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ABSTRACT 28 

Animal studies increasingly indicate that the gut microbiota composition and function can be 29 

involved in the pathophysiology and progression of Alzheimer’s disease (AD) at multiple levels. 30 

However, few studies have investigated this putative gut-brain axis in human beings, and none of 31 

them considered diet as a determinant of intestinal microbiota composition. Epidemiological studies 32 

highlight that a high intake of fruit and vegetables, such as that typical of the Mediterranean diet, 33 

can modulate AD progression. Thus, nutritional interventions are being increasingly studies as a 34 

possible non-pharmacological strategy to slow down the progression of AD. In particular, 35 

polyphenols and fibers represent the nutritional compounds with the higher potential of 36 

counterbalancing the pathophysiological mechanisms of dementia due to their antioxidant, 37 

antinflammatory and antiapoptotic properties. These actions are mediated by the gut microbiota, 38 

that can transform polyphenols and fibers into biologically active compounds including, among 39 

others, phenyl--valerolactones, urolithins, butyrate and other short-chain fatty acids (SCFAs). In 40 

this review, the complex mechanisms linking nutrition, gut microbiota composition and 41 

pathophysiology of cognitive decline in AD are discussed, with a particular focus on the role of 42 

polyphenols and fibers. The gaps between pre-clinical and clinical studies are particularly 43 

emphasized, as well as the urgent need for studies comprehensively evaluating the link between 44 

nutrition, microbiome and clinical aspects of AD.   45 

 46 
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1. Introduction: Alzheimer’s disease and diet 48 

A large body of evidence linking dietary patterns with cognitive function in aging has emerged 49 

from population-based studies in recent years [1, 2].  Namely, in older community-dwellers higher 50 

adherence to Mediterranean-style diet has been associated with better cognitive performance [3, 4], 51 

lower frequency of subjective cognitive complaints [5], lower prevalence and incidence of mild 52 

cognitive impairment (MCI) and dementia [6, 7]. Host-related genetic factors, ethnicity and gender 53 

can modulate these associations, but do not substantially modify the assumption that a healthy 54 

dietary pattern has a positive influence on the pathophysiology of Alzheimer’s disease (AD) and 55 

other types of dementia [8, 9]. 56 

The Mediterranean diet is a dietary model which has been widely studied for the pivotal role in the 57 

maintenance of the health status and the prevention of several disease risk factors [10], among 58 

which neurological disorders [11]. The daily and abundant consumption of plant-based food groups, 59 

as fruit, vegetables, cereals, and pulses leads to the intake of several nutrients that exhibit 60 

biologically activities on homocysteine metabolism (B-group vitamins), oxidative stress (vitamin C, 61 

vitamin E), neural inflammation, degeneration and plasticity (vitamin D, n-3 fatty acids) [12, 13]. 62 

Such foods are also a great source of non-nutrient bioactive compounds, like polyphenols, with 63 

antioxidant, anti-inflammatory and putative neuroprotective properties [14-16]. Not only the 64 

Mediterranean Diet, but also the adherence to other dietary patterns in which the intake of such 65 

nutrients and bioactives is particularly emphasized and with reduced intakes of rapidly digested 66 

carbohydrates, saturated fatty acids and salt, like the Mediterranean-DASH for Neurodegenerative 67 

Delay (MIND) diet or the NU-AGE diet, is associated with better cognitive performance and slower 68 

age-related cognitive decline [17, 18]. 69 

The ketogenic diet, with very low carbohydrate and high lipid content, has also gained attention for 70 

its potential neuroprotective action, especially in the prodromal phases of AD [19, 20]. Despite the 71 

promising findings resulted by in vitro and animal studies, mainly on the effects of ketones on the 72 

mitochondria and their cellular energy-related functions, there still is a lack of clinical studies, as 73 
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well as a low quality of evidence from the few running ones, to recommend these diets for the 74 

prevention of dementia [21, 22]. 75 

Conversely, the presence of malnutrition in older age, with insufficient energy and micronutrient 76 

intake, is a well-established risk factor for the onset and progression of MCI and dementia [23, 24]. 77 

Diets including an excessive intake of animal proteins, saturated fatty acids and rapidly digested 78 

carbohydrates, are also associated with higher risk of MCI and dementia, and with increased 79 

cerebral β-amyloid deposition [25, 26]. Interestingly, recent evidence from animal models also links 80 

excessive salt intake with progression of dementia through promotion of tau phosphorylation, a 81 

central mechanism of neurodegeneration [27]. 82 

Despite the evidence from epidemiological and preclinical studies, the effective role of nutrition in 83 

the prevention and treatment of neurodegenerative disorders is far from being fully understood. 84 

Nutritional interventions for primary or secondary prevention of AD in older subjects have shown 85 

only limited benefits, and, to date, diet has only a secondary role in the clinical management of 86 

dementia [12, 28, 29]. Apart from methodological and ethical issues making the design of specific 87 

trials in this field very challenging, there are also other elements that must be considered, among 88 

which the impact of food intake on the whole organism, by starting from the digestive tract where 89 

nutrients are metabolized and absorbed.  90 

In fact, diet represents one of the main factors contributing to shape the intestinal microbiota 91 

composition and function. Conversely, the microbiota of each individual interacts with food 92 

compounds in a complex way, influencing the whole physiology of the host. The microbiota can 93 

also influence the pathophysiology of dementia through multiple mechanisms [30, 31], and for 94 

these reasons the relationship between diet and dementia should be absolutely unraveled by also 95 

considering the key role of the gut microbiota and its metabolic activity.  96 

Unfortunately, the interplay between diet, microbiota composition and cognitive function has not 97 

been comprehensively studied to date. The current state of knowledge allows to hypothesize that 98 

dietary patterns can modulate the pathophysiology of AD through mediation of the gut microbiota, 99 



5 

 

and that the consumption of certain types of foods can positively modulate cognitive function only 100 

in the presence of specified microbiota composition. However, these assumptions are supported 101 

only by indirect evidence, mainly coming from preclinical and animal studies. The aim of this 102 

review is to discuss the most recent advances in this field, with a particular focus on how dietary 103 

polyphenols and fibers can influence the pathophysiology of AD through mediation by the intestinal 104 

microbiota. 105 

106 
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2.  The gut-brain axis and Alzheimer’s disease: pathophysiological mechanisms 107 

The term “gut-brain axis” is commonly used to describe a bidirectional channel of communication 108 

between the gastrointestinal tract and the central nervous system (CNS). More recently, this term 109 

has been extended to “microbiota-gut-brain axis”, in light of the accumulating evidence obtained 110 

from germ-free animals as well as probiotics, antibiotics, and infection studies on the impact of the 111 

intestinal microbiota on this gut-brain interaction [32].  112 

Several neural, immune, endocrine, and metabolic pathways of communication between the gut 113 

microbiota and the CNS have been proposed. Undoubtedly, one of the most important is mediated 114 

by the vagus nerve, which conveys information between the gastrointestinal tract and the CNS in 115 

both afferent and efferent direction [33]. Relatedly, several microbial-derived intermediates, 116 

including short-chain fatty acids (SCFAs) and tryptophan metabolites [34, 35], interact with 117 

enteroendocrine cells, enterochromaffin cells and the mucosal immune system, and might propagate 118 

bottom-up signaling via vagal and/or spinal afferents [36-38]. In addition, some of these microbial-119 

derived molecules cross the intestinal barrier, entering portal and then systemic circulation, and 120 

might even reach brain sites directly [36-38]. The microbiota can also produce or contribute to the 121 

production of several neuroactive molecules including gamma-aminobutyric acid, serotonin, 122 

norepinephrine, and dopamine [39-42]. Yet, it is unclear whether these neurotransmitters reach 123 

relevant receptors in the brain or achieve sufficient levels to induce CNS responses. 124 

In the past decade, advances in sequencing technology, metabolomics, and neurophysiology have 125 

allowed a deeper investigation of the cross-talk between the gut and the CNS via the microbiota 126 

both in health and disease states [43, 44]. An involvement of gut microbiota in the pathogenesis of 127 

neurodegenerative diseases, including AD, has thus been hypothesized [45, 46]. The association 128 

between gut microbiota and AD might be related to the central role of inflammation in the 129 

development and progression of this neurodegenerative disorder [47]. Indeed, the gut microbiota is 130 

a source of a large amount of amyloids - though different in their primary structure from the 131 

amyloids in the CNS – lipopolysaccharides, and other toxins that may contribute to systemic 132 
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inflammation and disruption of physiological barriers [48]. Bacteria and/or their products can then 133 

migrate from the gastrointestinal tract to the CNS, especially in older subjects, where gut mucosa 134 

permeability tends to increase. In the CNS, bacterial products might promote neuronal amyloid 135 

aggregation and neuro-inflammation, ultimately leading to neural injury and degeneration [44, 45, 136 

49, 50].  For example, rats exposed to bacterial amyloids displayed increased neuronal alpha-137 

synuclein deposition in both the gut and the brain, enhanced microgliosis and astrogliosis, and 138 

increased central levels of proinflammatory cytokines compared to rats exposed to bacteria without 139 

the ability to produce amyloids [51]. 140 

Animal models have also been useful for gaining a better understanding of the relationship between 141 

microbiota dysbiosis and AD-like pathology. For example, in a series of elegant studies using β-142 

amyloid precursor protein (APP) transgenic mice, a well-established preclinical model of AD, 143 

analysis of bacterial 16S rRNA from fecal samples revealed significant changes in gut microbial 144 

composition of transgenic mice compared to wild-type counterparts [52]. Remarkably, germ-free 145 

APP transgenic mice exhibited a less severe cerebral β-amyloid pathology compared with control 146 

mice with intestinal microbiota, suggesting that the absence of microbiota may retard the 147 

progression of AD-like pathology [52]. Intriguingly, colonization of germ-free APP transgenic mice 148 

increased cerebral β-amyloid to a greater extent when the microbiota originated from 149 

conventionally-raised APP transgenic mice compared with wild-type mice [52].  150 

Supporting these findings, another study in APP transgenic mice revealed a shift in microbial 151 

composition compared to wild-type mice, as shown by the higher abundance of Helicobacteraceae 152 

and Desulfovibrionaceae at the family level and Odoribacter and Helicobacter at the genus level, 153 

and the lower abundance of Prevotella [53]. Notably, AD-related histological (i.e., amyloid plaque 154 

burden) and behavioral (i.e., impaired spatial learning and memory) features were found to be 155 

correlated with the specific microbiome state of animal models [53]. A subsequent study 156 

investigated age-related changes in the microbiota of APP transgenic mice and found that AD 157 

pathology shifted gut microbiota composition during ageing towards an inflammation related 158 
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bacterial profile (i.e., Proteobacteria and Erysipelotrichaceae), suggesting that these changes could 159 

contribute to disease progression and severity [54]. 160 

From a theoretical point of view, an abnormal microbiota composition characterized by a high 161 

abundance of proinflammatory bacteria and low abundance of anti-inflammatory bacteria may 162 

generate a systemic inflammatory response through a defective (i.e., “leaky”) gut barrier. This 163 

inflammatory response may, in turn, impair the blood-brain barrier, promote neuro-inflammation, 164 

and contribute to the pathogenesis of AD [49, 50]. The fecal transplantation from transgenic mice 165 

with dementia to cognitively healthy mice induced a worsening of cognitive abilities [55], 166 

suggesting a correlation between the gut microbiota composition and cognitive dysfunction. 167 

Similarly, studies based on Drosophila models of dementia [56] and mouse models of stroke [57, 168 

58] showed an association between gut microbiota dysbiosis, cognitive functions and clinical course 169 

of the disease. 170 

Supporting this view, animal studies have also shown that substances that are able to modify 171 

microbiota composition, such as antibiotic agents or probiotics, can modulate inflammatory 172 

responses and positively or negatively affect the progression of the disease. For example, long-term 173 

antibiotic treatment induced perturbation in gut microbial diversity and altered peripherally 174 

circulating cytokine/chemokine composition in APP transgenic mice [59]. This was associated with 175 

a reduction in amyloid plaque deposition and elevated levels of soluble β-amyloid, reduced plaque-176 

localized gliosis, and altered microglial morphology [59]. In other experimental studies, antibiotic-177 

induced gut dybiosis was instead associated with increased systemic inflammation and poorer 178 

cognitive performance in mice [60, 61].  179 

Likewise, gut microbiota manipulation induced by administration of probiotics belonging to 180 

Bifidobacterium spp. [62-65] or Lactobacillus spp. [62, 63, 66, 67] in transgenic mouse models of 181 

AD resulted in improved cognitive performance and reduced markers of inflammation and 182 

neuropathology. For example, in one of these studies four-week treatment with a probiotic 183 

formulation (i.e., SLAB51, a mixture of lactic acid bacteria and bifidobacteria) in the early stage of 184 
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the disease led to an increase in the abundance of anti-inflammatory Bifidobacterium spp. and a 185 

reduction in the abundance of proinflammatory Campylobacterales [62]. These changes in 186 

microbiota composition were associated with a reduction in the levels of proinflammatory cytokines 187 

and a less severe cognitive decline, due to a reduction in brain damage and reduced accumulation of 188 

β-amyloid aggregates [62]. Moreover, this probiotic regimen caused a reduction of oxidative stress, 189 

another important element involved in the pathogenesis of AD [62].  190 

Few studies also demonstrated that the manipulation of the gut microbiota of mouse models of AD 191 

through administration of functional foods, like fructooligosaccharides, flavonoids or tea saponins 192 

resulted in improved cognitive functions [67-70]. 193 

Despite this body of evidence, it must be remembered that the results of animal studies may not be 194 

immediately transferrable to human beings. Moreover, microbiota-gut-brain communications are 195 

bidirectional and the possibility that any changes observed in the microbiota are secondary should 196 

be always considered. For example, the activity of the hypothalamic–pituitary–adrenocortical axis 197 

and the sympathetic nervous system may be increased in AD, thereby influencing top-down 198 

signaling to the gastrointestinal tract [71, 72]. Therefore, activation of these neuroendocrine stress 199 

response systems may contribute to the change of microbiota profile, both directly via host-enteric 200 

microbiota signaling and indirectly via changes in the intestinal milieu [73]. 201 

202 
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3. The gut microbiota in Alzheimer’s disease: human studies 203 

In the last decade, several studies have investigated the correlations between the fecal microbiome 204 

and presence of acute or chronic illness [74-76]. Notably, several microbial taxa of the intestinal 205 

microbiota play a crucial role in maintaining host homeostasis by modulating immunological, 206 

nutritional, metabolic, and physiological functionalities, from infancy to senescence [77-80]. The 207 

alteration of this symbiotic homeostasis may be involved in the onset and progression of diseases, 208 

not involving only the gastrointestinal system [77-80]. This concept also applies to CNS pathology 209 

[81]. Remarkably, the human intestinal microbiota can influence cognitive function, and intestinal 210 

bacteria may be involved in the pathophysiology of neurodegenerative disorders, including multiple 211 

sclerosis, Parkinson’s disease, and of course AD [81].  212 

Several studies, mainly conducted with metagenomics sequencing of fecal samples, have explored 213 

the possible role of gut microbiota in the pathogenesis of dementia, particularly of AD, highlighting 214 

alteration in the intestinal microbial composition of patients in comparison with controls [82-89]. 215 

The findings of these studies are summarized in Table 1.  216 

As highlighted by Vogt and colleagues [83], one of the main differences in the gut microbiota 217 

composition, determined through the use of 16S rRNA gene profiling approach, between AD 218 

patients and controls is represented by reduced bacterial richness and diversity in subjects with 219 

dementia. Moreover, a distinct bacterial profile seems to characterize the gut microbiota of AD 220 

patients, who display high abundance of species belonging to Bacteroidetes phylum, such as 221 

Bacteroides spp. and Alistipes spp., and reduced representation of members of the Bifidobacterium 222 

genus and taxa belonging to Actinobacteria, and Firmicutes phyla [83, 84, 89].  223 

Remarkably, overrepresentation of Bacteroides fragilis in the microbiota has been associated with 224 

the development of AD, probably due to its production of lipopolysaccharide, which could 225 

contribute to systemic inflammation [90]. Two studies from China also show increased 226 

representation of bifidobacteria in fecal samples of patients with AD, suggesting that this genus 227 

may represent a microbial marker of AD [88, 89]. However, bifidobacteria were underrepresented 228 
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in the fecal microbiota of patients with AD in the Vogt study [83], and the genus Bifidobacterium is 229 

generally associated with longevity and healthy aging [91].  230 

In one study, the gut microbiota of AD patients was also characterized by low abundance of 231 

butyrate-producing taxa, such as members of the Butyrivibrio, Eubacterium, Roseburia, and 232 

Faecalibacterium genera [86]. Furthermore, deep metabolomic investigations based on microbiome 233 

data of AD patients compared to individuals without dementia highlighted a decrease in butyrate-234 

coding genes in AD disease [86]. These findings might suggest that lower proportions of butyrate-235 

producing species would contribute to the onset of the disease.  236 

Moreover, AD patients displayed a tendency towards increase in relative abundance of bacterial 237 

species related to human diseases or able to act as opportunistic pathogens, like Klebsiella 238 

pneumoniae, Bacteroides fragilis, and Eggerthella lenta [48, 83, 86, 88, 92]. These species could be 239 

characteristic of a pro-inflammatory microbiota, which might contribute to the pathophysiology of 240 

AD. 241 

Oddly, Emery et al. explored the bacterial load of frozen and fixed post-mortem tissue from AD and 242 

control temporal cortex [93]. This study reported that AD brains tend to have higher bacterial load 243 

than controls, reinforcing the notion of a possible correlation between human gut microbiota and the 244 

development of AD [93].  245 

Two recent systematic reviews and meta-analysis have considered the human studies where 246 

cognitive function was measured as one of the clinical endpoints after administration of probiotics 247 

or prebiotics to subjects suffering from dementia or MCI [94, 95]. The large majority of these 248 

studies were of poor methodological quality, with small sample size, absence of randomization of 249 

treatments and, sometimes, absence of a control group receiving standard of care treatment [94, 95]. 250 

Only five studies, with an overall number of 297 participants, had a randomized controlled design 251 

and sufficient methodological quality [96-100]. These studies showed improvement in cognitive 252 

function of participants after probiotic administration, mainly consisting in blends of bifidobacteria 253 
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and lactobacilli, supporting the existence of a gut-brain axis also in human beings with AD [94-254 

100].  255 

However, the clinical significance of these findings, and their impact on the future management of 256 

AD is still unknown. More importantly, none of these studies conducted on human beings 257 

considered diet as a confounding variable or as a possible modulator of gut microbiota composition.  258 

259 
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4. Polyphenols and gut microbiota in Alzheimer’s disease 260 

4.1. Overview of polyphenols and their gut metabolites  261 

The consumption of foods rich in polyphenols has been associated with numerous beneficial effects 262 

on the risk and development different neurodegenerative diseases [101]. Among polyphenols, 263 

positive findings have been highlighted for chlorogenic acids (mostly present in coffee, leafy 264 

vegetables and berries), curcumin (mainly present in turmeric) and resveratrol (a stilbene present in 265 

grapes and wine) [102], but the most robust evidence is related to flavonoids, the most abundant 266 

subclass of polyphenols [103].  267 

Two recent surveys conducted on US adult cohorts “The Nurses’ Health Study”, “The Health 268 

Professionals Follow-up Study” [104] and “Framingham Offspring Cohort” [105] confirmed that 269 

the long-term intake of flavonoids significantly decreased the risks of developing AD and related 270 

dementias and subjective cognitive decline markers. Among flavonoid subclasses, the most positive 271 

findings on cognitive health have been found for flavones, flavonols, and anthocyanins [102, 105]. 272 

In another survey, based on 921 older subjects from the US, the authors extrapolated intake data for 273 

single phenolic compounds, observing that high dietary flavonol intake, and particularly of 274 

kaempferol and isorhamnetin, may be protective against the development of AD [106].  275 

Despite the in vitro experimental findings of the last decades confirm these molecular mechanisms, 276 

one should not forget the complexity of human physiology and, in particular, of the digestive 277 

system, and the now proven extensive catabolism of polyphenols in the lower gastro-intestinal tract 278 

has induced scientists to re-think what the real biological effectors might be. In fact, once ingested, 279 

the polyphenols present in planta pass through the oral cavity and stomach almost unmetabolized. 280 

Once in the small intestine, only a small amount is absorbed and able to reach the liver and, 281 

subsequently, the systemic circulation [107]. The most relevant fraction of ingested polyphenols 282 

reaches the colon and undergoes substantial modifications of the parent chemical structures through 283 

the action of bacterial enzymes. Thus, most of the biological effects of (poly)phenols are mediated 284 



14 

 

by the intestinal microbiota. The generated bacterial metabolites are then absorbed and may 285 

undergo hepatic phase I and, most prominently, II metabolisms [108].  286 

The result of such biochemical transformation is the release in the bloodstream of smaller phenolic 287 

compounds, including benzene diols and triols, benzaldehydes, benzoic acids, phenylacetic acids, 288 

phenylpropanoic acids, cinnamic acids, hippuric acids, and many other compounds, which might 289 

sometimes be very specifically linked to their parent phenolic structure [109]. For this reason, in the 290 

most recent years, the studies focusing on the role of (poly)phenols on health outcomes are 291 

considering, as real biological effectors, the colonic metabolites rather than the compounds that are 292 

naturally present in the food source. A recent review by Carregosa and collaborators [109] 293 

summarized in a very exhaustive manner the role of the several metabolites, categorized for the 294 

single deriving subclasses of flavonoids, on several markers of neurodegenerative diseases, among 295 

which AD, tested in very different model organisms, from fungi to humans.  296 

 297 

4.2. Flavan-3-ols 298 

Flavan-3-ols are among the most representative contributors of the flavonoid intake in several 299 

European countries [110-112]. A recent review from our group comprehensively described the 300 

possible colonic metabolites following flavan-3-ol ingestion, showing that phenyl--valerolactones, 301 

phenylvaleric acids, and their glucuronide, sulfate and methylated forms are the most abundant in 302 

humans [113]. In a study using different in vivo animal models, Angelino et al. [114] also 303 

demonstrated that one of these metabolites, namely 5-(hydroxyphenyl)--valerolactone-sulfate (3′,4′ 304 

isomer), was effectively detected in brain tissues of the different animals used. Concerning the 305 

biological activity, recently our group evaluated the role of such metabolites in counteracting the 306 

formation of Amyloid-β oligomers (AβO) in yeast, mammalian cell and mouse models, at 307 

physiological concentrations [115]. Results showed that 5-(4′-hydroxyphenyl)--valerolactone was 308 

able to counteract the toxicity induced by the formation of oligomers, but not fibrils [115]. The 309 
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mouse model, characterized by individuals with AβO-induced memory impairment, showed a 310 

relieve of the brain tissue morphology and an improvement of the memory functions when the 311 

animals were co-exposed to the metabolite [115]. The same compound, as well as 5-(3’,4′-312 

hydroxyphenyl)--valerolactone and 5-(3′-hydroxyphenyl)--valerolactone-4’-sulfate, tested up to 5 313 

M, was effective in modulating cellular proteolysis via proteasome inhibition and consequent 314 

autophagy upregulation, together with the inhibition of cathepsin B activity [116]. This led to the 315 

decrease of the amount of intra- and extracellular Aβ1-42 peptides.  316 

Two recent studies aimed at investigating the amelioration from the AβO toxicity by using extracts 317 

rich in flavan-3-ols in cell culture models, and confirmed the presence of flavan-3-ol metabolites in 318 

murine models [116, 117]. Another study evaluated the role of a lotus extract (Nelumbo nucifera) in 319 

the reduction of cellular deformation and apoptosis rate in cells pre-incubated with Aβ25-35 by 320 

affecting different cascades involving brain-derived neurotrophic factor (BDNF), phosphorylation 321 

of cAMP-responsive element-binding (CREB), protein kinase B (also known as AKT), and the 322 

extracellular signal-regulated kinase (ERK) [116]. Authors evaluated the bioavailability of the 323 

extract by feeding rats with a 200 mg/kg bole dose of extract for two days, and confirmed the 324 

presence of small phenolic acids, mainly caffeic, vanillic and p-hydroxyphenylacetic acids (no 325 

conjugated metabolites were measured as β-glucuronidase/sulfatase enzymes were used before 326 

analysis) [116]. Similarly, a study in the US demonstrated that different concentrations of a pine 327 

bark extract, rich in proanthocyanidins and (epi)catechin, was able to block the formation of 328 

aggregates of AβO and tau protein [117]. Authors studied the bioavailability of the extract by 329 

feeding bole doses of 200 mg/kg pine bark extract to rats for then days, identifying in plasma and 330 

brain tissues the methylated and glucuronidated conjugates of catechin and epicatechin [117].  331 

Concerning human studies, Desideri et al. supplemented with increasing concentrations of cocoa 332 

flavan-3-ols, up to 990 mg/day for 8 weeks, older subjects with cognitive impairment, and showed a 333 

significant amelioration of the cognitive functions of participants consuming high doses of flavan-3-334 

ols [118]. Moreover, Brickman et al. used the functional magnetic resonance imaging technique to 335 
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demonstrate that healthy active older subjects consuming cocoa flavan-3-ols (900 mg/day) had an 336 

improvement of the cerebral blood flow in the body of the hippocampal circuit, primarily to the 337 

dentate gyrus and subiculum, driver of the age-related cognitive decline [119]. 338 

Different projects are now running to improve our knowledge of the role of (poly)phenol-rich foods 339 

on cognitive parameters. Among these, the “Cognitive Ageing, Nutrition and Neurogenesis 340 

(CANN)” trial is evaluating the effects of the supplementation of long-chain -3 polyunsaturated 341 

fatty acids plus 500/day of cocoa flavan-3-ols, for 12 months, on cognitive markers in older subjects 342 

from the UK and Australia with mild cognitive or subjective memory impairments [120]. The 343 

”Valerolactones and healthy Ageing: LInking Dietary factors, nutrient biomarkers, metabolic status 344 

and inflammation with cognition in older adults (VALID)” project aims to demonstrate the validity 345 

of the phenyl--valerolactones as biomarker of flavan-3-ol intake and to investigate whether the 346 

consumption of foods and beverages rich in flavan-3-ols – and so the presence of specific colonic 347 

metabolites – may have a role in the preservation of the cognitive health in the Irish TUDA elderly 348 

cohort participants [121].  349 

 350 

4.3. Ellagitannins 351 

Pomegranate (Punica granatum L.) is a rich source of ellagitannins, a class of condensed tannins 352 

which are very poorly absorbed and, instead, reach the colon where colonic bacteria metabolize 353 

them to form a group of compounds named urolithins [108]. Pomegranate has been supplemented in 354 

different animal studies to evaluate putative biological effects on AD and more general cognitive 355 

markers. A Brazilian study revealed that the supplementation of pomegranate peel extract (800 356 

mg/kg/die) for 35 days to mice infused with AβO was able to decrease amyloid plaque density and 357 

the expression of several brain inflammatory features, other than improving animal behavior, 358 

compared to control mice [122]. While in the latter study there is no focus on the colonic 359 

metabolites, Kujawska et al. identified quantifiable amounts of urolithin A in brain tissue of rats 360 

treated with rotenone to induce cognitive impairment and after the administration of pomegranate 361 
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juice (500 mg/kg/die) for 35 days [123]. The authors demonstrated that the pomegranate juice 362 

supplementation – and putatively the presence of the microbial metabolite urolithin A – was able to 363 

decrease the expression of different oxidative, neuroinflammatory and apoptotic markers [123]. The 364 

effect of single urolithins has been investigated both in vitro and through animal studies. DaSilva 365 

and collaborators evaluated the modulation of inflammation by urolithin A, B and their methylated 366 

forms, up to 10 M, in single LPS-stimulated microglia cells or in co-culture with neuroblastoma 367 

cells [124]. Results showed that all the compounds were able to reduce some neuroinflammatory 368 

mediators, like nitric oxide, interleukins, prostaglandins, and pro-apoptotic factors, compared to 369 

control. Finally, Gong and colleagues supplemented transgenic AD mouse models with 300 mg/kg 370 

urolithin A for 14 days and found an attenuation of neuron death through the inhibition of AβO 371 

deposition and a trigger of neurogenesis via inhibition of several markers of neuroinflammation and 372 

apoptosis [125]. 373 

 374 

4.4. Anthocyanins 375 

Anthocyanins are the main contributors to the red/purple color of fruit and vegetables and include 376 

compounds such pelargonidin, cyanidin, delphinidin, peonidin, petunidin and malvidin and their 377 

glycoside conjugates. Their main colonic metabolites are small phenolic acids, as protocatechuic, 378 

gallic, vanillic, syringic and hydroxybenzoic acids [108]. A recent and exhaustive review pointed 379 

out that the main metabolites showing in vitro neuroprotective effects were protocatechuic, gallic, 380 

vanillic acids, limited for other phenolic acids [126]. The most important target of these phenolic 381 

metabolites, mostly protocatechuic and vanillic acids, were the antioxidant activities at intracellular 382 

level, so counteracting the depletion of glutathione and catalase activities due to peroxide 383 

stimulation or improving cell viability after nitro-radical increase in the cell [127, 128]. Not only 384 

antioxidant, i.e. superoxide dismutase or catalase, but also inflammation enzymes, i.e. 385 

cyclooxygenases, were also inhibited by gallic acid treatment of neuronal cells – despite in high 386 

concentrations –, with consequent decrease of cytokine production [129].   387 
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Concerning immortalized cells, several studies pointed out that gallic, vanillic, and hydroxybenzoic 388 

acids are able to block the oligomerization of Aβ, destabilize pre-fibril and fibril formation, by 389 

structural interaction, by metal ion chelation, or by decreasing neuro-inflammatory and apoptotic 390 

mediators [130-132]. These findings have been also confirmed in numerous animal models, with an 391 

improving of the endogenous antioxidant enzyme activities, as well as the reduction of the presence 392 

of several pro-inflammatory cytokines, such as TNF-α, IL-1β, IL-6, and IL-8, at brain level, by 393 

vanillic, gallic and protocatechuic acids [126].  394 

 395 

4.5. Flavanones 396 

Flavanones are a flavonoid subclass mainly found in citrus fruits, and the most recurrent aglycones 397 

are hesperetin, naringenin, eriodictyol, isosakuranetin and taxifolin, even if the major amounts of 398 

them are present as glycoside conjugated [133]. Several studies confirmed a low bioavailability of 399 

such compounds, with the identification and quantification of several colonic metabolites in 400 

biological fluids, such as phenylpropionic, phenylacetic, benzoic, and hydroxycarboxylic acids and 401 

benzenetriol and benzoylglycine derivatives [134]. By considering blood oranges, mandarins, lime 402 

and lemon juice, the most representative compound in terms of amount in such fruits is hesperidin, 403 

which is the rutinoside of the hesperitin [133]. Hesperidin has been the object of several in vitro and 404 

in vivo animal studies  to investigate its role as neuroprotective compoundConcerning AD, the main 405 

results have been reported for hesperidin role in counteracting the oxidative stress at neuronal level, 406 

with improvement of the antioxidant endogenous mechanisms, such as counteracting glutathione 407 

depletion, and decrease of malondialdehyde and H2O2 accumulation, other than inhibiting some 408 

protein kinase phosphorylation leading to oxidative damage, in animal studies [135, 136]. 409 

Hesperidin at 100 mg/kg orally administered per 60 days was also found to be effective in the 410 

attenuation of the expression of Aβ precursors and oligomers in rats after aluminum chloride 411 

injection to mime the Alzheimer’s diseases damages [137].  Several other molecular patterns 412 

involved in the boosting of the neuroinflammation have been reduced in a mouse model affected by 413 
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cognitive impairment when 100 and 200 mg/kg hesperidin has been supplemented for 15 days 414 

[138]. Anti-inflammatory and fibril anti-aggregative effects have also been observed in a recent 415 

study, where human neuroblastoma cells were incubated with up to 50 M liquiritigenin, mainly 416 

found in licorice [139]. To date, no human studies have considered the putative biological effects of 417 

the flavanones or their colonic metabolites on pathophysiological and clinical markers of AD, and 418 

this represents a promising area for future research. 419 

 420 

4.6. Isoflavones 421 

Among the so called “phytoestrogens”, isoflavones are a class of compounds mainly found in soy 422 

and its derivatives, genistein, daidzein, glycitein, formononetin and their glycosides being the most 423 

representative compounds [108]. Studies on urine samples revealed a scarce bioavailability of such 424 

compounds, which are mainly metabolized by colonic bacteria in smaller compounds, such as 425 

equol, O-desmethylangolesin and its 6’-hydroxylated form, which leads to 2-(4’-426 

Hydroxyphenyl)propionic acid, and their conjugates [108]. There is solid evidence of 427 

neuroprotective effects of soy and soy-derived foods on several cognitive outcomes in animals and 428 

humans [140, 141]. Additionally, AD has been targeted in for studies focusing on isoflavones and, 429 

as previously detailed, the most relevant mechanisms highlighted in cell and animal models has 430 

been the counteraction of the Aβ deposition, oxidative damage, neuro-inflammation and apoptosis 431 

processes [142].  432 

However, very few studies considered the colonic metabolites as real biological effectors towards 433 

the above-mentioned effects on the nervous system. In a randomized controlled trial, the 434 

administration of 100 mg/day of soy isoflavones to 65 older patients suffering from AD did not 435 

result in any significant improvement of cognitive function or dementia biomarkers after six months 436 

[143]. Researchers correctly argued that not all the individuals are equol-producers, mainly due to 437 

the gut microbiota composition and functionality, and so the missing effects of the isoflavone 438 

supplementation might be biased by the lack of consideration of this fact in the study design [143, 439 
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144]. Actually, when equol was administered to fifteen women with AD, the oxidative and 440 

inflammatory markers failed to be effectively modulated, but, clearly, further studies are needed to 441 

better understand this interesting aspect [145]. 442 

 443 

4.7. Flavonols 444 

Flavonols are among the most ubiquitous polyphenols in fruit and vegetables, and quercetin, 445 

kaempferol, isorhamnetin and myricetin are the principal representative aglycones, mainly 446 

conjugated in several different combinations with one or more sugar molecules [108]. Until 447 

recently, the major focus in biological fluids have been aglycones conjugated with glucuronide 448 

and/or sulfate moieties, mainly formed during the II detoxification at the upper gastro-intestinal and 449 

liver level. However, the simple fermentation of some compounds, such as quercetin, with fecal 450 

samples of healthy donors, revealed a deep rearrangement of its chemical structure, leading to the 451 

release of smaller phenolic acids, as phenylpropanoic, phenylacetic and hydroxybenzoic acids 452 

[146]. A huge load of literature has been published regarding flavonols, and particularly quercetin, 453 

involvement in the processes leading to AD and, generally, cognitive disorders [147-148]. Results 454 

confirm a role of such compounds in the amelioration of oxidative status at neuronal level, 455 

inhibition of inflammatory and apoptotic key pathways, as well as Aβ oligomerization and 456 

deposition [147-149]. Also, for this class of compounds, colonic metabolites have not been deeply 457 

studied for their putative effects on cognitive decline markers. 458 

 459 

4.8. Flavones 460 

Regarding flavones, a flavonoid subclass widely present in vegetable-derived foods and beverages, 461 

the most studied compounds are apigenin and luteolin, which are usually present in foods as 462 

glycosides, which are barely absorbed along the small and large intestine and, above all, colonic 463 

bacteria seem to be unable to cleave the C-linked sugar moiety [108]. However, some data on 464 
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protective effects of the in planta compounds towards AD-related markers, in cell and animal 465 

studies, have been reported for apigenin [150] and luteolin [151]. 466 

 467 

4.9 Gut microbiota involvement in polyphenol metabolism 468 

As previously stated, the catabolism of phenolic compounds in the lower gastrointestinal tract is 469 

strictly dependent on the presence of certain bacteria strains, able to vastly modify the parent 470 

structures giving origin to smaller phenolic acids that are, in turn, absorbed quite efficiently. In a 471 

recent review, Cortés-Martín and collaborators summarized that, despite the many microbiological 472 

studies present in the literature, most of the microbial species responsible for specific metabolite 473 

production are still unidentified [152].  474 

The hydrolysis of the sugar, in the case of the glycosylated polyphenols, is carried out by different 475 

species of Lactobacillus, Bifidobacterium and Enterococcus, characterized by the activities of 476 

enzymes like glucosidases and rhamnosidases, able to cleave the O-sugar moiety (e.g. Lactobacillus 477 

plantarum or Bifidobacterium pseudocatenulatum) and, with a lower affinity, C-linkages (e.g. 478 

Enterococcus spp., Eubacterium cellulosolvens, and Lactococcus spp.) [152].  479 

The elucidation of which species are able to cleave flavonoid rings is still open. Peiroten et al. 480 

summarized the main findings related to the metabolism of isoflavones by several different bacteria, 481 

identifying several species belonging to Clostridium and Eubacterium genera as able to transform 482 

daidzein into O-desmethylangolesin, and Bifidobacterium, Eggerthella, Lactococcus and Slackia 483 

species as able to produce equol from daidzein [153]. A study from Germany identified two species, 484 

namely Eggerthella lenta and Flavonifractor plautii, in human fecal suspension, able to convert (–)-485 

epicatechin and (+)-catechin into phenylpropanoic and phenylvaleric acids as well as to phenyl--486 

valerolactones [154]. Spanish researchers identified different species belonging to the 487 

Eggherthellaceae family (Gordonibacter urolithinfaciens and Gordonibacter pamelaeae) as able to 488 

convert ellagic acid into urolithins A, B and isourolithin A [155, 156].  489 

 490 



22 

 

4.10 The inter-individual variability role in the polyphenol gut microbial metabolism  491 

Epidemiological studies have associated the intake of fruit, vegetables and beverages rich in 492 

polyphenols with multiple beneficial effects on the human health. However, when intervention 493 

studies looked at the real biological effectors and at cause-effect relationships, a huge variability in 494 

terms of production/not production and, sometimes, concentrations of polyphenol gut microbial 495 

metabolites in fluids and tissues was observed. The inter-individual variability in the gut microbial 496 

capacity to produce peculiar profiles of phenolic metabolites seems to be the most important factor 497 

to explain the bioavailability of phenolic compounds and, possibly, the biological response to their 498 

intake [157]. The term “metaboytpe” – metabolic phenotype – has been introduced to indicate this 499 

characteristic excretion of metabolites after intake of specific dietary compounds [158]. 500 

Specifically, the new frontiers in this field will be the identification of cluster of individuals 501 

showing a metabotype associated with a well profiled gut ecosystem and, in turn, to a specific 502 

health status or improvement of health in response to food intake.  503 

The definition of a metabotype should primarily include qualitative data, such as absence or 504 

presence of specific metabolites, but could also derive from quantitative aspects, i.e. relative rations 505 

of metabolites [158]. The first pioneering studies in this field have been conducted on soy 506 

isoflavones, where the excretion of the urinary metabolites equol and O-desmethylangolesin have 507 

been observed only in certain individuals after soy consumption [159]. Equol producers have been 508 

shown to be characterized by more favorable hormonal profiles and by a lower breast cancer risk 509 

[160].  510 

The research group led by Tomás-Barberán has shown that not only producers and not producers of 511 

urolithins, metabolites of dietary ellagitannins, are linked to specific enterotypes, but that producers 512 

can be further clusterized in metabotypes that are then associated to different presence of dysbiotic 513 

symptoms and also different cardiometabolic risk profiles [161]. Similarly, our group is working on 514 

the elucidation of the possible metabotypes following the ingestion of flavan-3-ol rich foods, with 515 

the preliminary findings indicating the presence of distinct groups of individuals excreting 516 
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trihydroxyphenyl-γ-valerolactones, dihydroxyphenyl-γ-valerolactones, and hydroxyphenylpropionic 517 

acids [162, 163].  518 

519 
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5. Dietary fibers, gut microbiota and short-chain fatty acids in Alzheimer’s disease 520 

Dietary fibers include plant-based carbohydrates (non-starch polysaccharides, such as cellulose, 521 

resistant oligosaccharides, such as inulin, and resistant starch) that cannot be metabolized by human 522 

digestive enzymes [164]. Some gut bacteria are however able to metabolize such dietary 523 

compounds, generating SCFAs, i.e., acetate, propionate and butyrate, as endproducts [165].  524 

Most bacteria able to synthetize SCFAs belong to the Ruminococcaceae and Lachnospiraceae 525 

families [166, 167]. Few bacterial taxa, including Roseburia spp. and Eubacterium rectale, are able 526 

to complete the degradation of fibers to SCFAs alone [166, 167]. More frequently, there are cross-527 

feeding interactions between taxa belonging to the same ecological niche: fibers are degraded to 528 

intermediate products by one group of bacteria, and then these products are utilized by SCFA 529 

producers [166, 167]. Alternatively, fiber degradation by one strain is essential for stimulating the 530 

growth and metabolic activity of a SCFA-producing strain [166]. The most known of these cross-531 

feeding interactions regards Bifidobacterium spp. and Faecalibacterium prausnitzii, whose 532 

butyrate-producing capacity relies on the supply of acetate by bifidobacteria [168, 169].  533 

SCFA synthesis by the gut microbiota is strongly influenced by the amount of fibers introduced 534 

with diet, that is able to shape the microbiota composition and enhance the SCFA metabolic 535 

pathways [170]. A recent population-based study has shown that the consumption of large amounts 536 

of fiber-rich plants is associated with increased representation of SCFA-producing genera in fecal 537 

microbiota [171]. A similar effect has also been demonstrated in an intervention study specifically 538 

focused on older subjects [172]. However, these effects do not necessarily correspond to an increase 539 

in SCFA production, due to the complex cross-feeding interactions among bacteria and variable 540 

expression of bacterial metabolic pathways [173]. 541 

Around 90% of SCFAs produced in the gut lumen are absorbed by colonocytes or enter circulation, 542 

while the remaining 10% is excreted in feces [166]. SCFAs exert a wide range of physiological 543 

functions in the intestine and in human metabolism, which have been extensively reviewed 544 

elsewhere [166, 174] and are summarized in Table 2.  545 
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The studies investigating fecal microbiota composition in patients suffering from AD generally 546 

show a depletion SCFA-producing bacteria in comparison with controls (Table 3), especially taxa 547 

able to synthetize butyrate belonging to Lachnospiraceae or Ruminococcaceae [82-87]. However, 548 

butyrate producing bacteria can be isolated and cultivated from fecal samples of patients with AD 549 

[175] and a recent study failed to detect a significant difference in the relative abundance of the 550 

main SCFA producers between patients with AD and healthy controls (Table 3) [88]. Interestingly, 551 

a recent analysis of the gut microbiota composition and fecal metabolomics profile of 21 Chinese 552 

patients with AD and 44 controls with normal cognitive function revealed a paradoxical increase of 553 

representation of some SCFA-producing taxa, such as Ruminococcaceae and Faecalibacterium 554 

prausnitzii, in fecal samples from AD patients [89]. In the light of the existing literature, such 555 

findings suggest that the relationship between gut microbiota composition and cognitive 556 

dysfunction may be strongly influenced by external factors that were not considered as possible 557 

confounders, including dietary patterns and fiber intake. Geographical location of study participants 558 

may also represent an important issue: recent data indicate that study location represents the main 559 

factor explaining inter-individual variability in microbiome studies [176, 177]. 560 

The gut mycobiome (i.e., ensemble of fungal populations symbiotically living with the host in the 561 

gut lumen) could also interact with the intestinal microbiome in patients with AD. A recent study 562 

has shown that reduced representation of SCFA producers, including Ruminococcus, Lachnospira 563 

and Roseburia, is associated with a distinct intestinal mycobiome composition in patients with AD 564 

[178].   565 

Overall, this evidence supports the assumption that patients with AD could have reduced SCFA 566 

synthesis in their gut microbiota. However, the descriptive, cross-sectional design of these studies, 567 

and the absence of direct measurement of SCFA levels in feces or other biological samples does not 568 

allow to make any inference on the causal relationship between SCFA depletion and dementia. 569 

Furthermore, none of these studies considered nutritional intake of fibers as covariate.  570 
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In experimental models of AD, SCFAs exhibit a neuroprotective effect at multiple levels [179]. 571 

More specifically, they contribute to modulate the microglial cell function, reducing phagocytic 572 

activity, secretion of cytotoxins and synthesis of pro-inflammatory cytokines [179, 180]. In 573 

experimental conditions, SCFAs also inhibit amyloid-β aggregations, interfering with amyloid 574 

plaque formation and enlargement [181]. Interestingly, the brain amyloid load, measured with 575 

standardized uptake value ratio versus cerebellum through florbetapir amyloid-positron emission 576 

tomography (PET), was negatively correlated with blood butyrate levels in a group of 89 older 577 

subjects with different cognitive function, ranging from normal to overt dementia [182].  578 

The clinical translation of these findings remains, however, uncertain. To date, studies specifically 579 

investigating the effects of increasing fiber intake on cognitive function and risk of dementia are 580 

lacking. Most studies were focused on nutritional patterns and frequency of consumption of fruit 581 

and vegetables, indicating that there could be an inverse relationship between fiber intake and 582 

cognitive performance, especially in those who already suffer from dementia or subjective cognitive 583 

complaints [24, 183-185]. Two studies also showed an inverse correlation between a dietary pattern 584 

characterized by elevated fiber intake and imaging biomarkers of AD (i.e., 18F-fluorodeoxyglucose 585 

uptake on brain PET in one study [186] and white matter hyperintensities module on brain magnetic 586 

resonance in another [187]). However, a large study conducted on 162 older subjects did not find 587 

any significant correlation between fiber intake and brain Aβ burden measured with amyloid-PET 588 

[188]. Furthermore, none of these studies considered investigation of SCFAs in their experimental 589 

design.  590 

From a clinical perspective, the possibility of influencing AD pathophysiology through modulation 591 

of the intestinal microbiota towards an enhanced production of SCFAs is intriguing. However, very 592 

few clinical trials with probiotics or prebiotics have considered cognition as main endpoint [189]. 593 

Three recent systematic reviews and meta-analyses have shown contradicting results, supporting the 594 

plausibility of favorable effects of probiotics or prebiotics on cognition with a low level of evidence 595 
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[94, 190, 191]. None of the studied interventions were, however, specifically targeted at increasing 596 

SCFA production in the gut, and most studies were limited by small sample sizes.  597 

Overall, the current evidence supports the concept that increasing dietary fiber intake is associated 598 

with favorable effects in the pathophysiology of AD through mediation of the gut microbiota. 599 

However, the clinical relevance of this mechanism and its therapeutic potential remains unclear. 600 

601 
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6. Conclusions and perspectives 602 

The current state of knowledge allows to hypothesize that the intestinal microbiome stands at the 603 

crossroads between nutrition and pathophysiology of AD, and that many of the putative beneficial 604 

effects of healthy dietary patterns on cognition could be mediated by the gut microbiota (Figure 1). 605 

However, there is still a big gap between preclinical and clinical studies in this field. In fact, the 606 

influence of nutrition and gut microbiota on the pathophysiology and clinical course of AD has 607 

been studied mainly considering each player in a separate way, without integrating nutritional and 608 

microbiological investigations. The evidence suggesting favorable effects of gut microbiota-derived 609 

metabolites of polyphenols or fibers on markers of AD mostly comes from in vitro studies, and its 610 

translation in clinical practice is still difficult. As a result, there is a substantial lack of knowledge 611 

on how microbiome-centered nutritional interventions can modify cognitive function from a clinical 612 

perspective.  613 

However, the gut microbiota could become a reasonable target for anti-dementia interventions in 614 

the foreseeable future, as suggested by preclinical studies [80, 179]. Nutritional strategies implying 615 

an increase in the intake of polyphenols and fibers have a great potential of being effective in 616 

slowing down cognitive decline in older individuals, but future studies should also consider the 617 

influence of microbiota composition in this putative association. For example, the cognitive benefits 618 

of an increase in polyphenol intake could depend on specific metabotypes of the gut microbiota and 619 

the benefits, in terms of SCFA production, of increasing fiber intake could be influenced by the pre-620 

existing network of strains with capacity of synthetizing butyrate [192, 193].  621 

Future studies should also consider the co-occurrence of cognitive decline and physical frailty in 622 

older individuals [194]. Interestingly, gut microbiota dysbiosis is increasingly indicated as one of 623 

the contributors to the pathophysiology of physical frailty and sarcopenia [195, 196], concurring to 624 

define the health trajectory of older individuals [197]. Effective anti-aging microbiome-centered 625 

nutritional interventions should thus consider the link between microbiota and both cognitive and 626 
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physical domains, translating the evidence coming from microbiological and animal studies into 627 

clinical practice.    628 

629 



30 

 

ACKNOWLEDGEMENTS 630 

No specific funding must be reported for this research. Parts of the image are distributed under 631 

Creative Commons License and are freely available on https://pixabay.com/. 632 

 633 

CONFLICT OF INTEREST STATEMENT 634 

All authors report no conflict of interest.  635 

636 



31 

 

REFERENCES 637 

1. Chen X, Maguire B, Brodaty H, O’Leary F (2019) Dietary patterns and cognitive health in 638 

older adults: a systematic review. J Alzheimers Dis 67, 583-619. 639 

2. Solfrizzi V, Custodero C, Lozupone M, Imbimbo BP, Valiani V, Agosti P, Schilardi A, 640 

D’Introno A, La Montagna M, Calvani M, Guerra V, Sardone R, Abbrescia DI, Bellomo A, 641 

Greco A, Daniele A, Seripa D, Logroscino G, Sabbà C, Panza F (2017) Relationship of 642 

dietary patterns, foods, and micro- and macronutrients with Alzheimer’s disease and late-life 643 

cognitive disorders: a systematic review. J Alzheimers Dis 59, 815-849. 644 

3. Taylor MK, Mahnken JD, Sullivan DK (2020) NHANES 2011-2014 reveals cognition of US 645 

older adults may benefit from better adaptation to the Mediterranean diet. Nutrients 12, 1929. 646 

4. Wasselman LMP, van Lent DM, Schröder A, van de Rest O, Peters O, Menne F, Fuentes M, 647 

Priller J, Spruth EJ, Altenstein S, Schneider A, Fliessbach K, Roeske S, Wolfsgruber S, 648 

Kleineidam L, Spottke A, Pross V, Wiltfang J, Vukovich R, Schild AK, Düzel E, Metzger 649 

CD, Glanz W, Buerger K, Janowitz D, Perneczky R, Tatò M, Teipel S, Kilimann I, Laske C, 650 

Buchmann M, Ramirez A, Sikkes SAM, Jessen F, van der Flier WM, Wagner M (2021) 651 

Dietary patterns are related to cognitive functioning in elderly enriched with individuals at 652 

increased risk for Alzheimer’s disease. Eur J Nutr 60, 849-860.  653 

5. Bhushan A, Fondell E, Ascherio A, Yuan C, Grodstein F, Willett W (2018) Adherence to 654 

Mediterranean diet and subjective cognitive function in men. Eur J Epidemiol 33, 223-234. 655 

6. Anastasiou CA, Yannakoulia M, Kosmidis MH, Dardiotis E, Hadjigeorgiou GM, Sakka P, 656 

Arampatzi X, Bougea A, Labropoulos I, Scarmeas N (2017) Mediterranean diet and cognitive 657 

health: initial results from the Hellenic Longitudinal Investigation of Ageing and Diet. PLoS 658 

One 12, e0182048. 659 

7. Keenan TD, Agron E, Mares JA, Clemons TE, van Asten F, Swaroop A, Chew EY, AREDS 660 

and AREDS2 Research Groups (2020) Adherence to a Mediterranean diet and cognitive 661 

function in the Age-Related Eye Disease Studies 1 & 2. Alzheimers Dement 16, 831-842.  662 



32 

 

8. Gu Y, Guo J, Moshfegh AJ (2021) Race/ethnicity and gender modify the association between 663 

diet and cognition in U.S. older adults: National Health and Nutrition Examination Survey 664 

2011-2014. Alzheimers Dement 7, e12128.  665 

9. Klinedinst BS, Le ST, Larsen B, Pappas C, Hoth NJ, Pollpeter A, Wang Q, Wang Y, Yu S, 666 

Wang L, Allenspach K, Mochel JP, Bennett DA, Willette AA (2020) Genetic factors of 667 

Alzheimer’s disease modulate how diet is associated with long-term cognitive trajectories: a 668 

UK Biobank Study. J Alzheimers Dis 78, 1245-1257. 669 

10. Dinu M, Pagliai G, Angelino D, Rosi A, Dall’Asta M, Bresciani L, Ferraris C, Guglielmetti 670 

M, Godos J, Del Bò C, Nucci D, Meroni E, Landini L, Martini D, Sofi F (2020) Effects of 671 

popular diets on anthropometric and cardiometabolic parameters: an umbrella review of meta-672 

analyses of randomized controlled trials. Adv Nutr 11, 815-833.  673 

11. Gardener H, Caunca MR (2018) Mediterranean diet in preventing neurodegenerative diseases. 674 

Curr Nutr Rep 7, 10-20.  675 

12. Scarmeas N, Anastasiou CA, Yannakoulia M (2018) Nutrition and prevention of cognitive 676 

impairment. Lancet Neurol 17, 1006-1015. 677 

13. Angelino D, Godos J, Ghelfi F, Tieri M, Titta L, Lanfranconi A, Marventano S, Alonzo E, 678 

Gambera A, Sciacca S, Buscemi S, Ray S, Galvano F, Del Rio D, Grosso G (2019) Fruit and 679 

vegetable consumption and health outcomes: an umbrella review of observational studies. Int 680 

J Food Sci Nutr 70, 652-667.  681 

14. Molino S, Dossena M, Buonocore D, Ferrari F, Venturini L, Ricevuti G, Verri M (2016) 682 

Polyphenols in dementia: from molecular basis to clinical trials. Life Sci 161, 69-77. 683 

15. Godos J, Caraci F, Castellano S, Currenti W, Galvano F, Ferri R, Grosso G (2020) 684 

Association between dietary flavonoids intake and cognitive function in an Italian cohort. 685 

Biomolecules 10, 1300.  686 



33 

 

16. Godos J, Currenti W, Angelino D, Mena P, Castellano S, Caraci F, Galvano F, Del Rio D, 687 

Ferri R, Grosso G (2020) Diet and mental health: review of the recent updates on molecular 688 

mechanisms. Antioxidants 9, 346.  689 

17. Van Lent DM, O’Donnell A, Beiser AS, Vasan RS, DeCarli CS, Scarmeas N, Wagner M, 690 

Jacques PF, Seshadri S, Himali JJ, Pase MP (2021) Mind diet adherence and cognitive 691 

performance in the Framingham Heart Study. J Alzheimers Dis 82, 827-839. 692 

18. Marseglia A, Xu W, Fratiglioni L, Fabbri C, Berendsen AAM, Bialecka-Debek A, Jennings 693 

A, Gillings R, Meunier N, Caumon E, Fairweather-Tait S, Pietruszka B, De Groot LCPGM, 694 

Santoro A, Franceschi C (2018) Effect of the NU-AGE Diet on cognitive functioning in older 695 

adults: a randomized controlled trial. Front Physiol 9, 349. 696 

19. McDonald TJW, Cervenka MC (2019) Lessons learned from recent clinical trials of ketogenic 697 

diet therapies in adults. Curr Opin Clin Nutr Metab Care 22, 418-424. 698 

20. Taylor MK, Swerdlow RH, Sullivan DK (2019) Dietary neuroketotherapeutics for 699 

Alzheimer’s disease: an evidence update and the potential role for diet quality. Nutrients 11, 700 

1910. 701 

21. Rusek M, Pluta R, Ułamek-Kozioł M, Czuczwar SJ (2019) Ketogenic diet in Alzheimer’s 702 

disease. Int J Mol Sci 20, 3892.  703 

22. Włodarek D (2019) Role of ketogenic diets in neurodegenerative diseases (Alzheimer’s 704 

disease and Parkinson’s disease). Nutrients 11, 169.  705 

23. Doorduijn AS, de van der Schueren MAE, van de Rest O, de Leeuw FA, Hendriksen HMA, 706 

Teunissen CE, Scheltens P, van der Flier WM, Visser M (2020) Nutritional status is 707 

associated with clinical progression of Alzheimer’s disease: the NUDAD Project. J Am Med 708 

Dir Assoc ahead of print Nov 15. 709 

24. Fieldhouse JLP, Doorduijn AS, de Leeuw FA, Verhaar BJH, Koene T, Wasselman LMP, de 710 

van der Schueren MAE, Visser M, van de Rest O, Scheltens P, Kester MI, van der Flier WM 711 



34 

 

(2020) A suboptimal diet is associated with poorer cognition: the NUDAD Project. Nutrients 712 

12, 703. 713 

25. Taylor MK, Sullivan DK, Swerdlow RH, Vidoni EC, Morris JK, Mahnken JD, Burns JM 714 

(2017) A high-glycemic diet is associated with cerebral amyloid burden in cognitively normal 715 

older adults. Am J Clin Nutr 106, 1463-1470. 716 

26. Hayden KM, Beavers DP, Steck SE, Hebert JR, Tabung FK, Shivappa N, Casanova R, 717 

Manson JE, Padula CB, Salmoirago-Blotcher E, Snetselaar LG, Zaslavsky O, Rapp SR (2017) 718 

The association between an inflammatory diet and global cognitive function and incident 719 

dementia in older women: the Women’s Health Initiative Memory Study. Alzheimers Dement 720 

13, 1187-1196. 721 

27. Faraco G, Hochrainer K, Segarra SG, Schaeffer S, Santisteban MM, Menon A, Jiang H, 722 

Holtzman DM, Anrather J, Iadecola C (2019) Dietary salt promotes cognitive impairment 723 

through tau phosphorylation. Nature 574, 686-690. 724 

28. Solfrizzi V, Agosti P, Lozupone M, Custodero C, Schilardi A, Valiani V, Sardone R, Dibello 725 

V, Di Lena L, Lamanna A, Stallone R, Bellomo A, Greco A, Daniele A, Seripa D, Sabbà C, 726 

Logroscino G, Panza F (2018) Nutritional intervention as a preventive approach for cognitive-727 

related outcomes in cognitively healthy older adults: a systematic review. J Alzheimers Dis 728 

64, S229-S254. 729 

29. Solfrizzi V, Agosti P, Lozupone M, Custodero C, Schilardi A, Valiani V, Santamato A, 730 

Sardone R, Dibello V, Di Lena L, Stallone R, Ranieri M, Bellomo A, Greco A, Daniele A, 731 

Seripa D, Sabbà C, Logroscino G, Panza F (2018) Nutritional interventions and cognitive-732 

related outcomes in patients with late-life cognitive disorders: a systematic review. Neurosci 733 

Biobehav Rev 95, 480-498. 734 

30. Flanagan E, Lamport D, Brennan L, Burnet P, Calabrese V, Cunnane SC, de Wilde MC, Dye 735 

L, Farrimond JA, Lombardo NE, Hartmann T, Hartung T, Kalliomӓki M, Kuhnle GG, La Fata 736 

G, Sala-Vila A, Samieri C, Smith D, Spencer JPE, Thuret S, Tuohy K, Turroni S, Vanden 737 



35 

 

Berghe W, Verkuijl M, Verzijden K, Yannakoulia M, Geurts L, Vauzour D (2020) Nutrition 738 

and the ageing brain: moving towards clinical applications. Ageing Res Rev 62, 101079. 739 

31. Ticinesi A, Tana C, Nouvenne A, Prati B, Lauretani F, Meschi T (2018) Gut microbiota, 740 

cognitive frailty and dementia in older individuals: a systematic review. Clin Interv Aging 13, 741 

1497-1511. 742 

32. Bravo JA, Julio-Pieper M, Forsythe P, Kunze W, Dinan TG, Bienenstock J, Cryan JF (2012) 743 

Communication between gastrointestinal bacteria and the nervous system. Curr Opin 744 

Pharmacol 12, 667-672. 745 

33. Bonaz B, Bazin T, Pellissier S (2018) The vagus nerve at the interface of the microbiota-gut-746 

brain axis. Front Neurosci 12, 49.  747 

34. Tolhurst G, Heffron H, Lam YS, Parker HE, Habib AM, Diakogiannaki E, Cameron J, Grosse 748 

J, Reimann F, Gribble FM (2012) Short-chain fatty acids stimulate glucagonlike peptide-1 749 

secretion via the G-coupled receptor FFAR2. Diabetes 61, 364-371.  750 

35. Witkoff WR, Anfora AT, Liu J, Schultz PG, Lesley SA, Peters EC, Siudzak G (2009) 751 

Metabolomics analysis reveals large effects of gut microflora on mammalian blood 752 

metabolites. Proc Natl Acad Sci USA 106, 3698-3703. 753 

36. Yano JM, Yu K, Donaldson GP, Shastri GG, Ann P, Ma L, Nagler CR, Ismagilov RF, 754 

Mazmanian SK, Hsiao EY (2015) Indigenous bacteria from the gut microbiota regulate host 755 

serotonin biosynthesis. Cell 161, 264-276. 756 

37. Samuel BS, Shaito A, Motoike T, Rey FE, Backhed F, Manchester JK, Hammer RE, 757 

Williams SC, Crowley J, Yanagisawa M, Gordon JI (2008) Effects of the gut microbiota on 758 

host adiposity are modulated by short chain fatty-acid binding G protein-coupled receptor, 759 

Gpr41. Proc Natl Acad Sci USA 105, 16767-16772.  760 

38. Haghikia A, Jorg S, Duscha A, Berg J, Manzel A, Waschbisch A, Hammer A, Lee DH, May 761 

C, Wilck N, Balogh A, Ostermann AI, Schebb NH, Akkad DA, Grohme DA, Kleinewietfeld 762 

M, Kempa S, Thone J, Demir S, Muller DN, Gold R, Linker RA (2015) Dietary fatty acids 763 



36 

 

directly impact central nervous system autoimmunity via the small intestine. Immunity 43, 764 

817-829. 765 

39. Barrett E, Ross RP, O’Toole PW, Fitzgerald GF, Stanton C (2012) Gamma-aminobutyric acid 766 

production by culturable bacteria from the human intestine. J Appl Microbiol 113, 411-417.  767 

40. Ozogul F (2011) Effects of specific lactic acid bacteria species on biogenic amine production 768 

by foodborne pathogen. Int J Food Sci Tech 46, 478-184.  769 

41. Shishov VA, Kirovskaya TA, Kudrin VS, Oleskin AV (2009) Amine neuromediators, their 770 

precursors, and oxidation products in the culture of Escherichia coli K-12. Appl Biochem 771 

Micro 45, 494-497-  772 

42. Asano Y, Hiramoto T, Nishino R, Aiba Y, Kimura T, Yoshihara K, Koga Y, Sudo N (2012) 773 

Critical role of gut microbiota in the production of biologically active, free catecholamines in 774 

the gut lumen of mice. Am J Physiol Gastrointest Liver Physiol 303, G1288-G1295. 775 

43. Grenham S, Clarke G, Cryan JF, Dinan TG (2011) Brain-gut-microbe communication in 776 

health and disease. Front Physiol 2, 94.  777 

44. Dinan TG, Cryan JF (2017) The microbiome-gut-brain axis in health and disease. 778 

Gastroenterol Clin North Am 46, 77-89.  779 

45. Quigley EMM (2017) Microbiota-brain-gut axis and neurodegenerative disorders. Curr 780 

Neurol Neurosci Rep 17, 94.  781 

46. Kowalski K, Mulak A (2019) Brain-gut-microbiota axis in Alzheimer’s disease. J 782 

Neurogastroenterol Motil 25, 48-60. 783 

47. Calsolaro V, Edison P (2016) Neuroinflammation in Alzheimer’s disease: current evidence 784 

and future directions. Alzheimers Dement 12, 719-732. 785 

48. Friedland RP, Chapman MR (2017) The role of microbial amyloid in neurodegeneration. 786 

PLoS Pathog 13, e1006654.  787 



37 

 

49. Pistollato F, Sumalla Cano S, Elio I, Masias Vergara M, Giampieri F, Battino M (2016) Role 788 

of gut microbiota and nutrients in amyloid formation and pathogenesis of Alzheimer disease. 789 

74, 624-634.  790 

50. Itzhaki RF, Lathe R, Balin BJ, Ball MJ, Bearer EL, Braak H, Bullido MJ, Carter C, Clerici M, 791 

Cosby SL, Del Tredici K, Field H, Fulop T, Grassi C, Griffin WS, Haas J, Hudson AP, Kamer 792 

AR, Kell DB, Licastro F, Letenneur L, Lövheim H, Mancuso R, Miklossy J, Otth C, Palamara 793 

AT, Perry G, Preston C, Pretorius E, Strandberg T, Tabet N, Taylor-Robinson SD, Whittum-794 

Hudson JA (2016) Microbes and Alzheimer’s disease. J Alzheimers Dis 51, 979-984. 795 

51. Chen SG, Stribinskis V, Rane MJ, Demuth DR, Gozal E, Roberts AM, Jagadapillai R, Liu R, 796 

Choe K, Shivakumar B, Son F, Jin S, Kerber R, Adame A, Masliah E, Friedland RP (2016) 797 

Exposure to the functional bacterial amyloid protein Curli enhances alpha-synuclein 798 

aggregation in aged Fischer 344 rats and Caenorhabditis elegans. Sci Rep 6, 34477.  799 

52. Harach T, Marungruang N, Duthilleul N, Cheatham V, McCoy KD, Frisoni G, Neher JJ, Fåk 800 

F, Jucker M, Lasser T, Bolmont T (2017) Reduction of Abeta amyloid pathology in APPPS1 801 

transgenic mice in the absence of gut microbiota. Sci Rep 7, 41802.  802 

53. Shen L, Liu L, Ji HF (2017) Alzheimer’s disease histological and behavioral manifestations in 803 

transgenic mice correlate with specific gut microbiome state. J Alzheimers Dis 56, 385-390. 804 

54. Bӓuerl C, Collado MC, Diaz Cuevas A, Viña J, Pérez Martinez G (2018) Shifts in gut 805 

microbiota composition in an APP/PSS1 transgenic mouse model of Alzheimer’s disease 806 

during lifespan. Lett Appl Microbiol 66, 464-471. 807 

55. Zhan G, Yang N, Li S, Huang N, Fang X, Zhang J, Zhu B, Yang L, Yang C, Luo A (2018) 808 

Abnormal gut microbiota composition contributes to cognitive dysfunction in SAMP8 mice. 809 

Aging 10, 1257-1267. 810 

56. Wu SC, Cao ZS, Chang KM, Juang JL (2017) Intestinal microbial dysbiosis aggravates the 811 

progression of Alzheimer’s disease in Drosophila. Nat Commun 8, 24.  812 



38 

 

57. Sadler R, Singh V, Benakis C, Garzetti D, Brea D, Stecher B, Anrather J, Liesz A (2017) 813 

Microbiota differences between commercial breeders impacts the post-stroke immune 814 

response. Brain Behav Immun 66, 23-30.  815 

58. Spychala MS, Reddy Venna V, Jandzinski M, Doran SJ, Durgan DJ, Priya Ganesh B, Ajami 816 

NJ, Putluri N, Graf J, Bryan RM, McCullogh LD (2018) Age-related changes in the gut 817 

microbiota influence systemic inflammation and stroke outcome. Ann Neurol 84, 23-36.  818 

59. Minter MR, Zhang C, Leone V, Ringus DL, Zhang X, Oyler-Castrillo P, Musch MW, Liao F, 819 

Ward JF, Holtzman DM, Chang EB, Tanzi RE, Sisodia SS (2016) Antibiotic-induced 820 

perturbations in gut microbial diversity influences neuro-inflammation and amyloidosis in a 821 

murine model of Alzheimer’s disease. Sci Rep 6, 30028.  822 

60. Shi Y, Kellingray L, Zhai Q, Le Gall G, Narbad A, Zhao J, Zhang H, Chen W (2018) 823 

Structural and functional alterations in the microbial community and immunological 824 

consequences in a mouse model of antibiotic-induced dysbiosis. Front Microbiol 9, 1948.  825 

61. Fröhlich EE, Farzi A, Mayerhofer R, Reichmann F, Jačan A, Wagner B, Zinser E, Bordag N, 826 

Magnes C, Fröhlich E, Kashofer K, Gorkiewicz G, Holzer P (2016) Cognitive impairment by 827 

antibiotic-induced gut dysbiosis: analysis of gut microbiota-brain communication. Brain 828 

Behav Immun 56, 140-155. 829 

62. Bonfili L, Cecarini V, Cuccioloni M, Angeletti M, Berardi S, Scarpona S, Rossi G, Eleuteri 830 

AM (2018) SLAB51 probiotic formulation activates SIRT1 pathway promoting antioxidant 831 

and neuroprotective effects in an AD mouse model. Mol Neurobiol 55, 7987-8000. 832 

63. Athari Nik Azm S, Djazayeri A, Safa M, Azami K, Ahmadvand B, Sabbaghziariani F, 833 

Sharifzadeh M, Vafa M (2018) Lactobacilli and bifidobacteria ameliorate memory and 834 

learning deficits and oxidative stress in β-amyloid (1-42) injected rats. Appl Physiol Nutr 835 

Metab 43, 718-726. 836 

64. Kim H, Kim S, Park SJ, Park G, Shin H, Park MS, Kim J (2021) Administration of 837 

Bifidobacterium bifidum BGN4 and Bifidobacterium longum BORI improves cognitive and 838 



39 

 

memory function in the mouse model of Alzheimer’s disease. Front Aging Neurosci 13, 839 

709091. 840 

65. Kobayashi Y, Sugahara H, Shimada K, Mitsuyama E, Kuhara T, Yasuoka A, Kondo T, Abe 841 

K, Xiao JZ (2017) Therapeutic potential of Bifidobacterium breve strain A1 for preventing 842 

cognitive impairment in Alzheimer’s disease. Sci Rep 7, 13510. 843 

66. Nimgampalle M, Kuna Y (2017) Anti-Alzheimer properties of probiotic, Lactobacillus 844 

plantarum MTCC1325 in Alzheimer’s disease induced albino rats. J Clin Diagn Res 11, 845 

KC01-KC05.  846 

67. Chunchai T, Thunapong W, Yasom S, Wanchai K, Eaimworawuthikul S, Metzler G, 847 

Lungkaphin A, Pongchaidecha A, Sirilun S, Chaiyasut C, Pratchayasakul W, Thiennimitr P, 848 

Chattipakorn N, Chattipakorn SC (2018) Decreased microglial activation through gut-brain 849 

axis by prebiotics, probiotics, or synbiotics effectively restored cognitive function in obese-850 

insulin resistant rats. J Neuroinflamm 15, 11.  851 

68. Chen D, Yang X, Yang J, Lai G, Yong T, Tang X, Shuai O, Zhou G, Xie Y, Wu Q (2017) 852 

Prebiotic effect of fructooligosaccharides from Morinda officinalis on Alzheimer’s disease in 853 

rodent models by targeting the microbiota-gut-brain axis. Front Aging Neurosci 9, 403. 854 

69. Gao L, Li J, Zhou Y, Huang X, Qin X, Du G (2018) Effects of baicalein on cortical 855 

proinflammatory cytokines and the intestinal microbiome in senescence accelerated mouse 856 

prone 8. ACS Chem Neurosci 9, 1714-1724.  857 

70. Wang S, Huang XF, Zhang P, Newell KA, Wang H, Zheng K, Yu Y (2017) Dietary 858 

teasaponin ameliorates alterations of gut microbiota and cognitive decline in diet-induces 859 

obese mice. Sci Rep 7, 12203. 860 

71. Hartmann A, Veldhuis JD, Deuschle M, Standhardt H, Heuser I (1997) Twenty-four hour 861 

cortisol release profiles in patients with Alzheimer’s and Parkinson’s disease compared to 862 

normal controls: ultradian secretory pulsatility and diurnal variations. Neurobiol Aging 18, 863 

285-289.  864 



40 

 

72. Femminella GD, Rengo G, Komici K, Iacotucci P, Petraglia L, Pagano G, de Lucia C, 865 

Canonico V, Bonaduce D, Leosco D, Ferrara N (2014) Autonomic dysfunction in 866 

Alzheimer’s disease: tools for assessment and review of the literature. J Alzheimers Dis 42, 867 

369-377. 868 

73. Carabotti M, Scirocco A, Maselli MA, Severi C (2015) The gut-brain axis: interactions 869 

between enteric microbiota, central and enteric nervous system. Ann Gastroenterol 28, 203-870 

209. 871 

74. Durack J, Lynch SV (2019) The gut microbiome: relationships with disease and opportunities 872 

for therapy. J Exp Med 216, 20-40.  873 

75. Mancabelli L, Milani C, Lugli GA, Turroni F, Cocconi D, van Sinderen D, Ventura M (2017) 874 

Identification of universal gut microbial biomarkers of common human intestinal diseases by 875 

meta-analysis. FEMS Microbiol Ecol 93, fix153.  876 

76. Kho ZY, Lal SK (2018) The human gut microbiome – a potential controller of wellness and 877 

disease. Front Microbiol 9, 1835.  878 

77. Zheng D, Liwinski T, Elinav E (2020) Interaction between microbiota and immunity in health 879 

and disease. Cell Res 30, 492-506.  880 

78. Valdes AM, Walter J, Segal E, Spector TD (2018) Role of the gut microbiota in nutrition and 881 

health. BMJ 361, k2179.  882 

79. Milani C, Duranti S, Bottacini F, Casey E, Turroni F, Mahony J, Belzer C, Delgado Palacio S, 883 

Arboleya Montes S, Mancabelli L, Lugli GA, Rodriguez JM, Bode L, de Vos W, Gueimonde 884 

M, Margolles A, van Sinderen D, Ventura M (2017) The first microbial colonizers of the 885 

human gut: composition, activities and health implications of the infant gut microbiota. 886 

Microbiol Mol Biol Rev 81, e00036-17. 887 

80. Vaiserman AM, Koliada AK, Marotta F (2017) Gut microbiota: a player in aging and a target 888 

for anti-aging intervention. Ageing Res Rev 35, 36-45.  889 



41 

 

81. Cryan JF, O’Riordan KJ, Sandhu K, Peterson V, Dinan TG (2020) The gut microbiome in 890 

neurological disorders. Lancet Neurol 19, 179-194.  891 

82. Cattaneo A, Cattane N, Galluzzi S, Provasi S, Lopizzo N, Festari C, Ferrari C, Guerra UP, 892 

Paghera B, Muscio C, Bianchetti A, Dalla Volta G, Turla M, Cotelli MS, Gennuso M, Prelle 893 

A, Zanetti O, Lussignoli G, Mirabile D, Bellandi D, Gentile S, Belotti G, Villani D, Harach T, 894 

Bolmont T, Padovani A, Boccardi M, Frisoni GB, INDIA-FBP Group (2017) Association of 895 

brain amyloidosis with pro-inflammatory gut bacterial taxa and peripheral inflammation 896 

markers in cognitively impaired elderly. Neurobiol Aging 49, 60-68. 897 

83. Vogt NM, Kerby RL, Dill-McFarland KA, Harding SJ, Merluzzi AP, Johnson SC, Carlsson 898 

CM, Asthana S, Zetterberg H, Blennow K, Bendlin BB, Rey FE (2017) Gut microbiome 899 

alterations in Alzheimer’s disease. Sci Rep 7, 13537. 900 

84. Zhuang ZQ, Shen LL, Li WW, Fu X, Zeng F, Gui L, Lü Y, Cai M, Zhu C, Tan YL, Zheng P, 901 

Li HY, Zhu J, Zhou HD, Bu XL, Wang YJ (2018) Gut microbiota is altered in patients with 902 

Alzheimer’s disease. J Alzheimers Dis 63, 1337-1346. 903 

85. Liu P, Wu L, Peng G, Han Y, Tang R, Ge J, Zhang L, Jia L, Yue S, Zhou K, Li L, Luo B, 904 

Wang B (2019) Altered microbiomes distinguish Alzheimer’s disease from amnestic mild 905 

cognitive impairment and health in a Chinese cohort. Brain Behav Immun 80, 633-643. 906 

86. Haran JP, Bhattarai SK, Foley SE, Dutta P, Ward DV, Bucci V, McCormick BA (2019) 907 

Alzheimer’s disease microbiome is associated with dysregulation of the anti-inflammatory P-908 

glycoprotein pathway. mBio 10, e00632-19. 909 

87. Ling Z, Zhu M, Yan X, Cheng Y, Shao L, Liu X, Jiang R, Wu S (2021) Structural and 910 

functional dysbiosis of fecal microbiota in Chinese patients with Alzheimer’s disease. Front 911 

Cell Dev Biol 8, 634069. 912 

88. Zhou Y, Wang Y, Quan M, Zhao H, Jia J (2021) Gut microbiota changes and their correlation 913 

with cognitive and neuropsychiatric symptoms in Alzheimer’s disease. J Alzheimers Dis 81, 914 

583-595. 915 



42 

 

89. Xi J, Ding D, Zhu H, Wang R, Su F, Wu W, Xiao Z, Linag X, Zhao Q, Hong Z, Fu H, Xiao Q 916 

(2021) Disturbed microbial ecology in Alzheimer’s disease: evidence from the gut 917 

microbiota. BMC Microbiol 21, 226.  918 

90. Lukiw WJ (2016) Bacteroides fragilis lipopolysaccharide and inflammatory signaling in 919 

Alzheimer’s disease. Front Microbiol 7, 1544.  920 

91. Biagi E, Rampelli S, Turroni S, Quercia S, Candela M, Brigidi P (2017) The gut microbiota 921 

of centenarians: signatures of longevity in the gut microbiota profile. Mech Ageing Dev 922 

165(Pt B): 180-184. 923 

92. Gardiner BJ, Tai AY, Kotsanas D, Francis MJ, Roberts SA, Ballard SA, Junckerstorff RK, 924 

Korman TM (2015) Clinical and microbiological characteristics of Eggerthella lenta 925 

bacteremia. J Clin Microbiol 53, 626-635.  926 

93. Emery DC, Shoemark DK, Batstone TE, Waterfall CM, Coghill JA, Cerajewska TL, Davies 927 

M, West NX, Alley SJ (2017) 16S rRNA next generation sequencing analysis shows bacteria 928 

in Alzheimer’s post-mortem brain. Front Aging Neurosci 9, 195. 929 

94. Den H, Dong X, Chen M, Zou Z (2020) Efficacy of probiotics on cognition, and biomarkers 930 

of inflammation and oxidative stress in adults with Alzheimer’s disease or mild cognitive 931 

impairment – a meta-analysis of randomized controlled trials. Aging 12, 4010-4039. 932 

95. Eastwood J, Walton G, Van Hemert S, Williams C, Lamport D (2021) The effect of 933 

probiotics on cognitive function across the human lifespan: a systematic review. Neurosci 934 

Biobehav Rev 128, 311-327. 935 

96. Akbari E, Asemi Z, Kakhaki RD, Bahmani F, Kouchaki E, Tamtaji OR, Hamidi GA, Salami 936 

M (2016) Effect of probiotic supplementation on cognitive function and metabolic status in 937 

Alzheimer’s disease: a randomized, double-blind and controlled trial. Front Aging Neurosci 8, 938 

256.  939 

97. Tamtaji OR, Heidari-Soureshjani R, Mirhosseini N, Kouchaki E, Bahmani F, Aghdavod E, 940 

Tajabadi-Ebrahimi M, Asemi Z (2019) Probiotic and selenium co-supplementation, and the 941 



43 

 

effects on clinical, metabolic and genetic status in Alzheimer’s disease: a randomized, double-942 

blind, controlled trial. Clin Nutr 38, 2569-2575. 943 

98. Agahi A, Hamidi GA, Daneshvar R, Hamdieh M, Soheili M, Alinaghipour A, Esmaeili Taba 944 

SM, Salami M (2018) Does severity of Alzheimer’s disease contribute to its responsiveness to 945 

modifying gut microbiota? A double blind clinical trial. Front Neurol 9, 662.  946 

99. Kobayashi Y, Kuhara T, Oki M, Xiao JZ (2019) Effects of Bifidobacterium breve A1 on 947 

cognitive function of older adults with memory complaints: a randomised, double-blind, 948 

placebo-controlled trial. Benef Microbes 10, 511-520. 949 

100. Hwang YH, Park S, Paik JW, Chae SW, Kim DH, Jeong DG, Ha E, Kim M, Hong G, Park 950 

SH, Jung SJ, Lee SM, Na KH, Kim J, Chung YC (2019) Efficacy and safety of Lactobacillus 951 

plantarum C29-fermented soybean (DW2009) in individuals with mild cognitive impairment: 952 

a 12-week, multi-center, randomized, double-blind, placebo-controlled clinical trial. Nutrients 953 

11, E305.  954 

101. Leri M, Scuto M, Ontario ML, Calabrese V, Calabrese EJ, Bucciantini M, Stefani M (2020) 955 

Healthy effects of plant polyphenols: molecular mechanisms. Int J Mol Sci 21, 1250.  956 

102. Fukutomi R, Ohishi T, Koyama Y, Pervin M, Nakamura Y, Isemura M (2021) Beneficial 957 

effects of epigallocatechin-3- O-gallate, chlorogenic acid, resveratrol, and curcumin on 958 

neurodegenerative diseases. Molecules 26, 415. 959 

103. Orhan IE, Daglia M, Nabavi SF, Loizzo MR, Sobarzo-Sánchez E, Nabavi SM (2015) 960 

Flavonoids and dementia: an update. Curr Med Chem 22, 1004-1015. 961 

104. Yeh TS, Yuan C, Ascherio A, Rosner BA, Willett WC, Backer D (2021) Long-term dietary 962 

flavonoid intake and subjective cognitive decline in US men and women. Neurology 97, 963 

e1041-e1056.  964 

105. Shistar E, Rogers GT, Blumberg JB, Au R, Jacques PF (2020) Long-term dietary flavonoid 965 

intake and risk of Alzheimer disease and related dementias in the Framingham Offspring 966 

Cohort. Am J Clin Nutr 112, 343-353. 967 



44 

 

106. Holland TM, Agarwal P, Wang Y, Leurgans SE, Bennett DA, Booth SL, Morris MC (2020) 968 

Dietary flavonols and risk of Alzheimer dementia. Neurology 94, e1749-e1756.  969 

107. Williamson G, Clifford MN (2017) Role of the small intestine, colon and microbiota in 970 

determining the metabolic fate of polyphenols. Biochem Pharmacol 139, 24-39. 971 

108. Del Rio D, Rodriguez-Mateos A, Spencer JPE, Tognolini M, Borges G, Crozier A (2013) 972 

Dietary (poly)phenolics in human health: structures, bioavailability, and evidence of 973 

protective effects against chronic diseases. Antioxid Redox Signal 18, 1818-1892. 974 

109. Carregosa D, Mota S, Ferreira S, Alves-Dias B, Loncarevic-Vasiljkovic N, Crespo CL, 975 

Menezes R, Teodoro R, Nunes Dos Santos C (2021) Overview of beneifical effects of 976 

(poly)phenol metabolites in the context of neurodegenerative diseases on model organisms. 977 

Nutrients 13, 2940. 978 

110. Knaze V, Zamora-Ros R, Luján-Barroso L, Romieu I, Scalbert A, Slimani N, Riboli E, van 979 

Rossum CTM, Bueno-de-Mesquita HB, Trichopoulou A, Dilis V, Tsiotas K, Skeie G, Engeset 980 

D, Quirós JR, Molina E, Huerta JM, Crowe F, Wirfӓl E, Ericson U, Peeters PHM, Kaaks R, 981 

Teucher B, Johansson G, Johansson I, Tumino R, Boeing H, Drogan D, Amiano P, Mattiello 982 

A, Khaw KT, Luben R, Krogh V, Ardanáz E, Sacerdote C, Salvini S, Overvad K, Tjønneland 983 

A, Olsen A, Boutron-Ruault MC, Fagherazzi G, Perquier F, González CA (2012) Intake 984 

estimation of total and individual flavan-3-ols, proanthocyanidins and theaflavins, their food 985 

sources and determinants in the European Prospective Investigation into Cancer and Nutrition 986 

(EPIC) study. Br J Nutr 108, 1095-1108. 987 

111. Zamora-Ros R, Sacerdote C, Ricceri F, Weiderpass E, Roswall N, Buckland G, St-Jules DE, 988 

Overvad K, Kyrø C, Fagherazzi G, Kvaskoff M, Severi G, Chang-Claude J, Kaaks R, 989 

Nöthlings U, Trichopoulou A, Naska A, Trichopoulos D, Palli D, Grioni S, Mattiello A, 990 

Tumino R, Gram IT, Engeset D, Huerta JM, Molina-Montes E, Argüelles M, Amiano P, 991 

Ardanaz E, Ericson U, Lindkvist B, Nilsson LM, Kiemeney LA, Ros M, Bueno-de-Mesquita 992 

HB, Peeters PHM, Khaw KT, Wareham NJ, Knaze V, Romieu I, Scalbert A, Brennan P, 993 



45 

 

Wark P, Vineis P, Riboli E, González CA (2014) Flavonoid and lignin intake in relation to 994 

bladder cancer risk in the European Prospective Investigation into Cancer and Nutrition 995 

(EPIC) study. Br J Cancer 111, 1870-1880. 996 

112. Vogiatzoglou A, Mulligan AA, Lentjes MAH, Luben RN, Spencer JPE, Schroeter H, Khaw 997 

KT, Kuhnle GGC (2015) Flavonoid intake in European adults (18 to 64 years). PLoS One 10, 998 

e0128132.  999 

113. Mena P, Bresciani L, Brindani N, Ludwig IA, Pereira-Cano G, Angelino D, Llorach R, Calani 1000 

L, Brighenti F, Clifford MN, Gill CIR, Crozier A, Curti C, Del Rio D (2019) Phenyl-ɣ-1001 

valerolactones and phenylvaleric acids, the main colonic metabolites of flavan-3-ols: 1002 

synthesis, analysis, bioavailability, and bioactivity. Nat Prod Rep 36, 714-752.  1003 

114. Angelino D, Carragosa D, Domenech-Coca C, Savi M, Figueira I, Brindani N, Jang S, 1004 

Lakshman S, Molokin A, Urban jr JF, Davis CD, Brito MA, Kim KS, Brighenti F, Curti C, 1005 

Blade C, Del Bas JM, Stilli D, Solano-Aguilar GI, Nunes Dos Santos C, Del Rio D, Mena P 1006 

(2019) 5-(hydroxyphenyl)-ɣ-valerolactone-sulfate, a key microbial metabolite of flavan-3-ols, 1007 

is able to reach the brain: evidence from different in Silico, in vitro and in vivo experimental 1008 

models. Nutrients 11, 2768. 1009 

115. Cecarini V, Cuccioloni M, Zheng Y, Bonfili L, Gong C, Angeletti M, Mena P, Del Rio D, 1010 

Eleuteri AM (2021) Flavan-3-ol microbial metabolites modulate proteolysis in neuronal cells 1011 

reducing amyloid-beta (1-42) levels. Mol Nutr Food Res 65, e2100380. 1012 

116. Huang H, Yan P, Sun T, Mo X, Yin J, Li P, Zhu Y, Rong S, Yang W, Chen X, Liu L (2018) 1013 

Procyanidins extracted from lotus seedpod ameliorate amyloid-β-induced toxicity in rat 1014 

pheochromocytoma cells. Oxid Med Cell Longev 2018, 4572893. 1015 

117. Ono K, Zhao D, Wu Q, Simon J, Wang J, Radu A, Pasinetti GM (2020) Pine bark 1016 

polyphenolic extract attenuates amyloid-β and tau misfolding in a model system of 1017 

Alzheimer’s disease neuropathology. J Alzheimers Dis 73, 1597-1606. 1018 



46 

 

118. Desideri G, Kwik-Uribe C, Grassi D, Necozione S, Ghidoni L, Mastroiacovo D, Raffaele A, 1019 

Ferri L, Bocale R, Lechiara LC, Marini C, Ferri C (2012) Benefits in cognitive function, 1020 

blood pressure, and insulin resistance through cocoa flavonol consumption in elderly subjects 1021 

with mild cognitive impairment: the Cocoa, Cognition, and Aging (CoCoA) study. 1022 

Hypertension 60, 794-801. 1023 

119. Brickman AM, Khan UA, Provenzano FA, Yeung LK, Suzuki W, Schroeter H, Wall M, 1024 

Sloan RP, Small SA (2014) Enhancing dentate gyrus function with dietary flavonols improves 1025 

cognition in older adults. Nat Neurosci 17, 1798-1803. 1026 

120. Irvine MA, Scholey A, King R, Gillings R, Vauzour D, Demichele SJ, Des T, Wesnes KA, 1027 

Sutton BP, Cassidy A, Pipingas A, Potter JF, Johnson G, White D, Larsen R, Cohen NJ, 1028 

Minihane AM (2018) The Cognitive Ageing, Nutrition and Neurogenesis (CANN) Trial: 1029 

design and progress. Alzheimers Dement 4, 591-601. 1030 

121. Angelino D, Caffrey A, Moore K, Laird E, Moore AJ, Gill CIR, Mena P, Westley K, Pucci B, 1031 

Boyd K, Mullen B, McCarroll K, Ward M, Strain JJ, Cunningham C, Molloy AM, McNulty 1032 

H, Del Rio D (2020) Phenyl-ɣ-valerolactones and healthy ageing: linking dietary factors, 1033 

nutrient biomarkers, metabolic status and inflammation with cognition in older adults (the 1034 

VALID project). Nutr Bull 45, 415-423. 1035 

122. Caldeira Morzelle M, Mastrodi Salgado J, Telles M, Mourelle D, Bachiega P, Sousa Buck H, 1036 

Araujo Viel T (2016) Neuroprotective effects of pomegranate peel extract after chronic 1037 

infusion with amyloid-β peptide in mice. PLoS One 11, e0166123.  1038 

123. Kujawska M, Jourdes M, Kurpik M, Szulc M, Szaefer H, Chmielarz P, Kreiner G, Krajka-1039 

Kuźniak V, Łukasz Mikołajczak P, Teissedre PL, Jodynis-Liebert J (2019) Neuroprotective 1040 

effects of pomegranate juice against Parkinson’s disease and presence of ellagitannins-derived 1041 

metabolite-urolithin A- in the brain. Int J Mol Sci 21, 202.  1042 



47 

 

124. DaSilva NA, Nahar PP, Ma H, Eid A, Wei Z, Meschwitz S, Zawia NH, Slitt AL, Seeram NP 1043 

(2019) Pomegranate ellagitannin-gut microbial-derived metabolites, urolithins, inhibit 1044 

neuroinflammation in vitro. Nutr Neurosci 22, 185-195. 1045 

125. Gong Z, Huang J, Xu B, Ou Z, Zhang L, Lin X, Ye X, Kong X, Long D, Sun X, He X, Xu L, 1046 

Li Q, Xuan A (2019) Urolithin A attenuates memory impairment and neuroinflammation in 1047 

APP/PS1 mice. J Neuroinflamm 16, 62.  1048 

126. Winter AN, Bickford PC (2019) Anthocyanins and their metabolites as therapeutic agents for 1049 

neurodegenerative disease. Antioxidants 8, 333.  1050 

127. Gay NH, Phopin K, Suwanjang W, Songtawee N, Ruankham W, Wongchitrat P, 1051 

Prachayasittikul S, Prachayasittikul V (2018) Neuroprotective effects of phenolic and 1052 

carboxylic acids on oxidative stress-induced toxicity in human neuroblastoma SH-SY5Y 1053 

cells. Neurochem Res 43, 619-636. 1054 

128. An LJ, Guan S, Shi GF, Bao YM, Duan YL, Jiang B (2006) Protocatechuic acid from Alpinia 1055 

oxyphylla against MPP+-induced neurotoxicity in PC12 cells. Food Chem Toxicol 44, 436-1056 

443. 1057 

129. Maya S, Prakash T, Madhu K (2018) Assessment of neuroprotective effects of gallic acid 1058 

against glutamate-induced neurotoxicity in primary rat cortex neuronal culture. Neurochem 1059 

Int 121, 50-58. 1060 

130. Yu M, Chen X, Liu J, Ma Q, Zhuo Z, Chen H, Zhou L, Yang S, Zheng L, Ning C, Xu J, Gao 1061 

T, Hou ST (2019) Gallic acid disruption of Aβ1-42 aggregation rescues cognitive decline of 1062 

APP/PS1 double transgenic mouse. Neurobiol Dis 124, 67-80. 1063 

131. Bastianetto S, Yao ZX, Papadopoulos V, Quirion R (2006) Neuroprotective effects of green 1064 

and clack teas and their catechin gallate esters against beta-amyloid-induced toxicity. Eur J 1065 

Neurosci 23, 55-64.  1066 

132. Hornedo-Orteha R, Álvarez-Fernández MA, Cerezo AB, Richard T, Troncoso AMA, Garcia-1067 

Pinilla MAC (2016) Protocatechuic acid: inhibition of fibril formation, destabilization of 1068 



48 

 

preformed fibrils of amyloid-β and α-sinuclein, and neuroprotection. J Agric Food Chem 64, 1069 

7722-7732. 1070 

133. Barreca D, Gattuso G, Bellocco E, Calderaro A, Trombetta D, Smeriglio A, Laganà G, Daglia 1071 

M, meneghini S, Nabavi SM (2017) Flavonones: citrus phytochemical with health-promoting 1072 

properties. Biofactors 43, 495-506. 1073 

134. Pereira-Cano G, Ludwig IA, Polyviou T, Malkova D, Garcia A, Moreno-Rojas JM, Crozier A 1074 

(2016) Identification of plasma and urinary metabolites and catabolites derived from orange 1075 

juice (poly)phenols: analysis by high-performance liquid chromatography-high-resolution 1076 

mass spectrometry. J Agric Food Chem 64, 5724-5735. 1077 

135. Hajialyani M, Farzaei MH, Echeverria J, Nabavi SM, Uriarte E, Sobarzo-Sánchez E (2019) 1078 

Hesperidin as a neuroprotective agent: a review of animal and clinical evidence. Molecules 1079 

24, 648. 1080 

136. Khan A, Ikram M, Hahm JR, Kim MO (2020) Antioxidant and anti-inflammatory effects of 1081 

Citrus flavonoid hesperetin: special focus on neurological disorders. Antioxidants 9, 609. 1082 

137. Thenmozhi AJ, Raja TRW, Janakiraman U, Manivasagam T (2015) Neuroprotective effect of 1083 

hesperidin on aluminium chloride induced Alzheimer’s disease in Wistar rats. Neurochem Res 1084 

40, 767-776. 1085 

138. Javed H, Vaibhav K, Ahmed ME, Khan A, Tabassum R, Islam F, Safhi MM, Islam F (2015) 1086 

Effect of hesperidin on neurobehavioral, neuroinflammation, oxidative stress and lipid 1087 

alteration in intracerebroventricular streptozotocin induced cognitive impairment in mice. J 1088 

Neurol Sci 348, 51-59. 1089 

139. Yuan X, Wang Z, Zhang L, Sui R, Khan S (2021) Exploring the inhibitory effects of 1090 

liquiritigenin against tau fibrillation and related neurotoxicity as a model of preventive care in 1091 

Alzheimer’s disease. Int J Biol Macromol 183, 1184-1190.  1092 



49 

 

140. Soni M, Rahardjo TBW, Soekardi R, Sulistyowati Y, Lestariningsih, Yesufu-Udechuku A, 1093 

Irsan A, Hogervorst E (2014) Phytoestrogens and cognitive function: a review. Maturitas 77, 1094 

209-220.  1095 

141. Essawy AE, Abdou HM, Ibrahim HM, Bouthahab NM (2019) Soybean isoflavone 1096 

ameliorates cognitive impairment, neuroinflammation, and amyloid β accumulation in a rate 1097 

model of Alzheimer’s disease. Environ Sci Pollut Res Int 26, 26060-26070. 1098 

142. Lu Y, An Y, Lv C, Ma W, Xi Y, Xiao R (2018) Dietary soybean isoflavones in Alzheimer’s 1099 

disease prevention. Asia Pac J Clin Nutr 27, 946-954. 1100 

143. Gleason CE, Fischer BL, Dowling NM, Setchell KDR, Atwood CS, Carlsson CM, Asthana S 1101 

(2015) Cognitive effects of soy isoflavones in patients with Alzheimer’s disease. J Alzheimers 1102 

Dis 47, 1009-1019. 1103 

144. Setchell KDR, Cole SJ (2006) Method of defining equol-producer status and its frequency 1104 

among vegetarians. J Nutr 136, 2188-2193. 1105 

145. Wilkins HM, Mahnken JD, Welch P, Bothwell R, Koppel S, Jackson RL, Burns JM, 1106 

Swerdlow RH (2017) A mitochondrial biomarker-based study of S-equol in Alzheimer’s 1107 

disease subjects: results of a single-arm, pilot trial. J Alzheimers Dis 59, 291-300. 1108 

146. Di Pede G, Bresciani L, Calani L, Petrangolini G, Riva A, Allegrini P, Del Rio D, Mena P 1109 

(2020) The human microbial metabolism of quercetin in different formulations: an in vitro 1110 

evaluation. Foods 9, 1121.  1111 

147. Khan H, Ullah H, Aschner M, Cheang WS, Akkol EK (2019) Neuroprotective effects of 1112 

quercetin in Alzheimer’s disease. Biomolecules 10, 59. 1113 

148. Qi P, Li J, Gao S, Yuan Y, Sun Y, Liu N, Li Y, Wang G, Chen L, Shi J (2020) Network 1114 

pharmacology-based and experimental identification of the effects of quercetin on 1115 

Alzheimer’s disease. Front Aging Neurosci 12, 589588. 1116 

149. Zaplatic E, Bule M, Shah SZA, Uddin MS, Niaz K (2019) Molecular mechanisms underlying 1117 

protective role of quercetin in attenuating Alzheimer’s disease. Life Sci 224, 109-119. 1118 



50 

 

150. Silva Dourado N, Dos Santos Souza C, Alves de Almeida MM, Bispo da Silva A, Dos Santos 1119 

BL, Amaral Silva VD, Martimbianco De Assis A, Souza da Silva J, Souza DO, Dias Costa 1120 

MF, Butt MA, Lima Costa S (2020) Neuroimmudolatory and neuroprotective effects of the 1121 

flavonoid apigenin in in vitro models of neuroinflammation associated with Alzheimer’s 1122 

disease. Front Aging Neurosci 12, 119.  1123 

151. Daily JW, Kang S, Park S (2021) Protection against Alzheimer’s disease by luteolin: role of 1124 

brain glucose regulation, anti-inflammatory activity, and the gut microbiota-liver-brain axis. 1125 

Biofactors 47, 218-231. 1126 

152. Cortés-Martín A, Selma MV, Tomás-Barberán FA, González-Sarrias A, Espín JC (2020) 1127 

Where to look into the puzzle of polyphenols and health? The postbiotics and gut microbiota 1128 

associated with human metabotypes. Mol Nutr Food Res 64, e1900952.  1129 

153. Peiroten A. Bravo D, Landete JM (2020) Bacterial metabolism as responsible of beneficial 1130 

effects of phytoestrogens on human health. Crit Rev Food Sci Nutr 60, 1922-1937. 1131 

154. Kutschera M, Engst W, Blaut M, Braune A (2011) Isolation of catechin-converting human 1132 

intestinal bacteria. J Appl Microbiol 111, 165-175.  1133 

155. Beltrán D, Romo-Vaquero M, Espín JC, Tomás-Berberán FA, Selma MV (2018) Ellagibacter 1134 

isourolithinifaciens gen. nov., sp. Nov., a new member of the family Eggerthellaceae, isolated 1135 

from human gut. Int J Syst Evol Microbiol 68, 1707-1712. 1136 

156. Selma MV, Beltrán D, Luna MC, Romo-Vaquero M, Garcia-Villalba R, Mira A, Espín JC, 1137 

Tomás-Berberán FA (2017) Isolation of human intestinal bacteria capable of producing the 1138 

bioactive metabolite isourolithin A from ellagic acid. Front Microbiol 8, 1521.   1139 

157. Milenkovic D, Morand C, Cassidy A, Konic-Ristic A, Tomás-Berberán F, Ordovas JM, 1140 

Kroon P, De Caterina R, Rodriguez-Mateos A (2017) Interindividual variability in biomarkers 1141 

of cardiometabolic health after consumption of major plant-food bioactive compounds and 1142 

determinants involved. Adv Nutr 8, 558-570. 1143 



51 

 

158. Iglesias-Aguirre CE, Cortés-Martín A, Ávila-Gálvez MÁ, Giménez-Bastida JA, Selma MV, 1144 

González-Sarrías A, Espín JC (2021) Main drivers of (poly)phenol effects on human health: 1145 

metabolite production and/or gut microbiota-associated metabotypes? Food Funct in press.  1146 

159. Kelly GE, Joannou GE, Reeder AY, Nelson C, Waring MA (1995) The variable metabolic 1147 

response to dietary isoflavones in humans. Proc Soc Exp Biol Med 208, 40-43. 1148 

160. Duncan AM, Merz-Demlow BE, Xu X, Phipps WR, Kurzer MS (2000) Premenopausal equol 1149 

excretors show plasma hormone profiles associated with lowered risk of breast cancer. 1150 

Cancer Epidemiol Biomarkers Prev 9, 581-586.  1151 

161. Romo-Vaquero M, Cortés-Martín A, Loria-Kohen V, Ramírez-de-Molina A, García-1152 

Mantrana I, Collado MC, Espín JC, Selma MV (2019) Deciphering the human gut 1153 

microbiome of urolithin metabotypes: association with enterotypes and potential 1154 

cardiometabolic health implications. Mol Nutr Food Res 63, e1800958.  1155 

162. Mena P, Ludwig IA, Tomatis VB, Acharjee A, Calani L, Rosi A, Brighenti F, Ray S, Griffin 1156 

JL, Bluck LJ, Del Rio D (2019) Inter-individual variability in the production of flavan-3-ol 1157 

colonic metabolites: preliminary elucidation of urinary metabotypes. Eur J Nutr 58, 1529-1158 

1543. 1159 

163. Anesi A, Mena P, Bub A, Ulaszewska M, Del Rio D, Kulling SE, Mattivi F (2019) 1160 

Quantification of urinary phenyl-ɣ-valerolactones and related valeric acids in human urine on 1161 

consumption of apples. Metabolites 9, 254. 1162 

164. Stephen AM, Champ MMJ, Cloran SJ, Fleith M, van Lieshout L, Mejborn H, Burley VJ 1163 

(2017) Dietary fibre in Europe: current state of knowledge on definitions, sources, 1164 

recommendations, intakes and relationships to health. Nutr Res Rev 30, 149-190. 1165 

165. Morrison DJ, Preston T (2016) Formation of short-chain fatty acids by the gut microbiota and 1166 

their impact on human metabolism. Gut Microbes 7, 189-200. 1167 



52 

 

166. Blaak EE, Canfora EE, Theis S, Frost G, Groen AK, Mithieux G, Nauta A, Scott K, Stahl B, 1168 

van Harsselaar J, van Tol R, Vaughan EE, Verbeke K (2020) Short chain fatty acids in human 1169 

gut and metabolic health. Benef Microbes 11, 411-455. 1170 

167. Louis P, Flint HJ (2017) Formation of propionate and butyrate by the human colonic 1171 

microbiota. Environ Microbiol 19, 29-41. 1172 

168. Rios-Covian D, Gueimonde M, Duncan SH, Flint HJ, de los Reyes-Gavilan CG (2015) 1173 

Enhanced butyrate formation by cross-feeding between Faecalibacterium prausnitzii and 1174 

Bifidobacterium adolescentis. FEMS Microbiol Lett 362, fnv176. 1175 

169. Moens F, Weckx S, De Vuyst L (2016) Bifidobacterial inulin-type fructan degradation 1176 

capacity determines cross-feeding interactions between Bifidobacteria and Faecalibacterium 1177 

prausnitzii. Int J Food Microbiol 231, 76-85. 1178 

170. Cronin P, Joyce SA, O’Toole PW, O’Connor EM (2021) Dietary fibre modulates the gut 1179 

microbiota. Nutrients 13, 1655. 1180 

171. Koponen KK, Salosensaari A, Ruskanen MO, Havulinna AS, Mӓnnistö S, Jousilahti P, Palmu 1181 

J, Salido R, Sanders K, Brennan C, Humphrey GC, Sanders JG, Meric G, Cheng S, Inouye M, 1182 

Jain M, Niiranen TJ, Valista LM, Knight R, Salomaa VV (2021) Associations of healthy food 1183 

choices with gut microbiota profiles. Am J Clin Nutr online first. 1184 

172. Kiewiet MBG, Elderman ME, El Aidy S, Burgerhof JGM, Vister H, Vaughan EE, Faas MM, 1185 

de Vos P (2021) Flexibility of gut microbiota in ageing individuals during dietary fiber long-1186 

chain inulin intake. Mol Nutr Food Res 65, e2000390. 1187 

173. Oliver A, Chase AB, Weihe C, Orchanian SB, Riedel SF, Hendrickson CL, Lay M, Sewall 1188 

JM, Martiny JBH, Whiteson K (2021) High-fiber, whole-food dietary intervention alters the 1189 

human gut microbiome but not fecal short-chain fatty acids. mSystems 6, e00115-21. 1190 

174. Canfora EE, Jocken JW, Blaak EE (2015) Short-chain fatty acids in control of body weight 1191 

and insulin sensitivity. Nat Rev Endocrinol 11, 577-591. 1192 



53 

 

175. Nguyen TTT, Fujimura Y, Mimura I, Fujii Y, Nguyen LL, Arakawa K, Morita H (2018) 1193 

Cultivable butyrate-producing bacteria of elderly Japanese diagnosed with Alzheimer’s 1194 

disease. J Microbiol 56, 760-771. 1195 

176. He Y, Wu W, Zheng HM, Li P, McDonald D, Sheng HF, Chen MX, Chen ZH, Ji GY, Zheng 1196 

ZDX, Mujagond P, Chen XJ, Rong ZH, Chen P, Lyu LY, Wang X, Wu CB, Yu N, Xu YJ, 1197 

Yin J, Raes J, Knight R, Ma WJ, Zhou HW (2018) Regional variation limits applications of 1198 

healthy gut microbiome reference ranges and disease models. Nat Med 24, 1532-1535. 1199 

177. Kachroo N, Lange D, Penniston KL, Stern J, Tasian G, Bajic P, Wolfe AJ, Suryavanshi M, 1200 

Ticinesi A, Meschi T, Monga M, Miller AW (2021) Meta-analysis of clinical microbiome 1201 

studies in urolithiasis reveal age, stone composition, and study location as the predominant 1202 

factors in urolithiasis-associated microbiome composition. mBio 12, e0200721. 1203 

178. Nagpal R, Neth BJ, Wang S, Mishra SP, Craft S, Yadav H (2020) Gut mycobiome and its 1204 

interaction with diet, gut bacteria and Alzheimer’s disease markers in subjects with mild 1205 

cognitive impairment: a pilot study. eBioMedicine 59, 102950. 1206 

179. Qian X, Song X, Liu X, Chen S, Tang H (2021) Inflammatory pathways in Alzheimer’s 1207 

disease mediated by gut microbiota. Ageing Res Rev 68, 101317. 1208 

180. Wenzel TJ, Gates EJ, Ranger AL, Klegeris A (2020) Short-chain fatty acids (SCFAs) alone or 1209 

in combination regulate select immune functions of microglia-like cells. Mol Cell Neurosci 1210 

105, 103493. 1211 

181. Ho L, Ono K, Tsuji M, Mazzola P, Singh R, Pasinetti GM (2018) Protective roles of intestinal 1212 

microbiota-derived short-chain fatty acids in Alzheimer’s disease-type beta-amyloid 1213 

neuropathological mechanisms. Expert Rev Pharmacother 18, 83-90. 1214 

182. Marizzoni M, Cattaneo A, Mirabelli P, Festari C, Lopizzo N, Nicolosi V, Mombelli E, 1215 

Mazzelli M, Luongo D, Naviglio D, Coppola L, Salvatore M, Frisoni GB (2020) Short-chain 1216 

fatty acids and lipopolysaccharide as mediators between gut dysbiosis and amyloid pathology 1217 

in Alzheimer’s disease. J Alzheimers Dis 78, 683-697. 1218 



54 

 

183. Boeing H, Bechthold A, Bub A, Ellinger S, Haller D, Kroke A, Leschik-Bonnet E, Müller 1219 

MJ, Oberritter H, Schulze M, Stehle P, Watzl B (2012) Critical review: vegetables and fruit in 1220 

the prevention of chronic diseases. Eur J Nutr 51, 637-663. 1221 

184. Wasselman LMP, Doorduijn AS, de Leeuw FA, Verfaillie SCJ, van Leeuwenstijn-Koopman 1222 

M, Siot RER, Kester MI, Prins ND, van de Rest O, de van der Schueren MAE, Scheltens P, 1223 

Sikkes SAM, van der Flier WM (2019) Dietary patterns are related to clinical characteristics 1224 

in memory clinic patients with subjective cognitive decline: The SCIENCe Project. Nutrients 1225 

11, 1057. 1226 

185. Chuang SY, Lo YL, Wu SY, Wang PN, Pan WH (2019) Dietary patterns and foods associated 1227 

with cognitive function in Taiwanese older adults: the cross-sectional and longitudinal 1228 

studies. J Am Med Dir Assoc 20, 544-550.e4. 1229 

186. Berti V, Murray J, Davies M, Spector N, Tsui WH, Li Y, Williams S, Pirraglia E, 1230 

Vallabhajosula S, McHugh P, Pupi A, de Leon MJ, Mosconi L (2015) Nutrient patterns and 1231 

brain biomarkers of Alzheimer’s disease in cognitively normal individuals. J Nutr Health 1232 

Aging 19, 413-423. 1233 

187. Prinelli F, Fratiglioni L, Kalpouzos G, Musicco M, Adorni F, Johansson I, Marseglia A, Xu 1234 

W (2019) Specific nutrient patterns are associated with higher structural brain integrity in 1235 

dementia-free older adults. Neuroimage 199, 281-288. 1236 

188. Fernando WMADB, Rainey-Smith SR, Gardener SL, Villemagne VL, Burnham SC, 1237 

Macaulay SL, Brown BM, Gupta VB, Sohrabi HR, Weinborn M, Taddei K, Laws SM, 1238 

Goozee K, Ames D, Fowler C, Maruff P, Masters CL, Salvado O, Rowe CC, Martins RN, 1239 

AIBL Research Group (2018) Associations of dietary protein and fiber intake with brain and 1240 

blood amyloid-β. J Alzheimers Dis 61, 1589-1598. 1241 

189. Dalile B, Van Oudenhove L, Vervliet B, Verbeke K (2019) The role of short-chain fatty acids 1242 

in microbiota-gut-brain communication. Nat Rev Gastroenterol Hepatol 16, 461-478. 1243 



55 

 

190. Tahmasbi F, Mirghafourvand M, Shamekh A, Mahmoodpoor A, Sanaie S (2021) Effect of 1244 

probiotic supplementation on cognitive function in elderly: a systematic review and meta-1245 

analysis. Aging Ment Health in press. 1246 

191. Białecka-Dȩbek A, Granda D, Szmidt MK, Zielińska D (2021) Gut microbiota, probiotic 1247 

interventions, and cognitive function in the elderly: a review of current knowledge. Nutrients 1248 

13, 2514. 1249 

192. Tomás-Barberán FA, Selma MV, Espín JC (2016) Interactions of gut microbiota with dietary 1250 

polyphenols and consequences to human health. Curr Opin Clin Nutr Metab Care 19, 417-1251 

476. 1252 

193. Healey G, Murphy R, Butts C, Brough L, Whelan K, Coad J (2018) Habitual dietary fibre 1253 

intake influences gut microbiota response to an inulin-type fructan prebiotic: a randomised, 1254 

double-blind, placebo-controlled, cross-over, human intervention study. Br J Nutr 119, 176-1255 

189. 1256 

194. Grande G, Haaksma ML, Rizzuto D, Melis RJF, Marengoni A, Onder G, Welmer AK, 1257 

Fratiglioni L, Vetrano DL (2019) Co-occurrence of cognitive impairment and physical frailty, 1258 

and incidence of dementia: systematic review and meta-analysis. Neurosci Biobehav Rev 107, 1259 

96-103. 1260 

195. Ticinesi A, Lauretani F, Milani C, Nouvenne A, Tana C, Del Rio D, Maggio M, Ventura M, 1261 

Meschi T (2017) Aging gut microbiota at the cross-road between nutrition, physical frailty, 1262 

and sarcopenia: is there a gut-muscle axis? Nutrients 9, 1303.  1263 

196. Ticinesi A, Nouvenne A, Cerundolo N, Catania P, Prati B, Tana C, Meschi T (2019) Gut 1264 

microbiota, muscle mass and function in aging: a focus on physical frailty and sarcopenia. 1265 

Nutrients 11, 1633. 1266 

197. Strasser B, Wolters M, Weyh C, Krüger K, Ticinesi A (2021) The effects of lifestyle and 1267 

diet on gut microbiota composition, inflammation and muscle performance in our aging 1268 

society. Nutrients 13, 2045.  1269 

1270 



56 

 

TABLE 1 1271 

Overview of the findings of the main human studies investigating gut microbiota composition in 1272 

AD. 1273 

Author, 

year [ref] 

Country Sample size Age Key findings in AD patients 

Cattaneo 

et al, 2017 

[82] 

Italy 40 amyloid-positive 

with dementia 

33 amyloid-negative 

with dementia 

10 healthy controls 

71±7 (AD) 

68±8 

(controls) 

Increase of pro-inflammatory taxa, 

such as Escherichia 

Decrease of anti-inflammatory taxa, 

such as E. rectale 

Correlation between microbiota 

composition and circulating 

inflammatory cytokines 

Vogt et al, 

2017 [83] 

US 25 patients with AD 

25 age- and sex-

matched controls 

71±7 (AD) 

69±8 

(controls) 

Reduced species richness and 

representation of several taxa 

including Bifidobacterium 

Correlation between the abundance 

of these taxa and cerebrospinal fluid 

markers of amyloid burden 

Zhuang et 

al, 2018 

[84] 

China 43 patients with AD 

43 age- and sex-

matched controls 

70±9 (AD) 

69±9 

(controls) 

Different microbiota composition 

with increase in Ruminococcaceae 

and Lactobacillaceae and decrease 

in Lachnospiraceae 

Liu et al, 

2019 [85] 

China 33 patients with AD 

32 patients with 

amnestic mild 

cognitive impairment 

32 healthy controls 

75±11 

(AD) 

70±11 

(MCI) 

77±9 

(controls) 

Reduced commensal diversity 

Decreased representation of 

Lachnospiraceae and 

Ruminococcaceae 

Increased representation of 

Enterobacteriaceae that negatively 

correlated with cognitive 

performance 

Haran et 

al, 2020 

[86] 

US 24 nursing home 

residents with AD 

33 nursing home 

residents with other 

types of dementia 

51 nursing home 

residents without 

dementia 

85±8 (AD) 

88±8 (other 

dementia) 

83±10 

(controls) 

Different microbiota composition 

clusters among groups 

Increased representation of 

Bacteroides, Alistipes and 

Barnesiella, and reduced 

representation of Lachnoclostidium 

and butyrate-producing species 

Ling et al, 

2021 [88] 

China 100 patients with AD 

71 age- and gender-

matched controls 

74±9 (AD) 

73±8 

(controls) 

Reduced species richness 

Decreased representation of eight 

key genera, including 

Faecalibacterium and Roseburia 

Increased representation of 

Bifidobacterium 

Zhou et al, 

2021 [89] 

China 60 patients with AD 

(30 with 

neuropsychiatric 

symptoms) 

32 healthy controls  

73±7 (AD) 

71±6 

(controls) 

Reduced species richness 

Decreased representation of 

Eubacterium and increased 

representation of several genera, 

including Bifidobacterium 
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The abundance of several key genera 

was associated with symptoms and 

severity of AD 

Xi J et al, 

2021 [81] 

China 21 patients with AD 

44 controls with 

normal cognition 

76±10 

(AD) 

78±6 

(controls) 

Alteration of representation of 15 

key bacterial taxa 

Increased representation of 

Faecalibacterium 

Altered predicted metabolic profile  

AD=Alzheimer’s Disease; US=United States.  1274 

 1275 



58 

 

TABLE 2 1276 

 1277 

Proposed physiological functions of short-chain fatty acids produced by gut microbiota in human 1278 

beings. 1279 

 1280 

1281 Actions on 

gastrointestinal 

function 

- Increased expression of tight junctions 

- Reduced intestinal permeability 

- Increased mucus production 

- Improved mucus quality (glycosylation of mucins)  

- Energetic supply to colonocytes 

- Modulation of colonic motility 

- Possible increase of calcium absorption 

Actions on gut 

mucosal 

immunity 

- Modulation of mucosal inflammation 

- Reduction of synthesis of pro-inflammatory cytokines 

- Modulation of dendritic cell function 

- Reduction of oxidative stress by enhanced glutathione function 

- Inhibition of the expression of chemokines and cytokines induced 

by lipopolysaccharide 

- Promotion of conversion of naïve T-cells into FoxP3+ Treg cells 

- Stimulation of IgA production (mediated by retinoic acid 

synthesis) 

- Induction of expression of antibacterial peptides (cathelicidins) 

Actions on the 

host 

metabolism 

- Modulation of body weight (butyrate) or increase in body weight 

(acetate) 

- Increased satiety and reduced energy intake 

- Increased energy expenditure, thermogenesis and basal metabolic 

rate 

- Stimulation of lipid oxidation 

- Decreased circulating fatty acid levels 

- Stimulation of lipolysis 

- Stimulation of gluconeogenesis 

- Decreased fasting glucose levels 

- Improved insulin sensitivity 

- Modulation of insulin secretion 

Actions on 

systemic 

inflammation 

- Modulation of chronic release of pro-inflammatory cytokines (IL-

6, IL-1β, TNFα) 

- Modulation of adipokine secretion 

- Reduction of eicosanoid production 

- Increased neutrophil apoptosis 
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TABLE 3 1282 

 1283 

Overview of the findings of studies that have investigated the potential of SCFA synthesis of the 1284 

intestinal microbiota in patients with AD or other forms of dementia. 1285 

 1286 

Author, 

year [ref] 

Country Sample size SCFA-producing 

taxa depleted in 

AD 

Other key findings 

Cattaneo et 

al, 2017 [82] 

Italy 40 amyloid-positive 

with dementia 

33 amyloid-negative 

with dementia 

10 healthy controls 

Eubacterium 

rectale 

The abundance of 

E.rectale was inversely 

related to brain amyloid 

deposition 

Vogt et al, 

2017 [83] 

US 25 patients with AD 

25 age- and sex-

matched controls 

Ruminococcaceae 

Bifidobacterium 

Correlations between the 

abundance of bacterial taxa 

and markers of neural 

inflammation 

Zhuang et al, 

2018 [84] 

China 43 patients with AD 

43 age- and sex-

matched controls 

Lachnospiraceae The abundance of 

Ruminococcaceae was 

overall increased in AD 

subjects 

Liu et al, 

2019 [85] 

China 33 patients with AD 

32 patients with 

amnestic mild 

cognitive impairment 

32 healthy controls 

Ruminococcaceae 

Ruminococcus spp 

The abundance of 

Enterobacteriaceae was 

the key feature 

distinguishing patients 

with AD from other 

categories 

Haran et al, 

2020 [86] 

US 24 nursing home 

residents with AD 

33 nursing home 

residents with other 

types of dementia 

51 nursing home 

residents without 

dementia 

Eubacterium 

Roseburia 

Lachnoclostridium 

Butyrivibrio 

Faecalibacterium 

Depletion of taxa with the 

potential of synthetizing 

butyrate is distinctive of 

AD in comparison with 

other categories 

Ling et al, 

2021 [87] 

China 100 patients with AD 

71 age- and gender-

matched controls 

Roseburia 

Faecalibacterium 

Butyricicoccus 

The abundance of SCFA 

producers inversely 

correlated with parameters 

of cognitive function and 

functional performance 

Zhou et al, 

2021 [88] 

China 60 patients with AD 

(30 with 

neuropsychiatric 

symptoms) 

32 healthy controls  

None The composition of 

microbiota of AD patients 

was significantly different 

than controls, but the 

abundance of the main 

SCFA-producing taxa was 

not different.  

Xi J et al, 

2021 [89] 

China 21 patients with AD 

44 controls with 

normal cognition 

None The abundance of 

Ruminococcaceae and 

Faecalibacterium was 
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increased, and not 

depleted, in AD patients.  

AD=Alzheimer’s Disease; US=United States 1287 

 1288 
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FIGURE 1 1289 

Overview of the possible link between dietary fiber and polyphenol intake, gut microbiota and modulation of the pathophysiology of Alzheimer’s 1290 

disease.  1291 

 1292 

 1293 


