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Editorial on the Research Topic
 Brain health across the lifespan: nutritional interventions and physical exercise for healthy aging




This Research Topic of reviews and original research articles focus on the brain, nutrition, and exercise for healthy aging. Several nutrients and physical exercise appear to help prevent/mitigate aging diseases of the brain. As the brain ages, it undergoes changes in metabolism, plasticity, and cognitive function, making it vulnerable to age-related decline. Growing evidence suggests that diet, including nutrients and plant-derived bioactives, play a critical role in supporting brain health and mitigating these changes. Nutritional components such as omega-3 polyunsaturated fatty acids (PUFA), antioxidants, and polyphenols have shown potential in promoting neuroplasticity and delaying cognitive decline (1). This Research Topic aims to explore the influence of diet and exercise on brain aging, offering insights into dietary strategies that support long-term cognitive health and resilience against neurodegenerative diseases. The focus of this Research Topic was to highlight the following subthemes. 1. The physiological mechanisms linking nutrition to brain aging and cognitive decline. 2. The action of plant-derived bioactive compounds and their effects on neuroplasticity and brain metabolism. 3. Dietary interventions in promoting cognitive resilience against age-related diseases. 4. The synergistic effects of exercise and nutrition on brain health during aging. 5. The role of specific nutrients, such as antioxidants, omega-3 fatty acids, and polyphenols, mitigating brain senescence. 6. The relationship between diet and gut-brain connections. 7. The potential of personalized nutrition to optimize brain function and delay cognitive aging.

By advancing our understanding of how diet, nutrients, and bioactives influence brain aging and cognitive function (2), this Research Topic aims to inform innovative dietary strategies that promote lifelong brain health and resilience against age-related neurodegenerative conditions. With respect to omega-3 PUFA, the literature is replete with fundamental roles in structure function actions of the long-chain n-3 PUFA in brain (3, 4). Thus, this Research Topic of reviews and original research articles focus on the brain, nutrition, and exercise for healthy aging. The brain undergoes changes in nutrient metabolism, neuroplasticity, and cognitive function as we age (1). Several nutrients and physical exercise help prevent and mitigate aging diseases of the brain (2).

According to Chen et al., the neuroprotective synergy of vitamin D and exercise is emerging evidence suggesting complementary benefits on aging-related neuroplasticity and cognitive health. Opportunities exist with at-risk populations, standardized intervention models, lifestyle factors, and mechanistic approaches with vitamers of D on reducing age-related neuropathology and cognitive decline. It is essential in future studies to integrate biological markers (such as BDNF, inflammatory cytokines, oxylipins, and endocannabinoids) (5), and exercise with neuroimaging measures (e.g., functional connectivity and hippocampal volume) for brain health (6, 7).

Tocotrienols likely support cognition-enhancing benefits in healthy adults. In the clinical trial performed by Lopresti et al., adults administered a placebo or 100 mg of tocotrienols daily were monitored for changes in blood biomarkers to access inflammation, oxidative stress, and neurotropic activity. Blood measurements showed statistically significant between-group differences in levels of TNF-α (p = 0.043) and hs-CRP (p = 0.039). The group supplemented with tocotrienols demonstrated a greater improvement in overall memory (TOMAL-2 CMI) compared to the placebo group. This study provides evidence for the beneficial effect of tocotrienol supplementation for 12 weeks on non-verbal memory in adults with subjective memory complaints.

In another clinical trial run by Kim et al., after a 12-week intervention, subjects that consumed a nutritional supplement silkworm pill (rich in vitamin A and choline) showed significant improvement in delayed memory compared with the placebo group given a pill with the equivalent protein level. No differences were observed in other cognitive domains or secondary outcomes, such as nutrient intake, blood tests, nutrition quotient, or MIND score adherence. The findings are preliminary, however, the supplement showed benefits in mild cognitive impairment (MCI), such as improvement in delayed memory index. Clinical trials are a likely extension of the research in patients to ascertain efficacy of the supplement for MCI.

A new framework is proposed by Xun and Zeng to study carbohydrates and ketogenic metabolites for neuroprotective strategies in diminishing cognitive dysfunction during diabetes. Carbohydrate restriction at or below 50g/d such as low-carbohydrate ketogenic diets (LCKDs), can improve glycemic index and energy balance. Although LCKDs are reported to protect against cognitive dysfunction via synergism of improved insulin sensitivity and lower neuroinflammation in animal studies, significant findings are lacking in clinical studies. Thus, randomized studies in diabetic populations with cognitive endpoints and mechanistic approaches will improve understanding of ketogenic therapies beyond pre-clinical evidence.

A novel review on gut microbiota and brain aging in African populations suggest diet-related factors that influence gut microbiota composition and risk of dementia. The review was designed by Ortutu et al. to explore the composition of traditional African diets vs. those consumed by Western populations to identify factors in African diets that confer neuroprotection. The future goals are to identify region-specific diets and populations to validate causal links to neurodegenerative diseases. One finding of interest was that the microflora such as Prevotella species is associated with African diets of high fibers and fermented food that may likely improve gut and brain health.

Polyphenols and exercise-induced organ crosstalk support brain function with potential health improvements and lifespan extension (1). New evidence suggests the dynamic synergism of polyphenols and exercise in altering cellular events on brain physiology, healthy aging, and senescence (1). As an extension of the current polyphenol research on oxidative stress, inflammation, apoptosis, autophagy, metabolic regulation, and neuroplasticity Mao and Yang discussed as implicating factors contributing to head and neck cancer development, neurodegeneration, and lifespan.

The benefits of probiotics for supporting maternal health during pregnancy are limited (Martín-Peláez et al.). For example, the efficacy of probiotics for preventing maternal mental health disorders during pregnancy and postpartum implications remain unclear. Few studies report symptom reductions, and the heterogeneity in bacterial strains, doses, intervention duration, and measurement tools restrict proper interpretations. What is needed, according to Mart'ın-Peláez et al., are fully characterized and adequately powered RCTs for maternal depression and anxiety issues and that use strain-specific bacterial cultures, suitable doses and time intervals, with proper assessment tools. Such studies should examine prebiotics and synbiotics. Improving our understanding of strain-specific microorganisms would help the research and best impact wellness.

A 24-week community-based, multi-component exercise program designed by Xu et al. safely increased skeletal muscle mass and reduced fat mass in older adults but did not produce measurable improvements for screening-level cognitive measures. Exercise programs improved muscle mass and lowered fat mass and some aspects of cognition, but cognitive function was not evaluated in older adults.

Ergothioneine is a bioactive antioxidant found in mushrooms that appears to have neuroprotective actions in animal models. However, the effects and benefits in humans are not well-known, thus a protocol was established by Shan et al. to ascertain the efficacy of mushrooms in preventing cognitive decline in patients at risk of dementia. The potential is great to apply study findings on mushrooms to clinical and public health practices that reduce dementia and improve cognitive health.

This Research Topic is a step forward to building interest and aligning research priorities for future investigations into brain health, nutrition, and cognition in adults. By advancing our understanding of how diet, nutrients, and bioactives influence brain aging and cognitive function, this Research Topic aims to inform innovative dietary strategies that promote lifelong brain health and resilience against age-related neurodegenerative conditions.
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Background: Cognitive function declines with increasing age and maintaining high cognitive functioning especially at late life remains a challenging question to be addressed. Emerging evidence in the role of mushroom in promoting cognition has been produced from limited observational studies but there is a lack of definitive evidence on both longitudinal relationships from prospective cohort studies and clinical efficacy from clinical trials.
Objectives: To explore the definitive evidence of mushroom on cognitive functions among at-risk middle-aged and young-olds.
Design: The first study is a 10-year cognitive assessment follow-up on an existing cohort, the Diet and Healthy Aging (DaHA), which recruited over 1,000 older adults from the year 2010 to the year 2016. The second is a carefully designed randomized controlled trial (RCT) to assess the role of mushrooms in promoting cognitive functioning among around 600 middle-aged adults and young-olds.
Participants: Participants were selected based on specific inclusion criteria, such as being community-living adults aged 45–74 years with a family history of dementia, APOE ε4 allele, or subjective cognitive decline, while consuming mushrooms no more than once a week and having no dementia, along with the exclusion of individuals with neurological or psychiatric disorders and significant sensory or motor impairments.
Intervention: Participants in the intervention group will consume Pleurotus citrinopileatus mushroom powder daily for 24 months, with compliance monitored using electronic diary apps. The powder contains 7.0 mg/g of ergothioneine (dry weight).
Measurements: Cognitive function including Mini Mental State Examination, Rey Auditory Verbal Learning Test, Symbol Digit Modality test, Clinical Dementia Rating etc. along with mental health and biological markers will be measured at baseline, 1 year, and 2 years after baseline.

Keywords
 mushroom; cognitive decline; RCT; cohort study; dementia prevention


1 Introduction

Cognitive declines can begin in one’s 30s, particularly affecting the ability to process new information and solve problems, though most people become aware of the decline in their 40s(Mitchell et al., 2023; Murman, 2015). Over time, this decline can become severe enough to lead to Mild Cognitive Impairment (MCI) and dementia. The latest nationwide epidemiological survey in Singapore reported a dementia prevalence of 10% among those aged 60 years and above (Subramaniam et al., 2015). This figure is expected to further rise in the coming years given the increasing numbers of the older adults in the population.

Maintaining cognitive function with advancing age is an important and challenging question that requires well-founded research with good translational opportunities. This is particularly important for at-risk populations such as Apolipoprotein E (APOE) ε4 allele carriers (Harris, 2024), those with a family history of dementia (Lee et al., 2022), and those at an early stage of cognitive decline, known as Subjective Cognitive Decline (SCD) (Jessen et al., 2014). Without early intervention, these at-risk populations groups are likely to progress to dementia. Prevention should be the focus at population level because current anti-dementia therapies only delay the progression of the disease. For example, the latest approved antibody intravenous (IV) infusion therapy, Lecanemab, only showed a moderately lesser decline in measures of cognition and function than placebo and it was associated with adverse events (van Dyck et al., 2023). Epidemiological studies have reported that higher mushroom consumption is associated with better cognitive performance—across word recall, executive function, and prospective memory—and with lower risk of incident dementia (Cha et al., 2024; Ba et al., 2022; Aoki et al., 2024). Mushrooms contain bioactive compounds such as ergothioneine, which has antioxidant and anti-inflammatory activity and has demonstrated neuroprotective effects in cell and animal models, but human evidence for a definitive neuroprotective effect remains limited. In a recent double-blind, placebo-controlled pilot trial, 14 older adults with MCI received ergothioneine supplementation (25 mg per capsule, thrice weekly) for one year. The intervention was well tolerated, and the ergothioneine group showed modest improvements on the Rey Auditory Verbal Learning Test, as well as stabilization of plasma neurofilament light chain levels—findings that suggest a potential slowing of neuronal damage but require confirmation in larger trials (Yau et al., 2024).

In Singapore, we found that participants who consumed mushrooms >2 portions per week had 47% reduced odds of having MCI (Feng et al., 2019). The association between mushroom consumption and MCI may be mediated by interleukin-6 and hypersensitive C-reactive protein (Chen et al., 2024). Those with higher mushroom consumption were also found to have better cognitive performance as assessed by the Digit Symbol Substitution test (DSST)(Ba et al., 2022; Yan et al., 2023; Nurk et al., 2010), Trail Making Test (TMT)(Yan et al., 2023), block design (Nurk et al., 2010), and the Word Learning test (CERAD-WL)(Ba et al., 2022). In an 18-year prospective study in the UK, mushroom consumers were found to have better cognitive performance than non-consumers across multiple cognitive domains. The relationship was observed to be dose-dependent, with those consuming one or more portions per week showing the highest cognitive score (Cha et al., 2024).

However, observational data do not prove causality, prompting five RCTs (3 weeks–6 months; n = 30–436), mostly using ergothioneine-rich Hericium erinaceus (HE), which have yielded mixed results: 3 g/day HE for 16 weeks modestly improved MCI cognition (reversed after a 4-week washout) (Mori et al., 2009), and 1.05 g/day for 49 weeks improved MMSE in AD patients (Saitsu et al., 2019), yet higher doses in healthy adults and a 436-subject, 24-week Australian trial showed no benefit (Zajac et al., 2020). Heterogeneity in species, cultivation, dosing, and duration complicates interpretation and generalization.

Mushrooms contain bioactive compounds such as ergothioneine, which has demonstrated antioxidant and neuroprotective effects in cell and animal models (Cheah and Halliwell, 2021; Tang et al., 2018; Cheah and Halliwell, 2012; Wu et al., 2021; Cheah et al., 2016; Wu et al., 2022; Halliwell and Cheah, 2024). However, human data on ergothioneine’s cognitive benefits remain limited. Accordingly, our trial is designed to explore both clinical outcomes and underlying biological mechanisms—such as changes in plasma ergothioneine levels, inflammatory markers, and DNA methylation profiles—rather than to confirm a definitive neuroprotective effect (Figure. 1).
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FIGURE 1
 The multi-faceted capabilities of ergothioneine. Following oral administration, ergothioneine can accumulate in the brain (crossing the BBB) and has been demonstrated to counteract multiple pathologies (e.g., mitochondrial dysfunction, neurotoxin accumulation, neuroinflammation, etc.) associated with dementia and other neurodegenerative disorders.


Due to a lack of definitive evidence of mushroom on both longitudinal relationships from prospective cohort studies and clinical efficacy from clinical trials, we propose two related sub-studies. The first sub-study is a 10-year cognitive assessment follow-up on an existing cohort, the Diet and Healthy Aging (DaHA), which recruited over 1,000 older adults from the year 2010 to the year 2016 (Yu et al., 2020). The long-term follow-up will provide further evidence to strengthen the conclusions from the proposed trial. The second sub-study is a carefully designed randomized controlled trial (RCT) to assess the role of mushrooms in promoting cognitive functioning among middle-aged adults and young-olds. With an adequate sample size and a long intervention period of 24 months, we will provide definitive data on the cognitive benefits of mushroom consumption.



2 Research aims and hypothesis

In this study, we aim to (1) assess the longitudinal relationship between mushroom consumption and cognitive decline, measured by the absolute change in Mini Mental State Examination (MMSE) scores over a median of 10 years among surviving DaHA participants; (2) test the effects of mushroom powder (two 500 mg capsules per day) on cognitive function measured using the Symbol Digit Modality test (SDMT), the Color Trail Test (CTT) and the Rey Auditory Verbal Learning Test (RAVLT) over 12 months and 24 months, in comparison with controls who consume placebo; (3) examine the underlying protective mechanisms using biomarkers of aging (epigenetic clocks and inflammation) and measuring blood ergothioneine levels; (4) explore epigenome-wide DNA methylation changes following mushroom powder intervention and assess whether such changes correlate with cognitive and biomarker outcomes, without presupposing a beneficial direction. We hypothesized that (1) mushroom consumption will predict slower cognitive decline in a dose-dependent manner over a median 10-year period among DaHA participants; (2) daily mushroom powder consumption over 12 and 24 months will improve cognitive function (processing speed, executive function, memory) among middle-aged and young-old adults; (3) daily mushroom powder consumption will lead to favorable changes in inflammatory marker of aging that correlate with the increase in bioactive compounds from mushrooms; (4) daily mushroom powder consumption will lead to changes in DNA methylation profiles.



3 Materials and methods


3.1 Observational study

We will conduct a 10-year follow-up on all survivors from DaHA study. The proposed follow-up will consist of a cognitive assessment session using the MMSE and the Clinical Dementia Rating (CDR) scale. Cognitive decline will be quantified as the absolute difference between baseline and 10-year follow-up MMSE total scores. The average decline rate will be calculated by dividing the change in MMSE total score by the time elapsed between baseline and follow-up in years. Cognitive impairment will be defined by a CDR score of 0.5 or above. We have published widely on aging related topics using data from the DaHA cohort (Feng et al., 2019; Ye et al., 2023; Li et al., 2019; Liu et al., 2021). As DNA methylation and inflammation markers have already been measured in over 600 samples from DaHA participants, further bio-sampling is not required. Details of the cohort can be found in our cohort profile paper (Yu et al., 2020).



3.2 Randomized controlled trial

We will conduct a randomized, controlled trial to assess the effects of mushroom powders on cognitive function and epigenetic and inflammatory markers of aging. There will be a total of 600 participants: 300 in the mushroom powder intervention arm and 300 in the placebo control arm. An interim assessment will be conducted when the sample size reaches 200 participants. Trial participants will be screened from two community-based observational cohort studies in Singapore [the DaHA (Chan et al., 2018) study and the Aging in a Community Environment Study (ACES) (Liew et al., 2018)], one completed RCT [the Choral Singing RCT (CSRCT)], and open recruitment via newspaper and poster advertisement at community centers, as well as advertisement on social media and websites. The above three studies led by the applicant have successfully recruited and assessed over 1,500 subjects. The mean age of DaHA, ACES and CSRCT participants in 2025 are projected to be 78, 80 and 79 years, respectively. Given the 20.7-year life expectancy at age 65 in Singapore. We estimate that at least 83% of them would be alive when the trial starts. All subjects have had comprehensive cognitive assessment and most of them have consented to be contacted for future research. Once eligible subjects from the two cohort studies are enrolled in the proposed RCT, they will no longer be considered part of the observational cohorts. No further follow-up visits will be conducted on these participants according to the DaHA-ACES cohort protocol, ensuring that the validity of findings from the cohort studies is not affected. This will be clearly communicated to trial participants selected from the cohorts. Our inclusion criteria are: (1) Community-living adult aged 45 years to 74 years. (2) Family history of Alzheimer’s disease or other types of dementia or carrying at least one APOE ε4 allele or having subjective cognitive (SCD) defined as “self-reported memory problems that have been getting worse over the past year.” (3) Consume mushrooms no more than once a week. (4) No dementia: CDR global score equal to zero. Exclusion criteria are: (1) Any diagnosis of neurological diseases (e.g., epilepsy, stroke) made by a clinician. (2) Any diagnosis of psychiatric illnesses (e.g., depressive disorders) made by a clinician. (3) Marked hearing impairment, visual impairment or upper limbs motor difficulties that make the person unable to complete cognitive assessment.

Details of the trial’s measurements and procedures will be explained to eligible participants in their native language. Written informed consent will be obtained only after potential participants are satisfied with their understanding of the trial.



3.3 Randomization

Trial participants will be randomly assigned to one of the two arms in an equal ratio using a web-based randomization system. Randomization will be performed by the Singapore Clinical Research Institute (SCRI) on a pay-for-service arrangement. The randomization sequence will be concealed from the investigators, ensuring allocation concealment.


3.3.1 Standardization

Participants randomized to the mushroom powder intervention arm will be instructed to consume daily for 24 months. Electronic diary apps will be used to monitor compliance. The Pleurotus citrinopileatus extract will be supplied by Guangdong Yuewei Edible Fungi Technology Co., Ltd. (Guangzhou, China). Dried fruiting bodies (1 kg) were mixed with distilled water (25 L), then boiled under reflux for 2 h. The slurry was filtered and centrifuged (4,000 rpm, 15 min) to yield the extract, which was vacuum-concentrated to 1/10 volume, blended with 20% maltodextrin, and spray-dried at high temperature. Final powder contained 1.0% ergothioneine (HPLC-UV quantification). We selected a daily ergothioneine dose of 10 mg (two 500 mg capsules of Pleurotus citrinopileatus extract at 1% ET), corresponding to 70 mg ET per week. This falls within the range of prior human interventional studies: Yau et al. administered 25 mg ergothioneine per capsule, three times per week (75 mg ET/week) for one year (Yau et al., 2024); Mori et al. gave four 250 mg tablets of Hericium erinaceus dry powder (96% purity, ~960 mg powder per dose) three times daily (~2.88 g powder/day) for 16 weeks—both regimens were well tolerated (Mori et al., 2009). Participants in the control arm will consume placebo capsules. Participants and assessors will be blinded to the randomization. The mushroom powder will be derived from the mushroom species Pleurotus citrinopileatus. The dried fruiting bodies of Pleurotus citrinopileatus have an ergothioneine content of 10.0 mg/g (dry weight). The following figure is a diagram of the Pleurotus citrinopileatus body and its preparation method (Figure 2).

[image: Cluster of yellow-capped mushrooms with pale stems, identified as Pleurotus citrinopileatus, alongside text describing the detailed preparation process for extracting and powdering these mushrooms, including boiling, filtration, concentration, and spray-drying with maltodextrin.]

FIGURE 2
 The diagram of the Pleurotus citrinopileatus body and its preparation method.





3.4 Assessments and outcomes

Participants will undergo questionnaire-based interviews, cognitive testing, and clinical assessment. The primary endpoint is 24-month MMSE change; secondary endpoints include SDMT, CTT, RAVLT, CDR, plasma ergothioneine, inflammatory markers, NfL, and epigenetic age.

We will administer the Singapore–Chinese version of the MMSE to eliminate bias from items incongruent with Singapore’s geography and culture (e.g., seasons, state/province), thereby enhancing the accuracy and sensitivity of cognitive assessment in our local Chinese population(Feng et al., 2012), in which: (1) the seasons question is replaced by “Without looking at your watch, what time is it?”; (2) the city/town question is replaced by “What area are we in?”; (3) the state/province question is replaced by “Which part of Singapore is this place (North, South, East, West or Central)?”; (4) the three-item immediate and delayed recall words are adapted to “ball, flag, tree” (English) or “柠檬, 锁匙, 气球” (Chinese); and (5) the sentence repetition item is adapted to “no ifs, ands or buts” (English) or “四十四只石狮子” (Chinese). Trained study psychologists will administer RAVLT, Color Trails Test 1&2, and both written and oral versions of the SDMT to evaluate memory, executive function and information processing speed, respectively. The above neuropsychological tests have been used in local research studies by the Principal Investigator and colleagues (Feng et al., 2006; Feng et al., 2009; Lee et al., 2012). CDR (Morris, 1993) will be administered to assess dementia severity (CDR global score). Only participants with a CDR global score of zero will be recruited. Depressive symptoms will be measured using the 15-item Geriatric Depression Scale (GDS-15)(Sheikh and Yesavage, 1986) for older participants and Patient Health Questionnaire (PHQ-9) for middle-aged participants (Kroenke et al., 2001). The PHQ-9 is a short questionnaire that measures depression severity based on the DSM-5 criteria (Kroenke et al., 2001). The GDS has been used in local studies by the principal investigator and coworkers (Feng et al., 2012; Ng et al., 2009) Dietary intake will be assessed using a Food Frequency Questionnaire (FFQ)(Whitton et al., 2017) that the trial participants will complete at baseline and follow-up visits. Information on supplements that may have neuroprotective effects, such as curcumin/turmeric, Gingko biloba, and polyunsaturated fatty acids, will also be collected using a questionnaire that will be designed by trial dietitian. Venous blood specimens will be collected both for the measurement of biological markers and for liver and renal panel tests for safety monitoring. To ensure consistency and minimize the influence of other factors, biological sample will be collected in the morning between 8.15 to 9.30 a.m. following an overnight fast, both at baseline and 24 months post-baseline. Table 1 provides a summary of measurements and study visits schedule.



TABLE 1 Measurements and visit schedules.
[image: Table displaying nine health-related measurements assessed at baseline, one year, and two years. Check marks indicate assessments conducted at specific time points; most measures are taken at baseline and two years, with some repeated at one year.]

For cognitive measures, we selected locally validated and normed tools to ensure sensitivity to changes over time. We have carefully considered and included a panel of biological markers based on potential pathways. We will measure pro-inflammatory cytokines (such as hs-CRP, TNFα, IL-1, IL-6, etc.), and neurofilament light chain (NfL) as a non-specific biomarker of neurodegeneration (AD). We will also measure the genetic polymorphism of APOE gene and the DNA methylation profile. This biological approach has a clear advantage over traditional trials that only assess clinical outcomes and clinical laboratory tests.

The level of inflammatory biomarkers and NfL in the blood will be assessed using an ELISA assays as previously described(Cheah et al., 2017). We decided to measure pro-inflammatory cytokines because both inflammatory damage has been well documented in both AD pathophysiology and the biology of aging(Querfurth and LaFerla, 2010) and the biology of aging(Franceschi et al., 2018). NfL levels have been suggested as a blood-based biomarker for neurological diseases (Fan et al., 2023). The level in plasma increases in preclinical Alzheimer’s disease (AD) before symptoms appear (Preische et al., 2019) and correlate with MCI and other AD hallmarks, such as brain shrinkage and tau tangles observed on PET scans (Raket et al., 2020). Here, we will use plasma NfL as a systemic biomarker for cognitive decline. We will generate epigenome-wide methylation data using the state-of-the-art Illumina Infinium MethylationEPIC BeadChip (Pidsley et al., 2016) on the HiScan system. The array covers over 850,000 methylation sites per sample at single-CpG site resolution, and provides unparalleled coverage of CpG islands, RefSeq genes, ENCODE open chromatin, ENCODE transcription factor binding sites, and FANTOM5 enhancers, as well as regions identified by the ENCODE project as potential enhancers. This epigenome approach will help shed light on unknown pathways and is superior to traditional approaches that focus on a limited number of genes. We will calculate epigenetic clocks using established methods and use these clocks as a quantitative measure of biological age compared with chronological age.

Furthermore, we will measure plasma ergothioneine levels using liquid chromatography-mass spectrometry at baseline, 12 months and 24 months. Correlating changes in blood ergothioneine levels with cognitive outcomes and with pathological and aging-related biological markers will shed light on ergothioneine’s mediating role in the hypothesized relationship between mushroom consumption and cognitive aging. The inclusion of biomarkers of both a mushroom-derived compound and of aging and dementia represents a novel approach not previously adopted in human studies.



3.5 Methods of analysis

To test the relationship between mushroom consumption and cognition among cohort participants: A linear regression model will be used to assess how baseline mushroom consumption predicts future cognitive changes. A log-binomial regression model will be used to compare the proportion of incidental cognitive impairment cases in the subgroups defined by mushroom consumption. A sensitivity analysis will be performed using a log-binomial model for repeated measures, including assessments at the 5-year follow-up and controlling for major demographic, medical, and lifestyle factors. Pre-specified subgroup analyses will stratify by baseline cognitive status (MMSE ≥ 27 vs. < 27), sex, and education level (≤ secondary vs. > secondary). Interaction terms will test for differential intervention effects.

A priori power calculation was performed using G*Power 3.1. Assuming a small-to-medium effect size of Cohen’s d = 0.30 in 24-month MMSE change, two-tailed α = 0.05 and 90% power, 235 subjects per arm are required. Allowing 20% attrition at 24 months (Jacobsen et al., 2021), we plan to enroll 300 per arm.

To test the effects of ET-Rich mushroom powder on cognitive function among RCT participants: A linear regression model will be performed to compare changes in cognitive scores at 24 months between the intervention and control arms. A sensitivity analysis will be performed using a general regression model for repeated measures, including assessments at 12 months and controlling for major demographic, medical and lifestyle factors at baseline.

To examine the underlying protective mechanisms: The levels of biomarkers will be treated as continuous variables. Changes in biomarkers will be calculated by comparing post-intervention levels to pre-intervention levels from intervention and control and represented in percentage (%). These changes will then be compared between the intervention and control groups. Furthermore, paired two-tailed t-tests will be performed to assess whether biomarker levels differ between pre-intervention and post-intervention measurements within each group (control and intervention). To analyze the ergothioneine data, we will use a “change-versus-change’ approach, using repeated ergothioneine measurements as predictors to examine their relationship with changes in cognition and other biomarkers. We will further employ Structural Equation Modeling (SEM) to assess how the intervention affects cognitive function, with ergothioneine as a hypothesized mediating factor. In the SEM, we will adjust for age, sex, education (social class proxy), BMI, APOE ε4 status, baseline supplement use (curcumin, Ginkgo, omega-3), individual metabolic variations by including plasma liver enzymes (ALT, AST) and baseline renal function & ergothioneine levels as covariates, and compliance rate. Interaction terms will test effect modification.

To examine the epigenetic changes associated with ET-Rich mushroom consumption: Analysis of epigenome-wide methylation data will be performed using a modified version of the CPACOR pipeline(Lehne et al., 2015). Briefly, we will normalize marker intensities by quantile normalization. Single-marker tests using logistic regression will be used to examine the association of mushroom consumption with each autosomal CpG site (yes/no), adjusted for age and sex. Principal components from intensity values of Infinium control probes will also be included as covariates in the regression models. Finally, the association results will be adjusted for the genomic control inflation factor. We will subsequently develop a methylation risk score (MRS) model by taking a weighted approach (by effect size) for the CpG loci identified to be associated with mushroom consumption. Figure 3 describes the flow of study participants.

[image: Flowchart outlining a clinical study design with 600 participants: screening, baseline assessments, randomization to either daily mushroom powder or placebo, follow-up assessments at year one and two, and study completion.]

FIGURE 3
 Flow diagram of study participants.




3.6 Ethics statement

This study was carried out in accordance with the recommendations of the National University of Singapore (NUS) with written informed consent from all subjects. All subjects gave written informed consent in accordance with the NUS Human Biomedical Research guidelines.



3.7 Progress and next step

We have made significant progress in laying the foundation for our proposed studies. The DaHA study has successfully completed two waves of data collection. Wave 1 (2011–2017) recruited 1,010 community-living older adults aged 60 years and above in Singapore, collecting comprehensive data on lifestyle factors and cognitive function. Wave 2 (2017–2020) followed up with over 600 survivors (aged 62–91), providing valuable longitudinal data through established cognitive assessments. This rich dataset forms the basis for the planned 10-year cognitive assessment follow-up, which aims to further explore the longitudinal relationships between diet, nutrition, and cognitive health.

As for the next step, first, we will formally recommend that the Ministry of Health Singapore include mushroom consumption as a primary preventative measure in its Clinical Practice Guideline for Dementia. We will recommend that the Health Promotion Board Singapore include moderate mushroom consumption as a component in their public education and health communication programs that aim to promote healthy and functional aging. We will publish our findings in leading journals, present them at key international and local conferences, and share them with practitioners in Singapore and beyond. As a result, we anticipate that clinicians will recommend regular mushroom consumption to older adults consulting specialists or general practitioners for memory concerns. This recommendation will also extend to individuals at high risk of dementia due to family history or genetic testing, aiming for favorable clinical outcomes. Second, we will conduct further research to confirm long-term efficacy among RCT participants. We plan to conduct extended follow-up assessments 5 years post-baseline to assess clinical progression (defined as an increase in CDR global score from 0 to 0.5 or higher) and to identify incident cases of dementia in both the intervention and control groups. This extended follow-up study will be completed 3 years after the completion of the currently proposed study and will provide further evidence to strengthen the conclusions from the proposed trial. Last, the research team will seek potential public or private funding sources to form a spinoff/startup company focusing on the development of novel plant-based medical foods and nutraceutical products. The applicant and coworkers have been working on the cognitive benefits of various plant-based compounds. With a strong scientific foundation and a successful track record, we believe that establishing a spinoff/startup company specializing in phytoceuticals, nutraceuticals, and medical foods is highly feasible. This feasibility is supported by Singapore’s favorable biomedical R&D environment and potential funding from governmental bodies, venture capitalists, angel investors, and modern funding methods such as crowdfunding. The potential benefits for Singapore’s healthcare sector and economy are substantial and expansive.




4 Discussion

Mushroom consumption is safe and is likely to be embraced by older adults in the community as a preventive intervention. Although compliance to the intervention may raise as a potential problem given the long study period of two years, we have proposed the following methods to address this potential difficulty and limitation: (1) study staff to give weekly phone calls to remind study participants of the regime they are supposed to follow; (2) compliance will be monitored via a simplified one-touch electronic diary app (large icons, single-button “check-in”), augmented by automated push/SMS/phone reminders, caregiver assistance for entry, and cross-validation using electronic pill caps. Compliance rate can be used as a covariate in statistical analysis. Per-protocol analysis will be conducted on a subsample of subjects who have a compliance rate of 85% or above. Although we include a placebo control and blinding, repeated cognitive testing may introduce practice effects. We will account for this by including the assessment session (visit number) as a covariate in our longitudinal models, and where validated alternate forms exist, we will use them. With positive results and strong evidence, mushroom consumption and supplementation could be recommended as an important and simple method for promoting cognitive health in aging individuals and as a public health measure at the population level. This will potentially lead to healthcare cost savings. Furthermore, this study could provide evidence for the development of new nutraceutical products, with further translational research. The proposed study will provide more definitive data on the efficacy of mushrooms in preventing cognitive decline among individuals who are at high risk of dementia. Translating these findings into clinical and public health practice could lead to improved cognitive health and a reduced incidence of dementia. This, in turn, could result in substantial savings on the direct and indirect cost of dementia care in Singapore. The research will also provide insights into the biological mechanisms underlying the putative effect of mushroom powder on cognitive decline. By addressing scientific questions not previously rigorously examined, this research can strengthen our conclusions regarding clinical efficacy.
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Emerging evidence highlights the synergistic potential of polyphenols and exercise in modulating molecular pathways critical for brain function, tumor suppression, and healthy aging. Both interventions independently influence oxidative stress, inflammation, apoptosis, autophagy, metabolic regulation, and neuroplasticity—key processes implicated in head and neck cancers (HNCs) development, neurodegeneration, and lifespan determination. Recent studies reveal that polyphenols, through their antioxidant and epigenetic-modifying properties, enhance neuronal resilience, suppress tumorigenesis, and improve metabolic homeostasis. Simultaneously, exercise activates signaling cascades, promoting neurogenesis, immune modulation, and anti-cancer effects. The molecular crosstalk between polyphenol intake and physical activity appears to amplify protective mechanisms, offering novel therapeutic strategies for brain health preservation, HNCs management, and metabolic optimization. This review critically examines the interconnected pathways influenced by polyphenols and exercise, their combined impact on brain function and tumor suppression, and discusses the translational potential for extending healthy lifespan through integrated lifestyle interventions.
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1 Introduction

Head and neck cancers (HNCs) are a varied range of cancers which arise from paranasal sinuses, mouth, nose, salivary glands, pharynx, and larynx. HNCs are mainly squamous cell cancer and thus, they are mentioned to as head and neck squamous carcinomas (HNSCCs). According to global statistics about these cancers, oral and lip cancers (which are the most public types of HNSCC) have affected 377,713 new cases in 2020 and have taken the lives of 177,757 patients (1). Other than the ranking of these cancers which is significantly high among all cancers, the growing incidence of HNCs, due to increased consumption of alcohol and tobacco and HPV infection, has created some concerns in both developing and developed countries (2). Contrary to their relatively high prevalence, these cancers are not well studied and are slightly underestimated. Exercise has been acknowledged for a long time as a key element in treating various illnesses and cancer is no exception. Nonetheless, it’s crucial to assess the advantages and drawbacks of exercise programs to confirm that the benefits surpass the risks. According to a great body of research, different types of exercise including Aerobic, Resistance, Functional, Balance and other trainings such as flexibility, high-intensity interval training (HIIT) and stretching activities can be used in both individual and group forms for affecting cancer hallmarks and also enhancing the quality of life (QoL) in cancer patients who has undergone invasive therapeutic methods.

Understanding the molecular crosstalk between polyphenol intake and physical exercise suggestions a novel and promising approach to enhancing brain health, preventing and treating HNCs, managing metabolic disorders especially diabetes, and promoting healthy lifespan extension (3, 4). It was documented that both polyphenols and physical exercise independently activate main cellular signaling paths, such as PI3K/Akt/mTOR, AMPK, SIRT1, and Nrf2, which are essential for neuroprotection, metabolic regulation, inflammation control, and tumor suppression (5–8). When combined, these interventions may synergistically optimize mitochondrial function, suppress oncogenic processes, enhance autophagy, and counteract oxidative damage and neurodegeneration (9–11). Given the rising burden of HNCs, neurodegenerative diseases, and metabolic disorders in aging populations, the integration of dietary polyphenols with structured exercise interventions provides a cost-effective, non-pharmacological strategy with wide-reaching clinical applications. Moreover, this method aligns with the principles of preventive, predictive, and personalized medicine, offering possible for tailored interventions based on individual molecular profiles (12, 13).

This review highlights the urgent need for interdisciplinary research combining molecular biology, neuroscience, nutrition science, oncology, and exercise physiology to fully unlock the therapeutic potential of polyphenol-exercise synergy in promoting brain resilience, suppressing tumor progression, and extending healthspan.



2 HNSCC

Head and neck squamous carcinomas are classically defined as neoplasms originating from specific sites in neck and head including mucosal tissues in paranasal sinuses, oral cavity (which contains lips, tongue, buccal mucosa, hard palate, and gingiva), nasal cavity, larynx (which includes supraglottic, glottic and subglottic larynx), pharynx (containing naso-, oro-, and hypo-pharynx), and salivary glands (potential sites of HNSCC are showed in Figure 1).
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FIGURE 1
 A schematic presentation of the classification of head and neck cancers based on their sites. Head and neck cancers are classically defined as neoplasms originating from specific sites in head and neck including mucosal tissues of paranasal sinuses, oral cavity (which contains lips, tongue, buccal mucosa, hard palate, and gingiva), nasal cavity, larynx (which includes supraglottic, glottic and subglottic larynx), pharynx (containing naso-, oro-, and hypo-pharynx), and salivary glands.



2.1 Epidemiology

In general, the worldwide burden of HNSCC mortality and incidence is changing. This trend is influenced by the aging and expanding population, along with shifts in the spread and prevalence of key cancer risk factors, many of which are linked to socioeconomic development. The latest study on cancer prevalence is conducted in 2020 according to the GLOBOCAN estimates of cancer mortality and incidence which is created by the International Agency for Research on Cancer (1). As reported by this study, new cases of mouth and lips cancers as well as larynx, Nasopharynx, Oropharynx, Hypopharynx, and Salivary glands are detected as 377,713, 184,615, 133,354, 98,412, 84,254, and 53,583 cases were worldwide (1). According to the statistics of this study, oral cancer is the 8th most public cancer among men while it is the 15th most public among women (1). Region-Specific Incidence of oral and lips cancers shows that Melanesia, south central Asia, eastern Europe, New Zealand and Australia are the 5 top regions for this cancer. Lip and oral cavity cancers are very common in South Central Asia (such as Sri Lanka, India, and Pakistan) and in Melanesia which shows that chewing betel nut in these regions is a vital risk factor for oral cancer (1). Over the last ten years, laryngeal cancer cases have risen by 23%. In developed countries, there has been a significant increase in cases among younger women, possibly due to evolving cultural norms regarding tobacco and alcohol use, along with a heightened burden of HPV (2). In Japan, the rates of tumors in the oral cavity, oropharynx, and salivary glands have increased further in women than in men, while the incidence of nasopharyngeal and laryngeal tumors has declined, particularly in association with certain factors (2).



2.2 Risk factors

The main risk factors typically related to HHNSCC include alcohol and tobacco use, chewing areca nut, human papillomavirus (HPV) infection, and Epstein–Barr virus (EBV) infection (particularly for nasopharyngeal cancers) (all risk factors are summarized in Figure 2).
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FIGURE 2
 A summary of common risk factors which are involved in the pathogenesis of head and neck cancers. Alcohol consumption, tobacco use, human papilloma virus infection, and Epstein–Barr virus infection are the main risk factors for head and neck cancers.



2.2.1 Tobacco use

One of the maximum significant risk factors for HNCs is tobacco use, which includes smoking cigars, cigarettes, and pipes, as well as the consumption of smokeless tobacco products (14, 15). Tobacco has many harmful chemicals linked to cancer, including nitrosamines, polycyclic aromatic hydrocarbons, aldehydes, and aromatic amines. These ingredients are produced when tobacco is burned at high temperatures and are recognized to harm the DNA in cells of the oropharynx, donating to the onset of cancer (16). Based on a study in Western Europe, tobacco consumption continues to be the primary risk factor for HHNSCC, contributing to approximately 75% of all instances; however, this data cannot be generalized and data from East Asia have suggested that tobacco use is involved in 2.8–25% of subjects (2, 14, 15). Studies have shown that individuals who smoke are six times extra likely to develop these cancers compared with non-smokers. Moreover, the risk increases with the intensity and duration of tobacco use. Even secondhand smoke exposure poses a risk, particularly to non-smokers living with smokers (14, 15).



2.2.2 Alcohol consumption

Alcohol use is another main risk factor associated with HNCs. In 2012, it was reported that there were 162,547 cases of cancer affecting the oropharynx, oral cavity, and hypopharynx linked to alcohol use, which included 22,131 women and 140,416 men. The attributable fraction (AF) of alcohol use for these cases was 36.7%, with a breakdown of 44.7% for men and 17.2% for women (17). Moreover, there were 40,965 cases of laryngeal cancer linked to alcohol use, with 39,143 occurring in men and 1,821 in women. Alcohol use is responsible for 26.1% of all laryngeal cancer cases, which breaks down to 28.4% for men and 9.7% for women. The percentage of HNCs cases related to alcohol grew from 2002 to 2012 (17). Research has indicated that acetaldehyde and ethanol are the key constituents which may have cancer-causing effects in humans. Ethanol is converted into acetaldehyde through the role of the alcohol dehydrogenase enzymes (ADH), then which acetaldehyde is transformed into acetate via aldehyde dehydrogenase enzymes (ALDH). Among the ADH enzymes, ADH1B and 1C are primarily responsible for the change of ethanol to acetaldehyde, while ALDH2 is mainly responsible for converting acetaldehyde into acetate (18). To begin with, acetaldehyde interferes with repair processes and DNA synthesis and attaches to proteins, leading to changes in their structure and function. This affects key enzymes to DNA repair and methylation, along with glutathione (GSH), a crucial antioxidant peptide. Additionally, acetaldehyde can fix to DNA, leading in stable DNA adducts (19–21).



2.2.3 Human papilloma virus (HPV)

Human papilloma virus is a slight DNA virus made up of double-stranded DNA and a capsid composed of two essential proteins which is sexually transmitted among humans. This virus is able to some oncoproteins when is inside a living cell (22–25). Till now, numerous types of HPV virus are detected which are classified based on the how likely it is for them to establish cancerous lesions. Low-risk types of HPV (which primarily contain HPV-6 and -11) are usually linked to non-cancerous conditions such as laryngeal papillomatosis and warts in the genital or perianal areas. In contrast, high-risk types, mainly HPV-16, −31, −18, −33, and −35 are connected to cervical cancer, certain tumors in the genital area of both women and men, and a category of HNSCC (22–25). Early protein 7 (E7) and protein 6 (E6) are two of the most important oncoproteins which are responsible for the carcinogen effects of this virus. Oncoproteins E7 and E6 play a crucial role in HPV-related tumors by inactivating the products of tumor suppressor genes pRb and p53. This disruption affects the regulatory mechanisms of the DNA repair and cell cycle pathways, which are also commonly deactivated in tumors caused via tobacco through mutations (26). In HPV-associated cancers, the E6 protein’s ability to induce the degradation of p53 is a key mechanism that contributes to tumorigenesis. By targeting p53 for degradation, HPV effectively removes a critical regulator of the cell cycle and apoptosis, resulting in unchecked cell proliferation and genetic instability (26). This disruption occurs even in the presence of wild type p53, as the viral protein can inhibit its function without necessitating mutations in the p53 gene itself. Interestingly, while some HPV-positive tumors do exhibit mutations in the p53 gene, the functional impact of these mutations can vary. Some mutations may not significantly impair p53’s ability to regulate cell growth and apoptosis, allowing these tumors to remain HPV-related despite the presence of mutations (26, 27). This complexity indicates that p53 mutational position alone is not a reliable indicator of HPV involvement in carcinogenesis. Furthermore, the reliance on p53 immunohistochemistry as a surrogate marker for p53 status can be problematic, as it may not accurately reflect the underlying genetic alterations. The labor-intensive nature of detecting p53 mutations through gene analysis also complicates the assessment of HPV’s role in tumor development (28, 29).

Also, the E7 protein of HPV serves a crucial function in the oncogenic process by inactivating the retinoblastoma (pRb) tumor suppressor protein. In addition, pRb is vital for regulating the cell cycle, and its inactivation leads to uncontrolled progression through the G1 phase, promoting cell proliferation. The relationship between E7 and pRb is well-established; however, E7 also interacts with other members of the pRb family, further contributing to its oncogenic effects (30). The E7 protein of HPV serves a crucial function in the oncogenic process by inactivating the retinoblastoma (pRb) tumor suppressor protein (31). This inactivation disrupts the regulatory control of the G1/S cell cycle checkpoint, leading to the release of E2F transcription factors and allowing uncontrolled cellular proliferation. Beyond cell cycle deregulation, pRb inactivation also contributes to a cascade of oncogenic effects, including resistance to apoptosis, increased genomic instability, and impaired cellular differentiation. These processes are especially relevant in HPV-associated head and neck cancers, where unchecked proliferation and reduced apoptosis promote tumor initiation and progression (31). Moreover, by undermining differentiation pathways, pRb inactivation fosters the maintenance of an undifferentiated, proliferative cell phenotype commonly seen in aggressive HPV-positive oropharyngeal tumors. This molecular mechanism aligns closely with key hallmarks of cancer and reinforces the central role of E7 in HPV-driven tumorigenesis (32).

As a consequence of pRb inactivation, there is an up-regulation of p16. This up-regulation occurs through a negative feedback mechanism: when pRb is inactive, it cannot suppress the expression of p16, leading to increased levels of this protein (33, 34). The presence of high p16 levels can be identified via immunohistochemistry, making it a valuable biomarker for identifying HPV-related cancers. Recent studies have suggested that tumors exhibiting HPV DNA and overexpressing p16 may represent a distinct subset of cancers that are causally linked to HPV infection. This association not only helps in identifying HPV-positive tumors but also underscores the potential for p16 as a surrogate marker in clinical settings. By using p16 expression as an indicator of HPV involvement, pathologists can better classify tumors and potentially guide treatment strategies (33, 34).

This association not only helps in identifying HPV-positive tumors but also underscores the potential for p16 as a clinically relevant surrogate marker, particularly in OPSCC. Tumors that are both HPV DNA-positive and p16-overexpressing represent a biologically and clinically distinct subset of head and neck cancers. Epidemiologically, HPV-positive OPSCCs tend to occur in younger patients with limited or no history of tobacco or alcohol use, differing significantly from the traditional demographic profile of head and neck cancer, which typically involves older, tobacco-exposed individuals. This shifting profile has led to a rise in HPV-associated cancers, especially in high-income countries, even as tobacco-related cases decline (35).

Pathologically, HPV-positive tumors often exhibit non-keratinizing morphology, basaloid features, and a high mitotic index, in contrast to the keratinizing and poorly differentiated patterns seen in HPV-negative tumors. High levels of p16 expression, used as a surrogate marker for HPV-driven oncogenesis, result from the functional inactivation of the retinoblastoma (pRb) protein by the HPV E7 oncoprotein. This loss of pRb leads to compensatory overexpression of p16, which can be detected via immunohistochemistry, offering a practical tool for clinical diagnostics (36).

Clinically, HPV-positive, p16-overexpressing OPSCCs demonstrate enhanced responsiveness to chemotherapy and radiation therapy, and patients tend to have significantly better overall and disease-free survival rates. These favorable outcomes have prompted efforts to de-escalate treatment intensity in selected patients to reduce long-term toxicity without compromising efficacy. Altogether, the distinct epidemiological, pathological, and therapeutic profiles of this tumor subset highlight the importance of accurate HPV and p16 testing, both for prognostic assessment and for informing individualized treatment strategies in clinical practice (37).

In summary, the interplay between HPV oncoproteins E6 and E7 with critical tumor suppressors like p53 and pRb, respectively, highlights the complex mechanisms through which HPV contributes to carcinogenesis. The regulation of p16 by pRb provides an additional layer of understanding regarding HPV’s role in cancer and offers a practical approach for identifying HPV-associated malignancies (22–25). These oncogenic mechanisms, specifically the inactivation of tumor suppressor proteins p53 and pRb by HPV oncoproteins E6 and E7, are most strongly implicated in the pathogenesis of HPV-positive oropharyngeal squamous cell carcinomas (OPSCC) (38). These cancers predominantly arise in the tonsillar region, the base of the tongue, and the soft palate. The presence of high-risk HPV subtypes, particularly HPV-16, is now recognized as a distinct etiological factor in these tumor types, with implications for prognosis and treatment response. In contrast, the role of HPV in cancers of the larynx, hypopharynx, and oral cavity remains less definitive and often secondary to traditional carcinogenic exposures such as tobacco and alcohol. While some studies have detected HPV DNA in a subset of these cancers, the functional significance, especially in terms of E6/E7 expression and p53/pRb inactivation, is not as clearly established as in OPSCC (38). Therefore, when discussing HPV-mediated carcinogenesis, it is critical to distinguish between tumor sites, as the molecular underpinnings and clinical behaviors differ significantly. This distinction underscores the need for site-specific diagnostic and therapeutic strategies in head and neck cancers.

Prophylactic vaccination against HPV has significantly advanced the prevention of HPV-associated diseases, including head and neck cancers, particularly OPSCC. Three main vaccines are approved: Cervarix (bivalent, targeting HPV types 16 and 18), Gardasil (quadrivalent, targeting HPV types 6, 11, 16, and 18), and Gardasil 9 (nonavalent, covering HPV types 6, 11, 16, 18, 31, 33, 45, 52, and 58) (39). These vaccines elicit a robust immune response, especially when administered prior to HPV exposure, and have demonstrated a significant reduction in the prevalence of vaccine-type HPV infections and related neoplasias. Although primarily aimed at preventing cervical and anogenital cancers, increasing evidence suggests potential benefits in reducing oral HPV infections, indicating their broader role in preventing HPV-related head and neck cancers. Public health strategies promoting early vaccination, particularly among adolescents, are essential for maximizing the protective effects of HPV immunization (39, 40).



2.2.4 EBV

Epstein–Barr virus is one of the most public human viruses and is recognized for its capacity to create lifelong infections (41). It primarily resides in the oral epithelium and B lymphocytes, where it can adopt two distinct phases of its lifecycle: latency and productive replication. EBV, with studies indicating that over 90% of adults worldwide have been infected with it at many point in their lives (42, 43). While many people experience mild or no symptoms during the initial infection, particularly when it occurs in childhood, EBV can lead to more significant health issues later in life like cancer. Among HNSCCs, oral cancers including oral squamous cell carcinomas (OSCC) are more detected after EBV infection. EBV produces a variety of proteins that are expressed at different times after B cells become infected (43, 44). These proteins consist of Epstein–Barr nuclear antigens (EBNA-2, EBNA-1, EBNAs-3A, 3C, 3B, and EBNA-LP), a viral counterpart to BamHI-H, BCL-2 rightward open reading frame 1, and latency membrane proteins 2 and 1 (LMP-2 and LMP-1) (44). Research has been conducted on these EBV products to explore their possible involvement in cancer development by supporting key characteristics of tumors (44). EBNA-1 is the main protein that keeps the virus in a dormant state before it begins to replicate and it controls various cellular genes by attaching to super-enhancer areas in the cell’s chromatin, which finally triggers the cell cycle to promote growth. LMP-1 is the primary oncoprotein among the latency-associated proteins and is frequently found in cancers associated with EBV (43). It engages with molecules that communicate signals from tumor necrosis factor (TNF) receptors, leading to the stimulation of various signaling pathways such as JNK–p-38, NF-κB, PI3K–AKT, ERK–MAPK, and JAK–STAT (44, 45). Numerous studies have indicated that activating these signal transduction paths promotes a wide range of downstream effects, including the regulation of adhesion protein expression. Additionally, it has been demonstrated to increase telomerase activity through the initiation of cMyc, while also facilitating the movement of tumor cells by triggering the stimulation and release of various matrix metalloproteinases. In addition, the protein has been observed to promote epithelial-mesenchymal transition in nasopharyngeal carcinoma (NPC) and exhibit characteristics similar to cancer stem cells. Besides LMP-1, there are also some other proteins which can be encoded by EBV and take part in its carcinogen activities (Figure 3) (42, 44).
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FIGURE 3
 Molecular mechanisms of HPV- and EBV-induced oncogenesis in head and neck cancers. HPV E6 and E7 oncoproteins lead to p53 degradation and pRb inactivation, respectively, resulting in increased E2F activity and p16 upregulation. In contrast, EBV latent proteins such as EBNA-1 and LMP-1 activate oncogenic signaling cascades (NF-κB, PI3K–AKT, MAPK, and JAK–STAT), promoting cell proliferation, inflammation, and epithelial-mesenchymal transition.




2.2.5 Other risk factors

Areca Nut (Betel Quid) is one of the potential risk factors for HNSCC which is mostly observed to be consumed in Southeast and South Asia and Polynesia, Solomon Islands, and Sri Lanka (46, 47). The areca nut which known as betel nut, is the fruit produced by the areca palm (Areca catechu). Areca nut chewing involves the consumption of areca nuts to experience their stimulant and narcotic effects (48). Approximately 600 million people globally consume areca nuts, which ranks as the fifth most widely used psychoactive substance after alcohol, caffeine, nicotine, and cannabis. In certain countries, areca nuts serve as the cheapest and most readily available stimulant and appetite suppressant, contributing to their widespread use among rural and low-income communities (49). A meta-analysis in this field has confirmed that the risk of oral cancer rises with both the length of time and the frequency of betel quid chewing, reinforcing the evidence for a causal link. Their findings also revealed a positive relationship between exposure and risk, with higher frequencies and durations of use associated with greater risk. In Taiwan, China, the risk increased in a linear fashion, while in India, the increase in risk was slightly less pronounced at higher levels of exposure (49). Another risk factor is oral hygiene and microbiome. Changes in the oral microbiome have been recommended to play a function in the progress of cancers of oral cavity in 7 to 15% cases that cannot be accounted for by established risk factors (50). The importance of the oral microbiome in a clinical context is highlighted by the statistical link between dysbiosis, often resulting from inadequate oral hygiene, and the occurrence of various cancer types. Within the diverse environment of the human mouth, which features mucosal areas and deep tissue gaps, both healthy and cancerous regions house unique microbial communities (51).

Age and gender are two other risk factors which put individuals at the risk of HNCs. According to an investigation conducted in 2012, there were 300,000 subjects of oral and lip cancers, representing 2.1% of the global total, with about two-thirds of the cases in men (52). Melanesia had the highest incidence rates for both genders, with 22.9 per 100,000 for males and 16.0 per 100,000 for females. Additionally, men in South-Central Asia and Eastern and Central Europe also experienced relatively high rates. According to this study, pharyngeal cancer also occurred significantly more regularly in males compared with females, with a sex ratio of 4:1. For both genders, the area with the highest incidence was Western Europe, which had rates of 7.5 per 100,000 for males and 1.6 per 100,000 for females (52). Laryngeal cancer also occurs particularly often in men, making up 1.9% of all cancer subjects in this group. The male-to-female ratio is 7:1, which is higher than for cancers in other locations. In women, it is relatively uncommon, with only about 19,000 new cases projected for 2012. Among men, high-risk areas include the Southern Europe (7.2), Caribbean, Eastern Europe and Central (7.9 cases per 100,000), and Western Asia (6.5) (52). In age point of view, Age plays an important function in the prognosis and incidence of HNCs, with the majority of cases occurring in older adults. The risk of increasing these cancers rises with age, often due to cumulative exposure to the mentioned risk factors (53). Additionally, age-related changes in immune function may affect tumor development and response to treatment. Older patients may also present with more progressive disease at diagnosis and can have comorbidities that complicate treatment options and outcomes. Understanding the impact of age on HNCs is crucial for tailoring prevention, screening, and treatment strategies for different age groups (53).

Exposure to industrial chemicals in the workplace has also been linked to negative health effects including HNCs for a long time, with the most significant levels of exposure found in the construction and furniture sectors and leather industries. The relationship between exposure to HNSCC and wood dust has been slightly debated in the literature and several studies have looked into this connection, especially regarding laryngeal and hypopharyngeal cancers, but fewer have focused on oral cavity and oropharyngeal cancers, yielding mixed findings. Furthermore, this relation is similar between leather dust and laryngeal cancer while pharyngeal cancer is confirmed to be associated with leather dust. On the other hand, studies have also recognized exposure to metal dust in the workplace as a risk-factor laryngeal cancer and a higher risk among individuals employed in metalworking jobs (54).




2.3 HNC treatment

The treatment of HNSCC involves using surgery, radiation, and chemotherapy in different combinations, depending on the TNM (node, tumor, and metastasis) stage and the primary location of the cancer (also summarized in Figure 4).
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FIGURE 4
 Decision tree outlining typical treatment pathways for head and neck squamous cell carcinoma (HNSCC) based on tumor location and TNM stage. Early-stage disease (Stage I–II) is often treated with a single modality such as surgery or radiotherapy, depending on the primary site. Locally advanced cases (Stage III–IVA) typically require multimodal treatment, including surgery followed by adjuvant chemoradiotherapy or definitive chemoradiotherapy. Advanced or metastatic disease (Stage IVB–IVC) is primarily managed with systemic therapy, including platinum-based chemotherapy and/or immunotherapy. Tumor location (e.g., HPV-positive oropharynx) and patient-specific factors (e.g., performance status, organ preservation goals) influence treatment selection.



2.3.1 Surgery

The primary treatment HNSCC involves surgery for tumors that can be surgically removed with clear margins. Depending on specific characteristics and the tumor’s anatomy, traditional open surgery or less invasive methods like laser surgery or transoral robotic surgery (TORS) are used for resecting the tumor (55). At present, TORS is available as an alternate option to chemoradiation, serving as a function-preserving method with or without neck dissection (ND). When performed by skilled professionals, TORS seems to be both effective and safe from an oncological perspective for specific cases of HNSCCs (55). Traditional open surgeries, which frequently involve procedures like lip splitting, lateral pharyngotomy, mandible splitting, or tongue resection through floor of mouth release, can lead to important collateral damage, resulting in cosmetic and functional impairments. Consequently, these surgical options are not very appealing. For subjects with HPV-driven oropharyngeal squamous cell carcinoma (OPSCC), TORS may offer a primary treatment that is equally effective and oncologically safe, while also associated with lower morbidity (55).



2.3.2 Radiotherapy

Radiation therapy (RT) is another common treatment for HNSCCs. In the managing of locally advanced disease, RT is used as a supplementary treatment alongside surgery or in combination with chemotherapy. Also, the radiation dose for HNSCC typically ranges from 60 Gy to 70 Gy, depending on whether the treatment is adjuvant or definitive (56). In a definitive context, the Radiation Therapy Oncology Group (RTOG) 0129 phase 3 trial assessed both standard and accelerated boost radiation protocols with concurrent cisplatin, revealing no significant differences in regional or local control, overall survival, or late side effects (57). The likelihood of long-term toxicity from radiation rises when doses exceed 55 Gy to the pharyngeal constrictor muscles, salivary glands, and thyroid gland, potentially resulting in dysphagia, xerostomia, reliance on percutaneous endoscopic gastrostomy tubes, hypothyroidism and chronic aspiration. Recent advancements in intensity-modulated radiotherapy have made it possible to create conformal fields and apply dose constraints to the treated volume of the salivary glands (58). There are various ways to lower toxicity, one being the reduction of the conventional dose of definitive radiotherapy (70 Gy). Patients who tested positive for HPV underwent induction chemotherapy (ICT) and then established a lower-dose chemoradiation if they had a positive response to ICT (55).



2.3.3 Chemotherapy

Chemotherapy has been utilized as part of the initial curative multimodal approach in the context of IC, alongside radiation therapy, and as a follow-up treatment. High-dose cisplatin continues to be the primary radiosensitizer used in the treatment of HNSCC. A meta-analysis indicated an absolute benefit from chemoradiation of 7% at 2 years and 8% at 5 years (59). Comparing radiation alone, induction chemotherapy with 5-fluorouracil and cisplatin followed by radiation, and concurrent administration of radiation and cisplatin for organ preservation in subjects with stage III and IV locally advanced laryngeal cancer, definitely excluding bulky T4 and T1 tumors indicates that long-term follow-up results showed a notable enhancement in larynx preservation rates and local control at both 5 and 10 years for the group receiving concurrent radiation and cisplatin compared with those undergoing induction therapy or radiation alone, with no significant differences in overall survival among the three treatment options. Consequently, the combination of radiotherapy and cisplatin is regarded as the standard care in North America (60).



2.3.4 Immunotherapy

Recent investigations have shown that chemotherapy can be replaced by immunotherapy in HNC treatment. EGFR monoclonal antibodies cetuximab and panitumumab are the most investigated immunotherapies. In a trial by Bonner et al. (61), which focused on locally advanced HNSCC, researchers compared radiation therapy alone to radiation combined with weekly cetuximab. The data showed a substantial improvement in overall survival (29.3 months for radiation alone versus 49 months for the combination) and a longer period of locoregional recurrence-free survival (14 months compared with 24.4 months) with the combined treatment (61). Long-term follow-up over 5 years indicated that the benefits were mainly observed in patients with OPSCC, those under 65 years of age, and individuals who received a concomitant boost of radiation instead of standard once-daily radiation (61). Similar toxic effects were detected when panitumumab was combined with radiotherapy and cisplatin, resulting in poorer survival compared with just radiotherapy and cisplatin (62). Other EGFR inhibitors which can be used for HNCs treatment are Zalutumumab, Nimotuzumab, ABT-806, and MEHD7945A. Furthermore, besides EGFR inhibitor, other monoclonal Abs include PD-L1 inhibitors, PD-1 inhibitors, HGF inhibitors, VEGFR inhibitors, and CD antigen inhibitors (63). In summary, the incidence and mortality rates of HNSCC are changing globally, influenced by an aging population and shifts in cancer risk factors linked to socioeconomic development. Over the past decade, these cancers have increased especially among younger women in developed countries due to changing tobacco and alcohol use patterns and HPV prevalence. The growing number of HNSCC cases has attracted the attention of scientific society for finding more ways for overcoming these cancers. In the next section, we would discuss how exercise can be used for cancer treatment and further, we would investigate the role of exercise in HNCs.





3 Exercise and cancer

Exercise can be used besides the standard treatment of each type of cancer for many purposes. For instance, after receiving a cancer diagnosis and before initiating the treatment, patients typically face a normal waiting period of over 1 month before undergoing surgery, during which they often experience heightened levels of anxiety, depression, and a sense of loss (64). Furthermore, individuals who are in poorer physical and psychological condition prior to surgery are not only likely to have a delayed recovery post-operation (resulting in higher risk of complications and longer hospital stays) but also face an augmented risk of overall mortality after surviving cancer (65). Consequently, the time frame between the start of treatment and diagnosis has been identified as further than just a waiting during; it is seen as a crucial chance to make subjects for the demanding nature of cancer treatments (64, 65). Furthermore, in this time, exercise can also be an aid for cancer prehabilitation. Cancer prehabilitation is a focused approach that occurs between a cancer diagnosis and the start of intensive treatment, aimed at reducing the physical and emotional challenges associated with cancer therapy. Exercise plays a vital role in this prehabilitation process, positively impacting the subjects treatment outcomes and recovery after surgery (66, 67).

On the other hand, exercise can also be used for increasing the quality of cancer patients’ lives after receiving treatment. Also, surgery is one of the key methods for curing cancer or performing partial or complete tumor removal which despite improvements, around one-third of cancer people who have surgery face different postoperative problems and complications, including muscle loss, pain, and reduced physical function (68). Postoperative exercise, often referred to as rehabilitation, plays a significant role in aiding patient recovery and improving outcomes. Early mobilization, as a key aspect of postoperative exercise, can effectively lower the risk of cardiopulmonary complications, prevent blood clots, relieve pain, reduce the chances of bowel obstruction, and boost gastrointestinal function (69, 70). Post-surgery exercise for breast cancer subjects reduced pain, enhanced shoulder function, and increased QoL, aiding their recovery following surgery (71). A meta-analysis involving patients with lung and colorectal cancer indicated that exercising after surgery boosts health-related QoL, improves physical capabilities, and helps in managing fatigue (72). Moreover, it has been noted that exercise has beneficial effects during non-surgical treatments such as radiation therapy, chemotherapy, targeted therapy, hormone therapy, and immunotherapy. Most of the investigations in this area, which are conducted on breast and colorectal cancer, are showing that exercise notably decreases fatigue throughout adjuvant therapies, such as chemotherapy and/or radiation (73). As well, the results of these studies also indicated that implementing exercise throughout adjuvant therapy notably enhanced muscular strength, cardiorespiratory fitness, and lean mass among breast cancer subjects (74, 75). A study highlighted further advantages related to breast cancer-specific issues, including upper body and shoulder mobility, arm movements, and lymphedema through treatment, showcasing the effectiveness of exercise as a rehabilitation method following surgery. However, for colorectal cancer subjects, the mentioned effects are not reported (74). An important factor of physical activity during non-surgical cancer therapies is its role in enhancing treatment-related results, including how well patients can tolerate treatment, changes in cancer-related biomarkers, and the likelihood of cancer returning. Nevertheless, there is still a lack of adequate evidence on these outcomes (76).



4 Exercise and head and neck cancers (HNCs)

There is a limited number of studies probing the impacts of exercise on different HNCs; however, we have gathered as many evidence as we could and we have also summarized them in Tables 1–3.


TABLE 1 A summary of investigations examining exercise on head and neck cancer patients focusing on reducing trismus.


	Type of cancer
	Participants
	Intervention
	Duration
	Results
	Reference

 

 	Head and neck cancer 	27 patients 	TheraBite® Jaw Motion Rehabilitation System™ vs. Dynasplint Trismus System®. 	3 months 	No notable differences between devices, MMO increase of 3.0 mm with the first tool and 1.5 mm with the second tool. 	(77)


 	Oral and/or oropharyngeal tumors 	100 patients 	5–6 times for 45 min in a week 	12 months 	Early supervised exercises combined with self-care treatment do not have additional benefits compared with usual care during curative radiotherapy 	(80)


 	37 patients 	Early vs. late jaw exercise 	6 months 	The timing of the exercise did not affect the outcomes and a wider jaw opening linked to enhanced quality of life 	(78)


 	Oral cancer 	60 subjects (30 intervention and 30 control) 	Warm compress, masticatory muscle massage, and jaw exercise 	12 weeks 	Change in maximum interincisal opening was 10.30 mm (95% CI: 8.22–12.37) The change in mandibular function impairment score was −0.36 (95% CI: −0.44 to −0.28) 	(79)




 


TABLE 2 Studies investigating the role of exercise on dysphagia in HNC patients.


	Type of cancer
	Participants
	Intervention
	Duration
	Results
	Reference

 

 	Laryngeal cancer 	6 participants who had previously undergone SCPL 	Expiratory muscle strength training (EMST) 	4 weeks 	This method only improved Peak cough flow (PCF) 	(82)


 	78 patients with total laryngotomy 	7 flexibility exercises for the head, neck 8 range-of-motion exercises for the tongue, lips, and jaw, and, 5 lymphedema exercises. 	12 weeks 	The progression of overall swallowing difficulties was decreased in the intervention group (p-value for two-way interaction = 0.013) 	(84)


 	92 patients undergoing total laryngectomy 	Weekly swallowing therapy 	12 months 	The scores were significantly better among the intervention patients at months 3, 6, 9, and 12 for all the scores, with p values smaller than 0.000 	(85)




 


TABLE 3 Studies investigating the role of exercise in vocal function in HNC patients.


	Type of cancer
	Participants
	Intervention
	Duration
	Results
	Reference

 

 	Laryngeal cancer 	10 adults irradiating for laryngeal cancer 	Vocal function exercises 	6 weeks 	 	(88)


 	11 patients who underwent SCLC with cricohyoidoepiglottopexy (CHEP) 	Vocal exercise involving prolonged /b/ sound and the vowel /e/ with chest and arm-pushing exercises 	5 series of exercises 	Improving the general level of vocal, roughness, and breathiness after the fourth series of exercises 	(83)


 	78 patients with total laryngotomy 	7 flexibility exercises for the head, neck 8 range-of-motion exercises for the tongue, lips, and jaw, 	12 weeks 	No significant effect on the speech issues 	(84)




 

To support safe and effective exercise prescription across treatment phases, we referenced the American College of Sports Medicine Guidelines for Cancer Survivors, which recommend tailoring intensity and modality based on treatment-related side effects, functional status, and comorbidities. For instance, low- to moderate-intensity resistance training (e.g., 30–60% of 1RM) is considered appropriate during radiotherapy when mucositis or fatigue are present, while aerobic training can begin at 40–60% of VO₂max and gradually progress. Several studies in HNC populations have reported a decrease in VO₂max by up to 30% during chemoradiotherapy, reflecting significant deconditioning. However, clinical trials show that structured rehabilitation post-treatment can significantly improve cardiorespiratory fitness, with VO₂max increases of 10–20%, even in previously sedentary HNC survivors. These findings highlight the importance of evidence-based, phase-specific exercise plans for improving outcomes in this population.


4.1 Trismus prevention with exercise

Trismus is a condition where individuals experience limited movement in the jaw muscles, making it difficult to open their mouths wider than 35 mm. This complication is observed after conventional treatments for HNCs including surgery. The current literature indicates that rehabilitation strategies designed to prevent trismus include both passive and active stretching exercises for the jaw, and may utilize jaw mobilization tools (all studies are summarized in Table 1). For instance, a group of researchers tried two different tools on HNC patients (77). Their study aimed to evaluate the efficiency of two extending devices for improving maximal mouth opening (MMO). A target sample of 30 patients per group was set and during the initial visit, patients received a stretching device. Results showed no noteworthy difference in MMO improvement between the two devices, with gains of 3.0 mm for TheraBite users and 1.5 mm for DTS users. Only one patient achieved full recovery from trismus (77). They also reported that patients found it difficult to use either stretching device because of the demanding exercise regimen, pain experienced during workouts, issues with properly using the stretching equipment, and their overall declining health (77).

Sandler et al. (78) examined Jaw variety of motion exercise therapy on patients with oropharyngeal and/or oral tumors who were scheduled to undergo surgery and did not use any tools in their study. They measured jaw ROM, pain numeric rating scales (NRS), patient-rated QoL and performance status scale-head and neck (PSS-HN) in their subjects and found out that the degree of jaw opening was significantly linked to several QoL assessments, such as the ability to eat normally and the comfort of eating in public. Moreover, it was seen the relationship between MDADI global and jaw MIO was stronger 1 month after the operation compared to 2–3 months or 6 months’ post-surgery. However, this relationship weakens in the months after the surgery (78). However, this study did not assess the start of exercise at 1, 2–3, and 6 months after surgery. Although the changes between the results of the two exercise intervention protocols were not statistically significant, this study provides a valuable basis for future research into the potential advantages of starting jaw exercises early versus later. The preliminary results, along with the nearly significant correlation between maximum interincisal opening (MIO) and MDADI Global scores. However, the small sample size and other limitations highlight the need for a follow-up study with a larger participant group, an extended time frame between interventions, and a well-defined control group to better assess the ideal timing and effectiveness of postoperative jaw exercise interventions (78).

Another study on oral cancer patients also confirms the impact of exercise in decreasing trismus and improving mandibular function in subjects undergoing curative surgery for oral cancer (79). In study, people who were admitted for oral cancer surgery at a general hospital were recruited and divided into either the active control group or the experimental group. Both groups participated in a 12-week intervention program that included warm compresses, massages for the masticatory muscles, and jaw exercises (79). These subjects were assessed at the beginning of the study, at week 4, and week 12. The results indicated that after 12 weeks of intervention, the experimental group engaged in 299.67 min more practice time than the active control group. The increase in maximum interincisal opening was 10.30 mm higher in the experimental group compared with the active control group. Additionally, the change in the mandibular function impairment score was −0.36 more favorable in the experimental group than in the active control group (79). Despite the promising findings of the mentioned studies, another investigation showed paradoxical results. In a study involving subjects with HNCs receiving radiotherapy, participants were assigned to either a group that engaged in supervised exercises 5–6 times a week for 45 min, in addition to standard care, or a control group that received only standard care. The main goal was to assess changes in maximal interincisor distance (MID) at 5 and 12 months, while secondary outcomes included cervical range of motion, tissue tightness, and QoL (80). At 12 months’ post-radiotherapy, the mean difference in MID for the exercise group compared to the control group was 0.83 mm, indicating no significant improvement. After adjusting for surgery and tumor size, the adjusted mean difference was 5.92 mm, still not statistically significant (80). Notably, cervical rotation significantly worsened in the exercise group compared to controls, while other secondary outcomes showed no significant changes. They concluded that early supervised exercises do not appear to offer additional benefits over standard care in reducing trismus for patients with oral cavity or oropharyngeal cancer during radiotherapy (80). In summary, current research evaluates rehabilitation strategies, including the use of devices like TheraBite® and Dynasplint Trismus System®, to improve maximal mouth opening (MMO). One study found no noteworthy change in MMO improvement between the devices, with minimal gains reported and challenges faced by participants. Another study examined jaw range of motion exercises without tools for patients undergoing surgery for oral and oropharyngeal tumors. It highlighted a correlation between jaw mobility and QoL measures, suggesting that early exercise initiation post-surgery could enhance QoL. However, the small sample sizes and other limitations designate the requirement for further research to better understand the impact of postoperative jaw exercises.



4.2 Dysphagia and swallowing exercises

Dysphagia, or difficulty swallowing, is a common and often distressing complication faced by subjects who have experienced treatment for HNCs. This condition can arise as a result of numerous treatment modalities, including radiation therapy, surgery, and chemotherapy, which can lead to functional and structural changes in the pharynx, oral cavity, and esophagus. After surgical intervention, patients may experience alterations in anatomy, such as the removal of tumors or surrounding tissues, which can impact the swallowing mechanism. Radiation therapy can cause inflammation and fibrosis in the tissues of the throat, leading to decreased mobility and sensitivity in the swallowing structures. Chemotherapy may further exacerbate these issues by causing mucositis, which can make swallowing painful and difficult. The consequences of dysphagia extend beyond the physical act of swallowing; they can significantly affect a patient’s nutritional status, hydration levels, and overall QoL. Given the importance of dysphagia, a great body of research has tried to overcome this side effects through a diversity of interventional methods. The most recent investigation in this field is conducted in 2024 which is a case report on a 72-year-old subject who was diagnosed with larynx carcinoma and underwent SCPL with cricohyoidoepiglottopexy (CHEP) (81). In the fiberoptic endoscopic evaluation of swallowing assessments, the patient consistently showed signs of laryngeal penetration and potential tracheal aspiration, which were corroborated by videofluoroscopic swallowing study results. Furthermore, a narrowing of the upper segment of the cervical esophagus was noted, attributed to a large bone spur in the front part of the C5 vertebra. This narrowing hindered the movement of the bolus, causing it to accumulate above the upper esophageal sphincter and subsequently enter the airway (81). This patient received rehabilitation for 3 months and the data exhibited that the buildup of the bolus above the cervical osteophyte of patient was cleared with several swallows, showing no signs of penetration or aspiration in him. This case report highlights the need for a coordinated assessment that includes a variety of specialists such as otorhinolaryngologists, speech therapists, and radiologists to investigate dysphagia in patients receiving conservative laryngeal surgeries, so that rehabilitation can be tailored to their individual needs (81).

Expiratory muscle strength training (EMST) is one of methods in which patients are instructed to exhale vigorously using a device equipped with a one-way spring-loaded valve. This adjustable valve prevents airflow until enough expiratory pressure is generated, at which point it opens to let the air flow through. The valve can be modified to accommodate different maximum expiratory pressure (MEP) levels, enabling the control of airflow resistance tailored to each individual, which can be progressively heightened as needed (82). Palmer et al. (82) used this method for six patients who had undergone supracricoid partial laryngectomy. Their results shown that the average MEP raised during follow-up, which was not statistically significant. Since EMST focuses on expiration rather than inspiration, an increase in maximum inspiratory pressure from baseline to follow-up was not anticipated, and this expectation was confirmed (82). Overall, patients were able to undergo a 4-week treatment program of EMST following SCPL with very few side effects. The main advantages seemed to center around breathing and coughing, rather than voice and swallowing. Nonetheless, these benefits are significant, considering how vital these functions are for respiratory health, especially in individuals who are prone to aspiration (82). Another similar study worked on patients who underwent supracricoid laryngectomy with CHEP and detected an enhancement in the overall level of deviations concerning vocal quality, roughness, and breathiness of the patients. They concluded that the extended vocal exercise involving the prolonged /b/ sound along with the vowel /e/, paired with chest and arm-pushing exercises, showed positive effects on the overall vocal quality, specifically in reducing roughness, deviation, and breathiness. These improvements began to be noticeable from the fourth minute in subjects who had experienced supracricoid laryngectomy with CHEP reconstruction (83).

Another study probed the condition of patients with total laryngotomy (TL) and tried to enhance their swallowing problems through a guided self-help exercise intervention which contained flexibility exercises for head, neck, jaw, tongue, and lips. They used the swallowing QoL questionnaire (SWAL-QoL) foe assessing the problems of patients and observed that the total swallowing problems improved significantly over time in the intervention group compared with the control group. The data revealed that, at the 6-month follow-up, subjects in the intervention group had a significantly lower score than those in the control group (84). There were seven subdomains in SWAL-QoL score including fear of eating, eating duration, food selection, general burden, mental health, eating desire, and social function. These subdomains did not exhibit a significant change over time separately; nevertheless, the intervention group had meaningfully improved (lower) scores at the 6-month follow-up for eating duration and fear of eating (84). Social Functioning and mental health had also notable differences which was significant (84). In prophylaxis point of view, research evaluated the efficiency of preventive swallowing exercises on the swallowing abilities of patients who were having a total laryngectomy (TL). They included 92 patients who had a TL due to stages III and IV laryngeal cancer to their study and practiced them for five specific swallowing exercises for the duration of 3 months following their surgery, beginning 2 weeks after the procedure. Weekly therapy sessions were also conducted with the patients. The results shown that there were no significant differences in the swallowing function, eating in public subscale, and normalcy of diet subscale scores between the intervention and control groups; at months 3, 6, 9, and 12, the scores for the intervention subjects were significantly improved across all measures (85).

A study compared a resistance-based chin-to-chest (CtC) exercise with a head-lift exercise for achieving better measures of hyolaryngeal muscle activation in healthy participants (86). A decrease in the opening of the upper esophageal sphincter (UES) during swallowing is a key factor in dysphagia, which can be caused by both neurological and cancer-related issues. The UES normally opens due to factors like relaxation controlled by the central nervous system, pressure from the bolus at the UES, and the movement of the hyoid and thyroid bones (hyolaryngeal excursion). This movement is driven by muscles like the mylohyoid and thyrohyoid. When hyolaryngeal excursion is reduced, the UES does not open enough, which can prevent the bolus from entering the esophagus and increase the risk of aspiration, potentially leading to serious health issues. If untreated with swallowing therapy, this may require feeding tubes for proper nutrition. Participants lifted and held their heads from a lying position for 10 s. The activation of the hyolaryngeal muscles, as assessed through surface electromyography (sEMG), was notably higher during the CtC exercise than the other exercise (86). However, this study was done on healthy individuals and further investigations are needed for using CtC on HNC patients.



4.3 Vocal exercises

Chronic vocal dysfunction is a common and often debilitating consequence of treating HNCs, which can involve surgery, radiation therapy, and chemotherapy. These treatments can lead to various vocal issues, including hoarseness, breathiness, reduced vocal range, and difficulty with projection. The underlying causes of these dysfunctions may include damage to the laryngeal structures, changes in vocal fold elasticity, and alterations in the surrounding musculature and nerves. Research indicates that the incidence of chronic vocal dysfunction may significantly affect patients’ QoL, impacting their ability to communicate effectively and engage socially. Voice therapy, which may include exercises to strengthen vocal muscles and improve technique, is often recommended as part of rehabilitation. Additionally, interventions such as surgical procedures or the use of voice prostheses may be considered for more severe cases. Ongoing studies aim to better understand the long-term impacts of cancer treatments on vocal function and to develop effective strategies for prevention and rehabilitation. Early intervention and tailored therapeutic approaches are crucial for improving outcomes and elevating the overall QoL for survivors of HNCs experiencing chronic vocal dysfunction (87).

In this point of view, there are plenty of studies which have focused on solving this problem by vocal exercises. Angadi et al. (88) tried to increase the voice-related QoL of laryngeal cancer patients and used a combination of vocal hygiene counseling (VH) and vocal function exercises (VFEs). Their research showed that both groups demonstrated an overall enhancement in acoustic parameters. The VFE + VH group showed significant improvements in maximum phonation time and pitch range. However, the VH group did not show significance in any of the mentioned parameters. In contrast, the VH group did not exhibit any changes in these stroboscopic parameters from pre- to post-treatment. Additionally, high-speed imaging showed notable pre- to post-treatment changes in the amplitude of vibration for the VFE + VH group, while the VH group did not demonstrate any significant alterations in high-speed parameters (88). A multicenter study in Netherlands worked on HNC patients who had a total laryngotomy surgery (84). They used several exercises for these patients including eight range-of-motion exercises for the lips, tongue, and jaw which were taught by speech therapist to patients. In this study, after a 6-months follow up, no notable main effect was observed on the speech issues. Nevertheless, moderation analyses indicated positive impacts on the SHI for a small group of subjects within 6 months following TL surgery (84).



4.4 Other effects of exercise on HNC patients

TL combined with ND is a fundamental treatment for subjects with advanced-stage laryngeal cancer. While this surgical intervention can significantly improve survival rates, it is associated with various postoperative complications. One common and well-documented complication is shoulder dysfunction, which can negatively influence a patient’s QoL. This dysfunction typically results from the disruption of the spinal accessory nerve during the neck dissection procedure, leading to limitations in shoulder mobility and strength. Recognizing the impact of shoulder dysfunction on recovery, healthcare providers have begun exploring early rehabilitation strategies to mitigate these effects. Prophylactic rehabilitation, implemented shortly after surgery, aims to prevent or reduce the severity of shoulder dysfunction and enhance recovery. In this regard, a study on 76 people who underwent TL with ND tried to answer the questions about the impacts of exercise on shoulder dysfunction (89). The control group underwent the usual standard care without any structured shoulder exercises, whereas the intervention group participated in a preventive rehabilitation program that lasted 12 weeks. Participants were evaluated at the beginning of the study, as well as 3- and 6-months after surgery (89). The results indicated that there was a significant improvement in shoulder function and QoL reported by patients over time. However, there was no notable change between the intervention and control groups, which suggests that the preventative intervention had little to no impact on shoulder function outcomes (89). Another study also worked on shoulder problems in patients who underwent TL from 5 different HNC centers in the Netherlands (84). This research was consisting of two treatment groups: intervention and control. Patients in the intervention group received both a self-care education program and a guided self-help exercise program, while the control group only received the self-care education program (84). Strengthening exercises were excluded from this intervention despite their recognized significance in rehabilitation, as their focus was solely on incorporating simple exercises. Their results shown that there were no notable changes in shoulder issues over time in the intervention group compared with the control group. While statistically significant differences in shoulder problems were observed at the 3- and 6-months follow-up, these differences lost their statistical significance after adjusting for the baseline scores (84). Also some differences in health-related QoL (HRQoL) of intervention group at 3 and 6-months follow-up were detected but they were not statistically significant (84).

The safety and efficacy of exercise during different phases of HNC treatment depend on treatment intensity, symptom burden, and individual capacity. Prehabilitation, initiated after diagnosis but before treatment, is generally safe and improves post-surgical outcomes, physical function, and mental resilience. During active treatment, such as radiotherapy or chemotherapy, moderate-intensity aerobic or resistance exercise has been shown to mitigate fatigue, preserve muscle mass, and enhance quality of life (90, 91). However, high-intensity exercise (e.g., HIIT) should be used cautiously, particularly during radiotherapy, when mucosal inflammation, dysphagia, and fatigue are common. In such cases, aggressive exercise may exacerbate tissue injury, delay healing, or worsen symptoms. Thus, exercise interventions should be individualized, closely monitored, and preferably supervised by exercise physiologists or oncology rehabilitation specialists. Post-treatment exercise plays a crucial role in recovery and rehabilitation, aiding in the restoration of physical capacity, speech and swallowing function, and psychological well-being (90, 91).




5 The effects of combined polyphenol and exercise on brain function related to neurodegenerative diseases


5.1 Crocin

A recent study investigated the combined effects of AE and crocin supplementation on learning, memory, and hippocampal gene expression of neurotrophins and tau in an Alzheimer’s disease (AD)-like rat model. Forty male Sprague Dawley rats were assigned to five groups: healthy control, endurance training (ET), crocin treatment, Alzheimer’s control, and combined ET plus crocin. Alzheimer’s was induced in all groups except the healthy control via intraperitoneal injection of trimethyltin chloride (TMT). ET involved treadmill running three times a week, while crocin was administered daily at 25 mg/kg. TMT-induced Alzheimer’s significantly impaired memory and learning and downregulated NGF, TrkB, and BDNF gene expression, while upregulating tau gene expression. Both ET and crocin independently improved cognitive functions and neurotrophin gene expression while decreasing tau expression. Notably, the combination of ET and crocin produced the most substantial improvements, highlighting a synergistic effect on neuroprotection and cognitive function in the AD model (92) (Table 4). Another study investigated the combined effects of ET and crocin on aerobic power and anxiety-like behaviors in AD model rats. Forty rats were distributed into five groups: control, ET, ET plus crocin (ETCR), crocin, and sham. Over 8 weeks, rats in ET and ETCR groups performed treadmill running three times per week, while the ETCR and crocin groups also received daily crocin injections (25 mg/kg). The data showed that ET alone meaningfully reduced anxiety-like behaviors and body weight, and improved aerobic capacity. Crocin administration also significantly enhanced aerobic power and reduced anxiety-like behaviors. However, combining ET with crocin did not show additional synergistic benefits beyond the effects of each treatment alone (93).


TABLE 4 The effects of combined polyphenol and exercise on brain function related to neurodegenerative diseases.


	Polyphenol
	Participants
	Diseases
	Findings
	Ref

 

 	Crocin 	Rats 	Alzheimer’s disease 	Increased memory, learning, and neurotrophin gene expression and decreased tau gene expression 	(92)


 	Crocin 	Humans 	Alzheimer’s disease 	Training and crocin distinctly function and from different pathways effective in decreasing anxiety 	(93)


 	Crocin 	Rats 	Alzheimer’s disease 	Increased IGF-1 content of the hippocampus 	(94)


 	Crocin 	Rats 	Alzheimer’s disease 	Improved gene expression of calmodulin kinase 2 	(95)


 	Quercetin 	Rats 	Alzheimer’s disease 	Improved antioxidant defense system and STZ-induced memory impairment 	(96)


 	Resveratrol 	Rats 	Alzheimer’s disease 	Improved aortic morphology with no change in pulse wave velocity 	(97)


 	Resveratrol 	Rats 	Alzheimer’s disease 	Reduced toxicity of Aβ oligomers, suppression of neuronal autophagy, decreased apoptosis, and upregulation of key growth-related proteins 	(98)


 	Resveratrol 	Rats 	Alzheimer’s disease 	Improved fracture resistance and cross-sectional geometric indicators of bone strength 	(99)


 	Resveratrol 	Rats 	Alzheimer’s disease 	Improved hippocampal function 	(100)


 	Resveratrol 	Rats 	Alzheimer’s disease 	Increasing the expression of BDNF, VEGF, and FGF7 genes in the brain tissue 	(101)


 	Grape juice 	Rats 	Parkinson’s disease 	Reduced oxidative damage 	(102)


 	Grape juice 	Rats 	Parkinson’s disease 	Improved BDNF levels 	(103)


 	Grape juice 	Rats 	Parkinson’s disease 	Improved antioxidant agents 	(104)


 	Grape juice 	Rats 	Parkinson’s disease 	Improved dopamine concentrations 	(105)


 	Grape juice 	Human 	Multiple sclerosis 	Improved cognitive disorders (memory) 	(106)


 	Grape juice 	Human 	Parkinson’s disease 	Reducing oxidative damage and preserving cognitive function 	(107)


 	Curcumin 	Rats 	Parkinson’s disease 	Inhibiting oxidative stress indices and regulating behavioral tasks 	(108)


 	Curcumin 	Rats 	Alzheimer’s disease 	Improved Aβ levels in the hippocampus 	(109)




 

A study explored the effects of ET combined with crocin intake on glycogen and IGF-1 expression in the hippocampus of rats with TMT-induced AD. Thirty rats were allocated into five groups: Alzheimer’s control, healthy control, ET, crocin, and ET with crocin. AD was induced in groups 2–5 using 8 mg/kg TMT. Over 8 weeks, rats in the training groups ran on a treadmill three times per week, and crocin-treated groups received daily 25 mg/kg crocin. The results showed that TMT significantly reduced glycogen and IGF-1 gene. ET alone significantly increased IGF-1 and glycogen, while crocin alone had no significant effect. However, combining ET with crocin led to significant improvements in IGF-1 expression and glycogen levels, suggesting that endurance exercise, with or without crocin, plays a key role in counteracting TMT-induced deficits (94). Another study investigated the effects of ET combined with saffron (Sa) intake on calmodulin kinase 2 and cytochrome C expression in the heart tissue of AD model rats. Forty rats with TMT-induced AD were allocated into five groups: ET, AD control, Sa, ET + Sa, and sham. Over 8 weeks, rats in the ET and ET + Sa groups performed treadmill running (15–20 m/min, three sessions per week), and the Sa and ET + Sa groups received 25 mg/kg of Sa extract daily. The findings showed that Sa, ET, and ET + Sa treatments each significantly decreased calmodulin kinase 2 and cytochrome C levels. Moreover, the combination of ET and Sa led to a greater reduction in calmodulin kinase 2 compared to ET alone (95).

It should be noted that the referenced crocin studies were conducted in male rats to reduce variability linked to hormonal cycles, which can affect behavioral and biochemical outcomes. However, future research should incorporate both sexes to fully elucidate potential sex-specific effects of crocin treatment.



5.2 Quercetin

A study investigated the synergistic influences of quercetin and exercise on memory and learning impairments in a streptozotocin (STZ)-induced AD rat model. Fifty-six Wistar rats were distributed into eight groups, including sham, control, AD, quercetin-treated, quercetin vehicle, exercise pretreatment, off-treadmill, and exercise + quercetin groups. Quercetin (80 mg/kg) was consumed intraperitoneally for 21 days post-STZ injection, while exercise involved treadmill running (1 h/day, 20–22 m/min) for 60 days. STZ administration led to spatial memory deficits and elevated hippocampal oxidative stress. Both exercise pretreatment and quercetin treatment individually improved memory and oxidative stress. Notably, their combination produced the most significant improvements, suggesting a synergistic effect on enhancing antioxidant defense and cognitive function (96).



5.3 Resveratrol (RES)

A study assessed cardiovascular function in 7-month-old male 3xTg AD mice and age-matched wild-type (WT) mice. While interventricular septal dimensions and aortic root were similar, 3xTg mice showed reduced systolic function and impaired diastolic function compared with WT mice. RES supplementation and treadmill exercise training for 5 months normalized diastolic deceleration time and improved systolic function. Although pulse wave velocity was ~33% higher and elastin fragmentation greater in 3xTg mice, exercise and RES improved aortic structure without significantly altering pulse wave velocity (97). Another study evaluated the effects of 5 months of ET, RES treatment, or their combination on Aβ toxic species and markers of apoptosis, inflammation, neuroprotection, and endolysosomal degradation in 3xTg-AD mice. RES treatment significantly reduced neuroinflammation and Aβ oligomer accumulation, enhanced neurotrophin and synaptic marker levels, increased silent information regulator expression, and decreased markers of apoptosis, autophagy, endolysosomal degradation, and ubiquitination. Exercise training alone improved some neuroprotective markers, but combining ET with Resv did not provide additional benefits beyond those achieved by Resv alone (98).

A study investigated whether RES and exercise could improve bone fracture resistance in a 3xTg-AD mouse model. 3-month-old male 3xTg-AD mice were treated for 4 months with RES, exercise, or both, and compared with WT mice. Exercise involved treadmill running (15 m/min, 45 min/day, 5 days/week), while RES was provided at 4 g/kg diet. The data revealed that 3xTg mice had weaker bone quality compared with WT mice. However, combined RES and exercise treatment meaningfully improved bone strength and quality, restoring them to WT levels (99). Another work examined the impacts of RES and aerobic training (AT) on the AMPK/PGC-1α/SIRT1 pathway in the hippocampus of AD rats. Wistar rats were distributed into 5 groups: Normal, AD, AD with training (ADT), AD with RES (ADRES), and AD with training plus RES (ADTRES). The RES groups received 20 mg/kg orally, and the exercise program involved treadmill running 5 days per week for 8 weeks. The data showed that AD meaningfully reduced AMPK/PGC-1α/SIRT1 expression, while both RSV and exercise treatment increased their expression. The combination of exercise and RES (ADTRES group) led to greater increases than either treatment alone (100).

A study explored the influences of AT and combined RES and fisetin (Fis) treatment on brain neurogenesis signaling pathways in AD mice. Twenty-five mice were divided into five groups: AD, AD+RES + Fis, control, AD + AT, and AD+AT+RES + Fis. AD was induced by injecting amyloid-beta into the hippocampus. AT was performed 5 days/week for 8 weeks, and RES (25 mg/kg) plus Fis (20 mg/kg) were administered. Results showed that AD reduced hippocampal BDNF, VEGF, and FGF7 gene expression, while AT and RES + Fis treatments significantly increased these neurogenesis-related markers (101).



5.4 Grape juice (GJ)

A study assessed the effects of GJ consumption combined with aquatic exercise on cognitive function and oxidative stress in people with Parkinson’s disease (PD). Participants were allocated into a grape juice group (GJG) and a control group, both undergoing 4 weeks of aquatic exercise. The GJG additionally consumed 400 mL of GJ daily. No cognitive improvements were seen in either group. Both groups showed reductions in TBARS, antioxidant enzymes, and uric acid, but only the GJG had a significant reduction in protein oxidation levels (102). Another work evaluated the effects of aquatic exercise combined with GJ consumption on BDNF, functional outcomes, and histone H4 acetylation in people with PD. Nineteen participants underwent 4 weeks of aquatic training, with one group also consuming GJ daily. Aquatic exercise improved mobility, functional capacity, BDNF levels, and histone H4 acetylation, but GJ did not further enhance these effects, as no significant differences were found between the groups (103).

The study assessed the effects of red GJ combined with treadmill running on a PD animal model using 30 male Wistar rats. The rats were allocated into five groups: PD, Sham, PD treated with exercise (PD-Ex), PD treated with GJ (PD-GJ), and PD treated with both GJ and exercise (PD-GJ-Ex), with six rats per group. The data showed a significant change in the number of rotations between the Sham and PD groups. At the end of the experiment, the number of rotations reduced meaningfully in both the PD-GJ-Ex and PD-GJ groups. Exercise alone did not significantly affect the number of rotations (104). Another study compared the neuroprotective effects of red GJ and exercise on PD in male rats. Two weeks after surgery, the rats were treated with red GJ and exercise for 1 month. The extent of the lesion was assessed using intraperitoneal apomorphine injections, and the number of rotations within 1 h after injection was used as the main evaluation parameter for PD. The results exhibited that red GJ meaningfully reduced the signs of PD compared with other groups. Rats with PD that did not receive red GJ had the highest number of rotations. Both red GJ and exercise reduced rotations, but red GJ was more effective in reducing PD symptoms than exercise alone (105).

A work examined the impacts of combined training and red GJ intake on memory improvement in women with multiple sclerosis. Forty-eight women aged 20–40 were distributed into four groups: supplement, training, training + supplement, and control. The combined training, consisting of 60-min sessions 3 times per week for 8 weeks, was performed at an intensity of 10–12 on the Rate of Perceived Exertion scale. Red GJ supplementation was also administrated 3 times/week for 8 weeks. Memory was assessed before and after the intervention using daily, prospective, and retrospective memory questionnaires. The findings exhibited significant improvements in daily, retrospective, and prospective memory in the training, supplement, and training + supplement groups compared with the control group (106). Another work aimed to compare the influences of different long-term exercise modalities on cognitive performance and antioxidants in PD patients. Sixty-one participants were allocated to either the AE, Tai Chi exercise (TCE), or control group. The results showed no significant changes in cognitive performance or oxidative markers in the TCE and AE groups. However, after 12 weeks of AE, there was a significant increase in catalase and GSH levels, alongside a decrease in uric acid (UA) levels. The TCE group showed a substantial rise in GSH levels. In contrast, the control group experienced a significant decrease in superoxide dismutase activity and Mini-Mental State Examination (MMSE) scores. Associations between changes in MMSE and changes in UA and GSH levels were significant in the AE group. The findings proposed that long-term AE and TCE may help preserve cognitive function and reduce oxidative damage in PD, with AE providing greater benefits than TCE (107).



5.5 Curcumin

A study explored the neuroprotective influences of curcumin and regular AE in PD. Rats were treated for 8 weeks with curcumin (50 mL/kg) alone or in combination with AE. PD was induced by 6-OHDA, resulting in increased α-synuclein protein levels, higher malondialdehyde levels, decreased substantia nigra neurons, total antioxidant capacity, and glutathione peroxidase activity in brain tissue. These alterations were reversed by the combined treatment of curcumin and AE. Behavioral tests confirmed these results, showing increased rod test time and rotations due to apomorphine injection. Histopathological assays supported the antioxidant and behavioral improvements observed (108). Another study investigated the effect of moderate-intensity interval training combined with curcumin consumption on LRP1 (a key carrier of Aβ) and Aβ levels in the plasma and brain of AD induced rats. Fifty Wistar rats were allocated into 5 groups: AD + exercise, AD + exercise + curcumin, AD, AD + curcumin, and control. After a 3-day recovery, the training groups underwent moderate-intensity interval training for 4 weeks, while the other groups continued their normal routine. Curcumin was injected three times a week into the curcumin groups. The results showed significant differences in hippocampal Aβ, plasma Aβ, and plasma LRP1 levels between the groups. The AD + exercise + curcumin group showed the highest improvements in plasma Aβ and LRP1 levels compared to both the healthy control and AD control groups (109).




6 Conclusion and future directions

Current evidence underscores the powerful interplay between polyphenol intake and exercise in regulating molecular pathways crucial for brain function, tumor suppression, metabolic homeostasis, and healthy lifespan extension. Both interventions individually promote antioxidant defenses, modulate inflammatory responses, enhance autophagy and apoptosis regulation, and support neuroplasticity and metabolic balance. When combined, polyphenols and exercise exhibit a synergistic effect, amplifying protective mechanisms against neurodegeneration, head and neck cancers, and age-related metabolic dysfunctions. However, despite promising preclinical and clinical findings, significant gaps remain. Future research should prioritize large-scale, longitudinal human studies to better define optimal types, dosages, and timing of polyphenol supplementation in conjunction with specific exercise regimens. Advanced multi-omics approaches, including epigenomics, metabolomics, and proteomics, will be critical for unraveling the precise molecular networks involved in this crosstalk. Furthermore, personalized strategies based on individual genetic, epigenetic, and microbiome profiles could enhance the efficacy of combined polyphenol and exercise interventions. In conclusion, integrating polyphenol-rich diets with regular physical activity holds great promise as an accessible, non-invasive, and cost-effective approach to improve brain health, suppress tumorigenesis, mitigate metabolic disorders, and extend the healthy human lifespan. Strategic interdisciplinary efforts will be essential to translate these insights into personalized, clinically applicable programs that promote resilience against cancer and neurodegenerative diseases across the aging spectrum.

Although numerous studies suggest a synergistic interaction between polyphenol intake and physical exercise, few quantify this synergy through formal statistical methods such as effect size calculations or interaction models. The term “synergy” is often used descriptively rather than analytically. Preclinical findings show that the combined interventions produce more pronounced effects on specific biomarkers such as BDNF, antioxidant enzyme levels, and mitochondrial regulators like PGC-1α. In cancer models, enhanced tumor suppression has been associated with increased apoptosis and reduced proliferation when polyphenols and exercise are administered together. However, dose–response relationships remain poorly defined. Some studies indicate greater benefits with higher polyphenol doses or more intense exercise, yet others show diminishing returns or adverse effects at high doses, especially in oxidative-sensitive tissues. Further research using factorial designs and interaction statistics is essential to determine the optimal combination strategies and validate true synergy. While evidence for the synergistic effects of polyphenols and exercise is growing, few studies provide visual or statistical representations, such as forest plots or subgroup meta-analyses, that compare the magnitude of effects between single and combined interventions. Such tools would be instrumental in quantifying the intensity of synergy and establishing clinical relevance. In addition, comparative data on specific combinations of polyphenols and exercise types remain limited. Preliminary findings suggest that resveratrol may potentiate mitochondrial biogenesis and neuroprotection when combined with endurance exercise, while curcumin appears more effective in modulating inflammatory and apoptotic pathways when paired with resistance training. However, these observations are based primarily on preclinical models. Systematic evaluations are needed to determine optimal pairings of polyphenol type, dose, and exercise modality using standardized outcome metrics and interaction statistics. While this review does not include original pharmacokinetic data, it is important to note that drug metabolism in preclinical models such as rats is typically assessed through ADME studies, which evaluate the absorption, distribution, metabolism, and excretion of compounds. Metabolites formed during drug digestion may vary in activity and toxicity, and all animal waste generated during such studies is treated as biohazardous material and disposed of according to institutional safety protocols.


6.1 Limitations and future directions

Despite the growing body of evidence supporting the synergistic effects of polyphenols and exercise on neuroprotection, tumor suppression, and metabolic regulation, several critical limitations hinder the clinical translation of these findings. Most notably, the majority of supporting studies are based on preclinical animal models, which do not fully capture the complexity of human physiology, lifestyle variability, or disease heterogeneity. Small sample sizes, short follow-up durations, and the absence of multicenter trials further weaken the strength of existing evidence. These limitations restrict our ability to generalize findings or draw firm conclusions about long-term clinical outcomes. A major barrier to clinical translation lies in the lack of standardized protocols for both polyphenol supplementation and exercise interventions. Doses, durations, and delivery mechanisms vary widely across studies, making comparisons difficult and impeding replication in clinical settings. Furthermore, polyphenol bioavailability in humans is often low and inconsistent, influenced by individual differences in metabolism, gut microbiota, and dietary context.

Another challenge is the limited integration of personalized medicine approaches. Most clinical studies do not stratify patients by genetic background, metabolic profiles, or pre-existing conditions—factors that significantly influence response to both diet and exercise. This heterogeneity dilutes statistical power and limits the development of targeted interventions. To overcome these barriers, future research should prioritize large-scale, multicenter trials with standardized intervention protocols and long-term follow-up. Incorporating multi-omics profiling and systems biology tools will also be essential to identify predictive biomarkers and personalize interventions. Addressing these gaps is critical to translating the promising synergistic effects of polyphenols and exercise into safe, effective, and accessible clinical therapies. Despite promising findings, current research on the combined effects of polyphenols and exercise in brain function, HNC therapy, and metabolic regulation is hindered by several methodological shortcomings. First, there is a notable scarcity of large-scale, randomized controlled trials in human populations. Most available studies are preclinical or small pilot trials, limiting the generalizability and clinical translation of the findings. Furthermore, interindividual variability in dietary habits, physical fitness, and genetic predispositions is rarely accounted for, underscoring the need for personalized and stratified study designs. Second, many animal studies rely on short-term or acute interventions, which may not accurately reflect chronic disease processes such as neurodegeneration or cancer progression. Longitudinal animal studies with extended follow-up periods and functional outcome measures are needed to better understand long-term therapeutic effects and safety profiles. Third, in vitro studies often utilize simplified monoculture systems that fail to mimic the complexity of human physiology, including the tumor microenvironment or neurovascular units. These limitations restrict mechanistic insight and translational potential. Advanced models such as organoids, co-culture systems, and microfluidic platforms offer more physiologically relevant alternatives and should be prioritized in future studies. Finally, there is limited integration of systems biology approaches. The application of multi-omics techniques, including genomics, transcriptomics, proteomics, metabolomics, and microbiome analysis, could help identify biomarkers of response and elucidate the molecular basis of exercise-polyphenol synergy. These tools are also essential for developing personalized intervention strategies based on individual molecular profiles. Addressing these methodological limitations through interdisciplinary, long-term, and large-scale studies will be critical for advancing our understanding and optimizing the therapeutic application of combined polyphenol and exercise interventions.
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Background/objectives: Tocotrienols are a form of vitamin E that may have neuroprotective effects. However, there have been no studies examining its effects on cognitive function when delivered as a stand-alone intervention. The purpose of this two-arm, 12-week, randomised, double-blind, placebo-controlled trial was to examine the effects of supplementation with tocotrienols derived from rice bran (TheraPrimE® rice) on memory and sleep in adults with subjective memory complaints.
Methods: Ninety-one adults aged 40–80 were supplemented with a placebo or 100 mg of tocotrienols daily. Outcome measures included the Test of Memory and Learning (version 2), and self-report questionnaires assessing executive function and sleep quality. Moreover, changes in blood markers associated with inflammation, oxidative stress, and neurotropic activity were examined.
Results: Compared to the placebo, tocotrienol supplementation was associated with greater improvements in general memory (p = 0.045, 95% CI: 0.34, 32.21). Memory changes were primarily due to improvements in non-verbal memory (p = 0.039, 95% CI: 0.68, 26.63). However, there were no group differences in changes in verbal memory. Moreover, there were no group differences in changes in self-reported executive function, although there were greater improvements in sleep disturbance in the tocotrienols group (p = 0.015, 95% CI: −4.80, −0.55). An examination of blood markers revealed a statistically significant larger increase in Tumour Necrosis Factor-α in the placebo group (p = 0.043) and a larger increase in C-reactive protein (p = 0.039) in the tocotrienols group. Tocotrienols were not associated with any serious adverse reactions.
Conclusion: This is the first controlled study demonstrating the cognitive-enhancing and sleep-promoting effects of stand-alone supplementation with tocotrienols. However, future research is required to substantiate this study’s results and examine the potential mechanisms of action.
Clinical trial registration: https://www.anzctr.org.au/ACTRN12624000351516.aspx, Identifier ACTRN12624000351516.
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1 Introduction

In the general population, subjective memory complaints (SMC) are associated with a reduced global quality of life, increased risk of depression, and negative impact on daily living activities (1, 2). Older people with SMC are twice as likely to develop dementia compared to individuals without SMC. Approximately 2.3 and 6.6% of older people with SMC will progress to dementia and mild cognitive impairment (MCI), respectively every year (3). Research also suggests that SMC in middle age is a concern as it is associated with cortical thinning in brain regions affected by Alzheimer’s disease (AD) and poorer performance on objective memory tests (4). Memory complaints are distressing for adults of all ages and are associated with greater negative affect (5, 6). Therefore, identifying interventions to reduce the prevalence of SMC and the potential progression into worsening memory-related conditions is prudent.

Diet has been shown to protect against MCI and dementia, with antioxidant-rich foods having specific merit (7, 8). Vitamin E is an antioxidant nutrient that has received some attention for its cognitive-enhancing and neuroprotective effects. Vitamin E is classified into two major groups known as tocotrienols and tocopherols. Each group is further divided into alpha (α), beta (β), gamma (γ), and delta (δ) homologues based on the position of the methyl side changes on the chromanol ring. Tocopherols and tocotrienols differ in their side chain structures, where tocopherols have a saturated phytyl side chain attached to their chromanol ring, and tocotrienols possess an unsaturated isoprenoid side chain (9). High concentrations of tocopherols are found in lipid-rich plant products and common vegetable oils, while tocotrienols are found abundantly in some cereals, rice bran oil, and palm oil (10).

Research into the relationship between SMC and vitamin E is limited, although there is evidence from cross-sectional and longitudinal studies that a higher vitamin E intake and higher blood concentrations of vitamin E are associated with better cognitive function and a reduced prevalence of AD and cognitive decline. In a meta-analysis of 31 studies, it was concluded that compared to healthy controls, individuals with AD or age-related cognitive decline had lower circulatory concentrations of α-tocopherol (11). However, findings from randomised controlled studies in clinical populations have been mixed. In a review of four trials comprising adults with AD and MCI, it was concluded that there was no evidence that vitamin E in the form of α-tocopherol given to people with MCI prevented progression to dementia or improved cognitive function in people with MCI or AD. However, there was moderate-quality evidence from a single study that it may slow functional decline in AD (12). This inconsistent evidence may result from conducting trials on adults with established dementia, where the benefits from supplementation may be limited. Moreover, most trials have been undertaken using tocopherols, particularly α-tocopherols. In recent years, there has been an increased interest in tocotrienols as research suggests they may have higher physiological activity, including possessing greater neuroprotective effects and antioxidant potential than tocopherols (9, 13–16). As tocotrienols possess an unsaturated isoprenoid side chain, their mobility in cell membranes is enhanced, which potentially allows greater distribution in brain, skin, and liver tissue. Tocotrienol availability in selective brain regions has been associated with structural protection, particularly in white matter (17). Randomised controlled trials on the cognitive-enhancing effects of tocotrienols have demonstrated some positive effects in children with attention-deficit hyperactivity disorder (ADHD) (18), and on composite and verbal memory in healthy adults when administered in conjunction with astaxanthin (19). While there is some preliminary positive evidence of vitamin E supplementation in different populations, there have been no trials examining its effects as a stand-alone agent on cognitive function in adults with SMC.

Therefore, the primary objective of this study was to examine the effects of supplementation with tocotrienols (derived from rice bran) on cognitive performance in healthy adults with SMC. A secondary objective was to examine its effects on sleep quality. The relationship between vitamin E and sleep is insufficiently explored and given the important role sleep has on cognitive function (20) it is worthy of exploration. Increased oxidative stress and inflammation are associated with poorer sleep quality (21, 22), and potentially through these mechanisms, tocotrienols may have sleep-promoting effects. Finally, another secondary objective was to investigate potential mechanisms of action associated with tocotrienol supplementation by examining changes in blood markers associated with oxidative stress, inflammation, and neurotrophic activity. It was hypothesised that tocotrienol supplementation in adults with SMC would be associated with improvements in memory and sleep quality, and this may be via its antioxidant, anti-inflammatory, or neurotrophic-promoting activity.



2 Materials and methods


2.1 Study design and procedures

Ethics approval was received from the National Institute of Integrative Medicine Human Research Ethics Committee (approval number 0136E_2024), and informed consent was acquired from all participants. This trial was registered prospectively with the Australian and New Zealand Clinical Trials Registry (ACTRN12624000351516).

The recruitment of volunteers occurred between June and September 2024, through social media and emails to a database of interested volunteers. Participants completed an online screening questionnaire, where they provided demographic information, details of their health status, and medication intake. Volunteers also completed the Patient Health Questionnaire 4, which is a 4-item, validated self-report screening tool for depression and anxiety in adults (23). Respondents scoring 8 or more were ineligible for a phone interview as this indicated severe symptoms of depression and/or anxiety.

If deemed potentially suitable, volunteers were contacted by a researcher for a telephone interview. During this interview, a more comprehensive assessment of the eligibility criteria was undertaken, relevant demographic and sociographic details were obtained, and a full explanation of the study was provided. Moreover, the Modified Telephone Interview for Cognitive Status (TICS-M) was also administered. The TICS-M is a brief validated, interviewer-administered screening tool for cognitive impairment (24). If eligibility criteria were fulfilled, participants were emailed a copy of the consent form which needed to be completed electronically before commencement of the study. Participants attended visit 1 approximately 3–14 days after the telephone interview, where all assessments were conducted between 8 and 11 am after an overnight food fast. During visit 1, participants completed the cognitive assessment (Test of Memory and Learning-2), self-report questionnaires, and had a fasting blood sample collected for measurement of relevant plasma biomarkers.



2.2 Randomisation and blinding

This was a 12-week, two-arm, parallel-group, randomised, double-blind, placebo-controlled trial (Figure 1). Participants were blinded during the study, and researchers and the statistician were blind to the treatment allocation until all outcomes were collected and a blind review was completed. The statistician remained blind to treatment allocation until the final analysis was completed. Participants were randomly allocated to one of two groups (tocotrienols or placebo) on a 1:1 ratio using a randomisation calculator with the randomisation structure comprising 9 permuted blocks, with 10 participants per block. A participant number was allocated based on the order of participant enrolment and the randomisation sequence was created by the study sponsor who was not involved in volunteer recruitment. All softgels were packed in identical containers and bottle codes were retained by the study sponsor.
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FIGURE 1
 Systematic illustration of study design.




2.3 Participants


2.3.1 Inclusion criteria

Inclusion criteria comprised the following: healthy adults (female or male) aged 40–80 years; non-smoker; residing in independent living accommodation; subjective report of memory or attention problems; and had no plan to start a new intervention in the next 3 months. As the goal was to recruit generally healthy adults, participants also needed to have a body mass index (BMI) between 18 and 30 kg/m2, thereby excluding participants falling within the obese or underweight classifications.



2.3.2 Exclusion criteria

The exclusion criteria comprised the following: a diagnosis of dementia based on the revised National Institute on Aging-Alzheimer’s Association criteria; a score below the 5th percentile for sex, age, and education on the TICS-M; a recently diagnosed or unmanaged medical condition including but not limited to diabetes, hypertension, cardiovascular disease, gastrointestinal disease, biliary disease, autoimmune disease, endocrine disease, or cancer/malignancy; a current diagnosis of a neurological condition (e.g., Parkinson’s, Alzheimer’s disease, intracranial haemorrhage, or brain injury) or psychiatric disorder (other than mild-to-moderate depression or anxiety); regular medication intake including but not limited to anticholinergics, acetylcholinesterase inhibitors, or steroid medications; a change in medication in the last 3 months or a plan to change during the study period; in the last 3 months, a change in, or the commencement of, nutritional and/or herbal supplements; the intake of herbal supplements that may influence cognitive function (e.g., nootropic herbs such as ginkgo biloba, ashwagandha, curcumin, rhodiola rosea, bacopa monnieri); alcohol consumption greater than 14 standard drinks per week; a current or 12-month history of regular illicit drug use; women who were pregnant, breastfeeding, or planned to fall pregnant during the study period; a surgery over the last year that significantly affected daily function; during the structured phone interview, a reported plan of a major lifestyle change in the next 3 months such as a significant change in diet or physical activity, relocation, extensive travel, or employment change.




2.4 Interventions

The intervention comprised either tocotrienols (TheraPrimE® rice) or a placebo (Safflower oil). Participants were instructed to take one softgel in the morning and one in the evening with food daily for 12 weeks. Each active softgel contained 50 mg of tocotrienols from rice brain derived from 350 mg of TheraPrimE® Rice Tocotrienol 35 Oil. The ratio of tocotrienol isomers comprises minimum specifications of 3.0% d-α-tocotrienol, 0–0.5% of d-β-tocotrienol, 8.2% of d-γ-tocotrienol, and 0.2–0.8% d-δ-tocotrienol.

In a previous study on the combined administration of tocotrienols and astaxanthin, a daily dose of 50 mg of tocotrienols was delivered for 12 weeks, with positive outcomes on cognitive function (19). Due to the hypothesised synergistic effects of the administration of the two ingredients, tocotrienols were delivered at a higher 100 mg daily dose, over an identical treatment duration of 12 weeks. Moreover, as vitamin E absorption has been shown to be enhanced by fats in a meal, intake with a meal was recommended (25).

The active and placebo softgels were identical in appearance, matched for shape, colour, and size, with both softgels containing similar excipients (safflower oil, bovine gelatin, glycerine). It should be noted that safflower oil contains a small amount of vitamin E, primarily in the form of tocopherols (26). However, the daily intake of tocopherols was estimated to be less than 0.2 mg daily, and tocotrienols was estimated to be approximately 0.005 mg daily. Adherence to capsule intake was assessed by a count of capsules returned at visit 2. Treatment blinding was evaluated by asking participants to guess their group allocation (placebo, tocotrienols, or unsure) at visit 2.



2.5 Outcome measures


2.5.1 Primary outcome measure

Test of Memory and Learning-2 (TOMAL-2): The TOMAL-2 is a validated and comprehensive memory battery that provides an assessment of immediate verbal and nonverbal memory with a delayed recall component for verbal memory (27). Scores for the TOMAL-2 include the Composite Memory Index (CMI), Non-Verbal Memory Index (NVMI), Verbal Memory Index (VMI), and Verbal Delayed Recall Index (VDRI). The CMI is an overall measure of verbal and non-verbal memory and was established a priori as the primary outcome measure.



2.5.2 Secondary outcome measures

Behaviour Rating Inventory of Executive Function®–Adult Version (BRIEF-A): The BRIEF-A is a validated questionnaire of executive function in adults aged 18–90 (28). Scores on the BRIEF-A include the Behavioural regulation index, Metacognition index, and the Global executive composite. The Global executive composite is the sum of the previous two scores.

Changes in concentrations of biomarkers: (1) Vitamin E comprising the combination of tocopherols and tocotrienol (tocotrienols could not be specifically measured with the utilised Enzyme-Linked Immunosorbent Assay); (2) Tumour Necrosis Factor-alpha (TNF-α) which is an inflammatory cytokine produced by macrophages/monocytes during acute inflammation and is responsible for a diverse range of signalling events within cells, leading to necrosis or apoptosis (29); (3) Interleukin-6 (IL-6) which is rapidly and transiently produced in response to infections and tissue injuries and contributes to host defence through the stimulation of acute phase responses, haematopoiesis, and immune reaction (30); (4) High-sensitivity C-reactive protein (hs-CRP) is a protein that rises in response to inflammation. In several studies, concentrations of hs-CRP are high in people with cognitive impairment (31, 32); (5) Malondialdehyde (MDA) is a secondary by-product of cellular lipid peroxidation of polyunsaturated fatty acids and is often used as a biomarker of oxidative stress (33); (6) Brain-derived neurotrophic factor (BDNF) plays an important role in learning, memory, and neuronal survival and growth. Disturbances in BDNF have been linked with Alzheimer’s disease and cognitive impairment (34); (7) Insulin-like growth factor 1 (IGF-1) is an essential neurotrophic factor produced peripherally and in the brain. Peripheral levels of IGF-1, measured in the serum, have been previously associated with cognitive function (35); (8) Blood lipids comprising total cholesterol, low-density lipoprotein cholesterol (LDL), high-density lipoprotein cholesterol (HDL), and triglyceride. Vitamin E supplementation has been shown to lower blood lipids (36).

PROMIS Sleep Disturbance and Sleep-Related Impairment Scale (PROMIS Sleep): The PROMIS Sleep is a validated 16-item self-report inventory that measures sleep quality and sleep-related impairment over the last week (37). The PROMIS Sleep is also able to significantly differentiate individuals with and without self-reported sleep disorders and between those with treated and untreated sleep disorders (37).



2.5.3 Safety and expectancy measures

As expectancies can have a significant effect on outcomes in placebo-controlled studies, the Clinical Trials Treatment Expectancies Scale (CTTES) was completed by participants at visit 1. The CTTES, a 6-item questionnaire, is a revision of the Stanford Expectations of Treatment Scale (38), with wording modified to reference clinical trials on memory.

The tolerability of IP intake was assessed every month through an online question enquiring about the occurrence of any adverse events (AE). Moreover, at visit 2, participants completed the Patient Global Assessment of Tolerability to Therapy (PGATT), where they indicated their tolerability to capsule intake ranging from poor to excellent. Changes in liver function (Aspartate transaminase, Alanine aminotransferase, Alkaline Phosphatase, Gamma-glutamyl Transferase, Total Protein, Globulin, Albumin, Bilirubin), blood pressure and weight were also measured over time.




2.6 Sample size calculations

High-quality randomised, double-blind, placebo-controlled studies using tocotrienols as a stand-alone intervention on cognitive function in healthy adults have not been conducted. Moreover, there have been no trials using the TOMAL-2 as a primary outcome measure in nutritional trials. However, in previous trials investigating the cognitive-enhancing effects of herbal ingredients and nutraceuticals in healthy adults, effect sizes of 0.6 have been identified (39, 40). Therefore, an effect size of 0.6 was predicted (based on a single outcome variable). Based on a power of 80% and a type one (alpha) error rate of 5%, the number of total participants required to find an effect was 72. Assuming a 10–15% dropout rate, it was planned to recruit 90 participants, which was hypothesised to give suitable power to find an effect compared to the placebo, even after dropouts.



2.7 Statistical analysis

Outcome analyses were conducted on the full analysis set (FAS) using an intention-to-treat analysis, and on the per-protocol set (PPS), with all participants retained in originally allocated groups. FAS represents the subgroup of participants who were randomised, consumed at least one dose of the investigational product (IP), and had available efficacy data. PPS was defined as the subgroup of participants who were randomised, who consumed at least one dose of the trial product, had available efficacy data, and had no major protocol deviations (e.g., withdrew from the study, started prohibited concomitant medications, and/or completed assessments outside proposed time windows).

Generalised Linear Mixed Models (GLMM) assessed differences between intervention groups for treatment outcomes comprising the TOMAL-2 indexes, BRIEF-2 scores, PROMIS Sleep scores, and blood marker outcome measures. To examine between-group differences, changes in scores from week 0 to week 12 were calculated and GLMM were used to examine between-group differences in these scores. The covariates age, sex, BMI, and corresponding baseline scores were included in the TOMAL-2 and blood analyses, and the CTTES was included as an additional covariate for the self-reported outcome measures comprising the BRIEF-2 and PROMIS Sleep. For all GLMMs, normal (with log or identity link function) target distributions were used. Cohen’s D effect sizes were calculated for the TOMAL-2 indexes and self-report measures.

To examine within-group changes over time, GLMM was used to examine change from week 0 to week 12. The covariates age, sex and BMI were included in the TOMAL-2 and blood analyses, and the CTTES was included as an additional covariate for the self-reported outcome measures comprising the BRIEF-2 and PROMIS Sleep. For all GLMMs, normal (with log link function) target distributions were used. Appropriate covariance structures were used to model correlation associated with repeated time measurements. For safety blood measures, an independent-sample T-test was used to examine between-group differences in change in blood concentrations from week 0 to week 12, and a paired-sample T-test was used to examine within-group changes in blood concentrations over time. All data were analysed using SPSS (version 30; IBM, Armonk, NY, USA) and as there was only one a priori primary outcome measure, the critical p-value was set at p ≤ 0.05 for all analyses. As there was only one a priori primary outcome measure, there was no adjustment to the p-value for multiple testing.




3 Results


3.1 Study population

A total of 131 people were screened by telephone and 91 people were randomised. The most common grounds for exclusion were withdrawing consent after the telephone interview (n = 22) and engaging in extensive travel during the trial (n = 10). Baseline demographic and clinical characteristics are detailed in Table 1. The two groups were matched similarly in age, BMI, marital status, educational level, and sex distribution. Baseline scores on outcome measures were also similar between the two groups.


TABLE 1 Baseline sociodemographic and clinical characteristics.

	Sociodemographic detail and outcome baseline measures
	Placebo (N = 45)
	Tocotrienols (N = 46)

 

 	Age (yrs) 	Mean 	63.29 	66.04


 	SE 	1.80 	1.56


 	Sex (n) 	Male 	17 	11


 	Female 	28 	35


 	Height (m) 	Mean 	1.69 	1.64


 	SE 	0.01 	0.01


 	Weight (kg) 	Mean 	75.50 	69.70


 	SE 	1.81 	1.54


 	BMI (kg/m2) 	Mean 	26.18 	25.68


 	SE 	0.40 	0.39


 	TICS percentile 	Mean 	54.68 	57.90


 	SE 	3.82 	4.34


 	Systolic blood pressure (mmHg) 	Mean 	135.40 	132.48


 	SE 	3.05 	2.63


 	Diastolic blood pressure (mmHg) 	Mean 	81.18 	78.65


 	SE 	1.67 	1.01


 	Marital Status (n) 	Single 	21 	14


 	Married/defacto 	24 	32


 	Education (n) 	Secondary 	25 	23


 	Tertiary 	15 	15


 	Post-graduate 	5 	8


 	International Physical Activity Questionnaire category (n) 	Low 	14 	17


 	Moderate 	25 	22


 	High 	6 	7


 	Occupation (n) 	Retired 	22 	25


 	Technicians and associated trades 	10 	5


 	Professional 	5 	5


 	Unemployed 	1 	2


 	Services and sales worker 	2 	5


 	Manager 	4 	0


 	Elementary occupation 	1 	2


 	Clerical support worker 	0 	2


 	TOMAL-2 CMI (raw score) 	Mean 	89.91 	90.63


 	SE 	2.082 	1.864


 	TOMAL-2 VMI (raw score) 	Mean 	94.42 	97.17


 	SE 	2.092 	1.993


 	TOMAL-2 NVMI (raw score) 	Mean 	88.36 	86.83


 	SE 	1.992 	1.755


 	TOMAL-2 VDRI (raw score) 	Mean 	85.62 	91.28


 	SE 	2.232 	2.175


 	BRIEF-2 Global Executive Composite (T-score) 	Mean 	60.56 	60.20


 	SE 	1.64 	1.30


 	PROMIS Sleep Disturbance T-Score 	Mean 	49.83 	51.37


 	SE 	1.11 	1.02


 	PROMIS Sleep-Related Impairment T-Score 	Mean 	49.79 	48.48


 	SE 	1.31 	1.11





BMI, Body Mass Index; CMI, Composite memory index; NVMI, Non-verbal memory index; SE, Standard Error; TICS-M, Telephone Interview for Cognitive Status – Modified Version; TOMAL-2, Test of Memory and Learning version 2; VMI, Verbal memory index; VDRI, Verbal delayed recall index.
 



3.2 Outcome measures

TOMAL-2 scores: As demonstrated in Table 2 and Figure 2, based on the GLMM, the CMI (primary outcome measure) significantly increased from baseline to week 12 in both the tocotrienols and placebo groups (p < 0.001). After adjustment for baseline values, CMI increased by a mean of 41.93 points (95% CI: 30.23, 53.63) in the tocotrienols group and increased by 25.65 points (95% CI: 41.40, 36.90) in the placebo group. These changes were significantly different between the two groups (p = 0.045, ES = 0.46, 95% CI: 0.34, 32.21). An analysis of the PPS revealed similar, statistically significant between-group differences (p = 0.043, ES = 0.47, 95% CI: 0.51, 31.39) (Supplementary Table 1).


TABLE 2 Change in TOMAL-2 scores (estimated marginal means) (Full analysis set).

	TOMAL-2 scores
	Placebo (n = 45)
	Tocotrienols (n = 46)
	p-valueb
	Cohen’s D



	Week 0
	Week 12
	Changeb
	p-valuea
	Week 0
	Week 12
	Changeb
	p-valuea

 

 	TOMAL-2: CMI (sum of raw scores) 	Mean 	243.73 	259.58 	25.65 	<0.001 	245.41 	266.29 	41.93 	<0.001 	0.045 	0.46


 	SE 	5.28 	5.35 	5.74 	5.54 	5.65 	5.97


 	TOMAL-2: VMI (sum of raw scores) 	Mean 	258.42 	282.58 	22.24 	<0.001 	264.72 	288.79 	24.38 	<0.001 	0.648 	0.10


 	SE 	6.16 	6.27 	3.38 	6.44 	6.59 	3.47


 	TOMAL-2: NVMI (sum of raw scores) 	Mean 	238.30 	242.28 	3.36 	0.404 	232.24 	252.68 	17.01 	<0.001 	0.039 	0.47


 	SE 	7.10 	7.21 	4.66 	7.47 	7.64 	4.85


 	TOMAL-2: VDRI (sum of raw scores) 	Mean 	23.06 	28.22 	19.78 	<0.001 	25.84 	30.46 	14.85 	<0.001 	0.402 	0.19


 	SE 	1.26 	1.30 	4.21 	1.32 	1.38 	4.26





Results (estimated means) are generated from generalised mixed-effects models adjusted for age, sex, and BMI. ap-values are generated from repeated measures generalised mixed-effects models adjusted for age, sex, and BMI. bp-values and change scores are generated from the change in mean scores from week 0 using generalised mixed-effects models adjusted for age, sex, BMI, and corresponding baseline scores.
 

[image: Bar chart comparing changes in four memory indices between placebo and tocotrienols groups from week zero to twelve. Tocotrienols group shows significantly higher improvements in Composite Memory Index (p = 0.045) and Non-Verbal Memory Index (p = 0.039); differences in Verbal Memory Index (p = 0.648) and Verbal Delayed Recall Index (p = 0.402) are not significant. Error bars represent variability. Chart includes a legend indicating blue for placebo and green for tocotrienols.]

FIGURE 2
 Change in TOMAL-2 Index Scores from Baseline to Week 12 (Error bars represent standard errors).


Scores on the NVMI significantly increased from baseline to week 12 in the tocotrienols group (p < 0.001), but not in the placebo group (p = 0.404). After adjustment for baseline values, NVMI increased by a mean of 17.01 points (95% CI: 7.50, 26.52) in the tocotrienols group and non-significantly increased by 3.36 points (95% CI: −5.77, 12.49) in the placebo group. These changes were significantly different between the two groups (p = 0.039, ES = 0.47, 95% CI: 0.68, 26.63). An analysis of the PPS revealed similar, statistically significant between-group differences (p = 0.048, ES = 0.46, 95% CI: 0.15, 26.10) (Supplementary Table 1).

VMI scores significantly increased from baseline to week 12 in both the tocotrienols and placebo groups (p < 0.001). However, these changes were not significantly different between the two groups (p = 0.648, 95% CI: −7.16, 11.44). An analysis of the PPS revealed similar, non-significant between-group differences (p = 0.612, 95% CI: −7.08, 11.94) (Supplementary Table 1). Moreover, there were no between-group differences in changes in the VDRI.

An exploratory analysis was conducted to determine if changes in TOMAL-2 scores differed based on age, categorised as middle age (40–59 years) and older age (≥60 years). This revealed that Cohen’s D effect sizes for change in TOMAL-2 scores were generally equivalent, although it was slightly higher for changes in NVMI in the older age group, where the Cohen’s D effect size was 0.56 compared to 0.38 in the middle-age group. However, given the small sample sizes, this difference should be viewed tentatively. Descriptive statistics are detailed in Supplementary Table 2.

BRIEF-A: As demonstrated in Table 3, based on the GLMM, there were no between-group differences in changes in any BRIEF-A scores over time.


TABLE 3 Change in self-report questionnaires from week 0 to week 12 (estimated marginal means) (Full analysis set).

	Self-report measures
	Placebo (n = 45)
	Tocotrienols (n = 46)
	p-valueb
	Cohen’s D



	Week 0
	Week 4
	Week 8
	Week 12
	Changeb
	p-valuea
	Week 0
	Week 4
	Week 8
	Week 12
	Changeb
	p-valuea

 

 	BRIEF-2: BRI (T-score) 	Mean 	57.40 	– 	– 	55.70 	−1.88 	0.072 	57.25 	– 	– 	55.88 	−1.28 	0.133 	0.651 	0.10


 	SE 	1.50 	– 	– 	1.51 	0.92 	1.54 	– 	– 	1.55 	0.97


 	BRIEF-2: MI (T-score) 	Mean 	61.49 	– 	– 	60.20 	−1.29 	0.134 	59.26 	– 	– 	56.66 	−2.88 	0.002 	0.200 	0.29


 	SE 	1.53 	– 	– 	1.54 	0.86 	1.56 	– 	– 	1.56 	0.91


 	BRIEF-2: GEC (T-score) 	Mean 	60.24 	– 	– 	58.83 	−1.48 	0.088 	58.97 	– 	– 	56.65 	−2.44 	0.004 	0.414 	0.19


 	SE 	1.46 	– 	– 	1.47 	0.82 	1.50 	– 	– 	1.50 	0.87


 	PROMIS Sleep Disturbance (T-score) 	Mean 	49.47 	48.95 	49.08 	48.34 	−1.73 	0.170 	49.84 	48.94 	49.16 	46.08 	−4.08 	<0.001 	0.036 	0.48


 	SE 	1.07 	1.08 	1.08 	1.08 	0.77 	1.10 	1.10 	1.10 	1.09 	0.81


 	PROMIS Sleep-Related Impairment (T-score) 	Mean 	49.71 	48.46 	48.37 	47.65 	−1.99 	0.054 	47.17 	45.99 	47.19 	44.12 	−4.01 	0.003 	0.202 	0.29


 	SE 	1.33 	1.34 	1.34 	1.35 	1.09 	1.35 	1.36 	1.37 	1.35 	1.16





Results (estimated means) are generated from generalised mixed-effects models adjusted for age, sex, BMI, and CTTES positive and negative scores. ap-values are generated from repeated measures generalised mixed-effects models adjusted for age, sex, BMI, and CTTES positive and negative scores. bp-values and change scores are generated from the change in mean scores from week 0 to week 12 using generalised mixed-effects models adjusted for age, sex, BMI, CTTES positive and negative scores, and corresponding baseline scores.
 

Blood Biomarkers: As demonstrated in Table 4, there were statistically significant between-group differences in changes in TNF-α (p = 0.043) and hs-CRP (p = 0.039). In relation to TNF-α, concentrations increased significantly in the placebo group (p < 0.001), and there was a non-significant increase in the tocotrienols group (p = 0.071). In relation to hs-CRP, concentrations increased significantly in the tocotrienols group (p = 0.041), and there was a non-significant decrease in the placebo group (p = 0.177). There were no statistically significant between-group differences in changes in other blood markers comprising MDA (p = 0.730), vitamin E (p = 0.858), IL-6 (p = 0.139), IGF (p = 0.717), BDNF (p = 0.216), and blood lipids comprising total cholesterol (p = 0.500), HDL (p = 0.719), LDL (p = 0.602), and triglyceride (p = 0.659). However, an examination of within-group changes over time revealed a statistically significant decrease in MDA in the tocotrienols group (p = 0.033) and a statistically significant increase in IL-6 in the placebo group (p = 0.005).


TABLE 4 Change in blood concentrations over time (Full analysis set).

	Blood measures
	Placebo
	Tocotrienols
	p-valueb



	Week 0
	Week 12
	Changeb
	p-valuea
	Week 0
	Week 12
	Changeb
	p-valuea

 

 	MDA (ng/mL) 	Mean 	78.4 	69.21 	−12.57 	0.092 	88.91 	77.5 	−10.38 	0.033 	0.73


 	SE 	5.58 	5.6 	4.44 	5.78 	5.65 	4.55


 	N 	37 	37 	37 	39 	39 	39


 	Vitamin E (mg/mL) 	Mean 	6.95 	7.34 	0.35 	0.449 	8.56 	9.29 	0.48 	0.152 	0.858


 	SE 	1.46 	1.47 	0.53 	1.56 	1.59 	0.54


 	N 	37 	37 	37 	39 	39 	39


 	IL-6 (pg/mL) 	Mean 	38.23 	43.57 	5.38 	0.005 	37.79 	39.06 	1.11 	0.446 	0.139


 	SE 	6.26 	6.39 	2.03 	6.11 	6.16 	2.08


 	N 	38 	38 	38 	40 	40 	40


 	TNF-α (pg/mL) 	Mean 	34.84 	43.66 	8.92 	<0.001 	29.93 	33.14 	3.55 	0.071 	0.043


 	SE 	3.74 	3.75 	1.86 	3.75 	3.78 	1.89


 	N 	38 	38 	38 	40 	40 	40


 	IGF (ng/mL) 	Mean 	162.67 	154.73 	−3.32 	0.236 	144.82 	148.15 	0.02 	0.619 	0.717


 	SE 	7.88 	7.87 	6.53 	8.01 	8.03 	6.59


 	N 	38 	38 	38 	40 	40 	40


 	BDNF (pg/mL) 	Mean 	624.05 	616.22 	−20.83 	0.886 	716.33 	762.6 	62.97 	0.400 	0.216


 	SE 	56.02 	55.99 	47.35 	57.61 	57.92 	48.85


 	N 	38 	38 	38 	40 	40 	40


 	hs-CRP (mg/L) 	Mean 	2.18 	1.58 	−0.57 	0.177 	1.40 	2.28 	0.86 	0.041 	0.039


 	SE 	0.46 	0.44 	0.48 	0.41 	0.46 	0.5


 	N 	35 	35 	35 	44 	44 	44





Results (estimated means) are generated from generalised mixed-effects models adjusted for age, sex, and BMI. ap-values are generated from repeated measures generalised mixed-effects models adjusted for age, sex, and BMI. bp-values and change scores are generated from the change in mean scores from week 0 using generalised mixed-effects models adjusted for age, sex, BMI, and corresponding baseline score.
 

PROMIS Sleep: As demonstrated in Table 3, the sleep disturbance T-score significantly decreased from baseline to week 12 in the tocotrienols group (p < 0.001) but not in the placebo group (p = 0.170). These changes were significantly different between the two groups (p = 0.036, ES = 0.48, 95% CI: −0.15, −4.53). An analysis of the PPS revealed similar, statistically significant between-group differences (p = 0.015, ES = 0.58, 95% CI: −4.80, −0.55) (Supplementary Table 2). The sleep-related impairment T-score significantly decreased from baseline to week 12 in the tocotrienols group (p = 0.003) but not in the placebo group (p = 0.054). However, these changes were not significantly different between the two groups (p = 0.202, 95% CI: −5.16, 1.11). An analysis of the PPS revealed similar, non-significant between-group differences (p = 0.179, 95% CI: −5.38, −1.02) (Supplementary Table 3).

An exploratory mediation analysis was conducted to determine if changes in cognitive performance were mediated by changes in sleep quality. A linear regression indicated that neither changes in sleep disturbances (p = 0.490) nor sleep impairment (p = 0.875) were statistically significant mediators of change in the TOMAL-2 CMI. Similar non-significant findings were found for changes in the TOMAL-2 NVMI.



3.3 Intake of supplements

IP bottles with remaining softgels were counted by investigators at visit 2. Based on these details, all participants who completed the study took over 80% of their capsules.



3.4 Adverse reactions and treatment discontinuation

Participants reported no serious AEs, and there was a similar frequency of AEs classified as possibly or probably related to the IP intake (Supplementary Table 5). In the placebo group, 4.5% (n = 2) of participants experienced a treatment-related AE while in the tocotrienols group, 6.5% (n = 3) of participants experienced a treatment-related AE. The PGATT results are detailed in Supplementary Table 6, which demonstrates that in both groups over 95% of participants reported good or excellent tolerability to the IP. Two people (4.5%) in the tocotrienols group reported moderate tolerability, and in the placebo group, 100% of participants who completed the study reported good or excellent tolerability to the IP. A total of 5 people discontinued the study, comprising two in the tocotrienols group and 3 in the placebo group. In the tocotrienols group, reasons provided for study discontinuation included skin itchiness (n = 1), and unexpected travel (n = 1). An analysis of liver function markers revealed no statistically significant between-group differences in changes in any markers over time. It is important to note that at week 12, 5 participants in the tocotrienols group and 1 participant in the placebo group had an elevated hs-CRP (>5 mg/L) that could not be attributed to illnesses, changes in medications, other factors that are associated with elevations in hs-CRP. Therefore, these were classified as adverse events possibly related to the IP. However, there was significant variability in hs-CRP as 10 participants had hs-CRP concentrations above 5 mg/L at baseline. An analysis of participants in the tocotrienols group who experienced increases in hs-CRP at week 12 that were classified as possibly related to the IP, revealed that 4 out of 5 were female, and all of them experienced a reduction in blood concentration of vitamin E over time. These reductions in vitamin E could not be attributed to inconsistent IP intake as adherence in these participants was greater than 90%. Age and weight fluctuations in these participants could not account for hs-CRP increases.

As detailed in Supplementary Table 7, there were no between-group or within-group changes over time in BMI or diastolic blood pressure. However, there was a statistically significant between-group difference in changes in systolic blood pressure over time (p = 0.021). In the tocotrienols group, systolic blood pressure was reduced by 5.14 mmHg (p = 0.011) and there was no statistically significant change in the placebo group.



3.5 Efficacy of participant blinding

To assess the effectiveness of condition concealment during the trial, participants predicted their condition allocation (i.e., placebo, tocotrienols, or unsure) at the end of the study. Overall group concealment was high, as only 32% of participants correctly guessed treatment allocation.




4 Discussion

In this randomised, double-blind, placebo-controlled study, the effects of daily supplementation with 100 mg of tocotrienols (TheraPrimE® rice) for 12 weeks in adults aged 40–80 years with SMC were examined. Based on the primary outcome measure, supplementation with tocotrienols was associated with a greater improvement in overall memory (TOMAL-2 CMI) compared to the placebo. In the tocotrienols group, CMI scores increased by 8.3% compared to a smaller 5.1% increase in the placebo group. A more detailed examination of memory changes revealed that improvements in memory primarily arose from enhancements in non-verbal memory. In the tocotrienols group, non-verbal memory scores increased by 7.1% in the tocotrienols group, whereas scores non-significantly increased by only 1.4% in the placebo group. No group differences in changes in verbal memory were observed, which may be partly accounted for by statistically significant improvements in both groups over time. Moreover, there were no group differences in changes in self-reported executive function (BRIEF-2). However, in the tocotrienols group, there were significantly greater improvements in self-reported sleep disturbance compared to the placebo group, as evidenced by an 8.1 and 3.4% reduction, respectively. To examine the potential mechanisms of action associated with tocotrienol supplementation, blood markers associated with inflammation (TNF-α, hs-CRP, and IL-6), oxidative stress (MDA), and neurotrophic activity (BDNF and IGF-1) were measured over time. Group differences in changes in hs-CRP and TNF-α were observed. The group differences in hs-CRP were the result of a statistically significant increase in hs-CRP in the tocotrienols group and a non-significant decrease in the placebo group over time. In relation to TNF-α, there was a statistically significant increase in the placebo group and a non-significant increase in the tocotrienols group. No group differences in changes in the other blood markers were identified. Finally, changes in blood concentrations of vitamin E were measured over time. This revealed no statistically significant changes over time in either group. However, it is important to note that the assay used could not specifically measure tocotrienols but instead measured a combination of tocopherols and tocotrienols. In the placebo group, vitamin E concentrations non-significantly increased by 4.0%, and in the tocotrienols group, there was a near statistically significant increase of 7.2%. Tocotrienol supplementation was well tolerated with no serious adverse reactions and a similar frequency of AEs in the placebo and tocotrienols group. Moreover, there were no changes in weight and diastolic blood pressure over time. However, tocotrienol supplementation was associated with a greater reduction in systolic blood pressure compared to the placebo group, where it reduced by a mean of 5.14 mmHg compared to a 1.38 mmHg decrease in the placebo group.

This is the first controlled clinical trial investigating the effects of tocotrienols as a stand-alone intervention on cognitive function in healthy adults. However, there is evidence from cross-sectional and longitudinal studies that higher vitamin E intake and higher blood concentration of vitamin E are associated with better cognitive function and a reduced prevalence of AD and cognitive decline. In a meta-analysis of 31 studies, it was concluded that individuals with AD or age-related cognitive decline had lower circulatory concentrations of α-tocopherol compared with healthy controls (11). In relation to investigations specifically on tocotrienols, a prospective investigation over a 6-year period demonstrated that in adults aged over 80 years, a higher blood tocotrienol concentration was associated with a reduced risk of developing AD (41). In another prospective study conducted over 8 years, individuals who developed cognitive impairment had significantly lower blood concentrations of β- and γ-tocotrienols (42). However, after adjustment for multiple confounders, significance only remained for γ-tocotrienols.

Findings from vitamin E interventional trials on cognitive function have demonstrated inconsistent results. In a review of four trials comprising 304 adults with AD and 516 adults with MCI, it was concluded that there was no evidence that vitamin E in the form of α-tocopherol given to people with MCI prevented progression to dementia, or improved cognitive function in people with MCI or AD. However, there was moderate-quality evidence from a single study that it may slow functional decline in AD (12). In this randomised, double-blind clinical trial in patients with mild to moderate AD taking an acetylcholinesterase inhibitor, 2,000 international units (IUs) a day of α-tocopherol for a mean duration of 2.3 years, resulted in slower functional decline compared to the placebo (43). Interestingly, there were no significant differences in the groups receiving memantine alone or memantine plus α-tocopherol. However, based on the findings of the Prevention of Alzheimer’s Disease by Vitamin E and Selenium (PREADViSE) trial, men aged 60 years and older did not obtain any benefit from vitamin E supplementation (44).

As a stand-alone intervention, there has been limited investigation into the effects of tocotrienols on cognitive function. One randomised, double-blind, placebo-controlled study was identified where children aged 6–12 years with ADHD were supplemented with 200 mg of tocotrienols daily for 6 months (18). Tocotrienols had no significant effect on a parent-rated ADHD measure, but there was a near-statistically significant group difference in the teacher version. At the end of the study, higher α- and γ-tocotrienol levels were also positively correlated with changes in the total symptom score on the parent version of the ADHD outcome measure.

Investigations in non-clinical populations have demonstrated that when administered in combination with other nutrients, vitamin E may be beneficial to cognitive function. In a 12-week study on healthy adults, the administration of tocotrienols with astaxanthin resulted in significantly greater improvements in composite memory and verbal memory compared to the placebo group (19). In another study on healthy adults aged 40–70 years, the combination of α-tocopherol, grape juice extract, and astaxanthin for 12 weeks was associated with greater improvements in episodic memory compared to the placebo (45). A larger increase in plasma BDNF and a decrease in MDA was also observed in the supplemented group compared to the placebo. In another study, improvements in working memory were also observed after 24 months of supplementation with a combination of vitamin E, fish oil, and carotenoids in cognitively healthy adults aged 65 years and older (46). However, when vitamin E was administered with vitamin C for 12 months to adults aged 60–75 years with MCI, there were no group differences in cognitive performance compared to the placebo, despite significant reductions in MDA and increases in total antioxidant capacity and glutathione (47). In summary, the results from the current study, along with results from previous nutraceutical combination trials, suggest supplementation with vitamin E, particularly tocotrienols, may be beneficial to cognitive function in healthy adults with SMC. However, its administration seems less efficacious in people with AD and MCI.

How vitamin E improves cognitive function, specifically non-verbal memory, requires further investigation. The right brain hemisphere, and in particular the right hippocampus, has important influences on non-verbal memory (48). Neuroinflammation and reduced antioxidant capacity can negatively affect adult hippocampal neurogenesis and cognition (49, 50). Based on preclinical and clinical data, vitamin E may have neuroprotective effects through its effects on β-amyloid plaque accumulation, tau-protein hyperphosphorylation, antioxidant and anti-inflammatory properties, and positive effect on metabolic functioning of mitochondria (51–54). There is also research demonstrating it may increase neurotrophic activity by increasing BDNF concentrations in brain regions such as the hippocampus (52, 55, 56). However, these mechanisms were not demonstrated in this study, with no group differences in changes in plasma BDNF or IGF. Moreover, there were no group differences in changes in MDA, a marker of oxidative stress, although in the tocotrienols group, there was a statistically significant decrease in MDA over time. In relation to the anti-inflammatory effects of tocotrienols, there were inconsistent findings. There were no group differences in changes in IL-6 over time, although in the placebo group, IL-6 significantly increased over time. In relation to TNF-α, group differences were demonstrated, primarily due to a larger increase in the placebo group over time. In contrast to these findings, tocotrienol supplementation was associated with a small (0.86 mg/L), but statistically significant increase in hs-CRP over time, compared to the placebo group. This increase in hs-CRP could not be accounted for by changes in medications, weight, or illnesses. This finding requires examination in future clinical trials as a meta-analysis based on 13 studies revealed that tocotrienol supplementation was associated with reductions in CRP concentrations (57). Interestingly, Del Guidice and Gangestad (58) have reported that CRP has two isoforms, one of which is produced locally in inflamed or damaged tissues, while the other is routinely produced in the absence of inflammation and may have net anti-inflammatory effects. They report that while very high concentrations of CRP likely indicate acute inflammation, moderate levels of circulating CRP may not indicate the presence of low-grade chronic inflammation, but rather, it may be due to its involvement in wound healing, tissue repair, and the clearance of damaged cells. The two CRP isoforms were not differentially measured in this study. It is also important to note that the increase in hsCRP over time in the tocotrienols group was unlikely to have clinical relevance as concentrations continued to remain within normal thresholds (2.28 mg/L). Interestingly, the mean concentration of hsCRP at week 12 in the tocotrienols group was similar to the mean concentration at baseline (2.18 mg/L) in the placebo group, thereby providing further confirmation of the likely normal variation that occurs over time.

A unique exploratory finding from this study related to improvements in self-reported sleep disturbance in participants supplemented with tocotrienols compared to the placebo group. While further research is required to substantiate this finding, this has important implications as sleep disturbances are associated with an increased risk of mental and physical diseases, including an increased risk of cognitive decline and AD (59, 60). Investigations into the sleep-enhancing effects of vitamin E are limited, although in one randomised, double-blind, placebo-controlled trial in postmenopausal women with chronic insomnia, 400 IUs of mixed tocopherols daily for one month was associated with better sleep quality and a reduction in the use of sedative drugs (61). In an animal trial, the chronic administration of vitamin E ameliorated impairments in both short and long-term memory after chronic sleep deprivation. Vitamin E also normalised sleep deprivation-induced reductions in hippocampus glutathione/oxidised glutathione ratio; and catalase, superoxide dismutase, and glutathione peroxidase activity (62). Inflammation and oxidative stress are associated with insomnia and sleep disturbances, and vitamin E may provide sleep-related benefits via these mechanisms (21, 22). As insomnia and poor sleep are often associated with poorer cognitive function (20), an analysis was undertaken to determine if changes in cognitive performance may be mediated by changes in sleep quality. However, this was not demonstrated in this study, suggesting that other factors likely accounted for the improvements in cognitive function.


4.1 Strengths, limitations, and directions for future research

The strengths of this study include the randomised, double-blind, placebo-controlled design, where validated objective measures of memory and subjective measures of executive function and sleep were administered. However, the recruitment of healthy adults with SMC and possible ceiling effects on many subtests may have impacted the ability to sensitively detect changes in memory and other symptomatic changes over time. Improvements in verbal memory but not non-verbal memory occurred in the placebo group, which may partly account for the non-significant group differences in changes in verbal memory over time. This suggests there were greater practice effects on the verbal memory subtest, with no such overall effects occurring in tests of non-verbal memory. It is also important to note that the recruitment of participants with digital and social media access may limit the generalisability of the findings. The assessment of psychological status using only a brief self-report scale, and the TICS-M to screen for cognitive impairment at baseline, may impact on the sensitivity to detect undiagnosed cognitive and psychological impairment.

The examination of changes in blood measures over time helped to determine the mechanisms of action associated with tocotrienols supplementation. However, significant variability in hsCRP concentrations and measurement of total vitamin E concentrations using ELISA impacted the strength of conclusions obtained in the study. Investigation of changes in blood concentrations of tocotrienols and various isoforms will be important in future studies to examine the effects of supplementation on body stores; and the relationship between changes in total tocotrienols and its isoforms on changes in cognitive function. This should be undertaken using validated High Performance Liquid Chromatography and liquid chromatography-mass spectrometry methods. Therefore, the lack of change in blood vitamin E concentration identified in this study should be considered speculative. Moreover, the generally non-significant group differences in changes in markers of inflammation, oxidative stress, and neurotrophic activity may be partly attributed to the population recruited for this study. That is, generally healthy, non-obese adults with no medical diseases or having a well-managed medical condition. This may result in floor or ceiling effects, where further reductions/increases would be unlikely. This is demonstrated by an overall mean hsCRP concentration of 1.9 mg/L at baseline, which is well within normal concentrations (63). Therefore, to help further examine the effects of tocotrienols on inflammation, oxidative stress, and neurotrophic activity, the populations who are more likely to exhibit disturbances in these areas should be recruited.

The following recommendations are provided for future research. As this study investigated the effects of tocotrienols, a comparative examination into the efficacy and safety of supplementation with tocotrienols versus tocopherols will be useful. Moreover, as tocotrienols have 4 isoforms, a further examination of differences in the efficacy of different isoforms may be useful. It will also be important to determine if greater outcomes are achieved when isoforms are delivered in combination or as single isoforms. The effects of tocotrienols derived from annatto, rice, or palm oils will also be important to investigate.

In this study, non-verbal memory improved after supplementation, but further investigation into the effects of tocotrienols on other cognitive domains will be important. This includes a further examination of its effects on episodic memory, working memory, attention, and concentration.

In this study, tocotrienols supplementation was well tolerated with no serious adverse events reported, and good to excellent tolerability was reported by most participants. This is particularly encouraging as approximately 70% of participants were aged over 60 years. While some therapeutic efficacy was demonstrated with stand-alone tocotrienol supplementation at 100 mg daily, examining the efficacy and safety of supplementation at varying doses, with or without other nutritional ingredients, will be important. Longer interventions will also be worthwhile, as more than 3 months will likely be required for neurological changes to occur. A longer study will also help to determine if tocotrienol supplementation can prevent the progression from SMC to MCI or AD. Future trials should also be undertaken to examine the mechanisms of action of tocotrienol supplementation, particularly in relation to its impact on cognitive performance. It is possible that the effects of tocotrienol supplementation may have greater efficacy in people experiencing increased oxidative stress and/or inflammation. This includes older age adults, people eating unhealthy diets or people with comorbid medical conditions, where inflammation and oxidative stress may be a major driver. An exploratory analysis indicated generally similar changes in cognitive performance in the younger cohort (40–59 years) compared to the older cohort (≥60 years); however, there was some suggestion of greater cognitive gains from tocotrienol supplementation in the older cohort on non-verbal memory. This requires further investigation due to the small sample sizes from this subgroup analysis. Finally, a further examination into the effects of tocotrienol supplementation in people experiencing sleep disturbances will help clarify the effects of tocotrienols on sleep quality. Although changes in sleep did not account for the changes in cognitive function, given the strong link between sleep and cognitive performance, this will be worthy of further investigation.

In relation to the clinical value of supplementation with tocotrienols on cognitive function, categorical yes or no conclusions without taking into account important contextual factors are advised against by the authors. Typically, conclusions on clinically meaningful changes are based on thresholds established on the outcome measures used. However, no minimal clinically important difference (MCID) thresholds were identified on the TOMAL-2 scores. An effect size of 0.46, suggesting a moderate effect size from supplementation, was identified. However, important contextual factors that need to be considered when determining the meaningfulness of change include treatment safety and tolerability, treatment costs, treatment resources, patient burden, the population examined, symptom severity, and treatment duration, just to name a few. Based on these criteria, in a population of generally healthy adults with SMC, tocotrienols supplementation for 12 weeks was generally affordable (will likely cost less than $30 USD a month), resource-light, and very well tolerated, resulting in minimally noticeable improvements in cognitive performance, particularly non-verbal memory, for participants. As a stand-alone intervention, it is unlikely to be clinically meaningful, but as an adjunct intervention to dietary, environmental, and lifestyle changes, it is up to consumers and health practitioners to determine whether its benefits outweigh its costs as an aid to support cognitive function. A detailed qualitative and quantitative evaluation of the clinical meaningfulness/importance of the current study findings, which has been developed by the first author, is included in Supplementary Table 7.

In summary, this study provides evidence of the beneficial effects of tocotrienol supplementation for 12 weeks on non-verbal memory in adults with SMC. Future trials in participants with more severe cognitive deficits and over a longer treatment period will help to substantiate the safety and efficacy of tocotrienols as a prevention or treatment for cognitive decline in adults.
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Background: Both vitamin D and physical exercise have been independently associated with neuroprotective and anti-aging effects. However, their potential synergistic role in promoting healthy brain aging has not been fully clarified.
Objective: This review examines the overlapping and potentially complementary effects of exercise and vitamin D on aging-related neurobiological and cognitive outcomes, with a focus on mechanisms relevant to older adults.
Methods: We surveyed preclinical and clinical studies investigating the impact of vitamin D and exercise on neurotrophic signaling (e.g., BDNF, IGF-1), vascular and inflammatory pathways (e.g., VEGF, cytokines), and cognitive or functional outcomes in aging models and older human populations. Particular attention was given to recent randomized controlled trials (RCTs) such as SYNERGIC, DO-HEALTH, and PONDER, as well as large-scale epidemiological studies.
Results: Preclinical findings suggest that vitamin D and exercise converge on shared biological pathways, including oxidative stress reduction, inflammation control, and neurogenesis promotion. Some animal studies demonstrated enhanced neuroprotection and cognitive improvement with combined interventions. In human trials, aerobic-resistance exercise with or without cognitive training improved cognitive scores in older adults with mild cognitive impairment, while vitamin D supplementation alone showed limited effect. Observational data further suggest that high serum vitamin D levels and regular physical activity are independently and jointly associated with delayed biological aging. However, evidence of clinically meaningful synergy remains limited, and no definitive conclusion can be drawn from current trials due to heterogeneity in design, population, and intervention protocols.
Conclusion: While biologically plausible and supported by selective findings, the synergistic impact of vitamin D and exercise on brain aging has yet to be conclusively demonstrated in older adults. Future studies should focus on at-risk populations, standardized intervention models, and mechanistic outcomes to better evaluate their combined potential as low-cost, preventive strategies in aging.
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1 Introduction

Aging is consistently accompanied by declines in memory, executive function, and processing speed, reflecting underlying impairments in neuroplasticity, the brain’s capacity to remodel synaptic connections and generate new neurons in response to experience (1). These changes are exacerbated in neurodegenerative disorders such as Alzheimer’s and Parkinson’s diseases, where disrupted neurogenesis, synaptic loss, mitochondrial dysfunction, chronic neuroinflammation, and oxidative damage converge to degrade cognitive resilience (2, 3). Given the limited efficacy of current pharmacological therapies for age-related cognitive decline, there is growing interest in lifestyle-based strategies that tap endogenous repair and maintenance mechanisms (4).

Two modifiable factors, physical exercise and vitamin D, have been repeatedly implicated in supporting brain health. Exercise, particularly aerobic and resistance training, elevates key neurotrophic mediators such as brain-derived neurotrophic factor (BDNF), insulin-like growth factor 1 (IGF-1), and vascular endothelial growth factor (VEGF) (5–7). Meanwhile, it dampens pro-inflammatory signaling and enhancing mitochondrial and antioxidant capacity; these effects correlate with preserved hippocampal volume and improved cognitive performance in older adults (8–10). Vitamin D, acting through widely distributed vitamin D receptors (VDRs) and local activation within the brain, modulates neurotrophin expression, neurotransmitter systems, calcium homeostasis, and immune responses, with deficiency linked to increased risk of cognitive impairment and neurodegenerative pathology (11, 12). Preliminary multimodal trials and mechanistic studies, such as the SYNERGIC and PONDER frameworks and the combined exercise plus vitamin D work by Hoseini and colleagues, suggest that integrating these interventions may produce additive or synergistic neuroprotective effects, but a consolidated, aging-centered synthesis is lacking (13–15).

This narrative review therefore aims to bridge that gap by focusing explicitly on aging and neurodegeneration. We aim to:


	1. Characterize how vitamin D and physical exercise individually influence neuroplasticity, neuroinflammation, and cognitive outcomes in aging and disease-relevant contexts.

	2. Evaluate the evidence for their combined effects and articulate the biological mechanisms, shared and distinct, that could underlie synergy or augmentation.

	3. By grounding translational claims in aging-specific and mechanistic primary data, we hope to clarify current evidence, expose critical uncertainties, and propose testable hypotheses for more targeted future interventions.





2 Exercise’s mechanisms of action as a modulator of neuroplasticity and cognitive function in aging and neurodegenerative conditions

Physiologic changes to the aging brain (i.e., cognitive aging) are complex and highly variable, resulting in difficulty projecting the trajectory of cognitive decline and identifying transition to pathologic states, such as MCI and dementia (16). Given the limited effectiveness of available treatments for dementia, promotion of a healthy brain is relevant. PE can promote cognitive brain health (defined as the ability to remember, learn, plan, concentrate, and maintain a clear, active mind) and counteract many effects of cognitive aging (17–19).


2.1 BDNF upregulation

One of the most consistently observed molecular changes triggered by exercise is the upregulation of BDNF, a neurotrophin essential for synaptic plasticity, neuronal survival, and cognitive function (20–22). Multiple studies across both animal models and human populations have shown that different durations, intensities, and types of exercise can enhance BDNF levels and activate downstream signaling pathways critical for brain health (23, 24).

In animal models, even short bouts of voluntary wheel running, ranging from a few hours to several days, can rapidly elevate BDNF expression in the hippocampus. For instance, one study found that 6 h of voluntary running significantly increased full-length BDNF mRNA in rats, with further elevation after 12 h. Interestingly, the response differed across BDNF exons: exon I increased rapidly, especially in the CA1 region, while exons III and IV showed minimal changes. The response was dose-dependent, with greater running distances correlating with higher BDNF levels (25). Another study has shown that moderate-intensity training in aging rats elevated BDNF and serotonin (5-HT) across multiple brain regions and was associated with improved memory and increased mature hippocampal neurons (7).

In human studies, aerobic training has been linked to both acute and chronic increases in serum BDNF. In a randomized trial, 3 months of endurance training in previously sedentary males significantly enhanced resting BDNF levels. The effect was most pronounced at rest, suggesting baseline neurotrophic support improves over time with consistent activity (26). Community-level interventions also support the value of exercise for aging cognition. A 12-week senior fitness program led to improvements in both strength and cognition, alongside elevated serum BDNF (27).

Complementary clinical studies in PD patients support these findings. In one trial, individuals with early-stage PD underwent an intensive 28-day rehabilitation program including daily aerobic exercise. Compared to controls, participants exhibited a significant rise in serum BDNF within the first 10 days, which was sustained through the end of the intervention. Functional improvements accompanied this neurobiological response, including better performance on the Unified Parkinson’s Disease Rating Scale (UPDRS) and enhanced balance and walking endurance (24). Further evidence from a UK-based pilot study examined how exercise intensity influences BDNF changes in early-to-mid-stage PD. Participants engaged in either moderate-intensity continuous training (MICT) or high-intensity interval training (HIIT), three times per week over 12 weeks. While acute sessions did not significantly alter BDNF levels, a notable increase was observed over time in the HIIT group, suggesting that sustained high-intensity exercise may be particularly effective in promoting neurotrophic support (28).

Collectively, these human trials suggest that regular exercise, particularly higher-intensity or structured programs, can enhance BDNF levels in populations vulnerable to cognitive decline and neurodegeneration. This neurobiological response may underlie some of the functional and cognitive improvements observed in clinical and experimental settings.



2.2 IGF-1 and VEGF pathways

IGF-1 is a conserved neurotrophic hormone important for brain development, neuronal survival, and synaptic remodeling (29, 30). Its signaling through pathways such as PI3K–Akt contributes to both neurogenesis and metabolic regulation (31). VEGF, while traditionally studied for angiogenesis, also promotes neurogenesis and supports vascular scaffolding necessary for synaptic remodeling (32).

A rodent study in which Rats received 4 weeks of treadmill training showed improved performance in spatial learning tasks compared to sedentary AD model animals. This improvement was accompanied by a restoration of hippocampal VEGF signaling, including increased mRNA expression of HIF-1α, VEGF, and VEGFR2, all of which had been suppressed by Aβ injection. These findings suggest that exercise enhances neurovascular function and cognitive resilience by stimulating VEGF-related pathways while dampening anti-angiogenic signaling (33). In a separate study using aged, sedentary rats, reduced levels of IGF-1, VEGF, and longevity-associated proteins like SIRT1 and SIRT3 were found in the substantia nigra, a brain region particularly vulnerable in Parkinson’s disease. These deficits were associated with an imbalance in the brain’s local renin–angiotensin system (RAS), marked by increased activation of pro-inflammatory Ang II/AT1R signaling and reduced activity in the protective Ang 1–7/Mas receptor axis. Remarkably, 4 weeks of treadmill running reversed these age-related changes, leading to higher IGF-1 and VEGF expression, upregulation of SIRT1 and SIRT3, and a shift toward a neuroprotective RAS profile. Thus, exercise may help prevent dopaminergic neuron loss in aging (34).

In humans, exercise interventions reliably increase IGF-1 levels. In a 16-week aquatic training study with elderly women (ages 68–80), moderate aerobic activity significantly increased IGF-1 and BDNF, accompanied by cognitive improvements compared to controls (35). Similarly, older men engaging in either resistance or endurance exercise showed post-session increases in serum IGF-1 and BDNF. The training effects did not significantly differ between modalities, suggesting both aerobic and anaerobic approaches are effective (36). However, peripheral IGF-1 levels do not always translate directly to brain outcomes. In a three-month trial with older adults (ages 60–77), treadmill exercise did not significantly change group-average IGF-1 levels, yet individual increases were associated with greater hippocampal volume and better verbal recall. This suggests that IGF-1 may function more as a permissive factor than a sole driver of neuroplasticity (37). In Parkinson’s disease, exercise may fail to induce expected VEGF responses. One study with task-oriented and aerobic training showed no significant changes in VEGF or IGF-1, suggesting that disease severity or short intervention duration might blunt neurotrophic adaptation. Additionally, peripheral levels may not always reflect central effects, especially in neurodegenerative contexts (38).

Taken together, these studies highlight that both IGF-1 and VEGF signaling are possibly involved exercise-induced benefits during aging. However, it is important to consider individual variability in IGF-1 and VEGF responses to exercise. Factors such as age, sex, baseline fitness level, genetic polymorphisms, and even vitamin D status may modulate the degree to which these growth factors are upregulated. For example, older adults or individuals with metabolic dysregulation may exhibit a blunted IGF-1 response compared to younger, healthier individuals (39). Recognizing this heterogeneity is crucial for understanding who may benefit most from exercise-based interventions and for translating these findings into personalized strategies for brain health.



2.3 Anti-inflammatory effects

Chronic inflammation is a hallmark of aging and contributes to cognitive decline (40). Physical exercise, particularly aerobic and resistance training, modulates both systemic and neural inflammation, potentially supporting cognition by reducing cytokine levels and enhancing neuroimmune balance (41).

In one study, aged rats (18 months old) underwent a 10-day treadmill training protocol, after which hippocampal cytokine levels were assessed. While levels of TNF-α, IL-1β, and IL-6 did not significantly differ between exercised and sedentary groups when measured individually, the ratios of pro- to anti-inflammatory markers (IL-1β/IL-10, IL-6/IL-10, TNF-α/IL-10) were significantly reduced in the exercise group. This indicates a shift toward an anti-inflammatory profile, suggesting that even short aerobic training can recalibrate the inflammatory environment in aging brains (42). Supporting this, another study using a D-galactose-induced aging model in rats demonstrated that regular swimming exercise led to significant neuroprotective effects. In aging rats that swam regularly, expression of inflammatory signaling molecules in the hippocampus was significantly downregulated compared to non-exercised aging counterparts. At the same time, key survival-related pathways, including AMPK/SIRT1/PGC-1α and IGF-1/PI3K/Akt, were upregulated, indicating improved mitochondrial function and neuronal resilience. Exercise also suppressed both Fas- and mitochondria-dependent apoptotic signaling, which were otherwise heightened in aged animals. Together, these effects suggest that physical activity can modulate both inflammatory and apoptotic mechanisms that contribute to cognitive decline with age (43).

In a 12-week moderate aerobic training study with older adults (ages 50–85), those with mild cognitive impairment (MCI) showed significant reductions in cortisol, IL-6, TNF-α, and CRP after intervention. These changes were accompanied by improvements in attention and executive function. The results suggest that lowering systemic inflammation through physical activity may help restore cognitive performance in at-risk individuals (44). A 16-week multimodal training program in both healthy elderly and individuals with MCI also reduced IL-6 and TNF-α, while increasing BDNF and improving cognition. Another three-month intervention involving exercise or exercise plus cognitive training found that both reduced IL-1β, IL-6, and p-tau181. Interestingly, the exercise-only group also showed a favorable Aβ42/Aβ40 ratio, an encouraging finding given the association of these biomarkers with Alzheimer’s disease (45). Resistance training, although studied less often in this context, has also demonstrated anti-inflammatory effects. In older women (around mean age of 83 years), 28 weeks of elastic band training elevated IL-10 (an anti-inflammatory cytokine) and stabilized TNF-α and CRP levels. This group also showed improvements in MMSE scores and physical fitness (46).

Thus, by reducing pro-inflammatory cytokines like IL-6 and TNF-α, exercise can lower microglial activation, support hippocampal neurogenesis, and improve synaptic remodeling. These immune shifts likely create a more permissive environment for plasticity and cognitive maintenance in aging.



2.4 Oxidative stress reduction

Oxidative stress increases with age and contributes to mitochondrial dysfunction and cognitive decline (47). Exercise improves antioxidant defense systems, both peripherally and within the brain (48, 49).

Animal studies have offer mechanistic insights into this subject. For instance, an investigation explored the effects of moderate treadmill exercise in middle-aged female Wistar rats over 15 weeks. The hippocampus of exercised rats showed significantly reduced ROS levels and protein carbonyl content compared to sedentary controls. Furthermore, exercise led to upregulation of key antioxidant enzymes such as superoxide dismutase-1 (SOD-1) and glutathione peroxidase (GPx). Enhanced activity of AMP-activated protein kinase (AMPK) and increased expression of PGC-1α, NRF-1, and mitochondrial transcription factor A (mtTFA) suggested that mitochondrial biogenesis was stimulated, improving cellular energy balance and reducing oxidative damage in the brain. This points to a systemic mitochondrial and antioxidant remodeling process driven by sustained physical activity (50). Another nine-week swimming program in young and middle-aged Wistar rats also demonstrated cognitive and oxidative benefits. Exercised rats showed improved memory and learning performance in avoidance tasks, accompanied by reduced protein carbonyl content in the brain. This reduction in oxidative protein damage was paralleled by an increase in the proteasome’s chymotrypsin-like activity, which plays a role in degrading oxidized proteins. The enzyme DT-diaphorase, another antioxidant marker, was elevated in young exercised rats, suggesting age-specific enzymatic adaptations to exercise (51).

In a 24-week human study (ages 65–95), aerobic training reduced oxidative stress markers (MDA, 8-OHdG) and inflammatory cytokines, while increasing total antioxidant capacity. Improvements in motor praxis and problem-solving correlated with these biochemical changes, supporting the cognitive relevance of redox balance in aging adults (52). Patients with Parkinson’s disease also show benefit. Over 12 weeks, aerobic and Tai Chi interventions increased antioxidant enzymes (e.g., GSH, catalase), with aerobic training producing greater effects. Cognitive scores measured by MMSE remained stable in the exercise groups but declined in controls. Furthermore, this study suggests that aerobic exercise may confer stronger neuroprotective effects than low-intensity alternatives like Tai Chi (53). Together, these findings suggest the possible role of exercise in reducing oxidative stress, thereby preserving cognitive function during aging. However, many studies report peripheral oxidative markers. Although useful, they do not always reflect CNS-specific changes. Future work should directly assess redox shifts in brain tissue or cerebrospinal fluid to confirm central effects.



2.5 Neurogenesis and synaptic plasticity

Exercise is increasingly recognized as a potent modulator of neurogenesis and synaptic plasticity, offering promising interventions for neurodegeneration, cognitive decline, and recovery from injury (50).

Evidence from animal studies shows that aging leads to a marked reduction in hippocampal neurogenesis, but exercise can partly counteract this decline. A mouse study evaluating neural stem/progenitor cells (NSCs) across different ages (3–21 months) demonstrated that the number of newborn neurons decreased by more than 95% by 9 months of age. While NSC counts were only mildly reduced, exercise attenuated this decline and enhanced neuronal lineage specification. However, exercise was unable to restore the dramatic reduction in NSC proliferation, the primary factor driving reduced neurogenesis with age. Interestingly, exercise significantly enhanced the maturation of newborn neurons, suggesting that its main benefit may lie in improving neuronal quality rather than quantity (54). The impact of exercise duration has also been investigated. In aged C57BL/6 J mice (19–23 months), access to a running wheel for 51 days, but not for 14 days, significantly increased hippocampal neurogenesis, as reflected by higher counts of doublecortin (DCX)-positive cells in the dentate gyrus. Long-term exercise also modulated the neuroimmune environment, increasing hippocampal levels of the anti-inflammatory cytokine IL-10, while both short- and long-term exercise reduced IL-6. These findings indicate that prolonged exercise exerts stronger effects on both neurogenesis and immune regulation in the aged brain (55).

In models of neurodegeneration, endurance exercise has been shown to engage multiple protective mechanisms. In a Parkinson’s disease mouse model induced with MPTP, regular endurance training reversed MPTP-induced motor deficits. Mechanistically, this was associated with increased BrdU-positive neurons, preservation of dopaminergic neurons (via elevated tyrosine hydroxylase and dopamine transporter levels), enhanced antioxidant defenses (e.g., catalase, GPX1/2, HO-1), and upregulation of autophagy markers such as LC3-II and Beclin-1. Collectively, these pathways supported both neurogenesis and neuronal survival, suggesting exercise acts through synergistic mechanisms (51).




3 Vitamin D mechanisms of action as a modulator of neuroplasticity and cognitive function in aging and neurodegenerative conditions

Vitamin D, traditionally recognized for its role in calcium homeostasis and bone metabolism, is now increasingly understood to function as a neurosteroid (56, 57). Its active form, 1,25-dihydroxyvitamin D₃, crosses the blood–brain barrier and binds to vitamin D receptors (VDRs) widely expressed in areas critical for cognition, such as the hippocampus, cortex, and substantia nigra (58, 59). Through these interactions, vitamin D influences neurogenesis, synaptic plasticity, and the expression of neurotrophic factors, including BDNF, essential for maintaining neural health and adaptability (60). Vitamin D deficiency (VDD) is notably common among older adults due to several age-related factors, such as reduced skin synthesis, limited sun exposure, and dietary insufficiencies (61). Estimates suggest that nearly 40–90% of elderly individuals may have suboptimal vitamin D levels, making it a significant public health concern in aging populations (62).

Studies have linked low vitamin D status to an increased risk of cognitive impairment, neurodegenerative diseases like Alzheimer’s and Parkinson’s, and mood disorders including depression (63, 64). Deficiency has been associated with accelerated brain aging, greater accumulation of amyloid plaques, and impaired neurotransmitter function (65, 66). Moreover, low vitamin D levels correlate with poor performance on memory and executive function tests (67).


3.1 VDRs and distribution

Active form of vitamin D, 1,25-dihydroxyvitamin D₃ (calcitriol), can cross the blood–brain barrier and interact with vitamin D receptors (VDRs), which are found in brain areas involved in cognition, including the hippocampus, prefrontal cortex, amygdala, and thalamus (68).

In both humans and rodents, VDRs are expressed throughout the lifespan, and the enzyme 1α-hydroxylase, which activates vitamin D, is also present in neurons and glial cells. These findings suggest that local vitamin D metabolism occurs within the brain, supporting region-specific actions. For instance, high expression of VDR and 1α-hydroxylase in the hippocampus and substantia nigra points to a potential influence on memory, motor control, and mood regulation (69).

In older adults, low circulating levels of vitamin D have been linked to increased lateral ventricle volume, a structural marker associated with brain atrophy and cognitive impairment. A study by Annweiler et al. (70) reported that individuals with vitamin D deficiency had significantly poorer performance on executive function tests, while Dhana et al. (71) found that intake of vitamin D was associated with slower rates of cognitive decline over time. Although these associations do not establish causality, they underscore the potential relevance of VDR signaling in age-related brain changes.

At the molecular level, VDR functions as a nuclear receptor, regulating transcription of genes related to neural development, plasticity, and immune signaling. It contains zinc-finger domains that bind to DNA, as well as a ligand-binding site that ensures specific activation by calcitriol (72). VDR activation affects numerous genes involved in antioxidant defenses, calcium balance, and neurotrophic factor expression (73, 74). In aging brains, these regulatory effects may help counteract inflammatory and oxidative processes that impair synaptic integrity.

Calcitriol also exerts rapid, non-genomic effects through the 1,25D₃-MARRS receptor (PDIA3), which is highly expressed in neurons, astrocytes, and endothelial cells (56, 75). PDIA3 activation has been linked to changes in BDNF and CREB signaling, factors essential for synaptic function and neurogenesis. However, its precise role in aging-related cognitive processes remains under investigation (76).

Taken together, the widespread expression of VDRs and vitamin D–metabolizing enzymes throughout the aging brain supports the plausibility of vitamin D as a neuromodulator in later life. While observational studies in humans show mixed results, several report structural and functional associations between low vitamin D levels and cognitive risk markers, particularly in executive and memory domains.



3.2 Regulation of neurotransmission and synaptic plasticity

Vitamin D appears to influence multiple neurotransmitter systems, including acetylcholine, dopamine, and serotonin, all of which are implicated in cognitive processes and are known to decline with age (77). By regulating the expression of enzymes and receptors involved in neurotransmitter synthesis and signaling, vitamin D may help preserve synaptic function during aging.

A study has been conducted on an animal model of AD, where LTP, a synaptic correlate of learning, was significantly impaired in rats infused with amyloid-β (Aβ) peptides. Interestingly, rats deprived of vitamin D exhibited even greater deficits in synaptic strength, as measured by reduced field excitatory postsynaptic potential amplitudes in the hippocampal CA3–CA1 circuit. In contrast, rats supplemented with the active form of vitamin D, 1,25(OH)₂D₃, showed restored LTP responses following tetanic stimulation, suggesting that vitamin D supports synaptic plasticity by preserving postsynaptic responsiveness under neurotoxic conditions (78). Complementary findings were reported in a separate study involving aging Fischer 344 rats fed diets with varying levels of vitamin D₃ over several months. Animals receiving high doses (10,000 IU/kg) performed significantly better in the Morris water maze reversal phase, an indicator of flexible learning, than those on medium or low vitamin D diets. Molecular analyses revealed that high-dose vitamin D upregulated hippocampal genes involved in synaptic communication, G-protein signaling, and basal neurotransmission. These transcriptional changes were accompanied by enhanced synaptic function, aligning with the observed behavioral improvements (79).

Aged rats subjected to D-galactose-induced brain aging and treated with high doses of vitamin D (1,000 and 10,000 IU/kg) for 8 weeks showed substantial reductions in hippocampal Aβ and MDA, a marker of oxidative stress, alongside increased glutathione (GSH). Improvements in memory, confirmed via the Barnes and novel object recognition tests, were paralleled by stronger expression of synaptic proteins such as PSD-95 and synaptophysin. These markers collectively point to vitamin D’s capacity to preserve synaptic integrity and function under stress-related conditions of aging (80).

Not all findings, however, are unanimously optimistic. A 10-week placebo-controlled trial involving older adults assessed whether 2,000 IU/day of vitamin D3 could modulate neuroplasticity via transcranial magnetic stimulation. Although vitamin D increased serum 25(OH)D from 46 to 81 nmol/L and led to modest improvements in muscle strength, it did not significantly enhance motor-evoked potentials (MEPs), short-interval intracortical inhibition (SICI), or serum BDNF compared to placebo. Despite the null results on neuroplasticity, the observed decrease in corticospinal excitability and inhibition in the treatment group might suggest improved synaptic efficiency, warranting further investigation over longer intervention periods or with higher doses (81). Together, these studies converge on a consistent theme: vitamin D supports neural communication and plasticity across the lifespan, particularly in regions such as the hippocampus that are vital for learning and memory. However, human data remain mixed, emphasizing the need for larger, longer-term studies to clarify the conditions under which vitamin D may optimize brain health.



3.3 Antioxidant and anti-inflammatory properties

Oxidative stress and chronic low-grade inflammation are central features of brain aging and contribute to neuronal damage, reduced synaptic plasticity, and cognitive decline (82, 83). Vitamin D has been shown to modulate both pathways through its actions on antioxidant enzymes and immune signaling molecules (84, 85).

In rodent models, aging is consistently linked to cognitive deficits and heightened inflammation. A study using 39 male F344 rats (20 months old vs. 6 months young) evaluated the impact of vitamin D (42 I. U./kg/day for 21 days via subcutaneous injection) on these age-related changes. Aged rats exhibited notable impairments in spatial memory and object recognition tasks. However, those receiving vitamin D supplementation showed significant improvements in both learning and memory performance, unlike the younger rats, where vitamin D had no noticeable effect (86). At the biochemical level, aging was associated with elevated levels of the pro-inflammatory cytokine IL-1β and reduced levels of the anti-inflammatory cytokine IL-10. Vitamin D reversed these trends in aged rats, indicating a reduction in neuroinflammation. Furthermore, aged rats treated with vitamin D demonstrated enhanced clearance of beta-amyloid (Aβ) and a corresponding decrease in amyloid load, a hallmark of neurodegenerative diseases like Alzheimer’s (86). These findings support vitamin D’s potential in moderating age-induced neurodegeneration via its anti-inflammatory and antioxidant actions.

Regarding human studies, a clinical study involving 52 participants (16 MCI, 11 very early AD, and 25 healthy controls), lymphocytes from patients with cognitive decline showed heightened vulnerability to oxidative stress when exposed to H₂O₂. After 6 months of vitamin D supplementation in those with low serum levels, MCI patients, but not early AD patients, exhibited reduced lymphocyte death and elevated plasma Aβ1-40 levels. Cognitive scores also improved at 18-month follow-up in MCI patients, suggesting that vitamin D’s protective role may be more effective at early stages of neurodegeneration (87). In another cohort of 140 elderly individuals (70 MCI cases vs. 70 controls), participants with MCI had significantly lower vitamin D levels (p < 0.05) and higher inflammatory cytokines, including IL-1β, IL-6, and TNF-α. White matter integrity was also compromised, particularly in brain regions such as the right temporal lobe and hippocampus. This correlation underscores the relationship between chronic inflammation, vitamin D deficiency, and structural brain changes in aging-related cognitive decline (88). Also, a 12-month double-blind RCT with 183 older adults with MCI assessed the effects of daily vitamin D supplementation (800 IU/day). Cognitive performance, as measured by full-scale IQ and subcomponents (e.g., vocabulary, digit span), improved significantly in the vitamin D group compared to placebo (p < 0.001). Moreover, telomere length was better preserved, and markers of oxidative stress (8-OXO-dG, OGG1 mRNA, P16INK4a mRNA) were markedly reduced. This suggests that vitamin D may attenuate cognitive decline via genomic stability and oxidative stress regulation (89).

By reducing inflammatory signaling and enhancing antioxidant defenses, vitamin D may help protect against structural and functional brain changes linked to aging. While direct central nervous system measures are lacking in most human studies, peripheral changes in inflammation and redox balance may reflect broader neuroprotective effects. Therefore, although findings from aging models are promising, variability in vitamin D dose, baseline status, and outcome measures limits the generalizability of results. More targeted studies in older populations using brain-specific biomarkers are needed to clarify the mechanistic pathways and therapeutic potential of vitamin D in cognitive aging.




4 Combined effects of exercise and vitamin D on brain health in aging and neurodegenerative conditions


4.1 Evidence from clinical trials in older adults

Multiple studies have explored the effects of combining vitamin D supplementation with exercise and other interventions to preserve or enhance cognitive function in older adults. While several mechanisms have been proposed for potential synergy, including modulation of neurotrophic factors, inflammatory control, and vascular health, few studies have systematically evaluated this interaction in clinical settings. However, a handful of recent trials have begun to fill this gap with mixed but informative results, shedding light on both the promise and limitations of these combined strategies.

One of the most comprehensive efforts to date is the SYNERGIC trial, a multi-site, double-masked, randomized controlled study that enrolled 175 adults aged 65–84 with MCI. The design was intentionally multidomain, assessing the independent and combined effects of aerobic-resistance exercise, computerized cognitive training, and vitamin D supplementation. Participants were randomized across five groups: a full intervention (all three elements), exercise with cognitive training (without vitamin D), exercise with vitamin D (without cognitive training), exercise alone, and a control group receiving only balance-toning activities and placebos. After 20 weeks, results showed that all active intervention arms involving aerobic-resistance exercise improved global cognitive function, as measured by the Alzheimer’s Disease Assessment Scale – Cognitive Subscale (ADAS-Cog-13), compared to control. Notably, combining exercise with computerized cognitive training resulted in further improvements over exercise alone. The most robust cognitive enhancement was seen in the full multidomain group, which included exercise, cognitive training, and vitamin D: this group showed a mean improvement of −2.64 points on the ADAS-Cog-13 compared to controls. However, when vitamin D was analyzed independently, comparing arms with and without supplementation, it did not appear to provide a statistically significant additive benefit (90).

While the primary outcome measures centered on cognitive performance, a related functional brain connectivity (FBC) study using the same trial cohort further examined whether combined interventions impacted neural network integration. FBC refers to the synchronous activation of brain regions over time and is known to decline in early cognitive impairment, particularly within the default mode network (DMN). In this sub-study, 120 participants underwent fMRI scanning before and after the 20-week intervention. Results showed that physical exercise, either alone or in combination with cognitive training and vitamin D, increased connectivity between key DMN regions, including the hippocampus and angular gyrus (FDR-adjusted p values < 0.05 across models). Although this enhanced connectivity did not correlate significantly with behavioral improvements in cognition or physical function, the findings suggest a neurobiological response to lifestyle intervention, even if functional implications remain unclear. Interestingly, the data showed that exercise alone may produce similar neural effects as more complex interventions, further emphasizing the potent influence of physical activity on the aging brain (91).

Another relevant trial, the PONDER study, aimed to assess the impact of a six-month multidomain intervention on cognition and physical health in older adults with subjective memory complaints. In this placebo-controlled RCT, 147 participants (mean age ≈ 70 years; 70% women) were randomized to receive either a combined program of resistance and aerobic exercise plus a daily supplement containing vitamin D (1,000 IU), omega-3 fatty acids, and protein, or a control condition involving flexibility training and a placebo supplement. Despite its robust design, the intervention did not lead to statistically significant improvements in cognitive performance (as assessed by CogState and Trail Making Test B-A) or physical function at either 6 or 12 months. However, the group receiving the active intervention showed a significant increase in lean muscle mass compared to controls (+0.72 kg; 95% CI: 0.26–1.19; p = 0.001), which may reflect improved physiological reserve and future resilience (92).

Taken together, these trials offer a nuanced picture of the interaction between exercise and vitamin D in aging populations. The SYNERGIC study demonstrates clear cognitive benefits from aerobic-resistance training and cognitive training, with only modest or unclear additional effects from vitamin D supplementation. The associated FBC analysis adds support for exercise-induced neural plasticity, while the PONDER trial illustrates the potential for body composition improvements without corresponding cognitive gains, possibly due to its broader supplement mix and different population characteristics (subjective vs. objective memory impairment).

These findings suggest the need for well-powered, aging-specific randomized controlled trials. While current evidence supports exercise as a cornerstone for cognitive health, the role of vitamin D in this context remains less conclusive. Future studies should explore whether synergy emerges in subgroups (e.g., those with baseline vitamin D deficiency, frailty, or low BDNF levels), and incorporate biomarkers or imaging data to clarify mechanistic pathways.



4.2 Mechanistic animal studies showing synergistic neurobiological effects

Cognitive impairment is a central feature of aging-related neurodegenerative conditions such as Alzheimer’s and Parkinson’s disease. Both vitamin D and physical exercise have been independently linked to improvements in cognitive outcomes through mechanisms such as neurotrophin upregulation, neurotransmitter regulation, and oxidative stress reduction. Recent animal studies using aging-related disease models have begun to assess whether these two interventions may interact synergistically to improve memory, learning, and neurocognitive biomarkers.

One such study used a lipopolysaccharide (LPS)-induced Alzheimer’s model in rats to evaluate the independent and combined effects of vitamin D supplementation and aerobic exercise on cognitive and biochemical outcomes. Fifty rats were assigned to five groups, including a control, Alzheimer model, vitamin D-only treatment, exercise-only treatment, and a combined vitamin D plus exercise group. Multiple markers were assessed in brain tissue, including acetylcholine esterase (AChE), brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), amyloid-β42, tau protein, and pro- and anti-inflammatory cytokines such as IL-6 and IL-10. The Alzheimer group demonstrated substantial deficits in multiple domains, including elevated levels of amyloid-β, tau proteins, IL-6, and malondialdehyde (MDA), a lipid peroxidation marker. These rats also showed decreased concentrations of BDNF, NGF, dopamine, AChE, and GSH (an endogenous antioxidant), as well as impairments in T-maze performance. However, both vitamin D and exercise individually improved several of these markers, and the combined treatment group showed the most significant improvements across nearly all domains.

Quantitatively, the combined group demonstrated a marked reduction in IL-6 and MDA levels, alongside increased BDNF, NGF, dopamine, and AChE expression in brain tissue. The T-maze test time, a functional index of spatial memory, was also significantly reduced in the combined group compared to either intervention alone. These data suggest a synergistic effect of vitamin D and exercise in reversing neuroinflammation and oxidative stress, as well as restoring cholinergic and dopaminergic signaling pathways crucial for memory function (93).

Another study examined the effects of exercise and vitamin D3 (VD3) supplementation in 6-hydroxydopamine (6-OHDA)-lesioned hemiparkinsonian rats, a model commonly used to simulate Parkinson’s disease-related neurodegeneration. Rats were divided into sham, lesion-only, and intervention groups (VD3 only, exercise only, and combined). The exercise protocol involved 30 min of treadmill activity daily for 21 days, initiated 24 h post-lesion. The researchers assessed motor function (rotarod, open field, and apomorphine-induced rotation tests), as well as biochemical markers like dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC), and tyrosine hydroxylase (TH) in striatal tissue. Markers of oxidative stress, (e.g., nitrite/nitrate, MDA, GSH) and receptor expression for vitamin D (VD3R) and dopamine transporter (DAT) were also evaluated. In 6-OHDA-lesioned rats, motor and cognitive performance were significantly impaired, and DA, TH, and DAT levels were markedly reduced. Treatment with vitamin D or exercise alone partially restored these deficits. However, the combined intervention led to the greatest improvement in dopaminergic function, with DA and DOPAC concentrations approaching levels seen in sham-operated controls. The group receiving both interventions also showed normalized TH and DAT expression, indicating a restoration of dopaminergic neurons. Moreover, oxidative stress markers were significantly reduced in the combined treatment group. Specifically, MDA levels were decreased, and GSH levels increased, supporting the view that the combination of exercise and vitamin D may mitigate oxidative damage in Parkinsonian neurodegeneration. Importantly, vitamin D receptor (VD3R) expression, which was downregulated in the lesioned brain, was restored by the combination of exercise and VD3. This implies that exercise may enhance the neurobiological response to vitamin D by increasing receptor availability or sensitivity, thereby strengthening its neuroprotective effects (94).

These findings align with the mechanistic concerns regarding the need for aging-specific animal models and biologically plausible explanations for any proposed synergy. Both studies provide strong support for a multi-modal approach, demonstrating that combining vitamin D and exercise yields greater improvements in cognitive markers, neurotrophic support, neurotransmitter restoration, and oxidative balance than either intervention alone. While results from preclinical models cannot be directly extrapolated to humans without caution, they offer a compelling rationale for future trials targeting early cognitive decline in older adults with combined lifestyle and nutritional interventions.



4.3 Observational insights and population-level findings

Beyond clinical trials and animal studies, large-scale observational data offer valuable insights into how vitamin D and physical activity may interact in everyday life to influence the biological aging process. Though causality cannot be inferred from such data, these findings can inform public health strategies and guide future intervention trials. Notably, population-level studies suggest that higher vitamin D levels and regular physical activity may synergistically contribute to healthier aging trajectories, including slower biological aging and better physical function.

A recent analysis using data from 18,738 participants of the National Health and Nutrition Examination Survey (NHANES) investigated how serum 25-hydroxyvitamin D [25(OH)D] levels and physical activity relate to Phenotypic Age Acceleration (PhenoAgeAccel), a biomarker-driven estimate of biological aging relative to chronological age. In multivariable models adjusted for demographic and health factors, individuals with both high vitamin D levels and adequate physical activity had significantly lower odds of accelerated aging (OR = 0.657; 95% CI: 0.549–0.787; p < 0.001). Among adults aged 65 and younger, this protective effect remained strong (OR = 0.663; 95% CI: 0.538–0.818; p < 0.001), and a multiplicative interaction was observed between vitamin D and PA (OR = 0.729; 95% CI: 0.542–0.979; p = 0.036), suggesting a synergistic relationship rather than independent effects alone. From a public health perspective, the implications were striking: 14.3% of accelerated aging could be attributed to low vitamin D, and 14.2% to physical inactivity, but their combined absence accounted for a 30.7% reduction in PhenoAgeAccel. Participants with both optimal vitamin D (>80.4 nmol/L) and adequate physical activity showed an average biological age reduction of 1.29 years compared to less active or deficient peers (p < 0.001). These findings offer epidemiological support for lifestyle-based interventions that target both movement and micronutrient sufficiency to delay age-related physiological decline (95).

In contrast, the DO-HEALTH randomized clinical trial, which enrolled over 2,150 older adults across Europe (mean age of 75 years), tested a combination of vitamin D3 supplementation (2000 IU/day), omega-3 fatty acids (1 g/day), and a strength-training program over a three-year period. The study used a robust 2 × 2 × 2 factorial design, allowing for analysis of individual and combined effects across eight intervention arms. The six primary outcomes included changes in blood pressure, physical performance (Short Physical Performance Battery), cognitive function (Montreal Cognitive Assessment), fracture rates, and infection incidence. Despite the trial’s large sample size and long follow-up, none of the interventions, alone or combined, produced statistically significant improvements in any of the six endpoints at 3 years. For example, the mean difference in systolic blood pressure for vitamin D vs. placebo was −0.8 mmHg, and cognitive performance (MoCA scores) remained unchanged across groups. Physical performance and fracture rates were also unaffected. Interestingly, there was a small but non-significant trend toward lower infection rates in the omega-3 groups, but this did not meet the trial’s threshold for statistical significance (p < 0.01) (96). These mixed results highlight the gap that often exists between observational associations and controlled intervention outcomes. While population-level data suggest that vitamin D and physical activity may work together to slow biological aging, large-scale RCTs like DO-HEALTH have yet to confirm these effects on functional or cognitive endpoints, particularly in already healthy, high-functioning older adults. Noteworthy, synergistic effects, while biologically plausible and supported in some settings, may not manifest uniformly in every population or under every protocol. One possible explanation is that baseline vitamin D levels and activity thresholds matter; DO-HEALTH participants were relatively healthy at enrollment, limiting the potential for detectable improvement. Moreover, variations in adherence, dose–response relationships, and duration of intervention may also influence outcomes. These nuances underscore the need for more targeted trials in vulnerable subgroups (e.g., frail older adults, those with early cognitive decline, or individuals with low baseline vitamin D).

In summary, observational studies strongly support the combined benefit of vitamin D and physical activity in reducing biological aging, but large RCTs have produced more conservative findings, emphasizing the complexity of translating population-level associations into clinical outcomes. Together, these studies suggest that vitamin D and exercise may exert complementary effects on aging biology, but their synergy is likely modulated by individual context, intervention intensity, and underlying risk status, as reviewers have rightly emphasized. Table 1 summarizes the key studies that evaluated the combined effects of exercise and vitamin D on cognitive and physical outcomes in aging populations. A conceptual schematic of converging pathways of exercise and vitamin D is also shown in Figure 1, highlighting shared biological targets implicated in aging-related cognitive decline.


TABLE 1 Summary of human and animal studies investigating the combined effects of vitamin D and exercise on aging-related outcomes.


	Population/model
	Design/intervention arms
	Duration
	Main outcomes measured
	Key findings
	Synergy observed
	Aging relevance
	Ref

 

 	Older adults with mild cognitive impairment (mean age 73.1) 	5 arms: Exercise + Cognitive + Vitamin D, Exercise + Cognitive + Placebo, Exercise + Sham Cognitive + Vitamin D, Exercise + Sham Cognitive + Placebo, Control (stretching + placebo) 	20-week intervention + 6-month outcomes 	ADAS-Cog-13, ADAS-Cog-Plus 	All exercise arms improved ADAS-Cog-13 vs. control (mean Δ = −1.79; p = 0.02); combo of exercise + cognitive training improved cognition more than exercise alone; Vitamin D had no independent effect 	Partial (Exercise + cognitive synergistic; Vit D not effective) 	Human aging (older adults with MCI) 	(90)


 	Older adults with subjective memory impairment (mean age 70.2) 	Multidomain: Exercise + Omega-3 + Vitamin D + Protein vs. placebo + flexibility/stretching control 	6-month intervention + 6-month follow-up 	Cognitive function (CogState, Trail-Making Test B-A), physical function, lean mass 	No significant cognitive or functional gains; intervention increased lean mass (Δ = 0.72 kg, p = 0.001) 	No 	Human aging (older adults) 	(92)


 	Older adults with mild cognitive impairment (mean age 73.9) 	5 arms: Physical exercise, cognitive training, vitamin D, combinations, and control 	20 weeks 	Functional brain connectivity (FBC) via CONN toolbox; cognitive & physical function 	FBC significantly increased with exercise alone, exercise + cognitive training, and full combination; no clear correlation with cognitive or physical outcomes 	Partial (FBC improved; no behavioral synergy evident) 	Human aging (older adults with MCI) 	(91)


 	6-OHDA-lesioned hemiparkinsonian rats 	Sham, 6-OHDA + VD3, 6-OHDA + exercise, 6-OHDA + VD3 + exercise 	21 days 	Behavioral tests (rotarod, open field), DA/DOPAC levels, oxidative stress (MDA, GSH), TH, DAT, VD3R expression 	Combined VD3 + exercise improved behavior, increased DA/DOPAC, normalized TH/DAT expression, reduced oxidative stress more than either intervention alone 	Yes 	Animal aging model 	(94)


 	18,738 adults (NHANES data, US) 	Observational; stratified by 25(OH)D level & PA status 	Cross-sectional (2007–2010 & 2015–2018) 	Phenotypic Age Acceleration (PhenoAgeAccel) 	High 25(OH)D + adequate PA reduced PhenoAgeAccel risk by 30.7%; combined group had 1.29 years lower biological age (p < 0.001) 	Yes 	Population-based biological aging marker 	(95)


 	2,157 healthy older adults (≥70 years) 	8-arm, 2 × 2 × 2 factorial RCT: Vitamin D3 (2000 IU), Omega-3 s (1 g), Exercise (strength training), alone and in combinations vs. placebo 	3 years 	BP, MoCA, SPPB, infections, nonvertebral fractures 	No significant improvements in any primary outcomes with individual or combined interventions; only minor reduction in infection rate with omega-3 s (p = 0.02) 	No 	Human aging (healthy older adults) 	(96)
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FIGURE 1
 Converging mechanisms by which exercise and vitamin D may promote neuroprotection in aging. Exercise enhances neurotrophic signaling (e.g., BDNF, IGF-1, VEGF), reduces inflammation and oxidative stress, and supports neurogenesis. Vitamin D acts via genomic (VDR) and non-genomic (PDIA3) pathways to modulate neurotransmission, antioxidant responses, and neuroinflammation. Shared outcomes include improved cognitive function, hippocampal plasticity, and resilience to neurodegeneration. Together, these mechanisms suggest a plausible biological synergy in delaying cognitive aging.





5 Limitations

While this review highlights evidence supporting the potential synergy between exercise and vitamin D in promoting healthy brain aging, several limitations must be acknowledged.

First, a significant portion of the mechanistic data stems from preclinical animal models, which, while informative, cannot fully capture the complexity of human aging. Although recent studies have increasingly used age-relevant models such as lipopolysaccharide-induced Alzheimer’s disease and 6-hydroxydopamine-lesioned hemiparkinsonian rats, translation to clinical outcomes in older adults remains indirect. These models reflect neurodegenerative pathology but may not capture the multifactorial nature of aging in humans, particularly comorbidities, polypharmacy, and psychosocial factors.

Second, although we included recent human randomized controlled trials (e.g., SYNERGIC, DO-HEALTH, PONDER), the findings are mixed. For instance, the SYNERGIC study demonstrated improvements in cognitive function with combined aerobic-resistance exercise and cognitive training, but vitamin D alone showed no significant cognitive benefit. Similarly, in the PONDER and DO-HEALTH trials, no additive or synergistic effects were detected across cognitive, physical, or functional outcomes, despite adequate dosing and high adherence. These results suggest that while mechanistic synergy is plausible, clinical translation may be context-dependent, influenced by baseline health status, intervention intensity, duration, and population characteristics.

Third, there is a lack of uniformity in dosing, duration, and modality across studies. Vitamin D interventions varied widely, from daily to thrice-weekly regimens, ranging from 1,000 IU to 10,000 IU, making direct comparisons difficult. Exercise protocols also differed significantly in type (aerobic, resistance, multimodal), frequency, and supervision, limiting generalizability. This heterogeneity, noted by reviewers, complicates conclusions about the “optimal” combination strategy and may partially explain the variability in observed outcomes.

Fourth, some included studies utilized composite interventions involving additional factors such as omega-3 supplementation or cognitive training. While this reflects real-world multidomain strategies, it also introduces confounding, making it difficult to isolate the specific contribution of vitamin D or exercise to observed effects.

Fifth, there remains a paucity of studies explicitly designed to test for synergistic vs. additive interactions between vitamin D and exercise. Most trials assess main effects independently or in factorial designs without statistical modeling for interaction effects. The lack of such targeted designs limits the strength of conclusions regarding true synergy, as highlighted by reviewers.

Finally, most large-scale trials to date have been conducted in relatively healthy, high-functioning older adults, potentially underestimating the benefit of these interventions in vulnerable or low-functioning populations, those who may benefit most from preventive strategies. Additional research is needed in more diverse cohorts, including those with frailty, low baseline vitamin D status, or limited physical activity. As illustrated in Figure 2, substantial translational gaps remain between promising preclinical synergy and implementation in human aging contexts.

[image: Flowchart illustrating the translational pathway of vitamin D and exercise research, beginning with preclinical rat studies, progressing through early translational research, and clinical trials, and concluding with limited dissemination and implementation due to unclear guidelines.]

FIGURE 2
 Conceptual model of translational gaps in vitamin D and exercise research for brain aging. This figure illustrates the progression of evidence from preclinical studies to clinical implementation, highlighting three key translational gaps (T1–T3). While synergistic effects between vitamin D and exercise are supported in rodent aging models (e.g., LPS-AD, 6-OHDA), small-scale human trials show only modest changes in biomarkers like BDNF and inflammatory cytokines. Large clinical trials such as SYNERGIC, DO-HEALTH, and PONDER report mixed or null results, and real-world guidelines rarely integrate combined interventions. This underscores the need for targeted trials in at-risk aging populations using standardized protocols and mechanistic endpoints.




6 Future directions and conclusions

Emerging evidence from both clinical and preclinical studies suggests that exercise and vitamin D may exert complementary effects on brain aging, particularly in domains such as cognitive function, neuroprotection, and systemic aging markers. However, the strength and consistency of these effects, especially their synergy, remain uncertain. While several recent trials (e.g., SYNERGIC, PONDER, DO-HEALTH) have attempted to examine multidomain interventions in older adults, most have yielded modest or inconsistent outcomes, particularly regarding vitamin D’s independent or additive benefits. Moreover, mechanistic studies offer promising pathways, such as neurotrophin signaling, oxidative stress modulation, and inflammatory regulation, but are still primarily grounded in animal models.

Future research should focus on well-powered, targeted clinical trials specifically designed to test synergistic interactions, not just additive effects, between vitamin D and structured exercise. This requires careful selection of populations who are most likely to benefit, such as older adults with low serum 25(OH)D levels, sedentary lifestyles, or mild cognitive impairment, as well as standardized intervention protocols that allow clearer interpretation. Investigating dose–response relationships, optimizing intervention durations, and tracking longitudinal cognitive and functional outcomes will be critical. It is also essential to integrate biological markers (e.g., BDNF, IGF-1, VEGF, inflammatory cytokines) and neuroimaging measures (e.g., functional connectivity, hippocampal volume) into future studies, to better understand underlying mechanisms and personalize interventions. In addition, future trials should avoid overly complex combinations of multiple interventions (e.g., including omega-3 s or protein) unless specifically designed to disentangle their effects. In conclusion, although the potential for synergy between exercise and vitamin D in promoting healthy brain aging is biologically plausible and supported by select preclinical and epidemiological findings, current clinical evidence remains inconclusive. Well-designed studies targeting high-risk older adults and incorporating mechanistic and behavioral endpoints are needed to determine whether combining these two accessible, low-cost interventions can meaningfully delay or prevent age-related cognitive and functional decline.
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Effects of oral nutritional supplements plus mature silkworm pill on cognitive function in Korean adults with mild cognitive impairment: a 12-week randomized blinded clinical trial
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Objective: This study aimed to determine whether mature silkworm pills plus commercial oral nutritional supplements (ONS) could improve cognitive function, especially in individuals with mild cognitive impairment (MCI).
Methods: A total of 62 participants (70.6 ± 8.5 years, 48.4% female), aged ≥50 years diagnosed with mild cognitive impairment but not dementia, were randomly assigned into the 12-week ONS plus silkworm pill group (30 participants, commercial ONS with mature silkworm pills) or the placebo group (32 participants, placebo ONS containing protein, carbohydrates, and fats, with placebo pills containing dextrin). During the 12-week intervention, participants consumed the allocated pills and ONS once daily. Additionally, nutritional education related to the Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND) diet therapy and proper eating habits was provided at weeks 0, 3, 6, and 9. The primary outcome was interval change in the Korean version of the Repeatable Battery for the Assessment of Neuropsychological Status (K-RBANS) after the 12-week intervention. Secondary outcomes included interval changes in nutrient intake, nutrition-related blood test results, nutritional quotient, and MIND score evaluation.
Results: After 12 weeks, the interval change in the delayed memory domain score of the K-RBANS was improved in the ONS plus silkworm pill group (65.9 ± 19.0 vs. 70.5 ± 19.0, p = 0.011), and there was also a difference between the intervention and control groups (p = 0.018). The interval changes in the total scale and other cognitive domain scores of the K-RBANS were not statistically significant. There were no significant differences in the pre- and post-comparison results between the placebo and ONS plus silkworm pill groups in terms of other secondary outcomes, including nutrition-related blood test results, nutritional quotient, and MIND score.
Conclusion: After the 12-week intervention, the ONS and silkworm pill group showed a significant improvement in delayed memory compared with the placebo group. However, no significant differences were observed in other cognitive domains or secondary outcomes, such as nutrient intake, blood test results, nutrition quotient, or MIND score adherence. These findings suggest that, while the combination may have a positive impact on specific cognitive functions, further research is needed to fully understand its potential benefits and mechanisms of action.
Clinical Trial Registration: https://trialsearch.who.int/Trial2.aspx?TrialID=KCT0007304.
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1 Introduction

A multi-domain lifestyle modification intervention, including cognitive intervention, physical exercise, vascular risk factor management, and nutritional intervention, represented by the Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER) study, has already been proven effective in preventing and delaying dementia progression (1). Globally, multi-domain intervention programs to prevent dementia have been developed to suit the circumstances and characteristics of each country, and a network called Worldwide FINGERs (WW FINGERs) has been launched (2). The SoUth Korean study to PrEvent cognitive impaiRment and protect BRAIN (SUPERBRAIN) health through lifestyle intervention in at-risk older people, which was developed and completed in 2018, is a customized dementia prevention program registered on WW FINGERs on behalf of Korea, and its effectiveness has already been verified and applied in actual clinical settings (3, 4). These multi-domain non-pharmacological intervention programs are particularly important for mild cognitive impairment (MCI) and normal cognition, and the significance of nutritional intervention as a key component has been previously highlighted (5).

The SUPERBRAIN study developed a nutritional intervention program consisting of the Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND) diet, which is effective in preventing dementia, and conducted nutritional education for 24 weeks. Sub-analysis suggested that nutrition may be involved in the pathophysiology of dementia and that patients with cognitive decline may have specific nutritional requirements (6). Because most patients with MCI already have dementia pathology in progress, there has been constant discussion that nutritional support may help improve cognitive function in patients with MCI. In this context, there has been a steady demand for the development of medical foods that enhance cognitive function. Numerous studies have investigated the potential of commercial oral nutritional supplements (ONS) and their impact on improving cognitive function (7–10).

Silkworms (Bombyx mori), particularly in their mature stage prior to metamorphosis, have been increasingly investigated for their potential neuroprotective and health-promoting effects. The powders of steamed and lyophilized mature silkworms have been shown to contain high levels of bioactive nutrients such as essential amino acids, unsaturated fatty acids, vitamins, minerals, polyphenols, and γ-aminobutyric acid (GABA), which are known to contribute to neurological function and cognitive health (11–13).

Moreover, recent in vivo studies using rodent models have demonstrated that supplementation with mature silkworm powder, also known as Hongjam (a.k.a. golden silkworm-based), improved memory and learning abilities. For example, silkworm-derived intervention enhanced performance in the Morris water maze and passive avoidance tests, showing effects comparable to or exceeding those of donepezil, a commonly prescribed cholinesterase inhibitor for dementia (12, 14). These results suggest that silkworm-based formulations may exert cognitive benefits by modulating neurotransmitter systems and reducing oxidative stress (15–17).

This study aimed to investigate the potential benefits of a nutritional intervention program involving golden silkworm pills plus commercial ONS.



2 Materials and methods


2.1 Participants

Individuals aged ≥50 years with MCI were recruited to participate in this 12-week nutritional intervention program, which ran from May 2022 to June 2023. The inclusion criterion was being at the MCI stage but not having dementia, with at least one of the following conditions: (1) no significant functional impairment in daily activities [Korean Instrumental Activities of Daily Living (K-IADL) score < 0.4] (18), (2) literacy, and (3) written consent to participate in the study. The exclusion criteria included a confirmed psychiatric disorder (e.g., major depressive disorder); dementia; other neurodegenerative diseases (e.g., Parkinson's disease); severe or unstable symptomatic cardiovascular disease; stent insertion or angioplasty within the past year; a diagnosis of incurable malignancy within the past 5 years; any other evidence of an unstable physical condition (e.g., acute or severe asthma, active gastric ulcer, severe liver disease, or kidney disease requiring hemodialysis); a history of food or medication allergies; any other medical conditions that may affect the clinical trial completion; illiteracy; severe hearing, visual loss, or communication difficulty that precludes the intervention and validation evaluation; taking two or more prescribed medications aimed at improving cognitive function (e.g., cholinesterase inhibitor and N-methyl-D-aspartate receptor antagonist); starting a new prescribed medication for cognitive enhancement or adjusting the dosage within the past 3 months; starting other health supplements within the past 3 months; and enrollment in other interventional or pharmacological studies. Patient taking only one cognitive enhancer were asked to maintain his/her medication.



2.2 Composition of the ONS and pills

The products (ONS, the golden-silkworm pills) used in this study were provided by Maeil Health Nutrition Co. Ltd. (Gyeonggi-do, Republic of Korea) and were used throughout the research process. Both the experimental and control products provided 150 kcal, consisting of 15 g of carbohydrates, 6 g of fat, and 9 g of protein and the remaining vitamin and mineral is stated in the Supplementary Table 1. All ONS formulations, including the placebo, underwent batch testing for nutrient composition and microbiological safety by the manufacturer prior to use. The silkworm pills used in this study were developed specifically for research purposes. The silkworm pills contained 2.5 g of silkworms and provided 10 kcal per daily dose, whereas the placebo pills contained 2.5 g of dextrin and provided 9.5 kcal (Supplementary Table 2). To maintain their stability, participants were instructed to store the ONS and pills at room temperature in a shaded environment throughout the study period.



2.3 Study protocols

The nutritional intervention program was conducted at the outpatient clinic of the Department of Neurology, Ajou University Hospital, for 12 weeks by a research nurse and licensed dietitian. Participants were randomly assigned in a 1:1 ratio to the placebo or ONS plus silkworm pill groups using a block randomization procedure. Participants allocated to the placebo group consumed placebo pills and ONS, whereas those assigned to the ONS plus silkworm pill group consumed silkworm pills and commercial ONS. This study was conducted in a double-blind manner. Both the researchers and the participants were blinded to their group assignments (i.e., whether they were allocated to the placebo or control group). Blinding was conducted by Maeil Inc. which generated the allocation using a block randomization schedule with a 2 × 2 allocation key and provided the assignments to the investigators. Maeil Inc. also delivered the study products in three separate shipments. The first shipment was sent to the investigators, who then distributed a 1-week supply to each participant at their initial visit. The second shipment consisted of a 4-week supply that was delivered directly to each participant's home. The final shipment, delivered in the fifth week, provided the remaining supply for the study period. These products were labeled with codes that prevented any identification of the assigned group, thus ensuring the double-blind integrity throughout the study. All participants were provided comprehensive information on the nutritional content of the product, recommended daily intake, method of consumption, and associated precautions, including restrictions associated with taking a new dietary supplement. During the 12-week study period, participants were instructed to consume the allotted pills (2.5 g) and ONS (200 ml) daily as a snack between meals. Throughout the 12-week intervention period, the research team contacted participants weekly by phone or message to monitor concomitant medication use and to confirm and assess compliance with the intake of ONS and silkworm pills. The recommended intake time was between meals as a snack, especially between breakfast and lunch or between lunch and dinner.

In addition, nutritional education was provided to both groups with the same content four times during the study period: at Weeks 0, 3, 6, and 9. The education consisted of four topics, each presented in a different format, including the proven effectiveness of the MIND diet in dementia prevention. The Week 0 session was delivered in person, while the sessions at Weeks 3, 6, and 9 were conducted as 10-min phone consultations. At Week 6, a nutritional evaluation was conducted via phone without an in-person visit, comprising 24-h dietary recalls, MIND diet adherence assessment, and either the Nutrition Quotient (NQ) or the Nutrition Quotient for the Elderly (NQ-E), depending on the participant's age group. Participants attended study visits at Week 0 (baseline) and Week 12 (end of intervention), during which evaluations and assessments were conducted.

The protocol and flow of the nutritional intervention are shown in Figure 1.


[image: Flowchart illustrating a clinical study design with two groups: one receiving commercial oral nutritional supplements and mature silkworm pills, and the other receiving placebo supplements and placebo pills. The timeline includes recruiting, baseline nutritional evaluation at day zero, phone counseling at three, six, and nine weeks with interim nutritional evaluations, and final nutritional evaluation at twelve weeks. Informed consent is obtained during screening.]
FIGURE 1
 Flow chart of the study protocol. ONS, oral nutritional supplements.




2.4 Outcome measures

Before and after the 12-week intervention, cognitive function was evaluated using the Korean version of the Mini-Mental Status Examination (K-MMSE) Clinical Dementia Rating (CDR), and Korean version of the Repeatable Battery for the Assessment of Neuropsychological Status (K-RBANS) (14, 19). Nutritional indicators were evaluated using a nutritional questionnaire, blood analysis, and dietary assessment. The nutritional questionnaire included the Mediterranean DASH Intervention Diet for Delaying Neurodegenerative Disease (MIND) score and nutritional quotient (NQ) or NQ-Elderly scores (6, 20). Blood sample analyses included total cholesterol, triglyceride, high-density lipoprotein (HDL), low-density lipoprotein (LDL), and C-reactive protein (CRP) levels and nutrients such as vitamin C, vitamin B12, and folic acid. At baseline and after the completion of the 12-week intervention, 30 cc of blood was collected from each participant. Fasting was maintained for 8 h before blood collection. The baseline period was from 21 days before to 1 day after study enrollment, and after completing the 12-week intervention, blood was collected no later than 14 days after completion. Blood analysis was conducted by the Department of Laboratory Medicine at Ajou University Hospital, employing distinct methodologies: Vitamin C, vitamin B12 and folic acid were assessed via electrochemiluminescence immunoassay (ECLIA); the lipid panel, encompassing total cholesterol, triglyceride, HDL and LDL, utilized an enzymatic colorimetric assay; and CRP was determined through the particle enhanced immunoturbidimetric assay (PETIA). Dietary intake was assessed at both baseline and after the 12-week intervention using the 24-h dietary recall method, with data collected before and after participants received dietary education. This procedure reviewed the dietary composition and overall intake of calories, proteins, carbohydrates, lipids, vitamins, and minerals. For the dietary analysis, only nutrients consumed through regular food intake were included, while those provided by the intervention products (ONS and silkworm pill) were excluded. The aim was to evaluate participants' habitual dietary intake and identify any significant changes in nutrient intake independent of the intervention. This approach allowed us to verify that the observed effects were attributable to the intervention itself rather than to changes in existing dietary habits. Our analysis showed no significant differences in caloric or nutrient intake before and after the intervention, further suggesting that the nutritional intervention did not substantially influence participants' usual diet and minimizing potential recall bias.



2.5 Statistical analysis
 
2.5.1 Sample size calculation

Based on the literature review data, the mean values for the change in RBANS immediate recall after the 12-week intervention were assumed to be 3.1 ± 13.1 and −4.2 ± 11.6, respectively (21). The sample size was obtained using a two-sided test significance level of 0.05 and a power of 80% for comparison of means of RBANS immediate recall, which is the primary biomarker. Based on the calculations, the required sample size per group was determined to be 47. Considering a dropout rate of 10%, the final number of participants per group was calculated as 53, for a total of 106 participants (using PASS software version 12.0).



2.5.2 Analysis of measured results

Only participants who completed all the follow-up assessments were analyzed (n = 62). Demographic and clinical characteristics of the participants were summarized using descriptive statistics. The normality of the data was tested using the Shapiro–Wilk test at a 5% significance level. Differences between groups were assessed using the independent t-test or Mann–Whitney U-test for continuous variables, and the chi-square test for discrete variables. Changes from baseline to 12 weeks were analyzed using the paired t-test or Wilcoxon signed-rank test.

Statistical analyses were performed using SPSS 26.0 (IBM Corp., Armonk, NY). A p-value < 0.05 was considered statistically significant.




2.6 Ethic statement

This study was approved by the institutional review board of the Ajou University Hospital (approval number: AJOUIRB-FOD-2021-712). All participants provided written informed consent before enrollment in the study (Clinical Research Information Service of Korea registration number: KCT0007304).




3 Results


3.1 Demographic and clinical characteristics of participants

A total of 109 participants were recruited and assessed for eligibility; however, 25 withdrew during the screening process. Consequently, 84 participants were randomly assigned to the control (n = 43) and silkworm groups (n = 41) in a 1:1 ratio. During the 12-week intervention period, four participants in the placebo group and four in the ONS plus silkworm pill group discontinued the intervention due to adverse events, including diarrhea, abdominal distension, and indigestion. As a result, 39 participants (90.7%) in the control group and 37 participants (90.2%) in the ONS plus silkworm pill group completed the intervention program. During the subsequent data analysis phase, an additional seven participants from each group were excluded from the final statistical analysis due to issues such as inadequate compliance and incomplete data records. Therefore, the final analyses were conducted on data from 30 participants in the placebo group and 32 participants in the ONS plus silkworm pill group. Due to practical constraints related to the investigational products' shelf-life of ~1 year, extending participant enrollment beyond this period would have necessitated producing a new batch. This raised concerns about potential batch-to-batch variability and product consistency. Consequently, all researchers reached a consensus during the study—agreed upon by both the investigators and the sponsoring company—to conduct an interim analysis. This analysis was carried out by the research team, with its procedures and results reviewed in consultation with an independent statistical expert to ensure the validity of the findings. As the interim statistical analysis demonstrated a statistically significant finding for the primary marker at that point, the study was subsequently terminated by the researchers and did not recruited participants.

Among these, 14 participants were excluded due to < 70% compliance, and thus results were analyzed using data from 62 participants, including 32 in the placebo group and 30 in the silkworm group (Figure 2).


[image: Flowchart diagram showing a randomized controlled trial with two groups: placebo group (n=42) and ONS plus silkworm group (n=42). Both groups undergo a 12-week intervention. Each group experiences dropouts and exclusions, with final analysis conducted on 37 placebo participants and 39 ONS plus silkworm participants. Data on dropout reasons and study completion is included.]
FIGURE 2
 Flowchart of the participants.


Table 1 shows the demographic and baseline clinical characteristics of the study participants. The mean age was 70.6 years and 48.4% of participants were female. The average number of years of education was 11.7 years, and the mean K-MMSE score and clinical dementia rating (CDR) were 25.1 and 0.5, respectively. There were no significant differences in the cognitive and nutritional variables or demographic characteristics between the placebo and ONS plus silkworm pill groups.

TABLE 1 Demographic and baseline clinical characteristics of participants.


	Characteristics
	Total (n = 62)
	Placebo groupa (n = 32)
	ONS plus silkworm pillb (n = 30)
	p-Valuec





	Age (years)
	70.6 ± 8.5b
	70.3 ± 8.5
	70.9 ± 8.6
	0.261



	Sex, female (n, %)
	30, 48.4%
	15, 46.9%
	15, 50%
	0.806



	BMI (kg/m2)
	24.0 ± 2.9
	24.0 ± 3.1
	24.0 ± 2.88
	0.475



	Education (years)
	11.7 ± 3.7
	12.1 ± 3.2
	11.4 ± 4.3
	0.430



	Medical history



	Hypertension (n, %)
	24, 38.7%
	11, 34.4%
	13, 43.3%
	0.469



	Diabetes mellitus (n, %)
	12, 19.4%
	6, 18.8%
	6, 20%
	0.901



	Dyslipidemia (n, %)
	14, 22.6%
	9, 28.1%
	5, 16.7%
	0.281



	Coronary disease (n, %)
	7, 11.3%
	1, 3.1%
	6, 20%
	0.360



	Liver disease (n, %)
	1, 1.6%
	1, 3.1%
	0, 0%
	0.329



	Kidney disease (n, %)
	2, 3.2%
	0, 0%
	2, 6.7%
	0.138



	Others (n, %)
	7, 11.3%
	5, 15.6%
	2, 6.7%
	0.265



	Cognition related medication use



	Acetylcholinesterase inhibitors (n, %)
	41, 66.1%
	20, 62.5%
	21, 70.0%
	0.841



	Cognitive enhancer/supplements (n, %)
	42, 67.6%
	23, 71.9%
	19, 63.3%
	0.622



	None
	5, 8.1%
	2, 6.3%
	3, 10.0%
	0.171



	Cognition



	K-MMSE total score
	25.1 ± 3.0
	25.4 ± 3.1
	24.7 ± 3.0
	0.304



	CDR
	0.5 ± 0.0
	0.5 ± 0.0
	0.5 ± 0.0
	0.340



	CDR-SOB
	1.3 ± 0.9
	1.3 ± 0.9
	1.3 ± 0.9
	0.988



	K-IADL
	0.2 ± 0.1
	0.2 ± 0.1
	0.2 ± 0.1
	0.571



	K-RBANS, total
	75.4 ± 18.9
	78.7 ± 17.5
	73.5 ± 21.5
	0.686



	K-RBANS, immediate recall
	78.3 ± 14.1
	80.6 ± 13.2
	76.6 ± 15.4
	0.844



	K-RBANS, delayed recall
	72.5 ± 18.9
	77.8 ± 19.3
	66.0 ± 18.9
	0.326



	K-RBANS, language
	87.7 ± 16.1
	87.7 ± 16.8
	87.8 ± 16.1
	0.929



	K-RBANS, visuospatial
	78.5 ± 17.4
	80.4 ± 17.0
	77.3 ± 19.6
	0.842



	K-RBANS, attention
	100.4 ± 16.2
	99.9 ± 11.8
	102.5 ± 19.7
	0.164



	Nutrition



	MIND score
	6.1 ± 1.3
	6.1 ± 1.3
	6.2 ± 1.2
	0.912



	Total cholesterol (mg/dl)
	181.0 ± 38.7
	184.1 ± 40.5
	177.7 ± 37.8
	0.181



	Triglyceride (mg/dl)
	102.9 ± 39.8
	114.5 ± 51.1
	91.1 ± 28.4
	0.488



	HDL (mg/dl)
	58.9 ± 14.2
	58.1 ± 14.3
	59.7 ± 14.8
	0.911



	LDL (mg/dl)
	101.5 ± 34.3
	103.1 ± 37.5
	99.8 ± 33.0
	0.284



	CRP (mg/dl)
	0.1 ± 0.1
	0.1 ± 0.1
	0.1 ± 0.1
	0.326



	Folic acid (ng/ml)
	15.9 ± 9.3
	17.0 ± 10.3
	15.0 ± 8.0
	0.746



	Vit. B12 (pmol/L)
	894.6 ± 523.2
	915.5 ± 459.1
	874.0 ± 609.3
	0.812



aPlacebo, dextrin pills, and placebo ONS containing carbohydrates, proteins, and lipids.

bSilkworm, silkworm pills, and commercial ONS.

cSignificantly different at p < 0.05, by the independent t-test and chi-square test.

BMI, body mass index; CDR, clinical dementia rating; CDR-SOB, clinical dementia rating sum of boxes; CRP, C-reactive protein; HDL, high-density lipoprotein; K-IADL, Korean instrumental activities of daily living; K-MMSE, Korean version of the mini-mental status examination; LDL, low-density lipoprotein; MIND, mediterranean-DASH intervention for neurodegenerative delay; K-RBANS, Korean version of the repeatable battery for the assessment of neuropsychological status; Vit., vitamin.





3.2 Changes in cognitive function after the 12-week nutritional intervention

After 12 weeks of intervention, the delayed memory domain score of the K-RBANS showed improvement in the ONS plus silkworm pill group (65.9 ± 19.0 vs. 70.5 ± 19.0, p = 0.011), and there was also a significant difference between the placebo and ONS plus silkworm pill groups. The results demonstrate a statistically significant difference in the change between the placebo and test groups (p = 0.018). The mean difference in change was 5.4 units, with a 95% confidence interval ranging from 1.0 to 9.8. This interval excludes zero, indicating that the observed difference is unlikely to be due to chance alone. The corresponding F-value was ~6.0, representing a moderate effect size (η2 = 0.09). The immediate memory domain score of the K-RBANS improved in the placebo group (80.6 ± 13.2 vs. 85.7 ± 14.3, p = 0.001); however, there was no significant difference between the placebo and ONS plus silkworm pill groups. There were no significant differences in the total scale, language, visuospatial, attention scores of the K-RBANS, K-MMSE total score, and CDR. No notable differences were observed between the two groups before and after the intervention (Table 2).

TABLE 2 Changes in cognitive function after the 12-week study period.


	Cognitive function test
	Placebo groupa (n = 32)
	ONS plus silkworm pill groupb (n = 30)
	p-Valued



	0 week
	12 week
	p-Valuec Δ12 w−0 w
	0 week
	12 week
	p-Valuec Δ12 w−0 w





	K-RBANS total scale
	78.7 ± 17.5
	78.7 ± 17.0
	1.000
	73.5 ± 21.5
	74.8 ± 21.9
	0.307
	0.854†



	K-RBANS immediate memory
	80.6 ± 13.2
	85.7 ± 14.3
	0.001**
	76.6 ± 15.4
	77.8 ± 15.7
	0.420
	0.070



	K-RBANS delayed memory
	77.8 ± 19.3
	77.0 ± 20.6
	0.566
	65.9 ± 19.0
	70.5 ± 19.0
	0.011††
	0.018*



	K-RBANS language
	87.7 ± 16.8
	87.2 ± 16.0
	0.815
	87.8 ± 16.1
	86.2 ± 18.5
	0.496
	0.711



	K-RBANS visuospatial
	80.4 ± 17.0
	78.2 ± 14.9
	0.272
	77.3 ± 19.6
	79.7 ± 18.5
	0.182
	0.088



	K-RBANS attention
	99.9 ± 11.8
	98.4 ± 13.7
	0.214†
	102.5 ± 19.7
	99.4 ± 18.8
	0.090
	0.475



	K-MMSE total score
	25.4 ± 3.1
	25.4 ± 2.7
	1.141
	24.7 ± 3.0
	24.8 ± 3.4
	0.868
	0.289



	CDR
	0.5 ± 0.0
	0.5 ± 0.0
	1.000
	0.5 ± 0.0
	0.5 ± 0.1
	0.317
	0.302



	CDR-SOB
	1.3 ± 0.9
	1.3 ± 1.0
	0.366
	1.3 ± 0.9
	1.3 ± 1.1
	0.378
	0.170



aPlacebo, dextrin pills, and placebo ONS containing carbohydrates, proteins, and lipids.

bSilkworm, silkworm pills, and commercial ONS.

cSignificance as determined by a paired t-test. *p < 0.05, **p < 0.01, †Significance as determined by Wilcoxon signed-rank test. ††p < 0.05.

dSignificance as determined by the independent t-test. *p < 0.05, †Significance as determined by the Mann–Whitney U-test.

CDR, clinical dementia rating, CDR-SOB, clinical dementia rating sum of boxes; K-MMSE, Korean version of the mini-mental status examination; K-RBANS, Korean version of the repeatable battery for the assessment of neuropsychological status.





3.3 Changes in nutritional factors after the 12-week nutritional intervention

Changes in nutritional markers after 12 weeks of intervention are shown in Table 3. The MIND score was improved in both groups (placebo group: 6.1 ± 1.3 vs. 6.9 ± 1.0, p = 0.005, effect size = 0.69; ONS plus silkworm pill group: 6.2 ± 1.2 vs. 7.1 ± 1.1, p = 0.003, effect size = 0.78). Improvement was also observed in the NQ total score in both groups (placebo group: 68.5 ± 13.0 vs. 74.6 ± 10.9, p = 0.002, effect size = 0.51; ONS plus silkworm pill group: 68.5 ± 12.5 vs. 74.9 ± 10.8, effect size = 0.001, d = 0.55). However, there were no significant differences in either the MIND score or NQ total score between the two groups before and after the intervention. In the placebo group, LDL levels decreased significantly (103.1 ± 37.5 mg/dl vs. 95.2 ± 35.8 mg/dl, p = 0.025, effect size = −0.22). In the ONS plus silkworm pill group, vitamin B12 levels increased markedly (874.0 ± 609.3 pmol/L vs. 1,083.5 ± 765.2 pmol/L, p = 0.001, effect size = 0.30). However, there were no significant differences in other blood measurement results before and after the 12-week intervention within each group, as well as in the pre- and post-comparison results between the two groups.

TABLE 3 Changes in nutritional markers after the 12-week study period.


	Nutritional marker
	Placebo groupa (n = 32)
	ONS plus silkworm pill groupb (n = 30)
	p-Valued



	0 week
	12 week
	p-Valuec Δ12 w−0 w
	0 week
	12 week
	p-Valuec Δ12 w−0 w





	MIND score
	6.1 ± 1.3
	6.9 ± 1.0
	0.005**
	6.2 ± 1.2
	7.1 ± 1.1
	0.003**
	0.818



	NQ (total)
	68.5 ± 13.0
	74.6 ± 10.9
	0.002††
	68.5 ± 12.5
	74.9 ± 10.8
	< 0.001††
	0.783



	Total cholesterol (mg/dl)
	184.1 ± 40.5
	177.3 ± 38.5
	0.136
	177.7 ± 37.8
	177.0 ± 42.1
	0.816
	0.277



	Triglyceride (mg/dl)
	114.5 ± 51.1
	110.7 ± 40.6
	0.751†
	91.1 ± 28.4
	107.8 ± 64.7
	0.309†
	0.379†



	HDL (mg/dl)
	58.1 ± 14.3
	60.0 ± 14.0
	0.289†
	59.7 ± 14.8
	59.8 ± 13.8
	0.949
	0.612†



	LDL (mg/dl)
	103.1 ± 37.5
	95.2 ± 35.8
	0.025*
	99.8 ± 33.0
	95.8 ± 37.0
	0.246
	0.421



	CRP (mg/dl)
	0.1 ± 0.1
	0.1 ± 0.1
	0.673†
	0.1 ± 0.1
	0.2 ± 0.6
	0.129†
	0.163†



	Folic acid (ng/ml)
	17.0 ± 10.3
	17.7 ± 11.8
	0.854†
	15.0 ± 8.0
	17.4 ± 9.6
	0.071†
	0.193†



	Vit. B12 (pmol/L)
	915.5 ± 459.1
	1,060.7 ± 829.6
	0.063†
	874.0 ± 609.3
	1,083.5 ± 765.2
	< 0.001††
	0.159†



aPlacebo, dextrin pills, and placebo ONS containing carbohydrates, proteins, and lipids.

bSilkworm, silkworm pills, and commercial ONS.

cSignificance as determined by a paired t-test. *p < 0.05, **p < 0.01, †Significance as determined by the Wilcoxon signed-rank test. ††p < 0.005.

dSignificance as determined by the independent t-test. *p < 0.05, †Significance as determined by the Mann–Whitney U-test. ††p < 0.05.

CRP, C-reactive protein; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MIND, mediterranean-DASH intervention for neurodegenerative delay; NQ, nutrition quotient, Vit., vitamin.



Table 4 presents changes in the dietary intake before and after the 12-week intervention. Only nutrients consumed through food were included, and nutrients consumed through silkworm pills and commercial ONS or other nutritional supplements were excluded. In the placebo group, there were no significant differences between weeks 0 and 12, both within and between groups. In the ONS plus silkworm pill group, zinc intake was significantly decreased (11.8 ± 5.0 mg vs. 9.4 ± 4.7 mg, p = 0.049). There was also a significant difference in zinc intake between the placebo and silkworm pill groups (p = 0.049); however, for other nutrients, there was no notable differences within the groups at weeks 0 and 12, as well as in the pre- and post-comparison results between the two groups.

TABLE 4 Changes in nutrients intake assessed by food diary after 12-week study period.


	Nutrients
	Placebo groupa (n = 32)
	ONS plus silkworm pill groupb (n = 30)
	p-Valuee



	0 week
	12 week
	p-Valuec Δ12 w−0 w
	0 week
	12 week
	p-Valued Δ12 w−0 w





	Energy (kcal)
	2,058.2 ± 568.1a
	1,990.3 ± 625.9
	0.654
	1,938.9 ± 601.2
	1,668.1 ± 599.3
	0.063
	0.226



	Carbohydrate (g)
	280.0 ± 82.1
	267.5 ± 73.5
	0.640
	267.7 ± 79.6
	235.8 ± 108.2
	0.030†
	0.226



	Fat (g)
	60.9 ± 25.7
	62.0 ± 31.5
	0.881
	57.0 ± 30.3
	50.0 ± 25.9
	0.478
	0.499



	Protein (g)
	83.8 ± 33.2
	86.6 ± 37.6
	0.667
	86.3 ± 36.6
	68.4 ± 32.1
	0.057
	0.063



	Vitamin A (μg RAE)
	494.5 ± 263.2
	578.6 ± 651.3
	0.926
	586.1 ± 506.5
	471.2 ± 301.7
	0.644
	0.822



	Vitamin D (μg)
	3.3 ± 4.0
	5.0 ± 9.3
	0.766
	7.2 ± 10.7
	5.2 ± 8.0
	0.471
	0.545



	Vitamin E (mg)
	18.4 ± 10.3
	21.3 ± 12.5
	0.525
	18.0 ± 10.1
	15.7 ± 7.1
	0.289
	0.105



	Vitamin K (μg)
	241.9 ± 199.1
	226.2 ± 174.7
	0.911
	175.0 ± 142.4
	226.7 ± 192.8
	0.185
	0.499



	Vitamin C (mg)
	156.9 ± 122.6
	176.5 ± 133.8
	0.588
	133.3 ± 94.5
	141.4 ± 91.2
	0.926
	0.683



	Vitamin B1 (mg)
	2.1 ± 1.4
	2.1 ± 1.5
	0.866
	1.9 ± 0.9
	1.6 ± 0.7
	0.131
	0.2



	Vitamin B2 (mg)
	1.8 ± 1.5
	1.8 ± 1.6
	0.881
	1.7 ± 0.7
	1.5 ± 0.8
	0.517
	0.508



	Vitamin B3 (mg)
	14.8 ± 7.0
	15.6 ± 7.4
	0.501
	16.6 ± 6.8
	14.4 ± 7.2
	0.192
	0.163



	Vitamin B6 (mg)
	2.3 ± 2.2
	4.3 ± 9.3
	0.313
	1.8 ± 0.6
	1.6 ± 0.7
	0.125
	0.102



	Folic acid (μg)
	573.8 ± 229.1
	620.5 ± 415.2
	0.695
	555.6 ± 218.5
	555.3 ± 267.1
	0.719
	0.714



	Vitamin B12 (μg)
	9.5 ± 8.0
	11.5 ± 7.6
	0.331
	12.3 ± 12.3
	12.6 ± 11.5
	0.813
	0.398



	Calcium (mg)
	643.9 ± 370.3
	664.3 ± 334.8
	0.550
	569.9 ± 261.6
	605.1 ± 294.7
	0.393
	0.866



	Magnesium (mg)
	121.0 ± 85.4
	127.3 ± 94.5
	0.765
	114.8 ± 71.8
	116.9 ± 76.7
	0.975
	0.866



	Iron (mg)
	18.4 ± 7.1
	19.4 ± 11.5
	0.940
	20.2 ± 9.5
	16.4 ± 9.0
	0.054
	0.081



	Zinc (mg)
	11.0 ± 4.5
	13.5 ± 10.6
	0.313
	11.8 ± 5.0
	9.4 ± 4.7
	0.049†
	0.049†



	Selenium (μg)
	70.9 ± 48.0
	76.8 ± 43.7
	0.765
	86.0 ± 53.4
	68.4 ± 47.5
	0.131
	0.237



aPlacebo, dextrin pills, and placebo ONS containing carbohydrates, proteins, and lipids.

bSilkworm, silkworm pills, and commercial ONS.

cSignificance as determined by the Wilcoxon signed-rank test. †p < 0.05.

dSignificance as determined by the Mann-Whitney U-test. †p < 0.05.

eSignificance as determined by Mann-Whitney U-test. †p < 0.05.






4 Discussion

In this study, we demonstrated that providing mature silkworm pills made from golden silkworm, combined with commercial ONS, to individuals aged ≥50 years diagnosed with MCI for 12 weeks had a positive effect on improving delayed memory recall compared with the control group. Nutrition-related assessment results (NQ and the MIND score) were significantly improved in both the experimental and control groups, with no significant differences between the groups. These results suggest that the combination of mature silkworm pills and commercial ONS may improve cognitive performance in patients with MCI. Additionally, we confirmed that nutritional education can improve the MIND dietary compliance and eating habits in these patients.

Previous clinical studies have established positive effects on pathophysiological mechanisms by investigating the proliferative effects of mature silkworms on nerve cells and cognitive enhancement (22–25). In previous animal experiments, scopolamine-induced reversible short-term memory loss in rodents was attenuated following golden silkworm administration. These studies reported that golden silkworm reduced oxidative stress, increased mitochondrial respiratory complex activity in the brain, elevated ATP levels, and inhibited neuronal degeneration and memory loss (17). Studies have shown that extracts derived from Bombyx mori, including BF-7 and mature silkworm powder, improve memory and learning in human and animal models through multiple mechanisms such as enhancing acetylcholine levels, protecting against oxidative stress, and supporting mitochondrial function (19, 26, 27). These findings suggest potential neuroprotective roles in age-related cognitive decline and neurodegenerative disease models, including Alzheimer's and Parkinson's disease.

However, subsequent clinical evidence is limited, because previous studies have primarily examined the effects of mature silkworms in isolation. Our study extends these findings by demonstrating clinically significant benefits when evaluating the combined effects of mature silkworms combined with essential nutrients known to be deficient in dementia patients, including vitamin B12, folic acid, vitamin C, vitamin E, selenium, and phospholipids (28).

In this study, the significant improvement in the delayed memory index is consistent with the results from a previous study that showed the beneficial effects of ONS (Souvenaid, Nutricia), specially designed for management of early dementia, for 12 weeks on cognitive function in patients with mild dementia using the revised version of Wechsler Memory Scale (9). In that study, they used a special formula of multinutrient combination Fortasyn Connect, which is not included in our study. While the control group showed neither deterioration nor improvement in cognitive function, the experimental group showed improved delayed verbal recall scores after 12 weeks. These findings suggested that specially designed ONS may support delayed memory function in dementia patients. An interim analysis revealed statistically significant improvement in the primary outcome measure, prompting early study termination and cessation of further participant enrollment.

Similarly, our study indicated that supplementation with mature silkworms and commercial standard ONS can enhance the delayed memory index in the K-RBANS assessment, as evidenced by significant increases both within and between groups under the experimental conditions. The K-RBANS comprises the immediate memory index, visuospatial/construction ability, language ability, attention, delayed memory, and total score (29). Among these indicators, the delayed memory test is particularly sensitive to early memory impairment compared with other measures (30), and it can effectively detect early dementia by assessing anterograde memory capacity (14). Therefore, the significant increase in the delayed memory index observed in our study can be interpreted as an improvement in participants' anterograde memory function compared with baseline.

Additionally, during the intervention period, participants received four sessions of the MIND diet and dietary habit nutrition education, resulting in significantly increased NQ scores in both groups. These results are consistent with those of the previous SUPERBRAIN study, in which increased NQ scores following the MIND nutrition education were attributed to improved dietary habits and nutritional status among participants (6). Similarly, the positive changes in both the MIND checklist and NQ scores in our study can be interpreted as successful nutritional intervention outcomes, indicating improvements in dietary habits and meal quality in patients with MCI. Despite improvements in dietary habits and dietary quality as assessed by NQ, no significant difference was observed in the total K-RBANS score. This outcome may be influenced by factors such as medication use, the progression of MCI, and nutrient intake. Notably, 66.1% of patients with MCI in this study were on dementia-related medications, acetylcholinesterase inhibitors and those not on dementia-specific medications were using cognitive enhancers. Only five of the 26 participants (8.1%) were not taking any cognition related medications. Consequently, these patients were in a more active cognitive state than those in previous studies that focused on MCI. The MIND diet is designed to prevent cognitive decline in older adults rather than to treat MCI or dementia (31), which may have limited its effects on advanced patients receiving cognitive function medications. Consistently, a previous study found that ONS (Souvenaid) did not benefit patients with mild-to-moderate Alzheimer's who were already on medication. In that study, 527 participants received ONS for 24 weeks; however, no delay in cognitive decline was observed using the ADAS-cog assessments (7). Furthermore, nutrient intake analysis revealed a significant decrease in zinc intake within the experimental group, with significant differences between the groups. This suggests that the nutrient intake of the experimental group was insufficient compared with that of the control group, potentially negatively affecting the study results (32). Despite this, among the nutritional blood indicators (TC, TG, HDL, LDL, CRP, folic acid, and vitamin B12), significant improvement was observed only in vitamin B12 levels within the experimental group. This suggests that supplementation with mature silkworm pills and commercial ONS for over 12 weeks positively contributes to nutrient intake, which supports cognitive function.

Although these findings are beneficial, they have some limitations. First, further research is required to determine the appropriate dosage for mature silkworms, as no human studies have specifically identified the most effective dosage. The dosage should vary based on age, sex, and physiological condition, with recommendations ranging from 1 to 500 mg/kg/day (33). In this study, assuming an average body weight of 60 kg, 2.5 g dosage corresponds to ~41.7 mg/kg/day, which falls within the previously reported range. This indicates the need for further research with larger quantities of mature silkworms. Second, the 12-week intervention period may have been insufficient to observe significant cognitive improvement. A previous study involving 311 patients with MCI extended their participation for up to 72 months, following a 24-month intervention. The results indicated that prolonged use of ONS m (Souvenaid) delayed the decline in cognition, function, brain atrophy, and disease progression, suggesting that longer intervention periods improve cognitive function in patients with MCI (34). Future research should consider extending the intervention period and performing subsequent evaluations to identify the optimal timing. Third, this study was terminated early following an interim analysis that demonstrated statistical significance in the predefined primary outcome. The timing of the interim analysis was aligned with the 1-year shelf-life of the investigational products. Extending recruitment beyond this point would have required the manufacture of a new batch, which could have introduced potential variability in product consistency. To avoid this issue, the investigators and sponsoring company had agreed in advance that the trial would be discontinued if statistical significance was observed at the 1-year interim analysis. While the interim analysis was conducted by the research team and reviewed in consultation with a statistical expert, we acknowledge that stopping the study early based on observed significance may increase the risk of Type I error and overestimation of the treatment effect. This limitation should be considered when interpreting the findings. Lastly, a personal and family history of disease and drug survey revealed a higher use of heart disease medication in the experimental group (20%) than in the control group (3.1%). This indicated that the experimental group had more health risk factors because cardiovascular diseases and heart conditions are strongly associated with an increased risk of MCI and dementia (26). These factors may have negatively affected our results. Future research should adjust for diseases and medication histories that could affect the outcomes and implement random allocation. Furthermore, mature silkworm powder contains various bioactive compounds such as peptides, polyphenols, and flavonoids, which have been reported to exert antioxidant, anti-inflammatory, and neuroprotective effects (11–13, 27). These properties may contribute to its potential for cognitive improvement.

Despite these limitations, this study had several strengths. To the best of our knowledge, this is the first randomized, double-blind, controlled human trial aimed at improving cognitive function in patients with MCI through supplementation with mature silkworms and commercial ONS, suggesting the possibility of developing special foods for medical purposes, specifically targeting the older population at risk of dementia. The 12-week hospital-based intervention was meticulously controlled with the active involvement of medical staff, including doctors, nurses, and dietitians, allowing for immediate reporting and management of any adverse effects or drug interactions.

In conclusion, this study demonstrated that a 12-week supplementation with mature silkworm powder and commercial ONS led to improvements in cognitive function and enhanced the delayed memory index in patients with MCI. Further clinical trials are warranted to explore the efficacy of this intervention in patients with MCI and dementia. Administering mature silkworm pills and commercial ONS to patients who are not on medication and to those with mild dementia who are on medication is justified to confirm and expand upon these findings. Future clinical trials should aim to measure relevant biomarkers to substantiate these results, which suggest that mature silkworms and nutritional supplements can aid in improving cognitive function.
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Background: This study investigated whether a 24-week, community-based multicomponent exercise intervention (MCEI) can improve body composition and cognitive function in older adults with mild cognitive impairment (MCI).
Methods: In this single-center, parallel-group randomized controlled trial (RCT), 64 community-dwelling adults aged 65–75 years with MCI characterized by Mini-Mental State Examination (MMSE) ≥ 24, Montreal Cognitive Assessment (MoCA) ≤ 26, Clinical Dementia Rating (CDR) = 0.5, low skeletal muscle mass were randomly allocated (1:1) to a MCEI (aerobic, resistance and balance training, 3 × 60 min/week) or to a usual-activity control (UAC) group receiving weekly health education. Primary outcomes were skeletal muscle mass (SMM), fat-mass index (FMI), MMSE and MoCA; secondary outcomes included skeletal muscle index (SMI), basal metabolic rate (BMR), Instrumental Activities of Daily Living (IADL) and Animal Fluency Test (AFT). Assessments were conducted at baseline and within 1 week post-intervention by trained, blinded assessors. Intervention effects were examined with a 2 (group) × 2 (time) repeated-measures analysis of variance (ANOVA), reporting partial eta-squared (η2) as the effect-size estimate.
Results: A significant Group × Time interaction was observed for SMM (p < 0.001, η2 = 0.195) and FMI (p = 0.003, η2 = 0.153), indicating differential changes between groups; with significant improvements observed only in the MCEI group. SMI showed no significant interaction effect (p = 0.270, η2 = 0.021), whereas no significant interactions were found for MMSE, MoCA, or AFT (p ≥ 0.18, η2 ≤ 0.03).
Conclusion: A 24-week community-based multicomponent exercise program safely increased skeletal muscle mass and reduced fat mass in older adults with MCI, but did not produce measurable improvements on screening-level cognitive measures. Future studies with longer duration, larger samples, and inclusion of cognitive challenges are warranted to clarify exercise–cognition interactions and establish dose–response relationships for both body composition and domain-specific cognition.
Clinical trial registration: Identifier ChiCTR2000035012.
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Introduction

China is among the fastest-aging countries in the world, with the prevalence of mild cognitive impairment (MCI) in adults aged 65 years and above reaching approximately 19% (Shi et al., 2022). Aging itself represents the strongest non-modifiable risk factor for late-life cognitive decline and neurodegenerative diseases. As an intermediate stage between normal aging and dementia, MCI significantly increases the risk of progression to Alzheimer’s disease (Busse et al., 2003; Ravaglia et al., 2008), adversely affects quality of life in older adults (Khan et al., 2023), and imposes substantial economic and caregiving burdens on families and society (Teveles, 2023). In the persistent absence of effective pharmacological interventions capable of halting cognitive decline, identifying safe and scalable strategies to preserve cognitive and brain health in older adults has become an urgent priority (Luo et al., 2021).

Among various intervention strategies, non-pharmacological approaches have emerged as central methods for enhancing cognitive function in older adults. These strategies can be broadly categorized into three groups: (1) physical exercise, (2) cognitive training, and (3) social engagement (Silva et al., 2024; Venegas-Sanabria et al., 2020). Physical exercise has received particular attention due to its multi-target, multi-system benefits. Accumulating evidence from systematic reviews and meta-analyses indicates that regular exercise not only improves cardiometabolic and physical health but also enhances cerebral perfusion, elevates brain-derived neurotrophic factor (BDNF) levels, mitigates chronic neuroinflammation, and subsequently benefits memory, attention, and global cognitive function (Falck et al., 2019; Zhou et al., 2022; Mielniczek and Aune, 2024; Titus et al., 2021; Ruiz-González et al., 2021). In contrast, cognitive training primarily yields domain-specific gains (Chan et al., 2024; Cabreira et al., 2024), whereas social engagement largely contributes to emotional and psychosocial well-being (Li et al., 2024). Collectively, physical exercise is considered one of the most cost-effective non-pharmacological strategies to promote healthy aging.

Recently, multicomponent exercise intervention (MCEI) and cognitive–physical combined training have gained increasing attention (Rieker et al., 2022; Meng et al., 2021). These programs typically integrate aerobic, resistance, and balance exercises with varying levels of cognitive challenge. Previous studies have suggested that such comprehensive interventions may confer broad cognitive benefits in older adults, including older adults with MCI, potentially improving attention, memory, executive functions (EFs), and daily functional abilities (Li et al., 2025; Lai et al., 2025; Chen et al., 2023). Attention, executive functions, and related cognitive domains are among the areas most likely to benefit, although the extent of improvement can vary across studies.

Despite promising findings, several limitations remain in the current literature. First, many intervention trials are relatively short (typically ≤12 weeks), limiting the ability to assess the long-term effects of exercise on cognition and body composition. Second, while body composition indicators—such as skeletal muscle mass and fat mass—serve as important markers of physical and metabolic health in older adults, most studies focus predominantly on cognitive outcomes, often overlooking body composition despite its relevance to cognitive aging. Third, long-term, community-based randomized controlled trials (RCTs) that simultaneously assess cognitive function and body composition in older adults remain scarce.

To address these gaps, the present study implemented a 24-week community-based MCEI randomized controlled trial (RCT) to examine whether a multicomponent exercise intervention could simultaneously improve cognitive function and body composition in older adults with MCI. We hypothesized that participants in the intervention group would show greater improvements than those in a usual-activity control group.



Methods


Study design and ethics

This single-center, community-based RCT was conducted in accordance with the SPIRIT 2013 statement and reported following the CONSORT 2025 guidelines. The trial was led by West China Hospital, Sichuan University, and implemented in two urban communities in Chengdu. A parallel-group design was used, in which eligible participants were randomly allocated (1:1) to either the MCEI group or the usual activity control (UAC) group. The 24-week intervention consisted of three 60 min supervised MCEI sessions per week, while the UAC group maintained habitual activities and attended weekly health education sessions. No interim assessments were conducted; a comprehensive endpoint evaluation was performed within 1 week after the intervention (December 1–7, 2023) by trained, blinded assessors. Participants remained unaware of group allocation. To ensure consistency, all exercise and assessment sessions were scheduled at the same time of day (08:00–10:00). Participants were instructed to avoid caffeine, alcohol, and strenuous physical activity for 24 h prior to assessments, consume a standardized light meal 2 h beforehand, and maintain hydration (≥1,500 mL/day), with fluid intake recorded prior to each assessment.



Participants



Sample size

An a priori power analysis (G*Power 3.1, repeated-measures mixed ANOVA, within–between interaction) indicated that a medium effect size of f = 0.25, α = 0.05, and power = 0.80 required a minimum of 34 participants. We enrolled 64 participants (32 per group), yielding an actual power >0.80.



Recruitment and screening

A four-stage recruitment protocol was implemented to maximize 24-week retention by addressing common causes of early dropout and enhancing participants’ engagement.


	(1) Community outreach: Local health stations and senior-citizen centers collaborated to establish preliminary trust, which reduced immediate post-enrolment withdrawal.

	(2) Spaced screening: Assessment sessions were scheduled 2–5 days apart to avoid cognitive overload and early dropout due to fatigue.

	(3) Individualized feedback: Certified geriatricians provided face-to-face feedback to enhance participants’ perceived safety and the value of participation, thereby strengthening commitment.

	(4) Proactive exclusion of high-risk individuals: The principal investigator integrated medical, logistical, and family-support information to identify and exclude participants with high attrition risk (e.g., transportation or health constraints), keeping expected loss below 5%.



Together, these steps ensured that participants felt safe, supported, and capable of completing the full 24-week intervention.



Inclusion and exclusion criteria

Eligibility was based on the 2018 Chinese Guidelines for the Diagnosis and Treatment of Dementia and Cognitive Impairment (Part V: MCI) and other standardized frameworks (Petersen et al., 2018.).


Inclusion criteria


	(1) Aged 65–75 years, community-dwelling, with self-reported or clinically confirmed memory complaints.

	(2) Clinical Dementia Rating (CDR) = 0.5, Global Deterioration Scale (GDS) 2–3, Mini-Mental State Examination (MMSE) ≥ 24, Montreal Cognitive Assessment (MoCA) ≤ 26, Animal Fluency Test (AFT) ≥ 15, Instrumental Activities of Daily Living (IADL) ≥ 6, preserved basic activities of daily living.

	(3) Skeletal Muscle Index (SMI) < 7.0 kg·m−2 (men) or < 5.7 kg·m−2 (women), Skeletal Muscle Mass (SMM) < 26.3 kg (men) or < 18.9 kg (women), Fat Mass Index (FMI) < 7.0 kg·m−2 (men) or < 14.0 kg·m−2 (women).

	(4) Able to ambulate independently, with moderate-intensity exercise tolerance confirmed by cardiopulmonary exercise testing and Physical Activity Readiness Questionnaire (PAR-Q).

	(5) Signed informed consent.





Exclusion criteria

Irreversible visual impairment, severe cardio-cerebrovascular or uncontrolled metabolic diseases, participation in structured multicomponent exercise within the past 3 months, or clinical diagnosis of dementia.




Randomization and allocation

A two-stage randomization procedure was employed (Wu et al., 2023):


	Community-level: Two urban communities served as recruitment sites only and were not used as randomization units.

	Individual level: Eligible participants from both communities were randomized (1:1) to the MCEI or UAC group using computer-generated variable block sizes (4 and 6), stratified by sex.



The sequence was generated by an independent statistician and stored in a password-protected file. Allocation concealment was maintained until baseline assessments were completed. Participants were not blinded, but outcome assessors and data analysts were.



Ethics approval and consent

All procedures were conducted in accordance with the Declaration of Helsinki and approved by the Medical Ethics Committee of West China Hospital, Sichuan University (approval No. 2020-287). The trial was registered with the Chinese Clinical Trial Registry (ChiCTR2000035012).



Intervention protocol


Multicomponent exercise intervention

A fixed 60 min template was used for all 72 supervised sessions (Mon/Wed/Fri, 08:30–09:30). Table 1 presents a minute-by-minute blueprint for Phase A (Week 3, Monday); identical structure was applied in Phases B and C with progressed loads (see Appendix 1). The minute-by-minute blueprint for Phase A (Week-3, Monday); identical structure was applied in Phases B & C with progressed loads detailed in Appendix 1.


TABLE 1 Example 60-minute session blueprint (Phase A, Week-3, Monday).


	Time (min)
	Sequence & load
	HR/RPE
	Rest
	Safety notes

 

 	00–02 	BP & HR screen 	– 	– 	Abnormal→seated track


 	02–10 	Warm-up 	50% HRmax 	30 s 	Non-slip floor; 2 m spacing


 	10–25 	Block A-Baduanjin 	55% HRmax 	30 s water 	Tablet flashes if >80 %HRmax


 	25–37 	Block B-Resistance 	RPE 11–12 	45 s intra 	Auto “half-set” after3fails


 	37–45 	Block C-Balance 	≤60% HRmax 	30 s walk 	Fall: stop-ice-report ≤24 h


 	45–53 	Cool-down 	≤50% HRmax 	– 	Photo taken; missing


 	53–60 	Hydration, RPE 	– 	– 	Upload within 24 h





Target HR zones 50–75% HRmax; intra-set rest 45 s, between-set 60s; real-time HR monitored at 1 Hz.
 



Intensity progression (see Appendix 1 for full tables)

Load increased every 4 weeks: +1 kg dumbbell or medicine ball, upper HR ceiling 75% HRmax. Three consecutive full-set failures → automatic “half-set”; two consecutive “half-set” sessions triggered individual reassessment.



Time feasibility

Pilot runs (12 older adults × 3 sessions) showed the main exercise block was completed in 46.8 ± 1.2 min; total 8 min warm-up + 47 min main + 5 min cool-down fits exactly 60 min without compression.



Safety measures beyond ACSM guidelines


	(1) Pre-session health checklist and accident insurance coverage.

	(2) AED and first-aid kit on site; instructors certified in first aid.

	(3) Real-time HR alert at 80% HRmax; automatic load reduction or extra rest.

	(4) Post-session “three-in-one” e-package (QR sign-in, HR.csv, de-identified photo); missing components supplemented within 24 h.





Fidelity and adherence audit

20% of sessions were randomly audited using a 19-item checklist (α = 0.88); mean score 94.3% (SD 3.1). Adherence was defined as ≥58/72 sessions (80%) meeting “on-target” criteria (≥20 min within prescribed HR zone + full 60 min attendance). Weekly SMS feedback was sent to participants.




Usual activity control group

Participants in the UAC group continued their regular daily activities and attended weekly 1 h health education sessions for 24 weeks. Educational content was prepared by the project team, with printed handouts distributed. During the pilot phase, experts in medicine and exercise science delivered in-person guidance, ensuring engagement without structured physical training.



Outcome assessments

All assessments were conducted at baseline and within 1 week post-intervention under standardized conditions by trained, blinded assessors.

Cognitive testing was performed individually in a quiet room by two certified neuropsychologists:


	(1) MMSE: Assesses global cognition, including orientation, registration, attention, calculation, recall, language, and visuospatial skills.

	(2) MoCA: Evaluates multiple cognitive domains, including EFs, attention, abstraction, and visuospatial abilities through tasks such as trail-making, cube and clock drawing. A score ≤26 indicates MCI.

	(3) AFT: Measures semantic memory and verbal processing speed by counting the number of animals named within 90 s.

	(4) IADL: Assesses functional ability across seven complex daily tasks that require executive function and memory application.



Body composition was assessed with the InBody 770 multi-frequency BIA after ≥ 8 h fasting, emptied bladder, removal of metal, full limb-electrode contact, daily calibration (impedance error <1%), room temperature 23 ± 1 C.



Heart rate monitoring

Heart rate (HR) was continuously monitored during each MCEI session using Huawei Band 6 (1 Hz sampling). Data were exported to determine time spent in target HR zones.



Outcome measures


Primary outcome

Primary outcomes included MMSE, MoCA, SMM, and FMI. Interrelationships among these indicators were also explored.



Secondary outcomes

Secondary outcomes comprised AFT, IADL, SMI, and BMR. Interrelationships among these variables were similarly examined.




Statistical analysis

Statistical analyses were performed using SPSS version 26.0 (IBM Corp., Armonk, NY, United States). An intention-to-treat (ITT) approach was adopted, retaining participants with at least one post-baseline assessment and imputing missing values using the last-observation-carried-forward (LOCF) method. A per-protocol (PP) sensitivity analysis (attendance ≥ 80%) was also conducted to verify robustness. Outliers were identified using the box-plot method (1.5 × IQR) and Winsorized to the nearest non-outlier value. Normality was assessed via Shapiro–Wilk tests, and homogeneity of variances using Levene’s test. Baseline characteristics were compared between groups using independent-samples t-tests (for normally distributed data) or Mann–Whitney U tests (for non-normal data), while categorical variables were analyzed using χ2 tests. For primary and secondary outcomes, a 2 (Group) × 2 (Time) repeated-measures ANOVA was conducted using Type-III sums of squares. The assumption of sphericity was automatically met given the two measurement points. Partial eta-squared (η2) was reported for main and interaction effects, and Cohen’s d (calculated using pooled baseline SD) was provided for change scores. Following significant interactions, post-hoc pairwise comparisons were performed with a Bonferroni correction. All tests were two-tailed, with statistical significance set at p < 0.05 (Figure 1).

[image: Flowchart illustrating a clinical study design involving six stages: recruitment of 74 seniors, screening and grouping with inclusion and exclusion criteria, baseline assessment of cognitive and physical function, intervention implementation with a multicomponent exercise group and an active control group, post-intervention assessments, and final data analysis. Key assessments include MMSE, MoCA, AFT, IADL, SMI, SMM, FMI, and BMR. The MCEI group undergoes three exercise phases over 24 weeks, while the UAC group maintains regular activities. Completion and dropout rates are noted for both groups. Color-coded sections and icons represent each study stage.]

FIGURE 1
 Study flowchart. Flow of participants through the study, including recruitment, screening, randomization, intervention, and assessment phases. MCEI, multi-component exercise intervention; UAC, usual activity control.





Result


CONSORT diagram

Figure 2 shows that 95.3% of participants (61/64) completed the endpoint assessment; three withdrawals occurred for family conflicts (n = 2) or acute cardiovascular events (n = 1).

[image: Flowchart illustrates participant progression through enrolment, allocation, follow-up, and analysis. Out of seventy-four assessed, sixty-four were randomized into two groups of thirty-two. One group had one discontinue due to family conflict, and the other had two discontinue, one for family conflict and one for cardiovascular events. Final analysis included thirty-one and thirty participants respectively.]

FIGURE 2
 Flowchart of participant enrollment, allocation, follow-up, and analysis.




Baseline characteristics of the study population

Table 2 summarizes baseline demographics and key variables. No significant between-group differences were observed in age, sex distribution, height, weight, BMI, MMSE, MoCA, AFT, IADL, SMI, SMM, FMI, or BMR (all p > 0.05), indicating successful randomization.


TABLE 2 Baseline characteristics of participants.


	Variable
	All participants (n = 61)
	MCEIG (n = 31)
	UACG (n = 30)
	p-value

 

 	Demographics


 	Mean (SD) age (years) 	68.49 (4.4) 	68.63 (5.31) 	69.37 (4.44) 	0.540


 	Gender (%)


 	Male 	19 (31.1) 	9 (29.00) 	10 (33.30) 	0.716


 	Female 	41 (68.9) 	22 (71.00) 	20 (66.70) 	


 	Mean (SD) Height (cm)


 	Male 	162.90 (4.8) 	162.26 (5.91) 	163.56 (4.04) 	0.620


 	Female 	152.30 (4.4) 	153.07 (3.72) 	151.50 (5.15) 	0.289


 	Mean (SD) Weight (Kg)


 	Male 	63.65 (7.74) 	61.98 (7.89) 	64.50 (7.86) 	0.570


 	Female 	55.45 (6.86) 	56.51 (7.86) 	54.63 (6.02) 	0.391


 	Mean (SD) BMI (kg/m)


 	Male 	23.98 (2.81) 	23.51 (2.30) 	24.4 (3.27) 	0.639


 	Female 	23.87 (2.40) 	23.96 (2.71) 	23.77 (2.06) 	0.645


 	Mean (SD) cognitive function indicators


 	MMSE Score (/30) 	26.85 (2.10) 	26.90 (2.50) 	26.80 (1.63) 	0.913


 	MoCA score (/30) 	20.38 (3.48) 	20.77 (3.64) 	20.07 (3.38) 	0.504


 	AFT score 	26.26 (5.25) 	27.03 (6.15) 	25.47 (4.08) 	0.28


 	IADL (/8) 	7.54 (0.99) 	7.52 (0.96) 	7.57 (1.04) 	0.783


 	Mean (SD) body composition indicators


 	SMI (kg·m⁻2) 	5.83 (0.60) 	5.84 (0.64) 	5.82 (0.58) 	0.759


 	SMM (kg) 	19.32 (2.82) 	19.20 (2.88) 	19.44 (2.82) 	0.879


 	FMI (kg·m⁻2) 	9.05 (1.62) 	8.89 (1.96) 	9.13 (1.21) 	0.591


 	BMR (kcal·day⁻1) 	1246.43 (136.4) 	1266.26 (140.25) 	1225.93 (131.67) 	0.261





Data are presented as number (percentage) of participants unless otherwise specified. MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; IADL, Instrumental Activities of Daily Living; AFT, Animal Fluency Test; SMI, Skeletal Muscle Mass Index; SMM, Skeletal Muscle Mass; FMI, Fat Mass Index; BMR, Basal Metabolic Rate; SD, Standard Deviation; p value, the result of statistical hypothesis testing, indicating whether the observed differences are statistically significant.
 



Impact of the 24-week multi-component exercise program on primary outcomes

The results revealed a statistically significant Group × Time interaction effect for SMM (F(1, 59) = 12.08, p ≤ 0.001, η2 = 0.166). Simple effects analysis indicated that the exercise group exhibited a significant pre-to-post difference in SMM (F(1, 59) = 14.32, p ≤ 0.001, η2 = 0.195), whereas no significant change was observed in the control group (F(1, 59) = 0.21, p = 0.65, η2 = 0.004). Furthermore, post-intervention SMM in the exercise group was significantly higher than that in the control group (F(1, 59) = 5.92, p = 0.018, η2 = 0.091).

Similarly, for FMI, a significant Group × Time interaction was found (F(1, 59) = 9.89, p = 0.003, η2 = 0.140). Simple effects analysis showed a significant pre -to-post difference in FMI in the exercise group (F(1, 59) = 10.67, p = 0.002, η2 = 0.153), but not in the control group (F(1, 59) = 0.15, p = 0.70, η2 = 0.003). Post-intervention FMI was also significantly lower in the exercise group compared to the control group (F(1, 59) = 4.33, p = 0.042, η2 = 0.068) (Tables 3–5).


TABLE 3 Impact of the 24-week multi-component exercise program on cognitive and body-composition outcomes at two timepoints (Group × Time) in older adults with MCI (mean ± SD) (N = 61).


	Overtime measure
	Group factor effect
	Time factor effect
	Group × Time effect
	Measure time



	η2
	P-value
	η2
	P-value
	η2
	P-value
	T0 (Pre)
	T1 (Post)

 

 	MMSE (points) 	0.007 	0.511 	0.001 	0.841 	0.011 	0.418 	– 	–


 	MCEIG 	26.87 ± 2.54 	26.53 ± 2.83


 	UACG 	26.80 ± 1.63 [0.02] 	27.17 ± 1.58 [0.174]


 	MoCA (points) 	0.012 	0.396 	0.252 	0.000** 	0.033 	0.161 	– 	–


 	MCEIG 	20.77 ± 3.64 	22.50 ± 3.66


 	UACG 	20.07 ± 3.38 [0.12] 	20.60 ± 3.24 [0.32]


 	AFT (points) 	0.061 	0.054 	0.012 	0.402 	0.002 	0.720 	– 	–


 	MCEIG 	26.93 ± 6.23 	28.07 ± 6.46


 	UACG 	25.47 ± 4.07 [0.20] 	25.50 ± 3.95 [0.33]


 	IADL (points) 	0.006 	0.552 	0.020 	0.281 	0.002 	0.730 	– 	–


 	MCEIG 	7.50 ± 0.97 	7.70 ± 0.70


 	UACG 	7.57 ± 1.04 [0.05] 	7.53 ± 1.04 [0.15]


 	SMI (kg·m⁻
2
) 	0.020 	0.283 	0.179 	0.001** 	0.021 	0.270 	– 	–


 	MCEIG 	5.84 ± 0.63 	6.02 ± 0.73


 	UACG 	5.82 ± 0.58 [0.06] 	5.91 ± 0.54 [0.13]


 	SMM (kg) 	0.014 	0.369 	0.140 	0.003* 	0.166 	0.001** 	– 	–


 	MCEIG 	19.32 ± 2.85 	19.99 ± 2.96


 	UACG 	19.44 ± 2.82 [0.03] 	19.39 ± 2.70 [0.14]


 	FMI (kg·m⁻
2
) 	0.001 	0.001** 	0.087 	0.021* 	0,140 	0.003* 	– 	


 	MCEIG 	8.99 ± 1.99 	8.52 ± 1.70


 	UACG 	8.84 ± 1.59 [0.21] 	8.74 ± 1.73 [0.17]


 	BMR (kcal·day⁻
1
) 	0.031 	0.175 	0.000 	0.864 	0.019 	0.289 	– 	–


 	MCEIG 	1271.23 ± 139.83 	1283.70 ± 149.24


 	UACG 	1225.93 ± 131.67 [0.21] 	1222.50 ± 149.13 [0.2]





Data are presented as mean ± standard deviation. Repeated-measures ANOVA was used to examine the Group×Time interaction, with Group (Intervention vs. Control) as the between-subjects factor and Time (Pre vs. Post) as the within-subjects factor. Ges, generalized eta-squared; P < 0.05 was considered statistically significant; MMSE, Mini-Mental State Examination; Moca, Montreal Cognitive Assessment; AFT, Animal Fluency Test; IADL, Instrumental Activities of Daily Living; SMI, Skeletal Muscle Index; SMM, Skeletal Muscle Mass; FMI, Fat Mass Index; BMR, Basal Metabolic Rate; T0, baseline; T1, post-intervention.
 


TABLE 4 Simple-effect analysis, between-group difference (mean ± SD) (N = 61).


	Outcome measures
	Between-group comparison
	T0
	T1



	Difference (95% CI)
	
t

	P value
	Difference (95%CI)
	
t

	P-value

 

 	SMI (kg·m⁻2) 	MCEIG:UACG 	0.02 (−0.28, 0.32) 	0.15 	0.882 	0.09 (0.04, 0.14) 	3.71 	<0.001**


 	SMM (kg) 	MCEIG:UACG 	−0.24 (−1.45, 0.97) 	−0.40 	0.694 	0.46 (0.05, 0.87) 	2.21 	0.032*


 	FMI (kg·m⁻2) 	MCEIG:UACG 	−0.15 (−0.93, 0.63) 	−0.38 	0.707 	−0.47 (−1.05, 0.11) 	−1.59 	0.118





*Indicates significant intra−/inter group differences before/after intervention (p < 0.05);**indicates extremely significant differences (p < 0.01); Cohen’s d (95% CI) = effect size with 95% confidence interval. MMSE, Mini-Mental State Examination; Moca, Montreal Cognitive Assessment; AFT, Animal Fluency Test; IADL, Instrumental Activities of Daily Living; SMI, Skeletal Muscle Index; SMM, Skeletal Muscle Mass; FMI, Fat Mass Index; BMR, Basal Metabolic Rate; T0, baseline; T1, post-intervention.
 


TABLE 5 Simple-effect analysis, within-group change (mean ± SD) (N = 61).


	Outcome measures
	MCEIG
	UACG



	
T

	
P

	Difference 95% CI
	
T

	
P

	Difference 95% CI

 

 	SMI (kg·m⁻2)


 	T0:T1 	−2.961 	0.006** 	0.53 (−0.28, −0.05) 	−2.050 	0.049* 	0.37 (−0.17, −0.00)


 	SMM (kg)


 	T0:T1 	−3.521 	0.001** 	0.63 (−1.02, −0.27) 	0.799 	0.431 	0.15 (−0.09, 0.20)


 	FMI (kg·m⁻2)


 	T0:T1 	3.364 	0.002* 	0.60 (0.18, 0.76) 	0.386 	0.702 	0.08 (−0.32, 0.48)





*Indicates significant intra−/inter group differences before/after intervention (p < 0.05); ** indicates extremely significant differences (p < 0.01); Cohen’s d (95% CI) = effect size with 95% confidence interval. SMI, Skeletal Muscle Index; SMM, Skeletal Muscle Mass; FMI, Fat Mass Index; BMR, Basal Metabolic Rate; T0, baseline; T1, post-intervention.
 



Impact of the 24-week multi-component exercise program on secondary outcomes

For SMI, no significant Group × Time interaction was observed (F(1, 59) = 1.21, p = 0.270, η2 = 0.021), whereas a significant main effect of Time was found (F(1, 59) = 12.86, p = 0.001, η2 = 0.179). Simple-effects analysis showed a significant pre-to-post increase in the exercise group (F(1, 59) = 8.77, p = 0.006) and a smaller but significant increase in the control group (F(1, 59) = 4.20, p = 0.049). Between-group comparisons indicated no baseline difference (F(1, 59) = 0.02, p = 0.882) but a significant post-intervention difference favoring exercise (F(1, 59) = 13.76, p < 0.001).




Discussion

The 24-week multicomponent exercise program significantly increased SMM and decreased FMI in community-dwelling older adults with MCI. No Group × Time interaction was observed for MMSE or MoCA total scores; both are screening-level instruments with limited sensitivity to detect subtle cognitive changes (D’Ignazio et al., 2025; Roalf et al., 2012). The negligible between-group difference on the AFT suggests that observed changes were task-specific rather than indicative of broader cognitive improvement. Within-group improvements in MoCA scores should be interpreted cautiously, as they may reflect practice effects or random variation.

Exercise is hypothesized to support cognitive reserve through enhanced neuroplasticity, increased cerebral blood flow, up-regulation of BDNF, and reduced chronic inflammation (Marmeleira, 2013; Cabral et al., 2019; Wang et al., 2025). However, in the present trial, no significant cognitive effects were detected, which aligns with prior studies reporting ceiling effects that can obscure small changes (Baker et al., 2010; Suzuki et al., 2012).

Body-composition changes were intervention-specific. Skeletal muscle acts as an endocrine organ, releasing myokines that may modulate neuroinflammation (Isaac et al., 2011), whereas excess adipose tissue is associated with pro-inflammatory states linked to brain atrophy (Walston, 2012). The present 72-session protocol produced a “muscle-gain, fat-loss” profile exceeding typical fixed-intensity aerobic benchmarks (Djosic et al., 2025) and meeting inflammatory thresholds proposed for MCI cohorts (Cadore et al., 2013; Zhang and Wang, 2021). Minimal changes in the control group indicate that habitual physical activity alone is insufficient to alter SMM or FMI over 24 weeks (Lim et al., 2023), providing dose-reference values for future trials.

This study had several limitations. The absence of a cognitive-only arm precludes quantifying the independent contribution of cognitive stimulation. The over-representation of women may have influenced results through sex-specific social baselines (Wheatley et al., 2021; Rai et al., 2020). The protocol did not include dual-task or cognitive-enrichment components, which may be necessary to elicit broader transfer effects, including potential improvements in executive functions. Future trials could incorporate dual-task challenges or executive function-specific tasks (e.g., Stroop, N-back) to better capture cognitive outcomes beyond screening tools. Additionally, the lack of blood-based biomarkers such as BDNF limits our ability to assess potential neurobiological mechanisms underlying the observed effects, suggesting that future studies should incorporate biomarker measurements to strengthen mechanistic interpretations.



Conclusion

In summary, the 24-week community-based multicomponent exercise program was safe, well-tolerated, and effective in increasing SMM and reducing FMI in older adults with MCI. No significant improvements were observed on screening-level cognitive outcomes (MMSE/MoCA), and AFT changes were task-specific. Future studies should consider three-arm designs (exercise-only, cognitive-only, combined) with dual-task or cognitive-enrichment components to explore exercise-cognition synergies and establish dose–response relationships for both body composition and domain-specific cognitive outcomes. The present 60 min, thrice-weekly, ≥24-week template can be readily implemented in community medical-fitness services, offering a low-cost, scalable approach for managing SMM and FMI in older adults with MCI.
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Glossary


	AD

	
Alzheimer’s disease



	AFT

	
Animal Fluency Test



	aMCI

	
amnestic mild cognitive impairment



	BDNF

	
brain-derived neurotrophic factor



	BMR

	
basal metabolic rate



	CDR

	
Clinical Dementia Rating



	CONSORT

	
Consolidated Standards of Reporting Trials



	FMI

	
fat-mass index



	GDS-15

	
Geriatric Depression Scale-15



	HRmax

	
maximum heart rate



	IADL

	
Instrumental Activities of Daily Living



	MCEI

	
multicomponent exercise intervention



	MCI

	
mild cognitive impairment



	MMSE

	
Mini-Mental State Examination



	MoCA

	
Montreal Cognitive Assessment



	PAR-Q

	
Physical Activity Readiness Questionnaire



	PI

	
principal investigator



	RCT

	
randomized controlled trial



	RM

	
repetition maximum



	RPE

	
rating of perceived exertion



	SMI

	
skeletal muscle index



	SMM

	
skeletal muscle mass



	STAI

	
State–Trait Anxiety Inventory



	UAC

	
usual activity control
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As the population ages, cognitive decline and neurodegenerative diseases have become major public health concerns. The human gut microbiota plays a major role in regulating neurodevelopment, neuroinflammation, and cognitive decline through the gut-brain axis. Emerging evidence reveals a possible association between alterations in gut microbial diversity and age-related neurological disorders, including Alzheimer’s disease and neurodegeneration. Regional and dietary differences shape the gut microbiome. These variations may, in turn, be associated with differences in brain aging across populations. Several cross-sectional studies indicate that rural African communities consuming predominantly fiber-rich diets exhibit distinct gut microbiota profiles characterized by increased abundance of genera, including Prevotella, Faecalibacterium, and Ruminococcus. These microbial configurations have been associated with improved gut barrier integrity, reduced systemic inflammation, and enhanced production of short-chain fatty acids in some preclinical and human studies. All these factors have been studied as potential mechanisms linked to delayed brain aging. Furthermore, epidemiological reports suggest lower prevalence rates of dementia and other neurodegenerative disorders in these populations, although such comparisons may be influenced by differences in study design, diagnosis, and case ascertainment across regions. This narrative review synthesized current understanding of the gut microbiota’s role in brain aging, summarized available data on gut microbiota composition in African versus Western populations, and explored the pathways by which traditional African diets may contribute to neuroprotection. By critically examining this evidence and highlighting major research gaps, the review advocates for region-specific investigations and future longitudinal studies to validate causal links.
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1 Introduction

Aging is characterized by a progressive decline in physical, physiological, and cognitive functions, increasing susceptibility to chronic diseases, and mortality (Dharmarajan et al., 2012; Guo et al., 2022). Brain aging encompasses physical and biological changes that occur over time, while age-related cognitive decline reflects the gradual deterioration of learning, memory, and reasoning abilities (Thakur et al., 2016). In the brain, aging involves synaptic loss, reduced plasticity, and cumulative cellular damage from oxidative stress, which are processes commonly observed in neurodegenerative conditions such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and dementia (Tchekalarova and Tzoneva, 2023; Zia et al., 2021). The prevalence of these neurodegenerative diseases has been shown to increase with age. AD affects approximately one in ten older adults (Alzheimer’s and Dementia, 2024), while PD prevalence triples among individuals over 55 years (Peng et al., 2025).

With global populations aging rapidly, the burden of neurodegenerative diseases (NDs) has become a critical public health and economic challenge. In sub-Saharan Africa, dementia prevalence ranges from 2% to 20% among older adults, with estimates reaching 18% in some communities (Akinyemi et al., 2022). However, these estimates vary widely and may reflect differences in diagnostic criteria, study methodology and healthcare access (Akinyemi et al., 2022; Farrell et al., 2024; Kamoga et al., 2019). Projections suggest that tens of millions of Africans may be at risk of PD in the coming decades as a result of urbanization (Onohuean et al., 2022; Pereira et al., 2024). Rapid urbanization threatens beneficial microbiota growth and may be associated with increasing neurodegenerative disease risk (Huang et al., 2023; Zhang H. et al., 2022). In Western societies, more than 150 million people are currently affected by NDs, a number expected to exceed 152 million by 2060, with PD cases projected to reach 25 million by 2050 (Onohuean et al., 2022; Peng et al., 2025).

The gut-brain microbiome (GBM) axis is a bidirectional communication network between the gut microbiota and the central nervous system. Increasing evidence highlights that the GBM axis plays a key role in regulating neurodevelopment, neuroinflammation, and cognitive aging (Loh et al., 2024). Dysbiosis of the gut microbiota has been implicated in promoting depressive-like behaviors and cognitive decline, both in animal models and human studies (Chu et al., 2019; Hashim and Makpol, 2022). Diet plays a pivotal role in shaping the gut microbiota. Dietary fiber supports microbial diversity and drives the production of short-chain fatty acids (SCFAs), which have been hypothesized to exert neuroprotective and anti-inflammatory effects (Berding et al., 2021). However, most microbiome-brain aging studies have focused on Western populations, leaving a significant gap in our understanding of African populations, who commonly consume fiber-rich diets known to foster beneficial microbiota growth. Given the distinctive dietary patterns in many African communities, exploring their potential role in modulating gut-brain interactions and neurodegenerative disease risk is necessary.

To bridge this gap, this narrative review synthesizes current knowledge on the gut microbiota’s role in brain aging, compares microbial composition across African and Western populations, and examines how traditional African dietary patterns may support neuroprotection through the gut-brain axis. By highlighting key evidence and research gaps, this work aims to inform future region-specific investigations and global strategies for promoting healthy brain aging.



2 Methods

This narrative review literature search was conducted across databases, including PubMed, Scopus, Web of Science, and Google Scholar. These databases were selected to ensure we covered most of the literature in the field. Keywords such as “gut microbiota,” “brain aging,” “traditional African diets,” “rural African diet,” “African diet,” “gut microbiome composition in Africa,” “neurodegeneration,” “microbiota-gut-brain axis,” “Africa,” “Western diet,” and “dietary fiber” with the Boolean operators (AND, OR) used in various combinations. Relevant studies published in English between 2000 and 2025 were included. Additional references were identified through manual screening of bibliographies and review articles. Peer-reviewed original research articles, reviews, and meta-analyses published in English were included. African studies focusing on microbial signatures in diseased conditions were included only when they reported data from healthy control groups. Priority was given to human studies examining the gut-brain axis and dietary influences on microbiota composition, particularly those involving African or Western populations. Mechanistic animal or cellular studies were included when they provided critical insights into pathways relevant to neuroinflammation, SCFA production, and brain aging. While a formal quality assessment was not performed due to the narrative nature of this review, studies were prioritized and selected based on explicit reporting of key methodological details, including adequate sample characteristics, clear data collection procedures, and appropriate analytical methods, to ensure a sound foundation for synthesis.

Although this review follows a narrative framework, additional steps were taken to enhance transparency and rigor (Supplementary Figure 1). An initial screening of 201 articles was performed based on title and abstract relevance, followed by full-text assessment of studies most directly addressing gut microbiota composition, dietary patterns, and brain aging or neurodegeneration. Greater weight was given to human observational and interventional studies conducted in African and Western populations, while animal studies were used primarily to support mechanistic pathways linking microbial metabolites to neuroinflammation, mitochondrial function, and cognitive aging. African and Western studies were intentionally synthesized in parallel to allow comparative interpretation rather than direct quantitative comparison. Microbiome profiling studies using 16S rRNA sequencing constituted the majority of the human literature and were therefore most frequently cited, while shotgun metagenomic studies were incorporated when available to support functional inferences. This approach reflects the current distribution of evidence in the field and is consistent with the exploratory aims of a narrative review.



3 The role of gut microbiota in brain aging

Age-related alterations in gut microbiota composition contribute to a chronic low-grade inflammatory state, termed “inflammaging” (Fransen et al., 2017; Gyriki et al., 2025), which plays a central role in brain aging (Alsegiani and Shah, 2022). With advancing age, gut microbial diversity declines, leading to compromised intestinal barrier integrity and increased systemic inflammation. These systemic changes can disrupt the blood-brain barrier (BBB), promote microglial activation, and accelerate cognitive decline (Jurcau et al., 2024; Loh et al., 2024). The gut microbiota plays a central role in the pathogenesis of NDs through the gut-brain axis, influencing neuroinflammation, immune responses, and metabolic homeostasis (Zhang H. et al., 2022). While data directly linking gut microbiota to normal brain aging remains limited, comprehensive reviews on the gut microbiota and healthy aging provide foundational insights and discuss broad associations with healthy aging (Donati Zeppa et al., 2022; Jing et al., 2024; Kim and Jazwinski, 2018). Neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases represent conditions of accelerated or pathological brain aging, sharing common mechanisms such as neuroinflammation, blood-brain barrier dysfunction, and microbiota-driven metabolic disturbances. Characterizing microbial signatures in these diseases provides a useful framework for understanding how age-associated microbial alterations may predispose individuals to, or reflect, brain aging processes. Figure 1 summarizes the mechanisms through which alterations in the gut environment contribute to brain aging.
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FIGURE 1
Gut-brain axis mechanisms linking gut microbiota alterations to brain aging. Alteration in the gut environment is characterized by reduced microbial diversity, an increased abundance of pathogenic bacteria, and a loss of beneficial SCFA-producing taxa. These changes lead to impaired gut barrier integrity, allowing microbial products and pro-inflammatory cytokines to translocate across the intestinal epithelium into the lamina propria and systemic circulation. In addition, reduced microbial synthesis of short-chain fatty acids (SCFAs), neurotransmitters, and neuroactive peptides disrupts immune regulation and neuroendocrine signaling. Signals originating from the altered gut microbiota reach the brain through multiple pathways, including circulating inflammatory mediators, microbial metabolites, and neural signaling through the vagus nerve. This reflects the bidirectional nature of gut-brain communication. In the aging brain, these processes are associated with blood-brain barrier (BBB) dysfunction, neuroinflammation, microglial activation, reactive astrogliosis, mitochondrial damage, and progressive neuronal loss. Accumulation of misfolded proteins, including α-synuclein and amyloid-β plaques, further contributes to synaptic dysfunction and cognitive decline (Carloni and Rescigno, 2023; Jing et al., 2024; Li et al., 2021). Collectively, the figure illustrates how gut microbiota alterations may drive neuroinflammatory and neurodegenerative processes, while brain aging itself can feedback to further disrupt gut microbial composition, reinforcing a pathogenic gut-brain loop. This figure was created with Biorender.Com. SCFAs, short-chain fatty acids.



3.1 Microbiota signatures in neurodegenerative diseases as models of accelerated brain aging

Recent studies reveal both shared and disease-specific gut microbial alterations across Parkinson’s disease (PD) and Alzheimer’s disease (AD), suggesting common pathways that may be influenced by microbiota-based interventions (Table 1). Verrucomicrobia consistently emerges as a recurrent signature, with increased abundance reported in PD and AD (Heravi et al., 2023; Koutsokostas et al., 2024; Nishiwaki et al., 2022; Rob et al., 2025). This increase is primarily driven by its genus, Akkermansia, which has been linked to gut barrier modulation and pro-inflammatory signaling, lipopolysaccharide (LPS) production and modulation of immune signaling pathways, including upregulation of CASP1, TRAF5, and STAT5B (Derrien et al., 2011; Zhang and Wang, 2023) While Akkermansia is generally recognized for its beneficial effects on gut health and barrier modulation in non-disease states (Chiantera et al., 2024; Gao et al., 2025), its sustained elevation specifically in neurodegenerative contexts has been associated with barrier dysfunction, systemic inflammation, and reduced levels of metabolites, suggesting a shift in its functional implications during disease progression (Jian et al., 2023).


TABLE 1 Microbiota signatures in neurodegenerative diseases.


	
	PD
	AD
	References





	Phylum



	Verrucomicrobia
	↑
	↑
	Rob et al., 2025; Heravi et al., 2023



	Firmicutes
	↓
	↓
	Intili et al., 2023; Sun et al., 2019



	Bacteroidota
	↑
	↑
	Intili et al., 2023



	Actinobacteria
	↑
	↑
	Koutsokostas et al., 2024



	Proteobacteria
	↑
	↑
	Koutsokostas et al., 2024



	Family



	Akkermansiaceae
	↑
	↑
	Rob et al., 2025



	Lactobacillaceae
	↑
	↑
	Romano et al., 2021; Wu et al., 2023



	Bifidobacteriaceae
	↑
	↓
	Romano et al., 2021; Vogt et al., 2017



	Enterobacteriaceae
	↑
	↑
	Guo et al., 2025



	Prevotellaceae
	↓
	↓
	Chui et al., 2024; Heravi et al., 2023; Lwere et al., 2025



	Faecalibacteriaceae
	↓
	↓
	Heravi et al., 2023; Koutsokostas et al., 2024



	Ruminococcaceae
	↓
	↓
	Cilia et al., 2021; Koutsokostas et al., 2024



	Clostridiaceae
	↑
	↓
	Bullich et al., 2019; Hung et al., 2022; Koutsokostas et al., 2024



	Veillonellaceae
	–
	↓
	Liang et al., 2024



	Methanobacteriaceae
	↑
	–
	Wallen et al., 2022



	Megasphaeraceae
	↑
	–
	Wallen et al., 2022



	Lachnospiraceae
	↓
	↓
	Li et al., 2017



	Peptostreptococcaceae
	↓
	↓
	Varesi et al., 2022; Vogt et al., 2017



	Genus



	Akkermansia
	↑
	↑
	Heravi et al., 2023; Rob et al., 2025



	Bifidobacterium
	↑
	↓
	Rasoulian et al., 2025; Romano et al., 2021; Vogt et al., 2017



	Lactobacillus
	↑
	↑
	Chui et al., 2024; Romano et al., 2021



	Faecalibacterium
	↓
	–
	Heravi et al., 2023; Koutsokostas et al., 2024; Liu et al., 2020



	Blautia
	↓
	–
	Rob et al., 2025



	Ruminococcus
	↓
	–
	Li et al., 2017



	Roseburia
	↓
	–
	Wallen et al., 2022



	Bacteroides
	–
	↑
	Rob et al., 2025



	Alistipes
	–
	↑
	Li et al., 2024



	Prevotella
	↓
	↓
	Chui et al., 2024; Heravi et al., 2023



	Escherichia
	–
	–
	



	Megasphaera
	↑
	–
	Wallen et al., 2022



	Methanobrevibacter
	↑
	–
	Wallen et al., 2022






↑ = increase, ↓ = decrease, – = no significant change. Microbial signatures were identified using 16S rRNA gene sequencing of fecal samples, with differential abundance determined using standard pipelines as reported in the original studies. PD, Parkinson’s disease; AD, Alzheimer’s disease.




Firmicutes, encompassing key SCFA producers such as Faecalibacteriaceae and Lachnospiraceae, have been consistently reduced across several studies on brain aging (Koutsokostas et al., 2024; Sun et al., 2019). In contrast, Proteobacteria and Actinobacteria were elevated, reflecting a pro-inflammatory microbial environment (Koutsokostas et al., 2024). At the genus level, reported increases in Methanobrevibacter and Megasphaera in PD suggest alterations in methane production and lactate metabolism, potentially affecting gut motility and immune regulation (Cabral and Weimer, 2024; Ghoshal et al., 2016). Similarly, multiple studies have reported higher levels of Collinsella and Subdoligranulum in PD (Zeng et al., 2024) and AD (Borrego-Ruiz and Borrego, 2025; Rob et al., 2025), linking these taxa to oxidative stress, dopaminergic neuron damage, and anxiety-related phenotypes (Dias et al., 2013; Mendez, 2021). Comparative analysis reveals a mix of overlapping and distinct microbial patterns across the different NDs. PD and AD share alterations in Lactobacillus (Chui et al., 2024), Collinsella (Rob et al., 2025), Prevotella (Chui et al., 2024), and Akkermansia (Heravi et al., 2023), pointing to overlapping mechanisms involving neuroinflammation, protein misfolding, and neurotransmitter dysregulation. Conversely, emerging literature reported a decrease in Blautia abundance in PD, therefore, presenting a significant limitation for drawing overarching conclusions. These microbial shifts reflect disrupted gut-brain communication characterized by systemic and CNS inflammation, impaired blood-brain barrier integrity, and altered metabolite production.

Collectively, many of these ND-associated microbial signatures mirror those observed in healthy aging populations, including reduced Firmicutes, enrichment of Proteobacteria and Verrucomicrobia, and loss of SCFA-producing taxa (Koutsokostas et al., 2024). These shared alterations suggest that age-related dysbiosis may lay the foundation for neuropathological changes, with disease states representing more advanced conditions.



3.2 Metabolite alterations

Gut microbiota-derived metabolites have been associated with neuronal function, influencing neuroinflammation, neurotransmission, and disease pathophysiology (Rob et al., 2025; Table 2).


TABLE 2 Microbiota metabolites in neurodegenerative diseases.


	Disease
	Altered metabolites in the colon
	References





	PD
	↑ Proline, ↑ Glutamate, ↓ Histidine, ↓ Nicotinamide, ↑ BCAA, ↓ SCFAs, ↑ Homocysteine, ↑ Folate
	Luzzi et al., 2022; Rob et al., 2025; Zhang Y. et al., 2022



	AD
	↑ Fructose, ↑ Mannose, ↑ Lysine, ↓ Aromatic AAs, ↑ Homocysteine, ↑ Folate, ↓ SCFAs
	Fenech, 2017; Griffin and Bradshaw, 2017; Luzzi et al., 2022



	Shared Across PD + AD
	↓ SCFAs, ↑ Homocysteine, ↑ Folate, ↓ Aromatic AAs
	Rob et al., 2025



	Common to PD and AD
	↑ Homocysteine, ↓ SCFAs
	Rob et al., 2025






↑ = increase, ↓ = decrease. Metabolite profiles were derived from fecal or serum samples, depending on the study, using metabolomics as described in the original publications. PD, Parkinson’s disease; AD, Alzheimer’s disease; BCAA, branched-chain amino acids; SCFAs, short-chain fatty acids; Aromatic AAs, aromatic amino acids.





3.2.1 Short-chain fatty acids (SCFAs)

Short-chain fatty acids such as acetate, propionate, and butyrate, primarily produced by Firmicutes and Bacteroidetes, maintain intestinal barrier integrity, regulate T-reg/Th17 balance, and modulate neuroinflammation (O’Riordan et al., 2022; Silva et al., 2020). Several studies have shown a positive correlation between SCFA-producing bacteria like Faecalibacterium, Lachnospiraceae, and Veillonella, with PD and AD. This deficiency impairs T-reg function, increases Th17-driven pro-inflammatory cytokines (IL-17A, TNF-α), and contributes to α-synuclein and amyloid-β aggregation, accelerating neurodegeneration (Yang et al., 2017; Zenaro et al., 2015). In addition, SCFAs bind to G-protein coupled receptors (GPR41, GPR43, FFAR2/3, GPR109A) expressed on immune and neural cells, initiating anti-inflammatory signaling cascades that stabilize the BBB and regulate microglial maturation (Choe, 2025; Loh et al., 2024). These receptors mediate direct modulation of microglial activation states, reduction of pro-inflammatory cytokine production, and enhancement of neurogenesis (Cheng et al., 2024; Silva et al., 2020). Acetate supports microglial development and phagocytosis, while butyrate acts as a histone deacetylase (HDAC) inhibitor, promoting gene expression patterns that protect against neurodegeneration (Erny et al., 2021). However, SCFA production tends to decline with aging-associated dysbiosis, potentially weakening these protective mechanisms. This decline was observed in preclinical studies, where decreases in butyrate levels were associated with cognitive decline (Chilton, 2024; Mishra et al., 2024).

The gut-brain connection involves a network of microbial metabolites and host pathways that influence brain physiology (Kasarello et al., 2023; Morais et al., 2021). Existing literature reports that dysregulated microbiota accelerates brain aging by increasing oxidative stress, mitochondrial dysfunction, and chronic neuroinflammation (Chaudhari et al., 2022; Clemente-Suárez et al., 2023b; Mattson and Arumugam, 2018; Picca et al., 2020). In AD, impaired mitochondrial regulation is associated with reduced expression of PGC1α, NRF2, and TFAM in postmortem brain tissues (De Plano et al., 2023). These mitochondrial regulators are influenced by microbiota-derived SCFAs. Butyrate acts as a histone deacetylase inhibitor, regulating gene expression related to mitochondrial biogenesis and antioxidant defense to directly impact brain aging (Saban Güler et al., 2025). PGC1α also regulates brain-derived neurotrophic factor (BDNF), a neuroprotective molecule that declines with Aβ accumulation (Bi et al., 2024). Enhancing PGC1α expression in animal models restores mitochondrial content and increases BDNF levels, suggesting the potential to reverse some AD-related pathologies (Bi et al., 2024; Helli et al., 2024). Neuroinflammation exacerbates mitochondrial dysfunction and cognitive decline (Jo et al., 2021). Altered expression of the TREM2 gene, a regulator of microglial cells, has been implicated in brain aging, and the modulation of microbiota-derived SCFAs could potentially influence this process (Colombo et al., 2021). Overexpression of TREM2 in the hippocampus protects against neuroinflammation and improves cognition in mouse models (Sanjay Shin et al., 2022). These pathways provide a strong rationale for exploring interventions that target alterations in the microbiota to preserve neuroimmune homeostasis and delay brain aging.



3.2.2 Other metabolites

Lipopolysaccharide is primarily produced by gram-negative bacteria of certain strains of Escherichia coli, Salmonella enterica, Pseudomonas aeruginosa, and Bacteroides fragilis (Munford, 2008). The pathogenic impact of LPS is exacerbated by compromised gut barrier integrity and systemic translocation of LPS to the brain, which contributes to neuroinflammation and α-synuclein aggregation (Carloni and Rescigno, 2023). In PD, LPS may trigger oxidative stress and neuroinflammation through reactive oxygen species (ROS) and activation of stress-related signaling pathways (Deng et al., 2020; Perez-Pardo et al., 2019). These processes compromise hippocampal integrity, exacerbate motor dysfunction, and promote α-synuclein accumulation, highlighting the pathogenic relevance of LPS-mediated gut-brain signaling.

Metabolomic profiling reported disease-specific amino acid disturbances in NDs (Table 2). PD patients were reported to have elevated branched-chain amino acids (BCAAs) and proline, in addition to reduced histidine and aromatic amino acids (Rob et al., 2025; Zhang Y. et al., 2022), while AD has been reported to be associated with altered fructose, mannose, lysine, and aromatic amino acid profiles (Griffin and Bradshaw, 2017). These amino acid profiles are shaped by the activity of the gut microbiota (Table 2). Dysregulated amino acids can impede neurotransmitter synthesis (serotonin, catecholamines, GABA), exacerbate oxidative stress, and contribute to BBB dysfunction (Coppola et al., 2013; Crabtree et al., 2016; Holeèek, 2020). Additional metabolites, including nicotinamide, folate, and homocysteine, have also been implicated in brain aging across several studies (Fenech, 2017; Luzzi et al., 2022; Rob et al., 2025). Reduced nicotinamide in PD has been observed to correlate negatively with high Akkermansia abundance, which influences host metabolism and vitamin synthesis (Rob et al., 2025). This shift in Akkermansia abundance may contribute to diminished mitochondrial function and antioxidant capacity (Brakedal et al., 2022). Collectively, existing literature emphasizes the essential role of the gut-brain axis in the development and progression of brain aging. These findings further offer the opportunity to develop novel therapeutic strategies to target the gut microbial composition and its metabolite pathways to prevent the progression of brain aging.





4 Microbiota composition in African populations compared to western cohorts


4.1 Overview of profiling gut microbiota in rural African communities

Communities are categorized based on their degree of urbanization, dietary patterns and living habit (de Lanerolle-Dias et al., 2015; Zhao et al., 2023). For instance, rural communities are generally small cities compared to urban habitats with a more complex network. In terms of dietary habits, urban populations tend to eat more ultra-processed foods than those living in rural areas, who generally consume traditional staple grains and minimally processed plant-based foods (Li and Lu, 2021). Several cross-sectional studies have characterized the gut microbiota of rural African populations consuming traditional diets rich in unprocessed plant foods, resistant starches, and fibers. Across different countries, including South Africa, Malawi, Tanzania, Cameroon, Liberia, Zimbabwe, Burkina Faso, Nigeria, and Uganda, rural communities exhibit microbial profiles dominated by Prevotella, Bifidobacterium, Faecalibacterium, Ruminococcus, and other fiber-degrading taxa (Allali et al., 2018; Ayeni et al., 2018; De Filippo et al., 2010; Lokmer et al., 2020; Morton et al., 2015; Oduaran et al., 2020; Ordiz et al., 2015, 2020; Osakunor et al., 2020; Rosa et al., 2018; Rubel et al., 2020; Schnorr et al., 2014). These taxa are often accompanied by a higher prevalence of Lachnospiraceae and Ruminococcaceae, reflecting the fermentation of complex polysaccharides (Flint et al., 2012). Many of these communities exhibit greater overall microbial richness and diversity compared to urban or Western populations, with a taxonomic structure adapted to fiber fermentation and SCFA production (de la Cuesta-Zuluaga et al., 2018). These taxa may also be associated with frequent contact with the natural environment, such as soil and vegetation, which is postulated to enrich the gut microbiota composition (Frame et al., 2019). High interaction with the natural environment has remained a major characteristic of rural communities, giving rise to the term “rural microbiome” (Du et al., 2021). Various research demonstrates that the rural microbiome can enhance health and protect against chronic illnesses (Blaser, 2017; Zuo et al., 2018). In contrast, studies conducted in urban African settings have revealed more variable gut microbiota compositions, often characterized by a relative increase in Clostridium and Bacteroides taxa, along with a decline in the Prevotella genus (Ayeni et al., 2018; Rocafort et al., 2019; Samb-Ba et al., 2014; Smith et al., 2013). African cohorts with nutrient-deficient, metabolic, or infectious conditions (Allali et al., 2018; Doumatey et al., 2020; Fassatoui et al., 2019; Lokmer et al., 2020; Oduaran et al., 2020; Ordiz et al., 2015, 2020; Osakunor et al., 2020; Parbie et al., 2021; Rubel et al., 2020; Salah et al., 2019; Smith et al., 2013; Tang et al., 2017) also reported a decline in Prevotella taxa, indicating that urbanization, westernized diets, and disease burden may contribute to a microbiota transition toward less fiber-fermenting and more proteolytic bacterial taxa. This shift aligns with a pattern of reduced microbial diversity and potential pro-inflammatory signatures, commonly associated with metabolic disorders and compromised gut integrity (Severino et al., 2024). These findings highlight the emerging differences between the traditional, Prevotella-enriched “rural microbiome” and the increasingly heterogeneous, Clostridium/Bacteroides-dominated “urban microbiome,” shaped by modernization and changing nutritional environments. Therefore, longitudinal studies of cognitive function in rural African cohorts, in relation to microbiota profiles to quantify neuroprotective performance associated with their traditional diets, are necessary.



4.2 Gut microbial differences across different populations

Urbanization is associated with rapid dietary and lifestyle shifts, including increased consumption of refined carbohydrates, animal products, and processed foods (Casari et al., 2022). Comparative studies within Africa reveal clear microbial stratification between rural and urban populations. Rural residents typically maintain high Prevotella-to-Bacteroides ratios and harbor fiber-adapted communities. In contrast, urban populations show declining Prevotella abundance and a gradual shift toward microbiota configurations resembling Western profiles. Urban cohorts often present reduced diversity, lower abundance of SCFA producers, and increased representation of opportunistic or potentially inflammatory species of Bacteroides and Enterobacteriaceae (Abjani et al., 2023; Ecklu-Mensah et al., 2023; Huang et al., 2023). These trends mirror the ongoing nutrition transition and may reflect the impact of reduced dietary fiber and increased fat and sugar intake on microbial ecology.

Western populations have reported microbial communities that are less diverse and skewed toward taxa adapted to simple carbohydrates and animal-based substrates (Beam et al., 2021; Clemente-Suárez et al., 2023a; Makki et al., 2018). These microbiota profiles are characterized by higher Bacteroides prevalence, lower Prevotella, and reduced SCFA production capacity. Several studies have also shown a decrease in mucin-degrading capacity and thinning of the intestinal mucus layer, resulting in increased gut permeability and inflammation in Western populations (Desai et al., 2016; Makki et al., 2018; Suriano et al., 2022). Comparative analyses between African rural communities and Western cohorts consistently show marked differences in microbial structure and function, with African groups exhibiting higher levels of saccharolytic fermentation and enriched pathways for the degradation of complex carbohydrates (Brewster et al., 2019; De Filippo et al., 2010). These differences highlight observed disparities in inflammatory profiles and may contribute to differential trajectories of brain aging across populations (Shi et al., 2021; Zhang F. et al., 2022). In a comparative study using Malawian and Finnish children fed the same diets, but under different environmental conditions, significant changes in the microbiome and specific taxa distribution were observed. Bifidobacteria were dominant in all infants, with a greater proportion in Malawian (70.8%) than in Finnish infants (46.8%). Additional distinctions among bacterial genera were observed, with species like Bifidobacterium adolescentis, Clostridium perfringens, and Staphylococcus aureus being absent in Malawian but detected in Finnish infants (Grześkowiak et al., 2012). These differences suggest that African microbiota profiles may have greater protection against neuroinflammation through sustained SCFA production and mucosal integrity, but rapid urbanization threatens these benefits. In contrast, the Westernized gut microbiota, marked by lower microbial diversity (D’Aloisio et al., 2025) and reduced SCFA-producing taxa (Agus et al., 2016), reflects dietary shifts toward refined carbohydrates and animal-based fats. This profile is associated with heightened intestinal permeability (Severino et al., 2024), systemic inflammation (Christ et al., 2019), and decreased neuroprotective signaling (Kanoski and Davidson, 2011), all of which are risk factors for accelerated cognitive decline and neurodegenerative disease (Noble et al., 2017; Solch-Ottaiano et al., 2023).




5 Traditional African diets: regional differences, composition, processing methods, and cultural practices

Diet is arguably the most potent and consistent modulator of the human gut microbiota, capable of inducing significant shifts in its composition and function within days (David et al., 2014). The striking disparities in the metabolic output of the microbiome among people living in various regions with different cultures can mainly be ascribed to long-term dietary habits. This section explores the characteristics of traditional African diets, examines the specific ways in which their components shape the gut microbiome, and draws parallels with evidence from Western interventional studies that validate these diet-microbe interactions.


5.1 The composition and diversity of traditional African diets

It is a common oversimplification to refer to a single “African diet.” The continent is home to immense ecological and cultural diversity, resulting in a wide array of dietary patterns. However, many traditional, rural African diets share core characteristics that distinguish them from the typical Western diet, which is high in fat, sugar, and low in fiber (Statovci et al., 2017). Predominantly, these diets are plant-based and exceptionally rich in dietary fiber, derived from a variety of sources, including whole grains, legumes, tubers, fruits, and vegetables, all of which are rich in resistant starches and complex carbohydrates crucial for gut microbial diversity and function (Aworh, 2023). Those found in staples vary by region, but may include minimally processed cereals such as sorghum, millet, and teff, and starchy tubers like cassava and yams (Ghosh et al., 2023). Complex carbohydrates or resistant starches are high in these staples and cannot be digested in the upper portion of the gastrointestinal tract but are fermented in the colon. In rural South Africa, for example, many diets focus on maize meal porridge and legumes, and fiber consumption regularly exceeds 50 g per day, almost 3 times the daily intake in most Western nations, which typically range from 15 to 20 g per day (O’Keefe et al., 2015; Papier et al., 2025; Quagliani and Felt-Gunderson, 2017). In Burkina Faso, traditional diets consist of large amounts of sorghum, millet, and vegetables, hence, an abundance of fiber-degrading bacteria in their gut microbiome (De Filippo et al., 2010).

A typical characteristic of most traditional African food practices is heavy reliance on the fermentation process as a means of food preparation and preservation. This practice extends the shelf-life of foods and also introduces live microorganisms (probiotics) and their beneficial metabolites (postbiotics) (Marco et al., 2021). Natural fermented foods (for example, fufu, a fermented cassava meal in West African countries; ogi, a sour maize porridge in Nigeria; injera, a sourdough flatbread in Ethiopia made with teff; and mahewu, a non- alcoholic fermented maize beverage in Southern Africa) are part of the daily diet (Siddiqui et al., 2023). These foods are known sources of SCFA-producing bacteria, such as Lactobacillus and Bifidobacterium species (Malongane and Berejena, 2024; Mgbodile and Nwagu, 2023). This habitual use of fermented foods contrasts with the Western diet, where fermented products are less prevalent and the intake of microbes is restricted by sterilization and food processing.



5.2 Dietary patterns and the gut microbiota

The distinct composition of traditional African diets directly fosters a unique gut microbial ecosystem. The high availability of diverse, non-digestible carbohydrates is the primary driver behind the enrichment of specific bacterial taxa that are less abundant in populations consuming a Western diet. The most widely reported marker of a high-fiber diet of non-Western origin is a high proportion of the genus Prevotella (Gorvitovskaia et al., 2016). In addition to Prevotella, fiber-rich diets promote the growth of butyrate-producing bacteria, which are important for gut and systemic health. Abundances of Faecalibacterium, Roseburia, and Ruminococcus have been reported to be potent fermenters of resistant starch and dietary fiber, resulting in the formation of short-chain fatty acids (SCFAs), specifically butyrate (Koh et al., 2016). Butyrate is the primary energy source for colonocytes, thereby enhancing the integrity of the gut barrier. Additionally, traditional Africans’ diets are low in processed foods and artificial sweeteners, and high in saturated fats (Oniang’o et al., 2025). This usual intake is hypothesized to promote overall health by supporting the diversity of the gut microbiota (De Filippo et al., 2010), enhancing immune response (Temba et al., 2025), and influencing hormone secretion through microbial metabolites (Samami et al., 2025).

Although some of the most effective correlational studies are based on cross-sectional research in African populations, dietary intervention studies, usually conducted in Western cohorts, provide causal evidence of the rapid and drastic effect of diet on the microbiome (Wilson et al., 2020). One of the most compelling pieces of evidence comes from the dietary swap study by O’Keefe et al. (2015). In this pioneering research, rural Africans were placed on a low-fiber, high-fat Western diet, while African Americans consumed a high-fiber, low-fat traditional African diet. Participants who switched to the African-style diet showed a marked increase in saccharolytic fermentation and butyrate production, accompanied by reductions in colonic mucosal markers of inflammation and proliferation, both of which are considered biomarkers of colorectal cancer risk. In contrast, those on the Western-style diet exhibited changes associated with a higher risk of disease. Furthermore, treatments that administer certain types of fiber have also reported measurable shifts in the bowel microbiome. Supplementation with inulin-type fructans, galactooligosaccharides (GOS), and inulin has been shown to specifically increase the abundance of Bifidobacterium species (Carlson et al., 2018). This evidence suggests that a diet dominated by complex plant polysaccharides is a consistent choice that can support a healthy and metabolically resilient microbiome. The eating habits of traditional rural African societies, marked by increased consumption of fiber and fermented foods, are essential for maintaining a healthy gut, thereby promoting healthy brain aging.



5.3 Dietary patterns, gut microbiota, and brain aging in African populations

Longitudinal studies linking gut microbiota profiles to brain aging and neurodegenerative disease outcomes in African populations are limited. However, epidemiological and nutritional evidence support the biological mechanisms discussed in this review. According to the Institute of Health Metrics and Evaluation (IHME), African regions have an Alzheimer’s disease and other dementia prevalence of 0.2% as of 2021, while South America, North America, Europe, and Eastern Asia and Pacific had a reported prevalence of 0.7%, 1.5%, 1.6%, and 1.1%, respectively (IHME and Global Burden of Disease, 2024). Limited surveillance infrastructure in Africa has contributed to uncertainty in these estimates. However, recent studies indicate a rapid rise in age-related neurodegenerative disorders as populations age and urbanization accelerates across the continent (Olajide et al., 2025).

This emerging epidemiological transition coexists with heightened dietary shifts. Traditional African diets are increasingly being replaced in urban and peri-urban settings by Westernized dietary patterns (Ameye et al., 2025). These dietary changes align with alterations in gut microbiota composition observed in urban African populations (Figure 2). Additionally, the microbial composition enriched in traditional rural African diets aligns closely with mechanisms that support brain health (Isibor et al., 2021). High SCFA production, enhanced gut barrier integrity, and reduced systemic inflammation have been associated with neurogenesis, reduced microglial activation, improved mitochondrial health, and attenuation of neuroinflammatory signaling (Jabbari Shiadeh et al., 2025). In contrast, microbiota alterations associated with Westernized diets are consistently linked to increased gut permeability, chronic low-grade inflammation, and impaired neuroprotective signaling pathways. All of which are recognized contributors to accelerated brain aging and neurodegeneration (Wiêckowska-Gacek et al., 2021). These population-level and mechanistic observations support a biological framework that the traditional African diet may influence brain aging through microbiota-mediated pathways.
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FIGURE 2
Summary of the gut microbiota compositions in African communities. We summarize gut microbiota composition reported across African populations, including both rural and urban cohorts. The review encompasses African populations broadly. However, rural communities consuming traditional, fiber-rich diets are emphasized due to their distinct and consistently reported microbiota signatures, particularly Prevotella-enriched and SCFA-producing profiles. This comparative framing highlights how dietary patterns shape gut microbiota composition across Africa. FMT, Fecal Microbial Transplantation.





6 Proposed conceptual framework: traditional African diet, gut microbiota, and brain aging

Synthesizing the evidence presented, we propose a conceptual framework that highlights how traditional African dietary habits may shape gut-brain interactions relevant to brain aging (Figure 3). Each component of the framework is supported by evidence discussed in Sections “3 The role of gut microbiota in brain aging–5 Traditional African diets: regional differences, composition, processing methods, and cultural practices,” with microbial signatures and metabolites outlined in Section 3–5. Traditional African diets, comprising complex carbohydrates, high fiber, and frequent consumption of fermented foods, are associated with higher microbial diversity and enrichment of SCFA-producing taxa, including Prevotella, Faecalibacterium, Bifidobacterium, and Ruminococcus. These taxa promote SCFA production, reduce lipopolysaccharide exposure, and improve neurotransmitter synthesis. These processes may support higher BDNF levels, reduced neuroinflammation, and enhanced neuronal plasticity, thereby delaying brain aging. In contrast, Western dietary patterns, typically low in fiber and high in refined sugars and fats, may disrupt these interactions, leading to reduced microbial diversity and accelerated neurodegenerative processes. This framework synthesizes existing knowledge and proposes novel hypotheses regarding the differential neuroprotective potential of traditional African diets. Furthermore, this framework serves as a predictive model for understanding how urbanization and the westernization of diets in Africa might accelerate brain aging by disrupting beneficial microbiota-gut-brain interactions, specifically by predicting shifts in Prevotella-to-Bacteroides ratios to identify novel intervention targets specific to populations undergoing transitions. This framework provides a foundation for hypothesis-driven research in African populations. Future studies could test these pathways using longitudinal cohort designs integrating dietary assessments, gut microbiome profiling, circulating inflammatory and metabolic biomarkers, neurotrophic factors such as BDNF, and standardized cognitive outcomes. Dietary intervention studies examining rural-to-urban transitions are important for evaluating microbiota-mediated mechanisms of brain aging in African populations.
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FIGURE 3
Proposed framework linking traditional African dietary patterns, gut microbiota composition, and brain aging. Traditional African diets enriched with fiber and fermented foods support beneficial microbial communities, which in turn may promote neuroprotective processes. In contrast, Western diets may disrupt these interactions, accelerating neurodegeneration and brain aging. Data supporting associations between traditional African diets, gut microbial diversity, and enrichment of taxa are primarily derived from cross-sectional studies in African populations (Ayeni et al., 2018; Ordiz et al., 2015, 2020). In contrast, mechanistic links connecting microbial metabolites, neuroinflammation, mitochondrial function, and cognitive outcomes are largely informed by animal models and human studies conducted in Western populations (Kanoski and Davidson, 2011; Severino et al., 2024; Shi et al., 2021). As such, several pathways in this framework are biologically plausible hypotheses rather than confirmed causal relationships within African cohorts. SCFAs, short-chain fatty acids; LPS, lipopolysaccharide; BCAAs, branched-chain amino acids; BDNF, brain-derived neurotrophic factor.




7 Research gaps and future directions

While conversations and emerging evidence on the human microbiome, including its connection to brain aging, are growing globally, this review has shown that the African population is substantially underrepresented in available data. Furthermore, the current limited evidence remains largely concentrated in a few countries and primarily targets indigenous or rural populations. This limited geographic and demographic representation affects the generalizability of findings across the continent, thus demonstrating the need for more concerted evidence generation to address this critical research gap. Dietary influences on shaping the gut microbiome have been established in high-income settings, with concrete evidence from studies on Mediterranean diets (Barber et al., 2023; De Filippis et al., 2016; Perrone and D’Angelo, 2025). Specific fiber interventions with evidence supporting dietary modulation and prebiotic interventions on gut health and brain function have also been investigated (Becker et al., 2022). In contrast, pooled evidence suggests that studies from Africa are cross-sectional and descriptive in design, limiting the ability to draw causal inferences about diet-microbiome-brain interactions. There is a need to invest in longitudinal and interventional studies that incorporate the effect of regions’ diverse dietary patterns, cultural contexts, and environmental exposures in these interactions. This will deepen unique region-specific insights rather than extrapolate evidence from populations with different genetic and environmental backgrounds. In a period marked by global funding constraints and widening health disparities, it is crucial to recognize that populations in resource-limited settings, often characterized by restricted access to quality healthcare and lower overall living standards, face a disproportionately higher risk of adverse brain aging outcomes. Therefore, a shared commitment to mobilizing resources and strengthening research capacity across Africa is vital. This includes establishing dedicated funding streams specifically for African-led, collaborative gut microbiome and neurocognitive research, prioritizing indigenous research questions and methodologies. Furthermore, promoting collaborative training programs for African scientists in advanced techniques for gut microbiome analysis, neurocognitive assessment, and biostatistics is essential, alongside ensuring all research is conducted within robust ethical frameworks. Future research should also employ longitudinal and intervention studies, such as randomized, community-based dietary intervention studies comparing traditional high-fiber diets against Westernized dietary patterns in age-matched African cohorts, utilizing multi-omics profiling, neurocognitive assessments, and systemic inflammatory markers. This would provide novel causal insights into the diet-microbiome-brain axis, overcoming the limitations of cross-sectional designs. To enhance reproducibility, future studies must prioritize comprehensive disclosure of all experimental parameters, precise bioinformatics pipelines, sequencing platforms, and detailed specifications of analytical equipment used for metabolomics and neuroimaging.



8 Conclusion

The contribution of gut microbiota interactions with the brain in mitigating brain aging and reducing the risk of neurodegenerative disease has gained scholarly attention. However, African populations remain underrepresented in this growing body of evidence. To bridge this gap and identify critical research needs, we synthesized existing literature linking dietary patterns, microbial composition, and metabolite profiles to brain aging in Africa compared with Western counterparts. Findings indicate that favorable microbial profiles, particularly those enriched with specific Prevotella species, may be associated with traditional African diets characterized by high fiber intake and frequent consumption of fermented foods. These dietary patterns promote the abundance of short-chain fatty acid (SCFA)-producing taxa such as Faecalibacterium and Roseburia, which are linked to improved gut and brain health. In contrast, evidence from diet-related clinical and interventional studies on Alzheimer’s and Parkinson’s diseases in high-income settings shows that Western dietary patterns, typically dominated by Bacteroides and other pro-inflammatory taxa, are associated with reduced SCFA production, elevated lipopolysaccharide exposure, and disruptions in amino acid and nicotinamide metabolism. Thus, these comparisons have shown that diet is integral in modulating gut microbiota composition and metabolic outputs, ultimately affecting inflammation and brain aging.
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Background: Depression and anxiety are common during pregnancy and postpartum, affecting both mothers’ and offspring health. Emerging research suggests gut microbiota may influence these conditions, providing a potential non-pharmacological approach for primary prevention, particularly in women without a prior mental health diagnosis.
Aim: To assess the effect of prebiotics, probiotics, and synbiotics as dietary interventions targeting gut microbiota for preventing mental health disorders during pregnancy and postpartum in women without diagnosed mental health disorders.
Methods: The protocol was prospectively registered in PROSPERO (CRD42024576678). A comprehensive search of MEDLINE, EMBASE, CINAHL, The Cochrane Library (CENTRAL), Scopus, and Web of Science from inception to March 2025, without language restriction. Randomized controlled trials (RCTs) involving pregnant or early postpartum women without a diagnosed mental health disorder, evaluating prebiotics, probiotics, or synbiotics and reporting maternal mental health outcomes, were included. Risk of bias was assessed using the Cochrane Risk of Bias 2 tool.
Results: Of the 1,401 records identified, four RCTs (n = 1,342 women) met the inclusion criteria. All RCTs evaluated probiotics interventions, none assessed prebiotics or synbiotics. Of four, two RCTs using Lactobacillus rhamnosus HN001, Limosilactobacillus reuteri PBS072 and Bifidobacterium breve reported small but significant reductions in depressive symptoms [Edinburgh Postnatal Depression Scale, MD = −1.2; 95% CI (−2.3, −0.1)] and anxiety symptoms [State–Trait Anxiety Inventory-6: MD = −1.0; 95% CI (−1.9, −0.2); p < 0.05)] during pregnancy. One RCT showed significantly lower depressive scores in the intervention group at day 45 (mean 9.0 ± 4.8 vs. 12.1 ± 5.9; p < 0.001) and day 90 (7.0 ± 3.3 vs. 10.8 ± 6.2; p < 0.001) of postpartum compared to placebo. No pooled analyses were conducted due to heterogeneity. Risk of bias was moderate in three RCTs and high in one, primarily due to selective outcome reporting.
Conclusion: Evidence on the effect of probiotics for preventing maternal mental health disorders during pregnancy and postpartum is limited. There were no data on prebiotics or synbiotics. Strain specific probiotic effectiveness studies, as well as studies on prebiotics and synbiotics are required in the future.
Systematic review registration: PROSPERO, identifier (CRD42024576678).

Keywords
 anxiety disorder; depressive disorder; microbiota; postpartum; pregnancy


1 Introduction

Maternal mental health disorders affect about one in five women during pregnancy and the first postpartum year, with depression and anxiety being most common conditions (1). These disorders are linked to adverse outcomes for both maternal well-being and infant development (2). Although pharmacotherapy is a mainstay treatment, concerns about maternal and fetal safety have increased interest in alternative approaches (3). Non-pharmacological interventions, such as cognitive-behavioural therapy and exercise, have shown potential benefits (4). Recent studies suggest a relationship between maternal mental health disorders and the gut microbiota through the gut–brain axis (5). The gut microbiota influences the central nervous system via autonomic, hormonal and immune pathways and has been associated with psychological disorders (6–8). Pregnancy induces physiological changes in gut microbiota composition (9, 10), while environmental disturbances may negatively affect maternal biology and mental health (11, 12). Maternal microbiota perturbations may influence offspring development through microbiota-derived fetal programming and early-life microbial transmission from mother to infant (13, 14).

Importantly, gut microbiota composition is modifiable through lifestyle factors, particularly diet. Dietary patterns, specific nutrients, and microbiota-targeted interventions such as probiotics, prebiotics and synbiotics have shown mental health benefits (15–18). Despite growing interest in microbiota-targeted interventions, evidence on their role in primary prevention of maternal mental health problems remains limited (19–21). In this context, prevention refers to interventions applied in women without a prior clinical diagnosis, aimed at reducing symptom severity or the risk of progression to clinically relevant disorders, rather than preventing formally diagnosed conditions. Previous systematic reviews have reported heterogeneous findings and methodological limitations, and none incorporated prebiotic or synbiotic interventions (19, 20). Moreover, their methodological quality assessed using AMSTAR-2 was low (Supplementary material 1). These limitations justify the need for an updated systematic review to evaluate current evidence and identify research gaps.

This systematic review aims to evaluate the available evidence and identify research gaps regarding the effect of prebiotics, probiotics, and synbiotics as dietary interventions targeting gut microbiota to prevent mental health disorders during pregnancy and postpartum in women without diagnosed mental health disorders.



2 Methods

This systematic review was carried out in accordance to Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement (22). A protocol for this review was registered in the International prospective register of systematic reviews (PROSPERO ID: CRD42024576678).


2.1 Search strategy and selection criteria

A comprehensive bibliographic search was conducted (Supplementary material 2) across the electronic databases, MEDLINE, EMBASE, CINAHL, The Cochrane Library (CENTRAL), Scopus, Proquest Dissertations and Theses, and Web of Science Core Collection, from inception to March 2025. The search strategy, developed by a health sciences librarian (CHC), focused exclusively on randomized controlled trials (RCTs), excluding animal studies. No restrictions on language or publication date were applied.

Only randomized controlled trials (RCTs) evaluating prebiotic, probiotic, and/or synbiotic supplementation (PPS) conducted in pregnant women without a diagnosis of mental health disorder were included. The absence of a mental health disorder was defined according to the inclusion criteria of each individual trial and was generally based on self-report and/or the absence of a prior clinical diagnosis, rather than on structured psychiatric interviews. The presence of subthreshold depressive or anxiety symptoms was not an exclusion criterion in most studies, which is consistent with a primary prevention framework but limits conclusions regarding clinically diagnosed disorders.

The intervention of interest was PPS, alone or in combination compared to treatment as usual, standard advice or a placebo control group. The primary outcomes reviewed were measures of maternal mental health (well-being, anxiety, depression, stress, mood, nervous, obsession, etc. For more terms used, see Supplementary material 2) during pregnancy and the postpartum period. As secondary outcomes, health problems and changes in the gut microbiota of the mother or offspring were reviewed. Review articles, editorials, letters, case series, case reports, quasi-experimental studies and observational studies were excluded from the review.

After duplicates were removed, the selection process was conducted in two phases: first, titles and abstracts were screened for relevance, followed by a review of the full text to ensure that the inclusion criteria were met. Two independent reviewers (LMMR and SMP) carried out the screening process with the help of the Rayyan application (23). Disagreements between reviewers were resolved by discussion or, when necessary, by consulting a third reviewer to reach consensus (NCI). Reasons for exclusion were further documented (Supplementary material 3).



2.2 Data extraction

Data extraction was performed by two independent reviewers (LMMR and SMP) using a standardized form. The following information was collected for each included study: study characteristics (author, year of publication, setting, sample size), participant characteristics (age, gestational stage), intervention details (type, dose, duration of probiotics, prebiotics or synbiotics intervention in experimental and control group), primary outcome (type of mental disorder and measurement tool), secondary outcomes (type of health disorder/changes in maternal or newborn gut microbiota and measurement tool). Reported side effects or adverse reactions were also recorded. All reported mean differences (MDs) correspond to individual study estimates, as reported in the original publications. Results were synthesized using a structured narrative approach, with findings presented at the individual study level.

Discrepancies between reviewers (LMMR and SMP) were resolved by discussion. When consensus was not reached, a third reviewer (NCI) was consulted to ensure accurate and comprehensive data extraction.

The quality of the included studies was assessed using the Risk of Bias 2 (ROB2) tool (24). This tool assesses the risk of bias in RCTs in five domains: Randomization process, Deviations from intended interventions, Missing outcome data, Outcome measurement, and Selection of reported outcome. Each domain was classified as “low risk,” “some concern,” or “high risk” based on the criteria described in the ROB2 tool. The overall risk of bias for each study was determined by considering the ratings across all domains. This quality assessment was performed by two independent reviewers (LMMR and SMP), and disagreements between reviewers were resolved by discussion or, when necessary, by consulting a third reviewer to reach consensus (NCI).



2.3 Evidence synthesis

We tabulated the findings and constructed graphs as appropriate. Due to small number of studies, statistical synthesis was not performed.




3 Results

A total of 1,401 records were identified through database searches. After screening titles and abstracts, 11 records were assessed for eligibility. Of these, 6 were excluded based on predefined inclusion criteria, remaining 5 full-text articles for further evaluation. Ultimately, after removal of one study because it included women diagnosed with a mental health disorder, 4 studies met all inclusion criteria and were included in this systematic review (Figure 1).

[image: Flowchart illustrating study selection for a systematic review. Out of 1401 records identified from seven databases, 516 duplicates were removed, 885 records screened, 874 excluded, and finally 4 studies included after eligibility assessment.]

FIGURE 1
 PRISMA 2020 flow diagram for the systematic reviews including searches of databases, registers, and other sources.




4 Characteristics and quality of included studies

The included studies were carried out in New Zealand (25), Finland (26), Iran (27), and Italy (28). The publication dates ranged from 2016 to 2023. The total number of participants varied from 60 (27) to 439 (26), with a cumulative total of 1,342 women included in this review. The gestational age at the start of the trials did not exceed 28 weeks, and the participants’ ages ranged from 16 (25) to 50 years (28) (Table 1). The four RCTs included probiotics in the interventions. The probiotic strains used were Lactobacillus rhamnosus HN001 (25, 26), Bifidobacterium animalis ssp. lactis 420 (26), Limosilactobacillus reuteri PBS072 (28), Bifidobacterium breve BB077 (28), Lactobacillus acidophilus La-5 and Bifidobacterium lactic Bb-12 (27). The probiotic daily dose varied from 4 × 109 CFU (28) to 4.8 × 1010 CFU (27), administered in capsules with the exception of one study, which used yogurt as probiotic vehicle (27). Intervention duration ranged from 4 weeks (27) to 48 weeks (25), and occurred during pregnancy only (27), both pregnancy and postpartum (25, 26) or only postpartum (28). From the four studies, three investigated mental health as primary outcome (25, 26, 28). The mean intervention follow-up rated from 12 to 24 months (Table 2).


TABLE 1 Characteristics of the studies.


	Author, year
	Country
	RCT design
	Population



	Sample Size (intervention/Control)
	Inclusion criteria
	Exclusion criteria

 

 	Hulkkonen et al. (26) 	Finland 	Double-blind, 2×2 factorial parallel groups 	N = 439 (split into 4 groups) 	1) Age: Not specified
 2) Type of pregnancy: Singleton
 3) GW: ≤ 18 weeks of gestation
 4) BMI: ≥ 25 Kg/m2
 5)Absence of chronic diseases (except for asthma and allergies) 	Multifetal pregnancy, the presence of inflammatory, metabolic or gastrointestinal diseases diagnosis or history of coagulopathy, and use of anticoagulants. The women who became pregnant again before 12 months postpartum were excluded from the postpartum analyses


 	Mirghafourvand et al. (27) 	Iran 	Triple-blind, two parallel groups 	N = 60 (30/30) 	1) Age: >18 years
 2) GW: between 24–28 weeks of gestation
 4) Women suffered from constipation
 5) Being literate and willing to participate in the study 	Receiving any treatment in less than a week before the study, having mental retardation or metabolic disease (hypothyroidism), Hirschsprung disease, spinal anomalies, anorectal pathology, inflammatory of bowel disease, previous gastrointestinal surgery and use of fermented dairy products containing probiotics 2 weeks prior to the study


 	Slykerman et al. (25) 	New Zealand 	Double-blind, two center 	N = 423 (212/211) 	1) Age: >16 years
 2) GW: between 24–28 weeks of gestation
 4) English-speaking
 5) Planning to breastfeed
 6) They or the unborn child’s biological father had a history of asthma, hay fever or eczema requiring medication 	Women were excluded from the study if aged < 16 years, planning to move outside the study centers during study duration, planning on taking probiotics, or if they had serious medical or health problems related to the pregnancy


 	Vicariotto et al. (28) 	Italy 	Double-blind, multicenter, two parallel groups 	N = 190 (95/95) 	1) Age 18–50 years old
 2) Women in the first trimester postpartum
 3) Good general health condition
 4) Willingness to: breastfeed, use probiotics and multivitamin food supplements consigned at the last visit before delivery, fill up questionnaires, use only the products to be tested during the entire study period, not to use similar products that could interfere with the product to be tested, not to vary the normal daily routine (i.e., lifestyle, physical activity, etc.)
 5) Subjects aware of this study’s procedures and having signed an informed consent form 	1) Subjects who do not meet the inclusion criteria
 2) Subjects considered as not adequate to participate in this study by the investigator
 3. Subjects with known or suspected sensitization to one or more test formulation ingredients
 4) Adult protected by law (under control or hospitalized in public or private institutions for reasons other than research or incarcerated)
 5) Subjects not able to communicate or cooperate with the investigator due to problems related to language, mental retardation, or impaired brain function
 6) Subjects suffering from other psychiatric disorders such as schizophrenia, other psychotic disorders, bipolar disorder, or substance use disorder
 7) Subjects with serious physical illnesses or mental disorders
 8) Subjects with significant risk of infanticide according to the investigator’s assessment
 9) Subjects taking herbal remedies or psychotropic drugs intended for depression and taken within the last 2 weeks prior to baseline or during this study
 10) Subjects receiving counselling or psychological therapies at baseline or during this study




 


TABLE 2 Summary of main results.


	Author, year
	Intervention
	Control**
	Mental health outcomes



	Type
	Bacterial strains
	Dose
	Duration
	Type
	Type
	Test
	Period
	Results

 

 	Hulkkonen et al. (26) 	Fish oil and Probiotics* 	Lactobacillus rhamnosus HN001 and Bifidobacterium animalis ssp. lactis 420 	1 capsule/day containing 10^10 CFU per strain 	Enrolment (≤18 GW) to 6 months postpartum 	Placebo for the probiotics: capsule containing microcrystalline cellulose
 Placebo for fish oil: capsule containing medium chain fatty acids 	Depressive and anxiety symptoms 	EPDS (Ediburgh Posnatal Depression Scale)
 SCL-90 (Symptom Checklist-90) 	Early pregnancy and late pregnancy and at three, six and 12 months postpartum 	No differences among intervention groups and placebo


 	Mirghafourvand et al. (27) 	Probiotics 	Bifidobacterium lactic (Bb-12) and Lactobacillus acidophilus (La-5) 	300 grams of yogurt containing 4.8 × 10^10 CFU (combined strains), 100 g x three times a day 	Four weeks 	Conventional yogurt, identical appearance 	Quality of life 	SF-36 (Quality of life questionnaire) 	At baseline and at the end of week 6 	No differences among intervention group and placebo


 	Slykerman et al. (25) 	Probiotic 	Lactobacillus rhamnosus HN001 	1 capsule/day containing 6 × 10^9 CFU 	Enrolment until birth and, from birth up till 6 months post-birth whilst breastfeeding 	Capsules containing corn-derived maltodextrin, identical appearance 	Depressive and anxiety symptoms 	EPDS (Ediburgh Posnatal Depression Scale)
 STAI-6 (State Trait Anxiety Inventory-6) 	Mothers (baseline and after 6 months or 12 months after delivery) completed the surveys based on how they remember they felt when their child was 1–2 months old 	Depression: The intervention group reported significantly lower scores (7.7 ± 5.4) than placebo (9.0 ± 6.0).
 Mean difference −1.2 (−2.3, −0.1), p = 0.037
 Anxiety: The intervention group also reported lower scores (12.0 ± 4.0 vs. 13.0 ± 4.3). Mean difference: −1.0 (−1.9, −0.2), p = 0.014


 	Vicariotto et al. (28) 	Probiotics and plus multivitamin food supplement 	Limosilactobacillus reuteri PBS072 and Bifidobacterium breve BB077 	1 capsule/day containing 4 × 10^9 CFU/day (2 × 10^9 CFU for each strain) 	90 days 	The same capsules without the probiotic strains (identical appearance) 	Postpartum depression symptoms 	EPDS (Ediburgh Posnatal Depression Scale) 	45 days after the beginning of the treatment and final visit (i.e., 90 days after the beginning of the treatment) 	At day 45, the intervention group showed a significantly lower mean score (9.0 ± 4.8) compared to the control group (12.1 ± 5.9) (p < 0.001). On day 90, the intervention group showed a significantly lower mean score (7.0 ± 3.3) compared to the control group (10.8 ± 6.2) (p < 0.001).





*In this study, the two interventions were combined in four groups with the control, resulting in the following organization: (1) Fish oil + placebo, (2) probiotics + placebo, (3) fish oil + probiotics and (4) placebo + placebo. ** In all studies, the duration and dose of placebos was identical to the intervention.
 

Of the included studies, one was classified as a high risk (Figure 2), the remaining 3 studies were classified as moderate. Among the ROB2 domains (Figure 3), the most frequent critical weakness identified was the risk of bias in the selection of the reported outcome.

[image: Risk of bias table summarizing four studies across five domains, using green plus signs for low risk, yellow circles for some concerns, and red crosses for high risk. Slykerman, 2017 has high risk in D4 and overall. Vicar iotto, 2023 and Hulk konen, 2021 show some concerns in multiple domains. Domains and judgement criteria are listed below the table.]

FIGURE 2
 Risk of bias assessment of the included studies across individual domains and overall judgment.


[image: Bar chart showing risk of bias assessment for five study domains. Most domains have predominantly low risk (green), except for “bias in selection of the reported result” and “overall risk of bias,” which include notable portions marked as some concerns (yellow) and high risk (red). Legend indicates green for low risk, yellow for some concerns, and red for high risk.]

FIGURE 3
 Summary of overall risk of bias across domains for the included studies.



4.1 Primary outcomes

Depressive (n = 3) and anxiety (n = 2) symptoms were the most frequently assessed outcomes, measured using tools such as the Edinburgh Postnatal Depression Scale (EPDS) (25, 26, 28), the State Trait Anxiety Inventory-6 (STAI-6) (25) and the Symptom Checklist-90 (SCL-90) (26). In addition, one study measured quality of life using the quality-of-life questionnaire (SF-36) (27), which assesses aspects such as emotional problems, emotional well-being and related domains (Table 2).

Regarding depressive or anxiety symptoms during pregnancy, one study (26) found not statistically significant differences between intervention Lactobacillus rhamnosus HN001 plus Bifidobacterium animalis ssp. lactis 420 and control groups, although minor variations were observed at 12 months of follow-up in EPDS test scores between the intervention groups containing fish oil and placebo versus probiotics and placebo (MD = −1.12, p = 0.039). In contrast, another study (25) reported significant reductions in depression mean differences (MD) scores in the intervention group (Lactobacillus rhamnosus HN001) compared to the control [MD = −1.2 95% CI (−2.3, −0.1)] and anxiety mean scores [MD = −1.0 95% CI (−1.9, −0.2)]. Regarding postpartum depression, one study (28) reported that at day 45, the intervention group (Limosilactobacillus reuteri PBS072 plus Bifidobacterium breve BB077) showed a significantly lower mean score (9.0 ± 4.8) compared to the control group (12.1 ± 5.9) (p < 0.001) and at day 90 (7.0 ± 3.3 vs. 10.8 ± 6.2, p < 0.001) (Table 2). Another study (27) showed not significant differences between intervention (Lactobacillus acidophilus La-5 plus Bifidobacterium animalis subsp. lactis Bb-12) and control groups regarding quality of life.



4.2 Secondary outcomes

From the 4 studies included in the review, only one (28) reported information about the secondary outcomes. Using the Breastfeeding Self-Efficacy Scale—Short Form (BSES-SF), they found that 45 and 90 days after the beginning of the intervention, breastfeeding quality and the baby’s crying/fussing significantly improved in the probiotic group. At 45 days postpartum, 81% of mothers in the intervention group reported improvement in crying/fussing events compared with 42% in the control group, while at 90 days postpartum the corresponding figures were 78 and 43%, respectively. In addition, the mean daily number of crying/fussing events was significantly lower in the probiotic group compared with the control group at both time points (p < 0.001).




5 Discussion

The evidence obtained in this study on the effect of prebiotics, probiotics, and synbiotics for preventing maternal mental health disorders is limited and heterogeneous. Only four RCTs met inclusion criteria, all focused on probiotics, highlighting a major research gap regarding prebiotics and synbiotics (19, 20). Importantly, by explicitly including prebiotics and synbiotics in the research question and search strategy, this review provides an updated assessment of the current evidence base and clearly demonstrates the absence of eligible RCTs for these interventions in perinatal mental health. While two trials reported improvements in depressive and anxiety symptoms (25, 28) others found no significant effects on mental health outcomes or quality of life (26, 27), in line with previous systematic reviews showing mixed results (19–21).

Importantly, the available evidence pertains to symptom-based outcomes rather than clinically diagnosed mental health disorders. Most studies allowed the presence of subthreshold symptoms and relied on self-reported measures rather than structured diagnostic interviews. Therefore, findings should be interpreted within a primary prevention framework focused on symptom reduction, rather than prevention of diagnosed mental health disorders.

Although secondary outcomes were reported in only one included trial, breastfeeding-related outcomes and infant crying/fussing are indirectly relevant to maternal mental health in the postpartum period. Postpartum depressive symptomatology has been consistently associated with less favorable infant-feeding outcomes, including breastfeeding difficulties and lower breastfeeding self-efficacy (29, 30). Moreover, evidence from systematic reviews and cohort studies indicates that excessive or inconsolable infant crying is associated with maternal depressive and anxiety symptoms, suggesting bidirectional and stress-mediated pathways (31–33). Nevertheless, because these secondary outcomes were reported in only one included trial, they should be interpreted cautiously and cannot be generalized.

Methodological heterogeneity likely explains these discrepancies, including wide variation in participant age (25, 28), intervention duration (27), probiotic strains and doses (34), and outcome measures. Some strains, such as Lactobacillus rhamnosus HN001 showed promising effects (25), but findings remain inconclusive due to limitations such as retrospective data collection and high dropout rates (26, 35). Other strains demonstrated benefits in specific populations or contexts (28, 36–40), suggesting context- and strain-specific effects.

Additional limitations include lack of standardized dosing (41), inadequate control of antibiotic use by participants in RCTs (25, 26, 28), reliance on self-reported adherence (42, 43), high microbiota variability (44, 45), heterogeneity in psychological instruments with varying validity (25, 26, 46–52) and absence of structured clinical interviews (53). Together, these issues underscore the need for well-designed, standardized RCTs to clarify the role of probiotics in maternal mental health.


5.1 Strengths and limitations

This systematic review followed PRISMA guidelines and was prospectively registered in PROSPERO, ensuring transparency and reproducibility. The search strategy was comprehensive, developed with a health sciences librarian, and applied across multiple databases without language or date restrictions. Study selection, data extraction, and risk of bias assessment (ROB2) were performed independently by two reviewers, with disagreements resolved by a third reviewer.

Limitations mainly reflect the scarcity and heterogeneity of the available evidence. Only four RCTs were identified, all evaluating probiotics, with no eligible trials assessing prebiotics or synbiotics. Differences in probiotic strains, doses, intervention duration, and outcome measures limited comparability across studies and precluded meta-analysis. Finally, the limited geographic representation may reduce generalizability to other populations and settings.




6 Conclusion

Current evidence on the effect of probiotics for preventing mental health disorders during pregnancy and postpartum is limited and heterogeneous, with no RCTs evaluating prebiotics or synbiotics. Although some studies report symptoms reductions, heterogeneity in strains, doses, intervention duration, and measurement tools limit conclusions. Well-designed and adequately powered RCTs are needed where maternal depressive and anxiety symptoms are primary outcomes, using standardized and strain-specific interventions, appropriate doses and durations, and harmonized assessment tools. Future trials should also explicitly evaluate prebiotics and synbiotics, as these remain major evidence gaps in perinatal mental health research.
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Cognitive dysfunction is an increasingly recognized complication of diabetes, contributing substantially to morbidity in the aging population, yet disease-modifying therapies remain scarce. Dietary intervention, a cornerstone of diabetes management, may offer neuroprotective potential. Low-carbohydrate ketogenic diets (LCKDs), typically restricting carbohydrates to <50 g/day, effectively improve glycemic control and metabolic health. Emerging preclinical and clinical evidence suggests that LCKDs may also confer cognitive benefits through mechanisms including enhanced mitochondrial bioenergetics, reduced neuro-inflammation, and modulation of the gut-brain axis. This narrative review critically evaluates the current evidence regarding the efficacy, mechanisms, and safety of LCKDs for managing diabetes-associated cognitive dysfunction, identifies key limitations in the existing literature, and proposes a framework for future research to enhance translational value.
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1 Introduction

The global prevalence of diabetes, particularly type 2 diabetes mellitus (T2DM), continues to rise, driven largely by population aging and the obesity epidemic (GBD 2021 Diabetes Collaborators, 2023; Sun et al., 2022; Antza et al., 2021; Lauder et al., 2023). This escalating trend contributes to a growing burden of diabetic complications on healthcare systems worldwide. Common macrovascular and microvascular complications, such as cardiovascular disease, nephropathy, and retinopathy, have long been the focus of clinical attention (Luk et al., 2025; Iwasaki et al., 2025; Alrubaiee, 2025; Nokihara et al., 2025). In recent years, however, cognitive dysfunction has emerged as a significant and increasingly recognized complication of diabetes. Epidemiological evidence indicates that among individuals aged 60 years and older with T2DM, the prevalence of dementia approaches 20% (Srikanth et al., 2020). Compared with normoglycemic counterparts, this population exhibits a 1.44-fold increased risk of mild cognitive impairment (MCI) (Jia et al., 2020) and a 2.8-fold higher risk of dementia (Schnaider Beeri et al., 2004). These findings highlight the pressing need for effective strategies to prevent and treat cognitive decline in diabetic patients, an area that remains largely unmet and warrants urgent investigation.

Despite growing recognition of this clinical challenge, several critical gaps persist in the existing literature. First, the pathophysiological mechanisms linking diabetes to cognitive impairment-encompassing insulin resistance, chronic neuro-inflammation, mitochondrial dysfunction, and vascular damage-are complex and incompletely understood, complicating the development of targeted interventions. Second, while dietary approaches have shown promise, most evidence derives from preclinical models or studies in non-diabetic populations with mild cognitive impairment or Alzheimer's disease, limiting direct applicability to diabetic cohorts. Third, available human studies are characterized by substantial heterogeneity in intervention protocols-including variations in carbohydrate thresholds, dietary fat composition, ketosis monitoring, and duration-as well as inconsistent outcome measures, which hinder cross-study comparison and synthesis. Fourth, safety considerations specific to diabetic patients, particularly regarding medication interactions (e.g., insulin, sodium-glucose cotransporter 2 inhibitors), renal function, and long-term metabolic effects, remain inadequately addressed. These gaps underscore the need for a critical evaluation of current evidence and a structured framework to guide future research.

Current management approaches for cognitive dysfunction in diabetes encompass multifactorial risk factor modification, treatment of underlying pathologies, and symptomatic interventions (Yang et al., 2022b; Sjöholm et al., 2025; Liu et al., 2020; Xu et al., 2025). Dietary patterns are increasingly recognized as modifiable risk factors, with healthy diets holding significant potential for neuroprotection. The low-carbohydrate ketogenic diet (LCKD), historically used for epilepsy, has demonstrated efficacy in improving hyperglycemia, facilitating weight loss, and ameliorating metabolic dysregulation in diabetes (Bruci et al., 2020; Ren et al., 2024; Merovci et al., 2024; Leung et al., 2025). Emerging evidence suggests that nutritional ketosis, characterized by beta-hydroxybutyrate (BHB) concentrations typically ranging from 0.5 to 5 mmol/L, confers dual benefits: it optimizes systemic metabolism and directly supports brain health by providing an alternative fuel source (Lennerz et al., 2021; Tosefsky et al., 2026). This review compiles and evaluates the evidence for LCKDs as a neuroprotective intervention for cognitive dysfunction in diabetes, with a focus on mechanistic pathways, clinical evidence, intervention heterogeneity, and safety considerations.



2 Defining the intervention and the target condition


2.1 Low-carbohydrate ketogenic diets: a spectrum of interventions

Dietary regimens restricting carbohydrates are heterogeneous. A daily carbohydrate intake below 130 g is generally classified as low-carbohydrate, while intakes ≤ 50 g per day is typically required to induce and maintain nutritional ketosis, defining a ketogenic diet (Charlot and Zoll, 2022; Sakr et al., 2023). Critically, not all low-carbohydrate diets are ketogenic. Moreover, ketogenic diets themselves vary considerably in their macronutrient composition. These include classic low-carbohydrate ketogenic diets (LCKDs), which are high in fat and moderate in protein; modified Mediterranean-ketogenic diets (MMKDs); and very-low-calorie ketogenic diets (VLCKDs) (Sukkar and Muscaritoli, 2021; Di Renzo et al., 2023; Calcaterra et al., 2023). These variations in macronutrient composition, calorie prescription, and duration significantly influence ketosis depth, metabolic effects, and tolerability, necessitating careful consideration when interpreting study outcomes.



2.2 Diabetes-associated cognitive dysfunction: phenotypes and outcomes

Cognitive dysfunction in diabetes represents a multifactorial continuum, typically classified into asymptomatic decline, MCI, and dementia. The associated dementia phenotypes are broadly categorized into two types: vascular dementia (VaD), resulting from cerebrovascular damage, and Alzheimer's disease (AD)-like pathology, driven by neurodegenerative alterations potentially accelerated by diabetes (Li et al., 2023; van Sloten et al., 2020; Zhang et al., 2023). Key cognitive domains affected include information processing speed, executive function, and memory (Murali et al., 2025; Palta et al., 2014), with assessment relying on standardized neuropsychological tools such as the Montreal Cognitive Assessment (MoCA), Mini-Mental State Examination (MMSE), and domain-specific tests (Wang and Chen, 2025; Wei et al., 2025; Carlew et al., 2021). Interpretation of intervention effects requires simultaneous consideration of diabetes-related parameters, including hypoglycemia history (Lee et al., 2014), microvascular burden (Satapathy et al., 2025), and neuroimaging markers like white matter hyperintensities (WMH) (Lee et al., 2014; Sugimoto et al., 2025) and cerebral blood flow (CBF) (Li et al., 2024; Mondal et al., 2024; Chen et al., 2025). To structure the evidence, Table 1 summarizes the key cognitive outcomes and relevant diabetes-related parameters reported in clinical studies.

TABLE 1 Summary of key outcomes in studies of ketogenic diets for cognitive dysfunction.


	Author/Year/[reference]
	Diabetes or not
	Types of animal/participants
	Data of laboratory/ clinical
	Types of ketogenic diets
	Neurological assessment tools
	Relevant diabetes/CNS parameters
	Effect (conclusion)



	(Tosefsky et al. 2026)
	Not
	Participants
	Clinical
	MeDi-MCT vs. MeDi-KD
	MDS-UPDRS, MoCA, PD-CRS
	BHB, Brain BHB, plasma medium chain fatty acids, MDS-UPDRS
	MeDi-MCT(Positive) MeDi-KD(Negative)


	(Luong et al. 2025a)
	Not
	Participants
	Clinical
	KD
	Neuropsychological test
	HbA1c, BHB, BDNF, CBF
	Positive


	(Patoine et al. 2025)
	Prediabetic adults
	Participants
	Clinical
	MMKD
 MD
	MoCA
	BMI/DCCS, FName, Flanker, LSWM, PSMT, RAVLD, rey auditory verbal Learning Delay, Speed Matching Test
	Obesity (Positive); Not-obesity: (Negative)


	(Roslund et al. 2025)
	Not
	Middle-aged female mice
	Laboratory
	KD
	Not mentioned
	BHB, glucose catabolism, glucose-alanine cycle, brain glucose-dependent energy metabolism, lactate production downstream from glucose/hippocampus metabolome, cortex metabolome, hippocampal metabolites involved in myelinogenesis
	Positive


	Arabacı Tamer et al. (2025)
	Diabetes
	Adult male Wistar rats
	Laboratory
	KD
	Hole-board test, Elevated plus maze test, Object recognition test
	MDA, GSH, S100β, TNF-α, IL-6, BDNF, 8-OHdG, Ketone levels, Fasting glucose levels/Neuronal integrity (histopathological and immune-histochemical analyses of CA1, CA3, and dentate gyrus regions)
	Positive


	Abdel-Kareem et al. (2025)
	Insulin-resistant
	Rats
	Laboratory
	KD
	MWM
	IR index (homeostasis model assessment), BDNF, IDE activity, GSK3β activity, Tau protein, Aβ
	Negative


	(Park et al. 2024)
	Not
	Mice
	Laboratory
	MMKD
	Neurocognitive and neuromuscular function
	GTT, ITT, object Recognition Test, location Memory Test, T-maze Spontaneous Test, neuromuscular and motor function test
	Positive


	(Ren et al. 2024)
	Diabetes
	db/db mice
	Laboratory
	KD
	Not mentioned
	Fasting blood glucose, body weights/mRNA-seq analysis of brain gene expressions, DEGs in the brain, GSEA Proteasomal activity in the brain
	Positive


	Acuña-Catalán et al. (2024)
	Not
	aged mice
	Laboratory
	KD
	Elevated plus maze, Novel object recognition, Open field, Y-maze, Barnes maze, Rotarod
	Glycemia, BHB blood concentration/Elevated plus maze, open field, Y-maze, Barnes maze, Rotarod, novel object recognition, hippocampal slices electrophysiology, golgi staining, morphometric analysis of pyramidal neurons
	Positive


	(Di Lucente et al. 2024)
	Not
	Aged C57BL/6 mice
	Laboratory
	KD
	Open field, Y-maze, Barnes maze
	BHB/LTP, BDNF, p-ERK, p-CREB, glutamate release
	Positive


	(Gureev et al. 2024)
	Not
	Mice
	Laboratory
	BHB
	MWM, String Test
	String test, Rod test, Rotarod test, MWM, Mitochondrial metabolism, Tissue ATP levels, Nrf2/ARE signaling pathway activity, Antioxidant defenses, Inflammation status
	Positive


	(Jiang et al. 2023)
	Not
	APP/PS1 mice
	Laboratory
	KD
	NORT,Y-maze spontaneous alternation test
	Blood sugar levels, hyperinsulinemia, glucose metabolism, insulin sensitivity/Recognition index, Y-maze spontaneous alternation, Aβ deposition, GFAP expression, Iba1 expression, Nrf2 protein level HO-1 protein level, Phospho-IκBα protein level, NF-κB p65 protein level, Learning and memory capacity
	Positive


	(Rutkowsky et al. 2024)
	Not
	TgF344-AD rats
	Laboratory
	KD
	Elevated plus maze, open field, grip strength, rotarod, Barnes maze
	Glucose, ketone measurements/Barnes maze performance, rotarod test performance, grip strength, Aβ40, Aβ42, pTau, total Tau
	Negative


	(Dilmore et al. 2023)
	Prediabetic adults
	participants
	Clinical
	MMKD
	Not mentioned
	Hb1Ac,insulin/Aβ42, tau, cerebral ketone body uptake, cerebral perfusion
	Positive


	(Qin et al. 2023)
	Not
	APP/PS1mice
	Laboratory
	KD
	MWM,Y maze
	BHB/learning and memory ability, Brain iron deposition, Aβ, Neuronal ferroptosis, Nrf2-mediated ferroptosis pathway activity
	Positive


	(Di Renzo et al. 2023)
	Not
	Participants
	Clinical
	MMKD
	Fibromyalgia Tests
	EQ-5D
	Positive


	(Yang et al. 2022a)
	Not
	Female C57BL/6 mice
	Laboratory
	KD
	MWM
	BHB, Blood glucose/Aβ, p-tau, BACE1, BDNF, DCX, Iron deposition, Lipid peroxides accumulation, MDA, GSH, GPX4
	Positive


	(Kumar et al. 2022)
	Not
	Participants
	Clinical
	MMKD vs. AHAD
	ADNI-2, NIA-AA, LP, MRI
	Aβ1-42, p181-tau, NfL, Ng, glutamate, glutamate receptor ionotropic NMDA1, glutamate receptor ionotropic NMDA2A, glutamate receptor ionotropic NMDA2B, glutamate receptor ionotropic AMPA type subunit 1, AGEs, MCT2
	Positive


	(Brinkley et al. 2022)
	Not
	Participants
	Clinical
	MMKD vs. AHAD
	ADNI-2, NIA-AA
	Aβ42, Aβ40, total tau, tau-p181, Ng, sTREM2, YKL40, NfL, AChE activity, BChE activity, Aβ42/Aβ40 ratio, Aβ42/tau-p181 ratio, tau-p181/tau ratio, AChE/BChE activity
	Positive


	(Wang et al. 2021)
	Not
	PTZ-induced and kindled rats
	Laboratory
	KD
	MWM
	GluR1 (mRNA and protein expression), NR2B (mRNA and protein expression), MAPK activity, CAMKII activity
	Positive


	(Neth et al. 2020)
	Not
	Participants
	Clinical
	MMKD
	FCSRT, WMS-R, ADAS-Cog12
	HbA1c, Glucose, Insulin/Aβ42, tau, Ng, Cerebral perfusion, Cerebral 11C-AcAc uptake, Executive function, attention, verbal abilities, emory, Capillary BHB
	Positive


	(Siegmann et al. 2019)
	Prediabetic adults and diabetes
	Participants
	Clinical
	Nutritional ketosis
	PSQI
	Weight, fasting blood glucose, HbA1c, HOMA-IR, BHB and hsCRP
	Positive


	(Nagpal et al. 2019)
	Not
	Participants
	Clinical
	MMKD vs. AHAD
	Not mentioned
	Aβ42, Aβ40, total tau, tau-p181
	Positive


	(Xu et al. 2010)
	Not
	Aged rats
	Laboratory
	KD
	Object recognition test, T-maze test, Inclined screen test
	Blood ketone levels, BHB/Cognitive performance, T-maze test: alternation rate, time to choose arms, Object recognition test, new object exploration percent, Motor performance, Inclined-screen test, Brain cortex parameters, HIF-1a protein levels, Capillary density
	Positive






3 Neuroprotective mechanisms of ketogenic diets

The pathogenesis of diabetic cognitive dysfunction involves complex interactions between metabolic dysfunction and neurodegeneration. Key contributors include insulin resistance, cerebral microvascular damage, chronic neuroinflammation, oxidative stress, mitochondrial dysfunction, and dysregulation of the gut-brain axis (Yang et al., 2022b; Li et al., 2023; Wang et al., 2022; Little et al., 2022; Yue et al., 2024; Elzinga et al., 2025; Chen et al., 2023). Emerging evidence suggests that ketogenic diets may mitigate cognitive decline by targeting these interconnected pathways (Figure 1). This section synthesizes the evidence for these mechanisms, integrating recent findings and calibrating conclusions to the strength of the available data.
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FIGURE 1
 Proposed mechanisms by which low-carbohydrate ketogenic diets (LCKDs) alleviate diabetes-associated cognitive dysfunction. LCKDs elevate beta-hydroxybutyrate (BHB), which activates InsR/IRS/PI3K/AKT signaling, inhibits GSK-3β and FOXO1, and upregulates Nrf2 to reduce oxidative stress (ROS/GSH). BHB also suppresses NF-κB-driven neuro-inflammation (IL-1β, IL-6, TNF-α), decreases P-tau and Aβ, and inhibits ferroptosis via GPX4 and lipid peroxidation. Concurrently, LCKDs modulate the gut-brain axis by enriching Akkermansia and short-chain fatty acids, thereby attenuating systemic and central inflammation. These interconnected pathways collectively preserve cognitive function in diabetes.



3.1 Amelioration of insulin resistance

Insulin resistance is a core pathophysiological feature linking T2DM to cognitive impairment. In the brain, insulin resistance disrupts signaling pathways crucial for neuronal survival, synaptic plasticity, and energy homeostasis. Notably, insulin-degrading enzyme (IDE) is responsible for cleaving both insulin and amyloid-beta (Aβ); hyperinsulinemia can competitively inhibit Aβ clearance (Kellar and Craft, 2020). The phosphatidylinositol-3 kinase/protein kinase B (PI3K/Akt) pathway, a key downstream insulin signaling cascade, is implicated in both diabetes and cognitive function (Constantino et al., 2018).

Preclinical studies indicate that ketogenic diets may modulate these pathways. In a rodent model of bipolar disorder, a ketogenic diet modulated the PI3K/Akt/HIF-1α pathway, coinciding with improved insulin sensitivity and cognitive performance (Campbell and Campbell, 2020). Short-term carbohydrate restriction in patients with MCI has been associated with reduced insulin resistance and neuroinflammation, alongside memory improvements (Gibas, 2017; Carneiro and Leloup, 2020). Mechanistically, studies in epileptic rats suggest that ketogenic diets may enhance cognitive function by modulating glutamate receptor expression and suppressing excessive MAPK pathway activation (Wang et al., 2021). Recent evidence further demonstrates that BHB directly inhibits class I histone deacetylases (HDACs), thereby upregulating genes associated with oxidative stress resistance and potentially influencing insulin sensitivity at the transcriptional level (Shimazu et al., 2013; Pali et al., 2025). While these findings are promising, direct evidence within diabetic populations remains limited and warrants further investigation.



3.2 Modulation of brain structure, metabolism, and perfusion

Cognitive dysfunction is underpinned by structural and functional cerebral alterations, including neuronal loss, impaired synaptic plasticity, and reduced cerebral blood flow (Liu Q. et al., 2025). Ketone bodies, particularly BHB, serve not only as an efficient brain fuel but also as signaling molecules that may influence these processes.

In aged mice, a ketogenic diet modulated the cortical synaptic proteome via the PKA signaling pathway, enhancing synaptic organization and improving memory (Acuña-Catalán et al., 2024). In APP/PS1 mice, a model of AD, a ketogenic diet restored hippocampal long-term potentiation (LTP)-a cellular correlate of learning and memory-through a BHB-mediated mechanism involving enhanced synaptic plasticity, reduced microglial inflammation, and increased brain-derived neurotrophic factor (BDNF) (Di Lucente et al., 2024). Ketogenic diets have also been shown to upregulate BDNF in the mouse cerebral cortex and reduce Aβ deposition and blood-brain barrier damage (Di Lucente et al., 2024; Al-Kuraishy et al., 2024; Yang et al., 2022a). In aged rats, cognitive improvement following a ketogenic diet was associated with elevated hypoxia-inducible factor-1α (HIF-1α) and subsequent cerebrovascular angiogenesis (Xu et al., 2010).

The latest clinical studies also provide evidence for the neuroprotective mechanism of LCKD. A modified Mediterranean-ketogenic diet (MMKD) has been associated with improved metabolic profiles, elevated cerebrospinal fluid Aβ42 levels, reduced tau protein, and increased whole-brain perfusion in neuroimaging studies (Neth et al., 2020). Furthermore, a 3-week intervention study with LCKD was shown to significantly increase plasma BHB levels, raise cerebral blood flow by 22%, and elevate plasma BDNF levels by 47% in healthy subjects (Luong et al., 2025a). These findings indicate that LCKD may serve as a potential approach for preventing and managing cognitive decline. These findings collectively suggest that ketogenic diets may exert neuroprotective effects through direct modulation of brain structure, metabolism, and perfusion.



3.3 Attenuation of neuroinflammation and oxidative stress

Chronic neuroinflammation and oxidative stress are pivotal in the pathogenesis of diabetic cognitive dysfunction. Hyperglycemia promotes oxidative stress and the accumulation of advanced glycation end products (AGEs), contributing to neurovascular injury (Michailidis et al., 2022). Microglia, the brain's resident immune cells, can become chronically activated, shifting to a pro-inflammatory (M1) phenotype and releasing cytokines such as interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α), which exacerbate neuronal damage (Hou et al., 2025; Adamu et al., 2024).

Ketone bodies exhibit anti-inflammatory and antioxidant properties. In a mouse model of ischemic stroke, administration of BHB improved cognitive performance post-stroke, an effect attributed to enhanced neuronal plasticity, anti-inflammatory activity, and antioxidant capacity (Gureev et al., 2024). A 3-month ketogenic intervention in APP/PS1 mice reduced cerebral Aβ deposition and decreased pro-inflammatory cytokine levels, correlating with improved learning and memory (Jiang et al., 2023). Mechanistically, these benefits were linked to suppression of the nuclear factor-κB (NF-κB) inflammatory pathway and concurrent activation of the nuclear factor erythroid 2-related factor 2/heme oxygenase-1 (Nrf2/HO-1) antioxidant axis (Shippy et al., 2025). Recent evidence extends these findings, demonstrating that BHB suppresses NLRP3 inflammasome activation in microglia, thereby attenuating neuroinflammatory responses (Shippy et al., 2020). While compelling, these findings require replication in models of diabetic cognitive dysfunction specifically.



3.4 Restoration of mitochondrial function

Mitochondrial dysfunction is a hallmark of both diabetes and neurodegenerative diseases. Impaired mitochondrial bioenergetics and defective mitophagy-the selective clearance of damaged mitochondria-contribute to neuronal stress and death (Carvalho and Moreira, 2023; Shafiee et al., 2025). In the BTBR mouse model of neurodevelopmental disorders, a 2-week ketogenic diet improved mitochondrial function and ameliorated behavioral and cognitive deficits (Ahn et al., 2020). The neuroprotective effects are hypothesized to stem from ketosis-induced enhancement of mitochondrial efficiency, reduced oxidative stress, and modulation of inflammatory pathways (Pawłowska et al., 2025; Paoli et al., 2024; Jang et al., 2023).

Recent advances have elucidated more specific mechanisms. Ketone bodies have been shown to enhance mitochondrial respiration and reduce reactive oxygen species (ROS) production by increasing the oxidized-to-reduced coenzyme Q (CoQ) ratio (Sato et al., 1995; Veech et al., 2001; Puchalska and Crawford, 2017). Additionally, BHB promotes mitochondrial biogenesis via activation of the PGC-1α pathway (Gómora-García et al., 2023; Hasan-Olive et al., 2019; Nesterova et al., 2024). A recent study in aged mice demonstrated that intermittent ketogenic feeding preserved mitochondrial function and neuromuscular junction integrity, correlating with improved cognitive and physical performance (Rutkowsky et al., 2024; Wallace et al., 2021; Roslund et al., 2025). However, direct evidence linking ketogenic diet-induced changes in mitochondrial function to cognitive outcomes in diabetes-specific models remains an important research priority.



3.5 Regulation of the gut-brain axis

The gut microbiota and its metabolites are increasingly recognized as modulators of brain function via the gut-brain axis. In older adults with MCI, a MMKD intervention altered gut microbiota composition, increasing the abundance of specific taxa (e.g., Enterobacteriaceae, Akkermansia) and increasing fecal short-chain fatty acid (propionate, butyrate) levels (Nagpal et al., 2019). These changes correlated with reduced AD pathological markers in cerebrospinal fluid and improved cognition. In MCI patients, a ketogenic diet reduced levels of GABA-producing gut microbes and fecal GABA, while increasing GABA-lowering taxa, suggesting modulation of GABA signaling as a potential mechanism for cognitive improvement (Dilmore et al., 2023).

More recent research has identified that ketogenic diets increase the Akkermansia muciniphila abundance, which is associated with improved gut barrier function and reduced systemic inflammation (Tang et al., 2025; Chelakkot et al., 2018; Paone et al., 2026). The resulting reduction in peripheral inflammatory cytokines may subsequently decrease neuroinflammation via the vagus nerve and circumventricular organs (Hosoi et al., 2002; Dantzer et al., 2000). These findings highlight the gut-brain axis as a promising therapeutic target, though the specific contribution of these microbial shifts to cognitive outcomes in diabetic populations requires further exploration.



3.6 Inhibition of ferroptosis

Ferroptosis, an iron-dependent form of regulated cell death driven by lipid peroxidation, has emerged as a potential mechanism in neurodegenerative diseases (Ursini and Maiorino, 2020; Xu et al., 2024; Liu et al., 2024; Wang et al., 2025; Kazmirczak et al., 2024; Chen et al., 2022a; Liu and Wang, 2022). Its relevance to cognitive dysfunction is supported by studies showing that inhibiting ferroptosis alleviates cognitive deficits in rodent models of ischemia-reperfusion injury and AD (Wang et al., 2023; Naderi et al., 2025; Sousa et al., 2023; Chen et al., 2022b; Fu et al., 2022; Lu et al., 2025; Li et al., 2025). A recent study reported that a low-carbohydrate diet suppressed ferroptosis, activated the hippocampal Sirt1-Nrf2 axis, and ameliorated sleep deprivation-induced cognitive dysfunction and AD-like pathology in mice (Yang et al., 2022a). In APP/PS1 mice, a 12-week low-carbohydrate diet intervention improved cognitive function, an effect potentially mediated by BHB-induced Nrf2 activation and subsequent regulation of neuronal ferroptosis and Aβ accumulation (Qin et al., 2023).

Collectively, these convergent mechanisms position ketone bodies as pleiotropic metabolites restoring cellular homeostasis under metabolic stress. In diabetes, where chronic hyperglycemia disrupts multiple adaptive pathways, nutritional ketosis recalibrates redox balance, energy availability, and inflammatory tone-systems-level determinants of neuronal resilience. This mechanistic breadth supports ketogenic metabolic therapy as a disease-modifying strategy warranting prioritized investigation in diabetic populations at risk for cognitive decline.




4 Safety and clinical considerations in diabetes

Implementing ketogenic diets in individuals with diabetes requires rigorous safety monitoring due to potential interactions with glucose-lowering medications and the presence of underlying comorbidities. Short-term adverse effects commonly include gastrointestinal disturbances and electrolyte imbalances collectively termed “keto flu” (Dyńka et al., 2026; Bostock et al., 2020; Sáenz de Pipaón et al., 2020). Long-term risks, however, necessitate more nuanced consideration in this population.


4.1 Medication interactions

Concomitant use of insulin or insulin secretagogues (e.g., sulfonylureas) with carbohydrate restriction significantly elevates hypoglycemia risk, mandating dose reductions upon diet initiation and continued adjustment throughout the intervention. The combination with sodium-glucose cotransporter-2 inhibitors warrants particular caution due to an increased, albeit rare, risk of euglycemic diabetic ketoacidosis (Long et al., 2021; Peters et al., 2015; Nasa et al., 2021). Recent evidence from a long-term case report demonstrated a 43% reduction in daily insulin requirements with ketogenic diet implementation, underscoring the necessity for substantial dose adjustments upon diet initiation (Koutnik et al., 2024; Gardemann et al., 2023; Wolver et al., 2021). Clinical practice guidelines emphasize the importance of close glucose monitoring and individualized insulin modification to mitigate hypoglycemia risk.



4.2 Dyslipidemia

Ketogenic diets high in saturated fat may elevate low-density lipoprotein cholesterol in susceptible individuals termed “hyper-responders,” potentially exacerbating cardiovascular risk (Norwitz et al., 2021; Budoff et al., 2024). Lipid profiles should be monitored at baseline and periodically during intervention (Kirkpatrick et al., 2019), with emphasis on dietary fat quality prioritizing monounsaturated and polyunsaturated fats over saturated fats (Liu Y. et al., 2025).



4.3 Renal considerations

High dietary protein intake, common in some low-carbohydrate ketogenic diet versions, may increase glomerular pressure and warrants caution in patients with chronic kidney disease (de Lorenzo et al., 2024). Nephrolithiasis represents a recognized risk, particularly attributable to urinary pH changes and hypocitraturia, with adequate hydration and potassium citrate supplementation potentially mitigating this risk (Ko et al., 2020).



4.4 Nutrient deficiencies

Long-term carbohydrate restriction may precipitate deficiencies in vitamins (e.g., B vitamins, vitamin D), minerals (e.g., magnesium, selenium), and fiber, necessitating supplementation or structured dietary planning with a registered dietitian (Churuangsuk et al., 2019; Tay et al., 2020).



4.5 Contraindications

Absolute contraindications include pregnancy, lactation, eating disorders, pancreatitis, liver failure, and specific metabolic disorders such as carnitine deficiency, porphyria, and pyruvate carboxylase deficiency (Tay et al., 2020; Barrea et al., 2024). Relative contraindications require careful risk-benefit assessment on an individual basis. These safety considerations collectively underscore the necessity of multidisciplinary management when implementing ketogenic interventions in diabetic populations.




5 Limitations and future directions

This review synthesizes current evidence positioning ketogenic metabolic therapy as a potential neuroprotective strategy for diabetes-associated cognitive dysfunction, yet several limitations warrant acknowledgment. The existing literature remains predominantly preclinical, with human studies confined to small samples, short durations, and heterogeneous interventions that impede cross-study comparison. Most clinical evidence derives from mild cognitive impairment or Alzheimer's disease populations rather than diabetic cohorts, limiting direct translatability. Furthermore, the absence of standardized cognitive endpoints and inconsistent reporting of diabetes- relevant parameters-such as hypoglycemia history, microvascular burden, and neuroimaging markers-precludes definitive conclusions regarding efficacy.

Moreover, the ε4 allele of apolipoprotein E (APOE4) represents the strongest genetic risk factor for Alzheimer's disease (AD), conferring an approximately fourfold increase in AD risk among ~34 million American women and 75 million European women. Metabolic deficits in the brain are detectable in APOE4 carriers decades before clinical symptom onset (Di Lucente et al., 2026). The Alzheimer's Disease Assessment Scale-Cognitive Subscale (ADAS-Cog) is widely regarded as the gold standard for assessing cognitive impairment in AD. Interventions based on ketogenic diets (KD) or medium-chain triglycerides (MCT) have been associated with improvements in ADAS-Cog scores, particularly in individuals who are APOE4 non-carriers (Taylor et al., 2017; Reger et al., 2004). Specifically, MCT supplementation has been linked to improved ADAS-Cog performance in APOE4-negative individuals, whereas no statistically significant cognitive benefits have been observed among APOE4-positive participants (Reger et al., 2004). In a multicenter, randomized, placebo-controlled trial, supplementation with AC-1202 led to significant improvements in ADAS-Cog scores in individuals who were APOE4-negative with mild-to-moderate Alzheimer's disease, while no significant benefit was detected in those carrying the APOE4 allele (Henderson et al., 2009). Collectively, these findings highlight the critical role of APOE4 genotype in modulating the therapeutic response to ketogenic interventions and underscore the need for genotype-informed, personalized treatment strategies.

Several priorities emerge for future investigation. First, rigorous randomized controlled trials are needed in phenotypically characterized diabetic populations, incorporating standardized cognitive batteries alongside concurrent assessment of glycemic control, vascular status, and brain imaging biomarkers (Luong et al., 2025b; Dyńka et al., 2026). Second, intervention protocols require harmonization regarding carbohydrate thresholds, dietary fat quality, ketosis monitoring, and duration to enable cross-study comparability. Third, mechanistic studies integrated within clinical trials should confirm target engagement-via neuroimaging of brain ketone uptake or cerebrospinal fluid analysis of neurodegenerative and inflammatory markers-and identify response biomarkers to guide patient stratification. Fourth, long-term safety data beyond 12 months are essential, particularly regarding cardiovascular outcomes, renal function, and medication interactions in diabetic patients with varying comorbidities.

Addressing these priorities will determine whether ketogenic metabolic therapy can transition from mechanistic promise to evidence-based clinical application for mitigating cognitive decline in the aging diabetic population.



6 Conclusions and future perspectives

Current evidence suggests ketogenic diets exert neuroprotection against diabetes-associated cognitive dysfunction through synergistic mechanisms-improved insulin sensitivity, reduced neuro-inflammation, enhanced mitochondrial function, and gut-brain axis modulation. Substantial gaps remain, however. The evidence base is predominantly preclinical; human studies are limited by small sample sizes, short durations, and heterogeneous interventions. Inconsistent outcome reporting and insufficient attention to diabetes-specific safety further limit translational value.

Advancing the field requires: (i) rigorous randomized trials in diabetic populations using standardized cognitive endpoints; (ii) harmonized intervention protocols defining carbohydrate thresholds, fat quality, and ketosis monitoring; (iii) evidence-based safety guidelines tailored to diabetes, including long-term data beyond 12 months; and (iv) mechanistic studies integrated within trials to confirm target engagement and identify response biomarkers.

Addressing these priorities is essential to determine whether ketogenic metabolic therapy represents a safe, effective strategy to mitigate cognitive decline in the aging diabetic population.
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Preparation of Pleurotus citrinopileatus Powder:

The Pleurotus citrinopileatus extract will be prepared by
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standardized to 1 % (w/w) ergothioneine (10 mg/g on a dry

weight basis).
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Figure 2. Flowchart of participant enrollment, allocation, follow-up, and analysis.
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