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Dietary (Poly)phenols and Cognitive Decline: A Systematic
Review and Meta-Analysis of Observational Studies

Justyna Godos, Agnieszka Micek, Pedro Mena, Daniele Del Rio,* Fabio Galvano,

Sabrina Castellano, and Giuseppe Grosso

Scope: This study aims to systematically review observational studies
investigating the relation between dietary (poly)phenol consumption and
various cognitive outcomes.

Methods and results: Embase and PubMed databases are searched from
inception to April 2023 for observational studies investigating the relation
between dietary (poly)phenol intake and cognitive outcomes. For quantitative
analyses, random effects models, subgroup analyses, and dose-response
analyses are performed. A total of 37 studies are included in the systematic
review. Among (poly)phenols, a higher intake of flavonoids is associated with
better cognitive function and lower odds of cognitive decline (although with
some exceptions). A quantitative meta-analysis shows an overall inverse
association with cognitive impairment and reduced association with the
incidence of dementia or related disorders for total flavonoids (relative risk
(RR) = 0.83, 95% confidence interval (Cl): 0.76, 0.89), anthocyanins (RR =
0.73, 95% Cl: 0.60, 0.89), flavones (RR = 0.77, 95% Cl: 0.63, 0.94), flavan-3-ols
(RR = 0.86, 95% Cl: 0.82, 0.91), and flavonols (RR = 0.88, 95% ClI: 0.80, 0.96).

and 250 million disability-adjusted life
years, including cardio-metabolic condi-
tions and certain cancers.’l Although
over the last decades, dietary factors have
raised interest in a possible role in the
cognitive health of older adults,®! the
estimates of the proportion of disease-
specific burden attributable to dietary
risk factors are lacking. From an epi-
demiological point of view, the inclu-
sion of a suboptimal diet as a risk factor
for cognitive decline and related demen-
tias would dramatically increase the esti-
mated years lost due to disability for such
pathological conditions. Plant-based di-
etary patterns, such as the Mediterranean
diet, have been reported to potentially
delay age-related cognitive impairment
and reduce the risk of dementia, includ-
ing Alzheimer’s disease.[*] A key feature

Data on other (poly)phenolic compounds (i.e., phenolic acids) are promising

but too preliminary.

Conclusion: Habitual inclusion of flavonoids in the diet may play a preventive

role against cognitive disorders.

1. Introduction

Dietary risks have been demonstrated to be major determinants
of health.l') In 2017, the Global Burden of Disease study esti-
mated that dietary risks are responsible for over 10 million deaths

of such dietary patterns is represented
by the richness of fruit and vegetables,
whole grains, legumes, and moderate
consumption of plant-derived beverages
(such as red wine, coffee, and green
tea).’l All these food products are rich
in (poly)phenols, compounds naturally
present in plants that have been hypothesized to play a role
in human health.[%”] Mechanistic and epidemiological stud-
ies report convincing findings for cardiovascular benefits of
consuming (poly)phenol-rich diets®°! but emerging evidence
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suggests that they may also play potential benefits in the cen-
tral nervous system.') Among the most studied properties,
(poly)phenols may act, to various extents, against neuroinflam-
mation, synaptic plasticity, mitochondrial dysfunction, and cere-
bral blood flow, depending on the type of molecule, dosage, and
bioavailability.'!] Moreover, individual classes of (poly)phenols
may have specific activities in the human brain, further sup-
porting the hypothesis that such molecules may affect cognitive
health.

Dietary intervention studies have been performed to test the
efficacy of specific foods and beverages rich in (poly)phenols
on a variety of cognitive outcomes.!'>13] However, the outcomes
investigated often refer to relatively acute effects and cannot
be applied, or do not entirely overlap, with the potential role
of long-term consuming higher intake of (poly)phenols in the
diet. Evaluating observational associations between dietary
(poly)phenol intake and cognitive outcomes would more likely
reflect their potential preventive action against age-related cog-
nitive decline. On this matter, the comparison of findings with
results from observational studies, which provide a real-world
dietary assessment of the intake of (poly)phenols reflecting
chronic exposure to dietary (poly)phenols, may provide further
information on the potential preventive action of such a group
of compounds. To our knowledge, only a relatively recent study
attempted to summarize current evidencel' but this study’s
major focus was on dietary sources of (poly)phenols rather than
the molecules themselves. Thus, this study aimed to system-
atically review data from observational studies exploring the
association between dietary (poly)phenol intake and age-related
cognitive outcomes in mid-older adults.

2. Results

2.1. Studies Description

A total of 1823 studies were identified through the search
strategy (Figure 1). Out of these, after examination of the title
(n = 1303) and abstract (» = 521) and full texts (n = 487), 37
articles! ! were included in this review. The main characteris-
tics of the included studies are presented in Table S2, Supporting
Information. A total of 30 studies were prospective, and seven
were cross-sectional. Fourteen studies were conducted in the
United States, 18 in European countries (of which, two in the
UK, one in Spain, four in Italy, one in Denmark, four in France,
and six in the Netherlands) and five in Asian countries (three
in Japan, two in Singapore, and one in China). The majority
of studies investigated dietary intake through food frequency
questionnaires (FFQs) (n = 31) while others used dietary records,
dietary recall, or targeted questions. Dietary (poly)phenol con-
tent was estimated using comprehensive databases, such as
the USDA or Phenol-explorer, while the others refer to specific
publications reporting some (poly)phenol estimates. All studies
scored moderate-to-high quality (Table S3, Supporting Infor-
mation); for those studies scoring moderate quality, the main
limitations involved the study design (i.e., cross-sectional) and
eventually early methods to estimate (poly)phenol consumption,
which were generally incomplete and likely to underestimate the
exposure.
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Figure 1. Flow chart of study selection.

2.2. Studies on Cognitive Function

Thirteen studies investigated the possible association between
(poly)phenols and various measures of cognitive status. A earlier
French study involved a total of 1640 subjects from the PAQUID
(Personnes Agées Quid) study with a 10-year follow-up, and the
authors demonstrated a more beneficial gradient in cognitive
decline in individuals reporting higher intake of flavonoids than
those consuming less, considering a variety of cognitive func-
tions including the Mini-Mental State Examination (MMSE),
Benton’s Visual Retention Test (BVRT), ‘‘Isaacs” Set Test (IST),
visuospatial attention by Zazzo’s cancellation test, and the Wech-
sler’s Digit Symbol Test.['’] Another French study involving
2574 middle-aged adults of the SU.VL.MAX (Supplementation
en Vitamines et Mineraux Antioxydants) trial followed-up for 15
years tested the cognitive status through clinical examination
by trained neuropsychologists for episodic memory (evaluated
using the RI-48), lexical-semantic memory (evaluated via two
verbal fluency tasks), working memory (evaluated with the For-
ward and Backward Digit Span), and mental flexibility (evaluated
via the Delis—Kaplan Trail Making Test [TMT]): the authors
showed that higher total (poly)phenol intake was associated
with better language and verbal memory (p = 0.01) but not
executive functioning (p = 0.09). Considering specific classes
of (poly)phenols, intake of flavan-3-ol monomers (p = 0.001),
theaflavins (p = 0.002), flavonols (p = 0.01), and hydroxybenzoic
acids (p = 0.0004) was positively associated with the cognitive
parameters considered.['®) An American study recruited 10 041
participants (aged 45-64 years) of the Atherosclerosis Risk in
Communities (ARIC) cohort with a follow-up of 6 years and
aimed to investigate the association between flavonol intake and
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cognitive function, evaluated through the Delayed Word Recall
(DWR), Wechsler Adult Intelligence Scale-Revised (WAIS-R),
and the word fluency test of Multilingual Aphasia Examination
(MAE). Authors described a protective correlation between the
intake of total flavonols (including myricetin, kaempferol, and
quercetin) and 6-year changes in total cognitive function and
digit symbol (p < 0.001).'7] Another American study which in-
volved 1779 men and women from the Framingham Heart Study
(FHS) followed up for about 12 years, showed significant results
regarding the association between long-term higher flavonoid
intakes and improved cognitive function (assessed with a battery
of tests): the results were significant concerning the association
between higher flavonol and flavan-3-ol intakes and global func-
tion (each p = 0.04), verbal and visual memory (p = 0.02, p = 0.03
respectively), higher total flavonoids and flavon-3-ols polymers
for visual memory (p = 0.04, p = 0.01 respectively), and higher
flavonols for verbal learning (p = 0.04).1'8) In another prospective
study conducted in the United States including 960 participants
(aged 58-99 years) of the Memory and Aging Project (MAP),
followed for 4.5 years, a battery of cognitive tests assessing five
domains (episodic memory, working memory, semantic memory,
visuospatial ability, and perceptual speed) was used to assess the
association between bioactives in green leafy vegetables and cog-
nitive function. Authors showed that higher intake of kaempferol
(Q5 vs Q1, g = 0.03, 95% confidence interval (CI): 0.01, 0.06,
p-trend = 0.01) was associated with higher scores in the global
cognitive assessment.[') Among more recent studies, an investi-
gation of the TwinsUK study recruited and followed up for about
10 years 1126 female twins (aged 18-89 years), tested for cogni-
tive function with the Cambridge Neuropsychological Test Au-
tomated Battery (CANTAB) tests: in the cross-sectional analysis,
higher compared to lower intake of flavanones (T3 vs T1 cognitive
score = 0.12, 95% CI: 0.02, 0.21; p = 0.02) and proanthocyanidins
(T3 vs T1 cognitive score = 0.13, 95% CI: 0.02, 0.24; p = 0.02)
was associated with improved paired-associates learning, and
higher intake of anthocyanins was significantly associated with
improved executive function (T3-T1 cognitive score = —0.52,
95% CI: 0.19, 0.84; p = 0.001) and with faster simple reaction
times (T3-T1 cognitive score = —18.1, 95% CI: —35.4, —0.7; p =
0.04); when assessed longitudinally, higher intake of flavanones
(T3 vs T1 age-related cognition score = 0.45, 95% CI: 0.13, 0.77; p
=0.01) and anthocyanins (T3 vs T1 age-related cognition score =
0.45, 95% CI: 0.08, 0.81; p = 0.02) were associated with improve-
ments in age-related cognition score over 10 years.?") Finally,
a recently published study from the Rush Memory and Aging
Project, including 961 participants (aged 60-100 years) and
followed for an average of 6.9 years annually, tested for cognitive
performance with a battery of 19 standardized tests, showed
that total flavonol intake was associated with slower decline
in global cognition (f = 0.004, 95% CI: 0.001, 0.006), episodic
memory (f = 0.004, 95% CI: 0.002, 0.006), semantic memory
(B = 0.003, 95% CI: 0.001, 0.007), perceptual speed (f = 0.003,
95% CI: 0.001, 0.004), and working memory (f = 0.003, 95% CI:
0.001, 0.005). Among individuals compounds, kaempferol and
quercetin were associated with slower global cognitive decline (f
=0.01, 95% CI: 0.006, 0.02 and g = 0.004, 95% CI: 0.0005, 0.007),
respectively.l?!]

Null results were reported in an earlier British cross-sectional
study aimed to investigate the relationship between flavonoid
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intake and cognitive function in 1091 older subjects from the
Lothian Birth Cohort. Authors reported a lack of a role for individ-
ual classes of flavonoids in the prevention of cognitive function
in later life assessed through different tests such as the Moray
House Test, the MMSE, the National Adult Reading Test (NART),
the verbal fluency test, the Wechsler Adult Intelligence Scale-III
UK (WAIS), and the Wechsler Memory Scale-III UK (WMS), after
adjustment for confounding factors.[*? Other contrasting results
have been reported in a prospective study conducted on 2813 par-
ticipants, aged 43-70 years, from the Doetinchem Cohort Study
and followed up for 5 years with the aim of investigating the asso-
ciation between dietary intake of antioxidant substances and cog-
nitive decline, assessed through a neuropsychological test battery
(the 15 Words Learning Test, the Stroop Test, the Word Fluency
test, and the Letter Digit Substitution Test). The study showed
that higher intake of flavonoids was associated with a greater
decline in cognitive flexibility (p = 0.04), but also that higher
lignan intake was associated with less decline in global cognitive
function (p =0.01), memory (p < 0.01), and processing speed (p =
0.04).12] Another more recent prospective study with contrasting
results was conducted on 806 Spanish participants of the SUN
Project, where authors evaluated possible cognitive changes
(evaluated through the validated Spanish Telephone Interview
for Cognitive Status-modified [STICS-m] score) in association
with intake of (poly)phenols. Results showed that flavonoids
were not associated with positive changes in cognitive function
(Q5 vs Q1, p = 0.18, 95% CI: —0.48, 0.84), while higher intake
of lignans and stilbenes was associated with immediate memory
and language domains (Q5 vs Q1, g = 0.81, 95% CI: 0.12, 1.51,
p-trend = 0.020 and f = 0.82, 95% CI: 0.15, 1.49; p-trend = 0.028,
respectively).[24]

Concerning studies specifically conducted on isoflavones, an
earlier cross-sectional study conducted on 301 Dutch women
aged 60-75 years from the European Prospective Investigation
into Nutrition and Cancer (EPIC) cohort confirmed the lack of
association considering dietary isoflavone intake and cognitive
function, but high lignan intake may be associated with better
cognitive performance (Q4 vs Q1 difference = 0.325, 95% CI:
0.052, 0.597, p-trend over quartiles = 0.01 in processing capacity
and speed, and Q4 vs Q1 difference = 0.260, 95% CI: —0.005,
0.524, p-trend over quartiles = 0.02 in executive function).!’]
Another early study involving 195 Japanese women and 185
Chinese women from the Study of Women'’s Health Across the
Nation (SWAN) study, followed up for 4 years, showed that the
role of genistein in cognitive function was unclear, with no asso-
ciation between genistein intake and improvement in cognitive
function (p values were >0.22 for all cognitive test outcomes).[2°]
However, a more recent investigation involving 1616 women
from the SWAN cohort showed that overall isoflavone intake
may be associated with better cognitive function, especially in
Asian women during late perimenopause and postmenopause
[in Symbol Digital Modalities Test, # (SE) = 3.14 (1.04), p =
0.003 and g (SE) = 1.72 (0.68), p = 0.01; in East Boston Memory
Test, Immediate Recall, f (SE) = —0.12 (0.26), p = 0.63 and g
(SE) = —=0.53 (0.18), p = 0.003; in East Boston Memory Test,
Delayed Recall, g (SE) = —0.23 (0.27), p = 0.41 and p (SE)
= —0.44 (0.18), p = 0.01; in Digit Span Backward test g (SE)
= 0.17 (0.28), p = 0.53 and f (SE) = —0.26 (0.16), p = 0.12
respectively].[?’]
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2.3. Studies on Cognitive Impairment

A very early study involving 939 older adults from the Zutphen
Elderly Study with a 3-year follow-up showed a non-significant
association between higher flavonoid intake and cognitive im-
pairment assessed through MMSE (odds ratio (OR) = 1.44, 95%
CI: 0.86, 2.41).[28] It is important to underline that total flavonoid
intake in earlier studies was generally assessed through a sum-
mary of a few major compounds (i.e., quercetin, kaempferol,
myricetin, apigenin, and luteolin), leading to an important un-
derestimation of the actual total intake of flavonoids in the diet.
The first prospective study of the Nurses’ Health Study (NHS) in-
cluding 16 010 women, followed for 4 years and examined with
six cognitive tests (telephone interview of cognitive status, a tele-
phone adaptation of the MMSE; East Boston Memory Test, im-
mediate and delayed recalls; category fluency; delayed recall of
the Telephone Interview of Cognitive Status 10-word list; and
digit span backwards), showed a significant association between
a higher intake of total flavonoids in berries and among the in-
dividual subclasses anthocyanidins and a lower rate of cognitive
impairment.[?l Another previous study including 13 818 adult
women from the NHS, followed up for 15 years, reported that
higher intake of flavonoids in midlife, specifically flavones (OR
=1.32,95% CI: 1.10, 1.58), flavanones (OR = 1.28, 95% CI: 1.08,
1.53), anthocyanins (OR = 1.25, 95% CI: 1.04, 1.50), and flavonols
(OR = 1.18, 95% CI: 0.98, 1.42), was associated with improve-
ment of cognitive well-being assessed through the Telephone In-
terview of Cognitive Status, an adaptation of the MMSE.?] Later
on, in another prospective study conducted on 49 493 females of
the NHS and 27 842 males of the Health Professionals Follow-
Up Study (HPFS) followed for >20 years, comparing the highest
versus the lowest quintiles of total flavonoid intake, higher intake
of flavonoids was associated with lower odds of subjective cogni-
tive decline (Q5 vs Q1, OR = 0.81, 95% CI: 0.76, 0.89), with the
stronger association observed for flavones (OR = 0.62, 95% CI:
0.57, 0.68), flavanones (OR = 0.64, 95% CI: 0.58, 0.68), and an-
thocyanins (OR = 0.76, 95% CI: 0.72, 0.84) (p-trend <0.001 for all
groups).3!

An Ttalian study involving 652 individuals from the Invec-
chiare in Chianti (InCHIANTI) study, aged 65 or older and
followed-up for 4 years investigating total urinary and dietary
(poly)phenols and cognitive decline showed an inverse associa-
tion between higher urinary levels of (poly)phenols and cognitive
impairment assessed through the MMSE (T3 vs T1, OR = 0.53,
95% CI: 0.34, 0.85, p-trend = 0.008) and on the TMT-A (OR =
0.52, 95% CI: 0.28, 0.96, p-trend = 0.03); however, no statistically
significant associations between total dietary (poly)phenols and
substantial cognitive decline risk using the MMSE (T3 versus T1,
OR = 1.08, 95% CI: 0.65, 1.78, p-trend = 0.84), the TMT-A (OR
=0.63, 95% CI: 0.32, 1.25, p-trend = 0.17), or the TMT-B (OR =
1.16, 95% CI: 0.63, 2.14, p-trend = 0.77).32] Among other Italian
studies investigating the relation between dietary (poly)phenols
and cognitive impairment, a cross-sectional survey conducted on
883 mid-older adults (>50 years) showed that higher intake of to-
tal flavonoids was inversely associated with cognitive impairment
assessed through the Short Portable Mental Status Questionnaire
(SPMSQ) (Q4 vs Q1, OR = 0.39, 95% CI: 0.15, 1.00), with total
flavan-3-ols (Q3 vs Q1: OR = 0.30, 95% CI: 0.11, 0.76), catechins
(Q4 vs Q1: OR = 0.24, 95% CI: 0.08, 0.72), anthocyanins (Q4 vs
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Q1: OR = 0.38, 95% CI: 0.14, 1.00), and flavonols (Q3 vs Q1: OR
= 0.30, 95% CI: 0.11, 0.76) being individually associated.[>*] Tak-
ing into consideration phenolic acid intake, the highest quartile
of total phenolic acid intake (OR = 0.36, 95% CI: 0.14, 0.92), and
specifically hydroxycinnamic acids (OR = 0.35, 95% CI: 0.13,
0.91), was significantly associated with lower odds of cognitive
impairment; among individual compounds, only higher intake
of caffeic acid was inversely associated with impaired cogni-
tive status (OR = 0.32, 95% CI: 0.11, 0.93).341 Another study
conducted on the same sample showed that higher intake of
isoflavones, but not lignans, were inversely associated with cog-
nitive impairment (T3 vs T1, OR = 0.46, 95% CI: 0.21, 1.00 and
OR = 0.84, 95% CI: 0.41, 1.71, respectively), but both groups of
molecules resulted associated when the analysis was restricted to
older individuals (>70 years) (T3 vs T1, OR = 0.10, 95% CI: 0.01,
0.88 and OR = 0.16, 95% CI: 0.03, 0.87, respectively).*] A more
recent prospective study including 16 704 older participants
from the Singapore Chinese Health Study (SCHS) followed
up for about 11 years showed a significant inverse association
between flavonoid intake (except for flavanones) and cognitive
impairment assessed through a Singapore-Modified version of
the MMSE. Taking into consideration flavonoid consumption,
the odds of cognitive decline for the highest versus the lowest
quartile of intake was 0.77 (95% CI: 0.68, 0.88).>%] However,
an earlier study conducted on the same cohort and focused on
isoflavone intake reported a lack of association with cognitive
impairment (Q4 vs Q1, OR = 0.95, 95% CI: 0.83, 1.09).1”] Con-
cerning other studies focusing on phytoestrogens, an early study
conducted on 403 women in The Netherlands from the Prone
and Oscillation Pediatric Clinical Trial (PROSPECT) followed-up
for about 46 months showed that both isoflavone and lignan
intake was not associated with cognitive impairment on the
MMSE, but the latter was associated with lower odds of cognitive
impairment in women who were 20-30 y postmenopausal (in a
short postmenopausal time span, OR = 1.21, 95% CI: 0.71, 2.03
and OR = 0.93, 95% CI: 0.41, 2.15 for isoflavones and lignans,
respectively; in long postmenopausal time span, OR = 1.14, 95%
CI: 0.76, 1.71 and OR = 2.03, 95% CI: 1.11, 3.72 for isoflavones
and lignans, respectively).*®] Borderline non-significant results
have also been observed in a cross-sectional study of 3999
Chinese men and women (aged 65 years old and over) in which
no association between total isoflavone intake and screening
for dementia was observed (high vs low intake, OR = 0.69, 95%
CIL: 0.47, 1.01).%%1 A Japanese study involving 776 older indi-
viduals (60-81 years) from the National Institute for Longevity
Sciences-Longitudinal Study of Aging (NILS-LSA) showed that
soy isoflavone intake was inversely associated with decreased
odds of cognitive impairment in elderly Japanese women over
about 4-year follow-up: the results reported for total isoflavone
(OR = 0.55, 95% CI: 0.32, 0.93), daidzein (OR = 0.56, 95%
CI: 0.33, 0.94), genistein (OR = 0.54, 95% CI: 0.32, 0.93), and
glycitin (OR = 0.52, 95% CI: 0.28, 0.97) in a multivariate-adjusted
model were significant.[*’! Finally, a recent study exploring the
association between isoflavone intake and cognitive impairment
(assessed through the MMSE, WMS-R, logical memory I/II
subtest, the clock drawing test, the Clinical Dementia Rating
[CDR] scale, and a final clinical diagnosis in accordance with
the Diagnostic and Statistical Manual of Mental Disorders, 4th.
Edition Text Revision [DSM-IV-TR] criteria) on 1036 Japanese
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participants (aged 40-59 years) from the Japan Public Health
Center-based prospective (JPHC) study who were followed up
for about 10 years reported a significant association between
high intake of isoflavones and late-life cognitive impairment
(OR =1.51, 95% CI: 1.02, 2.24; p-trend = 0.03).141]

2.4. Studies on Dementia Risk

Other studies analyzed the possible association between dietary
(poly)phenol intake and the occurrence or incidence risk of de-
mentia and related disorders. Earlier studies conducted on 1367
participants from the Paquid study followed-up for 5 years (dur-
ing which 66 cases of dementia were observed)*?! and 5395
participants of the Rotterdam Study followed for a mean of 6
years (after which 197 participants developed dementia, of whom
146 had Alzheimer disease)*’] reported that higher intake of
flavonoid was associated with lower risk to develop dementia
(risk ratio (RR) = 0.55, 95% CI: 0.34, 0.90 and RR = 0.54, 95%
CI: 0.31, 0.96, respectively). However, a follow-up analysis of
the Rotterdam study did not demonstrate any association be-
tween flavonoid intake and dementia risk later on.[**] Another
earlier prospective study including 2459 participants from the
Honolulu-Asia Aging Study (HAAS) did not find any significant
protective effect of midlife intake of flavonoids and development
of dementia and its subtype.[**] Notably, these eatlier studies un-
derestimated the total amount of flavonoid intake due to the lack
of proper and complete databases to be consulted at the time of
the publication.

Various reports have been published more recently so far. A
prospective study involving 2801 participants of the FHS an-
alyzed the association between (poly)phenol consumption and
Alzheimer’s disease and related dementia over an average follow-
up of 19.7 years. Individuals with the highest intake of flavonols
and anthocyanins had a lower risk of dementia (hazard ratio (HR)
=0.54, 95% CI: 0.32, 0.90, and HR = 0.24, 95% CI: 0.15, 0.39, re-
spectively) and Alzheimer’s disease (HR = 0.50, 95% CI: 0.28,
0.88 and HR = 0.20, 95% CI: 0.11, 0.36, respectively) compared
to individuals with the lowest intakes.[*®! Quite similar results
were reported in an investigation conducted on 925 participants
of the Rush Memory and Aging Project with an average follow-
up of 6.7 years showed that individuals with the highest intake of
pelargonidin (HR = 0.63, 95% CI: 0.43, 0.92), total anthocyani-
dins (HR = 0.69, 95% CI: 0.48, 0.99), and total flavonoids (HR =
0.67, 95% CI: 0.46, 0.98) had lower risk to develop Alzheimer’s
disease.[*’] From the same cohort, another study reported that the
highest intake of total flavonols (Q5 vs Q1, HR = 0.52, 95% CI:
0.33, 0.84), and specifically kaempferol (HR = 0.49, 95% CI: 0.31,
0.77), myricetin (HR = 0.62, 95% CI: 0.4, 0.97), and isorhamnetin
(HR =0.62,95% CI: 0.39, 0.98), but not quercetin, were inversely
associated with Alzheimer’s disease incidence.*¥! In a more re-
cent prospective study, authors observed that intake of flavonols
(Q4 vs Q1, HR = 0.90, 95% CI: 0.82, 0.99), anthocyanins (Q4 vs
Q1, HR = 0.84, 95% CI: 0.76, 0.93), flavanones (Q4 vs Q1, HR
= 0.89, 95% CI: 0.80, 0.99), and flavones (HR = 0.85, 95% CI:
0.77, 0.95) were associated with reduced risk of incident demen-
tia in 55 985 participants of the Danish Diet, Cancer, and Health
Study, followed for 23 years. Interestingly, this association was
stronger in smokers (Q3 vs Q1 of flavanones, HR = 0.89, 95%
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CI: 0.80, 0.99) and significant for vascular dementia (Q3 vs Q1 of
flavonols, HR 0.64, 95% CI: 0.48, 0.84), but no association was ob-
served for Alzheimer’s disease or unspecified dementia risk.!*’!
In a prospective study of 1329 participants of the Three Cities (3C)
Bordeaux Cohort with a 12-year follow-up, authors analyzed dif-
ferent patterns of (poly)phenol consumption in association with
risk of Alzheimer: compared to lowest exposure, individuals in
the highest quintile of a high-(poly)phenol pattern score had 50%
lower probability of developing dementia (HR = 0.50, 95% CI:
0.32, 0.80) and 48% lower risk of Alzheimer’s disease (HR = 0.52,
95% CI: 0.29, 0.93).1°%! Finally, in a recent report from the JPHC
including 8991 men and 22 456 women followed for an average of
9.4 years, the incidence risk of disabling dementia (defined as de-
mentia that required care) was unrelated to intake of isoflavones
in both men and women (Q5 vs Q1, HR = 1.05, 95% CI: 0.90,
1.24 and HR = 0.98, 95% CI: 0.86, 1.12, respectively).l>!]

2.5. Quantitative Meta-Analysis for Cognitive Impairment

Out of 23 studies possibly to be included in the quantitative analy-
sis, eight did not report sufficient or reliable data, and two studies
overlapped with more recent or complete reports, leaving a total
of 13 studies to be included in the quantitative analysis explor-
ing the association between dietary flavonoid intake and cognitive
impairment (not enough data on other (poly)phenols was avail-
able). The summary of the results presented in Figure 2 shows
that higher intake of (poly)phenols was associated with a lower
risk of cognitive impairment/dementia ranging from 12% up to
27%, as follows: for total flavonoids (relative risk (RR) = 0.83,
95% CI: 0.76, 0.89), anthocyanins (RR = 0.73, 95% CI: 0.60, 0.89),
flavones (RR = 0.77, 95% CI: 0.63, 0.94), flavan-3-ols (RR = 0.86,
95% CI: 0.82, 0.91), and flavonols (RR = 0.88, 95% CI: 0.80, 0.96);
no or small heterogeneity was observed for all of the above classes
except for anthocyanins and flavones (Figure 2). The possibility of
publication bias was noted for anthocyanins (Figure S1, Support-
ing Information). The analysis restricted to phytoestrogens (total,
lignans, genistein, and daidzein) led to null findings (Figures S2
and S3, Supporting Information). The subgroup analysis showed
some differences in size effect among geographical regions, year
of publication, age of participants and baseline, length of follow-
up, type of outcome, and sex (Table S4, Supporting Information).
Stronger protective role of flavonoid intake was detected: i) in US
studies for flavones and flavanones, ii) in studies published be-
fore 2020 year for anthocyanins and flavonols, iii) in younger par-
ticipants (<55) at baseline for flavanones and flavones, despite
differences disappeared when age at assessment of cognitive im-
pairment was taken into account instead, iv) shorter follow-up
time <20 years (possibly shorter distance between measurement
of exposure and outcome) for flavones and flavanones, v) when
cognitive impairment was an endpoint in the case of flavones,
vi) in females for anthocyanins, flavones, and flavanones, how-
ever with too limited number of studies available to draw univo-
cal conclusion. The sensitivity analyses did not detect any study
that significantly influenced the main findings. However, when
considering the analysis for flavones, excluding the female arm
of the study Yeh et al.,*!] reduced heterogeneity from 88% to 61%
(Figures S4 and S5, Supporting Information).
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Figure 2. Summary relative risks of cognitive impairment/dementia for the highest versus the lowest category of total flavonoids, anthocyanins, flavones,
flavan-3-ols, flavonols, flavanones, proanthocyanidins, isoflavones, and risk of cognitive impairment/dementia.

A dose-response analysis restricted to studies specifically as-
sessing the risk of dementia (including Alzheimer’s disease),
albeit limited, showed a decreasing risk toward higher flavonoid
intake of up to 250 mg per day (Figure 3 and Table 1). Con-
sidering specific groups of flavonoids, anthocyanins showed a

non-significant decreasing trend, while flavones consumption
of approximately 2-3 mg daily exhibited the strongest associ-
ation with dementia risk (Figure S6, Supporting Information).
No, high, and moderate heterogeneity was noticed for flavonoids,
anthocyanins, and flavones, respectively. Other subclasses did
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Figure 3. Dose-response meta-analysis for total flavonoid intake and risk
of dementia/Alzheimer disease.

not substantially affect the risk of dementia in the remaining
studies.

3. Discussion

In the present systematic review, an association between certain
classes of (poly)phenols and various measures of cognitive func-
tion, cognitive decline, and incidence of dementia were consis-
tently found. Specifically, a higher intake of flavonoids was associ-
ated with better cognitive function and reduced risk for cognitive
decline/dementia onset. Among individual classes of flavonoids,
the largest number of studies was conducted on anthocyanins,
but significant results were also found for flavan-3-ols, flavonols,
and flavones. Other compounds, such as phenolic acids, have
been only marginally investigated. The findings are promising
but far too preliminary to draft any conclusions.

Most studies conducted on (poly)phenols and cognitive out-
comes have considered the family of flavonoids. This group of
(poly)phenols includes compounds that share a similar chemical
structure of a 15-carbon skeleton bound with different elements
characterizing its main subgroups (i.e., anthocyanins, flavonols,
flavanols, flavanones, and isoflavones, among the most com-
monly investigated).’?! Flavonoids are secondary metabolites

www.mnf'-;ournal.com

of plants widely contained in vegetable foods commonly con-
sumed in plant-based dietary patterns.>3] Growing evidence
shows an inverse association between long-term consumption
of fruit and vegetables!>* but not specific fruits!>>! and cognitive
outcomes. There is a consistent amount of studies reporting an
association between flavonoid intake and benefits on vascular
and endothelial health.[>®>7] Maintaining vascular integrity and
function is paramount for brain health and underpin cognitive
function.[’®] In general, flavonoids have been demonstrated to
exert antioxidant properties, mostly attributed to their capacity
to modulate cellular signaling pathways and to regulate the
expression of antioxidant enzymes, which have been hypoth-
esized to underline their potential putative role in health.l>]
However, more recent evidence suggests that their mechanism
of action is more likely to depend on an anti-inflammatory effect,
either directly driven by their metabolites or indirectly occurring
through regulation of the gut microbiota.l®! The most common
class of flavonoids for which an association with better cognitive
status has been shown is represented by anthocyanins. These
compounds have demonstrated to exert anti-neuroinflammatory
activity through several mechanisms, including reduction of
p38 and nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-xB) activation, decrease in inflammatory mediators,
such as prostaglandin E2, inducible nitric oxide synthase (iNOS),
cyclo-oxygenase (COX)-2, interleukin (IL)-1, and TNF-alpha in
both in vitro and in vivo studies.[®®] Additional significant results
have been reported for other classes of flavonoids, such as
flavan-3-ols, flavonols, and flavones. These molecules have been
demonstrated to exert anti-inflammatory effects by activating
the extracellular signal-regulated kinases (ERK) pathway in a
mitogen-activated protein kinase kinase (MEK)1 and MEK2-
dependent manner to counteract neuronal apoptosis triggered
by oxidative stress and neuroinflammation and inhibit amyloid g
aggregation and effects on amyloid precursor protein processing
through the regulation of involved enzymes (i.e., inhibition of
p-secretase and/or activation of a-secretase).[®!]

Concerning non-flavonoid classes, emerging data also sug-
gest that lignans and phenolic acids might have protective

Table 1. Dose-response meta-analysis for flavonoids, anthocyanins, flavones, flavan-3-ols, flavonols, flavanones, and isoflavones intake and risk of

dementia/Alzheimer disease.

Polyphenol class No. studies R (95% CI) 12 Pheter Pronlin
Flavonoids [mg d~'] 0 100 200 300

R (95% Cl) 3 1.00 (REF) 0.91 (0.83; 1.00) 0.84 (0.70; 1.00) 0.78 (0.59; 1.02) 1 0.574 0.13
Anthocyanins [mg d~'] 0 10 20 30
RR (95% Cl) 3 1.00 (REF) 0.68 (0.44; 1.06) 0.52 (0.23; 1.19) 0.45 (0.14; 1.43) 82 <0001  <0.001
Flavones [mg d'] 0 1 2 3
RR (95% Cl) 2 1.00 (REF) 0.78 (0.59; 1.05) 0.68 (0.47; 0.98) 0.91 (0.51; 1.61) 66.3 0.051 0377
Flavan-3-ols [mg d'] 0 40 80 120
RR (95% Cl) 2 1.00 (REF) 0.77 (0.25; 2.42) 0.75 (0.27; 2.08) 1.21 (0.16; 9.30) 494 0.139 0.728
Flavonols [mg d™1] 0 10 20 30
RR (95% Cl) 2 1.00 (REF) 0.80 (0.54; 1.20) 0.53 (0.13; 2.28) 0.23 (0.00; 13.21) 63.8 0.063 0.573
Flavanones, mg/d 0 10 20 30

R (95% Cl) 2 1.00 (REF) 0.80 (0.55; 1.16) 0.68 (0.35; 1.30) 0.64 (0.31; 1.35) 68.3 0.043 0.233
Isoflavones [mg d~] 0 20 40 60
RR (95% Cl) 2 1.00 (REF) 1.00 (0.89; 1.12) 1.00 (0.82; 1.22) 1.01 (0.81; 1.26) 1 0.4174 0.849
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effects on cognitive status in older adults. Lignans (found
in whole grains and seeds), together with isoflavones, exert
weak estrogenic effects (hence named phytoestrogens). These
compounds have been hypothesized to effectively protect neu-
rons and alleviate memory impairment through a variety of
mechanisms, including anti-inflammatory, anti-apoptotic, antag-
onizing N-methyl-D-aspartate receptor (which plays a role in
synaptic plasticity and mediating learning and memory func-
tions), and suppressing acetylcholinesterase activity (important
for synaptic transmission).l®?] Furthermore, lignans may play
neuromodulatory actions as epigenetic modifiers and regulate
gene expression through epigenetic modifications related to
synaptic plasticity genes, learning and memory.l%*] Phenolic acids
are consumed through common foods, such as nuts, apple, cof-
fee, and tea. Although data specifically on phenolic acid intake
and cognitive outcomes are scarce, there is some evidence in
the scientific literature that consumption of walnuts, [ coffee,[®]
and teal®! was associated with lower odds of cognitive decline,
despite no acute effects on established cognitive dysfunction.[®’]
From a mechanistic point of view, phenolic acids demonstrate
an excellent capacity to pass through the blood-brain barrier and
exert potential direct activity on the human brain.[®®! Pheno-
lic acids demonstrated a combination of antioxidant and anti-
inflammatory properties through a variety of pathways, including
mitogen-activated protein kinase (MAPK) and NF-xB signaling
pathways and inhibition of pro-inflammatory cytokines produc-
tion, such as TNF-a, IL-6, and IL-1, reducing COX-2 and iNOS,
and stimulating the release of neurotrophic factors.[®] The hy-
pothesized neuroprotective effects of phenolic acids also include
their capacity to inhibit the anti-aggregation of the proteins impli-
cated in the pathogenesis of various neurodegenerative diseases,
including dementia and Alzheimer’s disease.[®”) Current obser-
vational data are still scarce to draft any conclusions, but the gen-
eral findings are promising, and further studies are encouraged
on these groups of molecules and their major dietary sources to
elucidate whether they may play a role in preventing cognitive de-
cline. Emphasis should be paid on circulating metabolites able to
cross the blood-brain barrier, using physiological approaches.
Dietary (poly)phenols are also transformed in the human colon
due to the action of gut microbiota.l””! Thus, differences in in-
testinal bacteria and inter-individual variability due to historical,
chronic, and acute exposure to external stimuli may substan-
tially affect (poly)phenol transformation, metabolite production,
absorption, and ultimately potential effects.’*7?] Interestingly,
(poly)phenol consumption also affects the gut microbiota compo-
sition, leading to an increase in bacteria strains able to promote
the production of active metabolites that are absorbed and ex-
ert neuroprotective effects.[”3! Intake of (poly)phenol-containing
foods has been shown to increase Bifidobacterium, Enterococ-
cus, and Lactobacillus strains and improve the overall balance
of intestinal microbes.[”* The intestinal flora per se may play
a role in the host nervous system’s health through the gut-
brain axis and eventually affect cognitive function.””! For in-
stance, metabolites generated by the gut microbiota, including
short-chain fatty acids, aromatic amino acids, trimethylamine-
N-oxide, urolithin A, equol, imidazole, and propionate are
known to maintain intestinal homeostasis and regulate neuro-
immunoendocrine function.”®! Moreover, compounds such as
anthocyanins are transformed by the gut microbiota into metabo-

Mol. Nutr. Food Res. 2024, 68, 2300472 2300472 (8 of 11)

www.mnf-journal.com

lites (including, but not limited to, gallic acid, vanillic acid, pro-
tocatechuic acid, 4-hydroxybenzoic acid, and syringic acid) that
are absorbed in human body and ultimately help regulating
the gut-brain axis.”’l Other metabolites from flavonols, such
as 3,4-dihydroxyphenylacetic acid, 3,4-dihydroxybenzoic acid, 4-
hydroxybenzoic acid, 3-hydroxybenzoic acid, propionic acid, and
other small molecules are also associated with a better gut micro-
biota profile.[”®] While it is essential to consider that the explored
molecules are generally transformed before or during the intesti-
nal absorption and subsequent metabolism in the human body,
there is also evidence that several metabolites derived from vari-
ous (poly)phenols can pass the blood-brain barrier, thus mecha-
nistically being potentially able to exert an action on the central
nervous system.[”>#% Microbiome-generated compounds, such
as protocatechuic acid, urolithins, and phenyl-y-valerolactones
share similar antioxidant and anti-inflammatory properties to
the molecules originally contained in food but are also able to
promote mitochondrial health and cerebrovascular microcapil-
lary function.®!] In this context, depending on their absorption,
bioavailability, and ability to pass the blood-brain barrier, sec-
ondary metabolites from (poly)phenols may reach the central ner-
vous system and counteract neuroinflammation.

The findings of this study should be considered in light
of some limitations. In most studies, dietary intakes are self-
reported and may suffer from recall and social desirability biases.
(Poly)phenol estimates are strongly influenced by the number of
food items included in the FFQ. Moreover, using different ref-
erence databases may affect the estimation of (poly)phenol con-
tent in foods. The dietary (poly)phenol assessment was not ac-
companied by an actual estimation of consumption markers, nor
metabolites that actually exert the putative actions in the central
nervous system are identified. Thus, dietary intakes as provided
in these types of studies cannot guarantee that the retrieved asso-
ciations depend on (poly)phenols themselves, or rather they just
represent a proxy for their major dietary sources. Moreover, al-
though we provided dose-response meta-analyses, the doses re-
trieved for some flavonoid classes were poorly reliable as possi-
bly too low compared to habitual consumption (i.e., for flavones).
No univocal measure or diagnosis was used for the outcomes in-
vestigated, varying from general assessments of cognitive status
or specific functions to a disease diagnosis. Thus, it is uncertain
whether the role of dietary (poly)phenols in the central nervous
system would be to potentially maintain good brain health, pre-
vent cognitive decline, or delay its symptoms in established or-
ganic diseases. Given the variety of exposure and outcome mea-
surement methods, a scientifically sound conclusion cannot be
deducted.

In conclusion, certain (poly)phenol classes, such as flavonoids,
might be responsible for the observed association between plant-
based dietary patterns and cognitive status in adults. Future
chronic trials should optimally focus on integrating and explor-
ing the variables influencing the interindividual differences in
the bioavailability and physiological response to (poly)phenol ex-
posure. Furthermore, investigating intermediate points, such as
(poly)phenol’s II phase and colonic metabolites, indicating the
actual exposure, would contribute to the current understanding
of the indirect and direct role of (poly)phenols in brain function-
ing and possibly unveil the most promising molecules. However,
up to date, the results presented in this study are the most com-
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prehensive to suggest that dietary (poly)phenols may be, at least
in part, responsible for the beneficial effects of plant-based diets
on cognitive health.

4. Experimental Section

The design and reporting of this study followed the Meta-analyses Of
Observational Studies in Epidemiology (MOOSE) guidelines. The study
procedures were registered in PROSPERO (CRD42022343197).

Study Selection: A systematic search for all studies examining dietary
intake of (poly)phenols and their relation to cognitive outcomes was per-
formed using PubMed/MEDLINE and Embase from their inception to
April 2023. The search strategy was based on combining the relevant key-
words related to (poly)phenols and various cognitive outcomes, as re-
ported in Table S1, Supporting Material. Reference lists of eligible studies
were also examined for additional studies not previously identified. The
systematic search and study selection were performed by two indepen-
dent authors (J.G. and S.C.), and any discrepancies were resolved through
discussion, until consensus was reached.

Studies were included in the systematic review if they met the fol-
lowing inclusion criteria: i) observational studies (either cross-sectional,
prospective or case—control studies); ii) studies conducted on the
general population; iii) evaluated relation between dietary (poly)phenol
intake and cognitive outcomes (including cognitive function, cognitive
decline/impairment, diagnosis of dementia or related disorders). Studies
fulfilling all the previous criteria and additionally providing quantitative
measures of risk were considered for inclusion in the meta-analysis. If
more than one article reported results on the same cohort of individuals,
only the study comprising the larger cohort size, the longest follow-up, or
the most comprehensive data was included in the meta-analysis. Finally,
studies conducted on hospitalized populations or patients with end-stage
degenerative diseases were excluded from the present review.

Data Extraction and Quality Assessment:  Data from all included studies
were extracted using a standardized electronic form. The following infor-
mation were collected: first author name, publication year, study design
and location, population age and sex, sample size, details on the assess-
ment and intake of dietary (poly)phenols (types and dose), details on the
assessment of the outcome of interest, quantitative measure of risk (HRs,
RRs, or ORs, and the corresponding 95% Cl], covariates used in adjust-
ments, and main findings of the study. Two investigators extracted the
data and assessed the methodological quality independently, and any in-
congruity was resolved by the consensus. The quality of each study was as-
sessed according to the Newcastle-Ottawa Quality Assessment Scale,[%?]
which consists of three constructs of quality, such as selection (4 points),
comparability (2 points), and outcome (3 points), with a total score of 9
points (9 representing the highest quality). Studies scoring 7-9 points, 3-6
points, and 0-3 points were identified as high, moderate, and low quality,
respectively.

Statistical Analysis: In this meta-analysis, ORs and HRs were deemed
equivalent to RRs.[83] ORs/HRs with 95% Cl for all categories of exposure
were extracted for the analysis, and random effects models were used to
calculate the RR with 95% Cls for the highest versus lowest category of
exposure. The risk measure from the most adjusted models was used to
perform the pooled analysis. Heterogeneity was assessed using the Q test
and 12 statistic. The level of significance for the Q test was defined as p <
0.70. The /? statistic represented the amount of total variation that could
be attributed to heterogeneity. A 50% cut-off of I? values denoted signifi-
cant heterogeneity. Sensitivity analysis by exclusion of one study at a time
was performed to assess the stability of results and potential sources of
heterogeneity. Subgroup analyses were also performed to check for po-
tential sources of heterogeneity according to a geographical area, year of
publication, study quality, age at baseline, age at assessment of cognitive
impairment, length of follow-up, sample size, and outcome. Publication
bias was evaluated by a visual investigation of funnel plots for potential
asymmetry.
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A dose-response analysis was performed only for prospective stud-
ies with well-defined outcomes (i.e., the incidence of dementia) by calcu-
lating study-specific slopes (generalized least squares) based on results
across categories of (poly)phenol intake.[3*] The distribution of the dose
of each compound was extracted. When (poly)phenol consumption was
reported by ranges of intake, the midpoint of the range was used: when
the highest category was open-ended, the width of the category to be
the same as the adjacent category was considered; when the lowest cate-
gory was open-ended, the lower boundary was set to zero. The quantita-
tive analysis only considered studies with comparable estimates of dietary
(poly) phenol intake (i.e., earlier studies with clear underestimation of total
flavonoids were not included in the analysis). HRs with 95% Cls for at least
three exposure categories were assigned to the median or mean intake of
(poly)phenols in each category for each study. A dose-response analysis
was modeled by using restricted cubic splines with three knots at fixed
percentiles (25%, 50%, and 75%) of the distribution.[8%] First, a restricted
cubic spline model with two spline transformations (three knots minus
one) was fitted, taking into account the correlation within each set of re-
trieved RRs; then, two regression coefficients and the variance/covariance
matrices that had been estimated within each study were combined us-
ing the multivariate extension of the method of moments in a multivariate
random-effects meta-analysis. All analyses were performed with R version
3.0.3 software (Development Core Team).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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