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Purpose: Numerous articles have recently studied the involvement of the gut
microbiota in neurological diseases. Aging is associated with changes in the
microbiome, which implies a reduction in microbial biodiversity among other
changes. Considering that the consumption of a fermented-food diet improves
intestinal permeability and barrier function, it seems of interest to study its
participation in the prevention of neurodegenerative diseases. This article reviews
existing studies to establish whether the consumption of fermented foods
and fermented beverages prevents or ameliorates neurodegenerative decline in
old age.

Methods: The protocol used was performed according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines. Details of the protocol for this systematic review are registered
on PROSPERO (CRD42021250921).

Results: Out of 465 articles identified in the Pubmed, Scopus, and Cochrane
Library databases, a total of 29 that examined the relationship of the consumption
of fermented products with cognitive impairment in old people were selected (22
cohort, 4 case-control, and 3 cross-sectional studies). The results suggest that
low-to-moderate alcohol consumption and daily intake of coffee, soy products,
and fermented-food diets in general are associated with a lower risk of dementia
and Alzheimer’s disease.

Conclusion: Daily consumption of fermented foods and beverages, either alone
or as part of a diet, has neuroprotective effects and slows cognitive decline in
old people.

Systematic review registration: https://www.crd.york.ac.uk/prospero/
display_record.php?RecordlD=250921, identifier: CRD42021250921.

KEYWORDS

fermented-food, fermented beverages, cognitive decline, elderly, Alzheimer's disease,
dementia

1. Introduction

A healthy gut microbiota is responsible for synthesizing vitamins and essential
amino acids and has an important role in the structural integrity of the intestinal
mucosa producing neuromodulators, including bacteria-derived choline, tryptophan,
intestinal-released hormones-such as ghrelin or leptin-and short-chain fatty acids
(SCFA)-such as butyrate, acetate, and propionate. These metabolites are an energy and
trophic-factors source for the intestinal epithelial cells, and thus strengthen the mucosal
barrier (1-4), but are also crucial in the regulation of regulatory T-cell (Treg) colonies,
supporting the hypothesis of their action in the brain (2, 5, 6).
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Recently, the role of the gut microbiota in the central nervous
system, through the microbiota gut-brain axis, has been revealed
(2, 3
directly with neurochemicals produced by the gut microbiota, thus

5-21). Neurons in the enteric nervous system interact

influencing signaling to the central nervous system (22).

Dysbiosis and some microbial metabolites are involved in
a variety of diseases, such as inflammatory bowel disease,
type 1 and type 2 diabetes mellitus, fatty liver, metabolic
syndrome, obesity, cardiovascular disease, colorectal and breast
cancer, hepatocellular carcinoma, asthma, osteoporosis, sarcopenia,
atherosclerotic stroke, and nervous inflammatory disorders, and
in neurodegenerative diseases, such as Alzheimers disease,
Parkinson’s disease, vascular dementia, fibromyalgia, autism
spectrum disorder, and depression (2, 4, 5, 11, 12, 14-16, 23, 24).
Conditions such as age, chemicals (antibiotics, tobacco, etc.), stress,
and eating habits, among others, alter the composition of the gut
microbiota, producing changes at the level of the immune system.
These changes are caused by increased permeability of the gut and
the blood-brain barrier, leading to a chronic inflammatory response
(3-6,8,9,12,15,25-27).

It is proposed that systematic inflammatory processes may
effect inflammation in the central nervous system by microglial
activation, cytokines, astrocytes, neurotransmitters (serotonin,
dopamine, noradrenaline, and Y-aminobutyric acid), and altered
short-chain fatty acids (SCFA) secreted by bacteria, or changes in
enteric neuron activity detected by the vagus nerve (3-6, 8, 12, 15,
22,28).

Lipid accumulation in glia is a pathological characteristic
of Alzheimers disease (29). The APOE gene encodes a lipid
transporter protein that serves as a ligand for membrane receptors
that mediate lipoprotein uptake (30-32). The human gene
encoding APOE has three isoforms that differ by two amino acids:
€3 (APOE3), ¢4 (APOE4) and €2 (APOE2) (33). The most-validated
risk factor for developing the late form of Alzheimer’s disease is the
presence of the E4 allele of the APOE gene (APOE4) (30-32, 34).
In APOE4 carriers, plaque formation is increased due to oxidation
of apolipoprotein E and binding to beta-amyloid (34). APOE4
decreases the age of onset and increases the risk of developing
the disease by modulating several pathways that contribute to the
development of this pathogenesis, including lipid metabolism and
transport (32). The existence has been shown of metabolic changes
in dementia and the protective role of specific food metabolites in
cognitive aging.

Considering the role of microbiome balance in neurological
diseases and that numerous pathological processes require much
time of performance before cognitive decline appears, it seems
essential to protect its stability. There are several strategies to
counteract gut dysbiosis, such as fecal microbiota transplant (35).
However, diet management is an even simpler way to deal with an
imbalance in the microbiota, and the consumption of fermented
foods and beverages produces significant improvements in gut
permeability and the barrier function (2, 4, 16, 36-38).

Abbreviations: APOE4, E4 allele of the Apolipoprotein E gene; AD, Alzheimer's
disease; ASL, arterial spin labeling; B, regression coefficient; B, regression
beta coefficient; Cl, confidence interval; HR, Hazard ratio; MRI, magnetic

resonance imaging; OR, Odds ratio; SEE, standard error of estimate.
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Fermentation is traditionally used as a biological method of
food preservation. Fermented foods and beverages are defined as
those prepared using microorganisms—bacteria, yeasts, and fungi-
and enzymatic action to transform their components into various
fermentation end-products. The type of fermentation depends on
the final product. Due to their health benefits, fermented foods are
considered functional foods. The process of microbial fermentation
converts food substrates into nutritionally and functionally richer
products, resulting in functional micro-organisms (probiotics),
substrates that enhance the growth of beneficial bacteria in the
gut (prebiotics) and bioactive components (biogenics). These
substances act in the gastrointestinal tract by modifying the
microbiota, influencing exogenous endotoxin translocation and
subsequent immune activation, and promoting host nutrition (39).

When administered in adequate amounts, probiotics can exert
a health benefit to the host by restoring the microbiota and
maintaining immune homeostasis (40). Some probiotics, known as
brain probiotics or psychobiotics, regulate neurotransmitters such
as serotonin, gamma-aminobutyric acid (GABA), glutamate and
brain-derived neurotrophic factor (BDNF) in learning, memory,
mood, and other cognitive processes (41-43). The most common
probiotic bacteria currently used are representatives of Lactobacilli,
Enterococci, Bifidobacteria, yeasts and bacterial mixtures (44).
that  host
microorganisms use to provide a health benefit. The three

Prebiotics are non-digestible  substrates
most important prebiotic compounds are the polysaccharide
inulin, fructooligosaccharides (FOS) derived from various crops
or sucrose, and galactooligosaccharides (GOS). These substrates
are present in various fermented foods, making them symbiotic
foods (with probiotic and prebiotic effect), such as cheddar,
gouda and parmesan cheeses, sauerkraut (fermented cabbage),
kimchi (Korean pickle made from radish and cabbage), kefir,
yogurt, kombucha, tempeh (made from fermented soybeans), miso
(fermented soybean paste), soy sauce and apple cider vinegar (45).

Because of the many food-microbe combinations (Acetobacter,
Leuconostoc, Lactobacillus, Streptococcus, etc.), we find various
types of fermented foods and beverages (16). In this review,
we summarize the results obtained for cognitive performance in

elderly individuals after the consumption of fermented products.

2. Materials and methods

This review was performed according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (46). Details of the protocol used are
registered on PROSPERO (CRD42021250921) and can be accessed
at: https://www.crd.york.ac.uk/prospero/display_record.php?
RecordID=250921 (47).

2.1. Literature search

The articles included in this review were selected from
PUBMED, SCOPUS, and Cochrane Library databases, limited to
Spanish and English languages and published from 16 March 1991
to 16 June 2022. Several searches were performed in March, May,
and June 2021, and in June 2022 (just before the final analysis of the
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FIGURE 1
Flow diagram of studies considered for inclusion in this systematic review.

results, to include possible new articles). We also include articles
from manual searches.

We used Medical Subject Headings (Mesh) terms for the
PUBMED search and Boolean operators for all the databases.
The search followed the PICO strategy: population (Aged);
intervention (Beer OR Cheese OR Koumiss OR Buttermilk OR
Kefir OR Yogurt OR “Cultured milk products” OR “Soy foods”
OR “Wine” OR “Fermented foods and beverages” OR “Kombucha
tea” OR “Fermented beverages” OR “Fermented foods” OR
“Cultured food” OR “Fermented dairy products”); and outcome
(“Memory Disorders” OR “Alzheimer’s disease” OR Dementia
OR “Neurocognitive disorders” OR “Cognitive dysfunction” OR
“Cognitive aging” OR “Mental status and dementia tests” OR
“Intellectual disability” OR “Learning disabilities”).

2.2. Inclusion and exclusion criteria

The studies included in this review were cross-sectional, cohort,
and case-control studies, which passed the Newcastle-Ottawa Scale
(NOS) (48, 49).

Inclusion criteria were available full-text articles, conducted in
elderly individuals (65 years or older) with preserved cognition at
the initial cognitive evaluation, that investigated the relationship
between consumption of fermented foods or beverages (including
alcohol (wine and beer); fermented dairy products; Kombucha,
fermented or semi-fermented tea; soy-based foods; and coffee and
cocoa, but not supplements) and cognitive dysfunction (dementia
or Alzheimer’s disease) as first outcome.

Frontiersin Nutrition 0

Exclusion criteria applied to works done in animals or in people
who were cognitively impaired at the start of the study and under 65
years old. We also excluded articles in languages other than English
and Spanish, those published before 16 March 1991, and those that
did not achieve 7 points or more on the Newcastle-Ottawa Scale
(NOS) (48, 49).

2.3. Study selection and data extraction

The authors independently selected and removed the duplicate
studies, using Mendeley as database. The titles and the abstracts
(in a first step) and the full text (in a second) of the remaining
studies were screened according to the inclusion criteria. The
authors extracted data from the included studies independently.
The number of included and excluded studies and the selection
process are illustrated in Figure 1.

From the included documents, the authors extracted the
number, sex, and age of participants, the characteristics and the
duration of the intervention, the outcome measures, and the
results obtained.

2.4. Risk of bias

The authors independently carried out the selection of the
papers, the extraction of the data, and their analysis. We used the
Newcastle-Ottawa Scale (48) to assess the quality of the cohort and
case-control studies and an adapted form of the Newcastle-Ottawa
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Scale for cross-sectional studies (49), checking characteristics such
as randomization and blinding.

3. Results
3.1. Study selection

The articles included in this review were collected from
PUBMED (24), SCOPUS (383), and Cochrane Library (44)
databases. We enclosed 12 more studies from a manual review of
the bibliography of the included articles. From these 465 articles,
duplicates (6) and some papers after reading the title and abstract
(395) were removed. Of 64 articles selected from the main text,
35 were rejected in accord with the exclusion criteria. Finally, we
selected 29 articles for inclusion in this systematic review (Figure 1).

The studies included analyzed the association between
cognitive impairment and consumption of alcohol (36, 50-77),
coffee (36, 50, 52, 57, 58, 68, 73, 76, 77), cocoa (36, 52, 58) and
soy-based foods (72, 73, 76, 77). Some of these articles studied the
effects on cognition of fermented foods and beverages as part of a
diet (36, 72-76) and will be discussed in a separate section.

3.2. Study characteristics

Of the 29 selected studies, 22 were cohort studies (52-56, 58—
62, 64-66, 68-=75), 4 case-control (36, 57, 63, 67) and 3 (51, 76, 77)
cross-sectional studies. All the articles were published in English.

The possibility of doing a meta-analysis was rejected because of
the high heterogeneity of the data. We found many differences in
the included articles in clinical aspects (participants: number, sex,
age; intervention: consumption of wine, beer, or alcohol in general,
individual food or integrated in a diet, etc.); methodology (design of
the studies and the risk of bias); and statistical processes (different
statistical analysis).

To evaluate the quality of these articles, we used the Newcastle-
Ottawa Scale (48, 49). All articles included in this review scored at
least 7 points on the Newcastle-Ottawa Scale.

Information about the design, quality, and intervention of the
included studies is shown in Table 1.

To determine the cognitive performance, the outcome
measures were examined neuropsychologically and clinically,
including brain MRI scans (51, 52)—taking into account
anatomical aspects such as total brain volume size, white
matter preservation or cerebral blood flow-and ordinary validated
cognitive scales for assessing different domains of cognition
(general cognitive ability, episodic memory, semantic memory,
working memory, verbal memory, etc.), such as a mini-mental state
examination (MMSE), a structured interview for the diagnosis of
dementia of the Alzheimer’s disease type (SIDAM), the diagnostic
and statistical manual of mental disorders (DSM) and variations,
the short portable mental status questionnaire (SPMSQ), National
Institute of Neurological and Communicative Disorders and
Stroke (NINCDS), clinical dementia rating scale (CDR), and
the Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD) tests, etc. (36, 53=77).
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3.3. Fermented products consumption and
cognitive function

The effect of the consumption of fermented products either as
individual items (36, 50-71, 77) or integrated into a diet (72-76)
was analyzed in the articles included. To avoid possible confusion
due to food interactions, the studies in the latter category have
been excluded from the overall analysis and will be discussed in a
separate section.

3.3.1. Alcohol consumption

The consumption of alcohol-particularly wine and beer-was
examined by most of the articles included in this review (50—
71, 77). The main results obtained, and their statistical values are
shown in Table 2.

To facilitate the comparison between the different results, we
have converted the alcohol intake quantities to grams of ethanol.
In those articles where the ethanol intake was not specified in g,
the conversion was made so that 1 drink (5 ounces of wine, 12
ounces of beer, or 1, 5 ounces of liquors) is equivalent to 14 g of
alcohol (74).

The reviewed articles have found some beneficial cognitive
effect after low-moderate alcohol consumption (1 drink/month-
4 drinks/day) (50-58, 60, 61, 63=71, 77). Only in one case was
no cognitive benefit observed, but a worse visual reproduction
was reported following the ingestion of 8.43 g of alcohol/day (<1
drink/day) (59). This beneficial effect disappeared in carriers of the
APOE4 allele (50, 53, 67) although an increase in the size of the total
brain volume was observed in them (51). Heavy alcohol or binge
consumption was associated with an increased risk of cognitive
impairment, especially in women (50, 62, 68).

When stratifying by gender, some controversies were revealed.
While some found a protective effect of alcohol in general (65,
66, 68), and for wine (55, 68) and beer (68) in women, others
associated wine consumption in women with an increased risk of
Alzheimer’s disease or memory decline (50) or, in the case of beer,
with functional impairment (68), so further studies are needed.

Specific analysis of the effects of wine consumption has shown
that moderate consumption (from 1 drink per day up to 4) may
reduce the risk of dementia and/or Alzheimer’s disease and enhance
cognitive functions (50, 53, 54, 56, 63, 68, 71) improve memory
capabilities in women and verbal ability in men and women
(55), and result in a larger total brain volume (<2 drinks/day
in men and <1 drink/day in women) (51). However, one study
showed an unfavorable cognitive outcome, but better white-matter
preservation and improved cerebral blood flow (52).

In relation to white wine, a higher intake (>1 drink/day)
was significantly associated with a higher incidence of Alzheimer’s
disease in APOE4 allele carriers (50).

Although some results are not statistically significant, moderate
beer consumption (1-3 drinks/day) was related with a larger
brain volume (51) and a trend toward a neuroprotective effect for
dementia (53, 54, 63, 68), but it was also associated with poorer
verbal ability in men (55). Regarding protection against Alzheimer’s
disease, some consider beer to have protective effects (54) and
others do not (53).
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TABLE 1 Characteristics of the included publications.

Author, year

Study
name/cohort,
country

Type of study

NOS score

Age (% of
females)

Follow-up time

Adjustment for
possible
covariates

Intervention of
interest
(consumption of
fermented
products)

survey in Taiwan
(NAHSIT 2005-2008),
Taiwan)

level, soy-based foods
intake, and physical
component summary

Fischer et al. (50) German study on aging, Cohort study 9 81.2 & 3.4 (65.3%) 10 years Age, sex, BMI, Red wine, white wine,
cognition and dementia education, APOE4 and coffee
in primary care patients, carrier status, smoking
Germany status, physical activity
score, depression,
hypercholesterolemia,
and a modified Charlson
comorbidity disease
index
Guetal. (51) The Washington Cross-sectional study 10 80.1 £ 5.5 (67%) 1.5 years Age, education, caloric Wine, beer, and liquor
heights-inwood intake, BMI, ethnicity,
Columbia aging project sex, APOE4 carrier
(WHICAP), USA status, smoking status,
and history of diabetes,
hypertension, heart
disease, and clinical
stroke.
Haller et al. (52) Community-based Cohort study 8 73.8 & 3.5 (55.9%) 3 years Age, sex, education level, Chocolate, wine, and
population living in and Mini-Mental State coffee
Geneva and Lausanne, Examination values.
Switzerland
Luchsinger et al. (53) The Washington heights Cohort study 9 73.3 + 5.8 (67%) 4.1+1.5 years Age, sex, education, Wine and beer
inwood-Columbia aging APOE4 carrier status,
project (WHICAP), USA and heart disease
Weyerer et al. (54) Six centers of primary Cohort study 9 >75 (65.41%) 3 years Age, sex, education level, Alcohol, wine, and beer
care, Germany instrumental activities of
daily living impairment,
living situation, somatic
co-morbidity, APOE4
carrier status, smoking
status, depression, and
mild cognitive
impairment
Larrieu et al. (56) PAQUID study, France Cohort study 7 >65 (NE%) 8 years Age, sex, and educational Wine
level
Lin etal. (77) Nutrition and health Cross-sectional study 10 73.3 £ 6.0 (49.4%) 3 years Age, sex, educational Soybean, coffee, alcohol

(Continued)
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TABLE 1 (Continued)

Author, year

Study
name/cohort,
country

Type of study

NOS score

Age (% of
females)

Follow-up time

Adjustment for
possible
covariates

Intervention of
interest
(consumption of
fermented
products)

handicap status,
depression and baseline
cognitive function, and
smoking and alcohol
before and after age of 65

Lindsay et al. (57) Canadian study of health | Case-control study 8 >70 (57.54%) 5 years Age, sex, and education Alcohol, wine, and coffee
and aging (CSHA),
Canada
Corley et al. (55) Lothian birth cohort Cohort study 7 69.5 £ 0.8 (51.7%) 2-3 months Marital status, education Alcohol, wine,
1936, Scotland level, smoking status, sherry-port, and beer
and medical history
Low et al. (36) 3C study, France Case-control study 9 76-78 (66%) 8.5 years (mean) BMLI, diabetes, fasting 22 metabolites, including
plasma levels of glucose, coffee, cocoa, alcohol,
cholesterol, and and wine
triglycerides, APOE4
genotype, lifestyle
factors, and smoking
status
Paganini-Hill et al. (58) The 90+ study (Leisure Cohort study 8 93 £2.6 (* %) 3 years Age, sex, and education Alcohol, coffee, and
World Cohort Study), chocolate
USA
Broe et al. (59) Sydney older persons Cohort study 8 75-96 (49.5%) 3 years Age, sex, and years of Alcohol
study, Australia education
Huang et al. (60) Kungsholmen project, Cohort study 8 >75 (81%) 6 years Age, sex, education, Alcohol
Sweden smoking, and
institutionalization
Ogunniyi et al. (61) African American cohort | Cohort study 8 African American 5 years Age, sex, years of Alcohol
and Nigeria (Yoruba cohort: 77.4 + 6.4 education, and
cohort), USA (69.9%); Yoruba cohort: demographic, lifestyle,
75.6 + 6.7 (63.5%) medical, and family
history items
Jarvenpdi et al. (62) Finnish Twin cohort Cohort study 8 74.6 + 5.97 (55%) 25 years Age, sex, and education Alcohol
study, Finland level
Hébert et al. (63) Canadian study of Case-control study 7 >65 (58.10%) 5 years Age and region Alcohol, beer, and wine
health, and aging
working group, Canada
Cervilla et al. (64) Gospel Oak in London, Cohort study 9 >652 1 year Age, sex, occupational Alcohol
UK class, education,

(Continued)
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TABLE 1 (Continued)

Author, year

Study
name/cohort,
country

Type of study

NOS score

Age (% of
females)

Follow-up time

Adjustment for
possible
covariates

Intervention of
interest
(consumption of
fermented
products)

Stampfer et al. (65) The nurses’ health study, Cohort study 8 70-81 (100%) 1.3-5.5 years Age and education level Alcohol
USA
Espeland et al. (66) The women’s health Cohort study 7 50-79 (100%) 4, 2 years (mean) Age, number of years Alcohol
initiative memory study since menopause,
(WHIMS), USA education, ethnicity,
family income, smoking
status. BMI,
hypertension status,
prior cardiovascular
disease, diabetes, statin
use, aspirin use, and
prior hormone therapy.
Anttila et al. (67) Cardiovascular risk Case-control study 8 71.7 + 4.1 (62%) 23 years (mean) Age, sex, education, Alcohol
factors, aging, and follow-up time, body
dementia (CAIDE) mass index, total serum
study, Finland cholesterol, systolic
blood pressure, diastolic
blood pressure, smoking,
history of myocardial
infarction, and history of
stroke
Vercambre et al. (68) E3N cohort, France Cohort study 7 76-82 (100%) 13 years Age, education level, 33 macro- or
smoking status. BMI, micronutrients including
physical activity, dietary dairy products, bread,
energy intake, and coffee, and alcoholic
medical history drinks (beer and wine)
Ganguli et al. (69) Monongahela Valley Cohort study 8 74.6 + 5.34 (60.8%) 7 years Age, sex, educational Alcohol
Independent Elders level, recruitment status,
Survey (MoVIES smoking, and depressive
project), USA symptoms.
Launer et al. (70) The Zutphen Elderly Cohort study 7 65-84 (0%) 3 years Age, education, and Alcohol
Study, Netherlands smoking status
Lemeshow et al. (71) PAQUID Study, France Cohort study 9 >652 3 years Age Wine
Lefévre-Arbogast et al. 3C study, France Cohort study 9 75.8 + 4.8 (62.1%) 12 years Sex, education level, Red wine and soy

(72)

alcohol and tobacco
consumption, regular
physical activity, APOE4
carrier status,
cardiovascular risk
factors, comorbidities,
and depressive
symptoms

products

(Continued)
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TABLE 1 (Continued)

Author, year

Study
name/cohort,
country

Type of study

NOS score

Age (% of
females)

Follow-up time

Adjustment for
possible
covariates

Intervention of
interest
(consumption of
fermented
products)

psychosocial variables,
medical conditions of
self and family, dental
conditions, diet, and
lifestyle; medical and
physical examinations

Chen etal. (73) National Taiwan Cohort study 7 >65*° 2 years Age, sex, years of Alcohol, bread, coffee,
University Hospital, education, APOE4 dairy (milk and cheese),
Taiwan carrier status, and fermented foods (miso
supplement use (e.g., and fermented bean
multivitamin and curd), tea
calcium) (semi-fermented and
fermented tea)
Tangney et al. (74) Chicago Health and Cohort study 8 75.4 £ 6.2 (61.7%) 3 years Age, sex, race, education Mediterranean-type diet
Aging Project (CHAP), level, participation in (wine, alcohol, and
USA cognitive activities, and breads); HEI-2005 (milk
total energy intake and milk-products, dark
breads, beer, wine, and
liquor)
Morris et al. (75) Rush Memory and Aging | Cohort study 8 81.4+£7.2(75%) 4.7 years Total energy intake, age, Mediterranean-DASH
Project (MAP), USA education, APOE4, Diet Intervention for
smoking history, Neurodegenerative
cognitive activities, Delay (MIND diet,
physical activity, including dairy products
depressive symptoms, and wine)
body mass index,
hypertension, diabetes,
heart disease history, and
clinical stroke history
Okubo et al. (76) SONIC study, Japan Cross-sectional study 8 69-71 (54%) 1 month Socioeconomic status, 58 food items including

bread; milk and milk
products, soy products,
miso soup, alcoholic
beverages (beer, sake,
shochu, and wine), black
and oolong tea, and
coffee

AD, Alzheimer’s disease; APOE4, E4 allele of the Apolipoprotein E gene; BMI, body mass index; DASH, Dietary Approach to Systolic Hypertension; HEI-2005, Healthy Eating Index-2005. *NE = non specified.
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TABLE 2 Cognitive effects observed following alcohol consumption.

Author, year

Fischer et al. (50)

Population exposed
to intervention/total
population
(percentage)

Fermented beverage
consumption

19, 665/2,622 (7.5%) Red win
10,374/910 (11.4%)

9,245/1,712 (5.4%)

23,598/2,622 (1.9%) White wine

2,366/910 (2.6%)

2,568/1,712 (1.5%)

1,102/551 (2%)

Quantity of ethanol intake
(g/day)

>14 g/day (>1 drink/day) Both

Cognitive effects

Lower incidence of AD [HR (95% CI) = 0.92
(0.85-0.99); p = 0.045]

Men

Lower incidence of AD [HR (95% CI) = 0.82
(0.74-0.92); p < 0.001]

Women

Higher incidence of AD [HR (95% CI) = 1.15
(1.00-1.32); p = 0.044]

Both

Not significantly associated with AD [HR (95% CI)
= 1.00 (0.91-1.12); p = 0.875]

Men

Not significantly associated with a more rapid
memory decline [B (95% CI) = 0.04 (—0.09-0.17); p
=0.562]

Women

More pronounced (not statistically significant)
decline in memory over time [B (95% CI) = —0.13
(—0.26-0.001); p = 0.052]

carriers

Both- APOE4

Significantly associated with the incidence of AD in
APOE4 carriers [HR (95% CI) = 1.21 (1.01-1.46); p
=0.044]

Guetal. (51)

Light to moderate consumers:
180/589 (30.56%)

Alcohol (any type), wine, and beer

<20 g/day in men (<2 drinks/day) and Both
<10 g/day in women (<1 drink/day)

Larger total brain volume [total alcohol: = 0.007.
p = 0.04; wine: p = —0.008. p = 0.05; beer: f =
0.002. p = 0.67]

Haller et al. (52) Light consumption: 53/145 Wine Light drinkers: <3, 7 g/day (0-8 Both Increased consumption of wine was related to an
(36.6%); moderate drinks/month) unfavorable cognitive evolution [OR adjusted (95%
consumption: 57/145 (39.3%); CI) = 1.012 (1.001-1.022); p = 0.028]. Light wine
and heavy consumption: drinkers developed less white-matter lesions (p <
35/145 (24.1%) 0.05) in all individuals and a better blood-flow in
cognitively stable individuals (p < 0.05)

Luchsinger et al. (53) 138/980 (14.08%) Wine 0.46-42 g/day (1-3 drinks/day) Both Lower risk of AD [HR (95% CI) = 0.55 (0.34-0.89);
p =0.015] and of dementia (not statistically
significant) [HR (95% CI) = 0.42 (0.15-1.15); p =
0.091]

139/980 (14.18%) Beer Lower risk (not statistically significant) of dementia

but not of AD [Dementia: HR (95% CI) = 0.69
(0.26-1.83); p = 0.450; AD:HR (95% CI) = 1.47
(0.98-2.22); p = 0.065]

(Continued)
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TABLE 2 (Continued)

Author, year

Population exposed
to intervention/total
population
(percentage)

Fermented beverage
consumption

Quantity of ethanol intake
(g/day)

Sex

Cognitive effects

(16.42%)

Weyerer et al. (54) 356/3,180; (11.19%) Alcohol (any type) 20-29 g/day (1-2 drinks/day) Both Lower incidence of dementia [HR (95% CI) = 0.35
(0.17-0.69); p = 0.003] and AD [HR (95% CI) =
0.14 (0.03-0.56); p = 0.006]
773/3,180 (24.30%) Wine Lower incidence (not statistically significant) of
dementia [HR (95% CI) = 0.79 (0.55-1.13); p =
0.196] and AD [HR (95% CI) = 0.76 (0.46-1.23); p
=0.259]
461/3,180 (14.49%) Beer Lower incidence (not statistically significant) of
dementia [HR (95% CI) = 0.87 (0.56-1.35); p =
0.528] and AD [HR (95% CI) = 0.60 (0.30-1.21); p
=0.152]
Larrieu et al. (56) Moderate consumers: Wine 42-56 g/day (3—4 drinks/day) Both Lower risk of dementia [RR (95% CI) = 0.56
383/2,950 (13%) (0.36-0.92)] and AD [RR (95% CI) = 0.53
(0.30-0.95)]
Lin etal. (77) Moderate consumers: Alcohol® Moderate® Both Negatively correlated with cognitive impaired [OR
254/1,105 (22.1%) (95% CI) = 0.32 (0.17-0.61); p < 0.05]
Lindsay et al. (57) Alcohol consumers (any Alcohol (any type) and wine >2 g/day (>1 drink/week) Both Reduced risk of AD [alcohol: OR adjusted (95% CI)
type): 1,639/3, 985 (41.13%); = 0.68 (0.47-1.00); wine: OR adjusted (95% CI) =
‘Wine consumers: 683/3, 975 0.49 (0.28-0.88)]
(17.18%)
Corley et al. (55) Moderate consumers: 286/917 Alcohol (any type), wine, and beer Moderate level drinking:>28 g/day (>2 Both Better memory in women (0.46 + 0.88; p = 0.002)
(31.2%) drinks/day) and men (0.24 & 0.93; p < 0.001) and performance
(not statistically significant) on cognitive tests after
alcohol intake (29 £ 1.2; p = 0.712)
Moderate consumers: 208/442 Men Better verbal ability and memory with wine
(47.06%) consumption (NART: p < 0.001; WTAR: p = 0.001;
memory: p = 0.037) but not beer (NART: p = 0.07)
Moderate consumers: 78/475 Women Positive association between wine intake and

memory (p = 0.024) and verbal ability (NART: p =
<0.001 and WTAR: p = <0.001)

(Continued)
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TABLE 2 (Continued)

Author, year

Population exposed
to intervention/total
population
(percentage)

Fermented beverage
consumption

Quantity of ethanol intake
(g/day)

Cognitive effects

5,447/12,480 (43.65%)

Paganini-Hill et al. (58) Consumers <2 drinks/day: Alcohol (any type) <14 g/day (<2 drinks/day) - >14 g/day Both Beneficial effects with intake of <2 drinks/day [HR
378/587 (44.29%); consumers (>2 drinks/day) (95% CI) = 0.97 (0.73-1.28); p < 0.05] but not with
>2 drinks/day: 120/587 >2 drinks/day [HR (95% CI) = 1.09 (0.75-1.58); p
(13.46%)* < 0.05]
Broe et al. (59) b Alcohol (any type) 8,43 g/day (<1 drink/day) Both Poorer visual reproduction I (p < 0.01)
Huang et al. (60) Light-moderate consumers: Alcohol (any type) Men: 1, 14-24 g/day (1-21 Both Decreased risk of all dementia and AD [RR (95%
205/402 (50.61%) drinks/week); Women: 1, 14-16 g/day CI) =0.5(0.3-0.7)]
(1-14 drinks/week)
Ogunniyi et al. (61) Afro-Americans consumers: Alcohol (any type) >20 g/day (>10 drinks/week) Both Protective effect in African Americans [OR (95%
147/470 (31.45%); Yoruba CI) = 0.49 (0.25-0.90); p < 0.05]
consumers: 120/523 (22.96%)
Jarvenpad et al. (62) Binge drinking: 24/554 Alcohol (any type) Binge drinking (>5 bottles of Both High risk of developing dementia [Binge drinking:
(4.33%) beer/month or >1 bottle of wine/month OR (95% CI) = 4.2 (1.2-15); passing out [OR (95%
on 1 occasion) or passing out (>2 CI) = 11.8 (3.3-42)] and cognitive decline [Binge
times/month) drinking: OR (95% CI) = 2.4 (0.8-7.4)]; passing out:
OR (95% CI) = 1.9 (0.3-11)]
Hébert et al. (63) Beer consumers: 156/907 Alcohol (any type), beer, and wine >2 g/day (1 drink/week) Both Protective effect for vascular dementia [Beer: OR
(17.19%); Wine consumers: (95% CI) = 0.66 (0.31-1.26); Wine: OR (95% CI) =
148/907 (16.32%) 0.72 (0.34-1.39)]
Cervilla et al. (64) Moderate consumers: 8/417 Alcohol (any type) Moderate drinking: 2-60 g/day (1-30 Both Non-significant trend of a protective effect for
(1.92%) drinks/week) intake of 1-10 drinks/week [OR (95% CI) = 0.74
(0.2-2.1); p = 0.58] and 11-30 drinks/week [OR
(95% CI) = 0.21 (0.1-1.9); p = 0.17]
Stampfer et al. (65) Moderate consumers: Alcohol (any type) Moderate: 1-14.9 g/day (1 drink/day) Women Better mean cognitive scores than for non-drinkers

[Test of general cognition: RR (95% CI) = 0.77
(0.67-0.88); Global cognitive score: RR (95% CI) =
0.81 (0.70-0.93)] and less risk of cognitive decline
after 2 years [RR (95% CI) = 0.85 (0.74-0.9.98)]

(Continued)
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TABLE 2 (Continued)

Author, year Population exposed = Fermented beverage Quantity of ethanol intake Cognitive effects
to intervention/total consumption (g/day)
population
(percentage)
Espeland et al. (66) >1 drink/day consumers: Alcohol (any type) >14 g/day (=1 drink/day) Women Better scores in Modified Mini-Mental State
616/4,461 (13.8%) Examination (p < 0.001) and in cognitive function
[OR adjusted (95% CI) = 0.53 (0.28-10.99); p =
0.042]
Anttila et al. (67) Never: 300/1,018 (25.47%); Alcohol (any type) Infrequently drinkers: <0, 47 g/day (<1 Both Frequent drinkers [OR (95% CI) = 2.34
Infrequently: 423/1, 018 drink/month); frequently drinkers: (1.15-4.77)] and never drinkers [OR (95% CI) =
(41.55%); Frequently: >0.47 g/day (=1 drink/month) 2.08 (1.05-4.13)] had higher risk of mild cognitive
295/1,018 (28.98%) impairment than infrequent drinkers; APOE4

presence enhanced the risk of dementia with
increasing alcohol drinking [OR (95% CI)
infrequent drinkers = 4.08 (0.98-16.91); OR (95%
CI) frequent drinkers = 7.07 (1.37-36.60)]

Vercambre et al. (68) b Wine Mean: 9.03 g/day (4-5 drinks/week) Women Positive effect (not statistically significant) on recent
cognitive decline [OR (95% CI) = 0.94 (0.75-1.18);
p =0.556] and on functional impairment [OR (95%
CI) = 0.85 (0.68-1.04); p = 0.123]

Beer Mean: 0.46 g/day (<1 drink/week) Trend of a positive effect on recent cognitive decline
[OR (95% CI) = 0.86 (0.63-1.18); p = 0.459] but
not on functional impairment [OR (95% CI) = 1.19
(0.91-1.56); p = 0.175]

Ganguli et al. (69) Minimal drinking: 502/1,098 Alcohol (any type) Minimal drinking: <0.46 g/day (<1 Both Beneficial effects on cognitive decline (MMSE: [OR
(45.72%); moderate drinking: drink/month); moderate drinking: minimal drinkers: (95% CI) = 0.30 (0.14-0.65); [OR
149/1,098 (13.57%) >0.47 g/day (>1 drink/month) moderate (95% CI) = 0.08 (0.02-0.28); p = 0.05])
Launer et al. (70) <1 drink/day consumers: Alcohol (any type) <13.2 g/day (<1 drink/day); 13.2 Men Significantly lower risk for poor cognitive function
221/489 (45.19%); 1-2 g/day-26.4 g/day (1-2 drinks/day) [<1 drink/day: OR (95% CI) = 0.3 (0.2-0.7) and
drinks/day consumers: 1-2 drinks/day: OR (95% CI) = 0.2 (0.1-0.4)]
122/489 (24.95%)
Lemeshow et al. (71) <1/4 liter/day consumers: Wine Mild consumption: <24.69 g/day (<1/4 Both Protective effect with moderate-heavy consumption
922/3,777 (24.41%); >1/4 liter/day); Moderate-heavy [OR unadjusted (95% CI) = 0.17 (0.06-0.48); OR
liter/day consumers: consumption: >24.69 g/day (>1/4 adjusted (95% CI) = 0.23 (0.08-0.66)] but not with
380/3,777 (10.06%) liter/day) mild consumption [OR (95% CI) = 1.04
(0.61-1.78)]

AD, Alzheimer’s disease; APOE4, E4 allele of the Apolipoprotein E gene; B, regression coefficient; j, regression beta coefficient; CI, confidence intervals; HR, Hazard Ratio; MRI, magnetic resonance imaging; NART, National Adult Reading Test; OR, Odds Ratio; SEE,
standard error of estimate; WTAR, Wechsler Test of Adult Reading. *Possible missing values; bNon specified.
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TABLE 3 Cognitive effects observed following caffeine consumption.

Author, year

Fischer et al. (50)

Dietary intake of caffeine

Coffee

Population exposed to intervention/total

population (percentage)

1,877/2,622 (71.6%)

Quantity ingested/day

>115 mg of caffeine/day (>1 cup of coffee)

Cognitive effects

Inverse associations (not statistically
significant) were observed between
higher intake and AD [HR (95% CI) =
0.97 (0.90-1.04); p = 0.338] and
memory decline [B (95% CI) = —0.02
(—0.08-0.05); p = 0.241], also in
APOEA carriers [B (95% CI) = 0.11
(—0.06-0.29); p = 0.202] and APOE4
non-carriers [B (95% CI) = —0.04
(—0.11-0.02); p = 0.211]

Haller et al. (52)

Coffee

Moderate consumption: 47/145 (32.4%); Heavy
consumption: 48/145 (33.1%)

Moderate consumption: 115-230 mg of caffeine/day (1-2
cups of coffee); Heavy consumption: 234-644 mg of
caffeine/day (2-6 cups of coffee)

Moderate consumption: better cognitive
performance [OR adjusted (95% CI) =
0.447 (0.210-0.952); p = 0.037];
moderate to heavy consumption: better
bilateral deep white-matter preservation
(p < 0, 05) and cerebral blood-flow in
cognitively stable elderly (p < 0.05) in
MRI

Chocolate

Light consumption: 53/145 (36.6%); Moderate consumption:

46/145 (31.7%); Heavy consumption: 46/145 (31.7%)

Light consumption: 0-4 mg of caffeine/day (0-0.6 serving of
chocolate); Moderate consumption: 4-16 mg of caffeine/day
(0.7-2.6 servings); Heavy consumption: 16.2-45.2 mg of
caffeine/day (2.7-7.5 servings)

Not associated with either cognitive
outcomes or MRI parameters

Linetal. (77)

Coffee

>1 cup of coffee/day: 41/1, 105 (4.1%)

>115 mg of caffeine/day (>1 cup of coffee)

Beneficial effects on cognition for
drinkers of >1 cup of coffee/day [OR
unadjusted (95% CI) = 0.20 (0.04-0.98);
p < 0.05]

Vercambre et al. (68)

Coffee

>average consumption (1-2 cups of coffee)

>230 mg of caffeine/day (>2 cups of coffee)

Tendency of beneficial effects on
cognitive decline [OR (95% CI) = 0.95
(0.71-1.28); p = 0, 804] but not on
functional impairment [OR (95% CI) =
1.12 (0.84-1.50); p = 0.837]

Lindsay et al. (57)

Coffee

2,985/4,019 (74.27%)

>115mg of caffeine/day (>1 cup of coffee)

Beneficial effects on cognition [OR (95%
CI) = 0.69 (0.50-0.96]

Paganini-Hill et al. (58)

Coffee/chocolate

<50 mg/day: 156/587 (26.57%"); 50-199 mg/day: 198/587
(33.73%%); >200 mg/day: 138/587 (23.51%%)

Consumers of 50-199 mg of caffeine/day; Consumers of
>200 mg of caffeine/day

Beneficial cognitive effects in 50-199
mg/day caffeine users [HR (95% CI) =
0.76 (0, 52-1, 10); p < 0.05] and in >200
mg/day caffeine users [HR (95% CI) =
0.66 (0.43-0.99); p < 0.05]

AD, Alzheimer’s disease; APOE4, E4 allele of the Apolipoprotein E gene; CI, confidence intervals; HR, Hazard Ratio; MRI, magnetic resonance imaging; OR, Odds Ratio; SEE, standard error of estimate. *Possible missing values.
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Many of the articles reviewed also found cognitive benefits
following consumption of low-moderate amounts of liquors
(51, 55, 63, 68), such as memory performance in men (55),
improvement in cognitive impairment (63, 68) and a tendency to
increased total brain volume (51). These data are not shown in
Table 2 because they do not specify the type of liquor, so we cannot
include them as fermented beverages.

3.3.2. Intake of coffee and cocoa

The effects of the intake of coffee (50, 52, 57, 58, 68, 77) and
chocolate (52, 58) were also examined (Table 3). Tea consumption
was excluded when the study was with non-fermented tea, the type
used was not specified, or the tea consumption was integrated into
a diet (73, 76).

Where data
between the different results, we estimated caffeine content

allowed, and to facilitate comparison
(milligrams/standard unit) as 115 mg for regular coffee and 6 mg
for chocolate (58).

All the results analyzed agree that the daily consumption of
at least one cup of coffee was correlated with better cognitive
performance (50, 52, 57, 58, 68, 77). Better preservation of bilateral
deep white matter (p < 0, 05) and cerebral blood flow in cognitively
stable elderly subjects (p < 0, 05) was also observed on MRI,
with increasing consumption up to 5-6 cups (52). However, the
neuroprotective role of chocolate is less clear in the reviewed

articles (52, 58).

3.3.3. Consumption of other fermented foods and
beverages

Daily consumption of soy-based foods was inversely associated
with cognitive impairment [OR (95% CI) = 0.45 (0.25-0.81); p <
0.01] (77). The same beneficial results were obtained when soya
products were integrated into a diet (72, 73, 76) (see Section 3.3.4).

On the other hand, higher intakes of dairy desserts and ice
cream were associated with higher odds of cognitive impairment
[OR (95% CI) = 1.33 (1,07-1,65); p = 0.01] (68).

3.3.4. Fermented products integrated into a diet

When fermented foods and beverages were integrated into a
Mediterranean-type (74) or into a MIND diet—Intervention for
neurodegenerative delay integrated for Mediterranean and DASH
(dietary approach to systolic hypertension) diet (75)—rates of
cognitive impairment decreased [(74): p = 0.014, SEE = 0.0004,
p=0.0004; (75): B = 0.0092; p < 0.0001].

Other dietary patterns including fermented foods and
beverages—such as soy products, alcoholic beverages, coftee, etc.—
were significantly associated with a better cognitive performance
[Badjusted = 0.41 (95% CI):0, 17-0, 65; p < 0.001 (76)] and against
decline of logical memory-recall [ = 0.18 (95% CI):0, 02-0, 33;
p = 0.03 (73)]. Logical memory-recall decline was also improved
in APOE4-carriers [OR (95% CI) = 0.71 (0.41-1.24); p = 0.23]
and non-carriers [B (95% CI) = 0.18 (0.02-0.33); p = 0.03] with a
dietary pattern rich in fermented foods (73).

Research on optimal polyphenol intake to reduce the risk
of dementia and Alzheimer’s disease by 50% proposes a dietary
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pattern (including for APOE4 carriers) that includes various
fermented products [dementia: HR (95% CI) = 0.57 (0.37-0.86);
p=0.016; AD: HR (95% CI) = 0.54 (0.32-0.93); p = 0.045] (72).

Moreover, studying the relationship of diet-related metabolites
with cognitive impairment showed two of the three biomarkers of
coffee intake were inversely associated (atractyligenin glucuronide
[OR = 0.72] and cyclo (leucyl-prolyl) [OR = 0.68]), but not that
of the caffeine biomarker [OR = 1.75]. Cyclo (prolyl-valyl)—a
metabolite found in chocolate and other fermented foods, e.g., beer,
bread, cheddar cheese, cocoa, coffee, wine, Greek yogurt (78)—and
an unidentified ion highly correlated with red wine and alcohol
intake [OR = 0.69] were also inversely associated with cognitive
impairment (36).

4. Discussion

Diet is increasingly used as a method of preventing disease and
delaying aging. The use of fermented foods dates to prehistoric
times, but findings on the benefits of this diet on the gut microbiota
are relatively recent. The relationship between gut microbiota and
the immune and nervous systems has been widely studied, and the
implications of fermented food for mental processes performance,
such as in dementia or Alzheimer’s disease, are starting to be
analyzed. For this reason, and considering that these are foods of
daily consumption, it seems necessary to compile and analyze all
the existing information on the elderly.

4.1. Strengths and weaknesses of this
review

The main limitation encountered in conducting this review
was the difference in information provided by the articles. It was
difficult to compare results obtained in different populations, by
different covariates, and using different methodologies. An attempt
was made to solve this problem by converting fermented beverage
intakes (amount in the form of drinks, cups, ounces, shots, or
frequency of intake) to a standard measure (mg/day or g/day).
Furthermore, the covariates for the different elements are diverse
and may become very significant; for example, in the case of
tobacco, which is associated not only with altered gut microbiota
but also with gut inflammation (14). The variables in the papers
were adjusted to these models to solve this problem.

The definition used of an elderly subject was a person aged
65 years or older (79-81), but perhaps the age range should have
been extended to those under this age, since, as we have seen,
the preventive effect of fermented products would occur in the
long term.

In relation to the risk of bias, this review followed the
preferred reporting items for systematic reviews and meta-
analyses (PRISMA) guidelines (46) and the authors independently
performed article selection, data extraction, analysis and assessed
the quality of the included articles using the Newcastle-Ottawa
scale (33, 34). All selected papers achieved the minimum quality
criterion-i.e., 7 points on the NOS scale.

This work comprises a comprehensive review of current
knowledge on the neuroprotective use of fermented foods and
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beverages. An important strength is that the protocol used to
carry it out was registered and approved by the International
Prospective Register of Systematic Reviews (PROSPERO) as
CRD42021250921 (47).

4.2. Importance of a healthy gut microbiota

The gut microbiota is essential to maintain the structural
integrity of the intestinal mucosa and the immune system
(see Section 1), but some diseases can disrupt the microbiota
composition (1-3, 6, 12, 82). The balance in the gut microbiota
can also be altered by diet, stress, antibiotic treatment, aging,
and tobacco, among other factors (Figure 2). Pathogenic bacteria
and their products such as lipopolysaccharides (LPS) may disrupt
intestinal mucosal barriers, increasing the permeability of the
blood-brain barrier. The increased permeability of the intestinal
epithelial barrier results in an invasion of different bacteria, viruses,
and their neuroactive products that support neuroinflammatory
response in the brain (11). Alterations in the composition of
the microbiota affect brain health due to the existence of the
gut-brain axis, a complex bidirectional system involving the
endocrine, immune, and nervous systems 3, 5 6, 11, 12,
33).

4.2.1. Implications of aging on gut microbiota

The changes in microbiome during aging involve a reduction
in microbial biodiversity and metabolites, leading to a chronic
inflammatory reaction and changes in the immune system
(Figure 2). These processes generate a permanent activation of
microglia that produces chronic inflammation and leads to damage
and neuronal death, probably mediated by cytokines (2, 4-6,
12, 15, 28). Furthermore, during aging, the microglia activate
astrocytes, worsening the neural inflammation and the blood-
brain barrier dysfunction, reducing its efficiency in preventing the
entrance of microorganism and other cells and metabolites into
the central nervous system (4, 13-15). Moreover, gut microbes
have been found to influence the maturation and function of
microglia (11).

4.2.2. The gut-brain axis in neurodegenerative
diseases

A correlation has been found between an unhealthy
gut microbiota and some nervous inflammatory and
neurodegenerative diseases, such as some types of dementias
and Alzheimer’s disease (see Section 1).

Lately, the inflammatory hypothesis of Alzheimer’s disease
etiology is receiving attention (13, 14, 84-89). This involves
the dysbiosis of the gut, mouth, and nose microbiota during
aging, producing a systematic inflammatory response and the
activation of the microglia to reduce it. Components secreted by
bacteria reduce over time the impermeability of the intestinal
barrier, enabling access to the submucosal lymphoid tissue.
This phenomenon, together with deposits of amyloid-beta (AB)
protein and hyperphosphorylated tau proteins, produces an

inflammatory reaction, which impairs the blood-brain barrier,
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promoting neuroinflammation and neurodegeneration (13, 14, 43,
84). Accordingly, dysbiosis in the gut microbiota may provoke or
enhance Alzheimer’s disease, and it is possible that the structure of
the gut microbiota is altered in Alzheimer’s disease (13, 90).

Liu et al. identified the microbiome in patients with Alzheimer’s
disease and found its diversity was decreased. Moreover, this
difference (and its importance) depended on the severity of the
neurodegeneration. In individuals with Alzheimer’s disease, the
proportion of Firmicutes was significantly reduced, whereas that
of Proteobacteria, Gammaproteobacteria, Enterobacteriales, and
Enterobacteriaceae was increased, showing a progressively enriched
prevalence from healthy individuals to mildly cognitive-impaired
ones and patients with Alzheimer’s disease (88).

The group of Harach generated germ-free mice using APPPS1
mice as an animal model of Alzheimer’s disease (a double
transgenic mice expressing mutated forms of the genes for human
amyloid protein (APP) and presenilin 1) and found a drastic
reduction of cerebral amyloid pathology when compared with
control APP mice with intestinal microbiota. Furthermore, these
amyloid deposits increased when germline mice were colonized
with microbiota from APP transgenic mice more than when they
were colonized with microbiota from wild-type mice (89).

In another mouse model of Alzheimer’s disease, a dysregulated
gut microbiota associated with the onset and progression of
Alzheimer’s disease was also observed, indicating that dysbiosis
may occur before significant clinical signs appear, as evidenced
by early alterations in short-chain fatty acids, compatible with
intestinal inflammation (87).

The inefficiency of the microglia in reducing the amyloid
deposits could explain the relationship between Alzheimer’s disease
and neuroinflammation (14, 15). Furthermore, pathogenic bacteria
that are present in the gut microbiota due to dysbiosis can
release amyloids, forming amyloid deposits in the brain. These
amyloid deposits activate microglia, which fail to remove them, and
participate in the production of proinflammatory cytokines, thus
worsening neuroinflammation and initiating neurodegeneration
(13, 15).

Choline supplementation has recently been found to restore a
healthy cellular lipid status by promoting phospholipid synthesis
in APOE4 cells in vitro and even in human APOE4 astrocytes
(32). Moreover, women with APOE4 genotype have a higher risk
of Alzheimer’s disease (91, 92) and they tend to develop choline
deficiency (93). The supplementation with citicoline improved
cognitive performance, cerebral blood perfusion, and the brain
bioelectrical activity pattern in Alzheimer’s disease patients (94);
fermented products contain choline, such as germs, soy, and
milk (93).

In addition, several studies associate the dysregulation of
serotonin and kynurenine route of tryptophan pathways, due to
an alteration in the microbiota, with some neurodegenerative
diseases, including Alzheimer’s disease (15). Zhu proposes that
tryptophan intake through the diet reduces central nervous
system inflammation by decreasing astrocyte and microglial
pathogenic activity (3, 95) and experiments in mice with multiple
sclerosis showed dietary tryptophan to be neuroprotective
(95). In this regard, tryptophan, and other derivatives in
the kynurenine pathway (i.e, kynurenine, kynurenic acid,
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Effects of diet on cognitive decline. aa, amino acids; BBB, blood brain barrier; LPS, lipopolysaccharides; SCFAs, short- chain fatty acids.
Fermented-food diet, ingestible microorganisms and others metabolites (green) act beneficially on intestinal health and inflammation and release
anti-inflammatory cytokines, which promote neuroprotective effects. Several external factors, bacteria and components secreted by them (red)
reduce over time the tightness of the intestinal barrier allowing access to the submucosal lymphoid tissue, favoring neuroinflammation and

neurodegeneration.

? NEURODEGENERATION x

EFFICACY N

Blood Brain ASTROCYTES
Barrier

niacin, and nicotinamide) have been found in fermented food
products: bread, beer, red wine, white cheese, yogurt, kefir, and
cocoa (96).

4.3. Fermented diet as a possible preventive
treatment in aging and in
neurodegenerative diseases

Aging appears to be responsible for increasing the production
of free radicals—enhancing brain oxidative stress—and for
decreasing the activity of protective antioxidant enzymes. Thus,
oxidative stress and vascular factors may also be involved in
the development of dementia (56). In this regard, diets rich in
antioxidant vitamins have shown cognitive improvements (97-99).
Moreover, considering that nutrients—and their metabolites—can
change the composition of the gut microbiota, a therapy focused on
a diet recovering gut microbiota- such as the fermented diet- could
have benefits in cognitive processes (4, 13, 15, 16, 100).

Fermented products are rich in probiotics and prebiotics.
Probiotics are live microorganisms found naturally in some
fermented foods. By consuming these foods, probiotics reach the
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gut, helping to balance the intestinal flora and improve digestion.
Prebiotics are a type of food that is not fully digested by our
bodies but can be fermented by beneficial bacteria in the gut, which
contributes to their growth and development. This activity in the
gut can affect the brain through two-way communication via the
vagus nerve (90, 101).

The group of Hayden showed the diets with higher pro-
inflammatory capacity were associated with a higher risk of mild
cognitive impairment or dementia (102). Therefore, ingestible
microorganisms present in fermented food act beneficially on
intestinal health and inflammation, due to their positive effect on
existing flora, as well as the release of anti-inflammatory cytokines
(103, 104). Fermented-food diets have a very interesting nutritional
content due to the biosynthesis of B vitamins, essential fatty acids
and amino acids, proteins, and to the fact that they reduce anti-
nutritional and toxic components and increase digestibility-as in
the case of dairy products (reducing lactose content) and in legumes
(reducing flatulence) (105-108).

Fermentation processes also enrich the bioactive peptides
and create phytochemicals that can enhance the neuroprotective
effects. Components modified through fermentation may improve
bioavailability at the level of intestinal absorption and utilization of
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ingested nutrients and modulate the release of neurotransmitters
such as brain-derived neurotrophic factor (BDNF), gamma-
aminobutyric acid (GABA), and serotonin, which are involved in
learning and memory processes (109). The study with FOS and
GOS prebiotics by Savignac’s group attributes its neuroprotective
effects to increased BDNF levels in the dentate gyrus of the
hippocampus in rats (42).

Moreover, fermented products such as tea, coffee, red wine,
and cocoa products are rich in polyphenols—flavonoids, non-
flavonoids (resveratrol), and phenolic acids. These bioactive
compounds are being analyzed for their antioxidant properties
and their possible role in intestinal permeability (2, 4, 16, 17,
36-38, 110) and their neuroprotective effects (2, 7, 8, 11, 26,
27, 111-114), even specifically in dementia and Alzheimer’s
disease (7, 8, 26, 27, 112, 113, 115). These effects could be
due to their antioxidant, anti-inflammatory properties, and their
ability to enhance the action of neurotrophic factors —among
others, by increasing their concentration and/or the expression
of tropomyosin receptor kinase (Trk) receptors (116, 117) or
extracellular signal-regulated kinase and CREB pathways (117).
Recent studies support the neuroprotective effect of resveratrol
(13, 26), while others associate flavonoids with a lower risk of
cognitive impairment (102, 118, 119). These authors argue that the
mechanism by which flavonoids are neuroprotective appears to be
the modification of the gut microbiota, specifically by increasing
the proportion of Bifidobacterium, Prevotella, and Lactobacillus
(17, 119, 120).

In any case, not all fermented foods contain polyphenols, such
as dairy products. The concentration of polyphenols and their
gastrointestinal absorption vary depending on the fermentation
process; they are not useful if the intestinal microbiota is not
healthy and is not able to break them down properly; and not
all of them affect the colonic microflora and its fermentative
capacity (121).

4.3.1. Potential benefits of fermented alcohol
beverages in delaying cognitive decline

Most of the reviewed articles found cognitive benefits in old
adults following low-moderate alcohol consumption (36, 50-58, 60,
61,63-71,77). However, most of these benefits did not appear with
compulsive intakes or in carriers of the APOE4 allele (50, 53, 62, 67,
68). Although some neuroprotective effects appear after moderate
intake of beer (51, 53-55, 63, 68), the results obtained with wine
(50-56, 63, 68, 71), especially in men and after red wine intake (50),
are particularly promising.

Some authors claim vascular benefits after moderate alcohol
consumption because it increases high-density lipoprotein (HDL)
and decreases triglycerides and low- and very low-density
lipoprotein (LDL, VLDL) levels, thus reducing the risk of vascular
lesions (56, 61). That this occurs, not only with wine, but also with
beer and liquors, could suggest a protective effect of alcohol itself
on vascular factors (56).

This hypothesis is supported by the results of the articles
included in this review that analyzed moderate consumption of
liquor (not shown), which indicated a positive effect on memory
performance in men (55) and on cognitive function (63, 68) and a
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tendency to increase total brain volume (51). Only in one case was
itassociated with a higher risk of dementia and Alzheimer’s disease,
though the results were not statistically significant (53).

On the other hand, the health benefits of alcohol consumption
may be due not only to the fermentation process itself, but also to
the food matrix, fermentation process and microorganisms, and to
the content of polyphenols (resveratrol, anthocyanins, flavonoids,
and catechins), vitamins, and other metabolites (see Section 4.3).
That this occurs especially in the case of red wine could be explained
by the fact that red wine is richer in resveratrol than white wine due
to the different production processes, although the concentration
varies according to climate, soil, and fermentation time of the
wine (114, 122). This also happens with beer (for the flavonoid
xanthohumol and its metabolites), but not with liquors, which—
with some exceptions—have a lower concentration of polyphenols
and lower antioxidant activity (114, 122).

Fischer found differences in the effect of wine consumption
in women and men, probably due to gender variations in alcohol
metabolism. Women are more susceptible to alcohol toxicity,
perhaps due to their smaller volume of distribution for ethanol,
decreased first-pass metabolism or more rapid absorption, and
more rapid metabolism of ethanol (114, 123). Furthermore, there
are also inter-individual differences, as each subject can metabolize
the alcohol differently (114).

Fischer also reported a higher incidence of Alzheimer’s disease
in APOE4 carriers with white wine consumption (50). These
findings contradict those obtained in a recent in vitro study,
which showed that natural compounds, including resveratrol,
could modify the structure of APOE4 forms and thus ameliorate
the pathogenic effects associated with Alzheimer’s disease (115).
Fischer’s results could therefore be due to the low concentration of
resveratrol in white wine.

4.3.2. Neuroprotective effects of coffee and
chocolate

We analyzed the cognitive effects of caffeine intake in the form
of coffee (36, 50, 52, 57, 58, 77) or chocolate (36, 52, 58).

The articles included in this review showed a neuroprotective
effect of coffee in the elderly from the consumption of one cup per
day (36, 52, 57, 58, 77), but not of chocolate (36, 52, 58). As some
authors advocate a protective effect of caffeine (36, 124), it should
be considered that the caffeine content of chocolate is much lower
than that of coffee and that the concentration of cocoa in chocolate
may differ. Moreover, these neuroprotective effects may not be due
only to caffeine (125); coffee and cocoa are rich in phytochemicals
(caffeine, chlorogenic acid, flavonoids, non-flavonoids and
catechins) that confer on them antioxidant, prebiotic, anti-
inflammatory, antihypertensive, hypoglycemic, vasculoprotective,
neurostimulating, and neuroprotective properties (124, 126).
Flavonoids and their metabolites can cross the blood-brain barrier
and have been localized in brain areas related to learning and
memory, such as the hippocampus, cerebral cortex, cerebellum,
and striatum, enhancing or even being responsible for their
possible cognitive effects (111, 125, 127-130). In animal models
of Alzheimer’s disease, flavonoids reduce amyloid-beta protein
oligomerization and modulate the brain-derived neurotrophic
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factor (BDNF) signaling pathway (131, 132). They also interact
at the cellular level with signaling cascades involving protein
and lipid kinases that lead to inhibition of apoptosis induced by
neurotoxic agents, such as oxygen radicals, and promote neuronal
survival and synaptic plasticity, but also improve blood-flow and
angiogenesis in the brain (133, 134). However, co-morbidities and
personal genetics may influence the potential benefits and risks of
coffee and cocoa (135).

4.3.3. Other fermented products

The results analyzed showed that daily consumption of soy-
based foods was inversely associated with cognitive impairment
(77). These results were like those from other articles in younger
populations not included in this review (136), in mice (137, 138)
and those obtained when soya products were integrated into a diet
(72,73, 76).

Soy is rich in phytoestrogens and isoflavones (daidzein and
genistein), which exert an anti-inflammatory and antioxidant
effect and inhibit the effects of mitochondrial apoptosis (139-
141), elevating existing neuronal function, and boost neuronal
regeneration (142, 143). In addition, because of their structural
similarity, isoflavones can bind to estrogen receptors p (ERB),
which are abundant in the central nervous system, thus affecting
brain activity (139). Soy phytoestrogens can modify the gut
microbiota, thereby influencing the gut-brain axis. Isoflavone
supplementation has also been shown to improve cognitive
function (139, 144). The content of isoflavones has been found to be
different in different types of soy product, and their bioavailability
is higher in fermented products (141).

On the other hand, sweet dairy products were associated with
higher odds of cognitive impairment (68) in line with another study
performed in 55-75-year-old adults (145). This could be due to
their high fat and sugar content, but this later study associated
less cognitive impairment with consumption of whole-fat milk and
dairy products (145). These results are in contradiction with other
findings that advocate the neuroprotective effects of milk and dairy
consumption on the risk of dementia (136, 146, 147), so more
studies are needed.

4.3.4. Fermented-food diets

Dietary patterns including fermented foods and beverages—
such as soy products, alcoholic beverages, coffee, etc.—showed
some benefits regarding cognitive function (21, 36, 72-75), also in
APOE4-carriers (72, 73).

The neuroprotective effects after consumption of fermented
products are mainly due to a decrease in inflammatory processes
(103, 104) and an increased release of brain-derived neurotrophic
factors (42, 109),
differentiation (43).
probiotics modified the expression of GABA receptors in some

which enhance neuronal survival and

In animal models of Alzheimer’s disease,

brain regions related to learning and memory -such as the
hippocampus, amygdala, and prefrontal cortex- and has been
observed an improvement in hippocampal functions (43). As
well as a decrease in pro-inflammatory cytokines levels -IL-
la, IL-1B, IL-2, IL-12, interferon-y and TNF- a- leading to a
decrease in accumulation of AP protein, neuroinflammation and
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neurodegeneration processes (90, 137, 148, 149). Probiotics also
improved learning and memory processes (43, 149-151) regulated
by long-term potentiation (LTP) possibly due to an increase
in presynaptic neurotransmitter release (151) and excitatory
postsynaptic potential in hippocampus (149). It should be
considered that the beneficial effects of probiotics and fermented
diets may depend on several factors, such as strain, dose, duration,
age, host physiology, etc. (43).

These benefits could be due not only to the fermentation
process itself, but also to a synergistic effect of the joint
consumption of fermented products and to their concentrations
of polyphenol compounds and vitamins (114). All these reasons
encourage the possibility of a preventive treatment of cognitive
decline through this type of diet, considering that a high
consumption of some of these products (wine, coffee, etc.) may have
undesirable effects, especially in vulnerable population.

4.3.5. Current implications and outlook

Due to the aging of the population, dementias and cognitive
impairment are becoming an increasingly important public health
problem. This carries a significant economic and psychological cost
for which there is no etiological treatment, so the most effective
approach is an early detection and prevention.

Eurostat predicts the population of the European Union in
2040 will be 524 million, of which the estimate of patients
with Alzheimer’s disease will be 13.1 million. By 2080, this
figure is calculated to increase to 13.7 million individuals with
Alzheimer’s disease out of a total population of 520 million
persons (152).

Of the total global burden of diseases, 23% is attributed to
disorders in people aged 60 years and over. Of this expenditure,
neurological and mental disorders in the elderly accounted for 6.6%
in 2010 (153). Primary prevention in adults below this age would
dramatically improve morbidity, mortality, and expenditure data
related to these chronic diseases.

We have already mentioned the importance of a healthy
gut flora in inflammatory reactions and to the immune system
(see Sections 1 and 4.2). The involvement of the microbiota in
pathologies, including neurodegenerative diseases, is increasingly
accepted. Therefore, one strategy to prevent cognitive decline could
be to take care of the composition of this microbiota through diet.

In accordance, studies have shown that fermented foods and
beverages produce significant improvements in gut permeability
16, 36-38). In this sense, the
Mediterranean-type diet has proved to be a balanced and
healthy diet, compared with others (2, 4, 83), due to its
monounsaturated and polyunsaturated fatty acids, fiber and low-

and the barrier function (2,

glycemic carbohydrates, and polyphenols and other antioxidants.
This could be because it includes a wide variety of fermented foods
and beverages, such as coffee, wine, dairy products, etc., as opposed
to the higher consumption of processed foods, sweets, and red meat
in other diets. Studies associate this fermented diet and its beneficial
effects with an increase in Lactobacillus and Bifidobacterium, and
a decrease in Clostridium and Enterobacterium, among others,
in the gut microbiota, providing anti-inflammatory effects and
cardiovascular and brain protection (2-4, 25, 83) (see Figure 2).
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In terms of digestibility, fermented foods are often easier to
digest than non-fermented ones (154) because the microorganisms
included provide certain enzymes, such as cellulases, which cannot
be synthesized by humans (155). For example, microbial cellulases
hydrolyze cellulose into sugars, which are easily digestible by
humans, and pectinases soften the texture of food and release sugars
for digestion. In addition, fermentation is a very productive and
energy-efficient preservation process. It requires minimal cooking
times and reduces the need for refrigeration or other forms of food
preservation technology (155). Besides, during the fermentation
process, toxins and anti-nutritional compounds commonly found
in fruits and vegetables can be removed or detoxified by the
action of microorganisms (155). Lactic acid bacteria produce
lactate and acetate, which reduce the pH of food and inhibit
other pathogenic organisms. It can also produce ethanol, hydrogen
peroxide, and bacteriocins, which kill or suppress the growth of
food-borne pathogenic bacteria and enhance food preservation and
safety (106).

The use of microorganisms to meet the world’s growing
demand for food has enormous scope and potential. Fermentation
is a very sustainable method as it can rescue waste that would
otherwise be unusable as food by changing the consistency of the
product and making it digestible. This increases the range of raw
materials available as nutrients through the efficient utilization
of natural foods and available feedstocks (155). Microorganisms
in fermented foods are potential sources of useful components,
such as organoleptic properties, textures, and colors that offer a
wide range of foods to the consumer. Moreover, fermentation can
improve the taste and appearance of foods. The strong flavors of
fermented products can enhance the taste of a monotonous and
boring diet (105-108).

Altough more studies in humans are necessary, this dietary
pattern gives hope for the prevention of neurodegenerative
diseases, above and beyond the public health and economic savings
it would bring and the impact it could have on the food market.

5. Conclusions

In this systematic review, we have presented an array of
published articles investigating the effects on cognitive status
due to the consumption of fermented foods and beverages in the
elderly. We can draw some conclusions from the articles studied:

1. Beneficial cognitive effects have been found following a
low-moderate alcohol consumption, except in carriers of the
APOE4 allele.

2. Heavy alcohol or binge consumption is associated with an
increased risk of cognitive impairment, especially in women.

3. Moderate wine consumption appears to reduce the risk
of dementia and/or Alzheimer’s disease, to improve cognitive
function, cerebral blood flow, and white-matter preservation, and
to increase total brain volume.

4. Consumption of at least one cup of coffee per day is
associated with better cognitive performance. Higher intakes (2-6

Frontiersin Nutrition

19

10.3389/fnut.2023.1170841

cups per day) are related to better preservation of bilateral deep
white matter and cerebral blood flow.

5. An improvement in cognitive function following the daily
intake of soy products has been observed.

6. Dietary patterns that include fermented foods and beverages
have been shown to decrease the rates of cognitive decline, even in
carriers of the APOE4 allele.

7. Due to the fermentation process itself and to the polyphenolic
compounds and other antioxidants and vitamins in fermented
products, the fermented-food diet could become an effective, safe,
and inexpensive preventive or cognitive enhancement strategy.
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