relationships and understanding the etiologic role between diet 

and healthy ageing (F. B. Hu, 2002; Jacobs & Steffen, 2003). 

For instance, healthy dietary patterns such as the Mediterranean diet (MedDiet), the Dietary 

Approaches to Stop Hypertension (DASH), the Mediterranean-DASH Intervention for 

Neurodegenerative Delay (MIND) diet, and other regional healthy dietary patterns have been 

associated - besides proven environmental sustainability (Willett et al., 2019) - with a reduced 

risk of major diet-related chronic diseases, including diabetes, cardiovascular disease (CVD), and 

some types of cancer (Afshin et al., 2019; Qiao et al., 2022). However, evidence for their roles in 

intrinsic capacity is still limited (Yeung et al., 2021). 
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1.2.1. The role of the Mediterranean diet in physical and cognitive performance 

Within this context, the MedDiet has traditionally been characterized by a high intake of 

vegetables, legumes, fruits, nuts, seeds, whole grains, and olive oil, alongside a moderately high 

intake of fish, a low-to-moderate intake of dairy products, and a low intake of saturated lipid, 

meat, and poultry (Figure 4). Additionally, the MedDiet includes a regular but moderate intake 

of ethanol, primarily in the form of red wine and generally consumed during meals (Willett et 

al., 1995).  

Figure 4. The Mediterranean diet pyramid. 

Source: Bach-Faig et al., 2011. 

This dietary pattern is of particular interest due to its associations with reduced risk of all-cause 

mortality and lower incidences of CVD, overall cancer, neurodegenerative diseases, and 

diabetes, as observed in multiple observational cohort studies and clinical trials (Dinu et al., 

2018). A number of systematic reviews and meta-analyses of observational studies and 

randomized clinical trials have also inquired into the potential impact of the MedDiet on physical 

and cognitive function in old age, showing that high adherence to the MedDiet might be 

associated with greater physical and cognitive performance (Coelho-Júnior et al., 2021; 

Dominguez et al., 2023; Limongi et al., 2020; Poursalehi et al., 2023). Moreover, available 

evidence suggests that adherence to the MedDiet at midlife and among the elderly is associated 

with a higher likelihood of healthy ageing in later life (Critselis & Panagiotakos, 2020; Zhou et al., 

2021).  

Although the biological mechanism underlying these effects remains unclear, existing literature 

suggests that part of the observed protective effect could be derived from the antioxidant and 
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anti-inflammatory properties of certain compounds conferring the MedDiet, such as 

phytochemicals and unsaturated fatty acids (Tosti et al., 2018). These compounds are primarily 

found in plant-based food groups as well as in fish and seafood.  

From plant-based food groups, and in the context of preserving intrinsic capacity among older 

individuals, it is interesting to emphasize pulses, which serve as an economical and sustainable 

source of high-quality protein (Willett et al., 2019). Legumes have a low glycemic load and are 

rich in fiber, phenolic acids, folate, vitamin B6, iron, phosphorous, and polyunsaturated (PUFAs) 

and monounsaturated fatty acids (MUFAs) including linoleic and oleic acids (Delgado et al., 

2017). These components may collectively confer to legumes the potential to lower functional 

decline by reducing risk factors for CVD and diabetes, and decreasing risk of some cancers (e.g., 

colorectal adenoma) and ischemic heart disease (Bechthold et al., 2019; Martini et al., 2021; 

Schwingshackl et al., 2018). Furthermore, although research focusing on the effects of regular 

legume consumption on physical and cognitive function in old age is scarce, there is emerging 

evidence suggesting that legumes may exert a beneficial role in the preservation of physical and 

cognitive performance (Dalile et al., 2022; Kim et al., 2023; Ortolá et al., 2020). 

From animal-based food groups, fish and seafood are of great interest as they are not only a 

protein source low in saturated fats and rich in vitamin D and selenium, but also a primary source 

of marine long-chain omega-3 PUFAs [specially, eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA)]. Indeed, the beneficial effects of fish consumption have, to a large 

extent, been attributed to PUFAs (Rimm et al., 2018). There is a protective effect against CVD 

and cognitive dysfunction of elevated fish consumption (Bechthold et al., 2019; Kosti et al., 

2022). Findings from longitudinal, cross-sectional and intervention studies indicate as well that 

intake of fish is associated with beneficial health effects in older adults, including healthier 

ageing (García-Esquinas et al., 2019), reduced risk of frailty (Konglevoll et al., 2023; Minamino 

et al., 2021) and improved muscle mass and function (Alhussain & Alshammari, 2021). 
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1.3. Nutritional metabolomics 

Although diet is a modifiable risk factor for chronic diseases and healthy ageing, nutritional 

studies do not consistently support associations between specific dietary patterns, foods or 

nutrients, and health endpoints (L. L. Barnes et al., 2023; Huang et al., 2023). Part of these 

incongruities might be because most nutritional studies frequently rely on self-reported dietary 

assessment methods that are subject to recall bias and measurement error (Guertin et al., 2014). 

1.3.1. Biomarkers of food intake 

The limitations of the traditional dietary measurement tools have led to extensive efforts to 

develop more reliable dietary assessment techniques, in particular to the research on dietary 

biomarkers of food intake (BFIs). A BFI is defined as being a specific measurement in a biological 

specimen accurately reflecting the recent or average intake, selective and dose-dependent, of 

specific food groups, foods, or food components (Brouwer-Brolsma et al., 2017). They are 

assumed to be a more accurate measurement of dietary exposure than self-reported 

consumption as they also cover the bioavailability of dietary compounds and the food-food 

interactions. It is important to note that, to date, some BFIs can be used as generic biomarkers 

of a food group (e.g., flavonoids for fruit and vegetable intake), whereas others are well-

established biomarkers for certain foods (e.g., proline betaine for citrus fruit and products 

consumption) (Gibbons et al., 2017). 

The BFIs are part of the food metabolome, which is the set of compounds directly derived from 

the ingestion, digestion, absorption, and biotransformation of foods and their components by 

the host tissues or gut microbiota (Scalbert et al., 2014). In turn, the food metabolome is part of 

the human metabolome, which is also composed of the endogenous metabolome (consisting of 

chemicals related to cellular metabolism) and other xenobiotics derived from drugs, household 

chemicals, and pollutants. Like the food metabolome, part of the endogenous metabolome 

comes also from the gut microbiota biotransformation (Scalbert et al., 2014). Furthermore, the 

endogenous metabolome can be influenced by diet as well, since dietary components may 

interfere with multiple biochemical mechanisms and metabolic pathways (Wu et al., 2022). The 

human metabolome may be also influenced by genetic factors, body composition, lifestyle, and 

geographical location (Brouwer-Brolsma et al., 2017). 

With this in mind, the integration of metabolomics with nutritional science - namely 

nutrimetabolomics - has emerged in the last decades in the field of dietary assessment through 
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the discovery and validation of BFIs thus providing a more objective snapshot of overall dietary 

intake (Ulaszewska et al., 2019). While metabolomics focuses on the comprehensive analysis, 

identification, and quantification of the set of molecules of low molecular weight derived from 

metabolism, including the human metabolome, nutrimetabolomics studies the effect of diet on 

the metabolome (Ulaszewska et al., 2019). 

Traditionally, two different approaches have been developed in the field of nutrimetabolomics: 

untargeted and targeted metabolomics, which mainly differ in the identification of the 

molecules analyzed and the statistical data analysis (Rangel-Huerta, 2018). Untargeted (or 

discovery-based) analysis focuses on global detection and relative quantification of small 

molecules in a sample, aiming to gather as much data as possible using advanced chemometric 

techniques. However, the identification of many detected metabolites remains a challenge, 

requiring intensive post-analysis work for accurate biological interpretation. On the other hand, 

targeted (or validation-based) analysis involves identifying and quantifying known and pre-

selected metabolites using pure standards and a methodology emphasizing precision and 

selectivity. Although the study coverage is limited, the main advantage of this approach lies in 

its clear biological interpretation, making it useful for hypothesis testing (Rangel-Huerta, 2018). 

Part of this thesis has been developed using targeted metabolomics data, although participation 

in the analysis of legume composition as part of a postprandial intervention work using 

untargeted metabolomics is also embedded in it. 

1.3.2. Biomarkers of dietary patterns intake 

As discussed before, there has been an increased interest in nutrition research in examining 

dietary patterns, instead of evaluating the intake of single foods or nutrients, to capture the 

complex interconnections and synergy derived from the different combinations of foods. As a 

result, the ultimate goal of using dietary biomarkers within the context of dietary patterns is to 

classify individuals into certain patterns or to examine compliance to a certain predefined 

dietary pattern (score), including Mediterranean, Nordic, Western, prudent, and vegetarian 

diets, among others (Brennan & Hu, 2019; Guasch-Ferre et al., 2018). 

Whereas, for foods, in most cases, single metabolites have been used to monitor their intake, 

this is not the case for dietary patterns. In such studies, researchers tend to provide multi-

metabolite biomarker panels related to the overall dietary pattern that is under study (Garcia-

Aloy & Andres-Lacueva, 2018). With this approach, there is a better estimation of dietary 
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assessment, in terms of both accuracy and precision, as the metabolites that are building the 

metabolite signature are providing complementary information (Garcia-Aloy & Andres-Lacueva, 

2018). 

1.3.3. Nutrimetabolomics and its applicability in ageing research 

Nutrimetabolomics also focuses on the interactions between dietary components and the body 

metabolism and how diet influences metabolism and health (Ulaszewska et al., 2019). Since it 

accounts for metabolism and its variability - because of genetics, lifestyle, or diseases - by 

measuring downstream components or metabolic products of foods, it may provide a better 

proxy of real diet exposure (biomarkers of intake). Moreover, it may reveal associations between 

dietary patterns and certain metabolic pathways through the examination of relationship 

between dietary patterns and endogenous metabolites (biomarkers of effect), thus identifying 

potential mechanisms influenced by diet quality.  

Additionally, nutrimetabolomics can help to study the intricate interplay between diet, gut 

microbiota, and host metabolism. Through the analysis of metabolites present in biological 

samples, the dietary components that are being metabolized by the gut microbiota can be 

identified, along with the metabolic pathways and the resultant end-products generated. This 

information contributes to the understanding of the mechanisms by which diet impacts 

metabolism and health, leading to the discovery of novel biomarkers or new therapeutic targets 

(Ulaszewska et al., 2019). On the other hand, the composition and activity of the gut microbiota 

are influenced by a variety of factors, including genetics, environment, and diet. The intestinal 

microbiota can, in turn, change constituents in food and make them available to themselves or 

the host for additional metabolism, thereby leading to shifts in host metabolism and potentially 

affecting several health outcomes (Guasch-Ferre et al., 2018). 

These opportunities are of great relevance in the study of diet’s impact on ageing. On the one 

hand, there is evidence that there is a large heterogeneity in health with ageing and that these 

differences might be reflected by the metabolome (Lowsky et al., 2014; Rutledge et al., 2022). 

Since health over the life course is determined by a multitude of risk factors to which people are 

exposed during their life, including diet, the identification and evaluation of both biomarkers of 

intake (exogenous biomarkers) and biomarkers of effect (endogenous biomarkers) may provide 

a closer and more inspiring grasp of biological ageing phenotypes and the mechanistic 

relationships by which diet influences them.  
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On the other hand, ageing is known to impair gastrointestinal physiology and function, which 

can impact the amount and types of nutrients and bioactive compounds digested and absorbed. 

This may, by that means, not only affect the physiology of other systems but also the gut 

microbiota composition and functionality (An et al., 2018). Additionally, the age-related 

alteration of immune function might impact host-microbe interactions, which can also 

contribute to changes in intestinal microbiota. 

Altogether, nutrimetabolomics provide a strong potential for improving assessment of dietary 

intake in older adults accounting for the bioavailability of dietary compounds, evaluating 

individual metabolomic responses to different dietary components or patterns, and identifying 

and examining relationships between diet patterns and healthy ageing. 

1.3.3.1. Biomarkers of polyphenol intake and cognitive function in older adults 

Evidence about plasma and urine polyphenols and cognitive function in older adults is shown in 

the following book chapter, which has been prepared to be part of the book entitled “Frailty 

syndrome: a volume in the oxidative stress and disease book series” from the CRC Press 

publisher. The tables summarizing the characteristics and results of the papers included in this 

chapter (Table A.1 and Table A.2) are shown in the Appendices section of this thesis (Appendix 

8.1).  

 

Book chapter: Plasma and urine polyphenols and cognitive decline 
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Abstract 

Frailty syndrome has been associated with cognitive decline (CD) in older adults. Polyphenol 

intake has garnered significant attention as it may influence on cognitive function. However, 

current data mostly relies on self-reported questionnaires, which are prone to recall bias and do 

not account for polyphenol bioavailability. In this context, this chapter will attempt to provide 

evidence of the protective role of plasma and urine polyphenols, as objective measurements of 

their exposure, in cognitive function in older adults. 

 

14.1. Introduction 

Frailty in the elderly is defined as a clinical syndrome characterized by an increased risk of 

disability and vulnerability because of various factors, including loss of cognitive reserves. In 

turn, once frailty is established and progresses in its natural course, other geriatric syndromes 

like cognitive decline (CD) are more likely to emerge (1). Accumulating evidence from 
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observational studies supports an association between frailty, lower cognitive performance, 

mild cognitive impairment (MCI), and dementia (2–4).  

Reduction of the prevalence and severity of frailty is likely to have large benefits for individuals, 

their families, and society overall. Given the bidirectional interplay between physical health and 

cognition, approaches targeting cognitive function across life might be of interest (5,6).  

The trajectory of cognitive function is influenced by a complex interplay of genetic and 

environmental factors, including early-life exposure to cognitive stimulation, socioeconomic 

status, and educational background. Nutrition has garnered significant attention as a modifiable 

environmental factor, as it holds the potential to reduce the risk of age-related cognitive 

disorders through the diverse array of nutrients and food components that have been suggested 

to promote cognitive function (7). 

Growing evidence from epidemiological and human intervention trials indicates that 

polyphenols may influence cognitive function given their antioxidant properties (7–9). 

Polyphenols are a large family of bioactive compounds derived from secondary plant 

metabolism and widely distributed in plant-based foods such as fruits, vegetables, whole grains, 

nuts, seeds, wine, tea, coffee, and cocoa (10). These compounds can be classified into four main 

groups, which are flavonoids, phenolic acids, lignans, and stilbenes. They can further be 

subdivided in numerous subcategories depending on the number of phenol units within their 

molecular structure, substituent groups, and/or the type of linkage between phenol units (11). 

The consumption of polyphenols considerably differs across the globe - ranging from 

approximately 300 mg/d in Brazil to 1700 in Denmark - as does their major food sources (12,13). 

However, current epidemiological data on polyphenol intake mostly rely on self-reported 

questionnaires and food composition databases, which are subject to recall bias and 

measurement error (14). In addition, the protective effects of polyphenols on health and 

cognitive function depend not only on the quantity consumed but also on their bioavailability, 

which largely differs between compounds and is influenced by a large inter- and intra- subject 

variability (15,16). In this context, the evaluation of polyphenol metabolites in biological samples 

might be essential to provide an accurate assessment of polyphenol exposure and investigate 

their protective effects on cognition (17). 

In this chapter, several observational studies and randomized clinical trials (RCTs) are reviewed 

in order to better understand the effect of biomarkers of polyphenol intake on cognitive 
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function in older adults. The research includes studies evaluating the association between 

biomarkers of polyphenol intake and cognitive function - assessed through cognitive tests - on 

the base of older human subjects. 

Details of the design, subjects’ characteristics, exposure or intervention, outcomes, and duration 

of the interventions or follow-up periods of the RCTs and the observational studies included in 

this review are shown in Table A.1 and Table A.2, respectively. 

14.2. Observational studies and randomized clinical trials of biomarkers of polyphenol 

intake on cognitive function 

14.2.1. Urinary total Polyphenols  

Studies evaluating urinary total polyphenol concentrations showed a beneficial relationship 

between cognitive impairment (CI) and polyphenol excretion in older individuals. In fact, 

Rabassa et al. (2015) showed in their 3-year period study that higher urinary total polyphenol 

(UTP) levels were associated with lower risk of CD, according to Mini-Mental State Examination 

(MMSE) (ORextreme tertiles = 0.53, 95% CI = 0.34–0.85; p-trend = 0.008) and with better performance 

on visual attention and processing speed (ORTMT-A = 0.52, 95% CI = 0.28–0.96, p-trend = 0.03), 

but not on executive abilities [trail making test – part B (TMT-B)] (18). Urinary polyphenols 

derived from nuts intake were also associated with better cognitive function (OR = 0.006, 95% 

CI = 0.001–0.011; p = 0.029) and a lower risk of CD (OR = 0.995, 95% CI = 0.991–0.999; p = 0.016) 

(19). In the same line, a cross-sectional trial in a longitudinal cohort at high cardiovascular risk 

concluded that UTP were associated with better scores in immediate verbal memory (β = 1.208, 

95% CI = 0.236–2.180; p = 0.015) but not in the MMSE test (20). 

14.2.2. Flavonoids  

The trials assessing flavonoids biomarkers reported mixed conclusions about the effects on 

cognitive performance.  

Gleason et al. (2015) assessed isoflavones in patients with Alzheimer’s disease (AD) and did not 

find any benefit in cognition but a significant correlation between changes in plasma isoflavone 

levels and changes in speeded dexterity and verbal fluency score (p ≤ 0.05) (21).  

However, in individuals with subjective cognitive complaints, reduced cognitive symptoms in 

everyday activities and improvements in recognition memory were found in the group that 

consumed a daily dose equivalent to 1 cup of whole blueberry fruit (22). Krikorian et al. (2020) 
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also reported cognition performance improvements [semantic access (p = 0.01), visual-spatial 

memory (p = 0.05), enhanced speed of processing (p = 0.08)] among patients with MCI who 

consumed blueberries supplementation. Moreover, urinary parent anthocyanins were 

correlated with neurocognitive benefit (23). Anthocyanin supplementation showed also positive 

changes in cognitive test scores for Consortium to Establish a Registry for AD (CERAD) learning 

(p = 0.016), recall (p < 0.001) and recognition (p = 0.047), and for STROOP test word (p < 0.001) 

and color (p = 0.044), in people with increased risk of dementia followed for 16 weeks (24).  

In healthy participants, John et al. (2014) (25) reported that long-term changes in urinary 

isoflavonoids were not associated with global cognition or episodic memory [verbal episodic 

memory factors (i.e., list learning and logical memory) and visual episodic memory factor] 

although greater isoflavonoid exposure was associated with decrements in the general 

intelligence factor (25). Interestingly, this inverse association was of smaller magnitude in 

women who had experienced natural menopause rather than those who had undergone surgical 

menopause (25). The study of Igwe et al. (2017) did not also show a significant acute effect on 

various domains of cognitive function after 300 mL of anthocyanin-rich Japanese plum juice, 

regardless of its 2 dose-timing regimens of consumption (26). Likewise, neither verbal learning, 

short-term memory or executive function improved following daily consumption of 200 mL low-

dose anthocyanin plum nectar in healthy older subjects (27). 

On the other hand, Gleason et al. (2009) showed that consuming 100 mg/day soy isoflavones 

improved performance on tests of visual-spatial memory (p < 0.01) and construction (p = 0.01), 

verbal fluency (p < 0.01) and speeded dexterity (p = 0.04) whereas placebo-treated participants 

were significantly faster on executive function (p < 0.05) (28). 

Considering flavonoid metabolites, total plasma equol was significantly correlated with speeded 

dexterity (Grooved Pegboard, rnon-dominant hand = -0.33, p = 0.02; rdominant hand = -0.29, p = 0.05) as 

well as with verbal fluency (Phonemic Fluency r = 0.29, p = 0.04) in one study with AD patients 

(21). Bensalem et al. (2019) also revealed in their study that urinary concentrations of native 

and conjugated derivatives of (epi)catechins from a polyphenol-rich extract from grape and 

blueberry (PEGB) were strongly associated with episodic verbal recall memory improvement [p 

= 0.016 and p = 0.010 for native and conjugate derivatives of (epi)catechins, respectively] (29). 

Resembling associations in this outcome and in verbal recognition memory (VRM) delayed were 

found out when focusing only on cognitive decliners [p = 0.036 and p = 0.053 in episodic verbal 

recall memory for native and conjugate derivatives of (epi)catechins, respectively; p = 0.032, p 
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= 0.055 and p = 0.032 in VRM delayed for flavan-3-ols biomarkers of PEGB, native and conjugate 

derivatives of (epi)catechins, respectively] (29). The clinical trial of Krikorian et al. (2020) showed 

further positive correlations between effects on cognition, particularly semantic access and non-

verbal memory, and urinary content of glycoside anthocyanin conjugates and total glycosidic 

anthocyanin forms (23). However, no significant association was found between the microbial 

metabolites of (epi)catechins (valerolactones, β-type procyanidins dimers or phenolic 

compounds) and memory improvement (29). Anthocyanin metabolites were also not associated 

with cognitive benefits in adults with cognitive complaints (22). 

With regard to observational studies, no significant differences in plasma flavonoids 

concentrations were detected between adults with MCI and control subjects (p > 0.05) (30,31), 

although compared to controls, lower plasma total antioxidant capacity was detected in patients 

with MCI (p < 0.05) (30). Conversely, a cross-sectional study evaluating cognitive function 

according to equol-production status showed that, compared with equol non-producers, equol 

producers were less susceptible to suffer from MCI (31). In fact, regression analysis to assess the 

presence of MCI showed that being an equol non-producer was an independent risk factor for 

MCI (OR = 3.961, 95% CI = 1.048–14.969, p = 0.042) (31). 

14.2.3. Phenolic acids 

The study of Ochiai et al. (2019) examined the effect of chlorogenic acids beverage on older 

subjects with MCI (32). In the TMT-B test (attention and executive memory), participants had a 

significantly reduced number of errors when consuming the active beverage as compared with 

the placebo beverage (p < 0.05). There was still no significant correlation between change in 

blood chlorogenic acids levels and the number of TMT-B errors before and after intake of the 

active beverage (r = 0.011, p = 0.571) (32). In this sense, the authors concluded that effect of 

chlorogenic acids on cognitive function were unlikely related to chlorogenic acids levels in the 

blood. Scores in the MMSE, AD assessment scale-cognitive (ADAS-cog), and TMT-A tests did not 

differ significantly between groups (32). 

Phenolic acids from a blueberry powder intervention showed conflicting results as change in 

plasma concentrations of ferulic acid glucuronide was negatively associated with change in 

switching errors (ß = -0.150, p < 0.01) but positively associated with change in California Verbal 

Learning Test II (CVLT-II) repetition errors (ß = 0.044, p < 0.001). Furthermore, change in the 

plasma concentrations of syringic acid was positively associated with change in CVLT-II 
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repetition errors (ß = 0.070, p < 0.001) whereas change in hippuric acid was negatively 

associated with it (ß < -0.001, p < 0.001) (33). 

14.2.4. Other polyphenols 

Experimental studies of other polyphenol classes and MCI concluded with mixed results. 

Bookheimer et al. (2013) evaluated the effects of drinking 236.59 mL of pomegranate juice in 

older adults with pre-existing mild memory complaints (34). As a result, the group who received 

the pomegranate juice intervention performed significantly better in the Buschke selective 

reminding test of verbal memory after 4 weeks (two-tailed 𝑡 = 2.8, p = 0.017), in contrast to 

placebo group, which did not report any difference (two-tailed 𝑡 = 1.1, p > 0.3). Between groups, 

the improvement in memory after the intervention was significantly greater in the pomegranate 

juice group compared to the placebo group, specifically on total recall measure (two-tailed 𝑡 = 

2.3, p = 0.029) as well as on consistent long-term retrieval (two tailed 𝑡 = 2.4, p = 0.022). A 

significant increase in plasma trolox-equivalent antioxidant capacity (TEAC) and urolithin A-

glucuronide was also and only observed in the pomegranate group after intervention (34). 

Otherwise, in another intervention study evaluating curcumin and its metabolites 

(tetrahydrocurcumin, glucuronidated curcumin and glucuronidated tetrahydrocurcumin) 

efficacy on improving cognitive tasks in individuals with AD, investigators were not able to 

evidence differences between treatment groups (2 g/day and 4 g/day of curcumin) and placebo-

treated subjects in the severity of cognitive and non-cognitive symptoms of dementia [ADAS-

Cog, Neuropsychiatric Inventory (NPI), AD Cooperative Study Activities of Daily Living (ADCS-

ADL) and MMSE tests] (35). When combining 2 g/day and 4 g/day curcumin groups, there was a 

trend for placebo-treated participants to perform better than intervention group on the MMSE 

(p = 0.08). 

14.2.5. Summary of results 

The present chapter examined the current evidence regarding the effect of biomarkers of 

polyphenol intake on CD in older people. The research included both observational and RCTs 

that used cognitive tests and measurements of polyphenols and their metabolites in biological 

samples. The results presented in this book chapter lead to mixed conclusions regarding the 

potential benefits of polyphenol consumption on CI, in line with previous systematic reviews 

(36). Flavonoids were tested in 6 studies with healthy elderly subjects and in 6 studies with old-

age participants with some level of memory impairment, deriving inconsistent results. Total 

polyphenols, which were studied exclusively in healthy older participants in this chapter, also 
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reported heterogenous findings, as well as phenolic acids in individuals with MCI (32). Among 

the results comprised in this chapter, only executive function has consistently presented a non-

improvement associated with flavonoids and total polyphenol intake. On the other hand, 

positive results have been shown on executive function when consuming phenolic acids. Even 

though some negative results have been described, 13 out of the 18 studies included here 

reported inverse associations between consumption of polyphenols and at least one cognitive 

domain or screening test. Only flavonoids have evidenced a significantly beneficial effect on the 

psychomotor domain, regardless of subjects’ cognitive status (21,23,28). On the contrary, 

flavonoids have not showed a significant inverse association in the attention domain (21,22,26). 

14.3. Discussion 

The studies included in this chapter analyzed different classes of polyphenols through different 

analysis techniques and assessed AD, dementia, MCI, and cognitive function using a diverse 

range of cognitive tests or tasks. This is especially important since some studies in the general 

literature have used biomarkers of AD or dementia, or the ApoE-ɛ4 genotype, which tend to be 

more objective than cognitive tests (37). In fact, only six clinical trials evaluated cognitive 

function combining specific tests with biological markers. Ringman et al. used plasma levels of 

Aβ1-40 and Aβ1-42, and cerebrospinal fluid (CSF) levels of Aβ1-42, total tau (t-tau), tau 

phosphorylated at threonine 181 (p-tau181) and F2-isoprostanes (35), while Igwe et al. (2020) 

analyzed plasmatic brain-derived neurotrophic factor (BDNF) (27). In patients with cognitive or 

cardiovascular dysfunctions, Gleason et al. (2015) (21), Mcnamara et al. (22) and Valls-Pedret 

(20) determined the ApoE-ɛ4 genotype as well. Lastly, Bookheimer et al. (34) conducted 

functional magnetic resonance imaging (fMRI) while subjects were performing cognitive tasks 

to exclude subjects with atrophy indicative of dementia as well as to find significant functional 

brain activation differences. Moreover, there has been little consensus in human studies on the 

range of cognitive domains to be assessed or the specific tests to be employed, with some 

cognitive domains either under-represented or not explored at all (38). 

Besides, only five studies (18,19,25,29,32) evaluated the association between polyphenols and 

CD focusing on urinary and/or plasma polyphenol concentrations, whereas the other studies 

used food frequency questionnaires and food composition databases. Assessment of urinary 

polyphenol biomarkers concentration is considered an objective estimation of total dietary 

polyphenol consumption (39,40) and a more accurate measurement method than food 

frequency questionnaires (FFQs). FFQs only consider polyphenols from the most representative 
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foods (prespecified food lists) and portion size and frequency estimation are subject to 

participants’ perception and memory, potentially leading to misreporting and measurement 

errors (41–43). Therefore, it seems comprehensible that findings from the studies included in 

this chapter are mixed.  

Urinary polyphenol concentration depends on their bioavailability and may be affected by 

biological traits, absorption, and metabolism, which largely differ between compounds and have 

a large intra- and inter- individual variability (17,44,45). In fact, ageing is known to impair 

gastrointestinal physiology and function, which may compromise the capacity for absorption 

and tolerance of polyphenols (46–49). For instance, one study concluded that the urinary 

phenolic acid profile varied between younger and older adults after a polyphenol-rich meal (50). 

However, these findings differed from those of Igwe et al. (2017), who concluded that urinary 

anthocyanin/metabolite profiles were similar between younger and older adults (26).  

The aforementioned gastrointestinal disruptions can lead, in turn, to an increase of intestinal 

permeability (IP) (51), boosting the mucosal inflammation and the low-grade systemic 

inflammation detected in older adults (i.e., inflammaging process) (52). Increased IP has been 

suggested to participate in multiple neurodegenerative disorders, such as Parkinson’s disease 

and AD (53,54). In this context, there is evidence pointing out the potential of polyphenols in 

regulating the gut barrier function and preventing the increase of IP (55). 

Furthermore, one of the most common causes behind the increase of the IP is the changes in 

the gut microbiota composition (56). During aging, gut microbiota composition changes (57) and 

it is reduced in terms of species richness while instability and interindividual variability increases 

(58–60). Moreover, recent findings allow us to hypothesize that the reduction in the diversity of 

the gut microbiome (61–63) and the presence of a distinctive gut microbial signature in patients 

with dementia, CI, or AD is characterized by dysbiosis with differences in beta diversity, 

reduction of short-chain fatty acid-producing bacterium and overrepresentation of gram-

negative bacteria (54,64). It is important to note that inconclusive results were observed 

regarding participants’ age from the included studies in this chapter. 

In fact, the specific role of the commensal microbial population in regulating immunity and 

inflammation beyond the gastrointestinal tract may represent a relevant influence on the 

neurodegeneration process: changes in the proteolytic processing of the amyloid precursor 

protein may result in the aggregation of the amyloid beta peptide, which might prompt an 
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immune response that leads to neuroinflammation and neurodegeneration in AD, specifically 

interfering with neuroplasticity and memory consolidation (65). 

This is particularly relevant since there is growing evidence about the two-way interaction 

between (poly)phenols and gut microbiota (66). This is, the gut microbiota plays a key role in 

the metabolism and absorption of polyphenols, converting them into bioavailable and bioactive 

metabolites and contributing to the beneficial effect attributed to these compounds (45,67,68). 

At the same time, phenolic compounds may improve immune response modulation, inhibit the 

growth of detrimental gut species, and suppress the adhesion of gut pathogens to the human 

gut tract (69–71). Therefore, the colon microbiome is of great relevance for the interindividual 

variability in response to polyphenol consumption, leading to non-equally polyphenol 

effectiveness in all subjects. Results from an intervention study with polyphenol-rich foods 

supported that low-bioavailability of polyphenols in patients with increased IP could be 

attributed to alterations in the gut microbial metabolism. Moreover, it suggested that 

microbiota-derived metabolites could be largely responsible for the biological activity of dietary 

polyphenols against age-related disrupted IP (72). In this chapter, only Igwe et al. (2020) 

examined the effect of polyphenol intervention on microbial composition (27). They concluded 

that contrary to the extended evidence, there was no difference between intervention arms 

(i.e., low-dose anthocyanin QGP nectar and control) for the Bifidobacterium and Clostridium 

genera nor for the battery of cognitive tests performed and anti-inflammatory biomarkers 

(BDNF and hsCRP). 

Despite the increasing scientific literature on the bioavailability of polyphenols in the digestive 

system, it remains unclear whether they can reach the brain (45). In experimental studies, 

several brain-available polyphenol metabolites have been identified, such as quercetin-3-O-

glucuronide (73,74), malvidin-3-O-glucoside (74), 3-hydroxybenzoic acid, and 3-(3'-

hydroxyphenyl) propionic acid (75), 3′-O-methyl-epicatechin-5-O-β-glucuronide (76), and 

urolithins (77). These metabolites are suggested to have potential benefits in relation to the 

onset and progression of AD-type pathophysiology. Nevertheless, special attention should be 

given to polyphenol interventions, as it is still unclear whether chronic consumption compared 

to acute consumption could influence the detected levels (78).  

Thus, a nutritional biomarker of total dietary polyphenols and polyphenol metabolites is 

essential to have a rigorous evaluation of true polyphenol exposure to study their specific 

cognitive effects (39,52). Indeed, polyphenol-food metabolome and endogenous metabolites 
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modulated by polyphenol intake are being considered more and more given the health effects 

found behind them. One exploratory study identified more than 20 metabolites associated with 

age-related CD, six of which were food derived (79). Although no polyphenol was determined, 

hydroxycinnamate intake was significantly correlated with atractyligenin glucuronide and 

cyclo(leucyl-prolyl), two of the serum metabolites from the signature. Hydroxycinnamic acid 

intake was also correlated with an unidentified ion, which was not in the signature but had a 

univariate odds ratio for CD of 0.90. Atractyligenin glucuronide and cyclo(leucyl-prolyl) were also 

significantly correlated with coffee consumption, which is one of the main sources of 

polyphenols in European countries and Mexico (13,80). In 13 out of the 18 studies included in 

this chapter identified and/or quantified polyphenol metabolites, such as equol, 

dihydrogenistein, dihydrodaidzein, O-desmethylangolensin, peonidin-glycosides and -

glucuronides, urolithin A-glucuronide and glucuronidated tetrahydrocurcumin, among others. 

This is particularly relevant since various studies have described that part of the beneficial 

effects of some polyphenols might be, in fact, due to their microbiota-derived metabolites (i.e., 

equol, urolithins, 3,4-DHPPA, 3/4-HPPA) (77), especially considering the usual low bioavailability 

of the parent compounds (68), such as anthocyanins (81,82). However, current evidence is 

ambiguous concerning whether the proportion of some metabolite producers changes with age 

(83–91). 

The length of time needed to perceive polyphenol’s effect on cognitive impairment is also not 

well established. The studies included in this chapter used a wide range of time periods, 

regardless of their design. The cause and consequence of such disagreement is the difficulty in 

recognizing whether the effect is led by parent polyphenols or by their metabolites (92). For 

instance, McNamara et al. (22) and Bergland et al. (24) discussed the influence of the very long-

term retention of anthocyanins in the discrimination between their native and metabolized 

forms effect as well as the effect of having a substantial reservoir of anthocyanins from habitual 

consumption on absorption. This could explain the lack of favorable results in Igwe et al. (2017), 

where the time-period was punctual (26). The mechanism by which anthocyanins influence 

cognition is still unclear but seems to depend on the exposure period. Prior studies did not find 

a significant acute effect of fruit anthocyanins on cognitive processes (93). 

Moreover, only two RCT (22,28) included an open-label extension to two and six months in order 

to evaluate the secondary absorption of isoflavones and anthocyanidins-derived metabolites in 

the gut, and therefore consider the influential role that these compounds may have in cognitive 
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performance. This is noteworthy as recent investigations demonstrate that non-extractable 

polyphenols metabolized by the gut microbiome led to a sustained release of bioactive 

metabolites with antioxidant and anti-inflammatory effects in preclinical models (94). 

The vehicle for provision of polyphenols also warrants consideration since the presence or 

absence of food matrix influences polyphenol kinetics and absorption. Thus, the same dose of 

the same phenolic compound can result in misleading conclusions when it is ingested isolated 

or mixed with other polyphenols, nutrients, or phytochemicals. For example, anthocyanins have 

been shown to have a greater bioavailability when consumed together with other polyphenols 

(95–98). Four of the studies testing flavonoids in an intervention administered them in capsules 

(21,24,28,29) while four offered them as a powder (22,23,25,33). The remaining ones provided 

participants with juices or soy (26,27,31). Phenolic acids were administered in both beverages 

and powder forms, whereas total polyphenols were estimated from the participants’ baseline 

diet. Interestingly, studies that included participants with CI and assessed polyphenols from 

fruits showed promising results (22–24,29,34). 

Another important point to consider is the baseline diet, which was taken into account as 

exclusion criteria in Bookheimer et al. and Bensalem et al. trials (29,34). Seven RCTs 

(22,23,26,28,29,33,34) restricted polyphenol-rich foods and supplements during intervention. 

In the John et al. research, the consumption of isoflavone supplements during the preceding 

month of screening was ineligible (25). The investigations that included subjects with some 

memory impairment and controlled the background diet showed positive findings (22,23,29,34). 

Disregarding the background diet control, those investigations performed in Mediterranean 

countries (specifically in France, Italy, and Spain) and Japan had positive results (18–

20,29,31,32). This is consistent with previous systematic reviews and meta-analyses (99–101), 

where the Mediterranean diet was the most investigated dietary pattern and with evidence 

supporting protection against CD among older adults. A positive effect of greater adherence to 

the Mediterranean diet on neurodegenerative diseases has been found, particularly on AD and 

dementia (99). A 2-point increase in adherence to the Mediterranean diet, characterized by a 

high consumption of plant-based food and poly- and mono-unsaturated fatty acids and a low 

consumption of processed foods, was associated with a significant 13% reduction in the 

incidence of neurodegenerative diseases (100). Characterized by a high intake of plant foods 

(soybean products, seaweeds, vegetables, and fruits) and fish and decreased intake of refined 



- BACKGROUND - 

48 
 

carbohydrates and animal fats, the traditional Japanese diet could also evidence protective 

effects against CI (102,103). 

However, the abovementioned inconclusive outcomes could be partly explained by the sizeable 

inter-individual variability in the host metabolism, absorption, and excretion of polyphenols 

(16). For instance, previous research has suggested that genetic polymorphisms of the drug 

transporters MRP2 and OATP1B1 may contribute to the high variability in catechins’ 

pharmacokinetic parameters. This can, in turn, influence the real exposure to polyphenols and 

therefore partly explain the interindividual variation in beneficial effects of polyphenols (104). 

Miller et al. evidenced differences in small vessel tone according to COMT genotype after acute 

green tea extract (105), while in a population-based case-control study only those tea drinkers 

with the low-activity COMT enzyme showed a decreased risk of developing breast cancer 

compared to those who did not drink tea (106). In addition, Xing et al. reported that there was 

a synergistic effect between this polymorphism and ApoE-ɛ4 status on the susceptibility to AD 

(107). Nevertheless, the effect of polyphenol genetic polymorphism on CD has not been 

investigated to date, but there have been studies on the neurological effects resulting from 

genetic variants related to caffeine metabolism (108). In a recent clinical trial, caffeine enhanced 

CYP1A2 fast metabolizers’ cognitive performance during exercise more than slow metabolizers 

(109), although evidence is still inconclusive and limited (108,110). On the other hand, the 

susceptibility to AD might be modulated by NAT2, an enzyme responsible for caffeine 

metabolism and elimination. Some research seems to link the expression of the NAT2 rapid 

acetylating phenotypes to potential pathogenesis of AD (111). 

In this chapter, among the 18 studies we examined, only one publication considered an inter-

individual variability factor in response to polyphenols, particularly the equol production 

capacity (31). This limitation complicates the understanding that genetic factors may play in 

individual response to polyphenol-rich food intake. Nonetheless, Rabassa et al. (2015, 2020) 

(18,19), Valls-Pedret et al. (20), Ochiai et al. (32) and Rutledge et al. (33) used plasma and urine 

polyphenols as a dependent variable, which accounts for the real bioavailability and may 

therefore be a more precise measure of true exposure as it considers polyphenol absorption and 

metabolism variability, besides the fact that it is an objective biomarker of intake that is not 

susceptible to the likelihood of bias or imprecise reporting. 
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14.3.1. Strengths and limitations 

As far as we know, this chapter represents the first comprehensive examination of the effect of 

total polyphenol and polyphenol classes detected in plasma or urine on memory impairment. 

By encompassing both interventional and observational studies, we aimed to provide a 

thorough understanding of the existing evidence. Notably, 13 out of 18 articles included in this 

chapter were RCTs (21–29,32–35), which are considered the gold standard for providing 

internally valid and compelling evidence. Moreover, the investigation into the relationship 

between biomarkers of dietary polyphenols and CD includes both cognitively healthy subjects 

(18–20,25–28,31,33) and those experiencing memory difficulties (21–24,29,30,32,34,35).  

This chapter has also identified the limitations of the current literature regarding biomarkers of 

polyphenol intake and their association with CD. Firstly, the conclusions are based on a limited 

number of studies (n =18). Furthermore, only six studies (20–22,27,34,35) evaluated cognitive 

impairment through biomarkers of AD, which are generally considered more objective than 

cognitive tests (37). Thirdly, due to lack of consensus regarding the suitability of cognitive tests, 

more than six different tests were used to evaluate the same cognitive domain, resulting in a 

total of 60 different cognitive tests or tasks. This diversity in exposure and outcome definition 

and measurements has compromised the comparability of studies, making it challenging to 

interpret and generalize the results. Finally, the article search was conducted in three databases 

and non-English articles were excluded. Thus, not all the evidence may be represented, 

potentially introducing language bias (112). 

14.3.2. Polyphenol intake recommendations 

Given the overall scarcity of available evidence, it is not possible to make strong 

recommendations regarding polyphenol consumption in relation to AD and memory impairment 

until more robust and higher-quality evidence becomes available. Future research should focus 

on accurate measurement of all polyphenol‐derived metabolites in blood and urine to gain a 

better understanding of the specific components responsible for polyphenols’ potential 

cognitive protective effects. Additionally, a shift toward more physiologically and real-life-

oriented experimental designs, such as realistic nutritional trials involving sustained but 

controlled polyphenol consumption, could provide a more reliable approach to exploring the 

intricate relationship between polyphenols and cognitive function (113). This, in turn, will enable 

healthcare professionals and public health authorities to make informed and prudent 

recommendations. 



- BACKGROUND - 

50 
 

14.4. Conclusions 

In this chapter, current evidence regarding the association between biomarkers of polyphenol 

intake and memory impairment in old age has been evaluated, in any of its stages and varieties. 

The relationship between polyphenol intake and CD is complex and likely influenced by factors 

such as the type of polyphenol, the background diet, and the subject’s metabotype, among 

others. Studies investigating CD have yielded contradictory findings. As mentioned earlier, 

standardization of tools used to assess cognitive function is essential for evaluating the 

effectiveness of dietary factors in preventing CI. Moreover, it remains unclear whether the 

absence of demonstrable benefits is attributed to the bioavailability of specific formulation of 

certain polyphenol classes or to the inefficacy of these polyphenol classes as interventions for 

AD or memory dysfunction. Further research is needed in the field of metabolomics as there is 

a notable gap in the current knowledge. 
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2. Hypothesis and Objectives        

2.1. Hypothesis 

This thesis presents the following hypothesis: 

High adherence to a dietary pattern rich in phytochemicals and unsaturated fatty acids, such as 

the Mediterranean diet, may contribute to determining the physical and cognitive health status 

of older adults. 

 

2.2. Objectives 

2.2.1. Main objective 

The main objective of this thesis is to study the effect of the Mediterranean diet and its 

components, evaluated through dietary assessment instruments and/or metabolomic tools, on 

physical and cognitive function in adults aged 65 years or over.  

2.2.2. Specific objectives 

In order to accomplish the main objective, the following specific objectives have been proposed: 

Objective #1: To comprehend the discovery of bioactive compounds and biomarkers of food 

intake using metabolomics and their tools under the framework of legumes, a key food group 

of the Mediterranean diet. 

i. To describe and compare the qualitative profile of phytochemicals contained in 

legumes and identified through liquid chromatography-mass spectrometry and gas 

chromatography-mass spectrometry methods. 

ii. To assess the metabolic fingerprint of urine and serum associated with the intake of 

the most widely consumed types of pulses in order to further identify their reliable 

biomarkers of food intake using a liquid chromatography-high-resolution-mass 

spectrometry untargeted metabolomics approach. 

Objective #2: To investigate the relationship between Mediterranean diet adherence and 

response to an exercise and health education program to prevent hospitalization-associated 

disability in acutely hospitalized older subjects. 
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Objective #3: To investigate the association between fish intake, as a key food group of the 

Mediterranean diet, and cognitive decline in a large sample of community-dwelling older 

population. 

Objective #4: To develop a Mediterranean diet metabolomic score and to investigate its 

association with cognitive decline in a large sample of community-dwelling older adults. 
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3. Materials and Methods        

3.1. Study design 

The objectives of this thesis have been developed within four studies described below: a 

postprandial intervention study, an intrahospital randomized clinical trial with an exercise and 

health education intervention, a prospective cohort study of community-dwelling older adults, 

and a nested case-control study of free-living older persons.  

3.1.1. The Food Biomarker Alliance (FoodBAll) Project: a postprandial intervention 

study 

The “Food Biomarker Alliance” (FoodBAll) Project, funded by the Joint Project Initiative ‘A 

Healthy Diet for a Healthy Life’ (JPI-HDHL), aimed at developing strategies for the exploration 

and validation of biomarker of major foods that are commonly consumed in Europe for a better 

dietary assessment (Brouwer-Brolsma et al., 2017).  

In the FoodBall Project, the identification and validation of BFIs were carried out through several 

research activities, including (i) the discovery of novel BFIs via extensive systematic literature 

reviews and the application of metabolomics in both acute intervention studies and 

observational studies; (ii) the development of a new validation scoring system for BFIs and its 

application to the newly discovered biomarkers; and (iii) the exploration of biological and health 

effects of BFIs (Brouwer-Brolsma et al., 2017). Additionally, to aid the harmonization of 

methodologies, new and advanced existing platforms for sharing knowledge and resources with 

the scientific community (e.g., FooDB, PhytoHub, Exposome-Explorer, and FoodComEx) were 

developed. 

Given the limited knowledge about the composition of bioactive compounds of pulses and the 

lack of biomarkers of legume intake, this thesis particularly encompasses (i) a bibliographic 

description and comparison of the qualitative profile of phytochemicals contained in legumes 

and identified through LC-MS and GC-MS methods, and (ii) a standardized postprandial 

intervention study designed to discover new potential BFIs for legumes. 
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3.1.1.1. Search strategy design for the qualitative description and comparison of the profile of 

phytochemicals contained in legumes and identified through LC-MS and GC-MS 

In order to collect all available information on phytochemicals in legumes, an extensive literature 

search was conducted in PubMed, Science Direct, Scopus and Google Scholar databases using 

combinations of the following search terms: legumes [All Fields], pulses [MeSH term or All 

Fields], fabaceae [MeSH term or All Fields], determination [All Fields], identification [All Fields], 

bioactive compounds [All Fields], phytochemicals [MeSH term or All Fields], HPLC-MS [MeSH 

term or All Fields], LC-MS [MeSH term or All Fields] and GC-MS [MeSH term or All Fields]. 

Additionally, other specific phytochemicals and seeds names had been used too (e.g., flavones, 

epicatechin, adzuki bean or lentils).  

Firstly, titles and abstracts from 1975 until March 2017 were screened to remove duplicates 

references and determine whether they met the selection criteria. Proceeding articles, 

editorials, guidelines, conference and meeting abstracts, protocols, comments, letters, 

handbooks, reviews, and book chapters were dismissed. Publications with irrelevant focus or 

topic and in non-English language were further ruled out. Those papers analyzing legumes and 

identifying bioactive compounds were selected. A list of different varieties of legumes and their 

phytochemicals was obtained after revising the literature. Finally, both varieties of legumes and 

phytochemicals were grouped into major families. 

3.1.1.2. Study design of a standardized postprandial intervention designed to discover new 

potential biomarkers of food intake for legumes 

Healthy subjects aged 18−40 with a body mass index (BMI) of 18.5−30 kg/m2 were selected for 

the study. The exclusion criteria were being a smoker, having a chronic or infectious disease, 

having anemia, use of medication (except oral contraceptive pills, which were allowed), intake 

of nutritional supplements, pregnancy, lactation, antibiotic treatment within the six months 

prior to the study, allergy or aversion to legumes or pasta, and blood donation during the 

previous two months. 

Volunteers were screened via a telephone interview and then invited to a first visit, during which 

inclusion/exclusion criteria, health status, anthropometrics and dietary habits were evaluated. 

A total of 11 healthy subjects (4 males, 7 females) successfully underwent three postprandial 

treatment sessions consisting of consumption of lentils, chickpeas, and pasta (control), 

separated by at least one week of washout. In each session, participants were asked to consume 
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one of the study foods in a randomized order. Eight of them also participated in a fourth session, 

which comprised the consumption of white beans.  

In the week leading up to each intervention, participants were requested to abstain from 

consuming any legumes or legume-based products. Furthermore, from two days before each 

intervention, volunteers were asked to follow a polyphenol-free diet, as well as to avoid 

consuming alcoholic beverages. The participants were provided with standardized meals from 

the evening before the intervention day until the last biological sample was collected. 

Throughout the study, volunteers were given dietary guidance to ensure compliance with the 

dietary restrictions. On the test day, participants ingested a single 300 g dose of the designated 

cooked food, warmed together with 7 g of butter, within a maximum time frame of 20 minutes. 

For the following 6 h, they remained at rest in the study center, during which time they 

consumed the standardized lunch.  

Baseline urine and blood samples were collected before the ingestion of the test food. Then, 

urine samples were collected during the following time intervals after the food test 

consumption: 0‒1 h, 1‒2 h, 2‒4 h, 4‒6 h, 6‒12 h, 12‒24 h and 24‒48 h.  

Information about the study design, sampling process, and data collection has been detailed in 

a previous publication (Madrid-Gambin et al., 2018). The study was registered at the ISRCTN 

registry with the code ISRCTN17200423. The clinical intervention was approved by the Bioethical 

Committee of the University of Barcelona (ref: IRB00003099) and followed Helsinki Declaration 

guidelines. All participants provided written informed consent before starting their 

participation. 

3.1.2. The Activity in GEriatric acute CARe Plus Health Education (AGECAR-PLUS) 

Study: a physical exercise intervention 

The Activity in GEriatric acute CARe Plus (AGECAR-PLUS) Health Education is a randomized 

clinical trial to assess the effectiveness of an intrahospital exercise and health education 

program in maintaining or improving the functional capacity of patients aged 75 years or older 

during short hospital stays and for three months after discharge.  

Patients admitted to the acute care for older patient unit of the Hospital General Universitario 

Gregorio Marañón (Madrid, Spain) were considered eligible to participate in the study. The 

exclusion criteria were: non-ambulatory or dependent in all basic ADLs at baseline (i.e., two 
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weeks before admission, as assessed by retrospective interview); having an unstable CVD (or 

any other major medical condition contraindicating exercise), terminal illness, or severe 

dementia; expected length of hospitalization < three days; having a scheduled admission (which 

was usually associated with a length of hospitalization < three days) (Ortiz-Alonso et al., 2020); 

and being transferred from another hospital unit. 

Eligible participants were randomized to a control group or intervention group. Participants 

allocated in the control group received standard hospital care. Participants allocated in the 

intervention group performed, during hospitalization, a multicomponent training program (30 

minutes per session, twice a day on weekdays, lower limb strength training, balance training, 

walking, and inspiratory muscle training) and health education. Health education consisted of 

several informational activities. Each activity session taught the patient and caregiver how to 

perform the exercises to ensure continuity after discharge.  

Subjects were included in the control or intervention group in a time-dependent manner (i.e., 

using 4-week blocks) to avoid the co-presence of patients from both groups in the unit, so that 

participants were blinded to actual group assignment.  

Sociodemographic characteristics, medical information, anthropometric measurements, fasting 

blood samples and spot urine samples were collected at admission and at discharge. At 

admission, the validated 14-item Mediterranean Diet Adherence Screener (MEDAS) 

questionnaire was used to briefly assess adherence to a traditional MedDiet (Schröder et al., 

2011). 

For the work included in this thesis, a secondary analysis was conducted on 109 older 

participants with available MEDAS or urine samples upon admission (63 in the intervention 

group and 46 in the control group). 

The Institutional Review Board approved the protocol (Hospital Universitario Gregorio Marañón, 

Madrid, Spain), and all participants provided written informed consent. When it was not possible 

to obtain the informed consent directly from a patient for medical reasons (e.g., impaired 

cognitive function), proxy consent was obtained from their relatives. All procedures were 

performed in accordance with the ethical standards from the Declaration of Helsinki and its later 

amendments. 
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3.1.3. The Invecchiare in Chianti (InCHIANTI) Study: a prospective cohort study 

The Invecchiare in Chianti (InCHIANTI) Study is a prospective, population-based cohort study 

conducted in two towns (Greve in Chianti and Bagno a Ripoli) in the Chianti geographic area 

(Tuscany, Italy). Its aim is to evaluate the risk factors for mobility loss and age-related diseases 

in an older community-dwelling population (Ferrucci et al., 2000). Recruitment began in 1998 

and was completed in 2000. To date, five follow-up assessments have been conducted every 3 

years up to year 9 (2001–2003, 2004–2006, 2007–2009) and then two last assessments by year 

15 (2013–2014) and 19 (2017–2018). A detailed description of the study design, sampling 

procedure, and data collection method has been previously published elsewhere (Ferrucci et al., 

2000) and is available on-line at https://www.nia.nih.gov/inchianti-study.  

Briefly, 1,260 persons aged 65 years or more were randomly selected from the population 

registry of the two cities, of whom 1,155 agreed to participate at baseline (age-range 65–102 

years). Sociodemographic data, anthropometric measurements, lifestyle, and medical 

information were assessed using standardized questionnaires and hospital records. Participants 

also underwent 24-hour urine collection and fasting blood drawn at baseline, as well as medical 

imaging. 

Subjects with missing data in dietary questionnaires (n = 16), those who died within the first 3 

years of follow-up (n = 123), individuals with dementia at baseline (n = 42), and participants 

without two consecutive MMSE evaluations during the follow-up (n = 91) were excluded for the 

work included in this thesis. In total, 883 participants and 2,038 observations were included for 

the analyses. 

All participants signed an informed consent form. The study protocol was approved by the Italian 

National Institute of Research and Care of Aging Institutional Review and Medstar Research 

Institute (Baltimore, MD, USA). 

This thesis has been based on data collected at baseline and after the 3-year (2001–2003), 6-

year (2004–2006), 9-year (2007–2009), and 15-year (2013–2014) follow-up periods. 

 

https://www.nia.nih.gov/inchianti-study
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3.1.4. The Dietary modulators of Cognitive ageing and brain Plasticity (D-CogPlast) 

Project: a nested case-control study 

The Dietary modulators of Cognitive ageing and brain Plasticity (D-CogPlast) Project is an 

observational study which involves nested case-control samples built among participants from 

the Three-City Study (3C Study), a population-based cohort on dementia that includes older 

persons (≥ 65 years) from three French cities (Bordeaux, Dijon, and Montpellier) (Alpérovitch et 

al., 2003). Sociodemographic and lifestyle characteristics, medical information, 

neuropsychological testing, blood pressure, anthropometric measurements and fasting blood 

samples were collected at baseline, and follow-up visits were then scheduled every 2-3 years for 

repeated health and neuropsychological assessment (Alpérovitch et al., 2003). 

In the nested case-control study included in this thesis, two sample sets were built among 

participants from the centers of Bordeaux and Dijon of the 3C Study, with Bordeaux as the 

discovery set and Dijon as the set used for external validation (González-Domínguez et al., 2021; 

Low et al., 2019). From the entire Bordeaux and Dijon cohorts, eligible participants were selected 

if they were not diagnosed with dementia at baseline, had available serum samples, and had at 

least one repeated cognitive evaluation over the subsequent 12 years.  

To build the case-control samples on CD, a composite score of global cognition at each follow-

up visit was defined as the average Z-scores of five neuropsychological tests (MMSE, Benton 

Visual Retention Test, Isaac's Set Test, TMT part A, and TMT part B) (González-Domínguez et al., 

2021; Low et al., 2019). Individual slopes of cognitive change were then estimated using linear 

mixed models, as previously detailed (Low et al., 2019). Cases were defined as the participants 

with the worst CD slopes. Then, each case was matched to a control (i.e., participant with a slope 

of cognitive change better than the population median) based on age at baseline, sex, and 

education level. Overall, 209 cases were individually matched to a control in Bordeaux, leading 

to a discovery sample of 418 subjects. In Dijon, 211 cases were successfully matched to 211 

controls, leading to a validation sample of 422 subjects. 

The study was performed in accordance with the principles contained in the Declaration of 

Helsinki. The Consultative Committee for the Protection of Persons participating in Biomedical 

Research at Kremlin-Bicêtre University Hospital (Paris, France) approved the 3C Study protocol, 

and all participants provided written consent. 
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3.2. Metabolomics analysis of legumes and biological samples  

3.2.1. Untargeted metabolomics analysis 

3.2.1.1. Analysis of food composition 

The discovery and comprehensive understanding of food composition hold profound 

significance to subsequently be able to investigate and select potential biomarkers of their 

consumption. For this reason, the characterization of bioactive compounds from lentils, 

chickpeas, and white beans was carried out as an important complement of the postprandial 

intervention designed to discover new potential BFIs for legumes and detailed earlier. 

The test foods used in this study were ready-to-use legumes from Spanish protected 

geographical indications (lentils “Tierra de Campos” and chickpeas “Fuentesaúco”) or a 

protected designation of origin (white beans “Mongetes del Ganxet”). A total of 430 g of lentils, 

441 g of chickpeas, and 564 g of white beans were ground and homogenized after washing them 

separately five times using Milli-Q water. The resulting paste was weighed, saved into amber 

containers, and stored for 24 h at -80 °C before the freeze-drying process. Subsequently, 

samples were placed in the freeze-dryer equipment (Telstar Cryodos, Spain) until dry. Then, each 

sample was placed in polyethylene bags and stored at −80 °C. A total of 20 mg of each sample 

were extracted with methanol/tert-butyl methyl ether and then with methanol/water. Aliquots 

of the eluates were then evaporated in a SpeedVac and derivatized by methoximation and 

trimethylsilylation. Untargeted analyses were performed using an LC-MS as described by Llorach 

et al. (Llorach et al., 2019) and by a comprehensive 2D gas chromatography-mass spectrometry 

(GC×GC-MS) system detailed elsewhere (Weinert et al., 2015).  

Data processing was carried out utilizing the SquareDance workflow specifically designed for 

GC×GC-qMS datasets (Egert et al., 2015). Automated compound annotation was performed 

using an in-house spectral library with retention indices based on fatty acid methyl esters. 

Finally, the annotation was manually verified by matching against the National Institute of 

Standards and Technology v14 library, the Fiehn library, and the Golm Metabolome Database. 

3.2.1.2. Analysis of biological samples 

In the postprandial intervention study within the FoodBAll Project, untargeted metabolomics 

analyses were also carried out in accordance with previously validated methodologies (Garcia-
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Aloy et al., 2020; Trošt et al., 2018) to analyze urine and serum samples and identify reliable BFIs 

of pulses. 

For urine samples, 100 µL of urine were first diluted with 100 µL of internal standards (ISs) 

dissolved in methanol and filtered. The eluate was then mixed with 300 µL of external standard 

(ES) in Milli-Q water and transferred to amber vials to be analyzed (Garcia-Aloy et al., 2020). For 

serum samples, 50 µL of serum and 50 µL of ISs were placed on Ostro 96-well plates adding 150 

µL of acetonitrile with 1% formic acid. After filtration, the elution step was repeated, and eluates 

were redissolved with 50 µL of ES and transferred to amber vials for analysis. 

All samples were randomly distributed and analyzed using a Dionex UltiMate 3000 HPLC system 

coupled to a hybrid linear ion trap Fourier transform Orbitrap mass spectrometer (Thermo 

Fisher, Germany). The XCMS R package and Xcalibur 2.2 software (Thermo Fisher Scientific, 

France) were used for data processing. 

Metabolite identification was performed through a multistep procedure using the features 

selected as discriminants. The levels of identification were reported in accordance with the 

guidelines provided by the Metabolomics Society (Sumner et al., 2007). 

3.2.2. Targeted metabolomics analysis 

In the D-CogPlast Project, targeted metabolomics analysis of serum samples was conducted 

using a multi-metabolite platform for the simultaneous detection and quantification of food-

related metabolites, microbiota derivatives, and endogenous metabolites, following the 

validated methodology developed by González-Domínguez et al. (González-Domínguez, 

Jáuregui, et al., 2020). 

3.2.2.1. Preparation of plasma samples 

Protein precipitation was carried out by mixing 100 μL of each serum sample with 250 μL of 

methanol containing 0.1% formic acid (Low et al., 2019). The samples were then vortexed for 30 

seconds and centrifuged at 10,000 × g for 10 min at 4 °C. After collecting the supernatant (250 

μL), it was reconstituted with 250 μL acetonitrile and transferred to 96-well injection plates. 

Finally, a mixture of ISs was added to the samples for quantification purposes and quality control 

assessment (González-Domínguez, Jáuregui, et al., 2020).  
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3.2.2.2. LC-MS QTRAP analysis 

The samples were randomly distributed for metabolomics analysis utilizing an Infinity UHPLC 

system (Agilent, USA) coupled to a QTRAP 6500 mass spectrometer equipped with an Ion Drive 

Turbo V ion source (Sciex, USA). Luna Omega Polar C18 column, 100 mm x 2.1 mm (i.d. 1.6 μm) 

with a porous polar C18 security guard cartridge (Phenomenex, USA) was used to perform the 

chromatographic separation (González-Domínguez, Jáuregui, et al., 2020).  

Mass spectrometry (MS) detection was performed under two detection ion modes (i.e., positive 

and negative ionization) in separate runs, in scheduled multiple reaction monitoring mode. 

Mobile phases employed under positive ion mode detection consisted of (a) water and (b) 

acetonitrile, both containing 0.5% formic acid, where acetonitrile was delivered as follows: 0−5 

min, 5%−50%; 5−8 min, 50%−100%; 8−10 min, 100%; 10−10.1 min, 100%−5%; 10.1−12 min, 5%. 

The negative ion mode consisted of (a) water containing 0.1% formic acid and 10 mM 

ammonium formate and (b) acetonitrile, by applying the following gradient program with the 

acetonitrile: 0−8 min, 5%−20%; 8−10 min, 20%−100%; 10−12 min, 100%; 12−12.1 min, 

100%−5%; 12.1−14 min, 5% (González-Domínguez, Jáuregui, et al., 2020). Quality controls, 

composed by a pool of samples of the study, were processed following the same procedures 

every 20 samples. Analyst 1.6.2 and Sciex OSQ software (ABSciex, USA) were used for data 

acquisition and data processing, respectively (González-Domínguez, Jáuregui, et al., 2020). 

Figure 5. The UHPLC-MS equipment used in the D-CogPlast Project analyses. 

Source: own preparation. 
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3.3. Dietary assessment 

The evaluation of food, energy and nutrient intake, and dietary patterns provides 

comprehensive information on the nutritional status of individuals and populations. Accurate 

assessment of dietary intake enables the understanding of diet effects on human health and, 

consequently, the formulation of nutrition policies and dietary recommendations for individuals, 

population groups, and communities (Food and Agriculture Organization of the United Nations, 

2018). 

Various instruments have been developed to capture dietary intake, which fundamentally differ 

in the data collection method and the reference time frame. Each instrument has distinct 

features as well as inherent strengths and drawbacks, hence the selection criteria is ultimately 

dependent upon the scope of interest (e.g., the total diet or a limited number of dietary 

components), the study design, and research question. Lastly, reported dietary intakes are 

translated to energy and nutrients amounts through food composition databases (Yago 

Torregrosa et al., 2017). 

In both InCHIANTI and D-CogPlast studies, dietary information was obtained through dietary 

surveys. Dietary surveys are direct and retrospective intake assessment methods (i.e., 

information provided directly by the respondents) where the unit of consumption is the 

individual. Specifically, the methods used were the 24-hour dietary recall (24HR) and the food 

frequency questionnaire (FFQ). 

3.3.1. 24-hour dietary recall 

The 24HR is a structured interview intended to capture detailed and comprehensive information 

about all foods, beverages, and dietary supplements consumed by the interviewee over the 

preceding 24 hours (i.e., from midnight to midnight of the previous day) (Food and Agriculture 

Organization of the United Nations, 2018). Detailed data about food preparation and cooking 

methods, ingredients, brand name of commercial products, time of the eating occasion, and 

portion size of each food and beverage are also captured. Twenty-four hours dietary recalls have 

traditionally been administered by a trained interviewer, although self-administered tools are 

also available (Bailey, 2021; National Institutes of Health. National Cancer Institute, n.d.). 
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3.3.2. Food frequency questionnaire 

An FFQ consists of a close-ended list of foods or food groups, beverages, and dietary 

supplements with a frequency category section to assess the habitual consumption over a 

specified period of time (typically the past month or year) (Food and Agriculture Organization of 

the United Nations, 2018). Usual portion sizes can be asked separately for each food and 

beverage or combined with frequency information. FFQs are usually self-administered but 

interviewer-administration can be done when literacy challenges (Bailey, 2021; National 

Institutes of Health. National Cancer Institute, n.d.). 

In the D-CogPlast Project, a 24HR and an FFQ were administered at home by a trained dietician 

(Féart et al., 2007; Samieri et al., 2008) at baseline. Data from these questionnaires were 

validated in an independent 3C subsample. The 24HR was used to estimate nutrient intake and 

total energy intake, while the frequency of consumption of 148 food and beverage items was 

recorded through the FFQ. The food items were converted into number of servings per week 

and then clustered into 20 food and beverage groups (Samieri et al., 2008). Concordance 

between responses to the FFQ and the 24HR was assessed for fatty acids, with acceptable 

correlations between number of weekly servings of foods obtained from the FFQ and the 

corresponding fatty acid intakes obtained from the dietary recall (Samieri et al., 2008). 

In the InCHIANTI Study, a semi-quantitative FFQ developed and validated in the European 

Prospective Investigation into Cancer and Nutrition-Italy (EPIC-Italy) study (Pisani et al., 1997) 

was administered in interviews by trained dieticians at baseline and 3, 6 and 9 years after 

enrollment. Participants reported the frequency of consumption and usual portion size of 198 

food and beverage items. Pictures to estimate portion size were included to minimize errors 

derived from personal interpretation of serving sizes. Daily consumption (grams per day) of food 

items was further calculated (Pisani et al., 1997). Finally, energy and nutrient data were 

estimated using the Food Composition Database for Epidemiological Studies in Italy (Salvini et 

al., 1998), a specific software created for the EPIC study (Bartali et al., 2006). 

 



- MATERIALS AND METHODS - 

69 
 

3.4. Evaluation of adherence to the Mediterranean diet 

3.4.1. Quantification of urinary total polyphenols by the Folin-Ciocalteu method 

In the AGECAR-PLUS clinical trial, the urinary total polyphenol (UTP) content was determined as 

it is a well-known objective biomarker of total dietary polyphenol exposure and a proxy measure 

of dietary fruit and vegetable intake (Urpi-Sarda et al., 2015). In fact, UTP has previously been 

positively correlated with adherence to the MedDiet (Ruiz et al., 2019). On the other hand, UTP 

depends on the bioavailability of polyphenols, which tends to decrease during ageing and may 

consequently impact their biological activity (Hidalgo-Liberona et al., 2020). 

Total phenolic content in urine was analyzed using rapid Folin-Ciocalteu (F-C) assay after solid 

phase extraction (SPE). The F-C assay is based on an oxidation-reduction reaction, where the FC-

reagent is reduced by the phenolic compounds at basic pH, giving rise to a blue coloration whose 

intensity is liable to be spectrophotometrically measured at 750 nm. On the other hand, SPE is 

considered the gold standard technique for the cleanup of complex biological samples as it 

reduces protein interaction, and it is useful for polyphenols extraction as well as for the targeted 

analysis of metabolites (Ajila et al., 2011). 

Spot urine samples were first aliquoted, processed, and stored at -80 °C until analysis. SPE was 

then performed using a method described earlier (Urpi-Sarda et al., 2015). To carry out the F-C 

assay, 170 μL of Milli-Q water, 15 μL of urine extract, 12 μL of the F-C reagent, and 30 μL of 20% 

sodium carbonate were first mixed in a thermo microtiter 96-well plate. After 1 h of incubation 

at room temperature in the dark, 73 µL of Milli-Q water were added, and finally absorbance was 

measured at 765 nm using a UV/VIS Thermo Multiskan Spectrum spectrophotometer (Zamora-

Ros et al., 2011). The mean absorbance and % relative standard deviation of the three replicates 

of each sample were calculated. A 100 mg/L gallic acid solution was used as a standard and the 

calibration curve was made with 6 concentrations at 0 (blank), 1, 2, 4, 6 and 8 mg/L to check the 

linearity. The absorbances were then plotted against the standard concentrations, and the 

results were multiplied by the urine output and expressed as mg of gallic acid equivalents 

(GAEs)/L. Finally, the total polyphenol results were normalized with reference to the urinary 

refractive index (OPTi Digital Handheld Refractometer, Bellingham + Stanley, UK) to account for 

interindividual differences in the hydration status and micturition frequency (Hidalgo-Liberona 

et al., 2020). 
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3.4.2. Indexes of adherence to the Mediterranean diet 

The evaluation of adherence to the MedDiet is an essential element in nutritional studies that 

seek to establish associations between this dietary pattern and its beneficial effects on health. 

One of the most common tools used to measure adherence to a dietary pattern is through 

questionnaires that are presented as a priori diet quality indexes or scores (Zaragoza-Martí et 

al., 2018). These scores are composite constructs based on the current state of the art or 

scientific consensus. 

In the case of the MedDiet, numerous studies have proposed various indexes adapted to 

different geographical areas, age groups, and populations with different underlying 

physiological states (Hernández Ruiz et al., 2015; Hutchins-Wiese et al., 2022). The differences 

between these indexes mostly rely on the scoring systems (e.g., 0–1, 0–2, 0–4, or 0–5), the cut 

points used (e.g., sex-specific medians, tertiles, quintiles, or fixed portions per day or week), and 

the components included (food, food groups, nutrients, ratios, and/or lifestyle factors) 

(Hernández Ruiz et al., 2015; Hutchins-Wiese et al., 2022). The validity, reliability, and content 

of MedDiet scoring systems for adherence have already been reviewed (Zaragoza-Martí et al., 

2018). 

In this thesis, two different scores have been used to assess adherence to the MedDiet. In the 

AGECAR-PLUS trial, the degree of agreement with MedDiet was measured through the MEDAS, 

while in both InCHIANTI and D-CogPlast studies, this evaluation was done through the 

Mediterranean diet score (MDS), developed by Trichopoulou et al. (Trichopoulou et al., 2003). 

3.4.2.1. The Mediterranean diet score (MDS) 

The first and most widely used score of adherence to the MedDiet was created by Trichopoulou 

et al in 1995 to evaluate the association between adherence to this dietary pattern and overall 

mortality risk in an older population (Trichopoulou et al., 1995). This index consisted of eight 

components: seven food groups [moderate ethanol intake, high consumption of legumes, 

cereals (including bread and potatoes), fruits and nuts, and vegetables; low consumption of 

meat and meat products, milk and dairy products] and one ratio to account for the quality of fat 

(high MUFA:SFA ratio). This score was later modified by the same authors including high 

consumption of fish and excluding potatoes intake, and a higher adherence to this index was 

inversely associated with overall and cause-specific (i.e., coronary heart disease and cancer) 

mortality risk in adults (Trichopoulou et al., 2003). 
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The scoring system consists in assigning one point when the intake (grams per day) of beneficial 

components (i.e., legumes, cereals, fruits and nuts, vegetables, fish, and MUFA:SFA ratio) is at 

or above the sex-specific-sample population median, or when the consumption of foods 

presumed to be detrimental (i.e., meat and meat products, milk and dairy products) is below 

the median, and zero in the opposite situations. For ethanol, a value of 1 is assigned to men who 

consumed between 10 and 50 g/day and to women who consumed between 5 and 25 g/day. 

Therefore, the MDS usually ranged from 0 (minimal adherence) to 9 (maximum adherence) if 

the index had nine components (Trichopoulou et al., 2003).  

Since then, various scores have been published to assess adherence to the MedDiet. Some of 

them significantly differ from its definition, while others are based on minor modifications of 

the initially proposed scores. This is the case of the index suggested by Féart et al. in the 3C 

Study, which identified the food groups considered to be part of a MedDiet as legumes, cereals 

(including bread, pasta, and rice - whole and refined grains), vegetables, fruits, fish, meat, dairy 

products, and alcohol (Féart et al., 2009). For the last item, cutoffs were established at 10-20 

g/day for men and 1.4-5.7 g/day for women, according to the second quartile of the distribution 

and representing mild-to-moderate consumption (Féart et al., 2009). 

3.4.2.2. The Mediterranean Diet Adherence Screener (MEDAS) 

Another index proposed to quantify adherence to the MedDiet is the 14-point MEDAS, a brief 

tool developed to promptly monitor for compliance with the dietary intervention of the 

Prevención con Dieta Mediterránea (PREDIMED) study (Schröder et al., 2011), a multicenter 

clinical trial aimed at assessing the effects of the traditional MedDiet on the primary prevention 

of CVD (Estruch et al., 2006, 2018). This questionnaire reports the habitual frequency of 

consumption or amount consumed of 12 main components of the MedDiet and 2 food intake 

habits considered characteristic of the Spanish MedDiet. Each of the 14 items is scored 1 or 0, 

depending on whether patients meet each MedDiet condition. One point is assigned for using 

olive oil as the principal source of fat for cooking; for preferring white meat over red meat; for 

consuming ≥ 4 tablespoons of olive oil/day (including that used in frying, salads, meals eaten 

away from home, etc.); ≥ 2 servings of vegetables/day; ≥ 3 servings of fruit/day (including freshly 

squeezed juice); < 1 serving of red meat, hamburger, or sausages/day; < 1 serving of animal 

fat/day (i.e., butter, margarine, or cream); < 1 cup of sugar-sweetened and/or carbonated 

beverage/day; ≥ 7 cups of red wine/week; ≥ 3 servings of pulses/week; ≥ 3 servings of fish or 

seafood/week; < 2 servings of commercial pastry/week; ≥ 3 servings of nuts/week; and ≥ 2 
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servings/week of a dish with sofrito (sofregit, in Catalan), a traditional sauce of tomatoes, garlic, 

onion, or leeks sautéed in olive oil (Schröder et al., 2011). Therefore, the sum score for this index 

ranges from 0 to 14 points, and levels of adherence to the MedDiet have been proposed as low 

(< 9) and high (≥ 9) (E. A. Hu et al., 2013). 

Recently, an updated version of this questionnaire has been validated, with the inclusion of 14 

items on food consumption and 3 items on eating behaviors (Schröder et al., 2021). These 

modifications aimed to capture an energy-restricted MedDiet in order to determine its effect on 

CVD (Martínez-González et al., 2019). 

3.4.3. The Mediterranean diet metabolomic score (MDMS) 

In the D-CogPlast study, and in line with the MDS defined by Trichopoulou et al. (Trichopoulou 

et al., 2003), a MedDiet metabolomic score (MDMS) was developed de novo using a 14-point 

linear scale that incorporated two putative dietary metabolomic biomarkers of seven key 

components of the MedDiet (vegetables, legumes, fruits, cereals, dairy, fats, and fish) (Table 1) 

(Féart et al., 2009; Trichopoulou et al., 2003). 

 

Table 1. Metabolites included in the MDMS as biomarkers of key MedDiet food groups. 

MDMS 

metabolite 
metabolite class food references 

EL enterolignans (microbial 

metabolites of lignans) 

fiber-rich fruits and 

vegetables, grains, 

nuts, and legumes 

(González-Domínguez, Urpi-

Sarda, et al., 2020; Landete, 

2012) 

HA hydroxybenzoic acids 

(microbial metabolites of 

polyphenols) 

fruits and vegetables, 

tea, coffee, cocoa, 

grains, nuts, legumes, 

olive oil, and wine 

(Angelino et al., 2017; Bolling 

et al., 2011; Boskou et al., 

2005; Crozier et al., 2010; Del 

Rio et al., 2010; González-

Domínguez, Urpi-Sarda, et al., 

2020; Michielsen et al., 2018; 

Rothwell et al., 2018; Singh et 

al., 2017) 
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Table 1. (cont'd)   

MDMS 

metabolite 
metabolite class food references 

proline betaine proline derivates citrus fruits (mainly), 

Chinese artichoke, and 

rye and wheat bran 

(González-Domínguez, Urpi-

Sarda, et al., 2020; 

Kärkkäinen et al., 2018; Lang 

et al., 2017; Pekkinen et al., 

2015)  

trigonelline pyridinium derivatives coffee, legumes, and 

rye and wheat bran 

(Ashihara et al., 2015; 

González-Domínguez, Urpi-

Sarda, et al., 2020; 

Kärkkäinen et al., 2018; 

Pekkinen et al., 2015) 

UroA-G urolithins (microbial 

metabolites of ellagitannins) 

berries, wine, 

pomegranate, and 

nuts 

(García-Villalba et al., 2016; 

González-Domínguez, Urpi-

Sarda, et al., 2020) 

3,4-DHBA hydroxybenzoic acids 

(microbial metabolites of 

polyphenols) 

fruits and vegetables, 

tea, coffee, cocoa, 

grains, nuts, legumes, 

olive oil, and wine 

(Angelino et al., 2017; Bolling 

et al., 2011; Boskou et al., 

2005; Crozier et al., 2010; Del 

Rio et al., 2010; González-

Domínguez, Urpi-Sarda, et al., 

2020; Michielsen et al., 2018; 

Rothwell et al., 2018; Singh et 

al., 2017) 

3,4-DHPAA-S hydroxyphenylacetic acids 

(microbial metabolites of 

polyphenols) 

fruits and vegetables, 

tea, cocoa, olives and 

olive oil, and wine 

(Boskou et al., 2005; Crozier 

et al., 2010; Del Rio et al., 

2010; González-Domínguez, 

Urpi-Sarda, et al., 2020; 

Michielsen et al., 2018; 

Rothwell et al., 2018) 
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Table 1. (cont'd)   

MDMS 

metabolite 
metabolite class food references 

3,4-DHPV-S hydroxyphenylvalerolactones 

(microbial metabolites of 

flavan-3-ols) 

procyanidin-rich foods 

(berries, apple, tea, 

cocoa, wine, nuts, and 

legumes) 

(Bolling et al., 2011; Del Rio et 

al., 2010; González-

Domínguez, Urpi-Sarda, et al., 

2020; Michielsen et al., 2018; 

Rana & Bhushan, 2016; 

Rothwell et al., 2018; Singh et 

al., 2017) 

DHA n-3 PUFAs total fish and shellfish  (Cuparencu et al., 2019) 

EPA n-3 PUFAs total fish and shellfish  (Cuparencu et al., 2019) 

margaric acid LCFAs dairy products (Münger et al., 2018) 

pentadecanoic 

acid 

LCFAs dairy products (Münger et al., 2018; 

Smedman et al., 1999) 

oleic acid LCFAs dietary MUFAs (Garcia-Aloy et al., 2019; 

Palomer et al., 2018) 

palmitic acid LCFAs dietary SFAs (Palomer et al., 2018) 

DHA, docosahexaenoic acid. EL, enterolactone. EPA, eicosapentaenoic acid. HA, hippuric acid. LCFAs, long-chain fatty 

acids. MDMS, Mediterranean diet metabolomic score. MedDiet, Mediterranean diet. MUFAs, monounsaturated fatty 

acids. PUFAs, polyunsaturated fatty acids. SFAs, saturated fatty acids. UroA-G, 3,8-dihydroxy-urolithin glucuronide. 

3,4-DHBA, 3,4-dihydroxybenzoic acid. 3,4-DHPAA-S, 3′,4′-dihydroxyphenylacetic acid sulfate. 3,4-DHPV-S, 5-(3′,4′-

dihydroxyphenyl)-γ-valerolactone sulfate. 

The metabolites for the MDMS were selected based on three criteria: a) metabolites reported 

as putative biomarkers of key MedDiet food groups (Angelino et al., 2017; Ashihara et al., 2015; 

Crozier et al., 2010; Cuparencu et al., 2019; Garcia-Aloy et al., 2019, 2020; Landberg et al., 2019; 

Landete, 2012; Lang et al., 2017; Münger et al., 2018; Palomer et al., 2018; Smedman et al., 

1999; Ulaszewska et al., 2018, 2020; Vázquez-Manjarrez et al., 2020), b) metabolites available 

in the serum metabolomic panel described previously (González-Domínguez et al., 2021; 

González-Domínguez, Jáuregui, et al., 2020; González-Domínguez, Urpi-Sarda, et al., 2020) and 

c) metabolites with described health-related proprieties (Table 2).  
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In Table 2, information about the health-related properties described in the plant-derived 

metabolites of the MDMS is detailed. 

 

Table 2. Health-related properties described in the plant-derived metabolites of the MDMS. 

MDMS 

metabolite 
metabolism health effects references 

EL microbiome-

generated metabolite 

• longer time in circulation → 

long-term effect on health 

• antiproliferative and anti-

inflammatory activities in vitro 

•  exhibits blood-brain barrier 

permeability 

• protects murine microglia 

against inflammation  

• associated with favorable 

cardiometabolic risk factors 

(Espín et al., 2017; 

Frankenfeld, 2017; 

Johnson et al., 2019; 

Kawabata et al., 2019) 

HA microbiome-

generated metabolite 

• longer time in circulation → 

long-term effect on health 

• myoprotective properties in 

vitro 

• contribution to a better 

glycemic control and β-cell 

function 

• reduce the risk of developing 

age-related cognitive disorders 

(de Mello et al., 2017; 

Kawabata et al., 2019; 

Ticinesi et al., 2023) 

proline 

betaine 

betaine derivative • negatively correlated with 

glucose and insulin 

concentrations, blood lipid 

profiles, BMI and hsCRP 

• inversely associated with blood 

pressure 

(Kärkkäinen et al., 

2018; Loo et al., 2018; 

Noerman et al., 2021) 
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Table 2. (cont'd)   

MDMS 

metabolite 
metabolism health effects references 

trigonelline betaine derivative • neuroprotective and 

antidiabetic effects 

• anti-inflammatory and 

antioxidant proprieties 

• lower risk of type 2 diabetes  

• urine molecular signature in the 

metabolic syndrome 

(Anwar et al., 2018; 

Bruzzone et al., 2021; 

Farid et al., 2020; Y. 

Liang et al., 2023; 

Surma et al., 2023; 

Wang et al., 2022) 

UroA-G microbiome-

generated metabolite 

• longer time in circulation → 

long-term effect on health 

• most common urolithin 

• variable production and found 

only in approximately 40% of 

the elderly population → 

restricted positive impacts on 

health conditions (e.g., 

mitochondrial, cardiometabolic 

and muscle health) 

(Andreux et al., 2019; 

Cerdá et al., 2005; 

Cortés-Martín et al., 

2018; D’Amico et al., 

2021; González-Sarrías 

et al., 2017; Kawabata 

et al., 2019; Romo-

Vaquero et al., 2019)  

3,4-DHBA • microbiome 

decarboxylation of 

caffeic acid or 

demethylation of 

vanillic acid 

• easily conversion 

from anthocyanins 

at physiological pH 

• abundantly formed 

and absorbed in 

the large intestine 

• longer time in circulation → 

long-term effect on health 

• higher antioxidant capacity 

than monohydroxylated 

metabolites  

• 3,4- isomer position shows 

inhibitory effects, as well as 

antioxidant, anti-inflammatory, 

antihyperglycemic and 

neuroprotective activities 

• bioactive properties that 

promote mitochondrial health 

and cerebrovascular 

microcapillary function 

(Juurlink et al., 2014; 

Kawabata et al., 2019; 

Koksal et al., 2016; 

Masella et al., 2012; 

Melrose, 2023; 

Monagas et al., 2009)  
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Table 2. (cont'd)   

MDMS 

metabolite 
metabolism health effects references 

3,4-DHPAA-S microbiome-

generated metabolite 

• longer time in circulation → 

long-term effect on health 

• higher antioxidant capacity 

than monohydroxylated 

metabolites 

• decrease in the formation of 

amyloid fibrils, protection from 

cytotoxicity and oxidative 

stress, regulation of 

inflammatory pathways in vitro 

• reduction in hsCRP in patients 

with type 2 diabetes 

(Álvarez-Cilleros et al., 

2018; Fongaro et al., 

2022; Kawabata et al., 

2019; Liu et al., 2017; 

Lofft et al., 2022; 

Monagas et al., 2009; 

Moreno Uclés et al., 

2021) 

 

3,4-DHPV-S microbiome 

degradation product 

of (epi)catechin 

(pyrogallol C-ring 

opening) 

• longer time in circulation → 

long-term effect on health 

• higher antioxidant capacity 

than monohydroxylated 

metabolites 

• preserve the antioxidant and 

anti-inflammatory activity of 

the native flavonoid 

• bioactive properties that 

promote mitochondrial health 

and cerebrovascular 

microcapillary function 

(Kawabata et al., 2019; 

Melrose, 2023; 

Monagas et al., 2009)  

 

BMI, body mass index. EL, enterolactone. HA, hippuric acid. hsCRP, high-sensitivity C-reactive protein. MDMS, 

Mediterranean diet metabolomic score. UroA-G, 3,8-dihydroxy-urolithin glucuronide. 3,4-DHBA, 3,4-

dihydroxybenzoic acid. 3,4-DHPAA-S, 3′,4′-dihydroxyphenylacetic acid sulfate. 3,4-DHPV-S, 5-(3′,4′-dihydroxyphenyl)-

γ-valerolactone sulfate. 

 

In this MDMS score, the meat item was excluded from the MDS as it is not possible to establish 

a set of metabolites that can reliably discriminate between meat intake, products of human 

muscle catabolism, and other protein-rich foods (e.g., fish and seafood), as well as between 
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different meat sources (e.g., red meat vs. poultry) (Cuparencu et al., 2019). An alcohol-related 

item was not either included since low levels of alcohol have shown slight reductions in some 

chronic diseases (i.e., ischemic heart disease and diabetes in very specific populations) but an 

increased risk of other health-related conditions, including cirrhosis, infectious diseases, early 

dementia, and cancer (Griswold et al., 2018; Topiwala & Ebmeier, 2018). 

Therefore, the MDMS consisted of a total of n = 14 serum biomarker components. Four 

categories of foods (vegetables, fruits, legumes, and cereals) were decided to be grouped as a 

plant-based food group since some of the biomarkers described could be ubiquitously present 

among all these food groups. Enterolactone (EL), hippuric acid (HA), proline betaine; trigonelline; 

3,8-dihydroxy-urolithin glucuronide (UroA-G), 3,4-dihydroxybenzoic acid (3,4-DHBA), 3′,4′-

dihydroxyphenylacetic acid sulfate (3,4-DHPAA-S), and 5-(3′,4′-dihydroxyphenyl)-γ-

valerolactone sulfate (3,4-DHPV-S,) represented the plant-based food group. DHA and EPA 

depicted the fish group, while pentadecanoic acid and margaric acid represented the dairy 

products group. Finally, the dietary intake of MUFAs and saturated fatty acids (SFAs) were 

depicted by oleic acid and palmitic acid, respectively. 

Following the same design used by Trichopoulou et al. (Trichopoulou et al., 2003), a value of 0 

or 1 was assigned to each dietary biomarker with the use of the sex-specific median as the cutoff. 

For dietary biomarkers of beneficial components (vegetables, legumes, fruits, cereals, and fish), 

subjects whose circulating level was below the median were assigned a value of 0, and 

individuals whose level was at or above the median were assigned a value of 1. According to the 

MDS defined by Trichopoulou et al. (Féart et al., 2009; Trichopoulou et al., 2003), dairy products 

are presumed to be detrimental. For this reason, the scoring for dietary biomarkers of dairy 

products was inverted (Féart et al., 2009; Trichopoulou et al., 2003). Finally, for the relation 

between MUFAs and SFAs, a value of 1 was assigned to those individuals whose oleic acid 

concentration was at or above the median and a value of 0 to those whose concentrations were 

below it. The scoring was inverted for palmitic acid concentrations. Oleic acid and palmitic acid 

are the most abundant dietary and plasma FAs (Abdelmagid et al., 2015; Palomer et al., 2018). 

Moreover, oleic acid is a biomarker of olive oil intake, the main source of MUFAs in the MedDiet 

context (Garcia-Aloy et al., 2019; Trichopoulou et al., 2003). 
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Table 3. Concentrations of MDMS dietary biomarkers (μg/L) by sex-specific medians in the 3C 

discovery (Bordeaux, n = 418) and validation (Dijon, n = 422) cohorts. 

MDMS 

metabolite 

p50 

(μg/L) 

Bordeaux cohort (n = 418)  Dijon cohort (n = 422) 

males  

(n = 142) 

females 

(n = 276) 
 

males  

(n = 156) 

females  

(n = 266) 

EL 

< p50 5.2 (1.2) 5.0 (1.2)  6.1 (3.0) 4.9 (2.8) 

≥ p50 7.1 (0.7) 7.3 (0.8)  15.3 (3.6) 14.3 (3.7) 

HA 

< p50 
866.0        

(395.6) 

800.7        

(381.3) 
 

546.7        

(192.6) 

589.3        

(249.7) 

≥ p50 
3,229.6 

(2,617.6) 

3,105.1 

(2,792.0) 
 

1,912.3 

(1,330.5) 

2,518.7 

(1,866.2) 

proline betaine 

< p50 66.0 (29.1) 85.8 (38.7)  94.5 (40.0) 102.0 (47.4) 

≥ p50 357.1 (239.6) 451.4 (233.5)  415.9 (262.5) 539.5 (290.7) 

trigonelline 

< p50 4.7 (2.5) 4.8 (3.0)  3.4 (2.1) 3.9 (2.2) 

≥ p50 18.3 (9.3) 25.3 (19.8)  14.4 (9.8) 19.1 (13.7) 

UroA-G 

< p50 0.0 (0.0) 0.0 (0.0)  0.0 (0.0) 0.0 (0.0) 

≥ p50 5.1 (3.0) 8.8 (7.6)  6.0 (3.3) 5.7 (4.7) 

3,4-DHBA 

< p50 19.9 (17.5) 1.2 (4.1)  4.1 (6.9) 1.7 (4.0) 

≥ p50 97.2 (81.8) 68.9 (109.8)  47.5 (28.8) 57.1 (125.3) 

3,4-DHPAA-S 

< p50 
0.0                 

(0.0) 

845.3    

(1,116.0) 
 

423.3        

(955.3) 

1,408.8 

(1,480.3) 

≥ p50 
13,366.9 

(20,301.1) 

19,975.7 

(36,555.3) 
 

11,009.7 

(22,301.8) 

20,090.8 

(33,765) 

3,4-DHPV-S 

< p50 1.9 (1.3) 1.0 (0.9)  0.9 (0.8) 0.9 (0.7) 

≥ p50 13.6 (14.0) 10.9 (13.8)  15.7 (15.6) 16.2 (22.7) 
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Table 3. (cont'd)      

MDMS 

metabolite 

p50 

(μg/L) 

Bordeaux cohort (n = 418)  Dijon cohort (n = 422) 

males  

(n = 142) 

females 

(n = 276) 
 

males  

(n = 156) 

females  

(n = 266) 

DHA 

< p50 
5,058.3    

(802.3) 

4,927.0    

(643.5) 
 

4,817.4    

(334.8) 

4,668.9     

(323.0) 

≥ p50 
7,999.1 

(1,890.9) 

8,014.8 

(2,765.6) 
 

6,124.8    

(874.9) 

5,983.9    

(741.2) 

EPA 

< p50 
2,601.1    

(158.2) 

2,612.4    

(116.2) 
 

2,949.4    

(122.0) 

2,896.4    

(128.1) 

≥ p50 
3,449.9    

(832.7) 

3,361.8 

(1,036.1) 
 

3,597.2    

(665.6) 

3,493.6    

(403.3) 

margaric acid 

< p50 
3,874.4 

(1,014.5) 

3,842.2    

(781.5) 
 

4,272.8    

(169.3) 

4,248.1    

(160.0) 

≥ p50 
6,989.3 

(1,441.5) 

7,405.0 

(2,168.3) 
 

4,967.1    

(384.1) 

4,955.9    

(344.6) 

pentadecanoic 

acid 

< p50 
3,243.3    

(967.4) 

3,852.2    

(845.9) 
 

3,672.6    

(314.6) 

3,679.4    

(296.5) 

≥ p50 
6,573.1 

(2,101.6) 

6,991.3 

(1,529.4) 
 

4,572.2    

(422.2) 

4,850.0    

(530.9) 

oleic acid 

< p50 
45,939.9 

(11,711.6) 

47,191.4 

(12,749.5) 
 

56,327.0 

(12,694.6) 

54,107.8 

(12,206.9) 

≥ p50 
83,203.0 

(16,105.8) 

92,450.0 

(22,296.8) 
 

98,210.2 

(15,334.8) 

96,632.8 

(20,054.6) 

palmitic acid 

< p50 
25,222.8 

(5,963.9) 

24,828.0 

(5,043.9) 
 

14,774.5 

(2,448.1) 

14,392.4 

(2,316.8) 

≥ p50 
43,709.5 

(8,755.8) 

46,357.9 

(13,344.3) 
 

23,282.6 

(2,917.5) 

22,176.2 

(4,098.4) 

Values are mean (SD). DHA, docosahexaenoic acid. EL, enterolactone. EPA, eicosapentaenoic acid. HA, hippuric acid. 

MDMS, Mediterranean diet metabolomic score. UroA-G, 3,8-dihydroxy-urolithin glucuronide. 3C, Three-City. 3,4-
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DHBA, 3,4-dihydroxybenzoic acid. 3,4-DHPAA-S, 3′,4′-dihydroxyphenylacetic acid sulfate. 3,4-DHPV-S, 5-(3′,4′-

dihydroxyphenyl)-γ-valerolactone sulfate. 

 

Thus, the total MDMS ranged from 0 (minimal adherence) to 14 (maximal adherence). The 

MDMS was secondarily categorized, using cutoff values based on the sex- and cohort-specific 

medians, as low (< 7 points) and high (≥ 7 points) adherence for both sexes and cohorts. 

 

3.5. Statistical analyses 

3.5.1. Data pre-processing of targeted metabolomics data 

3.5.1.1. Targeted metabolomics data 

In targeted metabolomic studies, the data is often presented in a "raw" data matrix once the 

metabolites have been quantified, and generally requires to be processed before data analysis. 

This step, known as preprocessing, entails various operations, such as imputation of missing 

values, sample normalization, and transformation of metabolomic variables. 

In the D-CogPlast Project, metabolomics data were pre-processed using a standardized protocol 

developed in the research group. First, data from exogenous metabolites containing values 

under the limit of quantification were considered as zeros (i.e., they cannot be reliably 

quantified in the plasma sample). On the other hand, data from endogenous metabolites 

containing values under the limit of quantification were considered missing values (i.e., 

assuming they should always be in the sample, at least in very low concentrations). These 

missing values were imputed using the k-nearest neighbors algorithm (k = 10) (Armitage et al., 

2015), after metabolites of the data with more than 20% of missing values in all the study groups 

were removed. Finally, data was normalized by applying log transformation and Pareto scaling 

(González-Domínguez et al., 2022). 

3.5.1.2. Other data 

In the AGECAR-PLUS study, normal distribution of UTP was tested by using QQ plots. Since it was 

not normally distributed, it was thus normalized using a Box-Cox transformation (α = 0.00001 

and λ = 0.25) (Urpi-Sarda et al., 2015). 
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3.5.2. Data analyses 

3.5.2.1. Univariate and bivariate analyses 

Normal distribution of baseline characteristics was tested by using QQ plots, Boxplots and by 

checking skewness and kurtosis statistic values. 

Baseline characteristics of the participants were expressed as means and standard deviations 

(SDs) for numerical variables with normal distribution, as medians and interquartile ranges 

(IQRs) for numerical variables with asymmetric distribution, and as number of subjects and 

proportions for categorical variables. 

Differences in baseline characteristics between groups were analyzed using different tests. For 

numerical variables, Student’s t-test, Mann-Whitney U test, Kruskall-Wallis H test or one-way 

analysis of variance (ANOVA) were used as appropriate. Pearson chi square (χ2) test was 

performed for categorical variables. In the D-CogPlast Project, comparisons were tested 

employing conditional logistic regression models. 

Correlation analysis was performed to examine the direction and magnitude of the association 

between two quantitative variables. Pearson coefficient or Spearman coefficient were 

calculated depending on whether variables were normally distributed or not, respectively. 

3.5.2.2. Multivariate analyses 

3.5.2.2.1. Data visualization 

In this thesis, visualization tools were used to evidence the state of the art of the qualitative 

profile of phytochemicals contained in pulses, as well as to compare the intensities of 

discriminant metabolites and their distribution among legumes. Specifically, hierarchical cluster 

analysis (HCA) and principal component analysis (PCA) were carried out through the 

MetaboAnalyst 3.0 platform, and the R software and its related packages. 

(I) Cluster analysis 

In (agglomerative) HCA, each sample begins as a separate cluster and the algorithm proceeds to 

combine them until all samples belong to one cluster (Trygg et al., 2007). Euclidean distance was 

applied as a similarity measure, which is one of the two parameters needed to be considered 

when performing hierarchical clustering. The other one is clustering algorithms, and Ward's 

linkage (clustering to minimize the sum of squares of any two clusters) was employed here.  
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In the qualitative reviewed analysis of legumes, HCA was performed from a qualitative 

perspective (i.e., absence or presence of a certain compound) and was further displayed by 

dendrograms plotted on the corresponding sides of a heatmap. The heatmap depicted the 

actual data into a corresponding 2-D color map using two colors allowing to easily visualize 

changing patterns in phytochemical presence across types of legumes. 

In the postprandial intervention study designed to discover new potential BFIs for legumes, data 

visualization was performed also through heatmaps of HCA to visualize the discriminatory ability 

of significant metabolites deciphered by the statistical analyses after intake of legumes. The 

graph was produced taking into consideration the peak area of the most intensive feature per 

identified metabolite. 

(II) Principal Component Analysis 

PCA is an unsupervised method of clustering and classification for dimension reduction of the 

data by performing linear combinations of the original variables (correlated with each other) 

into smaller new sets of variables (uncorrelated with each other). These new combinations are 

called principal components (PC) and are sorted in descending order according to the 

percentage of the total data variance they explain (Cozzolino et al., 2019). Thus, the first PC (PC1) 

direction of the data is that along which the observations vary the most, while in the following 

components (PC2, PC3, etc.) the percentage of variance described decreases.  

In the qualitative reviewed analysis of legumes, PCA analyses were applied to the data to 

highlight qualitative differences and similarities between legumes. In the postprandial 

intervention with legumes, PCA analyses were performed to check data quality (i.e., potential 

batch effect due to signal drift, sensitivity loss, etc.), to detect the presence of outliers, and to 

assess potential associations among samples (i.e., urinary and serum samples). 

Results were visualized using a score plot, which provides an intuitive summary of the sample 

clustering patterns by projecting high-dimensional metabolomics and phytochemical data into 

two in a way that explains the maximal variance. The score plots showed the samples (i.e., 

legumes) distributed in a coordinate matrix so that the variation could be interpreted in terms 

of similarities or dissimilarities of the inherent fingerprints between the samples. 
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3.5.2.2.2. Multivariate models 

In this thesis, multivariate analyses have been used in an attempt to explain specific age-related 

phenomena considering several potentially influencing variables simultaneously. All 

multivariate analysis models were adjusted for sex, age at baseline, BMI and other 

characteristics that are potential risk factors of the specific age-related health outcomes, and 

might be associated with particular dietary factors, thus acting as potential confounders (i.e., 

distorting the true association between these variables). 

On the one hand, one-factor analysis of variance (ANOVA) for repeated measures was 

performed to test differences on functional status over hospitalization. Bonferroni post hoc test 

was used to compare changes in functional status in response to the intervention groups (i.e., 

exercise + health education program and control groups) and levels of MedDiet adherence (low 

and high levels of MEDAS and concentration of UTP at admission). The effect of the interaction 

of two factors was studied: time as a within-participant factor (admission and discharge) and 

groups.  

To assess the effects of individual factors, the differences between discharge and admission 

values for BI were finally calculated and then a one-factor analysis of covariance (ANCOVA) test 

was applied adjusting for the above-mentioned variables and for functional status at admission. 

Furthermore, distinct multivariate regression models were performed to determine the effect 

of the dietary variables on CD considering other confounding variables. Based on the dependent 

variable features and the study design, the following models have been carried out: 

a) In the InCHIANTI Study, time-dependent Cox models were used for the association 

between fish intake and CD risk. Time-to-event was defined as the time elapsed from 

baseline to the one at which CD was first detected. 

b) In the D-CogPlast Project, the association between MDMS and CD was studied using 

logistic regression models conditioned on matching variables (i.e., age at baseline, sex, 

and education level). 

In order to assess whether the effect of the independent variables from these studies on CD 

depended on the value of other factors, effect modification by these factors was assessed by 

adding product terms in the fully adjusted regression models. Multiple testing correction was 
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carried out utilizing Benjamini-Hochberg false discovery rate (FDR) and Bonferroni correction in 

the InCHIANTI study and the D-CogPlast work, respectively.  

In the InCHIANTI study, mediation analysis was performed to clarify the role of PUFA intake in 

the association between fish intake and CD. This analysis was based on the standardized three-

step criteria proposed by Baron and Kenny (Baron & Kenny, 1986). The following models were 

fitted: (i) a time-dependent Cox regression model assessing the association between fish intake 

and CD excluding the mediator (PUFA intake) from the model to check that there is an effect 

that may be mediated (Figure 6, path c); (ii) a linear mixed-effects regression model assessing 

the association between fish intake and PUFA intake (Figure 6, path a); and (iii) a time-

dependent Cox regression model assessing the association between PUFA intake and CD, with 

additional adjustment for fish intake (Figure 6, path b). The same procedure was conducted to 

explore the potential mediation effect of circulating EPA and DHA. Analogously, the potential 

mediation pathway of higher fish intake and lower CD risk, through a lower CVD risk, was 

evaluated. 

Figure 6. Mediation diagram of PUFA intake as a mediatory in the association between fish 

intake and CD.  

 

CD, cognitive decline. CI, confidence interval. HR, Hazard ratio. PUFA, polyunsaturated fatty acid. 

Path a indicates the effect of fish intake (exposure) on PUFA intake (mediator); path b indicates the effect of PUFA 

intake (mediator) on CD (outcome); path c indicates the total effect of fish intake (exposure) on CD (outcome), 

ignoring PUFA intake (mediator); path c’ indicates the direct effect of fish intake (exposure) on CD (outcome) while 

considering PUFA intake (mediator) 

 

In the AGECAR-PLUS study, missing data of covariates was not imputed, and thus only available 

data were used for analysis. In both InCHIANTI and D-CogPlast studies, the reference category 
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(for categorical covariables) and the baseline median value (for continuous covariables) were 

assigned to missing values.  

All statistical analyses were performed using the SPSS (SPSS 25.0, IBM, NY; SPSS 27.0, IBM, NY) 

and the R 4.2.3 (R foundation, Vienna) software and its related packages. A significance level of 

p < 0.05 was considered statistically significant. 
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4. Results           

4.1. Description and comparison of the qualitative profile of 

phytochemicals in legumes: A qualitative reviewed analysis 

In the context of the FoodBall Project (JPI-HDHL), the research group has been engaged in the 

identification and comparison of metabolites resulting from legume consumption, with the aim 

of assessing their potential candidacy as biomarkers of legume intake. 

For this purpose, a comprehensive review has been first conducted to describe the 

phytochemical content in order to expand knowledge of the phytochemical profile of legumes. 

Metabolomics data analysis tools have been used to visualize qualitative differences between 

legumes. 

 

Publication 1: Alba Tor-Roca, Mar Garcia-Aloy, Fulvio Mattivi, Rafael Llorach, Cristina Andres-

Lacueva, and Mireia Urpi-Sarda. Phytochemicals in Legumes: A Qualitative Reviewed Analysis. 

J. Agric. Food Chem. 2020;68(47):13486–13496. 

Journal Impact Factor (JCR): 5.279 (2020) 

Ranking in Agriculture, Multidisciplinary: Q1, 5/57 (2020) 

 

Abstract 

The aim of this review was to describe and compare the qualitative profile of phytochemicals 

contained in legumes and identified through liquid chromatography-mass spectrometry (LC-MS) 

and gas chromatography-mass spectrometry (GC-MS) methods. Among the 478 phytochemicals 

reported in 52 varieties of legumes, phenolic compounds were by far the most frequently 

described (n = 405, 85%). Metabolomics data analysis tools were used to visualize the qualitative 

differences, showing beans to be the most widely analyzed legumes and those with the highest 

number of discriminant phytochemicals (n = 180, 38%). A Venn diagram showed that lentils, 

beans, soybeans, and chickpeas shared only 7% of their compounds. This work highlighted the 

huge chemical diversity among legumes and identified the need for further research in this field 

and the use of metabolomics as a promising tool to achieve it. 
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Resum 

L'objectiu d'aquesta revisió va ser descriure i comparar el perfil qualitatiu dels fitoquímics 

presents en els llegums i identificats a través dels mètodes de cromatografia líquida-

espectrometria de masses (LC-MS) i cromatografia de gasos-espectrometria de masses (GC-MS). 

Entre els 478 fitoquímics reportats en 52 varietats de llegums, els compostos fenòlics van ser, 

amb diferència, els més descrits (n = 405, 85%). Es van usar eines d'anàlisi de dades 

metabolòmiques per visualitzar les diferències qualitatives, i es va demostrar que les mongetes 

eren els llegums més analitzats i amb el nombre més alt de fitoquímics discriminants (n = 180, 

38%). El diagrama de Venn va mostrar que les llenties, les mongetes, la soia i els cigrons 

compartien només el 7% dels seus components. Aquest treball va destacar l'enorme diversitat 

química entre els llegums i va identificar la necessitat de més recerca en aquest camp i l'ús de la 

metabolòmica com una eina prometedora per aconseguir-ho. 
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Figure 7. Graphical abstract of the manuscript entitled “Phytochemicals in Legumes: A 

Qualitative Reviewed Analysis” (Publication 1). 
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4.2. Application of nutrimetabolomics in the discovery of bioactive 

compounds of legumes and biomarkers of their consumption 

In line with the abovementioned objective within the FoodBall Project, an intervention study 

has been conducted to find metabolites associated with the consumption of some of the most 

widely consumed types of legumes via untargeted metabolomic techniques. To properly achieve 

it, this work also encompasses the characterization of the bioactive compound composition of 

the legumes used.  

 

Publication 2: Mar Garcia-Aloy, Marynka Ulaszewska, Pietro Franceschi, Sheila Estruel-

Amades, Christoph H Weinert, Alba Tor-Roca, Mireia Urpi-Sarda, Fulvio Mattivi, Cristina 

Andres-Lacueva. Discovery of Intake Biomarkers of Lentils, Chickpeas, and White Beans by 

Untargeted LC-MS Metabolomics in Serum and Urine. Mol Nutr Food Res. 

2020;64(13):e1901137. 

Journal Impact Factor (JCR): 5.820 (2020) 

Ranking in Food Science & Technology: Q1, 16/143 (2020) 

 

Abstract 

The aim of this study was to identify reliable biomarkers of food intake (BFIs) of pulses. A 

randomized crossover postprandial intervention study was conducted on 11 volunteers who 

consumed lentils, chickpeas, and white beans. Urine and serum samples were collected at 

distinct postprandial time points up to 48 h and analyzed by liquid chromatography-high-

resolution-mass spectrometry (LC-HR-MS) untargeted metabolomics. Hypaphorine, trigonelline, 

several small peptides, and polyphenol-derived metabolites proved to be the most 

discriminating urinary metabolites. Two arginine-related compounds, dopamine sulfate and 

epicatechin metabolites, with their microbial derivatives, were identified only after intake of 

lentils, whereas protocatechuic acid was identified only after consumption of chickpeas. Urinary 

hydroxy-jasmonic and hydroxydihydro-jasmonic acids, as well as serum pipecolic acid and 

methylcysteine, were found after white bean consumption. Most of the metabolites identified 

in the postprandial study were replicated as discriminants in 24 h urine samples, demonstrating 
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that, in this case, the use of a single, noninvasive sample is suitable for revealing the 

consumption of pulses. The results of the present untargeted metabolomics work revealed a 

broad list of metabolites that are candidates for use as biomarkers of pulse intake. Further 

studies are needed to validate these BFIs and to find the best combinations of them to boost 

their specificity. 

 

Resum 

L'objectiu d'aquest estudi va ser identificar els biomarcadors dietètics (BFI) fiables de llegums. 

Es va realitzar un estudi aleatoritzat d'intervenció postprandial amb 11 voluntaris que 

consumien llenties, cigrons i mongetes blanques. Les mostres d'orina i sèrum es van recollir en 

diferents moments postprandials fins a 48 h i es van analitzar per metabolòmica no dirigida de 

cromatografia líquida-espectrometria de masses d’alta resolució (LC-HR-MS). La hipaforina, la 

trigonel·lina, diversos pèptids petits i metabòlits derivats dels polifenols van resultar ser els 

metabòlits urinaris més discriminants. Dos compostos relacionats amb l'arginina, el sulfat de 

dopamina i els metabòlits de l'epicatequina, amb els seus derivats microbians, només es van 

identificar després de la ingesta de llenties, mentre que l'àcid protocatecuic només es va 

identificar després del consum de cigrons. Els àcids hidroxi-jasmònic i hidroxidihidro-jasmònic 

urinaris, així com l'àcid pipecòlic i la metilcisteïna sèrics, es van trobar després del consum de 

mongetes blanques. La majoria dels metabòlits identificats en l'estudi postprandial van ser 

replicats com a discriminants en mostres d'orina de 24 h, demostrant que, en aquest cas, l'ús 

d'una sola mostra no invasiva és adequada per revelar el consum de llegums. Els resultats de 

l'actual treball de metabolòmica no dirigida van revelar un ampli llistat de metabòlits candidats 

per al seu ús com a biomarcadors de consum de llegums. Es necessiten més estudis per validar 

aquests BFIs i trobar les millors combinacions d’aquests per incrementar la seva especificitat. 
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4.3. Mediterranean diet, in-hospital exercise, and the incidence of 

hospitalization-associated disability in older patients 

In this work, further insights on strategies to reduce the incidence of HAD in old patients have 

been provided. Particularly, the role of adherence to the MedDiet in the effect of a 

multicomponent training program on the functional status of acutely hospitalized older patients 

has been examined. 

 

Publication 3: Alba Tor-Roca, Jennifer Mayordomo-Cava, Cristina Andres-Lacueva, José 

Antonio Serra-Rexach, Mireia Urpi-Sarda. Adherence to Mediterranean Diet and Response to 

an Exercise Program to Prevent Hospitalization-Associated Disability in Older Adults: A 

Secondary Analysis from a Randomized Controlled Trial. J Nutr Health Aging. 2023;27(7):500–

506.  

Journal Impact Factor (JCR): 5.8 (2022) 

Ranking in Nutrition & Dietetics: Q1, 18/88 (2022) 

 

Abstract 

The aim of this study was to investigate the relationship between Mediterranean diet (MedDiet) 

adherence and response to an exercise and health education program to prevent 

hospitalization-associated disability (HAD) in acutely hospitalized older adults. In this secondary 

analysis, the functional status of a subset of 109 participants from AGECAR-PLUS study with 

available data on MedDiet adherence (mean age 87, and range 75-98) was analyzed. Participants 

were randomized into the control group (n = 46, usual care) or the intervention group (n = 63, 

supervised exercise and health education) at admission. MedDiet adherence was measured with 

Mediterranean Diet Adherence Screener (MEDAS) and through urinary total polyphenols (UTP). 

Functional status was assessed with the Barthel Index. At discharge, patients in the intervention 

group who had low levels of MedDiet or UTP showed an increase in functional status [adjusted 

mean (95% CI) = 77.8 (70.8-84.8) points, p = 0.005, and adjusted mean (95% CI) = 78.0 (68.3-

87.7) points, p = 0.020, respectively]. Older individuals over age 75 with low MedDiet adherence 

were likely to benefit more from a physical exercise and health education intervention. 
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Resum 

L'objectiu d'aquest estudi va ser investigar la relació entre l'adherència a la dieta mediterrània 

(MedDiet) i la resposta a un programa d'exercici i educació sanitària per prevenir la discapacitat 

associada a l’hospitalització (HAD) en adults majors hospitalitzats. En aquesta anàlisi secundària, 

es va analitzar l'estat funcional d'un subconjunt de 109 participants de l'estudi AGECAR-PLUS 

amb dades disponibles sobre l’adherència a la MedDiet (edat mitjana 87, i rang 75-98). Els 

participants van ser aleatoritzats en el grup de control (n = 46, atenció habitual) o en el grup 

d'intervenció (n = 63, exercici supervisat i educació sanitària) a l'admissió. L'adherència a la 

MedDiet es va mesurar amb el Mediterranean Diet Adherence Screener (MEDAS) i a través dels 

polifenols urinaris totals (UTP). L'estat funcional es va avaluar amb l’Índex de Barthel. A l'alta, 

els pacients del grup d'intervenció que tenien nivells baixos de MedDiet o d’UTP van mostrar 

una millora en l'estat funcional [mitjana ajustada (95% CI) = 77.8 (70.8-84.8) punts, p = 0.005, i 

mitjana ajustada (95% CI) = 78.0 (68.3-87.7) punts, p = 0.020, respectivament]. Els individus 

majors de 75 anys amb baixa adherència a la MedDiet probablement es beneficiarien més d'una 

intervenció d'exercici físic i educació sanitària. 
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4.4. The role of fish intake in the prevention of cognitive decline in 

older adults 

In this study, the consumption of fish was evaluated as a key and sustainable element of the 

Mediterranean diet, serving as a protective factor against cognitive decline in free-living older 

persons. 

 

Publication 4: Alba Tor-Roca, Tomás Meroño, Cristina Andres-Lacueva, Antonio Miñarro, 

Andrea Unión-Caballero, Nicole Hidalgo-Liberona, Montserrat Rabassa, Alex Sánchez-Pla, 

Luigi Ferrucci, Stefania Bandinelli, Toshiko Tanaka, Mireia Urpi-Sarda, Antonio Cherubini. Fish 

intake is inversely associated with cognitive decline in community-dwelling older adults: the 

InCHIANTI study. Prepared to be submitted to J Gerontol A Biol Sci Med Sci. 

Journal Impact Factor (JCR): 5.1 (2022) 

Ranking in Gerontology: Q1; 7/37 (2022) 

 

Abstract 

Dietary intake of fish has been associated with a lower risk of Alzheimer’s disease and dementia. 

However, inconsistent findings have been reported regarding cognitive decline (CD), especially 

in older adults. A prospective cohort study including 883 community-dwelling older adults 

(mean age 74 years, 56% women) living in Tuscany (Italy) followed for 15 years was analyzed 

(InCHIANTI study). Dietary intake based on validated food frequency questionnaires and clinical 

information were assessed four times during follow-up. Total fish intake was expressed as 

servings per week. Plasma concentrations of eicosapentaenoic acid (EPA) and docosahexaenoic 

acid (DHA) were quantified at baseline. CD was defined as a decline of ≥ 3 points in MMSE 

between two consecutive follow-up evaluations. Time-dependent Cox regression models 

adjusted for confounders were used to assess the association between total fish intake and CD. 

At baseline, the mean ± SD total fish intake was 1.7 ± 1.2 servings/week. Participants with a 

higher total fish intake were younger, more educated and physically active, and had lower 

prevalence of impaired renal function and depression. Total fish intake was positively correlated 

with circulating EPA and DHA at baseline (r = 0.214, p < 0.001). Total fish intake was also 
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significantly correlated with PUFA intake over time (repeated measures correlation coefficient 

= 0.308, p < 0.001). During the 15 years of follow-up, 521 participants developed CD. A higher 

fish intake was significantly associated with a lower risk of CD in adjusted models [HR (95% CI) 

per 1 serving/week increase = 0.90 (0.83–0.98)]. In secondary analyses, no mediation was 

observed for plasma levels of EPA and DHA, dietary PUFA intake, or incidence of cardiovascular 

disease. In conclusion, total fish intake was inversely associated with CD in Mediterranean older 

adults in a follow-up over 15 years. Further studies are required to better understand the 

molecular mechanisms involved in the neuroprotective effects of fish. 

 

Resum 

El consum de peix s'ha associat amb un menor risc d'Alzheimer i demència. No obstant això, 

s'han observat resultats inconsistents pel que fa al declivi cognitiu (CD), especialment en adults 

grans. Es va analitzar un estudi de cohort prospectiu que inclou 883 adults majors que viuen a la 

comunitat (edat mitjana 74 anys, 56% dones) que habiten a la Toscana (Itàlia) seguits durant 15 

anys (estudi InCHIANTI). La ingesta dietètica basada en qüestionaris de freqüència alimentària 

validats i la informació clínica es van avaluar quatre vegades durant el seguiment. La ingesta 

total de peix es va expressar com a ració per setmana. Les concentracions de plasma d'àcid 

eicosapentaenoic (EPA) i àcid docosahexaenoic (DHA) es van quantificar a l’inici del seguiment. 

El CD es va definir com una disminució de ≥ 3 punts en el MMSE entre dues avaluacions de 

seguiment consecutives. Es van utilitzar models de regressió de Cox dependents del temps 

ajustats per confusors per avaluar l'associació entre la ingesta total de peix i el CD. A l’inici del 

seguiment, la ingesta total mitjana ± SD de peix era de 1.7 ± 1.2 racions/setmana. Els participants 

amb una ingesta més alta de peix total eren més joves, més educats i físicament actius i tenien 

una prevalença més baixa d’IRF i depressió. La ingesta de peix total es va correlacionar 

positivament amb l'EPA i el DHA circulants a l’inici del seguiment (r = 0.214, p < 0.001). La ingesta 

total de peix també es va correlacionar significativament amb la ingesta de PUFAs durant el 

seguiment (coeficient correlació mesures repetides = 0.38, p < 0.001). Durant els 15 anys de 

seguiment, 521 participants van desenvolupar CD. Una major ingesta de peix total es va associar 

significativament amb un menor risc de CD en models ajustats [HR (95% CI) per cada increment 

de ració/setmana = 0.90 (0.83–0.98)]. En anàlisis secundàries, no es va observar cap mediació 

per als nivells de plasma d ‘EPA i DHA, la ingesta dietètica de PUFAs, o la incidència de malalties 

cardiovasculars. En conclusió, la ingesta de peix total es va associar inversament amb el CD en 
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adults majors mediterranis en un seguiment de 15 anys. Es requereixen més estudis per 

comprendre millor els mecanismes moleculars implicats en els efectes neuroprotectors del peix. 
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Abstract 

Background: Fish consumption has been associated with a lower risk of Alzheimer’s disease and 

dementia. However, inconsistent findings have been reported regarding cognitive decline (CD), 

especially in older adults. 

Methods: A prospective cohort study including 883 community-dwelling older adults (mean age 

74 years, 56% women) living in Tuscany (Italy) followed for 15 years was analyzed (InCHIANTI 

study). Dietary intake based on validated food frequency questionnaires and clinical information 

were assessed four times during follow-up. Total fish intake was expressed as servings per week. 

Plasma concentrations of eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) were 

quantified at baseline. CD was defined as a decline of ≥ 3 points in MMSE between two 

consecutive follow-up evaluations. Time-dependent Cox regression models adjusted for 

confounders were used to assess the association between total fish intake and CD. 

Results: At baseline, the mean ± SD total fish intake was 1.7 ± 1.2 servings/week. Participants 

with a higher total fish intake were younger, more educated, and physically active and had lower 

prevalence of impaired renal function and depression. Total fish intake was positively correlated 

with the sum of circulating EPA and DHA at baseline (r = 0.214, p < 0.001). Total fish intake was 

also significantly correlated with PUFA intake over time (repeated measures correlation 

coefficient = 0.308, p < 0.001). During the 15 years of follow-up, 521 participants developed CD. 

A higher total fish intake was significantly associated with a lower risk of CD in adjusted models 

[HR (95% CI) per 1 serving/week increase = 0.90 (0.83–0.98)]. In secondary analyses, no 

mediation was observed for plasma levels of EPA and DHA, dietary PUFA intake, or incidence of 

cardiovascular disease. 

Conclusions: In a 15-year follow-up, total fish intake was inversely associated with CD in 

Mediterranean older adults. Further studies are required to better understand the molecular 

mechanisms involved in the neuroprotective effects of fish. 

Keywords: seafood, cognition, omega-3 fatty acids, prospective study  
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Abbreviations 

AD, Alzheimer’s disease 

ADLs, activities of daily living 

ApoE, Apolipoprotein E 

BMI, body mass index 

CES-D, Center for Epidemiologic Studies Depression Scale 

CD, cognitive decline 

COPD, chronic obstructive pulmonary disease 

CVD, cardiovascular disease 

DHA, docosahexaenoic acid 

EPA, eicosapentaenoic acid 

EPIC, European Prospective Investigation into Cancer and Nutrition 

FA, fatty acid 

FDR, false discovery rate 

FFQ, food frequency questionnaire 

IRF, impaired renal function 

LOCF, Last Observation Carried Forward 

MCI, mild cognitive impairment 

MMSE, Mini-Mental State Examination 

PUFA, polyunsaturated fatty acid 

RDA, Recommended Dietary Allowance 

STROBE-nut, Strengthening the Reporting of Observational Studies in Epidemiology-Nutritional 

Epidemiology 
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Introduction 

The global aging of the population is a demographic trend that will increase in the coming 

decades. Nearly 12% of the worldwide population will be 65 years old or over by 2030 (1). Age 

is a major risk factor for cognitive decline (CD), which might be the early stage of cognitive 

impairment and dementia. Ultimately, CD and dementia are major causes of disability and 

dependency among older people, and they have been associated with an increased risk of poor 

quality of life and mortality (2–4).  

Several modifiable risk factors have been identified that could delay or prevent the progression 

of CD and dementia. Dietary factors may be involved in the onset of CD, both directly and 

through their influence on other independent risk factors (e.g., diabetes, heart disease, and 

stroke) (5–7). Indeed, the Nutrition for Dementia Prevention Working Group acknowledged that 

a healthy diet may have preventive potential for CD (8). In recent years, there has been a 

consensus among numerous epidemiological studies conducted in both Mediterranean and 

non-Mediterranean countries on fish consumption and its benefits for brain health. Fish and 

seafood, a high-protein food group of the Mediterranean diet (MedDiet) and a source of long-

chain omega-3 fatty acids (FAs) [i.e., eicosapentaenoic acid (EPA) and docosahexaenoic acid 

(DHA)], is one of the food groups most consistently associated with a decreased risk of dementia 

and AD (9,10). In fact, a recent UK Biobank study showed that among all the individual food 

groups of the MedDiet, only fish consumption was associated with a decreased risk of dementia 

(11). However, inconsistent findings have been reported regarding CD, perhaps due to 

differences in age at baseline of the study population, length of follow-up, the domains included 

in the global cognitive outcome, and the methods of assessment. For instance, Qin et al. 

reported that the benefits of fish consumption in delaying CD were limited to adults aged ≥ 65 

years (12). On the other hand, in a meta-analysis pooling five cohorts of older adults (n = 23,688) 

with a median follow-up range of 3.9–9.1 years, no significant inverse association was found 

between fish intake and global cognition - assessed by diverse composite scores - within any of 

the individual cohorts (13). This finding was in line with van de Rest et al., who reported 

protective effects of seafood on decline in some cognitive domains but not globally among older 

participants from the Rush Memory and Aging Project (follow-up average of 4.9 years) (14). 

However, other observational studies with similar follow-up durations evaluating global 

cognitive function in older adults through different batteries of tests suggested that fish intake 

had a protective effect (12,15,16). 
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To the best of our knowledge, there are no studies evaluating the role of fish intake in CD in 

older adults from a Mediterranean region with a follow-up longer than 10 years. The current 

study aims to investigate the association between fish intake and CD over 15 years of follow-up 

in the InCHIANTI study, a large cohort of older participants. 

Methods 

The current observational study was conducted and reported according to the Strengthening 

the Reporting of Observational Studies in Epidemiology-Nutritional Epidemiology guidelines 

(STROBE-nut) guidelines (17) (Supplementary Table S1). 

Study design 

The InCHIANTI study is a prospective, population-based cohort study of older adults living in 

Bagno a Ripoli and Greve in Chianti, two Italian towns adjacent to the city of Florence (Tuscany, 

Italy). From 1998 to 2000, baseline data were collected during a home interview prior to a full 

medical and functional evaluation conducted by trained personnel. Follow-up measurements 

were performed at 3, 6, 9, and 15 years after baseline. A detailed description of the rationale 

and the study design is provided elsewhere (18). All participants signed an informed consent 

form. The study protocol was approved by the Italian National Institute of Research and Care of 

Aging Institutional Review Board and review board at the National Institutes of Health 

(Baltimore, MD, USA). 

Study population 

The study randomly sampled 1,260 community-dwelling adults aged ≥ 65 years from the 

population registries, of whom 1,155 agreed to participate. Of these, we excluded participants 

with missing data in dietary questionnaires (n = 16), those who died within the first 3 years of 

follow-up (n = 123), individuals with dementia at baseline (n = 42), and participants without two 

consecutive Mini-Mental State Examination (MMSE) evaluations during the follow-up (n = 91) 

(Supplementary Figure S1). In total, 883 participants and 2,038 observations were included for 

the analyses. 

Dietary intake assessment 

Habitual dietary intake was assessed by trained interviewers at baseline and 3, 6, and 9 years 

after enrollment, using the Italian version of the food frequency questionnaire (FFQ) developed 

and validated in the European Prospective Investigation into Cancer and Nutrition-Italy (EPIC-
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Italy) study (19). Participants reported the frequency of consumption and usual portion size of 

198 food and beverage items. Energy and nutrient intake data were calculated using the Food 

Composition Database for Epidemiological Studies in Italy (19).  

Total fish intake (g/d) was estimated as the sum of two food items: fish (i.e., lean and fatty fish) 

and seafood (i.e., crustaceans and mollusks). The standard serving size of fish was considered to 

be 100 g and consumption in servings of fish/week was further calculated. Total fish intake 

(servings/week) was secondarily categorized using cutoff values based on sex- and follow-up-

specific quartiles (Supplementary Table S2). Tests for trend were calculated employing quartile-

based scores 1–4 used as continuous variables. Adherence to the MedDiet was assessed 

according to the method developed by Trichopoulou et al. (20). The consumption of EPA and 

DHA was estimated by excluding linoleic and linolenic acids from total polyunsaturated fatty acid 

(PUFA) intake. PUFA intake was energy-adjusted using the residual method (21). 

Covariates assessment 

Data on sociodemographic (age, sex) and lifestyle variables were collected using standardized 

questionnaires. Education level was assessed as years of education, and self-reported smoking 

habits were categorized as never, former, and current smokers. Income was self-reported 

indicating whether participants’ current income was adequate for their needs. Physical activity 

during the year prior to the visit was self-reported and classified as sedentary (hardly any 

physical activity), light (light-intensity physical activity 2–4 h/week), or moderate to intense 

(light-intensity physical activity > 4 h/week or moderate-intensity physical activity 1–2 h/week) 

(22). Height and weight were measured, and body mass index (BMI) was calculated in kg/m2. 

Depression was evaluated using the Center for Epidemiologic Studies Depression Scale (CES-D), 

and subjects with a CES-D score ≥ 16 were defined as being in a depressed mood (22). 

Apolipoprotein E (ApoE) variant genotypes (e2, e3, e4) were defined by two single-nucleotide 

polymorphisms (SNPs), namely rs429358 and rs7412, as described elsewhere (19). Impaired 

renal function (IRF) was defined as a glomerular filtration rate < 60 ml/min. Mild cognitive 

impairment (MCI) was defined as MMSE < 18 (19). Other comorbidities and their definitions are 

detailed elsewhere (19). 

Quantification of plasma polyunsaturated fatty acids 

Plasma PUFAs measurement method has been described previously (23). Briefly, blood samples 

were collected in the morning after a 12-hour overnight fast. Aliquots of serum and plasma were 
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immediately obtained and stored at −80 °C until analyzed. Plasma EPA and DHA were quantified 

using heptadecanoic acid as an internal standard, followed by the preparation of fatty acid 

methyl esters and their identification through gas chromatography (23). For the present analysis 

we considered the sum of EPA and DHA (n = 747), expressed as percentage of total plasma FAs 

(mg/L), given that their primary dietary source is fish (24). In the InCHIANTI study, plasma 

concentrations of EPA and DHA were only available at baseline. 

Outcome assessment 

Cognitive function was measured using the MMSE and CD was defined as a decline of ≥ 3 points 

in MMSE between two consecutive follow-up evaluations (19,22). Number of participants, time 

periods, and CD cases during the follow-up are shown in Supplementary Figure S2. 

Statistical analysis 

Missing information on dietary data and income during the follow-up (3.7% and 1.9%, 

respectively) were imputed by the Last Observation Carried Forward (LOCF). For other 

covariates, the baseline median was assigned to missing values (5.4%). 

Data on total fish consumption were analyzed both as a categorical (sex- and follow-up-specific 

quartiles) and as a continuous (servings/week) variable. Baseline characteristics of the 

participants were expressed as means ± SDs for continuous variables and percentages for 

categorical variables. Descriptive analyses of baseline characteristics across quartiles of total fish 

intake (servings/week) were tested using the Pearson chi-square test (χ2) for categorical 

variables or one-way ANOVA for continuous variables. The Bonferroni post-hoc test was used 

for multiple comparisons. Intraclass correlation coefficients were calculated to assess changes 

in total fish intake during follow-up using linear mixed models with participants as a random 

effect. Pearson correlation analysis was performed to examine the relation between total fish 

intake and circulating EPA and DHA at baseline, while the association between total fish intake 

and consumption of PUFAs during the follow-up was assessed using repeated measures 

correlation. 

Time-dependent Cox models were used to estimate HRs and 95% CIs for the association 

between total fish intake (servings/week) and CD risk. Time-to event was defined as the time 

elapsed from baseline to that at which CD was first detected (Supplementary Figure S2). Model 

1 was adjusted for age at baseline, sex, and total energy intake (kcal/d). Model 2 was additionally 

adjusted for BMI, years of education, income, smoking status, alcohol intake (g/d), and physical 
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activity. Model 3 was further adjusted for ApoE isoforms and comorbidities: cardiovascular 

disease (CVD), hypertension, diabetes, cancer, depression, chronic obstructive pulmonary 

disease (COPD), and IRF.  

Effect modification by age at baseline, sex, BMI, physical activity, depression, MCI at baseline, 

hypertension, IRF, ApoE haplotypes, CVD, and compliance with Recommended Dietary 

Allowance (RDA) for protein in older adults (> 1 g/kg/d) (25) was assessed by adding product 

terms in the fully adjusted time-dependent Cox models (26). The Benjamini-Hochberg false 

discovery rate (FDR) was used for multiple testing correction. 

Sensitivity analyses were carried out by excluding subjects who developed CD during the first 

visit (n = 170). Additional models were created censoring participants aged over 80 (n = 195), 

reporting an excessive intake of alcohol (40 g/d for women and 60 g/d for men (27)) (n = 59), 

with prevalent diabetes (n = 267) or disability [> 1 activities of daily living (ADLs)] (n = 35) at 

recruitment, or with imputations in dietary data or in other covariables (n = 178). Finally, we 

conducted further analysis adjusting for the MedDiet adherence score. 

In order to clarify the role of plasma EPA and DHA, and PUFA intake in the association between 

total fish intake and CD, we followed the procedure for establishing potential mediating effects 

proposed by Baron and Kenny (28). In a similar way, we evaluated the potential mediation 

pathway of higher total fish intake and lower CD risk, through a lower CVD risk. 

All statistical analyses were performed using SPSS (SPSS 27.0, IBM, NY) and R 4.2.3 (R foundation, 

Vienna) software and its related packages. A significance level of p < 0.05 was considered 

statistically significant. 

Results 

Baseline characteristics 

The study included a total of 883 participants, 56% of whom were women, with a mean ± SD age 

of 74 ± 7 years at baseline. At baseline, the mean MMSE was 26 ± 3 and total fish intake was 1.7 

± 1.2 servings/week. A total of 70% of the individuals consumed at least one serving of fish per 

week, which was slightly higher than the global Italian population aged 65 or older (58% – data 

from 2005) (29). Participants in the highest total fish intake group (3.2 ± 1.3 servings/week) were 

younger, had a higher level of education, and undertook more intense physical activity than 

those in the lowest total fish intake group (0.5 ± 0.3 servings/week) (Table 1). Furthermore, they 
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were also less likely to have IRF or depression and were more likely to meet the RDA for protein 

intake than participants with the lowest total fish intake. Daily energy intake (kcal/d), 

animal:plant protein ratio (g/d), and adherence to MedDiet were significantly greater in the 

higher quartiles of total fish consumption,. PUFA intake (g/d) and circulating EPA and DHA (% 

FAs, mg/L) were also higher in those who consumed more fish. Total fish intake was positively 

correlated with the sum of circulating EPA and DHA at baseline (r = 0.214, p < 0.001). Total fish 

intake was also significantly correlated with PUFA intake over time (repeated measures 

correlation coefficient = 0.308, p < 0.001). On the other hand, circulating EPA and DHA were not 

correlated with consumption of PUFAs at baseline (p > 0.05). 

Association between fish intake and cognitive decline 

Based on data available from FFQ, total fish intake was stable during the follow-up and there 

were no statistically significant changes between the different evaluations (Supplementary 

Table S2). In the study, 521 participants developed CD after a median ± IQR follow-up of 14.4 ± 

9.5 years (Supplementary Figure S2). Supplementary Table S3 shows the baseline characteristics 

of the studied population by CD status at follow up. The associations between total fish 

consumption and CD are shown in Figure 1 and Supplementary Table S4. In the fully adjusted 

time-dependent Cox model (Model 3), subjects who reported a higher total fish intake were at 

lower risk of CD [HR (95% CI) per one serving/week increase = 0.90 (0.83–0.98)] (Figure 1 and 

Supplementary Table S4). Similar results were obtained in categorical analysis where those in 

the highest quartile of total fish intake had significantly lower risk of developing CD compared 

to the lowest quartile of total fish intake [HRQ4vs.Q1 (95% CI) = 0.72 (0.55–0.93); p-trend = 

0.011] (Supplementary Table S4). We observed analogous results between sexes, although the 

results were only statistically significant in women in the fully adjusted model (Supplementary 

Table S5). 

After multiple testing correction, we did not find any significant interaction between total fish 

intake and age, sex, BMI, physical activity, depression, MCI at baseline, hypertension, IRF, ApoE 

haplotype, CVD, or protein RDA (all p-values > 0.05) (Supplementary Table S6). 

In a series of sensitivity analyses, the results were similar after: (1) excluding subjects who 

developed CD in the first visit [HR (95% CI) = 0.91 (0.83–1.00)]; (2) censoring participants aged 

over 80 [HR (95% CI) = 0.90 (0.83–0.99)]; (3) excluding individuals reporting an excessive intake 

of alcohol [HR (95% CI) = 0.90 (0.83–0.98)]; (4) excluding participants with prevalent diabetes at 

baseline [HR (95% CI) = 0.91 (0.83–0.99)]; (5) censoring subjects with a disability at recruitment 
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[HR (95% CI) = 0.89 (0.82–0.97)]; (6) excluding participants with missing data on food intake or 

in covariables [HR (95% CI) = 0.89 (0.82–0.97)]; (7) further adjusting for MedDiet [HR (95% CI) = 

0.91 (0.84–0.99)]. Neither plasma levels of EPA and DHA, nor dietary PUFAs, nor CVD were 

shown to mediate the relationship between total fish intake and CD in this cohort (data not 

shown). 

Discussion 

In this population-based prospective cohort study with participants aged ≥ 65 years from the 

InCHIANTI study, we found that a higher consumption of fish was associated with a lower CD 

risk over 15 years of follow-up. When using total fish intake as a continuous variable, the risk of 

CD was reduced by 10% per single serving of fish/week increase after adjusting for major 

potential cofounders. Moreover, those who consumed two or more fish meals per week had an 

≈30% lower risk of CD than subjects with less than a weekly consumption in models considering 

total fish intake as a categorical variable. 

Previous studies have generally reported significant inverse associations between fish intake and 

the risk of adverse cognitive outcomes, albeit most of them have focused on MCI, dementia, and 

AD (30). Prospective studies on fish intake and CD have been scarce and have shown mixed 

results. For instance, the total consumption levels of seafood were not associated with change 

in global cognition after 4 years of follow-up in 5,988 women (mean age, 72 years) from the 

Women’s Health Study Cognitive Cohort (31). Similarly, in a community-based epidemiologic 

study, older adults who consumed more than one seafood meal per week did not demonstrate 

a slower decline in global cognition scores (14). In contrast, prospective data from the Zutphen 

Elderly Study showed that moderate fish consumption was associated with a decreased risk of 

CD (32). These findings were further supported by Morris et al., who suggested that the rate of 

CD was slower among older adults who consumed more than one fish meal per week (15). Some 

of these incongruities may be due to differences in length of follow-up or sample size, as pointed 

out in a recent meta-analysis (13). According to the authors, no significant relationships between 

fish intake and CD within any of the individual French and US cohorts (i.e., the Three-City Study, 

the Nurses’ Health Study, the Women’s Health Study, the Chicago Health and Aging Project, and 

the Rush Memory and Aging Project) were found. However, when the authors combined the 

cohorts, they found a significant trend whereby an increased intake of fish was associated with 

slower global CD (13). 
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CVD may have connections with CD and dementia as they share some risk factors, and vascular 

mechanisms are believed to partly trigger the etiology of CD (33,34). Because CVD accelerates 

CD and anticipates the onset of dementia (35), fish intake might positively affect cognition, even 

without directly affecting the brain, through the beneficial effect on CVD. Fish intake has been 

associated with a decreased risk of acute coronary syndrome and other cardiovascular-related 

outcomes (36). However, our results do not show significant mediating effects of CVD in the 

association between fish and CD. This apparent lack of agreement can be attributed to the low 

percentage of participants with CVD or the relatively small sample size. To the best of our 

knowledge, this mediation approach has not been explored in previous research on fish 

consumption and CD, thus the comparison with other works is difficult. Future studies on the 

current topic are therefore required to elucidate the role of cardiovascular burden in the 

association between fish intake and CD. 

The health effects of regular fish intake have been generally attributed to EPA and DHA (24), 

which have a leading role in both cerebrovascular and cardiovascular health (37). Indeed, EPA 

and DHA are precursors of lipid mediators with neuroprotective and anti-inflammatory 

capacities, as well as a potential function in neural plasticity (38). When we evaluated whether 

the relationship between fish and CD could in some way be mediated by PUFA intake or 

circulating EPA and DHA, we did not find any evidence of a mediation effect. The lack of 

mediation by PUFA intake could be attributed to the fact that, in this cohort, PUFA intake has 

not been associated with circulating EPA and DHA concentrations at baseline, which are an 

objective measure of these long-chain omega-3 FA exposure. This might be related to i) 

interindividual variability in the absorption and metabolism of PUFAs (39) and ii) because the 

variable we have used to indirectly assess EPA and DHA intake may include other FAs (e.g., 

arachidonic acid). Unfortunately, it was not possible to investigate the mediation effect of 

circulating PUFAs (i.e., EPA and DHA) within a multiple-time points approach as they were only 

measured at baseline. Another possible explanation for the absence of PUFA intake mediation 

is the varied content of EPA and DHA in fish and seafood and that, despite the significant 

correlation between the consumption of fish and PUFAs, the latter may include other FAs (e.g., 

arachidonic acid) whose food sources differ from fish and seafood. 

On the other hand, fish is a significant source of additional nutritional components that have 

been associated with cognitive function, such as vitamin B6, vitamin B12, vitamin D, and vitamin 

E (40). Therefore, the observed neuroprotective effect of fish might not solely be related to the 



- RESULTS - 

240 
 

content of long-chain omega-3 FAs but instead to the combination of these components, as also 

hypothesized by others (15). 

ApoE-ɛ4 is the main susceptibility gene variant for AD (41) and it has recently been suggested 

that it predicts CD (42). Although evidence indicates that the ApoE genotype might modulate 

the effects of EPA and DHA on the risk of CD and AD (43), we did not observe any interactions 

between the consumption of fish and the ApoE haplotype. This is in line with previous findings 

that led to the hypothesis that the relationship between fish and cognition is probably similar 

independent of the inherited susceptibility to AD (10,13,44). However, further work is required 

since many observational studies have reported significant associations only in ApoE-ɛ4 carriers, 

while others have found a more pronounced protective effect of fish among noncarriers of 

ApoE-ɛ4 (14,45,46). 

The main limitations of this study are the relatively small sample size and the use of a three-

point difference in consecutive MMSE evaluations to define CD, although there is no consensus 

as to which tool is more suitable for detecting CD, nor cutoff values of MMSE scores (47). In 

addition, we cannot rule out survival bias given the mean age of the population included in this 

study (~74 years old) or bias in the dietary recall data. However, the FFQ was country specific 

and had been previously validated (48), and participants with dementia at baseline were 

excluded. Another shortcoming of this current investigation is that the food database used in 

the InCHIANTI study did not allow us to differentiate between lean and fatty fish intake, which 

significantly differ in PUFA content and could therefore have a distinct impact on cognitive and 

cardiovascular outcomes (10,49,50). Finally, information on PUFA supplementation and 

circulating EPA and DHA during follow-up evaluations was not available. Despite these 

limitations, the strengths of the present study are the population-based design, the long follow-

up, the repeated measures of diet and cognitive tests, and controlling for several potential 

confounders, including depressive symptomatology and ApoE isoforms (51).  

In conclusion, this study shows that a higher intake of fish is inversely associated with CD over 

15 years among community-dwelling older adults from a Mediterranean region. We found no 

evidence of any mediation effect from either PUFAs or CVD, and further studies are required to 

enable a better comprehension of the mechanisms involved in the neuroprotective role of fish 

and seafood.  
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Tables and Figures 

Table 1. Baseline characteristics of the studied population by quartiles of total fish consumption 

(servings/week) in the InCHIANTI study (n = 883). 

Data are expressed as mean ± SD or number (%) as appropriate. Comparisons among quartiles 

of total fish intake (servings/week) with Pearson’s chi-square test or one-way ANOVA as 

appropriate. Values with distinct superscript differ. 

Figure 1. Multivariate association between total fish intake (servings/week) and cognitive 

decline during 15 years of follow-up in the InCHIANTI study. 

Time-dependent Cox regression model, including total fish intake (servings/week) adjusted for 

age at baseline, sex, total energy intake (kcal/d), BMI, years of education, income, smoking 

status, alcohol intake (g/d), physical activity, ApoE isoforms, and comorbidities (CVD, 

hypertension, diabetes, cancer, depression, COPD, IRF). N (CD) = 1,925 (494). Shaded areas are 

95% CI. 
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Table 1. Baseline characteristics of the studied population by quartiles of total fish consumption (servings/week) in the InCHIANTI study (n = 883). 

  

Q1 (n = 225) 

(< 1.00 in men;  

< 0.71 in women) 

Q2 (n = 227) 

(1.00–1.66 in men;  

0.73–1.33 in women) 

Q3 (n = 209) 

(1.67–2.40 in men;  

1.34–1.99 in women) 

Q4 (n = 222) 

(> 2.40 in men;  

> 2.03 in women) 

p 

Age at baseline, y 74.4 ± 6.8ab 75.1 ± 7.1a 73.3 ± 6.5bc 72.0 ± 5.6c < 0.001 

Female 123 (56.4) 125 (56.1) 126 (56.8) 124 (56.4) 0.999 

BMI, kg/m2 26.8 ± 3.9a 27.1 ± 4ab 27.8 ± 4.2b 27.6 ± 3.8ab 0.025 

Education, y. 5.3 ± 3.1 5.3 ± 3.4 5.4 ± 3.1 6.1 ± 3.7 0.039 

Income, inadequate 101 (46.3) 109 (48.9) 117 (52.7) 119 (54.1) 0.122 

Physical activity, sedentary 50 (22.9)a 44 (19.7)ab 31 (14.0)ab 26 (11.8)b 0.012 

Current smoking 28 (12.8) 37 (16.6) 32 (14.4) 33 (15.0) 0.855 

Hypertension 131 (60.1) 136 (61.0) 131 (59.0) 124 (56.4) 0.777 

MMSE, score 25.4 ± 2.7 25.5 ± 2.9 25.6 ± 3.0 25.9 ± 3.0 0.403 

ApoE, ɛ4 34 (16.5)ab 44 (21.2)b 29 (13.6)ab 20 (9.5)a 0.009 

IRF 90 (41.3)a 75 (33.6)ab 68 (30.6)ab 61 (27.7)b 0.018 

CVD 42 (19.3) 48 (21.5) 50 (22.5) 40 (18.2) 0.653 

Depression 87 (39.9)a 80 (35.9)a 71 (32.0)ab 53 (24.1)b 0.004 

Diabetes 29 (13.3) 20 (9.0) 30 (13.5) 29 (13.2) 0.396 

Cancer 15 (6.9) 13 (5.8) 11 (5.0) 12 (5.5) 0.848 

COPD 16 (7.3) 20 (9.0) 13 (5.9) 17 (7.7) 0.662 

MCI 2 (0.9) 2 (0.9) 5 (2.3) 3 (1.4) 0.626 
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Energy intake, kcal/d 1,842.5 ± 583.2a 1,907.6 ± 564.1ab 1,916.4 ± 516.5ab 2,043.2 ± 553.4b 0.002 

Alcohol intake, g/d 13.9 ± 19.2 13.8 ± 17.1 14.8 ± 22.2 16.8 ± 23.6 0.405 

Total fish intake, servings/week 0.5 ± 0.3a 1.2 ± 0.2b 1.8 ± 0.3c 3.2 ± 1.3d < 0.001 

   Fish intake, servings/week 0.4 ± 0.3a 1.1 ± 0.2b 1.6 ± 0.3c 2.9 ± 1.2d < 0.001 

   Seafood intake, servings/week 0.0 ± 0.1a 0.1 ± 0.2ab 0.2 ± 0.2b 0.4 ± 0.6c < 0.001 

MDS, points 3.7 ± 1.5a 3.7 ± 1.5a 4.5 ± 1.6b 4.9 ± 1.5c < 0.001 

Ratio animal:plant protein intake, g/d 1.6 ± 0.6a 1.8 ± 0.7ab 1.9 ± 0.6b 2.1 ± 0.7c < 0.001 

Protein RDA, < 1 g/kg/d 98 (45.0)a 100 (44.8)a 82 (36.9)ab 69 (31.4)b 0.007 

PUFA intake, g/d  0.2 ± 0.1a 0.2 ± 0.1a 0.2 ± 0.1b 0.3 ± 0.1c < 0.001 

EPA and DHA, % cFAs (mg/L) 2.6 ± 0.8a 2.8 ± 0.8ab 3.0 ± 0.8bc 3.1 ± 1.0c < 0.001 

Note: ApoE, Apolipoprotein E. BMI, body mass index. cFAs, circulating fatty acids. COPD, chronic obstructive pulmonary disease. CVD, cardiovascular disease. DHA, docosahexaenoic acid. 

EPA, eicosapentaenoic acid. IRF, impaired renal function. MCI, mild cognitive impairment. MDS, Mediterranean diet score. MMSE, Mini-Mental State Examination. PUFA, polyunsaturated 

fatty acid. RDA, Recommended Dietary Allowance. 

Data are expressed as mean ± SD or number (%) as appropriate. Comparisons among quartiles of total fish intake (servings/week) with Pearson’s chi-square test or one-way ANOVA as 

appropriate. Values with distinct superscript differ (p < 0.05; Bonferroni post hoc test).
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Figure 1. Multivariate association between total fish intake (servings/week) and cognitive 

decline during 15 years of follow-up in the InCHIANTI study. 

 

Note: Time-dependent Cox regression model, including total fish intake (servings/week) adjusted for age at baseline, 

sex, total energy intake (kcal/d), BMI, years of education, income, smoking status, alcohol intake (g/d), physical 

activity, ApoE isoforms, and comorbidities (CVD, hypertension, diabetes, cancer, depression, COPD, IRF). N (CD) = 

1,925 (494). Shaded areas are 95% CI. 
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Supplementary Table S1. STROBE-nut checklist. 

  Reporting Item Page Number 

Title and abstract    

Title #1a Indicate the study’s design with a commonly used term in the title or the abstract  

None #nut-

1 

State the dietary/nutritional assessment method(s) used in the title or in the abstract. Title p.1;  

Abstract #1b Provide in the abstract an informative and balanced summary of what was done and 

what was found 

Abstract p.3 

Introduction    

Background / 

rationale 

#2 Explain the scientific background and rationale for the investigation being reported Introduction p.6-7 

Objectives #3 State specific objectives, including any prespecified hypotheses Introduction p.7 

Methods    

Study design #4 Present key elements of study design early in the paper Methods p. 7 

Setting #5 Describe the setting, locations, and relevant dates, including periods of recruitment, 

exposure, follow-up, and data collection 

 

None #nut-

5 

Describe any characteristics of the study settings that might affect the dietary intake or 

nutritional status of the participants, if applicable. 

Methods p. 7-8 

Eligibility #6a Cohort study: Give the eligibility criteria and the sources and methods of selection of 

participants. Describe methods of follow-up. Case-control study: Give the eligibility 

 

https://www.goodreports.org/reporting-checklists/strobe-nut/info/#1a
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#nut-1
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#nut-1
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#1b
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#2
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#3
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#4
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#5
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#nut-5
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#nut-5
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#6a
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criteria and the sources and methods of case ascertainment and control selection. Give 

the rationale for the choice of cases and controls. Cross-sectional study: Give the 

eligibility criteria, and the sources and methods of selection of participants. 

None #nut-

6 

Report any particular dietary, physiologic, or nutritional characteristics that were 

considered when selecting the target population. 

Methods p. 8 

None #6b Cohort study: For matched studies, give matching criteria and number of exposed and 

unexposed. Case-control study: For matched studies, give matching criteria and the 

number of controls per case. 

n/a 

Variables #7 Clearly define all outcomes, exposures, predictors, potential confounders, and effect 

modifiers. Give diagnostic criteria, if applicable 

 

None #nut-

7.1 

Clearly define foods, food groups, nutrients, or other food components (e.g., preparation 

method, taxonomical descriptors, classification, chemical form). 

Methods p. 8-9 

None #nut-

7.2 

When calculating dietary patterns, describe the methods to obtain them and their 

nutritional properties. 

Methods p. 9 

Data sources and 

measurement 

#8 For each variable of interest give sources of data and details of methods of assessment 

(measurement). Describe comparability of assessment methods if there is more than one 

group. Give information separately for exposed and unexposed groups if applicable. 

 

None #nut-

8.1 

Describe the dietary assessment method(s) (e.g., portion size estimation, number of days 

and items recorded, how it was developed and administered, and how quality was 

ensured); report if and how supplement intake was assessed. 

Methods p. 8-9 

https://www.goodreports.org/reporting-checklists/strobe-nut/info/#nut-6
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#nut-6
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#6b
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#7
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#nut-7.1
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#nut-7.1
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#nut-7.2
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#nut-7.2
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#8
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#nut-8.1
https://www.goodreports.org/reporting-checklists/strobe-nut/info/#nut-8.1


- RESULTS - 

255 
 

None #nut-

8.2 

Describe and justify food-composition data used; explain the procedure to match food 

composition with consumption data; describe the use of conversion factors, if applicable 

Methods p. 8 

None #nut-

8.3 

Describe the nutrient requirements, recommendations, or dietary guidelines and the 

evaluation approach used to compare intake with the dietary reference values, if 

applicable 

n/a 

None #nut-

8.4 

When using nutritional biomarkers, additionally use the STROBE-ME; report the type of 

biomarkers used and usefulness as dietary exposure markers 

 

None #nut-

8.5 

Describe the assessment of nondietary data (e.g., nutritional status and influencing 

factors) and timing of the assessment of these variables in relation to dietary assessment 

Methods p. 9-10 

None #nut-

8.6 

Report on the validity of the dietary or nutritional assessment methods and any internal 

or external validation used in the study, if applicable 

Methods p. 8 

Bias #9 Describe any efforts to address potential sources of bias  

None #nut-

9 

Report how bias in dietary or nutritional assessment was addressed (e.g., misreporting, 

changes in habits as a result of being measured, data imputation from other sources). 

Methods p. 9 

Study size #10 Explain how the study size was arrived at Methods p. 8 

Quantitative 

variables 

#11 Explain how quantitative variables were handled in the analyses. If applicable, describe 

which groupings were chosen, and why 

 

None #nut-

11 

Explain categorization of dietary/nutritional data (e.g., use of N-tiles and handling of 

nonconsumers) and the choice of reference category, if applicable. 

Methods p. 10 

Statistical 

methods 

#12a Describe all statistical methods, including those used to control for confounding Methods p. 10 
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Subgroups and 

interactions 

#12b Describe any methods used to examine subgroups and interactions Methods p. 11 

Missing data #12c Explain how missing data were addressed Methods p. 10 

Loss to follow up #12d Cohort study: if applicable, explain how loss to follow-up was addressed. Case-control 

study: if applicable, explain how matching of cases and controls was addressed. Cross-

sectional study: if applicable, describe analytical methods taking account of sampling 

strategy. 

n/a 

Sensitivity analysis #12e Describe any sensitivity analyses Methods p. 10-11 

None #nut-

12.1 

Describe any statistical method used to combine dietary or nutritional data, if applicable. n/a 

None #nut-

12.2 

Describe and justify the method for energy adjustments, intake modeling, and use of 

weighting factors, if applicable 

Methods p. 9 

None #nut-

12.3 

Report any adjustments for measurement error (i.e., from a validity or calibration study). n/a 

Results    

Participants #13a Report numbers of individuals at each stage of study—e.g., numbers potentially eligible, 

examined for eligibility, confirmed eligible, included in the study, completing follow-up, 

and analyzed. Give information separately for exposed and unexposed groups if 

applicable. 

Supplementary Figure S2 

Non-participation #13b Give reasons for non-participation at each stage n/a 
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Participant 

journey 

#13c Consider the use of a flow diagram  

None #nut-

13 

Report the number of individuals excluded on the basis of missing, incomplete, or 

implausible dietary and nutritional data. 

Supplementary Figure S1 

Descriptive data #14a Give characteristics of study participants (e.g., demographic, clinical, social) and 

information on exposures and potential confounders. Give information separately for 

exposed and unexposed groups if applicable. 

Results p. 12-13; Table 1 

Missing data #14b Indicate number of participants with missing data for each variable of interest Methods p. 10 

Follow-up time #14c Cohort study: Summarize follow-up time (e.g., average and total amount) Results p.13 

None #nut-

14 

Give the distribution of participant characteristics across the exposure variables, if 

applicable; specify if food consumption for the total population or consumers only was 

used to obtain results 

Results p. 13; Table 1 

Outcome data #15 Cohort study: report numbers of outcome events or summary measures over time. Case-

control study: report numbers in each exposure category, or summary measures of 

exposure. Cross-sectional study: report numbers of outcome events or summary 

measures. 

Results p. 13 

Main results #16a Give unadjusted estimates and, if applicable, confounder-adjusted estimates and their 

precision (e.g., 95% confidence interval). Make clear which confounders were adjusted 

for and why they were included 

Results p. 13; Figure 1; 

Supplementary Table S4 

Category 

boundaries 

#16b Report category boundaries when continuous variables were categorized Methods p. 9-10 
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Relative and 

absolute risks 

#16c If relevant, consider translating estimates of relative risk into absolute risk for a 

meaningful time period 

  

None #nut-

16 

Specify if nutrient intakes are reported with or without the inclusion of dietary 

supplement intake, if applicable. 

Discussion p.18 

Other analyses #17 Report other analyses done—e.g., analyses of subgroups and interactions, and sensitivity 

analyses 

Results p. 13-14; 

Supplementary Table S4; 

Supplementary Table S6 

None #nut-

17 

Report any sensitivity analysis (e.g., exclusion of misreporters or outliers) and data 

imputation, if applicable 

Methods p.10; Results p. 

14 

Discussion    

Key results #18 Summarize key results with reference to study objectives Discussion p. 14 

Limitations #19 Discuss limitations of the study, taking into account sources of potential bias or 

imprecision. Discuss both direction and magnitude of any potential bias. 

 

None #nut-

19 

Describe the main limitations of the data sources and assessment methods used and 

implications for the interpretation of the findings 

Discussion p. 17 

Interpretation #20 Give a cautious overall interpretation considering objectives, limitations, multiplicity of 

analyses, results from similar studies, and other relevant evidence. 

 

None #nut-

20 

Report the nutritional relevance of the findings, given the complexity of diet or nutrition 

as an exposure. 

Discussion p. 15 

Generalizability #21 Discuss the generalizability (external validity) of the study results Discussion p. 15-16 
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Other Information    

Funding #22 Give the source of funding and the role of the funders for the present study and, if 

applicable, for the original study on which the present article is based 

Funding p.18-19 

Ethics #nut-

22.1 

Describe the procedure for consent and study approval from ethics committee(s). Methods p. 8 

Data statement #nut-

22.2 

Provide data collection tools and data as online material or explain how they can be 

accessed 

Availability of data and 

materials p. 19 
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Supplementary Table S2. Total fish intake (servings/week) according to sex- and follow-up-

specific quartiles in the InCHIANTI study. 

Total fish 

intake 

(servings/week) 

0–3 years 3–6 years 6–9 years 9–15 years 

n median (IQR) n median (IQR) n median (IQR) n 
median 

(IQR) 

Total         

  Q1 210 0.5 (0.5) 141 0.5 (0.6) 99 0.5 (0.5) 48 0.4 (0.4) 

  Q2 215 1.2 (0.3) 145 1.3 (0.4) 96 1.1 (0.3) 49 1.1 (0.3) 

  Q3 211 1.8 (0.4) 144 2.1 (0.3) 99 1.8 (0.4) 50 1.7 (0.4) 

  Q4 212 2.8 (1.1) 143 3.2 (1.1) 97 2.9 (1.1) 49 3.2 (1.2) 

Males 
        

  Q1 93 0.7 (0.4) 63 0.6 (0.5) 48 0.6 (0.4) 24 0.4 (0.3) 

  Q2 93 1.3 (0.3) 67 1.4 (0.5) 46 1.2 (0.3) 24 1.2 (0.3) 

  Q3 94 2.0 (0.3) 66 2.2 (0.4) 47 1.8 (0.3) 25 2.0 (0.5) 

  Q4 93 3.0 (1.2) 65 3.5 (1.2) 47 3.1 (1.4) 24 3.2 (0.8) 

Females 
        

  Q1 117 0.4 (0.4) 78 0.4 (0.7) 51 0.3 (0.2) 24 0.5 (0.4) 

  Q2 122 1.1 (0.3) 78 1.2 (0.4) 50 1.0 (0.1) 25 1.1 (0.4) 

  Q3 117 1.7 (0.3) 78 2.0 (0.3) 52 1.7 (0.3) 25 1.7 (0.3) 

  Q4 119 2.6 (1.0) 78 3.0 (1.2) 50 2.9 (0.6) 25 2.9 (1.7) 

Note: IQR, interquartile range. 
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Supplementary Table S3. Baseline characteristics of the studied population by cognitive decline 

trajectory in the InCHIANTI study (n = 883). 

 Without CD (n = 362) With CD (n = 521) p 

Age at baseline, y. 72.9 ± 6.5 74.3 ± 6.7 0.002 

Female 177 (48.9) 321 (61.6) < 0.001 

BMI, kg/m2 27.2 ± 3.6 27.3 ± 4.2 0.649 

Education, y. 6.2 ± 3.7 5.1 ± 2.9 < 0.001 

Income, inadequate 173 (47.8) 273 (52.4) 0.092 

Physical activity, sedentary 47 (13.0) 104 (20.0) 0.013 

Current smoking 47 (13.0) 83 (15.9) 0.018 

Hypertension 215 (59.4) 307 (58.9) 0.890 

MMSE, score 25.9 ± 2.8 25.4 ± 2.9 0.010 

ApoE, ɛ4 44 (12.8) 83 (16.8) 0.273 

IRF 112 (30.9) 182 (34.9) 0.216 

CVD 66 (18.2) 114 (21.9) 0.186 

Depression 102 (28.2) 189 (36.3) 0.012 

Diabetes 37 (10.2) 71 (13.6) 0.129 

Cancer 21 (5.8) 30 (5.8) 0.979 

COPD 26 (7.2) 40 (7.7) 0.783 

MCI 5 (1.4) 7 (1.3) 0.962 

Energy intake, kcal/d 1,997.2 ± 545.1 1,879.2 ± 563.1 0.002 

Alcohol intake, g/d 15.5 ± 20.8 14.3 ± 20.6 0.389 

Total fish intake, servings/week 1.8 ± 1.2 1.6 ± 1.2 0.088 

   Fish intake, servings/week 1.6 ± 1.1 1.5 ± 1.1 0.230 



- RESULTS - 

262 
 

   Seafood intake, servings/week 0.2 ± 0.4 0.1 ± 0.3 0.031 

MDS, points 4.4 ± 1.5 4.0 ± 1.6 < 0.001 

Ratio animal:plant protein intake, g/d 1.8 ± 0.7 1.8 ± 0.7 0.666 

Protein RDA, < 1 g/kg/d 141 (39.0) 208 (39.9) 0.771 

PUFA intake, g/d  0.2 ± 0.1 0.2 ± 0.1 0.811 

EPA and DHA, % cFAs (mg/L) 2.9 ± 1.0 2.9 ± 0.8 0.748 

Note: ApoE, Apolipoprotein E. BMI, body mass index. cFAs, circulating fatty acids. COPD, chronic obstructive 

pulmonary disease. CVD, cardiovascular disease. DHA, docosahexaenoic acid. EPA, eicosapentaenoic acid. IRF, 

impaired renal function. MCI, mild cognitive impairment. MDS, Mediterranean diet score. MMSE, Mini-Mental State 

Examination. PUFA, polyunsaturated fatty acid. RDA, Recommended Dietary Allowance. 

Data are expressed as mean ± SD or number (%) as appropriate. Comparisons between groups with Pearson’s chi-

square test or Student's t-test as appropriate. 
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Supplementary Table S4. Multivariate associations between total fish intake (servings/week) and cognitive decline during 15 years of follow-up in the 

InCHIANTI study. 

 n (CD) Q1 (n = 210) Q2 (n = 215) Q3 (n = 211) Q4 (n = 212) p trend 

continuous 

(per 1 serving/week increase) 

Model 1 2,008 (521) 1 (ref.) 1.02 (0.82–1.28) 0.95 (0.75–1.19) 0.71 (0.55–0.91) 0.008 0.89 (0.83–0.97) 

Model 2 2,008 (521) 1 (ref.) 1.04 (0.83–1.29) 0.98 (0.78–1.23) 0.75 (0.58–0.96) 0.025 0.91 (0.84–0.99) 

Model 3 1,925 (494) 1 (ref.) 0.99 (0.79–1.25) 0.95 (0.75–1.20) 0.72 (0.55–0.93) 0.014 0.90 (0.83–0.98) 

Note: Time-dependent Cox models were used to assess the risk of CD by quartiles of total fish intake (servings/week) and as a continuous variable (per 1 serving/week). Results are 

presented as hazard ratios (95% CI). Model 1 was adjusted for age at baseline, sex, and total energy intake (kcal/d). Model 2 was additionally adjusted for BMI, years of education, 

income, smoking status, alcohol intake (g/d), and physical activity. Model 3 was further adjusted for ApoE isoforms and comorbidities: CVD, hypertension, diabetes, cancer, depression, 

COPD, and IRF. CD was defined as a ≥ 3 points decline in MMSE between two consecutive follow-up evaluations (1,2). 
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Supplementary Table S5. Multivariate associations between total fish intake (servings/week) and cognitive decline by sex during 15 years of follow-up 

in the InCHIANTI study. 

 n (CD) Q1 Q2 Q3 Q4 p trend continuous (per 1 serving/week increase) 

Males        

n  95 98 96 96   

  Model 1 919 (200) 1 (ref.) 0.88 (0.61–1.28) 0.90 (0.63–1.30) 0.69 (0.46–1.03) 0.092 0.89 (0.79–1.00) 

  Model 2 919 (200) 1 (ref.) 0.89 (0.62–1.29) 0.96 (0.66–1.38) 0.72 (0.48–1.08) 0.176 0.91 (0.80–1.02) 

  Model 3 889 (190) 1 (ref.) 0.87 (0.59–1.28) 0.96 (0.66–1.39) 0.71 (0.47–1.06) 0.165 0.90 (0.80–1.01) 

Females 

      

 

n  123 125 126 124   

  Model 1 1,089 (321) 1 (ref.) 1.12 (0.85–1.48) 0.97 (0.72–1.30) 0.71 (0.51–0.99) 0.034 0.90 (0.81–1.00) 

  Model 2 1,089 (321) 1 (ref.) 1.13 (0.86–1.49) 0.98 (0.73–1.31) 0.74 (0.53–1.04) 0.070 0.91 (0.82–1.02) 

  Model 3 1,036 (304) 1 (ref.) 1.05 (0.79–1.40) 0.92 (0.68–1.23) 0.69 (0.49–0.98) 0.028 0.89 (0.79–0.99) 

Note: Time-dependent Cox models were used to assess the risk of CD by quartiles of total fish intake (servings/week) and as a continuous variable (per 1 serving/week). Results are 

presented as hazard ratios (95% CI). Model 1 was adjusted for age at baseline, sex, and total energy intake (kcal/d). Model 2 was additionally adjusted for BMI, years of education, 

income, smoking status, alcohol intake (g/d), and physical activity. Model 3 was further adjusted for ApoE isoforms and comorbidities: CVD, hypertension, diabetes, cancer, depression, 

COPD, and IRF. CD was defined as a ≥ 3 points decline in MMSE between two consecutive follow-up evaluations (1,2).
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Supplementary Table S6. Effect modification of multivariate associations between total fish 

intake (servings/week) and cognitive decline during 15 years of follow-up in the InCHIANTI study. 

  p for interaction FDR corrected p for interaction 

Age at baseline 0.879 0.942 

Sex 0.942 0.942 

BMI, kg/m2 0.835 0.942 

Physical activity 0.383 0.702 

Hypertension 0.810 0.942 

IRF 0.165 0.363 

Depression 0.028 0.309 

MCI 0.065 0.357 

ApoE 0.818 0.942 

CVD 0.154 0.363 

Protein RDA 0.158 0.363 

Note: ApoE, Apolipoprotein E. BMI, body mass index. CVD, cardiovascular disease. FDR, false discovery rate. IRF, 

impaired renal function. MCI, mild cognitive impairment. RDA, Recommended Dietary Allowance. 

Effect modification was assessed by adding product terms in the fully adjusted time-dependent Cox models (3). 

Benjamini-Hochberg FDR was utilized for multiple testing correction.  
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Supplementary Figure S1. Flowchart of participants from the InCHIANTI study included in the 

analysis. 

Note: MMSE, Mini-Mental State Examination.  
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Supplementary Figure S2. Flowchart of participants across follow-up assessments in the 

InCHIANTI study. 

Note: CD, cognitive decline.  
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4.5. Adherence to the Mediterranean diet assessed by a novel dietary 

metabolomic score and cognitive decline in older adults 

In this research, targeted metabolomics analysis has been performed to develop an a priori MedDiet 

adherence score based on serum biomarkers. The association between the metabolomic score and 

cognitive decline in community-dwelling older adults has been evaluated.  

 

Publication 5: Alba Tor-Roca, Alex Sánchez-Pla, Aniko Korosi, Mercè Pallàs, Paul J Lucassen, Pol 

Castellano-Escuder, Ludwig Aigner, Raúl González-Domínguez, Claudine Manach, Francisco 

Carmona, Esteban Vegas, Catherine Helmer, Catherine Feart-Couret, Sophie Lefèvre-Arbogast, 

Jeanne Neuffer, Hyunah Lee, Sandrine Thuret, Cristina Andres-Lacueva, Cécilia Samieri, Mireia 

Urpi-Sarda. A Mediterranean diet-based metabolomic score and cognitive decline in older adults: 

A case-control analysis nested within the Three-City Cohort Study. Accepted at Mol Nutr Food Res. 

Journal Impact Factor (JCR): 5.2 (2022) 

Ranking in Food Science & Technology: Q1, 34/142 (2022) 

 

Abstract 

Evidence on the Mediterranean diet (MedDiet) and age-related cognitive decline (CD) is still 

inconclusive partly due to self-reported dietary assessment. The aim of the current study was to 

develop a Mediterranean diet metabolomic score (MDMS) and investigate its association with CD in 

community-dwelling older adults. Participants from the Three-City Study from the Bordeaux (n = 

418) and Dijon (n = 422) cohorts who were free of dementia at baseline were included. Repeated 

measures of cognition over 12 years were collected. A MDMS was designed based on serum 

biomarkers related to MedDiet key food groups and using a targeted metabolomics platform. 

Associations with CD were investigated through conditional logistic regression (matched on age, sex, 

and education level) in both sample sets. The MDMS was found to be inversely associated with CD 

(OR (95% CI) = 0.90 (0.80–1.00); p = 0.048) in the Bordeaux (discovery) cohort. Results were 

comparable in the Dijon (validation) cohort, with a trend towards significance (OR (95% CI) = 0.91 
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(0.83–1.01); p = 0.084). A greater adherence to the MedDiet, here assessed by a serum MDMS, was 

associated with lower odds of CD in older adults. 

 

Resum 

L’evidència sobre la dieta mediterrània (MedDiet) i el declivi cognitiu (CD) relacionat amb l'edat 

encara no és concloent en part a causa de l'avaluació dietètica autorreportada. L'objectiu del 

present estudi va ser desenvolupar un score metabolòmic de MedDiet (MDMS) i investigar la seva 

associació amb CD en adults majors que viuen a la comunitat. Es van incloure participants de l'Estudi 

de les Tres Ciutats de Bordeus (n = 418) i Dijon (n = 422) que no presentaven demència a l’inici del 

seguiment. Es van recollir mesures repetides de cognició durant 12 anys. Es va dissenyar un MDMS 

basat en biomarcadors de sèrum relacionats amb grups d'aliments clau de la MedDiet i utilitzant 

una plataforma metabolòmica. Les associacions amb el CD van ser investigades a través de la 

regressió logística condicional (aparellats per edat, sexe i nivell d'educació) en ambdós conjunts de 

mostres. Es va observar que el MDMS estava inversament associat amb el CD (OR (95% CI) = 0.90 

(0.80–1.00); p = 0.048) a la cohort de Bordeus (descobriment). Els resultats van ser comparables 

amb els de la cohort de Dijon (validació), amb una tendència cap a la significació (OR (95% CI) = 0.91 

(0.83–1.01); p = 0.084). Una major adherència a la MedDiet, aquí avaluada a través d’un MDMS 

sèric, es va associar amb menors probabilitats de CD en adults grans. 
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Figure 8. Graphical abstract of the manuscript entitled "A Mediterranean diet-based metabolomic 

score and cognitive decline in older adults: A case-control analysis nested within the Three-City 

Cohort Study" (Publication 5). 
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Abstract 

Scope 

Evidence on the Mediterranean diet (MD) and age-related cognitive decline (CD) is still 

inconclusive partly due to self-reported dietary assessment. The aim of the current study was to 

develop a MD metabolomic score (MDMS) and investigate its association with CD in 

community-dwelling older adults. 

Methods and Results 

We included participants from the Three-City Study from the Bordeaux (n = 418) and Dijon (n 

= 422) cohorts who were free of dementia at baseline. Repeated measures of cognition over 12 

years were collected. A MDMS was designed based on serum biomarkers related to MD key 

food groups and using a targeted metabolomics platform. Associations with CD were 

investigated through conditional logistic regression (matched on age, sex, and education level) 

in both sample sets. The MDMS was found to be inversely associated with CD (OR (95% CI) = 

0.90 (0.80–1.00); p = 0.048) in the Bordeaux (discovery) cohort. Results were comparable in the 

Dijon (validation) cohort, with a trend towards significance (OR (95% CI) = 0.91 (0.83–1.01); p 

= 0.084). 

Conclusions 

A greater adherence to the MD, here assessed by a serum MDMS, was associated with lower 

odds of CD in older adults. 
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1 Introduction 

Dementia is a rapidly growing public health problem affecting around 50 million people 

worldwide. Every year, there are nearly 10 million new cases, and this figure is projected to 

triple by 2050 due to the global aging population and its anticipated impact and costs for society 

are huge.[1] Dementia is characterized by progressive cognitive decline (CD), a major cause of 

disability and dependency among older people. 

While there is currently no treatment for dementia, certain lifestyle factors have been 

associated with a delay in the age-at-onset or with a slowing down of disease progression. In 

fact, a healthy diet is thought to have great preventive potential for CD, both directly and 

through its role in reducing other risk factors (such as hypertension and type 2 diabetes).[2] 

Healthy dietary patterns have indeed been associated with a lower risk of dementia[3–5] and 

better cognitive performance.[6] Also, several observational studies have concluded that a high 

adherence to in particular the Mediterranean diet (MD) is associated with a decreased risk of 

mild cognitive impairment and Alzheimer’s disease (AD),[7] and with better episodic memory 

and global cognition.[8] Two other related dietary patterns also associated with better cognitive 

performance are the Dietary Approaches to Stop Hypertension (DASH)[9] and the 

Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND) diets.[10,11] However, 

evidence of the associations between dietary patterns and cognitive function is still 

inconclusive.[12] For instance, a meta-analysis of randomized controlled trials investigating MD 

effects on cognition, or on brain morphology and function, concluded that the associations were 

mostly non-significant, with small effect sizes.[13] Gauci et al. also found conflicting results in 

studies investigating the effects of the DASH and MIND diets on neurocognitive function.[14] 

Some of these inconsistencies may be attributable to the fact that current 

epidemiological data on dietary patterns mostly rely on self-reported questionnaires, which may 

misreport the actual food consumption and thereby underestimate the inter- and intraindividual 

variability in bioavailability of bioactive food components that could arise from numerous 
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factors (e.g., sex, age, genetic background, chronic diseases, liver function and gut 

microbiota).[15]  

To overcome these limitations, the use of a panel of dietary biomarkers would constitute 

an alternative (or complement) to provide a more specific assessment of dietary exposure and to 

better evaluate the association between dietary exposure and health outcomes.[16] Prior studies 

have indeed identified protective associations between urinary total polyphenols, individual 

plant-derived metabolites - including phenolic acids such as 3-hydroxyhippuric acid and 3-

hydroxyphenylacetic sulfate, urinary urolithin derivatives, lutein, ergothioneine, and equol - and 

CD, as well as negative associations with metabolites related to generally considered unhealthy 

dietary components, such as saccharin and propionic acid.[17–23] Yet, studies using combinations 

of diverse biomarkers to monitor compliance with specific dietary patterns are scarce. 

Here, we developed a MD metabolomic score and investigated its association with CD 

in two sample sets from the centers of Bordeaux and Dijon, as of the Three-City (3C) Cohort. 

2 Experimental Section 

2.1 Study Design and Population 

We conducted a nested case-control study using data from the 3C Study, a population-

based cohort on dementia that includes older persons (≥ 65 years) from three French cities.[24] A 

detailed description is provided elsewhere.[17–19,24–29] Briefly, sociodemographic and lifestyle 

characteristics, medical information, neuropsychological testing, blood pressure, anthropometric 

measurements, and fasting blood samples were collected at baseline from 1999 to 2000, and 

follow-up visits were then scheduled every 2–3 years for repeated health and 

neuropsychological assessment.[24] The study was performed in accordance with the principles 

contained in the Declaration of Helsinki. The Consultative Committee for the Protection of 

Persons participating in Biomedical Research at Kremlin-Bicêtre University Hospital (Paris, 

France) approved the 3C Study protocol, and all participants provided written consent. 
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In this nested case-control study, two sample sets were built among participants from 

the centers of Bordeaux and Dijon of the 3C Study, with Bordeaux as the discovery set and 

Dijon as the set used for external validation.[17,18] From the entire Bordeaux and Dijon cohorts, 

we selected eligible participants for the present study if they were not diagnosed with dementia 

at baseline, had available serum samples, and had at least one repeated cognitive evaluation over 

the subsequent 12 years.  

To build the case-control samples on CD, we defined a composite score of global 

cognition at each follow-up visit as the average Z-scores of five neuropsychological tests (Mini-

Mental State Examination (MMSE), Benton Visual Retention Test, Isaac's Set Test, Trail-

Making Test part A, and Trail-Making Test part B).[17,18] Individual slopes of cognitive change 

were then estimated using linear mixed models, as previously detailed.[18] Cases were defined as 

the participants with the worst CD slopes. Then, we matched each case to a control (i.e., a 

participant with a CD slope better than the population median) based on age at baseline, sex, 

and education level. Overall, 209 cases were individually matched to a control in Bordeaux, 

leading to a discovery sample of 418 subjects. In Dijon, 211 cases were successfully matched to 

211 controls, leading to a validation sample of 422 subjects. 

2.2 Targeted Metabolomics Analysis of Serum Samples 

We conducted a targeted metabolomics analysis of serum samples using a multi-

metabolite platform for the simultaneous detection and quantification of food-related 

metabolites, microbiota derivatives, and endogenous metabolites following the methodology 

detailed in previous publications.[17,30] The samples were randomly distributed for metabolomics 

analysis utilizing an Infinity UHPLC system (Agilent, Santa Clara, CA, USA) coupled to a 

QTRAP 6500 mass spectrometer equipped with an Ion Drive Turbo V ion source (Sciex, 

Framingham, MA, USA) using the operating conditions described elsewhere.[17] 
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2.3 Mediterranean Diet Metabolomic Score 

In line with the Mediterranean diet score (MDS) defined by Trichopoulou et al.[31] the 

MD metabolomic score (MDMS) was developed de novo using a 14-point linear scale that 

incorporated two putative dietary metabolomic biomarkers of seven key components of the MD 

(vegetables, legumes, fruits, cereals, dairy, fats, and fish) (Table 1 and Table S1, Supporting 

Information).[31,32]  

The metabolites for the MDMS were selected based on three criteria: a) metabolites 

reported as putative biomarkers of key MD food groups[33–47], b) metabolites available in the 

serum metabolomic panel described previously[17,30,48] and c) metabolites with described health-

related proprieties (Table S1, Supporting Information). Detailed information about the 

eligibility criteria of the metabolites for the MDMS is shown in Table S1 (Supporting 

Information). In this MDMS score, we excluded the meat item from the MDS as it is not 

possible to establish a set of metabolites that can reliably discriminate between meat intake, 

products of human muscle catabolism, and other protein-rich foods (e.g., fish and seafood), as 

well as between different meat sources (e.g., red meat vs. poultry).[44] We did not include an 

alcohol-related item either since low levels of alcohol have shown slight reductions in health-

related harm (i.e., ischemic heart disease and diabetes in very specific populations) but an 

increased risk of other health-related conditions, including cirrhosis, infectious diseases, 

cardiovascular disease, early dementia and cancer.[49,50]  

We thus worked with n=14 serum biomarker components. We decided to group four 

categories of foods (vegetables, fruits, legumes, and cereals) as a plant-based food group since 

some of the biomarkers described could be ubiquitously present among all these food groups. 

Enterolactone (EL), hippuric acid (HA), proline betaine; trigonelline; 3,8-dihydroxy-urolithin 

glucuronide (UroA-G), 3,4-dihydroxybenzoic acid (3,4-DHBA), 3′,4′-dihydroxyphenylacetic 

acid sulfate (3,4-DHPAA-S), and 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone sulfate (3,4-DHPV-

S) represented the plant-based food group. Docosahexaenoic acid (DHA) and eicosapentaenoic 
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acid (EPA) depicted the fish group, while pentadecanoic acid and margaric acid represented the 

dairy products group. Finally, the dietary intake of MUFAs and saturated fatty acids (SFAs) 

were depicted by oleic acid and palmitic acid, respectively (Table S1 and Table S2, Supporting 

Information). 

Following the same design used by Trichopoulou et al.[31] we assigned a value of 0 or 1 

to each dietary biomarker with the use of the sex-specific median as the cutoff (Table S3, 

Supporting Information). For dietary biomarkers of beneficial components (vegetables, 

legumes, fruits, cereals, and fish), subjects whose circulating level was below the median were 

assigned a value of 0, and individuals whose level was at or above the median were assigned a 

value of 1. According to the MDS defined by Trichopoulou et al.[31,32] dairy products are 

presumed to be detrimental. For this reason, the scoring for dietary biomarkers of dairy products 

was inverted.[31,32] Finally, for the relation between MUFAs and SFAs, we assigned a value of 1 

to those individuals whose oleic acid concentration was at or above the median and a value of 0 

to those whose concentrations were below it. The scoring was inverted for palmitic acid 

concentrations. Oleic acid and palmitic acid are the most abundant dietary and plasma FAs.[47,51] 

Moreover, oleic acid is a biomarker of olive oil intake, the main source of MUFAs in the MD 

context.[31,52]  

Thus, the total MDMS ranged from 0 (minimal adherence) to 14 (maximal adherence). 

The MDMS was secondarily categorized, using cutoff values based on the sex- and cohort-

specific medians, as low (< 7 points) and high (≥ 7 points) adherence for both sexes and cohorts. 

2.4 Dietary Data 

Details of dietary habits assessment are described elsewhere.[53,54] Briefly, we used a 

comprehensive food frequency questionnaire (FFQ)[53] and a 24 h dietary recall (24-HDR)[54] 

administered in 3C Bordeaux at the first follow-up visit in the period 2001–2002 (2–3 years 

after baseline when blood was drawn). For foods from the FFQ, data were available for 351 
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Bordeaux sample subjects, and for MUFAs and SFAs intake from the 24-HDR, data were 

available for 359 subjects. A MDS based on the FFQ and the 24-HDR was available for 349 

subjects from Bordeaux (Table S4, Supporting Information). 

2.5 Statistical Analysis 

Baseline characteristics of the participants were expressed as means and standard 

deviations (SDs) for variables with normal distribution, medians and interquartile ranges (IQRs) 

for variables with asymmetric distribution, and percentages for categorical variables. Baseline 

characteristic comparisons were tested using conditional logistic regression models. Correlation 

analyses were performed to examine the relation between MDMS and MDS, and between food 

groups and dietary biomarkers of MD key food groups in the Bordeaux cohort. 

To study the association between MDMS and CD, we estimated odds ratios (ORs) and 

their 95% confidence interval (CI) using logistic regression models conditioned on matching 

variables (i.e., age at baseline, sex, and education level) (Model 1). For multivariable-adjusted 

analyses, we considered potentially modifiable risk factors for dementia (i.e., BMI, diabetes, 

alcohol intake, smoking status, hypertension, depression, hypercholesterolemia)[55,56] (Model 2) 

as well as genetic factors (i.e., Apolipoprotein E-ɛ4 genotype (ApoE-ɛ4))[56] and the total 

number of medications regularly consumed[17] (Model 3). The goodness of fit of the proposed 

models was evaluated using the likelihood-ratio chi-square test of the full model versus the null 

model, where p-value below 0.05 was considered to be a good fit. 

Effect modification by age at baseline, sex, education level, BMI, diabetes, alcohol 

intake, smoking status, hypertension, depression, hypercholesterolemia, the total number of 

medications regularly consumed, and ApoE-ɛ4 was assessed by adding product terms in the 

fully adjusted regression models. Bonferroni correction was utilized for multiple testing 

correction (p < 0.05/12, statistical threshold at α = 0.004). 
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For covariates, missing values comprised < 2% of the samples and the reference 

category was assigned to missing data (for categorical variables) or the median value (for 

continuous variables). All statistical analyses were performed using the SPSS software package 

(SPSS 25.0, IBM, NY) and the significance level was a 2-tailed p < 0.05. 

3 Results 

3.1 Characteristics of the Study Populations 

Clinical and demographic characteristics of the study populations at baseline are shown 

in Table 1. The participants were matched for age, sex, and education level within the two 

samples, and these characteristics were similar between the discovery (i.e., Bordeaux) and 

validation (i.e., Dijon) sample sets. As expected, we observed lower scores for MMSE tests 

assessed in this study among subjects with CD. Medication use was significantly higher in 

cases, as well as the prevalence of diabetes. In the Bordeaux cohort, the presence of ApoE-ɛ4 

was higher among cases than among controls, although the percentage was similar in the Dijon 

set. Cases from the Dijon cohort also showed a significantly higher percentage of participants 

with depression compared to controls (Table 1). However, in the Bordeaux set, cases and 

controls had a similar percentage of subjects with depression (Table 1). 

3.2 Mediterranean Diet Metabolomic Score 

The correlations among FFQ dietary components of MD key food groups and 

concentrations of serum biomarkers in the Bordeaux set are presented in Table S5 (Supporting 

Information). Nearly all MD key food groups had a positive and significant correlation with 

their serum metabolites. The strongest correlation was between the intake of fish and seafood 

and the sum of EPA and DHA (Table S5, Supporting Information). The plant-based food group 

(i.e., total intake of vegetables, fruits, legumes, and cereals) and the sum of their selected 

biomarkers were also positively correlated (Table S5, Supporting Information). Dairy intake and 
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serum pentadecanoic acid and margaric acid were not correlated. MDS was also positively 

correlated with MDMS (r = 0.135, p = 0.012) in the Bordeaux cohort (n = 349).  

3.3 MDMS and CD 

The associations between MDMS and CD are shown in Figure 1. In the discovery set, 

CD was not associated with MDMS in the basic model (Figure 1A, Model 1). This association 

was unchanged after further adjustment for CD risk factors (i.e., BMI, diabetes, alcohol intake, 

smoking status, hypertension, depression, and hypercholesterolemia) (Figure 1A, Model 2). 

However, after additionally adjusting for the total number of medications regularly consumed 

and for ApoE-ɛ4 genotype (Model 3), subjects with a higher MDMS were less likely to 

experience CD (OR (95% CI) = 0.90 (0.80–1.00); p = 0.048, MDMS as continuous variable) 

(Figure 1A, Model 3). This was consistent with the results observed in Dijon, with a trend 

toward significance in this validation sample (OR (95% CI) = 0.91 (0.83–1.01); p = 0.084 for 

Model 3 and MDMS as a continuous variable) (Figure 1B, Model 3). The omnibus test 

suggested a significant improvement in fit of the models relative to the null (χ2 (10) = 34.292; p 

≤ 0.001 and χ2 (10) = 37.670; p ≤ 0.001 in Bordeaux and Dijon, respectively, for Model 3, 

MDMS as continuous variable). 

Stratified analyses were performed to assess the association between MDMS and the 

risk of CD in various subgroups (Table S6, Supporting Information). We noticed a close to 

significant interaction between MDMS and hypertension in the Bordeaux cohort (no 

hypertension, adjusted OR (95% CI) = 1.19 (0.95–1.50), compared with hypertension, adjusted 

OR (95% CI) = 0.83 (0.66–1.05); p for interaction = 0.006). None of the other variables, 

including age at baseline, sex, education level, BMI, diabetes, alcohol intake, smoking status, 

hypercholesterolemia, depression, the total number of medications regularly consumed, and 

ApoE-ɛ4, significantly modified the association between MDMS and the risk of CD in the 

Bordeaux cohort. No interaction between MDMS and the abovementioned variables was found 
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in the Dijon cohort (all p for interactions > 0.004 for multiple testing correction) (Table S6, 

Supporting Information). 

4 Discussion 

Leveraging targeted large-scale metabolomics data from the 3C Study, we here 

developed a Mediterranean diet metabolomic score (MDMS) based on serum biomarkers of MD 

key food groups. Our findings show that a higher MDMS is prospectively associated with a 

lower risk of CD in older adults free of dementia at baseline (median follow-up 12 years).  

These results are in line with some prior prospective studies, where a high adherence to 

the MD, as assessed using dietary questionnaires, has been associated with a slower decline in 

global cognition in older adults.[57,58] However, despite the efforts made to reduce the 

heterogeneity of the scoring systems used for assessing adherence to the MD, it is still 

challenging to elucidate why current literature still reports mixed results for cognitive function 

and the MD in older adults.[57,59] For instance, in the Three-City Cohort, Féart et al. suggested 

that a higher adherence to the MD, using the MDS, was associated with a slower cognitive 

decline, as based on MMSE score, but not with the risk of incident dementia or AD.[32] In 

another large-scale prospective study including 16,058 women from the Nurses' Health Study 

aged ≥ 70 years, authors found that an alternate MDS was related to moderately better cognition 

overall, but not to change in cognition over 4 repeated measures after 6 years of follow-up.[60] 

By contrast, in the EPIC-Spain Dementia Cohort Study, recent results showed that MD 

appeared to be protective and lowered the incidence of dementia.[61] Also, Scarmeas et al. 

reported that a higher MD adherence was associated with a reduced risk of AD.[62]  

One source of these biases could be linked to the modality of assessing dietary intake, as 

most studies used dietary records, which lack accuracy and are prone to random bias and 

systematic errors. As a matter of fact and as potentially expected, the MDMS was weakly 

correlated with the MDS, as were most of the MD key food groups with their metabolites. The 
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MDMS was created a priori based on the current state of the art on food intake biomarkers[63,64] 

and aiming at taking a step forward by surrogating traditional indicators of dietary patterns 

intake (i.e., FFQ and 24-HDR derived scores) and thus their inherent prone-to-subjectivity and 

lack of accuracy.[65–67] For instance, dairy intake and serum pentadecanoic and margaric acids 

were not correlated in this cohort. This may be attributable to the heterogeneity of fat content 

through different dairy products in the marketplace or within a specific product resulting from 

differences in processing (e.g., skimming, among others), as well as in the quality of the milk 

used as raw material (e.g., cattle breed and feeding, among others).[45] This particular case might 

serve as a revealing example of the need of better dietary definition, since in the MDS defined 

by Trichopoulou et al. the dairy products are presumed to be detrimental on account of their fat 

content. [31] 

The weakness of correlation between the other food groups and their dietary biomarkers 

could be attributed to i) the variability of phytochemical or fatty acid content through a food 

group or a specific product resulting from differences in harvesting or between species (e.g., 

fatty fish have higher levels of long chain n-3 PUFA than lean fish and seafood),[68] among 

others; ii) the presence of the selected metabolites in other food sources not included in the MD 

key food groups (e.g., coffee, tea and cocoa products);[69] and iii) the presence of other 

metabolites that could contribute to the real content of a MD key food group (i.e., MUFA and 

SFA). 

In a move to obtain more revealing information from dietary intake data and to 

overcome the above-mentioned problems, food biomarkers could be valuable in this respect as 

they can capture not only food composition but also their bioavailability. In this sense, several 

works have highlighted promising results when evaluating single food biomarkers in relation to 

CD. Rabassa et al. showed in their 3-year follow-up study that higher levels of urinary total 

polyphenols, a biomarker of fruit and vegetable intake, were associated with a lower risk of CD 

in older adults.[21] Interestingly, in the Three-City Cohort, distinct associations were found 
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between several serum food-derived metabolites and CD.[17–19] Yet, in another move aimed at 

obtaining more meaningful evidence, nutritional researchers have begun examining biomarkers 

as measures of dietary patterns rather than of single nutrients or dietary components. Unlike 

individual compounds, dietary patterns better reflect a person’s habitual diet and provide a more 

integrated measure of the synergistic and accumulative effects of a combination of dietary 

factors.  

To date, few studies have captured metabolomic signatures related to the MD through 

predictive and discriminant analysis, and some have studied their association with health 

outcomes, such as cardiovascular disease (CVD) and its risk factors.[70–75] To the best of our 

knowledge, our current work is the first study to have developed an a priori dietary 

metabolomic score based on serum biomarkers of MD food groups and to evaluate it in 

association with CD. Specifically, the MDMS comprises a set of serum phytochemical and fatty 

acid metabolites that reflect the individual bioavailability. Moreover, some of them have been 

recognized as exposure markers of the key MD food groups to which, in turn, the protective 

effects on health of the MD have been attributed to (Supporting Information).[76] 

Validation is important but has rarely been carried out in prior food metabolomics 

studies, likely because it is challenging in research on nutrimetabolomics and cognitive 

impairment as there is an intrinsic and large heterogeneity across studies, and profound 

intervariability arising from factors like gut microbiota and/or health status,[15,77] and the 

complexity of outcomes based on long-term trajectories such as CD and different types of 

dementia. For example, despite belonging to the same cohort study, the features of our 

validation sample differed somewhat from the discovery sample (e.g., participants were older, 

showed a higher percentage of depression and ApoE-ɛ4 carriers, and had more cardiovascular 

risk factors at baseline). This could explain the weaker association we found in the Dijon 

(validation) sample compared to the discovery one, even though both sample sets were 

positively related to a greater MDMS, indicating a protective effect. 
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The major strengths of our study are the population-based and prospective design with 

repeated cognitive assessment over up to 12 years, a rigorous case-control sampling, and the 

application of a powerful targeted metabolomics approach to serum samples collected at 

baseline, i.e., at an age prior to the appearance of any dementia symptoms, which reduces the 

possibility of reverse causation. In addition, the use of two separate nested case-control sample 

sets noticeably enhances the reliability of our findings.  

However, also several limitations warrant further discussion. First, serum samples for 

metabolomics analysis were only available at baseline, and thus we could not examine prior 

exposures or changes during the follow-up. An approach based on multiple sampling would 

have been of great interest to investigate the trajectory of CD. Moreover, although we adjusted 

the model by several potential confounders including ApoE-ɛ4, residual confounding factors 

cannot be dismissed. Another limitation is that the MDMS scoring system is based on sex-

specific median values across metabolite concentrations of the studied populations. Therefore, 

the score may not be related to a healthy level of concentrations per se. Although we evaluated 

the reproducibility of the results in a separate nested case-control sample set, this metabolomic 

score deserves to be validated also in other cohorts and geographic areas, and its association 

with other chronic diseases should be examined.  

In summary, a greater adherence to the MD assessed by a novel Mediterranean diet 

metabolomic score was associated with a lower risk of CD in older adults during a 12-year 

follow-up. The development of dietary metabolic scores based on dietary patterns may help 

further refine dietary assessment measures and will hopefully contribute to a better 

understanding of the biological mechanisms via which diet impacts cognitive health in the aging 

population. 
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Tables 

Table 1. Clinical and demographic characteristics of the discovery (Bordeaux, n = 418) and 

validation (Dijon, n = 422) case-control samples 

  Bordeaux cohort   Dijon cohort 

 

Controls (n = 

209) 

Cases (n = 

209) 

pa  

Controls (n 

= 211) 

Cases (n = 

211) 

pa 

Age (years) 75.7 (4.2) 75.9 (4.5) -  76.2 (4.7) 76.5 (5.2) - 

Sex, female (n (%)) 138 (66) 138 (66) -  133 (63) 133 (63) - 

Educational level, ≥ 

secondary school (n 

(%)) 

60 (28.7) 61 (29.2) -  60 (28.4) 60 (28.4) - 

BMI (kg/m2) 25.8 [4.3] 26.4 [5.6] 0.12  24.9 [4.4] 25.4 [6] 0.099 

Number of medications 

regularly consumed 

4.1 (2.4) 4.9 (2.7) 0.003  4.0 [3.0] 5.0 [4.0] < 0.001 

MMSE (points) 28.0 [2.0] 28.0 [3.0] < 0.001  29.0 [1.0] 26.0 [4.0] < 0.001 

Diabetes, yes (n (%)) 12 (5.7) 27 (12.9) 0.017  12 (5.7) 27 (12.8) 0.017 

ApoE-ε4, carrier (n (%)) 25 (12.0) 54 (25.8) 0.001  44 (20.9) 56 (26.5) 0.187 

Alcohol intake (g/d) 9.6 [19.2] 9.6 [17.8] 0.263  9.6 [16.5] 9.6 [17.8] 0.822 

Current smoking, yes (n 

(%)) 

9 (4.3) 10 (4.8) 0.695  4 (1.9) 13 (6.2) 0.150 

Depression, yes (n (%)) 15 (7.2) 20 (9.6) 0.386  25 (11.8) 47 (22.3) 0.005 

Hypercholesterolemia, 

yes (n (%)) 

128 (61.2) 127 (60.8) 0.922  119 (56.4) 126 (59.7) 0.482 

Hypertension, yes (n 

(%)) 

159 (76.1) 164 (78.5) 0.564  175 (82.9) 177 (83.9) 0.789 

MDS (points)b 4.3 (1.6) 4.3 (1.7) 0.404  - - - 

MDMS (points) 6.7 (2.1) 6.4 (2.2) 0.168  6.8 (2.0) 6.5 (2.0) 0.067 
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ApoE-ε4, Apolipoprotein E-ɛ4 genotype. MDS, Mediterranean diet score. MDMS, Mediterranean diet metabolomic score. MMSE, 

Mini-Mental State Examination. Values are mean (SD), median [IQR], or number of subjects with the characteristic (%). a 

Estimated using conditional logistic regression models. b Data available from 349 subjects from the Bordeaux cohort. 
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Figures 

Figure 1. Multivariate conditional logistic regression models for association between MDMS 

(continuous and categorical) and CD in the 3C discovery (Bordeaux, n = 418) (A.) and 

validation (Dijon, n = 422) (B.) cohorts. OR (95% CI) 

 

CD, cognitive decline. CI, confidence interval. MDMS, Mediterranean diet metabolomic score. OR, odds ratio. 3C, Three-City. 

Model 1 is unadjusted. Model 2 is adjusted for BMI, diabetes, alcohol intake, hypertension, smoking status, depression, and 

hypercholesterolemia. Model 3 is further adjusted for ApoE-ɛ4 and number of medications. 

The CD variable was built defining the composite score of global cognition at each follow-up visit.[17,18] Individual slopes of 

cognitive change were then evaluated using linear mixed models, as detailed in the previous publication.[18] Cases were defined as 

the participants with the CD worst slopes. 
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Supporting Information 

Table S1. Metabolites included in the MDMS as biomarkers of key MD food groups* 

DHA, docosahexaenoic acid. EL, enterolactone. EPA, eicosapentaenoic acid. HA, hippuric acid. LCFA, long-chain fatty acids. 

MDMS, Mediterranean diet metabolomic score. MD, Mediterranean diet. n-3 PUFA, n-3 polyunsaturated fatty acids. UroA-G, 3,8-

dihydroxy-urolithin glucuronide. 3,4-DHBA, 3,4-dihydroxybenzoic acid. 3,4-DHPAA-S, 3′,4′-dihydroxyphenylacetic acid sulfate. 

3,4-DHPV-S, 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone sulfate 

MDMS 

metabolite 

metabolite class  food 

EL* enterolignans (microbial metabolites of lignans) 

 

fiber-rich fruits and vegetables, grains, nuts, 

and legumes[1,2] 

HA* 

hydroxybenzoic acids (microbial metabolites of 

polyphenols) 

fruits and vegetables, tea, coffee, cocoa, grains, 

nuts, legumes, olive oil, and wine[1,3–10] 

proline 

betaine* 

proline derivates 

citrus fruits (mainly), Chinese artichoke, and 

rye and wheat bran[1,11–13]  

Trigonelline* pyridinium derivatives coffee, legumes, and rye and wheat bran[1,12–14] 

UroA-G* 

urolithins (microbial metabolites of 

ellagitannins) 

berries, wine, pomegranate, and nuts[1,15] 

3,4-DHBA* 

hydroxybenzoic acids (microbial metabolites of 

polyphenols) 

fruits and vegetables, tea, coffee, cocoa, grains, 

nuts, legumes, olive oil, and wine[1,3–10] 

3,4-DHPAA-

S* 

hydroxyphenylacetic acids (microbial 

metabolites of polyphenols) 

fruits and vegetables, tea, cocoa, olives and 

olive oil, and wine[1,3–5,9,10] 

3,4-DHPV-S* 

hydroxyphenylvalerolactones (microbial 

metabolites of flavan-3-ols) 

procyanidin-rich foods (berries, apple, tea, 

cocoa, wine, nuts, and legumes)[1,4,5,7,8,10,16] 

DHA n-3 PUFA total fish and shellfish[17]  

EPA n-3 PUFA total fish and shellfish [17] 

margaric acid LCFA dairy products[18] 

pentadecanoic 

acid 

LCFA dairy products[18,19] 

oleic acid LCFA dietary MUFAs[20,21] 

palmitic acid LCFA dietary SFAs[20] 
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*METABOLITES SELECTION CRITERIA FOR THE DEVELOPMENT OF MDMS 

The metabolites for the MDMS were selected based on three criteria: a) metabolites reported as 

putative biomarkers of key MD food groups[17–20,22–32] and b) metabolites available in the serum 

metabolomic panel described previously.[1,33,34] c) metabolites with described health-related 

proprieties. Specifically, the metabolomic panel from D-CogPlast project consisted of 206 

metabolites,[33] 35% of which were food-related metabolites and 15% were gut microbiota-

derived metabolites.[33,34] 

Six in eight selected putative biomarkers of the plant-based MD food group were microbiome-

generated metabolites (enterolactone (EL), hippuric acid (HA), 3,8-dihydroxy-urolithin 

glucuronide (UroA-G), 3,4-dihydroxybenzoic acid (3,4-DHBA), 3′,4′-dihydroxyphenylacetic 

acid sulfate (3,4-DHPAA-S), 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone sulfate (3,4-DHPV-S)), 

and the remaining two were betaine derivatives.  

Concretely, distinct diversity of polyphenols classes (i.e., hydroxybenzoic and 

hydroxyphenylacetic acids, hydroxycoumarins, hydroxyphenylvalerolactones and lignans) 

representative of some different metabolism phases (e.g., 3,4-DHPV-S is the degradation 

product of (epi)catechin, arising from the pyrogallol C-ring opening; 3,4-DHBA comes from the 

decarboxylation of caffeic acid or the demethylation of vanillic acid) were considered, although 

some of these compounds have also been described in certain foods.[35] Circulating levels of 

microbiome-generated metabolites last longer than those derived from the host itself and thus 

reflect long-term effect on health.[36] In fact, we also chose those metabolites which have 

showed a potential role as well on health. For instance, the microbiota-derived flavonoid 

metabolites (e.g., 3,4-DHBA and γ-valerolactones) not only preserve the antioxidant and anti-

inflammatory activity of the native flavonoid but also have bioactive properties that promote 

mitochondrial health and cerebrovascular microcapillary function.[37] EL has been reported to 

exert antiproliferative and anti-inflammatory activities in vitro,[38] exhibits blood-brain barrier 

permeability, protects murine microglia against inflammation[39] and has been associated with 

more favorable cardiometabolic risk factors.[40] On the other hand, a study showed that UroA 
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was the most common urolithin specie produced in nature.[41] Moreover, the production of UroA 

is variable and takes place in only approximately 40% of the human elderly population,[42] which 

restricts its positive impacts on health conditions (e.g., mitochondrial, cardiometabolic and 

muscle health) as well as those from its food sources (i.e., berries, wine, pomegranate, and nuts) 

indeed.[43–46] HA, a terminal metabolite of multiple microbial catabolites, has been suggested to 

exhibit in vitro myoprotective properties and may contribute to a better glycemic control and β-

cell function, as well as to lessen the risk of developing age-related cognitive disorders.[47,48] 3,4-

DHPAA has showed a decrease in the formation of amyloid fibrils, a protection from 

cytotoxicity and oxidative stress, a regulation of inflammatory pathways in vitro,[49–52] and 

significant reductions in high sensitivity C-reactive protein in patients with type 2 diabetes.[53] In 

addition, we gave priority to dihydroxylated metabolites rather than monohydroxylated 

metabolites given their higher antioxidant capacity[54] and marked anti-inflammatory properties, 

which indicate their potential value as beneficial agents.[54] 

Among all the DHBA available in out multi-metabolite platform, we selected the 3,4- isomer 

position, as 3,4-DHBA has showed potent inhibitory effects, as well as antioxidant, anti-

inflammatory, antihyperglycemic and neuroprotective activities.[55,56] Moreover, at physiological 

pH, anthocyanins easily convert to 3,4-DBHA, which is also abundantly formed and absorbed 

in the large intestine due to microbial metabolization.[57] 

With regard to non-polyphenols metabolites, trigonelline appears to have neuroprotective and 

antidiabetic effects[58,59] and has been suggested as a therapeutic agent for cardiovascular 

disorders[60] given its anti-inflammatory and antioxidant proprieties.[61] In fact, it has been 

associated with a lower risk of type 2 diabetes among a generally healthy population[62] and it 

has been associated to a urine molecular signature in the metabolic syndrome.[63] Finally, proline 

betaine is a well-known biomarker of citrus intake[11,64] which has been selected in this study as 

citrus is a fruit group highly consumed in the Southern Europe and is one of the top dietary 

sources of polyphenol intake in the 3C Study.[65,66] Moreover, proline betaine has been 

negatively correlated with glucose and insulin concentrations, blood lipid profiles, BMI and 
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inflammation marker hsCRP[13,67] as well as inversely associated with blood pressure.[68] In fact, 

citrus intake has been suggested to be associated with global cognition benefits,[69] as well as 

with lower risk of incident dementia,[70,71] and cardiovascular risk factors.[72–75] 
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Table S2. Concentrations of MDMS dietary biomarkers by levels of MDMS in the 3C discovery (Bordeaux, n = 418) and validation (Dijon, n = 422) cohorts  

MDMS 

metabolites 

(µg/L) 

Bordeaux cohort (n = 418)   Dijon cohort (n = 422) 

Total 
Low MDMS (n = 

205) 

High MDMS (n = 

213) 
p   Total 

Low MDMS (n = 

207) 

High MDMS (n = 

215) 
p 

EL 6.1 (1.5) 5.7 (1.6) 6.5 (1.2) 0.009   10.0 (5.7) 8.1 (5.2) 11.8 (5.6) 0.006 

HA 1985.2 (2267.5) 1477.2 (1878.4) 2474.0 (2495.7) < 0.001   1434.0 (1492.5) 1098.2 (1030.8) 1757.3 (1773.4) < 0.001 

proline betaine 249.2 (241.3) 208.6 (224.4) 288.3 (250.9) < 0.001   296.5 (284.4) 282.0 (297.3) 310.5 (271.5) 0.140 

trigonelline 13.9 (15.4) 12.0 (16.2) 15.7 (14.4) 0.001   10.5 (11.3) 9.9 (12.6) 11.2 (9.8) 0.047 

UroA-G 0.7 (2.8) 0.3 (1.5) 1.0 (3.6) 0.004   0.8 (2.6) 0.3 (1.6) 1.3 (3.2) < 0.001 

3,4-DHBA 43.0 (80.8) 27.2 (43.0) 58.3 (102.9) < 0.001   28.1 (75.9) 23.4 (101.1) 32.5 (38.0) < 0.001 

3,4-DHPAA-S 9112.4 (24221.3) 5221.9 (15125.7) 12856.8 (30084.8) < 0.001   8889.1 (22819.1) 8704.4 (23539.6) 9067.0 (22156.8) < 0.001 

3,4-DHPV-S 6.6 (11.2) 3.9 (5.6) 9.1 (14.2) < 0.001   8.4 (16.3) 6.4 (14.1) 10.4 (17.9) 0.001 

DHA 6490.5 (2381.6) 6167.8 (1928.9) 6801.1 (2716.3) 0.006   5379.9 (895.5) 5167.8 (794.3) 5584.1 (940.6) < 0.001 

EPA 3000.1 (795.2) 2855.6 (463.9) 3139.3 (998.5) < 0.001   3223.9 (486.3) 3114.8 (387.4) 3329.0 (546.1) < 0.001 

margaric acid 5558.5 (2280.7) 6141.5 (2070.6) 4997.4 (2336.8) < 0.001   4608.6 (448.7) 4684.9 (461.1) 4535.2 (424.7) < 0.001 

pentadecanoic 

acid 
5247.3 (2129.7) 5834.0 (2207.8) 4682.6 (1891.5) < 0.001   4212.1 (680.3) 4408.1 (664.8) 4023.4 (642.0) < 0.001 

oleic acid 68038.3 (27325.2) 66700.6 (26934.5) 69325.8 (27698.2) 0.473   76072.0 (26349.5) 75030.2 (26006.4) 77075.1 (26697.8) 0.401 

palmitic acid 35210.2 (13848.5) 35458.1 (13947.0) 34971.6 (13781.7) 0.627   18559.4 (5099.8) 18492.4 (4925.1) 18624.0 (5273.2) 0.859 

Values are mean (SD). DHA, docosahexaenoic acid. EL, enterolactone. EPA, eicosapentaenoic acid. HA, hippuric acid. MDMS, Mediterranean diet metabolomic score. UroA-G, 3,8-dihydroxy-urolithin glucuronide. 3C, 

Three-City. 3,4-DHBA, 3,4-dihydroxybenzoic acid. 3,4-DHPAA-S, 3′,4′-dihydroxyphenylacetic acid sulfate. 3,4-DHPV-S, 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone sulfate 
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Table S3. Concentrations of MDMS dietary biomarkers (μg/L) by sex-specific medians in the 3C 

discovery (Bordeaux, n = 418) and validation (Dijon, n = 422) cohorts 

MDMS 

metabolite 

median 

(μg/L) 

Bordeaux cohort (n = 418)  Dijon cohort (n = 422) 

males (n = 142) females (n = 276)  males (n = 156) females (n = 266) 

EL 
< median 5.2 (1.2) 5.0 (1.2)  6.1 (3.0) 4.9 (2.8) 

≥ median 7.1 (0.7) 7.3 (0.8)  15.3 (3.6) 14.3 (3.7) 

HA 
< median 866.0 (395.6) 800.7 (381.3)  546.7 (192.6) 589.3 (249.7) 

≥ median 3229.6 (2617.6) 3105.1 (2792.0)  1912.3 (1330.5) 2518.7 (1866.2) 

proline betaine 
< median 66.0 (29.1) 85.8 (38.7)  94.5 (40.0) 102.0 (47.4) 

≥ median 357.1 (239.6) 451.4 (233.5)  415.9 (262.5) 539.5 (290.7) 

trigonelline 
< median 4.7 (2.5) 4.8 (3.0)  3.4 (2.1) 3.9 (2.2) 

≥ median 18.3 (9.3) 25.3 (19.8)  14.4 (9.8) 19.1 (13.7) 

UroA-G 
< median 0.0 (0.0) 0.0 (0.0)  0.0 (0.0) 0.0 (0.0) 

≥ median 5.1 (3.0) 8.8 (7.6)  6.0 (3.3) 5.7 (4.7) 

3,4-DHBA 
< median 19.9 (17.5) 1.2 (4.1)  4.1 (6.9) 1.7 (4.0) 

≥ median 97.2 (81.8) 68.9 (109.8)  47.5 (28.8) 57.1 (125.3) 

3,4-DHPAA-S 
< median 0.0 (0.0) 845.3 (1116.0)  423.3 (955.3) 1408.8 (1480.3) 

≥ median 13366.9 (20301.1) 19975.7 (36555.3)  11009.7 (22301.8) 20090.8 (33765) 

3,4-DHPV-S 
< median 1.9 (1.3) 1.0 (0.9)  0.9 (0.8) 0.9 (0.7) 

≥ median 13.6 (14.0) 10.9 (13.8)  15.7 (15.6) 16.2 (22.7) 

DHA 
< median 5058.3 (802.3) 4927.0 (643.5)  4817.4 (334.8) 4668.9 (323.0) 

≥ median 7999.1 (1890.9) 8014.8 (2765.6)  6124.8 (874.9) 5983.9 (741.2) 

EPA 
< median 2601.1 (158.2) 2612.4 (116.2)  2949.4 (122.0) 2896.4 (128.1) 

≥ median 3449.9 (832.7) 3361.8 (1036.1)  3597.2 (665.6) 3493.6 (403.3) 

margaric acid 
< median 3874.4 (1014.5) 3842.2 (781.5)  4272.8 (169.3) 4248.1 (160.0) 

≥ median 6989.3 (1441.5) 7405.0 (2168.3)  4967.1 (384.1) 4955.9 (344.6) 

pentadecanoic 

acid 

< median 3243.3 (967.4) 3852.2 (845.9)  3672.6 (314.6) 3679.4 (296.5) 

≥ median 6573.1 (2101.6) 6991.3 (1529.4)  4572.2 (422.2) 4850.0 (530.9) 

oleic acid 
< median 45939.9 (11711.6) 47191.4 (12749.5)  56327.0 (12694.6) 54107.8 (12206.9) 

≥ median 83203.0 (16105.8) 92450.0 (22296.8)  98210.2 (15334.8) 96632.8 (20054.6) 

palmitic acid 
< median 25222.8 (5963.9) 24828.0 (5043.9)  14774.5 (2448.1) 14392.4 (2316.8) 

≥ median 43709.5 (8755.8) 46357.9 (13344.3)  23282.6 (2917.5) 22176.2 (4098.4) 

Values are mean (SD). DHA, docosahexaenoic acid. EL, enterolactone. EPA, eicosapentaenoic acid. HA, hippuric acid. MDMS, 

Mediterranean diet metabolomic score. UroA-G, 3,8-dihydroxy-urolithin glucuronide. 3C, Three-City. 3,4-DHBA, 3,4-

dihydroxybenzoic acid. 3,4-DHPAA-S, 3′,4′-dihydroxyphenylacetic acid sulfate. 3,4-DHPV-S, 5-(3′,4′-dihydroxyphenyl)-γ-

valerolactone sulfate 
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Table S4. Dietary intake of MD key food groups (FFQ) and nutrients (24-HDR) in subjects from 

the Bordeaux cohort (n = 351) 

MD key food groups median (p25, p75) 

Plant-based foods (serv/wk) 54.0 (46.0, 63.0) 

  Vegetables (serv/wk) 18.0 (14.0, 24.0) 

  Fruits (serv/wk) 14.0 (9.8, 17.0) 

  Legumes (serv/wk) 0.5 (0.3, 1.0) 

  Cereals (serv/wk)a 23.0 (18.0, 25.0) 

Fish and seafood (serv/wk) 2.5 (1.5, 3.5) 

Dairy products (serv/wk) 14.0 (13.0, 20.0) 

Ratio of MUFAs/SFAs (g/d)b 0.8 (0.6, 1.0) 

  MUFAs (g/d) 19.4 (13.1, 27.0) 

  SFAs (g/d) 24.6 (16.7, 34.1) 

MD, Mediterranean diet. SFAs, saturated fatty acids. g/d, grams/day. serv/wk, servings/week. 24-HDR, 24 h dietary recall. a Cereals 

included cereals (including bread), pasta, and rice. b Data available from 359 subjects from the Bordeaux set.
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Table S5. Correlations between intakes of MD food groups (FFQ) and nutrients (24-HDR) and 

serum dietary biomarkers in subjects from the Bordeaux cohort (n = 351) 

 

DHA, docosahexaenoic acid. EL, enterolactone. EPA, eicosapentaenoic acid. FFQ, food frequency questionnaire. HA, hippuric acid. 

MD, Mediterranean diet. SFAs, saturated fatty acids. UroA-G, 3,8-dihydroxy-urolithin glucuronide. 24-HDR, 24 h dietary recall. 

3,4-DHBA, 3,4-dihydroxybenzoic acid. 3,4-DHPAA-S, 3′,4′-dihydroxyphenylacetic acid sulfate. 3,4-DHPV-S, 5-(3′,4′-

dihydroxyphenyl)-γ-valerolactone sulfate. a Cereals included cereals (including bread), pasta, and rice. b Data available from 359 

subjects from the Bordeaux set. c Correlations between total intake of each MD key food group (serv/wk) and nutrients (g/d), and 

the sum of their selected dietary biomarkers (µg/L).

MD key food group serum metabolite ρ coefficientc p 

Plant-based food group: 

vegetables, fruits, 

legumes, and cerealsa 

EL; HA; proline betaine; 

trigonelline; UroA-G; 3,4-DHBA; 

3,4-DHPAA-S and 3,4-DHPV-S[33–

43] 

0.155 0.004 

Fish and seafood DHA and EPA[44] 0.240 < 0.001 

Dairy products margaric acid and pentadecanoic 

acid[45,46] 

0.070 0.189 

MUFAs & SFAsb   
 

  MUFA intake oleic acid[47,52] 0.110 0.037 

  SFA intake palmitic acid[47] 0.168 0.001 

 



- RESULTS - 

306 
 

Table S6. Multivariate conditional logistic regression models for association between MDMS and CD in the 3C discovery (Bordeaux, n = 418) and 

validation (Dijon, n = 422) cohorts in various subgroups. OR (95% CI) 

Discovery set  Validation set 

variables cases/controls OR (95% CI) p for interaction  variables cases/controls OR (95% CI) p for interaction 

Sex   0.763  Sex   0.954 

  Male 71/71 0.85 (0.59–1.23)     Male 78/78 0.91 (0.64–1.28)  

  Female 138/138 0.88 (0.61–1.27)     Female 133/133 0.91 (0.64–1.29)  

Age, y   0.720  Age, y   0.719 

  < 75.9 (median) 105/104 0.88 (0.65–1.21)     < 76.5 (median) 106/105 0.94 (0.67–1.31)  

  ≥ 75.9 104/105 0.89 (0.65–1.22)     ≥ 76.5 105/106 0.92 (0.66–1.29)  

Educational level   0.256  Educational level   0.799 

  < secondary school 148/149 0.86 (0.76–0.98)     < secondary school 151/151 0.91 (0.80–1.02)  

  ≥ secondary school 61/60 0.99 (0.87–1.12)     ≥ secondary school 60/60 0.93 (0.83–1.05)  

BMI, kg/m2   0.214  BMI, kg/m2   0.891 

  < 26.1 (median) 99/112 0.82 (0.59–1.14)     < 25.1 (median) 98/113 1.00 (0.71–1.40)  

  ≥ 26.1 110/97 0.87 (0.63–1.21)     ≥ 25.1 113/98 0.94 (0.67–1.33)  

Polypharmacy (≥ 5)   0.097  Polypharmacy (≥ 5)   0.168 

  No 98/126 0.98 (0.73–1.33)     No 77/136 1.19 (0.85–1.65)  

  Yes 111/83 0.93 (0.68–1.25)     Yes 134/75 0.99 (0.71–1.38)  

Diabetes   0.627  Diabetes   0.223 

  No 182/197 0.90 (0.81–1.01)     No 184/199 0.93 (0.84–1.04)  

  Yes 27/12 0.82 (0.73–0.92)     Yes 27/12 0.76 (0.68–0.84)  

ApoE-ε4 carrier   0.138  ApoE-ε4 carrier   0.415 
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  No 155/184 0.92 (0.82–1.03)     No 155/167 0.89 (0.79–1.00)  

  Yes 54/25 0.73 (0.65–0.81)     Yes 56/44 0.99 (0.88–1.11)  

Hypertension   0.006  Hypertension   0.540 

  No 45/50 1.19 (0.95–1.50)     No 34/36 0.98 (0.76–1.27)  

  Yes 164/159 0.83 (0.66–1.05)     Yes 177/175 0.90 (0.70–1.16)  

Smoking status   0.827  Smoking status   0.675 

  Never 141/136 0.90 (0.80–1.02)     Never 129/136 0.91 (0.80–1.04)  

  Former or current 68/73 0.88 (0.78–0.99)     Former or current 82/75 0.90 (0.79–1.03)  

Depression   0.034  Depression   0.272 

  No 189/194 0.86 (0.76–0.97)     No 164/186 0.89 (0.80–1.00)  

  Yes 20/15 1.31 (1.16–1.47)     Yes 47/25 1.06 (0.94–1.18)  

Alcohol intake, g/d   0.526  Alcohol intake, g/d   0.182 

  < 9.9 (median) 113/121 0.95 (0.69–1.30)     < 9.6 (median) 90/87 1.13 (0.80–1.60)  

  ≥ 9.9 96/88 0.91 (0.66–1.25)     ≥ 9.6 121/124 0.99 (0.70–1.40)  

Hypercholesterolemia   0.780  Hypercholesterolemia  0.414 

  No 82/81 0.91 (0.78–1.06)     No 85/92 0.96 (0.82–1.12)  

  Yes 127/128 0.88 (0.76–1.03)      Yes 126/119 0.88 (0.75–1.03)  

ApoE-ε4, Apolipoprotein E-ɛ4 genotype. CI, confidence interval. OR, odds ratio. 3C, Three-City. 

The cognitive decline (CD) variable was built defining the composite score of global cognition at each follow-up visit.[33,77] Individual slopes of cognitive change were then evaluated using linear mixed models, 

as detailed in the previous publication.[77] Cases were defined as the participants with the worst CD slopes. 

P-values for interaction were calculated by adding product terms in the fully adjusted conditional logistic regression models. Each subgroup analysis was adjusted, if not stratified, for BMI, diabetes, alcohol 

intake, hypertension, smoking status, depression, hypercholesterolemia, ApoE-ɛ4, and number of medications.
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5. General discussion         
It is well known that people across the globe are living longer. By 2030, for the first time in 

recorded history, the old will begin to outnumber the young (United Nations - Department of 

Economic and Social Affairs, 2019). However, in many cases, these latter years are accompanied 

by a greater burden of disease and declines in intrinsic capacity (World Health Organization, 

2015). 

In recent decades, researchers have identified factors that, alone or combined, have the 

potential to improve health and functioning, and avert age-related conditions. In this sense, 

evidence suggest that, even among old people, a healthy diet promotes lower risk of major 

chronic disease and mortality, and overall wellbeing (Afshin et al., 2019; Shan et al., 2023).  

The primary advantage of studying dietary patterns appears to lie in the synergy among 

combinations of different nutrients, food components and foods, instead of the isolated factors 

themselves (F. B. Hu, 2002; Jacobs & Steffen, 2003). Moreover, the physical and chemical 

interactions between and within the food matrices are essential to comprehend their 

meaningful health effects (Aguilera, 2019). 

Within this context, the MedDiet is of particular interest since it has been associated with 

reduced risk of all-cause mortality, CVD, overall cancer, neurodegenerative diseases, and 

diabetes incidence in several observational cohort studies and clinical trials (Dinu et al., 2018). 

This dietary pattern has traditionally been characterized by a high intake of vegetables, legumes, 

fruits, nuts, cereals, and olive oil but a moderately high intake of fish, a low-to-moderate intake 

of dairy products, a low intake of saturated fat, meat, and poultry, and a regular but moderate 

intake of ethanol, primarily in the form of wine and generally during meals (Willett et al., 1995).  

Various types of self-report instruments (e.g., 24HR and FFQ) have been developed for the 

assessment of food intake to obtain more reliable evidence for food-health relationship. While 

these methods are error-prone due to recall bias and measurement error, the use of BFI, 

measured in biological samples, may provide a more objective estimate of actual intake. In this 

context, the application of nutritional metabolomics holds promise for the discovery of BFIs and, 

consequently, for the development of a robust and unbiased strategy for measuring adherence 

to dietary patterns, such as the MedDiet (Ulaszewska et al., 2019). 
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The understanding of the discovery of bioactive compounds and BFIs using metabolomics and 

its related tools was conducted in this thesis (Objective #1) with a special focus on legumes, a 

sustainable and inexpensive protein food source from the MedDiet with age-related health 

protective effects (Martini et al., 2021; Willett et al., 2019; Zargarzadeh et al., 2023). The 

research presented a comprehensive reviewed analysis of phytochemical content in pulses (i.e., 

lentils, beans, chickpeas, soybean, and peas), wherein phenolic compounds depicted as the most 

extensively described compounds. In parallel, phytic acid, saponins, phytosterols, tocopherols, 

lignans, phenolic acids, isoflavones, flavonols, and flavanols were reported to have been 

identified within all types of legumes, and 14 compounds (mostly phytosterols and isoflavones) 

were found to be distributed among all groups. By employing metabolomic tools, qualitative 

differences among legumes were visualized for the first time. Notably, beans exhibited the most 

differentiated profile primarily due to their content in flavonols, while lentils, chickpeas, and 

peas revealed a closer portrayal (on account of phenolic acids, isoflavones, and flavonols). 

Moreover, niches for further research were identified since some types of legumes - i.e., peas 

and chickpeas - showed a smaller number of identified phytochemicals. Future endeavors 

should also focus on comprehensively elucidating the characterization of less-identified 

compounds, such as tocopherols and non-phenolic compounds.  

This qualitative analysis was further complemented by a randomized crossover postprandial 

intervention study aimed at identifying reliable BFIs of pulses. Numerous metabolites were 

associated with the intake of some of the most consumed pulse varieties (i.e., lentils, chickpeas, 

and white beans). For instance, urinary levels of trigonelline were increased after intake of the 

three types of pulses. Of note, beans and peas were reported to contain alkaloids in the 

preceding qualitative review. Other discriminant metabolites increased in urine after pulse 

intake were tentatively identified as phloroglucinol glucuronide and phloroglucinol sulfate. 

Interestingly, phloroglucinol was detected only in lentils food test while their derivatives were 

described in the previous work in beans, lentils, peas, and peanuts. In addition, some 

phytosterols (i.e., stigmasterol, campesterol, and β-sitosterol) were depicted in the test foods 

from the intervention as well as in all pulses in the review. γ-tocopherol was also described in 

legumes from both works, which was in good agreement with the identification of urine γ-

carboxyethyl hydroxychroman conjugates (tocopherol-derived molecules) in the intervention 

(Lodge et al., 2000). 
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Nonetheless, it was difficult to identify discriminant biomarkers for individual pulse types as 

most biomarkers were shared among two or three varieties. The study showed that catechins 

were particular to lentils and that their derived metabolites (i.e., γ-valerolactones) were 

observed only in urine as a result of host and gut metabolism, which slightly differs from what 

was reported in the review. According to the previous work, catechins were described in all 

legumes, and condensed tannins were reported in all legumes except chickpeas and peas. 

Urinary vanillic acid also achieved higher levels after the intake of lentils, while in the review it 

was depicted in beans, chickpeas, lentils, and peanuts. Notably, vanillic acid was not detectable 

in the test foods in the GCxGC-MS analyses. Furthermore, while the intervention study found no 

potential BFIs for chickpeas intake but an elevated urine level of protocatechuic acid glucoside, 

the review described up to 6 putatively discriminant bioactive compounds, mainly isoflavones. 

Of note, protocatechuic acid and its derivatives were described as potential discriminant 

phytochemicals of beans, peanuts, lentils, and peas in the previous review, although it was not 

identified in any test food from the intervention. Regarding dry beans, nonprotein nitrogen 

components and jasmonic derivatives appeared to be particular to white bean intake although 

jasmonic acid was not detectable in the test foods. Since these classes of compounds were 

dismissed from consideration as phytochemicals in the qualitative analysis, it is not possible to 

make comparisons between both studies.  

Adherence to the MedDiet has usually been evaluated through dietary surveys and derived a 

priori scores, which reflect the complexity of diet through the quantification and weighing of its 

individual components. A simple tool developed and validated within the PREDIMED study 

group is the MEDAS questionnaire, which conveniently determines adherence to the traditional 

MedDiet in older Spanish adults (Schröder et al., 2021). This tool was employed in this thesis to 

account for the relationship between a healthy diet and functional status in hospitalized adults 

aged over 75 (Objective #2). Among older subjects, acute medical conditions necessitating 

hospitalization often lead to subsequent impairments in cognitive and physical function which 

span multiple domains including independent living and the ability to perform basic ADLs (e.g., 

bathing, dressing, walking, feeding, etc.). The research focused on an exercise and health 

education intervention to prevent HAD (i.e., loss of the ability to complete one or more ADLs 

without assistance at hospital discharge), showing that it was more effective for those with low 

adherence to the MedDiet at baseline. This was in line with previous works which reported 

interindividual variability in the responsiveness to exercise intervention in acutely hospitalized 

older adults (Abizanda et al., 2015; Franzke et al., 2019; Valenzuela, Ortiz-Alonso, et al., 2020). 
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Specifically, older patients with poorer nutritional status or no nutritional supplementation were 

those with larger functional status improvement. We hypothesized that patients reporting low 

adherence to the MedDiet could present, in turn, other unmeasured habits that would have 

jointly induced to deficits in different health areas. By having a worse general condition, the 

margin of improvement could be greater than in those reporting high adherence when 

performing the intervention of exercise and health education. 

In this study, the MedDiet adherence was assessed also through UTP levels, and comparable 

results were obtained. Although no studies have evaluated levels of UTP in acutely hospitalized 

older patients, findings from the InCHIANTI cohort indicated that increasing UTP levels were 

linked to reduced frailty and disability prevalence (Urpi-Sarda et al., 2015). Furthermore, 

elevated UTP concentrations were associated with a decreased risk of physical performance 

decline and mortality over a nine-year follow-up period (Rabassa et al., 2016; Zamora-Ros et al., 

2013). The similarities between the results obtained with both MedDiet assessment methods 

provide an impetus for the adoption of more objective measurements, a step that not only 

enhances the precision of exposure assessment but also encompasses considerations of 

compound bioavailability and their potential interactions (Xu et al., 2021). The UTP is a 

measurement of total antioxidant capacity and might be a better estimation of polyphenol 

exposure than dietary assessment (Urpi-Sarda et al., 2015). Moreover, total antioxidant capacity 

in urine has been positively correlated with daily intake of fruits, vegetables, nuts, and olive oil, 

and consequently, with adherence to the MedDiet (Ruiz et al., 2019). 

On the other hand, the number of older people living with dementia is rising worldwide. The 

trajectory of CD is established by a complex interplay of genetic and environmental factors 

(World Health Organization, 2021). In spite of controversies still raging around, a growing body 

of evidence supports nutrition overall as a potentially modifiable risk due to its potential ability 

to reduce the risk of age-related cognitive pathologies (Dalile et al., 2022). 

A key element of healthy dietary patterns, such as the MedDiet, is the inclusion of protein 

sources primarily from legumes, nuts, and fish (Willett et al., 2019). The consumption of fish has 

been linked to a reduced risk of AD and dementia. Nevertheless, mixed results have been 

reported concerning CD, particularly among older adults. Therefore, the third objective of this 

thesis focused on evaluating the relationship between fish intake and CD in community-dwelling 

older adults (Objective #3). A total of 70% of the participants in the InCHIANTI Study consumed 

at least one serving of fish per week, which was slightly higher than the Italian global reference 
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population aged 65 or older (Italian National Institute of Statistics, 2005). The findings suggested 

a potential protective role of fish consumption against CD (defined as ≥ a 3-point decline in 

MMSE between two consecutive follow-up evaluations), particularly in the context of a 

Mediterranean population. Furthermore, while literature continues to accumulate around the 

idea that ApoE genotype influences cognitive and neurological responses to glucose and lipid 

substrates (Farmer et al., 2019), results from this study aligned with some prior research, 

supporting the hypothesis that the relationship between fish intake and cognition likely remains 

consistent despite inherited susceptibility to AD (Keenan et al., 2020; Samieri et al., 2018). 

The study also delved into potential mechanisms underlying this relationship and explored the 

role of CVD and omega-3 fatty acids. Although these factors are known to influence cognitive 

health (Qiu & Fratiglioni, 2015; Shahidi & Ambigaipalan, 2018), no conclusive evidence of a 

mediation effect was found. This fact could be accounted for in part by several factors, including 

the lack of correlation between reported PUFAs and circulating EPA and DHA at baseline, the 

heterogenous profile of FAs reported as PUFAs, and the varied content of EPA and DHA in fish. 

Moreover, the putative neuroprotective effect of fish may derive not only from long-chain 

omega-3 FAs but from a combination with other nutritional components from fish and seafood 

such as vitamin B6, vitamin B12, vitamin D, and vitamin E (Scarmeas et al., 2018).  

Regarding the advantages of research on dietary patterns, current evidence suggests a stronger 

link between cognitive outcomes and healthy dietary patterns, such as the MedDiet, as 

compared to individual nutrients or food groups (Scarmeas et al., 2018). This could be attributed 

to the synergistic benefits derived from the diverse array of ingredients within these diets. 

Moreover, evidence pertaining to the effects of fish and other food groups on cognitive function 

are mostly restricted to specific subcomponents (ingredients within that food group) (Dalile et 

al., 2022). 

For this reason, and in pursuit of more robust evidence, nutritional researchers have taken a 

novel approach by investigating biomarkers as indicators of dietary patterns, rather than 

isolated nutrients or dietary components. While limited research has explored metabolomic 

signatures associated with the MedDiet using predictive and discriminant analysis, some 

investigations have also explored their associations with health outcomes, including CVD and its 

risk factors (Almanza-Aguilera et al., 2017; Galié et al., 2021; J. Li et al., 2020; McCullough et al., 

2019; Sobiecki et al., 2023; Tong et al., 2020; Vázquez-Fresno et al., 2015). However, there is no 

a priori MedDiet score based on serum biomarkers of its key food groups published to date. 
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With this in mind, an a priori dietary metabolomic score was developed selecting a set of serum 

phytochemical and fatty acid metabolites that reflect not only the individual bioavailability but 

also the protective effects on health attributed to the MedDiet (Schwingshackl et al., 2020) 

(Objective #4). Moreover, certain metabolites were chosen based on the knowledge derived 

from prior works incorporated in this thesis, such as trigonelline and 3,4-DHPV-S, which have 

been identified as putative biomarkers of legume intake. In line with expectations, the MDMS 

showed a weak correlation with the MDS, as did most of the MedDiet key food groups with their 

representative metabolites. This may be attributable to the variability of phytochemical or fatty 

acid content through a food group or a specific product resulting from differences in processing, 

harvesting or between species (Münger et al., 2018; U.S. Department of Agriculture and U.S. 

Department of Health and Human Services, 2020), the presence of the selected metabolites in 

other food sources not included in the MedDiet key food groups (e.g., coffee, tea, and cocoa 

products) (Wishart et al., 2022), as well as to the existence of other metabolites that could 

contribute to the real content of a MedDiet key component (i.e., MUFAs and SFAs). The 

weakness of correlation reveals the need for better dietary definition and accuracy. For instance, 

in the MDS defined by Trichopoulou et al., the dairy products are presumed to be detrimental 

on account of their fat content, but no distinction based on this is made during the dietary 

assessment (Trichopoulou et al., 2003). 

The MDMS was found to be inversely associated with CD in a discovery set of community-

dwelling older people and results were comparable in the validation cohort, with a trend 

towards significance. Validation is important but has rarely been carried out in prior nutritional 

metabolomics studies, especially in nutrimetabolomics and cognitive impairment research due 

to inherent heterogeneity across populations (Naska et al., 2017; Newgard, 2017) and the 

complexity of outcomes based on long-term trajectories (e.g., CD and dementia). Our validation 

sample differed from the discovery sample, which may have explained the weaker association 

found in the validation sample compared to the discovery one, though both showed a positive 

relationship with a higher MDMS, indicating a protective effect. 

The findings derived from this doctoral thesis offer substantiating evidence that adherence to a 

healthy diet pattern rich in phytochemicals and unsaturated fatty acids, such as the MedDiet, 

may exert a contributory effect in preventing functional and cognitive decline in older people. 

In addition, these results underscore the need to refine nutritional metabolomic methodologies 

for their full application in forthcoming research. 
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6. Conclusions          
This thesis has studied the effect of the Mediterranean diet and its components on cognitive 

and functional ageing through dietary assessment instruments and nutrimetabolomics. The 

primary conclusions of this doctoral thesis are presented below for each of the stated objectives: 

i. A phytochemical foodprint from different varieties of legumes was described from 

literature. Phenolic compounds comprised the main group of phytochemicals reported. 

Metabolomics data analysis tools were used for the first time for visualizing qualitative 

differences between legumes. Beans showed the most differentiated profile, while 

lentils, chickpeas, and peas revealed a high number of common compounds. Future 

research should focus on the characterization of underrepresented legumes and 

compounds. 

ii. A broad list of metabolites, identified through untargeted metabolomics, were 

candidates to be used as biomarkers of legume intake. Some metabolites and their 

families were found to be specific for certain pulses, while others appeared to be more 

generic indicators of legume consumption. On the other hand, some metabolites 

derived from pulse intake were consistent with the analysis of food tests. The next step 

would be the development and application of a quantitative method for the compounds 

identified in this work. Additionally, it is essential to validate these candidate biomarkers 

using larger subject samples and under different experimental conditions, including 

free-living conditions. 

iii. Hospitalized older individuals over age 75 with low Mediterranean diet adherence were 

likely to benefit more from a physical exercise and health education intervention than 

those with high values. Adherence to the Mediterranean diet could represent a 

potential indicator of those older patients aged over 75 with a putative better response 

to exercise interventions. Therefore, the inclusion of Mediterranean diet in the variables 

assessed at hospital admission of older patients could allow more accurate and 

personalized strategies to be designed with a view to preventing hospital-associated 

disability. 

iv. In a population-based prospective cohort study including participants aged ≥65 years 

from a Mediterranean region, higher consumption of fish was associated with lower 
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cognitive decline risk over 15 years of follow-up. However, no evidence of any mediation 

effect from either polyunsaturated fatty acids or incidence of cardiovascular disease was 

found. Further studies are required to enable a better comprehension of the 

mechanisms involved in the neuroprotective role of fish and seafood. 

v. A greater adherence to the Mediterranean diet assessed by a novel Mediterranean diet 

metabolomic score was associated with a lower risk of cognitive decline in older adults 

free of dementia at baseline during a 12-year follow-up. The development of dietary 

metabolic scores based on dietary patterns may help further refine dietary assessment 

measures and will hopefully contribute to a better understanding of the biological 

mechanisms via which diet impacts cognitive health in the aging population. 

 

The results obtained in this doctoral thesis provide evidence that adherence to a healthy diet 

pattern rich in phytochemicals and unsaturated fatty acids, such as the Mediterranean diet, may 

contribute to the prevention of cognitive and functional decline in older people. In addition, 

these findings reinforce the need to refine nutritional metabolomic techniques for their full and 

promising application in future research on dietary patterns. 
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8. Appendices          

8.1. Supplementary tables 

The tables summarizing the characteristics and results of the papers included in the Biomarkers 

of polyphenol intake and cognitive function in older adults section (1.3.3.1) are shown below: 
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Table A.1. Summary of the characteristics, designs and results of the experimental-based studies reviewed. 

Reference 
(year) 

Study design / 
duration / N (% 

women) 

Subjects’ 
characteristics / 

Age (SD) 
Intervention 

Cognitive 
measurements 

Polyphenol 
measurements 

Main results 

Ringman et al. 
(2012) 

Randomized, 
double-blind, 
placebo-controlled 
trial 
 
6 m. (with open-
label extension to 12 
m.) 
 
30 subjects 
Int 1: 9 (67%) 
Int 2: 10 (70%) 
Ctrl: 11 (55%) 
 

Elderly subjects 
with mild-to-
moderate AD 
 
73.9 y. 
Int 1: 76.7 (5.6) y. 
Int 2: 75.3 (6.9) y. 
Ctrl: 70.2 (12.4) y. 

Int 1: 2 g/day 
Curcumin C3 
Complex® capsules 
Int 2: 4 g/day 
Curcumin C3 
Complex® capsules 
Ctrl: placebo capsules 

At baseline and 
at the 6- and 12-
m. visits 
 
Primary 
outcome: 
- ADAS-Cog 
 
Secondary 
outcomes:  
- NPI 
- ADCS-ADL scale 
- MMSE 
 

Plasma levels of Cu, THCu, 
Gluc-Cu, Gluc-THCu 
Use of LC/MS/MS 
 
6-m. mean concentration: 
Cu: 2.67 ± 1.69 ng/mL 
THCu: 6.87 ± 4.91 ng/mL 
3-h after administration: 
Cu: 7.76 ± 3.23 mg/mL 
THCu: 3.73 ± 2.0 ng/mL 
Gluc-Cu: 96.05 ± 26 ng/mL 
Gluc-THCu: 298.2 ± 140.04 
ng/mL 

- No differences in 
ADAS-Cog, NPI, ADCS-
ADL, or MMSE scores 
between groups. 
 

Gleason et al. 
(2008) 
 

Randomized, 
double-blind, 
placebo-controlled, 
pilot trial 
 
6 m. 
 
30 subjects 
Int: 15 (46.7% 
Ctrl: 15 (53.3%)] 

Elderly 
nondemented 
subjects 
 
73.7 y. 
Int: 73.0 (7.9) y. 
Ctrl: 74.3 (6.3) y. 

Int: 100 mg/day 
purified isoflavone 
glycosides (85% 
daidzin and genistin; 
Novasoy® brand 
isoflavones) capsules 
 
Ctrl: placebo tablets 

At baseline and 
at the 1-, 3-, 6- 
and 8- m. visits  
- BSRT 
- Paragraph 
Recall Test 
- RCFT 
- VSLT  
- BNT  
- FAS word 
fluency test 
(letter fluency) 
- Animal fluency 
test (category 
fluency) 

Plasma levels of total 
isoflavones, genistein, 
daidzein and equol 
(baseline and at the 1- and 
6- m. visits) 
Use of GC-MS (enzymatic 
hydrolysis of plasma) 
 
Total isoflavones 
Int: 1-6m: .224.6 (188.6) – 
345.8 (183.5) nmol/L 
Ctrl: 1-6m.: 8.4 (2.7) – 8.6 
(3.8) nmol/L 
Genistein 

- Significant increase of 
plasma isoflavone 
levels between placebo 
and intervention group 
at 1- and 6-m. visits 
- Better performance in 
the following tests 
among isoflavone-
treated group 
compared to placebo 
group: 
▪ RCFT 
▪ Category fluency-

total (m. 3 and 6 
only) 
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- RCFT copy  
- GPT 
- SCWT 
- Mazes 
- TMT-B 

Int: 1-6m.: 173.5 (115.0) – 
186.5 (105.3) nmol/L 
Ctrl: 1-6m.: 2.8 (1.6) – 3.1 
(2.5) nmol/L 
Daidzein 
Int: 1-6m.: 157.6 (88.8) – 
154.9 (84.4) nmol/L 
Ctrl: 1-6m.: 2.8 (1.3) – 2.9 
(1.5) nmol/L 
Equol 
Int: 1-6m.: 4.7 (5.6) – 3.4 
(3.7) nmol/L 
Ctrl: 1-6m.: 2.8 (3.7) – 2.7 
(0.2) nmol/L 

▪ GPT 
- Better performance in 
the following tests 
among placebo group 
compared to 
isoflavone-treated 
group: 
▪ TMT-B 
▪ SCWT 

Gleason et al. 
(2015) 
 

Randomized, 
double-blind, 
parallel-group trial 
 
6 m. 
 
65 subjects 
Int: 32 (53.1%) 
Ctrl: 33 (51.5%) 

Elderly subjects 
with AD 
 
76.3 y. 
Int: 75.7 (7.7) y. 
Ctrl: 76.8 (6.8) y. 

Int: 100 mg/day 
purified isoflavone 
glycosides (85% 
daidzin and genistin; 
Novasoy® brand 
isoflavones) capsules 
 
Ctrl: placebo capsules 
 
 

At baseline and 
at the 3- and 6- 
m. visits 
 
- MMSE 
- List Learning 
- Paragraph 
Recall Test 
- BVRT 
- Complex Figure 
Recall 
- Phonemic 
fluency test 
- Animal fluency 
test 
- Digit Symbol 
- Digit Span 
- SCWT 
- Mazes 
- TMT-A; TMT-B 

Plasma levels of genistein, 
daidzein and equol (at 
baseline, and at the 3- and 
6- m. visits) 
Use of GC-MS (enzymatic 
hydrolysis of plasma) 
 
Genistein 
Int: 3-6m.: 277.4 (188.4) – 
338.6 (308.8) ng/mL 
Ctrl: 3-6m.: 2.1 (3.7) – 15.6 
(35.4) ng/mL 
Daidzein 
Int: 3-6m.: 197.3 (150.5) – 
206.6 (156.8) ng/mL 
Ctrl: 3-6m.: 1.1 (2.3) – 10.6 
(37.8) ng/mL 
Equol 
Int: 3-6m.: 20.3 (50.7) – 
19.6 (40.5) ng/mL 

- Significant increase in 
plasma isoflavone 
concentrations in 
intervention group.  
- No significant 
differences in MMSE 
between groups. 
MMSE decline in both 
groups. 
- Significant correlation 
between total plasma 
equol, GPT and 
Phonemic Fluency. 
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- Complex Figure 
Copy 
- GPT 

Ctrl: 3-6m.: 0.2 (0.5) – 0.1 
(0.6) ng/mL 

John et al. 
(2014) 
 

Single-centre, 
randomized, double-
blind, placebo- 
controlled trial 
 
2.5 y. 
 
300 subjects 
Int: 150 (100%) 
Ctrl: 150 (100%) 

Elderly healthy 
postmenopausal 
women 
 
61.0 y. 
Int: 61.0 (7.0) y. 
Ctrl: 61.0 (7.0) y. 

Int: 25 g/day 
isoflavone-rich soy 
protein (91 mg of 
aglycone isoflavones: 
52 mg genistein, 36 
mg daidzein, 3 mg 
glycitein)  
 
Ctrl: milk protein-
matched placebo 
 

At baseline and 
at the 2.5-year 
visit 
 
- WTAR 
- TMT-B 
- BNT 
- CVLT, 
immediate recall 
- CVLT, delayed 
recall 
- Faces I, 
immediate recall 
- Faces II, 
delayed recall 
- SDMT 
- Shipley 
Abstraction Test 
- Letter-Number 
Sequencing, 
from WAIS test 
- Block Design, 
from WAIS test 
- Judgment of 
Line Orientation 
- Category 
fluency 
- EBMT, 
immediate recall 
- EBMT, delayed 
recall 

Urine excretion and 
plasma levels of 
isoflavones (at baseline 
and at the 6- m. visit) 
Use of LC-MS 
 
Genistein, daidzein, 
glycitein, equol, 
dihydrogenistein, 
dihydrodaidzein, o-
desmethylangolensin 
 

- No association 
between baseline 
overnight urine 
individual isoflavones, 
total isoflavones and 
their metabolites and 
baseline measures of 
global cognition or 
cognitive factor score.  
- No significant 
association between 
change in overnight 
urine individual 
isoflavones, total 
isoflavones, and their 
metabolites and 
change in the global 
cognition score or 
changes in the verbal 
and visual episodic 
memory factors. 
- Inverse association 
between change in 
overnight urine 
individual isoflavones, 
total isoflavones, and 
their metabolites and 
change in the general 
intelligence factor. 
Greater magnitude of 
association in women 
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who had undergone 
surgical menopause 
than in those 
experiencing natural 
menopause. 
- Similar but attenuated 
results in plasma. 
- In post-hoc analyses, 
SDMT, TMT-B, Shipley 
Abstraction Test, 
Letter-Number 
Sequencing, Block 
Design, Category 
fluency and BNT 
showed non-significant 
negative associations 
with change in 
isoflavones and their 
metabolites. Larger 
effects were seen for 
Letter–Number 
Sequencing, Category 
fluency, Shipley 
Abstraction Test and 
TMT- B. 

Igwe et al. 
(2017) 
 

randomized, 
crossover, 
bioequivalence/non-
inferiority, pilot trial 
 
3 hours on 2 
different occasions 
with a 2-wk washout 
period 

Elderly healthy 
subjects 
 
77.0 (6.0) y.  
 

Int 1: 1 x 300 mL QGP 
juice at baseline, 1 
and 3 hours (369 mg 
anthocyanins)  
 
Int 2: 3 x 100 mL QGP 
juice at baseline, 1 
and 3 hours (123 mg 
anthocyanins/serving) 

At baseline and 
at the 6-hour on 
each study day 
(2-wk washout 
period) 
 
- TMT 
- RAVLT 

Urine excretion of 
anthocyanins (at baseline 
and at the 0-2, 2-6, 6-12 
and 12-24 hours after QGP 
juice intake on each study 
day) 
Use of HPLC-DAD/MS 
 

- No significant 
difference in cognitive 
tasks between dose-
timing groups.  
- No significant acute 
effect on cognition.  
- No significant 
differences in the 
excretion rates of 
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12 subjects 
(75%) 

- Pattern and 
Letter 
Comparison task 
- Reaction task 
- Stroop task  

Sum of cyanidin-3-
glucoside, cyanidin-3-
rutinoside, cyanidin-3-
glucoside 
monoglucuronide, 
cyanidin 
monoglucuronide, 
peonidin-3-glucoside, 
peonidin 
monoglucuronide and 
pelargonidin 
monoglucuronide 
1 x 300 mL (369mg): 871 
(602) µg/24h 
3 x 100 mL (123mg/dose): 
693 (458) µg/24h 
 

native QGP 
anthocyanins and their 
metabolites profile 
between dose-timing 
groups.  
 

McNamara et 
al. (2018) 

randomized, double-
blind, placebo-
controlled trial 
 
76 subjects 
Int 1: 19 (57.9%) 
Int 2: 17 (41.2%) 
Int 3: 20 (65%) 
Ctrl: 20 (50%) 

Elderly subjects 
with mild, self-
perceived CD with 
aging 
 
68.0 y. 
Int 1: 68 (3.9) y. 
Int 2: 69 (5.2) y. 
Int 3: 68 (4.7) y. 
Ctrl: 67 (4.9) y. 
 

Int 1: 2 x 12.5 mg 
blueberry powder/day 
(417 GAEs, 269-mg 
C3G eq.) 
Int 2: 4 x fish oil 
capsule (400-mg EPA 
+ 200-mg DHA/dose) 
Int 3: Int 1 + Int 2 
Ctrl: placebo packets 
and corn oil capsules 

At baseline and 
at the 6- and 12- 
m. visits 
 
- DEX 
- TMT-A; TMT-B 
- Controlled Oral 
Word Production 
- HVLT 

Urine excretion of 
anthocyanins (at baseline 
and at the 3- m. visit) 
Use of LC-MS/MS 
deglycosylated 
glucuronidated 
anthocyanins 
(approximately 60% of 
total), glycosidic forms of 
anthocyanins (2% of total), 
and the native (food) form 
of anthocyanins (0.2% of 
total). 
total anthocyanins (100%) 
Int 1: 535 (wk 0) 468 (wk 
12) ng/mg Cr 

- No differences in 
urinary anthocyanin 
and anthocyanin 
aglycone glucuronide 
conjugates excretion 
among the 4 groups 
over intervention. 
- Decrease in glycoside 
forms of anthocyanins 
over 12 wk in the 
placebo groups but no 
change in the 2 BB-
supplemented groups. 
- Fewer cognitive 
symptoms in the BB-
treated group reported 
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Int 2: 411 (wk 0) 469 (wk 
12) ng/mg Cr 
Int 3: 403 (wk 0) 396 (wk 
12) ng/mg Cr 
Ctrl: 570 (wk 0) 342 (wk 
12) ng/mg Cr 
aglycone conjugates 
(65%) 
Int 1: 353 (wk 0) 310 (wk 
12) ng/mg Cr 
Int 2: 267 (wk 0) 291 (wk 
12) ng/mg Cr 
Int 3: 265 (wk 0) 290 (wk 
12) ng/mg Cr 
Ctrl: 372 (wk 0) 207 (wk 
12) ng/mg Cr 
glycoside athocyanins 
(2%) 
Int 1: 9.67 (wk 0) 9.40 (wk 
12) ng/mg Cr 
Int 2: 11.43 (wk 0) 6.58 
(wk 12) ng/mg Cr 
Int 3: 7.45 (wk 0) 9.40 (wk 
12) ng/mg Cr 
Ctrl: 16.90 (wk 0) 5.12 (wk 
12) ng/mg Cr 
native form of 
anthocyanins (0.2%) 
Int 1: 0.920 (wk 0) 1.37 
(wk 12) ng/mg Cr 
Int 2: 0.390 (wk 0) 0.70 
(wk 12) ng/mg Cr 
Int 3: 0.980 (wk 0) 1.86 
(wk 12) ng/mg Cr 

(DEX test) at 24-wk and 
48-wk. 
- Improved recognition 
memory (HVLT-
discrimination test) in 
the BB-treated group at 
24-wk but not at 48-wk. 
- No effect in any 
cognitive domain for 
the combined fish oil 
and BB-treated group 
at 24-wk. 
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Ctrl: 0.230 (wk 0) 0.460 
(wk 12) ng/mg Cr 

Bookheimer et 
al. (2013) 
 

randomized, double-
blind, placebo-
controlled trial 
 
1 m. 
 
28 subjects 
Int: 15 (73.3%) 
Ctrl: 13 (76.9%) 

Non-demented, 
elderly right-
handed subjects 
with self-reported 
age-related 
memory 
complaints 
 
62.7 y. 
Int: 63.1 (8.0) y. 
Ctrl: 62.0 (7.8) y. 

Int: 236.59 mL PJ/day  
Ctrl: placebo drink 

At baseline and 
at the 28- day 
visit 
 
- Buschke-Fuld 
selective 
reminding test 
- Experimental 
unrelated word 
pair associates 
learning task, 
based on the 
Wechsler 
memory scale 
paired associates 
learning 
- Functional MRI 
with: 
 - Verbal memory 
task 
 - Visual memory 
task 

Plasma levels of Uro-A-
glucuronide (at baseline 
and at the 1- m. visit) 
Use of LC-MS 
 
Int: unpaired t (baseline vs 
day 28) = 3.75; df = 24, p < 
0.001 
Ctrl: p ≥0.05 
 

- Significantly better 
memory performance 
after intervention in PJ 
group, but not in 
placebo group. 
- Greater t2 vs t1 
improvement in total 
recall measure in the PJ 
group compared to the 
placebo group. 
- Greater consistent 
long-term retrieval 
score in the PJ group 
compared to the 
placebo group.  

Bensalem et 
al. (2019) 
 

bicentric, 
randomized, double-
blind, placebo-
controlled trial 
 
6 m. 
 
190 subjects (71.1%) 
Int: 92 
Ctrl: 98 

Elderly subjects 
with lower level of 
memory 
performance 
 
64.7 (2.9) y. 

Int: 2 x 300 mg/day 
PEGB capsules (258 
mg flavonoids) 
Ctrl: placebo capsules 

At baseline and 
at the 6- m. visit  
 
- CANTAB-
PALTEA test 
- VRMFR 
- VRMR 
- SSP test 
- Reverse SSP 
test 

Urine excretion of 
phenolic metabolites (at 
baseline and at the 6- m. 
visit) 
Use of UHPLC-MS/MS 
 
(+)-catechin 
Ctrl: 0-6m: 9.2 (0.6) – 9.8 
(0.7) 

- Almost significant 
association between 
changes in urinary 
concentration of 
biomarkers of PEGB 
consumption (flavan-3-
ols) and changes in the 
performances at the 
VRMFR test. 



- APPENDICES - 

VIII 
 

Int: 0-6m: 9.4 (0.7) – 
1,14.7 (7.2) 
p < 0.001 
(-)-epicatechin 
Ctrl: 0-6m: 3.0 (0.5) – 3.3 
(0.6) 
Int: 0-6m: 3.6 (0.6) – 38.6 
(3.2) 
p < 0.001 
(epi)catechin glucuronide 
Ctrl: 0-6m: 205.8 (16.2) – 
211.9 (17.2) 
Int: 0-6m: 233.1(23.7) – 
3,069.8 (206.39 
(epi)catechin sulfate 
Ctrl: 0-6m: 726.6 (85.7) – 
777.0 (88.1) 
Int: 0-6m: 749.6 (105.0) – 
14,444.7 (935.7) 
p < 0.001 
(epi)catechin glucuronide 
sulfate 
Ctrl: 0-6m: 112.2 (12.9) – 
121.0 (11.8) 
Int: 0-6m: 124.6 (15.5) – 
2,089.4 (131.8) 
p < 0.001 
(epi)catechin methyl-
glucuronide 
Ctrl: 0-6m: 84.4 (6.5) – 
104.8 (11.9) 
Int: 0-6m: 91.0 (8.7) – 
1,368.0 (83.29 
p < 0.001 

- Association between 
variation of urinary 
concentration of native 
and conjugated 
derivatives of 
(epi)catechins and 
increase in the 
immediate VRMFR total 
correct responses. 
- Association between 
variation of 
(epi)catechins and their 
conjugates and 
immediate VRMFR in 
decliners*. 
- Association of change 
in urinary 
concentration of PEGB 
biomarkers (flavan-3-
ols), (epi)catechins, and 
their conjugated 
metabolites with the 
VRMFR-delayed 
recognition total 
correct responses. 
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(epi)catechin methyl-
sulfate 
Ctrl: 0-6m: 1.345.4 (152.8) 
– 1,558.2 (157.1) 
Int: 0-6m: 1,463.2 (176.0) 
– 14,412.1 (853.5) 
p < 0.001 
β-type procyanidins 
dimers 
Ctrl: 0-6m: 2.5 (0.6) – 3.4 
(0.7) 
Int: 0-6m: 4.4 (1.0) – 30.9 
(3.7) 
p < 0.001 
hydroxyphenyl-γ-
valerolactone 
Ctrl: 0-6m: 2.9 (0.9) – 7.3 
(2.9) 
Int: 0-6m: 4.1 (0.9) – 44.5 
(5.3) 
p < 0.001 
dihydroxyphenyl-γ-
valerolactone 
Ctrl: 0-6m: 7,692.9 (669.4) 
– 8,331.9 (753.4) 
Int: 0-6m: 8,309.0 (937.7) 
– 28,470.6 (1864.4) 
p < 0.001 
4-hydroxyphenylacetic 
acid 
Ctrl: 0-6m: 585.5 (38.7) – 
613.0 (52.1) 
Int: 0-6m: 514.9 (42.9) – 
810.1 (61.2) 
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p < 0.001 
3-hydroxybenzoic acid  
Ctrl: 0-6m: 8.3 (1.6) – 13.0 
(2.6) 
Int: 0-6m: 6.5 (0.7) – 20.5 
(5.4) 
p < 0.001 
gallic acid 
Ctrl: 0-6m: 5.5 (1.1) – 4.2 
(0.7) 
Int: 0-6m: 3.7 (0.7) – 13.7 
(1.1) 
p < 0.001 

Ochiai et al. 

(2019) 

randomized, double-
blind, placebo-
controlled crossover 
trial 
 
3 m. 
 
34 subjects (56%) 
IC sequence: 17 
CI sequence: 17 

Elderly MCI 
patients 
 
73.7 (6.0) y. 

Int: 2 x 553.6 mg/day 
chlorogenic 
acids/100mL water 
 
Ctrl: placebo 
beverage 

At baseline and 
at the 12- and 
28-wk visits (4-
wk washout 
period) 

- MMSE 

- ADAS-
Cog 

- TMT-A  

- TMT-B 

Plasma levels of 
chlorogenic acids (at 
baseline and at the 12- 
and 28-wk visits) 
Use of LC-ESI-MS/MS 
3-caffeoylquinic acid  
0.5 ± 1.4 (Ctrl.) 0.6 ± 1.4 
(Int.) ng/mL; p = 0.691 
4-caffeoylquinic acid  
0.7 ± 1.9 (Ctrl.) 0.9 ± 2.1 
(Int.) ng/mL; p = 0.386 
5-caffeoylquinic acid  
1.0 ± 2.6 (Ctrl.) 1.6 ± 3.1 
(Int.) ng/mL; p = 0.150 
3-feruloylquinic acid  
2.6 ± 4.7 (Ctrl.) 3.0 ± 6.5 
(Int.) ng/mL; p = 0.705 
4-feruloylquinic acid  
2.1 ± 3.9 (Ctrl.) 1.9 ± 3.6 
(Int.) ng/mL; p = 0.827 
5-feruloylquinic acid  

- Reduction in the 
number of TMT-B 
errors in the active 
beverage condition as 
compared with the 
placebo group after a 
12-wk period. 
- No difference 
between groups in test 
completion time. 
- No significant change 
was between groups in 
the times taken to 
complete the MMSE, 
ADAS-Cog and TMT-A. 
- No significant 
correlation between 
change in blood 
chlorogenic acids levels 
and number of TMT-B 
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1.0 ± 1.6 (Ctrl.) 1.5 ± 2.3 
(Int.) ng/mL; p = 0.264 
Dicaffeoylquinic acids 
not detected 

errors before and after 
intake of the active. 
 

Rutledge et al. 

(2021) 

randomized, double-
blind, placebo-
controlled, parallel 
study 
 
3 m. 
 
38 subjects 
Int: 19 (72%) 
Ctrl: 19 (63%) 

Elderly healthy 
subjects 
 
67.6 y. 
Int: 67.8 (4.6) y. 
Ctrl: 67.3 (4.8) y. 

Int: 24 g/day 
lyophilized, cultivated 
blueberries (36 mg 
total phenolics, 19.2 
mg anthocyanins) 
 
Ctrl: placebo powder 

At baseline and 
at the 45- and 
90-day visits 

- TST 
 
At baseline and 
at the 90-day 
visit 

- CVLT-II 

Plasma levels of 
anthocyanins and phenolic 
acid metabolites (after 
overnight fast and after 
breakfast + dose at 
baseline and at the 45- 
and 90-day visits) 
Use of UHPLC-TQMS 
 
Intervention group by day 
interactions at fasting: 
 
Intervention group by day 
interactions at 
postprandial: 
 
Intervention group effects 
at fasting (baseline; day 
45; day 90); p ≤ 0.05: 
Hippuric acid 
Ctrl: 25.4 ± 7.2; 12.6 ± 3; 
14.9 ± 3.7 
Int: 20.2 ± 5.4; 80.8 ± 8.4; 
71.1 ± 11.3 
 
Intervention group effects 
at postprandial (baseline; 
day 45; day 90): 
Hippuric acid 

- Negative association 
between change in 
ferulic acid-glucuronide 
and change in task 
switching errors. 
- Association between 
change in malvidin-3-O-
galactoside and change 
in switching errors. 
- No significant 
association between 
syringic acid and 
change in switching 
errors. 
- Association between 
change in 
concentration of 
syringic acid and 
change in repetition 
errors. 
- Association between 
change in 
concentration of ferulic 
acid-glucuronide and 
change in repetition 
errors. 
- Negative association 
between change in 
hippuric acid and 
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Ctrl: 18.8 ± 3.3; 12.2 ± 2.5; 
16.3 ± 3.8 
Int: 16.7 ± 4.3; 63.8 ± 5.7; 
57.4 ± 8.5 
Isovanillic acid 
Ctrl: 114 ± 8.6; 113.9 ± 
11.7; 106.9 ± 8.4 
Int: 136.2 ± 11.9; 151.7 ± 
16.1; 162.7 ± 17.5 
Phloroglucinaldehyde 
Ctrl: 3.6 ± 0.7; 2.8 ± 0.6; 
3.3 ± 0.5 
Int: 3.5 ± 1; 12.7 ± 2; 11.1 
± 1.4 
Syringic acid 
Ctrl: 3.6 ± 1.9; 3.5 ± 1.4; 
2.7 ± 0.9 
Int: 3.9 ± 2.6; 91.3 ± 18.1; 
71.3 ± 12.6 
Trans-cinnamic acid 
Ctrl: 24.9 ± 2.8; 28.3 ± 3.4; 
24.5 ± 2.9 
Int: 33.4 ± 2.6; 36 ± 6; 40.6 
± 5.1 
Ferulic acid-glucuronide 
Ctrl: 58.4 ± 13.9; 40 ± 13.1; 
38.9 ± 12.4 
Int: 43.6 ± 10.4; 70 ± 15.3; 
58.7 ± 13.8 
Cyanidin-3-O-arabinoside 
Ctrl: 0.5 ± 0.5; 0 ± 0; 0 ± 0 
Int: 0.9 ± 0.9; 3.5 ± 1.9; 2.5 
± 0.7 
Cyanidin-3-O-galactoside 

change in repetition 
errors. 
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Ctrl: 0.8 ± 0.8; 0 ± 0; 0.7 ± 
0.7 
Int: 1.8 ± 1.8; 18.5 ± 6.2; 
11.2 ± 2.3 
Cyanidin-3-O-glucoside 
Ctrl: 0.4 ± 0.4; 0 ± 0; 0 ± 0 
Int: 0 ± 0; 4.2 ± 2.2; 2.5 ± 
0.9 
Malvidin-3-O-arabinoside 
Ctrl: 2 ± 2; 0 ± 0; 0 ± 0 
Int: 1.9 ± 1.9; 9.9 ± 7.6; 7.8 
± 2.7 
Malvidin-3-O-galactoside 
Ctrl: 2.7 ± 2.7; 0 ± 0; 0 ± 0 
Int: 2.8 ± 2.8; 29.5 ± 8.6; 
18 ± 4.5 
Malvidin-3-O-glucoside 
Ctrl: 1.7 ± 1.7; 0 ± 0; 0 ± 0 
Int: 2 ± 2; 20.8 ± 8.3; 12.4 
± 3.5 
Peonidin-3-O-galactoside 
Ctrl: 0.4 ± 0.4; 0 ± 0; 0 ± 0 
Int: 1.3 ± 1.3; 3.6 ± 3.1; 2.9 
± 2 
Peonidin-3-O-glucoside 
Ctrl: 0.5 ± 0.5; 0 ± 0; 0 ± 0 
Int: 1.3 ± 1.3; 3.7 ± 2.4; 3.3 
± 1 
Peonidin-3-O-xyloside 
Ctrl: 0.5 ± 0.5; 0 ± 0; 0 ± 0 
Int: 0 ± 0; 1.1 ± 0.5; 1.9 ± 
0.5 
Peonidin glucuronide 
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Ctrl: 15.4 ± 15.4; 0 ± 0; 0 ± 
0 
Int: 0 ± 0; 150.7 ± 67.2; 41 
± 18.1 
Petunidin-3-O-galactoside 
Ctrl: 1 ± 1; 0 ± 0; 0 ± 0 
Int: 1.3 ± 1.3; 3.4 ± 1.9; 4.4 
± 1.2 
Petunidin-3-O-glucoside 
Ctrl: 0.7 ± 0.7; 0 ± 0; 0 ± 0 
Int: 0 ± 0; 2.6 ± 1.2; 1.4 ± 
0.8 

Igwe et al. 

(2020) 

randomized, 
crossover trial 
 
4 m. with a 4-wk 
washout period 
 
31 subjects 
Int→Ctrl sequence: 
16 (63%) 
Ctrl→Int sequence: 
15 (47%) 

Elderly healthy 
subjects 
 
70.0 y. 
Int→Ctrl 
sequence: 69.0 
(10.0) y. 
Ctrl→Int 
sequence: 70.0 
(4.8) y. 

Int: 200 mL/day QGP 
nectar (3.7-5.3mg C3G 
eq./100mL)  
 
Ctrl: raspberry cordial 
beverage 

At baseline and 
at the 4-, 8-, 16- 
and 20-wk visits 
(4-wk washout 
period) 
 
- RAVLT 
- Verbal fluency 
task 
- Digit-span 
backwards task 
- Stroop task 
- Counting span 

Urine identification of 
anthocyanins and their 
common conjugated and 
methylated metabolites 
(at baseline and at the 4-, 
8-, 16- and 20-wk visits) 
Use of UHPLC-PDA-ESI-
MS/MS 
 
Cyanidin-3-glucoside 
Cyanidin monoglucuronide 
Cyanidin-3-rutinoside 
Peonidin 
monoglucuronide 
Peonidin-3-rutinoside 
 
Below the limits of 
quantification 

No significant effect of 
low anthocyanin on 
battery of cognitive 
tests. 

Bergland et al. 

(2019) 

open-label, pilot trial 
 
4 m. 
 

Elderly subjects 
with MCI or mild 
dementia and/or 
stable non-

Int: 4x 80 mg/day 
anthocyanin capsules 
(320 mg 
anthocyanins) 

At baseline and 
at the 16-wk visit 
 

Plasma levels of 
anthocyanin metabolites 
(at baseline and at the 16-
wk visit) 

- Larger decrease of o-
coumaric acid and 
dihydroferulic acid-4-O-
sulfate in the 



- APPENDICES - 

XV 
 

38 subjects 
Int: 27 (33%) 
Ctrl: 20 (55%) 

obstructive 
coronary artery 
disease 
 
59.7 y. 
Int: 61.0 (11.1) y.§ 
Ctrl: 58.0 (5.2) y.§ 

 
Ctrl: - 

- CERAD battery 
(learning, recall 
and recognition) 
- TMT-A 
- TMT-B 
- Stroop Golden 
(word and color) 

Use of LC-MS 
 
Dihydroferulic acid-4-O-
sulfate 
-1.5 ± 0.7§ (Int.) 0.8 ± 0.95§ 
(Ctrl.) nmol/L; p = 0.01 
o-Coumaric acid 
-116 ± 48.75 (Int.) -36 ± 
27.5 (Ctrl.) nmol/L; p = 
0.019 
 

intervention group 
than in the control 
group. 
- Improvements in the 
intervention group for 
CERAD learning, recall 
and recognition and for 
STROOP test word and 
color. 

Krikorian et al. 

(2020) 

randomized, double-
blind, placebo-
controlled trial 
 
4 m. 
 
37 subjects 
Int: 16 (57%) 
Ctrl: 21 (53%) 

Elderly subjects 
with MCI 
 
77.1 y. 
Int: 77.3 (6.3) y. 
Ctrl: 77.0 (5.4) y. 

Int: 2x 12 g/day whole 
freeze-dried blueberry 
fruit powder (401 
GAEs, 258 mg C3G 
eq.) 
 
Ctrl: placebo powder 

At baseline and 
at the 16-wk visit 
 
- TMT-A 
- TMT-B 
- Controlled Oral 
Word 
Association task 
- HVLT 
- SPAL 
- DEX 

Urine levels of 
anthocyanins (after 
overnight fast and prior to 
the morning dose at 
baseline and at the 8-wk 
visit)  
Use of LC-MS/MS 
 
total anthocyanins 
Int: 1,841 (wk 0) 1,660 (wk 
8) ng/mg Cr 
Ctrl: 2,290 (wk 0) 1,629 
(wk 8) ng/mg Cr 
p ≥0.05 
simple deglycosylated 
anthocyanins 
Int: 431 (wk 0) 359 (wk 8) 
ng/mg Cr 
Ctrl: 649 (wk 0) 360 (wk 8) 
ng/mg Cr 
p ≥0.05 
major deglycosylated 
conjugates 

- No between- or 
within-group difference 
in total urinary 
anthocyanins, including 
parent and metabolite 
forms. 
- Better SPAL and 
Controlled Oral Word 
Association task scores 
for the intervention 
group  
- Greater TMT-A trend 
for the intervention 
group.  
- No significant 
differences in TMT-B, 
HVLT and DEX.  
- Correlation between 
effects on cognition 
(semantic access and 
visual-spatial memory) 
and urinary content of 
parent anthocyanins, 
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Int: 1,213 (wk 0) 1,047 (wk 
8) ng/mg Cr 
Ctrl: 1,447 (wk 0) 1,093 
(wk 8) ng/mg Cr 
p ≥0.05 
minor deglycosylated 
conjugates 
Int: 78.5 (wk 0) 58.6 (wk 8) 
ng/mg Cr 
Ctrl: 84.9 (wk 0) 66.1 (wk 
8) ng/mg Cr 
p ≥0.05 
total anthocyanidin 
glycosides 
Int: 38.4 (wk 0) 109 (wk 8) 
ng/mg Cr 
Ctrl: 37.2 (wk 0) 26.9 (wk 
8) ng/mg Cr 
p: 0.002 
glycoside conjugates 
Int: 32.1 (wk 0) 41.0 (wk 8) 
ng/mg Cr 
Ctrl: 30.6 (wk 0) 26.2 (wk 
8) ng/mg Cr 
p ≥0.05 
parent (food) form 
Int: 2.07 (wk 0) 47.2 (wk 8) 
ng/mg Cr 
Ctrl: 3.74 (wk 0) 0.450 (wk 
8) ng/mg Cr 
p < 0.001 

glycoside anthocyanin 
conjugates and total 
glycosidic anthocyanin 
forms. 

Note: AD, Alzheimer disease. ADAS-Cog, Alzheimer’s disease Assessment Scale - Cognitive Subscale. ADCS-ADL, Alzheimer’s disease Cooperative Study - Activities of Daily Living. Aβ1-42, 
Amyloid β. BNT, Boston Naming Test. BSRT, Buschke Selective Reminding Test. BVRT, Benton Visual Retention Test. CANTAB, Cambridge Neuropsychological Test Automated Battery. 
CD, Cognitive Decline. CES-D, Center for Epidemiologic Studies Depression Scale. Cr, creatinine. Ctrl, control. CSF, cerebrospinal fluid. Cu, curcumin. CV, coefficient of variation. CVLT, 
California Verbal Learning Test. C3G eq., cyanidin-3-glucoside equivalents. DEX, Dysexecutive Questionnaire. DSM-IV, Diagnostic and Statistical Manual of Mental Disorders, 4th edition. 
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EBMT, East Boston Memory Test. GAEs, Gallic Acid Equivalents. GC-MS, gas chromatography- mass spectrometry. Gluc, glucuronidated. GPT, Grooved Pegboard Test. HPLC-DAD/MS, 
High-performance liquid chromatography with photodiode array-mass spectrometry. HVLT, Hopkins Verbal Learning Test. Int, intervention group. LC-MS-MS, liquid chromatography-
tandem mass spectrometry. m., month(s). MMSE, Mini Mental Status Examination. MRI, magnetic resonance imaging. NPI, Neuropsychiatric Inventory. PALTEA, Paired Associate Learning 
total errors adjusted. PEGB, Polyphenol-rich Extract from Grape and Blueberry. PJ, pomegranate juice. QGP, Queen Garnet plum. RCFT, Rey Complex Figure Test. SCWT, Stroop Color and 
Word Test. SD, standard deviation. SDMT, Symbol Digit Modalities Test. SPAL, Spatial Paired Associate Learning Test. SSP, Spatial Span or Speech Sounds Pick. THCu, tetrahydrocurcumin. 
TMT-A, Trail Making Test part A. TMT-B, Trail Making Test part B. Uro, urolithin. VRMFR, Verbal recognition memory – free recall. VRMR, Verbal recognition memory – recognition. VSLT, 
Visual Spatial Learning Test. WAIS, Wechsler Adult Intelligence Scale. wk, week. WTAR, Wechsler Test of Adult Reading. y., years. 
*Decliners: subgroup with advanced CD derived from the stratification of the cohort in quartiles based on PAL score at baseline. 
§Calculated as: SD = IQR/1.35. 
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Table A.2. Summary of the characteristics, designs and results of the observational studies reviewed. 

Reference 
(year) 

Design / 
Duration / N (% 

women) 
Subjects' characteristics / Age (SD) 

Cognitive 
measurements 

Polyphenols measurements Main results 

Rabassa et 
al. (2015) 

Prospective 
cohort 
 
3 years 
 
652 (55.4%) 

Elderly healthy subjects (CD diagnostic 
criteria: Decrease in MMSE score of ≥ 3 
points from baseline to 3-years follow-
up and the worst 10% of the TMT-A 
and TMT-B distribution after 
subtracting baseline from 3-year 
follow-up scores (in seconds) or 
discontinuation of the test at follow-
up) 
 
73.4 (6.4) y. 

At baseline and 
after 3 years of 
follow-up  
- MMSE 
- TMT-A; TMT-B 

 
 

Method: Folin-Ciocalteu assay  
At baseline: Urine excretion of 
total polyphenols (expressed as 
mg GAEs/day) 
 
Median (IQR) = TUPT1: 103 (82–
113); TUPT2: 148 (138–163); 
TUPT3: 218 (196–254) 
 

- Association between TUP 
levels and lower risk of 
substantial CD on the 
MMSE and on the TMT-A, 
comparing extreme 
tertiles and in lineal 
regression models 
- No association between 
TUP levels and risk of 
substantial CD on the 
TMT-B. 

Yuan et al. 
(2016) 

Case-control 
 
276 subjects 
Cases: 138 
(64.5%) 
Controls: 138 
(64.5%)  

Elderly subjects with MCI (cases 
diagnostic criteria: > 13/14 points for 
individuals with no formal education, 
19/20 for individuals with 1-6 years of 
education and 24/25 for individuals 
with ≥ 7 years of education) 
 
64.5 y. 
Cases: 65 (0.5) y. 
Controls: 64 (0.6) y. 

At baseline  
 
MoCA (MCI 
diagnosis) 
 
 

Method: LC-MS  
 
At baseline: Plasma flavonoids 
(luteolin, quercetin, naringenin, 
apigenin, kaempferol, 
hesperetin) levels 
 

No difference of plasma 
flavonoids levels between 
the MCI and control 
subjects. 

Valls-Pedret 
et al. (2012) 

Cross-sectional 
in a longitudinal 
cohort 
 
447 (52%) 

Elderly subjects at high cardiovascular 
risk 
 
66.9 (6.38*) y. 

At baseline  
- MMSE  
- RAVLT (immediate 
recall and delayed 
recall) 
- Verbal paired 
associates test  
- SVF test  

Method: Folin-Ciocalteu assay  
 
At baseline: Urine excretion of 
total polyphenols (expressed as 
mg GAEs/g of creatinine) 

- Association between TUP 
excretion and immediate 
memory recall score 
(RAVLT immediate recall) 
– dose-relationship. 
- Almost significant 
association between TUP 
excretion and delayed 
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- Digit span test, 
from WAIS test  
- CTT, part I and II  
 
 

memory recall score 
(RAVLT delayed recall) – 
dose-relationship. 
- No association between 
TUP excretion and other 
cognitive tests. 

Igase et al. 
(2017) 

Cross-sectional, 
observational 
 
152 subjects 
Cases§: 60 
(74.0%) 
Controls§: 92 
(66.0%)  

Elderly healthy subjects 
 
[Case or equol-producer diagnostic 
criteria: urine equol level > 1000 
nmol/L after intake of 2 x 50 mg 
isoflavones (soy food)] 
 
69.2 y. 
Cases§: 69.1 (9.4) y. 
Controls§: 69.1 (9.0) y. 

At baseline  
- TDAS 
- MCI screening 
test  
 
 

Method: 
immunochromatographic strip 
test  
After isoflavones intake: Urine 
excretion of equol 

- Higher score in TDAS 
cognitive test among 
equol producers 
compared to non-equol 
producers. 
- Lower prevalence of MCI 
among equol producers 
compared to non-equol 
producers. 

Rabassa et 
al. (2020) 

Prospective 
cohort 
 
3 years 
 
119 (47.9%) 

Elderly healthy subjects 
(CD diagnostic criteria: decrease in 
MMSE score of ≥ 3 points from 
baseline to 3-years follow-up) 
 
73.0 (5.9) y. 

At baseline and 
after 3 years of 
follow-up  
MMSE 

Method: HPLC-Q-ToF-MS 
At baseline: Urine metabolome 

- Association between 
change in cognitive 
function (continuous 
variable) and urine 
excretion of Uro-A, Uro-A 
glucuronide,  
Uro-A sulphate, 
Uro-A sulpho-glucuronide, 
Uro-B and 
Uro-B glucuronide. 
-Inverse association 
between cognitive decline 
(dichotomous variable) 
and urine excretion of 
Uro-A, Uro-A sulphate, 
Uro-B, Uro-B glucuronide 
and hydroxyphenylacetic 
acid. 
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Note: CD, Cognitive Decline. CTT, Color Trail Test. GAEs, Gallic Acid Equivalents. IQR, interquartile range. MCI, Mild Cognitive Impairment. MMSE, Mini-Mental State Examination. MoCA, 

Montreal Cognitive Assessment. RAVLT, Rey Auditory Verbal Learning Test. SD, standard deviation. SVF test, Semantic verbal fluency test. TMT-A, Trail Making Test, part A. TMT-B, Trail 

Making Test, part B. TDAS, Touch Panel-type Dementia Assessment Scale. TUP, Total Urinary Polyphenols. Uro, urolithin. WAIS, Wechsler Adult Intelligence Scale. 
*SD not reported and estimated as one quarter of the typical range of data values (Higgins et al., 2022).  
§Cases were defined as equol producers and controls were defined as equol non- producers. 
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