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HIGHLIGHTS 

 Diet is a promising approach for the prevention of age-related neurodegeneration 

 Focus has shifted from individual nutrients to whole diets for improving brain health 

 Shift in microbiome diversity may affect brain ageing 

 Dietary manipulation of the gut microbiota may improve brain functions in ageing 

 Brain imaging, modelling and new biomarkers are improving diet and ageing research 

 

 

 

ABSTRACT 

 

The global increases in life expectancy and population have resulted in a growing ageing population 

and with it a growing number of people living with age-related neurodegenerative conditions and 

dementia, shifting focus towards methods of prevention, with lifestyle approaches such as nutrition 

representing a promising avenue for further development. 

This overview summarises the main themes discussed during the 3rd Symposium on “Nutrition for 

the Ageing Brain: Moving Towards Clinical Applications” held in Madrid in August 2018, enlarged 

with the current state of knowledge on how nutrition influences healthy ageing and gives 

recommendations regarding how the critical field of nutrition and neurodegeneration research 

should move forward into the future.  

Specific nutrients are discussed as well as the impact of multi-nutrient and whole diet approaches, 

showing particular promise to combatting the growing burden of age-related cognitive decline. The 

emergence of new avenues for exploring the role of diet in healthy ageing, such as the impact of the 

gut microbiome and development of new techniques (imaging measures of brain metabolism, 

metabolomics, biomarkers) are enabling researchers to approach finding answers to these 

questions. But the translation of these findings into clinical and public health contexts remains an 

obstacle due to significant shortcomings in nutrition research or pressure on the scientific 

community to communicate recommendations to the general public in a convincing and accessible 

way. Some promising programs exist but further investigation to improve our understanding of the 

mechanisms by which nutrition can improve brain health across the human lifespan is still required. 

 

 
 
 
KEYWORDS 
 
Brain; Healthy Ageing; Preventative Diet; Microbiota; Neuroprotection; Cognitive ageing 
 

Jo
ur

na
l P

re
-p

ro
of



3 
 

CONTENTS 

1 Introduction .................................................................................................................................... 4 

2 Nutrition for healthy ageing............................................................................................................ 4 

2.1 Specific Nutrients .................................................................................................................... 5 

2.1.1 B-Vitamins ....................................................................................................................... 5 

2.1.2 Other vitamins and nutrients .......................................................................................... 6 

2.1.3 Omega-3 Fatty Acids ....................................................................................................... 6 

2.2 Multi-Nutrient Interventions .................................................................................................. 7 

2.3 Whole Diet Approaches .......................................................................................................... 8 

3 New Research Avenues ................................................................................................................. 10 

3.1 Microbiome: impact on the ageing brain ............................................................................. 10 

3.2 Prebiotics, Probiotics and Postbiotics ................................................................................... 12 

3.3 Improved biomarkers of diet and ageing .............................................................................. 14 

3.4 Brain Metabolism .................................................................................................................. 16 

3.5 Novel Brain Models ............................................................................................................... 17 

4 Shortcomings and future directions ............................................................................................. 17 

5 Conclusions ................................................................................................................................... 21 

6 Disclosure ...................................................................................................................................... 21 

7 References .................................................................................................................................... 22 

 

  

Jo
ur

na
l P

re
-p

ro
of



4 
 

1 INTRODUCTION 

The global increases in life expectancy and population have resulted in a growing ageing population 

and with it a growing number of people living with age-related neurodegenerative conditions and 

dementia. Age-related neurodegenerative conditions have an enormous societal and emotional cost. 

The prevalence of dementia worldwide is suspected to be as many as 50 million cases1, with 

prevalence estimated to be between 2% and 4% by 65 years, increasing to 15% at 80 years of age2. 

In Europe, it is estimated that approximately 10 million people are affected, with costs of dementia 

projected to exceed €250bn by 2030 (Cimler et al., 2019). In the absence of effective 

pharmacological treatment to curtail or reverse the mechanisms underlying age-related cognitive 

decline, it is necessary to shift focus towards methods of prevention, with lifestyle approaches 

representing a promising avenue for further development.  

The link between nutrition and cognitive decline has been the focus of ILSI Europe’s events on 

‘Nutrition for the Ageing Brain’ since the first successful meeting took place in 2014. ILSI Europe’s 

events on ‘Nutrition for the Ageing Brain’ provide a forum for discussion of complex issues relating 

to nutrition and brain ageing science, bringing together experts from areas of food science, nutrition, 

developmental ageing, and cognitive science. These events have resulted in high quality and impact 

peer-reviewed publications (Miquel et al., 2018; Vauzour et al., 2017). Previous events have focused 

on the mechanisms of ageing and their interactions with nutrients (Miquel et al., 2018; Vauzour et 

al., 2017). The focus of the 2018 symposium held in Madrid has shifted towards clinical and 

applicable aspects of what we know so far regarding the impact of nutrition on maintaining brain 

health with age. This overview summarises the main themes discussed during this most recent ILSI 

Europe event, enlarged with the current state of knowledge on how nutrition influences healthy 

ageing. Topics discussed include biomarkers of nutrition, the role of the gut microbiome, new 

avenues for research, and recommendations regarding how the critical field of nutrition and 

neurodegeneration research should move forward into the future.  

2 NUTRITION FOR HEALTHY AGEING 

The brain undergoes neural development until approximately the age of 30 years (Lebel and 

Beaulieu, 2011; Sowell et al., 2003; Westlye et al., 2010), after which a slow process of atrophy takes 

place, with clinical signs of neurodegeneration typically not occurring until older age. This trajectory 

is proposed to be determined by a complex interplay of genetic, endogenous and environmental 

factors (Livingston et al., 2017). The typically slow nature of this process allows for a significant 

window of opportunity for preventive intervention strategies. Nutrition has been identified as one 

promising avenue reducing the risk for age-related pathologies such as age-related 

neurodegeneration and dementia. 

Nutritional epidemiology has suggested a protective role of healthy diets and of several candidate 

nutrients for brain aging outcomes. Existing evidence suggests that some nutrients or food 

ingredients, in particular specific vitamins, flavonoids and long chain ω-3 fatty acids have a potential 

to beneficially affect cognitive function (Samieri 2018; Scarmeas et al., 2018). Beyond a focus on 

                                                           
1 World Alzheimer Report 2018 
2 World Alzheimer Report 2015: The Global Impact of Dementia. 
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specific nutrients, the most optimal preventative avenues are suspected to be based on multi-

nutrient approaches, as suggested by findings from the Three City observational study (Amadieu et 

al., 2017) and other cohort studies (Berti et al., 2015; Bowman et al., 2012; Gu et al., 2016; Lehtisalo 

et al., 2019; Olde Rikkert et al., 2015; Soininen et al., 2017), whole diet approaches, as well as multi-

domain approaches incorporating changes to nutrition amongst other lifestyle factors such as 

exercise (Lehtisalo et al., 2019; Ngandu et al., 2015; Scarmeas et al., 2018). Indeed, several recent 

observational and intervention studies have incorporated approaches of specific nutrients, such as 

the VITACOG trial (Oulhaj et al., 2016) which focused on the efficacy of B vitamins to lower 

biomarkers related to cognitive decline including homocysteine, combinations of nutrients, such as 

the LipiDiDiet (Soininen et al., 2017), whole diet approaches, such as with the HELIAD study 

(Anastasiou et al., 2018) which investigate adherence to a Mediterranean dietary pattern and brain 

health. These multi-nutrient approaches highlight specific nutrients impacting brain ageing. 

2.1 SPECIFIC NUTRIENTS  

2.1.1 B-Vitamins  

Studies in the USA and in Europe have found that higher intakes of B vitamins, particularly folates 

but not B12, were associated with lower risk of dementia or Alzheimer’s disease (AD); e.g. the 

Baltimore Longitudinal Study of Aging (Corrada et al., 2005), and the Three City study (Lefevre-

Arbogast et al., 2016). The Three City study was a longitudinal population-based study which focused 

on associations between the risk of age-related cognitive decline and dementia and vascular factors 

in a total of 9294 older adults aged 65-79 years (Antoniak et al., 2003). In addition to assessment of 

vascular risk factors, this study also involved extensive dietary, cognitive, and laboratory 

investigations. Notably, results from this study indicated that higher intakes of B vitamins, 

particularly folates but not B12, were associated with lower dementia risk (Lefevre-Arbogast et al., 

2016). Further evidence suggests that combination of low folates and low B12 relates to higher 

circulating levels of homocysteine, such that plasma total homocysteine is sensitive and reliable 

biomarker of folate and vitamin B12 status (Refsum et al., 2004). Raised plasma homocysteine has 

itself been associated in prospective studies with increased risk of cognitive decline and dementia 

(Smith and Refsum, 2016; Smith et al., 2018), brain atrophy (Smith and Refsum, 2016), and AD 

pathology (Hooshmand et al., 2013). However, direct relationships between levels of folate and B12 

and brain health are less consistent in the literature and yet to be firmly established (Smith, 2008). 

To further investigate the association between these B vitamins, homocysteine and cognitive 

decline, the VITACOG study recruited 270 community-dwelling subjects >70 years old with mild 

cognitive impairment (MCI) and randomised participants to either a daily placebo or tablet 

containing 0.8mg folic acid, 0.5mg B12, and 20mg B6 over two years (Smith et al., 2010). Following 

treatment, the degree of brain atrophy as measured using structural magnetic resonance imaging 

(MRI) was reduced by 30% in the group receiving the B vitamins. There was further attenuation of 

atrophy in key grey matter regions including the medial temporal lobes in the active treatment 

group, with regional grey matter loss of 0.6% compared to 5.2% in the placebo group (Douaud et al., 

2013). Regarding the association with homocysteine, total brain atrophy in the placebo group 

doubled across the levels of baseline homocysteine, whereas in the active treatment group there 

was no relation between homocysteine at baseline and atrophy, such that subjects within the top 

quartile of homocysteine levels showed a 53% slowing of the rate of brain atrophy (Smith et al., 

2010). Furthermore, subjects receiving B vitamins showed a slower rate of decline in episodic 
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memory, semantic memory and global cognition as measured by the Mini-Mental State Examination 

(MMSE), but only in subjects with baseline homocysteine levels above the median (>11 mol/L), and 

improvements in clinical and functional outcomes occurred in subjects with higher baseline 

homocysteine levels (>13mol/L) (de Jager et al., 2012). These findings suggested that the disease 

mechanisms underlying MCI and subsequent cognitive and clinical aspects could be modified by B 

vitamins, in particular for those with elevated levels of homocysteine (Smith and Refsum, 2017). 

Other trials in which B vitamins were administered have also shown beneficial effects on cognition, 

but some trials have not shown benefit; possible reasons for these discrepancies have been 

discussed (McCaddon and Miller, 2015; Smith and Refsum, 2016; Smith et al., 2018). In particular, a 

meta-analysis (Clarke et al., 2014) claimed that there was no beneficial effect of B vitamins on 

‘cognitive ageing’ but this analysis is difficult to interpret since cognition was only tested on one 

occasion in 74% of the participants and so cognitive decline over time could not be assessed in these 

subjects. One reason why some B vitamin trials appear to have failed was revealed in the VITACOG 

trial, where it was found that only those participants with a good omega-3 fatty acids status 

benefitted from B vitamin treatment (see Section 2.2). 

2.1.2 Other vitamins and nutrients 

Other vitamins and nutrients have been identified as potential candidates for improving brain ageing 

however with far less weight and consistency of supporting evidence. For example, evidence 

suggests that a deficiency in vitamin D (25(OH)D < 25 nmol/L (10 ng/mL)) is related to risk of 

dementia (Feart et al., 2017; Jayedi et al., 2018), although null findings have also been reported in 

two large cohorts, the Framingham Heart Study (Karakis et al., 2016) and the Uppsala Longitudinal 

Study of Adult men (Olsson et al., 2017). In addition, vitamin E, specifically γ-tocopherol (but not α-

tocopherol) has been associated with lower levels of AD pathology in the human brain (Morris et al., 

2015a), however there still remain very few biomarker studies on this nutrient and its role in brain 

health remains controversial (Scarmeas et al., 2018). Likewise, studies on carotenoids have been 

generally limited to dietary questionnaires to assess exposure (Cho et al., 2018; Li et al., 2012). Even 

if plasma carotenoids were found to significantly relate to lower dementia risk (Feart et al., 2015), 

further biomarker investigations are again rare and some investigations haven’t found a link with 

risk of cognitive change. For example, the Nurse’s health study (Kang and Grodstein, 2008) found no 

association of plasma carotenoids with cognitive change. 

Many trials suffer from insufficient samples sizes and duration, which may contribute to the 

inconsistency in findings. A recent systematic review of 38 trials of nutrient supplementation which 

included omega-3 fatty acids, B vitamins, vitamin D and carotenoids, concluded that no evidence-

based recommendations can be made for the efficacy of over the counter vitamin supplements to 

protect against cognitive decline in cognitively healthy adults or those diagnosed with MCI (Butler et 

al., 2018), but this review did not take into account the analysis of subgroups that was shown to be 

crucial in the VITACOG trial (see above). 

2.1.3 Omega-3 Fatty Acids  

Omega-3 fatty acids have received considerable attention in the context of nutrition and ageing 

particularly regarding their possible role in reducing the risk of age-related cognitive decline. Indeed, 

observational studies such as the Three City Study showed that higher blood levels of the long-chain 

omega-3 fatty acid eicosapentaenoic acid (EPA) were associated with lower dementia risk and less 

atrophy of the medial temporal lobe (Samieri et al., 2008; Samieri et al., 2012) (whereas blood levels 
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of docosahexaenoic acid (DHA) did not reach a significant association with dementia outcomes in 

these studies). However, with regards to pathological age-related decline specifically, there have 

been findings of higher blood levels of DHA to be associated with lower dementia risk (Zhang et al., 

2016). A meta-analysis showed that observational studies support a favourable association between 

intake/blood levels of DHA (alone or combined with EPA) with memory function in older adults with 

mild memory complaints (Yurko-Mauro et al., 2015).  

But randomised-controlled trials (RCT) failed so far to show positive effects of omega-3 fatty acids 

supplementation on cognitive performance in cognitively healthy older subjects (van de Rest et al., 

2008), or on cognitive decline in elderly people with memory complaints (Multidomain Alzheimer 

Preventive Trial (MAPT) (Andrieu et al., 2017)). The DHA dose used in the MAPT (800mg/day) is 

below the maximum recommended daily intake and even higher doses (above 1g) showed negative 

results on cognitive outcomes in trials for MCI and mild AD probably because the brain pathology is 

already well advanced in those patients (Yassine and Schneider, 2017). Therefore omega-3 

supplementation might better be tested for prevention purposes in patients with early dementia 

(prodromal stages) in trials with larger sample size and for longer periods to ensure that the 

intervention has a chance for success. Indeed, findings from a previous meta-analysis have hinted 

that the positive effects of omega-3 supplementation on cognitive performance could be limited to 

specific cognitive domains in milder cognitive impairment in the absence of dementia (Mazereeuw 

et al., 2012). 

Such inconsistency in findings could in part be due to the challenges relating to measuring habitual 

intake based on biomarkers of nutrients not consumed on a daily basis (i.e. marine long-chain 

omega-3 fatty acids) using a single blood draw; and in part to factors such as large variability in 

composition of bioactives within the same type of food source; and individual differences in rates of 

nutrient metabolism. Another possible reason for inconsistency is that omega-3 fatty acids may need 

to interact with other nutrients in order to have a beneficial effect; for example, there is evidence of 

interaction with B vitamins, as discussed thereafter. 

2.2 MULTI-NUTRIENT INTERVENTIONS  
Beyond the impact of specific nutrients working in isolation to improve health, more attention is 

now being directed towards identifying combinations of specific nutrients to protect against 

cognitive decline. Indeed, combinations of nutrients, specifically between fatty acids, vitamins A, E, 

and D, and carotenoids, have been identified as a candidate pattern of nutrients relating to long-

term risk of dementia in healthy older adults (Amadieu et al., 2017). Specifically, a pattern consisting 

of low levels of vitamin D, carotenoids and polyunsaturated fatty acids in conjunction with high 

levels of saturated fats was associated with a 3.7 fold higher risk of dementia onset – twice the risk 

conferred by carrying the APOEε4 genotype (Amadieu et al., 2017). However, these findings require 

further replication, as previous studies have been predominantly cross-sectional and limited, and the 

role of B vitamins in combination with other nutrients has yet to be adequately investigated. Post-

hoc results from the VITACOG study showed that levels of total plasma omega-3 fatty acids 

modulated the impact of the B vitamin treatment with respect to slowing brain atrophy (Jerneren et 

al., 2015) and cognitive and clinical outcomes (Oulhaj et al., 2016), suggesting that indeed the effect 

of B vitamins on brain health may depend on larger dietary patterns involving other key nutrients. 

Likewise, the beneficial effect of omega-3 fatty acids may depend upon B vitamin status. The 
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OmegAD trial, a single-centre randomized control trial which primarily investigated the effect of 

supplementing omega-3 fatty acids on measures of cognition in 204 patients with mild to moderate 

AD, found in a recent post-hoc analysis that omega-3 fatty acids improved cognition in AD only in a 

subgroup with good B vitamin status as revealed by low levels of the marker homocysteine despite 

not finding an impact on slowing cognitive decline across the whole cohort (Jerneren et al., 2019), 

suggesting that an interaction between concurrently higher omega-3 fatty acids and B vitamins could 

be more critical for preventing cognitive decline. 

The LipiDiDiet (Soininen et al., 2017) is one of the very few existing interventions involving a multi-

nutrient approach. This double-blind, placebo-controlled multicentre trial investigated the impact of 

a combined supplement Fortasyn Connect (Souvenaid®)  consisting of 11 nutrients linked previously 

to brain health (uridine monophosphate, choline, phospholipids, EPA, DHA, vitamins E, C, B6, B9, 

B12, and Selenium), in 311 adults with prodromal AD (Soininen et al., 2017) taken over 24 months. 

Although the study found that in the control population the cognitive decline was less than expected 

and thus the primary endpoint (a Neuropsychological Test Battery) was inadequately powered, the 

intervention produced significant benefits on clinical measures on cognitive performance and 

everyday function. Regarding biomarkers, the intervention resulted in significantly reduced brain 

atrophy, particularly in hippocampal and ventricular regions, and further evidence for effects 

mediated via biomarkers such as homocysteine and DHA status. The benefit of this intervention 

appeared further to be modified depending on how early in the disease process treatment had been 

initiated. These results suggest that this particular combined nutrient intervention could slow 

disease progression when taken over an extended period of time. Despite these promising findings, 

optimal combinations of specific nutrients that stop disease progression or which are more effective 

at the dementia stage of the disease have yet to be determined. 

2.3 WHOLE DIET APPROACHES  
Due to complex interactions between nutrients and foods, the use of a whole-diet approach may 

provide advantages in understanding the role of diet and cognitive impairment. Thus, adherence to 

dietary patterns has been evaluated in many investigations. The candidate nutrients for prolonging 

brain health with age are found abundantly in certain whole-diet approaches. In particular, the 

Mediterranean diet, which has been the most extensively studied dietary pattern in the context of 

brain ageing as well as other health conditions such as heart disease and cancer (Dinu et al., 2018; 

Trichopoulou, 2004). The Mediterranean diet originates from the food cultures around the 

Mediterranean Basin (Davis et al., 2015). Although several variants of the Mediterranean diet exist, 

it is generally characterized by abundance of plant foods including fruits (an after-dinner dessert or a 

between-meal snack), vegetables (as either main or side dish), bread and other forms of cereals, 

legumes, nuts, and seeds. Olive oil is the principal source of fat. The Mediterranean diet also 

includes moderate amounts of dairy products (principally the fermented ones, i.e. cheese and 

yogurt), low to moderate amounts of fish and poultry, red meat in low amounts and wine, consumed 

modestly, normally with meals. Evidence from longitudinal studies and clinical trials indicates that 

adherence to the Mediterranean diet is associated with slower rates of decline in cognitive 

performance and with lower risk for cognitive impairment (Scarmeas et al., 2018; van den Brink et 

al., 2019).   
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One of the most prevalent studies investigating the impact of a Mediterranean style diet on health 

outcomes was the PREDIMED (Prevención con Dieta Mediterránea) study (Estruch et al., 2018), 

which was a multicentre trial conducted in Spain focusing mainly on older adults (55-80 years) who 

had high cardiovascular risk from May 2005 to December 2010. Participants were allocated to either 

a Mediterranean-style diet with extra-virgin olive oil, a Mediterranean-style diet with mixed nuts, or 

a control diet that focused on limiting overall dietary fat intake. Particularly, one finding from this 

study relevant to the current discussion was that a Mediterranean diet with extra-virgin olive oil was 

associated with higher scores of global cognitive performance following the 6.5 year nutritional 

intervention (Martinez-Lapiscina et al., 2013). Similarly, the NU-AGE study (“New dietary strategies 

addressing the specific needs of elderly population for healthy ageing in Europe”) (Santoro et al., 

2014) was a 12-month dietary intervention conducted between May 2011 until April 2016 which 

sought to modulate the deleterious effects of chronic inflammation and other age-related disease 

processes in a total of 1250 older adults (aged 65-79) by implementing a personally-tailored 

Mediterranean-style diet intervention. The study took place in centres in France, Italy, the United 

Kingdom, the Netherlands and Poland. Although results relevant to the main objectives of the study 

are still being processed, available results show that a higher adherence to the Mediterranean diet 

over the year-long intervention was associated with statistically significant improvements in overall 

cognition and measures of episodic memory compared with participants with lower adherence 

(Marseglia et al., 2018), despite a general good uptake of the diet across the different European 

regions (Berendsen et al., 2018).  

Currently, the HELIAD study is a population-based multidisciplinary study on the prevalence of 

ageing-related neuropsychiatric conditions and the potential associations between diet, lifestyle and 

cognitive performance in older adults (Dardiotis et al., 2014). Study participants were randomly 

selected from community-dwelling adults over the age of 65 years from two municipalities in 

Greece, Larissa (small urban centre) and Marousi (large urban center). Information pertaining to 

demographics, medical history, neurological and psychiatric assessment of the participants, 

including a comprehensive neuropsychological evaluation of all major cognitive domains was 

collected in addition to dietary and lifestyle habits, such as sleep, physical activity, and social 

interaction. A cross-sectional analysis of the 1864 participants showed a positive association 

between adherence to the Mediterranean diet and a decreased risk for dementia, as well as better 

cognitive performance in multiple domains including memory (Anastasiou et al., 2017). In addition, 

adherence to a lifestyle index incorporating factors such as sleep, physical activity, and involvement 

in activities of daily living showed higher adherence to these lifestyle factors was related to better 

cognitive function (Anastasiou et al., 2018). These findings suggest that a multi-domain approach 

incorporating diet alongside other health-promoting lifestyle factors could optimize beneficial 

effects on promotion of cognitive performance and prevention of decline with age. Indeed, trials 

such as the FINGER (Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and 

Disability) study emerged to investigate the impact of a 24-month multi-domain approach to 

preventing cognitive decline in older at-risk individuals aged >60 years (Ngandu et al., 2015). The 

FINGER trial has been the first large longitudinal randomized control trial which involves a 

combination of exercise, diet, cognitive training and management of vascular risk factors. This trial 

has produced promising results regarding the impact of the multidomain intervention on overall 

cognitive outcomes compared to the control group,  however the individual impact of each of the 
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intervention components remains to be elucidated and which lifestyle changes or combination 

thereof are effective at delaying cognitive decline. 

Despite these promising findings in support of the Mediterranean diet as a beneficial approach to 

preventing age-related cognitive decline, the evidence remains limited and further investigation is 

required. In particular, evidence from carefully designed prospective studies with long follow-up 

periods and conclusive intervention trials is needed. Regarding the diet itself, many aspects of the 

diet such as fluid intake, timing, distribution of food intake during the day and behaviours associated 

with eating have not yet been evaluated. The mechanisms by which this dietary pattern exerts its 

beneficial effects on health also remain to be fully elucidated. This is particularly relevant for 

populations which may have different genetic and epigenetic variations, gut bacterial diversity, and 

variation in metabolic status and exposure to environmental factors, as these aspects could 

significantly modulate the impact of dietary interventions on health outcomes. There is, however, 

evidence of the possible beneficial effects of the Mediterranean diet in the USA (Scarmeas et al., 

2006) and of a modified Mediterranean diet, the MIND (Mediterranean-DASH Intervention for 

Neurodegenerative Delay) diet (Morris et al., 2015b; Morris et al., 2015c). The MIND diet combines 

principles from the Mediterranean diet and the DASH (Dietary Approaches to Stop Hypertension) 

diet, aiming at reducing dementia and a decline in brain health. Importantly, the first clinical trials 

designed to    test the effects of a 3-year intervention of the MIND diet on cognitive decline among older 

subjects are ongoing.  

To optimize the impact of these interventions on prevention of age-related cognitive decline, 

lifelong environmental and genetic components which increase vulnerability to neurodegeneration 

need to be further identified and understood, and possibly incorporated as additional targets in 

future interventions towards a more personalized approach to nutrition. Indeed, there is a growing 

interest in other factors that could modulate the impact of these interventions, with one of the most 

salient being the influence of the gut microbiome on disease processes related to 

neurodegeneration, which remains a very open field. This potential modulating role of the 

microbiome and its relevance to nutrition and the ageing brain will be explored further in the next 

section. The exploration of these modulating factors requires accurate methods and models in order 

to assess efficacy of future interventions, which will be explored further in the next section. 

3 NEW RESEARCH AVENUES 

3.1 MICROBIOME: IMPACT ON THE AGEING BRAIN   
Many age-related diseases, including neurodegenerative conditions, are considered to be the result 

of a complex interaction of disease processes involving the immune system, inflammation, and 

recently the microbiome. The gut microbiome is the collective genome underlying the 1013-1014 

microorganisms which make up the gastrointestinal microbiota, predominantly bacteria but also 

including fungi, viruses, and other single-celled organisms (Montalban-Arques et al., 2015). The 

human gut microbiome is being increasingly recognized as a potent physiological contributor to 

health. The structure of the gut microbiome varies considerably between individuals, as well as 

within individuals over the lifespan, in response to both endogenous and environmental factors, 

including host genetics, age, diet, lifestyle and disease.  
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With specific regard to age, the gut microbiome undergoes significant changes across the lifespan, 

featuring hallmark characteristics in the different phases of life (Cani, 2018; Kundu et al., 2017). The 

ageing process is characterized by several disease-causing mechanisms which could be influenced by 

changes to the gut microbiome. Such processes include: 1) cellular ageing, including oxidative 

damage, telomere shortening, advanced glycation end products (AGEs) formations, damage to DNA; 

2) immunosenescence, including changes in  adaptive immunity such as the reduced ability to 

produce new antibodies and poor vaccine response, and inflammageing, altered innate immunity,  

such as reduced activity of “killer” cells and chronic systemic inflammation with elevated IL-6, CRP 

and TNF-α; 3) changes in body composition, including reductions in muscle mass and increased 

adiposity; 4) changes in gut physiology, including the type and quality of intestinal mucin produced, 

changes in gut permeability, reduced transit times, increased Helicobacter pylori carriage and small 

bowel bacterial overgrowth (SBO); and 5) dysregulation of tryptophan metabolism, particularly via 

kynurenine pathways, resulting in levels of bioavailable serotonin which has been linked to a number 

of neurodegenerative conditions including dementia (Ruddick et al., 2006; Schwarcz et al., 2012), 

which in turn could be regulated by gut microbiota composition (Clarke et al., 2013; Desbonnet et 

al., 2008; Wikoff et al., 2009).  

As such, older age is generally associated with an aberrant  gastrointestinal microbiome profile 

characterized by modified microbiome resilience and loss of homeostatic regulation of microbial 

diversity, enrichment in pathogenic bacterial species and rearrangements in saccharolytic and 

proteolytic microbial populations (Kelly et al., 2015; Qin and Wade, 2017), with especially a 

reduction in short-chain fatty acid (SCFA) producers (Biagi et al., 2017). One of the pioneering 

studies in the field, Claesson et al. (Claesson et al., 2012), demonstrated that the gut microbiota 

changes in the elderly are closely related to the host health and residential status. Interestingly 

however, de la Cuesta-Zuluaga et al. (2019) demonstrated that the influence of the host’s sex 

decreases over the lifespan, such that greater bacterial diversity was detected in younger women 

than men but this difference was not significant after middle age (de la Cuesta-Zuluaga et al., 2019). 

Indeed, while the microbial populations detected in community-dwelling healthy elderly are overall 

comparable to those of young adults, elderly living in long-term residential care and frail elderly bear 

a distinct, “more” compromised microbiome signature, with low biodiversity, underrepresentation 

of SCFA-producing bacteria and low fecal levels of SCFAs, possibly contributing to the age-related 

functional decline. 

Biagi et al. (Biagi et al., 2016) reconstructed the longest available trajectory of the human gut 

microbiome along ageing, from young adults up to the extremes of human lifespan, i.e. centenarians 

and semi-supercentenarians (persons who reach the age of 105 years). Confirming previous findings, 

the authors observed a core microbiota of symbiotic bacterial groups (mainly SCFA producers) with 

diversity and cumulative abundance decreasing along with age, and an age-related increasing 

contribution of opportunistic and allochthonous bacteria. Interestingly, the gut microbiota of 

extremely old people showed some peculiarities, including the presence of microorganisms typical 

of other niches (e.g. Mogibacteriaceae, known to be abundant in the periodontal environment) and 

the enrichment and/or higher prevalence of health-associated taxa: Bifidobacterium (well-known 

probiotics with long history of use), Akkermansia (recently proposed as next-generation probiotics or 

live biotherapeutics for the treatment of obesity and related complications) (Cani and de Vos, 2017; 

O'Toole et al., 2017) and Christensenellaceae (whose relative abundance has been found to be 

significantly influenced by host genetics (Goodrich et al., 2014)). This provided the fascinating 
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glimpse of a possible biological print of ageing-supportive/longevity-adapted microbial communities. 

Indeed recent findings suggest that human age can be predicted based on individual microbial 

profiles and that such features selected by predictive models are age-related (Galkin et al., 2018).  

From a functional point of view, Rampelli et al. (Rampelli et al., 2013) found a distinctive microbiome 

structure in Italian centenarians, with an overall proteolytic propensity matching the observed 

alterations in urinary and serum levels of aromatic amino acids and their metabolites (Collino et al., 

2013). It is worth noting that the centenarian gut metagenome also harboured features that are 

known to support longevity in experimental models: i) reduced folate synthesis and ii) increased 

biosynthesis of polyamines. The comparison of microbiota data from Italian centenarians to those 

from China and Japan revealed common features, including the decrease in SCFA producers and the 

enrichment in pathobionts as well as in health-associated taxa, which could represent robust, 

universal signatures of longevity (Santoro et al., 2018). Of course, it is impossible to know if the 

health-associated features of the centenarian microbiome were already present at a younger age, 

(re)acquired later on or somewhat related to the individual’s past life. Similarly, it remains to be 

determined whether the microbial shifts during the human lifetime merely reflect secondary 

biological changes or are the result of an adaptive process and contribute to age-related 

physiological transitions. Promising findings from animal models emphasize the lifelong value of 

commensal bacteria (and derived compounds) to their host (Han et al., 2017) but we are still far 

from knowing if these microbiota roles in animal longevity also impact humans and, above all, if they 

can be manipulated. In an attempt to provide answers to at least some of these questions, lifelong 

longitudinal studies or continuation of existing ones to follow microbial changes within the same 

individual across life should be promoted. Future research should also combine metagenomics with 

other fields, including meta-transcriptomics and metabolomics, as well as with “culturomics” and 

animal models, to improve understanding of the intricate microbiome-host crosstalk and the 

relationships between specific microbial communities and their products and age-dependent 

phenotypes. 

Even though several questions are still unanswered, overall the available findings suggest that 

manipulating the gut microbiome towards a healthy-like/ageing-supportive profile (e.g. through diet, 

physical activity, administration of probiotics and/or postbiotics, or even faecal microbiota 

transplantation) could be an effective way to activate major host longevity signalling and promote 

healthy ageing. In particular, the growing recognition that microbiota could play a key role in the 

functioning of the gut-brain axis could reveal a key role of microbiota in promoting brain health with 

age and preventing neurodegeneration. The mechanisms by which microbiota could influence the 

functioning of the brain appear to be complex and multidirectional, involving neural, endocrine and 

immune pathways. Of particular importance in the context of the role of gut microbiota in 

supporting brain function over time is whether these pathways could be modulated via dietary 

impacts on gut microbiota, revealing the possibility to curtail age-related neurodegeneration 

through dietary changes. 

3.2 PREBIOTICS, PROBIOTICS AND POSTBIOTICS 
The growing focus on the human gut microbiome as an avenue to maintain brain health, has also 

nurtured interest in prebiotics both as tools to discern the mechanisms underlying microbiome-gut-

brain axis communication, and as interventions to assist in the treatment of mental illnesses. 
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According to the latest definition by the International Scientific Association of Probiotics and 

Prebiotics (ISAPP), dietary prebiotics are defined as ‘a substrate that is selectively utilized by host 

microorganisms conferring a health benefit (Gibson et al., 2017). Prebiotics include dietary fibers 

that facilitate the growth of beneficial gut bacteria and have been suggested to influence 

neurobiology and behavior through an impact on gut microbiota. Regarding specific prebiotics, 

studies involving the commercially available galacto-oligosaccharide prebiotic (B-GOS) have shown 

increased growth of Bifidobacteria compared to a fructo-oligosaccharide (FOS) prebiotic. In rodents, 

this effect is further associated with the prevention of post-inflammatory anxiety (Savignac et al., 

2016) and improvement in cognitive flexibility (Gronier et al., 2018). In human studies, B-GOS 

prebiotics have been shown to increase attentional vigilance to positive stimuli (Schmidt et al., 

2015), similar to antidepressants. The pro-cognitive effect of the B-GOS prebiotic has now been 

demonstrated  in schizophrenia patients who display severe cognitive deficits that are not alleviated 

by current treatments (Kao et al., 2019b). 

The mechanisms of prebiotic actions on the brain remain elusive. The three main mechanisms that 

are currently considered to play a role in communication along the microbiota-gut-brain axis are 1) 

the immune system, 2) metabolites from the diet that result from bacterial fermentation, and 3) the 

vagus nerve connecting the gut to the brain. One particular suggested mechanism to underpin the 

central actions of prebiotics may involve acetate generated from their fermentation by the enteric 

bacteria. Acetate has epigenetic effects in the brain and modulates key glutamate receptors that are 

integral to neurodevelopment and cognition (Gronier et al., 2018). However, although acetate is 

readily absorbed and reaches the brain via the circulation, it is not solely responsible for the central 

effects observed after prebiotic ingestion (Kao et al., 2019a). Other possible mechanisms, through 

which SCFA’s affect the brain, are the modulation of the vagus nerve activity, and/or through anti-

inflammatory effects within the gut. In the latter instance, certain bacterial metabolites have been 

proposed to modulate the gut epigenome and permeability (Qin et al., 2018), which in turn impacts 

the infiltration and activity of immune cells as well as the absorption of bioactives and hormones 

(Postler and Ghosh, 2017; Qin et al., 2018). All these factors working individually or in synergy have 

the potential to impact on central function (Sarkar et al., 2016). There is no doubt that bacterial 

fermentation of prebiotic intake generates SCFA’s, acetate, propionate and butyrate in the gut, but it 

is not clear how they contribute, if at all, to the psychotropic actions of these carbohydrates. An 

improved understanding of the mechanisms underlying the actions of certain prebiotics will identify 

pathways that could potentially be more effectively manipulated in order to treat brain disorders at 

all ages. Furthermore, since prebiotics occur naturally in the diet, knowing how they affect the brain, 

both in its healthy and disordered form, will provide useful information for healthy dietary choices. 

In addition to escalating research into the mechanisms underlying the psychotropic effects of 

prebiotics, it is crucial that more human studies are conducted. Laboratory animals have fixed diets, 

and so prebiotic supplementation is more likely to have a robust and reproducible impact on 

microbial communities and gut physiology. Furthermore, replication of the positive cognitive effects 

seen following prebiotic intervention in schizophrenia (Kao et al., 2019b) are needed using other 

formulations and in clinical trials. These investigations should also be extended to other cognitive 

disorders such as dementia, and natural age-related cognitive decline. In all cases, prebiotics if 

proven effective at attenuating psychological symptoms of brain disorders are likely to be used 

adjunctively rather than on their own. That is, it is unlikely that manipulating the gut microbiome 

through the ingestion of a prebiotics alone will have an effect on central dysfunctions. It is more 
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likely that supplements will be used as an additional therapy to improve brain metabolism and assist 

it in its response to current therapies.  

Introducing beneficial bacterial species, such as Bifidobacterium bifidum, a probiotic (i.e. a live 

microorganism that when ingested confers positive health effects to the host), or adding prebiotics, 

such as fructooligosaccharides (FOS) promoting growth and activity of certain bacterial species are 

the conventional methods for manipulating the intestinal microbial community. Advances in high-

throughput sequencing and metabolomics, however, have unravelled the importance of emerging 

postbiotics, which can be used to directly and specifically manipulate microbiota function (1). The 

term “postbiotics” indicates any soluble factor resulting from the metabolic activity of a live 

bacteria or any released molecule capable of providing health benefits through a direct or indirect 

mechanism. There is substantial evidence to suggest that many health beneficial effects 

associated with the establishment of a symbiotic gut microbiota are promoted by bacterial 

metabolic by-products, although the role of specific bioactive compounds and their probiotic 

effects and how they are mediated by other metabolites remains to be elucidated and has not yet 

been adequately explored in humans. Particularly, there is a focus on the subgroup of probiotics 

commonly referred to as ‘psychobiotics’ which have direct influences on neural health via the 

release of neuroactive compounds via the gut-bacteria-brain axis (for review, see (Oleskin and 

Shenderov, 2019). Relevant to neurobiology of neurodegeneration and cognitive defects, 

identification of novel postbiotics and the pathways responsible for their production may improve 

mechanistic understanding of the role that specific probiotics, prebiotics, and postbiotics have in 

restoring intestinal microbiota composition and associated neuroprotective functions (2). 

3.3 IMPROVED BIOMARKERS OF DIET AND AGEING 
Metabolomics is a versatile tool that has many applications in nutrition research. Applications are 

wide ranging and include identification of dietary biomarkers, examination of mechanisms through 

which diet impacts on health and the study of diet related diseases. Metabolomics is the 

measurement of small molecules called metabolites in biological samples such as urine and blood. 

The main technologies used are Nuclear Magnetic Resonance (NMR) and Mass Spectrometry (MS) 

based approaches. NMR is a robust, reproducible, quantitative and high-throughput approach. 

However, it is not as sensitive as the MS based approaches. To achieve optimal coverage of the 

metabolome one should use multiple platforms. 

With respect to the area of dietary biomarkers there is an urgent need for objective measures of 

dietary intake to be used in conjunction with self-reported dietary data. Metabolomic based 

approaches have been very successful in identification of new dietary biomarkers and published 

examples demonstrate that for certain foods quantitative analysis of the biomarkers can give an 

estimation of intake of the specific food. Furthermore, the work demonstrated good agreement 

between the biomarker data and intake as assessed by semi-weighed food diaries (Gibbons et al., 

2017). Other examples of quantitative biomarkers are also available in the literature (Garcia-Perez et 

al., 2017). However, not all dietary biomarkers will deliver quantitative information with respect to 

food intake. However, these biomarkers are still very useful for studying relationships with health 

and disease. For example, 22 lipid biomarkers which were related to total dietary fat intake have 

previously been identified. From this panel a number of lipids demonstrated responsiveness to 

different levels of fat intake in an intervention study and importantly were related to HOMA-IR, a 
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measure of insulin resistance. A recent study examining the relationships between circulating 

metabolites and cognition and dementia revealed that 15 metabolites were consistently associated 

with cognition across multiple cohorts (van der Lee et al., 2018). 

While a number of putative biomarkers for food intake exist in the literature there is an urgent need 

to validate these against agreed criteria (Dragsted et al., 2018). Such criteria include biological 

plausibility, dose response studies and replication. Using these suggested criteria more work is 

needed to validate existing markers so that we are at a stage where we can have biomarkers that 

assess the major food groups and obtain a good assessment of dietary intake. In the field of 

cognitive health there is a lack of studies examining the relationship between circulating metabolites 

and cognitive health. Additionally, there is a knowledge gap with respect to the impact of cognitive 

decline on key metabolic pathways. Future research should investigate the underlying mechanisms 

for the observed associations between metabolites and cognition/dementia. Work should also 

examine if these metabolites could be used as a signature for prevention/therapeutic strategies. 

Furthermore, it would be worth investigating if modulation of these metabolites could be achieved 

through an intervention and if this in turn impacts on cognitive health.  Future work should be 

devoted to developing biomarkers of food intake that in turn could be used to examine the 

relationship between food intake and cognitive health. Finally, cross collaboration between nutrition 

scientists and clinicians is crucial to maximise potential in this area. 

Biomarkers of ageing help identify individuals at high risk of premature ageing. These biomarkers 

also shorten the period necessary to test the efficacy of preventive interventions aimed at 

promoting healthy ageing. Nine hallmarks of ageing were listed in 2013 (Lopez-Otin et al., 2013). This 

prompted a list of molecular, functional, and anthropometric parameters that change with 

chronological age and which therefore could be called biomarkers of ageing (Burkle et al., 2015). 

However, a single robust, universal, safe, and non-expensive biomarker of ageing remains to be 

identified. Although telomere length is discussed here, there exist other classes of biomarkers such 

as epigenomics and proteomics which are beyond the scope of this current review (for a more 

comprehensive review, see (Zierer et al., 2015). 

Telomere attrition was listed as one the nine hallmarks of ageing (Lopez-Otin et al., 2013). 

Telomeres are repeating DNA sequences located at chromosomal ends that protect genomic 

stability. Telomeres shorten each time a somatic cell divides, and this fostered the use of telomere 

length in circulating cells as a biomarker of ageing in many epidemiologic studies. However, while 

telomere length is a good marker for proliferating cells (i.e. microglial cells), its validity for tracking 

replicative senescence of organs or tissues rich in post-mitotic cells (i.e. post-mitotic neurons) is still 

a matter of debate. Be it as it may, shorter telomeres are associated with a decreased life 

expectancy and increased rates of developing age-related chronic diseases. Focusing on brain, case-

control studies have repeatedly reported that patients with AD display shorter telomeres compared 

to controls (Forero et al., 2016) and a causal link has been suggested through a Mendelian 

randomization approach (Zhan et al., 2015). However, the association is less firmly established in 

prospective studies on telomere length and cognitive decline (Zhan et al., 2018).  

Oxidative stress and inflammation are believed to play a key role in brain ageing. On the other hand, 

both inflammation and oxidative stress also relate to telomere attrition, and observational studies 

reinforced the notion that long-term consumption of antioxidant-rich foods such as seeds, nuts and 

whole grains relate to preserved telomeres (Freitas-Simoes et al., 2018). It follows that sustained 
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consumption of plant-based foods (i.e. rich in antioxidant and anti-inflammatory compounds) might 

delay brain ageing by counteracting telomere attrition. Nevertheless, research on this interplay is 

still in its infancy. In the framework of the Finnish Geriatric Intervention Study to Prevent Cognitive 

Impairment and Disability (FINGER) trial, conducted in elderly people at risk for dementia (Ngandu et 

al., 2015), the cognitive benefits from the advice to increase consumption of plant foods as part of a 

multi-domain intervention over control (general health advice) were more pronounced in 

participants at the bottom tertile of baseline telomere length of circulating cells (so-called “higher-

risk individuals (Sindi et al., 2017)”). This is a promising finding. However, a tentative telomere length 

cut-off point to identify individuals at high risk of cognitive decline (i.e. those who can obtain the 

largest cognitive benefits of lifestyle-related interventions) is yet to be established. In addition, 

further refining on the influence of age, risk of cognitive decline, dietary background, duration of 

supplementation, and type of supplementation (nutrient or bioactive vs food vs dietary pattern; 

alone vs multi-nutrient vs multi-domain) is warranted in long-term and adequately powered 

randomized controlled trials exploring the interplay between diet, telomeres and cognition. 

Cognitively healthy participants with genetic risk factors of AD appear as an ideal population to 

conduct such trials.   

3.4 BRAIN METABOLISM 
Brain PET imaging shows that deteriorating brain energy metabolism is a pre-symptomatic problem 

that increases the risk of AD in older people, individuals with insulin resistance, carriers of the PSEN1 

(presenilin 1) and APOE4 (apolipoprotein E4) genetic mutations, and in people with a family history 

of AD (Cunnane et al., 2016). The deterioration of brain energy metabolism is specific to glucose – it 

does not affect the brain’s metabolism of ketone bodies in older people (Castellano et al., 2019), in 

MCI (Fortier et al., 2019) or in AD itself (Croteau et al., 2018). This is a crucial observation because it 

shows that brain cells having difficulty using glucose can still use ketones as an alternative energy 

source, indicating that the neurons are not completely lost, and also that brain energy rescue by 

ketones is a potential strategy to slow down the onset and possibly progression of AD. 

Indeed, recent PET studies show that this ‘ketone rescue’ strategy could provide benefits to brain 

metabolism (Fortier et al., 2019). A ketogenic drink containing medium chain triglyceride (MCT) 

reduces the brain energy gap caused by the brain glucose deficit in both MCI and AD in direct 

proportion to the plasma ketone level achieved. Furthermore, cognitive outcomes improve in MCI in 

direct relation to the plasma ketone level achieved by the MCT drink. This has been demonstrated in 

a 6-month randomized, placebo-controlled trial (n=19-20/group; (Fortier et al., 2019). Based on 

these results, (i) deteriorating brain energy metabolism appears to be an early and a central issue in 

MCI and AD but it is a problem for which a ketogenic intervention (diet or drink) is a potential 

solution, (ii) nutritional (or pharmaceutical) approaches to treating MCI or AD are unlikely to achieve 

their full potential unless the problem of the brain energy (glucose) deficit is addressed. The 

implication is that a larger trial adequately powered for cognitive (not metabolic) outcomes is now 

warranted. 

There remain however several unanswered questions relating to brain energy metabolism and the 

role of ketones being used as an energy source promoting cognitive health. The effective dose and 

trial duration required of such a MCT ketogenic drink to optimize benefits on cognitive outcomes 

remains to be determined. Finally, it should be investigated whether other approaches established 
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to produce changes in brain energy metabolism, such as caffeine (Vandenberghe et al., 2017) or 

exercise (Castellano et al., 2017), should also be incorporated into such an intervention, or whether 

this intervention should be part of a multi-nutrient approach to mitigating neurodegenerative 

disease progression.   

3.5 NOVEL BRAIN MODELS  
The broad availability of human stem cells, especially of induced pluripotent stem cells (iPSC), has 

prompted the development of a number of human brain organoid models. They come with different 

advantages and disadvantages as to size, standardization, reflection of anatomy and physiology and 

costs. The use of iPSC allows using different genetic backgrounds or iPSC lines, which were 

genetically modified (isogenic cell lines), for example carrying certain risk or reporter genes. As the 

model reflects the developing brain, it has obvious uses for developmental neurotoxicity (Hartung, 

2017; Pamies et al., 2018; Smirnova and Hartung, 2018), such as studies for causes and treatments 

of autism.  

In the context of the ageing brain, a number of brain diseases of the elderly have been investigated 

using this approach. Based on the finding that Alzheimer patient’s iPSC allow the generation of 

neurons showing some hallmarks of the disease (Israel et al., 2012; Muratore et al., 2014), such mini-

brain models have started to be produced. Similarly, a number of iPSC lines from patients with 

amyotrophic lateral sclerosis have been employed to produce and compare the respective mini 

brains, which is currently expanded to a larger number of donors. Parkinson Disease is typically 

studied in animals treated with substances selectively destroying dopaminergic neurons but has 

since been successfully translated to mini-brain models using substances such as MPTP, its active 

metabolite MPP+ or hydroxy-dopamine. In conclusion, a number of neurodegenerative diseases 

typically affecting the elderly can be modelled with brain and other organoid models derived from 

human stem cells. Altogether, the mini-brain models represent a versatile tool for brain research in 

various settings, allowing for research not previously possible with rodents, and allowing 

examination of disease models prior to clinical investigations in humans. 

4 SHORTCOMINGS AND FUTURE DIRECTIONS  

There remain several significant shortcomings in nutrition research focusing on candidate nutrients 

or dietary patterns which need to be addressed in future investigations. A focus on improving the 

accuracy and validity of dietary biomarkers is required in order to quantify intake and measure 

change following a dietary intervention to establish dose-dependent causality between intake and 

health outcomes. Current estimates of dietary intake are dependent on food frequency 

questionnaires, which rely on published food composition data. In addition to limitations related to 

self-report instruments (Archer et al., 2013; Yuan et al., 2017), the high variability in food 

composition, for example even within fruit taken from the same plant (Kuhnle, 2018; Wilkinson and 

Perring, 1961), makes it very difficult to estimate intakes of certain nutrients from whole foods, and 

instead mean values of nutritive compounds are often taken to estimate dietary intakes. Methods of 

preparation of certain foods can also affect composition, for example the length of brewing time of 

tea can significant affect the availability of flavan-3-ols (Fernando and Soysa, 2015). Biochemical 

markers of dietary intake overcome the issues of imprecise measurement and variability in food 

composition, as they rely instead on compounds that have actually been extracted by the body 
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(Kuhnle, 2012) (see section 1.3.5). As previously discussed, future research should continue to 

explore the utility of biomarkers whilst ensuring that their use is validated against up-to-date 

published criteria.  

Previous studies investigating the impact of specific nutrients or combinations of nutrients on health 

may not have adequately targeted populations that would benefit most from these interventions. 

Subjects that have sufficient or high levels of certain nutrients at baseline may not benefit in the 

same way from these approaches as those who are deficient or have lower levels of candidate 

nutrients, and as such results from studies grouping people regardless of baseline status may lead to 

milder and non-significant associations. Furthermore, targeting older adults in the prodromal stages 

of neurodegeneration, when they may be more susceptible to prevention approaches, could 

produce more robust results compared to focusing on healthy older adults or individuals living with 

more pronounced conditions where the stage of atrophy within the brain does not allow for 

significant improvements to be observed. It may be possible to identify an optimal intervention time 

point or window or set of conditions where benefits are most likely to be observed. Clinical trials are 

continually aiming to target earlier stages in the disease process to maximise benefits, which 

corresponds with improvements in detection of disease leading to earlier diagnosis. However, it 

remains unclear how early in the disease process treatment would be feasible. 

It is prudent to acknowledge that there is increasing concern regarding the selection of valid, reliable 

and sensitive cognitive and neuropsychological assessments and the associated practice and 

procedures utilized to assess nutritional effects on the ageing brain. Some authors have drawn 

attention to growing distrust of the findings emanating from industry-academia collaborations 

(Fabbri et al., 2017; Katan, 2007; Lesser et al., 2007; Nestle, 2016). The research community needs to 

address these concerns and ensure the integrity of the research outputs. There are clear indications 

of data dredging and p-hacking (Simmons et al., 2011), which are particularly relevant to 

neuropsychological tests where there are often multiple outcome measures for individual tests (e.g. 

speed of response, accuracy). Numerous strategies have been employed to analyse these outcomes 

and some authors combine individual test outcomes into factor scores or composite measures of a 

purported cognitive domain which could increase the likelihood of a significant effect. The ease with 

which computerized cognitive batteries can now be designed and implemented is contributing to 

greater diversity in measures of cognition, and therefore, reduced standardization of procedures. 

This reduces comparability of findings between studies, which can give the impression of lack of 

coherent effects. There is an obvious way to tackle these concerns; increase replication and address 

the so-called reproducibility crisis (Maxwell et al., 2015; Sorkin et al., 2016). However, this is 

hampered by the pressure to attain to novel, marketable outcomes. There is also evidence of 

‘harking’ – the practice of hypothesizing findings post data-analysis (Munafò et al., 2017). 

Furthermore, when hypothesized effects are not observed, and null outcomes are reported, 

publication is significantly less likely. Moreover, even amongst published findings, there is evidence 

of selection bias within systematic reviews (Walfisch et al., 2013). If we are to establish a robust 

evidence base to support nutritional benefits for the ageing brain then the need to pre-register trials 

with clearly defined hypotheses, explicit outcome measures (particularly with regards to cognitive 

function), and most importantly, an a priori statistical analysis plan is crucial. For example, an 

analysis of cognitive function should include pre-intervention baseline data as a covariate since 

baseline performance or biological state is the strongest predictor of subsequent response. Such an 

approach will also permit examination of the interaction of baseline measures with nutritional 
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interventions. For example, breakfast interventions in children have been shown to confer greatest 

benefit to children whose baseline performance is average or less (Adolphus et al., 2017). Such 

interactions likely also exist in aging adults. This also highlights the importance of considering 

characteristics which could influence cognitive performance, such as socio-economic status, IQ, 

habitual diet, and physiological/metabolic characteristics such as obesity and which if not, taken into 

account represent residual confounders (Adolphus et al., 2017). Indeed, guidance has been 

published on evaluating the integrity and strength of evidence (JPT and S, 2008), and many 

resources exist for encouraging best working and research practices in nutrition and health (e.g. 

(Alexander et al., 2015; Goldacre, 2017; Ioannidis, 2005; Welch et al., 2011)). It would serve our field 

well to adhere to these recommendations. Taking these steps is likely to increase confidence in the 

veracity of the research, irrespective of funding source, for all stakeholders, including academics, 

industry, journalists, and the public. 

Furthermore, with increasing pressure to identify and implement strategies that prevent 

neurodegenerative disease in the context of an ageing population and the considerable personal and 

financial cost of these conditions, there is a corresponding pressure placed on those in the scientific 

community to communicate recommendations based on these investigations to the general public 

and policy-makers in a way that is convincing and accessible. However, within the European Union 

(EU) there are strict conditions on the use of health claims also in relation to cognition. The legal 

framework for making health claims within the EU is contained within the Regulation on Food 

Information for Consumers (FIC) (Regulation (EU) No 1169/20113) and in the Claims Regulation 

(Regulation (EC) No 1924/20064). These regulations are in place to ensure that information 

pertaining to food or nutrients are not misleading or attribute them affects which are not supported 

by sufficient evidence. In addition to ensuring information pertaining to food is clear and 

understandable; the FIC prohibits medical claims to be made relating to food products, which 

includes claims targeting the prevention or treatment of a particular disease in humans. In a similar 

vein, the Claims Regulation defines a health claim as a voluntary message in any form that states or 

suggests that a food has particular characteristics. In fact, claims should be linked to particular 

nutrients contained in food products, regarding which it has been shown they have a beneficial 

effect to human health. These claims include general health claims, health claims targeting children, 

and disease-risk reduction claims. Cognitive health claims, just like any type of health claim, can only 

be made regarding a particular food product provided that it has been shown to have a beneficial 

nutritional or physiological effect, the active nutrient is present in the end product which will 

produce the claimed effect, and it is present in a form that is bioavailable to the human body. Active 

ingredients for which so far health claims in relation to cognitive function have been authorized are 

zinc, copper and iodine. An example of such authorized claim is “zinc contributes to a regular 

problem-solving ability”. The Claims Regulation does not apply to purely scientific (i.e. non-

commercial) communications, such that evidence-based results regarding specific bioactive 

nutrients or foods can be communicated provided that there is no direct link to commercial 

interests. This is different however when communications are targeted at health care professionals, 

                                                           
3 Regulation (EU) no 1169/2011 of the European Parliament and of the Council of 25 October 2011on the provision of food 
information to consumers. 
4 Regulation (EC) No 1924/2006 of the European Parliament and of the Council of 20 December 2006 on nutrition and 
health claims made on foods. 
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that might end up with the consumer as well. The European Court of Justice has clarified in a 2016 

decision5 that in such context, the Claims Regulation applies as well. 

Finally, there remains the obstacle of moving from evidence to implementation of these findings in 

clinical and public health settings. In the absence of current pharmacological interventions to delay 

or stop the progression of neurodegenerative disease, a combination of drug and lifestyle 

interventions appear to be a promising avenue of curtailing the disease processes underlying age-

related cognitive decline (Kivipelto et al., 2013; Lombardo, February 2012; Martinez-Lapiscina et al., 

2013; Morris et al., 2015b; Ngandu et al., 2015; Psaltopoulou et al., 2013; Scarmeas et al., 2006; 

Valls-Pedret et al., 2015). However, particularly in the context of care homes and services provided 

specifically to older adults, the adoption of such lifestyle interventions could be costly and would 

require not only a sound evidence base of the efficacy of certain nutritional and dietary changes, but 

also practical examples of how these changes can be implemented in a way that is both economical 

and of optimal benefit to service users in order to ensure these practice are adopted. Indeed, there 

are such practices emerging in the USA such as the Memory Preservation Nutrition (MPN) program 

developed by medical practitioners and researchers at Boston University School of Medicine and 

Tufts University School of Medicine (Emerson Lombardo et al., 2006; Wolf et al., 2012). The MPN 

implements six key principles including 1) increasing the amount and variety of anti-oxidative 

nutrients such as vitamin E, vitamin C and β-carotenes (Morris et al., 2002), 2) reducing insulin 

resistance, 3) reducing LDL cholesterol and avoid trans fats and reduce sugar intake, 4) increasing 

omega-3 fatty acids and other healthy fats (Okereke et al., 2012) 5) reducing inflammation, and 6) 

assuring adequate B, C, D, and E vitamins (Kivipelto et al., 2008; Morris et al., 2004; Morris et al., 

2005). The MPN program is also updated in line with emerging evidence (Jacka et al., 2017; Parletta 

et al., 2019) and an additional 7th principle focusing on increasing prebiotic and probiotic intake has 

been included since 2017. In general, increasing intake of fermented foods including pickled 

vegetables, leafy greens (e.g. sauerkraut, kimchi), fermented dairy as the preferred form of dairy, 

and various foods basic to some ethnic diets such as miso, soy or tempeh are recommended. With 

the aid of dietitians, nutritionists, and educators this program has begun to be implemented in a 

number of senior residences and programs targeting older adults, as well as individuals across the 

lifespan. As lifestyle and dietary changes can be challenging to implement, the MPN provides 

guidelines for adoption of this program by individuals and care providers by including detailed 

guides, recipes, shopping lists, progress monitoring and coaching (for example see 6,7,8). These 

practices have begun to be adopted by service providers in the USA. Although the long-term benefits 

of such practices remain to be determined, programs such as MPN are an example of possible 

implementation of life-style changes, demonstrating that putting them into practice has the 

potential to be practical and feasibly adopted by both service providers and recipients. 

                                                           
5 Judgment of the Court (Third Chamber). 14 July 2016. 
6 Emerson Lombardo NB (Nov 2014) Brain Healthy Foods for the Holidays. Acton, MA: Brain Health and Wellness Center® 
7 Emerson Lombardo NB. (Nov 2015) Brain Healthy Foods: Menus and Recipes Vol. 1. Acton, MA: Brain Health and Wellness 
Center®. 
8 http://brainwellness.com/ 
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5 CONCLUSIONS 

Lifestyle approaches to combatting the growing burden of age-related neurodegeneration is 

receiving increased attention, and the evidence for the impact of diet on disease processes that 

contribute to pathological brain ageing shows particular promise. Although certain nutrients such as 

omega-3 fatty acids, flavonoids and B vitamins have been found to impact disease mechanisms 

underlying cognitive ageing, in light of findings from large-scale observational studies suggesting a 

complex interplay between nutrients and their impact on health, the focus on the beneficial health 

effects of specific nutrients has shifted towards multi-nutrient and whole diet approaches to 

improving brain health.  

New avenues for exploring the role of diet in healthy ageing have emerged in recent years, and 

particularly the impact of the gut microbiome and its manipulation by certain dietary factors, 

including probiotics and postbiotics, is accumulating promising evidence for the promotion of 

healthy host brain ageing and general longevity. However, there remain unanswered questions 

regarding how the impact of the gut microbiome is regulated by diet and its mechanisms of action. 

The emergence of new techniques such as imaging measures of brain metabolism, metabolomics 

and improved measurement of ageing and dietary biomarkers, and novel brain modelling techniques 

are enabling researchers to approach finding answers to these questions. Improvements in the way 

we are able to measure the direct relationship between whole food nutrient composition and its 

impact on health and how this impact changes across different populations and age groups will aid 

in determining optimal approaches to improving brain health with diet across the lifespan, 

particularly cognitive ageing as measured by improved neuropsychological tests and their analysis. 

Implementation of large-scale preventive interventions based on dietary patterns identified as being 

beneficial to brain health should be a research and public health priority, ideally in conjunction with 

other health-promoting lifestyle factors. 

There is an increasing societal interest in how lifestyle factors can be modified to prevent cognitive 

decline and generally improve health over the lifespan. However, there exists an overwhelming 

amount of inaccurate and conflicting information available from media including the internet, which 

can often drown out evidence-based recommendations for improving and maintaining health. In 

light of this, a more robust, accessible, and convincing repository of information regarding how to 

improve health needs to be made available to the public, while still complying with guidelines and 

laws pertaining to health claims. 

 

The ultimate aim of this research is to translate these findings into clinical and public health 

contexts, and indeed early evidence-based programs being currently implemented in aged care 

settings have shown particular promise. However, further investigation to improve our 

understanding of the mechanisms by which nutrition can improve brain health across the human 

lifespan is still required. 

6 DISCLOSURE 

The symposium ‘Nutrition for the Ageing Brain: Moving Towards Clinical Applications” was organised 

with funds from ILSI Europe’s Nutrition and Mental Performance Task Force. Industry members of 

this task force are listed on the ILSI Europe website at www.ilsi.eu. For further information about ILSI 

Europe, please email info@ilsieurope.be or call +32 2 771 00 14. This review was prepared taken 

Jo
ur

na
l P

re
-p

ro
of

file://SRVDC2/Public/Nutrition%20&%20Mental%20Performance/Workshops%20Ageing%20Brain/WS%202016/Proceedings/3rd%20draft/www.ilsi.eu
mailto:info@ilsieurope.be


22 
 

into account the presentations at the symposium mentioned in the abstract and was conducted by 

an expert group of ILSI Europe. The opinions expressed herein, and the conclusions of this article do 

not necessarily represent either the views of ILSI Europe or those of its member companies. All 

authors read and approved the final manuscript. 

 

 AUTHOR CONTRIBUTION STATEMENT  
Emma Flanagan: Conceptualization, Writing - Original Draft, Writing - Review & Editing; Daniel 
Lamport: Conceptualization, Writing - Original Draft, Writing - Review & Editing; Lorraine Brennan: 
Writing - Review & Editing; Philip Burnet: Writing - Review & Editing; Vittorio Calabrese: 
Conceptualization, Writing - Review & Editing; Stephen C. Cunnane: Writing - Review & Editing; 
Martijn C. de Wilde: Conceptualization, Writing - Review & Editing; Louise Dye: Conceptualization, 
Writing - Review & Editing; Jonathan A. Farrimond: Conceptualization; Nancy Emerson Lombardo: 
Writing - Review & Editing; Tobias Hartmann: Writing - Review & Editing; Thomas Hartung: Writing - 
Review & Editing; Marko Kalliomäki: Writing - Review & Editing; Gunther G. Kuhnle: Writing - 
Review & Editing; Giorgio La Fata: Conceptualization, Writing - Review & Editing; Aleix Sala-Vila: 
Writing - Review & Editing; Cécilia Samieri: Writing - Review & Editing; A. David Smith: Writing - 
Review & Editing; Jeremy P.E. Spencer: Conceptualization, Writing - Review & Editing; Sandrine 
Thuret: Conceptualization, Writing - Review & Editing; Kieran Tuohy: Writing - Review & Editing; 
Silvia Turroni: Writing - Review & Editing; Wim Vanden Berghe: Conceptualization, Writing - Review 
& Editing; Martin Verkuijl: Conceptualization, Writing - Review & Editing; Karin Verzijden: Writing - 
Review & Editing; Mary Yannakoulia: Writing - Review & Editing; Lucie Geurts: Conceptualization, 
Writing - Review & Editing, Supervision, Project Administration; David Vauzour: Conceptualization, 
Writing - Original Draft, Writing - Review & Editing, Supervision.  
  
 

7 REFERENCES 

Adolphus, K., Bellissimo, N., Lawton, C.L., Ford, N.A., Rains, T.M., Totosy de Zepetnek, J., Dye, L., 
2017. Methodological Challenges in Studies Examining the Effects of Breakfast on Cognitive 
Performance and Appetite in Children and Adolescents. Adv Nutr 8, 184S-196S. 

Alexander, N., Rowe, S., Brackett, R.E., Burton-Freeman, B., Hentges, E.J., Kretser, A., Klurfeld, D.M., 
Meyers, L.D., Mukherjea, R., Ohlhorst, S., 2015. Achieving a transparent, actionable 
framework for public-private partnerships for food and nutrition research. Am J Clin Nutr 
101, 1359-1363. 

Amadieu, C., Lefevre-Arbogast, S., Delcourt, C., Dartigues, J.F., Helmer, C., Feart, C., Samieri, C., 2017. 
Nutrient biomarker patterns and long-term risk of dementia in older adults. Alzheimer's & 
dementia : the journal of the Alzheimer's Association 13, 1125-1132. 

Anastasiou, C.A., Yannakoulia, M., Kontogianni, M.D., Kosmidis, M.H., Mamalaki, E., Dardiotis, E., 
Hadjigeorgiou, G., Sakka, P., Tsapanou, A., Lykou, A., Scarmeas, N., 2018. Mediterranean 
Lifestyle in Relation to Cognitive Health: Results from the HELIAD Study. Nutrients 10. 

Anastasiou, C.A., Yannakoulia, M., Kosmidis, M.H., Dardiotis, E., Hadjigeorgiou, G.M., Sakka, P., 
Arampatzi, X., Bougea, A., Labropoulos, I., Scarmeas, N., 2017. Mediterranean diet and 
cognitive health: Initial results from the Hellenic Longitudinal Investigation of Ageing and 
Diet. PloS one 12, e0182048. 

Jo
ur

na
l P

re
-p

ro
of



23 
 

Andrieu, S., Guyonnet, S., Coley, N., Cantet, C., Bonnefoy, M., Bordes, S., Bories, L., Cufi, M.N., 
Dantoine, T., Dartigues, J.F., Desclaux, F., Gabelle, A., Gasnier, Y., Pesce, A., Sudres, K., 
Touchon, J., Robert, P., Rouaud, O., Legrand, P., Payoux, P., Caubere, J.P., Weiner, M., Carrie, 
I., Ousset, P.J., Vellas, B., 2017. Effect of long-term omega 3 polyunsaturated fatty acid 
supplementation with or without multidomain intervention on cognitive function in elderly 
adults with memory complaints (MAPT): a randomised, placebo-controlled trial. The Lancet. 
Neurology 16, 377-389. 

Antoniak, M., Pugliatti, M., Hubbard, R., Britton, J., Sotgiu, S., Sadovnick, A.D., ... , & Stewart, L., 
2003. Vascular Factors and Risk of Dementia: Design of the Three-City Study and Baseline 
Characteristics of the Study Population. Neuroepidemiology 22, 316-325. 

Archer, E., Hand, G.A., Blair, S.N., 2013. Validity of U.S. nutritional surveillance:National Health and 
Nutrition Examination Survey caloric energy intake data, 1971-2010. PloS one 8, e76632. 

Berendsen, A.A.M., van de Rest, O., Feskens, E.J.M., Santoro, A., Ostan, R., Pietruszka, B., 
Brzozowska, A., Stelmaszczyk-Kusz, A., Jennings, A., Gillings, R., Cassidy, A., Caille, A., 
Caumon, E., Malpuech-Brugere, C., Franceschi, C., de Groot, L.C.P.G.M., 2018. Changes in 
Dietary Intake and Adherence to the NU-AGE Diet Following a One-Year Dietary Intervention 
among European Older Adults-Results of the NU-AGE Randomized Trial. Nutrients 10, 1905. 

Berti, V., Murray, J., Davies, M., Spector, N., Tsui, W.H., Li, Y., Williams, S., Pirraglia, E., 
Vallabhajosula, S., McHugh, P., Pupi, A., de Leon, M.J., Mosconi, L., 2015. Nutrient patterns 
and brain biomarkers of Alzheimer's disease in cognitively normal individuals. The journal of 
nutrition, health & aging 19, 413-423. 

Biagi, E., Franceschi, C., Rampelli, S., Severgnini, M., Ostan, R., Turroni, S., Consolandi, C., Quercia, S., 
Scurti, M., Monti, D., Capri, M., Brigidi, P., Candela, M., 2016. Gut Microbiota and Extreme 
Longevity. Current biology : CB 26, 1480-1485. 

Biagi, E., Rampelli, S., Turroni, S., Quercia, S., Candela, M., Brigidi, P., 2017. The gut microbiota of 
centenarians: Signatures of longevity in the gut microbiota profile. Mech Ageing Dev 165, 
180-184. 

Bowman, G.L., Silbert, L.C., Howieson, D., Dodge, H.H., Traber, M.G., Frei, B., Kaye, J.A., Shannon, J., 
Quinn, J.F., 2012. Nutrient biomarker patterns, cognitive function, and MRI measures of 
brain aging. Neurology 78, 241-249. 

Burkle, A., Moreno-Villanueva, M., Bernhard, J., Blasco, M., Zondag, G., Hoeijmakers, J.H., Toussaint, 
O., Grubeck-Loebenstein, B., Mocchegiani, E., Collino, S., Gonos, E.S., Sikora, E., Gradinaru, 
D., Dolle, M., Salmon, M., Kristensen, P., Griffiths, H.R., Libert, C., Grune, T., Breusing, N., 
Simm, A., Franceschi, C., Capri, M., Talbot, D., Caiafa, P., Friguet, B., Slagboom, P.E., 
Hervonen, A., Hurme, M., Aspinall, R., 2015. MARK-AGE biomarkers of ageing. Mech Ageing 
Dev 151, 2-12. 

Butler, M., Nelson, V.A., Davila, H., Ratner, E., Fink, H.A., Hemmy, L.S., McCarten, J.R., Barclay, T.R., 
Brasure, M., Kane, R.L., 2018. Over-the-Counter Supplement Interventions to Prevent 
Cognitive Decline, Mild Cognitive Impairment, and Clinical Alzheimer-Type Dementia: A 
Systematic Review. Ann Intern Med 168, 52-62. 

Cani, P.D., 2018. Human gut microbiome: hopes, threats and promises. Gut 67, 1716-1725. 

Jo
ur

na
l P

re
-p

ro
of



24 
 

Cani, P.D., de Vos, W.M., 2017. Next-Generation Beneficial Microbes: The Case of Akkermansia 
muciniphila. Frontiers in microbiology 8, 1765. 

Castellano, C.-A., Hudon, C., Croteau, E., Fortier, M., St-Pierre, V., Vandenberghe, C., Nugent, S., 
Tremblay, S., Paquet, N., Lepage, M., Fülöp, T., Turcotte, É.E., Dionne, I.J., Potvin, O., 
Duchesne, S., Cunnane, S.C., 2019. Links Between Metabolic and Structural Changes in the 
Brain of Cognitively Normal Older Adults: A 4-Year Longitudinal Follow-Up. Frontiers in Aging 
Neuroscience 11. 

Castellano, C.A., Paquet, N., Dionne, I.J., Imbeault, H., Langlois, F., Croteau, E., Tremblay, S., Fortier, 
M., Matte, J.J., Lacombe, G., Fulop, T., Bocti, C., Cunnane, S.C., 2017. A 3-Month Aerobic 
Training Program Improves Brain Energy Metabolism in Mild Alzheimer's Disease: 
Preliminary Results from a Neuroimaging Study. J Alzheimers Dis 56, 1459-1468. 

Cho, K.S., Shin, M., Kim, S., Lee, S.B., 2018. Recent Advances in Studies on the Therapeutic Potential 
of Dietary Carotenoids in Neurodegenerative Diseases. Oxid Med Cell Longev 2018, 
4120458-4120458. 

Cimler, R., Maresova, P., Kuhnova, J., Kuca, K., 2019. Predictions of Alzheimer's disease treatment 
and care costs in European countries. PloS one 14, e0210958. 

Claesson, M.J., Jeffery, I.B., Conde, S., Power, S.E., O’Connor, E.M., Cusack, S., Harris, H.M.B., 
Coakley, M., Lakshminarayanan, B., O’Sullivan, O., Fitzgerald, G.F., Deane, J., O’Connor, M., 
Harnedy, N., O’Connor, K., O’Mahony, D., van Sinderen, D., Wallace, M., Brennan, L., 
Stanton, C., Marchesi, J.R., Fitzgerald, A.P., Shanahan, F., Hill, C., Ross, R.P., O’Toole, P.W., 
2012. Gut microbiota composition correlates with diet and health in the elderly. Nature 488, 
178. 

Clarke, G., Grenham, S., Scully, P., Fitzgerald, P., Moloney, R.D., Shanahan, F., Dinan, T.G., Cryan, J.F., 
2013. The microbiome-gut-brain axis during early life regulates the hippocampal 
serotonergic system in a sex-dependent manner. Molecular Psychiatry 18, 666-673. 

Clarke, R., Bennett, D., Parish, S., Lewington, S., Skeaff, M., Eussen, S.J., Lewerin, C., Stott, D.J., 
Armitage, J., Hankey, G.J., Lonn, E., Spence, J.D., Galan, P., de Groot, L.C., Halsey, J., Dangour, 
A.D., Collins, R., Grodstein, F., Collaboration, o.b.o.t.B.-V.T.T., 2014. Effects of homocysteine 
lowering with B vitamins on cognitive aging: meta-analysis of 11 trials with cognitive data on 
22,000 individuals. The American Journal of Clinical Nutrition 100, 657-666. 

Collino, S., Montoliu, I., Martin, F.-P.J., Scherer, M., Mari, D., Salvioli, S., Bucci, L., Ostan, R., Monti, 
D., Biagi, E., Brigidi, P., Franceschi, C., Rezzi, S., 2013. Metabolic Signatures of Extreme 
Longevity in Northern Italian Centenarians Reveal a Complex Remodeling of Lipids, Amino 
Acids, and Gut Microbiota Metabolism. PloS one 8, e56564. 

Corrada, M.M., Kawas, C.H., Hallfrisch, J., Muller, D., Brookmeyer, R., 2005. Reduced risk of 
Alzheimer's disease with high folate intake: the Baltimore Longitudinal Study of Aging. 
Alzheimer's & dementia : the journal of the Alzheimer's Association 1, 11-18. 

Croteau, E., Castellano, C.A., Richard, M.A., Fortier, M., Nugent, S., Lepage, M., Duchesne, S., 
Whittingstall, K., Turcotte, E.E., Bocti, C., Fulop, T., Cunnane, S.C., 2018. Ketogenic Medium 
Chain Triglycerides Increase Brain Energy Metabolism in Alzheimer's Disease. J Alzheimers 
Dis 64, 551-561. 

Jo
ur

na
l P

re
-p

ro
of



25 
 

Cunnane, S.C., Courchesne-Loyer, A., Vandenberghe, C., St-Pierre, V., Fortier, M., Hennebelle, M., 
Croteau, E., Bocti, C., Fulop, T., Castellano, C.-A., 2016. Can Ketones Help Rescue Brain Fuel 
Supply in Later Life? Implications for Cognitive Health during Aging and the Treatment of 
Alzheimer’s Disease. Frontiers in Molecular Neuroscience 9. 

Dardiotis, E., Kosmidis, M.H., Yannakoulia, M., Hadjigeorgiou, G.M., Scarmeas, N., 2014. The Hellenic 
Longitudinal Investigation of Aging and Diet (HELIAD): rationale, study design, and cohort 
description. Neuroepidemiology 43, 9-14. 

Davis, C., Bryan, J., Hodgson, J., Murphy, K., 2015. Definition of the Mediterranean Diet; a Literature 
Review. Nutrients 7, 9139-9153. 

de Jager, C.A., Oulhaj, A., Jacoby, R., Refsum, H., Smith, A.D., 2012. Cognitive and clinical outcomes 
of homocysteine-lowering B-vitamin treatment in mild cognitive impairment: a randomized 
controlled trial. International journal of geriatric psychiatry 27, 592-600. 

de la Cuesta-Zuluaga, J., Kelley, S.T., Chen, Y., Escobar, J.S., Mueller, N.T., Ley, R.E., McDonald, D., 
Huang, S., Swafford, A.D., Knight, R., Thackray, V.G., 2019. Age- and Sex-Dependent Patterns 
of Gut Microbial Diversity in Human Adults. mSystems 4. 

Desbonnet, L., Garrett, L., Clarke, G., Bienenstock, J., Dinan, T.G., 2008. The probiotic Bifidobacteria 
infantis: An assessment of potential antidepressant properties in the rat. J Psychiatr Res 43, 
164-174. 

Dinu, M., Pagliai, G., Casini, A., Sofi, F., 2018. Mediterranean diet and multiple health outcomes: an 
umbrella review of meta-analyses of observational studies and randomised trials. European 
journal of clinical nutrition 72, 30-43. 

Douaud, G., Refsum, H., de Jager, C.A., Jacoby, R., Nichols, T.E., Smith, S.M., Smith, A.D., 2013. 
Preventing Alzheimer's disease-related gray matter atrophy by B-vitamin treatment. 
Proceedings of the National Academy of Sciences of the United States of America 110, 9523-
9528. 

Dragsted, L.O., Gao, Q., Scalbert, A., Vergeres, G., Kolehmainen, M., Manach, C., Brennan, L., Afman, 
L.A., Wishart, D.S., Andres Lacueva, C., Garcia-Aloy, M., Verhagen, H., Feskens, E.J.M., 
Pratico, G., 2018. Validation of biomarkers of food intake-critical assessment of candidate 
biomarkers. Genes & nutrition 13, 14. 

Emerson Lombardo, N.B., Volicer, L., Martin, A., Wu, B., Zhang, X.W., 2006. Memory Preservation 
Diet To Reduce Risk and Slow Progression of Alzheimer’s Disease, in: Vellas, B., Grundman, 
M., Feldman, H., Fitten, L.J., Winblad, B (Ed.), Research and Practice in Alzheimer's Disease 
and Cognitive Decline, pp. 138-159. 

Estruch, R., Ros, E., Salas-Salvado, J., Covas, M.I., Corella, D., Aros, F., Gomez-Gracia, E., Ruiz-
Gutierrez, V., Fiol, M., Lapetra, J., Lamuela-Raventos, R.M., Serra-Majem, L., Pinto, X., 
Basora, J., Munoz, M.A., Sorli, J.V., Martinez, J.A., Fito, M., Gea, A., Hernan, M.A., Martinez-
Gonzalez, M.A., 2018. Primary Prevention of Cardiovascular Disease with a Mediterranean 
Diet Supplemented with Extra-Virgin Olive Oil or Nuts. The New England journal of medicine 
378, e34. 

Fabbri, A., Chartres, N., Scrinis, G., Bero, L.A., 2017. Study sponsorship and the nutrition research 
agenda: analysis of randomized controlled trials included in systematic reviews of nutrition 
interventions to address obesity. Public Health Nutr 20, 1306-1313. 

Jo
ur

na
l P

re
-p

ro
of



26 
 

Feart, C., Helmer, C., Merle, B., Herrmann, F.R., Annweiler, C., Dartigues, J.F., Delcourt, C., Samieri, 
C., 2017. Associations of lower vitamin D concentrations with cognitive decline and long-
term risk of dementia and Alzheimer's disease in older adults. Alzheimer's & dementia : the 
journal of the Alzheimer's Association 13, 1207-1216. 

Feart, C., Letenneur, L., Helmer, C., Samieri, C., Schalch, W., Etheve, S., Delcourt, C., Dartigues, J.F., 
Barberger-Gateau, P., 2015. Plasma Carotenoids Are Inversely Associated With Dementia 
Risk in an Elderly French Cohort. The journals of gerontology. Series A, Biological sciences 
and medical sciences. 

Fernando, C.D., Soysa, P., 2015. Extraction Kinetics of phytochemicals and antioxidant activity during 
black tea (Camellia sinensis L.) brewing. Nutrition journal 14, 74. 

Forero, D.A., Gonzalez-Giraldo, Y., Lopez-Quintero, C., Castro-Vega, L.J., Barreto, G.E., Perry, G., 
2016. Meta-analysis of Telomere Length in Alzheimer's Disease. The journals of gerontology. 
Series A, Biological sciences and medical sciences 71, 1069-1073. 

Fortier, M., Castellano, C.A., Croteau, E., Langlois, F., Bocti, C., St-Pierre, V., Vandenberghe, C., 
Bernier, M., Roy, M., Descoteaux, M., Whittingstall, K., Lepage, M., Turcotte, E.E., Fulop, T., 
Cunnane, S.C., 2019. A ketogenic drink improves brain energy and some measures of 
cognition in mild cognitive impairment. Alzheimer's & dementia : the journal of the 
Alzheimer's Association 15, 625-634. 

Freitas-Simoes, T.M., Ros, E., Sala-Vila, A., 2018. Telomere length as a biomarker of accelerated 
aging: is it influenced by dietary intake? Current opinion in clinical nutrition and metabolic 
care 21, 430-436. 

Galkin, F., Aliper, A., Putin, E., Kuznetsov, I., Gladyshev, V.N., Zhavoronkov, A., 2018. Human 
microbiome aging clocks based on deep learning and tandem of permutation feature 
importance and accumulated local effects. bioRxiv, 507780. 

Garcia-Perez, I., Posma, J.M., Gibson, R., Chambers, E.S., Hansen, T.H., Vestergaard, H., Hansen, T., 
Beckmann, M., Pedersen, O., Elliott, P., Stamler, J., Nicholson, J.K., Draper, J., Mathers, J.C., 
Holmes, E., Frost, G., 2017. Objective assessment of dietary patterns by use of metabolic 
phenotyping: a randomised, controlled, crossover trial. The lancet. Diabetes & 
endocrinology 5, 184-195. 

Gibbons, H., Michielsen, C.J.R., Rundle, M., Frost, G., McNulty, B.A., Nugent, A.P., Walton, J., Flynn, 
A., Gibney, M.J., Brennan, L., 2017. Demonstration of the utility of biomarkers for dietary 
intake assessment; proline betaine as an example. Molecular nutrition & food research 61. 

Gibson, G.R., Hutkins, R., Sanders, M.E., Prescott, S.L., Reimer, R.A., Salminen, S.J., Scott, K., Stanton, 
C., Swanson, K.S., Cani, P.D., Verbeke, K., Reid, G., 2017. Expert consensus document: The 
International Scientific Association for Probiotics and Prebiotics (ISAPP) consensus statement 
on the definition and scope of prebiotics. Nature reviews. Gastroenterology & hepatology 
14, 491-502. 

Goldacre, B., 2017. The WHO joint statement from funders on trials transparency. BMJ 357, j2816. 

Goodrich, J.K., Waters, J.L., Poole, A.C., Sutter, J.L., Koren, O., Blekhman, R., Beaumont, M., Van 
Treuren, W., Knight, R., Bell, J.T., Spector, T.D., Clark, A.G., Ley, R.E., 2014. Human genetics 
shape the gut microbiome. Cell 159, 789-799. 

Jo
ur

na
l P

re
-p

ro
of



27 
 

Gronier, B., Savignac, H.M., Di Miceli, M., Idriss, S.M., Tzortzis, G., Anthony, D., Burnet, P.W.J., 2018. 
Increased cortical neuronal responses to NMDA and improved attentional set-shifting 
performance in rats following prebiotic (B-GOS((R))) ingestion. European 
neuropsychopharmacology : the journal of the European College of 
Neuropsychopharmacology 28, 211-224. 

Gu, Y., Vorburger, R.S., Gazes, Y., Habeck, C.G., Stern, Y., Luchsinger, J.A., Manly, J.J., Schupf, N., 
Mayeux, R., Brickman, A.M., 2016. White matter integrity as a mediator in the relationship 
between dietary nutrients and cognition in the elderly. Annals of neurology 79, 1014-1025. 

Han, B., Sivaramakrishnan, P., Lin, C.J., Neve, I.A.A., He, J., Tay, L.W.R., Sowa, J.N., Sizovs, A., Du, G., 
Wang, J., Herman, C., Wang, M.C., 2017. Microbial Genetic Composition Tunes Host 
Longevity. Cell 169, 1249-1262.e1213. 

Hartung, T., Hogberg, H., Leist, M., Pamies, D., & Smirnova, L., 2017. Advanced cell techniques to 
study developmental neurobiology and toxicology., Neural Cell Biology. CRC Press., pp. pp. 
187-217. 

Hooshmand, B., Polvikoski, T., Kivipelto, M., Tanskanen, M., Myllykangas, L., Erkinjuntti, T., Makela, 
M., Oinas, M., Paetau, A., Scheltens, P., van Straaten, E.C., Sulkava, R., Solomon, A., 2013. 
Plasma homocysteine, Alzheimer and cerebrovascular pathology: a population-based 
autopsy study. Brain 136, 2707-2716. 

Ioannidis, J.P.A., 2005. Why Most Published Research Findings Are False. PLOS Medicine 2, e124. 

Israel, M.A., Yuan, S.H., Bardy, C., Reyna, S.M., Mu, Y., Herrera, C., Hefferan, M.P., Van Gorp, S., 
Nazor, K.L., Boscolo, F.S., Carson, C.T., Laurent, L.C., Marsala, M., Gage, F.H., Remes, A.M., 
Koo, E.H., Goldstein, L.S., 2012. Probing sporadic and familial Alzheimer's disease using 
induced pluripotent stem cells. Nature 482, 216-220. 

Jacka, F.N., O'Neil, A., Opie, R., Itsiopoulos, C., Cotton, S., Mohebbi, M., Castle, D., Dash, S., 
Mihalopoulos, C., Chatterton, M.L., Brazionis, L., Dean, O.M., Hodge, A.M., Berk, M., 2017. A 
randomised controlled trial of dietary improvement for adults with major depression (the 
'SMILES' trial). BMC medicine 15, 23. 

Jayedi, A., Rashidy-Pour, A., Shab-Bidar, S., 2018. Vitamin D status and risk of dementia and 
Alzheimer's disease: A meta-analysis of dose-response. Nutritional neuroscience, 1-10. 

Jerneren, F., Cederholm, T., Refsum, H., Smith, A.D., Turner, C., Palmblad, J., Eriksdotter, M., Hjorth, 
E., Faxen-Irving, G., Wahlund, L.O., Schultzberg, M., Basun, H., Freund-Levi, Y., 2019. 
Homocysteine Status Modifies the Treatment Effect of Omega-3 Fatty Acids on Cognition in 
a Randomized Clinical Trial in Mild to Moderate Alzheimer's Disease: The OmegAD Study. J 
Alzheimers Dis 69, 189-197. 

Jerneren, F., Elshorbagy, A.K., Oulhaj, A., Smith, S.M., Refsum, H., Smith, A.D., 2015. Brain atrophy in 
cognitively impaired elderly: the importance of long-chain omega-3 fatty acids and B vitamin 
status in a randomized controlled trial. Am J Clin Nutr 102, 215-221. 

JPT, H., S, G., 2008. Cochrane handbook for systematic reviews of interventions version 5.0.0 
[updated February 2008]. . 

Kang, J.H., Grodstein, F., 2008. Plasma carotenoids and tocopherols and cognitive function: a 
prospective study. Neurobiol Aging 29, 1394-1403. 

Jo
ur

na
l P

re
-p

ro
of



28 
 

Kao, A.C., Chan, K.W., Anthony, D.C., Lennox, B.R., Burnet, P.W., 2019a. Prebiotic reduction of brain 
histone deacetylase (HDAC) activity and olanzapine-mediated weight gain in rats, are 
acetate independent. Neuropharmacology 150, 184-191. 

Kao, A.C., Safarikova, J., Marquardt, T., Mullins, B., Lennox, B.R., Burnet, P.W.J., 2019b. Pro-cognitive 
effect of a prebiotic in psychosis: A double blind placebo controlled cross-over study. 
Schizophrenia research 208, 460-461. 

Karakis, I., Pase, M.P., Beiser, A., Booth, S.L., Jacques, P.F., Rogers, G., DeCarli, C., Vasan, R.S., Wang, 
T.J., Himali, J.J., Annweiler, C., Seshadri, S., 2016. Association of Serum Vitamin D with the 
Risk of Incident Dementia and Subclinical Indices of Brain Aging: The Framingham Heart 
Study. J Alzheimers Dis 51, 451-461. 

Katan, M.B., 2007. Does Industry Sponsorship Undermine the Integrity of Nutrition Research? PLOS 
Medicine 4, e6. 

Kelly, J.R., Kennedy, P.J., Cryan, J.F., Dinan, T.G., Clarke, G., Hyland, N.P., 2015. Breaking down the 
barriers: the gut microbiome, intestinal permeability and stress-related psychiatric disorders. 
Frontiers in cellular neuroscience 9, 392. 

Kivipelto, M., Rovio, S., Ngandu, T., Kareholt, I., Eskelinen, M., Winblad, B., Hachinski, V., Cedazo-
Minguez, A., Soininen, H., Tuomilehto, J., Nissinen, A., 2008. Apolipoprotein E epsilon4 
magnifies lifestyle risks for dementia: a population-based study. Journal of cellular and 
molecular medicine 12, 2762-2771. 

Kivipelto, M., Solomon, A., Ahtiluoto, S., Ngandu, T., Lehtisalo, J., Antikainen, R., Backman, L., 
Hanninen, T., Jula, A., Laatikainen, T., Lindstrom, J., Mangialasche, F., Nissinen, A., Paajanen, 
T., Pajala, S., Peltonen, M., Rauramaa, R., Stigsdotter-Neely, A., Strandberg, T., Tuomilehto, 
J., Soininen, H., 2013. The Finnish Geriatric Intervention Study to Prevent Cognitive 
Impairment and Disability (FINGER): study design and progress. Alzheimer's & dementia : the 
journal of the Alzheimer's Association 9, 657-665. 

Kuhnle, G.G., 2012. Nutritional biomarkers for objective dietary assessment. J Sci Food Agric 92, 
1145-1149. 

Kuhnle, G.G.C., 2018. Nutrition epidemiology of flavan-3-ols: The known unknowns. Molecular 
aspects of medicine 61, 2-11. 

Kundu, P., Blacher, E., Elinav, E., Pettersson, S., 2017. Our Gut Microbiome: The Evolving Inner Self. 
Cell 171, 1481-1493. 

Lebel, C., Beaulieu, C., 2011. Longitudinal development of human brain wiring continues from 
childhood into adulthood. The Journal of neuroscience : the official journal of the Society for 
Neuroscience 31, 10937-10947. 

Lefevre-Arbogast, S., Feart, C., Dartigues, J.F., Helmer, C., Letenneur, L., Samieri, C., 2016. Dietary B 
Vitamins and a 10-Year Risk of Dementia in Older Persons. Nutrients 8. 

Lehtisalo, J., Levalahti, E., Lindstrom, J., Hanninen, T., Paajanen, T., Peltonen, M., Antikainen, R., 
Laatikainen, T., Strandberg, T., Soininen, H., Tuomilehto, J., Kivipelto, M., Ngandu, T., 2019. 
Dietary changes and cognition over 2 years within a multidomain intervention trial-The 
Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability 
(FINGER). Alzheimer's & dementia : the journal of the Alzheimer's Association 15, 410-417. 

Jo
ur

na
l P

re
-p

ro
of



29 
 

Lesser, L.I., Ebbeling, C.B., Goozner, M., Wypij, D., Ludwig, D.S., 2007. Relationship between Funding 
Source and Conclusion among Nutrition-Related Scientific Articles. PLOS Medicine 4, e5. 

Li, F.-J., Shen, L., Ji, H.-F., 2012. Dietary intakes of vitamin E, vitamin C, and β-carotene and risk of 
Alzheimer's disease: a meta-analysis. J Alzheimers Dis 31, 253-258. 

Livingston, G., Sommerlad, A., Orgeta, V., Costafreda, S.G., Huntley, J., Ames, D., Ballard, C., 
Banerjee, S., Burns, A., Cohen-Mansfield, J., Cooper, C., Fox, N., Gitlin, L.N., Howard, R., 
Kales, H.C., Larson, E.B., Ritchie, K., Rockwood, K., Sampson, E.L., Samus, Q., Schneider, L.S., 
Selbaek, G., Teri, L., Mukadam, N., 2017. Dementia prevention, intervention, and care. 
Lancet 390, 2673-2734. 

Lombardo, N.E., February 2012. Alzheimer’s Disease, in: Rippe, J.M. (Ed.), Encyclopedia on Lifestyle 
Medicine and Health, Thousand Oaks, CA: Sage, pp. 120-142. 

Lopez-Otin, C., Blasco, M.A., Partridge, L., Serrano, M., Kroemer, G., 2013. The hallmarks of aging. 
Cell 153, 1194-1217. 

Marseglia, A., Xu, W., Fratiglioni, L., Fabbri, C., Berendsen, A.A.M., Bialecka-Debek, A., Jennings, A., 
Gillings, R., Meunier, N., Caumon, E., Fairweather-Tait, S., Pietruszka, B., De Groot, 
L.C.P.G.M., Santoro, A., Franceschi, C., 2018. Effect of the NU-AGE Diet on Cognitive 
Functioning in Older Adults: A Randomized Controlled Trial. Front Physiol 9, 349-349. 

Martinez-Lapiscina, E.H., Clavero, P., Toledo, E., Estruch, R., Salas-Salvado, J., San Julian, B., Sanchez-
Tainta, A., Ros, E., Valls-Pedret, C., Martinez-Gonzalez, M.A., 2013. Mediterranean diet 
improves cognition: the PREDIMED-NAVARRA randomised trial. Journal of neurology, 
neurosurgery, and psychiatry 84, 1318-1325. 

Maxwell, S.E., Lau, M.Y., Howard, G.S., 2015. Is psychology suffering from a replication crisis? What 
does "failure to replicate" really mean? The American psychologist 70, 487-498. 

Mazereeuw, G., Lanctôt, K.L., Chau, S.A., Swardfager, W., Herrmann, N., 2012. Effects of omega-3 
fatty acids on cognitive performance: a meta-analysis. Neurobiology of Aging 33, 
1482.e1417-1482.e1429. 

McCaddon, A., Miller, J.W., 2015. Assessing the association between homocysteine and cognition: 
reflections on Bradford Hill, meta-analyses, and causality. Nutr Rev 73, 723-735. 

Miquel, S., Champ, C., Day, J., Aarts, E., Bahr, B.A., Bakker, M., Banati, D., Calabrese, V., Cederholm, 
T., Cryan, J., Dye, L., Farrimond, J.A., Korosi, A., Laye, S., Maudsley, S., Milenkovic, D., 
Mohajeri, M.H., Sijben, J., Solomon, A., Spencer, J.P.E., Thuret, S., Vanden Berghe, W., 
Vauzour, D., Vellas, B., Wesnes, K., Willatts, P., Wittenberg, R., Geurts, L., 2018. Poor 
cognitive ageing: Vulnerabilities, mechanisms and the impact of nutritional interventions. 
Ageing Res Rev 42, 40-55. 

Montalban-Arques, A., De Schryver, P., Bossier, P., Gorkiewicz, G., Mulero, V., Gatlin, D.M., 3rd, 
Galindo-Villegas, J., 2015. Selective Manipulation of the Gut Microbiota Improves Immune 
Status in Vertebrates. Frontiers in immunology 6, 512. 

Morris, M.C., Evans, D.A., Bienias, J.L., Scherr, P.A., Tangney, C.C., Hebert, L.E., Bennett, D.A., Wilson, 
R.S., Aggarwal, N., 2004. Dietary niacin and the risk of incident Alzheimer's disease and of 
cognitive decline. Journal of neurology, neurosurgery, and psychiatry 75, 1093-1099. 

Jo
ur

na
l P

re
-p

ro
of



30 
 

Morris, M.C., Evans, D.A., Bienias, J.L., Tangney, C.C., Bennett, D.A., Aggarwal, N., Wilson, R.S., 
Scherr, P.A., 2002. Dietary intake of antioxidant nutrients and the risk of incident Alzheimer 
disease in a biracial community study. Jama 287, 3230-3237. 

Morris, M.C., Evans, D.A., Bienias, J.L., Tangney, C.C., Hebert, L.E., Scherr, P.A., Schneider, J.A., 2005. 
Dietary folate and vitamin B12 intake and cognitive decline among community-dwelling 
older persons. Archives of neurology 62, 641-645. 

Morris, M.C., Schneider, J.A., Li, H., Tangney, C.C., Nag, S., Bennett, D.A., Honer, W.G., Barnes, L.L., 
2015a. Brain tocopherols related to Alzheimer's disease neuropathology in humans. 
Alzheimer's & dementia : the journal of the Alzheimer's Association 11, 32-39. 

Morris, M.C., Tangney, C.C., Wang, Y., Sacks, F.M., Barnes, L.L., Bennett, D.A., Aggarwal, N.T., 2015b. 
MIND diet slows cognitive decline with aging. Alzheimer's & dementia : the journal of the 
Alzheimer's Association 11, 1015-1022. 

Morris, M.C., Tangney, C.C., Wang, Y., Sacks, F.M., Bennett, D.A., Aggarwal, N.T., 2015c. MIND diet 
associated with reduced incidence of Alzheimer's disease. Alzheimer's & dementia : the 
journal of the Alzheimer's Association 11, 1007-1014. 

Munafò, M.R., Nosek, B.A., Bishop, D.V.M., Button, K.S., Chambers, C.D., Percie du Sert, N., 
Simonsohn, U., Wagenmakers, E.-J., Ware, J.J., Ioannidis, J.P.A., 2017. A manifesto for 
reproducible science. Nature Human Behaviour 1, 0021. 

Muratore, C.R., Rice, H.C., Srikanth, P., Callahan, D.G., Shin, T., Benjamin, L.N., Walsh, D.M., Selkoe, 
D.J., Young-Pearse, T.L., 2014. The familial Alzheimer's disease APPV717I mutation alters APP 
processing and Tau expression in iPSC-derived neurons. Hum Mol Genet 23, 3523-3536. 

Nestle, M., 2016. Corporate Funding of Food and Nutrition Research: Science or Marketing? JAMA 
internal medicine 176, 13-14. 

Ngandu, T., Lehtisalo, J., Solomon, A., Levalahti, E., Ahtiluoto, S., Antikainen, R., Backman, L., 
Hanninen, T., Jula, A., Laatikainen, T., Lindstrom, J., Mangialasche, F., Paajanen, T., Pajala, S., 
Peltonen, M., Rauramaa, R., Stigsdotter-Neely, A., Strandberg, T., Tuomilehto, J., Soininen, 
H., Kivipelto, M., 2015. A 2 year multidomain intervention of diet, exercise, cognitive 
training, and vascular risk monitoring versus control to prevent cognitive decline in at-risk 
elderly people (FINGER): a randomised controlled trial. Lancet 385, 2255-2263. 

O'Toole, P.W., Marchesi, J.R., Hill, C., 2017. Next-generation probiotics: the spectrum from probiotics 
to live biotherapeutics. Nature microbiology 2, 17057. 

Okereke, O.I., Rosner, B.A., Kim, D.H., Kang, J.H., Cook, N.R., Manson, J.E., Buring, J.E., Willett, W.C., 
Grodstein, F., 2012. Dietary fat types and 4-year cognitive change in community-dwelling 
older women. Annals of neurology 72, 124-134. 

Olde Rikkert, M.G.M., Verhey, F.R., Blesa, R., von Arnim, C.A.F., Bongers, A., Harrison, J., Sijben, J., 
Scarpini, E., Vandewoude, M.F.J., Vellas, B., Witkamp, R., Kamphuis, P.J.G.H., Scheltens, P., 
2015. Tolerability and safety of Souvenaid in patients with mild Alzheimer's disease: results 
of multi-center, 24-week, open-label extension study. J Alzheimers Dis 44, 471-480. 

Oleskin, A.V., Shenderov, B.A., 2019. Probiotics and Psychobiotics: the Role of Microbial 
Neurochemicals. Probiotics and antimicrobial proteins. 

Jo
ur

na
l P

re
-p

ro
of



31 
 

Olsson, E., Byberg, L., Karlström, B., Cederholm, T., Melhus, H., Sjögren, P., Kilander, L., 2017. 
Vitamin D is not associated with incident dementia or cognitive impairment: an 18-y follow-
up study in community-living old men. The American journal of clinical nutrition 105, 936-
943. 

Oulhaj, A., Jerneren, F., Refsum, H., Smith, A.D., de Jager, C.A., 2016. Omega-3 Fatty Acid Status 
Enhances the Prevention of Cognitive Decline by B Vitamins in Mild Cognitive Impairment. J 
Alzheimers Dis 50, 547-557. 

Pamies, D., Block, K., Lau, P., Gribaldo, L., Pardo, C.A., Barreras, P., Smirnova, L., Wiersma, D., Zhao, 
L., Harris, G., Hartung, T., Hogberg, H.T., 2018. Rotenone exerts developmental neurotoxicity 
in a human brain spheroid model. Toxicol Appl Pharmacol 354, 101-114. 

Parletta, N., Zarnowiecki, D., Cho, J., Wilson, A., Bogomolova, S., Villani, A., Itsiopoulos, C., 
Niyonsenga, T., Blunden, S., Meyer, B., Segal, L., Baune, B.T., O'Dea, K., 2019. A 
Mediterranean-style dietary intervention supplemented with fish oil improves diet quality 
and mental health in people with depression: A randomized controlled trial (HELFIMED). 
Nutritional neuroscience 22, 474-487. 

Postler, T.S., Ghosh, S., 2017. Understanding the Holobiont: How Microbial Metabolites Affect 
Human Health and Shape the Immune System. Cell metabolism 26, 110-130. 

Psaltopoulou, T., Sergentanis, T.N., Panagiotakos, D.B., Sergentanis, I.N., Kosti, R., Scarmeas, N., 
2013. Mediterranean diet, stroke, cognitive impairment, and depression: A meta-analysis. 
Annals of neurology 74, 580-591. 

Qin, Y., Roberts, J.D., Grimm, S.A., Lih, F.B., Deterding, L.J., Li, R., Chrysovergis, K., Wade, P.A., 2018. 
An obesity-associated gut microbiome reprograms the intestinal epigenome and leads to 
altered colonic gene expression. Genome Biol 19, 7. 

Qin, Y., Wade, P.A., 2017. Crosstalk between the microbiome and epigenome: messages from bugs. 
The Journal of Biochemistry 163, 105-112. 

Rampelli, S., Candela, M., Turroni, S., Biagi, E., Collino, S., Franceschi, C., O'Toole, P.W., Brigidi, P., 
2013. Functional metagenomic profiling of intestinal microbiome in extreme ageing. Aging 5, 
902-912. 

Refsum, H., Smith, A.D., Ueland, P.M., Nexo, E., Clarke, R., McPartlin, J., Johnston, C., Engbaek, F., 
Schneede, J., McPartlin, C., Scott, J.M., 2004. Facts and recommendations about total 
homocysteine determinations: an expert opinion. Clinical chemistry 50, 3-32. 

Ruddick, J.P., Evans, A.K., Nutt, D.J., Lightman, S.L., Rook, G.A.W., Lowry, C.A., 2006. Tryptophan 
metabolism in the central nervous system: medical implications. Expert Rev Mol Med 8, 1-
27. 

Samieri , C., 2018. Epidemiology and risk factors of Alzheimer's disease : a focus on diet, in: 
Perneczky, R. (Ed.), Biomarkers for preclinical Alzheimer's disease. Springer Nature. 

Samieri, C., Feart, C., Letenneur, L., Dartigues, J.F., Pérès, K., Auriacombe, S., Peuchant, E., Delcourt, 
C., Barberger Gateau, P., 2008. Low plasma eicosapentaenoic acid and depressive 
symptomatology are independant predictors of dementia risk. Am J Clin Nutr 88: 714-21. 

Jo
ur

na
l P

re
-p

ro
of



32 
 

Samieri, C., Maillard, P., Crivello, F., Proust-Lima, C., Peuchant, E., Helmer, C., Amieva, H., Allard, M., 
Dartigues, J.F., Cunnane, S.C., Mazoyer, B.M., Barberger-Gateau, P., 2012. Plasma long-chain 
omega-3 fatty acids and atrophy of the medial temporal lobe. Neurology 79, 642-650. 

Santoro, A., Ostan, R., Candela, M., Biagi, E., Brigidi, P., Capri, M., Franceschi, C., 2018. Gut 
microbiota changes in the extreme decades of human life: a focus on centenarians. Cellular 
and molecular life sciences : CMLS 75, 129-148. 

Santoro, A., Pini, E., Scurti, M., Palmas, G., Berendsen, A., Brzozowska, A., Pietruszka, B., Szczecinska, 
A., Cano, N., Meunier, N., de Groot, C.P.G.M., Feskens, E., Fairweather-Tait, S., Salvioli, S., 
Capri, M., Brigidi, P., Franceschi, C., Consortium, N.-A., 2014. Combating inflammaging 
through a Mediterranean whole diet approach: the NU-AGE project's conceptual framework 
and design. Mech Ageing Dev 136-137, 3-13. 

Sarkar, A., Lehto, S.M., Harty, S., Dinan, T.G., Cryan, J.F., Burnet, P.W.J., 2016. Psychobiotics and the 
Manipulation of Bacteria-Gut-Brain Signals. Trends in neurosciences 39, 763-781. 

Savignac, H.M., Couch, Y., Stratford, M., Bannerman, D.M., Tzortzis, G., Anthony, D.C., Burnet, 
P.W.J., 2016. Prebiotic administration normalizes lipopolysaccharide (LPS)-induced anxiety 
and cortical 5-HT2A receptor and IL1-beta levels in male mice. Brain, behavior, and immunity 
52, 120-131. 

Scarmeas, N., Anastasiou, C.A., Yannakoulia, M., 2018. Nutrition and prevention of cognitive 
impairment. The Lancet. Neurology 17, 1006-1015. 

Scarmeas, N., Stern, Y., Tang, M.X., Mayeux, R., Luchsinger, J.A., 2006. Mediterranean diet and risk 
for Alzheimer's disease. Annals of neurology 59, 912-921. 

Schmidt, K., Cowen, P.J., Harmer, C.J., Tzortzis, G., Errington, S., Burnet, P.W., 2015. Prebiotic intake 
reduces the waking cortisol response and alters emotional bias in healthy volunteers. 
Psychopharmacology 232, 1793-1801. 

Schwarcz, R., Bruno, J.P., Muchowski, P.J., Wu, H.-Q., 2012. Kynurenines in the mammalian brain: 
when physiology meets pathology. Nat Rev Neurosci 13, 465-477. 

Simmons, J.P., Nelson, L.D., Simonsohn, U., 2011. False-Positive Psychology:Undisclosed Flexibility in 
Data Collection and Analysis Allows Presenting Anything as Significant. Psychological Science 
22, 1359-1366. 

Sindi, S., Ngandu, T., Hovatta, I., Kareholt, I., Antikainen, R., Hanninen, T., Levalahti, E., Laatikainen, 
T., Lindstrom, J., Paajanen, T., Peltonen, M., Khalsa, D.S., Wolozin, B., Strandberg, T., 
Tuomilehto, J., Soininen, H., Kivipelto, M., Solomon, A., 2017. Baseline Telomere Length and 
Effects of a Multidomain Lifestyle Intervention on Cognition: The FINGER Randomized 
Controlled Trial. J Alzheimers Dis 59, 1459-1470. 

Smirnova, L., Hartung, T., 2018. Chapter 14 - Human 3D In Vitro Models for Developmental 
Neurotoxicity, in: Slikker, W., Paule, M.G., Wang, C. (Eds.), Handbook of Developmental 
Neurotoxicology (Second Edition). Academic Press, pp. 163-172. 

Smith, A.D., 2008. The worldwide challenge of the dementias: a role for B vitamins and 
homocysteine? Food and nutrition bulletin 29, S143-172. 

Jo
ur

na
l P

re
-p

ro
of



33 
 

Smith, A.D., Refsum, H., 2016. Homocysteine, B Vitamins, and Cognitive Impairment. Annual review 
of nutrition 36, 211-239. 

Smith, A.D., Refsum, H., 2017. Dementia Prevention by Disease-Modification through Nutrition. The 
journal of prevention of Alzheimer's disease 4, 138-139. 

Smith, A.D., Refsum, H., Bottiglieri, T., Fenech, M., Hooshmand, B., McCaddon, A., Miller, J.W., 
Rosenberg, I.H., Obeid, R., 2018. Homocysteine and Dementia: An International Consensus 
Statement. J Alzheimers Dis 62, 561-570. 

Smith, A.D., Smith, S.M., de Jager, C.A., Whitbread, P., Johnston, C., Agacinski, G., Oulhaj, A., Bradley, 
K.M., Jacoby, R., Refsum, H., 2010. Homocysteine-lowering by B vitamins slows the rate of 
accelerated brain atrophy in mild cognitive impairment: a randomized controlled trial. PloS 
one 5, e12244. 

Soininen, H., Solomon, A., Visser, P.J., Hendrix, S.B., Blennow, K., Kivipelto, M., Hartmann, T., 
LipiDiDiet clinical study, g., 2017. 24-month intervention with a specific multinutrient in 
people with prodromal Alzheimer's disease (LipiDiDiet): a randomised, double-blind, 
controlled trial. The Lancet. Neurology 16, 965-975. 

Sorkin, B.C., Kuszak, A.J., Williamson, J.S., Hopp, D.C., Betz, J.M., 2016. The Challenge of 
Reproducibility and Accuracy in Nutrition Research: Resources and Pitfalls. Advances in 
Nutrition 7, 383-389. 

Sowell, E.R., Peterson, B.S., Thompson, P.M., Welcome, S.E., Henkenius, A.L., Toga, A.W., 2003. 
Mapping cortical change across the human life span. Nat Neurosci 6, 309-315. 

Trichopoulou, A., 2004. Traditional Mediterranean diet and longevity in the elderly: a review. Public 
Health Nutr 7, 943-947. 

Valls-Pedret, C., Sala-Vila, A., Serra-Mir, M., Corella, D., de la Torre, R., Martinez-Gonzalez, M.A., 
Martinez-Lapiscina, E.H., Fito, M., Perez-Heras, A., Salas-Salvado, J., Estruch, R., Ros, E., 
2015. Mediterranean Diet and Age-Related Cognitive Decline: A Randomized Clinical Trial. 
JAMA internal medicine 175, 1094-1103. 

van de Rest, O., Geleijnse, J.M., Kok, F.J., van Staveren, W.A., Dullemeijer, C., Olderikkert, M.G., 
Beekman, A.T., de Groot, C.P., 2008. Effect of fish oil on cognitive performance in older 
subjects: a randomized, controlled trial. Neurology 71, 430-438. 

van den Brink, A.C., Brouwer-Brolsma, E.M., Berendsen, A.A.M., van de Rest, O., 2019. The 
Mediterranean, Dietary Approaches to Stop Hypertension (DASH), and Mediterranean-DASH 
Intervention for Neurodegenerative Delay (MIND) Diets Are Associated with Less Cognitive 
Decline and a Lower Risk of Alzheimer's Disease-A Review. Adv Nutr 10, 1040-1065. 

van der Lee, S.J., Teunissen, C.E., Pool, R., Shipley, M.J., Teumer, A., Chouraki, V., Melo van Lent, D., 
Tynkkynen, J., Fischer, K., Hernesniemi, J., Haller, T., Singh-Manoux, A., Verhoeven, A., 
Willemsen, G., de Leeuw, F.A., Wagner, H., van Dongen, J., Hertel, J., Budde, K., Willems van 
Dijk, K., Weinhold, L., Ikram, M.A., Pietzner, M., Perola, M., Wagner, M., Friedrich, N., 
Slagboom, P.E., Scheltens, P., Yang, Q., Gertzen, R.E., Egert, S., Li, S., Hankemeier, T., van 
Beijsterveldt, C.E.M., Vasan, R.S., Maier, W., Peeters, C.F.W., Jorgen Grabe, H., Ramirez, A., 
Seshadri, S., Metspalu, A., Kivimaki, M., Salomaa, V., Demirkan, A., Boomsma, D.I., van der 
Flier, W.M., Amin, N., van Duijn, C.M., 2018. Circulating metabolites and general cognitive 

Jo
ur

na
l P

re
-p

ro
of



34 
 

ability and dementia: Evidence from 11 cohort studies. Alzheimer's & dementia : the journal 
of the Alzheimer's Association 14, 707-722. 

Vandenberghe, C., St-Pierre, V., Courchesne-Loyer, A., Hennebelle, M., Castellano, C.A., Cunnane, 
S.C., 2017. Caffeine intake increases plasma ketones: an acute metabolic study in humans. 
Canadian journal of physiology and pharmacology 95, 455-458. 

Vauzour, D., Camprubi-Robles, M., Miquel-Kergoat, S., Andres-Lacueva, C., Banati, D., Barberger-
Gateau, P., Bowman, G.L., Caberlotto, L., Clarke, R., Hogervorst, E., Kiliaan, A.J., Lucca, U., 
Manach, C., Minihane, A.M., Mitchell, E.S., Perneczky, R., Perry, H., Roussel, A.M., 
Schuermans, J., Sijben, J., Spencer, J.P., Thuret, S., van de Rest, O., Vandewoude, M., 
Wesnes, K., Williams, R.J., Williams, R.S., Ramirez, M., 2017. Nutrition for the ageing brain: 
Towards evidence for an optimal diet. Ageing Res Rev 35, 222-240. 

Walfisch, A., Sermer, C., Cressman, A., Koren, G., 2013. Breast milk and cognitive development--the 
role of confounders: a systematic review. BMJ open 3, e003259. 

Welch, R.W., Antoine, J.-M., Berta, J.-L., Bub, A., de Vries, J., Guarner, F., Hasselwander, O., Hendriks, 
H., Jäkel, M., Koletzko, B.V., Patterson, C.C., Richelle, M., Skarp, M., Theis, S., Vidry, S., 
Woodside, J.V., 2011. Guidelines for the design, conduct and reporting of human 
intervention studies to evaluate the health benefits of foods. British Journal of Nutrition 106, 
S3-S15. 

Westlye, L.T., Walhovd, K.B., Dale, A.M., Bjornerud, A., Due-Tonnessen, P., Engvig, A., Grydeland, H., 
Tamnes, C.K., Ostby, Y., Fjell, A.M., 2010. Life-span changes of the human brain white 
matter: diffusion tensor imaging (DTI) and volumetry. Cereb Cortex 20, 2055-2068. 

Wikoff, W.R., Anfora, A.T., Liu, J., Schultz, P.G., Lesley, S.A., Peters, E.C., Siuzdak, G., 2009. 
Metabolomics analysis reveals large effects of gut microflora on mammalian blood 
metabolites. Proceedings of the National Academy of Sciences of the United States of 
America 106, 3698-3703. 

Wilkinson, B.G., Perring, M.A., 1961. Variation in mineral composition of Cox's Orange Pippin apples. 
Journal of the Science of Food and Agriculture 12, 74-80. 

Wolf, A.B., Braden, B.B., Bimonte-Nelson, H., Kusne, Y., Young, N., Engler-Chiurazzi, E., Garcia, A.N., 
Walker, D.G., Moses, G.S., Tran, H., LaFerla, F., Lue, L., Emerson Lombardo, N., Valla, J., 2012. 
Broad-based nutritional supplementation in 3xTg mice corrects mitochondrial function and 
indicates sex-specificity in response to Alzheimer's disease intervention. J Alzheimers Dis 32, 
217-232. 

Yassine, H.N., Schneider, L.S., 2017. Lessons from the Multidomain Alzheimer Preventive Trial. The 
Lancet Neurology 16, 585-586. 

Yuan, C., Spiegelman, D., Rimm, E.B., Rosner, B.A., Stampfer, M.J., Barnett, J.B., Chavarro, J.E., Rood, 
J.C., Harnack, L.J., Sampson, L.K., Willett, W.C., 2017. Relative Validity of Nutrient Intakes 
Assessed by Questionnaire, 24-Hour Recalls, and Diet Records as Compared With Urinary 
Recovery and Plasma Concentration Biomarkers: Findings for Women. American Journal of 
Epidemiology 187, 1051-1063. 

Yurko-Mauro, K., Alexander, D.D., Van Elswyk, M.E., 2015. Docosahexaenoic acid and adult memory: 
a systematic review and meta-analysis. PloS one 10, e0120391-e0120391. 

Jo
ur

na
l P

re
-p

ro
of



35 
 

Zhan, Y., Clements, M.S., Roberts, R.O., Vassilaki, M., Druliner, B.R., Boardman, L.A., Petersen, R.C., 
Reynolds, C.A., Pedersen, N.L., Hagg, S., 2018. Association of telomere length with general 
cognitive trajectories: a meta-analysis of four prospective cohort studies. Neurobiol Aging 
69, 111-116. 

Zhan, Y., Song, C., Karlsson, R., Tillander, A., Reynolds, C.A., Pedersen, N.L., Hagg, S., 2015. Telomere 
Length Shortening and Alzheimer Disease--A Mendelian Randomization Study. JAMA 
neurology 72, 1202-1203. 

Zhang, Y., Chen, J., Qiu, J., Li, Y., Wang, J., Jiao, J., 2016. Intakes of fish and polyunsaturated fatty 
acids and mild-to-severe cognitive impairment risks: a dose-response meta-analysis of 21 
cohort studies. Am J Clin Nutr 103, 330-340. 

Zierer, J., Menni, C., Kastenmüller, G., Spector, T.D., 2015. Integration of 'omics' data in aging 
research: from biomarkers to systems biology. Aging Cell 14, 933-944. 

 

Jo
ur

na
l P

re
-p

ro
of


