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Background: With the accelerating global population aging, age-related 
cognitive decline has become a significant health concern for the older 
adults. The limited efficacy and common side effects of pharmacological 
interventions have made the exploration of safe non-pharmacological 
strategies an urgent need. Plant active substances have drawn much attention 
due to their multi-target neuroprotective properties, there is a lack of systematic 
comparative research on cognitive function in healthy older adults.
Objective: To assess the effects of plant active substances on various domains of 
cognitive function in healthy older adults through a network meta- 
analysis (NMA).
Methods: Comprehensive searches were conducted in Embase, PubMed, 
Cochrane Library, and Web of Science (up to 31 December 2024). Primary 
outcomes included learning and memory, complex attention, executive 
function, language, and perceptual-motor skills. NMA was performed using 
Stata 15.1, with cumulative ranking curve area (SUCRA) for intervention 
ranking; consistency and publication bias were examined.
Results: After screening, 25 eligible studies with 1861 healthy older adults, 
evaluating 10 plant active substances, were included. Specifically, 23 studies 
included learning and memory functions, 18 studies included complex attention, 
16 studies included executive functions, 4 studies included language functions, 
and 3 studies included perceptual-motor functions. The research results showed 
that based on the SUCRA values, raisins (95.1%) and tart cherry (89.5%) were the 
most likely to be the best intervention for improving learning and memory 
functions. The bacopa monnieri compound (91.3%), curcumin (89.3%), and 
tart cherry (88.9%) ranked in the top three in the executive function domain. 
Bacopa monnieri compound (93%) and raisin (80.7%) ranked in the language 
function category. Guarana (90.3%) had the highest probability in the perceptual- 
motor domain. The intervention effects on complex attention functions were 
generally limited.
Conclusion: The NMA results indicate that in terms of learning and memory 
functions, raisin and tart cherry ranked higher; in terms of executive functions, the 
bacopa monnieri compound demonstrated a relatively better intervention effect, 
providing an important basis for non-drug interventions for cognitive health in 
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the healthy older adults. Future research should focus on long-term safety, dosage 
optimization, and synergistic mechanisms to promote functional food 
development.
Systematic Review Registration: https://www.crd.york.ac.uk/PROSPERO/, 
identifier CDR420251032046.
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age related cognitive decline, cognitive function, healthy olderadults, network meta- 
analysis, plant active substances

1 Introduction

The growing global aging population has made the maintenance 
of cognitive function in older adults a critical public health issue. 
According to data from the World Health Organization, by 2030, 
one in six people worldwide will be aged 60 and above (Rudnicka 
et al., 2020). In this context, Age-Related Cognitive Decline (ARCD) 
is becoming a central issue threatening the ability of older adults to 
live independently (Olejnik et al., 2025), and the global prevalence of 
dementia is expected to double over the next 25 years (Gausemel and 
Filkuková, 2025). It should be emphasized that ARCD denotes a 
physiological decline in cognitive function associated with 
advancing age; its severity does not meet the diagnostic threshold 
for mild cognitive impairment (MCI), which represents a 
transitional state between normal aging and dementia (Roberts 
and Knopman, 2013). However, current pharmacological 
treatments, such as cholinesterase inhibitors, have limited efficacy 
and are associated with side effects (Sharma, 2019). Therefore, 
exploring safe non-pharmacological intervention strategies is of 
significant clinical and societal importance.

In recent years, natural plant active substances, such as 
polyphenols, flavonoids, and terpenoids, have garnered 
widespread attention due to their multi-target mechanisms of 
action and potential neuroprotective properties (Baranowska- 
Wojcik et al., 2025; Lorca et al., 2023). The existing meta-analysis 
studies mostly focus on the impact of individual plant active 
substances on cognitive function. The conclusions of these studies 
are often inconsistent due to the heterogeneity of the research 
population, intervention dosage, treatment duration, and cognitive 
assessment tools. They also cannot be directly compared among 
different components, making it difficult to determine which 
component is more advantageous. Network Meta Analysis (NMA) 
can integrate direct and indirect evidence under a unified framework, 

enabling comprehensive comparison and probability ranking of 
multiple intervention measures, and providing methodological 
support for selecting the optimal intervention. Furthermore, most 
studies focus on cognitive impairment interventions in pathological 
conditions (Hack et al., 2023; Pagotto et al., 2024; Travica et al., 2020), 
leaving a gap in preventive research for healthy older adults 
populations. Accordingly, this study employed a network meta- 
analysis to systematically evaluate the cognitive effects of the 
following plant active substances in healthy older adults: Bacopa 
monnieri (L.) Wettst. (Plantaginaceae; Bacopae monnieri herba), 
Paullinia cupana Kunth (Sapindaceae; Paulliniae cupanae semen), 
Ginkgo biloba L. (Ginkgoaceae; Ginkgo folium), Salvia officinalis L. 
(Lamiaceae; Salviae officinalis folium), Coffea arabica L. (Rubiaceae; 
Coffeae semen), Avena sativa L. (Poaceae; Avenae herba), Curcuma 
longa L. (Zingiberaceae; Curcumae longae rhizoma), Vaccinium 
corymbosum L. (Ericaceae; Vaccinii corymbosi fructus), Vitis 
vinifera L. (Vitaceae; Uvae passae fructus), and Prunus cerasus L. 
(Rosaceae; Cerasi acidi fructus) (see Table 1). The findings are 
expected to provide a theoretical basis for non-pharmacological 
interventions in older adults cognitive health and lay the scientific 
foundation for the development of plant-based functional foods.

2 Methods

The implementation of the meta-analysis and systematic review 
strictly adhered to the Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) guidelines and was registered with 
PROSPERO (registration number: CDR420251032046).

2.1 Search strategy

We systematically searched four databases: Embase, PubMed, 
Cochrane Library, and Web of Science, covering the period from 
their inception until 31 December 2024. The search strategy was 
based on the PICTOS framework, as follows: (P) Population: healthy 
older adults; (I) Intervention: plant active substances; (C) 
Comparison: placebo; (T) Timing: no restriction on intervention 
duration; (O) Outcome:cognitive function scores; (S) Study type: 
randomized controlled trials. A detailed example of the search 
strategy for PubMed can be found in Supplementary Table S1.

2.2 Inclusion and exclusion criteria

The inclusion criteria for this meta-analysis, as defined within 
the PICTOS framework, are as follows: (1) clinical randomized 

Abbreviations: ARCD, Age-Related Cognitive Decline; AVLT, Auditory Verbal 
Learning Test; BDNF, Brain-Derived Neurotrophic Factor; BNT, Boston 
Naming Test; CAT, Catalase; CANTAB, Cambridge Neuropsychological Test 
Automated Battery; CDR, Cognitive Drug Research Computerised Assessment 
System; COWAT, Controlled Oral Word Association Test; CVLT, California 
Verbal Learning Test; DS, Digital Span; DSM-5, Diagnostic and Statistical 
Manual of Mental Disorders, Fifth Edition; EGB 761, Standardized Ginkgo 
Biloba Extract; GMLT, Groton maze learning test; HVLT, Hopkins Verbal 
Learning Test; ISLT, International shopping list task; JLO,Judgment of line 
orientation test; MCI, Mild cognitive impairment; PLOOH, Phospholipid 
hydroperoxide; RVIP, Rapid Visual Information Processing; SDMT, Symbol 
Digit Modalities Test; SCWT, Stroop Color and Word Test; SRT, Selective 
Reminding Test; TMT-A, Trail Making Test-A; TMT-B, Trail Making Test-B; 
TST, Task-switching test; vMWM, Virtual Morris Water Maze; WAIS-Ⅲ, 
Wechsler Adult Intelligence Scale Ⅲ; WMS-R, Wechsler Memory Scale- 
Revised; VFT, Verbal Fluency Test; VVLT, Visual verbal learning test.
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controlled trials; (2) study population: healthy older adults; This 
study defines “healthy older adults” as follows:①Age≥50 years; 
②No history of dementia, Alzheimer’s disease, mild cognitive 
impairment or other neurological and mental disorders; 
③Received a cognitive status assessment before enrollment and 
was confirmed to have no subjective cognitive decline. (3) 
intervention: treatment with different plant active substances; (4) 
outcomes: one or more of the following cognitive 
functions—attention, executive function, learning and memory, 
language, perceptual motor skills, and social cognition; (5) The 
trial reported the duration of the intervention.

Exclusion criteria: (1) study population does not include healthy 
older adults, such as patients, children, and young people. (2) non- 
clinical experimental studies; (3) conference proceedings, clinical 
guidelines, animal studies, cell studies, review articles, and meta- 
analyses; (4) incomplete or unpublished data; (5) studies without a 
control group.

2.3 Study selection

The literature screening process was conducted by two 
researchers at different stages. Initially, all database search results 
were exported to Endnote software to remove duplicate references. 
The screening process was then carried out in two stages. In the first 
stage, titles and abstracts were reviewed to exclude articles that did 
not meet the inclusion criteria. In the second stage, full-text articles 
of those passing the initial screening were reviewed to determine the 
final studies for inclusion. This process was carried out 
independently by two researchers, and any disagreements were 
resolved through discussion with a third researcher.

2.4 Data extraction

Data extraction was independently performed by two authors 
based on the final list of included studies. Any disagreements 

regarding the extraction of data were resolved through discussion 
with a third researcher. The recorded study characteristics 
included: (1) first author; (2) year of publication; (3) country; 
(4) sample size; (5) mean age of participants; (6) duration and 
dosage of the intervention; and (7) outcomes used to assess 
cognitive function levels. Multi-indicator processing rule: 
When several instruments were available for the same 
cognitive domain, the one most frequently employed was 
selected; if the test time points are different, the result with the 
longest time window should be taken to reflect the 
sustained effect.

2.5 Quality assessment

Two researchers independently assessed the risk of bias (ROB) 
in the included randomized controlled trials (RCTs) using the 
Cochrane Handbook version 6.5 tool. The following seven 
domains were considered: random sequence generation; 
allocation concealment via blinding of participants and 
personnel; incomplete outcome data; selective reporting; and 
other sources of bias. The trials were classified into three levels 
of ROB based on the number of domains with either high or 
unclear risk of bias. Low risk of bias: the trial was rated as low risk 
in all domains for the outcome. Some concerns: the trial was rated 
as raising some concerns in at least one domain, but not as high 
risk in any domain. High risk of bias: the trial was rated as high 
risk in at least one domain, or had multiple domains raising 
concerns to an extent that substantially undermines confidence in 
the result (Lunny et al., 2025).

2.6 Data analysis

This study focuses on continuous variables, represented by 
means and standard deviations (SD). For continuous variable 
analysis, we employed the mean difference (MD), which is the 

TABLE 1 Botanical identity of plant active substances.

Common name Latin name Family Plant part used

Bacopa monnieri Bacopa monnieri (L.) wettst Plantaginaceae Bacopae monnieri herba

Guarana Paullinia cupana kunth Sapindaceae Paulliniae cupanae semen

Ginkgo biloba Ginkgo biloba L Ginkgoaceae Ginkgo folium

Salvia Salvia officinalis L Lamiaceae Salviae officinalis folium

Caffeine Coffea arabica L Rubiaceae Coffeae semen

Wild green oat Avena sativa L Poaceae Avenae herba

Curcumin Curcuma longa L Zingiberaceae Curcumae longae rhizoma

Blueberry Vaccinium corymbosum L Ericaceae Vaccinii corymbosi fructus

Tart cherry Prunus cerasus L Rosaceae Cerasi acidi fructus

Grape Vitis vinifera L Vitaceae Vitis viniferae fructus

Raisin Vitis vinifera L Vitaceae Uvae passae fructus

Common names are cited directly from the original RCT, publications.
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absolute difference between the means of the treatment and control 
groups (based on the same scale), or the standardized mean 
difference (SMD), which is the ratio of the difference between 
group means to the standard deviation of the outcome (suitable 
for integrating trial data from different scales). A 95% confidence 
interval (CI) was used for comprehensive analysis. Given the 
potential heterogeneity between studies, a random-effects model 
was chosen instead of a fixed-effects model to enhance the reliability 
of the analysis results (Jackson et al., 2011).

The study strictly adhered to the PRISMA NMA guidelines and 
utilized Stata (version 15.1) software to perform network meta- 
analysis (NMA) within a Bayesian framework, employing Markov 
chain Monte Carlo simulations for data aggregation (Moher et al., 
2015; Shim et al., 2017; Vats et al., 2019). The consistency between 
indirect and direct comparisons was evaluated using the node- 
splitting method, with calculations performed via Stata 
commands. A p-value greater than 0.05 was considered as 
evidence of consistency (Salanti et al., 2011). The transitivity 
assumption is evaluated by comparing the similarities in 
population characteristics such as age, gender, and health status 
among the included studies, ensuring the comparability among the 
various studies. Interventions were ranked based on the surface 
under the cumulative ranking curve (SUCRA), where a higher 
SUCRA value indicates a better ranking. The SUCRA value 
represents the ranking probability, and its interpretation requires 
caution, as its clinical significance depends on the magnitude of 
actual differences between interventions (Marotta et al., 2020). To 
identify the risk of publication bias due to small-scale studies, a 
network funnel plot was constructed, with symmetry visually 
assessed to ensure the scientific rigor and objectivity of the 
results (Chaimani et al., 2013). Additionally, we used CINeMA 
(Confidence In Network Meta - Analysis) to draw the network plot. 
The line thickness mainly depends on the number of studies; The 
colors red, green, and yellow of the nodes and lines primarily 
represent the proportions of high, low, and unclear risk of bias, 
respectively (Nikolakopoulou et al., 2020; Papakonstantinou 
et al., 2020).

2.7 Assessment of reporting quality for 
phytochemical characterization

To enhance the transparency and reproducibility of reporting on 
the composition of plant active substances, extraction processes, and 
quality information in this study, we referred to the ConPhyMP 
consensus guidelines and its online tool (https://ga-online.org/best- 
practice/) to report the composition and processing of the 
preparations (Heinrich and Jalil, 2023; Heinrich et al., 2022). 
Two investigators (XF and SF) independently assessed the 
reporting quality of the included literature by verifying each item 
using the ConPhyMP checklist. Discrepancies were resolved 
through discussion or by consulting a third party (FW). In 
addition to completing the core ConPhyMP checklist (see 
Supplementary Table S2, S3), we separately summarized the 
species, medicinal parts used, extraction processes, and dosage 
ranges for each plant active substance (see Supplementary Table 
S4). This provides traceable data to facilitate future replication or 
safety assessments.

3 Results

3.1 Literature screening

A total of 8,962 relevant articles were retrieved from electronic 
databases. Using Endnote, 2,327 duplicate references were 
removed, leaving 6,635 articles for further review. After 
screening the titles and abstracts, 6,568 articles were excluded. 
The remaining 67 articles underwent full-text review, resulting in 
the exclusion of 41 articles for various reasons, including non- 
target populations (n = 33), interventions that did not meet the 
inclusion criteria (n = 4), missing data (n = 4), and duplicated data 
(n = 1). Consequently, 25 articles meeting the study’s inclusion 
criteria were included in the final analysis (Bensalem et al., 2019; 
Bowtell et al., 2017; Calabrese et al., 2008; Carlson et al., 2007; 
Chai et al., 2019; Cheng et al., 2024; Cox et al., 2015; Cox et al., 
2020; Cropley et al., 2012; Crosta et al., 2021; Galduroz and 
Carlini, 1996; Mcnamara et al., 2018; Mcphee et al., 2021; 
Miller et al., 2018; Mix and Crews, 2000; Mix and David 
Crews, 2002; Morgan and Stevens, 2010; Nathan et al., 2002; 
Perry et al., 2018; Rodrigo-Gonzalo et al., 2023; Scholey et al., 
2008; Small et al., 2018; Solomon et al., 2002; Wong et al., 2012; 
Wood et al., 2023). See Figure 1.

3.2 Quality assessment of included studies

This study conducted a rigorous quality assessment of the 
included studies, with the following results: Regarding random 
sequence generation, the majority of studies were classified as low 
risk of bias, with three studies categorized as unclear risk, and 
none as high risk, indicating that most studies followed 
appropriate random allocation procedures. In terms of 
allocation concealment, 15 studies did not specify the measures 
for allocation concealment, and were therefore assessed as unclear 
risk. With respect to blinding, only one study, in which the 
intervention involved raisins, could not implement blinding for 
participants, resulting in a high risk of bias. For detection bias, two 
studies lacked specific descriptions of blinding for assessors, and 
were thus classified as unclear risk. Concerning data 
completeness, two studies had participant withdrawals from 
the intervention group (10 and 8 participants, respectively), 
which could lead to biased results, and were therefore assessed 
as high risk. Regarding other biases, one study was categorized as 
high risk due to baseline imbalances between the intervention and 
control groups, and a small final sample size. In summary, among 
the 25 studies included, 6 were classified as low risk and 4 as high 
risk. Although 15 studies did not clearly report the allocation 
concealment, the description of the random sequence generation 
process was sufficient, and there were no other indications of high 
risk. Therefore, the overall assessment is moderate risk. For 
further details, see Figure 2.

3.3 Characteristics of included studies

A total of 25 randomized controlled trials (RCTs) involving 
1,861 healthy older adults participants were included in this study. 
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The interventions in the control groups comprised 10 distinct 
plant active substances and their combinations, as follows: 
blueberry (n = 5), ginkgo biloba extract (n = 4), bacopa 
monnieri (n = 3), curcumin (n = 3), caffeine (n = 2), guarana 
(n = 1), raisins (n = 1), salvia (n = 1), tart cherry (n = 1), wild green 
oats (n = 1), a combination of grape and blueberry extracts (n = 1), 
ginkgo leaf + Gotu Kola + DHA (n = 1), bacopa monnieri + 
lycopene + astaxanthin + vitamin B12 (n = 1), and salvia + 
Rosmarinus + Melissa (n = 1). Based on the cognitive domains 
outlined in the Diagnostic and Statistical Manual of Mental 

Disorders, Fifth Edition (DSM-5) (Sachdev et al., 2014), the 
outcome measures included: learning and memory function 
(23 studies), complex attention (18 studies), executive function 
(16 studies), language function (4 studies), and perceptual motor 
function (3 studies). The studies originated from various 
countries: 9 studies from the United States, 6 from Australia, 
6 from the United Kingdom, 1 from Brazil, 1 from France, 1 from 
Italy, and 1 from Spain. The characteristics of the included studies 
are shown in Table 2. The methods used for the extraction of plant 
active substances are detailed in Supplementary Table S5.

FIGURE 1 
Flow diagram of literature selection.
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3.4 Network meta-analysis

The complete network meta-analysis (NMA) diagrams are 
shown in Figures 3A, 4A, 5A, 6A, 7A. In these diagrams, the 
thickness of the lines reflects the number of studies, while the 
color of the nodes and lines indicates the risk of bias, categorized 
into high, low, and unclear risk proportions. A summary of the 
CINeMA evidence grading results is presented in 
Supplementary Table S6.

3.4.1 Learning and memory function
Consistency and inconsistency tests were performed for all 

indirect and direct comparisons across the studies, with p-values 
greater than 0.05, indicating that the consistency effect among the 
studies is acceptable. Further details are provided in 
Supplementary Table S7.

The results of the network meta-analysis demonstrate that, 
compared to the placebo group, raisins (Raisin) [MD = 1.09, 95% 
CI=(0.46,1.71)], tart cherry (Tart cherry) [MD = 0.96, 95% 
CI=(0.13,1.78)], and Bacopa monnieri extract (Bacopa monnieri) 
[MD = 0.49, 95% CI=(0.07,0.90)] show significant advantages in 
improving memory function. The detailed results are presented 
in Table 3.

The probability ranking of different plant active substances for 
improving memory function indicates that raisin (SUCRA: 95.1%) 
and tart cherry (SUCRA: 89.5%) are most likely to be the optimal 
interventions. However, this probability ranking should be 
interpreted with caution in conjunction with the effect sizes and 
their confidence intervals reported in Table 3. For instance, although 
raisin extract and tart cherry occupied the top two positions in the 
ranking, the direct comparison between them showed no statistically 
significant difference [MD = 0.13, 95% CI=(-0.90,1.16)]. This 
suggests that while SUCRA values provide a probabilistic 
estimate of the hierarchy of interventions, the actual efficacy 
differences between closely ranked interventions may not be 
statistically significant. The details are shown in Figure 3B.

3.4.2 Complex attention function
Consistency and inconsistency tests were conducted for all 

indirect and direct comparisons across the studies, with p-values 
greater than 0.05, indicating that the consistency effect among the 
studies is acceptable. Further details are provided in 
Supplementary Table S8.

The results of the network meta-analysis indicate that most plant 
active substances show no statistically significant differences 
compared to the placebo in improving attention function. The 
details are provided in Table 4.

The probability ranking of different plant active substances in 
improving attention shows that the Bacopa monnieri compound 
(Bacopa + L + A + V, Bacopa + Lycopene + Astaxanthin + Vitamin 
B12) ranks first (SUCRA:63.9%). However, the SUCRA values of 
each intervention measure are relatively concentrated, and the 
confidence intervals of their effect sizes overlap widely, indicating 
that the differences in rankings lack statistical significance support. 
Therefore, the differences in the effects of different intervention 
measures on improving complex attention may not have clinical 
significance and further research is needed for verification. The 
details are shown in Figure 4B.

3.4.3 Executive function
Consistency and inconsistency tests were performed for both 

indirect and direct comparisons across all studies, with p-values 
greater than 0.05, indicating that the consistency effect among the 
studies is acceptable. Further details are provided in 
Supplementary Table S9.

The results of the network meta-analysis indicate that, compared 
to the placebo group, Bacopa monnieri compound [MD = 1.28, 95% 
CI = (0.78, 1.78)], curcumin [MD = 1.12, 95% CI = (0.72, 1.70)], tart 
cherry [MD = 1.21, 95% CI = (0.47, 1.96)], and Ginkgo biloba extract 
[MD = 0.30, 95% CI = (0.01, 0.59)] show significant advantages in 
improving executive function. The details are shown in Table 5.

The probability ranking of different plant active substances in 
improving executive function shows that the Bacopa monnieri 

FIGURE 2 
Risk of bias graph for each included study.
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TABLE 2 Characteristics of the studies included in the meta-analysis.

Author Country Year Age 
(mean 
+ sd)

Total/ 
Male/ 
Female

Interventions Dosage Treatment 
duration

Control Outcomes

J. C. 
Galduróz

Brazil 1996 I + C: 
65.6(NA)

I:15/NA/ 
NAI:15/ 
NA/NAC: 
15/NA/NA

Caffeine/Guarana 25 mg/ 
1000 mg/d

5 months Placebo SDMT, DS, mosaic 
test

J. A. Mix United States 2000 I:67.50 
(9.23) 
C: 
68.65 
(6.95)

I:20/NA/ 
NAC:20/ 
NA/NA

Ginkgo biloba 180 mg/d 6 weeks Placebo TMT-A, WMS-R, 
SCWT

Joseph 
A. Mix

United States 2002 I:66.97 
(6.12) 
C: 
68.60 
(6.96)

I:127/NA/ 
NAC:122/ 
NA/NA

Ginkgo biloba 180 mg/d 6 weeks Placebo WAIS-Ⅲ, SRT

P. J. Nathan Australia 2002 I:58.46 
(10.92) 
C:58.46 
(10/92)

I:11/6/5 
C:11/6/5

Ginkgo biloba 120 mg/d 90 min Placebo CDR (Choice 
reaction time; Spatial 
working memory), 
AVLT

P. R. 
Solomon

United States 2002 I:68.7 (4.7) 
C:69.9 (5.4)

I:111/46/65 
C:108/45/63

Ginkgo biloba 120 mg/d 6 weeks Placebo SDMT, WMS-R, 
SCWT, BNT

J. J. Carlson United States 2007 I:73.1 (4.8) 
C:72.1 (6.0)

I:42/21/21 
C:36/21/15

Ginkgo biloba + 
Gotu kola + DHA

160 mg + 
68 mg + 
180 mg/d

4 months Placebo SDMT, list learning, 
COWAT, JLO

C. Calabrese United States 2008 I + C: 
73.5(NA)

I:24/NA/ 
NAC:24/ 
NA/NA

Bacopa monnieri 300 mg/d 12 weeks Placebo AVLT, SCWT

A. B. 
Scholey

United Kingdom 2008 I:72.9(NA) 
C: 
72.9(NA)

I:20/11/9 
C:20/11/9

Salvia 333 mg/d 4 h Placebo CDR (Choice 
reaction time; Spatial 
working memory; 
delayed word recall)

A. Morgan Australia 2010 I:65.41 
(6.87) 
C: 
65.39 
(8.20)

I:49/24/25 
C:49/28/21

Bacopa monnieri 300 mg/d 12 weeks Placebo TMT-A, AVLT, 
TMT-B

V. Cropley Australia 2012 I:62.5 (6.0) 
C:62.5 (6.0)

I:39/20/19 
C:39/20/19

Caffeine 167 mg/d 40 min Placebo RVIP, VVLT, SCWT

R. H. X. 
Wong

Australia 2012 I:67 (0.8) 
C:67 (0.8)

I:37/12/25 
C:37/12/25

Wild green oat 1500 mg/d 12 weeks Placebo TMT-A, TMT-B

K. H. Cox Australia 2015 I:67.56 
(4.479) 
C:69.43 
(6.579)

I:30/12/18 
C:30/10/20

Curcumin 80 mg/d 4 weeks Placebo Serials subtraction 
task

J. L. Bowtell United Kingdom 2017 I:67.5 (0.9) 
C:69.9 (0.9)

I:12/7/5 
C:14/6/8

Blueberry 30 mL/d 12 weeks Placebo GMLT, 
ISLT,Identification 
task

R. K. 
McNamara

United States 2017 I:68 (3.9) 
C:67 (4.9)

I:19/8/11 
C:20/10/10

Blueberry 25 g/d 24 weeks Placebo HVLT

M. G. Miller United States 2017 I:67.8 (4.6) 
C:67.3 (4.8)

I:18/5/13 
C:19/7/12

Blueberry 24 g/d 90 days Placebo CVLT

N. S. L. 
Perry

United Kingdom 2018 I + C: 
61 (9.26)

I:12/NA/ 
NAC:6/ 
NA/NA

Salvia + Rosmarinus 
+ Melissa

10 mL/d 2 weeks Placebo Delayed word Recall

G. W. Small United States 2018 I:63.1 (8.4) 
C:62.9 (9.4)

I:21/9/12 
C:19/9/10

Curcumin 180 mg/d 18 months Placebo TMT-A, SRT

(Continued on following page)
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compound (SUCRA:91.3%), curcumin (SUCRA:89.3%), and tart 
cherry (SUCRA:88.9%) rank in the top three. Although the SUCRA 
probability is higher, the confidence intervals of its effect sizes still 
partially overlap. The ranking should be regarded as a probabilistic 
indication rather than a definitive conclusion. The details are shown 
in Figure 5B.

3.4.4 Language function
The network meta-analysis results indicate that, compared to the 

placebo group, Bacopa monnieri complex [MD = 0.75, 95% CI = 
(0.29, 1.21)] and raisins [MD = 0.50, 95% CI = (0.29, 1.21)] show 
significant advantages in improving language function (see Table 6).

The probability ranking of different plant active substances in 
improving language function reveals that Bacopa monnieri 
compound ranks first (SUCRA: 93%), followed by raisin extract 
(SUCRA: 80.7%). However, because only four studies were included 
in the domain of language function, the evidence base is limited; 
therefore, these rankings should be interpreted with caution and 
require further verification in larger-sample studies. The details are 
shown in Figure 6B.

3.4.5 Perceptual-motor
The network meta-analysis results show that guarana [MD = 

1.09, 95% CI = (0.349, 1.85)] does not show significant statistical 

TABLE 2 (Continued) Characteristics of the studies included in the meta-analysis.

Author Country Year Age 
(mean 
+ sd)

Total/ 
Male/ 
Female

Interventions Dosage Treatment 
duration

Control Outcomes

J. Bensalem France 2019 I + C: 
64.66 
(2.91)

I:91/NA/ 
NAC:98/ 
NA/NA

Grape + Blueberry 600 mg/d 24 weeks Placebo CANTAB(Spatial 
Span; VRMFR)

S. C. Chai United States 2019 I:70.0 (3.7) 
C:69.5 (3.9)

I:20/8/12 
C:17/9/8

Tart cherry juice 480 mL/d 12 weeks Placebo CANTAB (reaction 
time; Spatial working 
memory; PAL)

K. H. 
M. Cox

Australia 2020 I:67.81 
(6.00) 
C: 
68.38 
(6.71)

I:42/21/21 
C:43/21/22

Curcumin 80 mg/d 12 weeks Placebo vMWM, AFT,serials 
subtraction task

F. Crosta Italy 2021 I:61.88 
(1.36) 
C: 
62.05 
(1.55)

I:40/12/28 
C:40/13/27

Bacopa + Lycopene 
+ Astaxanthin + 
Vitamin B12

NA 8 weeks Placebo TMT-A, AVLT, 
TMT-B, VFT

G. M. 
McPhee

United Kingdom 2021 I:68.87 
(5.59) 
C: 
68.85 
(5.93)

I:15/7/8 
C:13/5/8

Bacopa monnieri 4.32 g/d 12 weeks Placebo Choice reaction 
time, delayed word 
recall, numeric 
working memory

M. 
J. Rodrigo- 
Gonzalo

Spain 2023 I:76.3 (4.6) 
C:77.0 (4.6)

I:40/10/30 
C:40/17/23

Raisin 50 g/d 6 months Placebo AVLT, category 
fluency

E. Wood United Kingdom 2023 I:69.44 
(3.48) 
C: 
70.76 
(3.81)

I:32/12/20 
C:29/12/17

Blueberry 26 g/d 12 weeks Placebo AVLT, TST, serials 
subtraction task

N. Cheng United Kingdom 2024 I + C: 
71.02 
(2.03)

I:45/18/27 
C:45/18/27

Blueberry 200 mg/d 2 h Placebo AVLT, TST

Definition of cognitive domais and assessments: The cognitive outcomes in this study were defined and classified according to the core cognitive domains outlined in the Diagnostic and 
Statistical Manual of Mental Disorders (Fifth Edition) (DSM-5). The representative neuropsychological tests included in each domain are as follows:①Learning and Memory: AVLT, HVLT, 
RAVLT, SRT, WMS-R, CVLT, VVLT, vMWM, list learning, Delayed Word Recall, CANTAB(VRMFR; PAL).②Complex Attention: SDMT, TMT-A, RVIP, WAIS-III-Digit Symbol, Serials 
Subtraction Task, Identification task, CDR (Choice Reaction Time), CANTAB (Reaction Time).③Executive Function: SCWT, TMT-B, GMLT, spatial working memory, Numeric working 
memory, AFT, TST, CDR (Spatial Working Memory), CANTAB (Spatial Working Memory; Spatial Span).④Language: BNT, COWAT, VFT, Category Fluency.⑤Perceptual-Motor: JLO, 
mosaic test, WAIS-R-BD.
Abbreviations: AVLT: auditory verbal learning test; BNT: boston naming test; CANTAB:cambridge neuropsychological test automated battery; CDR: cognitive drug research computerised 
assessment system; COWAT: controlled oral word association test; CVLT: california verbal learning test; DS: digital span; GMLT:groton maze learning test; HVLT: hopkins verbal learning test; 
ISLT: international shopping list task; JLO:judgment of line orientation test; PAL:Paired Associates Learning, RVIP:rapid visual information processing; SRT: selective reminding test; SCWT: 
stroop color and word test; SDMT: symbol digit modalities test; TMT-A: Trail Making Test-A; TMT-B: Trail Making Test-B; TST: Task-switching test; vMWM:virtual morris water maze; VVLT: 
visual verbal learning test; VFT:verbal fluency test; VRMFR: Visual Recognition Memory-Free Recall; WAIS-Ⅲ:Wechsler Adult Intelligence Scale Ⅲ; WMS-R:Wechsler Memory Scale-Revised.
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differences when compared to other interventions (such as Ginkgo 
biloba extract, placebo, and composite Ginkgo formulations) but is 
significantly superior to caffeine (see Table 7).

The probability ranking of different plant active substances in 
improving perceptual motor function shows that guarana 
(SUCRA = 90.3%) significantly outperforms other interventions, 

followed by Ginkgo biloba extract (SUCRA = 62.1%) (see Figure 7B). 
However, it must be emphasized that this network comprised only 
three studies and was sparsely connected, resulting in an extremely 
low strength of evidence. Therefore, the ranking should be regarded 
as an exploratory finding that urgently warrants confirmation from 
more high-quality trials. The details are shown in Figure 7B.

FIGURE 3 
NMA and SUCRA plot for learning and memory. Note: (A), network graph of the comparisons for Learning and Memory. (B), the SUCRA plot for 
Learning and Memory. The thickness of the connecting lines is proportional to the number of trials for that direct comparison. The color of the lines 
represents the overall risk of bias for the direct comparison: red for high risk, yellow for moderate/unclear risk, and green for low risk. Abbreviations: 
Bacopa + L + A + V: Bacopa + Lycopene + Astaxanthin + Vitamin B12; Ginkgo biloba + G + D: Ginkgo biloba + Gotu kola + DHA; Salvia + R + M: Salvia 
+ Rosmarinus + Melissa.

FIGURE 4 
NMA and SUCRA plot for complex attention. Note: (A), network graph of the comparisons for Complex Attention. (B), the SUCRA plot for Complex 
Attention. The thickness of the connecting lines is proportional to the number of trials for that direct comparison. The color of the lines represents the 
overall risk of bias for the direct comparison: red for high risk, yellow for moderate/unclear risk, and green for low risk. Abbreviations: Bacopa + L + A + V: 
Bacopa + Lycopene + Astaxanthin + Vitamin B12; Ginkgo biloba + G + D: Ginkgo biloba + Gotu kola + DHA.
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3.5 Adverse events

Among the 25 RCTs included, 8 clearly recorded adverse events 
(see Table 8), while the others either did not report or merely stated 
“no obvious adverse reactions”. The reported events were most 
commonly gastrointestinal discomfort. In Calabrese’s study 

(Calabrese et al., 2008) using a general “stomach discomfort” 
description, there was no difference between the test substance 
and the placebo (p = 1.0). However, in Morgan’s study (Morgan 
and Stevens, 2010), after using a more detailed quantification 
method, the increase in stool frequency, nausea, and abdominal 
cramps were significantly higher than those of the placebo (p < 0.01), 

FIGURE 5 
NMA and SUCRA plot for executive function. Note: (A), network graph of the comparisons for Executive Function. (B), the SUCRA plot for Executive 
Function. The thickness of the connecting lines is proportional to the number of trials for that direct comparison. The color of the lines represents the 
overall risk of bias for the direct comparison: red for high risk, yellow for moderate/unclear risk, and green for low risk. Abbreviations: Bacopa + L + A + V: 
Bacopa + Lycopene + Astaxanthin + Vitamin B12.

FIGURE 6 
NMA and SUCRA plot for language. Note: (A), network graph of the comparisons for Language. (B), the SUCRA plot for Language. The thickness of the 
connecting lines is proportional to the number of trials for that direct comparison. The color of the lines represents the overall risk of bias for the direct 
comparison: red for high risk, yellow for moderate/unclear risk, and green for low risk. Abbreviations:Bacopa + L + A + V: Bacopa + Lycopene + 
Astaxanthin + Vitamin B12; Ginkgo biloba + G + D: Ginkgo biloba + Gotu kola + DHA.
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suggesting that detailed indicators can detect mild gastrointestinal 
irritation. Curcumin, caffeine-guarana, and ginkgo leaf preparations 
only showed mild gastrointestinal discomfort or occasional cases. 
The original counts were all single digits, and the differences 
between groups were not significant. No significant toxicity was 
found. Overall, no serious or dose-limiting toxicity was observed. 
However, due to the small sample size and short follow-up period, 
the long-term safety and rare interactions still require large-scale 
studies for verification.

3.6 Publication bias test

Funnel plots were constructed for each outcome measure to 
assess potential publication bias. Visual inspection of the funnel 
plots revealed no significant publication bias. Further details are 
provided in Figure 8. Furthermore, the Gelman-Rubin convergence 
diagnostics (Supplementary Figures S1-S5; Supplementary Table 
S10) and the results of the influence analysis (Supplementary 
Figures S6-S10) are provided in the Supplementary Material.

4 Discussion

In this study, we compared the effects of various plant active 
substances on cognitive function improvement. A total of 25 studies 
were included, involving 10 plant active substances and related 
compound formulations, with a sample size of 1,861 healthy older 
adults. Our study revealed notable variations in the probability 
rankings of different plant active substances across cognitive 
domains. In the domains of learning and memory, raisin extract, 
tart cherry, and the Bacopa monnieri compound ranked highest. For 

executive function, the Bacopa monnieri compound, curcumin, and 
tart cherry showed relatively prominent signals of improvement. In 
the language domain, the Bacopa monnieri compound and raisin 
obtained higher ranking probabilities. Regarding perceptual-motor 
function, guarana ranked first. However, the two domains (language 
and perceptual-motor) only include 4 and 3 studies respectively, 
with weak evidence, and need to be interpreted with caution. 
Furthermore, the overall improvement in complex attention 
function was generally not significant. In summary, this study 
did not find a universally applicable best intervention for all 
cognitive domains; the improvement effects of different plant 
active substances on cognitive functions have significant domain 
specificity.

The results of this study indicated that raisin and tart cherry 
ranked highest in the probability ranking for learning and memory 
function. A previous meta-analysis showed that grapes could 
provide benefits in memory performance for both healthy 
individuals and those with mild cognitive impairment, which 
aligns with our results (Bird et al., 2022). The improvement in 
memory function by raisins and tart cherries may be closely linked 
to their high content of polyphenolic metabolites, such as 
anthocyanins and flavonoids (Williamson and Carughi, 2010). 
Studies have shown that polyphenols can regulate cognitive levels 
through their antioxidant, anti-inflammatory, and neuroprotective 
properties, via pathways such as enhancing synaptic plasticity and 
regulating the gut-brain axis (Arias-Sánchez et al., 2023; Rojas- 
García et al., 2023). Notably, although both the blueberry group and 
the grape-blueberry combination in this study were rich in 
polyphenols, their effects were weaker than those of raisins. This 
may be attributed to differences in intervention forms, dosages, and 
bioavailability. The multiple components of whole foods (such as 
fibers and organic acids) might work synergistically with 

FIGURE 7 
NMA and SUCRA plot for perceptual-motor function. Note: (A), network graph of the comparisons for Perceptual-Motor Function. (B), the SUCRA 
plot for Perceptual-Motor Function. The thickness of the connecting lines is proportional to the number of trials for that direct comparison. The color of 
the lines represents the overall risk of bias for the direct comparison: red for high risk, yellow for moderate/unclear risk, and green for low risk. 
Abbreviations: Ginkgo biloba + G + D: Ginkgo biloba + Gotu kola + DHA.
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TABLE 3 League table on learning and memory.

Raisin Tart 
cherry

Bacopa 
monnieri

Curcumin Caffeine Blueberry Salvia Grape + 
Blueberry

Ginkgo 
biloba

Bacopa + 
L + A + V

Placebo Guarana Salvia + 
R + M

Ginkgo 
biloba + 
G + D

Raisin −0.13 
(−1.16,0.90)

−0.60 
(−1.35,0.15)

−0.68 
(−1.46,0.11)

−0.80 
(−1.59,-0.01)

−0.84 
(−1.54,-0.14)

−0.83 
(−1.80,0.15)

−0.83 
(−1.63,-0.03)

−0.88 
(−1.57,-0.19)

−1.11 
(−1.97,-0.24)

−1.09 
(−1.71,-0.46)

−1.31 
(−2.29,-0.33)

−1.42 
(−2.66,-0.18)

−1.55 
(−2.42,-0.68)

0.13 
(−0.90,1.16)

Tart cherry −0.47 
(−1.39,0.45)

−0.55 
(−1.50,0.40)

−0.67 
(−1.63,0.29)

−0.71 
(−1.59,0.17)

−0.70 
(−1.81,0.42)

−0.70 
(−1.67,0.26)

−0.75 
(−1.63,0.13)

−0.97 
(−2.00,0.05)

−0.96 
(−1.78,-0.13)

−1.18 
(−2.30,-0.06)

−1.29 
(−2.64,0.06)

−1.42 
(−2.44,-0.39)

0.60 
(−0.15,1.35)

0.47 
(−0.45,1.39)

Bacopa 
monnieri

−0.08 
(−0.71,0.56)

−0.20 
(−0.84,0.44)

−0.24 
(−0.77,0.29)

−0.23 
(−1.08,0.63)

−0.23 
(−0.88,0.42)

−0.28 
(−0.80,0.24)

−0.50 
(−1.24,0.23)

−0.49 
(−0.90,-0.07)

−0.71 
(−1.58,0.15)

−0.82 
(−1.96,0.33)

−0.95 
(−1.69,-0.21)

0.68 
(−0.11,1.46)

0.55 
(−0.40,1.50)

0.08 
(−0.56,0.71)

Curcumin −0.12 
(−0.80,0.56)

−0.16 
(−0.73,0.41)

−0.15 
(−1.03,0.73)

−0.16 
(−0.84,0.53)

−0.20 
(−0.76,0.35)

−0.43 
(−1.19,0.34)

−0.41 
(−0.88,0.06)

−0.63 
(−1.53,0.26)

−0.74 
(−1.91,0.43)

−0.87 
(−1.64,-0.10)

0.80 
(0.01,1.59)

0.67 
(−0.29,1.63)

0.20 
(−0.44,0.84)

0.12 
(−0.56,0.80)

Caffeine −0.04 
(−0.62,0.54)

−0.03 
(−0.92,0.87)

−0.03 
(−0.73,0.66)

−0.08 
(−0.65,0.49)

−0.30 
(−1.08,0.47)

−0.29 
(−0.78,0.20)

−0.51 
(−1.27,0.25)

−0.62 
(−1.79,0.56)

−0.75 
(−1.53,0.03)

0.84 
(0.14,1.54)

0.71 
(−0.17,1.59)

0.24 
(−0.29,0.77)

0.16 
(−0.41,0.73)

0.04 
(−0.54,0.62)

Blueberry 0.01 
(−0.80,0.82)

0.01 (−0.59,0.60) −0.04 
(−0.48,0.39)

−0.27 
(−0.95,0.42)

−0.25 
(−0.57,0.07)

−0.47 
(−1.29,0.35)

−0.58 
(−1.69,0.54)

−0.71 
(−1.40,-0.02)

0.83 
(−0.15,1.80)

0.70 
(−0.42,1.81)

0.23 
(−0.63,1.08)

0.15 
(−0.73,1.03)

0.03 
(−0.87,0.92)

−0.01 
(−0.82,0.80)

Salvia −0.01 
(−0.90,0.89)

−0.06 
(−0.86,0.75)

−0.28 
(−1.24,0.68)

−0.26 
(−1.01,0.48)

−0.49 
(−1.55,0.58)

−0.59 
(−1.89,0.71)

−0.72 
(−1.68,0.24)

0.83 
(0.03,1.63)

0.70 
(−0.26,1.67)

0.23 
(−0.42,0.88)

0.16 
(−0.53,0.84)

0.03 
(−0.66,0.73)

−0.01 
(−0.60,0.59)

0.01 
(−0.89,0.90)

Grape + 
Blueberry

−0.05 
(−0.63,0.53)

−0.27 
(−1.05,0.51)

−0.25 
(−0.75,0.25)

−0.48 
(−1.39,0.43)

−0.58 
(−1.76,0.60)

−0.71 
(−1.50,0.07)

0.88 
(0.19,1.57)

0.75 
(−0.13,1.63)

0.28 
(−0.24,0.80)

0.20 
(−0.35,0.76)

0.08 
(−0.49,0.65)

0.04 
(−0.39,0.48)

0.06 
(−0.75,0.86)

0.05 (−0.53,0.63) Ginkgo 
biloba

−0.22 
(−0.90,0.45)

−0.21 
(−0.50,0.09)

−0.43 
(−1.24,0.38)

−0.54 
(−1.65,0.57)

−0.67 
(−1.34,0.01)

1.11 
(0.24,1.97)

0.97 
(−0.05,2.00)

0.50 
(−0.23,1.24)

0.43 
(−0.34,1.19)

0.30 
(−0.47,1.08)

0.27 
(−0.42,0.95)

0.28 
(−0.68,1.24)

0.27 (−0.51,1.05) 0.22 
(−0.45,0.90)

Bacopa + L + 
A + V

0.02 
(−0.59,0.62)

−0.21 
(−1.18,0.76)

−0.31 
(−1.54,0.92)

−0.44 
(−1.30,0.41)

1.09 
(0.46,1.71)

0.96 
(0.13,1.78)

0.49 
(0.07,0.90)

0.41 
(−0.06,0.88)

0.29 
(−0.20,0.78)

0.25 
(−0.07,0.57)

0.26 
(−0.48,1.01)

0.25 (−0.25,0.75) 0.21 
(−0.09,0.50)

−0.02 
(−0.62,0.59)

Placebo −0.22 
(−0.98,0.53)

−0.33 
(−1.40,0.74)

−0.46 
(−1.07,0.15)

1.31 
(0.33,2.29)

1.18 
(0.06,2.30)

0.71 
(−0.15,1.58)

0.63 
(−0.26,1.53)

0.51 
(−0.25,1.27)

0.47 
(−0.35,1.29)

0.49 
(−0.58,1.55)

0.48 (−0.43,1.39) 0.43 
(−0.38,1.24)

0.21 
(−0.76,1.18)

0.22 
(−0.53,0.98)

Guarana −0.11 
(−1.42,1.20)

−0.24 
(−1.21,0.74)

1.42 
(0.18,2.66)

1.29 
(−0.06,2.64)

0.82 
(−0.33,1.96)

0.74 
(−0.43,1.91)

0.62 
(−0.56,1.79)

0.58 
(−0.54,1.69)

0.59 
(−0.71,1.89)

0.58 (−0.60,1.76) 0.54 
(−0.57,1.65)

0.31 
(−0.92,1.54)

0.33 
(−0.74,1.40)

0.11 
(−1.20,1.42)

Salvia + R 
+ M

−0.13 
(−1.36,1.10)

1.55 
(0.68,2.42)

1.42 
(0.39,2.44)

0.95 
(0.21,1.69)

0.87 
(0.10,1.64)

0.75 
(−0.03,1.53)

0.71 
(0.02,1.40)

0.72 
(−0.24,1.68)

0.71 (−0.07,1.50) 0.67 
(−0.01,1.34)

0.44 
(−0.41,1.30)

0.46 
(−0.15,1.07)

0.24 
(−0.74,1.21)

0.13 
(−1.10,1.36)

Ginkgo biloba 
+ G + D

Data are reported as MD, with 95% CI., statistically significant differences are highlighted in bold.
Abbreviations:Bacopa + L + A + V:Bacopa + Lycopene + Astaxanthin + Vitamin B12; Ginkgo biloba + G + D:Ginkgo biloba + Gotu kola + DHA; Salvia + R + M:Salvia + Rosmarinus + Melissa.
Statistically significant differences are highlighted in bold (p < 0.05).
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polyphenols to enhance their beneficial effects, whereas purified 
extracts may show weaker outcomes (Fraga et al., 2019). This is 
consistent with the findings observed in a study comparing 
pomegranate juice and pomegranate polyphenol supplements 
(Kerimi et al., 2017). Furthermore, other research suggests that 
polyphenols require moderate doses (500 mg) and moderate 
bioavailability (9%–43%) to cross the blood-brain barrier and 
significantly impact cognitive health (Ammar et al., 2020).

The results of this study indicate that the Bacopa monnieri 
compound (Bacopa monnieri, Lycopene, Astaxanthin, and Vitamin 
B12) demonstrated relatively high potential as the optimal 
intervention across multiple cognitive domains, including 
attention, executive function, and language. This extensive 
improvement effect may be attributed to the multi-target synergy 
mechanism of its components. Bacopa monnieri has a long history 
of use in Ayurvedic medicine in India as a brain tonic and memory 
enhancer (Murthy, 2022). Its main bioactive metabolites are 
triterpenoid saponins, such as bacoside A and bacopaside I 
(Sekhar et al., 2019), which have demonstrated antioxidant and 
anti-inflammatory properties in preclinical studies (Dwivedi et al., 
2013; Rai et al., 2015; Sumathi et al., 2012; Valotto et al., 2024). 
Furthermore, the other constituents in the Bacopa monnieri 
compound also possess their own respective benefits. Lycopene is 
a fat-soluble carotenoid that exerts protective effects against various 
central nervous system disorders and can upregulate the expression 

of brain-derived neurotrophic factor (BDNF) (Chen et al., 2019; Xu 
et al., 2025). Clinical trials on astaxanthin have indicated that it can 
enhance working memory and processing speed in both healthy 
individuals and patients with Alzheimer’s disease, while also 
reducing Alzheimer’s related biomarkers such as phospholipid 
hydroperoxides (PLOOH) (Satoh et al., 2009). Additionally, the 
combination of astaxanthin and lycopene can exert a synergistic 
antioxidant effect (Liang et al., 2009; Shi et al., 2007). Vitamin B12 is 
crucial for the health of the nervous system, and its deficiency is 
associated with various cognitive impairments (Jatoi et al., 2020). 
Meanwhile, we observed that in the domains of attention and 
executive function, the Bacopa monnieri compound exhibited 
better efficacy than the Bacopa monnieri extract used alone, 
suggesting that the combined application of different plant active 
substances may produce favorable effects on cognitive 
improvement. This is consistent with the findings of a study that 
revealed the neuroprotective synergistic effect of this compound 
preparation in vitro (Castelli et al., 2020).

The results of this study show that, besides the Bacopa monnieri 
compound, curcumin and tart cherry also demonstrated significant 
improvements in executive function. Curcumin, the main active 
metabolite of turmeric, is known for its prominent anti- 
inflammatory and antioxidant properties (Gagliardi et al., 2020), 
and can improve cognitive function in various models of 
neurological diseases (Sarker and Franks, 2018). Furthermore, a 

TABLE 4 League table on complex attention.

Guarana Salvia Caffeine Curcumin Blueberry Ginkgo biloba 
+ G + D

Placebo Wild 
green oat

Bacopa 
monnieri

−0.53 
(−4.88,3.83)

−0.64 
(−5.13,3.85)

−0.75 
(−4.63,3.13)

−0.75 
(−4.42,2.91)

−0.82 
(−4.71,3.07)

−0.85 (−5.32,3.62) −0.80 
(−3.96,2.37)

−0.97 
(−5.44,3.50)

−0.95 (−4.83,2.93)

−0.16 
(−3.56,3.23)

−0.28 
(−3.84,3.29)

−0.38 
(−3.14,2.37)

−0.39 
(−2.84,2.06)

−0.46 
(−3.22,2.31)

−0.49 (−4.02,3.05) −0.43 
(−2.02,1.16)

−0.60 
(−4.14,2.94)

−0.58 (−3.34,2.18)

−0.13 
(−4.52,4.25)

−0.25 
(−4.76,4.27)

−0.35 
(−4.27,3.56)

−0.36 
(−4.06,3.34)

−0.43 
(−4.35,3.49)

−0.46 (−4.95,4.04) −0.40 
(−3.60,2.80)

−0.57 
(−5.07,3.92)

−0.55 (−4.47,3.36)

Guarana −0.11 
(−4.49,4.26)

−0.22 
(−3.22,2.78)

−0.23 
(−3.75,3.30)

−0.29 
(−4.05,3.46)

−0.32 (−4.68,4.03) −0.27 
(−3.27,2.73)

−0.44 
(−4.80,3.92)

−0.42 (−4.17,3.33)

0.11 
(−4.26,4.49)

Salvia −0.11 
(−4.01,3.80)

−0.11 
(−3.80,3.58)

−0.18 
(−4.09,3.73)

−0.21 (−4.70,4.28) −0.15 
(−3.34,3.03)

−0.33 
(−4.82,4.16)

−0.31 (−4.21,3.60)

0.22 
(−2.78,3.22)

0.11 
(−3.80,4.01)

Caffeine −0.01 
(−2.93,2.91)

−0.07 
(−3.26,3.12)

−0.10 (−3.98,3.78) −0.05 
(−2.30,2.20)

−0.22 
(−4.10,3.66)

−0.20 (−3.39,2.98)

0.23 
(−3.30,3.75)

0.11 
(−3.58,3.80)

0.01 
(−2.91,2.93)

Curcumin −0.07 
(−3.00,2.86)

−0.10 (−3.76,3.57) −0.04 
(−1.90,1.82)

−0.22 
(−3.88,3.45)

−0.20 (−3.12,2.73)

0.29 
(−3.46,4.05)

0.18 
(−3.73,4.09)

0.07 
(−3.12,3.26)

0.07 
(−2.86,3.00)

Blueberry −0.03 (−3.92,3.85) 0.03 
(−2.24,2.29)

−0.15 
(−4.04,3.74)

−0.13 (−3.32,3.07)

0.32 
(−4.03,4.68)

0.21 
(−4.28,4.70)

0.10 
(−3.78,3.98)

0.10 
(−3.57,3.76)

0.03 
(−3.85,3.92)

Ginkgo biloba + G 
+ D

0.06 
(−3.10,3.22)

−0.12 
(−4.59,4.35)

−0.10 (−3.98,3.78)

0.27 
(−2.73,3.27)

0.15 
(−3.03,3.34)

0.05 
(−2.20,2.30)

0.04 
(−1.82,1.90)

−0.03 
(−2.29,2.24)

−0.06 (−3.22,3.10) Placebo −0.17 
(−3.33,2.99)

−0.15 (−2.41,2.10)

0.44 
(−3.92,4.80)

0.33 
(−4.16,4.82)

0.22 
(−3.66,4.10)

0.22 
(−3.45,3.88)

0.15 
(−3.74,4.04)

0.12 (−4.35,4.59) 0.17 
(−2.99,3.33)

Wild green oat 0.02 (−3.86,3.90)

0.42 
(−3.33,4.17)

0.31 
(−3.60,4.21)

0.20 
(−2.98,3.39)

0.20 
(−2.73,3.12)

0.13 
(−3.07,3.32)

0.10 (−3.78,3.98) 0.15 
(−2.10,2.41)

−0.02 
(−3.90,3.86)

Bacopa monnieri

Data are reported as MD, with 95% CI., statistically significant differences are highlighted in bold.
Abbreviations: Bacopa + L + A + V:Bacopa + Lycopene + Astaxanthin + Vitamin B12; Ginkgo biloba + G + D:Ginkgo biloba + Gotu kola + DHA.
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TABLE 5 League table on executive function.

Bacopa + L + A 
+ V

Curcumin Tart 
cherry

Ginkgo 
biloba

Blueberry Bacopa 
monnieri

Salvia Wild 
green oat

Caffeine Placebo Grape + 
Blueberry

Bacopa + L + A + V −0.06 
(−0.77,0.64)

−0.06 
(−0.96,0.84)

−0.98 
(−1.56,-0.40)

−0.99 
(−1.58,-0.40)

−1.12 (−1.74,-0.50) −1.27 
(−2.07,-0.46)

−1.25 (−1.94,-0.57) −1.29 
(−1.97,-0.62)

−1.28 
(−1.78,-0.78)

−1.52 (−2.11,-0.94)

0.06 (−0.64,0.77) Curcumin 0.00 
(−0.89,0.90)

−0.92 
(−1.49,-0.34)

−0.92 
(−1.51,-0.34)

−1.06 (−1.67,-0.44) −1.20 
(−2.00,-0.40)

−1.19 (−1.87,-0.51) −1.23 
(−1.90,-0.56)

−1.21 
(−1.70,-0.72)

−1.46 (−2.04,-0.88)

0.06 (−0.84,0.96) −0.00 
(−0.90,0.89)

Tart cherry −0.92 
(−1.72,-0.12)

−0.93 
(−1.74,-0.12)

−1.06 (−1.89,-0.23) −1.20 
(−2.18,-0.23)

−1.19 (−2.07,-0.31) −1.23 
(−2.11,-0.36)

−1.21 
(−1.96,-0.47)

−1.46 (−2.27,-0.65)

0.98 (0.40,1.56) 0.92 (0.34,1.49) 0.92 (0.12,1.72) Ginkgo biloba −0.01 
(−0.42,0.41)

−0.14 (−0.55,0.27) −0.29 
(−0.98,0.41)

−0.27 (−0.82,0.28) −0.31 
(−0.85,0.23)

−0.30 
(−0.59,-0.01)

−0.54 (−0.96,-0.12)

0.99 (0.40,1.58) 0.92 (0.34,1.51) 0.93 (0.12,1.74) 0.01 (−0.41,0.42) Blueberry −0.13 (−0.60,0.33) −0.28 
(−0.98,0.42)

−0.26 (−0.82,0.30) −0.31 
(−0.86,0.25)

−0.29 
(−0.60,0.02)

−0.53 (−0.97,-0.10)

1.12 (0.50,1.74) 1.06 (0.44,1.67) 1.06 (0.23,1.89) 0.14 (−0.27,0.55) 0.13 (−0.33,0.60) Bacopa monnieri −0.14 
(−0.87,0.58)

−0.13 (−0.72,0.46) −0.17 
(−0.75,0.41)

−0.16 
(−0.52,0.21)

−0.40 (−0.87,0.07)

1.27 (0.46,2.07) 1.20 (0.40,2.00) 1.20 (0.23,2.18) 0.29 (−0.41,0.98) 0.28 (−0.42,0.98) 0.14 (−0.58,0.87) Salvia 0.01 (−0.77,0.80) −0.03 
(−0.80,0.75)

−0.01 
(−0.64,0.62)

−0.26 (−0.95,0.44)

1.25 (0.57,1.94) 1.19 (0.51,1.87) 1.19 (0.31,2.07) 0.27 (−0.28,0.82) 0.26 (−0.30,0.82) 0.13 (−0.46,0.72) −0.01 
(−0.80,0.77)

Wild green oat −0.04 
(−0.69,0.61)

−0.03 
(−0.49,0.44)

−0.27 (−0.83,0.29)

1.29 (0.62,1.97) 1.23 (0.56,1.90) 1.23 (0.36,2.11) 0.31 (−0.23,0.85) 0.31 (−0.25,0.86) 0.17 (−0.41,0.75) 0.03 (−0.75,0.80) 0.04 (−0.61,0.69) Caffeine 0.02 (−0.44,0.47) −0.23 (−0.77,0.32)

1.28 (0.78,1.78) 1.21 (0.72,1.70) 1.21 (0.47,1.96) 0.30 (0.01,0.59) 0.29 (−0.02,0.60) 0.16 (−0.21,0.52) 0.01 (−0.62,0.64) 0.03 (−0.44,0.49) −0.02 
(−0.47,0.44)

Placebo −0.24 (−0.55,0.06)

1.52 (0.94,2.11) 1.46 (0.88,2.04) 1.46 (0.65,2.27) 0.54 (0.12,0.96) 0.53 (0.10,0.97) 0.40 (−0.07,0.87) 0.26 (−0.44,0.95) 0.27 (−0.29,0.83) 0.23 (−0.32,0.77) 0.24 (−0.06,0.55) Grape + Blueberry

Data are reported as MD, with 95% CI., statistically significant differences are highlighted in bold.
Abbreviations: Bacopa + L + A + V:Bacopa + Lycopene + Astaxanthin + Vitamin B12.
Statistically significant differences are highlighted in bold (p < 0.05).
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study involving middle-aged rhesus monkeys confirmed the positive 
effects of curcumin on executive function, with long-term 
supplementation enhancing spatial working memory in the 
monkeys (Zhang et al., 2015). Some studies have also shown that 
curcumin improves attention, working memory, and mood in older 
adults populations, delaying cognitive decline, which is consistent 
with our findings (Cox et al., 2015).

In terms of perceptual-motor function, our study shows that 
guarana ranks the highest, followed by ginkgo biloba extract. 
Guarana, also known as Brazilian cocoa, is rich in active 
compounds such as caffeine, polyphenols, and xanthines (Malik 

and Tlustos, 2023). In exercise-related research, guarana mouthwash 
was found to improve cognitive performance during submaximal 
exercise (Pomportes et al., 2017), which provides some evidence for 
its potential perceptual-motor benefits. It is important to note that 
the high caffeine content in guarana may cause side effects, 
particularly when used in excess (daily doses over 600 mg) 
(Turnbull et al., 2017). Ginkgo biloba is one of the most 
commonly used traditional medicines, and its standardized 
extract (EGB 761) is rich in bioactive components such as 
flavonoids and terpenoid lactones (Kandiah et al., 2019). Several 
meta-analyses have confirmed that ginkgo leaf extract demonstrates 

TABLE 6 League table on language.

Bacopa + L + A + V Raisin Placebo Ginkgo biloba Ginkgo biloba + G + D

A = Bacopa + L + A + V −0.20 (−0.84,0.44) −0.75 (−1.21,-0.29) −0.75 (−1.29,-0.21) −0.88 (−1.52,-0.24)

0.20 (−0.44,0.84) Raisin −0.55 (−1.00,-0.10) −0.55 (−1.08,-0.03) −0.68 (−1.32,-0.05)

0.75 (0.29,1.21) 0.55 (0.10,1.00) Placebo 0.00 (−0.28,0.28) −0.13 (−0.58,0.31)

0.75 (0.21,1.29) 0.55 (0.03,1.08) −0.00 (−0.28,0.28) Ginkgo biloba −0.13 (−0.66,0.39)

0.88 (0.24,1.52) 0.68 (0.05,1.32) 0.13 (−0.31,0.58) 0.13 (−0.39,0.66) Ginkgo biloba + G + D

Data are reported as MD, with 95% CI., statistically significant differences are highlighted in bold.
Abbreviations:Bacopa + L + A + V:Bacopa + Lycopene + Astaxanthin + Vitamin B12; Ginkgo biloba + G + D:Ginkgo biloba + Gotu kola + DHA.
Statistically significant differences are highlighted in bold (p < 0.05).

TABLE 7 League table on perceptual-motor function.

Guarana Ginkgo biloba Placebo Ginkgo biloba + G + D Caffeine

Guarana −0.39 (−1.16,0.37) −0.47 (−1.19,0.25) −0.49 (−1.34,0.35) −1.09 (−1.85,-0.34)

0.39 (−0.37,1.16) Ginkgo biloba −0.08 (−0.32,0.17) −0.10 (−0.61,0.41) −0.70 (−1.47,0.07)

0.47 (−0.25,1.19) 0.08 (−0.17,0.32) Placebo −0.03 (−0.47,0.42) −0.62 (−1.35,0.11)

0.49 (−0.35,1.34) 0.10 (−0.41,0.61) 0.03 (−0.42,0.47) Ginkgo biloba + G + D −0.60 (−1.45,0.26)

1.09 (0.34,1.85) 0.70 (−0.07,1.47) 0.62 (−0.11,1.35) 0.60 (−0.26,1.45) Caffeine

Data are reported as MD, with 95% CI., statistically significant differences are highlighted in bold.
Abbreviations: Ginkgo biloba + G + D:Ginkgo biloba + Gotu kola + DHA.
Statistically significant differences are highlighted in bold (p < 0.05).

TABLE 8 Adverse reactions and safety indicators.

Study ID Interventions Adverse events p-value Safety indicator

J. C. Galduróz Caffeine/Guarana Burning in the stomach (T (guarana):3, T (caffeine):1, C:0)insomnia (T:0, 
C:1)

NR NR

Joseph A Ginkgo biloba headaches (T:5, C:4); insomnia (T:1, C:1); Gastrointestinal (T:3, C:5) 
Respiratory/allergic (T:2, C:3); Genitourinary (T:1, C:2); Cardiovascular 

(T:0,C:2) 
Dermatologic (T:0, C:1); Miscellaneous (T:0, C:2)

NR NR

J. J. Carlson Ginkgo biloba + Gotu kola 
+ DHA

Mild adverse reactions (T:8, C:15) NR NR

C. Calabrese Bacopa monnieri Stomach upset (T:9, C:10) p = 1.0 NR

A. Morgan Bacopa monnieri Gastrointestinal tract (T:35, C:8); headache (T:1, C:1); Hypertension (T:0, 
C:1) 

Insomnia (T:1, C:1)

p < 0.01 Gastrointestinal tract side- 
effects

G. W. Small Curcumin gastrointestinal (T:4, C:1) NR NR

Abbreviation: T, treatment group; C, control group; NR, not reported.
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potential in improving cognition and daily living abilities in patients 
with Alzheimer’s disease, vascular dementia, cognitive impairment, 
and ischemic stroke (Chong et al., 2020; Tan et al., 2015; 
Thancharoen et al., 2019; Wang et al., 2020). However, it must 
be emphasized that the evidence for the perceptual-motor domain is 
the most limited in this study, with only three trials included. 
Consequently, the apparent advantage of guarana and Ginkgo 
biloba in this cognitive domain should be considered preliminary 
and requires urgent verification in future high-quality studies.

Finally, when interpreting the ranking results of this study 
comprehensively, it is essential to consider that pharmacokinetics 
and bioavailability are an important factor contributing to between- 
study heterogeneity and affecting the stability of the rankings. When 
exploring the potential effects of different plant active substances, 
their clinical outcomes often show differences due to various 
variables such as dosage, composition, study design, and patient 
characteristics (Conti et al., 2024). For example, although curcumin 
in this study consistently employed advanced formulations 
(liposomal or nanoparticle-based), differences in dosage (80 mg/d 
versus 180 mg/d) may lead to different effective concentrations in 
the body (Small et al., 2018; Cox et al., 2020). The absorption of 
lipid-soluble constituents in the Bacopa monnieri compound (such 
as lycopene and astaxanthin)depends on co-administration with 
dietary fats. Furthermore, the form of intervention, such as whole- 
food versus concentrated extract, introduces complex matrix effects 
that significantly influence the release and absorption of active 
components. Therefore, future clinical studies should more 
systematically report information on formulation type, timing of 
administration, and other relevant details, which is crucial for 
accurately evaluating the true effects of interventions and 
determining optimal dosing regimens.

5 Clinical value and safety 
considerations

Our study demonstrates that various plant active substances 
can improve cognitive function in healthy older adults, 
particularly in preventing and delaying age-related cognitive 
decline. Due to their multi-component synergistic effects 
and relative safety, natural products hold promise as a 
significant supplement to existing intervention strategies. 
Early supplementation with specific plant active substances 
may be an important approach to delay cognitive decline. 
However, their practical application requires consideration of 
multiple factors. Firstly, standardized tools should be used to 
accurately assess an individual’s cognitive state in order to 
match them with appropriate natural products (e.g., choosing 
raisin for memory decline, or a Bacopa monnieri compound 
for executive function deficits). Secondly, personalized plans 
should be developed, considering the bioavailability of 
active ingredients, dosage regimens, and individual health 
differences. Additionally, an efficacy and side-effect monitoring 
system should be established, complemented by lifestyle 
interventions such as dietary adjustments, cognitive training, 
and psychological support to maximize the effects of the 
intervention. It is important to emphasize that, while this study 
provides evidence for the cognitive-enhancing effects of plant 
active substances, their clinical translation must be approached 
cautiously. Current evidence largely comes from short-term, 
medium-sized randomized controlled trials, and data on 
certain cognitive domains (such as language and perceptual- 
motor functions) remain limited. Long-term safety and the 
interactions between different compounds need further 

FIGURE 8 
Funnel plot on publication bias. Note: (A) Learning and Memory; (B) Complex Attention; (C) Executive Function; (D) Language; (E) Perceptual- 
motor function.
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exploration. Therefore, it is recommended that the use of 
plant active substances in clinical practice be guided by 
healthcare professionals, ensuring safety and individual 
suitability.

Furthermore, potential safety risks, especially those related to 
interactions with conventional medications, are a core issue that 
cannot be ignored in the clinical translation of this approach 
(Nicholson et al., 2024). The older adults involved in this study 
often requires long-term use of prescription drugs due to multiple 
comorbidities, making it crucial to assess the interactions between 
botanical supplements and medications. This is particularly true 
for older patients undergoing long-term treatment for central 
nervous system disorders (such as depression, Alzheimer’s 
disease), where such risks are more pronounced (Zabłocka- 
Słowińska et al., 2013). For example, in patients with 
Alzheimer’s disease, B-vitamin supplements have a certain risk 
of triggering depressive disorders and delirium (Conti et al., 
2025). Although the randomized controlled trials included in 
this study reported good safety and rare serious adverse events, 
these short-term trials typically set strict exclusion criteria 
and may not fully reflect the complex situations in the real 
world with long-term, multi-drug combination use. Current 
pharmacological studies have indicated certain potential 
interaction risks. For instance, ginkgo biloba extract, due to 
its anti-platelet aggregation activity, may theoretically increase 
the risk of bleeding when used in combination with 
anticoagulants such as warfarin and aspirin. However, the 
risk is closely related to the standardization of the extract, 
and studies have shown that a daily dose of ginkgo biloba 
extract (such as EGb 761 standard) not exceeding 240 mg 
has a low risk of clinically significant drug interactions (Unger, 
2013). Therefore, based on current evidence, we strongly 
recommend: older adults, especially those with chronic diseases 
undergoing medication treatment, should consult a doctor or 
clinical pharmacist before starting to take any plant active 
substance supplements for long-term use, and undergo a 
comprehensive benefit-risk assessment. Future research 
urgently needs to conduct pharmacoepidemiological studies 
and design rigorous clinical trials on drug interactions to 
further clarify the long-term safety of these natural products in 
real medical settings.

6 Strengths and limitations

Our study has several strengths. Firstly, it encompasses 
25 randomized controlled trials involving 1,861 healthy older 
adults, providing a significant sample size. Secondly, we 
compared 10 different natural active substances, applying 
strict inclusion criteria, systematically searching for all 
relevant studies that met predefined conditions, and reporting 
in accordance with systematic review and meta-analysis 
guidelines. However, our study also has certain limitations. 
Firstly, there were fewer studies on certain cognitive domains, 
such as language and perceptual-motor functions (only 4 and 
3 studies, respectively), limiting the strength of the evidence. 
Secondly, there is heterogeneity in the dosage, duration of 
intervention, and assessment tools used, which may affect 

the consistency of the results. Thirdly, variations in the 
extraction methods of different plant active substances 
may introduce some bias into our findings. Therefore, 
we recommend that readers interpret our conclusions 
with caution.

7 Conclusion

The findings of this study indicate that raisin and tart cherry 
show relatively favorable interventional potential in the domain of 
memory function, whereas the Bacopa monnieri compound 
preparation demonstrates greater advantage for executive 
function. However, the active constituents and mechanisms of 
action of these three interventions differ markedly, and their 
effects should be interpreted within specific cognitive domains 
rather than directly compared or generalized. At present, most 
available studies are short-term interventions with moderate 
sample sizes; moreover, evidence in the language and 
perceptual-motor domains is extremely limited, and 
considerable heterogeneity exists among cognitive assessment 
tools. Therefore, the current strength of evidence should be 
viewed with caution. Therefore, future research should 
consider: (1) conducting high-quality, long-term follow-up 
randomized controlled trials to further validate the safety and 
efficacy of these interventions; (2) optimizing extraction methods 
and establishing the ideal dosage based on the bioavailability of 
different plant active substances; and (3) exploring the molecular 
mechanisms of synergistic effects in the combined use of different 
plant active substances.
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