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Abstract The rising prevalence of cognitive disor-
ders highlights the urgent need for effective preven-
tion strategies and therapeutic interventions. While
adherence to a balanced diet has been associated with
a reduced risk of cognitive decline, emerging evi-
dence underscores the potential role of plant-derived
bioactive compounds, such as (poly)phenols, with
anthocyanins receiving increasing attention. This
meta-analysis aimed to evaluate the effect of antho-
cyanin-rich interventions on cognitive performance.

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s11357-025-02008-7.

A. Micek

Statistical Laboratory, Faculty of Health Sciences,
Jagiellonian University Medical College, 31-501, Cracow,
Poland

J. Godos - F. Galvano - G. Grosso
Department of Biomedical and Biotechnological Sciences,
University of Catania, Catania, Italy

F. Giampieri - M. Battino
Department of Clinical Sciences, Universita Politecnica
Delle Marche, 60131 Ancona, Italy

F. Giampieri - M. Battino

Joint Laboratory On Food Science, Nutrition

and Intelligent Processing of Foods, Polytechnic University
of Marche, Italy, Universidad Europea del Atlantico, Spain
and Jiangsu University, China at Polytechnic University

of Marche, 60131 Ancona, Italy

Published online: 06 December 2025

A systematic search of randomized controlled tri-
als (RCTs) assessing the effects of anthocyanin sup-
plementation and cognitive outcomes identified 59
eligible studies. Overall, anthocyanin intervention
significantly improved global cognition (standard-
ized mean difference (SMD)=0.46, 95% CI=0.30
to 0.63, 12=0.O%) compared with controls. Domain-
specific analyses further revealed significant benefits
for visuospatial processing/reasoning and attention
(SMD=0.37, 95% CI=0.18 to 0.55, F=76.3%),
processing and psychomotor speed (SMD=0.19,
95% CI=0.05 to 0.34, ’=64.0%), verbal speed
and fluency (SMD=0.21, 95% CI=0.03 to 0.39,
P=30.5%), episodic memory (SMD=0.30, 95%
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CI=0.10 to 0.50, 12:75.9%), and working memory
(SMD=0.24, 95% CI=0.12 to 0.36, >=46.5%).
Collectively, these findings suggest that anthocya-
nin supplementation may improve multiple cognitive
domains. Although these results are promising, fur-
ther well-designed RCTs are needed to validate these
outcomes and consolidate the current evidence base.

Keywords Anthocyanins - Flavonoids -
Polyphenols - Cognition - Memory - Brain

G. Caruso

Departmental Faculty of Medicine, UniCamillus-Saint
Camillus International University of Health and Medical
Sciences, Rome, Italy

G. Caruso (X))
IRCCS San Camillo Hospital, Venice, Italy
e-mail: giuseppe.caruso@unicamillus.org

E. Frias-Toral
School of Medicine, Universidad Espiritu Santo,
Samborondén 0901952, Ecuador

E. Frias-Toral
Division of Research, Texas State University, 601
University Dr, San Marcos, TX 78666, USA

I. D. Azpiroz
Universidade Internacional Do Cuanza, EN250, Cuito,
Angola

I. D. Azpiroz
Universidad de La Romana, La Romana 22000,
Dominican Republic

J. Xiao

Department of Analytical Chemistry and Food Science,
Faculty of Food Science and Technology, University

of Vigo, Ourense Campus, 32004 Ourense, Spain

N. Veronese
Saint Camillus International, University of Health
Sciences, Rome, Italy

M. Siervo

Curtin-Chulalongkorn Collaborative Centre for Nutrition
and Food Research and Education, Curtin University,
Perth, WA, Australia

M. Siervo

Faculty of Health Sciences, School of Population Health,
Curtin University, Perth, WA 6102, Australia

@ Springer

Introduction

Cognitive decline and neurodegenerative diseases
represent major public health challenges worldwide
[1]. The growing aging population and the increas-
ing prevalence of these conditions underline the
urgent need for preventive and therapeutic strategies
[2]. While genetic predisposition and aging are key
determinants in the development of neurodegenera-
tive conditions, accumulating evidence suggests that
modifiable lifestyle factors significantly influence
brain health [3]. Among these, diet has recently
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emerged as a critical area of research in relation to
cognitive health [4]. Healthy dietary patterns, par-
ticularly those rich in bioactive components, have
been associated with a reduced risk of cognitive
decline and dementia [5]. Plant-derived phytochem-
icals are of particular interest due to their potential
neuroprotective effects and their ability to mitigate
the risk of cognitive decline [6]. Traditionally rec-
ognized for their antioxidant properties in plants,
phytochemicals are increasingly acknowledged for
their anti-inflammatory and neuroprotective roles in
humans [7, 8]. Regular consumption of fruits, veg-
etables, whole grains, and other plant-based foods
rich in these phytochemicals, has been consistently
associated with a reduced risk of cognitive decline
and the development of neurodegenerative diseases
[9]. Specifically, certain phytochemicals, such as
(poly)phenols, have demonstrated the capacity to
modulate neuroinflammation, improve vascular
health, and enhance neurogenesis, all factors known
to contribute to cognitive function and the preserva-
tion of brain health [10].

While the neuroprotective effects of various
dietary phytochemicals are becoming increasingly
recognized, specific classes of compounds, such as
anthocyanins, have received substantial attention
due to the robust evidence of their positive effects
toward vascular and endothelial health [11]. Antho-
cyanins are a subgroup of flavonoids responsible for
the red, blue, and purple coloration in many fruits,
vegetables, and flowers. They are abundant in foods
such as berries (i.e., blueberries, strawberries, black-
berries), grapes, cherries, red cabbage, and eggplant
[12]. Anthocyanins have long been valued for their
health-promoting properties, supported by strong
evidence from observational studies that show their
association with reduced risk of cardiovascular-
related outcomes [13—15]. However, their potential in
supporting cognitive function and reducing the risk
of neurodegenerative diseases has been a subject of
growing scientific interest. Recently, a summary of
evidence from observational studies reported that a
higher dietary intake of anthocyanins was inversely
associated with cognitive decline, suggesting that the
habitual inclusion of anthocyanins in the diet may
play a pivotal role against cognitive disorders [16].
The results from preclinical studies support this rela-
tion, suggesting that anthocyanins and their metabo-
lites may exert direct neuroprotective effects due to

their ability to cross the blood-brain barrier (BBB),
reaching the central nervous system and regulating its
function through numerous molecular mechanisms,
including but not limited to, modulation of adult neu-
rogenesis and synaptic plasticity, inhibiting microglia
activation and neuroinflammation as well as regulat-
ing mitochondrial function and oxidative stress [17].
Additionally, anthocyanin metabolism may exert indi-
rect neuroprotective effects through modulation of the
gut-brain axis [18, 19].

Several studies have previously summarized
clinical evidence from randomized controlled trials
(RCTs) on the effects of anthocyanins on cognitive
outcomes [20-22]. However, such studies have only
focused on foods, not taking into account doses of
anthocyanins or selected favorable outcomes or spe-
cific tests, potentially leading to a certain degree of
bias in interpreting the results. Furthermore, since
the latest evidence synthesis, additional RCTs have
been published. The present study therefore aimed
to update and expand the current evidence by sys-
tematically and quantitatively evaluating the effects
of anthocyanin-rich dietary interventions on general
cognition and specific cognitive domains.

Methods

The conceptualization and execution of this study fol-
lowed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines
(Table S1) [23]. The systematic review protocol was
registered in the PROSPERO International Prospec-
tive Register of Systematic Reviews database (ID:
CRD42024557994, at https://www.crd.york.ac.uk/
prospero/).

Search strategy

A systematic search for all RCTs examining the effect
of anthocyanin intervention on cognitive outcomes
was conducted using PubMed/MEDLINE from its
inception to June 2024 and subsequently updated till
April 2025. The search strategy was based on a com-
bination of relevant keywords related to anthocya-
nins, major dietary sources, and cognitive outcomes
(Table S2). The reference lists of eligible studies were
hand-searched for relevant articles not previously
identified. If more than one article reporting results
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from the same trial was found, only the article includ-
ing the most comprehensive data was considered eli-
gible for the current meta-analysis. The systematic
search and study selection were performed by two
independent researchers (A.M. and J.G.).

Inclusion and exclusion criteria

The eligibility criteria were based on the Popula-
tion, Intervention, Comparison, Outcomes, and Study
(PICOS) design, a framework to formulate eligibility
criteria in systematic reviews (Table S3). In particu-
lar, studies were eligible if they fulfilled the follow-
ing inclusion criteria: (i) the design was a randomized
controlled trial; (ii) the study evaluated the effect of
anthocyanin or anthocyanin-rich intervention based
on edible food or extract; (iii) the study reported data
on cognitive function, in particular general cognition
and/or specific cognitive domains. On this last matter,
most outcomes assessed in the studies are somehow
interconnected and represent the whole (or at least a
significant part) of an individual’s cognitive function-
ing. Based on a reasonable approach, the outcomes
were categorized as follows: (i) “Memory”, further
distinguishing “Working” and “Episodic” memory,
including those tests specifically assessing the func-
tionalities of an active mnemonic task relevant for a
short window of time (including word, picture, and
numeric recognition and memory) and longer-last-
ing memory related to experience (including verbal
recalls), respectively [24]; (ii) “Visuospatial process-
ing/reasoning and attention” tests were grouped as
they share similar characteristics and recruit overlap-
ping brain regions emphasizing the static (non-motor)
processes encoding, maintenance, and retrieval [25];
(iii) “Processing and psychomotor speed” tests were
grouped to emphasize the “motor” aspect of process-
ing and the “time” component of the process (from
receiving the task to executing), as both processing
the intention to react and the following motor action
are hypothesized to be strictly related to the same
brain structural regions [26]; and (iv) “Verbal speed,
fluency, and accuracy” outcomes included those tests
related to executive functions specifically concerning
processing, retrieving, and producing verbal infor-
mation [27]. Exclusion criteria were the following:
(i) studies assessing immediate effects of the inter-
vention; (ii) studies involving individual or limited
administrations; and (iii) studies on children and
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adolescents, pregnant women, or patients with end-
stage degenerative diseases. Studies that provided
insufficient statistical data were also not included.

Data extraction and study quality assessment

Data from all the eligible studies was extracted using
a standardized electronic form. The following infor-
mation was collected: first author name and publica-
tion year, study design and location, population char-
acteristics, number of participants, population age
and sex, intervention duration, type of intervention
and its main characteristics, type of control, details on
the outcome of interest, and measures needed to cal-
culate size effects for each intervention at the begin-
ning and at the end of the trial.

The quality of each included study was assessed
by two authors (A.M. and J.G.) using the revised
Cochrane risk-of-bias tool for randomized trials (RoB
2) [28]. Briefly, the tool consists of five domains eval-
uating: (i) bias arising from the randomization pro-
cess, (ii) bias due to deviations from intended inter-
ventions, (iii) bias due to missing outcome data, (iv)
bias in outcome measurement, and (v) bias in selec-
tion of the reported results, and additionally for cross-
over trials the tool evaluates bias arising from period
and carryover effects [28]. Based on the individual
domain risk-of-bias judgments, the overall risk-of-
bias judgment is defined as “low risk of bias,” “some
concerns,” or “high risk of bias” [28].

Statistical analysis

A meta-analysis was performed to quantify the pooled
effect of anthocyanins and anthocyanin-rich foods on
cognitive outcomes. Analyses employed the so-called
raw score metric to calculate standardized mean dif-
ferences (SMDs). Next, effect sizes were harmo-
nized within the same outcome, taking into account
variability within each intervention group. As recom-
mended by Tsai et al. 2021 [29], in studies that pre-
sented estimates for several tests (more than one) in
a specific cognitive domain, the most representative
test was selected through discussion and consensus.
Additionally, to assess the robustness of the findings,
sensitivity analyses were conducted using alterna-
tive selections of psychological tests within each
cognitive domain in each study, considering both the
most favorable and the most unfavorable effect size
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scenarios. As a complementary approach, studies
reporting multiple outcomes within the same domain
were aggregated into a single effect size, with SMDs
averaged and their variances adjusted to account
for correlations between outcomes (conservatively
imputed at a level of 0.5 based on conventional use in
scientific literature). A random-effects model with the
DerSimonian and Laird estimator of between-study
variability was implemented. Statistical heterogene-
ity was assessed by the ? statistic and was formally
complemented by the Cochran Q-test. Pooled results
were reported as SMDs with 95% confidence inter-
vals (CIs) and 2-sided P values. In reports that failed
to provide sufficient data for computing effect size
estimates properly, accounting for the paired nature
of the design, the correlation between measurements
before and after each intervention was conservatively
imputed at a level of 0.5. Sensitivity analyses further
explored assumed correlations of »=0.2 and 0.8. The
effect of omitting one study at a time on the pooled
estimates was checked in the influential analysis. The
small-study effect and possible publication bias were
assessed by verifying asymmetry in funnel plots and
using Egger’s regression test. A trim-and-fill method
was then applied to adjust for the number of miss-
ing studies. A P-value less than 0.05 was considered
statistically significant. All analyses were performed
with R version 4.4.1 (Development Core Team).

Results

The process of systematic search and study selec-
tion is presented in Fig. S1. The systematic search
identified 625 potential articles for screening; after
title and/or abstract evaluation, 527 articles were
excluded, leaving 98 articles for full-text evaluation.
Finally, after excluding 39 articles that did not meet
the eligibility criteria, a total of 59 articles reporting
results from randomized controlled trials on anthocy-
anin or anthocyanin-rich interventions and cognitive
outcomes were included in meta-analyses.

Main characteristics of the included studies

The main characteristics of the studies included are
presented in Table 1 [30-56, 58-88, 88]. A total of
9 studies were cross-over trials, and 50 had a par-
allel design. Twenty-two trials were conducted in

European countries, 24 in North and South Amer-
ica, with 22 specifically involving US cohorts, 12
included populations from Asia and Oceania, and
one study was multicentric. Most studies included
older adults: specifically, the mean age of partici-
pants exceeded 65 years in 32 studies, ranged from
55 to 65 years in 14 studies, ranged from 45 to
55 years in 4 studies, and it was below 45 years in
8 studies (1 study did not report information on the
mean age of participants). The majority of the stud-
ies (n=153) involved both sexes, while 3 studies only
included females, and 3 studies only included males.
The duration of intervention differed between stud-
ies and lasted from 1 to 2 weeks (n=6 studies),
through 1 to less than 3 months (n=16 studies), 3
to 4 months (n=23 studies), 6 months (n=13 stud-
ies), and 12 months (n=1 study). Concerning the
health status of participants, 34 trials investigated
healthy individuals, 22 trials included individuals
with mental or cognitive problems, and 3 trials inves-
tigated cardiac, prostate cancer, and ischemic stroke
patients.

According to the RoB 2 assessment, 23 studies
were considered to have a low risk of bias, 26 had
some concerns, and 10 trials had a high risk of bias
(Fig. S2). However, when considering study design,
more than half of the crossover trials had a low risk of
bias, while only one third of parallel group trials had
a similar assessment (Fig. 1). Besides, the majority of
the studies (>80%) with both study designs had low
or some concerns, demonstrating an overall reliability
of the evidence (Fig. 1).

Effect of anthocyanin interventions on cognitive
function

The meta-analysis of the effect of anthocyanin inter-
vention on cognitive performance was based on 11
datasets for general cognition [30—40], 34 datasets
for attention and visuospatial reasoning [30-35, 37,
40-56, 58-63, 63], 33 datasets for working memory
[30-33, 37, 41-45, 47-49, 52, 56, 59-74], 30 data-
sets for episodic memory [30, 34, 35, 37, 41, 42, 47,
51-55, 59, 60, 63, 66, 69, 75-83], 41 datasets for pro-
cessing and psychomotor speed [30, 31, 33-35, 37,
39, 41-43, 45-49, 51, 52, 54, 56-65, 67-69, 72, 77,
79, 84-88] and 15 datasets for verbal speed and flu-
ency [30, 32-34, 37, 48, 51, 56, 58, 64, 65, 67, 76,
79, 80].

@ Springer
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to 0.40) for episodic memory and (vi) Calapai et al.,
2017 (SMD=0.07, 95% CI=-0.06 to 0.19) and Lee
et al., 2017 (SMD=0.15, 95% CI=0.01 to 0.30) for
working memory. Alternative analyses with selection
of different psychological tests within each cognitive
domain in each study also confirmed the stability of
the findings (Fig. S6 and Table S5). In the three sce-
narios developed, most results remained significant,
with an improvement in most cognitive domains after
intervention with anthocyanins. In only 2 alternative
analyses, the effects of the intervention did not result
in significant improvements in episodic memory and
verbal speed, fluency, accuracy, and memory (Fig. S6
and Table S5). Finally, a supplemental model meta-
analyzing all tests for individual cognitive domains
within each study and then pooling together the
retrieved effect sizes showed substantially unchanged
findings, although still with evidence of heterogene-
ity (Fig. S7). Additional sensitivity analyses were
performed by excluding specific groups of studies
according to a variety of criteria (Table S6).

All results generally remained unchanged after
excluding studies in which a combined intervention
was tested, as well as after restricting the analysis
to studies with a berry product only (Table S6).
However, when studies were restricted to those
with an anthocyanin content of > 10 mg/day, results
remained significant for general cognition, visuos-
patial processing/reasoning and attention, verbal
speed, fluency, accuracy, and memory. At the same
time when studies were restricted to those with
juice intervention, a significant association was
found for visuospatial processing/reasoning and
attention, working memory, episodic memory, and
processing and psychomotor speed (Table S6).

Subgroup analysis of the effect of anthocyanin
supplementation on cognitive performance gener-
ally did not reveal substantial differences by health
status (Pyyhe, > 0.05) for general cognition; visuos-
patial processing/reasoning and attention; working
memory; processing and psychomotor speed; ver-
bal speed; fluency; accuracy; and memory; how-
ever, the estimates often lost significance in the
subgroup of participants without mental or cog-
nitive problems. On the contrary, in the episodic
memory domain, the protective effect of interven-
tion was only found in cognitively impaired pop-
ulations. The intervention form did not affect the
result for general cognition and the visuospatial

@ Springer

processing/reasoning and attention domain; how-
ever, for the remaining domains, a tendency
towards a stronger positive effect was detected in
studies with anthocyanin supplementation by food
compared to capsules, with a statistically signifi-
cant difference in episodic memory as well as on
the boundary of significance in the psychomo-
tor speed domain (Table 2). Additionally, a trend
towards a stronger beneficial effect was noted in
longer trials (=3 months vs.<3 months) in gen-
eral cognition, episodic memory, and especially in
verbal speed, fluency, accuracy, and memory. At
the same time, the results did not differ substan-
tially by the mean age of participants (Table 2).
The results of subgroup analysis by study design
and daily dose of anthocyanin supplementation
(=100 mg vs. < 100 mg) showed no significant dif-
ferences. However, due to the limited number of
studies with crossover designs and available infor-
mation on dose, the results should be interpreted
with caution.

Discussion

The aim of this study was to summarize the current
evidence on the mid- to long-term effects of antho-
cyanin supplementation on cognitive functioning in
adults. The results of this meta-analysis showed that
anthocyanin interventions significantly improved gen-
eral cognition compared to the control. Importantly,
similar results were observed for individual cogni-
tive domains, including visuospatial processing/rea-
soning and attention, processing and psychomotor
speed, verbal speed and fluency, episodic memory,
and working memory. Most subgroup analyses did
not reveal important confounding factors that may
have weakened the robustness of results: some analy-
ses did not result in significant findings possibly due
to the lower number of studies included compared to
the general meta-analysis, although the direction and
strength of the effect remained unchanged. Notably,
no relation between effect and anthocyanin dose was
found, higher doses not being actually more effective
than lower ones; in contrast, longer trials resulted in
more effective improvements compared to shorter
ones. These findings suggest that the intake of antho-
cyanin-rich foods may exert positive effects on health
over a longer time consumption rather than excessive
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Cross-over design

Overall Bias

Selection of the reported result
Measurement of the outcome

Mising outcome data

Deviations from intended interventions

Bias arising from period and carryover effects
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Fig. 1 Summary of the assessment of risk of bias according to the revised Cochrane risk-of-bias tool for randomized trials (RoB 2)

Standardised Mean

Domain

General Cognition

Visuospatial processing/reasoning and attention
Working memory

Episodic memory

Processing and psychomotor speed

Verbal speed, fluency, accuracy, and memory

Difference

N SMD  95% Cl 12 [%] Pheter

—®— 11 0.46 [0.30;0.63] 0.00 0.52
—&—— 34 0.37 [0.18;0.55] 76.27 0.00

—— 33 0.24 [0.12;0.36] 46.46 0.00
—#—— 30 0.30 [0.10;0.50] 75.93 0.00
—&— 41 0.19 [0.05; 0.34] 64.04 0.00
—— 15 0.21 [0.03;0.39] 30.52 0.13

-06-04-02 0 0.2 04 06

Fig. 2 Summary results of the effect of anthocyanin interven-
tion on general cognition and individual cognitive domains; />
— statistic of heterogeneity (with P, P value for heterogeneity);

daily doses, which is in line with the biological
rationale that food compounds are naturally designed
to be consumed within certain dose boundaries and
that may exert effects on health over an established
chronic exposure. Overall, the results reported in this

SMD, standardized mean difference; CI, confidence interval;
weight, weight assigned to each study based on random-effects
model of meta-analysis

study support the hypothesis that plant-based dietary
patterns rich in anthocyanins may be associated with
better cognitive functioning and slower cognitive
decline. Within this context, a higher share of antho-
cyanin-rich fruits, such as berries, may be important

@ Springer



GeroScience

to justify such an outcome. Additionally, supplement-
ing current diets with anthocyanin-rich products (i.e.,
juices or extracts) could be a potential strategy to
improve cognitive status in older individuals.

Plant-based dietary patterns have recently gained
increased attention as strategies to support healthy
ageing, with particular relevance to mental and cog-
nitive health. Among these, the Mediterranean diet
has been extensively studied and consistently asso-
ciated with a lower risk of cognitive decline, Alz-
heimer’s disease, and other forms of dementia [89].
This dietary pattern emphasizes the consumption of
vegetables, fruits, legumes, whole grains, olive oil,
and moderate intake of fish and wine [89]. However,
while rich in general antioxidants and healthy fats,
the traditional Mediterranean diet does not promi-
nently feature anthocyanin-rich foods, such as berries,
which are infrequently consumed in many Mediter-
ranean populations [90]. To address this limitation
and enhance the neuroprotective potential of dietary
recommendations, the MIND diet (Mediterranean-
DASH Intervention for Neurodegenerative Delay) has
been proposed as a hybrid dietary model integrating
core elements of the Mediterranean and DASH (Die-
tary Approaches to Stop Hypertension) diets while
explicitly including anthocyanin-rich foods, particu-
larly berries, as key components due to their emerg-
ing cognitive benefits: the inclusion of such foods
in the MIND diet is grounded in growing evidence
from epidemiological and interventional studies
demonstrating that higher intake of berries and other
flavonoid-rich foods is associated with slower cogni-
tive ageing and reduced dementia risk [91]. In fact,
longitudinal data show that greater adherence to the
MIND diet is associated with a substantially lower
incidence of Alzheimer’s disease, even among non-
Mediterranean populations [92]. This suggests that
adapting dietary models to include neuroprotective
phytochemicals, such as anthocyanins, may provide
added value beyond traditional patterns.

The mechanisms through which anthocyanins
exert their cognitive benefits are multifactorial and
involve several key processes. Anthocyanins have
demonstrated potential benefits against vascular and
endothelial damage in both observational [15] and
intervention studies [93, 94]. Since vascular dys-
function and poor cerebral blood flow might be key
contributors to cognitive decline, anthocyanins can
preserve cognitive function by acting on endothelial
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function and promoting nitric oxide (NO) production,
leading to enhanced blood flow to the brain [95]. By
improving vascular health, anthocyanins support opti-
mal oxygen and nutrient delivery to neurons, which
is essential for maintaining cognitive function [96].
Anthocyanins can act as potent antioxidants, scav-
enging reactive oxygen species (ROS) and reducing
oxidative damage to cellular components, including
lipids, proteins, and DNA [97]. Oxidative stress has
been implicated in the pathogenesis of Alzheimer’s
disease and other neurodegenerative disorders, and by
neutralizing ROS, anthocyanins protect neurons from
damage [98]. Notably, more complex mechanisms,
such as modulation of microglia and astrocyte activ-
ity (the primary immune cells of the central nervous
system) and inhibition of neuroinflammation have
been suggested as more credible mechanisms of pro-
tection against cognitive decline and other neurode-
generative disorders [99]. Chronic inflammation is
typically occurring in the ageing brain and in most
neurodegenerative conditions [100]. Anthocyanins
have been shown to modulate inflammatory path-
ways by reducing the activation of microglia and
astrocytes through the inhibition of signaling path-
ways, such as NF-kB and MAPK, and reduction of
pro-inflammatory cytokine production and neuronal
damage [101]. Also, anthocyanins may enhance syn-
aptic function and promote neurogenesis in the hip-
pocampus, a brain region critical for memory and
spatial navigation [102]. Synaptic plasticity has been
shown to be crucial for learning and memory forma-
tion. This effect may be mediated by the upregula-
tion of brain-derived neurotrophic factor (BDNF), a
key neurotrophic factor involved in the survival and
growth of neurons [103]. Notably, such mechanisms
are supported by the recognition of biomarkers also
in human studies, resulting in a pro-inflammatory
cytokine profile and signaling molecules of vascular
damage [104, 105].

Current experimental models elucidating the
mechanisms behind the gut-brain axis are evolving
towards more holistic and complex methodologies,
incorporating omics approaches to describe the rela-
tionship between diet and brain health [106]. The
main concerns regarding the evidence of the poten-
tial benefits of anthocyanins on human health stem
from the entire process of absorption and metabo-
lism, as only a minor fraction of the compounds is
actually absorbed and remains unchanged within the
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Table 2 Subgroup analysis for the effect of anthocyanin intervention on general cognition and individual cognitive domains

Grouping variable Subgroup n SMD [95% CI] P Pyipgr
General cognition
Cognitive status of participants With mental or cognitive problems” 5 0.52 [0.30; 0.74]*** 20.9% 0.295
Without mental or cognitive problems 5 0.30 [—0.04; 0.65] 0.0%
Intervention form Food 6 0.30 [0.03; 0.58]* 0.0% 0.178
Capsules 5 0.550.32; 0.78]*** 13.8%
Follow up <3 months 3 0.33 [-0.04; 0.70] 0.0% 0.493
>3 months 8 0.48 [0.28; 0.69]*** 13.5%
Mean age of participants <65y 6 0.44 [0.23; 0.65]*** 0.0% 0.893
>65y 5 0.47 [0.15; 0.78]** 14.1%
Design Parallel 9 0.41[0.22; 0.61]*** 0.0% 0.571
Crossover 2 0.57 [0.06; 1.08]* 63.2%
Anthocyanin content <100 mg/d 4 0.31 [-0.03; 0.65] 0.0% 0.949
>100 mg/d 3 0.29 [-0.06; 0.65] 0.0%
Visuospatial processing/reasoning and attention
Cognitive status of participants With mental or cognitive problems” 23 0.24 [0.10; 0.38]*** 42.7% 0.139
Without mental or cognitive problems 9 0.75 [0.09; 1.41]* 91.6%
Intervention form Food 23 0.42 [0.16; 0.69]** 79.4% 0.385
Capsules 11 0.26 [0.02; 0.51]* 68.1%
Follow up < 3 months 9 0.33 [0.09; 0.56]** 27.4% 0.762
>3 months 25 0.38 [0.14; 0.61]** 81.2%
Mean age of participants <65y 19 0.19 [0.03; 0.36]* 50.7% 0.036
>65y 14 0.67 [0.26; 1.07]** 86.2%
Design Parallel 30 0.39 [0.18; 0.60]*** 79.0% 0.288
Crossover 4 0.21 [-0.04; 0.47] 0.0%
Anthocyanin content <100 mg/d 12 0.20 [0.07; 0.34]** 0.0% 0.492
>100 mg/d 12 0.37 [-0.08; 0.81] 88.1%
Working memory
Cognitive status of participants With mental or cognitive problems” 24 0.24 [0.11; 0.38]*** 47.4% 0.332
Without mental or cognitive problems 6 0.10 [-0.16; 0.36] 33.0%
Intervention form Food 22 0.24 [0.11; 0.37]*** 22.2% 0.966
Capsules 11 0.23 [-0.01; 0.47] 69.2%
Follow up <3 months 15 0.25 [0.07; 0.44]** 31.3% 0.914
>3 months 18 0.24 [0.07; 0.40]** 56.7%
Mean age of participants <65y 16 0.21 [0.06; 0.37]** 40.4% 0.666
>65y 16 0.27 [0.06; 0.48]* 55.6%
Design Parallel 28 0.28 [0.14; 0.42]*** 52.2% 0.127
Crossover 5 0.07 [-0.15; 0.30] 0.0%
Anthocyanin content <100 mg/d 8 0.05 [-0.09; 0.19] 0.0% 0.690
>100 mg/d 14 0.09 [-0.05; 0.23] 0.0%
Episodic memory
Cognitive status of participants With mental or cognitive problems* 16 0.10 [-0.14; 0.33] 69.2% 0.020
Without mental or cognitive problems 14 0.59 [0.24; 0.93]*** 80.3%
Intervention form Food 18 0.57 [0.20; 0.94]** 82.2% 0.014
Capsules 12 0.07 [-0.07; 0.21] 26.2%
Follow up < 3 months 5 0.30 [-0.50; 1.10] 89.6% 0.978
>3 months 25 0.29 [0.09; 0.49]** 70.6%
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Table 2 (continued)

Grouping variable Subgroup n SMD [95% CI] P Puper
Mean age of participants <65y 13 0.39 [0.06; 0.72]* 81.1% 0.484
>65y 17 0.24 [-0.02; 0.50] 71.7%
Design Parallel 28 0.34 [0.13; 0.55]** 76.7% 0.053
Crossover 2 —0.18 [-0.68; 0.31] 29.7%
Anthocyanin content <100 mg/d 10 0.00 [-0.16; 0.16] 0.0% 0.335
>100 mg/d 13 0.11 [-0.05; 0.28] 28.9%
Psychomotor speed
Cognitive status of participants With mental or cognitive problems# 29 0.11 [0.01; 0.20]* 2.5% 0.189
Without mental or cognitive problems 10 0.44 [-0.05; 0.93] 87.5%
Intervention form Food 27 0.29 [0.08; 0.50]** 70.4% 0.061
Capsules 14 0.05 [-0.10; 0.19] 27.5%
Follow up < 3 months 19 0.22 [0.01; 0.43]* 59.6% 0.748
>3 months 22 0.17 [-0.02; 0.37] 68.0%
Mean age of participants <65y 22 0.11 [-0.01; 0.23] 14.4% 0.187
> 65y 18 0.3310.03; 0.63]* 80.3%
Design Parallel 32 0.22 [0.04; 0.39]* 69.8% 0.652
Crossover 9 0.16 [—-0.02; 0.34] 7.0%
Anthocyanin content <100 mg/d 10 —0.03 [-0.19; 0.13] 0.0% 0.101
>100 mg/d 19 0.20 [-0.02; 0.41] 66.2%
Verbal speed, fluency, accuracy, and memory
Cognitive status of participants With mental or cognitive problems” 8 0.27 [0.07; 0.48]** 27.4% 0.672
Without mental or cognitive problems 6 0.20 [-0.09; 0.49] 0.0%
Intervention form Food 10 0.27 [0.06; 0.47]* 0.0% 0.399
Capsules 5 0.07 [-0.34; 0.48] 70.9%
Follow up <3 months 3 —0.18 [-0.73; 0.37] 63.5% 0.087
>3 months 12 0.32 [0.15; 0.49]*** 0.0%
Mean age of participants <65y 5 0.19 [-0.36; 0.73] 69.4% 0.953
>65y 10 0.21 [0.04; 0.38]* 0.0%
Design Parallel 14 0.21[0.01; 0.41]* 35.3% 0.859
Crossover 0.16 [—0.33; 0.66] -
Anthocyanin content <100 mg/d 5 0.21 [-0.11; 0.53] 29.0% 0.902
>100 mg/d 5 0.18 [-0.13; 0.49] 0.0%

*P <0.05; **P<0.01; ***P <0.001; /* statistics of heterogeneity, Py, P value for heterogeneity, n number of arms, SMD standard-

ized mean difference, P P value for significance of the effect

human body [107]. The mechanisms governing the
absorption, metabolism, and excretion of (poly)phe-
nols are complex and involve several stages, includ-
ing processes that occur in the gastrointestinal tract,
liver, kidneys, and various organs, with significant
contributions from gut microbiota [108]. While the
observed antioxidant properties have been demon-
strated for the native compounds, current evidence
suggests that anthocyanins undergo extensive trans-
formation by the gut microbiota, leading to the
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production of a variety of metabolites that may exert
other effects in the human brain [17]. In fact, antho-
cyanins reaching the colon are transformed by the gut
microbiota into their aglycone forms (the non-gly-
cosylated, sugar-free forms), which are more readily
available for further degradation by other microbes
into other compounds, including phenolic acids,
which have demonstrated neuroprotective and pro-
cognitive activities through different molecular mech-
anisms including the modulation of pro-oxidant and
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antioxidant machinery as well as inflammatory status
[109]. On the other hand, anthocyanin intake has been
shown in both in vitro and in vivo studies to benefi-
cially modulate the gut microbiota. These compounds
increase the abundance of beneficial bacterial groups,
such as Bifidobacterium, Lactobacillus, Faecalibac-
terium prausnitzii, and Eubacterium rectale, while
reducing potentially harmful bacteria like Clostridium
spp., Desulfovibrio, Enterococcus, and others [110].
These shifts are associated with increased produc-
tion of short-chain fatty acids (SCFAs), particularly
butyrate, which supports gut barrier integrity, reduces
inflammation, and contributes to metabolic and sys-
temic health [111, 112]. Anthocyanins also counter-
act dysbiosis and enhance microbial diversity through
their prebiotic-like actions, promoting a richer and
more balanced microbiome [113]. The changes in gut
microbiota induced by anthocyanin intake could ben-
efit brain health through the gut-brain axis by enhanc-
ing populations of SCFA-producing bacteria (e.g.,
Bifidobacterium, Faecalibacterium) which support
neuroprotection, reduce systemic and neuroinflam-
mation, and promote BBB integrity [114]. Moreover,
certain anthocyanin metabolites and SCFAs may act
as signaling molecules, influencing neurotransmit-
ter synthesis, modulating microglial activity, and
supporting cognitive function [115]. Therefore, the
microbial shifts promoted by anthocyanins may partly
explain their observed effects on mood regulation,
cognitive performance, and reduced risk of neuro-
degenerative disorders. Hence, it is unclear whether
the observed effects rely unequivocally on the direct
action of anthocyanins in the brain, or rather on an
indirect action of the gut microbiota.

The results of the present meta-analysis should
be considered in light of some limitations. Firstly,
the relative heterogeneity of the included studies
regarding the age and health status of participants,
as well as the characteristics of the intervention
(including foods/drinks, or extracts), and trial dura-
tion, could weaken the results. However, several
sensitivity analyses were conducted to overcome
this limitation. Secondly, the potential interactions,
including accumulating, synergistic, and antagonis-
tic effects, with other unknown dietary components
as well as food matrices, cannot be ruled out. Also,
the difference in the actual exposure to anthocyanin
metabolites resulting from gut microbiota composi-
tion was not accounted for. Finally, several aspects

investigated in the original studies using differ-
ent tests and grouped in the present study within a
certain group may, in part, overlap in clinical sig-
nificance and physiological involvement of similar
brain structures: for instance, attention tests may
also include a reaction time and a motor response,
hence considered in the present study as testing for
“processing and psychomotor time”, but in fact they
might be considered within the group testing for
attention; also memory speed could be deemed as
attention, although it has its basis on episodic mem-
ory, and so many other situations in which the cat-
egorization of the outcomes might suffer from arbi-
trariness. However, this meta-analysis is the first
one providing alternative models, including vari-
ous combinations of tests, to consider potential less
favorable alternative scenarios, in order to reduce
possible bias and explore the stability of the results.
In conclusion, the results indicate that anthocya-
nin intake improves cognitive functioning in adults.
The results of the present meta-analysis suggest that
future RCTs should adopt moderate daily content of
anthocyanin but last for at least 4 months or more.
Future studies could further strengthen current
evidence possibly accounting for interindividual
differences, identifying markers of consumption,
gut microbiota modifications related to cognitive
function, and metabolites exerting direct effects in
the brain. Emerging tools, such as metabolomics
or microbiome profiling, could be integrated into
future RCTs to identify responders or anthocyanin-
derived bioactive metabolites and gut bacterial pop-
ulation profiling in order to distinguish metabotypes
and other unmeasured variables that might explain
interindividual variability among participants.
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