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Editorial on the Research Topic
 Nutrition and neurobehaviors




The interplay between nutrition and brain health has become a critical area of research. Examining how dietary choices impact cognitive function, mental wellbeing, and the risk profile of neurodegenerative diseases (1). A growing body of evidence demonstrates that diet significantly influences biochemical pathways regulating brain structure and function. Several nutrients play pivotal roles in neuroprotection, synaptic plasticity, and the mitigation of oxidative stress and inflammation, which are central to neurodegenerative processes Picone et al. (2). Therefore, diet quality and/or nutrient deficiency can affect brain function at different levels: neurotransmission, homeostasis, neuroinflammation, neurodegeneration, and neurodevelopment, among many more.

Studies included in our Nutrition and Neurobehaviors Research Topic highlight the critical interplay between nutrition and brain health, emphasizing the role of diet in cognitive function, mental wellbeing, and neurodegenerative disease risk. Evidence shows that high diet quality modulates biochemical pathways regulating brain structure and function. With nutrients like omega-3 fatty acids, antioxidants, vitamins, and minerals playing essential roles in neuroprotection, synaptic plasticity, and mitigating oxidative stress and inflammation, which are key contributors to the neurodegenerative processes Picone et al. (2).

The Mediterranean diet, abundant in fruits, vegetables, whole grains, and healthy fats, is rich in antioxidants, vitamins, and minerals that neutralize free radicals linked to neuronal degeneration Picone et al. Bioactive compounds present in the Mediterranean diet, such as polyphenols and omega-3 fatty acids, contribute to epigenetic mechanisms like DNA methylation and histone modification, reducing inflammation and activating antioxidant pathways (3). These compounds also modulate the gut-brain axis, a bidirectional communication system influenced by diet. A healthy, fiber-rich gut microbiota enhances cognitive function and emotional resilience through neural, endocrine, and immune interactions (4). For instance, Huang et al. reported that individuals with suicidal ideation had lower fiber intake, suggesting that dietary fiber may influence suicidal thoughts by modulating the gut microbiota's microbial composition and enhancing serotonin synthesis. Serotonin, a critical neurotransmitter in emotional regulation, is associated with an increased risk of suicidal behavior at low levels (5). Additionally, short-chain fatty acids (SCFAs), produced from dietary fiber fermentation, can inhibit histone deacetylases, induce epigenetic modifications, and upregulate brain-derived neurotrophic factor (BDNF) levels, potentially reducing suicide risk (6).

Conversely, Western diets high ultra-processed foods and refined sugars, disrupt the gut microbiota, potentially exacerbating neuroinflammation and psychosis. Kennedy et al. reported that individuals with psychosis consumed diets higher in processed carbohydrates and refined sugars, which may destabilize the gut microbiome and increase insulin resistance Kennedy et al. (7). Anti-inflammatory diets rich in omega-3 fatty acids, cruciferous vegetables, and probiotics and low in processed carbohydrates and refined sugars have been shown to regulate metabolic processes through SCFA production, which is commonly disturbed in psychiatric disorders Kennedy et al. (8). SCFAs exert their anti-inflammatory effects and improve intestinal barrier function through different mechanisms, such as pH modulation and activating G-protein-coupled receptors, which enhance the function of the tight junctions (9, 10). Serum vitamin D levels were shown to be inversely associated with anxiety risk in US adults Wen et al. as well as with sleep disorders Arabshahi et al..

Functional foods such as royal jelly (RJ) provide neuroprotective characteristics such as anti-inflammatory and antioxidant properties and enhance brain function by promoting hippocampal granule cell regeneration (11). Similarly, Liu J. et al. reported that elderly stroke patients with lower geriatric nutritional risk index scores were more likely to develop post-stroke cognitive impairment. In this context, RJ supplementation post-stroke is considered a potential alternative intervention for mitigating complications (Karimi et al.). The neuroprotective effects of RJ are mediated by the activation of AMP-activated protein kinase (AMPK), which suppresses apoptotic, inflammatory, and oxidative pathways, including microglial inflammation. Furthermore, RJ consumption is hypothesized to enhance the production of neurotrophins such as BDNF and nerve growth factor (NGF), promoting synaptogenesis, neurogenesis, and acetylcholine production (12). Both studies advocate for a delicate approach to nutritional research, recognizing that factors such as health status, sex-specific differences, and nutrient interactions play crucial roles in mental health outcomes.

The relationship between diet and anxiety is complex and influenced by multiple interconnected factors (13–16). Recent research highlights the pivotal role of the gut microbiome as a key mediator of mental health. Nutrient-dense diets provide antioxidants, prebiotics, and probiotics essential for brain and gut health. Western diets are associated with increased anxiety-like behaviors, potentially due to their contribution to stress (Basso et al.). A primary mechanism underlying this relationship appears to be the pro-inflammatory nature of these foods inducing dysbiosis, and amplifying the stress response. The lack of fiber and other prebiotic agents reduces beneficial butyrate-producing bacteria such as Faecalibacterium and Roseburia, which are known to mitigate stress-related mood decline. Butyrate, a short-chain fatty acid, supports colonic health and inflammation management, potentially contributing to its anxiolytic effects. Additionally, a high intake of added sugars promotes an increase in the Firmicutes/Bacteroidetes ratio while reducing butyrate-producing bacteria. Likewise, trans-fatty acids and processed meats negatively impact microbial diversity, further reinforcing the connection between unhealthy dietary choices and a compromised gut microbiome.

In contrast, diets rich in fruits, vegetables, and fiber promote beneficial gut bacteria, reducing inflammation and enhancing gut health. Individuals consuming a high intake of fruits and vegetables exhibit greater Faecalibacterium abundance compared to those in a placebo group. Similarly, fermented vegetable consumption has been linked to increased levels of Faecalibacterium prausnitzii and Roseburia faecis. Whole-grain intake also positively influences these beneficial bacteria. Rodríguez-Rangel et al. linked microbiota imbalances to binge-type eating behaviors and heightened susceptibility to anxiety-like behaviors. Research on specific nutrients such as omega-3 fatty acids, has yielded mixed results regarding anxiety outcome. Discrepancies may stem from variations in study design, sample size, and the type of omega-3 fatty acids examined. Additionally, factors such as age, sex, and overall health status may mediate these effects, stressing the need for personalized research approaches. Notably, sex-specific effects have been observed, with dietary components and gut bacteria exerting different effects on males and females. For example, a positive association exists between red meat consumption and anxiety in females but conflicting results in males. Moreover, specific gut bacteria exhibit sex-dependent associations with anxiety symptoms, further emphasizing the complexity of this relationship.

Gut microbiome research also extends to postpartum depression (PPD). Abdulrahim et al. highlight the impact of early microbiome establishment on maternal mental health. The observed decline in exclusive breastfeeding (EBF) rates among mothers with PPD may be exacerbated by dietary factors that disrupt the gut microbiome, leading to decreased levels of beneficial bacteria known to mitigate stress-related mood decline. In regions where access to nutrient-dense foods is limited, mothers may be particularly vulnerable to gut dysbiosis, worsening PPD symptoms (18). Furthermore, adopting intuitive and mindful eating habits have been reported to reduce mental distress (Acik and Aslan Cin).

Cognitive function refers to mental processes such as memory, attention, learning and problem-solving. Studies have identified that impairments in cognitive function most often leads to mild cognitive impairment (MCI) and eventually dementia (17). Studies by Gabriel Garrido-Dzib et al., Zhang et al., and Jiang et al. published in our Research Topic highlighted the importance of diet on cognitive function. More specifically, a study conducted in Yucatan, Mexico reported that the dietary pattern of individuals with mild cognitive impairment (MCI) and dementia have nutritional deficiencies. The findings recommended that adequate dietary intake of vegetables, fruits, and protein could improve the quality of life of patients with cognitive impairment (Gabriel Garrido-Dzib et al.). Furthermore, a study in middle-aged and elderly people in China found that berries, grapes, and red wine consumption can protect the basic cognitive state of the middle-aged and elderly, and the protective function is related to the Jiang et al.. Food security for cognitive health in the elderly is important to enhance cognitive functioning (Zhang et al.).

Our Research Topic also included studies addressing the role of specific nutrients on cognitive function. For instance, creatine monohydrate supplementation may confer beneficial effects on cognitive function in adults, particularly in the domains of memory, attention time, and information processing speed (Xu et al.). In addition, an optimal concentration range for serum levels of trimethylamine N-oxide (TMAO), betaine, and carnitine t mitigates MCI risk, paving the way for enhanced dietary interventions aimed at preventing and treating MCI (Bai et al.). Vitamin D has been shown to play an important role in cognitive function along with physical activity (Guo et al.). Larger, robust clinical trials are warranted to further validate these findings.

Lastly, remnant cholesterol (RC) levels and lower levels of TC total cholesterol (TC)/RC are associated with an increased likelihood of cognitive impairment, suggesting that RC can serve as a novel and convenient indicator for predicting the risk of cognitive impairment in the US population (Liu K. et al.). In female Parkinson's patients, there is a positive correlation between BMI and cognitive impairment, while no correlation was found in male patients. The role of sex differences in the relationship between BMI and cognitive impairment should be considered in future research (Wang et al.).

Despite promising evidence, several challenges remain. The complexity of dietary patterns, individual variability in nutrient metabolism, and the impact of socioeconomic factors on food accessibility complicate the translation of research findings into practical recommendations. Future studies should focus on elucidating the molecular mechanisms underlying the effects of specific nutrients on brain health, as well as developing personalized nutritional strategies tailored to individual genetic, metabolic, and lifestyle factors.
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Aims: There is a paucity of evidence regarding the benefit of royal jelly (RJ) on post-stroke complications in patients with ischemic stroke. To address this knowledge gap, this randomized, triple-blind, placebo-controlled clinical trial was carried out to determine the effects of RJ consumption on post-stroke clinical outcomes.
Methods: Of 64 eligible ischemic stroke patients (45–80 years), 32 were randomized to the RJ and 32 to the placebo groups and completed a 12-week intervention. The intervention group was advised to receive 1,000 mg of RJ dragee daily after breakfast. Post-stroke complications including cognition, fatigue, mental health, and appetite, along with serum levels of brain-derived neurotrophic factor (BDNF), and mid-upper arm circumference (MUAC) were assessed in groups pre-and post-intervention.
Results: After 12 weeks of RJ consumption, cognitive function [adjusted mean difference, 4.71; 95% confidence interval (CI), 1.75 to 7.67], serum levels of BDNF (adjusted mean difference, 0.36; 95% CI, 0.05 to 0.67), stress (adjusted mean difference, −3.33; 95% CI, −6.50 to −0.17), and appetite (adjusted mean difference, 1.38; 95% CI, 0.19 to 2.56) were significantly improved. However, the findings for fatigue (adjusted mean difference, −4.32; 95% CI, −10.28 to 1.63), depression (adjusted mean difference, −1.71; 95% CI, −5.58 to 2.16), anxiety (adjusted mean difference, −2.50; 95% CI, −5.50 to 0.49), and MUAC (adjusted mean difference, 0.36; 95% CI, −0.11 to 0.84) were less favorable.
Conclusion: Findings support the benefits of RJ consumption in improving post-stroke complications and clinical outcomes.
Clinical trial registration: https://www.irct.ir/trial/59275, Identifier IRCT20180818040827N4.

KEYWORDS
 royal jelly, ischemic stroke, cognitive function, mental health, fatigue


1 Introduction

Ischemic stroke is considered the second leading cause of disability and death, globally, with a staggering burden on both levels of individual and societal (1). In 2016, it was estimated that 80.1 million people worldwide suffered from ischemic stroke which translated into a global prevalence of ≈1,322 per 100,000 persons (2). Ischemic stroke is higher in some ethnic or racial groups, less educated populations, older women, and those residing in middle- or lower-income countries (3).

In addition to the identification of etiology and risk factors, the post-stroke long-term prognosis is of great interest from the perspective of primary care physicians (4). Late medical consequences and complications of stroke typically occur within weeks to months following stroke including post-stroke seizures, urinary incontinence, bowel incontinence, cognitive impairment, fatigue, mood/emotional changes, muscle wasting, and loss of appetite (4–7).

Accordingly, post-stroke cognitive impairment nearly occurs in over 80% of patients contributing to post-stroke disability (8, 9). Moreover, mood disorders are much more prevalent in stroke patients compared to stroke-free individuals negatively affects cognitive function (8, 9). Likewise, post-stroke depression was shown to increase long-term disability by 15% in ischemic stroke survivors (10). Furthermore, post-stroke fatigue has been linked with the deterioration of several aspects of daily life and also exerts a negative effect on recovery and survival with a prevalence rate ranging from 29% to 77% (11). In addition, malnutrition is observed in up to 50% of patients after stroke predicting post-stroke functional outcomes and complications (12). Agents affecting these long-term complications are believed to diminish the burden of the disease and improve the quality of life of individuals after ischemic stroke.

Royal jelly (RJ) is a white-yellowish secretion of the hypopharyngeal and mandibular glands of young worker bees with a sour taste and smell of phenol (13, 14). It is an acid colloid, with a pH of 3.6 to 4.2, composed mainly of water (60%–70%), carbohydrates (11%–23%), proteins (9%–18%), lipids (4%–8%), vitamins, minerals, and other components (0.8–3%) (14, 15). RJ is a widely used dietary supplement and functional food, which has many biological properties, such as antihypertensive (16), anti-aging (17), anti-allergic (18), antibacterial (19), anti-inflammatory (20), anti-oxidant (21), and antitumor (22). In animal models, oral ingestion of RJ improves cognitive function via the regeneration of hippocampal granule cells (23, 24). Accordingly, RJ consumption in patients with cancer undergoing chemotherapy was effective regarding fatigue and anorexia amelioration (25–27). Likewise, its consumption by postmenopausal women improves mood status including anxiety and depression (28). Evidence may imply the potential role of RJ in individuals with ischemic stroke; however, we were unable to find published clinical trials investigating the beneficial effects of RJ on post-stroke complications and consequences. Given that RJ supplementation is considered generally safe if proven to have a beneficial effect on post-stroke complications, it may offer a supplemental or alternative therapy to the current therapeutic approaches that often have side effects. To address this knowledge gap, we did the current study to investigate the effects of RJ supplementation on post-stroke complications in those with ischemic stroke.



2 Methods


2.1 Study design

This was a randomized triple-blind placebo-controlled parallel clinical trial investigating the beneficial effects of RJ consumption for 12 weeks among patients with ischemic stroke.



2.2 Ethics

The study protocol of the current investigation was published elsewhere with details on design, objectives, and endpoints (29). The fundamentals of the current study were approved by the Medical Research Ethics Committee at the Isfahan University of Medical Sciences (Approval number: IR.MUI.RESEARCH.REC.1400.291; Approval date: 09 October 2021). Then, it was registered at the Iranian Registry of Clinical Trials (Registration number: IRCT20180818040827N4; Registration date: 16 October 2021). Participation was completely voluntary and an informed written consent form was obtained from each patient prior to enrollment. The current study was designed and done following the Declaration of Helsinki (30). Moreover, it was reported based on the Consolidated Standards of Reporting Trials (CONSORT) guidelines (31).



2.3 Participants and study settings

From November 2021 to December 2022 patients who were admitted to the Alzahra Hospital, an educational hospital of the Isfahan University of Medical Sciences, with suspected ischemic stroke were evaluated for possibility of enrollment. Patients with a confirmed diagnosis of ischemic stroke, National Institutes of Health Stroke Scale (NIHSS) score of 5–20, and 45–80 years were enrolled in the current trial. Patients were excluded if they (1) had an allergy to honey or its by-products, dermatitis, asthma, acute kidney or liver disease, cardiovascular disease, malignancies, and/or history of stroke with a score of modified Rankin Scale (mRS) ≥ 1; (2) took multivitamins or antioxidants supplements or adhered to any specific diet over the past 12 weeks prior to enrollment; and (3) were pregnant or lactating. Likewise, participants with any adverse reactions to RJ supplements, recurrent stroke, death, or low compliance (consumption of less than 80% of RJ supplements) were also excluded.



2.4 Sample size

We calculated the sample size based on the primary outcome, the mRS. We assumed a maximum type 1 error of 0.05 and 80% statistical power, mRS standard deviation equal to 0.8, and an effect size equal to 0.6; a total number of 32 patients were estimated to be enrolled for each group taking into account the 10% dropout factor (32). The mRS is used to measure the degree of disability or dependence on the daily activities of those who have had a stroke (33).



2.5 Randomization and blinding

A total of 256 individuals with a suspicious ischemic stroke were admitted to the Alzahra hospital, of which 64 patients who met eligibility criteria were randomly allocated to the RJ (n = 32) or placebo (n = 32) group in a ratio of 1:1. Randomization was done using permuted block (block size six) and computer-generated random numbers. Randomization codes (six-digit numbers) were provided by an independent statistician in opaque and sealed envelopes and opened sequentially upon patient enrollment. Both RJ and placebo were also coded using the same randomization codes by the manufacturer. Participants, researchers, statisticians, and all who were in contact with patients were unaware of the allocated treatment.



2.6 Protocols of the intervention in the experimental and the control groups

Both RJ and placebo were manufactured by Kooze-asal Arya Ravis knowledge-based company (Isfahan, Iran), and were identical in color, shape, flavor, and size. Patients in the intervention (n = 32) and the control (n = 32) groups were asked to consume RJ and placebo for 12 weeks, respectively. Each RJ dragee contained 30% of RJ powder [21 mg of 10-HDA (10-hydroxy-2-decenoic acid), which corresponds to 1,000 mg of fresh RJ], 53% of honey powder, and 17% of filler. Each placebo dragee contained 53% of honey powder and 47% of filler. Patients were instructed to consume RJ dragee after breakfast and return dragee containers after 12 weeks to improve their compliance. Moreover, they were in direct contact with the first investigator (E.K.). Likewise, they were advised not to change their lifestyle habits in terms of diet and physical activity.



2.7 Baseline evaluation

At baseline, each patient was assessed by a neurologist (F.K.) and a nutritionist (E.K.) to obtain relevant information. The severity of the stroke was also evaluated at baseline by the neurologist utilizing the NIHSS tool (34). It is an 11-item instrument assessing extinction/inattention, dysarthria, ataxia, motor arm and leg, gaze, level of consciousness, visual fields, facial palsy, sensory, and language with an overall score of 0–42 (35). Information on medication, age, gender, education, smoking, history of stroke, and time since stroke was gathered through a face-to-face interview. A fasting serum sample was collected to measure C-reactive protein (CRP) at baseline via an immunoturbidimetric method via commercial kits (biorexfars, Shiraz, Iran). The patient’s quality of life was evaluated via the stroke-specific quality of life scale (SS-QOL) through a face-to-face interview at baseline (36, 37).



2.8 Dietary intakes

The dietary intake of patients throughout the study was estimated by a 3-day food record questionnaire (2 weekdays and 1 weakened). Participants were instructed to fill out food log sheets at baseline, 6, and 12 weeks at the time they consumed food to diminish their reliance on memory. All food logs were summed up to calculate the overall intake during the study. Collected data were analyzed using the Nutritionist 4 software (First Databank, Hearst Corp, San Bruno, CA, United States).



2.9 Study endpoints

All study endpoints were examined at baseline and after 12 weeks of intervention. The primary outcomes were cognitive function, fatigue, and serum levels of brain-derived neurotrophic factor (BDNF). Secondary outcomes were mental health measures (i.e., anxiety, depression, stress), appetite, and mid-upper arm circumference (MUAC).


2.9.1 Cognitive function

Cognitive function was examined by the neurologist through a face-to-face interview via the mini-mental state examination (MMSE) test (38). It is a 30-point questionnaire assessing orientation, attention, language, visual–spatial skills, and memory with an overall score ranging from 0 to 30. Higher values are interpreted as better cognitive function (39).



2.9.2 Fatigue

A face-to-face interview was done by the neurologist to obtain information on fatigue using a validated fatigue severity scale (FSS) questionnaire (40). FSS is a nine-item questionnaire with options ranging from 1 (strong disagreement) to 7 (strong agreement). The overall score would be between 9 and 63 with a higher score representing more severe fatigue (41).



2.9.3 BDNF

A venous blood sample was taken after 12 h of fasting in the clinical laboratory of Alzahra Hospital. The serum level of BDNF was measured using the ELISA method (ZelBio kit, Germany). Serum was extracted by centrifuging blood at 3,500 rpm and then serum was isolated and feezed at −80°C.



2.9.4 Mental health

The mental health of the participants including depression, anxiety, and stress was examined utilizing a validated version of the depression, anxiety, stress scale (DASS-21) questionnaire by the neurologist through a face-to-face interview (42). Each subscale of the DASS-21 questionnaire contains 7 questions scoring from 0 to 3. Then, the overall score should be multiplied by 2 to re-scale the DASS-21 to the original DASS-42. The calculated score can range from 0 to 42 and higher points are indicative of severe mental health status (43).



2.9.5 Appetite

A validated version of the simplified nutritional appetite questionnaire (SNAQ) was completed for each patient by a nutritionist (E.K.) through a face-to-face interview (44). This is a 4-item screening tool with five options for each and an overall score of 4–20. A lower score predicts the risk of weight loss in the next 6 months (45).



2.9.6 MUAC

MUAC was measured using a non-stretchable tape to the nearest 0.1 cm by the first investigator (E.K.). It represents the arm circumference in the midpoint between the acromion on the shoulder blade and the olecranon processes of the ulna. This value denotes average amounts of subcutaneous fat and muscle in the upper arm (46).




2.10 Statistical analysis

We described the continuous and categorical variables by mean (SD) and counts (percentages), respectively. Baseline characteristics were compared between the two groups using the independent sample t-test for continuous data and a Chi-squared test for categorical data. The continuous primary and secondary endpoints were analyzed by a multivariable mixed-effect linear model. In this model, the baseline measurement of an endpoint and potential confounders was controlled. During the trial, nine subjects (four in RJ and five in the placebo groups) failed to complete the final measurements, resulting in some incomplete observations. These incomplete observations were imputed using multiple imputations based on chained equations, which filled in missing values in multiple variables iteratively using a sequence of univariate imputation models with a fully conditional specification of prediction equations. The estimated treatment differences from the multivariable model were, therefore, reported in adjusted mean differences with corresponding 95% confidence intervals (CI). The reported value of p was two-sided and a value of <0.05 was considered statistically significant. All statistical analyses were performed by Stata software 17 (Stata Corp, College Station, TX, United States).




3 Results

The trial profile of the current study is shown in Figure 1. Of 256 individuals who were assessed for eligibility, 64 patients with ischemic stroke met our inclusion criteria and were randomly assigned to receive RJ or a placebo. After 12 weeks of intervention, four patients in the intervention group [due to low compliance (n = 2), gastrointestinal complications (n = 1), and death (n = 1)] and five in the placebo group [due to low compliance (n = 1), personal reason (n = 1), recurrent stroke (n = 1), and death (n = 2)] were lost to follow up. An intention-to-treat (ITT) technique was implemented to analyze the data and hence all randomized patients were considered for final analysis. No unfavorable event was observed during 12 weeks of RJ consumption.

[image: Flowchart depicting a clinical trial process. Initially, 256 participants were assessed for eligibility. From this, 192 were excluded due to not meeting criteria or declining participation. Sixty-four participants were randomly assigned to either the intervention group, receiving Royal jelly, or the control group, receiving a placebo, with 32 participants each. In the intervention group, 4 participants were lost to follow-up due to death, gastrointestinal complications, or low compliance. In the control group, 5 were lost due to death, recurrence of stroke, low compliance, or personal reasons. Both groups analyzed 32 participants each.]

FIGURE 1
 CONSORT flow diagram of study participants.


The baseline characteristics of participants randomly assigned to treatment or control group are presented in Table 1. Clinical and demographic characteristics of the patients with ischemic stroke at randomization were comparable between the intervention and control groups. Similarly, energy, protein, fat, and carbohydrate were comparable between the groups during 3 months of intervention (Figure 2).



TABLE 1 Baseline characteristics of the study population.
[image: A table comparing characteristics of two groups: Royal Jelly (n=32) and Placebo (n=32). Categories listed include age, gender, education level, smoking status, history of stroke, time since stroke, NIHSS score, CRP levels, and quality of life. Subsection on medications covers use of antihyperlipidemic, antihyperglycemic, anticoagulant, and antihypertensive. Mean values and standard deviations are provided with p-values indicating statistical significance. Data specifically highlights similar demographics and health metrics with no significant differences, noted by high p-values.]

[image: Bar charts compare daily intake of energy, carbohydrates, fat, and protein between groups consuming royal jelly and a placebo. Each chart shows similar values for both groups, with minor variations.]

FIGURE 2
 Dietary intakes of the intervention group (royal jelly = 32) and the control group (placebo = 32) during the three-month intervention. Nutrient intakes are presented as means with standard deviation within bars.


After 12 weeks of RJ consumption, the MMSE score was higher in the intervention group compared to the control group (17.16 v. 11.62) with an adjusted mean difference of 4.71 (95% CI, 1.75 to 7.67). The fatigue score did not differ between the RJ and the placebo groups (adjusted mean difference, −4.32; 95% CI, −10.28 to 1.63). Serum levels of BDNF increased significantly following 12 weeks of RJ supplementation with an adjusted mean difference of 0.36 (95% CI, 0.05 to 0.67). In the end, patients in the RJ group had significantly lower stress scores than those of the placebo group (adjusted mean difference, −3.33; 95% CI, −6.50 to −0.17). However, the beneficial effects of RJ consumption were not observed for other domains of mental health including depression and anxiety. After adjustment for baseline values of appetite, CRP, age, smoking, NIHSS, history of stroke, fatigue, stress, anxiety, and depression, the adjusted mean difference for appetite was 1.38 (95% CI, 0.19 to 2.56) for patients who received RJ compared to those of the placebo group. The MUAC did not differ between the groups (adjusted mean difference, 0.36; 95% CI, −0.11 to 0.84). The findings of the post-stroke complications and consequences are indicated in Table 2.



TABLE 2 Ischemic stroke complications pre- and post-intervention.
[image: A table compares pre and post-intervention data for 32 participants in both intervention and control groups. It includes measures like MMSE, fatigue, BDNF, depression, anxiety, stress, appetite, and MUAC. The table provides mean differences, confidence intervals, and p-values. Notable results include significant changes in MMSE, stress, and appetite, indicated by p-values of 0.002, 0.039, and 0.023, respectively. Bold values highlight statistically significant findings.]



4 Discussion

This trial was designed to address the knowledge gap regarding the beneficial role of RJ consumption in improving post-stroke complications and consequences in patients with ischemic stroke. Previous trials were limited on this topic and our findings can extend the existing literature regarding the potential role of RJ; however, our findings should be interpreted with caution owing to the preliminary nature of our investigation. We found that RJ administration for 12 weeks in individuals with ischemic stroke was beneficial in improving cognitive function, serum levels of BDNF, stress, and appetite. However, it may be less favorable regarding fatigue, depression, anxiety, and MUAC.

We observed an increase of 21.5% in the score of MMSE in the RJ group compared to the 7.26% reduction in the placebo group. A previous pooled analysis reported a minimum clinically important difference (MCID) of 1.4 points for MMSE in patients with dementia which was lower than our observed adjusted mean difference (4.71) and consequently may confirm the clinical importance of our results (47). Our study confirmed previous reports regarding the potential efficacy of RJ in improving cognitive function in animal models (24, 48–52). In a single clinical trial, 66 individuals with mild cognitive impairment (MCI) consumed a daily capsule of Memo®, a triple combination of Panax ginseng (150 mg), Ginkgo biloba (120 mg), and 750 mg of lyophilized RJ, for 30 days. MMSE was significantly improved following the administration of Memo® compared to the placebo (53). RJ may improve cognition through various pathways with a network of interrelated mechanisms (54). RJ activates AMP-activated protein kinase (AMPK) and leads to the suppression of microglial inflammation via inhibition of various apoptotic, inflammatory, and oxidative pathways, e.g., nuclear factor-kappa B (NF-κB), and inducible nitric oxide synthase (iNOS) (54). Moreover, RJ consumption enhances the production of neurotrophins such as BDNF and nerve growth factor (NGF) promoting synaptogenesis, neurogenesis, and acetylcholine production (54).

Accordingly, we found a significant increase in the serum levels of BDNF after adjustment for potential confounders. This observation may in part justify an improvement of cognitive function after RJ consumption since BDNF regulates the proliferation of dendritic arbor, axonal sprouting, and synaptic plasticity (55). 10-HDA-related esters of RJ are reported to produce intracellular BDNF-like signals and also upregulate the mRNA expression of BDNF (56–58). Eventually, research using RJ to increase serum levels of BDNF in humans is scarce and therefore further attempts are needed.

We failed to observe a significant improvement in the score of FSS after 12 weeks of RJ supplementation. In contrast to our findings, RJ was reported to be beneficial in diminishing cancer-related fatigue after 3 months of intervention (25–27). This discrepancy could be attributed to the difference in the pathophysiology of cancer-related fatigue compared to post-stroke fatigue (59, 60). Post-stroke fatigue could be linked with type of stroke, stroke lesion location, white matter lesions and brain atrophy, hypothalamus-pituitary axis dysregulation, neurotransmitter changes, and/or inflammation (59, 61–63). However, cancer-related fatigue is mostly multi-factorial and includes inter-related neuroendocrine, neurotransmitter, muscular, and cytokine changes (64). We found a 4.32-point decrease in the score of FSS after RJ consumption without reaching significant levels. Hence, other studies with larger sample sizes, longer duration, and/or higher doses of RJ may intensify the magnitude of our observed effect size.

RJ consumption led to an improvement in the score of stress together with less favorable findings for depression and anxiety. RJ was shown to possess a mood-enhancing potential in animal models (65–68). A single clinical trial demonstrated that 800 mg of RJ consumption for 12 weeks improves anxiety in post-menopausal women (28). In contrast, other evidence failed to provide a beneficial effect of RJ in improving mood status in asymptomatic overweight adults (69). The therapeutic potential of RJ for psychological disorders is associated with various activities, e.g., binding with estrogen receptors to modulate cell proliferation, counteracting neuroinflammation, scavenging free radicals, and mimicking the effect of BDNF (57).

Post-stroke appetite improved after 12 weeks of RJ consumption by 5.64% compared to 0.49% in the placebo group. Subcutaneous injection of freeze-dried RJ in 8 cases of malnourished infants proposed promising results (70). Moreover, RJ was effective in improving appetite in patients with malignancy (71, 72) together with another contradictory finding among overweight adults (69). The observed increase in post-stroke appetite was accompanied by a tendency to higher macronutrient intakes including total energy, carbohydrate, protein, and total fat in the RJ group compared to the placebo group; however, the identified difference was not statistically significant. Therefore, it might be assumed that with a larger sample size, we can observe significant results for the dietary intake of patients. Following this observation, 8 weeks of RJ consumption failed to alter the dietary intakes of overweight adults (69). However, RJ consumption reduces the dietary intake of energy and carbohydrates in patients with type 2 diabetes mellitus (73). Differences in the type of study population might be the main reason for the observed discrepancy in findings. Inflammation and oxidative stress play a role in post-stroke loss of appetite, as well as in the cascade of ischemic events in the brain area. Therefore, reducing oxidative stress and inflammation subsequently leads to an improvement in the appetite and dietary intake of patients with stroke (74).

Furthermore, although MUAC increased in the RJ group after controlling for potential confounders, it was not statistically significant. Since there was no significant difference between the two groups regarding 24-h energy intake, it might justify the result for MUAC, and with a higher dose of RJ or supplementation for a longer duration, we may observe a more favorable outcome for MUAC. The findings of previous reports on the link between RJ and body composition are contradictory. RJ consumption reduced body weight in diabetic patients which was suggested to be linked with the upregulation of oxidative phosphorylation and oxygen metabolism (73). On the other hand, consumption of 6 g/day of RJ did not alter waist circumference, fat mass, and body weight in healthy individuals (75). Moreover, 8 weeks of RJ consumption failed to show any substantial changes in the level of body fat and fat-free mass in overweight adults (69).

To the best of our knowledge, this is the first randomized trial investigating the beneficial role of RJ in patients with ischemic stroke. Moreover, we used a triple-blind approach adjusted for potential confounders to control for possible sources of bias. However, some limitations warrant consideration. Patients were recruited in a single center and, therefore, multi-center studies elaborate generalizability of the findings. Furthermore, our findings should be considered as a preliminary step, and further investigation is required. The sample size was relatively small and future attempts should investigate the role of RJ in a larger study population. In our study, patients consumed 1,000 mg RJ and hence further trials with different doses can elaborate our understanding of possible dose-dependent effects of RJ.



5 Conclusion

RJ supplementation for 12 weeks in patients with ischemic stroke seems to be beneficial in terms of cognitive function, serum levels of BDNF, stress, and appetite. However, no significant changes were observed for fatigue, depression, anxiety, and MUAC. Considering that our results are preliminary, further trials are warranted to confirm our findings.
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Introduction: Rare studies have been done to investigate the association between dietary intakes of vitamin D and the risk of mental health disorders among athletes. The current study aimed to investigate the association between this vitamin intake and the risk of depression, anxiety, and sleep disorders among a group of Iranian physically active adults.
Methods: This cross-sectional study was conducted among 690 healthy athletes (18–50 years, mean BMI between 20 and 30) in Kashan, Iran. The usual dietary intake of participants was assessed by a 147-item FFQ. Depression was assessed by the Beck Depression Inventory-II (21-item), anxiety by the Beck Anxiety Inventory (21-item), and sleep disorders by the Pittsburgh Sleep Quality Index questionnaires. Statistical analyses were done by using SPSS version 18. p values < 0.05 were considered significant.
Results: No significant association was found between vitamin D dietary intake and risk of depression in the full-adjusted model (OR: 0.96, 95% CI: 0.62, 1.51). In contrast, participants at the highest tertile of vitamin D consumption had a 49% lower risk of anxiety than those at the lowest tertile (OR: 0.51, 95%: 0.29, 0.87). Moreover, a significant 46% lower risk of sleep disorders was found among those with the highest intake of vitamin D in comparison to participants with the lowest intake (OR: 0.54, 95% CI: 0.37, 0.78).
Conclusion: We found a significant association between dietary vitamin D intake and reduced risk of anxiety and sleep disorders, but not with depression, in this study. Further prospective studies are recommended for future investigations.
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Introduction

Today, the prevalence of mental disorders has increased worldwide (1). Depression and anxiety are the most common mental disorders that put a great burden on public health systems (2). Antidepressants and psychotherapy are effective in improving symptoms of depression. However, more than half of patients who used these medications reported side effects (3). It is estimated that 350 million people around the world (4), and around 40% in Iran are suffering from depression and anxiety (5).

Oxidative stress and changes in usual dietary intakes put athletes at risk for some mental disorders along with sleep disturbances (6). Continuous high-intense exercise increases the amounts of pro-inflammatory cytokines in the blood (7). In addition, athletes might change their usual dietary intake to improve their performance (8). Some of these unhealthy changes expose them to psychological distress (9, 10).

Exercise has a role in regulating sleep. Some neurotransmitters are released during exercise including dopamine, norepinephrine, serotonin, and acetylcholine which may stabilize and improve mood and decrease the risk of depression and anxiety (11). Exercise also prevents shrinkage of the hippocampal brain region which has been observed in depressed rodents, protects your brain from age-related neurodegeneration and associative diseases including cognitive decline (12), supports recovery from brain injury (such as a traumatic brain injury and even stroke) (13) and increases levels of BDNF (brain-derived neurotrophic factor) has wider implications for boosting cognition, thinking skills, memory and learning (14). Exercise can also lower depression scales (15).

Vitamin D is a fat-soluble vitamin that is synthesized by direct exposure to sunlight. A 15–20 min direct exposure to the sun can supply adequate vitamin D. However, considering cloudy days, nearly 90% of the people of the United Kingdom may have Vitamin D deficiency during the winter and spring, and 60% have insufficient concentrations (16). Vitamin D (Vit D) deficiency is an important public health concern in many populations (17). Vit D deficiency increases inflammation in the body (18, 19). Several studies have linked vitamin D deficiency to the increased risk of psychological disorders, which might be partially due to the increased inflammatory processes in the body (20, 21). A cross-sectional study found that increasing the dietary intake of vitamin D significantly reduced the risk of mental anxiety and menstrual irregularities in relatively young endurance athletes (22). A retro-prospective study found a significant association between vitamin D status and the risk of depression among military athletes (23). Some other studies revealed that vitamin D supplementation significantly reduced the incidence of psychological disorders in animal studies (24). A meta-analysis by Spedding et al. (25) states that ≥800 I.U. daily of vitamin D supplementation would be favorable for depressed individuals.

Due to a lack of relevant human studies on the association of Vit D dietary intake with the risk of mental disorders in physically active persons and the importance of such diseases in athletes, we aimed to do this cross-sectional study about the association between daily intakes of Vit D and risk of depression, anxiety, and sleep disorders in a group of Iranian physically active adults. As far as we can tell, this is the first study on the association of dietary vitamin D intake with the risk of depression, anxiety, and sleep disorders among physically active adults.



Methods


Participants

This cross-sectional study was conducted among 690 athletes in Kashan, Iran. Participants were selected from ten body-building clubs, 1 woman’s and 1 men’s club in each municipality region (Kashan has 5 regions). The participants were selected using the simple sampling method when they met the inclusion criteria. Healthy adults (18–50 years), mean BMI between 20 and 30, who exercised at least 3 days per week, each session lasted at least 1 h, were included. We excluded individuals who were taking vitamin D supplements. A written consent form was completed for all participants. This study has been approved by the Ethics Committee of Kashan University of Medical Sciences (IR.KAUMS.MEDNT.REC.1402.082).



Assessments

All the participants completed a general information questionnaire consisting of questions about demographic information, and history of diseases and medications, the Beck Depression Questionnaire, Beck Anxiety Questionnaire, and Pittsburgh Sleep Quality Questionnaire. Participants’ dietary intake was evaluated by a validated food frequency questionnaire (FFQ).



Assessment of vitamin D intake

The usual dietary intake of participants was assessed by a 147-item FFQ and its validity and reliability have been reported previously (26). The frequency of each food consumption is asked on a daily, weekly, monthly, or yearly basis. The energy and nutrient contents of each food, including amounts of vitamin D, were obtained from the US Department of Agriculture’s (USDA) national nutrient tables (27). We calculated daily intakes of all foods and dishes and converted them to grams per day using the booklet of “household measures.” Daily intake of micronutrients and macronutrients was calculated using the Nutritionist IV software modified for Iranian foods.



Outcome assessment

Depression was assessed by the Beck Depression Inventory-II (BDI-II, 21-item) (28). Beck’s Depression Questionnaire contains 21 questions to measure the feedback and symptoms of depressed patients. Participants must answer questions on a four-choice scale ranging from zero to three. This questionnaire contains 2 questions about emotional issues, 11 questions related to cognitive issues, 2 questions related to behavior, 5 questions related to physical symptoms, and 1 question related to interpersonal behaviors. The total score of each person will be calculated, which ranges from a minimum of 0 to a maximum of 63. Patients with a depression score of higher than 10 were considered to have moderate to severe depression.

The anxiety score was calculated by the Beck Anxiety Inventory (BAI, 21-item) (29). This questionnaire is a scale with 21 questions in which participants choose one of four options to indicate the intensity of anxiety (with a score ranging from 0 to 3). Each question describes one of the common symptoms of anxiety (mental, physical, and panic symptoms). The total score of this questionnaire ranges from 0 to 63. Patients with anxiety scores of higher than 8 were considered to have moderate to severe anxiety.

The Pittsburgh Sleep Quality Index (PSQI) questionnaire was used to evaluate the sleep quality of participants (30). This questionnaire has 7 scales, which are about the mental quality of sleep, delay in falling asleep, length of useful sleep, sleep adequacy, sleep disorders (waking up at night), amount of hypnotic drug use, and disturbances in daily functioning (problems caused by insomnia during the day). Each question has a score between 0 and 3. A score of 3 on each scale indicates the maximum negative. The total score of this questionnaire is ranged from 0 to 21. A total score of 6 or above indicates inappropriate sleep quality.



Statistical analysis

Participants were categorized into tertiles based on dietary intake of Vit D. General characteristics and age, sex, and energy-adjusted dietary intakes of participants across tertiles of Vit D were compared using one-way ANOVA for continues variables and chi-square for categorical variables. The association of vitamin D intake with the risk of depression, anxiety, and sleep disorders was assessed by using logistic regression in different models. Age (continues) and energy intake (Kcal/d) were adjusted for in the first model. Additional controlling for gender (male/female), marital status (yes/no), and smoking (yes/no) were done in the second model. Further adjustment was done for BMI (continues) in the third model. Statistical analyses were done by using SPSS version 18. p values < 0.05 were considered significant.




Results

Overall, 690 individuals enrolled in this study. Mean scores for depression in women and men were 10.97 ± 9.948 and 10.97 ± 8.588, respectively (Figure 1). General characteristics of the study population across tertiles of dietary Vit D intakes have been reported in Table 1. No significant differences were seen in mean age and BMI between tertiles of Vit D intake. The percentage of university-graduated participants had no significant differences between tertiles of vitamin D intake (p = 0.48). However, we found significant differences in the distribution of females as well as in married and employed participants’ distribution between tertiles of Vit D intake (p < 0.01).

[image: Bar chart comparing scores between genders for three assessments: Beck Depression Inventory, Pittsburgh Sleep Quality, and Beck Anxiety Inventory. Females scored 10.97, 6.35, and 9.66, while males scored 10.73, 5.97, and 8.26, respectively. Error bars show variability, with values around 9.948, 6.095, and 8.897 for females, and 8.588, 5.84, and 8 for males.]

FIGURE 1
 Mean and standard deviations of depression, anxiety, and sleep scores in men and women enrolled in this study.




TABLE 1 General characteristics of participants across tertiles of dietary vitamin D intake.
[image: Table comparing variables across three groups (T₁, T₂, T₃) based on vitamin D intake, each with 230 participants. Variables include age, BMI, gender, marital status, university graduation, and employment status, with corresponding p-values. Significant differences are noted for gender, marital status, and employment.]

Table 2 shows dietary intakes of micro- and macro-nutrients through the tertiles of Vit D consumption. Significant differences were seen in mean energy and macro-nutrient intake through the tertiles of Vit D consumption. However, dietary intakes of Iron (p = 0.89), magnesium (p = 0.72), and caffeine (p = 0.17) were significantly different between those categories.



TABLE 2 Dietary intakes of micro- and macro-nutrients across tertiles of vitamin D intake.
[image: A table shows the mean and standard deviation of various nutrients according to three levels of vitamin D intake (T1, T2, T3), each with 230 participants. Variables include energy, protein, carbohydrate, total fat, magnesium, iron, and caffeine. P-values indicate statistical differences across groups for each variable, with significant differences in energy, protein, carbohydrate, and total fat intake (p < 0.001 for energy, p < 0.01 for protein, carbohydrate, and total fat). No significant differences are noted for magnesium, iron, or caffeine intake. Data obtained using one-way ANCOVA, adjusted for age, sex, and energy intake.]

The odds ratio and 95% CI of depression, anxiety, and sleep disorders across tertiles of vitamin D intake have been shown in Table 3. No significant association was found between vitamin D dietary intake and risk of depression in the crude model (Odds Ratio (OR): 1.02, 95% CI: 0.66, 1.58). This finding remained unchanged in different models of confounder adjustment and in the full-adjusted model (OR: 0.96, 95% CI: 0.62, 1.51).



TABLE 3 Odds of depression, anxiety, and sleep disorders across tertiles of vitamin D intake.
[image: A table comparing the effects of Vitamin D intake on depression, anxiety, and sleep disorders across three tertiles (T1, T2, T3), each with 230 participants. For each mental health condition, crude and adjusted models (Model 1: Age and energy; Model 2: Adds gender, marital status, smoking; Model 3: Further adjusted for BM) provide odds ratios with confidence intervals. Depression shows non-significant p-trends, whereas anxiety and sleep disorders indicate significant p-trends (below 0.05).]

With regards to the risk of anxiety, a higher intake of vitamin D was associated with a reduced risk of this psychological disease before any adjustment (OR: 0.54, 95% CI: 0.31, 0.92). This finding was also reached in different models as well as in the final model, such that those at the highest tertile of vitamin D consumption had a 49% lower risk of anxiety than those at the lowest one (OR: 0.51, 95%: 0.29, 0.87).

Participants at the highest tertile of vitamin D consumption had a lower risk of sleep disorders than those at the bottom tertile (OR: 0.55, 95% CI: 0.38, 0.80). Full-adjusted model of analysis showed a significant 46% lower risk of sleep disorders among those with the highest intake of vitamin D in comparison to participants with the lowest intake (OR: 0.54, 95% CI: 0.37, 0.78).



Discussion

The current study showed a significant association between dietary vitamin D intake and reduced risk of anxiety and sleep disorders among physically active adults. However, no significant association was found between vitamin D intake and the risk of depression among those participants.

Our study showed that the highest intake of vitamin D was associated with a 49% lower risk of anxiety in physically active adults. To the best of our knowledge, no similar study has been published yet. Another cross-sectional study from Iran showed lower stress in women with better Vit D status (31). Although the following study was not done among athletes and did not measure dietary intake of vitamin D, it suggests the association between better vitamin D consumption and reduced risk of stress. In contrast, another study among colorectal cancer survivors found no significant link between serum vitamin D concentrations and the risk of anxiety (32). Due to the limited number of relevant studies, it is difficult to reach a firm conclusion about the association between vitamin D intake and the risk of anxiety among physically active adults. Earlier studies frequently found a significant association between vitamin D deficiency and the risk of anxiety (33). However, it is not clearly found that higher dietary vitamin D consumption might reduce anxiety scores. It is more important to be investigated among physically active persons, whose usual dietary intakes have been changed to reach better competition results.

All of the participants of this study were active and educated individuals and possibly affluent enough to choose their daily intake from high-quality foods.

Higher intake of vitamin D was linked to a lowered risk of sleep abnormalities in physically active adults in our study. Sleep quality is important for an athlete because sufficient relaxation improves physical abilities (34). We failed to find studies about the association of vitamin D intake with the risk of sleep disorders among physically active persons. An Iranian study showed that physical activity increased serum levels of vitamin D and through which reduced the prevalence of sleep disorders (35).

Vitamin D receptors are located in the different areas of the brain specifically in the substantia nigra, prefrontal cortex, hippocampus, thalamus, hypothalamus, and, cingulate gyrus which are considered responsible for the pathophysiology of depression. It has also been determined that the vitamin D activating enzyme 1-α-hydroxylase is highly distributed in different cell types of many brain regions, especially in neurons in the amygdala and glial cells in the hypothalamus. This distribution indicates a relationship between vitamin D and neuropsychiatric diseases such as depression, anxiety, and sleep disturbance (36). Antioxidant, anti-inflammatory, pro-neurogenic, and neuromodulator properties of Vit D are assumed to be important to making a human relax (37). Vit D deficiency has been associated with thinner cortex, reduced expression of genes related to cytoskeleton maintenance, synaptic plasticity, neurotransmission, cell proliferation, and growth, as well as a reduction in serum nerve growth factor (NGF) concentrations (38). Vit D interacts with its receptor (VDR) and then it allows other transcription factors to interact with this complex, through which it can affect gene expression (39). Some of these VDRs and vitamin D-metabolizing enzymes are found in the prefrontal cortex and hippocampus (40). In addition, stimulation of antioxidant enzymes by Vit D is known to contribute to redox homeostasis and anti-inflammatory processes (41, 42). Finally, vitamin D might change gut microbiota to improve mental health (43). Vitamin D deficiency is significantly prevalent in Iran. A meta-analysis by Tabrizi et al. (44) investigating vitamin D deficiency among Iranians estimated the prevalence of vitamin D deficiency among male, female, and pregnant women at 45.64, 61.90, and 60.45%, respectively. Vitamin D deficiency prevalence is considerably high in both males and females and it is also more prevalent in females, despite sufficient amounts of sunlight in all seasons in Iran and adequate exposure to sunlight according to some studies. There might be other reasons for this vitamin D deficiency. These might include the types of clothing in Iran, and other factors such as inadequate vitamin D intake, lifestyle, dietary habits, color, and air pollution (44).

To the best of our knowledge, this is the first study on the association of dietary vitamin D intake with the risk of depression, anxiety, and sleep disorders among physically active adults. However, the limitations of the current study should be also considered. Due to the cross-sectional design of the study, causality could not be conferred. Although we used validated questionnaires in our study, the probability of participants’ misclassification should not be neglected. We tried to select our participants from bodybuilding clubs to reduce heterogeneity between participants in terms of their exercise type, however, some differences remained. Furthermore, other mental health problems should also be studied in future investigations. Additionally, in our interviews, the daily exposure to the sun of participants was not asked from participants which should be investigated in future studies. This is a correlation study so there is no intervention or follow-up. Future studies should also investigate the correlation between serum levels of this vitamin and depression, anxiety, and sleep quality. Finally, we did not have an analysis on vitamin D in food intake of the subjects.

In conclusion, we found a significant association between dietary vitamin D intake and reduced risk of anxiety and sleep disorders, but not with the risk of depression, among physically active adults. Further observational studies among participants with different levels of physical activity are required to expand current knowledge in this area.
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Objective: There have been proposals that vitamin D may be associated with a reduction in the incidence of anxiety disorders. However, the findings thus far have been inconsistent, warranting further investigation. The purpose of this paper is to explore the link between serum vitamin D and anxiety.
Methods: Data are from the National Health and Nutrition Examination Survey (NHANES) in the United States from 2007 to 2012. Study included a total of 12,232 participants, and through the multivariate logistic regression to study the relationship between serum vitamin D and anxiety, smooth curve fitting is used to study the nonlinear relationship between serum vitamin D levels and anxiety.
Results: Serum vitamin D levels demonstrated a negative correlation with anxiety (p < 0.001). Vitamin D exhibited a significant impact on anxiety (Q4:OR = 0.774, 95% CI: 0.663–0.903, p < 0.01), and this effect remained significant even after adjusting for confounding variables (Q4:OR = 0.781, 95% CI: 0.669–0.912, p < 0.01). Smoothed curve fitting revealed a negative association between serum vitamin D levels and the risk of anxiety, and these findings persisted after accounting for confounding variables.
Conclusion: Serum vitamin D levels were inversely associated with anxiety risk in US adults. In the future, more accurate prospective studies are needed to confirm this result.
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 serum vitamin D; anxiety; NHANES; smoothed curve fitting; weighted logistic regression


1 Introduction

Anxiety is a common mental illness, mental health in the patient’s quality of life and had a profound influence on overall health (1). Anxiety disorders are a devastating and very common clinical condition that is one of the major causes of global disability (2). These disorders are often accompanied by emotional instability, cognitive dysfunction, and social problems, placing a heavy burden on the patient and the family (3, 4). In order to better understand and treat these mental disorders, researchers have been searching for factors that may be related to the onset of mental impairment and the severity of symptoms.

Vitamin D is a fat-soluble vitamin that is critical not only for bone health, but also for immune system and nervous system function (5–7). In one study, 5.9% of Americans were considered to be vitamin D deficient (serum vitamin D concentration less than 30 mmol or 12 ng/mL), and 24% of Americans were considered to be vitamin D insufficient (serum vitamin D concentration less than 50 mmol or less than 20 ng/mL) (8). Recent studies have shown that vitamin D deficiency is associated with a variety of health problems, including cardiovascular disease, autoimmune disease, and neuropsychiatric disorders (9–11). Vitamin D is therefore not only an essential factor in the maintenance of physical health, but may also have a significant role to play in the onset and progression of mental health problems.

However, there is still some degree of uncertainty about the association of vitamin D with anxiety disorders. A cohort study from the National FondaMental Expertise Centre (FACE-SZ) found that vitamin D supplementation reduces symptoms of depression and anxiety, but treatment of patients with vitamin D deficiency remains inadequate (12), other studies did not find a significant association, for example, in a related study evaluating the relationship between serum vitamin D and anxiety in adult cancer patients before and after chemotherapy, no correlation was found between anxiety scores and serum vitamin D levels in either group (p > 0.05). In another study on vitamin D and mental health in pregnant adolescents in Iran, there was no statistically significant association between vitamin D and anxiety (p > 0.05) (13, 14).

Therefore, this study was to explore the relationship between serum vitamin D levels and anxiety and its internal mechanism. By gaining insight into these associations, we can better understand these common mental disorders and provide more information and possibilities for their prevention and treatment. These findings are expected to have a positive impact on clinical practice and public health policies in the field of mental health.



2 Methods


2.1 Study population

The National Health and Nutrition Examination Survey (NHANES) is a research program designed to assess the health and nutritional status of adults and children in the United States. It conducts a series of surveys on different populations or health topics. The survey is unique in that it combines interviews and physical examinations. In 1999, the survey became an ongoing program covering a wide range of health and nutrition measures. The project samples about 5,000 people in counties across the country, with 15 counties visited each year. Random selection is made through a statistical process using the United States Census information. Three cycles of data from 2007–2012 were used for this cross-sectional study. Participants with incomplete information on anxiety, missing serum vitamin D data and basic information, and age < 20 years were excluded. In addition, subjects with missing serum vitamin D information and subjects with mean ± standard deviation more than three times the mean were also excluded. Finally, a total of 12,232 individuals were included in the final analysis (Figure 1).

[image: Flowchart detailing participant exclusion criteria for NHANES 2007-2012. Starts with 30,442 participants. 11,688 excluded for missing anxiety information. 1,791 excluded for missing serum vitamin D data. For complete data, 16,963 remain. Further exclusions: education (3,089), marital status (6), poverty income ratio (1,094), drinking status (30), smoking status (8), hypertension (19), diabetes (264), body mass index (114), outliers in vitamin D (107). Final cohort for analysis is 12,232 participants.]

FIGURE 1
 Flow chart for participants recruitment of this study, NHANES 2007–2012.




2.2 Measurement of serum vitamin D concentrations

The principle of the assay is the quantitative determination of 25-hydroxyvitamin D3 (25OHD3), epi-25-hydroxyvitamin D3 (epi-25OHD3) and 25-hydroxyvitamin D2 (25OHD2) in human serum using ultra-high performance liquid chromatography–tandem mass spectrometry (UHPLC–MS/MS). To process serum samples, an ethanol solution containing the three internal standards and 69–72% methanol solution is added first, followed by hexane. Analytes from the water phase extraction to n-hexane layer (liquid–liquid extraction), and then drying under vacuum. Extract with 69–72% of methanol to dissolve. To extract uniform fluid injection PFP column,25OHD3, epi-25OHD3, 25OHD2 and internal standard (is) 26,27-hexadeuterium-25-hydroxyvitamin D3, 6,19,19-trideuterium-3-epi-25-hydroxyvitamin were isolated D3 and 6,19, 19-Trideuterium-25-hydroxyvitamin D2. Use MS–ms in Thermo TSQ Vantage system, using positive ion mode of atmospheric pressure chemical ionization. Quantitative is by comparing the unknown peak area of analytes and calibrator known quantity in the solution of the analyte peak area. According to the internal standard peak area of objects with unknown calibration fluid matching of internal standard peak area in comparison, the calculation results are correct.

In this study, “serum vitamin D” refers to the concentration of 25OHD2 + 25OHD3 in the blood (nmol/L). Measurement of serum levels of 25OHD2 and 25OHD3 can provide insight into whether an individual has enough of the precursor form in their body for further metabolism to the active form in response to vitamin D intake and sun exposure. This provides an assessment of an individual’s overall vitamin D status and can help guide vitamin D supplementation or adjustments to diet and sun exposure.



2.3 Outcome variable

In NHANES 2007–2012, information on anxiety status was collected by questionnaire using a computer assisted personal interview (interviewer administration) system during physical examination at a mobile examination center (MEC). Anxiety was evaluated during the individual interview by the following question, “During the past 30 days, about how many days did you feel worried, nervous, or anxious?” This evaluation is based on the 14-item Healthy Days measure developed by the United States Centers for Disease Control and Prevention (CDC), which has been incorporated into the Health-Related Quality of Life (HRQoL) assessment. The reliability of HRQoL monitoring questions is moderate to excellent (15). Anxiety states were categorized as “no” (feeling anxious 0 to 6 days per month) and “yes” (feeling anxious 7 to 30 days per month) (16).



2.4 Covariates

Demographic information was collected using a standardized questionnaire, including gender (male or female), age, race (Mexican American, other Hispanic, non-Hispanic white, non-Hispanic black, or other race), marital status (not living alone, living alone), education (< high school, high school, > high school), and poverty income ratio. Other confounding variables include smoking (defined as smoking at least 100 cigarettes in a lifetime) and alcohol consumption (defined as drinking at least 12 drinks in a year) (17). Hypertension and diabetes were derived from self-reported physician diagnosis (yes/no). Body mass index is calculated weight (kg) divided by the square of height (m2).



2.5 Statistical analysis

The baseline information was expressed as mean ± standard deviation (SD) for continuous variables and as frequency (composition ratio) [n(%)] for categorical variables. For continuous variables, Kruskal Wallis rank sum tests were performed and Fisher’s exact probability tests were performed for count variables with theoretical counts less than 10. Multivariate logistic regression used appropriate weights. Smoothed curve fitting was employed to explore the non-linear association of serum vitamin D with anxiety symptoms. Model 1 was unadjusted, model 2 was adjusted for gender, age, and race, and model 3 was adjusted for all variables including gender, age, race, education, marital status, body mass index, poverty income ratio, drinking status, smoking status, diabetes, and hypertension. In the regression model, each quantile median serum vitamin D levels are used for continuous variables, to calculate the p for trend. p values <0.05 on both sides were considered statistically significant. We merged and transformed the data using SPSS 27.0, followed by weighted analyses and smoothed curve fitting using EmpowerStats software.1




3 Results

The object of study for a total of 12,232 people. Table 1 shows the characteristics of a stratified study population based on serum vitamin D quartiles from the National Health and Nutrition Examination Survey (NHANES) 2007–2012. The analyses revealed significant differences among serum vitamin D levels and various factors. In demographic characteristics, was significantly associated with age and serum vitamin D levels (p < 0.001). Significant differences (p < 0.001) were found between other variables such as gender, race, education, marital status, smoking status, drinking status, hypertension, body mass index, poverty income ratio, and serum vitamin D.



TABLE 1 Study population characteristics based on the serum vitamin D group in NHANES, 2007–2012 (N = 12,232).
[image: Table displaying demographic and health-related statistics across four quartiles (Q1 to Q4) with p-values. Variables include age, body mass index, poverty income ratio, gender, race, educational level, marital status, smoking, drinking, diabetes, hypertension, and anxiety. Significant differences are noted with p-values less than 0.001 for most variables, excluding diabetes. Continuous variables show means and standard deviations, and serum vitamin D is classified by quartiles.]

Table 2 shows the characteristics of the participants according to the number of days of anxiety. A total of 3,155 participants engaged in anxious behavior for 7 or more days in a 30-day period. The mean age of anxious subjects was 46.70 ± 16.22 years, which was significantly lower than the age of non-anxious subjects (50.25 ± 18.16 years, p < 0.001). It was also found that anxious subjects had higher body mass index levels than non-anxious subjects and lower serum vitamin D levels than non-anxious subjects (60.89 ± 24.14 nmol/L, p < 0.001). Females were more prone to anxiety (59.46%). Significant differences were found between the two groups in gender, age, body mass index, poverty income ratio, serum vitamin D, race, education, marital status, smoking status, drinking status, hypertension, and diabetes (p < 0.05).



TABLE 2 Characteristics of participants classified according to the number of days of anxiety.
[image: Table comparing variables for two groups: those with values less than seven (N = 9,077) and greater than or equal to seven (N = 3,155). Variables include age, body mass index, poverty income ratio, serum vitamin D, gender, race, educational level, marital status, smoking status, drinking status, diabetes, and hypertension. Significant differences (p < 0.05) are noted for each variable, with detailed statistics for both groups.]

In Table 3, logistic regression analyses were performed between each variable and anxiety. We found that females had a higher risk of anxiety compared to males (OR = 1.506, 95% CI: 1.349–1.681, p < 0.001), older people aged 60 years and above had a lower risk of anxiety compared to younger people aged 20–39 years, and those with high educational qualifications had a lower risk of anxiety compared to those with low educational qualifications. People who were living alone had a higher risk of developing an anxiety disorder, while non-smokers had a lower risk of developing an anxiety disorder.



TABLE 3 Single factor logistic regression analysis, weighted.
[image: Table showing the odds ratios (OR), 95% confidence intervals (CI), and p-values for various variables including gender, age, race, educational level, marital status, smoking status, drinking status, diabetes, and hypertension. Females have a significant OR of 1.506. Individuals aged sixty to eighty have a significant OR of 0.587. Other Hispanic race shows a significant OR of 1.402. Lower educational levels, living alone, and never smoking also show significant associations.]

Table 4 shows the relationship between serum vitamin D levels and anxiety. Participants were grouped according to the interquartile range (IQR) of serum vitamin D (Q 1: 0–25%; Q 2: >25–50%; Q 3: >50–75%; Q 4: >75%) and analyzed using Q 1 as the reference group. In Model 1, no adjustment was made for any of the variables. Serum vitamin D was significantly associated with anxiety in Q 4 compared to Q 1, with an OR and 95% CI of 0.774 (0.663, 0.903). The results of Model 2, adjusted for gender, age and race, showed that serum vitamin D levels were negatively associated with anxiety with an OR and 95% CI of 0.730 (0.621, 0.857). Model 3 was adjusted for all covariates. Serum vitamin D in Q4 was significantly associated with anxiety, with an OR and 95% CI of 0.781(0.669,0.912), respectively. In all three models, p for trend was less than 0.001.



TABLE 4 Results of multivariate logistic analysis of the relationship between serum vitamin D and anxiety, weighted.
[image: Table showing the association between serum vitamin D levels and three models. The models are based on different adjustments: Model 1 is unadjusted, Model 2 adjusts for gender, age, and race, and Model 3 adjusts for additional factors like education and health status. Q1 is the reference. Q2, Q3, and Q4 have respective values and confidence intervals for each model, with significance indicated by asterisks. All rows show significant trends with P-values less than 0.001.]

We performed a smoothed curve fit as shown in Figure 2. Figure 2A is unadjusted for variables, showing that as serum vitamin D levels increase, anxiety risk decreases. In Figure 2B, when all variables were adjusted, anxiety risk decreased as vitamin D levels increased. In Figure 3, the results of the smoothed curve fit showed an overall decreasing trend in anxiety risk with increasing serum vitamin D levels after stratifying by gender, age, race, education, marital status, smoking status, drinking status, hypertension, and diabetes, respectively.

[image: Two line graphs labeled A and B show the relationship between serum vitamin D levels in nanomoles per liter and anxiety levels. Both graphs illustrate a negative correlation with blue lines indicating confidence intervals and a red line representing the trend. As vitamin D levels increase, anxiety decreases on both graphs, with graph B having a slightly steeper decline.]

FIGURE 2
 Results of smoothed curve fitting between serum vitamin D and anxiety. (A) Unadjusted for variables; (B) Adjusted for gender, age, race, education, marital status, body mass index, poverty income ratio, smoking status, drinking status, hypertension, and diabetes. The red solid arcs indicate the smoothed curve fitting between the variables. The area between the two blue dashed lines represents the 95% CI.


[image: Nine line graphs depict the relationship between serum vitamin D levels (nmol/L) and anxiety, categorized by gender, age, race, education, marital status, smoking status, drinking status, hypertension, and diabetes. Each graph shows anxiety decreasing as vitamin D levels increase, with varying patterns for each subgroup. For instance, anxiety decreases differently between genders, age groups, and racial categories, highlighting how different factors affect this relationship. Each graph uses distinct colors to represent different subgroups within the category.]

FIGURE 3
 Results of smoothed curve fitting between serum vitamin D and anxiety stratified by gender, age, race, education, marital status, smoking status, drinking status, hypertension, and diabetes.




4 Discussion

To our knowledge, this is the first article to use NHANES data to study the serum vitamin D-anxiety relationship. We use NHANES data of 2007–2012, and use weighted logistic regression and smoothing curve fitting analysis of serum vitamin D concentrations and the relationship between the risk of anxiety symptoms. The results showed that serum vitamin D was inversely associated with the risk of anxiety symptoms in adults.

Many studies have confirmed the beneficial effects of vitamin D on the development of anxiety disorders. A study has found that vitamin D supplements can effectively reduce the severity of generalized anxiety symptoms (18). Low vitamin D levels were linked to increased depression and anxiety symptoms in a study on the role of vitamin D in anxiety (19). In a about vitamin D supplement for older people with pre-diabetes the influence of anxiety and depression state of randomized controlled study, found that once a week for vitamin D supplement plan can effectively alleviate the high risk population of anxiety and depression symptoms (20). In addition, in a relatively young endurance athletes increase the intake of vitamin D may reduce mental anxiety (21). Finally, in a biological experiment, it was observed that mice exhibited increased anxiety-like behavior on behavioral tests after vitamin D deficiency (22).

Of course, some studies have reported results contrary to ours. There was no correlation found between depression and anxiety scores and serum vitamin D levels in a study assessing the relationship between serum vitamin D and B12 levels, nutritional levels, depression and anxiety in adult cancer patients before and after chemotherapy (13). In a study examining the relationship between vitamin D and anxiety and depression in pregnant adolescents, no relationship was found between serum vitamin D and anxiety or depression (14). In one of Australia’s young women 25—hydroxy serum vitamin D and the study of mental health, vitamin D status also proved to have nothing to do with depression or anxiety diagnosis report (23). Overall, there are inconsistent findings regarding the association between vitamin D and anxiety, which may be due to differences in demographic characteristics of the study samples, study design, environmental factors, seasonal variations, co-morbidities, and dietary habits.

The relationship between serum vitamin D and anxiety varies across demographic and lifestyle factors. Gender differences may be due to differential effects of sex hormones on vitamin D metabolism and the nervous system, whereas age differences may be related to age-related declines in the ability to synthesize vitamin D and more chronic health problems in older people. In terms of race differences, there may be genetic differences as well as social, cultural, and economic differences. Education level may reflect socioeconomic status and access to resources, while marital status may be associated with social support, family stress, and life stability. Smoking and drinking differences may relate to the effects of these habits on vitamin D metabolism and the immune system, as well as their relationship to ways of coping with stress and social activities. Finally, hypertension and diabetes differences may be due to the fact that chronic diseases indirectly affect anxiety levels by affecting the inflammatory responses (24, 25). Further research is needed in the future to confirm these findings and determine the reasons for this discrepancy.

A unique neurosteroid hormone, vitamin D’s receptors are found in neurons and glial cells in different parts of the brain, including the cingulate gyrus and hippocampus (26). Vitamin D with antioxidant and anti-inflammatory properties, promote neurogenesis and neural regulation, and adjust the gut microbiota (27). It in regulating neurotrophic factor, nerve protection, neural plasticity, brain development and neural immune adjustment plays an important role in the process of brain (28). Vitamin D deficiency may contribute to anxiety and depression (29).

Mechanisms of action between vitamin D and anxiety have been studied. Neurons and glial cells in different areas of the prefrontal cortex and hippocampus system expression of VDR and vitamin D metabolism enzymes, suggesting that vitamin D may play a role in anxiety (30). Positive regulation of antioxidant enzymes by osteotriol (a form of vitamin D) contributes to redox homeostasis and thus attenuates neuroinflammatory processes (31, 32). Vitamin D in the immune and nervous regulation part through its interaction with gut microbiota (33). Vitamin D deficiency, VDR, or CYP27B1 depletion has been shown to cause an increase in Mycobacterium anisopliae and Mycobacterium avium, triggering epithelial barrier dysfunction and intestinal inflammation. The positive regulation of antioxidant enzymes such as HO-1, CAT, and SOD by calcitriol contributes to the REDOX balance, thereby reducing the neuroinflammatory process (34, 35).

There are several benefits of our study as follows. To ensure the validity of our results, we used appropriate weighting and confounding adjustments in our analyses. Second, our sample size was large enough to effectively reveal the relationship between serum vitamin D and anxiety. Finally, we focused specifically on the relationship between serum vitamin D levels and anxiety. Compared to depression, relatively few studies have been conducted on the relationship between serum vitamin D and anxiety. There are also several flaws in our study. Firstly, because this was a cross-sectional study, it was not possible to determine a causal relationship between serum vitamin D and anxiety. Second, the measure of anxiety was a self-reported outcome by the subjects and may have been influenced by subjective factors. In addition, it was not possible to adjust for all covariates, and only those included were adjusted. Potential uncontrolled variables may still influence our conclusions. Finally, these data are from the American population and caution should be exercised when extrapolating to the population as a whole.



5 Conclusion

Serum vitamin D was inversely associated with anxiety. The future more prospective studies are needed to confirm this.
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Introduction: Binge eating disorder (BED) is a widespread eating disorder that primarily affects women worldwide, and it is characterized by the presence of binge eating episodes and the absence of any compensatory behavior to prevent weight gain. BED presents elevated comorbidity with other psychiatric disorders, such as anxiety, and it has been suggested that stress sensibility could be a vulnerability factor for the development of BED and the associated anxiety comorbidity. In this study, we aim to investigate whether the Wistar-Kyoto rat strain (WKY), which has a stress hyper-reactive phenotype, could develop both binge-type eating and anxiety-like behaviors simultaneously. We also aim to compare its vulnerability to developing both behaviors with the Sprague Dawley rat strain (SD), a rat strain commonly used in binge-eating models.
Methods: WKY and SD rats were subjected to the model of intermittent access to palatable food (sucrose solution 30% or shortening) without calorie restriction or stress exposure. We evaluated and compared the development of binge-type eating behavior, anxiety-like behavior, and serum corticosterone variation as an index of the stress response in both rat strains.
Results: WKY rats presented a higher percentage of binge-type eaters and required less time to develop binge-type eating behavior than SD rats. The WKY eating pattern emulated a binge-eating episode regardless of the palatable food. Although the development of sucrose binge-type eating was similar between strains, WKY developed more easily the shortening binge-type eating than SD and was more susceptible to developing anxiety-like behavior. Additionally, sucrose binge eating seems to differentially affect both strains’ hypothalamic-pituitary-adrenal (HPA) axis response to stress since it facilitated its response in SD and blunted it in WKY.
Discussion: Our results show that high-stress sensitive phenotype is a common vulnerability factor for the development of binge-type eating and anxiety-like behavior. Regardless of the macronutrient composition of the palatable food, WKY is susceptible to developing a binge-type eating behavior and is more susceptible than SD to developing anxiety-like behavior simultaneously. In conclusion, results showed that a hyper-reactive stress phenotype predisposes the development of binge-type eating behavior and anxiety-like behavior in the absence of calorie restriction and stress exposure.
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1 Introduction

Binge eating disorder (BED) is the most common eating disorder worldwide (1), with an estimated global prevalence of 0.9%. It is more common in women than men, as is the case with other eating disorders (2), and the age of onset is around late adolescence and emerging adulthood (3, 4). BED is characterized by the presence of binge eating episodes, defined as the consumption of large amounts of food in the absence of hunger in a short time-lapse, without presenting any compensatory behavior (5). During these binge eating episodes, patients consume mainly palatable food high in fat and/or carbohydrates and experience a “loss of control” over their eating behavior and severe psychological distress (5).

BED presents elevated comorbidity with other psychiatric disorders, such as anxiety. Patients with psychiatric comorbidity usually present a more severe disorder than patients without comorbidity; this is reflected in an earlier age of development, more frequent binges, and fewer results in their treatment (6). It has been estimated that nearly 59% of BED patients suffer from anxiety disorders (7), and some clinical studies have suggested that anxiety disorder could be a predisposition factor for the development of BED (8, 9). One proposed explanation of the high comorbidity is that anxiety disorder and eating disorders may be related by sharing common vulnerability factors (10, 11), and one possible factor is a high-stress reactivity (12), defined as an exaggerated behavioral and neuroendocrine response to a stressor that does not align with the stressor’s threat (12, 13). In this way, binge eating could emerge as a maladaptive coping behavior to stress (8, 9). At the same time, the hyperreactivity of the hypothalamic–pituitary–adrenal (HPA) axis could lead to the development of an anxiety disorder (13), resulting in the simultaneous development of both disorders.

Several animal models have been developed to resemble the etiology of BED to understand the metabolic and neural alterations associated with it. The most frequently used model is female Sprague Dawley rats (SD) (14); however, although SD can successfully develop a binge-type eating behavior using sucrose, fat, or more complex palatable foods, it does not express any anxiety-like behavior (15, 16), even when a stressful stimulus is employed to induce the binge eating (17). Therefore, it is relevant to explore if a high-stress sensitive strain develops binge eating and anxiety simultaneously.

In a previous study, our group demonstrated that female Wistar-Kyoto (WKY) rats developed sugar-binging and associated anxiety-like behavior in an intermittent access model without calorie restriction (18). Since the WKY strain is characterized by expressing a hyper-reactive HPA axis (19, 20) and has a high predisposition to developed anxiety and depressive-like behaviors (21, 22), we proposed the WKY rat strain as an animal model to evaluate whether stress-vulnerability contributes to developing a binge-eating-anxiety comorbidity state.

Considering the idea of high-stress reactivity as a common vulnerability factor in the development of BED and anxiety disorders, we hypothesize that the WKY’s stressful phenotype might play as a common vulnerability factor in the development of binge-type eating and associated anxiety-like behaviors, regardless of the palatable food employed. We believe this predisposition could make the WKY rat strain more susceptible to developing these behaviors than other strains.

To test this hypothesis, we subjected female WKY and SD rats in their emerging adulthood to an intermittent palatable food model using sucrose or shortening as palatable foods. We compare the development of the binge-type eating behavior in both strains of rats by analyzing (a) the binge-type eating intake, (b) the susceptibility to develop abnormal eating behavior, and (c) the duration of the binge-eating episodes. Once the binge-type eating behavior was established, we evaluated the effect of the abnormal eating pattern on the anxiety-like behavior in two animal models of anxiety. Also, the serum corticosterone stress response was analyzed as an index of HPA axis activation.



2 Methods


2.1 Animals

Because the age of onset of BED is around late adolescence and emerging adulthood, we used 7-week-old (adolescent) female Sprague Dawley (SD) and Wistar Kyoto (WKY) rats provided by our breeding facilities. Rats were group-housed (5 per cage) in wire-topped, acrylic cages (43x53x21cm) and maintained in an inverted light schedule (12 h/12 h light/dark cycle, lights on 22:00 h) with a controlled environment (22 ± 2°C, 50 ± 10% humidity) and free access to water and standard food (LabDiet 5,008, PMI Nutrition International, LLC).

All experimental procedures were approved by CINVESTAV’s ethics committee (CICUAL) (Protocol 0179–16) and followed the regulations established by the Mexican Official Norm (NOM-062-ZOO-1999) for the use and care of laboratory animals.



2.2 Binge-type eating induction protocol

We use the same binge-type eating induction protocol as in previous work (18). This protocol is based on intermittent palatable food access (23). Briefly, after one habituation week, rats were subjected to three training sessions, one session per day, to avoid handling and separation-related stress during subsequent tests. The training sessions consisted of weighing and isolating the rats in individual cages for 2 h with chow-standard food and water ad libitum. Once the time was up, the rats were returned to their home cage.

After the last isolation session, three groups for each strain were randomly formed based on the food used to induce the binge-type eating behavior: (1) control: standard food; (2) Sucrose: standard food +30% sucrose solution; (3) Shortening: standard food + vegetable shortening (Crisco® All-Vegetable shortening, J.M Smucker Co., Orrville, OH).

To avoid neophobia development in the sucrose and shortening groups, we provided their respective palatable food ad libitum in their home cage for 24 h along with their regular food. Following the presentation of the palatable food, the rats were left untouched for 48 h before initiating the intermittent palatable food access sessions. By this time, rats were approximately 9 weeks old, equivalent to their emerging adulthood (24).

The intermittent palatable food access without calorie restriction consisted of allowing access to palatable food for a 2-hour session every 2 days on Monday, Wednesday, and Friday each week. During each food access session, rats were weighed and placed in individual cages with free access to water and a known amount of standard and palatable food (only the sucrose and shortening groups). Once the time was up, the rats were returned to their home cage with standard food ad libitum. All isolation sessions were performed 3 hours after the light went out. After each session, we weighed the food and calculated the calorie intake. Figure 1A shows a schematic representation of the binge-type eating induction protocol.

[image: Diagram showing two eating protocols. (A) Binge-type eating induction protocol involves training, 24-hour access to palatable food, 48-hour isolation, then twice weekly isolation sessions with food for four weeks. (B) Palatable food continuum access scheme shows continuous access to palatable food, with twice weekly isolation sessions for four weeks.]

FIGURE 1
 Schematic representations of the binge-type eating induction protocol (A), with intermittent palatable food access on Monday (M), Wednesday (W), and Friday (F), and the palatable food continuum access scheme (B).




2.3 Classification criteria

We identified the animal that expressed a binge-type eating behavior by comparing its consumption against animals with continuum access to palatable food. For this purpose, we implemented two groups per strain (n = 6) with ad libitum access to chow and one of the palatable foods, sucrose solution (30%) or vegetable shortening, for 4 weeks. We measured the calorie consumption and animal weight daily to ensure constant consumption. In the last week, rats underwent six isolation sessions of 2 h, one daily, with access to a known amount of standard and palatable food. We evaluated the calorie consumption during the isolation session similarly to the binge-type eating induction protocol. Figure 1B shows a schematic representation of the implemented palatable food continuum access scheme.

Using a student’s t-test, we compare the kilocalorie consumption during the isolation sessions of the groups with continuum palatable food access against the binge-type eating induction protocol groups. We consider that an animal expressed a binge-type eating behavior if the kilocalorie consumption of its last six isolation sessions was significantly higher than the average consumption in isolation of the animals with continuous access to the respective palatable food.



2.4 Anxiety-like behavior evaluation


2.4.1 Elevated plus maze

The elevated plus maze (EPM) test analyzed anxiety-like behavior. We performed the test according to Walf & Frye (25). Briefly, under red light, the animal was placed in the center of a cross-shaped raised arena with two open arms (without walls) and two closed arms (with walls); the animal was allowed to roam for 5 min. We quantified the entrances to open and closed arms and the time spent in open arms. Since the elevated plus maze is a conflict test that counterposes the rat’s natural curiosity to explore new areas against its natural aversion to high and open spaces, a low permanence and few entries to open arms are interpreted as increased anxiety-like behavior. Results are shown as the percentage of entries to open arms, calculated concerning the total entries (open + closed arms) and the percentage of the total time spent in open arms.



2.4.2 Modified marble burying test

We performed a test similar to the marble burying test described by Thomas et al. (26). We implemented the same experimental conditions, but instead of considering the number of buried marbles as a measure of the anxiety-like behavior, we measured the time spent by the rat in burying and compulsive rostral grooming. The change in the evaluation criteria was due to the lack of rats’ aversion toward the marbles and the observation of a burying behavior aimed at seeking an escape route instead of burying the marbles. Since the compulsive rostral-grooming and burying behaviors have been described as active coping strategies to decrease the impact of stress and associated anxiety (27, 28), a longer time performing these behaviors can be interpreted as an increase in anxiety-like behavior.

Briefly, rats were individually placed in a transparent acrylic cage (43×53×21cm) with fresh chip wood bedding (5 cm deep) and 20 glass marbles (1.5 cm diameter) in a 4×5 arrangement on top. The test was performed under red light and videotaped for 5 min. We quantified each animal’s cumulative time burying and performing compulsive rostral grooming.




2.5 Experimental procedure


2.5.1 Evaluation of each rat strain’s palatable food consumption and binge-type eating susceptibility

We analyzed the animal weight and the kilocalorie consumption throughout the 12 palatable food access sessions of a pull of experimental batches of WKY and SD rats (Control: SD n = 43, WKY n = 37; Sucrose: SD n = 49, WKY n = 43; Shortening: SD n = 52, WKY n = 42) subjected to the binge-type eating induction protocol.

First, we evaluated the average kilocalorie consumption per rat of sucrose and shortening groups of both strains. Subsequently, we applied the classification criteria described in section 2.3 to identify the animals that developed sugar or shortening binge-type eating behavior.

Once we identified the binge-type eaters, we evaluated the time these animals required to develop the binge-type eating behavior. For this purpose, we re-applied the classification criteria, but this time, we compared the palatable food consumption of their first six isolation sessions of the binge induction protocol. In this way, we identified the animals that developed binge-type eating behavior within only 2 weeks of the intermittent palatable food access sessions.

We evaluate the strain susceptibility to develop the binge-type eating behavior by comparing between strains, the proportion of rats classified as binge-eaters, and the proportion of binge-eaters that required only 2 weeks to express the abnormal eating behavior.



2.5.2 Characterization of the palatable food eating pattern during an isolation session (duration of the binge-eating episode)

We analyzed the effective time each rat employed to consume the palatable food during an isolation session to evaluate if the consumption pattern resembled the main characteristic of a binge episode: consuming a large amount of food in a short time.

Thus, we videotaped the last isolation session of 9 sucrose and 7 shortening binge-type eaters of each strain. At the end of the session, we quantified the palatable food calorie consumption. In the video, we quantified the cumulative time each animal spent consuming the palatable food and its distribution across the 2-h session divided into 15-min lapses expressed as a percentage of the total consumption time.



2.5.3 Evaluation of anxiety-like behavior

The evaluation of anxiety-like behavior was performed only in animals classified as binge-eaters. We used the elevated plus maze and the modified marble burying tests to assess the anxiety-like behavior associated with binge-type eating behavior. Both tests were performed 24 h after the last isolation session.

The EPM test was applied in an independent group of rats divided into control (SD and WKY n = 14), sucrose (SD n = 9, WKY n = 10), and shortening (SD and WKY n = 14) groups exposed to the binge-type eating induction protocol.

The modified marble burying test was applied to independent groups of rats, divided into control (SD n = 10, WKY n = 9), sucrose (SD n = 7, WKY n = 10), and shortening groups (SD n = 10, WKY n = 9), exposed to the binge-type eating induction protocol.



2.5.4 Determination of the corticosterone response to a stressor

As an index of the HPA axis activation, we evaluated the serum corticosterone in non-stressful and stressful conditions. For the stressful conditions, animals classified as binge-type eaters were individually placed, for 10 min, in an acrylic cage (16×18×29) with an electrified prod located in one of the cage walls that produced a discharge of 0.3 mA to the touch (LaFayette Instruments Co., model 5,806, Lafayette, Indiana, USA).

We used a batch of 10 animals per group, per strain, subjected to the binge induction protocol. After identifying the binge-type eaters of the sucrose and shortening groups, all groups were divided into two equal parts. Half of each group was euthanized by decapitation 1 day after the last palatable food access session, and the blood trunk was collected. The remaining group experienced an additional palatable food access session, and 24 h later, the group was subjected to stress conditions. Animals were euthanized immediately after, and the blood trunk was collected. All animals were euthanized 3 hours after the light went out.

The blood samples were centrifuged (3,000 g, 20 min, 4°C), and serum samples were collected and stored at −80°C until corticosterone determination was performed using an enzyme-linked immunosorbent assay (ELISA) kit (Enzo, ADI-9009097), according to manufacturer instructions.




2.6 Data analysis

All statistical analyses were performed using GraphPad Prism 8.0.1 software. Before any statistical analysis, a normality test was applied using the Shapiro–Wilk test to determine whether sample data had been drawn from a normally distributed population.

The Student’s t-test was used to compare between strains the average caloric consumption of each “Diet” during the induction protocol and for the classification of binge-type eaters by comparing intermittent access vs continuous access.

The Fisher test was used to compare between strains the different proportions of animals classified as binge-type eaters and the proportion of binge-type eaters that developed the abnormal behavior within 2 weeks of palatable food access sessions.

A Repeated measure two-way ANOVA was used to assess the body weight variation during the binge-type eating induction protocol, considering isolation session and strain as factors.

Two-way ANOVA tests were used for the following analysis: (a) Effect of diet on anxiety-like behavior, taking strain and diet as factors; (b) For the analysis of the time distribution of palatable food consumption across one access session, taking time and strain as factors; (c) To compare the corticosterone stress response of each strain for each diet condition, taking strain and stress condition as factors.




3 Results


3.1 Induction and evaluation of the binge-type eating susceptibility of each rat strain


3.1.1 Body weight variation across the binge-type eating induction protocol

As we employed two different rat strains, we measured their body weight before each isolation session to identify differences in their weight gain across the binge-type induction protocol. We performed a repeated measure two-way ANOVA for each group, using the strain and the isolation session as variation factors. In general, the strain, the isolation session, and the interaction of both factors were sources of variation in the three experimental groups. Even though both strains similarly gain weight across the experimental protocol, Sidak’s multiple comparisons showed a significantly lower weight of WKY in comparison with SD starting from session 4 in control groups, session 6 in sucrose groups, and session 3 in shortening groups (Figure 2).
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FIGURE 2
 Body weight of control (A), sucrose (B), and shortening (C) groups across the 12 isolation sessions of the binge-type eating induction protocol. Mean ± SEM. RM two-way ANOVA (analysis available on Supplementary material). Post-hoc: Sidak’s, * vs. SD *p < 0.05, ***p < 0.001. Control: SD n = 39, WKY n = 37; Sucrose: SD n = 49, WKY n = 43; Shortening: SD n = 52, WKY n = 42.




3.1.2 Analysis of the palatable food consumption dispersion for each rat strain

Before applying the classification criteria, we explore the dispersion of the calorie consumption of control, sucrose, and shortening groups of both strains. Due to the body weight difference between strains, the calorie consumption was normalized concerning the animal’s weight. SD presented higher dispersion than WKY, particularly in the shortening group (Mean ± Std.Dev.; Control: SD-0.05 ± 0.019 vs. WKY-0.05 ± 0.007; Sucrose: SD-0.13 ± 0.023 vs. WKY-0.12 ± 0.017; Shortening: SD-0.21 ± 0.06 vs. WKY-0.26 ± 0.05***).

When we compared the average palatable food consumption between strains, we observed that both strains presented a similar chow (control group) and sucrose consumption but differed in the shortening consumption. Specifically, WKY consumed more shortening than SD (p = 0.001) (Figure 3).
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FIGURE 3
 Average caloric intake per rat of the Sprague-Dawley (SD) and Wistar-Kyoto (WKY) strains during the binge-type eating induction protocol of control (A) sucrose (B) and shortening (C) groups. Mean ± SD. t student. Control: SD n = 39, WKY n = 37; Sucrose: SD n = 49, WKY n = 43; Shortening: SD n = 52, WKY n = 42, **p < 0.01.




3.1.3 Determination of the binge-eaters and binge-resistant proportion for each rat strain

Through a Student’s t-test, we identify sucrose and shortening binge-type eaters as those animals with a consumption significantly higher than their counterparts with continuum access. Once we applied the classification criteria, we identified that 51% of the SD and 62.8% of the WKY with intermittent access to sucrose developed a binge-type eating behavior, and in the groups with intermittent access to shortening, 88.5% of SD and 100% of WKY (Figure 4A).
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FIGURE 4
 Percentage of Sprague Dawley (SD) and Wistar-Kyoto (WKY) rats resistant and prone to develop binge-type eating behavior when subjected to the binge-type eating induction protocol using sucrose or shortening as palatable food (A); and percentage of sucrose and shortening binge-type eaters of both strains that developed the binge-type eating behavior within only 2 or 4 weeks of the induction protocol (B). Percent. Fisher’s exact test. ***p < 0.0001.


We performed a Fisher’s exact test to compare the proportion of binge-type eaters and binge-resistant animals between strains for each palatable food; as a result, only the shortening groups differ in their proportions since WKY have a higher percent of binge-type eaters than SD (p < 0.0001).



3.1.4 Time required to develop the binge-type eating behavior

After identifying the binge-type eaters, we evaluated their required time to develop abnormal eating behavior. Of all the animals identified as sucrose binge-type eaters, 60.7% of the SD and 77.8% of the WKY showed abnormal eating behavior within 2 weeks of the binge-type eating induction protocol. It took the same time for 71.7% of the SD and 88.1% of the WKY shortening binge-type eaters to display abnormal eating behavior (Figure 4B).

We performed a Fisher exact test to compare the proportion of subjects that require 2 or 4 weeks to develop binge-type eating behavior between strains. Even though there was no statistical difference between strains, WKY had 17% more binge-type eaters than SD, which required only 2 weeks of intermittent palatable food access sessions to express the abnormal eating behavior, regardless of the palatable food employed.




3.2 Characterization of a binge-type episode during an isolation session

In addition to the high amount of food ingested, another characteristic of a binge eating episode is its short duration. Thus, we considered it relevant to evaluate the effective time that rats spent eating the palatable food, the calorie consumption, and the percent eating time distribution across the 2 h, divided into 15-min lapses of the last access session.

We analyzed the kilocalorie and total time consumption using a Student’s t-test. We performed a two-way ANOVA to evaluate each palatable food’s total consumption time distribution, using the strain and time-lapse as variation factors. In sucrose binge-type eaters, the calorie consumption, total time consumption, and percent eating time distribution were similar between both strains. The only source of variation in the percent eating time distribution was the time-lapse (F (7, 112) = 69.15, p < 0.0001) (Figure 5A).
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FIGURE 5
 Kilocalorie consumption, total food palatable consumption time, and percent distribution of the consumption time throughout the last 2h-isolation session of the Sprague-Dawley (SD) and Wistar-Kyoto (WKY) rats of the sucrose (A) and shortening (B) binge-type eaters. Mean ± SEM. Sucrose n = 9; Shortening n = 7. t student for consumption and consumption time. Two-way ANOVA for the percent time distribution, post hoc: Sidak’s * vs SD.


In shortening binge-type eaters, WKY presented a significantly higher kilocalorie consumption than SD (p < 0.0093), although the total time consumption was similar between both strains. The sources of variation of the percent time distribution were the time-lapse (F (7, 77) = 16.79, p < 0.0001) and the interaction of time-lapse and strain (F (7, 77) = 2.938, p = 0.0088). Sidak’s multiple comparisons between strains showed differences in two time-lapses; in the 0–15 lapse, WKY presented a significantly higher consumption than SD, and in the 60–75 lapse, SD presented a significantly higher consumption than WKY (Figure 5B).

The distribution of the consumption time was similar for the sucrose binge-type eaters of both strains. In both cases, nearly 60% of the total time consumption occurred during the first 15 min of the session. For shortening binge-type eaters, the distribution of the time consumption between strains was different. Thus, in WKY-shortening binge-type eaters, approximately 60% of the consumption time took place during the first 15 min; in contrast, the SD-shortening binge-type eaters presented two stages of consumption, one in the first 15 min and the second on the 60–75 min lapse. In other words, when shortening is used as palatable food in an intermittent access model, WKY emulates a binge-type eating episode better than SD as WKY presented a higher consumption than SD in the same amount of time, and its consumption occurs in only one event.



3.3 Evaluation of the anxiety-like behavior


3.3.1 Elevated plus maze test

As a first attempt to evaluate the anxiety-like behavior, we performed the EPM in the control group and rats classified as sucrose and shortening binge-type eaters of both strains.

We analyzed data with a two-way ANOVA using the strain and the diet as variation factors. For the percentage of time in open arms, the diet (F (2, 69) = 4.192, p = 0.0191) and the interaction of diet and strain (F (2, 69) = 4.607, p = 0.0132) were sources of variation; similar case for the percentage of entries to open arms (Diet, F (2, 69) = 6.376, p = 0.0029; Interaction, F (2, 69) = 7.185, p = 0.0015). The Tukey pairwise comparisons between diets revealed that only the WKY sucrose and shortening binge-type eaters exhibited increased anxiety-like behavior, showing a significantly lower percentage of time in open arms (control vs. sucrose p = 0.0399, vs. shortening p = 0.0003) and a significantly lower percentage of entries to open arms (control vs. sucrose p = 0.014, vs. shortening p < 0.0001) than their control group (Figure 6).
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FIGURE 6
 Percentage of time spent in open arms (A) and percentage of entries to open arms (B) in the elevated plus maze test of control (chow), sucrose, and shortening groups of Sprague-Dawley (SD) and Wistar-Kyoto (WKY) rats subjected to the binge type eating behavior induction protocol. Mean ± SEM. Two-way ANOVA. Post-hoc: Tukey, *p < 0.05, ***p < 0.001. n = 9–14.




3.3.2 Active coping behavior in the modified marble burying test

In addition to the EPM to evaluate the anxiety-type behavior, we measure the performance of coping behaviors as a response to the exposure to a novel situation, in this case, to a marble burying test arena. We analyzed data with a two-way ANOVA using the strain and the diet as variation factors for each behavior. For burying time, both factors and their interaction were sources of variation (Strain F (1, 49) = 9.530, p = 0.0033; Diet F (2, 49) = 3.556, p = 0.0361; Interaction F (2, 49) = 8.123, p = 0.0009). In the case of compulsive rostral-grooming time, only the factors evaluated, not the interaction between them, were the source of variation (Strain F (1, 49) = 16.07, p = 0.0002; Diet F (2, 49) = 9.451, p = 0.0003).

Both strains differed in the predominant active coping behavior performed; while SD spent more time burying, WKY spent more time in compulsive rostral grooming. In both strains, the effect of diets on active coping behavior was the same; the Tukey pairwise comparisons between groups revealed that in both strains, the sucrose binge-type eaters exhibited increased anxiety-like behavior by showing a significantly higher time performing an active coping behavior (Figure 7).
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FIGURE 7
 Burying (A) and compulsive rostral-grooming (B) time in the modified marble burying test of control, sucrose, and shortening groups of Sprague-Dawley (SD) and Wistar-Kyoto (WKY) rats subjected to the binge-type eating behavior induction protocol. Mean ± SEM. Two-way ANOVA. Post-hoc: Tukey * vs. Control, *p < 0.05; # vs. Sucrose, ###p < 0.001. n = 7–10.





3.4 Corticosterone response to stress

We evaluated the stress corticosterone response as an approximation to assess the effect of binge-type eating behavior on the activity of the HPA axis.

We performed a two-way ANOVA for each experimental group (control, sucrose, and shortening binge-type eaters), using the strain and the stress condition as variation factors. In general, stress exposure in WKY raised serum corticosterone levels, except in the sucrose binge-type eaters, who, basally, presented high corticosterone levels in a non-stress condition. For the SD strain, only the sucrose binge-type eaters were susceptible to the effect of stress exposure on the serum corticosterone level.

For the control group and shortening binge-type eaters, both conditions were sources of variation; Sidack’s multiple comparisons between stress conditions revealed only in WKY a significantly higher serum corticosterone level in the stress condition than in its non-stress counterpart (Control p = 0.0091, Shortening p = 0.05). For sucrose binge-type eaters, the stress condition and the interaction between factors were the sources of variation; Sidack’s multiple comparisons revealed that only SD presented a significantly higher corticosterone level in its stress condition than in its non-stress counterpart (p = 0.0058) in the case of WKY, the corticosterone levels were increased in both stress conditions (Figure 8).
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FIGURE 8
 Corticosterone serum levels in control (chow) (A), sucrose (B), and shortening (C) groups of Sprague-Dawley (SD) and Wistar-Kyoto (WKY) rats in non-stressful (NS) and stressful (S) conditions. Mean ± SEM. Two-way ANOVA (analysis available on Supplementary material). Post-hoc: Sidak, *p < 0.05, **p < 0.01; n = 3–5.





4 Discussion

Our results confirm the hypothesis that the high-stress sensitive phenotype is a common vulnerability factor for the development of binge-type eating and anxiety-like behavior since the WKY strain successfully showed both behaviors independent of the palatable food employed.

When comparing the performance of the WKY rat strain against the SD, the most used strain in binge-type eating studies (14), we demonstrated a significant difference between strains in response to an intermittent access model to palatable food despite successfully inducing high kilocalorie intake in both strains. The first differences observed during the development of the binge-type eating induction protocol were the different sizes between strains, the higher shortening consumption of WKY in comparison to SD, and the higher dispersion in the kilocalorie consumption between SD subjects in its three experimental groups in comparison with WKY.

Based on the different dispersion of the average kilocalorie intake between strains and the high difference in calorie density between the palatable foods employed (sucrose 30% solution: 1.3 kcal/g vs. shortening: 9 kcal/g), it was necessary to implement a classification criterion that helped us to identify those subjects that expressed an abnormally high kilocalorie intake. This way, we determine how much a “normal” kilocalorie intake would be. Since the high kilocalorie intake in our protocol was induced by intermittent palatable food access, we consider as “normal” consumption the kilocalorie intake expressed by rats with continuous palatable food access. Following this idea, we evaluated the kilocalorie intake in isolation sessions (like the isolation sessions of the binge-type eating induction protocol) of groups with sucrose or shortening ad libitum.

With this classification criterion, we identified SD rats resistant to developing binge-type eating behavior when using sucrose or shortening as palatable food and for WKY only when using sucrose, as all WKY with intermittent access to shortening were classified as binge-type eaters. Additionally, WKY required less palatable food access sessions than SD to develop abnormal eating behavior since a higher percentage of WKY sucrose and shortening binge-type eaters reached the classification criteria in only 2 weeks of access sessions. Based on the higher proportion of shortening binge-type eaters and the faster development of the binge-type eating behavior, we suggest that WKY is more susceptible to developing binge-type eating behavior when using shortening than SD.

Regarding the analysis and characterization of a binge episode, both strains presented equal kilocalorie consumption and consumption pattern in the sucrose groups, with nearly 60% of their consumption time taking place during the first 15 min; a similar pattern was observed in the WKY shortening group, but with a kilocalorie consumption significantly higher than SD in the same amount of time. For the SD shortening binge eaters, the consumption time was mainly distributed in two events with 45 min in between, differing from binge episode characteristics. Therefore, WKY but not SD show binge-eating episodes with both types of diet.

After analyzing the results, we determined that a rat’s binge episode lasts approximately 15 min. According to clinical studies, a human binge episode lasts approximately 2 h, the same duration as the isolation session used in the present study. However, as rats are significantly smaller than humans, their binge episodes are expected to be shorter. Therefore, we were interested in characterizing the duration and calorie consumption in binge episodes in rats. Nevertheless, it would be helpful in future research to track calorie consumption across the isolation session, measure the consumption rate, and confirm the occurrence of a binge eating episode since our consumption measures were performed at the end of the 2-h isolation session.

We were interested in evaluating if the main macronutrients of the palatable food (carbohydrates and lipids) could differentially affect anxiety and binge-type eating behavior development in WKY. We selected the sucrose 30% solution based on prior research with WKY (18) and shortening since it is one of the most used fats in SD binge-type eating models (29, 30). Although we employed two palatable foods with different macronutrient compositions, we did not compare their consumption due to the significant difference in kilocalorie density. However, in both cases, we confirm that regardless of the macronutrient composition of the palatable food, WKY is susceptible to developing a binge-type eating behavior by expressing a high kilocalorie intake in a short eating episode. This suggests that incorporating more complex and appealing foods that resemble those consumed by individuals with BED during their binge episodes may induce similar eating patterns in WKY. Furthermore, considering the potentiation effect of the carbohydrate-fat mixture on food reward (31), it is possible that such foods could facilitate the development of WKY binge-type eating behavior and express a higher consumption than SD, as happened with shortening.

In addition to the evaluation of binge-type eating susceptibility, we were interested in evaluating if our experimental animals simultaneously developed an anxiety-like behavior in response to intermittent access to sucrose or shortening, similar to what is observed in BED. In line with our prior research (18), intermittent access to sucrose led to anxiety-like behavior in WKY rats, as evidenced by results from the EPM test and the modified marble burying test. However, in SD rats, the induction of the anxiety-like behavior was only observed in the modified marble-burying test. The intermittent access to shortening also induced anxiety-like behavior in WKY only in the EPM with no effect on the SD strain.

In the modified marble-burying test, the effect of the diet on the anxiety-like behavior was the same between strains. However, the active coping behaviors performed were different. While SD spent more time burying, WKY spent more time compulsively rostral grooming. As previously described, the prevalence of compulsive rostral grooming instead of burying behavior as active coping behavior to stressor situations in WKY is a characteristic of this strain (32).

The expression of anxiety-like behavior in SD is something new, as it has been described in other protocols that it does not express any anxiety-like behavior associated with binge eating (15, 16). However, the anxiety evaluation in those protocols was performed by implementing the EPM test, a test where we also observed the absence of anxiety-like behavior. Taking into consideration the results of both applied anxiety tests, WKY is more susceptible than SD to developing anxiety-like behavior simultaneously with binge-type eating.

In evaluating serum corticosterone levels in response to a stress situation, we observed a differential effect of stress exposure on both strains. In SD control and shortening groups, the serum corticosterone levels did not increase in response to stress. It is possible that the lack of effect could be due to the nature of the stress used. It has been described that animals subjected to similar conditions to our stress sessions show a minimum rise in serum corticosterone due to the possibility of performing a cooping behavior during the event (28, 33). However, in WKY control and shortening groups, the stressor raised the corticosterone levels; this may be due to the hyperreactivity of the HPA axis, a trait of this strain (19). Additionally, binge sucrose sensitized the HPA axis in both strains since it facilitated the elevation of corticosterone levels in SD in response to a stressor that lacked an effect on its control group. In WKY, sucrose elevated the corticosterone levels even without stress, while no further rise was observed after stress exposure. This result can be interpreted as a blunted response, probably due to chronic over-activation.

The effect of binge sucrose on serum corticosterone levels matches the results obtained in the modified marble test; this reinforces the idea that binge sucrose intake alters the performance of the HPA axis. Some studies have described a blunted HPA axis response as one effect of the sucrose binge model in SD rats. However, the binge induction protocol used in those works differs from ours, particularly in implementing other stressors as a binge-inducing factor (34, 35) and the individual housing, which also affects the HPA axis response in binge-type eating models (36). In this way, the blunt response of the SD HPA axis in those binge-type eating models results from the binge sucrose plus the stressor exposure and the permanent isolation. In contrast, the HPA axis blunt response observed in WKY results from only the sucrose binge-type eating.

Present data suggest that the WKY strain represents an animal model adequate to resemble some traits of binge-eating disorder since it showed binge behavior with two types of high caloric content (sugar and shortening), developed the behavior in less time, and showed anxiety-like behavior. Furthermore, corticosterone response suggests alterations of HPA axis functions as it occurs in BED.

It is important to note that the current description of the SD and WKY strains as binge-type eating models was performed only on female rats. Although male rats have been described to exhibit higher levels of anxiety than females (37, 38), they have also been shown to consume less palatable food in binge-type eating protocols compared to females (39). In a previous study, we reported that male WKY rats exhibit lower consumption of sucrose in a binge-type eating model compared to females despite expressing a higher level of anxiety associated with sucrose binge eating (18). Based on the results exposed here, it would be interesting to evaluate if the anxiety-like behavior of male WKY is also induced by shortening binge-type eating or if it is only an effect of sucrose consumption. Additionally, we considered that comparing the amount of palatable food consumed between sexes, as reported (18, 39), is a limited perspective to compare the binge-type eating susceptibility between sexes. Therefore, implementing classification criteria based on “normal” palatable food consumption in males could better compare binge-type eating behavior between sexes.

One of the main limitations of this study, as we employed female rats, is the possible effect of the estrogen variation across the estrous cycle on the parameters evaluated here. Even though it has been previously reported that the estrous cycle did not affect palatable food consumption in some binge-type eating induction protocols, it has only been reported for the SD strain (34, 40), leaving the effect on the WKY strain unknown. More studies are needed to evaluate the possible effect of the estrous cycle on the female WKY binge-type eating and associated anxiety-like behavior.

In conclusion, the intermittence of palatable food alone induces binge-type eating behavior and anxiety-like behavior in rats with hyper-reactivity to stress without the implementation of any stressful stimulus or calorie restriction (41). In this way, female WKY offers a good model to study the relationship between anxiety-like and binge-type eating behaviors. However, as with other psychiatric animal models, there are some limitations based on the translatability of human-animal behavior that led to setting aside some disorder characteristic symptoms or involved social factors that are impossible to evaluate or emulate in the animal model. For example, in BED, the physical and mood discomfort after the binge episodes, the shame feeling associated with the binge episodes, and the absence of hunger when binging, among others. Nevertheless, the development of animal models provides the opportunity to identify novel hypotheses of neurobiological mechanisms that underlie the etiology of some abnormal behaviors associated with the psychiatric condition. To amplify the appearance validity of the WKY-binge eating model, we consider it important to evaluate the development of anxiety-like behavior when using a more complex palatable food since, based on our results, the binge of carbohydrates and fat affects the HPA axis function differently.
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Background: Across the globe, breastfeeding stands out as a highly effective strategy for reducing infant and child morbidity and mortality. Concurrently, postpartum depression (PPD) emerges as a notable public health issue, adversely affecting both exclusive breastfeeding (EBF) practices for infants and the fulfillment of parenting roles. Despite the lack of substantial evidence in Ethiopia and the specific study areas, indicating the association between PPD and EBF practices, this study endeavors to fill this gap. The primary objective is to examine the correlation between PPD and EBF practices, along with exploring other pertinent factors, in Assosa Town, West Ethiopia.
Methods: A community-based cross-sectional study was carried out from 7 March to 5 April 2019. The study involved the recruitment of 462 participants through a systematic random sampling method. Data collection was facilitated by conducting a structured and pre-tested questionnaire. To screen for PPD, we used the Edinburgh Postnatal Depression Scale (EPDS) tool. This tool, EPDS, was used solely as a screening tool and not for diagnostic purposes. The collected data were entered into Epi-Data version 3.1 and subsequently exported to SPSS version 24 for comprehensive statistical analysis. Bivariate and multivariate logistic regression analyses were performed to assess the association between independent variables and dependent variables. Odds ratios, along with their 95% confidence intervals (CIs), were calculated to ascertain the presence and strength of any associations. Statistical significance was acknowledged at a p-value of <0.05.
Results: The overall prevalence of EBF practices was found to be 58.2% (95% CI: 51.4–65.7), while the prevalence of PPD was 18.7% (95% CI: 15.94–26.7). Among mothers without PPD, the prevalence of EBF practices was notably higher at 62.4% (95% CI: 55.9–65.2%) compared to mothers experiencing PPD, where the prevalence was 31.3% (95% CI: 24.7–32.5%). Mothers who experienced PPD exhibited 51% reduced odds of practicing EBF compared to their counterparts (AOR = 0.49. 95% CI: 0.25–0.8). Furthermore, factors such as having a higher family monthly income (AOR = 8.7, 95% CI: 4.2–17.2), being multiparous (AOR = 5.8, 95% CI 4.9–10.8), attending antenatal care (ANC) visits (AOR = 4.9, 95% CI: 3.4–14.1), opting for vaginal delivery (AOR = 9.8, 95% CI: 5.6–17.4), and receiving husband’s support (AOR = 5.3, 95% CI: 4.6–12.7) demonstrated a statistically significant positive association with EBF practices.
Conclusion: In this study, a substantial number of mothers demonstrated suboptimal EBF practices during the first 6 months of their infants’ lives. Consequently, the findings underscore a clear association between PPD and EBF. Thus, it is imperative to intensify efforts in the early detection and treatment of PPD, enhance household income, advocate for ANC, and encourage active husband involvement to bolster EBF practices.
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Introduction

The failure to adhere to exclusive breastfeeding (EBF) has resulted in over 1.4 million deaths globally within the first 6 months of life, with 41% occurring in sub-Saharan Africa and 34% in South Asia (1–3). As reported by the Ethiopian Demographic Health Survey (EDHS) in 2016, the overall prevalence of EBF practices was 58%. Additionally, the median duration of EBF in the Benishangul-Gumuz region was determined to be 4.6 months. The 2016 EDHS findings also revealed neonatal, infant, and under-5 mortality rates of 29, 48, and 67 deaths per 1,000 live births, respectively (4). Despite variations in EBF practice prevalence across different regions, the aggregated prevalence of EBF in Ethiopia was calculated at 59.3% (5).

Different studies showed that there is inconclusive and varying EBF coverage and contributing factors (6–8). Recent studies have suggested an association between symptoms of postpartum depression (PPD) and the early discontinuation of EBF (9). PPD is a non-psychotic form of depression that manifests within the first 12 months after childbirth. The symptoms closely resemble those of depression, which can affect anyone, regardless of childbirth (10). It is a form of depression that impacts approximately 1 in 10 new mothers within the initial year following childbirth. It has the potential to adversely affect a new mother’s health and her capacity to provide nurturing care to her infant.

The burden of PPD in African American women ranges from 10 to 15% (11). While research on the perinatal mental health of women in low and middle-income countries has gained attention more recently, it has historically taken a backseat to the primary focus on preventing pregnancy-related complications (12). The pooled prevalence of PPD in 53 low- and middle-income countries was 19% (13). Moreover, 18.3% were reported by the two African systematic reviews (14), which is as high as those reported in other developed countries (15). Recent Ethiopian studies have reported PPD prevalence to range from 12.2 to 22.1% in rural areas (16, 17) and 9.27 to 33.2% (18–21) in urban areas.

PPD is the most common complication of childbirth (22), a leading cause of disability (23), linked to a weakened mother-infant bond, potentially leading to prolonged effects on the emotional and cognitive growth of the infant (24) worldwide. It contributes to increased costs for the healthcare system and can have a negative impact on the workforce economy. Moreover, depressed women have been reported to face challenges in efficient breastfeeding, exhibit reduced utilization of available health services (25, 26), experience negative postnatal birth experiences (27), and demonstrate negative impacts on maternal interaction with their newborns (28). In light of these multifaceted challenges, addressing PPD and fostering EBF not only bolsters maternal and infant wellbeing but also has economic implications for the healthcare sector and the broader economy (29). Noteworthy initiatives underscore the commitment to maternal and child health in Ethiopia. The establishment of the National Nutrition Programme and the National Guideline on Adolescent, Maternal, Infant, and Young Child Nutrition in 2013 (30) symbolizes a concerted effort to uphold international standards, foster appropriate feeding practices and caregiving approaches, and foster a brighter future for mothers and children in the country.

Enhancing nutritional education, integrating maternal mental health into regular maternal healthcare services, providing psychotherapy support while breastfeeding may have more impact than routine counseling, offering financial assistance to mothers with low income, and providing health education to multiparous women are crucial interventions to enhance appropriate infant feeding practices (31, 32).

While Ethiopia has witnessed a gradual increase in EBF prevalence, suboptimal EBF practices persist as a significant contributor to child mortality in the country. Concurrently, PPD emerges as a notable public health concern, negatively impacting a new mother’s health and her ability to provide nurturing care to her infant. Despite the lack of substantial evidence in Ethiopia and the study areas regarding the impact of PPD on EBF practices, this study endeavors to fill this gap. EBF has been encouraged for mothers who deliver at healthcare facilities. Yet, diagnosing PPD in the community remains challenging without severe cases being identified by healthcare professionals at these facilities. This study was conducted to shed light on this community issue. The primary objective is to investigate the interconnected relationship between PPD and EBF practices, along with exploring other pertinent factors, in Assosa Town, Benishangul-Gumuz Region, West Ethiopia.



Methods and materials

This community-based cross-sectional study was conducted in Assosa Town, Benishangul-Gumuz Region, West Ethiopia, from 7 March to 5 April 2019. Assosa zone is one of the three zones in Benishangul-Gumuz Regional State. It is situated 665 kilometers from Addis Ababa, the capital city of Ethiopia, with an elevation ranging from 580 to 1,668 meters above sea level. The Mao-Komo special woreda borders Assosa Town to the south, Sudan to the west, and the Kamashi zone to the northeast. The zone’s population, consisting of various ethnic groups, was estimated to be 477,852 people based on the 2007 census data, with 6,000 identified as breastfeeding women. In the latest data available, it was indicated that approximately 151,890 are women of reproductive age. Among them, 804 mothers gave birth at a health facility (24).


Source/study population, and inclusion/exclusion criteria

The source population encompassed all lactating mothers with children under the age of 1 year residing in Assosa Town.

The inclusion criteria were lactating mothers with children under the age of 1 year residing in Assosa Town for the last 6 months. Whereas, those who were seriously ill or unable to communicate were excluded from the study.



Sample size determination

A final sample size of 462 was calculated using a single population proportion formula by considering the following assumptions: drawn from a study conducted in Debre Birhan: 70.8% estimated proportion of EBF (33), 5% margin error, 95% confidence interval (CI), 5% allowance for non-response rate, and 1.5 design effect and correction formula with a source population of 6,000 (<10,000) at the study period.



Sampling procedures

The study participants were chosen through a systematic random sampling method. Initially, three kebeles in Assosa Town were selected using a lottery method. Prior to the actual data collection period, information on mothers who had given birth within the previous 12 months was gathered from family folders and delivery registration books in each Woreda Health Office of the selected kebeles to construct a sampling frame.

Each household was consecutively given a corresponding house number according to the sampling frame and k-value calculated. Since the sampling interval was calculated to be four, every fourth interval was used to enroll the study participants. If a household had more than one lactating mother with a history of birth in the previous 12 months, one of the women was recruited using the lottery method. Probability proportional to size allocation was used to allocate the study participants in each Kebele.

A structured and pre-tested questionnaire was used to collect the data. The questionnaire was developed based on tools that were applied in other related studies (6–8, 34) and the Edinburgh Postnatal Depression Scale (EPDS) (35). The questionnaire’s validity was checked through the application of relevant validity criteria (content validity). Moreover, this tool was validated by the study conducted in Addis Ababa, Ethiopia (36). Furthermore, the EPDS was used solely as a screening tool and not for diagnostic purposes.

After the pre-test, a reliability test was performed, and the questionnaire’s internal reliability (coefficient alpha) was found to be 0.87. For data collection and supervision, six midwives were employed, four with diplomas and two with bachelor’s degrees who were fluent in the local language. We employed midwives for the sake of giving clinical advice to mothers who have mixed feeding and depression as well, due to ethical concerns. The data quality was maintained throughout the study. Initially, the questionnaire was translated into Amharic (the local language) and back-translated into English to ensure consistency before data collection started. Both data collectors and supervisors also received 2 days of training on the study’s goals, data collection methods, and interview protocol. Furthermore, the questionnaire was pre-tested on 5% of the total sample size, which included participants from outside the studied area. The questionnaire’s completeness, accuracy, and applicability were thoroughly examined. In cases where mothers were not present during the initial visit by data collectors, revisits were conducted two or three times, with a gap of 2–3 days between visits if possible. The investigators and supervisor consistently reviewed completed questionnaires to ensure the completeness and accuracy of the details. Additionally, all data underwent meticulous entry and cleaning procedures before the analysis.



Study variables

The principal outcome variable in this study was EBF practice. The primary independent variable was PPD, while secondary independent variables encompassed socio-demographic factors, including the age of mothers, age of children, marital status, wealth status, husband support, and educational status. Additionally, obstetric history variables, such as gravida, antenatal care (ANC) visit, place of delivery, mode of delivery, and postnatal care, were considered.



Measurements


EBF

In this study, self-reporting was used to determine EBF. “EBF” was considered if the mother responded “yes” to the question is your baby solely receives breast milk, no other liquids or solids are offered, including water (except for oral rehydration solution, vitamin, mineral, or medicine drops, and syrups) during the first 6 months of the infant’s life (35).

Depression that begins within 1 month of childbirth and lasts more than 2 weeks is known as PPD. During the EBF period, a self-reported diagnosis of depression was used to assess the depressive status of the mother. It comprised 21 items, each measured on a scale of 0 to 3, and the total sum was 0 to 63. Women with an EPDS ≥10 were considered to have PPD (35, 37).




Statistical analysis

The SPSS version 24 software was used for data entry and computing statistical analysis. Descriptive statistics such as socio-demographic characteristics, obstetric history, breastfeeding, and PPD are presented in a table, figure, and standard deviation to summarize the findings. Initially, bivariable binary logistic regression analysis was used to detect candidate variables for multivariable binary logistic regression analysis. Then, all independent variables having a p-value of ≤0.25 in the bivariate logistic regression analysis were entered into the multivariable logistic regression analysis to find out the independent factors. An odds ratio with a 95% CI was used to decide the strength and direction of the association between the dependent and independent variables. To ensure the necessary assumptions for multivariable binary logistic regressions, a Hosmer–Lemeshow goodness-of-fit test was used and met. Finally, the significance level was declared at a p-value of <0.05.



Ethics approval and consent to participation

The study protocol was approved by the Institutional Review Board of Jimma University, the Institute of Health, and the Faculty of Health Science. Additionally, all relevant authorities in the Benishangul-Gumuz Regional Health Bureau gave their authorization. Before enrollment in the study, participants provided written informed consent. A right thumbprint was used as a signature for participants who were unable to write. For participants under the age of 18, parental or legal guardian consent was obtained. The study was fully voluntary, and participants were told of their right to withdraw at any time. Data were collected confidentially, and it was de-identified, de-linked, and stored in a safe location.




Results


Sociodemographic and obstetric characteristics

The mean age of the respondents was 28.4 ± 4.7 years with a response rate of 97.4%. The majority of respondents were married 429 (95.3%), 146 (32.4%) were Amhara in ethnics, 243 (60.3%) were housewives, and 180 (40%) had no formal education. In terms of obstetric characteristics, 335 (74.4%) of the respondents were primiparous, while 197 (43.8%) had ANC visits. The majority of the respondents, 431 (95.8%), gave birth vaginally. Other socio-demographic and obstetric characteristics are presented in Table 1.



TABLE 1 Socio-demographic and obstetric characteristics of the participants in Assosa Town, West Ethiopia, 2019.
[image: Table displaying various maternal and child characteristics among 450 participants. Categories include age of mothers, ethnicity, marital status, age of the child, maternal education, occupation, ANC visits, postnatal care follow-up, place and mode of delivery, gravidity, and husband's support. For instance, 36.9% of mothers are aged 26-30, 73.6% deliver at health facilities, and 45.1% report husband's support. Data is presented in frequency and percentage.]



Breastfeeding practices

The prevalence of EBF during the first 6 months of life was observed to be 58.2% (95% CI: 51.4–65.7). The majority of respondents, 386 (85.8%), replied they were informed about EBF at some point, 304 (67.6%) of them started breastfeeding within 1 h of birth, and half, 225 (50%), said they got information from health care providers. Of all respondents, approximately half (217 (48.2%)) expressed and discarded their colostrum. In terms of EBF frequency, the majority, 325 (72.2%), of the respondents gave breast milk to their infant eight times and above per 24 h (Table 2).



TABLE 2 Breastfeeding practice-related characteristics of the participant in Assosa Town, West Ethiopia, 2019.
[image: Table displaying survey results on breastfeeding practices among 450 participants. Categories: Practiced EBF, Ever heard about EBF, Expressed and discarded colostrum, Started first breastfeeding within one hour, Know the exact duration of EBF, Know the importance of EBF, Frequency of breastfeeding, Source of information about breastfeeding. Data columns show frequency counts and percentages for each response.]



Distribution between the level of EBF practices and PPD

The prevalence of EBF practices was higher among mothers without PPD (54%), than among postpartum depressed mothers (4.2%) (Figure 1).

[image: Bar chart titled "EBF practice and PPD" comparing percentages of PPD among different EBF practices: "Yes" with 4.2% blue, 14.5% red, 18.7% green; "No" with 54% blue, 27.3% red, 81.3% green; "Total" with 58.2% blue, 41.8% red, 100% green.]

FIGURE 1
 Distribution between the level of EBF practices and PPD.




The scale of PPD score

The overall prevalence of PPD in the study area was 18.7% [95% CI: 15.94–26.6] (Figure 2) based on the EPDS screening tool.

[image: Bar chart titled "Magnitude of PPD" depicting PPD scores. Categories: Normal (81.3%), Mild (8.4%), Borderline psychosocial (6.0%), Moderate depression (2.5%), Severe depression (1.8%). Scores range from 0-9 to over 30.]

FIGURE 2
 Magnitude of PPD among lactating mothers in Assosa Town, West Ethiopia, 2019.




PPD and other factors associated with EBF practices

In this study, mothers who experienced PPD had 86% reduced odds of EBF their babies than their counterparts (AOR = 0.14. 95% CI: 0.12–0.8) The outcomes of multivariate logistic regression showed that having a medium level of income, being multiparous, ANC visits, giving birth by a vaginal route, having a husband’s support, and experiencing PPD were significantly associated factors of EBF.

Mothers from middle-income households had 8.7 times higher odds of practicing EBF in comparison to mothers of lower-income households [AOR = 8.7, 95 CI (4.2–17.2)]. Similarly, the odds of practicing EBF were 9.8 times higher among mothers who gave birth vaginally than those who had a cesarean section [AOR = 9.8, 95% CI (5.6–17.4)]. In addition, mothers who were supported by their husbands were 5.3-folds more likely to practice EBF than mothers who were not supported by their husbands [AOR = 5.3, 95% CI (4.6–12.7)]. Likewise, mothers receiving ANC visits had 4.9 times greater probabilities of practicing EBF in comparison to their counterparts [AOR = 4.9, 95% CI (3.4–14.1)]. Furthermore, the odds of practicing EBF for multiparous mothers were six times higher when compared to primiparous mothers [AOR = 5.8, 95%CI (4.9–10.8)] (Table 3).



TABLE 3 Binary and multivariate logistic regression results for factors associated with exclusive breastfeeding in Assosa Town, West Ethiopia, 2019.
[image: Table comparing variables influencing exclusive breastfeeding (EBF) status with both Crude Odds Ratio (COR) and Adjusted Odds Ratio (AOR) displayed with confidence intervals (CIs). It includes categories such as age, wealth status, gravidity, ANC visits, husband's support, delivery mode, and postpartum depression. Significant values are marked with asterisks indicating p-values (**p ≤ 0.05, *p ≤ 0.25).]




Discussion

This study investigated PPD and associated factors related to EBF practices among lactating mothers in Assosa Town. The findings revealed that only 58.2% of mothers practiced EBF for the first 6 months of their child’s life. Moreover, the prevalence of EBF practices was higher among mothers without PPD (54%) than among PPD mothers (4.2%). Notably, the prevalence of EBF in this study was higher than reported rates in studies conducted in Tigray, Addis Ababa, Gojjam, and Somaliland, where EBF rates were documented as 26.9, 29.3, 50.1, and 20.47%, respectively (6–8, 38). The variations in EBF rates across different regions could be attributed to socioeconomic and cultural differences in infant feeding practices. Additionally, disparities may arise from the varying levels of emphasis and effort that countries dedicate to promoting EBF. Cultural norms, healthcare infrastructure, and awareness campaigns can significantly influence the prevalence of EBF in different parts of the world. In contrast, this study found a smaller prevalence of EBF compared with studies carried out in Hawassa, Wolaita, Goba, and Dire Dawa, which were 60.9, 64.8, 71.3, and 81.1%, respectively (39–42). The differences observed in our research findings may be attributed to variations in the study area, sample size, sociocultural factors, economic conditions, and the implementation of EBF practices. These diverse factors can contribute to discrepancies in the prevalence and promotion of EBF in different research contexts.

This study revealed that there was a negative association between EBF and PPD. This finding is in line with studies conducted in Brazil (43), Bangladesh (44), China (45), and the Democratic Republic of the Congo (46). The observed association between PPD and lower EBF rates could be attributed to the potential detrimental impact of PPD on a mother’s self-esteem and memory. These effects may contribute to a shorter duration of breastfeeding and negative postnatal birth experiences, ultimately influencing maternal interaction with their newborns. The psychological and emotional challenges associated with PPD may influence a mother’s ability and willingness to engage in sustained breastfeeding practices. Moreover, women experiencing depression are more likely to have insufficient interactions with their newborns, including reduced touching, sensitivity, and skin-to-skin contact. These factors can increase the likelihood of encountering breastfeeding difficulties. The emotional and psychological state of a depressed mother may impact her ability to establish and maintain positive bonding experiences with her infant, potentially influencing the breastfeeding journey.

We need to acknowledge that the association between PPD and EBF is uncertain. Some studies support that it is PPD that decreases the success of breastfeeding; however, others argue that the discontinuation of breastfeeding leads to a higher risk of experiencing PPD (47–49). Further research and personalized care can shed more light on how these factors interplay and how best to support mothers in managing PPD and achieving successful breastfeeding practices.

In this study, infants born to mothers in the middle wealth index were found to be more likely to practice EBF than those born to mothers in the lowest wealth index. This finding is consistent with previous studies undertaken in Bahir Dar (34), Kenya (50), Ghana (51), Nigeria (52), India (53), and Australia (54). The observed association may be due to higher-income mothers having more access to different information that can help them better understand the benefits of EBF. This finding, however, contradicts the earlier research conducted in Addis Ababa (7), East Gojjam (8), and Bangladesh (44). These variations may be the result of socioeconomic and demographic differences between the regions.

Similarly, mothers who have their husband’s support had higher odds of practicing EBF than their counterparts. The finding is similar to the prior studies conducted in East Gojjam, Ethiopia (8), the United Kingdom (55), Nepal (56), and Vietnam (57). The explanation for this may be that the husband’s involvement is important in family and household decision-making, as well as many other aspects of family life, including infant feeding practices. Moreover, the odds of practicing EBF were higher among multiparous than primiparous mothers. This result is similar to that of the studies undertaken in Malawi (58) and Indonesia (59). The explanation for this may be that multiparous mothers are more likely to practice EBF because they have prior breastfeeding experience.

Likewise, in this study, receiving ANC was positively associated with EBF practice. This finding is supported by studies carried out in Bahir Dar (34), Tanzania (60), Nigeria (52), Malawi (58), and India (53). This indicates that the ANC has a substantial influence on EBF. As a result, mothers who follow an ANC visit may have a strong chance to receive nutritional counseling and education about infant feeding, which includes EBF. Besides, this study revealed that mothers who gave birth vaginally were more likely than those who had a cesarean section to exclusively breastfeed their babies. This finding is consistent with a study from Bahir Dar (34), Hawassa (39), Nigeria (52), and Nepal (57). The reason could be that timely hospital discharge and reconnection with the families of vaginally delivered mothers can make postnatal care simpler and increase the chances of practicing EBF. In addition, the mother’s pain caused her to delay giving the baby breast milk and instead use formula or cow milk as a first option.

The strengths of this study comprise the fact that respondents were enrolled using the probability sampling technique to maintain the representativeness of the study, which made it community-based, and various methods were used to maintain the quality of data.

However, there are some limitations to this study. First, this study used a cross-sectional study design, making causal associations difficult to establish. Second, the result was determined by self-report; recall and social desirability bias may have affected the underestimation or overestimation of the correlation between the dependent and the independent variables. Moreover, the generalizability of the findings to other populations or regions may be limited due to cultural, socioeconomic, and healthcare system differences. Future research could benefit from including a more diverse sample or conducting similar studies in different settings.



Conclusion

In conclusion, the prevalence of EBF was found to be low, contrasting with international recommendations advocating for EBF for children under the age of 6 months. Additionally, the study identified an association between PPD and EBF practices. These findings underscore the need for targeted interventions and support to promote optimal breastfeeding practices, particularly in the context of maternal mental health. Owing to a medium level of income, being multiparous, having an ANC visit, vaginal delivery, receiving husband’s support, and experiencing PPD were independently associated factors of EBF. Hence, it is imperative to intensify efforts toward early detection and treatment of PPD, enhancing household income, promoting ANC, and encouraging active husband involvement to enhance EBF practices. Additionally, future research with robust study designs should be undertaken to comprehensively explore the diverse underlying factors influencing EBF. This will contribute to a more nuanced understanding and inform targeted strategies to improve breastfeeding practices.
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Objectives: The global aging situation is becoming increasingly critical and cognitive impairment in the elderly has become a public health burden of concern. Physical activity (PA) and vitamin D may play a key role in improving cognitive impairment. However, little studies have examined the interaction between these two. The purpose of this study was to assess the association of PA and vitamin D with cognitive impairment in older adults, as well as the interactions of PA and vitamin D.
Materials and methods: This study was conducted by multi-stage random sampling of elderly people ≥60 years old, and a total sample of 2,492 (1,207 male and 1,285 female, mean age of 69.41 ± 6.75 years) with complete data was included in the analysis. PA was assessed by the Global Physical Activity Questionnaire, and < 600 MET-min/week was used as the division criteria. Serum vitamin D was measured by high-performance liquid chromatography tandem mass spectrometry, and 25-hydroxyvitamin D2/D3 concentration < 20 ng/mL was used as a vitamin D deficiency criterion. Cognitive function was assessed by three subtests: the Consortium to Establish a Registry for Alzheimer’s disease word learning test (CERAD-WL) for immediate and delayed learning, the Animal Fluency Test (AFT) for verbal fluency; and the Digit Symbol Substitution Test (DSST) for information processing speed and switching attention. All three subtests were scored at less than the lowest quartile of the score as a criterion for cognitive impairment. Statistical analysis was performed using SPSS for chi-square test, rank sum test, interaction analysis, subgroup analysis, and regression analysis.
Results: Lower level of PA is associated with higher odds of cognitive impairment (CERAD W-L: OR = 1.596, 95% CI: 1.338–1.905, p < 0.001; AFT: OR = 1.833, 95% CI: 1.534–2.190, p < 0.001; DSST: OR = 1.936, 95% CI: 1.609–2.329, p < 0.001). Vitamin D deficiency has significant effects in AFT (OR = 1.322, 95% CI: 1.103–1.584, p = 0.003) and DSST (OR = 1.619, 95% CI: 1.345–1.948, p < 0.001). After adjusted for covariates, PA and vitamin D have multiplicative interaction on AFT (OR = 0.662, 95% CI: 0.448–0.977, p = 0.038) and DSST (OR = 0.775, 95% CI: 0.363–0.868, p = 0.009). The interaction between PA and vitamin D was not significant in the CERAD W-L (OR = 0.757, 95% CI: 0.508–1.128, p = 0.172).
Conclusion: The results showed that lower level of PA and vitamin D deficiency were associated with higher odds of cognitive impairment in the elderly population and that there was a multiplicative interaction between PA and vitamin D on cognitive function, with a significant effect of vitamin D on cognitive impairment in high PA conditions.
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1 Background

The global aging situation is becoming increasingly critical, leading to a rapidly deteriorating situation of cognitive impairment in the elderly population. The World Health Organization (WHO) has previously estimated that the global population with cognitive impairment will increase acutely from 55 million in 2019 to 139 million by 2050 (1). Cognitive impairment is a group of severe learning and memory deficits due to the abnormalities in the processing of higher brain intelligence related to learning, memory, and thinking judgments (2). The prevalence of cognitive impairment is significantly higher in the elderly population than in other age groups (3). The occurrence of cognitive impairment in the elderly population has a significant economic impact on families and communities, increasing social exclusion and individual stigma. Cognitive functioning is also directly related to quality of life, interpersonal relationships, and self-independence in this population, which together constitute a significant public health burden (4). However, there are currently very limited treatments for cognitive impairment and no targeted medications (5). Therefore, it is particularly important to uncover potential risk factors and protective factors for cognitive impairment in the elderly population to guide the development of prevention strategies.

Evidence suggested that daily physical activity (PA) may be an important intervention for cognitive decline in older adults (6). PAs are performed by skeletal muscles for any movement that requires energy expenditure, where moderate-to-vigorous physical activity (MVPA) are PAs greater than 3 metabolic equivalents (METs) and include activities such as brisk walking, cycling, and conditioning exercise (7). MVPA can prevent a variety of chronic conditions including cognitive impairment in the elderly, and studies have found that PA can reduce the risk of dementia and Alzheimer’s disease by 28 and 45%, respectively (8). Vitamin D is another factor that may significantly affect cognitive conditions in elderly population. Vitamin D deficiency is a global public health burden that afflicts over 1 billion people worldwide (9), which consequences should not be underestimated. Vitamin D can affect neurocognition through multiple pathways, including induction of neuroprotection, regulation of oxidative stress, modulation of calcium homeostasis, and inhibition of inflammatory processes (10). Previous studies have found that Vitamin D deficiency may be more common in older populations and may contribute to cognitive decline, dementia, and Alzheimer’s disease (11).

Physical activity and vitamin D have long been interrelated, and evidence have suggested that both PA and vitamin D have positive interactive effects on numerous psychiatric outcomes (12). However, the relationship between vitamin D, PA, and cognitive impairment, and the interactive effects of vitamin D and PA on cognitive impairment in elderly population are yet not fully understood. Older adults may have difficulty participating in regular PA due to decreased mobility, lack of safe outdoor facilities, and other health issues. At the same time, cognitive decline may also lead to decreased PA and reduced time spent outdoors. In addition, vitamin D deficiency has been shown to play a role in age-related cognitive decline (13), further complicating its relationship with PA and cognitive impairment. Given these challenges, further research is needed to understand the relationship between vitamin D deficiency, PA, and cognitive function in elderly population. Therefore, in this study, we analyzed the effects of PA and vitamin D deficiency on cognitive impairment in a national representative elderly population, respectively, and additionally analyzed the interaction between PA and vitamin D deficiency on cognitive impairment. These analyses will allow us to develop evidence-based interventions to promote brain health and physical health in elderly population.



2 Materials and methods


2.1 Study population

In this study, we analyzed data from the National Health and Nutrition Examination Survey (NHANES), a population-based cross-sectional survey designed to collect information on the health and nutritional status of an all-age population in the United States (U.S.). The survey is conducted on a 2-year cycle and includes household interviews and health assessments. The NHANES protocol and secondary analysis of the data were approved by the National Center for Health Statistics (NCHS) Ethics Review Board, and all adult participants signed a written notice of consent. In this study, we extracted data from two survey cycles, 2011–2012 and 2013–2014. Participants aged 60 years and older, with complete demographic information, who completed the cognitive function assessment tests, serum vitamin D examinations, and the PA questionnaire were included in this study. We screened a total of 3,544 participants aged 60 years and older and excluded those with missing data on demographic characteristics (n = 234), incomplete or ineligible data on cognitive function, missing vitamin D data, and missing PA data (n = 818). Finally, a total of 2,492 participants were included in the analysis of this study (See Figure 1).

[image: Flowchart illustrating participant selection for analysis from a study. Initial participants were 3,544 from NHANES aged sixty and above, split into two cohorts from 2011-2012 and 2013-2014. After excluding 234 participants with missing demographic data, 3,310 remained. Further exclusion of 818 for missing vitamin D, physical activity, and cognitive data resulted in 2,492 for the final analysis.]

FIGURE 1
 Flow chart of the selection process for selecting eligible participants.




2.2 Cognitive function assessments

In this study, cognitive function is measured by the following three tests: word learning and recall modules from the Consortium to Establish a Registry for Alzheimer’s disease (CERAD), the Animal Fluency test (AFT), and the Digit Symbol Substitution test (DSST). The three tests above assess three different aspects of cognitive function.

The CERAD Word Learning subtest (CERAD W-L) consists of three consecutive learning trials and a delayed recall to assess the ability to learn new words and recall words, which has been used in major epidemiological studies in different ethnic and cultural communities (14). During the learning trials, participants first engage in learning 10 unrelated words and after recall as many as possible immediately after learning them. Delayed recall will be done after AFT and DSST are finished.

The AFT test evaluates categorical verbal fluency, whose scores have been shown to discriminate the cognitive function between the cognitive impairment and normal cognitive functioning (15). There will be a practice test before AFT, participants who finished the pretest will continue the AFT. The AFT requires participants to name as many as animals as possible in 1 min. The score of AFT is the sum of the names of the animals in 1 min.

The DSST test is a well-established measure to assess executive function and processing speed, which has been used in epidemiological and clinical studies (16). According to the NHANES, participants who did not finished the practice test will not continue. The DSST asked participants to match the numbers and the symbols; the score is the total number of numbers correctly matched with their corresponding symbols for 133 numbers in 2 min.

In the present study, we referred to the classification method of previous studies and used the lowest quartile of participant scores on the CERAD W-L, AFT, and DSST tests, respectively, as cut-off points (17). Participants with test scores below or equal to the cut-off point were included in the Cognitive Impairment group, whereas participants with test scores above the cut-off point were included in the Normal Cognition group. For the processing of the data, we did not sum or take the maximum of the scores of the three tests but exhibited them separately in the subsequent table.



2.3 Physical activity assessments

In this study, PA was assessed through interview that was based on the Global Physical Activity Questionnaire (GPAQ) conducted at participants’ home by trained technicians using the Computer Assisted Personal Interview (CAPI) system. According to the questions related to daily activities and leisure time activities, PAs were classified as work physical activity (WPA), transportation physical activity (TPA), and recreational physical activity (RPA) according to their different purposes or intensity of implementation by the participants. WPA refers to the things that must be done, such as household chores, yard work, and paid or unpaid work. Vigorous WPA causes a large increase in breathing or heart rate and lasts for at least 10 min continuously, such as lifting or carrying heavy loads. Activities like walking at a fast pace or lifting light loads for at least 10 min that causes a slight increase in breathing or heart rate are considered moderate WPA. TPA is defined as walking or biking for at least 10 min continuously on the way to school, shopping, or work. The RPA excludes work and transportation activities already mentioned, and high-intensity sports, fitness, or recreational activities that cause a large increase in breathing or heart rate are classified as vigorous RPA, such as running and basketball, and activities that cause a small increase in heart rate or breathing, such as biking and swimming, are classified as moderate RPA. During this process, participants answered what types of PAs they had performed in the past week and the duration of time they performed that type of PA. According to the NHANES metabolic equivalent score recommendations: eight METs for vigorous WPA, four METs for moderate WPA, four METs for TPA, eight METs for vigorous RPA, and four METs for moderate RPA. In this study, we assessed PA by multiplying the “duration of different types of activities (in minutes)” by the “intensity (in METs)” score of participants’ performance in the past week. According to the U.S. Physical Activity Guidelines, high-intensity PA is defined as ≥600 MET-min/week and low-intensity PA is defined as <600 MET-min/week (18). Therefore, we used 600 MET-min/week as the cut-off point for PA in this study.



2.4 Vitamin D assessment

Vitamin D level was measured through methods from Centers for Disease Control (CDC): the test principle used high-performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS) to quantitatively detect 25-hydroxyvitamin D3 (25OHD3), 3-epi-25-hydroxyvitamin D3 (epi-25OHD3), and 25-hydroxyvitamin D2 (25OHD2) in human serum. In this study, we used the concentration of serum 25-hydroxyvitamin D2 plus serum 25-hydroxyvitamin D3, collectively referred to as 25(OH)D, to assess the participants’ vitamin D level. According to the Endocrine Society, 20 ng/mL was used as a classification criterion for vitamin D level in adults (9). Therefore, in this study, 25(OH)D < 20 ng/mL was classed as vitamin D deficiency, and 25(OH)D ≥ 20 ng/mL was classed as moderate to excessive level (no deficiency).



2.5 Covariates

The covariates in this study contained gender, age, race, season of exam, education level, marital status, income to poverty, body mass index (BMI), and recent health status. Each of these covariates may have an impact on the outcomes of this study. Age was categorized into three age groups: 60–69, 70–79, and ≥ 80 years. Race was divided into five categories: Hispanic, non-Hispanic White, non-Hispanic Black, non-Hispanic Asian, and Other. The season of exam consisted of two periods: November 1 to April 30 and May 1 to October 31. Education level was divided into three categories: below high school, high school, and above high school. Marital status was categorized as “married/living with partner” and “married living alone (widowed, divorced, separated)/never married.” In this study, income to poverty was used to indicate the income status of participants, which was divided into two categories: impoverished and moderate income. Income to poverty <1.3 was defined as impoverished, and ≥ 1.3 as moderate income (19). BMI was classified into three categories, with <25 kg/m2, 25 to <30 kg/m2, and ≥30 kg/m2 indicating low and standard weight (here we combined the classifications because the number of underweights with BMI <19 is so small that may trigger bias), overweight and obese (20). According to the NHANES classification, recent health status was classified into five categories: excellent, very good, good, fair, and poor.



2.6 Statistical analysis

We first screened the raw data using Microsoft Excel 2010 to exclude participants who did not meet the inclusion criteria, which included missing demographic information, missing recent health status or BMI data (n = 234), and participants who did not complete the cognitive function test or missing serum vitamin D or PA data (n = 818). Afterward, we performed chi-squared tests to initially screen for covariates with statistically significant differences between the Normal Cognition group and Cognitive Impairment group in the CERAD W-L/AFT/DSST tests, respectively. A-entry = 0.05 and a-exit = 0.10 were used to select and exclude independent variables.

We then performed binary logistic regression analyses to estimate the association between PA and cognitive function as reflected by CERAD W-L/AFT/DSST test results, and the association between cognitive function as reflected by vitamin D status CERAD W-L/AFT/DSST test results, respectively. We also developed binary stepwise regression models with vitamin D as the independent variable and PA as the dependent variable, and divided PA into “High PA group” and “Low PA group” to analyze the association between vitamin D status and PA after excluding the effects of confounding variables. In this stepwise regression analysis, three models were developed: Model 1: original model without adjusting for any variables; Model 2: adjusted for age, gender, race, education level, marital status, income to poverty, recent health status and BMI; Model 3: adjusted for the independent variables in Model 2 plus test results from CERAD W-L/AFT/DSST tests.

Finally, we constructed binary stepwise logistic regression models for interaction analyses, which were used to analyze the interaction relationship between PA and VD in their association with cognitive function. To analyze the effect of vitamin D on cognitive function as reflected by the recognition CERAD W-L/AFT/DSST tests in both high and low PA conditions, respectively. We have set two subgroups, “high PA group” and “low PA group,” with vitamin D status as the independent variable and cognitive function reflected by CERAD W-L/AFT/DSST test as the dependent variable and analyzed the association between vitamin D and cognitive function, respectively, in the subgroups. To exclude the effect of confounding variables, we sequentially included statistically significant covariates from chi-square tests (p < 0.05) in the stepwise regression model. In the model setting, we considered the possible significant impact of recent health status on cognitive function (21). This led to the development of three models: Model 4: original model without adjusting for any variables; Model 5: adjusted for age, gender, race, education level, marital status, income to poverty; Model 6: adjusted for the independent variables in Model 5 plus recent health status. In this study, all data were analyzed using the Statistical Package for Social Sciences (SPSS) version 28.0. Visualization was achieved through GraphPad Prism 8th Generation. p values less than 0.05 were considered statistically significant (two-sided test).




3 Results


3.1 Demographic characteristics

A total of 2,492 participants aged 60 years and older who completed cognitive function tests and had complete demographic, physical activity, and vitamin D data were included in this study. The mean age of the participants was 69.41 ± 6.75 years, of which 1,207 (48.4%) were male and 1,285 (51.6%) were female.

On the CERAD W-L, differences in age, gender, education level, income to poverty, and recent health status between the Normal Cognitive Group and the Cognitive Impairment Group were statistically significant (all p < 0.001), as were differences in race and marital status (p = 0.002, p = 0.029), while differences in season of exam and BMI were not significant (p = 0.768, p = 0.116).

On the AFT, differences in age, race, education level, income to poverty, and recent health status between the Normal Cognitive Group and the Cognitive Impairment Group were statistically significant (all p < 0.001), as were differences in marital status (p = 0.004), whereas differences in gender, season of exam, and BMI were not significant (p = 0.378, p = 0.569, p = 0.116).

On the DSST, differences in age, gender, race, education level, marital status, income to poverty, and recent health status between the Normal Cognitive Group and the Cognitive Impairment Group were statistically significant (all p < 0.001), while differences in season of exam and BMI were not significant (p = 0.068, p = 0.616). (See Table 1).



TABLE 1 Demographic characteristics of participants age ≥ 60 from NHANES 2011 to 2014 by cognitive function.
[image: A table comparing cognitive test results across different demographic and health categories. It includes results from the CERAD W-L, Animal Fluency, and Digit Symbol Substitution tests, with columns for normal cognition, cognitive impairment, and p-values. Categories include age, gender, race, season of exam, education level, marital status, income, body mass index, and recent health status. Percentages and p-values indicate statistical significance in cognitive performance differences among groups.]



3.2 Association of PA and cognitive impairment

The differences in PA between the Normal Cognitive Group and the Cognitive Impairment group were statistically significant in all three cognitive function tests of CERAD W-L/AFT/DSST (all p < 0.001) (See Table 2). Cognitive impairment was more prevalent in low PA than in high PA. Binary logistic regression analysis revealed that lower levels of PA may be associated with higher odds of cognitive impairment. Compared with higher PA, lower PA was associated with 59.6% higher odds in CERAD W-L (OR = 1.596, 95% CI: 1.338–1.905), 83.3% in AFT (OR = 1.833, 95% CI: 1.534–2.190), and 93.6% in DSST (OR = 1.936, 95% CI: 1.609–2.329) (See Figure 2).



TABLE 2 Cognitive function characteristics of NHANES 2011 to 2014 adults age ≥ 60 by physical activity.
[image: Table comparing cognitive function between high and low physical activity groups across three tests: CERAD W-L, Animal Fluency Test, and Digit Symbol Substitution Test. Each test shows higher normal cognition percentages in high activity groups. Odds ratios range from 1.596 to 1.936, with significant p-values less than 0.001.]

[image: Forest plot illustrating the odds ratios (OR) with 95% confidence intervals for cognitive function measures: CERAD (OR 1.596, CI 1.338-1.905), AFT (OR 1.833, CI 1.534-2.190), and DSST (OR 1.936, CI 1.609-2.329). All p-values are less than 0.001.]

FIGURE 2
 Forest plot of the post-hoc relationship between cognitive function and physical activity.




3.3 Association of vitamin D and cognitive impairment

The differences in vitamin D between the Normal Cognitive Group and the Cognitive Impairment group were statistically significant in the cognitive function tests of AFT and DSST (p = 0.003, p < 0.001), but not in CERAD W-L (p = 0.226) (See Table 3). Binary logistic regression analysis revealed that vitamin D deficiency may be associated with higher odds of cognitive impairment. Compared with the non-deficiencies, vitamin D deficiency was associated with 32.2% higher odds in AFT (OR = 1.322, 95% CI: 1.103–1.584), and 61.9% in DSST (OR = 1.619, 95% CI: 1.345–1.948) (See Figure 3).



TABLE 3 Cognitive function characteristics of NHANES 2011–2014 adults age ≥ 60 by vitamin D.
[image: Table comparing cognitive performance based on vitamin D deficiency and non-deficiency. It includes normal cognition and cognitive impairment rates for CERAD W-L, Animal Fluency Test, and Digit Symbol Substitution Test. The table provides counts, percentages, odds ratios (OR), confidence intervals (95% CI), and p-values. Notable p-values include 0.226 for CERAD W-L, 0.003 for Animal Fluency Test, and less than 0.001 for Digit Symbol Substitution Test.]

[image: Forest plot showing odds ratios for cognitive function related to VD. CERAD has an OR of 1.120 (95% CI: 0.932-1.344, P=0.226), AFT has 1.322 (95% CI: 1.103-1.584, P=0.003), and DSST has 1.619 (95% CI: 1.345-1.948, P<0.001). Horizontal lines represent confidence intervals.]

FIGURE 3
 Forest plot of the post-hoc relationship between cognitive function and vitamin D.




3.4 Association of PA and vitamin D

In analysis for the association of PA and vitamin D, age, gender, race, education level, marital status, income to poverty, recent health status and BMI, as well as test results from CERAD W-L/AFT/DSST were included in the regression models. Model 1 (without excluding any confounders) showed an odds ratio (OR) of 1.300 (95% CI: 1.100–1.536) (p = 0.002) for the association of PA and vitamin D; Model 2 (adjusted for variables of age, gender, race, education level, marital status, income to poverty, recent health status, and BMI) showed OR = 1.255 (95% CI: 1.046–1.506) (p = 0.015), Model 3 (adjusted for test results from CERAD W-L/AFT/DSST) showed OR = 1.232 (95% CI: 1.026–1.480) (p = 0.025). The results suggest that lower levels of PA is associated with higher odds of vitamin D deficiency after adjusted for confounders. Participants with low PA are 23.2% more likely to be vitamin D deficient than those who attend greater intensity PA (See Table 4).



TABLE 4 Association of PA and vitamin D deficiency in NHANES adults age ≥ 60.
[image: Table showing results from three statistical models. Model 1: \( b = 0.262 \), SE = 0.085, Wald = 9.522, \( p = 0.002 \), OR = 1.300 (95% CI: 1.100–1.536). Model 2: \( b = 0.227 \), SE = 0.093, Wald = 5.973, \( p = 0.015 \), OR = 1.255 (95% CI: 1.046–1.506). Model 3: \( b = 0.209 \), SE = 0.093, Wald = 4.999, \( p = 0.025 \), OR = 1.232 (95% CI: 1.026–1.480). Notes: Model 1 is unadjusted. Model 2 adjusts for demographics. Model 3 adjusts for demographics and test results.]



3.5 Interaction association of PA and vitamin D with cognitive impairment

First, we explored the multiplicative interaction of PA and vitamin D, with cognitive impairment screened by CERAD W-L/AFT/DSST, respectively. In these analyses, the statistically significant covariates from the univariate analysis: age, gender, race, education level, marital status, income to poverty, and recent health status, was included in regression models. Model 4 (without excluding any confounding variables) showed that PA and vitamin D, on all three tests of CERAD W-L (p = 0.046), AFT (p = 0.007), and DSST (p = 0.001), had significant multiplicative interaction on cognitive impairment. Model 5 (which included age, gender, race, education level, marital status, and income to poverty as confounding variables in the regression analysis) showed that PA and vitamin D, on the AFT (p = 0.032) and DSST (p = 0.008), had a significant multiplicative interaction on cognitive impairment, while no statistically significant difference was observed in CERAD W-L (p = 0.154). Model 6 (based on model 5 with additional exclusion of recent health status) showed that PA and vitamin D, on the AFT (p = 0.038) and DSST (p = 0.009) tests, had a significant multiplicative interaction on cognitive impairment, while no statistically significant difference was observed in CERAD W-L (p = 0.172). The results showed that there was a significant multiplicative interaction between PA and vitamin D on cognitive impairment in AFT and DSST, especially in DSST (See Table 5).



TABLE 5 Multiplicative interaction association of vitamin D plus physical activity and cognitive function in NHANES 2011 to 2014 participants age ≥ 60 years.
[image: Table showing odds ratios (OR), 95% confidence intervals (CI), and p-values for three cognitive tests: CERAD W-L, Animal Fluency Test, and Digit Symbol Substitution Test. Each test has results for three models: Model 4, Model 5, and Model 6, with separate columns for overall OR, high physical activity, and low physical activity. Adjustments explained in footnotes, highlighting the effects of physical activity levels on cognitive performance.]

Based on the results of interaction analysis, to explore the effect of vitamin D deficiency on cognitive impairment at different levels of PA, we further divided PA into two subgroups, the high PA group and the low PA group, and within each of the two subgroups, we analyzed the effect of vitamin D deficiency on cognitive impairment screened by the three tests CERAD W-L/AFT/DSST. As in previous analyses, we set up the same three models (Models 4/5/6) to exclude confounding variables (age, gender, race, education level, marital status, income to poverty, and recent health status). The results showed that in AFT, Model 6 (excluded all confounders) showed: OR = 1.456, 95% CI: 1.067–1.986, p = 0.018 in the high PA subgroup; OR = 1.029, 95% CI: 0.792–1.337, p = 0.831 in the low PA subgroup. In DSST, Model 6 (excluded all confounders) showed: OR = 1.934, 95% CI: 1.363–2.744, p < 0.001 in the high PA subgroup; OR = 1.043, 95% CI: 0.781–1.393, p = 0.775 in the low PA subgroup. In CERAD W-L, statistical analysis was not meaningful, so we do not present the data. The results suggest that vitamin D deficiency is associated with higher odds of cognitive impairment in older adult population engaged in higher levels of PA, increasing their potential risk by 45.6% (AFT) and 93.4% (DSST). However, this association was not significant in the group of older adults engaged in lower levels of PA: statistically significant difference was not observed in the association of vitamin D deficiency with cognitive impairment (p > 0.05) (See Table 5).




4 Discussion

This study analyzed the effects of vitamin D and PA on cognitive function based on NHANES data from 2011 to 2014 and showed that vitamin D deficiency and low levels of PA may be associated with higher odds of cognitive impairment. There was a multiplicative interaction between the effects of vitamin D and PA on cognitive function, vitamin D deficiency is less prevalent in high levels of PA than in low levels of physical activity. The proportion of cognitive impairment in the three cognitive tests with vitamin D deficiency at high levels of PA was smaller than the proportion of cognitive impairment in the three cognitive tests with vitamin D deficiency at low levels of PA (Figure 4).

[image: Bar chart comparing three cognitive tests: CERAD-WL, AFT, and DSST. Each test displays percentages for High-PA and Low-PA groups. CERAD-WL shows 27.3% for Low-PA and 31.8% for High-PA, AFT shows 29.0% for both groups, and DSST shows 29.0% for Low-PA and 34.4% for High-PA.]

FIGURE 4
 Proportion of three cognitive impairments in the presence of vitamin D deficiency at different levels of physical activity. CERAD-WL, Consortium to Establish a Registry for Alzheimer’s disease word learning test; AFT, Animal Fluency Test; DSST, Digit Symbol Substitution Test; and PA, Physical activity.


The present study suggests that men and women differ in the development of cognitive impairment and that the prevalence of cognitive impairment increases substantially with age. The differences in sex are caused by two factors, firstly an organizing effect, which occurs as early as during neuronal development, and secondly an activating effect, whereby sex steroids (e.g., estradiol) influence brain function in adulthood (22). Research by Hogervorst has shown that women who have menopause before the age of 47 have an increased risk of cognitive impairment in later life, suggesting that the risk of cognitive impairment increases with the number of years of hormone loss (23). Aging is a complex and irreversible process and is considered the most important risk factor for cognitive impairment. It occurs in multiple cellular systems and organs and is accompanied by a reduction in brain volume, loss of synapses, and enlargement of ventricles in specific regions of the brain, which may lead to cognitive decline (24).

Physical activity and vitamin D may differently affect various aspects of cognitive function, such as learning and memory, executive function, and attention and processing speed. PA supports memory and learning process by prompting the growth of new neurons, improving synaptic plasticity, and enhancing hippocampal function, which is critical for memory formation (25). Vitamin D is essential for synaptic plasticity, neurotransmission, and neuroprotection, therefore adequate vitamin D is important for cognitive function, including memory and learning ability (26). Executive functioning, including skills such as decision-making, problem-solving, and task-switching, can also be improved during engagement in PA (27), while maintaining optimal vitamin D levels can improve cognitive flexibility and problem-solving skills (28). PA also enhances neural connections and optimizes brain function, which leads to faster information processing and improved concentration and control (29). Research has shown that vitamin D deficiency is associated with slower processing speeds and reduced attention, thus maintaining optimal vitamin D levels may support these functions (30). Overall, PA and vitamin D have different effects on various aspects of cognitive function. Combining these factors through a healthy lifestyle that includes regular PA and maintaining optimal vitamin D levels may provide comprehensive support for cognitive health.


4.1 Differences in the results of subgroup analyses

The results of this study suggest that vitamin D deficiency is associated with higher odds of cognitive impairment at high levels of PA, but not at low levels of PA. There are several explanations for why vitamin D deficiency may affect cognitive function more strongly in individuals who participate in high PA. First, people who engage in high PA may not be spending more time outdoors. Evidence suggests that older adults tend to workout or exercise more in indoor settings (31, 32). Therefore, high PA sometimes did not increase their exposure to sunlight, which is the main way to obtain vitamin D (33). Additionally, high PA can place significant stress on the body, leading to inflammation and an increased demand for nutrients such as vitamin D (34). If an individual is deficient in vitamin D, the body may not be able to adequately repair the damage caused by the PA, leading to cognitive impairment over time. Another possible explanation for the link between vitamin D deficiency and cognitive impairment in individuals with high level PA is that this type of activity may place a greater cognitive demand on the brain. In order to perform complex movements and activities, individuals need to have good spatial awareness, attention, and executive function (35, 36). Vitamin D plays a crucial role in maintaining these cognitive functions, which may be why deficiency in this vitamin can be particularly damaging in individuals who engage in this type of physical activity. In contrast, low PA may not be as demanding on the body or brain, which could explain why vitamin D deficiency does not have a significant effect on cognitive function in this population.

However, it is important to note that this does not mean that older adults who engage in low PA do not need to be mindful of their vitamin D levels. In fact, even individuals who spend most of their time indoors or engage in only light PA can be at risk for vitamin D deficiency, particularly if they live in areas with limited sun exposure or have dietary restrictions that limit their intake of vitamin D-rich foods (37). Ultimately, the link between vitamin D deficiency and cognitive impairment is complex and multifaceted, and much more research is needed to fully understand how these two factors interact. However, maintaining adequate vitamin D levels as we age is critical to maintaining cognitive function, especially in individuals who engage in moderate to vigorous exercise. Previous studies have shown uncertainty about the potential effects of vitamin D supplementation on cognition (38, 39), so it is important for older adults at risk for vitamin D deficiency to work with their healthcare providers to determine the best course of action to maintain optimal vitamin D levels and minimize the risk of cognitive impairment.



4.2 Limitations

There are several limitations: (1) general limitations of NHANES cross-sectional studies. Including recall bias: NHANES cross-sectional study usually takes a question-and-answer format in the process of data collection, participants may have subjective or objective factors that may bias the results in the process of answering; Raw data covariates: there may be other influences on cognitive function that are not taken into account. Due to data limitations, some covariates were not included in this study, such as years of menopause. (2) Environmental-specific limitation: the study used NHANES data from 2011 to 2014, however, after the emergence of the Corona Virus Disease 2019 (COVID-19) pandemic may directly or indirectly lead to a decrease in the proportion of older adults in the total population and does not reflect the current situation well. (3) Limitations of nutritional factors: the vitamin D status involved in this study may be influenced by various nutritional factors such as diet, dietary habits, and fasting, which we did not include as covariates. In our future design, we will consider avoiding these limitations and further explore the deeper mechanics of PA and vitamin D on cognitive function.




5 Conclusion

The present study showed that low PA and vitamin D deficiency are both risk factors for cognitive impairment in elderly population, and low PA is also a risk factor for vitamin D deficiency. The study also showed an interaction between PA and vitamin D in their association with cognitive impairment. In older adults who participate in higher levels of PA, vitamin D deficiency is a risk factor for cognitive impairment; this association is not significant in older adults who engage in lower levels of PA. We advocated that older adults to participate in high levels of PA and take appropriate vitamin D supplements, to prevent cognitive impairment.
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Anxiety disorders disproportionally affect females and are frequently comorbid with eating disorders. With the emerging field of nutritional psychiatry, focus has been put on the impact of diet quality in anxiety pathophysiology and gut microbiome underlying mechanisms. While the relationship between diet and anxiety is bidirectional, improving dietary habits could better facilitate the actions of pharmacological and psychological therapies, or prevent their use. A better understanding of how gut bacteria mediate and moderate such relationship could further contribute to develop personalized programs and inform probiotics and prebiotics manufacturing. To date, studies that look simultaneously at diet, the gut microbiome, and anxiety are missing as only pairwise relationships among them have been investigated. Therefore, this study aims at summarizing and integrating the existing knowledge on the dietary effects on anxiety with focus on gut microbiome. Findings on the effects of diet on anxiety are critically summarized and reinterpreted in relation to findings on (i) the effects of diet on the gut microbiome composition, and (ii) the associations between the abundance of certain gut bacteria and anxiety. This novel interpretation suggests a theoretical model where the relationship between diet and anxiety is mediated and/or modulated by the gut microbiome through multiple mechanisms. In parallel, this study critically evaluates methodologies employed in the nutritional field to investigate the effects of diet on anxiety highlighting a lack of systematic operationalization and assessment strategies. Therefore, it ultimately proposes a novel evidence-based approach that can enhance studies validity, reliability, systematicity, and translation to clinical and community settings.
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1 Introduction

Anxiety is one of the most prevalent mental health disorders, affecting up to 33.7% of the population with incidence in females twice as high as in men (1). With increasing global burden (2) – and an estimated 25.6% increase following the COVID-19 pandemic (3) – effective treatments and prevention programs are needed both at an individual- and community-level. Yet research has repeatedly shown that current frontline treatments, such as pharmacological interventions, have a limited efficacy for some patients (4) and that access to cognitive behavioral therapy remains limited.

With the emergence of nutritional and personalized psychiatry, research has uncovered the psychoactive potential of diet and paved the way for a more holistic approach to mental health (5). Our eating habits, which are deeply rooted in culture and geography, can vary widely. For instance, both the Mediterranean and Nordic diets emphasize healthful foods such as seasonal and whole foods, lean proteins, healthy fats, fruits, and vegetables. Similarly, vegetarian and vegan diets focus on plant-based foods yet do not distinguish between whole and processed options. A high intake of processed food rich in trans-fatty acids and added sugar, i.e., pre-packaged foods, refined grains, processed meat, sweetened drinks characterized the Western diet. Such dietary pattern has exponentially spread in the last 70 years and has been blamed for multiple non-communicable diseases, including mental health conditions (6). Nutritional research indicates that diets rich in antioxidants can reduce anxiety (7), while pro-inflammatory diets including high-sugar and high-processed food can heighten anxiety and cause neurochemical changes (8, 9). These effects could be mediated by the gut microbiome, which is strongly interconnected with both diet and anxiety. Indeed, studies showed that both dietary choices and gut microbiome influence anxiety symptomatology, and that healthy- and Western-like dietary patterns differentially affect gut bacteria (10–13).

Diet effects on anxiety symptomatology have already been systematically summarized elsewhere (10). The authors highlighted associations between lower (higher) level of anxiety symptoms or disorder prevalence and “healthy” (“unhealthy”) dietary patterns. In addition, they reported associations between a reduced anxiety and a higher intake of vegetables, fruits, micronutrients, omega-3 fatty acids, alpha-lipoic acid, omega-9 fatty acids, and associations between an increased anxiety and a higher intake of sugar and refined carbohydrates, and an inadequate intake of tryptophan and protein. However, they made no distinction between dietary effects on anxiety in females and males. The literature suggests that diet presents with sex-specific effects in relation to anxiety. For example, a positive association between anxiety and legumes consumption was found in women but not in men (14), a higher caffeine intake was associated with higher odds of anxiety in women but not in men (15).

In addition, Aucoin et al. (10) examined associations between anxiety and gut microbiome by focusing on gut microbiome targeting interventions only (probiotics, prebiotics, synbiotics). Additionally looking at gut microbiome alterations that have been specifically associated with anxiety could be helpful in pinpointing the underlying mechanisms. Furthermore, it could aid the development of personalized nutritional therapies by identifying next generation probiotics species to be tested in anxiety treatment – analogously to what is currently being done for major depressive disorder (Zorzan and Barberis, personal communication) – and by taking into account sex-based variations. Indeed, sex-specific associations also occur between gut microbiome and anxiety severity at the species level as pinpointed in a study by Ganci et al. (16): in males, Alistipes shahii was negatively associated with anxiety; in females (males), Lactobacillus paracasei (Lactobacillus plantarum) and Streptococcus dysgalactiae (Streptococcus gallolyticus) were positively associated with anxiety. Jiang et al. (17) also observed that probiotics supplementation differentially alleviates anxiety-like behaviors in male and female animal models. They found that females are more susceptible than males to gut dysbiosis and dysfunctions of the intestinal barrier and the blood–brain barrier. Altogether, the results suggest that a sex-focused approach may be adopted. Other than in-patient settings, such considerations could be most influential for prevention and in subclinical and community settings for those with first anxiety onset. Dietary interventions could then be used as a cost-effective and easily accessed tool to be used prior to pharmacological and psychological intervention, or alongside low-level therapies.

Finally, Aucoin et al. (10) did not evaluate specific diet assessment and operationalization strategies leading to a lack of interrogation of conflicting outcomes across studies. The authors also conflated human and animal studies, possibly leading to unjustified conclusions (18). Indeed, translational validity of preclinical studies has been questioned repeatedly and some authors have pointed out reliability, predictability and safety concerns that warrant a distinct level of cautiousness when interpreting results derived from animal models and human-testing methods (19, 20).

Based on the above, the current study will (i) critically examine the relationship between diet and anxiety while discussing the employed methodology, and (ii) reinterpret such findings in relation to gut microbiome, emphasizing translational opportunities. Section 2 will elaborate a theoretical model including connections between diet, gut microbiome, and anxiety. Section 3 will summarize the impact of diet on anxiety, assess methodologies for clarity on conflicting results, and suggest a new evidence-based approach. In parallel, it will also highlight key findings on diet’s influence on gut microbiome composition. Section 4 will outline associations between gut microbiome and anxiety and integrate pairwise relationship to identify bacterial genera that could mediate dietary effects on anxiety. Finally, this section will discuss the possible translation of such findings on interventional opportunities in the form of probiotics and prebiotics.



2 Connection between diet, gut microbiome, and anxiety: a theoretical model

Defining the nature of dietary effects on anxiety is complex due to the existence of a cyclical feedback loop between emotions and behavioral responses that can be reinforced by the dietary content (see Figure 1A). On one hand, food components could act on brain and mental health via modulation of brain chemistry and support of brain structures. This could happen through gut-microbiome dependent mechanisms, including autonomic and enteric nervous system modulation, enteroendocrine and hypothalamic–pituitary–adrenal (HPA) axis signaling, production of metabolic bacterial by-products such as short-chain fatty acids (SCFAs), systemic and low-grade inflammation, damage of the intestinal mucosal barrier that in turn alters the gut microbial community (see Figure 2). As an example, some authors have reported prolonged consumption of sucrose and trans-fatty acids – players in low-grade chronic inflammation, gut permeability, and gut flora alterations – to increase anxiety in rats (21–23). On the other hand, anxiety promotes unhealthy habits through emotional eating behaviors, intended to soothe and suppress negative emotions and stress effects, which can be in turn boosted by food, e.g., sucrose via its decreasing effect on impulse control (8). Psychological stress could also act on the integrity of the intestinal and blood–brain barrier, facilitating bacteria by-products (e.g., lipopolysaccharide) translocation and altering the gut microbiome composition (24). Diet and anxiety can thus enter a maintenance feedback loop, while hindering the efficacy of existing treatments. It follows that it is essential to disrupt this cycle by adopting a multi-pronged approach that includes nutritional intervention and cognitive-behavioral therapies focused on enhancing impulse control and developing effective coping strategies (see Figure 1B).
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FIGURE 1
 Bi-directional relationship for diet and anxiety. (A) Diet and anxiety feed each other in a vicious cycle: processed food increases (+++) anxiety through multiple gut microbiome-mediated mechanisms (see Figure 2 for more details) with individual-specific effects dependent on stable features of one’s microbiome, i.e., temporal microbiome. In turn, anxiety and stress trigger emotional eating behavior perpetuating intake of comfort food as in Western-like diet. Comfort food then acts on the brain as an immediate reward while affecting impulse control and positively reinforcing the cycle. (B) Left: psychopharmacological and cognitive-behavioral therapies have limited effect on anxiety. Their efficacy might be affected by unhealthy eating habits that – when not targeted through nutritional interventions and educational programs – keep triggering (+++) anxiety symptomatology and reinforcing emotional eating. Right: shifting toward a more nutritious and healthy diet tailored on individual’s gut microbiome composition would give the opportunity to break that cycle and would complement cognitive-behavioral therapies aimed at stress and emotional management as well as psychopharmacotherapy when strictly required. Created with and adapted from BioRender.com.


[image: Diagram illustrating the gut-brain axis interaction. It shows various pathways through which the gut microbiome affects brain function. Key elements include short-chain fatty acids (SCFAs) and lipid polysaccharide (LPS) actions, immune modulation, and the role of the vagus nerve. SCFAs influence neuronal activities and blood-brain barrier integrity while LPS affects neuroinflammation. The diagram highlights the autonomic and enteric nervous system's modulation, enteroendocrine modulation, and metabolic pathways involving quinolinic and kynurenic acids. The connections between gut and brain levels, emphasizing immune, endocrine, and neurological pathways, are depicted with labels and arrows.]

FIGURE 2
 Gut microbiome-brain communication routes. Diet can act on mental health through gut-dependent mechanisms. Pathways of communication between the gut microbiome and the brain include processes happening in the gut (white background, bottom half), brain (pink background, upper half), and systemically (mid-figure), specifically: (1) autonomic and enteric nervous system modulation through, e.g., vagal chemoreceptors stimulation, TLR4-LPS binding, local production of neuromodulatory metabolites that can interact with enteroendocrine cells; (2) up/down-regulation of TPH1 expression in Ecs via direct and indirect mechanisms; (3) metabolic routes, i.e., (i) SCFAs production that can exert vagal stimulation, regulate TPH1 expression in Ecs, regulate the gut lining integrity and inhibit pro-inflammatory genes expression. SCFAs that enter circulation can also cross the blood–brain barrier (BBB) and promote neurogenesis, 5-HT, and other neurotransmitters expression other than increasing expression of BBB tight junction proteins such as occluding; (ii) modulation of TRP availability and TDO/IDO enzymatic activity in Quinolinic and Kynurenic pathways with consequent impact on balance between available TRP for 5-HT manufacturing, QUIN, and KYNA; (4) immune modulation through, e.g., direct activation through PRRs or indirect anti/pro-inflammatory actions of SCFAs and LPS respectively; (5) cyclic communication with the HPA axis where a molecular cascade leads to inflammation, leaky gut, and ultimately microbiome modifications and LPS translocation. LPS can in turn trigger stress-hormone release, whereas microbiome can modulate the HPA axis through the NTS. Stress, SCFAs production, inflammation, and gut microbiome disbalances interact together in promoting/disrupting gut lining integrity. In anxiety pathophysiology, highly processed diets could promote gut microbiome disbalances, e.g., increased Bacteroides and decreased Firmicutes (magnified gut circle), which in turn could be related to changes in production of neurometabolites (in red), decreased SCFAs (in blue) with consequent decrease of their protective functions, increased LPS (in purple) and LPS translocation with consequent neurotoxic and inflammatory actions, disruption of QIN/KYNA balance (in pink), increased inflammation (in turquoise) and leaky gut. Psychological stress and highly processed diets could then perpetuate the cycle and reinforce ongoing pathophysiological processes. TLR4, toll-like receptors; LPS, lipopolysaccharide; TPH1, tryptophan hydroxylase 1; Ecs, enteroendocrine cells; SCFAs, short-chain fatty acids; BBB, blood–brain barrier; 5-HT, serotonin; TDO, tryptophan 2,3-dioxygenase; IDO, indoleamine 2,3-dioxygenase; QUIN, quinolinic acid; KYNA, kynurenic acid; PRRs, patterns recognition receptors; HPA, hypothalamus-pituitary–adrenal; NTS, nucleus tractus solitarii; GABA, gamma-aminobutyric acid; NO, nitric oxide; TRP, tryptophan; IL, interleukin; CRF, corticotropin-releasing factor; ACTH, adrenocorticotropin hormone; BDNF, brain-derived neurotropic factor; TNFα, tumor necrosis factor; NF-κB, nuclear factor kappa B; HDAC, histone deacetylase. Created with and adapted from BioRender.com.


Defining the role of the microbiome in this context could further enable customized dietary interventions based on individual gut microbial profiles. This approach could also identify specific bacterial strains and dietary choices that optimize the efficacy of psychobiotic interventions, namely probiotics and prebiotics (25). Preclinical research on mouse and rat models has showed mixed results as summarized in a review by Berding et al. (12). For example, a few studies reported dietary effects on gut microbiome but not anxiety-like behavior, and some studies reported anxiogenic effects of, e.g., the “Cafeteria diet” (i.e., Western-like dietary pattern used for animal models), and high-fat versus high-sucrose, and low-fat diets (26, 27). Along with behavioral effects, increased Firmicutes/Bacteroidetes ratio was found in both studies, whereas changes in Firmicutes families were found in a cafeteria diet study that showed no effects on anxiety-like behavior (28). In humans, only a little research has been done to concomitantly investigate diet, gut microbiome, and anxiety. For example, Johnstone et al. (29) found anxiolytic effects of galacto-oligosaccharides supplementation in anxious females, along with an increase of Bifidobacterium abundance. Similarly, Taylor et al. (30) reported an inverse relationship between anxiety scores and Bifidobacterium in females, but not in males, after adjusting for fiber intake. Despite the existence of dietary guidelines for improved health (31), the specific impact of diet on anxiety and its mechanisms via the gut microbiome remains uncertain, due to inconsistencies in research findings and gaps in the literature. Inconsistencies could stem from a variety of factors, primarily the complex physiological processes involved that have only recently begun to be addressed. For example, dynamic changes in microbiome composition driven by short-term dietary habits depend on one’s temporal microbiome, intended as stable features such as enterotypes, which in turn can be affected by long-term diet and prolonged psychological stress (32–35). The association between anxiety risk and gut microbes may also be influenced by enterotypes (35). Deleterious effects of unhealthy eating habits could then be exerted through immunomodulation and intestinal barrier disruption, which are in turn regulated by the gut microbiome (36). This complex interplay highlights the need to consider both moderating and mediating factors in research (12, 24, 32). Finally, the lack of consensus on diet operationalization strategies further contributes to heterogeneous results and challenges in study comparison.



3 Dietary effect on gut microbiome and anxiety: an evaluation of the available evidence


3.1 A diet quality approach

A better understanding of how diet is linked to anxiety symptomatology is warranted for the development of targeted interventions. Up until now, nutritional standards have been conceptualized in terms of quantity, i.e., the right number of ingested calories and macronutrients based on demographics (37), lifestyle (e.g., physical activity level), and health (e.g., basal metabolism, chronic disease) factors. Recently, dietary recommendations have undergone a change toward a quality-centered approach as increasing evidence showed that food source and nutritional composition matters as much as numbers do. Diet quality refers to a “diversified, balanced, and healthy diet” (38) that supports good health and limits the risk of chronic disease through life by following specific food adequacy and moderation guidelines other than balancing energy intake and expenditure (31, 39). However, being focused on calories’ source, rather than calories alone, the evaluation of diet quality presents with several challenges due to (i) different frameworks of reference for “quality” definitions; (ii) the existence of multiple and hierarchical levels of diet conceptualization (see Figure 3); (iii) heterogeneous operationalization strategies within hierarchical levels. Hence, the nutritional research landscape is wide yet diverse and provides only sparse evidence of diet effects on anxiety that, if combined, could highlight overlaps and gaps in the literature while providing new insights and lay the foundation for further research into gut-microbiome mechanistic processes.
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FIGURE 3
 A pyramidal hierarchy of diet classification. Optimal and balanced nutrition is essential for good health. Human nutrition can be conceptualized in hierarchical levels: (1) overall diet quality as measured by several dietary quality indexes (DQIs) derived from distinct frameworks of reference including food and nutrient-derived ones, i.e., the Healthy Eating Index, based on the Dietary Guidelines for Americans, the Alternative HEI, adjusted for food associated to disease risk; nutrients-derived ones (right side) i.e. the Dietary Inflammatory Index assigning literature review-based inflammatory scores to 45 nutrients, the Dietary Antioxidant Index summarizing the total dietary antioxidant capacity, the Glycemic Index/Load indexing carbohydrates quality; food-derived ones (left side), i.e., the Food-derived Dietary Inflammatory Index, the Dietary Diversity Score quantifying diet variety and consumed unique food groups, the Dietary Insulin Index/Load quantifying the postprandial insulin response. (2) Dietary patterns as a complex combination of food and/or nutrients that can be either predefined or empirically derived. (3) Food groups and/or Nutrients groups are the units weighted to compute dietary patterns. (4) Single foods and single nutrients are grouped together to form food and nutrients group. The orange triangles highlight transversal hierarchical relationships: single nutrients synergically interact to form the food matrix conferring to foods their unique properties; nutrients groups are differently clustered across food groups. The bar charts in the four corners of the figure summarize the number of studies (y-axis) that investigate the associations between anxiety and (A) dietary quality indexes, (B) dietary patterns, (C) foods, and (D) nutrients. Sweets include sweet beverages; read meat includes processed meat. Blue, grey, and orange bars indicate that a higher index/score/consumption is associated with a decreased anxiety, an increased anxiety, and no effects on anxiety, respectively. Only the most relevant diet classification methods are included. DII, Dietary Inflammatory Index; HEI-2010, Healthy Eating Index-2010; AHEI-2010, Alternative Healthy Eating Index-2010; DDS, Dietary Diversity Score; MD, Mediterranean Diet; VEG, Vegetarian Diet; VG, Vegan Diet; WD, Western Diet; FI, fruits intake; VI, vegetables intake; FVI, Fruits and vegetables intake; PUFA n-3, omega-3 poly-unsaturated fatty-acids; PUFA n-6, omega-6 poly-unsaturated fatty-acids. Created with and adapted from BioRender.com.




3.2 Diet quality indices

When conceptualizing diet hierarchically, diet quality indexes (DQIs) can be found on the top of the pyramid (see Figure 3). Following the need of quantifying quality, several DQIs have been created with similar yet distinct intents such as measuring pro-inflammatory diet potential, or alignment to existing guidelines. While all assess overall quality of dietary intake in a quantifiable and systematic manner, they can be either food or nutrients-derived, sometimes both, with considerable implications in results interpretation.


3.2.1 Dietary inflammatory index and diet inflammation score

The Dietary Inflammatory Index (DII) is a literature-derived proxy for the diet inflammatory potential as expressed on a continuum from maximally anti-inflammatory to maximally pro-inflammatory. It reflects interval changes in inflammatory biomarkers such as C-reactive-protein (40). An alternative and recently developed measure of the contribution of diet to inflammation is the Dietary Inflammation Score (DIS). While the DII is based on 45 dietary components primarily including nutrients, the DIS relies on the intake of 19 food groups (41). Evidence exists for elevated inflammatory biomarkers in anxiety patients, and cytokines-mediated effects on anxiety related brain structures (e.g., heightened amygdala and insula activity, changes in functional connectivity between amygdala and prefrontal cortex). Also, chronic low-grade inflammation has been implicated in anxiety pathophysiology both in human and animal research and has been linked to the gut microbiome and a combination of lifestyle factors including diet (36, 42). Consistently, Zheng et al. (43) found that the diet inflammatory potential is associated with defined microbiome features, without appreciable sex-differences. In their study, pro-inflammatory diets were associated with increased abundance of certain Firmicutes species such as Ruminococcus torques, Eubacterium nodatum, Acidaminococcus intestini, Clostridium leptum; anti-inflammatory diets were associated with an increased abundance of the candidate probiotic species Akkermansia muciniphila. Tian et al. (44) reported that pro-and anti-inflammatory diets are associated with increased abundance of distinct Bacteroides species; Lozano et al. (45) reported that a higher energy-adjusted DII is associated with a higher abundance of Flavonifractor, Ruminococcus gnavus group and Tyzzerella, after adjusting for relevant covariates including sex. While this evidence positions diet as potential treatment and prevention targets, results on the association between the inflammatory potential of diet and anxiety are not consistent and specific food- and nutrients combination effects are yet to be confirmed.

As an example of inconsistency, Phillips et al. (46) reported increased anxiety odds in females, but not in males, when comparing the highest to the lowest tertile of energy-adjusted DII. Attlee et al. (47) observed increased anxiety odds in 260 undergraduate females in their categorical analysis and observed positive associations when analysis DII as a continuous variable. Salari-Moghaddam et al. (48) and Salari-Moghaddam et al. (9) reported that a higher DII score and a higher food-based DII (FDII), respectively, are associated with greater odds of anxiety. However, contrasting results were reported in sex-stratified analysis: in the former study, the association between DII and anxiety was seen in neither men nor women after model adjustment; in the latter, association between FDII and anxiety was seen in women but not in men. In a recent cross-sectional study, Varaee et al. (49) reported a positive association between DIS and anxiety after adjusting for confounding factors including sex. Dehghan et al. (7) found no associations between DII categories and anxiety in female adolescents, although the lack of an age-adapted anxiety measure raises concerns of validity and reliability (50). The DII is calculated on a scale, but both studies treated DII as data-dependent categories which might be based on unrealistic assumptions, sacrifice data, mislead analysis and results interpretation. This could hinder studies comparison and should be replaced by, or come along with, continuous methods. The latter would indeed preserve the nature of the data, allow for higher accuracy and sensitivity, while categorical methods could benefit data visualization and interpretation (51). Further considerations include that the DII reflects the diet pro-inflammatory potential whose manifestation might depend on subjective physiological mechanisms such as liver function (52), hormonal balance (53, 54), HPA-axis reactivity (55), other than the individual microbiome signature (56). Age-specific effects might also occur due to compensation of homeostatic changes that could remain latent while gradually shaping developmental trajectories toward disease later in time. For example, prolonged diet-driven inflammation might perturb the HPA-axis in an age-dependent manner (57) and increase perceived stress (58). Stress-related neurochemical (59) and gut microbiome (60) changes could then account for an increased anxiety risk. Finally, attention should be paid on how the DII and DIS are computed: whereas nutrients-based DII allows for an in-depth analysis of the food matrix contribution, FDII and DIS account for food patterns and choices (e.g., distinguishing between refined versus whole grains, protein source) thus are more interpretable and reflect the synergic nature of diet at a higher hierarchical level (see Figure 3) Therefore, whereas the DII would best inform the dietary supplements manufacturing, the FDII and DIS might have higher ecological validity and then be more easily translated into public recommendations. More studies employing FDII and DIS should then be carried out while DII components and overall score should be empirically calculated and validated against inflammatory biomarkers.



3.2.2 Healthy eating index and alternative healthy eating index

The Healthy Eating Index (HEI) was developed to score adherence to the Dietary Guidelines for Americans (DGA) (39) and multiple editions exist to reflect the evolution of dietary guidance as expressed by the DGA. According to scientific advancements, the last HEI versions focus on diet quality as it arises from a combination of adequacy and moderation of food- and nutrient-based components described elsewhere (61). Associations have been reported between the HEI-2005, HEI-2010, and HEI-2015 with the gut microbiome composition (33, 62, 63). For instance, Liu et al. (64) reported that the HEI-2005 score is positively correlated with Roseburia and Subdoligranulum, and negatively correlated with Tyzzerella in a prevalently male sample. Ma et al. (33) reported that the HEI-2015 score is inversely associated with Collinsella and Tyzzerella, after adjustment for relevant covariates including sex. Associations have also been reported between the HEI component scores and gut microbiome composition: Liu et al. (64) reported that the HEI-2005 component 2 (whole fruit, no juice) and the HEI-2005 component 7 (milk and soy beverages) are negatively correlated with Bacteroides and positively correlated with Faecalibacterium, and the HEI-2005 component 12 (solid fats, alcoholic beverages, and added sugars) is negatively correlated with Escherichia; Little et al. (65) found that the HEI-2010 component score for fat intake is inversely associated with Prevotella and Escherichia in adult females. As a modification of the HEI, the Alternative HEI (AHEI) was introduced by Chiuve et al. (37) to rate foods based on disease risk and chronic illnesses. Yu et al. (66) reported that, after adjustment for relevant covariates including sex, a long-term diet quality score that significantly correlated with the AHEI, is positively associated with the abundance of certain gut bacteria. Specifically, this includes the genera Coprococcus, Bifidobacterium, and Faecalibacterium, and the species Bifidobacterium adolescentis and Faecalibacterium prausnitzii.

Research exploring the relationship between the HEI and anxiety is limited, with slightly more studies investigating the association using the AHEI framework. Of the work available, some authors reported that anxiety – alongside sleep and depressive symptoms – are the only premenstrual symptoms’ subscales that significantly differ between HEI groups in young adolescents. Specifically, the study indicated that higher HEI-2010 scores are associated with decreased anxiety (67). In two other studies, no results were found for HEI scores and anxiety in females (68) nor males (30). When adopting the AHEI, Gibson-Smith et al. (69) found significant results for anxiety severity but not diagnosis, while Saneei et al. (70) reported negative associations between AHEI and anxiety incidence in females but not in males when accounting for potential confounders. In interpreting such results, a few critical points should be accounted for. Firstly, Christensen et al. (68) grouped subjects based on unclear anxiety categories that deviate from conventional cutoff points (71): members from distinct categories have been merged possibly neglecting important information and decreasing sensitivity. Secondly, in the study by Taylor et al. (30) the extended version of the same anxiety scale was used continuously, yet data predominantly clustered at the lower end, raising concerns that may obscure true variability. Further, both studies were characterized by limited sample sizes and lacked preliminary stratification of subjects based on, e.g., HEI grades (72). This might have resulted in undistinguishable population groups (51), potentially hiding existing effects. In summary, promising results have been reported for both the HEI and AHEI although additional research is needed due to the presence of many confounding variables, lack of knowledge about HEI and AHEI differences in anxiety prediction, and absence of studies employing the most recent HEI version, i.e., HEI-2020. Testing the predictive value of the HEI-2020 for anxiety would come with several advantages. First, the HEI is based on clear and periodically revised guidelines and would then ensure an up-to-date framework of reference and DQ proxy. Second, it encompasses nutrient- and food-derived components, thus equally integrates multiple hierarchical levels for a more comprehensive assessment. Third, single component scores can be analyzed both individually and collectively to reveal specific effects and patterns of dietary quality (72). The HEI would then easily allow multiple-levels dietary analysis in a systematic and reproducible way. A funnel-shaped analysis should be preferentially adopted in epidemiological research: no simple models could in fact answer complex and multifactorial questions. Rather, simultaneously looking at single dietary variables, and within- and between-levels interactions would help nail down the differential weight exerted by individual dietary components and synergic interplays.



3.2.3 The dietary diversity score

The dietary diversity score (DDS) is a food-derived index, developed by the Food and Agriculture Organization of the United Nations, that reflects diet variety at the household or individual level (73). Diet variety refers to the number of different foods or food groups consumed over a given reference period. Interestingly, controlling for confounding effects including sex, a more vary diet as assessed by the DDS and Dietary Variety Score has been associated with increased alpha diversity in gut microbiome and decreased Roseburia abundance (74, 75). The DDS has been found to be negatively associated with anxiety in adult female samples cross-sectionally (76) and longitudinally (77), although food-specific correlations were inconsistent both within and between studies. The latter could be justified by the adoption of different food groups. For example, Jiang et al. (77) distinguish meat from fish/sea food whereas Poorrezaeian et al. (76) do not. Ambiguities in categorization methods also arise from unjustified different cut-off choices: Poorrezaeian et al. (76) adopt a threshold of 3 to distinguish between low and high dietary diversity, Jiang et al. (77) set this boundary at 6. When clear classification systems do not exist, arbitrary cut-off points should be discouraged while research is carried out to validate and compare scoring systems so to improve systematicity and reproducibility of existing diet quality indexes (78).



3.2.4 Other diet quality indices

Several other composite measures have been used to assess the influence of diet quality on anxiety and the findings will be briefly summarized here. Mobarakeh and Eftekhari (79) found higher scores of Diet Quality Index – international (DQI-I) to predict lower anxiety in a sample of Iranian females. Although the DQI-I is a highly comprehensive score built on dietary variety, adequacy, moderation, and overall balance recommendations, it’s intended, and might present higher sensitivity for, cross-national comparison (80). Another study found the same results using the Food Quality Score (FQS) that was computed by ranking 14 food items based on their “favorable vs. unfavorable” effect on weight health (81). However, what’s healthy for weight management is not necessarily healthy for mental health. For example, whereas coffee was included in the “favorable” category, research seems to suggest that coffee worsens anxiety in a dose-dependent manner (5). The Recommended Food Score (RFS) has also been developed to measure food derived DQ but has not been associated with anxiety severity (82). A few nutrient-derived DQIs also exist and have been negatively associated with anxiety, namely the Dietary Phytochemical index (DPI) (83, 84), the Dietary Antioxidant index (7), and the Dietary Antioxidant Quality Score (DAQS) (85). Sangsefidi et al. (85) observed a negative association between DAQS and anxiety in females (but not in males), a relationship that became non-significant after adjusting for body mass index. The Dietary Total Antioxidant Capacity has also been negatively associated with anxiety in postmenopausal Iranian women (86, 87). Conversely, dietary acid–base load indexes have been positively associated with anxiety in Iranian women (88). It is worth noting that both phytochemical and antioxidant intake have been linked to gut microbiome. Various classes of phytochemicals were reported to decrease the Firmicutes/Bacteroidetes ratio and to increase the gut microbiota diversity (89). Caffeine, which may be one of the most prominent alkaloids consumed, was associated with a higher gut microbiome diversity and an increased abundance of Faecalibacterium and Roseburia species (89). In an in vitro study, an extract of green tea, which contains phenolic compounds responsible for its antioxidant capacity, was shown to inhibit the growth of Escherichia/Shigella and increase the growth of Faecalibacterium and Roseburia (90). Finally, research suggests a two-way relationship between antioxidant intake and the gut microbiome: antioxidant foods regulate gut microbiome homeostasis, and antioxidant bioavailability is influenced by metabolites produced by gut microbes (91).




3.3 Dietary patterns

While DQIs score diets against recommendations and/or evidence-based knowledge, dietary patterns consider the combination of food and/or nutrients. It is worth highlighting that adherence to distinct dietary patterns could potentially present similar DQIs. For example, the Mediterranean and Nordic diets both emphasize the consumption of local and seasonal food and are based on similar principles that align to the GDA, thus likely to be associated with high HEI. In computing dietary patterns, two approaches exist and will be separately discussed: a priori methods based on index-based patterns, and data driven methods based on exploratory analysis.


3.3.1 Index-based patterns

A priori methods rely on pre-determined dietary standards and/or country-specific eating clusters. A study investigating the Nordic diet including high consumption of wholegrains, fruits, vegetables, fatty fish, and legumes, found no effect of overall diet on anxiety in female university students, but an inverse relationship with cabbage consumption (92). Similarly to the Nordic diet, the Mediterranean diet (MD) is traditionally characterized by high consumption of vegetables, fruits, nuts, legumes, wholegrains, and moderate intake of processed meat and short-preservable cheese (93). The MD has been associated with a higher gut microbiome diversity and increased abundance of Faecalibacterium prausnitzii (94, 95). Ruiz-Saavedra et al. (96) identified, in a sample of prevalently Spanish adult females, the DII, HEI, the Mediterranean adapted Diet Quality Index International, and the Modified Mediterranean Diet Score as predictors of Faecalibacterium prausnitzii, with higher levels in individuals with healthier diets. The MD has been associated with health benefits in many conditions (97) including mental health. Accordingly, anxiety severity, but not diagnosis, was found to be inversely associated with MD adherence, as measured by the MedDiet score (69). In this study, no additional analysis was performed to investigate associations between Mediterranean food staples and psychological outcomes. Adapting the same Mediterranean score to a more culturally heterogenous population, Boaz et al. (14), found similar results in both males and females while pinpointing sex-specific and food items-specific associations. In both sexes, the authors found positive associations with butter/margarine/cream, red/processed meat, savory baked goods, salty snacks, and sweetened beverages; negative associations with legume-based dips. In females only, anxiety was positively associated with wholegrains, legumes, and alcoholic beverages; negatively associated with olive oil as main culinary fat, vegetables, and unsweetened dairy. In males only, anxiety was negatively associated with fish and nuts intake. Similarly, Sadeghi et al. (98) reported that habitual consumers of the Mediterranean diet, as evaluated by the MDScale index, exhibit a lower risk of anxiety. Further, they reported that higher intake of vegetables and fruits predicts a lower anxiety risk, grains consumption a higher risk. Despite the promising findings, it becomes clear that there is no unified vision of food components that should be used to assess adherence to the Mediterranean diet and that several indices exist (99). Critically, the grains category in the MDScale do not distinguish between refined and whole grains which seem to have opposite effects on anxiety in females (100) and some Mediterranean dietary indices, including the MDScale, only refer to adequacy standards while neglecting moderation guidelines. Specificity and sensitivity differences might also exist between food frequency questionnaires employed by authors evaluating the MD due to the number of items included. For example, Gibson-Smith et al. (69) and Sadeghi et al. (98) administered a 238-item and 106-item FFQ, respectively, Boaz et al. (14) used a 17-item questionnaire which may have lower sensitivity.

While both Nordic and Mediterranean diets promote a high intake of plant-based food, vegetarian and vegan diets focus on this exclusively. Notably, individuals following plant-based diets showed higher HEI-2010 scores compared to omnivores (101). Furthermore, Deng et al. (102) found that vegetarian adult women exhibit greater gut microbiota richness than their omnivore counterparts. They identified Tyzzerella 3 as an enriched species in vegetarians, suggesting it as a potential discriminator between the two dietary groups. However, they also reported that changes in the gut environment diminish over time with prolonged adherence to a vegetarian diet. Contradictory results exist for anxiety levels in vegetarian and vegan populations. For example, Michalak et al. (103) found that vegetarians displayed higher anxiety rates than omnivores. Beezhold et al. (104) observed lower anxiety in vegetarian men, but not women, compared to omnivores, with vegan men also showing reduced anxiety. However, when including data from a pilot study, both male and female vegans reported less anxiety than omnivores. It is interesting to note that adherence to a vegan diet was positively associated with lower stress in females only, hinting at distinct sex-related mechanisms engaging the HPA axis on a different level. While these findings are encouraging, they require cautious interpretation to avoid attributing significance to potentially spurious correlations. Factors such as vegans “spending more time outdoors, exercising more, having a lower alcohol intake, consuming fewer sweet servings per day, and being older” are indeed closely associated with decreased anxiety and were not controlled for in the statistical tests.



3.3.2 Exploratory patterns

Exploratory dietary patterns (DPs) rely on a posteriori approach that derives dietary food and/or nutrients patterns from the collected data. Investigations on the relationship between DPs and gut microbiome have yielded several findings. Ericson et al. (105) found that adherence to a “health-conscious pattern” is associated with a higher abundance of Roseburia. Malinowska et al. (106) observed that a healthy dietary pattern is associated with a higher abundance of Faecalibacterium and a lower abundance of Escherichia-Shigella compared to a Western dietary pattern. Turpin et al. (107) reported that a dietary cluster resembling the Mediterranean diet is associated with an increased abundance of Faecalibacterium. As regards anxiety, Rossa-Roccor et al. (108) did not find any effect of either the plant- or the animal-based dietary pattern after adjusting for relevant covariates. However, the authors reported a positive association between the junk food dietary pattern and anxiety. Interestingly, the magnitude of the effect was comparable to other covariates known to strongly correlate with mental health outcomes, such as social support and stressful life events. Bakhtiyari et al. (109) also showed that higher processed food intake predicts higher trait and state anxiety in young adults, contrarily to what Vilela et al. (110) found in a prospective cohort study of pregnant women: although they found higher anxiety in women with higher adherence to a processed DP, the association was not significant when performing multivariate regression. The same authors found discordant results for “traditional Brazilian” and “healthy” patterns as did Yazdi et al. (111) and Xu et al. (112): “Western” dietary patterns were shown to predict higher anxiety as opposed to “healthy” and “grains-vegetables” clusters, whereas no significant results were found for “traditional” (111, 112) and “high-salt” (112) DPs. In the study conducted by Weng et al. (113), the traditional dietary pattern – a typically healthy and recommended diet – was associated with decreased odds of anxiety, albeit not significantly. The same authors also reported the snack and animal food patterns to be associated with higher odds of anxiety. Finally, Hosseinzadeh et al. (114) did not find any effect of “lacto-vegetarian,” “Fast food” nor “Western” DPs on anxiety in Iranian females, but positive effects of a “traditional” DP; absence of effects was found in males. Probably due to cultural differences, “Traditional” patterns across studies do appear arbitrary and only partially overlapping. For example, Vilela et al. (110) includes rice, beans, meats and eggs, and vegetable spices. Yazdi et al. (111) includes high fat dairies, red meat, poultry, bread, rice, potatoes, fried food, hydrogenated vegetables oils. Xu et al. (112) encompasses whole grains, vegetables, fruits, mushrooms, poultry and organs, fish, egg, soya products, vegetable oil and tea. The same applies to “healthy” DPs which include pasta, cakes, cookies-crackers, and candies, which are normally categorized as processed food, alongside tubers, vegetables, and other health-promoting foods in Vilela et al. (110) study. These food items differ from those included by Yazdi et al. (111), namely dairy, fish, fruits, fresh fruit juice, veggies, beans, soy protein, nuts, garlic, and non-hydrogenated vegetables oils. Such inconsistencies could explain different results across studies and question the validity and comparability of exploratory DPs. The latter may be preferable when well-defined and standardized definitions are lacking, when dealing with large sample sizes, or for conducting exploratory analyses to periodically validate and update existing dietary knowledge and guidelines. On the other hand, definitions are challenging to agree on mostly due to existing overlaps. For example, processed plant-based food falls into both the junk and plant categories. In the study conducted by Rossa-Roccor et al. (108), the processed and ultra-processed plant-based food did strongly load to the plant component potentially diluting the health-promoting effects of real plant food. When possible, good practice should then adopt dietary measures that accommodate the interplay between food source and quality. Consistent with this, Mousavi et al. (115) found opposite effects of plant-based food on anxiety when distinguishing between healthy and unhealthy choices. Such findings raise concerns about existing definitions and highlight the urge for periodical reassessments to provide an up-to-date framework for researchers to align with.

While most of the research focused on food-derived dietary patterns, Salehi-Abargouei et al. (116) adopted a nutrients-based approach. They found that men, but not women, who closely followed an omnivore nutrient pattern rich in individual amino acids, cobalamin, zinc, phosphorus, saturated fatty acids, cholesterol, and pantothenic acid, had lower anxiety scores. However, this association disappeared under multivariate logistic analysis. Worth noting, women adhering to this dietary pattern showed reduced psychological distress, association found also when adjusting for multiple confounders in logistic models. Contrarily to food patterns, nutrient patterns cannot capture differences in availability and absorption. For example, differences in the molecular structure of plant- and animal-derived amino acids affect their digestibility and bioavailability rates. It follows that amino acid levels in two different individuals with similar dietary intake could yet differ based on food choice leading to confounding results and erroneous conclusions. Food and nutrients could also be combined to build overall DPs. Interestingly, Cotillard et al. (13) investigated dietary-gut microbiome associations by comparing multiple dietary operationalization strategies and found overall DPs to present with more significant associations than single dietary components. Food-derived DPs or combined food- and nutrients-derived DPs could then be a more reliable measure able to integrate both nutrients’ source and synergic effects and further studies should be conducted to investigate their association with anxiety.




3.4 Single foods and food groups

Analyzing diet quality through DPs presents certain drawbacks: firstly, it neglects the unique contribution of individual foods to the observed effect and the fact that different combinations of foods can result in similar DPs. Second, it can dilute the impact driven by a specific subset of foods. Food groups and single food could be conceptualized as the foundational units of food-derived DPs. Most research has been conducted on fruit and vegetable intake, identifying them as key factors in enhancing gut microbiome diversity and composition due to their high content of polyphenols and fibers (117). An interventional study in healthy adults matched for sex reported higher abundance of Faecalibacterium in individuals consuming a fruit and vegetable supplement compared to those consuming a placebo (118). Galena et al. (119) found that after six weeks of consuming fermented vegetables, women exhibited increased levels of Faecalibacterium prausnitzii and Roseburia faecis. This change was observed neither in women who consumed pickled vegetables nor in the control group. Regarding the effects of fruit and vegetable intake on anxiety, inconsistent results have been reported. Saghafian et al. (120) reported fruits only to predict lower anxiety in females, whereas vegetables only in males. Differently, Boaz et al. (14) found associations between vegetables intake only and decreased anxiety in females, and no significant results in males. Gibson-Smith et al. (121) and Sadeghi et al. (98), in analyses adjusted for sex, found that consuming solely vegetables and both fruits and vegetables, respectively, predict decreased anxiety. No effects were found in either male, female, or mixed samples when clustering fruits and vegetables together (120, 122, 123) or when distinguishing between raw and processed intake (124). An interventional study also observed that tomato-juice alleviates anxiety, although no control group was included (125). A recently published systematic review reported that anxiety-related symptomatology is improved by fruit and vegetable consumption, but these effects are small and imprecise; most importantly, the evidence available to draw conclusions is extremely limited (126). Some authors looked at grains intake and reported a negative association between wholegrains consumption and anxiety (121). When distinguishing between sex, Sadeghi et al. (100) observed positive versus negative associations of refined- and whole-grains, respectively, in females, and no significant results in males. Differently, Boaz et al. (14) found positive associations between wholegrains and anxiety in females only, while Abbaszadeh et al. (92) no significant results. Interestingly, a higher whole grain intake has been associated with a higher abundance of Faecalibacterium prausnitzii and Roseburia, after adjusting for relevant covariates including sex (127). In a prospective cohort study in Thai pregnant women, Phoonlapdacha et al. (128) observed that glutinous rice consumption had a mixed impact on gut bacteria. Specifically, it was positively associated with the Bacteroidetes phylum and negatively associated with the Firmicutes phylum. At the genera level, positive associations were found for Bacteroides, negative associations for Prevotella, even though both genera are part of the Bacteroidetes phylum. Similarly to refined grains, savory snacks and foods high in added sugars are prevalent in Western dietary patterns and have been observed to predict increased anxiety (122, 123, 129). Some authors also looked at red meat intake and consistently observed positive associations with anxiety in females (14, 129–131) whereas conflicting results have been found in males (14, 129). Interestingly, a greater consumption of processed meat has been associated with lower Shannon and Simpson indices, and reduced Roseburia abundance in adolescents, after adjusting for relevant covariates including sex (132). Consistently, long-term intake of processed meat was shown to negatively affect Roseburia and Roseburia faecis abundance, with adjustments for sex and other covariates (66). Regarding health-promoting foods, Boaz et al. (14) observed a positive association between legume intake and anxiety in women but not in men. Differently, Anjom-Shoae et al. (133) found that a combined intake of legumes and nuts was linked to lower odds of anxiety in men, but this association was not seen in women. Reeder et al. (134) conducted an interventional study comparing skin roasted peanut to a peanut-free group and found no significant differences. In contrast, Parilli-Moser et al. (135) observed reduced anxiety in consumers of skin roasted peanuts, unlike those consuming peanut butter, compared to a group consuming peanut oil devoid of phenolic compounds and fibers. Nut consumption was also shown to affect gut microbiome composition. An interventional study showed that walnut consumption increases Faecalibacterium and Roseburia abundance in both men and women (136). A parallel study from the same team also revealed that almond processing affects Roseburia levels differently: roasted chopped almonds significantly increased its abundance, both whole roasted and natural almonds showed a positive increasing trend, almon butter showed no effects (137).



3.5 Single nutrients and nutrients group

While DPs can be viewed as combinations of single food and food groups, it is also accurate to consider them as emerging from the food matrix, i.e., the food microstructure that accommodates nutrient interactions, functions, and behavior beyond isolated nutrients. As previously mentioned, the literature of nutrient-derived DPs is lacking, and most studies have focused on nutrient groups and single nutrients. Research focusing on macronutrients intake and anxiety has yielded inconclusive results: studies have found no significant effects of following a low carbohydrate diet (138, 139), using a carbohydrate quality index (140), or considering glycemic index and load (141). No significant effects on anxiety were observed with a protein quality index in Hajihashemi et al. (140); however, the method of calculation is debatable as computed based on foods overall rather than their protein content. Studies looking at single amino-acids reported inconsistent results of lysine, lysine/arginine, and alpha-lactalbumin interventions (142–144). Differently, anxiety decrease was observed in associations with fat quality, computed as ratio between unsaturated and saturated/trans fatty acids. The association remained significant after adjustment for multiple factors only when a higher anxiety cut-off point was considered (140). Unsaturated fats, including mono- (MUFAs) and poly-unsaturated fatty acids (PUFAs), are predominantly found in plants and fish and have several health benefits (145), whereas the role of saturated fatty acids (SFAs), found in animal foods and tropical oils, is still controversial (146). Trans fats do not occur naturally but are created during industrial processes to make food more desirable and palatable with deleterious effects on health (147). Research investigating trans-fatty acids effects on anxiety is missing, but one study showed a positive association with negative affect (148), a factor previously reported as predictor of anxiety disorders (149). Ford et al. (148) found no associations with either n-3, n-6, nor n-6-n-3 PUFAs ratio, similarly to Watanabe et al. (150) who found no effect of n-3 PUFAs on anxiety following a 13-week randomized-controlled intervention in females. A reduction in anxiety was noted at a 52-week follow-up in the latter study, though the authors caution that this finding may result from multiple testing. Daley et al. (151) did also report no effect of individual nor total n-3 PUFAs in a large cross-sectional study of young females. However, they observed decreased anxiety associated with linoleic acid only and total n-6 PUFAs intake, while increased anxiety predicted by n-9 MUFAs intake. Opposite findings have been shown by other authors reporting inverse associations between anxiety and dietary intake of n-3 eicosatetraenoic and docosahexaenoic fatty acids but not n-6 linoleic and arachidonic fatty acids in young female athletes (152). Decreased anxiety was also shown following a 12-week n-3 PUFAs supplementation by Kiecolt-Glaser et al. (153) who further observed associations between higher anxiety and increasing blood n:6-n-3 ratio. Worth noting, such effects were found despite low anxiety scores at baseline, which is a risky condition for floor effects. Many foods high in fatty acids are also enriched in bioactive compounds. For example, peanuts contain high levels of MUFAs, fibers, as well as polyphenols that may contribute to decreasing anxiety levels (135). A high-flavonoid food-based intervention was also shown to improve state, but not trait, anxiety (154), differently from a study where polyphenols supplementation through concord grape juice yielded no results (155). Some authors focused on fibers and found significant improvements in anxiety predicted by higher dietary fibers intake in females but not in males after adjusting for relevant factors (156). Improved anxiety symptoms were also seen after a 4-week 7.5 g/d of galacto-oligosaccharide intervention (29), but not polydextrose supplementation (157) in female samples. Variations in the outcomes may stem from the type of oligosaccharides used: galacto-oligosaccharides are naturally found in foods, while polydextrose is synthetically produced. Additionally, Johnstone et al. (29) utilized a larger sample size and a more targeted age range. Interestingly, fiber intake was shown to also affect the composition of the gut microbiome. Adamberg et al. (158) reported that a higher fiber intake is associated with increased abundance of, e.g., Roseburia hominis and Bacteroides xylanisolvens in healthy Estonian adult men and women, while fiber-deficient diets are associated with, e.g., Bacteroides coprocola and Collinsella aerofaciens. Gomez-Arango et al. (159) studied the impact of fiber consumption in overweight and obese pregnant women, finding that low fiber intake was associated with higher levels of Collinsella and Prevotella. Even after adjusting for total energy intake, low fiber intake remained associated with Collinsella, whereas high fiber intake was associated with increased Faecalibacterium and Roseburia.

Finally, little research has been performed on effects of micronutrients supplementation on anxiety and no significant results were reported for a multivitamin complex nor vitamin E, C, and zinc alone (160–162), inconsistent effects for magnesium (160, 163), and ameliorating effects for b-carotene and iron-fortified micronutrient supplementation (161, 164).




4 Diet, gut microbiome, and anxiety: integrating available evidence for translational opportunities


4.1 Overview of underlying interplays

As previously mentioned, research looking at diet, gut microbiome and anxiety simultaneously is scarce. A few studies investigated microbiome-anxiety specific associations yet reported contradictory results. For example, Chen et al. (165) and Jiang et al. (166) conducted two case–control studies on individuals affected by generalized anxiety disorder and found that, while gut microbiome richness significantly differed from that of healthy controls, there were no notable differences in the Shannon or Simpson diversity indices. No sex-stratified analysis or adjustment were performed, yet between-samples diversity analysis revealed that gut microbiome composition was significantly associated with sex in Chen et al. (165) but not in Jiang et al. (166). The discrepancies in findings may be attributed to the specific subgroups analyzed: Jiang et al. (166) focused exclusively on anxious patients, while Chen et al. (165) considered the entire sample. Both studies also analyzed compositional differences and reported consistent results. Anxious patients showed higher abundance of Bacteroides (Bacteroidetes phylum), Escherichia/Shigella (Proteobacteria phylum), Tyzzerella (Firmicutes phylum), and lower abundance of Subdoligranulum, Faecalibacterium, and Roseburia genera (Firmicutes phylum) as summarized in Chen et al. (167) and Simpson et al. (168) (see Figure 4A). In a study examining anxiety symptomatology without specifying clinical diagnoses, no difference in alpha diversity metrics was observed between women with and without anxiety symptoms, as assessed by the Beck Anxiety Inventory (BAI). However, this finding was sex-specific, with reported differences in males (169). The authors also showed lower relative abundance of Prevotella (Bacteroidetes phylum) in anxious female participants. Likewise, Ganci et al. (16) identified sex-specific relationships in females, noting both positive and negative associations between anxiety symptoms and specific Firmicutes species, including negative associations with Clostridium innocuum, Enterococcus durans, Leuconostoc lactis, Ruminococcus gnavus and positive associations with Lactobacillus paracasei, and Streptococcus dysgalactiae. In a study investigating positive and negative affect, Lee et al. (35) found that Collinsella (Actinobacteria phylum) was inversely associated with positive affect, whereas a new genus from the Lachnospiraceae family (PAC001043) showed a positive association with positive affect and a negative association with negative affect. Conversely, Kleiman et al. (170) found no significant associations between anxiety and either microbiome composition or diversity in healthy females. It is important to highlight that Kleiman et al. (170) included participants displaying “normal” or “minimal levels of anxiety and psychiatric measures” thereby excluding individuals with subclinical levels of anxiety who were included in the study by Ganci et al. (16) and Kim et al. (169). Conflicting results may be due to a non-linear relationship between microbiome and anxiety across different levels of anxiety severity. Alternatively, when categorizing anxiety risk in (i) no anxiety, (ii) sub-clinically anxious, and (iii) clinically anxious, the strength of associations may vary among categories.

[image: Illustration showing the relationship between diet, gut microbiota, and anxiety. Panel A depicts the effects of different diets on gut bacteria: Faecalibacterium, Roseburia, and Tyzzerella, with diets like pro-inflammatory, healthy, Mediterranean, processed meat, and others influencing anxiety. Panel B highlights whole diet and dietary guidelines, showing how processed foods and healthy diets, alongside prebiotics, probiotics, and synbiotics, impact anxiety levels. The World Health Organization logo is present.]

FIGURE 4
 Integration of diet, gut microbiome, anxiety, and translational opportunities. (A) The integration of available evidence on relationships among diet, gut microbiome, and anxiety suggests that some bacterial genera such as Faecalibacterium, Roseburia, and Tyzzerella likely play a mediatory role in the relationship between diet and anxiety. Only more relevant relationships cited in the main text are indicated. ↑ (↓) indicates an increased (decreased) genus abundance; an increased (decreased) adherence to a pro-inflammatory, healthy, and Mediterranean diet; and an increased (decreased) consumption of vegetables, fruit, whole/non-refined grain, fibers, and processed meat. (B) Left: The interconnection among diet, gut microbiome, and anxiety, and the mediatory role we propose for the gut microbiome, suggesting that whole diet interventions may alleviate anxiety symptoms by favoring or inhibiting the growth of definite bacterial species. Right: Probiotics, prebiotics, and synbiotics interventions could reduce anxiety by modifying the gut microbiome composition, for example for Faecalibacterium and Roseburia [in green and blu color, respectively, in panels (A,B)]. In combination with high adherence to a healthy diet, they could foster reciprocal benefits, enhancing overall efficacy. Created with and adapted from BioRender.com.


Dietary effects on gut microbiome have been extensively investigated, and several studies proving evidence for diet influence on anxiety-associated gut microbes have already been cited in Section 3 (see Figure 4A). In addition, Ma et al. (33) observed that, after controlling for covariates including sex, the HEI-2015 is negatively associated with Bacteroides, Escherichia/Shigella, Tyzzerella, Collinsella, Odoribacter (Bacteroidetes phylum); positively associated with Faecalibacterium. The HEI-2015 also showed mixed associations, either negative or positive, with 24 other genera, predominantly within the Lachnospiraceae and Ruminococcaceae families of the Firmicutes phylum. In a predominantly male sample, Liu et al. (64) found that HEI-2005 components are associated with specific gut microbes’ changes. For instance, the authors reported that the HEI-2005 component 2 (whole fruit, no juice) and the HEI-2005 component 7 (milk and soy beverages) are negatively associated with Bacteroides and positively associated with Faecalibacterium. They also noted the HEI-2005 component 12 (representing added sugars, alcohol, and saturated fats) to be associated with increased Escherichia and decreased Subdoligranulum. In adult females, Little et al. (65) observed an inverse relationship between the HEI-2010 fat intake score and Escherichia abundance and identified that both saturated and unsaturated fats are positively associated with Odoribacter. Contrasting with Little et al. (65), Berding et al. (12) outlined distinct associations between dietary fats and gut microbiome in their review. They linked MUFA/PUFAs with increased beneficial bacteria such as Roseburia, Bifidobacterium, and Lachnospira; while SFAs with decreased bacteria diversity and increased abundance of proinflammatory bacteria including Alistipes and Ruminococcus gnavus. Similarly, Watson et al. (171) reported that an omega-3 PUFA intervention delivered in a drink form (but not as capsules) reversibly increased abundance of Roseburia, with no sex-related differences observed. Garcia-Montero et al. (36) reported n-3 PUFAs to be associated with increased Prevotella and Ruminococcus and to balance Bacteroidetes/Firmicutes ratio. They also reported n-6/n-3 PUFAs ratio to be positively associated with abundance of Enterobacteriaceae and Clostridia classes. Wan et al. (172) compared low (20%), medium (30%) and high (40%) fat diets showing increased Shannon index and Faecalibacterium abundance in the lower fat diet. A high-fat diet resulted in increased Bacteroides abundance and decreased concentration of fecal short-chain-fatty-acids (i.e., gut bacteria by-products) alongside elevated levels of plasma C-reactive protein. It is worth noting that the main fat source included in the intervention was soybean oil, primarily consisting of PUFAs, predominantly omega-6 fatty acids. Finally, research extends beyond SFAs to examine the impact of other Western diet components such as TFAs, added sugars, refined oils, processed meat. Garcia-Montero et al. (36) summarized findings indicating that these elements all affect anxiety-associated gut bacteria. For example, high consumption of added/free sugars is linked to increased Firmicutes/Bacteroidetes ratio and decreased butyrate-producing bacteria. Likewise, TFAs promote gut dysbiosis by negatively affecting butyrate producers. Butyrate is a key short-chain fatty acid mainly produced by certain Firmicutes genera such as Faecalibacterium, Subdoligranulum, and Roseburia, previously mentioned to be decreased in anxious groups. While the evidence is not yet definitive, preliminary results are promising, suggesting the need for further research into how diet influences anxiety through alterations of the gut microbiome.



4.2 Translational opportunities: whole diet, probiotic, and prebiotic interventions

The close interconnection among diet, gut microbiome, and anxiety, as well as the mediatory role we propose for the gut microbiome, lays the ground for the development of interventions that could reduce anxiety by modifying the composition of the gut microbiome (Figure 4B). Whole diet interventions that minimize the intake of processed and super-processed foods and maximize the intake of HEI adequacy components, such as whole grains, vegetables, and fibers, represent the first line of intervention. These may alleviate anxiety symptoms by favoring or inhibiting the growth of definite bacterial species within the Firmicutes and Bacteroidetes phyla, and they may disrupt the vicious cycle of emotional eating. Noteworthy, whole diet interventions could benefit both clinical and community settings, possibly representing a preventive measure to halt the rising incidence of anxiety. Unsurprisingly, participants compliance is a common limitation of whole diet intervention studies, especially when these are carried out over a long period of time. Moreover, when looking at the effects of Western-like components, placebo-controlled trials are hardly implementable due to ethical considerations.

When anxiety is severe and/or the anxiolytic effects exerted by a healthy and balanced diet are mild, probiotic and prebiotic supplements may be used. Probiotics are live bacteria with health-promoting activity and capable of releasing neuroactive substances. For instance, Lactobacillus brevis and Bifidobacterium dentium were shown to produce GABA in vitro (173), and Lactobacillus rhamnosus was shown to modulate the expression of GABA receptors in vivo (174). Lactobacillus rhamnosus was also shown to reduce the levels of stress-induced corticosterone, and anxiety- and depression-related behavior in healthy mice (174). Interestingly, Janik et al. (175) reported that treatment with Lactobacillus rhamnosus alters the abundance of neurometabolites such as glutamine + glutamate, total N-acetyl aspartate + N-acetyl aspartyl glutamic acid, and GABA. These changes are comparable with the observed delays in achieving clinical therapeutic effects seen with antidepressants (175) and with anxiolitcs in children and adolescents (176). Prebiotics are non-digestible food ingredients that are selectively utilized by intrinsic beneficial bacteria conferring a health benefit. For instance, milk oligosaccharides were shown to prevent stress-induced gut microbiome changes and anxiety-like behavior in mice (177). Combined GOS and fructo-oligosaccharides (FOS) were shown to exert anxiolytic and antidepressant effects, and to reduce stress and inflammatory responses (178). Interestingly, in the latter study, changes in SCFAs concentration were shown to be correlated with the reported behavioral effects, suggesting a potential mechanism of action.

Although preclinical animal studies yielded promising results on the anxiolytic effects of probiotic and prebiotic supplements, human studies reported inconsistent results. Cohen Kadosh et al. (179) conducted a systematic review and meta-analysis of probiotic and prebiotic interventions on anxiety in youth. Their findings revealed that out of six probiotic studies, five did not find any significant effect, while one reported an improvement of worrying symptoms only in subjects administered with a high daily dose. Out of five prebiotic studies, two found no significant effect, while three reported a decrease in the level of anxiety. More recently, Zhao et al. (180) conducted a systematic review of randomized controlled trials assessing the anxiolytic effect of treatments involving probiotics, prebiotics, or synbiotics – a mixture of probiotics and prebiotics. This work revealed that both probiotics and synbiotics can significantly reduce anxiety scores, while prebiotics do not exert any significant effect compared to placebos. Inconsistencies among trials results may be explained, at least in part, by heterogeneity among studies as regards, e.g., probiotic strains and prebiotic substances, supplements dosage, and indices/scales adopted to measure the level of anxiety. Consistently with that, Zhao et al. (180) found anxiety-scale specific effects, with positive interventional effect for STAI-S and BAI as compared to the DASS-A, the Hospitalized Anxiety Depression Scale, and others. They also reported that high-dose probiotics and multiple-strain supplements have a stronger effect on reducing anxiety scores compared to low-dose probiotics and sole/no-strain supplements, respectively. However, Zhao et al. (180) could not determine the clinical efficacy of probiotic/prebiotic/synbiotic treatments in alleviating anxiety, due to the small combined effect size and the scarcity of studies addressing prebiotics and synbiotics.

The current study highlights the interconnections among diet, gut microbiome, and anxiety, suggesting that probiotic and prebiotic supplementation should always be accompanied by a healthy and balanced diet. Indeed, in terms of translational opportunities, the three-way relationship among diet – gut microbiome – anxiety becomes a three-way relationship among whole-diet interventions (dietary guidelines/programs) – probiotic and prebiotic supplements – anxiety (Figure 4B). Diet and pro-/prebiotic supplements both contribute to decreasing anxiety levels and, at the same time, they influence one another. On one hand, a healthy and balanced diet may enhance the effectiveness of supplements by providing a favorable environment for the growth of probiotic species. Conversely, unhealthy dietary choices may undermine the efficacy of these supplements by acting on the gut microbiome composition and on the same gut-microbiome mediated mechanisms targeted by the supplements (e.g., immune system-mediated inflammation, alteration of the intestinal mucosal barrier). On the other hand, pro-/prebiotic supplements may help disrupt the emotional eating cycle by modulating appetite and influencing foods choice. For instance, Johnstone et al. (181) reported that, in young females, prebiotic GOS supplementation led to changes in nutrient intake such as a decrease in energy from carbohydrates, predicted by increasing Bifidobacterium abundance, and energy from sugars. In the same study, anxiolytic effects of GOS supplementation were also reported for high – but not low – anxious subjects (29). In addition, it is worth noting that the baseline microbiome may by itself be a modifier of the effects of diet/supplements on health (32), and hence not all individuals may respond to diet and/or supplement intervention in the same way. For instance, the impact of fibers on colitis susceptibility is highly variable among individuals and may depend on one’s individual microbiome composition (182). Indeed, this study reported that mice transplanted with a fiber-sensitive microbiota, but not mice transplanted with a fiber-resistant microbiota, exhibit exacerbating intestinal inflammation following supplementation with the soluble prebiotic fiber inulin. These results, while not directly informing anxiety outcomes, illuminate the concept that foods may not uniformly benefit everyone and that individual differences in gut microbiome should be considered.

In conclusion, probiotic and prebiotic supplements represent promising opportunities to translate the emerging evidence on the relationship among diet, gut microbiome, and anxiety into clinical practice. As the field advances, further investigations are needed to identify which strains are beneficial, their optimal dosage and timing of administration. Moreover, adopting an integrative perspective that encompasses dietary habits, and tailoring interventions to reflect individual differences is strongly advised for optimal outcomes.




5 Discussion

A summary of the reported dietary effects on anxiety can be found in Figure 3 and Table 1. The Western diet has shown the most consistent and prominent effects on anxiety so far in both males and females. Increase of anxiety could arise from the combination of foods or be driven by food groups such as red meat, snacks, and sweets. However, no studies have compared their unique contribution to anxiety against their collective effects. Similarly, nutrients found in high concentrations in Western foods (e.g., added sugars and TFAs) play a major role. The connection between observed effects of Western dietary components and their causes remains unclear: the effects could be directly attributed to the pro-inflammatory properties of processed food and underlying mechanisms such as gut microbiome modulation and augmented intestinal permeability driven by high sugar consumption (22). Alternatively, they might stem from excessive intake of empty calories resulting in a deficiency of essential nutrients required for optimal nervous system function (e.g., micronutrients, tryptophan, PUFAs). The Mediterranean diet has consistently showed promising effects in reducing anxiety, irrespective of the specific MD index used, in both sexes. However, the reported associations of specific Mediterranean food staples are inconsistent, and interpretation should be drawn cautiously due to differing methodologies in MD calculation. Notably, the MD aligns with the GDA, promotes anti-inflammatory foods, and recommends a diverse diet. The MD is also high in antioxidants and phytochemicals, and balanced in acid–base load, which have been associated with lower anxiety symptoms (7, 84, 88). These benefits might be ascribed to molecular cascades that reduce oxidative stress and its impact on cellular structures such as mitochondria and DNA, both influencing psychiatric disorders through mechanisms such as telomere shortening. Further, changes in synaptic oxidation and oxygen levels could cause neurotransmitter decline. Phytochemicals might also regulate antioxidant enzyme gene expression, aiding in oxidative stress reduction (183) and act as acid–base regulators (184), highlighting the interconnected roles of these dietary components in mental health. Other DPs, like the Nordic diet, and diets rich in HEI adequacy components, share nutritional profiles similar to the Mediterranean diet. Further research on DQIs associated to the MD, and common inherent properties of distinct dietary patterns, would be crucial for several reasons. First, the MD is geographically specific to the Mediterranean region, emphasizes local and seasonal foods which are more nutritious, and caters to diverse metabolic needs, including ethnicity-related microbiome variations for optimal nutrient absorption. Second, local consumption is environmentally sustainable, reducing emissions, pesticide use, and carbon footprint. Hence, the focus should shift from pushing toward the adoption of MD universally to tailoring diets based on its beneficial properties in accordance to local food supply. This approach aligns with findings that local food purchases correlate with higher diet quality, as per the AHEI-2010 (185), advocating for diet individualization to enhance health outcomes and sustainability. Regarding findings on plant-based foods, no association with anxiety occurs when fruits and vegetables are pooled together for either males, females, or mix samples, but when accounted for separately (14, 98, 120–124). The same has been found for gut microbiome when differentiating between fruits and vegetables HEI scores (33). Consistently, fruits and vegetables are characterized by different nutritional properties with vegetables presenting a higher Overall Nutritional Quality Index, although nutrient-specific content appears to be serving-dependent and fruits show double the antioxidant activity of vegetables (186). Future studies should then look at vegetables and fruits categories individually and, when possible, also distinguish food groups within categories (e.g., leafy greens, cruciferous, citrus, berries, etc.) which might still show unique nutritional profiles (186). A similar approach should be applied to vegetarian and vegan diets: pooling vegetarian and vegan diets should in fact be avoided given non-negligible dissimilarities between the consumed food groups. Also, most studies adopted self-reported questionnaires or relied on empirically derived DPs. The Plant-based Diet Index (PDI) exists and differentiates between healthy and unhealthy plant-based choices, offering a potential standard for evaluating dietary adherence. Adopting the PDI could thus enhance study comparability and reduce information bias by providing a nuanced approach to assessing plant-based diets. Given the advantages of a priori dietary indexes and the consistent effects of a processed diet on both anxiety and the gut microbiome, future studies should also focus on the validation of a Western Dietary Index.



TABLE 1 Summary of the most relevant included findings of dietary effects on anxiety (reported for adjusted models and odd ratios only).
[image: Table listing various studies on dietary quality indices, dietary patterns, foods, and nutrients. It includes columns for reference, design, sample size, age range, gender, dietary variable, outcome, statistics, and gender-specific results. The data is organized into categories with some statistical symbols and annotations indicating significance levels.]

Consistent associations have been found between anxiety and gut microbiome genera across studies, i.e., increased Bacteroides, Escherichia/Shigella, Tyzzerella, Collinsella; decreased Faecalibacterium, Roseburia, Subdoligranulum, and genera from the Lachnospiraceae family. The same bacteria have also been linked to distinct dietary variables: higher HEI index and consumption of healthy dietary components are associated with lower abundance of Bacteroides, Escherichia/Shigella, Tyzzerella, Collinsella genera among others, and higher abundance of Faecalibacterium and Subdoligranulum. On the other hand, unhealthy Western diets and nutrients mostly present with associations in the opposite direction, i.e., loss of beneficial butyrate-producing bacteria, dominance of Bacteroidetes, and promotion of pro-inflammatory bacteria. Mixed results exist for fat intake and whether it is beneficial or detrimental to gut microbiome could depend on fat type and ratios rather than absolute values. Interestingly, most bacteria associated with diet and anxiety belong to the Firmicutes and Bacteroidetes phylum. As preclinical studies show specific associations of diet and microbiome with Firmicutes/Bacteroidetes ratio, the observed effects could depend on microbes’ inhibitory and excitatory interactions happening at the community-level (187), rather than fold differences at the genera and species level. This would also explain the conflicting results, and hint toward the benefit of network-based approaches. Further – when possible and depending on research aims – metagenomics, transcriptomics, and metabolomics information should also be integrated as ecological metabolic function could differ despite similar microbial structures (188). Recently, researchers have started considering microbiome-mediation models, supported by preliminary results (32, 35, 182). One’s temporal microbiome would affect one’s individual responsiveness to diet and anxiety risk and could then be responsible for distinct levels of susceptibility to anxiety and strength of associations with microbiome and short-term dietary intake. This concept aligns with a recent review from Ortega et al. (189) which emphasizes the impact of gut microbiota on neuromodulation, endocrine functions, and immune responses in bipolar disorder, a mood disorder which can be accompanied by anxiety. Building on these pieces of evidence, we suggest that a research shift toward gut microbiome-mediated mechanisms would benefit interventional designs and offer personalized translational opportunities resulting in more efficacious management of anxiety symptomatology. We also want to draw attention to the importance of assuming an integrative perspective that takes into account the interconnectedness of multiple body’s systems, e.g., inflammatory, metabolic, nervous systems, analogously to what recently proposed for the clinical management of spinal cord injury patients (190). All these systems contribute to anxiety pathophysiology and should thus be accounted for when developing clinical treatments and during patients’ evaluation.

Notably, the present study suggests sex-specific other than population-specific effects of both gut microbiome and diet on anxiety. Indeed, diet and gut microbes might affect non-anxious, sub-clinically, and clinically anxious individuals heterogeneously as also suggested by our previous work (191). This can be seen in (i) Gibson-Smith et al. (69) study where the HEI and the MedDiet Score predicted anxiety severity but not diagnosis, (ii) Johnstone et al. (29) study where only highly anxious females benefitted from GOS supplementations, and in (iii) contradictory findings across gut microbiome studies looking at non-anxious, subclinical, and clinical populations. Based on the sample of interest, distinct anxiety scales should be chosen as more sensitive to symptoms. For example, the STAI and DASS scales might be preferrable when including subclinical samples, the Hospitality Anxiety Depression Scale (HADS) would be best used with medical patients, whereas the BAI would better distinguish anxiety from depression (192). Other considerations include ambiguities arising from categorization of both anxiety and dietary variables that sometimes was arbitrary, sometimes data-driven, and most of the times prevented comparison between studies and hindered results interpretability. On the light of it, categories should be adopted only (i) with a clear rational, (ii) when consensus on cut-off points exists, (iii) when the distribution of the data justifies so. Alternatively, a priori grade system might aid subject stratifications at recruitment and/or study enrolment depending on the specific research question. Data should then be analyzed categorically only if statistical pair-wise comparison justifies so and if there’s no reason to believe that risk varies between categories (51). Categorical versus continuous methods could also be compared against each other and both results included for publication. Finally, we suggest that future research in the field of nutrition should try to adopt a funnel-shaped method (Figure 5) flowing upwards and downwards based on the specific research question, prioritizing a priori dietary indexes when available, and adopting data-driven methods when samples are large enough, for explorative purposes or to periodically validate existing guidelines and update theoretical knowledge. To optimize such a multilevel approach and integrate distinct levels of information, different nutritional assessment methods (e.g., food recordings, food-frequency questionnaires) should be combined and tailored to the sample of interest. Further, to elucidate the mediator and moderator roles proposed for defined bacterial genera and to identify additional genera/species, future studies should focus on assessing changes in the gut microbiome and establishing baseline profiles during interventional research. In scenarios where interventional studies are impractical, effort should be directed toward identifying temporal and dynamic microbiome features across multiple time points in observational and epidemiological studies. As done by Rossa-Roccor et al. (108), research studies should be contextualized on a biopsychosocial framework that accounts for the multifactorial nature of the relationship between diet, anxiety, the gut microbiome, and the existing confounding variables.
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FIGURE 5
 Example of the proposed method: a multilevel approach for dietary analysis should be adopted based on (A) the main research questions, (B) the hierarchical diet composition, and (C) guided by empirical results. Here, the analysis pipeline starts from the main independent variable of interest – the HEI-2020 – and moves down to added sugars based on DPs analysis and/or, e.g., existing evidence of sugars effects on anxiety. Differences in consumption of sweetened foods and beverages are then compared and driving effects of specific added sugars (e.g., lactose, corn-syrup, sucrose) explored. Although multilevel analyses of fats are not initially performed, downstream results (e.g., differences in consumption of ultra-processed food such as cookies and pastries) prompt exploratory analysis of trans-fatty acids. Note that the pipeline can flow in each direction, start at any hierarchical level, and include variable number of layers based on (i) main objective, (ii) relevant literature, (iii) results, (iv) staff and research resources. However, the rationale behind authors’ choices should always be transparent and outlined. As shown in (D), gut microbiome should be measured and included as a stratification or moderation factor. Created with and adapted from BioRender.com.


In summary, the present study depicts the current state of nutritional research on anxiety while pinpointing methodological gaps that need further improvement and highlighting the importance of integrating the gut microbiome. By integrating available evidence, some bacterial genera that likely mediate the relationship between diet and anxiety can be identified (Figure 4A). Existing translational opportunities and knowledge gaps that need further research are also highlighted with the expectation that professionals and practitioners will yield valuable insight and future studies will provide the requisite evidence. Indeed, there is good evidence for interplays between diet, the gut microbiome and anxiety that could be translated into the clinical and community settings. Probiotics and prebiotics have shown potential and might work best when combined and along complementary dietary recommendations. Most importantly, prebiotics have shown preliminary results in affecting both anxiety symptoms and emotional eating. Although the underlying mechanisms and directionality of effects are not clear, this paves the way for new opportunities to break the anxiety-eating cycle upon further investigations on preclinical and human models.
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Dietary patterns in mild cognitive impairment and dementia in older adults from Yucatan, Mexico
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Background: Some dietary patterns and dietary components have an important role in preventing and helping to improve patients’ quality of life of individuals with Mild Cognitive Impairment (MCI) and dementia. In Mexico, it is unknown what the dietary patterns are among older adults with MCI and dementia. We aimed to identify the dietary patterns of older adults with MCI and dementia living in Yucatan, Mexico.
Methods: A cross-sectional study was carried out among 39 patients as controls and 34 individuals as cases (MCI and dementia). A food frequency questionnaire collected diet information, anthropometric and clinical parameters, and lifestyle characteristics. The dietary patterns were evaluated through Partial Least-Squares Discriminant Analysis (PLS-DA).
Results: The food groups that showed discrimination between groups and were classified into the dietary patterns of MCI and dementia individuals were “pastries and cookies,” “soups,” and “legumes.” The dietary pattern of older adults without cognitive impairment was characterized by “nuts and seeds,” “candies,” “vegetables,” “coffee and tea,” and “water.” The consumption of “pastries and cookies” showed an increasing correlation with serum insulin levels (r = 0.36, p = 0.01), and “soups” showed an inverse correlation with total cholesterol levels (r = −0.36, p = 0.02) in patients with MCI and dementia. In controls, there is a positive correlation between the consumption of “nuts and seeds” (r = 0.333, p = 0.01) and “vegetables” (r = 0.32, p = 0.02) with levels of urea; “coffee and tea” showed a positive association with levels of insulin (r = 0.378, p = 0.05).
Conclusion: The dietary pattern of individuals with MCI and dementia has some nutritional deficiencies. Including an adequate intake of vegetables, fruits, and protein could improve the quality of life of subjects living with these conditions in Yucatan, Mexico.
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1 Introduction

The 2022 census shows that around 15 million older adults live in Mexico. Currently, 14% of the Mexican population is 60 or older (1). Older age remains one of the main risk factors associated with mild cognitive impairment (MCI) and dementia (2, 3). The Study on Aging and Dementia in Mexico (SADEM) reported a prevalence of 7.8% of older adults with Alzheimer’s Disease (AD) living in Mexico; this is the most common type of dementia among older people (4). MCI is a neurocognitive state between normal cognitive aging and dementia and can be detected in younger adults around 55 years old (5). Both conditions are characterized by a deterioration of cognitive function that prevents daily activities and reduces the quality of life (6).

Even though the physiopathology of dementia is still under research, some well-established lifestyle factors, such as physical activity, reducing alcohol consumption, and having an adequate nutritional status, have been associated with reducing the risk of MCI and dementia (7–9). Some dietary and nutritional components have been linked to the deterioration or improvement of cognitive function (10).

A recently published meta-analysis found that the diet of individuals with MCI and dementia living in Latin American Countries is characterized by a lower intake of fruits and vegetables and high consumption of simple carbohydrates and animal protein (11). As mentioned above, the importance of diet in delaying the intrinsic causes of pathologies and diseases associated with aging has been recognized for a long time. Over the last decades, evidence has accumulated on the protective role of bioactive compounds on the risk of chronic non-communicable diseases and even longevity and aging. However, understanding the net impact of diet on health is more complex than studying isolated components or foods. Humans do not consume individual foods but mixed food combinations that form a dietary pattern. Therefore, from a physiological point of view, analyzing eating habits considering the interactions between different foods and their components is of primary interest (12). As a result, it’s crucial to evaluate the diet as a whole. The principal components analysis (PCA) considers complex diets and multiple food groups instead of individual nutrients, specific foods, or food groups for pattern classification. Besides, dietary patterns can reflect an individual’s food preferences; therefore, dietary pattern analysis may add more information to reflect the complexity of dietary intake and provide new insights into the whole foods diet (13).

More recently, it has been suggested that dietary patterns and some dietary components have an important role in preventing these conditions and in helping to improve patients’ quality of life during the disease at different stages (12, 14). Many healthy dietary patterns have been associated with improved cognitive function, and these dietary patterns have several components in common: a high consumption of fruits, vegetables, and whole grains, along with a low consumption of red meat and sweets. However, it is unknown what the dietary patterns are among older adults with MCI and dementia in Mexico; therefore, this study aimed to identify the dietary patterns of older adults with MCI and dementia living in Yucatan, Mexico.



2 Methods


2.1 Study design

The present cross-sectional study was carried out between February 2022 and January 2023. The group of cases included individuals who attended the outpatient specialty unit of neurology and geriatrics at the Regional High Speciality Hospital, IMSS-Bienestar in Merida, Yucatan, Mexico, with diagnoses of MCI and dementia. For controls, individuals without MCI or dementia were included. Patients under medical treatment for specific diseases in the cardiology, endocrinology, respiratory, urology, and oncology units and individuals with implanted medical devices such as pacemakers or prostheses were excluded from the study. To ensure the representativeness of the population, a sample size was calculated using an unmatched case–control formula for an unknown population with a 95% two-sided confidence level, 90% power, 50% of controls exposed, and a 0.06 odds ratio (15). From this calculation, the minimum required sample size was 24 individuals in each group. Finally, a sample of 39 patients as controls and 34 individuals as cases (MCI and dementia) were selected for this study.



2.2 Ethical clearance

The study was approved by the Ethics Committee of the Regional High Speciality Hospital, IMSS-Bienestar (no. CONBIOETICA-31-CEI-002-20170731) in connection with a research project (identification code: 2021–012), following the guidelines for human experiments as laid down in the Helsinki Declaration. The participants signed the informed consent form before the start of the study.



2.3 Mild cognitive impairment and dementia assessment

Participants had a previously established diagnosis of dementia or MCI by a neurologist or geriatrician. Diagnoses were made following internationally accepted criteria for dementia. The diagnostic and statistical manual of mental disorders-V (DSM-V), ICD-10, and MCI Petersen criteria were used (16, 17). Additionally, subjects with dementia were evaluated using the mini-mental state examination (MMSE) and MCI individuals by the Montreal Cognitive Assessment (MoCA) (18, 19).



2.4 Dietary assessment

The habitual diet was assessed using a semi-quantitative food frequency questionnaire (SFFQ) previously validated in the Mexican population and administered by a trained dietician (20, 21); if the participant could not respond, the information was provided by the primary caregiver. The SFFQ contained 140 items grouped into previously pre-validated food groups by Gaona et al. (22) (Supplementary Table S1). For the analysis, only those food groups that reported 70% or more of consumption were included; 19 food groups were obtained. The SFFQ data were then converted to grams or milliliters per week consumption by multiplying the standard serving size. Foods were recorded in grams (g), and drinks and broths in milliliters (mL). However, to have similar units of measurement among foods and beverages, the milliliters per week were converted to cup units by dividing between 240 mL, resulting in cups per week.



2.5 Anthropometric parameters, blood pressure, and lifestyle characteristics

Waist circumference (WC) (cm) was measured from individuals to the nearest 0.1 cm using an anthropometric tape measure (Lufkin, United States) at the midpoint between the lower costal margin and the superior of the iliac crest. Weight and height were measured using a calibrated scale. Body mass index (BMI) was calculated as weight divided by the square of height (kg/m2). Blood pressure (BP) (systolic and diastolic, SBP and DBP, respectively) was estimated after 15 min of rest in the sitting position using an automatic electronic sphygmomanometer (Omron, Japan). A pre-validated questionnaire was used to collect a brief clinical history of the participants, such as pre-existing diseases and lifestyle.



2.6 Serum biomarkers

Following standard procedure, a trained researcher collected a blood sample after 12 h of overnight fasting. Clinical biochemistry tests were done following standard protocol to estimate levels of triglycerides (TG) (mg/dL), high-density lipoprotein cholesterol (HDL-C) (mg/dL), total cholesterol (mg/dL), fasting plasma glucose (FPG) (mg/dL), insulin (μIU/mL), glycated hemoglobin (HbA1c) (%), urea (mg/dL), creatinine (mg/dL), and uric acid (mg/dL). A pre-validated equipment (autoanalyzer COBAS® Integra 400 Plus, Roche Diagnostics) was used for the clinical biochemistry tests.



2.7 Statistical analysis

The statistical packages Jamovi (version 2.25, Sydney, Australia) and SPSS version 15.00 (IBM Corp, Armonk, New York, United States) were used to analyze the data. Descriptive statistics were calculated for the control and cases (MCI and dementia) groups. The Shapiro–Wilk test was used to check the normality. Clinical and serum biomarkers characteristics were presented as means ± standard deviation (SD) or medians and interquartile range (IQR). Proportions and corresponding percentages (%) were reported for comorbidities and lifestyles and tested by Pearson’s chi-squared test. Continuous variables between groups were compared using the independent t-test or the Mann–Whitney U test. A Spearman correlation analysis assessed the relationship between group foods and serum biomarkers. For all analyses, statistical significance was set at p < 0.05.

The web-based platform Metaboanalyst 5.0 was used to identify discrimination among food groups through partial least-squares discriminant analysis (PLS-DA) (23). For dietary patterns, the selected methods were: Row-wise; normalization: Normalization to constant sum; Data transformation: Cubic Root Transformation; and Data scaling: Autoscaling. Permutation testing was conducted to minimize the possibility that the observed separation on PLS-DA was by chance. Additionally, for cross-validation (R2, Q2, and accuracy), model validation was performed using a 2000 times permutation test. A loading scatter plot was constructed to determine the variables discriminating between the groups. The variable importance in the projection (VIP) plot was performed based on their significance in discerning studies from both groups. VIP cutoff >1.0 was designated since the number of variables in this study was less than 100 (24).




3 Results


3.1 Clinical characteristics of the study population

Seventy-three participants were analyzed, including 39 controls and 34 cases (17 individuals with MCI and 17 with dementia). Overall, cases (73.4 ± 10.10) were older than controls (67.2 ± 6.52) (p = 0.002), had a higher frequency of women (68.4%, p = 0.097), hypertension (50%, p = 0.056), and metabolic syndrome (MetS) (70%, p = 0.913). Besides, taking medication was significantly higher among participants with MCI and dementia (91%, p < 0.0001) (Table 1).



TABLE 1 General characteristics among controls and cases.
[image: Table comparing characteristics between control (n=39) and case groups (n=34). Differences are shown in age, gender, waist circumference, BMI, blood pressure, comorbidities, and lifestyle factors. Significant differences are observed in age (p=0.002) and pharmacotherapy use (p=0.0001). Data includes means and 95% confidence intervals.]

Levels of urea (39.1 (29.1–44.5) vs. 31.8 (23.3–34) mg/dL, p = 0.013), creatinine (0.94 (0.80–1.06) vs. 0.73 (0.64–0.88) mg/dL, p < 0.001), and percentage of HbA1c (5.96 (5.64–6.51) vs. 5.61 (5.30–6.03) %, p = 0.033) were significantly higher among cases than controls. Overall levels of other parameters such as triglycerides, cholesterol, FPG, insulin, and UA increased in the case group (Table 2).



TABLE 2 Biochemical parameters among controls and cases.
[image: Table comparing various biochemical characteristics between control and case groups. Characteristics include triglycerides, HDL-C, cholesterol, FPG, insulin, HbA1c, urea, creatinine, UA, and CRP. Significant differences are noted for HbA1c, urea, and creatinine with p-values of 0.033, 0.013, and <0.001, respectively. Data presented as means with standard deviations or medians with interquartile ranges.]



3.2 Dietary patterns according to neurocognitive disease

The PLS-DA score plots presented slight evidence of separation according to having MCI and dementia vs. older adults without neurocognitive disease (Figures 1A,B). This difference between groups showed an accuracy of 0.69, R2: 0.354, Q2: 0.108, and permutation p value <0.005. The VIP plot revealed that “pastries and cookies,” “soups,” and “legumes” are responsible for discrimination among patients with MCI and dementia (Figure 1C). “Nuts and seeds,” “candies,” “vegetables,” “coffee and tea,” and “water” were the food groups that were found to be in charge of differentiation in the control group.

[image: Composite image featuring three panels. Panel A is a heatmap showing clustering of dietary groups such as soups, nuts, and seeds, with color gradation indicating case and control classes. Panel B is a scatter plot with two components, demonstrating separation between cases (red) and controls (green) with overlapping ellipses. Panel C is a VIP scores plot highlighting the significance of different dietary groups, with nuts and seeds at the top. A color gradient from blue to red indicates low to high values in panels A and C.]

FIGURE 1
 Dietary patterns are profiled according to the group of cases (MCI and dementia) and control. (A) Hierarchical heatmap for dietary patterns: control (green) and cases (red); red and blue show increasing and decreasing food group consumption, respectively. (B) The PLS-DA plot shows separation between cases (red) and controls (green). The explained variances are shown in brackets (accuracy: 0.69; R2: 0.354; Q2: 0.108; permutation p value <0.005). (C) The VIP analysis represents the relative contribution of food groups to the variance among groups. A high VIP score indicates a greater contribution of the food group to the dietary pattern. Red and blue boxes on the right indicate whether food group consumption is increased (red) or decreased (blue).




3.3 Correlations between serum biomarkers and food groups in the study population

The consumption of “pastries and cookies” showed an increasing correlation with serum insulin levels (r = 0.36, p = 0.018), and the consumption of “soups” showed an inverse correlation with total cholesterol levels (r = −0.36, p = 0.02) in patients with MCI and dementia (Figures 2A,B; Supplementary Table S2). In controls, there is a positive correlation between the consumption of “nuts and seeds” (r = 0.333, p = 0.018) and “vegetables” (r = 0.32, p = 0.023) with levels of urea, meaning levels of urea significantly increase as the consumption of nuts and seeds and vegetables increases (Figures 3A,B). Additionally, the consumption of “coffee and tea” showed a positive association with levels of insulin (r = 0.38, p = 0.009) (Figure 3C; Supplementary Table S3).

[image: Graph A shows a positive correlation between Pastries & Cookies intake and Insulin levels, with \( r = 0.36 \) and \( p = 0.018 \). Graph B shows a negative correlation between Soup consumption and Cholesterol levels, with \( r = -0.36 \) and \( p = 0.02 \). Each graph includes a trend line and shaded confidence interval.]

FIGURE 2
 (A) Statistical correlations of pastries and cookie consumption with insulin levels in cases. (B) Statistical correlations of soup consumption with cholesterol levels in cases.


[image: Three scatter plots labeled A, B, and C, display correlations. A shows a positive correlation between vegetables consumed per week and urea levels, with r equals 0.32 and p equals 0.023. B illustrates a similar trend for nuts and seeds, with r equals 0.33 and p equals 0.019. C presents a positive correlation between coffee and tea intake and insulin levels, with r equals 0.38 and p equals 0.009. Each plot includes a trend line with shaded confidence intervals.]

FIGURE 3
 (A) Statistical correlations of vegetable consumption with urea levels in the control group. (B) Statistical correlations of nuts and seeds consumption with urea levels in the control group. (C) Statistical correlations of coffee and tea consumption with insulin levels in the control group.


The correlation between serum biomarkers and food groups, adjusting sex and age, was performed through a linear regression analysis using a rank transformation of variables. In the case group, the interaction of insulin and “pastries and cookies” was strong and significant (β = 0.391, p = 0.026); however, the correlation between “soups” and cholesterol levels was no longer significant after adjusting (β = −0.35, p = 0.052). In the control group, the interaction between insulin levels and “coffee and tea” (β = 0.33, p = 0.033), urea with “nuts and seeds” (β = 0.37, p = 0.021), and urea and “vegetables” (β = 0.35, p = 0.025) stayed significant and stronger after adjusting for sex and age.




4 Discussion

This study identified two dietary patterns in the Mexican older adult population. The food groups that showed discrimination between groups and were classified into the dietary patterns of MCI and dementia individuals were “pastries and cookies,” “soups,” and “legumes.” The dietary pattern of older adults without cognitive impairment was characterized by the following food groups: “nuts and seeds,” “candies,” “vegetables,” “coffee and tea,” and “water.”

The focus of scientific nutrition research has shifted from examining the impact of individual foods and nutrients on health to examining dietary patterns that represent the combined intake of several meals and nutrients (13, 25). However, it is important to consider that dietary patterns might differ based on factors like age, culture, way of life, socioeconomic situation, and state of health (26).

In our study, the MCI and dementia dietary pattern included both “healthy” and “unhealthy” food groups, which are characterized by high consumption of “pastries and cookies,” “soups,” and “legumes,” this was also found among Korean and Chinese adults with MCI (27, 28). The food group “pastries and cookies” has been distinguished by its high content of added sugars, saturated and trans fats, salt, and additives that have been associated with cognitive impairment in prior research (29). The consumption of these products has been linked to intestinal dysbiosis, the promotion of proinflammatory cytokines, and metabolic alterations, which generate alterations in various organs, including brain damage (30–32). On the other hand, the food group “legumes” was primarily characterized by the consumption of beans, which have conflicting findings regarding their impact on health. Since ancient times, eating beans has been a staple of the Mexican diet (33). Flavonoids are the principal compounds of beans and have been associated with a lower risk of AD (34); however, there is still a gap in our knowledge of the underlying mechanisms and their association with brain health. Moreover, there is no daily intake recommendation for flavonoids in the diet.

Mixed vegetables and chicken soup were the types of food that were more frequent in the food group “soups.” Poultry and vegetables (especially leafy green vegetables) are two foods recommended in the diet to lower or prevent dementia (21). However, there is not sufficient literature that examines the benefits of the consumption of mixed vegetables and chicken soup on individuals with dementia. Mixed vegetables and chicken soup comprise several ingredients that could work synergistically at multiple targets on a neurocognitive level (35, 36).

The dietary pattern in the control group of older adults included healthier food groups in comparison to the MCI and dementia dietary patterns. Food groups such as “nuts and seeds,” “vegetables,” “coffee and tea,” and “water” were reported. Only “candies” could be identified as an unhealthy food group.

The reported more frequent vegetables among the study population included tomatoes and onions. One of the main bioactive compounds of the tomato is lycopene (37). Lycopene is a natural neuroprotective agent. This carotenoid seems to contribute to cognitive longevity and treat several neuronal diseases, including cerebral ischemia, Parkinson’s disease (PD), AD, and depression (38). Quercetin is a bioactive compound of the onion and another type of flavonoid (39). Its cognitive function was examined in a randomized, double-blind, placebo-controlled, parallel-group comparative clinical trial that evaluated the consumption of quercetin-rich onion for 24 weeks compared to quercetin-free onion as a placebo. Quercetin-rich onions reduce age-related cognitive decline, possibly by improving emotional conditions in healthy older adults from Japan (40). The pretreatment with quercetin significantly enhanced the expression levels of endogenous antioxidant enzymes such as Cu/Zn superoxide dismutase (Cu/Zn, SOD), manganese SOD (Mn/SOD), catalase (CAT), and GSH peroxidase in the hippocampal CA1 pyramidal neurons of animals suffering from ischemic injury. Thus, quercetin may be a neuroprotective agent for transient ischemia (41).

Caffeine is an alkaloid found in coffee, tea, and soft drinks (42). Consumption has been reported to decrease the risk of dementia (43). Vincenzo et al. found that people who regularly drank one to two cups of coffee daily had a reduced incidence of MCI than those who did not drink coffee (44). However, some other studies have shown that caffeine intake does not help improve neurocognitive abilities in men, only in women (45).

A high frequency of sugar consumption is associated with several conditions in older adults, such as type 2 diabetes, stroke, cancer, and dementia. Excessive sugar consumption has been linked to neurocognitive dysfunction. Also, it was found in animal models using rats that high sugar consumption may cause neuroinflammation in the hippocampal region (46).

Although the number of participants was fewer than the variables, PLS-DA has been reported to be able to use small sample sizes (47). In our analysis, the model fit (R2: 0.354) was moderate, and consistency (Q2: 0.108) showed that the results obtained had an accuracy of 0.69. Additionally, the permutation (10/2000) was reported to be statistically significant (p value <0.005). These results suggest that the obtained dietary patterns were relatively consistent and reliable; however, a larger sample could result in a stronger association with more power.

Some associations were found between serum biomarkers, food groups, and dietary patterns. Among the dietary patterns in cases (MCI and dementia individuals) where the consumption of “pastries and cookies” was positively associated with insulin levels, eating sugar-filled pastries or candies can cause blood glucose levels to rise, leading the pancreas to produce the hormone insulin (48). High levels of insulin and glucose will cause damage to the blood vessels of the brain, leading to a decline in mental capacity (49). Another food group that showed a significant association with cholesterol levels was “soups.” A negative relationship was found between “soups” and cholesterol, meaning that levels of cholesterol decrease with increasing consumption of “soup,” this could be explained by the addition of vegetables to soup, which increases the consumption of healthy foods such as fiber (50) and phytosterols (51) in the diet, both of which can help lower cholesterol levels.

In the dietary pattern of the control group, it was reported that there was a positive association between increased levels of urea and the consumption of “nuts and seeds” and “vegetables. “It has been reported that intake of these food groups could reduce urea levels in adults. However, these contradictory findings could be explained by the addition of salt to both food groups. Typically, the preparation and consumption of these food groups in this region of Mexico are accompanied by high amounts of salt (52). Lastly, insulin levels were positively associated with the consumption of coffee and tea; this association could be explained by the fact that 59% of older adults from this study reported sweetening their coffee and tea. In particular, the contribution of each source of salt and sugar consumption can vary according to culture, age groups, habits, and dietary practices.

Moreover, the dietary assessment tools need to allow for precise measurement. Further studies may focus on identifying dietary patterns and the intake of micro and macronutrients among MCI and dementia populations. These days, “Omics” technologies have advanced our understanding of individual and population health at the systems level. Specifically, metabolomics has enabled the identification of “metabotypes,” easily measured in urine or blood. Therefore, this method could result in objective biomarkers of foods, nutrients, and dietary patterns in individuals with MCI and dementia.


4.1 Limitations

The absence of information on the participants’ type of dementia is a limitation of the current work; this will be crucial to investigate because Yucatán has been reported to have high rates of obesity, overweight, and other comorbidities linked to MCI and dementia. The results, however, provide the first information about the type of dietary pattern in older Mexican adults with these conditions. The implementation of long-term studies will help to identify and comprehend the association and underlying mechanisms of dietary patterns and serum biomarkers.




5 Conclusion

We found that the MCI and dementia dietary patterns have some nutritional deficiencies. They were characterized by high consumption of “pastries and cookies,” “soups,” and “legumes.” An adequate intake of vegetables, fruits, and protein could improve the quality of life of subjects living with these conditions in Yucatan.
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Impact of food insecurity on cognitive health in older adults: insights from the NHANES 2011–2014 data
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Purpose: To investigate the relationship between food insecurity and cognitive decline among elderly Americans.



Methods: Utilizing NHANES 2011–2014 data, we examined cognitive function via the Immediate Recall Test (IRT), Delayed Recall Test (DRT), Animal Fluency Test (AFT), Digit Symbol Substitution Test (DSST) and assessed food security through the US Food Security Survey Module. Multiple regression models were used to adjust for demographic and health variables.
Results: Food insecurity demonstrated a significant association with lower cognitive function scores. The effects of food insecurity on cognitive function were moderated by factors such as smoking and alcohol use, indicating a direct influence of food insecurity on cognitive decline.
Conclusion: This study underscores the importance of food security for cognitive health in the elderly and advocates for targeted interventions to address nutritional disparities and enhance cognitive functioning in aging populations.
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1 Introduction

Cognition involves the process of acquiring and applying knowledge, which includes information processing, and is a fundamental human mental activity (1). This process encompasses sensation, perception, memory, thought, imagination, and language. Cognitive impairment covers a broad spectrum of neurological disorders that significantly affect memory, thinking, and behavior, diminishing an individual’s capacity to perform daily activities and sustain independent living (2). The US Department of Health and Human Services reports that over one-fifth of the US population will be aged 65 or older by 2030 (3). With an aging population, the incidence of cognitive impairment and dementia is projected to rise substantially. Currently, about 5.8 million older Americans are diagnosed with Alzheimer’s disease, with this figure expected to escalate to nearly 14 million by 2050 (4). Cognitive decline not only compromises the quality of life of affected individuals but also imposes a significant burden on families and the social healthcare system. Consequently, cognitive health has emerged as a crucial public health concern for the aging US population (5, 6).

Food security is defined as the access to adequate, safe, and nutrient-rich food consistently and universally, fulfilling physiological needs and food preferences to sustain an active and healthy lifestyle (7). Despite the stable food supply enjoyed by the majority of the US population, food insecurity persists, particularly among low-income families. According to the US Department of Agriculture, approximately 10.3 million households (7.8% of total households) faced challenges in food access in 2020 (8). The link between food security and cognitive health is well-documented. Numerous studies have demonstrated that a lack of proper nutrition is associated with compromised cognitive function (9–11). Undernutrition may exacerbate cognitive decline, especially in older adults whose cognitive health is already vulnerable (12, 13). Nutrients such as omega-3 fatty acids, antioxidants, and vitamins play critical roles in maintaining brain health and protecting against cognitive decline (14–16). For instance, healthy dietary patterns like the Mediterranean diet, which is rich in fruits, vegetables, and whole grains, have been shown to have neuroprotective effects and are associated with better cognitive outcomes in older adults (17–20). Conversely, food insecurity can lead to poor dietary choices, resulting in insufficient intake of essential nutrients that support cognitive function (21).

This study aims to address these gaps by utilizing a robust dataset from the National Health and Nutrition Examination Survey (NHANES), which offers detailed and diverse demographic and health behavior data. This approach allows for a more nuanced exploration of the relationship between different levels of food security and cognitive function among older adults in the US, distinguishing this work from prior research by providing clearer insights into potential causal relationships.



2 Materials and methods


2.1 Study population

The National Health and Nutrition Examination Survey (NHANES) is a cross-sectional survey that aims to gather detailed data on the health and nutritional status of the American populace. This survey employs a sophisticated stratified, multistage probability sampling design, focusing specifically on the ambulatory population. Conducted by the National Center for Health Statistics (NCHS), the survey protocol received approval from its ethical review board, and all participants provided written informed consent. For this study, the NHANES dataset covering the period from 2011 to 2014 was selected, as it uniquely incorporates measures of cognitive function for older adults aged 60 and above. Initially, the survey screened 19,931 participants. However, due to participants age < 60 (16266), missing food security data (32) and complete cognitive function data (685), the final analysis included only 2,915 participants (as shown in Figure 1).
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FIGURE 1
Flow chart showing the NHANES participants’ selection.




2.2 Food security diagnosis

The assessment of household food security in the United States utilized the US Food Security Survey Module (FSSM), which is recognized as the definitive standard for measuring food insecurity nationwide. This validated tool comprises ten questions that an adult household member answers to reflect the food security situation over the past twelve months. The NHANES documentation outlines the classification of food security status based on the count of affirmative responses in the adult module: zero affirmatives indicate full food security, one to two suggest marginal food security, three to five signify low food security, and six to ten affirmatives represent very low food security. Aligning with established research, the study aggregated the categories of full and marginal food security into a single “food security” group, and combined the low and very low categories into a “food insecurity” group (22).



2.3 Measurement of cognitive function

In neuropsychological evaluations, tests such as the Immediate Recall Test (IRT), Delayed Recall Test (DRT), Animal Fluency Test (AFT), and Digit Symbol Substitution Test (DSST) are crucial for assessing cognitive functions. This study utilized the Word Learning and Recall modules from the Consortium to Establish a Registry for Alzheimer’s Disease (CERAD), including both the IRT and DRT. These assessments are essential for evaluating memory capabilities and diagnosing cognitive impairments and dementia. The CERAD Word Learning subtest (CERAD W-L) requires participants to recall ten unrelated words immediately across three trials. After a brief distractive task, a delayed recall phase is conducted to assess both short-term and long-term memory retention. To measure verbal fluency and executive functions, the AFT instructs participants to name as many animals as possible within one minute, assessing speed and dexterity in vocabulary retrieval, often indicative of prefrontal lobe impairment. The DSST focuses on attention, processing speed, working memory, learning, and hand-eye coordination, as participants match symbols with numbers within two minutes. These tests are vital for diagnosing Alzheimer’s disease, mild cognitive impairment (MCI), and other dementias, offering critical insights for developing appropriate treatment and intervention strategies.



2.4 Covariates

In this research, we considered a comprehensive range of covariates: age, gender, race, education level, body mass index (BMI), poverty-income ratio (PIR), presence of cardiovascular disease (CVD), smoking history, frequency of alcohol consumption, diabetes, and hypertension. All covariate data were obtained from the publicly available datasets of the National Health and Nutrition Examination Survey (NHANES), which provides extensive resources for research utilization.



2.5 Statistical analysis

Statistical analyses in this study were carried out using EmpowerStats software (version 2.0) and the R statistical package (version 4.2) to ensure a robust analytical approach. Sampling weights from NHANES were applied to all analyses to enhance representativeness. Missing data among covariates were handled through interpolation. The participants were divided into two groups based on their food security status. Differences in demographic characteristics between these groups were analyzed using chi-square tests for categorical variables and t-tests for continuous variables. For inferential analysis, multifactor linear regression models were employed to examine the relationship between food insecurity and cognitive function, adjusting for the covariates mentioned. This approach was chosen to control for potential confounders that might influence the relationship between food security status and cognitive outcomes. Model 1 was unadjusted, Model 2 adjusted for demographic factors (age, gender, race), and Model 3 was fully adjusted for all listed covariates. Additionally, stratified analyses and interaction tests were conducted to probe the dynamics of this relationship across various demographic segments. Statistical significance was defined at a two-tailed p-value of less than 0.05.



2.6 Ethical considerations

The survey protocol, including data collection and analysis, received approval from the National Center for Health Statistics (NCHS) ethical review board. Informed consent was obtained from all participants before data collection.




3 Results


3.1 Baseline characteristics

Table 1 illustrates the demographic characteristics of 2,915 older Americans, each at least 60 years old, categorized into two groups based on food security. The average age of participants was 69.22 ± 6.65 years. The sample comprised 45.53% males and 54.47% females. The food security group included 2,558 individuals, accounting for 87.75% of the total sample, while the food insecurity group comprised 357 individuals, or 12.25%. Comparative analysis revealed that the food insecurity group had a lower mean age, a smaller proportion of non-Hispanic whites, a higher body mass index (BMI), a lower poverty-income ratio (PIR), and lesser educational attainment. Additionally, this group showed a higher percentage of current smokers, a lower frequency of alcohol consumption, and a higher prevalence of diabetes mellitus, hypertension, and cardiovascular disease (CVD).


TABLE 1 Weighted characteristics of the study population based on food security.
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3.2 Relationship between food security and cognitive function

Table 2 presents results from multifactorial regression analyses examining the relationship between food insecurity and cognitive functioning, specifically focusing on Immediate Recall Test (IRT), Delayed Recall Test (DRT), Animal Fluency Test (AFT), and Digit Symbol Substitution Test (DSST). In Model 3, which adjusts all covariates, food insecurity significantly reduced IRT scores (β = −0.94; 95% CI: −1.54, −0.34; P = 0.0021). Additionally, the analysis using the US Food Safety Surveillance Metric (FSSM) revealed significant associations between different levels of food security and IRT scores: marginal food security (β = −0.23; P = 0.5204), low food security (β = −0.91; P = 0.0154), and very low food security (β = −1.07; P = 0.0220).


TABLE 2 Associations between food security and DSST.
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For the Delayed Recall Test (DRT), Model 3 showed that food insecurity continued to significantly lower DRT scores (β = −0.37; 95% CI: −0.68, −0.06; P = 0.0209). The FSSM analysis showed marginal food security (β = −0.03; P = 0.8519), low food security (β = −0.18; P = 0.3605), and very low food security (β = −0.69; P = 0.0047).

In the Animal Fluency Test (AFT), Model 3 indicated that the association between food insecurity and AFT scores was not statistically significant (β = −0.39; 95% CI: −1.13, 0.34; P = 0.2938). However, the FSSM analysis indicated marginal food security (β = −0.75; P = 0.0821), low food security (β = −0.42; P = 0.3570), and very low food security (β = −0.61; P = 0.2856).

For the Digit Symbol Substitution Test (DSST), Model 3 revealed that food insecurity significantly reduced DSST scores (β = −3.83; 95% CI: −5.65, −2.01; P < 0.0001). The FSSM analysis showed marginal food security (β = −3.70; P < 0.05), low food security (β = −4.48; P < 0.05), and very low food security (β = −4.09; P < 0.05).

These analyses consistently demonstrate that food insecurity is significantly associated with poorer performance across various cognitive function tests. This relationship remains robust even after controlling for multiple covariates, particularly in IRT, DRT, and DSST. The findings emphasize the critical need for interventions addressing food insecurity to mitigate its adverse effects on cognitive health.



3.3 Stratified and interaction analysis

Supplementary Table 1 displays the outcomes of the stratified analyses and interaction tests designed to investigate potential factors that may affect the relationship between food security and performance on cognitive function. The results indicate that both smoking and alcohol consumption may modify this association between food insecurity and IRT, DSST, with a more pronounced negative correlation observed. Importantly, despite these effects, the direction of the effect estimates remained consistent across most examined subgroups (except for participants test AFT with BMI ≤ 18.5), and no additional significant interactions were detected.




4 Discussion

This study investigated 2,915 older Americans, each at least 60 years of age, to examine the correlation between food insecurity and cognitive function. It was observed that individuals in the food insecurity group were younger on average, had a lower percentage of non-Hispanic whites, higher BMI, lower poverty-to-income ratios (PIRs), lesser educational attainment, a higher percentage of current smokers, reduced alcohol consumption, and a higher prevalence of diabetes, hypertension, and cardiovascular disease (CVD). A significant negative association between food insecurity and IRT, DRT, DSST scores was identified and as the level of food insecurity increases, the decline in cognitive function becomes more pronounced. Further, results from interaction tests suggested that smoking and alcohol consumption might have modified the relationship between food security and cognitive function. These findings address a research gap and highlight the profound impact of food insecurity on cognitive health.

Several studies underscore the link between healthy dietary habits and cognitive protection. For instance, a study in Madrid reported that older adults consuming a rich and nutritious diet exhibited superior cognitive test performance (23). Research from India indicated that food-secure older adults experienced fewer issues with memory and numeracy, underscoring the critical role of food security in cognitive maintenance (24). A study in Massachusetts revealed that very low levels of food security were prevalent and correlated with reduced cognitive performance (25). Furthermore, systematic assessment studies have demonstrated that food insecurity, whether experienced early or later in life, is linked to poorer cognitive abilities, suggesting that individuals facing food insecurity may be at an elevated risk of cognitive decline (26). These observations emphasize the necessity for policies and intervention strategies to mitigate food insecurity.

In the domain of food security and cognitive function among older adults, numerous studies have highlighted the connection between healthy eating habits and cognitive protection. Research in rural China, demonstrated that the healthy dietary pattern safeguarded older adults from cognitive decline, which was based on the consumption of rice and flour, red meat, chicken, vegetables, seafood, and fruits (27). Additionally, adherents to the Mediterranean and MIND dietary patterns exhibited superior cognitive performance, showcasing the neuroprotective properties of these diets in older adults (28). The Nordic Prudent Dietary Pattern (NPDP) has been linked to sustained cognitive function among Nordic older adults, with followers of this diet showing the lowest risk of cognitive decline and reductions in MMSE scores over a six-year span (29). These findings underscore the influence of regional and cultural dietary habits on cognitive preservation in older adults and highlight the importance of public health strategies that promote healthy dietary patterns, particularly through nutritional interventions targeting the elderly.

Food security and adequate nutritional support are crucial for maintaining and enhancing cognitive function in old age. A negative correlation exists between food insecurity and cognitive function, potentially due to a blend of biological and psychosocial factors. Food insecurity might lead to insufficient intake of critical nutrients (30) such as Omega-3 fatty acids, antioxidants (e.g., vitamins E and C), vitamin B complex, and minerals (e.g., zinc and iron), which are vital for nerve cell structure and function. For example, omega-3 fatty acids are essential for neuronal membrane integrity and function, and their deficiency has been linked to impaired cognitive function and increased risk of neurodegenerative diseases (31, 32). Antioxidants play a crucial role in protecting neurons from oxidative stress, which is a significant factor in the pathogenesis of cognitive decline and dementia (33, 34). Deficiencies in these nutrients can impair nerve conduction and disrupt signaling and memory formation processes in the brain (35–37). Chronic food insecurity can also trigger persistent psychological and physiological stress, leading to a chronic stress response (20, 21). This stress can compromise brain function by activating stress hormones like cortisol, which can be harmful to the hippocampus, a crucial area for memory storage in the brain (38, 39). This stress can compromise brain function by activating stress hormones like cortisol, which can be harmful to the hippocampus, a crucial area for memory storage in the brain (40–42). Additionally, poor diet and malnutrition may elevate inflammation levels in the body, which studies have shown to interfere with neural pathways in the brain, accelerating the progression of neurodegenerative diseases such as Alzheimer’s disease (37, 43). The upregulation of inflammatory cytokines, such as tumor necrosis factor alpha and interleukin 6, is a significant factor in cognitive decline. Moreover, food insecurity often correlates with lower socioeconomic status, which can restrict access to quality education and healthcare services, and increase psychosocial stress (41, 44). This stress is often mediated by the activation of the hypothalamic-pituitary-adrenal (HPA) axis, resulting in elevated levels of cortisol, a stress hormone (45). Chronic elevation of cortisol can damage the hippocampus, a brain region integral to learning and memory (26, 45). Individuals with lower socioeconomic status may be less likely to engage in cognitively stimulating activities, such as reading and meaningful social interactions, which are known to promote cognitive health (46, 47). Finally, food insecurity may encourage unhealthy lifestyle choices such as smoking, excessive alcohol consumption, and physical inactivity, which are linked to cognitive decline (26, 48). It can also lead to decreased sleep quality; sleep deprivation is known to impair the brain’s cleansing mechanisms, such as the functioning of the lymphatic system, further impacting cognitive function (49, 50).

The association between food insecurity and lower cognitive function scores was intensified by the presence of smoking and alcohol consumption in this study. When assessing the impact of food insecurity on cognitive functioning in older adults, it is crucial to consider the roles of smoking and alcohol consumption as contributing behaviors. Research indicates that these behaviors not only independently affect cognitive health but also amplify cognitive impairment within the context of food insecurity. Specifically, cigarette smoking has been linked to cognitive decline in older women, notably affecting performance on various cognitive tests (51). Smoking has well-documented negative effects on cognitive function. Nicotine and other components of tobacco adversely affect blood supply to the brain, reducing oxygen and nutrient delivery, which can impair the function and survival of neurons (52). Moreover, smoking is closely linked to chronic conditions such as hypertension and diabetes, which have also been shown to affect cognitive function (53). Smokers tend to have higher levels of inflammation, and these inflammatory markers are associated with cognitive decline (54). In the context of food insecurity, this inflammatory response may be exacerbated, as inadequate nutrition can weaken the immune system, making individuals more susceptible to infections and other health issues (55). Alcohol consumption, particularly excessive drinking, has similarly significant negative effects on the brain (56). Alcohol interferes with the balance of neurotransmitters and affects the structure and function of the brain (57). Chronic excessive alcohol consumption can lead to brain atrophy, particularly affecting areas involved in memory and cognition (57). Studies have shown that alcohol use in older adults is not only associated with cognitive decline but also increases the risk of dementia (58). Within the context of food insecurity, the negative effects of alcohol may be amplified because malnutrition further compromises brain health, making it more vulnerable to alcohol toxicity. Collectively, smoking and alcohol consumption are significant exacerbators of the adverse effects of food insecurity on cognitive impairment in older adults.

To deal with food insecurity, it is essential to engage various stakeholders, each playing a critical role in addressing the complex challenges of food insecurity. Policymakers are urged to implement subsidy programs that make healthy foods more affordable and accessible, particularly in underserved communities (59). Supporting agricultural initiatives that promote local and sustainable food production can also increase the availability of fresh produce (60). Additionally, increasing funding for community-based programs like Meals on Wheels can provide direct food assistance to the elderly, particularly those who are homebound or living in food deserts (9). Healthcare providers can contribute by integrating regular screenings for food insecurity into routine medical assessments for older adults (61). This would enable timely referrals to nutritional support services. Educating older adults about available food assistance programs can ensure they have the information needed to access these resources (62). Moreover, adopting a holistic approach that considers nutritional status as a key component of managing cognitive health is crucial (63). Community organizations play a pivotal role by forming partnerships with local food banks, supermarkets, and agricultural organizations to secure a reliable supply of healthy foods (64). By adopting these recommendations, stakeholders can work collaboratively to enhance the cognitive health and overall wellbeing of older adults. This integrated approach not only addresses the immediate needs related to food insecurity but also promotes long-term health behaviors that are essential for maintaining cognitive function in older populations.

The strength of this study lies in its integrated analysis of the relationship between food insecurity and cognitive functioning. This multifactorial approach enriches our understanding of the intricate factors that influence cognitive health in older adults. Second, this study explores the moderating effects of behavioral factors such as smoking and alcohol consumption on the relationship between food insecurity and cognitive function. The results indicate that smoking and alcohol consumption may exacerbate the negative impact of food insecurity on cognitive health, underscoring the importance of addressing these behaviors in public health interventions. However, a notable limitation of this study is its cross-sectional design, which precludes the establishment of clear causal relationships between food security status and cognitive changes. Additional unmentioned limitations include potential confounders that were not fully controlled for, such as socio-economic factors and prior health conditions, which may influence both food security and cognitive health. Addressing these limitations in future research will be crucial to fully understand the complexities of how food insecurity impacts cognitive functioning in older adults.



5 Conclusion

This study underscores the detrimental impact of food insecurity on cognitive function among older Americans. Our findings highlight the critical need to enhance food security as a means to improve cognitive health and overall quality of life in the elderly. They advocate for targeted public health interventions designed to address these issues. Future research should concentrate on longitudinal analyses to more comprehensively understand the dynamics of these relationships and inform the development of effective strategies.
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Objective: This study utilized a binary logistic regression model to explore the relationship between Body Mass Index (BMI) and cognitive function in Parkinson’s disease (PD) patients.
Methods: In this cross-sectional study, data were obtained from 1,005 Parkinson’s patients enrolled in the Parkinson’s Progression Markers Initiative (PPMI) from 2010 to 2023, including 378 females and 627 males. Cognitive function was assessed using the Montreal Cognitive Assessment (MoCA) scale, and the correlation between BMI and cognitive function was determined using binary logistic regression.
Results: The median age of enrollment was 63.6 (56.2, 69.6) years old, including 378 (37.6%) females and 627 (62.4%) males. In the final adjusted model, a significant positive correlation was found between BMI and the prevalence of cognitive impairment in females (OR = 1.06, 95% CI = 1.01 ~ 1.12, p = 0.022), while no correlation was found in males (OR = 1.03, 95% CI = 0.99 ~ 1.08, p = 0.165). The results after categorizing BMI indicate that, among females, the risk of cognitive impairment increases for both groups with BMI ≥ 30 kg/m2 and those with 25 ≤ BMI < 30 kg/m2 compared to the reference group with BMI < 25 kg/m2, with a p for trend <0.001 indicating a stable and strong association between BMI and cognitive impairment in females. In males, the results were not significant. The trend of linear fitting was consistent with the above results.
Conclusion: In female Parkinson’s patients, there is a positive correlation between BMI and cognitive impairment, while no correlation was found in male patients. This study provides new evidence of sex differences in the correlation between BMI and cognitive impairment among Parkinson’s patients. The role of sex differences in the relationship between BMI and cognitive impairment should be considered in future research.
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1 Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder globally, affecting over 6 million people (1). The World Health Organization predicts that by 2030, there will be approximately 8.67 million people with PD worldwide (2). The primary features of PD include bradykinesia, rigidity, tremors, and impaired balance. The non-motor symptoms of PD appear many years earlier than the motor symptoms (3) and can even have a greater impact on patients than the motor symptoms. Non-motor symptoms include depression, anxiety, cognitive impairment, dementia, sleep disorders, and autonomic symptoms (4–6). Cognitive impairment is one of the common non-motor symptoms in PD patients, with considerable variation in progression, symptoms, and severity from the onset to the latest stages of the disease (7). Between 20 to 30% of patients exhibit mild cognitive impairment (8). Cognitive impairments in PD can affect the quality of life of patients and increase the burden on their families and caregivers. There are notable sex differences in the epidemiology and clinical features of PD (9, 10), and cognitive impairments also show sex-specific patterns. Studies indicate that male PD generally have poorer cognitive abilities, and in the severe stages of the disease, cognitive impairments progress more rapidly in males (11, 12). In males, deficits in attention, memory, verbal fluency, and facial emotion recognition are more common, while females tend to show poorer performance in visuospatial functions (13).

Obesity is defined as the abnormal or excessive expansion of white adipose tissue and has reached epidemic proportions, being considered a significant health issue (14). Obesity is associated with numerous diseases, including cardiovascular diseases (15), diabetes (16), and various cancers (17, 18). It is also a risk factor for PD (19) as adipose tissue-produced adipokines upregulate systemic inflammation and induce insulin resistance, thereby accelerating the disease progression (20, 21). Currently, the impact of obesity on cognitive impairment can be seen in two ways. The first is that obesity may lead to a decline in cognitive abilities (22, 23). Batsis et al. (24) and Xu et al. (25) found that obesity is associated with impaired cognitive function in older adults, dementia, Alzheimer’s disease, and vascular dementia, and that obesity increases the risk of developing these conditions. The second perspective could overturn our previous understanding, the “obesity paradox,” as some studies suggest that obesity may be a protective factor against cognitive impairment (26, 27). Ely et al. (28) explored the relationship between cognitive function and obesity in patients with heart failure. The study indicated that non-obese patients had a higher risk of cognitive impairment than obese patients. Qizilbash et al. (29) conducted a follow-up study to show that individuals with a lower body weight (BMI < 20 kg/m2) had a 34% higher risk of dementia compared to those with a healthy weight (95%CI = 29 ~ 38). The existence of the obesity paradox may include factors such as diet, exercise, genetics, and others, though the specific mechanisms remain unclear. Studies have found that there are sex differences in obesity, BMI, and levels of brain-derived neurotrophic factor (30). Lentoor et al. (31) studied a group of women in South Africa to explore the relationship between BMI and neurocognitive function scores in adult women, finding that women with higher BMI had significantly lower the Montreal Cognitive Assessment (MoCA) scores compared to women with lower BMI.

Previous research has suggested that obesity might lead to a decline in cognitive abilities, yet it might also act as a protective factor for cognitive function. Understanding the correlation between BMI and cognitive function among male and female Parkinson’s patients could provide a basis for preventing cognitive impairments in these patients. Therefore, we use data from the Parkinson’s Progression Markers Initiative (PPMI) database to explore the relationship between BMI and cognitive function and their sex differences. Understanding these sex differences can help provide more targeted prevention and treatment recommendations for different groups, assist clinicians in determining weight control targets for Parkinson’s patients, and support efforts to improve their cognitive functions.



2 Methods


2.1 Data sources

We obtained data from the Parkinson’s Progression Markers Initiative (PPMI), a publicly available database. In 2010, The Michael J. Fox Foundation, along with a core group of academic scientists and industry partners, launched the PPMI to identify much-needed biomarkers for the onset and progression of Parkinson’s disease. Data used in the preparation of this article were obtained from the Parkinson’s Progression Markers Initiative (PPMI) database, RRID:SCR_006431.1 For up-to-date information on the study, visit www.ppmi-info.org. We included 1,127 Parkinson’s patients enrolled from 2010 to 2023, obtaining their baseline data. We excluded data for 89 participants due to missing baseline demographic information, 22 participants due to missing BMI and MoCA scores, and 11 participants due to missing other scale data. Ultimately, 1,005 participants were included in the study, consisting of 378 females and 627 males. The flowchart of participant inclusion and exclusion is shown in Figure 1. None of our participants received treatment at baseline, but underwent confirmative assessments, including clinical and cognitive evaluations, imaging examinations, and biological sampling, which were approved by the local participant Central Institutional Review Board. All participants provided written informed consent prior to enrollment.

[image: Flowchart showing participant selection from the PPMI database for PD patients in 2010-2023. Starts with 1127 individuals. 89 with demographic issues removed, leaving 1038. Then, 22 with BMI and MoCA issues and 11 with missing sleep disorder or depression data removed, resulting in 1005 participants: 378 females and 627 males.]

FIGURE 1
 Participant inclusion flowchart.




2.2 Measurement and definition of variables


2.2.1 Demographic and clinical variables

The baseline data included basic demographic and clinical variables, documenting race, age, years of education, family history, and Hoehn-Yahr stage, as well as disease duration. Additionally, all participants completed the Rapid-Eye-Movement Sleep Behavior Disorder Screening Questionnaire (32) and the 15-items Geriatric Depression Scale (33) as measures of sleep disorders and depression. The scores of the Movement Disorder Society Unified Parkinson’s Rating Scale part III to illustrate motor symptom severity.



2.2.2 Assessment of BMI

Body Mass Index (BMI) is the most commonly used indicator to assess overweight and obesity (34). In this study, the participants’ heights were measured with a ruler while they were barefoot. Their weights were measured in kilograms (kg) and recorded to one decimal place. Body Mass Index (BMI) is defined as weight (kg) divided by the square of height (m). For adults, BMI categories are defined as: underweight, BMI < 18.5 kg/m2; normal weight, 18.5 ≤ BMI < 25 kg/m2; overweight, 25 ≤ BMI < 30 kg/m2; obese, BMI ≥ 30 kg/m2. Since our sample included only 14 individuals with a BMI < 18.5 kg/m2, we combined them into the 18.5 ≤ BMI < 25 kg/m2 category. Thus, our BMI categories are as follows: under−/normal weight, BMI < 25 kg/m2; overweight, 25 ≤ BMI < 30 kg/m2; and obese, BMI ≥ 30 kg/m2.



2.2.3 Assessment of cognitive function

The Montreal Cognitive Assessment (MoCA) is used to evaluate neurocognitive function (35). The MoCA test includes multiple cognitive tests, covering areas such as memory, executive functions, language, attention, calculation ability, visual–spatial skills, and abstract thinking. The total score is 30 points. Therefore, MoCA scores range from 0 to 30, with higher scores indicating better neurocognitive function. MoCA score of 26 or higher indicates no cognitive impairment, while a score below 26 (MoCA <26) can be defined as mild cognitive impairment (36). The use of the MoCA scale is widely adopted in clinical practice, particularly for screening patients who may have cognitive issues.




2.3 Statistical analysis

Continuous variables are presented as mean (standard deviation, SD) or median (P25, P75), while categorical variables are presented as frequencies and percentages (n, %). The analysis of categorical variables uses the Chi-square test, and sex differences in descriptive variables are tested using the Student t-test or Mann–Whitney U test. Initially, univariate logistic regression is performed separately for male and female to determine if there is a relationship between each independent variable and the dependent variable, to understand the impact of each factor on the dependent variable in both groups. Next, multicollinearity is tested using the Variance Inflation Factor (VIF) method, with a VIF value of 5 or greater indicating multicollinearity. Subsequently, multivariable logistic regression models are constructed separately for females and males, using binary logistic regression to calculate odds ratio (OR) and 95% confidence interval (CI), to evaluate the correlation between BMI and cognitive impairment. Three models were constructed in total: Model 1: crude model without any covariate adjustment; Model 2: adjusted only for age and race; Model 3: builds on Model 2 by adding disease duration, Years of education, family history, and Hoehn-Yahr stage. Finally, to more accurately describe complex relationships within the data, and to visually demonstrate trends and features of the data, aiding in a deeper understanding of the relationships between data, linear fitting was performed. All analyses were conducted using SPSS version 25.0 and R (version 4.2.3). The test level is set at a p-value of 0.05.




3 Results


3.1 Characteristics of the participants

A total of 1,005 Parkinson’s patients were included, with a median age of enrollment of 63.6 (56.2, 69.6) years old. Of these, 378 (37.6%) were female and 627 (62.4%) were male. Among the females, 95 (25.1%) suffered from cognitive impairment, and among the males, 182 (29.0%) suffered from cognitive impairment. The characteristics of participants are summarized by sex in Table 1. The median age of females was 62.7 (55.4, 70.1) years old and that of males was 64.0 (56.7, 69.4) years old. There was a significant difference in the years of education between males and females (p = 0.001), with a higher proportion of males having a higher education level than females (85.8% vs. 77.8%). The study population was primarily White people (93%). The median duration of disease was 0.6 (0.3, 1.5) years, with Hoehn-Yahr stages between 1 and 3, without any more severe stages. The median disease duration for females was 0.7 (0.3, 1.9) years, and for males, it was 0.6 (0.3, 1.3) years, with a statistically significant difference between the two. The BMI for females was 24.9 (22.1, 28.9) and the MoCA score was 28.0 (25.0, 29.0), compared to the males’ BMI of 26.7 (24.4, 29.6) and MoCA score of 27.0 (25.0, 29.0), both showing significant statistical differences (p < 0.05). There were no statistically significant differences in sleep disturbances, depression, and motor symptom severity between the two groups.



TABLE 1 Baseline characteristics of the study population by sex.
[image: A detailed table presents variables comparing total, female, and male participants with statistical data. Categories include age, years of education, race, family history, Hoehn-Yahr stages, disease duration, BMI, Moca, RBDSQ, GDS-15, and MDS-UPDRS3. Each category provides median and percentage values. Statistical analysis results are indicated by Z/χ² and p-values, highlighting significance in various factors such as years of education and Hoehn-Yahr stages.]

To provide a more intuitive comparison of the distribution differences in MoCA scores and BMI between males and females, as well as to better understand the variations and characteristics among individuals, we created Figure 2. In Figure 2A, it is observable that the distribution area for males is larger in higher BMI ranges and the mean is also higher compared to females, indicating a greater number of males with higher BMI. In Figure 2B, the distribution of MoCA scores for both males and females is primarily concentrated between 26 and 30 points, suggesting that most Parkinson’s patients do not exhibit cognitive impairments, likely because our sample mainly consists of relatively recent cases with about a year of disease progression. For females, the distribution in the MoCA range of 25–30 points is skewed, whereas it is normal for males, with females tending to cluster at higher MoCA scores and having a higher average score than males.

[image: Two side-by-side violin plots labeled A and B show data distributions by sex. Plot A displays BMI for females (pink) and males (blue), with overlapping distributions and similar box plot medians. Plot B shows MOCA scores for females (pink) and males (blue), also with overlapping distributions and slightly different medians.]

FIGURE 2
 Comparisons of MoCA and BMI between female and male. MoCA, The Montreal Cognitive Assessment and BMI, Body Mass Index.




3.2 Univariate logistic regression analyses

To determine if there is a relationship between individual independent variables and the dependent variable, and to understand the impact of each factor on the dependent variable, we performed univariate logistic regression analyses. The results are shown in Table 2. BMI was associated with cognitive impairment in women (OR = 1.07; 95%CI = 1.02 ~ 1.12). However, there was no statistically significant association with cognitive impairment in men (OR = 1.02; 95%CI = 0.98 ~ 1.06). Age, years of education, race, and disease duration showed statistically significant associations with cognitive impairment either in men or women, whereas family history and Hoehn-Yahr stage showed no significant association with cognitive impairment.



TABLE 2 Univariate logistic regression analysis of cognitive impairment in females and males.
[image: Table showing odds ratios (OR), confidence intervals (CI), and p-values for various variables in female and male groups. Variables include age, education, race, family history, Hoehn-Yahr stage, disease duration, BMI, RBDSQ, GDS-15, and MDS-UPDRS3. Notable results include significant age and race differences across genders, with p-values generally <0.001, indicating high statistical significance in some categories.]



3.3 Multivariable logistic regression analyses

Combining univariate analysis of variance, we tested for multicollinearity using the Variance Inflation Factor (VIF) method. VIF directly reflects the correlation among independent variables. By comparing VIF values, we can visually assess the degree of multicollinearity, which helps to quickly identify independent variables that may have collinearity issues. VIF value of 5 or above indicates significant multicollinearity. As shown in Table 3, the VIF values for both the male and female groups were less than 5, indicating no multicollinearity among the independent variables in the model.



TABLE 3 The variance inflation factor (VIF) of variables in female and male.
[image: A table titled "VIF" shows variables with their respective values for females and males. The variables are age, disease duration, BMI, years of education, race, family history, and Hoehn-Yahr. Female values range from 1.02 to 1.17, while male values range from 1.00 to 1.05.]

Multivariate logistic regression analysis was used to evaluate the association between BMI and cognitive impairment among female and male PD patients separately. As shown in Table 4, in the female group, Models 1, 2, and 3 all demonstrated a significant positive correlation between BMI and cognitive impairment. In Model 3 (the fully adjusted model), the continuous variable BMI was significantly positively correlated with cognitive impairment (OR = 1.06, 95%CI = 1.01 ~ 1.12). After transforming the continuous variable into categorical variables, with BMI < 25 kg/m2 as the reference, the OR for the 25 ≤ BMI < 30 kg/m2 group was 1.83 (95%CI = 1.02 ~ 3.30, p = 0.043), and for the BMI ≥ 30 kg/m2 group, the OR was 3.34 (95%CI = 1.71 ~ 6.53, p < 0.001). This indicates that compared to the BMI < 25 kg/m2 group, the probability of cognitive impairment was 1.83 times higher in the 25 ≤ BMI < 30 kg/m2 group, and 3.34 times higher in the BMI ≥ 30 kg/m2 group. p for trend can be used to assess the stability of the model; it provides a means to evaluate the trend of a variable in the model and its impact on the dependent variable, thereby helping to judge the model’s rationality and stability. If p for trend is significant, it suggests that the relationship between the variable trend and the dependent variable in the model has certain stability and reliability. In Model 3, the OR values for overweight and obesity in PD patients were 1.83 (95%CI = 1.02 ~ 3.30) and 3.34 (95%CI = 1.71 ~ 6.53), respectively, compared to normal weight, with p for trend<0.001, indicating that in our model, the trend of BMI is stable in relation to cognitive impairment. Similarly, in Models 1 and 2, p for trend was also less than 0.001, similarly indicating a stable relationship between the trend of BMI and cognitive impairment.



TABLE 4 Association between BMI and cognitive impairment in females and males.
[image: Table comparing BMI and different BMI categories across three models for females and males. For females, BMI shows higher associations in all models compared to males. In males, BMI categories show weaker associations. Models adjust for different variables: unadjusted, age and race, and additional factors. Significance is noted by p-values, with more significance observed in females.]

In the male group, Models 1, 2, and 3 showed no significant statistical association between BMI and cognitive impairment in PD patients (p > 0.05). Even after transforming the continuous variable into categorical variables, as BMI changed, there was still no significant statistical difference in its relationship with cognitive impairment (p > 0.05). The p for trend was also greater than 0.05, indicating no significant statistical relevance. These results suggest that in male PD patients, BMI may not have a direct relationship with the occurrence of cognitive impairment.



3.4 Linear fit of BMI and cognitive impairment

We conducted linear tests on the two groups of data. In women, the P for nonlinearity was 0.32, and in men, it was 0.18, indicating no significant non-linear relationship in the data. In such cases, linear fitting is a preferable choice. Although linear fitting may not capture the complex relationships between variables in some instances, it has simplicity and wide applicability, which can help roughly observe the trends between two variables. In Figure 3, we can observe that in women, as BMI increases, MoCA scores gradually decrease, implying that in women, cognitive impairment becomes more severe with an increase in BMI, consistent with our previous research findings. In men, this change is not as pronounced as in women, but it can be observed that in men, as BMI increases, MoCA scores are also slowly decreasing.

[image: Line graph depicting the relationship between BMI and MOCA scores, with separate trends for females and males. MOCA scores decrease as BMI increases for females, while scores for males remain relatively stable. Shaded areas represent confidence intervals.]

FIGURE 3
 Linear fit graph of BMI and cognitive impairment.





4 Discussion

In this study, we found that BMI is positively correlated with the incidence of cognitive impairment in women, and this relationship remains stable after controlling for covariates. For every one-unit increase in BMI, the incidence rate of cognitive Impairment increases by 6%. Although the OR value of 1.06 seems small, the impact accumulates with gradual increases in BMI. For example, considering larger changes in BMI (such as increases of 5 or 10 units), the effect on the risk of cognitive impairment could be more significant. When BMI is segmented, the risk in women with BMI ≥ 30 kg/m2 is 234% higher compared to the reference BMI < 25 kg/m2. Further analysis with P for trend<0.001 indicates a stable and strong association between BMI and cognitive impairment in women. Our subsequent linear fitting also observed consistent results. In models 1, 2, and 3, there was no correlation between BMI and cognitive impairment in men, and the relationship between them in the linear fit graph also showed very minor changes. The National Institutes of Health in the United States emphasizes the importance of biological sex and considers it a critical variable in rigorous research. Epidemiological and clinical sex differences in PD are also quite common (37, 38). Analyzing the reasons for these results may be due to physiological differences between men and women, not just in body structure, but also including the distribution of fat and muscle, hormone levels, and changes in the body with age, such as muscle loss and fat gain; the mechanisms of PD are complex and also differ between sexes; the relationship between BMI and cognitive impairment is also very complex; the lifestyles and social relationships of men and women are different. Therefore, maintaining a healthy weight is crucial, not only to help us mitigate the impact of BMI on cognitive dysfunction but also vital for preventing other diseases. By maintaining a proper weight, we can appropriately increase the content of muscle tissue, which helps us resist various diseases. Although the association between BMI and cognitive function has not been shown in men, it is recommended that men also consistently maintain a healthy weight. Studying PD patients by sex can enhance the comprehensiveness and accuracy of research, making the results more fully reflect the actual situation of the population, and understanding sex differences can help provide more targeted and personalized prevention and treatment recommendations for different groups. Current methods for treating obesity primarily focus on lifestyle interventions, combinations of anti-obesity medications, endoscopy, and bariatric surgery (39). A healthier and more scientific approach is still to engage in physical exercise, which is not only cost-effective and efficient but also greatly helps improve Parkinson’s movement disorders (40).

Current research on the mechanisms linking obesity and cognitive decline primarily involves changes in brain structure and neural activity (41). Obesity can lead to changes in brain structure, such as reduced volumes of gray and white matter. These changes are associated with declines in cognitive functions, particularly in areas such as memory, executive functions, and attention; neurodegeneration, for instance, an increase in BMI is associated with reduced brain volume and gray matter atrophy (42); and oxidative stress (43), where increased levels of oxidative stress in obesity lead to an accumulation of reactive oxygen species. These reactive species can damage cell membranes, proteins, lipids, and nucleic acids, thus harming neurons and affecting their function and survival. Cognitive impairment is often associated with changes in brain structure (44, 45), such as reductions in gray and white matter volume, decreased cortical thickness, and enlarged ventricles. These changes can be detected through neuroimaging techniques like MRI. PET scans can detect the accumulation of beta-amyloid and tau proteins, which are associated with cognitive impairments like Alzheimer’s disease. The presence of these biomarkers is related to cognitive decline, and weight loss is also associated with these substances (46). Neuroimaging data provide a direct way to observe brain structure and function, offering insights into the relationship between BMI and cognitive impairment. Further research using neuroimaging techniques could explore these relationships and potentially identify intervention strategies to slow down or reverse cognitive decline caused by BMI. A deeper understanding of these relationships will help better predict and manage obesity-related cognitive impairments and provide a basis for clinical interventions. Additionally, factors such as lifestyle and metabolism can also influence the relationship between obesity and cognitive impairment. These mechanisms suggest that the relationship between obesity and cognitive impairment may result from the combined effects of multiple factors and pathways. Thus, preventing and treating obesity is not only critical for physical health but may also have significant implications for maintaining and enhancing cognitive functions. This also supports research into the relationship between BMI and neurocognitive functions.

In a previous study on the relationship between BMI and cognitive impairment among adult women in South Africa (31), it was found that women with higher BMI scores had significantly lower MoCA scores compared to those with lower BMI, across both global and domain-specific neurocognitive tasks of attention, memory, and executive function. This study did not employ logistic regression or more complex modeling, nor did it examine men, but the findings are consistent with our results regarding women. A group of researchers in China explored whether BMI is associated with cognitive function in Chinese patients with atrial fibrillation (47), finding that when BMI was below 24.56 kg/m2, each unit increase in BMI increased the cognitive function score by 0.43 points. Within the normal BMI range, the higher the BMI of patients with atrial fibrillation, the higher their cognitive function scores, suggesting that maintaining current weight is advisable for atrial fibrillation patients with a normal BMI. This particular trend may be due to the more complex mechanisms of cognitive decline in patients with atrial fibrillation, and the study did not perform a sex subgroup analysis; it was specific to patients with atrial fibrillation. Not only in specific groups but also studies in children and adolescents (48) show that obesity leads to impaired cognitive function. Research involving 3,323 children aged 6–16 aimed to identify the biological mediators between obesity and overweight and cognitive function in children and adolescents, establishing some biological links between obesity and cognitive function. Obesity has also been identified as a significant factor contributing to cognitive decline in the middle-aged population (24, 25). Although the obesity paradox exists, our study results lean toward the conclusion that “obesity increases the risk of cognitive impairment,” especially among women. Forbes et al. (49) also utilized 8-year longitudinal follow-up data from the PPMI database, establishing linear mixed-effects models to examine the association between baseline factors and changes in cognition, evaluated by the MoCA over time. They found that higher BMI was associated with a faster decline in MoCA scores, which is consistent with our findings. It is noteworthy that some studies (46) have found that patients who lose weight exhibit faster cognitive decline. We need to distinguish between these two measures as they provide different information. BMI is a value calculated based on a person’s weight and height and can serve as a standardized measure of health. Weight change refers to the actual increase or decrease in weight over a period. Weight loss is a dynamic process that directly reflects changes in weight, while BMI is a static indicator that assesses health.

Currently, there are few studies on the relationship between BMI and cognitive impairment in PD patients. This research included 1,005 PD patients, accounting for factors such as sex, race, years of education, family history, Hoehn-Yahr stage, and disease duration. We conducted univariate and multivariate logistic regression analyses as well as linear fitting for both males and females to explore the relationship between the two factors. Understanding sex differences helps provide more targeted prevention and treatment recommendations for different groups and assists clinicians in determining weight control targets for Parkinson’s patients, thereby providing a basis for improving cognitive functions in these patients. This study also has some limitations. Firstly, it is a cross-sectional study, so causal conclusions cannot be drawn. Additionally, the relationship between BMI and cognitive impairment may be influenced by confounding factors such as vascular comorbidities or diabetes. Secondly, BMI does not distinguish between body fat and lean mass, so using BMI as a variable has its limitations; in the future, more comprehensive indicators to reflect the degree of obesity could be used. Thirdly, our study primarily involved Caucasian participants, and results may differ for other races, which could limit the external applicability of our findings. Lastly, this study subjects are not monogenic PD cohorts (monogenic PD cohorts refer to a group of PD patients caused by known single gene mutations). In the future, we can study monogenic PD cohorts. By researching patients carrying specific gene mutations, we can gain a deeper understanding of the pathological mechanisms of PD. This can help reveal the molecular and cellular basis of disease progression.



5 Conclusion

Based on an analysis of baseline data from PPMI, this study employed univariate logistic regression, multivariate logistic regression, and linear fitting to elucidate the relationship between BMI and cognitive function in PD patients, separately for males and females. The results indicate a positive correlation between BMI and cognitive impairment in female Parkinson’s patients, whereas no such correlation was found in male Parkinson’s patients. Therefore, it is crucial for female Parkinson’s patients to maintain a normal weight. Although there is no correlation between BMI and cognitive impairment in male Parkinson’s patients, maintaining a healthy weight is still necessary. This study provides new evidence on the sex differences in the correlation between BMI and cognitive impairment in PD patients. The role of sex differences in the relationship between BMI and cognitive function should be considered in future research.
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Introduction: Some evidence suggests that fruit and alcohol consumption may be related to cognitive impairment.
Methods: This study conducted a cross-sectional study on the “correlation between eating habits and cognitive function of the middle-aged and elderly population in China.” The purpose of this study is to explore the relationship between fruit consumption, drinking habits and cognitive impairment in Chinese people over 50 years old.
Results: The results show that the protective factors of cognitive impairment are the preference for berries and the daily intake of 100-200 grams grapes in Chinese middle-aged and elderly people with objective cognitive unimpaired. The habit of drinking red wine is a protective factor for cognitive impairment in Chinese middle-aged and elderly people with mild cognitive impairment (MCI). However, this study did not find the relationship between white wine, beer, yellow rice wine, liquor and cognitive impairment.
Discussion: Therefore, we believe that berries, grapes and red wine consumption can protect the cognitive function of the middle-aged and elderly people in China, and the protective function is related to the basic cognitive state.
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1 Introduction


1.1 Preface

With the rapid growth of the elderly population in China, the prevalence of dementia such as Alzheimer’s disease (AD) has also increased in the past few decades (1). Cognitive decline is currently believed to be the most common cause of dementia (2). The focus of clinical and medical research is on the diagnosis and treatment of early clinical cognitive impairment (3). Recent studies have found that healthy eating patterns are associated with a lower risk of cognitive impairment among the elderly in China (4).

In recent years, studies have explored the relationship between berry, grape consumption and cognitive impairment. A systematic review of randomized controlled trials shows that berries and its supplements have beneficial effects on resting cerebral perfusion, cognitive function, memory performance, executive function, processing speed and attention index (5). Therefore, berry foods and their supplements may prevent cognitive decline in the elderly with cognitive health or mild cognitive impairment (MCI) (5). Studies have found that aged mice can improve the plasticity and memory ability of their brains by eating concentrated polyphenols extracted from grapes and blueberries for 14 weeks (6). Previous studies have also found that drinking blueberry or grape juice rich in polyphenols for 12 weeks can improve the cognitive ability of elderly subjects with normal cognition (7, 8).

Excessive drinking can lead to alcohol-related brain damage. In the 2020 dementia prevention guide published by the Lancet Committee, excessive drinking has been newly recognized as an important risk factor for dementia (9). However, there is controversy about the relationship between moderate drinking and neurodegenerative diseases in current research (10). A prospective cohort study found that non-drinking in people with normal cognition and drinking more than 14 drinks a week in people with MCI were associated with poor cognitive function compared with one drink per week (11). This study suggests that the association between alcohol consumption and dementia risk is related to baseline cognitive function and alcohol consumption (11). A study using large-scale data from National Alzheimer’s Coordinating Center (NACC) shows that there is a significant correlation between alcohol consumption and AD and Apolipoprotein E (APOE) (12). The study found that APOE gene carrier aggravates AD, while moderate alcohol intake has a potential positive effect on AD (12). The types of drinking and fruit consumption in China are different from those in Europe and the United States, so it is necessary to analyze the drinking habits and fruit consumption of Chinese people. Therefore, this paper explores the correlation between fruit consumption, drinking habits and cognitive impairment in people with different cognitive states.



1.2 Population study

This population-based cross-sectional study recruited those aged over 50 who took cognitive assessment in the Shanghai Sixth People’s Hospital Affiliated to Shanghai Jiao Tong University School of Medicine (China) from July 2019 to January 2023. The inclusion criteria involved participants who: (I) were 50 years old and above, regardless of sex; (II) had completed the standardized examination and diagnosed the degree of cognitive impairment. Participants were excluded if they met one of the following criteria: (I) missing clinical data or lost follow-up; (II) have suffered from depression, schizophrenia and other mental diseases; (III) were unable to cooperate with the inspection for various reasons; (IV) have suffered from various secondary cognitive disorders; (V) were unable to be grouped according to the diagnostic criteria of cognitive impairment. According to the inclusion and exclusion criteria, 1,127 questionnaires on eating habits were finally collected. Then, the subjects were divided into four groups according to their cognitive function, including 252 in the AD group, 350 in the MCI group, 276 in the SCD group and 249 in the NC group. The project was approved by the Ethics Committee of the Shanghai Sixth People’s Hospital Affiliated to Shanghai Jiao Tong University School of Medicine (China). The study was performed in accordance with the principles of the Declaration of Helsinki (approval number 2019–041). All participants provided written informed consent to participate in the study.

The recruitment methods, inclusion and exclusion criteria and ethical review of participants in this study are the same as those in the previous two articles (13, 14). The difference is that, on the basis of the previous study, this research added 235 participants, thus we re-conducted a univariate analysis of the Baseline Characteristics of all the participants.



1.3 Data collection

Similarly in the previous article, the dietary habit questionnaire was used to collect the clinical data of the subjects, including demographic data, basic physical condition, drug history and personal history (smoking habits, drinking habits) (13, 14). The difference is that in this study, we collected the fruit and alcohol consumption of middle-aged and elderly people with different cognitive states.

In terms of fruit consumption, we collected daily fruit consumption (> 200grams/ days, 100-200grams/ days, < 100grams/ days, no), consumption of fruit juice (no, yes), like berries (yes, no), daily berry consumption (> 200grams/ days, 100-200grams/ days, < 100grams/ days), like grapes (yes, no), daily grape consumption (> 200grams/ days, 100-200grasm/ days, < 100grams/ days). With reference to the drinking habits of Chinese people, in terms of alcohol consumption, we have collected habits of drinking red wine (yes, no), drinking white wine (yes, no), drinking beer (yes, no), drinking yellow rice wine (yes, no) and drinking liquor (yes, no).



1.4 Assessments

All participants in the study received in-depth neuropsychological evaluation that covered a wide range of cognitive functions. We conducted medical history inquiry, physical examination, neuropsychological test, laboratory examination (genetic detection such as APOE) and imaging examination (brain MRI, Amyloid β-PET). The evaluation of participants’ cognitive function and the grouping of participants can refer to the previous two articles (13, 14).



1.5 Data analysis

The statistical methods used in this study are the same as those in the previous two articles (13, 14). Four groups of subjects were divided into three categories: the NC group and the SCD group in Category one, the MCI group and the AD group in Category two, the objective cognitive unimpaired group (the NC group + the SCD group) and the objective cognitive impairment group (the MCI group + the AD group) in Category three.

Chi-square test was used to compare the demographic data, basic physical condition, drug history, smoking habits, drinking habits, fruit and alcohol consumption of the above three categories. Similarly, the continuous variables were compared by independent sample T test. The cognitive function of Category two and three was evaluated by covariance analysis, with age and education level as covariables. Classified variables are expressed by frequency (%), and continuous variables are expressed by mean ± standard deviation (M ± SD). Multivariable logistic regression analysis was performed for the independent associations with cognitive level using the variables at p < 0.05 from the univariate analysis. Considering that the metabolic state of diabetes may change the function of functional components of fruits and alcohol, that is, diabetes affects the nutritional bioavailability, we also included diabetes in the regression model for analysis. We used different logistic regression models to examine the relationship between fruit and alcohol consumption and different cognitive levels. The data were analyzed using SPSS25.0 software, and the difference was statistically significant with p < 0.05. The difference is that, according to the results of univariate analysis, we conducted a multivariate analysis on the consumption of berries, grapes and red wine in this study.




2 Results


2.1 Baseline characteristics of the study population

Table 1 shows the results of univariate analysis. Compared with the NC group, the SCD group had more female (p = 0.021) and more hypertension (p = 0.023). Compared with the MCI group, the AD group had older age (p < 0.001), shorter education years (p < 0.001), less constipation (p = 0.020), less allergic history (p = 0.002) and less dieting to lose weight (p = 0.002). Compared with the objective cognitive unimpaired group, the objective cognitive impairment group had older age (p = 0.006), shorter education years (p < 0.001), more tooth loss (p = 0.039), less chronic periodontitis (p = 0.032), less dieting to lose weight (p = 0.020) and less allergic history (p = 0.014).



TABLE 1 Research sample description based on cognitive state and objective cognitive impairment.
[image: A comprehensive table presents various demographic, physical, and cognitive data divided into groups: NC (normal control), SCD (subjective cognitive decline), MCI (mild cognitive impairment), and AD (Alzheimer's disease). It includes information on age, education, BMI, marital status, chronic conditions, drug use, smoking habits, and more across different groups. Statistical significance values (p-values) are mentioned for comparisons between groups.]

As expected, the SCD, AD and objective cognitive impairment groups performed more poorly on all cognitive tests and used more cognitive-promoting drugs compared with the corresponding groups in the three categories. Similarly, the AD and objective cognitive impairment groups carried more APOE ε4 alleles compared with the corresponding groups.

There was no significant difference in “Body Mass Index (BMI) and Waist” among the groups, suggesting that the overall nutritional status was similar. “Whether the first-degree relatives with AD or not and marital status” were not related to the severity of cognitive impairment. The three categories did not differ with respect to basic physical condition (surgical history within one year, diabetes or diarrhea), drug history (metformin use, antibiotic use), smoking habits and drinking frequency.



2.2 Correlation between fruit consumption, drinking habits and cognitive impairment


2.2.1 Comparison of fruit consumption and drinking habits

Table 2 shows the results of univariate analysis. In terms of fruit consumption and drinking habits, compared with the NC group, the SCD group consumed less berries every day (p = 0.017). Compared with the MCI group, the AD group consumed less fruit per day (p = 0.006), less like berries (p = 0.011) and less drinking red wine habits (p = 0.001).



TABLE 2 Comparison of fruit consumption and drinking habits based on Cognitive State and Objective Cognitive impairment.
[image: Table comparing fruit consumption and drinking habits across various cognitive groups: Normal Control (NC), Subjective Cognitive Decline (SCD), Mild Cognitive Impairment (MCI), Alzheimer's Disease (AD), Objective Cognitive Unimpaired, and Objective Cognitive Impairment. It details percentages for consumption of fruit, fruit juice, berries, and grapes, plus preferences for wine and liquor, with chi-square test p-values indicating statistical significance.]

Compared with the objective cognitive unimpaired group, the objective cognitive impairment group consumed less fruit per day (p = 0.004), less like berries (p < 0.001), less like grapes (p < 0.001), less grape consumption per day (p = 0.001), less drinking red wine (p < 0.001) and less drinking white wine habits (p = 0.007).



2.2.2 Binary logistic regression analysis of the relationship between grape, berry, red wine consumption and cognitive impairment

Table 3 shows the results of Binary Logistic Regression analysis. Those who like berries in the objective cognitive unimpaired (compared with those who do not like berries) have a lower risk of cognitive impairment (OR = 0.543，95%CI, 0.427–0.692, p < 0.001).After adjusting for age, education, tooth loss, chronic periodontitis, dieting to lose weight, diabetes, allergic history, cognitive-promoting drug use in model b, this relationship is still statistically significant (OR = 0.640, 95%CI, 0.485–0.843, p = 0.002). On the basis of model b, consumption of fruit, like grapes, grape consumption, red wine, white wine, and APOE genotype carrying factors in model c did not change the results (OR = 0.685, 95%CI, 0.502–0.935, p = 0.017).



TABLE 3 Multivariate analysis of like berries.
[image: Table showing the relationship between consuming berries and objective cognitive impairment across three models. Model a shows no adjustment with B = -0.610, SE = 0.123, Wald = 24.562, p < 0.001, OR = 0.543, and 95% CI = 0.427-0.692. Model b adjusts for age, education, and other factors, with B = -0.447, SE = 0.141, Wald = 10.052, p = 0.002, OR = 0.640, and 95% CI = 0.485-0.843. Model c includes further dietary adjustments, with B = -0.378, SE = 0.159, Wald = 5.687, p = 0.017, OR = 0.685, and 95% CI = 0.502-0.935.]

Table 4 shows the results of Binary Logistic Regression analysis. In the objective cognitive unimpaired group, those who take 100-200grams grapes per day (compared with those who take <100 g grapes per day) have a lower risk of cognitive impairment (OR = 0.613, 95%CI, 0.471–0.798, p < 0.001). After adjusting for age, education, tooth loss, chronic periodontitis, dieting to lose weight, diabetes, allergic history, cognitive-promoting drug use in model b, this relationship is still statistically significant (OR = 0.677, 95%CI, 0.499–0.917, p = 0.012). On the basis of model b, consumption of fruit, red wine, white wine and APOE genotype carrying factors in model c have not changed the results (OR = 0.702, 95%CI, 0.509–0.969, p = 0.031).



TABLE 4 Multivariate analysis of daily grape consumption.
[image: Table comparing grape consumption levels with cognitive impairment. Models a, b, and c differ in adjustments. Consumption of 100-200g/day consistently shows significant protective effects: Model a (B: -0.489, p < 0.001), Model b (B: -0.390, p = 0.012), Model c (B: -0.353, p = 0.031). Odds ratios indicate a reduced likelihood of cognitive impairment across models, with confidence intervals displayed.]

Table 5 shows the results of Binary Logistic Regression analysis. In the MCI group, people who have the habit of drinking red wine (compared with those who have no habit of drinking red wine) have lower risk of developing AD (OR = 0.463, 95%CI, 0.296–0.724, p = 0.001). After adjusting for age, education, dieting to lose weight, constipation, allergic history, cognitive-promoting drug use, diabetes in model b, this relationship is still statistically significant (OR = 0.503, 95%CI, 0.302–0.837, p = 0.008). On the basis of model b, further correction of drinking frequency, consumption of fruit, like berries and APOE genotype carrying factors in model c did not change the results (OR = 0.296, 95%CI, 0.147–0.598, p = 0.001).



TABLE 5 Multivariate analysis of red wine consumption.
[image: Table comparing the MCI and AD groups on red wine consumption. Three models (a, b, c) are shown with coefficients (B), standard errors (SE), Wald statistics, p-values, odds ratios (OR), and 95% confidence intervals (CI). Model a shows B = -0.769, SE = 0.228, Wald = 11.398, p = 0.001, OR = 0.463, 95% CI = 0.296–0.724. Model b shows B = -0.688, SE = 0.260, Wald = 6.985, p = 0.008, OR = 0.503, 95% CI = 0.302–0.837. Model c shows B = -1.217, SE = 0.359, Wald = 11.514, p = 0.001, OR = 0.296, 95% CI = 0.147–0.598.]





3 Discussion

This cross-sectional study explored the correlation between fruit consumption, drinking habits and different cognitive states of the middle-aged and elderly population. Our research show that compared with those who did not like berries, those who liked berries in the objective cognitive unimpaired group had a lower risk of cognitive impairment. We also found compared with those who ate <100grams grapes per day, those who had daily grape intake of 100-200grams in the objective cognitive unimpaired group had a lower risk of cognitive impairment. In addition, we found that compared with those who had no habit of drinking red wine, those who had a habit of drinking red wine in the MCI group had a lower risk of AD.

Similar to our findings, a study found that a single dose of flavonoid-rich blueberries may have a potential protective effect on the cognitive function of healthy elderly people (15). A randomized controlled trial found that eating wild blueberries had significant cognitive benefits for middle-aged people with cognitive health (16). Recent studies have found that wild blueberries can improve the cognitive ability of healthy elderly men and women (17). Supplementing berries can produce a variety of health benefits, such as reducing inflammation and oxidative stress, enhancing metabolic function, improving vascular function and enhancing nerve signal conduction (18). The study found that adding blueberries to the diet of middle-aged people may reduce the risk of dementia in later years, and middle-aged people who drank blueberries showed higher levels of mitochondrial uncoupling, which is related to longer life span and reduced oxidative stress (19). In addition, blueberry supplementation can enhance metabolism and reduce insulin resistance (19).

The main types of polyphenols in berries flavonoids including flavane-3-alcohol, flavanol and anthocyanin (20). Among them, anthocyanins are the main flavonoids in berries. Anthocyanins are a class of water-soluble flavonoids, possess the ability to act as free radical scavengers against harmful oxidants such as reactive oxygen and nitrogen species (20). The health benefits of anthocyanins have been widely defined, especially in the prevention of oxidative stress-related diseases such as neurodegenerative diseases (21). Anthocyanins can effectively reduce the neurotoxicity of amyloid β in vivo and in vitro, thus inhibit the cascade of apoptosis and protect neurons from injury (22). In addition, there is evidence that the preventive and therapeutic effects of anthocyanins on neurodegenerative diseases may be achieved by regulating intestinal flora and some anthocyanin metabolites such as protocatechuic acid, vanillic acid (23). Our study has not yet found the effect of eating berries on the cognitive function of people who already have cognitive impairment. However, some studies have found that anthocyanin-rich blueberry extract and anthocyanin metabolite protocatechuic acid can induce autophagy of neurons in aging mice by promoting autophagy-lysosomal pathway in vivo and in vitro models of mice with AD to reduce neuronal damage (24). Similarly, population studies have shown that anthocyanin-rich blueberry extract significantly improves brain function in older people with mild cognitive impairment, reduces the risk of dementia, and delays the progression of AD (25, 26).

The relationship between alcohol consumption and the risk of dementia is controversial. In a recent systematic review of meta-analysis, mild to moderate alcohol consumption had a protective effect on dementia (27). A recent national cohort study in South Korea showed that persistent light and moderate drinkers reduced the risk of all-cause dementia, while persistent heavy drinkers increased the risk of all-cause dementia (28). At the same time, the study also found that heavy drinkers reduced their alcohol intake to moderate levels and non-drinkers alcohol intake to mild levels had a lower risk of developing all-cause dementia (28). This study has not found that red wine is a protective factor in people with normal cognition, but it is a protective factor in people with MCI. We speculate that the possible reason is related to the dosage of drinking red wine. However, the above research only explores the correlation between alcohol consumption and dementia, but does not explore the correlation between drinking types and dementia.

Our study found that people with MCI who drink red wine can reduce the risk of AD, and those who do not suffer from objective cognitive impairment can reduce the risk of cognitive impairment by consuming 100-200 g grapes per day. The protective effect of grapes and grape wine on cognition may be related to the following mechanisms. Polyphenols are bioactive compounds that extensively existed in plant foods and have many health-promoting effects by the different mechanisms, such as antioxidation, anti-inflammation, immunomodulation, and modulating gut microbiota. Resveratrol is a natural phenolic compound and has been found in many foods. Many studies have found that grape and its fresh derivative grape juice have protective effects on the cognitive decline of human beings, and its effects may be related to polyphenols, especially resveratrol (29). Red wine is rich in many kinds of polyphenols, among which resveratrol is the main one. The antiaging mechanisms of resveratrol were mainly ameliorating oxidative stress, relieving inflammatory reaction, improving mitochondrial function, andregulating apoptosis (30–33). Resveratrol can promote the proteasome degradation of hyperphosphorylated tau protein and reduce the aggregation of tau protein, thus protecting neurons (30). Resveratrol is a natural antioxidant, which can protect nerves through its antioxidant and anti-inflammatory activities (31), then improve cerebrovascular function and reduce the risk of dementia (32). It was found that the mixture of rifampicin and resveratrol could significantly improve the cognitive function of mice, inhibit the accumulation of oligomer and restore the level of synaptophysin, that is, the level of presynaptic protein that promotes synaptic formation (33). Synaptic dysfunction is considered to be the pathological change of AD. In addition, the increased expression of brain-derived neurotrophic factor (BDNF) in the hippocampus was observed after the administration of resveratrol or mixture, which improved the cognitive function of mice (33).



4 Conclusion

The results of this study show that the daily grape intake of 100-200grams and the preference for berries are the protective factors of cognitive function in those with objective cognitive unimpaired. In addition, we also find that the habit of drinking red wine is the protective factor of cognitive function in people with MCI.

The innovation of this study is that the SCD group is introduced into the cognitive state grouping of the middle-aged and elderly, so that the cognitive state is divided in more detail. And we explored the relationship between the types of drinking, fruit intake habits and different cognitive states of middle-aged and elderly people in China. In addition, the study included more than 1,000 participants, who underwent detailed dietary habits questionnaires and in-depth neuropsychological evaluation.

The deficiency of this study is that factors such as soil quality, climate conditions, amount of sunlight, and cultivation methods can influence the quantity and variety of functional components in fruits. Therefore, even for the same type of fruit, differences in the quantity of functional components may exist among fruits grown in different regions. And it is a cross-sectional study, so we can not make causal inference. Besides this study did not combine with biomarkers for analysis. In the future, dietary intervention surveys based on good control should be conducted, preferably in clinical trials, where appropriate berries, alcohol and different dose schemes should be selected more carefully to determine accurate doses.
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Background: This study aimed to evaluate the effects of creatine monohydrate supplementation on cognitive function in adults and explore its potential role in preventing and delaying cognitive impairment-related diseases.
Methods: Following the PRISMA 2020 guidelines, a systematic review with meta-analysis was conducted. Randomized controlled trials (RCTs) published between 1993 and 2024 were retrieved from PubMed, Scopus, and Web of Science databases. The study protocol was registered with PROSPERO (registration number: CRD42024533557). The impact of creatine supplementation on overall cognitive function, memory, executive function, attention, and information processing speed was assessed using standardized mean differences (SMD) and Hedge’s g with 95% confidence intervals (CI).
Results: Sixteen RCTs involving 492 participants aged 20.8–76.4 years, including healthy individuals and patients with specific diseases, were selected. Creatine monohydrate was the form used in all included studies. Creatine supplementation showed significant positive effects on memory (SMD = 0.31, 95% CI: 0.18–0.44, Hedges’s g = 0.3003, 95% CI: 0.1778–0.4228) and attention time (SMD = −0.31, 95% CI: −0.58 to −0.03, Hedges’s g = −0.3004, 95% CI: −0.5719 to −0.0289), as well as significantly improving processing speed time (SMD = −0.51, 95% CI: −1.01 to −0.01, Hedges’s g = −0.4916, 95% CI: −0.7852 to −0.1980). However, no significant improvements were found on overall cognitive function or executive function. Subgroup analyses revealed that creatine supplementation was more beneficial in individuals with diseases, those aged 18–60 years, and females. No significant differences were found between short- (<4 weeks) and long-term (≥4 weeks) interventions for improving cognitive function. Low-to-moderate risk of bias was found, and no significant publication bias was detected. The GRADE assessment indicates that the certainty of evidence for memory function is moderate, suggesting a reasonable level of confidence in the positive effects of creatine on memory. However, the evidence for processing speed, overall cognitive function, executive function, and attention is of low certainty, indicating that further research is needed to confirm these potential benefits.
Conclusion: Current evidence suggests that creatine monohydrate supplementation may confer beneficial effects on cognitive function in adults, particularly in the domains of memory, attention time, and information processing speed. Larger robust clinical trials are warranted to further validate these findings. Furthermore, future research should investigate the influence of different populations and intervention durations on the effects of creatine monohydrate supplementation, as well as elucidate the precise mechanisms underlying its potential cognitive-enhancing properties.
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1 Introduction

Creatine, a nitrogenous organic acid naturally occurring in vertebrates, plays a critical role in the energy metabolism of brain cells (1). Synthesized primarily from arginine, glycine, and methionine, creatine is produced endogenously and obtained through dietary intake. After cellular uptake, creatine is converted into phosphocreatine (PCr), which is rapidly broken down via catalysis by creatine kinase (CK) to facilitate adenosine triphosphate (ATP) regeneration, thereby serving as a crucial element in energy transfer (2–5). While widely utilized for enhancing athletic performance and promoting overall health, creatine supplementation has garnered increasing interest for its potential cognitive benefits (6–10).

The global rise in aging populations has led to a concurrent increase in the prevalence of cognitive impairment among individuals aged 65 and older. These impairments encompass deficits in a range of cognitive functions, including attention, memory, executive function, language, and processing speed—all of which are essential for daily living and social interaction. As individuals age, these cognitive functions may experience significant decline, impacting judgment, decision-making, and the ability to perform everyday tasks (11–13). Age-related cognitive decline, particularly neurodegenerative diseases like Alzheimer’s disease (AD), has emerged as a major public health concern (14).

Although preliminary research has explored the potential of creatine supplementation in enhancing cognitive function (15), existing studies are often characterized by limited sample sizes and inconsistent findings, lacking a systematic synthesis. This study aims to systematically evaluate the effects of creatine supplementation on cognitive function in adults through meta-analysis, with a particular focus on memory, executive function, attention, and processing speed. This meta-analysis aims to provide comprehensive evidence regarding the effects of creatine supplementation on cognitive performance, identifying cognitive domains that may benefit most from this intervention. Furthermore, by analyzing the heterogeneity across studies, this research will offer insights to guide future investigations. The findings of this study are expected to provide a scientific foundation for developing non-pharmacological intervention strategies to mitigate cognitive decline, enhance quality of life, and potentially contribute to the prevention of cognitive-related diseases.



2 Methods


2.1 Protocol and registration

This systematic review and meta-analysis was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines. The study protocol was registered with PROSPERO (registration number: CRD42024533557) prior to the literature search.



2.2 Study design

A systematic review with meta-analysis was performed to comprehensively evaluate the effects of creatine supplementation on cognitive function in adults. This study particularly focused on the potential differences in cognitive performance among adult populations with different health conditions (including healthy and diseased populations) and demographic characteristics (age: over 60 years old and 18–60 years old; sex: male, female) under creatine supplementation.



2.3 Search strategy

This systematic review and meta-analysis investigated the effects of creatine supplementation on cognitive function in adults. The search strategy encompassed three electronic databases—PubMed, Scopus, and Web of Science (WOS)—spanning from January 1, 1993, to June 5, 2024. The search strategy adhered to the PICO principle (Table 1), as detailed below:



TABLE 1 PICO search strategy elements.
[image: Table shows a PICO framework with four elements: Population (adults aged 18 and older), Intervention (creative supplementation), Comparison (placebo or no intervention), and Outcome (cognitive function). Each element lists related search terms using Boolean operators like AND, OR, and NOT.]


2.3.1 PubMed

(“creatine”[Title/Abstract] OR “creatine supplement*”[Title/Abstract] OR CrM[Title/Abstract] OR “creatine monohydrate”[Title/Abstract]) AND (cognition[Title/Abstract] OR “cognitive function*”[Title/Abstract] OR memory[Title/Abstract] OR “executive function*”[Title/Abstract] OR attention[Title/Abstract] OR “processing speed”[Title/Abstract]) AND (adult*[Title/Abstract] OR adults[Title/Abstract] OR aged[Title/Abstract] OR aging[Title/Abstract] OR elderly*[Title/Abstract]) NOT (animals[Title/Abstract] OR children[Title/Abstract]).



2.3.2 Scopus

TITLE-ABS-KEY (creatine OR “creatine supplement*” OR CrM OR “creatine monohydrate”) AND TITLE-ABS-KEY (cognition OR “cognitive function*” OR memory OR “executive function*” OR attention OR “processing speed”) AND TITLE-ABS-KEY (adult* OR adults OR aged OR aging OR elderly*) AND NOT TITLE-ABS-KEY (animal OR children).



2.3.3 Web of science

TS = (creatine OR “creatine supplement*” OR CrM OR “creatine monohydrate”) AND TS = (cognition OR “cognitive function*” OR memory OR “executive function*” OR attention OR “processing speed”) AND TS = (adult* OR adults OR aged OR aging OR elderly*) AND NOT TS = (animal OR children).

Search strategies employed several techniques to ensure comprehensive yet focused retrieval of relevant studies. Truncation symbols (*) were used to encompass all variations of a word stem, maximizing search sensitivity. Field tags—[Title/Abstract] (PubMed), TITLE-ABS-KEY (Scopus), and TS (Topic) (Web of Science)—were applied to limit the search to the title and abstract fields, enhancing search efficiency. Additionally, studies focusing on animals or children were excluded, refining the results to research conducted on adult populations.




2.4 Inclusion and exclusion criteria


2.4.1 Inclusion criteria

To ensure the rigor and applicability of this systematic review and meta-analysis, we included studies that met the following criteria: adult participants aged 18 years and above; investigation of the effects of creatine monohydrate supplementation, regardless of whether it was the primary or auxiliary intervention, with a systematic evaluation of its effects; assessment of changes in cognitive function (a detailed description of the specific cognitive domains assessed will be provided in a subsequent section); use of a randomized controlled trial (RCT) design, including studies employing a crossover design when appropriate; and publication between January 1, 1993, and June 5, 2024, to avoid data obsolescence and ensure the relevance of the findings.



2.4.2 Exclusion criteria

In this systematic review and meta-analysis, we excluded studies if they met any of the following criteria: participants were younger than 18 years old; the study was not written in English; the study design was an in vitro experiment, animal experiment, or case study; the study employed a non-randomized controlled trial design such as retrospective studies, quasi-experimental designs, and existing meta-analyses; or the study presented incomplete outcome indicator information where the required data could not be supplemented by contacting the authors. These criteria ensured the quality of the studies and the completeness of the data, thereby enhancing the reliability and effectiveness of the meta-analysis.




2.5 Data extraction and processing

In this meta-analysis, a rigorous double-blind literature screening process was adopted, executed by two independent researchers(CX, SB). In the initial screening stage, the researchers conducted a preliminary screening based on the titles and abstracts of the literature, selecting all articles that potentially met the inclusion criteria or had unclear eligibility for full-text review. Subsequently, these two researchers independently reviewed the full texts to confirm whether the articles met the inclusion criteria for the systematic review. Any discrepancies that arose during the screening process were resolved through discussion to reach a consensus.

During the data extraction process, the researchers (CX, SB) used a standardized data extraction form specifically designed for this review to independently extract data from eligible studies, a practice consistent with established guidelines for systematic reviews and meta-analyses (16, 17). The extracted data included study characteristics (e.g., literature source, first author, and publication year), participant characteristics (e.g., age, sex, and sample size), intervention details (including dosage, duration of use, type), and outcome measures. Particular attention was given to extracting means and standard deviations for memory, attention, executive function, or processing speed from studies that assessed cognitive function using validated neuropsychological tests. For studies with incomplete data reporting or data presented only in graphical form, complete raw data were requested from the authors via email, aligning with recommendations for addressing missing data in meta-analyses (18). This approach ensured the completeness of the data and the accuracy of the analysis, thereby enhancing the reliability of the study results.



2.6 Quality assessment

In this study, two researchers (CX, SB) independently conducted a quality assessment of the included literature using the Cochrane Collaboration’s risk of bias assessment tool [RoB 2.0; (19)]. This tool covers several key domains, including random sequence generation, allocation concealment, blinding (including blinding of participants, researchers, and outcome assessors), data completeness, selective reporting of outcomes, and other potential biases. Each domain was rated as “low risk,” “high risk,” or “unclear” based on its risk of bias. For a study to be considered as having a low risk of bias, all domains needed to meet the criteria for low risk. Any discrepancies in judgments about the risk of bias during the assessment process were resolved through discussion. If no consensus was reached after discussion, a third researcher was involved to form a final consensus judgment.



2.7 Data analysis and synthesis

Data analysis was performed using Review Manager (RevMan) (Computer program, Version 5.4) and Stata (version 16; StataCorp LLC) software. The meta-analysis calculated the effects of creatine supplementation on cognitive function outcomes, including memory, attention, executive function, and processing speed. The main outcome measures were the mean scores and their standard deviations after intervention in each study. The post-intervention scores and the number of participants for each study were entered into Review Manager 5.4 software to calculate the standardized mean difference (SMD) and Hedge’s g.

The SMD was calculated as the difference in mean outcome between the creatine and placebo/control groups divided by the pooled standard deviation (20). The mathematical expression for SMD is:

[image: SMD equation shown as the difference in mean outcome between groups divided by the standard deviation of outcome among participants.]

In addition to SMD, Hedge’s g was also calculated as a measure of effect size. Hedge’s g is a bias-corrected version of SMD that provides a more accurate estimate of the population effect size, especially for studies with small sample sizes (21).

When the p value was less than 0.1 and the heterogeneity index I2value was less than 50%, a fixed-effect model was used (22); if the p value was greater than or equal to 0.1 or the I2 value was greater than or equal to 50%, a random-effects model was used (23), and subgroup analysis was performed to explore potential sources of heterogeneity. The effect size for continuous data was expressed as SMD with 95% confidence intervals (CIs). The significance level was set at p < 0.05. For cases where the number of included studies exceeded seven, funnel plot analysis for publication bias was performed using Stata 16 software, and sensitivity analysis was conducted to assess the stability of the study results.



2.8 Certainty of evidence assessment

To assess the certainty of evidence, we employed the Grading of Recommendations, Assessment, Development and Evaluations (GRADE) approach. This involved evaluating the quality of evidence based on several criteria, including risk of bias, consistency of results, directness of evidence, precision of estimates, and potential publication bias. The overall certainty of the evidence for each outcome was rated as high, moderate, low, or very low.




3 Results


3.1 Literature search results

A systematic search was conducted on three major electronic databases: Web of Science (WOS), PubMed, and Scopus. A total of 2,326 research records were identified, distributed as follows: 531 from WOS, 217 from PubMed, 1,576 from Scopus, and two from other sources. After removing 471 duplicate records, 1,855 documents proceeded to the initial screening phase.

During this phase, titles and abstracts were reviewed, resulting in the exclusion of 1,837 records that were not relevant to the research topic. Consequently, 28 records were deemed eligible for full-text review.

During the full-text review process, 12 studies were excluded for not meeting the predefined inclusion criteria. The specific reasons for exclusion were: non-qualifying study population (one study), inability to retrieve full text (one study), non-compliant study design (five studies), and incomplete post-intervention data (five studies). After rigorous screening, 16 studies met the established inclusion criteria and were included in the final analysis. The detailed process of literature search and screening is illustrated in Figure 1.

[image: Flowchart illustrating the systematic review process for study selection. It includes sections for previous studies, identification via databases and registers, and identification via other methods. The chart shows the number of records identified, screened, and assessed, along with exclusions and studies included in the final review. Data sources include WOS, PubMed, Scopus, and other methods like websites and citation searching. Each process step is quantified, detailing exclusions due to reasons like duplication, inappropriate population, and incomplete data. Total studies included in the review are sixteen.]

FIGURE 1
 PRISMA diagram of searching and screening process.




3.2 Basic information and methodological quality assessment of included studies


3.2.1 Study design

This systematic review included 16 studies with various research designs: 11 randomized controlled trials (RCTs), three double-blind crossover RCTs, and one pilot RCT. These studies were conducted in multiple countries worldwide, including four in Brazil, three in the United Kingdom, two in the United States, two in Germany, and one each in China, Iran, New Zealand, Belgium, and Israel (24–33). Table 2 presents the detailed designs and control conditions for each study.



TABLE 2 Intervention characteristics.
[image: A detailed table presents information on studies involving creatine supplementation. Columns cover author and year, sample size, participant age, gender distribution, dosage, duration, creatine type, cognitive function types tested, and outcomes in memory, executive function, attention, and processing speed. Creatine monohydrate is studied with variations in dosage and duration across different studies, assessing outcomes such as memory recall, executive function, and processing speed using various cognitive and reaction time tests.]



3.2.2 Participant characteristics

This meta-analysis included a total of 492 participants, with ages ranging from 20.8 to 76.4 years. Among the studies, three specifically targeted older adults (aged ≥60 years), while the remaining 13 focused on adults (aged 18–59 years). Regarding sex distribution, three studies included only female participants, three included only male participants, and the remaining 10 included both male and female participants. In terms of health status, 13 studies focused on healthy individuals, while three studies targeted patients with specific conditions, such as fibromyalgia, mild cognitive impairment associated with Parkinson’s disease, and chronic schizophrenia under treatment.



3.2.3 Intervention details

All included studies utilized creatine supplementation, specifically creatine monohydrate, as the primary or adjunctive intervention. The duration of interventions varied across the studies: nine studies implemented interventions lasting less than 4 weeks, whereas seven studies extended the intervention period beyond 4 weeks.



3.2.4 Outcome measurement indicators

All included studies provided objective measures of cognitive performance. The assessment covered various indicators including overall cognitive function, memory, executive function, attention, and processing speed.




3.3 Risk of bias assessment

The risk of bias for each included study was assessed using the Cochrane Collaboration’s tool for assessing risk of bias (RoB 2.0), implemented within the Review Manager software (RevMan 5.4). Assessments were conducted across the following bias domains: selection bias, performance bias, detection bias, attrition bias, reporting bias, and other potential sources of bias. Each domain was evaluated and classified as “low risk,” “high risk,” or “unclear risk.” A graphical representation of the risk of bias assessment results is provided in Figure 2. To evaluate publication bias, a funnel plot analysis was conducted and is presented in the Appendix. The symmetry/asymmetry of the funnel plot suggests the presence/absence of publication bias among the included studies.

[image: Table and bar chart assessing bias risk in studies. The table uses green, yellow, and red circles to indicate low, unclear, and high risk across categories like selection and performance bias. The chart summarizes the bias types, showing most biases have low risk, while some show unclear or high risk, particularly in incomplete outcome data and other biases.]

FIGURE 2
 Risk of bias assessment for included studies.




3.4 Meta-analysis results


3.4.1 Overall cognitive function

The meta-analysis results (Figure 3) indicate that creatine supplementation does not have a significant impact on overall cognitive function. Six studies, encompassing a total of 280 participants, assessed the potential effects of creatine supplementation on overall cognitive function. The combined analysis shows an overall SMD of 0.34 (95% CI: −0.20 to 0.88), with a heterogeneity (I2) of 75% and a Z-value for the overall effect test of 1.22 (p = 0.22). Additionally, Hedges’s g is 0.3340 (95% CI: 0.0980–0.5700). This indicates that, although individual studies show varying degrees of effect, creatine supplementation does not have a significant positive impact on overall cognitive function when considered as a whole.

[image: Forest plot showing standard mean differences for six cognitive studies comparing Cre and Con groups, including mean, standard deviation, total, and weight for each study. The plot displays confidence intervals and an overall effect size of 0.34, with heterogeneity statistics indicating moderate variability among studies.]

FIGURE 3
 Meta-analysis forest plot of the effect of creatine supplementation on overall cognitive function.




3.4.2 Executive function

The meta-analysis results (Figure 4) indicate that creatine supplementation does not have a significant impact on executive function. Four studies, encompassing a total of 104 participants, assessed the potential effects of creatine supplementation on executive function. The combined analysis shows an overall SMD of 0.32 (95% CI: −0.08 to 0.71), with a heterogeneity (I2) of 0% and a Z-value for the overall effect test of 1.57 (p = 0.12). Additionally, Hedges’s g is 0.3098 (95% CI: −0.0787 to 0.6983). This indicates that, although individual studies show varying degrees of effect, creatine supplementation does not have a significant positive impact on executive function when considered as a whole.

[image: A forest plot showing the standardized mean difference between a creative group (Cre) and a control group (Con) across four studies on executive functions. Each study has its mean, standard deviation, total number, and weight. The overall standardized mean difference is 0.32 with a 95% confidence interval of -0.08 to 0.71. The plot indicates no significant heterogeneity (Chi² = 0.10, df = 3, P = 0.99; I² = 0%) and no overall effect (Z = 1.57, P = 0.12). Green squares and a diamond represent study estimates and overall effect, respectively.]

FIGURE 4
 Meta-analysis forest plot of the effect of creatine supplementation on executive function scores.


The meta-analysis results (Figure 5) indicate that creatine supplementation does not have a significant impact on executive function time. Three studies, encompassing a total of 81 participants, assessed the potential effects of creatine supplementation on executive function time. The combined analysis shows an overall SMD of −0.03 (95% CI: −0.47 to 0.41), with a heterogeneity (I2) of 0% and a Z-value for the overall effect test of 0.13 (p = 0.89). Additionally, Hedges’s g is −0.0291(95% CI: −0.4658 to 0.4076). This indicates that, although individual studies show varying degrees of effect, creatine supplementation does not have a significant positive impact on executive function time when considered as a whole.

[image: Forest plot showing mean differences in cognitive test scores between Cre and Con groups across three studies: Alves 2013a (Trail Making Test Part A and B) and Alves 2013b. The overall standardized mean difference is -0.03 with a 95% confidence interval of -0.47 to 0.41, indicating no significant effect. Heterogeneity is low with I² = 0%.]

FIGURE 5
 Meta-analysis forest plot of the effect of creatine supplementation on executive function time.




3.4.3 Attention

The meta-analysis results (Figure 6) indicate that creatine supplementation does not have a significant impact on attention scores. Four studies, encompassing a total of 128 participants, assessed the potential effects of creatine supplementation on attention scores. The combined analysis shows an overall SMD of 0.22 (95% CI: −0.40 to 0.84), with a heterogeneity (I2) of 61% and a Z-value for the overall effect test of 0.69 (p = 0.49). Additionally, Hedges’ g is 0.2129 (95% CI: −0.1346 to 0.5604). This indicates that, although individual studies show varying degrees of effect, creatine supplementation does not have a significant positive impact on attention scores when considered as a whole.

[image: Forest plot showing the standardized mean difference between groups labeled Cre and Con across five studies. Each study's effect size is represented by a green square, with horizontal lines indicating confidence intervals. The overall effect is shown at the bottom as a black diamond, with a point estimate and confidence interval of 0.22 [-0.40, 0.84]. Heterogeneity statistics are provided, with I-squared at 61%. Studies vary in weight contribution, with details like mean, standard deviation, and total for each group listed in the table.]

FIGURE 6
 Meta-analysis forest plot of the effect of creatine supplementation on attention scores.


The meta-analysis results (Figure 7) indicate that creatine supplementation has a significant positive impact on attention time. Eight studies, encompassing a total of 211 participants, assessed the potential effects of creatine supplementation on attention time. The combined analysis shows an overall SMD of −0.31 (95% CI: −0.58 to −0.03), with a heterogeneity (I2) of 18% and a Z-value for the overall effect test of 2.20 (p = 0.03). Additionally, Hedges’s g is −0.3004 (95% CI: −0.5719 to −0.0289). This indicates that creatine supplementation has a significant positive impact on attention time, effectively reducing the time required to complete attention tasks.

[image: Forest plot showing a meta-analysis of studies comparing Stroop Test and EFT conditions between two groups, Cre and Con. The plot represents the standard mean difference with 95% confidence intervals for each study, favoring Cre on the left and Con on the right. The overall effect shows a mean difference of -0.31, with a confidence interval of [-0.58, -0.03]. Heterogeneity is indicated by Chi-square, degrees of freedom, and I-squared values, with statistical significance noted in the test for the overall effect.]

FIGURE 7
 Meta-analysis forest plot of the effect of creatine supplementation on attention time.




3.4.4 Memory function

The meta-analysis results (Figure 8) indicate that creatine supplementation has a significant positive impact on memory function. Twenty-four studies, encompassing a total of 1,000 participants, assessed the potential effects of creatine supplementation on memory function. The combined analysis shows an overall SMD of 0.31 (95% CI: 0.18–0.44), with a heterogeneity (I2) of 21% and a Z-value for the overall effect test of 4.72 (p < 0.00001). Additionally, Hedges’s g is 0.3003 (95% CI: 0.1778–0.4228). These results indicate that creatine supplementation has a significant positive impact on memory function, effectively improving memory performance.

[image: Forest plot showing various studies comparing cognitive performance. Each row lists a study with data on means, standard deviations, and total participants for experimental and control groups. Studies are displayed with standard mean differences and confidence intervals. The overall effect size is represented by a diamond at the bottom, with a value of 0.31, indicating a slight advantage for the experimental group.]

FIGURE 8
 Meta-analysis forest plot of the effect of creatine supplementation on memory function.




3.4.5 Processing speed

The meta-analysis results (Figure 9) indicate that creatine supplementation does not have a significant impact on processing speed scores. Four studies, encompassing a total of 104 participants, assessed the potential effects of creatine supplementation on processing speed scores. The combined analysis shows an overall SMD of 0.01 (95% CI: −0.38 to 0.40), with a heterogeneity (I2) of 0% and a Z-value for the overall effect test of 0.04 (p = 0.97). Additionally, Hedges’ g is 0.0097 (95% CI: −0.3764 to 0.3958). This indicates that, although individual studies show varying degrees of effect, creatine supplementation does not have a significant positive impact on processing speed scores when considered as a whole.

[image: Forest plot from a meta-analysis shows four studies comparing Cre and Con groups. Each study's standard mean difference and 95% confidence interval are displayed as green squares and lines on a graph. The combined effect size is represented by a black diamond at 0.01 with a 95% confidence interval of [-0.38, 0.40], suggesting no significant difference. The graph favors neither group, indicated by equal distances from zero toward both "Favours [Cre]" and "Favours [Con]" sides.]

FIGURE 9
 Meta-analysis forest plot of the effect of creatine supplementation on processing speed scores.


The meta-analysis results (Figure 10) indicate that creatine supplementation has a significant positive impact on processing speed time. Eight studies, encompassing a total of 185 participants, assessed the potential effects of creatine supplementation on processing speed time. The combined analysis shows an overall SMD of −0.51 (95% CI: −1.01 to −0.01), with a heterogeneity (I2) of 63% and a Z-value for the overall effect test of 2.01 (p = 0.04). Additionally, Hedges’s g is −0.4916 (95% CI: −0.7852 to −0.1980). These results indicate that creatine supplementation has a significant positive impact on processing speed time, effectively reducing the time required to complete processing speed tasks.

[image: Forest plot showing standardized mean differences between Cre and Con groups across eight studies. Each study lists means, standard deviations, and totals. The combined effect size is \(-0.51\) with a 95% confidence interval of \([-1.01, -0.01]\), favoring the Cre group. Heterogeneity shows \(I^2 = 63\%\). Significance in overall effect is \(P = 0.04\).]

FIGURE 10
 Meta-analysis forest plot of the effect of creatine supplementation on processing speed time.





3.5 Subgroup analysis results


3.5.1 Subgroup analysis of attention

The subgroup analysis results indicate varying effects of creatine supplementation on attention time across different subgroups, specifically evaluating health status, age, and intervention duration (Table 3).



TABLE 3 Subgroup analysis results for attention time.
[image: Table showing effects on attention by various covariates with columns for group size, standard mean difference (SMD), 95% confidence intervals (CIs), p-values, and heterogeneity. "Population" (group 8) shows SMD -0.31, CI -0.61 to 0, and heterogeneity at 38%. "Health" (group 5) shows SMD -0.18, CI -0.62 to 0.27, with 38% heterogeneity. "Illness" (group 3) shows SMD -0.52, CI -0.96 to -0.08, and 0% heterogeneity. Other categories like age and intervention duration are also shown with respective statistics.]

Firstly, when grouped by health status, the overall SMD from eight studies was −0.31 (95% CI: −0.61 to 0), with heterogeneity (I2) of 13.80%. In healthy individuals, five studies showed an SMD of −0.18 (95% CI: −0.62 to 0.27), with I2 of 38% and p value of 0.44, indicating no significant effect. However, in individuals with illnesses, three studies reported a significant effect with an SMD of −0.52 (95% CI, −0.96 to −0.08), I2 of 0%, and p value of 0.02.

Secondly, by age groups, the overall SMD from eight studies was −0.31 (95% CI: −0.61 to 0), with I2 of 81% and p value of 0.02. In participants over 60 years old, three studies showed an SMD of 0.12 (95% CI: −0.34 to 0.58), with I2 of 0% and p value of 0.61, indicating no significant effect. Conversely, in the 18–60 years age group, five studies found a significant positive effect with an SMD of −0.55 (95% CI: −0.90 to −0.21), with I2 of 0% and p value of 0.002.

Lastly, when analyzed by intervention duration, the overall SMD from eight studies was −0.31 (95% CI: −0.61 to 0), with I2 of 21% and p value of 0.26. For interventions lasting less than 4 weeks, two studies reported an SMD of −0.62 (95% CI: −1.25 to 0.01), with I2 of 21% and p value of 0.61, showing no significant effect. For interventions longer than 4 weeks, six studies showed an SMD of −0.21 (95% CI: −0.61 to 0.13), with I2 of 14% and p value of 0.23, also indicating no significant effect.

Overall, these findings suggest that creatine supplementation significantly reduces attention time in individuals with illnesses and in the 18–60 years age group, but not in healthy individuals or those over 60 years old. The duration of the intervention does not significantly alter the effects, whether short-term or long-term.



3.5.2 Subgroup analysis of processing speed time

The subgroup analysis results indicate that the effects of creatine supplementation on processing speed time may have sex-specific responses (Table 4).



TABLE 4 Study on the effects of creatine supplements on processing speed time in different gender populations.
[image: Table displaying processing speed data categorized by sex, with columns for group number, SMD, lower and upper 95% CI, p-value, heterogeneity \( I^2 \), p between groups, and heterogeneity between groups. SMD for sex is -0.51, male -0.35, female -0.87, with significant heterogeneity between male (34%) and female (60%) groups.]

Firstly, the overall SMD from eight studies, grouped by sex, was −0.51 (95% CI: −1.01 to −0.01), with heterogeneity (I2) of 69% and a p value of 0.04. In male participants, three studies showed an SMD of −0.35 (95% CI: −0.99 to 0.30), with I2 of 34% and a p value of 0.29, indicating no significant effect. Conversely, in female participants, four studies reported a significant effect with an SMD of −0.87 (95% CI: −1.53 to −0.21), with I2 of 60% and a p-value of 0.01.

Overall, these findings suggest that creatine supplementation significantly reduces processing speed time in female participants but does not have a significant effect in male participants. This indicates that the response to creatine supplementation in improving processing speed time may have sex-specific characteristics.




3.6 Sensitivity analysis

Sensitivity analyses were conducted on the research findings for overall cognitive function and specific cognitive domain indicators to assess the stability of the results. These analyses were performed by sequentially excluding each study and examining whether the combined effect size estimates of the remaining studies still fell within the 95% confidence interval range of the overall combined effect size. The results revealed that removing any single study did not significantly influence the overall conclusions, further confirming the robustness of the research findings. The corresponding sensitivity analysis plots provided detailed illustrations of the analysis results for overall cognitive function and specific cognitive domain indicators (Figures 11–18).

[image: Forest plot depicting meta-analysis estimates from various studies. Each study is listed on the left: Alves 2013a, Alves 2013b, Levental 2015, Li 2015, Samadi 2022, and Sandkühler 2023, with their associated cognitive measures like MMSE and MOCA. Horizontal lines represent confidence intervals, with dots indicating estimates. The x-axis ranges from -0.38 to 1.08, showing influence magnitude.]

FIGURE 11
 Sensitivity analysis chart of global cognitive function.


[image: Forest plot showing meta-analysis estimates from various studies on memory. Each study is listed on the left, with corresponding circles and lines indicating the estimate and confidence intervals. The x-axis ranges from 0.03 to 0.38.]

FIGURE 12
 Sensitivity analysis chart of memory.


[image: Forest plot showing meta-analysis estimates from four studies assessing executive function. Each study's estimate is represented with a circle and horizontal bars indicating confidence intervals. The horizontal axis ranges from -0.17 to 0.82. The studies include Levental 2015 (MSIB Executive Function Score), Moriarty 2023 (Dimensional Change Card Sort Test), and Turner 2015 (Executive Function and Cognitive Flexibility). The vertical alignment of circles depicts varying effect sizes and confidence intervals.]

FIGURE 13
 Sensitivity analysis chart of executive function.


[image: Forest plot showing meta-analysis estimates with three studies: Alves 2013a (Trail Making Test Part A), Alves 2013a (Trail Making Test Part B), and Alves 2013b (Trail Making Test Part A). Each study displays a circle for the estimate and lines indicating lower and upper confidence intervals. The x-axis ranges from -0.75 to 0.68.]

FIGURE 14
 Sensitivity analysis chart of executive function time.


[image: Forest plot showing meta-analysis estimates from studies: Borchio 2020 (EFT), Pires 2020 (EFT % Correct ANS Opposite direction), Pires 2020 (EFT % Correct ANS Same Direction), Turner 2015 (Complex Attention), and VAN Cutsem 2020 (Flanker Task %). Each study has an estimate point with error bars indicating the lower and upper confidence interval limits. Values on the x-axis range from -0.74 to 1.13.]

FIGURE 15
 Sensitivity analysis chart of attention.


[image: Forest plot displaying meta-analysis estimates for various cognitive test conditions by Alves and Pires. Each study condition shows an estimate point with confidence intervals. Horizontal lines represent the confidence intervals, with the estimates centered. Data ranges from negative 0.72063 to negative 0.00008.]

FIGURE 16
 Sensitivity analysis chart of attention time.


[image: Forest plot displaying meta-analysis estimates for various cognitive tests. Four studies are shown: Levental 2015 (MSIB Executive Function Score), Moriarty 2023 (Dimensional Change Card Sort Test), Turner 2015 (Executive Function and Cognitive Flexibility). Each study has a dot representing the estimate, with horizontal lines indicating the confidence intervals, ranging from -0.12 to 0.72 on the x-axis.]

FIGURE 17
 Sensitivity analysis chart of processing speed.


[image: Forest plot showing meta-analysis estimates with studies omitted. Three rows represent studies: Alves 2013a (Trail Making Test Part A and B) and Alves 2013b (Trail Making Test Part A). Each row includes markers indicating the estimate, lower, and upper confidence limits. Horizontal axis ranges from -0.75 to 0.68.]

FIGURE 18
 Sensitivity analysis chart of processing speed time.




3.7 Egger’s test

Egger’s test was used to quantitatively analyze publication bias, and the results are presented in Table 5. The p values for Global cognitive function (p = 0.771), Memory (p = 0.494), Executive function (p = 0.546), Executive function time (p = 0.147), Attention (p = 0.979), Attention time (p = 0.974), Processing speed (p = 0.543), and Processing speed time (p = 0.348) were all significantly higher than the 0.05 threshold, indicating no statistically significant publication bias.



TABLE 5 Egger’s test results for the meta-analysis.
[image: Table showing cognitive function outcomes with slope and bias for various functions: global cognitive function, memory, executive function, executive function time, attention, attention time, processing speed, and processing speed time. Columns display values for coefficient, standard error, t-value, p-value, and ninety-five percent confidence interval for each measure.]



3.8 Certainty of evidence

The GRADE assessment indicated that the certainty of evidence for the impact of creatine supplementation on memory was moderate. For processing speed, the certainty was rated as low. The certainty for other cognitive domains, such as overall cognitive function, executive function, and attention, ranged from low to very low. Detailed GRADE assessments are provided in the Supplementary material.




4 Discussion

This systematic review with meta-analysis comprehensively investigated the effects of creatine monohydrate supplementation on cognitive function, focusing on key cognitive domains such as memory, executive function, attention, and information processing speed. As a widely used nutritional supplement among athletes, creatine has been well-recognized for its effectiveness in enhancing muscle strength and endurance. However, its potential benefits in improving cognitive function in both the general adult population and specific groups, such as the elderly and patients with neurodegenerative diseases, had not been thoroughly elucidated. In the brain, creatine may improve cognitive performance by increasing cellular energy reserves and reducing oxidative stress, which is particularly important in tasks requiring high cognitive processing. This study not only examined the cognitive responses of the general adult population but also specifically considered the cognitive function of the elderly and patients with neurodegenerative diseases, aiming to provide more scientific evidence and clinical guidance for the application of creatine in these populations.

The findings demonstrated that creatine supplementation significantly improved memory (SMD = 0.31; 95% CI: 0.17–0.44; I2 = 23%; p < 0.00001). This result aligns with the study by Rawson and Volek, who reported that creatine enhances memory performance in complex tasks (34). Similarly, Avgerinos et al.’s systematic review noted positive effects of creatine on cognitive and memory functions, especially in tasks requiring high cognitive control (15).

The mechanisms underlying creatine’s enhancement of memory likely involve several biological pathways. Firstly, creatine increases the energy supply to brain cells, particularly in the form of phosphocreatine (PCr), which is crucial for maintaining cellular ATP levels in the energy-demanding brain (35). Secondly, creatine may enhance memory by improving neurotransmitter function, such as by increasing the synthesis of neurotransmitters like acetylcholine (36). Additionally, creatine may function as a neuromodulator, potentially affecting synaptic efficacy and plasticity, which are vital for learning and memory processes. Furthermore, creatine may exhibit neuroprotective properties by mitigating oxidative stress damage to brain cells (37). For instance, studies have shown that creatine is present in synaptic vesicles, released upon stimulation, and can be taken up by synaptosomes and synaptic vesicles, thereby enhancing neurotransmission (36). Moreover, research has indicated that creatine supplementation may significantly reduce processing speed time in women, suggesting potential sex-specific effects in improving cognitive function (38).

Although creatine supplementation did not achieve statistical significance in improving overall executive function, it may provide some benefits in specific types of executive function tests, particularly those requiring high cognitive demand. Benton and Donohoe noted that creatine supplementation appears to enhance cognitive processing speed and accuracy in complex cognitive tasks (39). The lack of significant effects may be attributed to the small sample size and limited number of studies analyzed in the meta-analysis. This suggests that future research should use more standardized and sensitive testing methods to better capture the potential impact of creatine on executive function.

Creatine supplementation did not significantly improve attention scores but demonstrated potential benefits in processing speed. Rae found that creatine supplementation could enhance the speed and accuracy of cognitive tasks, particularly in continuous memory tasks and other tasks requiring rapid information processing (40). This indirect effect may result from creatine’s enhancement of brain energy metabolism and increased efficiency of brain cells. However, attention involves multiple complex cognitive processes, and the lack of observed significant effects may be due to the types of tests used, sample sizes, or the sensitivity of the tests. Additionally, the small sample size and limited number of studies in the meta-analysis may contribute to the lack of significant effects. This indicates that future research should employ more specific and sensitive testing methods to better evaluate the impact of creatine on attention.

The significant improvement in processing speed time (SMD = −0.51; 95% CI: −1.01 to −0.02; I2 = 63%; p = 0.04) suggests that creatine supplementation can markedly accelerate information processing speed. This outcome may be influenced by the larger number of studies included in the meta-analysis. Future research should continue to explore the underlying mechanisms of this effect. Avgerinos et al.’s systematic review further supports the potential benefits of creatine in enhancing brain energy metabolism and cognitive function (15). This finding holds particular importance for individuals who require rapid information processing, such as students and professionals, as well as elderly individuals experiencing a decline in cognitive speed.

The effects of creatine supplementation exhibit significant variability across different populations. For individuals with medical conditions, creatine supplementation can effectively improve energy supply, showing significant potential benefits (41). This suggests that creatine may be a promising adjunctive treatment, especially for patients with neurodegenerative diseases and associated cognitive impairments. In age-stratified analysis, adults aged 18–60 showed significant effects from creatine supplementation, whereas the effects were not significant in individuals over 60 years old, possibly due to age-related physiological changes (42). This highlights the need for future research to further explore the effects of creatine across different age groups and to optimize supplementation strategies to meet the needs of various populations.

Regarding the impact of intervention duration on the effects of creatine supplementation on cognitive function, our results indicate that short-term interventions (less than 4 weeks) and long-term interventions (more than 4 weeks) did not show significant differences in improving cognitive function. This finding suggests that the effects of creatine on cognitive function may reach a saturation point within a certain period, implying that extending the intervention duration does not provide additional benefits. This result is crucial for optimizing creatine supplementation strategies, indicating that the cognitive enhancement effects of creatine may plateau within a specific time frame. For example, Roelands et al. (43) found that participants’ working memory improved after 6 weeks of creatine supplementation. Similarly, a systematic review by Avgerinos et al. (15) reported that short-term, high-dose supplementation (e.g., 20 g per day for 5 days) also showed significant effects on cognitive function tests. These studies support our conclusion that the effects of creatine on cognitive function may reach a saturation point in the short term, and extending the intervention duration does not provide additional benefits.

To evaluate the robustness of our overall conclusions, we conducted sensitivity analyses. The results indicated that even when excluding individual studies or changing the analysis methods, the overall conclusions remained consistent. This demonstrates the high robustness of our findings, which are not easily influenced by individual studies or analytical methods. Additionally, Egger’s test results indicated no significant publication bias in our study. Publication bias refers to the tendency for studies with positive results to be published more readily, while studies with negative results may be overlooked or difficult to publish, leading to systematic bias in the literature (44). Egger’s test results enhance the credibility and scientific validity of our findings, indicating that the studies included in our analysis did not show obvious selection bias during publication. However, given the inherent uncertainties in all biological phenomena, we cannot draw entirely definitive conclusions. The results should be discussed from the perspective of potential biases to provide a more nuanced understanding of methodological consistency and to enhance the robustness of our findings.

This study provides substantial evidence on the effects of creatine monohydrate supplementation on cognitive function through systematic review and meta-analysis. The results indicate that creatine supplementation significantly improves memory and information processing speed and shows positive effects in specific executive function tests. These findings support the potential of creatine as a cognitive enhancer, particularly in tasks requiring high cognitive processing. Creatine may enhance cognitive function through various mechanisms, such as increasing brain energy supply, regulating neurotransmitter levels, and improving neuronal function. These findings are valuable for individuals seeking to enhance cognitive performance and for clinicians developing intervention strategies.

However, several limitations must be acknowledged. Firstly, the included studies exhibited heterogeneity in design, sample size, and testing methods, which may affect the interpretation and generalizability of the results. The relatively small sample sizes limit the statistical power and generalizability of the conclusions. Future research should adopt more consistent and standardized methodologies and increase sample sizes to improve the comparability and reliability of the results. Secondly, most included studies focused on healthy adults, with limited evidence available for specific populations such as the elderly and patients with neurodegenerative diseases. The cognitive function of these populations may be influenced by various factors, and the effects of creatine supplementation may differ. Future research should further explore the effects of creatine in these specific populations and investigate the safety and tolerability of long-term supplementation.

Despite these limitations, the results of this study provide promising evidence for creatine as a cognitive enhancer, particularly in improving memory and information processing speed. Notably, these findings specifically support creatine monohydrate as an effective form of supplementation. This evidence offers a scientific basis for the application of creatine in cognitive enhancement and provides direction for future research. Future studies should aim to optimize creatine supplementation strategies, including exploring the optimal dosage, supplementation duration, and long-term effects, to maximize its cognitive benefits. Additionally, further research is needed to elucidate the mechanisms by which creatine affects cognitive function and to investigate its interactions with other cognitive interventions, such as cognitive training and other nutritional supplements.



5 Conclusion

Current evidence suggests that creatine monohydrate supplementation may confer beneficial effects on cognitive function in adults, particularly in the domains of memory, attention time, and information processing speed. Larger robust clinical trials are warranted to further validate these findings. Furthermore, future research should investigate the influence of different populations and intervention durations on the effects of creatine monohydrate supplementation, as well as elucidate the precise mechanisms underlying its potential cognitive-enhancing properties.
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Background: Evidence suggests inflammation plays a role in the pathophysiology of psychosis even in early illness, indicating a potential avenue for anti-inflammatory interventions that simultaneously address high rates of metabolic disease in this population. The aim of this study is to design a novel anti-inflammatory diet intervention (DI) that is feasible to implement in a first-episode psychosis (FEP) population.
Methods: Eligible FEP Participants are aged 15–30. The DI is currently being refined through a multi-phase process that includes the recruitment of focus groups that provide insight into feasibility of measures and nutritional education, as well as the implementation of the DI. The phases in the study are the Development Phase, Formative Phase, and the Feasibility Phase.
Results: The Development phase has resulted in the creation of a flexible DI for FEP based on existing research on nutritional health and informed by providers. This study has just completed the Formative phase, recruiting eligible participants to join focus groups that gleaned information about dietary habits, preferences, and food environments to further refine the DI.
Conclusion: Findings from earlier phases have advised the current Feasibility Phase in which this novel DI is being administered to a small cohort of FEP participants (N = 12) to determine acceptability of the DI from a lived experience perspective. Naturalistic changes in inflammatory biomarkers, metabolic health, and symptoms will also be measured.
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1 Introduction

Psychosis refers to a set of symptoms that typically involves the presence of hallucinations, delusions, and profound deficits in neurocognition and functioning (1). These symptoms can occur across the lifespan and are accompanied by significant risk for chronic disability and comorbid inflammatory metabolic health conditions which will be discussed in the present section (2, 3). Importantly, individuals living with psychotic disorders such as schizophrenia or schizoaffective disorder have a 2–3 times higher mortality rate as well as a decreased life expectancy compared to healthy peers, indicating an urgent need to better understand the pathophysiology of comorbid disease and inflammation in this population and to develop appropriate interventions that address these risk factors (4, 5). The present section aims to broadly outline the current understanding of inflammation, metabolic disease, anti-inflammatory, and dietary interventions as they pertain to psychosis populations.


1.1 Inflammation and psychosis

Inflammation is thought to play a critical role in the development of both metabolic and psychotic disorders. Researchers have documented patterns of inflammatory cytokine dysregulation and evidence of oxidative stress in individuals with schizophrenia (2, 6–11). An inflammatory paradigm may provide a theoretical framework to inform etiological questions that surround psychosis and provide insights into targeted interventions in psychotic illness.

While studies of inflammation in psychosis are promising, findings are heterogenous across the psychosis spectrum given multiple confounders such as metabolic disturbances, chronicity of illness, substance use, and varying levels of exposure to environmental stressors (6–8, 10–13). Long-term exposure to antipsychotic medication, common in chronic psychosis cohorts, limits understanding of how inflammatory processes impact illness severity. Antipsychotics have been shown to both mediate and exacerbate inflammation, in turn contributing to the presence of metabolic syndrome in individuals with psychosis (14–18). These findings underscore the need to study the earlier stages of illness in which individuals have less exposure to these factors.



1.2 Need for novel interventions in early-course psychosis

Increased emphasis in recent years has been placed on studying first-episode psychosis (FEP) populations; these are individuals who have experienced a clinically significant episode of psychosis within the past 3–5 years (19). Robust clinical findings have suggested early intervention leads to improvements in symptom severity, social functioning and long-term clinical and cognitive outcomes for this population when employed within the first 5 years after the first-episode (12, 19–23). This is especially salient in the context of comorbidity of psychosis with inflammatory metabolic conditions. Individuals even in the earlier phases of psychotic illness show increased inflammatory biomarkers and higher risk for sedentary lifestyles (4, 16, 24–26). These findings suggest that psychosis could be viewed through the lens of a systemic illness in which inflammation can serve as a viable biomarker for disease risk or state. Several studies have indicated the presence of inflammatory abnormalities in both clinical high-risk (CHR) psychosis and FEP where individuals have had limited exposure to illness or medication (4, 16, 27–29).

A recent meta-analysis by Firth et al. (30) evaluated several studies (N = 28) measuring inflammatory characteristics of FEP populations and found that in addition to inflammatory dysregulation there is also evidence of nutritional deficiencies in FEP versus controls such as lower B vitamins (folate or B9 and cobalmin or B12), lower vitamin D, as well as some evidence of lower nutritional minerals such as zinc and magnesium. Cadenhead et al. (24) observed metabolic abnormalities among medication naive participants at CHR for psychosis as well as an association between diets low in Omega 3 and symptoms of subsyndromal psychosis. Unfortunately, current gold-standard treatment for early-course psychosis does little to consider environmental risk factors on overall health and disease progression (31). Given that the risk for severity of metabolic health issues appears to be positively associated with illness duration among individuals with FEP in particular, there is a need for anti-inflammatory intervention trials in this population that not only assess psychotic symptoms as target endpoints but as biomarkers of metabolic health (26).



1.3 The impact of anti-inflammatory interventions and significance for early psychosis populations

Anti-inflammatory interventions have been explored across diverse patient populations. Significant research attention has been placed on inflammation as a modifiable treatment target that can be influenced through different modalities ranging from anti-inflammatory medications to changes in one’s diet and lifestyle (3, 9, 13, 32). While the mechanisms by which inflammation impacts the trajectory of psychiatric disorders is largely unknown, there are active research initiatives to trial low-harm interventions that have demonstrated anti-inflammatory benefit and potential impact on psychiatric symptoms (3, 6, 10, 33).

The use of non-steroidal anti-inflammatory drugs (NSAIDs) to reduce systemic inflammation among chronic patients has been documented with small studies indicating NSAID intervention leads to decreased peripheral inflammatory cytokine levels and decreased psychotic symptomatology (34–38). Findings from Zhang et al. (39) demonstrated the potential value of microglia inhibitors such as minocycline in the amelioration of cognitive deficits, negative symptoms, and overall systemic inflammation among a group of individuals with chronic schizophrenia (40) (N = 75). Recent studies have also evaluated the anti-inflammatory effects of Omega-3, Vitamin D, mindfulness, yoga, and cannabinoids in psychosis populations, highlighting the potential clinical utility of these interventions as they are easily modifiable and they promote health and well-being (16, 24, 41, 42). Two reviews of adjunctive nutritional interventions for schizophrenia by (43, 44) outlined that there is growing evidence supporting the possible benefits of supplementation of N-acetyl cysteine (NAC), alpha lipoic acid (ALA), Melatonin, B vitamins, L-thyanine, and essential polyunsaturated fatty acids (PUFAs) on metabolic health, sleep, and in some studies, negative symptoms when used in tandem with traditional antipsychotic intervention. Joseph et al. (45) similarly suggest there is substantial preclinical and clinical evidence in schizophrenia contexts showing that the adjunctive adoption of short chain fatty acids (SCFA), which have been shown to reduce neuroinflammation, through an anti-inflammatory diet may be a viable combined intervention in schizophrenia given its emphasis on adding whole foods rather than restricting foods or food groups.



1.4 Dietary interventions for metabolic health

Dietary interventions (DI) that emphasize reducing inflammation through the consumption of nutritious whole foods have been investigated across medical conditions including rheumatoid arthritis, depression, and chronic schizophrenia (2, 3, 46–51). In addition to the early metabolic changes, individuals with psychosis are also more likely to have diets that are high in processed carbohydrates and refined sugars, which can imbalance the gut microbiome and increase insulin resistance (2, 3, 32). Small studies suggest dietary interventions are low-harm and have a beneficial impact on improving psychiatric symptoms as well as overall metabolic health (2, 3, 9, 47, 52). Gilbert-Jaramillo et al. (47) investigated the efficacy of a 12-week ketogenic diet for chronic psychosis and found a significant reduction in positive and negative symptoms as well as improved liver function among participants. Based on these findings, similar diets may have utility to address symptoms and health for early psychosis groups. Specifically, anti-inflammatory diets emphasize a high intake of Omega-3 fatty acids, fibrous cruciferous greens, probiotics, and a low intake of processed carbohydrates and refined sugars. These diets can regulate metabolic processes through the production of SCFA, a hallmark dysregulation in a variety of inflammatory diseases and psychiatric conditions (2, 46, 53, 54). Some dietary interventional studies also address dysbiosis (an imbalance of colonies of microbacteria in the gut), an emerging theory behind inflammatory findings in several psychiatric disorders (54–56). Dietary intervention may help to recultivate and encourage the growth of healthy gut bacteria (50, 53, 54).

A recent review by Aucoin et al. (3) evaluated 718 articles (N = 52,634) that explored topics such as levels of individual nutrients and vitamins common in this population, the gut microbiome, dietary macronutrients and patterns, as well as food sensitivities in various psychosis populations (3). This review developed a comprehensive summary of evidence and informed dietary recommendations for individuals with psychosis, emphasizing a reduction in processed foods and refined carbohydrates. This summary also included a list of dietary factors to increase (e.g., fruits, vegetables, high fiber foods, Omega 3 fatty acids, sources of vitamin B12, folate, vitamin B6, zinc, protein sources that are high in glycine and lysine, and vitamin C) and recommended their sources (3). Despite only involving studies of chronic psychosis populations, this novel review provided valuable psychosis-specific insight that can be adapted for early psychosis populations.



1.5 Proposal of a novel anti-inflammatory dietary intervention for first episode psychosis

Given socioeconomic disparities among individuals living with chronic psychotic disorders including limited access to affordable food, lack of psychosocial support to maintain dietary habits and unstable living conditions, DI are often difficult to implement and maintain overtime and its true effects are difficult to entangle from post-morbid effects associated with disease chronicity (2, 9, 32, 52, 57). The period after the FEP is considered a critical window for treatment intervention, prior to the onset of health problems, when individuals may have more access to family support networks who can assist with dietary monitoring and food preparation (22). Current recommended clinical intervention for FEP is generally limited to a combination of antipsychotics and cognitive behavioral therapy (CBT), and while these treatments are generally effective for reducing positive symptoms associated with psychosis, their impact on negative symptoms and comorbid health issues is generally negligible (58, 59). There is a need to incorporate dietary education and wellness intervention into treatment for psychosis in young people as they gain independence. Incorporation of health education is critical to the lifespan approach to identifying and treating psychosis, and there is a dearth of research aimed at studying the impact of nutritional assistance and education on clinical outcomes in this population (57, 60).

To our knowledge, only one study to date has trialed an anti-inflammatory diet among FEP specifically. Among a cohort of 33 FEP participants and aged-matched healthy controls, Vassilopoulou et al. (61) trialed adherence to a Mediterranean dietary intervention as adjunctive therapy with traditional antipsychotics. These investigators relied on self-reported intake of anti-inflammatory foods (olive oil, fermented foods) and measured baseline and endpoint metabolic markers such as blood pressure and blood glucose (61). This study found that adherence to the Mediterranean diet was lower among FEP compared to controls, however there was no difference in reported intake of fermented foods between diagnostic groups. Additionally, there were variations in blood glucose between individuals on different antipsychotic medication, warranting future study. Importantly, adherence to the Mediterranean diet was negatively associated with blood glucose among a subset of FEP who were taking olanzapine, azapine, clozapine, or risperidone specifically providing essential information related to the impact of adherence on metabolic changes in this population (61). This study provided valuable insight into the feasibility of an anti-inflammatory DI in FEP, however feasibility and acceptability were not the primary targets of this study, suggesting a need for future studies that aim to work collaboratively with patients to design a personalized dietary intervention.

Based on this background information, the present paper describes the methods to develop a DI informed by knowledge of the mechanistic and systemic biological changes observed in FEP and iterative feedback from patients and their families.

Here we describe the methods to address the following aims:

	1. Design a diet intervention based on anti-inflammatory foods using continuous feedback from early psychosis patients and their families.
	2. Evaluate participant adherence to/feasibility of a 5-week anti-inflammatory DI.
	3. Pilot feasibility of collecting the following outcome data and biomarkers of target engagement pre/post DI:
	a. immune modulating (Lactobacillus and Bifidobacterium) species in gut microbial composition
	b. proinflammatory cytokines and lipopolysaccharide (LPS) associated inflammation
	c. weight and metabolic parameters
	d. symptoms of psychosis

This novel DI, developed through a multi-phasic small-scale feasibility study, is intended to provide a framework for future nutritional intervention trials for FEP as well as their support systems that emphasizes improvements in diet, psychiatric symptoms, general health, and is guided by lived experience and perspectives.




2 Methods

Participants in this study will be recruited from the University of California San Diego Cognitive Assessment and Risk Evaluation (CARE) program, an early psychosis clinic and research program. Recruited participants will complete an informed consent or assent to participate in a research study in accordance with the University of California San Diego Health Institutional Review Board (IRB). The development and implementation of this novel DI will be based on expert input from both the CARE program as well as the University of California San Diego Center for Integrative Medicine (CIM), a leading institution in nutrition research. This study will be conducted in three distinct phases following a similar process described by Bustamante et al. (46) who studied anti-inflammatory DI in rheumatoid arthritis. The first phase, the Development phase, involved active collaboration between researchers and clinicians to develop the DI. The second, or Formative, phase involves the recruitment and formation of focus groups (N = 25) with the aim of collecting qualitative interviews regarding FEP participants’ and their families’ perspectives on diet, nutrition, and health to refine the final DI. The third, or Feasibility, phase will pilot the DI within one group of FEP participants (N = 12) utilizing a pre/post design to assess the feasibility and acceptability of the DI. Sample sizes for each group were predetermined based on anticipated recruitment feasibility/availability of patients within the UCSD CARE program. In the Feasibility phase, researchers will also investigate the feasibility of collecting clinical outcome measures as well as metabolic markers such as weight and levels of biomarkers of inflammation. The following description of the proposed feasibility protocol will adhere to the Standard Protocol Items: Recommendations for Interventional Trials (SPIRIT) guidelines in which specific hypotheses and aims are stated (above), inclusion/exclusion criteria, methodology and relevant measures, location of study activities, rationale for sample size, timeline of the proposed study, as well as data management and statistical analyses (62). Per the National Institutes of Health Final Rule regarding clinical trial registration (FDAAA 801), the proposed feasibility study protocol does not meet the criteria for an applicable clinical trial (ACT) and was not pre-registered (63).


2.1 Inclusion, exclusion and clinical assessment

The study will include participants aged 15–30 and their support figures (e.g., family and/or partners). Eligible participants will have received a diagnosis of either a schizophrenia-spectrum disorder or an affective psychotic disorder within the past 5 years as determined by the Structured Clinical Interview for DSM-5 Disorders (SCID-5) (64). All clinical screening assessments will be administered by trained diagnostic raters with master or doctoral level degrees in clinical psychology within the UCSD CARE program. Both affective and non-affective psychoses will be included given the heterogeneity of FEP diagnoses, and that a wide range of psychosis spectrum conditions are reflective of the diagnostic makeup of the UCSD CARE program (65, 66). Full inclusion and exclusion criteria are outlined in Table 1. Importantly, individuals will remain on their current prescribed psychiatric medication as the proposed project is testing the feasibility of an adjunctive therapy. If an individual is required to initiate antibiotics at any period during study participation in the Feasibility phase (discussed below), they will continue with the DI protocol if medically indicated and antibiotic use will be documented. Individuals currently taking antibiotic medication at study screening/ entry will not be included in the study or will be recruited once antibiotic use has ceased (see Table 1 for time-course permitted). Individuals will be representative of the greater San Diego, California community and will be reflective of diverse racial, ethnic, educational, and socioeconomic backgrounds as well as neurodivergent and sexual and gender minority statuses as is naturally observed within the UCSD CARE Program. Differences in sociodemographic factors will be evaluated following the end of this feasibility study, and any limitations or trends associated with these factors (e.g., skewed socioeconomic or educational representation) will inform future dietary interventions in this population.



TABLE 1 Inclusion and exclusion criteria.
[image: Table listing inclusion and exclusion criteria for a study. Inclusion criteria: ages fifteen to thirty, diagnosis of certain psychotic disorders within the last five years. Exclusion criteria: substance-induced psychosis, significant food sensitivities, recent antibiotic use, major neurological conditions, severe head injury history, low IQ, or high suicide risk.]

Individuals will be recruited chronologically for participation in distinct phases of this study which will be described in detail below (Figure 1). Severity of psychosis symptoms will be assessed at the initial screening period through the Positive and Negative Symptom Scale (PANSS), and current mood will be evaluated through the Calgary Depression Scale for Schizophrenia (CDSS) (67, 68). The Eating Attitudes Test (EAT-26) will be administered to all participants to learn more about disordered eating behavior in this population, a topic poorly understood and understudied in psychosis-spectrum disorders (69).

[image: Flowchart describing the development and implementation of an anti-inflammatory dietary intervention (DI). The development phase involved collaboration between nutrition and psychosis experts. The formative phase, with 25 participants, includes four focus groups evaluating aspects like dietary preferences and intervention feasibility. Focus Group 1 completes diet journals and questionnaires. Focus Group 2 reports on preferences and food environments. Focus Group 3 assesses measures, recipes, and materials. Focus Group 4 examines service delivery preferences. The feasibility phase, with 12 participants, uses these findings to determine intervention feasibility and collect biomarkers.]

FIGURE 1
 Study phases.




2.2 Phase I: development

In the Development phase, preliminary sample diets were dynamically created based on dietary preferences and physical needs that are specific and flexible to psychosis populations based on input from registered dieticians at the CIM as well as clinicians within the CARE clinic (Table 2). In addition to relying on research findings in this area, the delivery of this tentative DI was refined and strategized based on clinician views of perceived acceptability and feasibility of patients within the CARE clinic with whom clinicians had worked with or treated. The primary method of delivery for this DI is through remote modalities with the intention of determining whether these channels of communication are feasible and acceptable by research participants in the Formative phase of the study. During the COVID-19 pandemic, such methods of service delivery have been found to be effective in reaching diverse populations (70, 71). This method may be essential to those living with psychosis as several studies have highlighted poor in-person treatment and research adherence among FEP populations (72, 73).



TABLE 2 Sample diet plan from the UCSD CIM.
[image: Weekly meal plan table with four columns: Breakfast, Lunch, Snack, and Dinner. Each row lists meals from Monday to Sunday. Highlights include smoothies, oatmeal, quiche cups, and coleslaw for breakfast; salads and leftover dishes for lunch; various snacks like chia pudding and edamame dip; and dinners such as Papita Pesto Nourish Bowl, Lentils with Vegetables, and Salmon Pecan Cakes.]



2.3 Phase II: formative phase

The Formative phase involved four distinct focus groups (Table 3). Each focus group in this phase provided novel information on participants’ attitudes towards health, dietary preferences, accessibility to food, feasibility, and acceptability of a DI based on lived experience. Information collected during each focus group in this phase was used to refine the DI further in preparation for the Feasibility Phase. Participants in each focus group will be evaluated remotely via telehealth within their homes and may have a family member or support figure present depending on their comfort level/preference.



TABLE 3 Study flow- formative phase.
[image: A table titled "Formative Phase Assessment" lists various forms and tools used in four focus groups. Categories include general forms, clinical assessment forms, physical evaluation tools, dietary assessment tools, physical activity assessment form, health coaching forms, and end of treatment surveys. Each focus group is marked with an "X" under relevant assessments, indicating the tools or forms used in each group.]


2.3.1 Focus group I

The aim of this focus group (n = 5) was to collect information on past and present dietary habits as well as physical activity and exercise routines. The participants in this focus group were asked to complete a diet journal through the Automated Self-Administered 24-Hour (ASA-24) dietary recall system (74). Participants also completed the Food Frequency Questionnaire (FFQ) to elicit information on how often they consumed different categories of food (75). Current physical activity levels and exercise habits were assessed through the International Physical Activity Questionnaire (IPAQ) (USDA).



2.3.2 Focus group II

The purpose of the second focus group (n = 10) was to illicit information on participants’ gastronomic preferences and sensitivities, knowledge of nutrition and various ingredients, and motivation to change their current dietary routine. Importantly, this focus group helped to highlight potential challenges in adherence to a dietary structure that may be unique to an early psychosis population. Participants in this group also provided input on their food environments and perceived notions of food availability and affordability within their communities. This food environment information was gleaned through the Appetite and Eating Questionnaires (AEQ) which encompassed several self-report scales: The Short Nutritional Assessment Questionnaire (SNAQ) assessed potential levels of malnutrition (76), the Food Craving Index (FCI) assessed daily cravings for specific foods (77). Additionally, this focus group was asked questions regarding emotional responses to gaining weight, eating certain types of food, and eating customs through the Three-Factor Eating Questionnaire (TEEQ) (78).

Information collected from this focus group also provided insight into an ambiguous and scarcely researched element of life for those living with psychosis: their food environments and the perceived accessibility and affordability of healthy foods in their communities. While previous findings have suggested that individuals living with serious mental illness are particularly vulnerable to food deserts and lack of access to nutritional foods, there is a dearth of culturally competent studies which have aimed to understand one’s perceived food environment, especially for those in the early phases of illness (79). The Nutrition Environment Measures Survey-Perceived (NEMS-P) was utilized to collect information on perceived nutrition environments of participants and assessed community nutrition environment, individual nutrition environment, home food environment, demographics, and shopping behaviors (80).



2.3.3 Focus group III and IV

The aim of the third focus group (n = 5) was to collect participant feedback on the instructional materials for the DI. This involved participants evaluating individual measures, recipes, and educational handouts given as part of the DI (Figure 2). The fourth focus group (n = 5) assessed overall participant satisfaction with the entire DI via the Participant Satisfaction Survey. Adapted scales from Weiner et al. (81) were used to assess the feasibility and acceptability of the intervention materials and the proposed intervention consisting of questions that required the participant to rate on a Likert scale their level of agreement with several statements regarding acceptability, feasibility, accessibility. This modified scale is included in the Supplementary material. Participants will also have the opportunity to provide unstructured qualitative insight into these aspects of the DI and research participation. Findings from these final focus groups provided insight into the readiness of the proposed DI, now further refined through an iterative process, to proceed to the Feasibility Phase. Preliminary results from the Formative phase will be reported elsewhere. Updated recipes were developed by study staff from the Center for Integrative Medicine at UCSD based on feedback from the Formative Phase. These recipes will be employed in the Feasibility Phase and are included in the Supplementary material.

[image: Informational graphic about an anti-inflammatory diet. Multiple sections describe adding different food types: orange, tan/brown, yellow, green, purple, red, and herbs and spices. Each segment lists specific foods and preparation tips. The background features various vegetables, and text highlights health benefits, such as reducing inflammation and improving overall well-being. UC San Diego Health is mentioned as the source.]

FIGURE 2
 Educational handouts provided to the participant in focus groups 3 and 4.





2.4 Phase III: feasibility phase

The primary aim of the Feasibility phase is to assess the feasibility and acceptability of the 5-week anti-inflammatory DI developed in the Formative phase among a small FEP cohort (81). A secondary aim is to naturalistically evaluate the impact of the 5-week DI on weight and various other metabolic markers of inflammation as well as on clinical symptoms. The DI’s duration of 5-weeks was both informed by experience within the CIM regarding an appropriate duration to see metabolic changes, as well as input from patients in the Formative Phase of an appropriate timeline for their availability and interest. Meta-analytic findings also demonstrate that short-term dietary interventions (longer than 2 weeks) have been shown to impact gut microbiota (82), and similar reviews have noted that anti-inflammatory dietary interventions longer than 4 weeks may have observable effects on blood-based inflammatory markers (83, 84) A projected sample size of 12 for this phase was proposed a priori based on similar feasibility studies within the CIM, and parameters that would be measured in the Feasibility phase were selected based on responses from participants in the Formative phase. Following the Formative phase, study staff from both the UCSD CARE Program and the CIM discussed participants’ qualitative and quantitative feasibility and acceptability ratings for all assessments administered as well as educational materials provided. Study staff then discussed and decided, based on these responses, which assessments and educational materials would be administered in the Feasibility phase and reduced assessments in which there was significant overlap of content or which participants had expressed difficulty completing or understanding (Table 4). Given that the objectives of the proposed study are to assess the feasibility and acceptability of the DI as well as to explore any impact on metabolic outcomes following the DI within an FEP population, healthy control participants will not be included in this pilot study as there is no methodological question proposed in this project regarding applicability or comparability to a healthy control group.



TABLE 4 Study flow- feasibility phase.
[image: Table showing assessment and feasibility phases over six weeks, with columns for Baseline (Week 0), Phone-check-in (Weeks 1, 2, 4), Clinical evaluation (Week 3), and Endpoint (Week 5). Rows list various forms and tools, such as demographics, informed consent, and dietary and physical assessment tools. Crosses (X) mark when each activity occurs.]

Given that participants are going to be recruited directly from the UCSD CARE Early Psychosis program, we anticipate retention across the 5-week DI as study staff have regular communication and interaction with patients in the clinic and research setting. If participants withdraw or leave the study at any point during the 5-week DI, this missing data will be incorporated into our holistic understanding of the feasibility and acceptability of the DI. Participants in this study are not randomized and primarily qualitative data is being collected over the course of the DI, therefore typical methods for managing attrition issues and missing data used in clinical trials such as intention to treat (ITT) or last observation carried forward (LOCF) analyses are not necessary. FEP participants recruited to this phase will importantly be different than those who participated in the Formative phase to ensure objective exposure to final DI material. Possible barriers to attrition are also addressed through the modality in which the DI will be delivered; participants will only come into the research center physically for the baseline and endpoint collection of bio-samples, and all clinical assessment appointments and weekly diet-coaching sessions will be held remotely.



2.5 Data analysis, monitoring, and management

For the clinical and metabolic measures collected in the Feasibility phase (discussed below), a series of exploratory analyses will be used to estimate effect sizes and directionality of changes from pre to post 5-week DI. If basic statistical assumptions are met, the preferred method of analysis will be a one sample paired t-test between baseline and end point measures. If the final data does not meet these assumptions, an alternative Wilcoxon signed-rank will be considered. Pearson’s correlation will be used to analyze the association of average adherence to secondary outcome measures, however if the data appears to be non-parametric, alternative Spearman’s correlations will be considered. For the analysis of feasibility, acceptability and participant satisfaction of the DI, descriptive statistics will be obtained for all variables and the appropriate statistical test will be employed to assess normality and homogeneity of variance.

Per the UCSD Health IRB guidelines, participant data will be collected under de-identified subject IDs. All data will be collected and simultaneously input into a secure REDCap database formulated specifically for this study (87). Clinical assessments, demographic data, and diet coaching materials will all be stored on this secure database. Study staff will have all completed the required Collaborative Institutional Training Initiative (CITI) certification for research in Human Subjects (CITI).




3 Anticipated results and outcomes


3.1 Adherence to a 5-week anti-inflammatory DI: clinical and metabolic outcomes

Height, weight, and other markers of obesity and metabolic health will be collected pre and post DI (Table 4). Plasma lipids, fasting glucose, hemoglobin A1C (HgA1C), C-Reactive Protein (CRP), and insulin levels will be collected via blood draw at baseline and week 5. The gut microbiome for each participant will be examined pre and post intervention through the collection of fecal samples at baseline and at endpoint. Based on preexisting fecal sample collection protocols from Sinha et al. (85), samples will be obtained using Fecal Occult Blood Tests (FOBT). Levels of immune-modulating gut species Lactobacillis and Bifidobactirium will be analyzed using Shotgun metagenomics sequencing (85, 86). During this initial visit, participants will be introduced to study staff and provided with instructional material on the DI as well as a 5–7 day meal plan that will be adjusted with each week of the DI. They will be provided with dried goods that are essential for the DI, and will be given instructions on how to complete questionnaires and will gain access to online instructional cooking material.

After baseline, participants will meet once per week for 5 weeks with study staff and complete questionnaires. During these weekly check-ins, participants will meet with the registered dietician and review weekly adherence to the DI, as well as barriers and facilitators related to adherence. The registered dietician will consult on modifications to the DI as well as review sample recipes with the participant and answer any questions (Supplementary material). Medication adherence and overall health and well-being will be assessed at these visits, and participants will be encouraged to explore the available online resources of cooking videos and recipes to assist them with the DI. After the 5-week DI, participants will complete final biomarker testing and clinical evaluation.



3.2 Feasibility, acceptability, and adherence

One aim of the Feasibility phase of this DI will be to assess patterns of participant recruitment and retention, participant satisfaction to the DI, and to evaluate the overall feasibility of a 5-week anti-inflammatory DI among FEP cohorts. Adherence to the overall research process will be evaluated based on the number of participants that complete all timepoints of the study. Adherence to the DI will incorporate this measure as well as qualitative weekly adherence to the DI as recorded by the registered dieticians in the weekly coaching sessions. At the end of the 5-week DI, feasibility of the DI will be informed by participant self-report (81, 89). Subjects will also be asked to complete the Research Participant’s Perception Survey-UP to provide feedback into their overall experiences as a research participant in this study (89). This phase will also elucidate the feasibility of collecting and monitoring naturalistic changes in certain biomarkers that can be used to measure metabolic health in early psychosis populations, which is an area of significant interest in the study of inflammation across psychiatric disorders. Similarly, psychiatric symptoms will be evaluated pre-and-post DI as an exploratory aim. Any changes in symptoms observed following adherence to the DI will inform the relevance of monitoring psychiatric symptoms in this context.




4 Discussion

To date, this is the first feasibility study that aims to outline the development and design of a novel anti-inflammatory DI specifically for FEP cohorts informed by patient perspectives and preferences. Conducting targeted focus groups, researchers in this study have learned about participant histories, dietary patterns, food accessibility and affordability, and their motivation to change current health behaviors. Qualitative insights into these domains based on FEP participant feedback have begun to shed light on nutritional environments for young people living with serious mental illness. This feedback allowed for a strategic refinement of the DI, both the recipes as well as the methods of service delivery, to best suit participants in the Feasibility phase. Findings from this pilot study regarding patient attitudes towards the acceptability and feasibility of anti-inflammatory dietary interventions have the potential to provide incentive for policy change (e.g., increased funding towards the integration of nutritional services and psychiatric care) and innovations in health care delivery for individuals in the early phases of psychosis. Additionally, participants in this study will provide qualitative information that will inform potential barriers to implementation of this DI in both a research and clinical context.


4.1 Limitations

The proposed study has several potential limitations. Generalizability of findings from this study is limited by the singular site in which it was conducted, and findings are only representative of the participants who completed this DI and are not broadly applicable to all FEP contexts. Future clinical studies that may implement this DI, if feasibility and acceptability are determined in the proposed study, can include direct comparisons between FEP control groups receiving standard of care treatment to those receiving anti-inflammatory DI adjunctive to standard of care. These studies should ensure representation from a diverse range of FEP individuals, larger sample sizes for statistical power, as well as inclusion of multiple clinical sites from varying geographic regions. Future studies may also explore longitudinal differences in response to this DI; the duration of the proposed DI was determined a priori based on expertise among research staff, patient perspectives, and existing literature to be reflective of a relatively limited time-window. Findings regarding the feasibility of this adherence to this short-term DI do not speak to the long term sustainability of this intervention in this population. Importantly however, findings regarding the “appropriate” or “recommended” length or sustainability of anti-inflammatory dietary interventions are mixed (46, 49, 52).

Importantly, while evidence of the role of inflammation in the pathophysiology of psychosis is promising and highlights important biological processes associated with psychosis, it is critical to underscore that this research is in its infancy especially in the context of early-course psychosis. The aim of this study is solely to provide the preliminary blueprint of a DI for early psychosis that is formed and refined using data and feedback collected from participants, with the Feasibility phase assessing the feasibility and acceptability of the DI along with metabolic and inflammatory biomarker assessments as target endpoints. Changes in metabolic and psychiatric health in the Feasibility phase may provide insight into the potential clinical treatment model, however future clinical trials would be required to evaluate its utility beyond the present sample.




5 Conclusion

This study aimed to outline the methodology for designing and determining feasibility of an anti-inflammatory DI for individuals in the early phase of psychosis. Findings from this feasibility study may aid in refining the field’s understanding of whether DI are valuable as adjunctive interventions that are tolerated and accessible to early psychosis populations. Through observing clinical symptoms and naturalistic changes in inflammatory biomarkers among a small subset of FEP individuals who adhere to the proposed DI, this study may also identify relevant symptomatology, blood, and gut-microbia-based biomarkers that can be incorporated into future clinical trials of anti-inflammatory DI for psychosis populations.
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Background and aims: Age-related cognitive impairment impacts a significant portion of the elderly population. Remnant cholesterol (RC) has attracted increased attention in relation to cardiovascular disease, diabetes, hypertension, and fatty liver disease. Nevertheless, its role in cognitive function is still enigmatic, prompting our exploration into the potential associations between them.
Methods: A total of 1,331 participants from the NHANES (2011–2014) database, all aged over 60, were included in this investigation. Cognitive function was assessed using four widely applied tests, including the Consortium to Establish a Registry for Alzheimer’s Disease Word Learning (CERAD-WL), CERAD Delayed Recall (CERAD-DR), Animal Fluency Test (AFT), as well as Digit Symbol Substitution test (DSST). Z-score is calculated by scores from the above four tests. The association between RC, total cholesterol (TC) to RC and cognitive performance was assessed by logistic regression analyses. In addition, restricted cubic spline (RCS) regression was performed to assess non-linearity between RC and cognitive function. Subgroup analysis was performed to evaluate the robustness of the results in populations with relevant covariate variables.
Results: Those with Z-scores below the 25% quartile are defined as having cognitive impairment, totaling 498 individuals. Observationally, higher RC levels and a lower TC/RC were associated with an increased risk of cognitive impairment. After adjusting for confounding factors, the impact of RC levels on cognitive performance quartiles was consistent across various subgroups, except in individuals with trouble sleeping, no/unknown alcohol use, and no hypertension. Americans with high RC levels and trouble sleeping are more likely to develop cognitive impairment, with an odds ratio of 2.33 (95% CI: 1.18–4.59).
Conclusion: This study suggests that higher RC levels and lower levels of TC/RC are associated with an increased likelihood of cognitive impairment, suggesting that RC can serve as a novel and convenient indicator for predicting the risk of cognitive impairment in the US population.
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 remnant cholesterol; cognition performance; sleep; Z-scores; NHANES


1 Introduction

Cognition is defined as the operation of the mind with all facets of perceiving, thinking, and remembering, commonly assessed by a diverse range of neuropsychological tests (1, 2). In the aging process, although there is often a decrease in the performance of some cognitive functions, this does not necessarily imply a diagnosis of mild cognitive impairment (MCI) or dementia; it is a possibility rather than a certainty. Cognitive impairment can occur in some individuals as they age, potentially leading to MCI or even dementia (3). MCI impacts approximately 16 to 20% of older adults (4). Furthermore, over a five-year span, more than one-third of individuals with MCI progress to develop dementia (5). Cognitive impairment and dementia affect millions of people globally, placing substantial financial burdens on families and healthcare systems (6). While lifestyle modifications have been posited as potentially effective, no pharmacologic treatments have demonstrated efficacy in slowing the progression from MCI to dementia (7, 8). Therefore, discerning risk factors for cognitive impairment could contribute to slowing or preventing the onset of dementia.

Lipids include triacylglycerols (TGs), low-density lipoprotein (LDL), high-density lipoprotein (HDL), and total cholesterol (TC) (9). Extensive research established that uprise blood lipids play a pivotal role in atherosclerotic cardiovascular diseases (10), metabolic disorders (11, 12), immune regulation (11), and cancer (13). Recent investigations (14, 15) have broadened their scope to scrutinize the influence of these lipids on cognitive function and sleep. Preceding studies have accentuated a genetically dependent and nonlinear relationship between blood lipoproteins and cognitive function (16, 17). Remnant cholesterol (RC), has garnered heightened attention and reveals robust associations with prevalent diseases, such as cardiovascular disease (18–21), diabetes (22), hypertension (23), and fatty liver disease (24). Elevated levels of RC are closely related to TC metabolism disorders and insufficient hepatic clearance of residual lipoproteins. Meanwhile, APOE variants are closely associated with the risk of Alzheimer’s disease (AD) and are involved in the regulation of lipid metabolism in the liver (25). Therefore, RC may affect cognitive function.

There exists a scarcity of studies leveraging the National Health and Nutrition Examination Survey (NHANES) database to delve into the potential relationship between RC and cognitive function. The aim of this study was to elucidate and clarify the correlation between RC levels and the presence of cognitive function among NHANES participants. We hypothesized that individuals diagnosed with cognitive impairment would exhibit significantly elevated RC levels.



2 Materials and methods


2.1 Study population

The data were retrieved from the National Health and Nutrition Examination Survey (NHANES) database,1 which employs a complex survey design and population-specific sample weights to assess the health or nutritional status of the non-institutionalized population in the United States. The assessment methodology includes a series of sampled household interviews and standardized physical examinations conducted at Mobile Examination Centers (MECs). We retrieved health examination results, laboratory samples, and interviewed personal information from cognitive function surveys conducted among adults aged 60 and over from 2011 to 2014. All participants signed informed consent forms, and the study was approved by the Research Ethics Review Board of the National Center for Health Statistics.

We excluded (1) adults aged under 60 years old. (2) individuals with TG higher than 400 mg/dL. (3) individuals with missing laboratory data on HDL-C, LDL-C, or TC; (4) individuals without cognitive data; (5) individuals with missing data on other co-variables, such as BMI, smoking status, diabetes, and hypertension. A total of 1,331 individuals were ultimately included in this study. The process of recruiting is shown in Figure 1.

[image: Flowchart illustrating the exclusion criteria for a study from NHANES 2011–2014, starting with 19,931 subjects. Sequential exclusions include: age under 60 (16,299 excluded), triglycerides over 400 mg/dL or missing cholesterol data (2,021 excluded), missing cognitive function data (216 excluded), and missing covariate data (46 excluded), resulting in 1,331 subjects included.]

FIGURE 1
 Patient selection. NHANES, National Health and Nutrition Examination Survey; TG, Triacylglycerol; LDL-C, Low-density lipoprotein cholesterol; HDL-C, High-density lipoprotein cholesterol.




2.2 Assessment of cognitive performance

Cognitive function was evaluated by four widely applied tests, which included the Consortium to Establish a Registry for Alzheimer’s Disease Word Learning (CERAD-WL), CERAD Delayed Recall (CERAD-DR), Animal Fluency Test (AFT), as well as Digit Symbol Substitution test (DSST) (26). CERAD, designed to identify Alzheimer’s disease, is a highly reliable and valid cognitive function evaluation tool (27). The CERAD-WL involves three consecutive learning trials and an additional delayed recall trial. Participants read 10 irrelevant words in the first three trials and immediately recall as many as possible in a disrupted order each trial. Each correct word scores 1, and the total score is 30 (26). The AFT assesses verbal fluency, where participants are asked to name as many animals as possible in 1 min. A score of less than 14 indicates a decrease in cognitive function (28). The DSST test is a global measure of brain health, evaluating processing speed, visual scanning, sustained attention, and short-term memory (29). In the NHANES study, the version of The Digit Symbol Substitution Test (DSST) used is from the Wechsler Adult Intelligence Scale (WAIS III), with a time limit of 120 s. Participants have 2 min to match symbols with numbers in 133 boxes. Each correct match scores one point. A score greater than 33 indicates healthy cognitive function.

Z-score is calculated by scores from the above four tests for a more reliable and comprehensive evaluation of cognitive function. Here is the formula Z = (x–m)/σ(x for the raw score, m for overall mean, and σ for the overall standard deviation) (30). Recognizing the substantial impact of age on cognitive function, age-stratified quartiles of Z-scores (≥80 years, ≥70 to 80 years, and ≥ 60 to 70 years,) were used to assess cognitive performance. Subsequently, participants were classified into four cognitive function tiers (1 to 4) based on weighted quartiles derived from Z-scores within these age groups. The bottom quartile indicated cognitive impairment, with ascending quartiles corresponding to normal cognitive function.



2.3 Sleep problems

Sleep duration (14, 31) was self-reported by the question, “How much sleep do you get (hours)?.” Trouble sleeping was evaluated by the answer to “Have you ever told a doctor or other health professional that you have trouble sleeping?.” Sleep disorder was assessed by the response to “Have you ever been told by a doctor or other health professional that you have a sleep disorder?.” The responses to this question have been categorized into two distinct options: ‘yes’ or ‘no’.



2.4 Lipids assessment

In the NHANES laboratory, serum or plasma TC, HDL-C, and LDL-C were measured in participants who had fasted for more than 8.5 h but less than 24 h. TC and TGs were measured using an enzymatic assay method. HDL-C was measured using the heparin-manganese precipitation method or a direct immunoassay technique. Due to technological limitations, the precise numerical value of TG exceeding 400 mg/dL cannot be accurately displayed. When the TG value was 400 mg/dL or less, LDL-C was calculated by the following formula [LDL-C] = [TC]—[HDL-C]—[TG/5] according to the following Friedwald formula (32, 33). RC and TC/RC were the exposure variables. RC = TC—(LDL-C + HDL-C) (17). The TC/RC stands for TC divided by RC.



2.5 Co-variables

We collected potential confounding factors from standardized questionnaires. The data contained gender, age, race, education level, marital status, body mass index (BMI), alcohol use, smoking status, diabetes, and hypertension. Self-reported race was categorized into five groups: non-Hispanic White, non-Hispanic Black, Mexican American, other/multiracial race, and other/Hispanic race. Educational level was stratified into three categories: less than high school, high school or equivalent, and college or above. Marital status was divided into two groups: married and unmarried. BMI was categorized into four groups: underweight (<18.5), normal (18.5 to <25), overweight (25 to <30), and obese (30 or greater). Alcohol use was classified into two groups: no/unknown and yes. Smoking status was defined as current smoker, former smoker, and never smoker. Sleep duration was categorized as short (less than 7 h per night), normal (7–9 h per night), or long (greater than 9 h per night). Participants with diabetes were identified if they had any of the following conditions: diagnosed by a doctor or health professional, HbA1c ≥ 6.5%, fasting blood glucose ≥7.0 mmoL/L, random blood glucose ≥11.1 mmoL/L, 2-h OGTT blood glucose ≥11.1 mmoL/L, or use of diabetes medication or insulin. Hypertension was defined based on any of the following: diagnosed by a doctor or health professional, average systolic blood pressure ≥ 140 mmHg, or average diastolic blood pressure ≥ 90 mmHg.



2.6 Statistical analysis

The R software version 4.3.1 was utilized for the analysis of NHANES data, taking into account the intricate sampling design and corresponding sampling weights. The sampling weights for the combined four-year cycles were derived by dividing the individual sampling weights by 2. The data were presented as the mean ± standard deviation for continuous variables, median with interquartile range for skewed variables, and sample counts with weighted percentages for categorical variables. To fit the regression models, TC/RC and continuous RC values were subjected to natural log-transformation. Categorical RC and TC/RC were divided into four subgroups using quartiles as cutoff points.

To evaluate the association between RC, TC/RC, and cognitive performance, we conducted weighted logistic regression analyses. Sequential models were adjusted for potential risk factors: Model 1 without covariate adjustments, Model 2 adjusted for age, gender, and race, Model 3 further including education, marital status, and BMI in addition to the variables in Model 2, and Model 4 incorporating all co-variables such as alcohol use, smoking status, diabetes, and hypertension, along with the adjustments made in Model 3.

In order to assess the robustness of our analytical results, we conducted sensitivity analyses using logistic regression based on unweighted raw data. Additionally, to assess nonlinearity and confirm the dose–response relationship between residual cholesterol levels and cognitive function, a restricted cubic spline (RCS) regression analysis was performed, accounting for all variables in Model 4. Subgroup analysis was conducted to validate the robustness of the results in populations with specific covariate variables. A p-value of less than 0.05 was deemed statistically significant.




3 Results


3.1 Characteristics of the study population

Table 1 outlines the sociodemographic and baseline characteristics. 1,331 individuals aged 60 years or older were included. The median age was 68, with females constituting 56% of the cohort. Cognitive impairment was identified in 498 subjects. Populations with different RC levels had similar prevalence rates in terms of age, sex, education level, marital status, trouble sleeping, sleep duration, smoking status, and alcohol-related conditions. However, there were significant differences in the prevalence of race, BMI, sleep disorder, diabetes, hypertension, Z-score, and cognitive function. The prevalence rates of cognitive impairment across the quartiles of RC levels were 18, 23, 33, and 27%, respectively.



TABLE 1 Baseline characteristics.
[image: A detailed table presents characteristics of a sample population divided into four quartiles (Q1 to Q4) and overall data. It includes age, sex, race, education level, marital status, body mass index, sleep habits, smoking status, alcohol consumption, diabetes, hypertension, and cognitive function. Statistical values like mean, median, percentage, and p-values are provided for various categories. Significant p-values are highlighted to indicate statistical relevance, particularly in race, BMI, sleep disorders, diabetes, hypertension, WL, DSST, Z-score, and cognitive function, suggesting notable differences among groups.]

Significant differences were observed in age, race, education level, marital status, smoking status, diabetes, sleep duration, HDL-C, RC, LDL-C, TC, and TC/RC between the normal and cognitive impairment groups (Supplementary Table S1). Participants with cognitive impairment exhibited lower levels of TC, LDL-C, HDL-C, and TC/RC (all p < 0.05) and higher levels of RC (p = 0.048). In the cognitive normal group, individuals with prolonged sleep (≥ 9 h) accounted for 13%, surpassing the 6.9% in the cognitive impairment group.



3.2 The association among RC, TC/RC and cognitive performance

In Table 2, we delineated the relationships between RC, TC/RC and cognitive performance. Participants were stratified based on the interquartile range of RC levels. The lowest quartile (Q1) was the referential baseline. A statistically significant positive association was identified between RC and cognitive performance at the third quartile (Q3) in all analytical models examined. Specifically, for Model 1, the odds ratio (OR) with 95% confidence interval (CI) was calculated as 2.2 (1.43, 3.37), with a p-value of less than 0.001. Similarly, Model 2 exhibited an OR of 2.31 (1.45, 3.69), p = 0.001; Model 3 showed an OR of 2.21 (1.45, 3.37), p = 0.001; and Model 4 demonstrated an OR of 2.11 (1.37, 3.25), p = 0.003. Furthermore, a positive association between TC/RC and cognitive performance was also identified at the Q3 level in Model 4, with an OR of 0.56 (0.33, 0.94) and a p-value of 0.032. Additionally, a non-linear correlation between RC and cognitive performance was observed within restricted cubic spline (RCS) regression model limitations (P-nonlinear = 0.0439) as depicted in Figure 2.



TABLE 2 Association of RC (log-transformed) and TC/RC (log-transformed) with cognitive performance.
[image: Table displays odds ratios for cognitive dysfunction across four models, comparing remnant cholesterol and total cholesterol to remnant cholesterol ratios. Models adjust for various factors including age, gender, race, education, and health status. Each section presents odds ratios, confidence intervals, and p-values for quartiles of cholesterol measurements, showing statistical significance and trends.]

[image: A line graph depicts the adjusted odds ratio for cognitive decline relative to log-transformed RC levels, with a red trend line within a blue shaded area indicating the ninety-five percent confidence interval. The horizontal axis represents log(RC in mg/dL), and the vertical axis shows the adjusted odds ratio. A non-linear p-value of 0.0439 is indicated. The trend shows fluctuations above and below the odds ratio of one, suggesting variable risk levels across different log(RC) values.]

FIGURE 2
 Restricted cubic spline curves for association of RC with the cognitive performance.




3.3 Sensitivity analysis

Similarly, sensitivity analyses using unweighted logistic analyses showed that individuals with the highest quartile of the RC had a lower cognitive decline than those with the lowest quartile of the RC, according to the different models, Model 1 (OR = 1.28, 95% CI: 0.93–1.75, p < 0.12), Model 2 (OR = 1.52, 95% CI:1.08–2.14, p < 0.017), and Model 3 (OR = 1.47, 95% CI: 1.01–2.14, p < 0.046) (Table 3). The RC and cognitive performance appear to consistently correlate negatively, according to these findings.



TABLE 3 Association of unweighted RC (log-transformed) and TC/RC (log-transformed) with cognitive performance.
[image: Table displaying results from four models analyzing the association between cholesterol levels and cognitive dysfunction. It includes odds ratios, confidence intervals, and p-values for RC and TC/RC at different quartiles. Footnote explains model adjustments.]



3.4 Subgroup analysis

After adjusting for the full model in these subgroups, a significant interaction emerged between RC levels and cognitive impairment specifically among individuals experiencing trouble sleeping (p = 0.035). Americans with higher RC levels who also struggle with sleep difficulties may face an increased risk of cognitive impairment, with an odds ratio of 2.33 (95% CI, 1.18–4.59). Conversely, no such interactions were identified in other subgroups (p > 0.05) in Figure 3. After adjusting for confounding factors, the impact of RC levels on cognitive performance quartiles was consistent across various subgroups, including gender, age, race, education level, marital status, BMI, sleep duration, alcohol use, smoking, diabetes, and hypertension (p ≥ 0.05). Exceptions were noted in individuals with trouble sleeping, no/unknown alcohol use, and no hypertension, where the p-values <0.05.

[image: Forest plot depicting odds ratios (OR) with 95% confidence intervals for various characteristics affecting a study. Categories include sex, age, race, education level, marital status, BMI, sleep factors, alcohol use, smoking status, diabetes, and hypertension. Points plotted along a logarithmic scale to show the odds ratios; horizontal lines represent confidence intervals. Each row presents data collected, such as count, percentage, OR, p-value, and p for interaction. Notable finding: those with trouble sleeping have significantly higher OR (>2) compared to those without.]

FIGURE 3
 Forest plot for subgroup analyses of the association between RC and cognitive performance. Model adjusted for age, gender, race, education, marital status, BMI status, alcohol use, smoking status, diabetes, and hypertension. CI, Confidence interval; BMI, Body mass index.





4 Discussion

To our knowledge, this study is the first to investigate the association between plasma RC levels and TC/RC with cognitive performance in a nationally representative U.S. cohort. Our findings indicated that higher RC levels and lower levels of TC/RC were associated with positive likelihood of cognitive impairment. Even after adjusting for race, gender, age, education, marital status, BMI, alcohol use, smoking status, diabetes, and hypertension, elevated RC levels and a low TC/RC ratio were linked to greater cognitive impairment. The effect sizes of RC levels as well as the TC/RC ratio on cognitive impairment were consistent across almost all subgroup analyses except trouble sleeping. Higher RC levels may increase the risk of cognitive impairment among Americans who experience trouble sleeping.

There is a scarcity of previous research examining the relationship between RC and cognitive function in sizeable and diverse representative samples. Xie et al. (31) reported an association between higher RC levels and lower TC to RC ratios with increased risk of verbal learning and memory dysfunction. Analysis of 5,358 postmenopausal women from the Women’s Health Initiative Memory Study showed higher RC in individuals with Apolipoprotein E4 (apoE4) mutation, the most prevalent genetic risk factor of AD, was linked to increased dementia and cognitive impairment risk compared with lower RC group (34). These studies primarily utilized CERAD total scores for cognitive assessment. Our study adopted a more comprehensive methodology, utilizing a Z-score, which was integrated by the popularly and widely used four cognitive tests, potentially offering a more reliable and comprehensive evaluation of cognitive function. Moreover, prior research has demonstrated that trouble sleeping is inclined to facilitate cognitive impairment (35–37). We have incorporated sleep as a crucial factor to investigate the effect of RC on cognitive performance. Our findings reveal that RC has a noteworthy influence on cognitive function among individuals struggling with sleep difficulties.

The effects of RC metabolism on cognitive function might be attributed to its damage to brain cells. Cholesterol is crucial for cellular membranes, signaling pathways, and as a precursor for oxysterols and hormones (32, 33). Additionally, RC, smaller than 70 nanometers, could penetrate arterial walls, contributing to atherosclerosis in cerebral arteries and arterioles, potentially impairing cognitive function by reducing cerebral blood flow (38, 39). However, more animal experiments are needed to confirm our speculation.

The onset age of dyslipidemia might be related to the development of cognitive impairment. A recent meta-analysis, synthesizing data from over 23,000 patients across 17 studies, revealed that the highest risk for developing AD in association with hypercholesterolemia occurs during midlife and the early stages of aging (40), while no significant association is observed if the hypercholesterolemia occurs in later life (41). To fully understand lipids’ impact on late-life brain health, extensive follow-ups of cohorts with cognitive impairment are needed.


4.1 Strengths and limitation

The study presented several notable strengths, including a substantial sample size and the utilization of Z-scores as a metric for cognitive function evaluation. However, there are some limitations. Firstly, some older adults potentially experiencing cognitive impairment might have been excluded if they were unable to complete cognitive function assessments. Additionally, this research, grounded in the U.S. population and database, necessitates a broader inclusion of diverse regions and further clinical trials to validate the role of RC in cognitive function more conclusively. Since most of the data is self-reported, an information bias may have been induced. What’s more, given the cross-sectional design and lack of follow-up, it is not impossible that a reverse causality bias has been introduced.




5 Conclusion

In conclusion, higher levels of RC and lower levels of TC/RC are associated with an increased likelihood of cognitive impairment, suggesting that RC can serve as a novel and convenient indicator for predicting the risk of cognitive impairment in the US population. Furthermore, these findings provide insights into early intervention strategies for vulnerable populations who are at risk of developing cognitive impairment.
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Background: Dietary fiber is beneficial for improving mental health. However, few studies have evaluated the relationship between fiber-rich food and suicidal ideation. Thus, we aimed to assess whether dietary fiber consumption was associated with the risk of suicidal ideation.
Methods: Data of 21,865 American adults were retrieved from the National Health and Nutrition Examination Survey (NHANES). Logistic and restricted cubic spline regression analyses were performed in order to evaluate the association of dietary fiber intake with suicidal ideation, as indicated by item nine of the nine-item Patient Health Questionnaire (PHQ-9). These analyses took into consideration several confounding factors that may potentially influence the results.
Results: Herein, we detected an L-shaped association between dietary fiber intake and the risk of suicidal ideation. For the most conclusive model, an increase of 1 g/1000 kcal/d in dietary fiber intake was accompanied by a 5% reduction in the risk of suicidal ideation. The inflection point of the L-shaped association was located at 7.8 g/1000 kcal/d. When dietary fiber intake exceeded the above level, the risk of suicidal ideation no longer decreased.
Conclusion: Our findings of reduced risk of suicidal ideation in people with higher dietary fiber intake suggest the potential clinical and public health value of dietary fiber. Interventional investigations are warranted to prove whether adhering to a high-fiber diet prevents and reduces suicidality.
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 cross-sectional study; dietary fiber; NHANES; suicidal ideation; nine-item patient health questionnaire


Introduction

More than 700,000 people worldwide commit suicide every year, which brings a heavy psychological and economic burden to families and society (1). A goal to decrease the number of suicide fatalities by 33% in each member state from 2013 to 2030 has been proposed by the World Health Organization (WHO) (2). Based on ideation-to-action theories of suicide, suicidal ideation is the precursor of suicide attempts and in turn causes suicide (3). Approximately 1.4% of psychiatric patients experienced complete suicide in the first year after the expression of suicidal ideation (4). Therefore, identifying modifiable risk factors for suicidal ideation is beneficial for preventing suicide.

Dietary intervention has shown great potential for the prevention and treatment of affective disorders. Numerous indicators have been designed to evaluate the quality of dietary patterns, such as Healthy Eating Index (HEI) (5), Alternative Healthy Eating Index (AHEI) (6), Dietary Approaches To Stop Hypertension Score (DASH) (7), Mediterranean diet (MD) adherence indexes (8), and Dietary Inflammation Index (DII) (9). By means of these indicators, researchers have intuitively exposed the association between healthy dietary patterns and lower risks of anxiety disorder (10, 11), major depression (12), and bipolar disorder (13). The gut microbiota plays an important mediating role in these associations. The differences in dietary structure cause changes in the composition of gut microbiota, which affects the activity of the hypothalamic–pituitary–adrenal axis through the microbiota-gut-brain axis, thereby affecting mental health (14, 15).

Dietary fiber is a group of nondigestible polysaccharides originating from plants (16). Dietary fiber or foods rich in dietary fiber are positive components of the above diet quality indicators. Although dietary fiber cannot be digested and absorbed by the human body, it can regulate the gut microbiota, thereby inhibiting inflammation in the body and affecting neurotransmitters (17). The existing evidence has strongly confirmed that increasing dietary fiber intake improves mental health. A recent meta-analysis showed that an increase of 1 g in dietary fiber intake reduces the risk of depression by 24% (18). By contrast, few studies explored how dietary fiber intake influences suicidal behaviors. Based on the beneficial characteristics of dietary fiber, we speculated that food with high fiber has the possibility of preventing suicidal behaviors. Thus, the goal of this study was to examine the association between dietary fiber intake and suicidal ideation in a representative American population.



Methods


Study population

The Centers for Disease Control and Prevention (CDC) conducts the National Health and Nutrition Examination Survey (NHANES) program to evaluate the health and nutritional condition of the American population. In NHANES, the target population was the resident civilian noninstitutionalized population of the United States, which excluded all persons in supervised care or custody in institutional settings, all active-duty military personnel, active-duty family members living overseas, and any other persons residing outside the 50 states and District of Columbia. A complex, multistage, probability sampling design is deployed to select a nationally representative sample of around 5,000 individuals each year. The NHANES utilizes health interviews and physiological examinations to gather participants’ data on demographics, socioeconomics, dietary habits, health-related inquiries, physical examination, and laboratory tests. The NHANES procedures received approval from the Ethics Review Board of the National Center for Health Statistics, and documented consent was obtained from participants.

Using the NHANES data, this investigation utilized a cross-sectional design to explore the relationship between dietary fiber intake and suicidal ideation. The original inclusion criteria for this study encompassed all participants from the NHANES 2007–2018 cycles who were 18 years old or older, resulting in a total of 36,580 individuals. After excluding 8,353 participants who did not provide dietary fiber data, 1,662 participants who did not provide suicidal ideation data, and 4,700 participants who did not provide full covariate data, our study covered a total of 21,865 individuals (Figure 1).

[image: Flowchart showing participant selection from NHANES 2007-2018. Initially, 36,580 participants aged 18 and older were considered. After excluding 8,353 for missing dietary fiber data, 28,227 remained. Excluding 1,662 for missing suicidal ideation data left 26,565. Finally, excluding 4,700 for missing covariates data, 21,865 participants were eligible for analyses.]

FIGURE 1
 Flowchart of participant selection for this study.




Dietary fiber intake

Data about dietary fiber, as well as other essential nutrients and energy consumption, were acquired by employing two dietary recall interviews. The primary dietary interview was administered in-person in the mobile examination center (MEC), while the subsequent interview was carried out by phone over a period of 3–10 days. A detailed list of foods, beverages, and water consumed during the 24-h period prior to the interview was collected to derive the dietary intake data. Dietary fiber intake was averaged from two dietary interviews. To mitigate the influence of the overall consumption of energy on the results, the dietary fiber intake was corrected for total energy intake using the nutrient density method (19).



Assessments of suicidal ideation

The nine-item Patient Health Questionnaire (PHQ-9) involves nine questions and is widely used to estimate respondents’ psychological well-being during the last two weeks (20). Suicidal ideation was evaluated by analyzing the answer to item nine of the PHQ-9, which asked: “Over the last two weeks, how often have you felt that you would be better off dead, or hurting yourself in some way?.” Participants with a score of 1–3 were considered to have suicidal ideation. Removing item nine, the first eight questions (PHQ-8) were employed to compute a depression score (21). A cutpoint ≥10 was used to identify depressive symptoms.



Covariates

Covariates of interest consisting of sociodemographic, lifestyle, health status, and dietary factors were deemed potential confounders. Sociodemographic variables comprised age, sex, race, education level, marital status, and the family income-to-poverty ratio. Lifestyle variables included smoking, drinking, and physical inactivity. Smoking history was characterized by the consumption of at least 100 cigarettes throughout the course of one’s lifetime. Drinking history is the practice of consuming at least 12 alcoholic drinks throughout a span of one year. Physical inactivity was defined as less than 150 min of moderate-intensity aerobic activity per week, less than 75 min of vigorous-intensity aerobic activity peer week, and less than an equivalent combination of moderate- and vigorous-intensity aerobic activity. Health status contained body mass index (BMI), waist circumference, hypertension, diabetes mellitus, hyperlipidemia, coronary heart disease, stroke, cancer, and depression. The diagnostic criteria for the aforementioned diseases are consistent with previous research (22). Dietary factors consisted of carbohydrate, unsaturated fatty acids, sodium, and total energy. Like dietary fiber intake, the intake of these nutrients was averaged from two dietary interviews.



Statistical analysis

Categorical variables were represented utilizing unweighted frequency and weighted percentage, while continuous data was shown using weighted median and interquartile range. The intergroup variations in continuous and categorical variables were assessed utilizing the Wilcoxon rank–sum test and the chi-squared test with Rao and Scott’s second-order adjustment, respectively. Dietary fiber intake was considered as continuous variables and categorized into four quartiles as categorical variables. Logistic regression analysis was conducted to ascertain the relationship between dietary fiber intake and suicidal ideation. The Crude Model failed to include any potential confounding variables. Model 1 included adjustments for age, sex, and all variables with p < 0.1 in the univariate analysis except for depression; Model 2 was further adjusted for depression.

A restricted cubic spline (RCS) regression model was employed to investigate the potential nonlinear relationship between dietary fiber intake and suicidal ideation (23). The model included five knots set at the 5, 27.5, 50, 72.5, and 95th percentiles. The median dietary fiber intake was the reference point. If the relationship was nonlinear, the recursive algorithm was used to detect the inflection point with the highest likelihood. And we employed a two-piecewise logistic regression model on each side of the inflection point to investigate the association between dietary fiber intake and suicidal ideation. The RCS and two-piecewise logistic regression models were adjusted for the same covariates as in Model 2. The statistical analyses were performed employing R version 4.2.1, which was created by the R Foundation for Statistical Computing in Vienna, Austria. The threshold for statistical significance was established at a two-tailed p-value of less than 0.05. Sample weights were used to illustrate the complex sampling design of the NHANES.




Results

Table 1 displays the fundamental features of the participants. Out of the 21,865 participants, 781 individuals (3.6%) were found to have suicidal ideation, whereas 3,601 individuals (16.5%) were diagnosed with depression. The population had a median age of 47.0 years, with females making up 51.4% of the total. The majority of residents, namely 68.5%, were non-Hispanic White. The level of daily dietary fiber intake was measured to be 7.8 (5.8–10.3) g/1000 kcal. In contrast to those without suicidal ideation, subjects with suicidal ideation were more likely to be Hispanics, living alone, and smokers. In addition, those with suicidal ideation had lower education, family income-to-poverty ratio, and dietary unsaturated fatty acid and sodium intake levels. On the contrary, they had higher BMI and waist circumference levels. They were also more likely to have diabetes mellitus, coronary heart disease, stroke, depression, and physical inactivity (all p < 0.05). The level of dietary fiber intake was lower in the group with suicidal ideation than that in the group without suicidal ideation (6.6 vs. 7.8 g/1000 kcal/d, p < 0.001). Table 2 shows the univariate and multivariable-adjusted ORs of various independent variables for suicidal ideation.



TABLE 1 Participants’ characteristics stratified by the presence of suicidal ideation.
[image: A table comparing overall, non-suicidal ideation, and suicidal ideation groups across various demographic, health, and lifestyle variables. Key categories include age, sex, race, education level, marital status, body mass index, smoking, and physical inactivity. P-values indicate statistical significance, with notable differences in race, education level, marital status, body mass index, physical inactivity, and dietary factors.]



TABLE 2 Univariate and multivariable logistic regression analyses to identify the association between various independent variables and suicidal ideation.
[image: A table presents variables analyzed in univariate and multivariable models, showing odds ratios (OR), confidence intervals (CI), and p-values. Categories include age, sex, race, education, marital status, and various health and dietary factors, such as smoking, physical inactivity, and dietary fiber quartiles. For instance, the OR for stroke in the multivariable model is 1.66 with a p-value of 0.016. The dietary fiber quartile comparison shows lower ORs and significant p-values. Differences between models and significant results are highlighted.]

The logistic regression analysis findings for the association between dietary fiber intake and suicidal ideation are shown in Table 3. An inverse association between dietary fiber intake and suicidal ideation was observed in the initial unadjusted model and subsequent adjusted models. With all adjustments implemented on Model 2, it was observed a 5% drop in the likelihood of suicidal ideation for each 1 g/1000 kcal/d increase in dietary fiber intake (odds ratio [OR] 0.95, 95% confidence interval [CI]: 0.91–1.00; p = 0.046). To further explore this relationship, dietary fiber intake was classified into discrete intervals (quartiles) for analysis. In the fully adjusted model (Model 2), quartiles 2, 3, and 4 exhibited a 29, 39, and 34% lower probability of suicidal ideation compared to the lowest quartile (quartile 1), respectively.



TABLE 3 Logistic regression analysis to identify the association between dietary fiber intake and suicidal ideation.
[image: Table comparing odds ratios and P-values of continuous and categorical variables across three models. Continuous variable shows odds ratios of 0.91, 0.93, and 0.95 with P-values <0.001, 0.004, and 0.046 for crude model, Model 1, and Model 2, respectively. Categorical variables in Quartile 2 to 4 show reducing odds ratios and P-values indicating statistical significance. Adjustment details for each model are provided below the table.]

The restricted cubic spline regression model demonstrated that dietary fiber intake level was shown to have an inverse relationship with the probability of experiencing suicidal ideation, following a nonlinear pattern (p-nonlinear = 0.004) (Figure 2). The inflection point for the L-shaped relationship was identified as 7.8 g/1000 kcal/d. When dietary fiber intake level was < 7.8, it suggested a significant negative association with the risk of suicidal ideation (OR 0.94, 95% CI: 0.89–0.99; p = 0.028). And when dietary fiber intake level was ≥7.8, the risk of suicidal ideation was not significantly associated with changes in dietary fiber intake level (Table 4).

[image: Graph showing the relationship between dietary fiber intake (grams per 1,000 kilocalories per day) and adjusted odds ratio (OR) with a 95% confidence interval. The purple line represents the OR, with shaded areas indicating confidence intervals. An inflection point is marked at 7.8 grams. The horizontal dashed line indicates an OR of 1.0. P-values are noted for overall significance (less than 0.001) and nonlinearity (0.004).]

FIGURE 2
 Restricted cubic spline regression model of the association between dietary fiber intake and the risk of suicidal ideation. CI, confidence interval; OR, odds ratio.




TABLE 4 The two-piecewise logistic regression model to identify the inflection point value.
[image: Table comparing logistic regression models. Weighted logistic model: OR 0.95 (95% CI: 0.91-1.00), p-value 0.046. Two-piecewise model: inflection at 7.8 g/1000 kcal/day. Fiber <7.8 g/1000 kcal/day: OR 0.94 (95% CI: 0.89-0.99), p-value 0.028. Fiber ≥7.8 g/1000 kcal/day: OR 1.01 (95% CI: 0.98-1.04), p-value 0.64. Log-likelihood ratio test p-value 0.064. Adjustments for Model 2 variables.]



Discussion

By using the data of the representative American population, we observed lower levels of dietary fiber intake in persons who had suicidal ideation compared to those who did not. The association between dietary fiber intake and suicidal ideation was independent of sociodemographic, lifestyle, health status, and dietary factors. There is an L-shaped relationship between levels of dietary fiber consumption and suicidal ideation risk, and the threshold was 7.8 g/1000 kcal/d.

The term suicidal behaviors encompass any suicidal thought or actions, that is suicidal ideation, suicidal attempt, and suicide (24). The previous evidence regarding the link between dietary fiber and suicidal ideation is very scarce. The only finding is that dietary fiber intake is associated with suicide attempts. A cross-sectional study involving 7,631 young adults showed significantly lower dietary fiber intake in suicide attempters compared to non-attempts (25). Our investigation is the first to explore the association between dietary fiber intake and suicidal ideation. The analysis results provide new evidence for the possible improvement of suicidal behavior by elevating dietary fiber intake. This result has significant implications for medical practice and public health. For medical staff, especially nurses, when providing comprehensive care for patients with low dietary fiber intake, they should strengthen safety inspections and education for this group of people to avoid the occurrence of potential suicide incidents. Further researches should explore how high dietary fiber intake modifies the risk of suicidal ideation in the future, in order to establish a causal relationship.

A high-fiber diet is characterized by high consumption of fiber-rich fruits, vegetables, and whole-grain foods (26). In 221,081 Korean adults from the Korea Community Health Survey (KCHS) database, the consumption of fruits and vegetables less than two times per day increased the likelihood of suicidal ideation by 15% (27). Another investigation using the Third National Health and Nutrition Examination Survey (NHANES III) data showed low vegetable consumption in men suicidal attempters and insufficient fruit consumption in women suicidal attempters (28). Healthy Eating Index (HEI) including fruit and vegetable intake has also been found to be inversely correlated with the risk of suicidal ideation (29). Collectively, these findings supported our results that dietary fiber intake was inversely associated with the risk of suicidal ideation. Consuming high-fiber foods to increase dietary fiber intake has the potential to reduce the risk of suicidal ideation.

The mechanism by which dietary fiber affects suicidal ideation remains unclear. Given that dietary fiber is indigestible, its protective effect is likely mediated by gut microbiota. The fermentation of dietary fiber by microbiota produces short-chain fatty acids (SCFAs), which affect metabolism and have anti-inflammatory action (30). In turn, dietary fiber improves the structure and diversity of gut microbiota (30). We have proposed some possible biological explanations for the association between dietary fiber and suicidal ideation. First, dietary fiber can regulate the microbial composition of the gut microbiota to increase serotonin synthesis (31). Serotonin is an important neurotransmitter involved in emotional regulation, and its low levels are associated with an elevated risk of suicidal behaviors (32). Second, fermentation products SCFAs can inhibit histone deacetylases (33) and thereby modify epigenetics and upregulate the levels of brain-derived neurotrophic factor (34), resulting in decreased risk of suicide. Third, SCFAs exert anti-inflammation by reducing intestinal membrane permeability and pH, as well as activating G-protein–coupled receptors (17). The increase of inflammation levels reflected in C-reactive protein (35) and interleukin-6 levels (36) disrupts neurocircuits of specific brain regions associated with suicidality.

The threshold effect of dietary fiber in preventing suicidal ideation was also found in our study. This may be explained by the composition of the gut microbiota. In intervention trials, the effect of dietary fiber supplements on the changes in gut microbiota structure is dose-dependent and has cutoff thresholds (30). According to our results, ensuring that dietary fiber intake is not less than 7.8 g/1000 kcal/d can minimize the likelihood of having suicidal ideation.

A few limitations should be acknowledged before interpreting the results. First, this study is cross-sectional, preventing a causal relationship from being established. The association between dietary fiber consumption and suicidal ideation is probably bidirectional. People with suicidality may tend to adhere to high-carbohydrate and high-fat diets, but lack fruit and vegetable intake. Second, although the item nine of PHQ-9 has been previously used to define suicide ideation, it includes non-suicidal harm, which may affect the results of this research. Third, this study did not distinguish the types (soluble and insoluble) and sources (grains, fruits, vegetables, and legumes) of dietary fiber. The impact on psychological well-being varies depending on the types and sources of dietary fiber (37). Fourth, there may still be several remaining confounders that cannot be totally eliminated, such as other components of a healthy diet and coexisting healthy lifestyle.



Conclusion

In this study, we discovered an L-shaped association between dietary fiber intake and the risk of suicidal ideation in American adults. The cutoff threshold of dietary fiber intake was 7.8 g/1000 kcal/d. The findings have important implications for both medical practice and public health. Because diet is a modifiable lifestyle, further prospective investigations and randomized controlled trials are required to investigate the effectiveness and safety of fiber-rich food or fiber supplements in protecting against suicidal ideation.
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Background: We aimed to explore the association between the Geriatric Nutritional Risk Index (GNRI) and the risk of low cognitive functions among older adults in the United States (US).
Methods: Utilizing data from the National Health and Nutrition Examination Study (NHANES) database, a cross-sectional analysis was conducted. The GNRI served as a tool for evaluating the nutritional status of participants, who were categorized into two groups based on their initial GNRI scores: those with scores >98 indicating normal nutrition, and those with scores ≤98 indicating malnutrition. Cognitive function was assessed using the Consortium to Establish a Registry for Alzheimer’s disease word list learning test (CERAD W-L), the Digit Symbol Substitution Test (DSST), the Animal Fluency Test (AFT), and the composite-z score which was calculated by summing the z scores of individual tests, respectively. Weighted multiple logistic regression models were used to evaluate the association between GNRI and cognitive function. Interaction and stratified analyses were conducted.
Results: Among a sample of 2,925 individuals aged 60 years or older, 51.3% were women. Among these individuals, 233 were identified as malnourished. Weighted multivariate logistic regression analyses indicated that individuals with malnutrition had an increased risk of low cognitive function, as evidenced by lower CERAD W-L scores (OR:1.68, 95%CI 1.19–2.36, p = 0.003), AFT scores (OR: 1.74, 95%CI 1.26–2.41, p = 0.009), DSST scores (OR:1.63, 95%CI 1.11–2.38, p = 0.012), or composite z-scores (OR:1.87, 95%CI 1.29–2.71, p = 0.001). According to the variables evaluated, the interaction effects between low GNRI level and the elderly and stroke in specific cognitive domains were significant (P interaction < 0.05).
Conclusion: Lower GNRI level is associated with significantly low cognitive function among older adults, particularly among those who have experienced a stroke or the elderly (aged 70 years and older) population.
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1 Introduction

Along with the increasing global elderly population, the population suffering from age-related cognitive impairment is growing at a rapid rate (1). Cognitive impairment encompasses a spectrum of conditions that includes Alzheimer’s disease (AD), vascular dementia, and other types. According to statistics, up to 12 million people in the United States (US) suffer from cognitive impairment. By 2060, this is expected to be double the size it was in 2020 (2). This trend underscores the urgent public health significance of cognitive impairment on a global scale (3). On this note, nutrition has been recognized as a modifiable factor that plays a major role in cognitive function. It is imperative to understand the relationship between nutrition and cognition so strategies that prevent and manage cognitive decline can be improved.

Research has shown a high prevalence of malnutrition among older adults with cognitive impairment (4–6). The majority of studies have investigated this relationship through the utilization of the Mini Nutritional Assessment (MNA) (7, 8) or Mini Nutritional Assessment Short-Form (MNA-SF) (9, 10). It is important to acknowledge that both MNA and MNA-SF rely on subjective questionnaires to evaluate nutritional status, lacking objective biological markers that exhibit significant variability. A widely accepted definition of malnutrition is “a state of nutrition, which characterized by a deficiency or excess of energy, protein, and micronutrients resulting in measurable negative effects on tissue or body form (body shape, size, and composition), function, and clinical outcomes (11). The Geriatric Nutritional Risk Index (GNRI), developed by Bouillanne et al. (12), utilizes serum albumin levels, weight, and height as objective measures to evaluate malnutrition. It has been acknowledged as a straightforward and effective method for assessing the nutritional status of elderly individuals aged 65 years and older (13), and has demonstrated efficacy in various countries (14–16). Previous studies have shown that the GNRI is a better indicator of nutrition-related risk than albumin or BMI alone (17, 18). The GNRI has been identified as a more appropriate tool for assessing the nutritional status of elderly individuals compared to the MNA or MNA-SF (14, 19). While existing research has indicated a significant correlation between GNRI levels and cognitive impairment, these studies are few and limited to China (13, 20–22). There remains a lack of research investigating the relationship between GNRI and cognitive functions in older adults within the United States.

Therefore, the objective of our study was to examine the association between malnutrition, as determined by the GNRI, and low cognitive function in US adults aged 60 years and older using data from the National Health and Nutrition Examination Survey (NHANES) for the years 2011–2012 and 2013–2014.



2 Methods


2.1 Study design and participants

Participants from the NHANES were included in this cross-sectional study. NHANES is a biennial survey administered by the National Center for Health Statistics (NCHS) that gathers health examination data from a representative sample of the US population (23–25). This data is utilized for the analysis of the nation’s health and nutritional status. All NHANES data was de-identified, and participants provided written informed consent. The NCHS Research Ethics Committee granted approval for all study procedures (25). The Ethics Committee of BenQ Hospital at Nanjing Medical University determined that this secondary analysis of de-identified, publicly available data did not involve human subjects.

The data of NHANES cycles were combined for analysis, resulting in a total of 19,931 participants. Only the 2011–2012 and 2013–2014 cycles contained both baseline information on the GNRI and cognitive testing among older adults. However, only individuals aged 60 years and older underwent cognitive testing, leading to the exclusion of 16,299 participants outside of this age range. After excluding individuals who did not complete all four cognitive tests, the sample size was further reduced to 2,934 participants. Subsequently, participants without GNRI information were excluded, resulting in a final sample size of 2,925 participants for analysis. The process of participant inclusion and exclusion is illustrated in Figure 1.

[image: Flowchart detailing participant selection from NHANES 2011-2014 data. Starting with 19,931 participants, 16,299 people under 60 were excluded, leaving 3,632. Then, 698 were excluded for incomplete cognitive tests, leaving 2,934. Finally, 9 were excluded for missing GNIR information, resulting in 2,925 participants eligible for analysis.]

FIGURE 1
 Flowcharts illustrating sample selection from NHANES 2011–2014. NHANES, the National Health and Nutrition Examination Survey.




2.2 Group

In our study, the exposure of interest was the GNRI, utilized for the evaluation of nutritional status. The GNRI is calculated using an individual’s height (in meters), weight (in kilograms), ideal weight, and serum albumin levels (in g/L). The formula for calculating GNRI is as follows: GNRI = 1.489 × albumin (g/L) + 41.7 × (weight/ideal weight) (12), ideal weight = 22 × height (m) × height (m). In cases where the actual weight exceeded the ideal weight, the set weight/ideal weight was 1 (12, 26). Participants were divided into two groups according to their baseline GNRI levels: the normal nutrition group (GNRI ≥98) and the malnutrition group (GNRI <98). Based on previous studies, the GNRI has been shown to be valid and reliable (12, 22, 27).



2.3 Cognitive function tests

Cognitive tests were conducted at the start of private interviews that occurred face-to-face by trained interviewers. The NHANES uses the Consortium to Establish a Registry for Alzheimer’s Disease word list learning test (CERAD W-L), the Animal Fluency test (AFT), and the Digit Symbol Substitution test (DSST) to assess different cognitive domains, which were validated in previous publications (28, 29).

The CERAD W-L subtest assesses immediate and delayed learning ability for new verbal information, a component of the memory sub-domain (30). The test includes 3 consecutive learning trials (CERAD Trial 1 Recall, CERAD Trial 2 Recall, and CERAD Trial 3 Recall) and 1 delayed recall trial. During the learning trial phase, participants were required to read 10 unrelated words aloud and then were instructed to immediately recall as many words as possible. The order of the 10 words was different in each learning trial. The delayed word recall was performed after the completion of the other two cognitive tests (AFT and DSST). In this study, we summarized the score of the CERAD W-L Test immediate and delayed learning ability for new verbal information as the total CERAD W-L score. The score range of each trial was from 0 to 10, and the total CERAD W- L score is the sum of three consecutive learning trials and one delayed recall trial (31). The AFT is a measure of categorical verbal fluency, with scores ranging from 3 to 39, and assesses executive function (31, 32). Participants were asked to say the names of animals as many as possible during 1-min trials. The DSST, with scores ranging from 0 to 105, assesses psychometric speed and attention (29, 33, 34). Participants filled in an array of symbols that corresponded to specified digits during 120-s trials. Details on each cognitive test can be found in the 2011–2012 and 2013–2014 NHANES questionnaire data files. Based on methods previously published, we used means and standard deviations of the cognitive test scores to calculate test-specific z-scores for the CERAD W-L, the AFT, and the DSST, respectively (35, 36). Global cognition composite z-score was then calculated by averaging all test-specific z-scores. This composite z-score was then used to evaluate the overall cognitive function of the study participants. Higher scores on all measures indicate better cognitive performance.

Although there was no uniform definition of low cognitive function, previous studies have defined low cognitive function as falling within the lowest quartile on the cognitive tests (37–40). Therefore, based on methods previously published, we determined the cutoff at the 25th percentile, or lowest quartile, for each respective test (41). The cutoff values identified were as follows: for CERAD W-L scores was set at <20; for AFT scores was <13; for DSST scores was <33, and composite z-score was < −1.7. Based on these thresholds, participants were subsequently categorized into two groups: low cognitive function (LC) group and normal cognitive function (NC) group (37).



2.4 Covariates

We obtained variables by virtue of a standardized self-reported questionnaire including age, sex, race (Mexican American, non-Hispanic White, non-Hispanic Black and other race), marital status (married, widowed, divorced, separated, never married, and living with partner), poverty income ratio (PIR) and educational level (less than high school, high school, college or higher), smoking status, alcohol consumption, history of diseases [diabetes, hypertension, stroke, Parkinson’s disease (PD), cardiovascular disease (CVD)], moderate to vigorous work activity (yes/no), moderate to vigorous physical activity (yes/no), sleep duration, albumin level (≥35 g/L or < 35 g/L) and depression score from the NHANES database. Additionally, the family’s PIR was divided into two categories (<1 or ≥ 1) to reflect house income. Higher ratios indicate better financial conditions for families. In our study, participants were classified as having diabetes based on HbA1c levels of 6.5% or more and/or current use of insulin or diabetic pills. Hypertension was defined as having a SBP ≥140 mmHg or a DBP ≥ 90 mmHg and/or currently using antihypertensive medication. This study assessed depression using the 9-item Patient Health Questionnaire (PHQ-9). The scores of each item range from 0 (not at all) to 3 (nearly every day), yielding a maximum score of 27. Subjects with PHQ-9 score ≥ 10 were identified as depression (42). In our study, PD cases were characterized as taking any of the following PD-specific medications: benztropine, levodopa, carbidopa, methyldopa, ropinirole, entacapone, or amantadine (22, 43). Self-reported CVD included congestive heart failure, coronary heart disease, angina, and heart attack. During the in-person interview, participants of the National Health Interview Survey were requested to report their engagement in moderate- and vigorous-intensity physical activities. Trained medical personnel employed a series of questions, derived from the Global Physical Activity Questionnaire, to gather information regarding physical activities related to work, transportation, and leisure time. The activity classifications encompassed five types: vigorous work activity, vigorous leisure activity, moderate work activity, moderate leisure activity, and transportation-related activity (44). Participants of the National Health Interview Survey provided self-reported data on sleep duration during in-person interviews by responding to the question: “On average, how many hours of sleep do you obtain in a 24-h period?” Sleep duration of fewer than 7 h per day was classified as insufficient (45–47).



2.5 Statistical analysis

To account for the complicated design of NHANES, primary sampling units (clusters), stratification, and sample weights were accounted for in the analysis based on the NHANES analysis course. Since we merged data from both cycles (2011–2012 and 2013–2014), we utilized the original sample weights, WTMEC2YR, when divided by two as the new sample weights.

Participants were categorized into two groups by baseline GNRI levels, established by a previous study (48, 49): the group with normal nutrition (GNRI ≥98) and the group with malnutrition (GNRI <98). Numbers (N) and percentages (%) were expressed according to categorical variables, and the comparisons between groups were made using χ2 tests. We described continuous variables as weighted means (SE) or median (P25, P75) and categorical variables as weighted frequencies (%). One-way ANOVA was performed if the data were normally distributed, and when not, the Kruskal-Wallis test was used.

The study examined the association between baseline GNRI levels and cognitive function, utilizing total CERAD W-L score, AFT, DSST, and composite z-score as dichotomous variables to categorize participants into LC and NC groups. Weighted univariate and multivariate logistic regression models were employed to analyze the relationship. Three models were constructed: the first model was unadjusted, the second model was adjusted for age, sex, race, education, marital status, and PIR, and the third model was adjusted for all baseline variables. In addition, we used curve-fitting to visualize the relationship between GNRI and low cognitive function.

We also performed a sensitivity analysis by restricting participants without stroke and Parkinson’s disease. Additionally, we performed interaction and stratified analyses based on age categories (60–69, 70–79, and ≥ 80 years), gender (male/female), educational attainment (less than high school/high school/college/higher), PIR (<1 or ≥ 1), smoking habits (never/former/current), alcohol consumption, histories of disease (diabetes, hypertension, stroke, CVD, Parkinson, depression), and moderate to vigorous work activity. All statistical analyses were carried out using the R software package1 and EmpowerStats. p values less than 0.05 (2-sided) were considered significantly different.




3 Results


3.1 Study population characteristics

The weighted distribution of participants is described in Table 1. A total of 2,925 patients (1,425 male and 1,500 female) aged 60 years and older were eligible for this study. Of those, 45.6% (weighted proportion) were male. Based on the presence of nutritional status, participants were divided into two groups: the normal nutritional group (GNRI >98, n = 2,692) and the malnutrition group (GNRI ≤98, n = 233) following a previous study. Baseline participant characteristics stratified by baseline GNRI levels (> 98 and ≤ 98) were set out in Table 1. Compared to the normal nutritional group, participants in the malnutrition group were more likely to be older, had a higher proportion of non-Hispanic White; had a lower prevalence of moderate to vigorous work activity and a higher risk to develop comorbidities, such as hypertension and stroke (all p < 0.05). Participants who had malnutrition also scored lower in cognitive function, including the CERAD W-L, DSST, AFT and composite z-score.



TABLE 1 Weighted characteristics and measured data from NHANES 2011–2014 participants aged 60 years and over according to GNRI (High >98 Versus Low ≤98).
[image: A table presents data comparing normal and malnourished individuals based on GNRI (Geriatric Nutritional Risk Index). It includes variables such as age, sex, race, marital status, and health factors like diabetes and hypertension. It shows percentages, p-values, and comparisons across different categories for both nutritional statuses.]

Taking into account clinical significance and defining low cognitive function as the lowest quartile of the cognitive test according to the NHANES database (37), each cognitive function test score was divided into a binary variable (normal and low cognitive function) for further analysis. Regardless of the cognitive assessment method used, the proportion of all participants in the LC group with malnutrition was significantly higher than that in the NC group (p < 0.05) (Table 2).



TABLE 2 Presence of low cognitive function in adults ≥60 years old from NHANES 2011–2014 according to GNRI (High >98 Versus Low ≤98).
[image: A table displaying cognitive function scores based on nutritional status (GNRI scores). It includes Total CERAD W-L score, AFT score, DSST score, and Composite z-score for normal and malnutrition groups. The table shows the number and percentage of participants with normal cognition (NC) and low cognition (LC) in each category, along with p-values indicating statistical significance. Descriptive statistics summarize differences between the normal and malnourished groups. Definitions for abbreviations and scoring calculations are given at the bottom.]



3.2 Multiple logistic regression analyses of GNRI and cognitive functions

Next, we used weighted multiple logistic regression to assess the relationship between GNRI and cognitive functions. Three logistic regression models were generated to characterize the association between GNRI and cognitive functions (Table 3). The GNRI level ≥ 98 was taken as a reference in accordance with a previous study. In the crude model (unadjusted for covariates), the risk of low cognitive function was increased in subjects with malnutrition, as determined by total CERAD W- L score (OR: 2.05, 95%CI 1.55–2.70, and p < 0.001), AFT (OR: 2.13, 95%CI 1.62–2.79, and p < 0.001), DSST (OR: 2.19, 95%CI 1.66–2.88, and p < 0.001), or composite z-score (OR: 2.39, 95%CI 1.81–3.14, and p < 0.001), respectively, compared with the normal nutrition group. In model 1 (adjusted for age, sex, race, education, marital status, PIR), the results did not differ from those obtained in the crude analysis, and it indicated that malnutrition was associated with low cognitive functions. The results for placement in the LC group according to each test were as follows: total CERAD W- L score (OR: 1.77, 95%CI 1.28–2.44, and p = 0.001), AFT (OR: 1.78, 95%CI 1.30–2.42, and p < 0.001), DSST (OR: 1.65, 95%CI 1.15–2.36, and p = 0.006), or composite z-score (OR: 1.90, 95%CI: 1.34–2.70, and p < 0.001). In the fully adjusted model (adjusted all variables listed in Table 1), total CERAD W- L score (OR: 1.68, 95%CI 1.19–2.36, and p = 0.003), AFT (OR: 1.74, 95%CI 1.26–2.41, and p = 0.009), DSST (OR: 1.63, 95%CI 1.11–2.38, and p = 0.012), or composite z-score (OR: 1.87, 95%CI 1.29–2.71, and p = 0.001). When included as a continuous variable, yielding consistent results, as GNRI levels increase, the risk of low cognitive function is significantly decreased. These results indicated that GNRI was an independent risk factor for low cognitive functions. Additionally, smoothed curve fitting analyses indicated linear relationships between GNRI values and as determined by low total CERAD W- L score, low AFT score, low DSST score or composite z-score, respectively (Figure 2). Similar results were observed in sensitivity analyses (online Supplementary Table S1). When excluding individuals who suffered stroke (n = 205) or Parkinson’s disease (n = 52), GNRI (≤ 98) was still positively associated with low total CERAD W- L score (OR: 1.79; 95% CI: 1.24,2.59; p < 0.001), low AFT score (OR: 1.49; 95% CI: 1.05,2.11; p = 0.026), low DSST score (OR: 1.48; 95% CI: 1.01,2.16; p = 0.044) and low composite z-scores (OR: 1.53; 95% CI: 1.01,2.28; p = 0.046) in adjusted model 2. Moreover, the GNRI was analyzed as quartiles, indicating that a low GNRI level was associated with low cognitive functions in all participants (p for trend <0.001), yielding consistent results (online Supplementary Table S2).



TABLE 3 Unadjusted and adjusted associations between GNRI and Low cognitive function assessed by low CERAD W-L score, AFT score, DSST score and composite z-score.
[image: A table titled "Outcome (LC), Crude Model, Model 1, Model 2" presents various statistical data for low cognitive function outcomes. It includes GnRI values and corresponding OR, 95% CI, and p-values for Low CERAD W-L score, Low AFT score, Low DSST score, and Low Composite z-score. Three models are compared, with data showing differences in the odds ratios and significance. Additional clarifications and footnotes explain adjustments made in the models, such as for age, sex, race, education, and health conditions.]

[image: Four line graphs (A-D) illustrating the relationship between GNRI and cognitive scores. Each graph has a red line indicating a negative trend as GNRI increases, with varying cognitive measures on the y-axes: A shows CERAD W-L score, B shows AFT score, C shows DSST score, and D shows composite z-score. Each graph includes dotted confidence intervals and a distribution of GNRI values along the x-axis.]

FIGURE 2
 Relationship between GNRI and low cognitive functions. (A) Relationship between GNRI and low CERAD W-L score. (B) Relationship between GNRI and low AFT score; (C) Relationship between GNRI and low DSST score; (D) Relationship between GNRI and low composite z-score; All results were detected after adjusting for variables listed in Model 3. X-axis, the level of GNRI; Y-axis, the probability of low cognitive functions score; Solid line represents the smooth curve fit between variables. Bands present the 95% CI.


Overall, our findings consistently demonstrate the positive relationship between GNRI levels and cognitive function scores across multiple measures, suggesting that higher GNRI levels are associated with better cognitive performance.



3.3 Subgroup analysis

To further decide how GNRI affects low cognitive functions, we performed a series of subgroup analyses, including age group (60–69, 70–79, and ≥ 80 years), gender, education level (less than high school, high school, college, or higher), PIR (<1or ≥1), smoking status, alcohol consumption, histories of disease (diabetes, hypertension, stroke, CVD, Parkinson, depression), and moderate to vigorous work activity. In participants given total CERAD W- L score, there was no interaction between GNRI and low cognitive functioning based on the above subgroups (all p for interaction >0.05). In participants given AFT scores, significant interactions were observed in the medical history of stroke status (p for interaction = 0.020). Lower GNRI was significant associated with low cognitive function (OR: 5.92, 95%CI 1.80–19.49) in participants with stroke. In participants given DSST scores, significant interactions were observed for age status (p for interaction = 0.041) and stroke subgroup (p for interaction = 0.005). Lower GNRI was significantly associated with low cognitive function in participants 70–79 years old (OR: 2.50, 95%CI 1.22–5.11) and older than 80 years old (OR: 1.81, 95% CI 0.89–3.69), respectively. Lower GNRI was significant associated with low cognitive function (OR: 9.73, 95%CI 2.32–40.77) in participants with stroke. In participants administered composite z-score, significant interactions were also observed for age status (p for interaction = 0.004). Lower GNRI was also associated with low cognitive function in participants 70–79 years old (OR: 2.84, 95%CI 1.41–5.71) and older than 80 years old (OR: 2.91, 95%CI 1.42–5.98) but not in participants with age less than 70 years old. And in participants with stroke, lower GNRI was significant associated with low cognitive function (OR: 11.34, 95%CI 2.58–49.86). In participants administered AFT score, DSST score, or composite z-score, no interactions were observed for sex, education level, smoking status, medical history of diabetes, Parkinson, CVD, depression, or hypertension (all p for interaction >0.05) (Figure 3).

[image: Three charts display odds ratios (OR) with confidence intervals for malnutrition across various subgroups, including age, sex, education, and health conditions. Chart A shows adjusted OR by age group, sex, education level, and more, emphasizing statistical significance. Chart B focuses on a different set of independent conditions like depression and cardiovascular disease. Chart C presents raw OR without adjustments. Each chart includes a horizontal axis for OR values with interaction p-values provided alongside subgroup categories.]

FIGURE 3
 Effect size of GNRI on low CERAD W-L score (A), low AFT score (B), low DSST score (C) and composite z-score (D) in exploratory subgroups. The model was adjusted, if not stratified, for age, sex, race, education, marital status, PIR, smoking status, drinking, work activity, depression, history of diseases (hypertension, stroke, diabetes, Parkinson, CVD). (PIR, poverty-income ratio; CVD: cardiovascular disease); %*: the number of malnutrition as a percentage of the total number of participants.





4 Discussion

This study conducted a cross-sectional analysis to investigate the association between malnutrition, as assessed by the GNRI, and cognitive function. The results indicated that individuals identified as malnourished by the GNRI were more likely to experience low cognitive function events compared to those with normal nutrition. Participants with malnutrition had poorer cognitive performance, especially in the elderly (≥70 years old) and a medical history of stroke.

The GNRI was an objective, reliable, and simple tool for efficiently screening the nutritional status of elderly individuals, requiring only weight, height, and serum albumin levels to calculate the score and does not depend on the patient’s cooperation (12). Moreover, GNRI recognizes malnutrition with higher sensitivity compared to MNA or MNA-SF (14, 19). The correlation between GNRI and cognitive function was reported in previous studies (13, 20–22). These findings are partially consistent with our findings, in which lower GNRI levels were significantly associated with a higher risk of cognition impairment. In a study screening for malnutrition and frailty in 740 older adults, conducted at West China University in Sichuan, China, a high risk of cognitive impairment was found in individuals with lower GNRI scores (13). He et al. also discovered that the lower GNRI showed a significant correlation with AD in cognitive centers of neurology at Beijing Tiantan Hospital (20). A longitudinal cohort study in the Chinese elderly without cerebrovascular and mental illness diseases reported that the GNRI was significantly associated with cognitive function (21). Lee et al. (22), showed that a lower baseline GNRI level was associated with an increased likelihood of future Post-Stroke Cognitive Impairment development in ischemic stroke patients, which was in line with our study.

Examining subgroup analyses is essential for a scientific investigation. Unfortunately, the above published papers only performed subgroup analyses and they did not test for interactions, which inhibits the exploration of the true relationship between GNRI and low cognitive function. In our current study, we utilized age group (60–69, 70–79, and ≥ 80 years), gender, education level (less than high school, high school, college, or higher), PIR (<1or ≥1), smoking status, alcohol consumption, histories of disease (diabetes, hypertension, stroke, cardiovascular disease, Parkinson, depression), and moderate to vigorous work activity as stratification variables and conducted interaction tests. Sun et al. (21), found that a strong link was discovered between moderate-to-severe malnutrition and cognitive performance in individuals aged 90 years and older, as well as in illiterate women. Our findings suggest a strong link between malnutrition and low cognitive function in individuals aged 70 years and older. In the above study, the average age of the study population was 85 years old, with the average age of their moderately and severely malnourished cohort being over 90 years. In contrast, the average age of our study population was about 69 years. This phenomenon could be attributed to differences in the study population and research design, which might have contributed to this result. This suggests a similar trend of increasing risk of malnutrition and decline in cognitive performance with increasing age. Hence, we further explored this age-related phenomenon and suggested that the lack of a significant correlation between GNRI and cognitive decline in participants under 70 years of age may be attributable to several factors. For example, younger individuals may have a greater cognitive reserve, which can buffer against cognitive decline (50, 51). Research suggests that factors such as education, mental stimulation, and social engagement play significant roles in maintaining cognitive function in younger populations (52–54). Additionally, participants under 70 years old may exhibit a wider variability in health status. Many individuals in this age group might not yet exhibit the phenotypic expressions of cognitive decline, leading to a dilution of the GNRI-cognitive decline relationship. The GNRI may have a more pronounced effect in older adults due to age-related changes in metabolism, nutritional needs, and the impact of malnutrition on cognitive function (55, 56). This finding may be explained by the observed differences between older and younger individuals. However, the exact mechanisms of these age-related changes require further investigation.

In addition, this study also found that the history of stroke is one of the main factors that affects cognitive functions and malnutrition. Lee et al. (22), reported that a lower GNRI was associated with post-stroke cognitive impairment, which was consistent with this study. Several reasons may explain this phenomenon, such as malnutrition negatively impacting brain plasticity and hindering proper protein synthesis and glucose utilization in the ischemic penumbra (57). This can result in a more severe stroke and worsening symptoms. Malnutrition was found to be linked to a higher risk of white matter high signal, microbleeds, and medial temporal lobe atrophy in individuals with mild cognitive impairment or dementia (58). Additionally, stroke survivors may experience dysphagia or respiratory infections, which can further worsen malnutrition. The association between malnutrition and cognitive function is unclear, but the GNRI validated the use of serum albumin and weight reduction in this examination to explore the connection instead of relying solely on a solitary biomarker. However, the exact role of the age, and history of stroke in mediating the relationship between malnutrition and low cognitive function likelihood still needs to be confirmed by large-scale studies.

This study has several strengths. Firstly, this study used a nationally representative sample of the US population based on the NHANES database. Secondly, we also used appropriate NHANES sample weights to analyze the data and used different cognitive tests, ensuring that the results were reliable and generalizable. In addition, we employed sensitivity analyses and subgroup analysis models to improve further the reliability of our evaluation of the relationship between the GNRI and low cognitive functions.

However, it is important to acknowledge the limitations of this study. First, the cross-sectional design cannot provide causality. Secondly, the use of baseline GNRI data from the NHANES study may underestimate the relationship between GNRI and cognitive impairment due to the lack of long-term follow-up data. Thirdly, the generalizability of these findings is limited as the analysis primarily includes individuals aged 60 and above from the United States. Fourthly, the database from NHANES 2012–2014 does not distinguish between types of cognitive impairment. And this may affect the clinical significance of GNRI. Future research should consider conducting larger cohort studies in diverse populations to further explore these associations.



5 Conclusion

This study suggested that a low GNRI level is an independent risk factor for low cognitive function among US adults aged 60 years or older. This was especially prevalent among the stroke population and the elderly in the DSST and psychometric speed and attention domains. Further cohort studies are required to clarify the cause-and-effect relationship between nutrition and cognitive impairment.
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The increasing prevalence of neurodegenerative disorders represents a challenge to the global health of all nations and populations, particularly with increasing longevity. Urgent prevention strategies are therefore needed, and one opportunity may be to explore the relationship between dietary patterns and brain health which has emerged as a promising strategy. Numerous studies indicate that dietary choices have a significant impact on cognitive function, memory and the risks of neurological disorders, recognizing the dynamic role of diet in maintaining cognitive abilities. One of the most studied dietary styles, the Mediterranean diet, characterized by healthy, plant-based foods fats and moderate consumption of animal products, has demonstrated its neuroprotective potential. Rich in antioxidants, vitamins and polyphenols, this diet shows consistent associations with cardiovascular health and cognitive function. Some less talked about foods, such as seaweed, blackcurrants, Lion’s Mane mushroom and chia seeds, are emerging as potential brain health boosters. These and other new foods could enrich the Western diet making it capable of effectively preventing neurological disorders. Despite promising scientific data, difficulties persist in understanding the complex relationship between nutrition and brain health. Individual variability, long-term dietary adherence, comorbidities, and the need for rigorous clinical evidence pose obstacles. In this review, we would like to focus our attention on the future of brain-diets, which should involve accessible, personalized and evidence-based interventions, providing hope against the challenges posed by neurodegenerative diseases. In fact, as research progresses, more and more attention are being placed to brain health, promising a harmonious and resilient cognitive landscape for individuals and society.
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1 Introduction

The increasing prevalence of neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and other dementias represents a major global health challenge and as our population ages, there is an urgency to identify effective strategies prevention and intervention are strong. In this context, the interaction between food systems and brain health has emerged as a promising frontier in scientific research (1, 2). In a world where an aging population places an ever-increasing burden on health care systems, recognizing the complex relationship between diet and brain health forces new, accessible approaches promising a comprehensive approach to reducing the onset and progression of neurological diseases. Faced with an aging population and ever-expanding life expectancy, understanding and engaging with the complex processes that regulate brain health is of utmost importance. As our cognitive function, emotional well-being and overall vitality are central and may affect the magnitude of the risk related to neuropathy (3).

In this collaborative review of the relationship between eating and brain health, we delve into the complex scientific data that emphasizes the effects of food on the brain. Understanding the deeper implications of food choices from nutrient dense foods to the potential pitfalls of certain eating behaviors is key to physical health, resilience and a beautiful state of mind promoting improvement, so it is important to unravel the threads that weave nutrition and muscle wellness together. Traditionally, food concepts were significantly associated with physical health and metabolic outcomes. However, a growing body of research indicates that what we eat significantly influences the complex biochemical pathways that govern brain activity (4–6). The brain, the most metabolically active organ, is extremely vulnerable to oxidative stress, inflammation, and the gradual accumulation of damage over time – all factors strongly associated with the development of neurodegenerative diseases (7). Beyond simply providing nutrition, our foods are now recognized as contributing significantly to preserving, and possibly enhancing, cognitive ability. This paradigm shift highlights the need for broader research into food structure and ability a can impact brain health across the lifespan. Historically, the fields of nutrition and neuroscience have served as distinct disciplines, with dietary theory largely tired of addressing physical health problems. But the last few decades have seen a paradigm shift beyond the traditional boundaries separating food and brain. We now appreciate the brain as a metabolic organ, responding in complex ways to the quality and composition of the fuel we provide. The realization that dietary patterns can have profound and lasting effects on cognitive functioning has led to new advances in nutritional neuroscience. Beyond their immediate livelihoods, food choices are widely recognized as craftsmen of long-term brain modification and plasticity Let us dig into the relationship between food patterns and brain health to see how it can promote safety Our insights our grasp of the topic extends beyond a reductive view of nutrients as mere building blocks. Rather, this broad perspective encompasses the complex fabric of interactions between metabolites derived from food and the molecular, cellular, and systemic processes that shape brain function Eating is not like not only as a source of energy but also as a modulator of inflammation, oxidative stress, and cellular repair mechanisms Acknowledge – Factors that play an important role in the pathogenesis and progression of neurological diseases As we begin this review, it is clear that relationships the intricacies of the interplay between food and brain health extend beyond basic nutritional principles. Dietary patterns are now recognized as modulators of inflammation, oxidative stress, and even gut microbiota composition—factors intriguingly associated with the onset and progression of neurodegenerative disorders (8). As we dive into the next sections, we embark on a journey through the growing understanding of the neuroprotective potential of particular food systems, the subtle effects of key nutrients on mood landscapes, food choice and the gut-brain barrier as a complex mediator between. In a world where the demographic pyramid is inverted and age-related neurodegeneration is seen as a dangerous enemy, dietary strategies for strengthening brain health are more than just academic excellence it is a social requirement. The landscape of brain health in the middle you can redefine. In doing so, we contribute to an ongoing narrative that holds the promise of healthy and resilient growth agendas for individuals and nations.



2 Mediterranean diet: a blueprint for neuroprotection

There are numerous diets that show positive effects on health, some of which seem to be closely linked to specific geographical areas. Diets are combinations of foods and beverages consumed by individuals and depend on many cultural, economic and other factors (9). The Mediterranean-style diet, based on the consumption of plant-based foods, healthy fats and moderate use of animal products, has gained wide recognition for its potential health benefits. The Mediterranean lifestyle is based on the traditional Mediterranean diet and includes preparing food, sharing food, harvesting, consuming local and seasonal produce, and frequent socializing with people of all ages and social classes while eating together. This dietary pattern has its roots in the traditional eating patterns of countries bordering the Mediterranean Sea. It continues to be a subject of scientific research today for its association with various health benefits. The Mediterranean diet offers a nutritional model that goes beyond mere sustenance. Scientific studies consistently highlight its potential to promote cardiovascular health, reduce inflammation and even influence cognitive function (Figure 1).
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FIGURE 1
 Representative image showcasing key components of the Mediterranean diet and their pivotal role in supporting mental health.


The neuroprotective efficacy of the Mediterranean diet is proven by its rich content of antioxidants, minerals and vitamins. The fruits and vegetables that form the basis of this diet provide a rich source of vitamins (such as vitamins C and E) and polyphenols, which are powerful scavengers of free radicals implicated in neuronal damage (10). The combined effects of these antioxidants go beyond their individual contributions, forming a robust defense against oxidative stress, which is a key factor in the cascade of events leading to neurodegeneration. The following section outlines the key components that make the Mediterranean diet a rich source of antioxidants. Therefore, the most important food-derived molecules for brain health are polyphenols. Infact, they are polyhedral compounds that have been shown to be highly beneficial in counteracting numerous processes including oxidative stress, inflammation and numerous degenerative processes, proving useful in the prevention and treatment of various brain disorders (11, 12) The potential of these compounds for the prevention and treatment of brain disorders is not only related to their ability to reach the brain, depending on their chemical structure, but also to their ability to modulate communication between the brain and the gut, interfering with multiple branches of this axis (12).

Extra virgin olive oil, a key component of the Mediterranean diet, is rich in polyphenols, tocopherols (vitamin E) and carotenoids. These antioxidants have been linked to anti-inflammatory and protective effects on the cardiovascular system (13). Olive oil provides a substantial source of monounsaturated fats, particularly oleic acid. This dietary component has been shown to possess anti-inflammatory properties and is associated with improved cognitive function. Olive oil’s unique combination of antioxidants and beneficial fats contributes to its neuroprotective effects, potentially mitigating the impact of age-related cognitive decline (14).

Furthermore, the daily use of a diverse range of fruit and vegetables, including tomatoes, berries, leafy greens and peppers makes this diet exceptionally capable of maintaining redox homeostasis. Indeed, these foods are rich in vitamins C and E, flavonoids and carotenoids and offer a diverse range of antioxidants (10).

Nuts and seeds, especially walnuts and almonds, are rich in antioxidants, including vitamin E and polyphenols. These foods contribute not only to the antioxidant profile, but also to heart-healthy fats in the diet (15). Nuts and seeds are rich in essential nutrients and bioactive compounds and, consequently, have attracted scientific interest as a potential source of neuroprotective agents (16). These small but dense nutritional powerhouses provide a variety of elements that support brain health and may play a role in the prevention of neurodegenerative diseases. Magnesium, found in many nuts and seeds, is essential for nerve function and the transmission of nerve signals. Optimal levels of magnesium are associated with maintaining a healthy nervous system, which in turn can reduce the risk of neurodegenerative diseases (17). Several nuts and seeds contain amino acids that act as precursors of neurotransmitters, the brain’s chemical messengers. For example, sunflower seeds contain tryptophan, a precursor of serotonin, which plays a role in mood regulation and may contribute to mental well-being (18).

The habitual use of herbs and spices, including oregano, thyme, rosemary and turmeric, enhances the flavor and antioxidant content of Mediterranean cuisine. For example, oregano is particularly rich in rosmarinic acid, a powerful antioxidant (19). Preclinical studies have shown that rosemary extracts have neuroprotective effects. The active compounds in rosemary have been shown to help protect neurons from damage, improve neuron survival and promote overall brain health. These effects are particularly relevant in the context of neurodegenerative disorders such as Alzheimer’s and Parkinson’s disease (20, 21). Preclinical studies have shown that rosemary extracts have neuroprotective effects. The active compounds in rosemary have also been shown to protect neurons from damage, increase neuron survival and promote overall brain health (22).

Oily fish, such as sardines and mackerel, are a key component of the Mediterranean diet and provide omega-3 fatty acids as well as selenium and astaxanthin, powerful antioxidants with anti-inflammatory properties (23). It is impossible to overestimate the neuroprotective potential of omega-3 fatty acids, especially docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). These essential fatty acids are integral to maintaining the structural integrity of neuronal membranes, modulating inflammation and promoting synaptic plasticity, all vital aspects of brain health and resilience (24). In this perspective, Godos and colleagues in a meta-analysis suggested that fish consumption is associated with a lower risk of cognitive impairment/decline in a dose–response manner (25). Considering that in the style of this diet physical activity and sport play an important role, it is worth underlining that omega-3 could play a beneficial role in this aspect as well (26).

Whole grains, including brown rice, quinoa and whole wheat, are a source of antioxidants such as ferulic acid and lignans, which contribute to the overall antioxidant richness of the diet (27). Whole grains, the main source of carbohydrates in the Mediterranean diet, contribute to the neuroprotective milieu by modulating glucose metabolism. Whole grains have a lower glycemic index than refined grains, resulting in sustained glucose release and the promotion of stable blood sugar levels. This controlled glucose metabolism is of great importance for the prevention of insulin resistance, which is a factor linked to cognitive decline and neurodegenerative disorders (7, 28). In addition to its nutritional components, the Mediterranean diet is also significant for the social and cultural aspects of eating. The convivial nature of shared meals, the variety of flavors and the incorporation of seasonal and locally sourced ingredients contribute to an overall approach to wellbeing characterized by a focus on the social and cultural aspects of eating. These aspects may also exert an indirect influence on stress levels and mental health, thus enhancing the neuroprotective potential of diet. These food components, which greatly benefit brain health, include vitamins, minerals, fatty acids, carotenoids, polyphenols, bioactive peptides, probiotics, creatine, and saponins (16, 29–31). A substantial body of epidemiological and clinical evidence has linked adherence to this dietary pattern with a reduction in the risk of cognitive decline, Alzheimer’s disease and other neurodegenerative disorders. These results highlight the practical relevance of adopting a Mediterranean-style diet for brain health in different populations. The intersection between diet and neurology has become a focal point of scientific investigation and, within this landscape, the Mediterranean diet has emerged as a topic of considerable interest for further investigation. Epidemiological studies analyzing the patterns, distribution and determinants of health and disease in populations have provided a substantial body of evidence supporting the idea that the Mediterranean diet exerts profound neuroprotective benefits (32).

Thus, the Mediterranean diet represents a paradigm for neuroprotection, integrating a complex network of antioxidant, anti-inflammatory, neurotrophic and socio-cultural components. Its comprehensive approach, which includes not only specific nutrients but also social and lifestyle factors, positions it as a highly effective ally in the quest for cognitive well-being and the prevention of neurodegenerative disorders.



3 Potential mechanisms linking the Mediterranean diet to brain function

Numerous observational studies had already indicated that specific foods or nutrients such as fish, unsaturated fatty acids, antioxidants, vitamins folates, carotenes and flavonoids may have a potential protective effect against dementia or cognitive decline (4). Unfortunately, all these data on isolated nutrients or foods so far seem conflicting. Compared to studies based on single nutrients, they ignore important interactions (additive, synergistic or antagonistic effects) between dietary components and, above all, people do not eat isolated nutrients (33). Therefore, studies based on the overall analysis of foods could explain the biological mechanisms for understanding the association between foods or nutrients in the Mediterranean diet as a potential for better brain health. Indeed, the role of nutrition and in particular the Mediterranean diet on cardiovascular events is well documented (34, 35) and a protective effect on brain disease should also be expected.

There are various mechanisms by which nutrition can influence the brain and prevent or slow down neuronal damage, among these we can remember the correct intake of minerals and vitamins cofactors of numerous biological brain processes (36). But the mechanisms most implicated in the process of neurodegeneration are oxidative damage implicated in the pathogenesis of AD and other neurological diseases, the Mediterranean diet is also a dietary model with antioxidant properties (37). Furthermore, inflammation is another mechanism involved in the pathogenesis of neurodegenerative diseases that, in general, is reduced with greater adherence to the Mediterranean diet (37).

Recent data indicate that the Mediterranean diet exerts beneficial effects on gene expression through epigenetic modifications, offering protection against chronic diseases and inflammation. The data highlight how key components of the Mediterranean diet, such as polyphenols, monounsaturated fatty acids, and phytonutrients from fruits and olive oil, modulate gene expression through DNA methylation and histone modification. These epigenetic mechanisms reduce inflammation and positively influence metabolic pathways related to disease prevention, highlighting the role of the diet in supporting long-term health (20).

The Mediterranean diet also supports anti-aging processes through specific epigenetic mechanisms, as highlighted by Calcaterra et al. Key bioactive compounds, such as polyphenols, omega-3 fatty acids, and micronutrients, contribute to DNA methylation, histone modification, and regulation of non-coding RNAs, which are critical for modulating gene expression. These compounds work to reduce pro-inflammatory genes and increase antioxidant pathways, effectively reducing inflammaging. By acting on pathways related to cellular stress response, apoptosis, and immune regulation, the Mediterranean diet demonstrates a broad epigenetic influence that promotes healthy aging and chronic disease prevention (38).

An interesting and increasingly recognized mechanism in the scientific community is the role of nutrition in maintaining and enhancing microbiota, which has a beneficial impact on both nervous and psychological functions. The gut-brain axis, a bidirectional communication network between the gut and the brain, plays a fundamental role in this interaction. A well-balanced microbiota is essential to produce neuromodulatory molecules, such as serotonin and short-chain fatty acids, which directly influence mood, cognitive function and emotional well-being (39). Numerous studies have shown that typical foods of the Mediterranean diet, rich in fiber, polyphenols, omega-3 fatty acids and fermented products, promote intestinal homeostasis. These dietary elements support the growth of beneficial bacteria, reduce inflammation and promote the production of metabolites that act as signaling molecules, helping to improve intestinal health and, consequently, brain function (40).



4 Interactions between dietary components and their impact on brain health

Several studies suggest that the impact of dietary patterns on brain health is not attributable solely to single nutrients, but rather to complex interactions between multiple dietary components. These interactions can modulate the bioavailability, metabolism, and bioactivity of nutrients, influencing their neuroprotective potential. For example, the combination of polyphenols from fruits and vegetables with omega-3 fatty acids, commonly present in the Mediterranean diet, has been shown to exert synergistic effects, improving antioxidant capacity and reducing neuroinflammation (41).

In addition, dietary fiber plays a crucial role in modulating gut-brain communication, as it influences the production of short-chain fatty acids (SCFA) by the gut microbiota. These metabolites have been implicated in modulating neuroinflammatory pathways and maintaining the integrity of the blood–brain barrier (42). When fiber intake is combined with polyphenol-rich foods, such as berries, the bioavailability and activity of these compounds can be improved due to their interaction with the gut microbiota, leading to a more significant effect on cognitive function. Furthermore, some fibers, such as pectin, appear to have effects on neurons (43).

The combination of dietary components also affects the regulation of neurotransmitter synthesis. For example, the presence of certain amino acids, such as tryptophan, together with antioxidant-rich foods can support serotonin production and reduce oxidative stress in neural tissues (44). This interaction suggests that combinations of nutrients may have a more substantial effect on mood and cognitive function than single nutrients alone.



5 Food emerges as a support to the Mediterranean diet for brain health

Certain foods are emerging as potential supporters of brain health. In fact, the Mediterranean diet is being enriched with foods not typically found in the Mediterranean basin and together with an increased awareness of the population, this diet is gradually becoming more robust.

This paradigm shift emphasizes the need for a holistic approach to health, in which nutritional choices are fundamental to cognitive function. The idea that food can serve to promote brain health is consistent with the growing body of evidence emphasizing the complex interconnection between nutrition and cognitive well-being. The realization that food choices can impact brain function and may have long-term implications for neurological health is a significant and evolving aspect of contemporary scientific understanding.

The following section will describe the dietary habits of the Mediterranean population, with a particular focus on foods that are becoming increasingly prevalent in their diets. These foods present a potential avenue for enhancing the diet with novel health elements that may also exert beneficial effects on cognitive function.


5.1 Seaweed

The term “seaweed” is used to describe a diverse range of marine algae that thrive in oceanic environments. These organisms are not true plants, but are simple, photosynthetic organisms that play a crucial role in marine ecosystems. Seaweeds can be classified into three principal groups on the basis of their color: red, green, and brown algae. Red algae are typically found in deeper waters and are characterized by the presence of red pigments. Notable examples include dulse and nori, which is a common ingredient in sushi. Green algae are typically found in shallow waters and often exhibit pigmentation patterns like those observed in terrestrial plants. An exemplary of this category is sea lettuce. Brown algae are typically found in colder waters. They can reach considerable size and are known for their brownish color. Notable examples include kelp, which can form dense underwater forests. The nutrient content of seaweed may contribute to brain health. Although the direct impact of seaweed on the brain may not have been as extensively studied as that of other foods, it offers several elements that can contribute to overall cognitive well-being. Some varieties of seaweed, including algae, are notable for their high omega-3 fatty acid content. These fatty acids, particularly docosahexaenoic acid (DHA), are essential for optimal brain health and are known to support cognitive functions (45). Additionally, seaweed is a rich source of iodine, a vital mineral for the optimal functioning of the thyroid gland. The thyroid gland is responsible for the production of hormones that are integral to brain development and function. Therefore, it is crucial to maintain optimal levels of iodine to ensure cognitive health. Seaweed contains a variety of vitamins and minerals, including vitamin B12, vitamin C, calcium, and iron, which are vital for overall health and cognitive function. Some seaweeds contain antioxidants that can help protect the brain from oxidative stress, which is associated with aging and certain neurodegenerative conditions (46). It is important to note that while seaweed can be a nutritious addition to a balanced diet, excessive consumption should be avoided. Some types of seaweed can be high in iodine, and an excessive intake of iodine may have adverse effects on thyroid function.



5.2 Blackcurrant

Blackcurrants are rich in various nutrients and compounds that can contribute to overall health, including brain health. Blackcurrants are high in antioxidants, including anthocyanins, flavonoids, and vitamin C (47) which is not only a powerful antioxidant but also plays a role in collagen synthesis. Collagen is essential for the health of blood vessels, including those in the brain. The deep purple color of blackcurrants is due to the presence of anthocyanins, which have been linked to improved cognitive function. Research suggests that anthocyanins may help protect the brain from inflammation and oxidative stress (48). Blackcurrants contain polyphenolic compounds, which have been associated with various health benefits, including anti-inflammatory effects. Chronic inflammation is implicated in several neurodegenerative diseases, so consuming foods rich in polyphenols may support brain health. Blackcurrants contain vitamin K, which is important for maintaining brain health (10). Vitamin K is involved in the synthesis of sphingolipids, a type of lipid found in high concentrations in the brain.



5.3 Lion’s mane mushroom

Lion’s Mane Mushroom (Hericium erinaceus) is a type of mushroom that has been employed in certain traditional medical practices, particularly in Asian cultures. It has attracted attention for its potential health benefits, including those that may be related to brain health. While research is ongoing, some studies and anecdotal evidence suggest several potential associations between lion’s mane mushroom and brain health. The Lion’s Mane Mushroom contains compounds that have been demonstrated to stimulate the production of Nerve Growth Factor (NGF) (49). Nerve growth factor (NGF) is a protein that plays a pivotal role in the growth, maintenance, and survival of nerve cells, thereby potentially supporting brain health. A number of studies, primarily conducted in animal models, have indicated that lion’s mane mushroom may have cognitive-enhancing effects. These effects may be related to the mushroom’s potential to support neurogenesis (the growth and development of neurons) and protect against neuronal damage (50). The Lion’s Mane Mushroom displays antioxidant and anti-inflammatory properties, which are vital for the protection of the brain from oxidative stress and inflammation. Chronic inflammation and oxidative stress have been linked to a number of neurological disorders (51). The available evidence suggests that Lion’s Mane Mushroom may have a beneficial effect on memory and learning abilities. Nevertheless, further research, particularly in human subjects, is required to establish a definitive correlation.



5.4 Chia seeds

Chia seeds are minute black or white seeds that originate from the Salvia hispanica plant, which is indigenous to regions of Central and South America. The seeds have gained popularity as a nutritious addition to various diets due to their rich nutritional profile. Although research specifically examining the impact of chia seeds on the brain is limited, their overall nutritional content may contribute to brain health in several ways. In the APP23 model of Alzheimer’s disease, it was observed that chia seeds were capable of enhancing spatial learning deficits without negatively affecting cognitive flexibility. This improvement is likely associated with enhanced glucose tolerance, reduced corticosterone levels, and the reversal of the SRD-induced rise in proinflammatory cytokine levels (52). Chia seeds are a plant-based source of alpha-linolenic acid (ALA), which is a type of omega-3 fatty acid. Omega-3 fatty acids are essential for optimal brain health. While ALA is not as potent as the omega-3 s found in fish (EPA and DHA), it still plays a role in supporting overall well-being. Chia seeds contain a variety of antioxidants, including chlorogenic acid and quercetin. Antioxidants assist in the protection of the brain from oxidative stress, which has been demonstrated to contribute to the aging process and the development of neurodegenerative diseases (53). Chia seeds are a rich source of dietary fiber. A healthy digestive system is linked to better brain health. Some research suggests that gut health may have indirect effects on brain function through the gut-brain axis (54). Chia seeds are a relatively rich source of protein and also provide a number of essential nutrients, including calcium, magnesium and phosphorus. These nutrients are vital for overall health, including that of the brain.




6 Challenges and future directions

It is critical to recognize the importance of nutrition to the brain and its influence on cognitive function. While nutritional neuroscience research continues to yield significant insights, the role of marketing in the brain health space is becoming increasingly critical. Despite advances in food quality and a more complete understanding of the nutritional needs of the human body, a knowledge gap persists regarding the precise nutritional requirements of the brain. One of the major challenges in clarifying the relationship between nutrition and brain health is that there is an intricate interplay of cause and effect, which occurs over time. The brain is a metabolically active organ that requires a constant supply of nutrients to maintain optimal functioning. It is therefore reasonable to conclude that fueling the brain is important at all stages of life. However, providing healthy foods does not necessarily guarantee successful brain development or maintenance of optimal brain function into adulthood. It is now well established that the number of neurons in the brain is established at birth, with the vast majority of these cells present from the moment of conception. However, the development of synapses, or connections between neurons, continues throughout the first 2 years of life. It is important to note that while some foods and dietary patterns have been shown to have beneficial effects, no single food can guarantee optimal brain health. Lifestyle factors, including physical activity, adequate sleep, stress management, and overall mental well-being, also play a significant role in cognitive function.

One of the primary challenges lies in the considerable variability observed in individual responses to dietary interventions. Many factors contribute to this complexity, including genetic predisposition, composition of the gut microbiota, and lifestyle variables. It is therefore essential to design personalized dietary strategies that account for these individual differences to optimize outcomes and ensure the practical applicability of dietary recommendations. The sustainability of dietary patterns represents a significant challenge. Long-term adherence to dietary regimens may prove challenging for many individuals due to various factors, including lifestyle, taste preferences and social dynamics. It is therefore essential to identify ways of enhancing adherence, whether through modified dietary approaches or behavioral interventions, to realize the potential long-term benefits. Although preclinical studies and observational data offer valuable insights, the translation of these findings into evidence-based dietary recommendations necessitates the implementation of rigorous clinical trials. It is imperative that well-designed, long-term studies that incorporate diverse populations, consider confounding variables, and employ standardized methodologies are conducted. Such trials are vital for establishing causal relationships, determining optimal dietary compositions, and addressing the limitations of current research. The combined and interactive effects of different dietary components present a complex challenge to researchers. It is of the utmost importance to gain an understanding of how different nutrients, bioactive compounds and dietary patterns interact with one another within the complex milieu of brain health. An investigation into these interactions will facilitate the formulation of comprehensive dietary recommendations that capitalize on the collective benefits of diverse dietary components. It is of the utmost importance to advance our mechanistic understanding of how specific dietary components exert their effects on the brain. A deeper comprehension will be achieved through the elucidation of the cellular and molecular pathways through which nutrients, bioactive compounds, and dietary patterns influence neuroprotection. This knowledge is fundamental to the development of targeted interventions and pharmacological strategies that mimic the beneficial effects of certain dietary elements. The possibility of tailoring dietary interventions to specific neurodegenerative diseases represents a promising avenue for further investigation. The pathological mechanisms underlying different conditions, such as Alzheimer’s, Parkinson’s, and Huntington’s diseases, are distinct. The design of dietary strategies that target disease-specific vulnerabilities and mechanisms offers a promising avenue for precision medicine approaches in the prevention and management of neurodegenerative disorders. It is of paramount importance to ensure that neuroprotective dietary strategies are made accessible to diverse populations. It is of the utmost importance to address the issues of affordability, food availability and cultural acceptability in order to ensure the success of public health initiatives. The integration of dietary recommendations into existing public health frameworks will enhance the reach and impact of these interventions, as well as facilitate the development of strategies that are more effective in promoting healthy eating habits. The relationship between diet and brain health is a complex and evolving field of study. It is imperative to address the challenges posed by individual variability, long-term adherence, and the necessity for rigorous clinical evidence. As research progresses, a sophisticated comprehension of the impact of diet on brain health will inform the formulation of bespoke, culturally appropriate and evidence-based strategies for the prevention and management of neurodegenerative diseases. It is anticipated that interdisciplinary collaboration between nutritionists, neuroscientists, clinicians and public health experts will prove pivotal in determining the future direction of this field.



7 Conclusion

In the complex relationship between diet and brain health, our research in the fields of neuroscience and nutrition has revealed a sophisticated web of influences that extend far beyond the mere sustenance of the body. As we traverse this expansive landscape, it becomes evident that dietary choices exert a profound impact on the molecular, cellular, and systemic processes that underpin cognitive function. From the rich and diverse antioxidants present in the Mediterranean diet to the neurotrophic effects of omega-3 fatty acids, each nutrient and dietary pattern contributes to a complex interplay of effects that collectively fortify the brain against the ravages of neurodegeneration. The Mediterranean diet, which has been lauded as a model for neuroprotection, incorporates a variety of antioxidants, healthy fats, and culinary diversity. This dietary paradigm challenges the reductionist view of nutrients as mere fuel, instead positioning them as sculptors of long-term resilience. In addition to providing immediate sustenance, the Mediterranean diet nurtures the brain through the antioxidative properties of fruits and vegetables, the omega-3 fatty acids found in fatty fish, the stable glycemic index of whole grains, and the neuroprotective effects of olive oil. It is not merely a nutritional guide; rather, it is a cultural and lifestyle compass that underscores the holistic nature of well-being. Omega-3 fatty acids, as key nutrients for brain nourishment, have been demonstrated to extend their reach from providing structural foundations to offering neurotrophic support. Their pivotal role in maintaining neuronal membrane integrity, modulating inflammation and supporting synaptic plasticity renders them indispensable to cognitive resilience. In addition to providing nutrients, marine sources such as omega-3 fatty acids also offer protection against cognitive decline. The domain of nutrients as neuroprotectors is vast and encompasses a coalition of antioxidants, vitamin D, and other compounds that collectively combat oxidative stress and inflammation. Antioxidants, in the form of vitamins C and E, act as sentinels against free radicals. Vitamin D, which has been traditionally associated with bone health, has been shown to possess anti-inflammatory and immunomodulatory properties. The B vitamin group is responsible for regulating homocysteine, while zinc and selenium act as trace element allies. Polyphenols, meanwhile, function as modulators of inflammation and oxidative stress. In this symphony, each nutrient performs a specific yet interrelated function in maintaining the brain’s vitality. As we stand at this juncture of synthesis, we are confronted with a number of challenges and must consider future directions. The interplay of dietary factors on brain health is a complex phenomenon, and our understanding of this intricate process must transcend reductionist approaches. Individual variability necessitates the implementation of personalized approaches, long-term adherence requires the development of innovative strategies, and the necessity for rigorous clinical trials demands a commitment to evidence-based practice. The interactions between dietary components, ethical considerations and cultural sensitivity highlight the need for a holistic and inclusive approach. The vision for the future encompasses a comprehensive understanding of dietary influences across the lifespan, with lifecourse perspectives, disease-specific approaches and public health integration representing integral components of this narrative. As research unveils the mechanistic intricacies of dietary effects on the brain, the promise of accessible, personalized, and evidence-based interventions emerges as a beacon of hope amidst the challenges.

In conclusion, the relationship between diet and brain health can be described as one of resilience, adaptability, and interconnectedness. This narrative extends beyond the reductionist view of nutrients and dietary patterns, integrating cultural, lifestyle, and molecular elements into a comprehensive account of cognitive resilience. As the chapters of research continue to unfold, the symphony of dietary strategies in neuroprotection continues to play, promising a harmonious and resilient cognitive landscape for individuals and societies alike. The nexus of nutrition and neuroscience, in its complexity and diversity, serves as an exemplar of the potential for transformative interventions that transcend the boundaries of conventional healthcare. The journey continues, and with each discovery, we approach a future in which nourishing the mind is not merely a dietary consideration, but a societal imperative.

In this synthesis of nutrition and neuroscience, we posit that future dietary strategies will transcend mere sustenance, becoming integral components of holistic approaches to brain health. The potential for accessible, personalized, and evidence-based interventions offers a source of hope in the context of the growing challenges posed by neurodegenerative diseases. As the chapters of research continue to unfold, the story of diet and brain health remains to be written, offering the promise of a healthier and more resilient cognitive landscape for individuals and societies alike.
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Background: This study aims to examine the association between gut microbe-dependent trimethylamine N-oxide (TMAO) and its precursors (choline, betaine, and carnitine) levels and mild cognition impairment (MCI), alongside changes in the Chinese version of the Montreal Cognitive Assessment-Basic (ΔMoCA-BC) score in rural adults.
Methods: Drawing data from a large-scale epidemiological study conducted in rural areas of Fuxin County, Liaoning Province, China. 1,535 participants free from brain-related ailments were initially surveyed. MCI was assessed through the MoCA-BC score. Logistic regression models and restricted cubic spline were used to investigate the association between TMAO and its precursors levels and MCI. Additionally, the association between TMAO and its precursors levels and ΔMoCA-BC was analyzed using a generalized linear model in the longitudinal study.
Results: The average age of the study participants was 58.6 ± 9.4 years and the prevalence rate of MCI was 34.5%. With the second quartile as the reference in the logistic regression model, the OR for risk of MCI in the highest quartile for TMAO, betaine, and carnitine was 1.685 (95% CI: 1.232–2.303, p = 0.001), 2.367 (95% CI: 1.722–3.255, p < 0.001), and 2.239 (95% CI: 1.742–3.295, p < 0.001), respectively. The OR of choline for the highest versus lowest quartile was 2.711 (95% CI: 2.012–3.817, p < 0.001) for the risk of MCI. We find a J-shaped association between betaine (Pnon-linear = 0.001) and carnitine (Pnon-linear = 0.003) levels and MCI. Furthermore, TMAO and its precursors levels were associated with ΔMoCA-BC in the third and fourth quartiles group (All p < 0.05).
Conclusion: The findings suggest the existence of an optimal concentration range for serum levels of TMAO, betaine, and carnitine that mitigates MCI risk, paving the way for enhanced dietary interventions aimed at preventing and treating MCI.

Keywords
 trimethylamine N-oxide; TMAO; mild cognition impairment; MCI; MoCA-BC; choline; betaine; carnitine


1 Introduction

Dementia represents a leading cause of disability among individuals aged 65 and older globally (1). In China, approximately 15.07 million individuals aged 60 and above are affected by dementia, which constitutes about 25.5% of the worldwide dementia population (2). Currently, there is no specific pharmacological treatment for dementia (3), underscoring the importance of early prevention and intervention. Mild cognitive impairment (MCI) is recognized as a transitional phase between normal cognitive aging and dementia, placing individuals in this category at a heightened risk for developing dementia (4, 5). Research indicates that the annual conversion rate from MCI to dementia is tenfold higher than that of cognitively normal individuals (4–6). Extensive population surveys have reported a concerning MCI prevalence rate of 15.5% in China, equating to approximately 38.77 million affected individuals (4). Traditional risk factors for MCI, including a family history of dementia, hypertension, and diabetes, account for only a portion of MCI cases (7, 8). Therefore, it is crucial to identify additional factors that may influence the onset of MCI.

Trimethylamine N-oxide (TMAO) is a bioactive compound primarily synthesized through the metabolic activities of gut microbiota in the human body (9). Mounting evidence has linked TMAO and its precursors to neurocognitive disorders, notably MCI (10, 11). Through the enzymatic processing of dietary components such as carnitine, choline (including choline-containing compounds like phosphatidylcholine), and betaine (a product of choline metabolism pathway), the intestinal microbiome generates trimethylamine (TMA) within the intestinal lumen (12–14), subsequently, TMA undergoes absorption within the intestines and is ferried to the liver via the portal venous circulation, where flavin-containing monooxygenase subtypes 3 (FMO3) catalyze its oxidation into TMAO (15, 16).

In recent years, research has suggested that elevated plasma TMAO levels may infiltrate the central nervous system, triggering neuroinflammation and immune responses, and impairing the integrity of the blood–brain barrier (17). However, the findings of published studies are currently inconsistent and the underlying mechanisms are still unclear (18–21). With limited studies conducted in China, where TMAO and its precursors are influenced by diverse factors including geographical variations, dietary habits, and gut microbiota composition, our study aims to explore the association between serum TMAO and its precursors with MCI, and further investigate their potential impact on the dynamic changes in MoCA-BC score. This study not only supplements evidence from large-scale population studies in rural China of the relationship between TMAO and its precursors and MCI but also holds promise for future MCI prevention and management strategies through dietary modulation of TMAO and its precursors.



2 Materials and methods


2.1 Study population

We derived the data from a large-scale epidemiological study in the rural areas of Fuxin County, Liaoning Province, China. The baseline survey was conducted from June to August 2019. The selection of natural villages, questionnaire survey, physical examinations, and other information for this study can all be referenced from the previously published literature by our research group (22–24). Participants were eligible if: (1) they were 35 years of age or older; (2) residency in the study area for a minimum of 5 years; (3) they were willing to sign informed consent to participate in the study. Participants who were pregnant, suffered from severe liver or kidney dysfunction, or were unwilling to participate in this study were excluded (22). Finally, 4,689 participants were recruited as the study population. The follow-up survey was conducted between June and August 2021, adhering to the same inclusion and exclusion criteria as established during the baseline survey. Written informed consent was obtained from all participants. This study was approved by the human experimentation committee of China Medical University [(2018)083] (23, 24).

The flowchart detailing the inclusion and exclusion criteria for this study is presented in Figure 1. Out of a total of 4,689 participants, 2,790 were excluded due to the absence of data on TMAO and its precursors. Additionally, 163 participants were excluded based on self-reported histories of stroke, dementia, depression, brain trauma, and brain tumors, while 201 individuals diagnosed with potential dementia were also excluded. Consequently, 1,535 participants were retained for the cross-sectional study. To further assess changes in cognitive function scores among the participants, 139 individuals lacking MoCA-BC scores were excluded during the follow-up phase, along with 28 participants who developed new cases of stroke and dementia. Ultimately, 1,368 participants were included in the longitudinal study.

[image: Flowchart detailing a participant selection process for a study. Initially, 4,689 participants from Fuxin were considered. 2,790 were excluded for missing blood test data. Of 1,899 with complete data, 201 with potential dementia and 163 with self-reported brain disorders were excluded. 1,535 participants were categorized into normal cognition (1,005) and mild cognitive impairment (530) for cross-sectional analysis. For follow-up, 139 were excluded for missing data, and 45 for new strokes or dementia. 1,368 participants remained for the longitudinal study.]

FIGURE 1
 Flow diagram for the inclusion/exclusion of participants. TMAO, trimethylamine N-oxide; MCI, mild cognitive impairment; MoCA-BC, the Chinese version of the Montreal Cognitive Assessment-Basic.




2.2 Measurements of TMAO and its precursors

High-performance liquid chromatography–tandem mass spectrometry (HPLC-MS/MS, Shimadzu, Japan) was employed to quantify serum levels of TMAO and its precursors. Fasting venous blood samples were collected from subjects and subsequently centrifuged at 3000 rpm for 10 min. A volume of 500 μL of the upper serum layer was extracted and stored at −80°C. For the analytical procedure, 10 μL of serum was diluted 50-fold with a standard solution, vortexed for 3 min to ensure thorough mixing, and then centrifuged at 15,000 rpm for 15 min at 4°C to isolate the supernatant. The supernatant was then filtered through a 0.22 μm hydrophobic nylon membrane. Finally, 100 μL of the filtered serum was transferred into a 1.5 mL sample vial for analysis via HPLC-MS/MS.

Chromatographic separations were performed using an ACQUITY UPLC HSS T3 column (1.7 μm, 2.1 mm × 100 mm; Waters, United States). The injection volume was set at 2 μL, and the column temperature was maintained at 40°C. The mobile phases comprised phase A, consisting of 10 mmol/L ammonium formate, 0.1% formic acid, and a solvent mixture of acetonitrile and water in a 9:1 ratio, and phase B, which contained 5 mmol/L ammonium formate, 0.1% formic acid, and a solvent mixture of acetonitrile and water in a 1:1 ratio. Phase B, the aqueous component, was gradually increased over time to achieve gradient elution. Specifically, from 0.0 to 2.0 min, phase B was maintained at 10%; from 2.0 to 6.0 min, phase B was linearly increased from 10 to 45%; from 6.0 to 6.1 min, phase B was linearly increased from 45 to 100%; from 6.1 to 8.1 min, phase B was held at 100%; from 8.1 to 8.2 min, phase B was decreased from 100% back to 10%; and from 8.2 to 10.0 min, phase B was maintained at 10%. The system was equilibrated for 2.5 min, resulting in a total runtime of 10 min per sample, with a flow rate of 0.4 mL/min (split ratio 5:3).

Reference standards for each metabolite were utilized to accurately determine the chromatographic retention times and to optimize the mass spectrometry parameters. The electrospray ionization source was employed with an impact voltage of 20 eV in positive ion mode. Multiple reaction monitoring (MRM) was implemented, with operating conditions that included a drying gas flow rate of 3 L/min, an atomizer pressure of 50 psi, a drying temperature of 350°C, and a capillary voltage of 3,500 V. The linear range of detection was established between 0.16 and 20.00 μmol/L, demonstrating an excellent correlation coefficient (r2 = 0.999). Furthermore, the recovery rates for the metabolites ranged from 90.2 to 102.1%.



2.3 MoCA-BC test and diagnosis of MCI

The MoCA-BC is utilized as a screening instrument for MCI among elderly Chinese individuals with varying levels of educational attainment (25, 26). This assessment evaluates nine cognitive domains: executive function, language, orientation, calculation, conceptual thinking, memory, visual perception, attention, and concentration, with a maximum total score of 30 points (26). The scoring framework classifies individuals into categories of normal cognition (NC), MCI, and potential dementia, stratified by years of education (22, 27): (1) For individuals with ≤6 years of education, scores ranging from 19 to 30 indicate NC, scores from 13 to 18 suggest MCI, and scores from 0 to 12 are indicative of potential dementia; (2) For those with 7 to 12 years of education, scores of 22 to 30 denote NC, scores from 15 to 21 indicate MCI, and scores from 0 to 14 suggest potential dementia; (3) For individuals with over 12 years of education, scores ranging from 24 to 30 represent NC, scores from 16 to 23 indicate MCI, and scores from 0 to 15 are indicative of potential dementia.

In the cross-sectional study, we used the MoCA-BC to screen for NC, MCI, and potential dementia, excluding patients with potential dementia. Simultaneously, this study also focused on ΔMoCA-BC during the follow-up period, and the ΔMoCA-BC was calculated by subtracting the baseline MoCA-BC score from the follow-up MoCA-BC score.



2.4 Covariates

We collected information on participants’ age, gender, ethnicity, education level, family income, physical labor level, smoking, and drinking habits through face-to-face questionnaires (23). Because the local is a Mongolian autonomous county, the proportion of Mongolian is relatively high and the living habits are different from those of the Han. Therefore, the nationalities were divided into three groups: Han, Mongolian, and Others. Income was divided into three levels: less than 10,000 yuan (low-income group, lower than the average income of local residents), 10,000 to 30,000 yuan (middle-income group), and more than 30,000 yuan (high-income group, lower than the average income of local residents). Educational level was divided into three categories: primary school and below, middle school, and high school or above. Physical labor level was classified into three tiers: light, moderate, and heavy. Smokers were categorized as individuals who consumed at least one cigarette daily for a minimum of 6 months. According to the Dietary Guidelines for Chinese Residents and considering the long-term effects of alcohol consumption, drinkers were defined as individuals who consumed alcohol at least 3 times per week for at least 6 consecutive months.

In addition, Height and weight were measured using a calibrated domestic height and weight measurement instrument (Sitai Corporation, China). Body mass index (BMI) was calculated in terms of weight (kg)/height (m)2. Fasting blood glucose was determined using the glucose oxidase method, triglycerides (TG) were measured using colorimetric method, and total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), and high-density lipoprotein cholesterol (HDL-C) were measured using enzymatic colorimetric method. The above blood parameters were analyzed using the Cobas 8,000 C701 fully automated biochemical analyzer (Roche, Switzerland). Blood pressure was measured using the HEM-8102A/K electronic blood pressure monitor (Omron Corporation, Japan). Three measurements were taken, with an interval of more than 1 min between each measurement, the systolic blood pressure (SBP) and diastolic blood pressure (DBP) were calculated as the average of the three measurements.



2.5 Statistical analysis

Both TMAO and its precursors were converted into categorical variables by the interquartile range and grouped as follows: TMAO (Q1: < 2.24 μmol/L, Q2: 2.24–4.26 μmol/L, Q3: 4.27–7.75 μmol/L, Q4: > 7.75 μmol/L), choline (Q1: < 118.11 μmol/L, Q2: 118.11–162.40 μmol/L, Q3: 162.41–270.17 μmol/L, Q4: > 270.17 μmol/L), betaine (Q1: < 69.24 μmol/L, Q2: 69.24–92.50 μmol/L, Q3: 92.51–119.67 μmol/L, Q4: > 119.67 μmol/L), carnitine (Q1: < 40.09 μmol/L, Q2: 40.09–51.18 μmol/L, Q3: 51.19–70.90 μmol/L, Q4: > 70.90 μmol/L).

Continuous variables are represented as the mean ± standard deviation (SD) or medians (interquartile ranges, IQR), and categorical variables are reported as frequencies (percentages). The comparison of baseline characteristics between MCI and NC groups was conducted using Student’s t-test, Mann–Whitney U test, or chi-square test. We used a binary logistic regression model to analyze the association between the levels of TMAO and its precursors and MCI, adjusting for covariates including age, sex, BMI, smoking, drinking, education level, SBP, DBP, fasting glucose, triglyceride, and total cholesterol. Odds ratios (OR) and their 95% confidence intervals (CI) were calculated. TMAO and its precursors were entered into the model as categorical variables, with Q2 (lowest prevalence) as the reference group for TMAO, betaine, and carnitine, and Q1 as the reference group for choline. Additionally, we used restricted cubic spline (RCS) based on the logistic regression model, adjusting for the same confounding factors, and using the 25th, 50th, and 75th percentiles as the nodes for the concentration levels of TMAO and its precursors. We also conducted subgroup analyses based on gender and age among the study participants. In the longitudinal study, we used generalized linear models to investigate the association between TMAO and its precursors and ΔMoCA-BC. All statistical analyses were performed using R software (version 2.2.3) and IBM SPSS statistical software (version 25.0).




3 Results


3.1 Characteristics of the study population

Table 1 presents a detailed summary of the key demographic and biochemical characteristics of the study. Among the 1,535 participants at baseline, the mean age was 58.6 ± 9.4 years, with 1,038 individuals (67.6%) identified as female. A total of 530 participants were diagnosed with MCI, yielding a prevalence rate of 34.5%. Comparative analyses indicated notable differences between the MCI and NC groups, with MCI participants generally being older, having a higher proportion of females, lower BMI, reduced educational attainment, a greater prevalence of smoking, elevated fasting blood glucose levels, increased SBP, and higher total cholesterol levels. Although no significant difference in TMAO levels [median (IQR)] was observed between the NC and MCI groups [3.84 (2.24, 7.06) vs. 4.40 (2.14, 8.08), p = 0.084], quartile transformation revealed that TMAO levels were significantly higher in the MCI group (p = 0.012). In contrast, levels of choline, betaine, and carnitine were consistently higher in the MCI group, regardless of whether they were analyzed as continuous or categorical variables (see Table 1 and Figure 2).



TABLE 1 Demographic and biochemical characteristics of the participants between controls and cases of MCI at baseline.
[image: A detailed table compares demographic, socioeconomic, and biochemical factors among three groups: Total (n=1,535), Normal Cognition (NC) (n=1,005), and Mild Cognitive Impairment (MCI) (n=530). Variables include age, gender, BMI, education, ethnicity, income, physical labor level, smoking status, and various biochemical markers. Significant differences are noted in age, gender, BMI, education, smoking status, fasting glucose, blood pressure, triglycerides, cholesterol levels, TMAO, choline, betaine, and carnitine levels, highlighted by p-values.]

[image: Violin plots compare concentration levels of TMAO, Choline, Betaine, and Carnitine between NC (normal controls) and MCI (mild cognitive impairment). TMAO shows no significant difference (P = 0.084), while Choline, Betaine, and Carnitine levels are significantly higher in MCI with P-values less than 0.001 and 0.012 respectively.]

FIGURE 2
 Comparison of TMAO and its precursors levels between MCI group and NC group. TMAO, trimethylamine N-oxide; NC, normal cognition; MCI, mild cognitive impairment. p values are calculated by Mann–Whitney U test.




3.2 Association between TMAO and its precursors with MCI

As shown in Table 2, the prevalence of MCI exhibited a distinct trend across quartiles for TMAO, betaine, carnitine, and choline. Following adjustment for pertinent confounding variables, with Q2 serving as the reference for TMAO, participants in the Q1 group faced a 50.4% higher MCI risk (OR: 1.504, 95% CI: 1.107–2.045, p = 0.009). Similarly, elevated MCI risks were evident in Q3 (OR: 1.406, 95% CI: 1.031–1.917, p = 0.031) and Q4 (OR: 1.685, 95% CI: 1.232–2.303, p = 0.001) groups for TMAO. Concerning betaine and carnitine, individuals within the Q4 group exhibited a 136.7% higher risk of MCI for betaine (OR: 2.367, 95% CI: 1.722–3.255, p < 0.001) and a 123.9% higher risk of MCI for carnitine (OR: 2.239, 95% CI: 1.742–3.295, p < 0.001) compared to those in the Q2 group. The risk of MCI associated with betaine and carnitine levels corresponded consistently with that of TMAO. These findings suggest an optimal concentration range for TMAO, betaine, and carnitine in MCI prevention, with concentrations below or above this range potentially escalating MCI risk. In contrast, choline showcased a distinctive pattern, with progressively escalating MCI risk across quartiles. Compared to the lowest Q1 group, the MCI risk surged in the Q2 (OR: 1.555, 95% CI: 1.139–2.124, p = 0.005), Q3 (OR: 2.040, 95% CI: 1.489–2.794, p < 0.001), and Q4 (OR: 2.711, 95% CI: 2.012–3.817, p < 0.001) groups in the adjusted model.



TABLE 2 Association between serum TMAO and its precursors levels and prevalent MCI.
[image: Table showing odds ratios and confidence intervals for the association between metabolite levels (TMAO, choline, betaine, carnitine) and mild cognitive impairment. Each metabolite is divided into quartiles with corresponding odds ratios in Model 1 and Model 2, both unadjusted and adjusted for various factors, alongside their p-values. The table includes columns for total number of participants, number and percentage with mild cognitive impairment (MCI), and statistical significance indicators. Definitions and abbreviations are provided at the bottom.]

Additionally, employing multivariable-adjusted restricted cubic spline plots (refer to Figure 3), no significant association was observed between TMAO and MCI (P overall = 0.265). While choline exhibited a linear relationship with MCI (P non-linear = 0.781), both betaine (P non-linear = 0.001) and carnitine (P non-linear = 0.003) showcased a J-shaped association with MCI, indicating complex dynamics.

[image: Four line graphs show the relationship between biomarkers and odds ratios (OR) for mild cognitive impairment (MCI). Each graph plots OR with 95% confidence intervals. Top left: TMAO vs. OR, no significant non-linearity. Top right: Choline vs. OR, significant linearity. Bottom left: Betaine vs. OR, significant non-linearity. Bottom right: Carnitine vs. OR, significant non-linearity. Each graph includes p-values for overall effect and non-linearity, with shaded areas representing confidence intervals.]

FIGURE 3
 Association between TMAO and their precursors levels and MCI using a restricted cubic spline regression. Multivariable adjusted odds ratio (ORs) and 95% CIs were derived from restricted cubic spline regression, with knots placed at the 25th, 50th, and 75th percentiles of TMAO and their precursor levels. The solid red line represents multivariable-adjusted odds ratios, with the shaded part showing a 95% CI. Model adjusted for age, sex, BMI, smoking, drinking, education level, SBP, DBP, fasting glucose, triglyceride, and total cholesterol. TMAO, trimethylamine N-oxide; MCI, mild cognitive impairment; ORs, odds ratio; CIs, confidence interval.




3.3 Association between TMAO and its precursors with ΔMoCA-BC

The ΔMoCA-BC value (mean ± SD) was −1.6 ± 4.5 points over a two-year follow-up period. Analysis presented in Figure 4 revealed significant variations in ΔMoCA-BC across different levels of TMAO, choline, betaine, and carnitine. Utilizing a generalized linear model, we examined the complex relationship between TMAO and its precursor levels and ΔMoCA-BC (see Table 3). Relative to the Q2 group, the ΔMoCA-BC demonstrated a significant increase of 0.682 in the Q1 group for TMAO levels, with similar increases of 0.679 and 0.976 observed in the Q3 and Q4 groups, respectively, all of which were statistically significant. These results highlight the intricate interplay between TMAO levels and alterations in neurocognitive function, suggesting the existence of an optimal range of TMAO levels that exerts minimal impact on ΔMoCA-BC. Furthermore, ΔMoCA-BC increased by 0.903 for betaine and 1.301 for carnitine in the Q4 group compared to the Q2 group. In contrast, choline exhibited a significant positive increase in ΔMoCA-BC of 0.777 and 1.384 for the Q3 and Q4 groups, respectively, when compared to the lowest Q1 group.

[image: Violin plots display changes in MoCA-BC scores across quartiles of different substances. Plot A shows TMAO levels, B shows choline levels, C shows betaine levels, and D shows carnitine levels, each indicating significant p-values (A: p=0.007, B-D: p<0.001). Each quartile (Q1-Q4) has a distinct color, representing different concentration ranges.]

FIGURE 4
 Differences in ΔMoCA-BC score of TMAO and its precursors levels among different groups. TMAO, trimethylamine N-oxide; MoCA-BC, the Chinese version of the Montreal Cognitive Assessment-Basic. p values are calculated by Kruskal-Wallis test. (A) Differences in ΔMoCA-BC score of TMAO levels among different groups. (B) Differences in ΔMoCA-BC score of choline levels among different groups. (C) Differences in ΔMoCA-BC score of betaine levels among different groups. (D) Differences in ΔMoCA-BC score of carnitine levels among different groups.




TABLE 3 Association of TMAO and its precursors levels on changes in MoCA-BC score.
[image: Table showing the relationship between TMAO, choline, betaine, and carnitine concentrations and β coefficients, standard errors, confidence intervals, and p-values. Four quartiles are listed for each metabolite. Significant p-values are bolded, indicating noteworthy associations in higher quartiles. A footnote explains adjustments for variables like age and BMI using a generalized linear model.]



3.4 Subgroup analysis

Subgroup analysis further delineated the impact of TMAO and its precursors on MCI risk (refer to Supplementary Figures S1–S4), stratified by gender (male, female) and age (< 60 years, ≥ 60 years), and no interaction was found between TMAO and its precursors and gender (P interaction > 0.05). In males, the MCI risk in the Q1 group for TMAO was higher than that in the Q2 group, with an OR of 2.069 (95% CI: 1.219–3.513), while there was no significant difference in females. Conversely, no significant difference was observed in females. These findings were consistent with the results of the unstratified analysis. Furthermore, the association between MCI risk and the levels of TMAO and its precursors was statistically significant in the cohort aged 60 years and older.




4 Discussion

This study demonstrates that both low and high levels of TMAO, betaine, and carnitine are associated with an elevated risk of MCI, whereas moderate concentrations (Q2 group) of these metabolites may confer protective effects. Furthermore, elevated levels of TMAO and its precursors correlate with an increase in ΔMoCA-BC score. The observed bidirectional relationship between TMAO, betaine, carnitine, and MCI risk may be influenced by various factors. The dosage of TMAO could also play a role in cognitive impairment, as typical fasting blood levels in the general population range from 3.6 to 3.7 μmol/L (28), which falls within the Q2 concentration range identified in our study. Animal studies have indicated that TMAO at physiological concentrations can significantly enhance blood–brain barrier integrity following acute inflammation in murine models, thereby improving cognitive function (29). Additionally, TMAO has been shown to mitigate neurological dysfunction in diabetic rat models (20). These findings from animal studies support the notion that TMAO may exert beneficial effects on cognitive function at specific concentration ranges. This suggests that TMAO and its precursors may provide protective effects through the activation of innate defense mechanisms or the facilitation of repair processes at optimal concentrations. Previous research has highlighted that this protective role of TMAO may be mediated through antioxidant pathways. For instance, TMAO can activate the Nrf2 signaling pathway, leading to increased expression of antioxidant genes, reduced muscle cell damage, and enhanced protection of neurons against oxidative stress (30).

Elevated concentrations of TMAO have been identified as a potential risk factor for cognitive impairment, a conclusion supported by numerous studies. Specifically, high TMAO levels serve as a significant independent risk factor for MCI in patients with type 2 diabetes (11). A cross-sectional study has demonstrated increased TMAO levels in the cerebrospinal fluid of individuals with MCI, revealing a direct correlation between TMAO concentrations and markers of cognitive dysfunction and neurodegeneration (31). Furthermore, prospective cohort studies indicate that elevated baseline plasma TMAO levels are significantly associated with cognitive dysfunction following transient ischemic attacks (32). These findings are consistent with our observations that high TMAO levels exacerbate cognitive impairment, thereby increasing the risk of MCI. Investigations into the mechanisms underlying TMAO-induced MCI suggest that elevated TMAO levels may initiate inflammatory cascades, particularly through the activation of the NF-kB pathway, which heightens the risk of neuroinflammation when the integrity of the blood–brain barrier is compromised, ultimately contributing to cognitive decline (33–35). Additionally, elevated TMAO levels may accelerate brain aging by promoting mitochondrial damage and increasing superoxide production, thereby exacerbating age-related cognitive dysfunction (19, 36, 37). Collectively, these findings underscore the detrimental impact of elevated TMAO concentrations on cognitive function and emphasize the necessity for precise regulation of TMAO and its precursors to preserve cognitive health.

We initially identified a J-shaped association between serum levels of betaine and carnitine and the risk of MCI, suggesting that deviations from optimal concentrations may elevate the risk of MCI. This observation may imply that betaine and carnitine operate through distinct metabolic pathways or signaling mechanisms at varying concentration levels. However, existing literature indicates a negative correlation between plasma betaine levels and cognitive impairment in stroke patients (38). Chen et al. reported an inverse relationship between elevated plasma carnitine levels and cognitive impairment 3 months post-stroke, which is not entirely congruent with our findings (39). Research has demonstrated that the metabolism of betaine and carnitine is significantly influenced by dietary intake and gut microbiota (16). Consequently, their serum levels and the associated relationship with cognitive function may be modulated by a variety of factors. Both excessively low and high concentrations may disrupt metabolic equilibrium and adversely affect cognitive function. Additionally, the positive correlation between choline levels and the risk of MCI was corroborated in this study, aligning with previous research that has reported elevated choline levels in patients with MCI or Alzheimer’s disease (AD) (40, 41). While some studies indicate that increased choline levels may confer protective effects on cognitive function under specific conditions, they may also exacerbate neuroinflammation and elevate the risk of MCI, particularly in the context of metabolic imbalances or dysbiosis of the gut microbiota (42, 43).

In our study, the observed average decline of 1.6 points in the MoCA-BC score during the follow-up period underscores the dynamic nature of cognitive function and emphasizes the necessity of longitudinal assessments for monitoring cognitive decline. Consistent with prior research on MCI and cerebral small vessel disease, we identified that TMAO levels outside the range of 2.24–4.26 μmol/L were associated with an increase in ΔMoCA-BC (44), suggesting that TMAO may exert a beneficial effect on cognitive function when present at concentrations outside its optimal range. Additionally, the correlation between elevated levels of choline, betaine, and carnitine and cognitive improvements further supports the potential influence of these metabolites on cognitive function. However, the variability in findings from prospective cohort studies may be attributable to differences in baseline MoCA-BC scores and shorter follow-up durations, necessitating careful interpretation of our results.

This study, conducted on a large cohort from rural Northeast China, provides comprehensive measurements of serum concentrations of choline, betaine, and carnitine, thereby contributing to the population-based evidence regarding the association between TMAO precursors and MCI. It represents the first longitudinal investigation into the relationship between TMAO and its precursors with changes in ΔMoCA-BC. However, several limitations should be acknowledged. Firstly, the relatively small sample size and the brief follow-up period may hinder the assessment of the long-term effects of TMAO and its precursors on cognitive function. Secondly, the exclusive reliance on the MoCA-BC score for defining MCI may have led to an inflated prevalence rate while compromising specificity. Additionally, the regional and lifestyle characteristics of the sample may restrict the generalizability of the findings. Future research should focus on validating these findings in larger and more diverse populations, as well as expanding animal studies to elucidate the mechanistic pathways linking TMAO, betaine, carnitine, and choline to MCI. Such investigations will contribute to improved strategies for the prevention and management of MCI.



5 Conclusion

In a large-sample population study conducted in rural areas of Liaoning Province, we found that serum levels of TMAO, choline, betaine, and carnitine are not only associated with MCI but also correlated with changes in ΔMoCA-BC. Our analysis revealed a J-shaped relationship between betaine and carnitine levels and the incidence of MCI, suggesting the existence of an optimal concentration range for serum levels of TMAO, betaine, and carnitine that may minimize the risk of MCI. Furthermore, elevated levels of TMAO and its precursors were linked to an increase in ΔMoCA-BC. Future research should focus on the dynamic changes in neurocognitive function, and dietary guidance may play a crucial role in the prevention and management of MCI.
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Background: In recent years, intuitive eating (IE) and mindful eating (ME) have emerged as promising approaches for developing a healthier relationship with food. Research also suggests that diet can significantly impact one's mental health. Nevertheless, there is no evidence to suggest that IE or ME can be associated with mental wellbeing through the influence of dietary patterns or practices. This study investigates the influence of IE and ME on mental wellbeing by affecting dietary practices.
Methods: In this cross-sectional study, 990 adults were administered the intuitive eating scale-2 (IES-2), the mindful eating questionnaire (MEQ), and the Food Mood Questionnaire (FMQ). Briefly, FMQ consists of weekly servings of food groups known to influence brain function and chemistry and the Kessler psychological distress scale (K-6). Correlation analyses were performed to determine the relationships among K-6, IES-2, MEQ, and food groups, and path analyses were performed to assess the mediating effects of food groups on the relationship between the K-6 scale, IES-2, and MEQ.
Results: A moderate negative association was found between the K-6 scale and IES-2 and MEQ (r = −0.47 and −0.36, respectively). Furthermore, exercise, breakfast, dairy products, fruits, and dark green leafy vegetables (DGLV) were directly related to psychological distress (path coefficient = −0.104, −0.151, −0.181, −0.235, and −0.238, respectively), while IES-2 and MEQ had indirect associations with psychological distress via FMQ components (path coefficient = −0.262 and −0.212). Among the IES-2 sub-dimensions, Unconditional Permission to Eat (UPE) and Reliance on Hunger and Satiety Cues (RHSC) were found to be indirectly associated with psychological distress through mediatory effects of exercise, breakfast, dairy, fruit, and DGLV. Breakfast and DGLV also mediated partially indirect negative effects of recognition (a sub-dimension of MEQ) on the K-6 scale.
Conclusion: This study showed that adopting IE and ME habits effectively associated dietary and lifestyle practices and that some dietary practices and exercise were important for the link between IE and ME to mental distress.
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1 Introduction

The act of eating is a fundamental biological process that enables an individual to survive and maintain homeostasis. However, various genetic, hormonal, social, and cultural factors can drive energy intake even in the absence of physiological need (1). In recent years, two novel behavioral approaches have emerged that focus on the physiological eating process by reducing the influence of external factors on energy intake. One of these is the concept of mindful eating (ME) and intuitive eating (IE) (2).

The ME and IE are two distinct yet complementary approaches to eating behavior that emphasize internal cues and awareness. They were developed to address disordered eating and the psychological determinants of overeating (3). The high level of overlap between IE and ME has led to the two concepts being used together or interchangeably in both research and literature reviews. However, it has been suggested that it would be more accurate to analyze IE and ME separately to gain a full understanding of the intrinsic eating style (4).

ME involves paying close attention to the sensory and experiential aspects of food consumption without aiming to lose weight or restrict intake (5). In contrast, IE focuses on recognizing and responding to bodily signals, promoting a healthy relationship with food by dismantling restrictive food rules and fostering self-acceptance (6). IE encourages eating based on physiological cues of hunger and satiety rather than external stimuli such as emotions or food availability (7). Indeed, the concept of IE is predicated upon the establishment of trust in the body, the cultivation of a positive relationship with food, and the prioritization of the inner self over external advice (8). While both approaches aim to improve eating behaviors, IE emphasizes emotional and instinctual connections to food, whereas ME prioritizes present-moment awareness and sensory engagement (9).

A variety of scales are employed for IE. The most commonly employed of these is the intuitive eating scale (IES)-2 scale (10). The scale comprises four subscales. The scale comprises four subscales: unconditional food permission (UPE), eating for physical rather than emotional reasons (EPR), reliance on hunger and satiety cues (RHSC), and body food choice congruence (B-FCC). UPE reflects an individual's willingness to consume food when hungry and a refusal to prohibit certain foods. EPR indicates that an individual eats for physical hunger without external stimuli. RHSC measures the extent to which an individual relies on hunger and satiety cues to guide their behavior. B-FCC includes the concept of nutrition-promoting taste preferences and nutrient choices that honor health and functionality (11).

Recent studies have identified IE as a promising approach for eliminating the maladaptive and self-sabotaging dieting mindset triggered by dietary interventions and for establishing a healthier relationship with food (12, 13). Nevertheless, two studies have yielded conflicting results in a large sample regarding the subscales of IE and dietary intake, energy intake, and the quality of diet consumed (11, 14). Previous research examining the relationship between IE and dietary intake has yielded inconsistent results (15–17). To date, only two studies have employed the subscales of the IES-2 scale in a general sample. This is because the scale is typically applied to specific populations, such as women, university students, young adults, and middle-aged adults (14). Horwath et al. (11) found that UPE was positively associated with a higher frequency of consumption of salty snacks, sweets, meat, and fast food and a lower frequency of vegetable, fruit, and whole grain intake. However, in the systematic review evaluating IE and ME, it was concluded that the interventions lacked participant diversity, focused on clinical populations and that these interventions did not affect dietary intake or quality (3, 18). Therefore, evaluating the association of IE and ME with dietary intake in the general population may help to fill the gap in the literature.

In recent years, an increasing number of individuals from a diverse range of social backgrounds have been experiencing a wide spectrum of mental health issues. According to data from the World Health Organization (WHO), in 2019, there were 264 million people experiencing depression, 45 million with bipolar disorder, 50 million with dementia, and 20 million with schizophrenia (19). Individuals' mental health status can be affected by lifestyle changes such as exercise and food intake (20). One of the most significant variables influencing mood in the therapeutic approach is dietary intake. It has been demonstrated that certain dietary choices can significantly impact an individual's mood (21). Various dietary rules and patterns may increase mental distress by altering the levels or receptor activities of neurotransmitters in the brain. Malnutrition or an unbalanced diet is therefore associated with the underlying pathophysiology of mental distress (22). For instance, the consumption of nutritionally dense foods such as vegetables and fruits has been demonstrated to positively influence mood and mental health (23). A systematic review of the literature has revealed that a healthy diet, regular exercise, and breakfast consumption have a positive association with mental health (24–26). Moreover, approaches like ME and IE promote awareness of food choices, leading to healthier eating behaviors and reduced emotional stress. These practices have shown positive outcomes in managing stress and improving overall mental wellbeing by fostering a better relationship with food (27). Nevertheless, the impact of IE or ME on mental distress by influencing dietary patterns or dietary practices has not been previously demonstrated. This study aims to investigate the association of IE and ME with mental distress by influencing dietary intake. It was hypothesized that: (1) IE would be inversely associated with mental distress; (2) ME would be inversely associated with mental distress; and (3) dietary patterns and exercise would be expected to mediate the relationship between these positive eating behaviors (IE and ME) and psychological distress. To the best of our knowledge, this is the first study to evaluate the association of dietary intake and exercise on the impact of IE and ME on mental distress.



2 Methods


2.1 Participants

This is a cross-sectional analytical study, conducted in the two Nutrition and Diet Counseling Centers in Elazig/Türkiye. Data was collected from April to June 2024. Adult participants aged between 20 and 64 were recruited after completing the informed consent form. Eligible participants were literate, non-pregnant or not in the lactation period, and had no serious illness. Participants with eating disorders, persons with alcohol abuse, individuals with kidney diseases, recurrent hypoglycemia, patients on medication or appetite-altering treatments (e.g., bariatric surgery), and psychiatric patients were excluded. We also excluded neurological patients who were unable to communicate. The University of Firat Institutional Review Board approved the study, and participants provided consent by opting into the survey.

Efforts were made to minimize response bias, particularly social desirability bias, given the self-reported nature of the scales used. Participants were informed that their responses would remain completely anonymous and confidential. Furthermore, the questionnaire was self-administered in a private setting to reduce external influence.



2.2 Calculation of sample size and procedure

The sample size was calculated using G*Power version 3.1.9.6. The study's power (1–β) was set at 0.90, with a Type I error rate (α) of 0.05. Based on a prior study that reported a linear relationship between IE and psychological stress [β regression coefficient (SE) = −2.83 (1.17), t-value = −2.42, p-value = 0.018] (27) the required sample size was determined to be 219 participants. To enhance statistical power for structural equation modeling (SEM), data collection exceeded this minimum.

Of the 1,342 individuals invited to participate, 1,267 provided responses. Participants who demonstrated straight lining behavior (i.e., repeatedly selecting the same response option across survey scales) or displayed inconsistencies within scale responses were excluded. Additionally, participants with missing data on key sociodemographic variables (age and gender) were removed from the analysis. Following these exclusions, the final analytical sample consisted of 990 participants. The diagram illustrating the flow of participants through the study is provided in Figure 1.


[image: Flowchart showing participant selection. Initially, 1,342 invited to participate. Of these, 1,267 responded to the survey. Exclusions included 45 for straightlining, 80 for inconsistent responses, and 152 for missing sociodemographic data, resulting in a final sample of 990.]
FIGURE 1
 CONSORT diagram of participant flow.




2.3 Measures
 
2.3.1 Demographic data and health characteristics

Data regarding participants' gender, age, region of residence, education status, smoking status, status of chronic diseases, and drug use was collected via the questionnaire. Participants reported their current weight and height, which were used to calculate their body mass (kg/m2).



2.3.2 Intuitive eating scale

IE was assessed using the IES-2, which includes 23 items scored on a 5-point Likert scale from 1 (strongly disagree) to 5 (strongly agree) and distributed across four subscales: UPE, EPR, RHSC, and B-FCC. Subscale scores were calculated by averaging responses, and the total IES-2 score was computed as the mean of all items after reverse scoring negatively phrased items (10). The IES-2 has demonstrated good psychometric properties, including internal consistency, test-retest reliability, and construct validity, in previous studies (28). In the present study, internal consistency was evaluated, yielding a Cronbach's alpha of 0.88 for the total scale and ranging from 0.76 to 0.91 for the subscales, indicating acceptable to excellent reliability.



2.3.3 Mindful eating questionnaire

The abbreviated 20-item, two-factor MEQ was utilized to assess ME. This questionnaire comprises two factors: (1) Awareness—eating while being conscious of physiological and psychological experiences, and (2) Recognition—eating with consideration of hunger and satiety cues. Each item is rated on a 4-point Likert scale ranging from never/rarely to usually/always. The awareness component consists of 11 items, while the recognition component includes 9 items. Higher scores indicate a greater level of ME (29). In Türkiye, two items were removed and revised during the scale's validation process. For the modified 18-item version of the MEQ, the Cronbach's alpha coefficients were as follows: Awareness (α = 0.84) and Recognition (α = 0.78), demonstrating acceptable internal consistency (30).



2.3.4 Food-mood questionnaire

Dietary consumption patterns were evaluated using a validated FMQ (31). The FMQ evaluates weekly servings of food groups known to influence brain function and chemistry, including whole grains, dairy, caffeine, fruits, nuts, high glycemic index (HGI) foods (e.g., rice and pasta), meat, vegetables, beans, fish, and fast food. Frequency of breakfast consumption, exercise (assessed with the question, “In the past 7 days, on how many days did you engage in at least 20 min of exercise?” with response options ranging from 0 days to more than 4 days), and use of multivitamins and fish oil supplements were also assessed. Psychological distress was measured using the total score of the K-6, which assesses a spectrum of mental distress, including symptoms commonly associated with anxiety disorders, depressive disorders, and general psychological distress (32). The K-6 includes six items evaluating non-specific symptoms of distress such as feeling hopeless, nervous, restless, or overwhelmed, providing a robust measure of psychological wellbeing over the past month. The total score ranges from 0 to 24, with higher scores indicating greater levels of distress. The validity and reliability of the K-6 have been well-established in previous research (33).




2.4 Statistical analysis

All statistical analyses were performed using two-sided tests, carried out by SPSS software version 27 (IBM Corporation, Armonk, New York, United States) and AMOS version 22. Two-sample independent t and chi-squared tests were used to test for differences in demographic characteristics of the sample (age, education level, and BMI etc.), IE and MEQ scores, and mental distress levels among genders; Cohen's d effect size coefficients were calculated to quantify the magnitude of differences observed in these variables. Effect sizes were interpreted as small (0.2 ≤ d < 0.5), medium (0.5 ≤ d < 0.8), or large (d ≥ 0.8) according to Cohen's guidelines (34).

Multicollinearity among predictors (food intake and exercise) was assessed using Variance Inflation Factor (VIF) values, with no predictors exceeding 10, and the correlation matrix revealed no coefficients above 0.8. Structural equation modeling (SEM) was applied to assess the proposed theoretical models. Conceptual models were first developed based on the literature, and the hypothesized models—where FMQ components serve as mediators between IE, MEQ, and mental distress—are summarized in Figure 2. Pathway “A” determined the regression coefficients for the effect of the independent variable (X) on FMQ components (mediators). Pathway B examined the association between mediator and mental distress. Pathway C measured the direct effect of X on mental distress. Pathway C¶ examined the indirect effect of IE or MEQ on dependent variable through FMQ components. Before testing the hypotheses, a bivariate correlation was run to analyze the associations between IE, MEQ, food and mental distress variables. According to the correlation matrix output, they were included in the SEM if the correlation relationship with dependent and independent variables was >0.30 (moderate association). SEM is a combination of two parts, measurement model (latent variables identified using factor analysis), which was not applicable for present study, and the structural model (direct and indirect pathways of associations between latent and other observed variables). Standardized regression coefficients were estimated using the Maximum Likelihood Estimation Procedure (ML). The total, direct, and indirect effects, 95% confidence intervals, and explanation coefficients were presented in the SEM analysis. Bootstrapping (5,000 replications) was used to generate normal-based bootstrapped confidence intervals around the indirect effect. If the total effect is statistically significant and the confidence interval of the indirect effect does not include zero, then there is a mediation effect. Partial mediation occurs if the direct effect is statistically significant; otherwise, full or complete mediation. To verify the fit of the model, some measurements were analyzed: chi-square fit statistics/degree of freedom (CMIN/DF) value <2, indicating a reasonable fit; root mean square error of approximation (RMSEA) and standardized root mean square residual (SRMR), with values <0.08 and <0.10, respectively indicating that the theoretical model fits the data; Tucker–Lewis index (TLI) >0.95 and comparative fit index (CFI) >0.95 and goodness-of-fit statistic (GFI), where values >0.90 indicate a good fit of the model. P-values < 0.05 were considered statistically significant (34).


[image: Flowchart illustrating the mediation model. Sub-dimensions of MEQ and IES-2 labeled as X Variables are linked to FMQ components (mediators) via A path. FMQ components connect to Mental Distress through B path. C path directly links X Variables to Mental Distress. An R² value is mentioned near the connection between mediators and Mental Distress.]
FIGURE 2
 Hypothesized model in which FMQ components as a mediating variable sub-dimension of IES-2 and MEQ to mental distress. FMQ, Food mood questionnaire; IES, Intuitive eating scale; MEQ, Mindful eating questionnaire. Data are standardized regression weights (β) for paths. A, B, and C paths expresses the direct effects of the independent variable on the dependent variable at the location. C¶ (indirect effects) = A path × B path. Total effects = C + C†. R2 = Coefficient of explanation.





3 Results


3.1 Participant characteristics

Table 1 provides an overview of the participants' general characteristics, stratified by gender, along with their IE, MEQ, and K-6 mental distress scores. The mean age of the participants was 30.4 ± 11.5 years and male participants were higher than female participants (p < 0.001). The distribution of chronic disease status, drug use and MEQ scores was found to be similar in female and male participants. While the mean BMI of males was slightly higher than that of females, the effect size was negligible (Cohen's d effect size = 0.19). Men had higher IE scores and sub-dimensions compared to females except for the B-FCC, but the effect sizes of these differences were small or negligible. In addition, male participants had lower mental distress scores than female participants, and the effect size was small (Cohen's d effect size= 0.27).


TABLE 1 Comparison of participants' general characteristics, intuitive, and mindful eating and mental distress by gender.

[image: Table presenting participant characteristics stratified by gender for a study sample of 990 individuals. It includes demographics like age, education level, smoking status, chronic disease presence, drug use, BMI, intuitive eating scale, mindful eating questionnaire, and mental distress scores. Data is shown as mean ± standard deviation, or frequency (%), with statistical significance levels (p-values) and Cohen's d effect size for gender comparisons. Significant differences noted with p < 0.001 in age, education level, smoking status, BMI, IES total, UPE, EPR, RHSC, B-FCC, and mental distress scores.]



3.2 Correlation matrix analysis

In the correlation matrix, both IE and ME demonstrated moderate negative associations with mental distress (r = −0.477 and −0.361, respectively; p < 0.001). Mental distress was moderately negatively associated with breakfast, dairy products, fruit, nuts, and DGLV but weakly associated with exercise. Moreover, IE and ME scores were moderately positively associated with exercise, breakfast, dairy, fruits, nuts, and DGLV (Table 2). To ensure both statistical robustness and clinical relevance, only FMQ components exhibiting moderate or stronger correlations (r ≥ 0.30) with mental distress and IE/ME scales were included in the SEM. Components with r < 0.30 failed to produce statistically significant pathways in preliminary SEM and explained minimal variance in key outcomes, indicating limited clinical importance; therefore, they were excluded from the final mediation model. This approach provided a clear, data-driven basis for variable selection in our mediation analyses.


TABLE 2 Correlation matrix output between intuitive eating, mindful eating, and FMQ.

[image: Correlation matrix showing relationships between variables such as mental distress, intuitive eating (IE), mindful eating (MEQ), and diet components like breakfast and whole grain. Significant correlations (marked with an asterisk) illustrate interactions, with a significance level of p < 0.001.]



3.3 Path analysis of FMQ components between total MEQ and IE score and mental distress

The direct and indirect effects of ME, IE, and specific FMQ components on mental distress levels are presented in Figure 3 and Table 3. Notably, dark green leafy vegetables (DGLV) and fruits were the strongest predictors of reduced mental distress, with standardized regression coefficients of −0.238 and −0.235, respectively, emphasizing their prominent role in psychological wellbeing. The association between MEQ scores and mental distress was mediated through their positive relationship with higher dairy and fruit intake (β = 0.376 and 0.274, respectively). IES-2 and MEQ explained 16% of exercise, 19% of breakfast consumption, 22% of dairy intake, and 19% and 20% of fruit and DGLV intake, respectively. Collectively, all independent variables accounted for 30% of the variance in mental distress, with the model demonstrating strong fit indices (χ2/df = 1.414, GFI = 0.928, CFI = 0.956, TLI = 0.953, RMSEA = 0.083, SRMR = 0.079). Additionally, the indirect associations of IES-2 and MEQ with mental distress were statistically significant and mediated through FMQ sub-dimensions (−0.262 and −0.212, respectively), which explained 65.7% of the variance in mental distress levels. The remaining 34.3% was attributed to direct pathways involving IES-2 and MEQ (Table 3).


[image: Path diagram showing relationships between variables relating to mental distress. Variables include IES2, MEQ, Exercise, Breakfast, Dairy, Fruits, DGLV, and Mental Distress. Arrows indicate direction and strength of relationships, with accompanying numerical values.]
FIGURE 3
 Path analysis of IES-2 and MEQ on mental distress in combination with foods and exercise. Structural equation model illustrating pathways linking intuitive eating (IES-2 total score), mindful eating (MEQ total score), dietary factors (exercise, breakfast, dairy, fruits, dark green leafy vegetables [DGLV]), and mental distress. Standardized regression coefficients and error terms (e) are shown. All regression path coefficients were statistically significant. Model fit indices: χ2/df = 1.414, GFI = 0.928, CFI = 0.956, TLI = 0.953, RMSEA = 0.083, SRMR = 0.079.



TABLE 3 The total, direct and indirect effect of mindful and intuitive eating, foods and exercise on mental distress.

[image: Table showing direct and indirect associations of intuitive eating scale total score (IES), mindful eating questionnaire total score (MEQ), and dietary practices with mental distress. Direct effects include exercise (-0.104), breakfast (-0.151), dairy (-0.181), fruits (-0.235), and DGLV (-0.238), with a total direct effect of -0.909. Indirect effects include IES (-0.262) and MEQ (-0.212), with a total indirect effect of -0.474. Percentage of direct and indirect effects are 65.7% and 34.3%, respectively. DGLV stands for Dark Green Leafy Vegetables.]



3.4 SEM analysis of IE and ME sub-dimensions, mental distress and FMQ components

The correlation matrix relationships between IE and ME sub-dimensions, food mood components, and mental distress scores are detailed in Supplementary Table 1. Variables with correlation coefficients ≥0.30 were included in the structural equation model (Table 4). Table 3 summarizes the general direct and indirect associations among IE, ME, FMQ components, and mental distress, while Table 4 specifically examines these associations for each IE sub-dimension separately. The direct effects of most IE sub-dimensions on mental distress were significant, except for UPE and B-FCC. The negative associations between UPE, RHSC, and mental distress were mediated through pathways involving exercise, breakfast, dairy, fruits, and DGLV. Notably, dairy consumption fully mediated the relationship between mental distress and UPE (β = −0.100 [95% CI: −0.128 to −0.076]) and B-FCC (β = −0.119 [95% CI: −0.149 to −0.093]). The negative effects of disinhibition on mental distress were partially mediated through breakfast and DGLV. The explanatory power (R2) of IE and ME sub-dimensions and FMQ components for mental distress ranged from 0.219 to 0.338. Fruits (R2 = 0.338) and DGLV (R2 = 0.313) had the highest predictive coefficients for mental distress levels. Full goodness-of-fit indices for SEM models are presented in Supplementary Table 2, confirming the adequacy of the model.


TABLE 4 Direct and indirect effects of IES-2 and MEQ sub-dimensions and FMQ components on mental distress among all individuals using SEM.

[image: Table depicting relationships between various eating reasons and mental distress, mediated by dietary and lifestyle components like exercise, breakfast, dairy, fruit, and dark green leafy vegetables. It includes regression coefficients, mediation effects, and explanation coefficients. Mediation is labeled as partial or full, with specific paths and variance coefficients detailed for each relationship.]




4 Discussion

Although there is a substantial body of literature suggesting that IE or ME may have an impact on mental health (35, 36), there is no research on the mediation of dietary patterns in the association of IE and ME on mental distress. To our knowledge, this study is the first to assess these outcomes in a general population. The study revealed that individuals who scored high on IE and ME showed healthier habits as identified by the five subcomponents of the FMQ. Furthermore, individuals who consumed breakfast, dairy, DGLV, fruit, and nuts more frequently also had significantly lower mental distress. The practice of IE and ME was also shown to be positively associated with mental wellbeing. These effects are mediated by diet and exercise.

The present study aligns with existing literature demonstrating that Intuitive Eating (IE) is associated with healthier dietary patterns and lower mental distress. Individuals with higher IE scores reported greater consumption of nutrient-dense foods such as dairy, fruits, and dark green leafy vegetables (DGLV), consistent with findings by Christoph et al., who observed similar dietary patterns across genders (16). This suggests that IE fosters a food selection process guided by internal hunger and satiety cues rather than external restrictions, leading to more balanced nutritional intake.

Notably, IE was inversely correlated with mental distress, reinforcing prior research linking it to reduced depressive symptoms, anxiety, and negative affect (16, 37, 38). The Austrian rural population study (26) and a recent meta-analysis (38) (r= −0.34 for anxiety, r= −0.29 for depression) support our findings, highlighting IE's protective role in psychological wellbeing. By rejecting rigid dieting rules and promoting body trust, IE may mitigate.

However, findings regarding the Unconditional Permission to Eat (UPE) subscale of Intuitive Eating (IE) have been inconsistent across studies. For instance, Camilleri et al. found that higher UPE scores were associated with lower intakes of fruits, vegetables, and whole grains, and higher consumption of sweets and fats, particularly among both women and men (14). Similarly, Horwath et al. reported small but significant associations between higher UPE scores and decreased consumption of nutrient-dense foods, alongside increased intake of sweets, fast food, and salty snacks (11). In the present study, individuals with higher UPE scores were found to consume significantly less dairy; however, no significant associations were observed between UPE and the consumption of energy-dense foods such as fast food or sweets, as measured by the FMQ. While the FMQ includes several items that could be considered indicative of permissive eating behaviors—such as high-glycaemic index foods, fast food, and sugary items—these components did not exhibit strong enough associations with either UPE or mental distress to be retained in the final mediation model. Therefore, although our findings do not support a direct link between UPE and indulgent or high-calorie dietary choices, this may reflect limitations in the FMQ's ability to capture the broader construct of dietary permissiveness, including portion size, snacking frequency, and subjective perceptions of food autonomy. We acknowledge this as a limitation of our dietary assessment approach and recommend that future research employ more comprehensive tools to assess permissive or hedonic eating patterns in relation to UPE. Additionally, the variability in findings across studies may, in part, be attributable to differences in sample characteristics and study design, such as the use of larger cohort samples. Further investigation is warranted to elucidate the psychological mechanisms underlying the heterogeneous effects of UPE on diet quality.

Higher RHSC scores were found to be associated with exercise and greater healthy food choices such as breakfast, dairy, fruits, and DGLV. On the other hand, in large French study, higher RHSC levels were found to be associated with higher whole grain intake among women but not among men (14). The RHSC was found to be associated with lower fruit and vegetable consumption among male university students but not among females (15). Notably, this study observed similar results between men and women, which differs from previous studies (11, 14, 15). Although the findings of different studies do not always align, the results of this study indicate that IE is moderately associated with some markers of improved dietary intake but not consistently associated with all markers of a healthy diet when considered in the context of previous research.

Crucially, our study is among the first to identify dietary patterns as mediators in the IE–mental health relationship. The present study has demonstrated that IE is associated with a reduction in mental distress through the consumption of healthy foods, including dairy products, exercise, DGLV and nuts, and exercise. A diet comprising nutritionally dense foods and regular exercise has been demonstrated to enhance wellbeing by increasing dopamine levels in the brain. The findings of this study indicate that a diet comprising breakfast, dairy products, exercise, and DGLV consumption may play an essential role in fostering a positive cycle. Dairy products are a significant source of magnesium and protein, both essential for mental health (39). Previous studies have demonstrated a protective effect of dairy consumption on mental health (40–42). It can be posited that dairy products can support adequate calcium intake, given that they are a good source of calcium (43). Adequate calcium intake may be considered a potential intervention to improve mental health, given its biological functions in the nervous system (44). Calcium is a key regulator of neurotransmitter synthesis and release, which are essential for neuronal activation and mood regulation (45). Furthermore, calcium is necessary for the synthesis of serotonin, the precursor of melatonin (46). Melatonin is a key regulator of sleep cycles, and sleep plays a fundamental role in maintaining emotional health (47). Given that dairy products provide a good or excellent source of bioavailable calcium, the promotion of the consumption of dairy products may improve certain indicators of mental health (48).

ME similarly correlated with reduced mental distress but operated through slightly different mechanisms compared to IE. While IE emphasizes responsiveness to internal bodily cues—such as hunger and satiety—ME is grounded in the cultivation of present-moment awareness and attentional control during eating experiences. This structured and deliberate approach may explain ME's independent association with improved mental wellbeing, even after controlling for dietary mediation (9). ME engages cognitive processes such as mindfulness meditation and body scanning, which enhance emotional regulation and reduce impulsivity around food (49). These practices help decouple eating behaviors from emotional triggers and foster reflective, non-judgmental awareness, contributing directly to psychological resilience. A growing body of evidence supports the efficacy of mindfulness-based interventions in mitigating symptoms of depression, stress, and disordered eating (50–52). For example, a study among nurses found that those with higher ME scores also reported greater mental wellbeing (53). Similarly, the present findings show that higher MEQ scores are associated with reduced mental distress. ME's emphasis on attentional control may also promote healthier dietary choices—such as regular breakfast and dairy intake—by reducing susceptibility to emotional or impulsive eating. In contrast, while IE facilitates a healthier relationship with food through internal attunement and reduced dietary restraint, it lacks the structured attentional strategies that characterize ME. Thus, while both ME and IE support psychological wellbeing, they do so via distinct cognitive and behavioral pathways: IE through intuitive, physiological alignment and ME through deliberate, mindful engagement with the eating experience.

This is because individuals with highly ME habits are known to make healthier food choices, such as those involving the consumption of dairy products and having breakfast, and healthy food choices are known to cause lower mental distress. Furthermore, although diet does not have a mediating association, the possession of ME and eating wisdom directly indicates that the individual has superior mental health.

The integration of IE and ME into one's lifestyle is associated with increased adoption of healthier eating habits and an active lifestyle, which in turn is linked to better overall mental wellbeing (54). Our findings indicate that associations between breakfast consumption, dairy intake, exercise, and DGLV consumption and improvements in mental wellbeing were observed. The combination of these nutrients may be associated with enhanced mood and cognitive function (39). Collectively, these observations suggest that green leafy vegetable and fruit consumption are associated with certain mental health indicators. Green leafy vegetables and fruits contain potent antioxidant phytochemicals, including anthocyanins, flavonoids, carotenoids, and flavonols (55). A significant number of these biochemical compounds have been demonstrated to enhance brain function by increasing levels of brain-derived neurotrophic factor (BDNF), which has anti-inflammatory and anti-apoptotic properties (56). Similarly, exercise has been shown to be associated with increased BDNF release, which is linked to improved brain function and mental wellbeing (57). The development of these functions may in turn be associated with positive shifts in mood. Together, these mechanisms—including antioxidative and neurotrophic effects of phytochemicals, calcium-dependent regulation of neurotransmitter synthesis, and serotonin modulation—may collectively underpin the observed associations between IE/ME-related behaviors and improved mental wellbeing.


4.1 Strengths of the study

This study's strengths include the large random population sample, the inclusion of both males and females, and the fact that all four IE dimensions were analyzed. The majority of research into IE has been conducted with female participants (26). Moreover, numerous studies utilizing the IES have been conducted with samples of students (10) or community groups (58) and have collected data through print advertisements or online surveys (59). Another strength of the study is the use of self-administered scales with established validity and reliability, as well as the face-to-face collection of data.



4.2 Limitations of the study

Although this study provided valuable insights into the impact of IE and dietary patterns on mental distress, it also had some limitations. Firstly, the study's cross-sectional nature means that it is only possible to suggest the potential relationships between the variables examined rather than proving causal relationships. Secondly, although the use of validated FMQ, IES-2, or MEQ questionnaires, which have previously been examined among the Turkish population, was employed, it is acknowledged that they are susceptible to potential measurement errors, misclassification of foods, and psychological distress cases. Additionally, despite measures to minimize social desirability bias, self-reported data inherently carry limitations, including potential underreporting or overreporting due to participants' desire to present themselves positively, inaccuracies in recall of dietary intake or behaviors, and varying individual interpretations of questionnaire items. Cultural and geographic factors have been demonstrated to influence dietary preferences and practices, which in turn have been linked to mental health outcomes (60). Geographic factors, such as urban vs. rural living, affect access to healthy food options and exercise facilities, influencing dietary habits and mental health (61). In urban Turkish settings, ongoing nutrition transition—with increased availability and consumption of processed and fast foods, sugar-sweetened beverages, and convenience meals—may challenge the practice of IE and ME by promoting external food cues and habitual consumption patterns. Conversely, rural populations often adhere more closely to traditional dietary practices, characterized by home-cooked meals and seasonal produce, which may facilitate stronger attunement to internal hunger and satiety signals and more mindful food experiences. A variety of factors have been demonstrated to influence the cultural composition of individuals, including religion, cultural beliefs, and the nature of community and regional living. These factors have been shown to impact mental distress through the medium of food choice in diverse populations (62). The findings cannot be extrapolated to the entire Turkish population, as the sample is drawn from a single city in Türkiye. It is important to note that despite our efforts to control for numerous potential confounding factors, including BMI and socioeconomic disparities, it is not possible to eliminate the possibility of residual confounding. Therefore, a cautious interpretation of the results is recommended. Finally, our assessment of physical activity relied on a single self-reported item, which may not capture the multidimensional nature of exercise. Future studies should consider using validated multi-item instruments (e.g., the International Physical Activity Questionnaire) or objective tools such as accelerometers to measure frequency, intensity, duration, and type of physical activity more comprehensively.




5 Conclusion

The present study demonstrates a significant positive correlation between adherence to Intuitive Eating (IE) and Mindful Eating (ME) practices and healthier dietary and lifestyle behaviors, as well as enhanced psychological wellbeing. Also, intuitive dietary approaches that rely on physical reasons or hunger and satiety cues rather than extrinsic factors may be associated with reduced psychological stress through greater consumption of breakfast, dairy products, fruit, and dark green leafy vegetables. This study provides robust cross-sectional evidence that IE and ME influence mental distress via positive lifestyle factors, such as healthy dietary patterns and regular exercise, which collectively reduce mental distress. Further longitudinal experimental studies are required to provide conclusive evidence of these relationships. Researchers may consider incorporating IE and ME assessment tools into psycho-nutritional interventions, pending validation through future longitudinal research.
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Alves 2013a (Trail Making Test Part 8 1193 58.8 15 1097 17.1 13 347%  0.21[-0.54,0.95] T
Alves 2013b (Trail Making TestPartA) 49 20 13 60 29 12 304% -0.43(-1.23,0.36] _

Total (95% C1) a3 38 1000%  -0.03[-0.47,0.41] :
Heterogeneity: Chi® = 1.45, df = 2 (P = 0.48); I = 0% t

Test for overal effect: Z = 0.13 (7 = 0.89) kel 008
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Cre Con Std. Mean Difference Std. Mean Difference
Study or Subgroup. Mean _SD Total Mean _SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Borchio 2020 (EFT) 94 0 10 76 0 10 Not estimable

Pires 2020 (EFT % Correct ANS Opposite direction)  94.65 5.3 13 874 94 13 2408  092(0.10,174] —
Pires 2020 (EFT % Correct ANS Same Direction) 944 47 13 931 67 13 250%  0.22(-0.55,099] ——
‘Turner 2015 (Complex Attention) 864 227 15 707 515 15 263%  038(-034,111] —
VAN Cutsem 2020 (Flanker Task %) 032 003 13 034 003 13 246% -0.65(-144,0.15] —t

Total (95% C1) 64 64 1000%  022[-040,084] bt
Heterogeneity: Tau® = 0.24; Chi* = 7.62, df = 3 (P = 0.05); I = 61%

Test for overall effect: Z = 0.69 (P = 0.49) =

) H
Favows [Cié] Favours [Conl
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Cre on Std. Mean Difference Std. Mean Difference
Study or Subgroup. Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% €I

‘Alves 2013a (Stroop Test Color Condition) 156 32 15 175 59 13 13.4% 15,0.35] 1

Aves 20138 Stroop Tet ColorWord Condior) 304 101 15 393 132 13 128% 0730157000 ———~— ]

Alves 2013a (Stroop Test Non-Color Condition) ~ 20.6 5.9 15 23.5 86 13 13.5% 114, 0.36] ——

Alves 2013b (Stroop Test Color Condition) 162 37 13 147 29 12 120% 36, 1.23] o o —
Alves 2013b (Stroop Test Color Word Condition) ~ 32.8 111 13 316 88 12 123% 67,0.90] —H——
Alves 2013b (Stroop Test Non-Color Condition) 222 6 13 233 56 12 123% -0.18(-0.97,0.60] —

Pires 2020 (EFT Arrows In Opposite Direction) 434 120 13 466 72 13 127% -031(-1.00,046] 1

Pires 2020 (EFT Arrows In Same Direction) 387 106 13 474 65 13 1L3% -096(-178,-0.14] &

Total (95% CI) 110 101 1000% -031(-058, -0.03] -

Heterogeneity: Chi’ = 8.57, df = 7 (P = 0.28); I = 18%
03)

Test for overall effect: Z = 2.20 (° =

T -0s
Favours [Cre]

5 1
Favours [Con)
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Cre Con Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Alves 2013a (MMSE) 266 2.1 15 248 33 13 161% 0.64 [-0.12, 1.41] | A a—
Alves 2013b (MMSE) 266 19 13 268 23 12 158% -0.09(-0.88,0.69] —
Levental 2015 ( MSIB Global Cognitive Score ) 73.1 136 7 752 189 7 125%  -0.12(-1.17,0.93] —
1i 2015 (MOCA) 1855 411 38 1333 358 37 196%  134(0.84,184) —
Samadi 2022 (Mathematical Processing) 98122 10 10124 10 146% -0.16(-103,0.72) —_—
SandkOhier 2023 (RAPM) 1239 217 60 1216 213 58 214X  0.11(-0.25,047) o —
Total 95% € 143 137 1000%  0341-0.20,088] —ecmgE—
Heterogeneity: Tau? = 0.32; Chi’ = 20.29, df = 5 (P = 0.001); I = 75% _

Test for overall effect: Z = 1.22 (P = 0.22)

R

ES 05
[Cre] [Con]
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PICO element  Description  Search terms

P (Population) Adults aged adult, adults, aged, aging,
18yearsand older | elderly*

1 (Intervention) Creatine creatine, “creatine supplement*)”
supplementation |~ CrM, “creatine monohydrate”

C (Comparison) Placebo or no placebo®, control*, “no
intervention intervention”

0 (Outcome) Cognitive function  cognition, “cognitive function®”

memory, “exccutive function®;”
attention, “processing speed”

Search strategies were tailored to the specific syntax of each database, employing Boolean
operators (AND, OR, NOT) to combine search terms effectively.
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Author
(Year)

Alves,
Merege
Filho etal

Alves,

etal.

Borchio
etal.
Gordji-
Nejad etal.
Levental
etal.

Lietal.

McMorris,
Jonathan P

Swain, et al.

McMorris,
R.C. Harris,
etal

MeMorriset,
Gregorsz.
Mielcarz,

etal.

Moriarty

etal.

Pires et al.

Rawson

etal.

Samadi et al

Sandkithler

etal,

Turner etal.

Roelands, B.

etal.

15/13

1312

10110

15/15

717

38/37

1009

1009

1517

20/10

13/13

1711

10710

63/62

15/15

14114

Participant
age: Mean
(SD)

48.8(9.1)

67.1(5.1)

295(93)

3@

45.5(8)

62,65 (7.69)

2111 (1.85)

2111 (1.85)

76.4 (8.48)

2126

25.9(4.6)

208(22)

215(15)

306 (10.1)

31(85)

240)

(Male/
Female)

0/28

025

200

6/1

50/25

163

19/0

16/16

119

0/26

13/9

2000

105

1014

Dosage

S5g/day

Sg/day

20g/day

0.3g/kg/day

>3g/day

10g/day

20g/day

20g/day

20g/day

10g/day or
20g/day

3g/day

0.3g/kg/day

0.3g/kg/day

Sg/day

20g/day

20g/day

Duration

16weeks

24nweeks

7days

7.5h

6months.

18months

7days

7days

7days

6weeks

dweeks

6weeks

4weeks

6weeks

7days

7days

Creatine
type

Creatine
monohydrate

Creatine

monohydrate

Creatine
monohydrate
Creatine
monohydrate
Creatine
monohydrate
Creatine
monohydrate
Creatine

monohydrate

Creatine
monohydrate

Creatine

monohydrate

Creatine

monohydrate

Creatine
monohydrate

Creatine
monohydrate
Creatine
monohydrate
Creatine
monohydrate
Creatine

monohydrate

Creatine

monohydrate

Global
cognitive
function

MMSE

MMSE

MSIB Global

cognitive score

MOCA

Mathematical

processing

RAPM

Outcomes

Delay recall (naming; incidental
memory; immediate; learning;
and delay recall)

Digit span test (forward order;
backward order)

Delay recall (naming; incidental
‘memory; immediate; learning;
delay recall)

Digit span test (forward order;
backward order)

CBT; DTT

‘Word memory test; Forward
memory digit span test

MSIB memory score

Forward verbal recall; Backward

verbal recall; Forward spatial
recalls Backward spatial recall
backward

Forward number recall

Forward number recall;

Backward number recall;

Forward spatial recall; Backward

spatial recall; and Long-Term

‘memory

Picture sequence memory

CBT; RCBT; DT'T; and VEDS

BDS

Composite memory

Executive
function

“Trail making test

(part A; part B)

“Trail making test

(part A)

MSIB executive

function score

Dimensional
change card sort

test

Executive
function;
Cognitive
flexibilty

Attention

Stroop test (color
condition; non-
color condition;
color word

condition)

Stroop test (color

condition; non-
color condition;
color word

condition)

EFT

EFT (% correct
answers same
direction; %
correct answers
opposite
directions) EFT
(Arrows in same
direction; Arrows
in opposite
direction)

Complex

attention

Flanker task

Processing
speed

GNGVRT; VRT

MSIB visual spatial
score

Choice reaction

time

Pattern comparison

test

VRT; GNGVRT;
ART; GNGART

Simple reaction

time

Psychomotor speed;

Reaction time
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Attention (time)

Covariate SMD  Lower  Upper  p  Heterogeneity pbetween  Heterogeneity
95% CI 95% CI (5] groups between groups (/?)
Population 8 -031 ~061 0 028 13.80%
Health 5 ~0.18 -062 0.27 044 38%
Tlness 3 -052 ~096 ~008 002 0%
Age (years) 8 -031 ~0.61 0 002 81%
>60 3 012 -034 0.58 061 0%
18-60 5 -055 -09 -021 0.002 0%
Intervention duration 8 -031 ~061 0 026 21%
Less than 4 weeks 2 -062 -125 001 061 2%

More than 4 weeks 6 -021 ~061 013 023 14%
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| LowerCi UpEstimate | Uppor CI Limit
‘Aves 2013 (Sto0p Test Color Conton) '

Aves 20134 (Siroop TostColor Word Conditon)

‘Aves 2013a (St00p TostNon-Color Con 1

‘Aves 20135 (St00p Test Color Conditon)

Aves 20135 (Siroop TostColor Word Conditon)

Aves 20135 (St00p TestNon-Color Conditon)

Pires 2020 (EFT Arows I Ovocton) '

Pres 2020 (EFT Arows In Same Direction)

P o oy Y 0.000.08
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Alves 2013a (Delay Recall Delay Recall)
Alves (Delay Recall )
Alves 2013a (| Recall Incidental ;
m-zo?a'uo- Recall Naming)
Alves 2013a (| SplnTut'.Ld:vmd
Alves 2013a (| Span Test Forward
Alves 2013b (Delay Delay

Alves 2013b Span Test Backward
muzma‘amsom!r:nmw
Borchio (¢
Borchio 2020 (DTT)
Levental 2015 (MSIB Memory Score)
Moriarty 2023 (Picture Sequence
Pires 2020 ((
Pires 2020 (RCBT)

(VFDS)
SandkUhler 2023 (BDS)
Turner 2015 (Composite Memory)

Meta-analysis estimates, given named study is o
| Upper CI Limit

| Lower CI LingEstimate
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Meta-analysis estimates, given named stud
| Lower Gl i@Hstimate | Upper Cl Limit

Levental 2015 (MSIB Executive Function Score) I

Moriarty 2023 (Dimensional Change Card Sort Test) | -

Tumer 2015 (Executive Function) |-

Turner 2015 (Cognitive Flexibility)

1
-0.1D.07 0.33 0.72.82
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Meta-analysis estimates, given named study is omitted
| Lower CI Limit OEstimate | Upper CI Limit

Alves 2013a (Trail Making Test Part A) |- - |

Alves 2013a (Trail Making Test Part B)

Alves 2013b (Trail Making Test Part A)
075 -047 -0.03 041 068
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Female

\ELELIES OR (95%Cl) OR (95%Cl)
Age 105 (102~ 1.08) <0.001 104 (1.02~1.06) <0.001

Years of education

<13years 1 (Ref) 1 (Ref)

>13years 036 (0.21~0.60) <0001 073 (045~1.17) 0.194
Race

White 1(Ref) 1 (Ref)

Non-white 389 (1.82~8.32) <0001 211 (1.10~4.04) 0024
Family history

Yes 1(Ref) 1(Ref)

No 0.64(0.40~1.02) 0.063 080 (0.56~1.15) 0230
Hoehn-Yahr

Stage | 1(Ref) 1(Ref)

Stage 2,3 133(0.79~2.23) 0.286 139 (0.96~2.01) 0.083
Disease duration 1.07(0.95~1.21) 0.247 116 (1.03~1.30) 0018
BMI 107 (1,02~ 1.12) 0.004 1.02(0.98~1.06) 0355
RBDSQ 0.96 (0.88~1.05) 0382 103 (0.98~1.09) 0.284
GDS-15 110 (1,02~ 1.19) 0010 1.05(0.98~1.11) 0.168
MDS-UPDRS3 1.02(0.99,1.04) 0.141 1.03 (1.01,1.04) 0.003

RBDSQ, Rapid-Eye-Movement Sleep Behavior Disorder Screening Questionnaire; GDS-15, the Geriatric Depression Scale-15 items; MDS-UPDRS3, the Movement Disorder Society Unified
Parkinson's Rating Scale part I1L.
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Variables Female

Age 107 104
Disease duration 117 104
BMI 103 101
Years of education 108 102
Race 102 100
Family history 109 103

Hoehn-Yahr L 105
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Select baseline data of PD patients
from the PPMI database from 2010
10 2023, totaling 1127 individuals.

1038 participants included

Delete 89 participants with missing or
abnormal basic demographic information

1005 participants included

Remove 22 participants with missing or
abnormal BMI and MoCA scores
Exclude 11 participants with missing rapid
eye movement sleep behavior disorder
and depression

378 females 627 males
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Total Female Male Zl

1,005 378 627
Age (years old), median (P25,P75) 636 (56.2,69.6) 62.7(55.4,70.1) 64.0/(56.7, 69.4) -0513 0,608
Years of education, n (%)

<I3years 173(172) 84(22.2) 89(14.2) 10.664 0001
>13years 832(82.8) 294(77.8) 538 (85.8)

Race, 1 (%)

White 935(93.0) 348 (92.1) 587 (93.6) 0882 0348
Non-white 70(7.0) 30(7.9) 40 (6.4)

Family history, n (%)

Yes 349 (34.7) 137(36.2) 212(338) 0615 0433
No 656 (65.3) 241 (63.8) 415 (66.2)

Hoehn-Yahr, 1 (%)

Stage 1 338 (33.6) 116 (30.7) 222(35.4) 13564 0001
Stage 2 647 (64.4) 247 (65.3) 400 (63.8)

Stage 3 2020 15(40) 5(08)

Disease duration (years), median 06(03,15) 07(03,19) 06(03,13) -2.889 0,004
(P25,P75)

BMI (kg/m2), median (P25, P75) 262(23.9,29.4) 249(22.1,28.9) 267 (24.4,29.6) ~5.908 <0001
Moca, median (P25, P75) 27.0(25.0,29.0) 28.0(25.0,29.0) 27.0(25.0,29.0) -2582 0010
RBDSQ, median (P25, P75) 30(20,60) 30(20,50) 30(20,60) 1894 0058
GDS-15, median (P25, P75) 20(1.0,30) 20(08,40) 20(1.0,30) ~0.768 0.443
MDS-UPDRS3, median (P25, P75) 210(15.0,29.0) 205 (14.0,29.0) 210(15.0,29.0) 0576 0.565

Continuous variables are expressed as mean (SD) or median (P25, P75), and categorical variables are expressed as n (%). RBDSQ, Rapid-Eye-Movement Sleep Behavior Disorder Screening
Questionnaire; GDS-15, the Geriatric Depression Scale-15 items; MDS-UPDRS3, the Movement Disorder Society Unified Parkinson's Rating Scale part 1L
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Participants from NHANES 2011-
2014
(N=19931)

Participants age<<60(N=16299)

Participants age=60(N=3632)

Participants with food security
data
(N=3600)

Participants without food
security data(N=32)

Participants finally selected
(N=2915)

Participants missing cognitive
function data (N=685)
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Characteristics All (n = 2,915) Food security

Yes (n = 2,558) No (n = 357)
Age (years) 69.22 £ 6.65 69.39 £ 6.68 66.97 £ 5.89 < 0.0001
Gender (%) 0.0512
Male 4553 46.03 39.31
Female 54.47 53.97 60.69
BMI 29.05 +6.23 28.89 £ 6.05 30.98 £7.95 < 0.0001
PIR 3.06 £1.55 3.18+1.52 1.46 £+ 0.98 < 0.0001
RACE (%) < 0.0001
Mexican American 3.35 2.79 10.37
Other Hispanic 3.66 2.99 12.13
Non-Hispanic White 79.61 81.54 55,31
Non-Hispanic Black 84 7.62 18.24
Non-Hispanic Asian 3.27 3.38 1.91
Other Race 1.71 1.69 2.05
Education (%) < 0.0001
< high school 5.71 4.61 19.48
9-11th grade 10.28 9,32, 22.46
High school graduate 22.19 21.58 29.78
Some college or AA degree 31.47 32.29 21.25
College graduate or above 30.35 322 7.03
Smoked > 100 cigarettes (%) 0.0382
Yes 50.43 49.93 56.67
No 49.57 50.07 43.33
Alcohol intakes > 12 drinks/year (%) 0.0348
Yes 73.07 73.58 66.68
No 26.93 26.42 33,32,
High blood pressure (%) < 0.0001
Yes 59.14 57.98 73.72
No 40.86 42.02 26.28
Diabetes (%) < 0.0001
Yes 19.36 18.37 31.84
No 76.57 77.71 62.21
Boardline 4.07 3.93 5.95
CVD < 0.0001
Yes 243 23.41 35,53
No 75.7 76.59 64.47
IRT 19.71 +4.49 19.84 4 4.44 18.09 +4.77 < 0.0001
DRT 6.22 +2.30 6.27 +2.29 5.66 = 2.33 0.0002
AFT 18.07 £+ 5.69 18.23 £5.70 16.00 +5.13 < 0.0001
DSST 51.84 +16.93 52.77 £ 16.54 40.21 +17.45 < 0.0001

Mean =+ SD for continuous variables: the P-value was calculated by the weighted linear regression model; (%) for categorical variables: the P-value was calculated by the weighted chi-square test.
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Exposure
IRT

Model 1 8 (95% CI) P-value

Model 2 B (95% CI) P-value

Model 3 g (95% Cl) P-value

Food security

Ref

Ref

Ref

Food insecurity

—1.75 (=2.37, —1.13) < 0.0001

—1.97 (—2.55, —1.38) < 0.0001

—0.94 (—1.54, —0.34) 0.0021

FSSM
Full food security Ref Ref Ref
Marginal food security —0.95 (—1.69, —0.20) 0.0128 —0.89 (—1.59, —0.20) 0.0113 —0.23 (—0.92, 0.47) 0.5204

Low food security

—1.84 (—2.62, —1.05) < 0.0001

—1.95 (—2.68, —1.22) < 0.0001

—0.91 (—1.65, —0.17) 0.0154

Very low food security

—1.74 (—2.72, —0.76) 0.0005

—2.18 (—3.09, —1.27) < 0.0001

—1.07 (—1.99, —0.15) 0.0220

DRT

Food security

Ref

Ref

Ref

Food insecurity

—0.61 (—0.93, —0.29) 0.0002

—0.74 (—1.04, —0.44) < 0.0001

—0.37 (—0.68, —0.06) 0.0209

FSSM
Full food security Ref Ref Ref
Marginal food security —0.28 (—0.67, 0.10) 0.1485 —0.25 (—0.61, 0.10) 0.1661 —0.03 (—0.40, 0.33) 0.8519

Low food security

—0.47 (—0.88, —0.07) 0.0205

—0.55 (—0.93, —0.17) 0.0045

—0.18 (—0.57, 0.21) 0.3605

Very low food security

—0.87 (—1.37, —0.37) 0.0007

—1.11 (—1.57, —0.64) < 0.0001

—0.69 (—1.17, —0.21) 0.0047

AFT

Food security

Ref

Ref

Ref

Food insecurity

—223 (—3.02, —1.45) < 0.0001

—2.04 (—2.78, —1.30) < 0.0001

—0.39 (—1.13, 0.34) 0.2938

FSSM
Full food security Ref Ref Ref
Marginal food security —2.41 (=3.35, —1.47) < 0.0001 —1.79 (—2.66, —0.92) < 0.0001 —0.75 (—1.60, 0.10) 0.0821

Low food security

—2.57 (=3.56, —1.59) < 0.0001

—2.10 (—3.03, —1.18) < 0.0001

—0.42 (—1.33, 0.48) 0.3570

Very low food security

—2.03 (—3.26, —0.79) 0.0013

—2.31 (—3.46, —1.17) < 0.0001

—0.61 (—1.73,0.51) 0.2856

DSST

Food security

Ref

Ref

Ref

Food insecurity

—12.15 (—14.44, —9.85) < 0.0001

—10.84 (—12.79, —8.88) < 0.0001

—3.83 (—5.65, —2.01) < 0.0001

FSSM
Full food security Ref Ref Ref
Marginal food security —10.88 (—13.61, —8.16) < 0.0001 —8.52 (—10.81, —6.24) < 0.0001 —3.70 (—5.80, —1.60) 0.0006

Low food security

—13.54 (—16.40, —10.68) < 0.0001

—11.34 (—13.76, —8.92) < 0.0001

—4.48 (—6.72, —2.24) < 0.0001

Very low food security

—1145 (—15.03, —7.86) < 0.0001

—11.77 (—14.77, —8.76) < 0.0001

—4.09 (—6.86, —1.32) 0.0038

Model 1: Variables were not adjusted. Model 2:

intake were adjusted.

Adjustments were made to age, gender, and race. Model 3: Age, gender, race, BMI, PIR, HBP, diabetes, CVD, smoking status, and alcohol
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Group Model Reference group Wald OR 95%Cl
X Grape consumption
a <100g/d 100200g/d  -0489 0134 13229 <0001 0613 | 0471-0.798
b <100g/d 100200g/d  -0390 0155 6326 0012 0677 | 0499-0917
< <100g/d 100200g/d | -0353  0.d64 4638 0031 | 0702 0509-0.969

X, The objective cognitive unimpaired group and the objective cognitive impairment group. , basic model, no adjustment. b, adjusted for age, education, tooth loss, chronic periodontitis,
dieting to lose weight, diabetes,allergic history, cognitive-promoting drug use. ¢, adjusted for all variables in model b-+ consumption of fruit, red wine, white wine, APOE genotype. B,
Coeficient for the constant; S, Standard error around the coefficient for the constant;p, p-value; OR, Exp (B); 95%C, Confidence interval for the odds ratio with its upper and lower limits.
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Group Model Reference g Wald OR 95%C|

The MClgroup  Red wine

and the AD group
a NO YES -0769 | 0228 11398 0001 0463 0296-0724
b NO YES ~0688 0260 6985 0.008 0503 0.302-0837
< NO YES -1217 0359 1514 0001 029 0.147-059

a,basic model, no adjustment. b, adjusted for age, education, dieting to lose weight, constipation, alergic history, cognitive-promoting drug use, diabetes. ¢, adjusted for all variables in model
b-+drinking frequency, consumption of fruit, like berries, APOE genotype. B, Coeficient for the constant; SE, Standard error around the coeffcient for the constant; . p-value; OR, Exp (B);
95%Cl, Confidence interval for the odds ratio with its upper and lower
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Standard deviation of outcome among participants
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NC group

SCD group

MCI group

AD group

Objective cognitive
unimpaired group

Objective cognitive
impairment group

N
Demographic data
Age (year)
Education
BMI (kg/m?)
Waist (cm)
Sex
Male
Female
Marital status
Never married
Married
Widowed
Divorced
First-degree relatives with AD
Yes
No
APOE ed allele carries
Yes
No
MoCA-B Scores
ACE-II Scores
Basic physical condition
Tooth loss
No tooth loss
520 teeth
1019 teeth
19teeth
No teeth

Chronic periodont

No
Yes

Periodontitis years
<5years
5-10years
>10years

Dieting to lose weight
Yes
No

Diarrhea
Yes
No

Constipation
23 times/WKD
1 time/WKD
1 every2-dweeks

No

249

64589
127432
235437

8474128

89(35.7)
160 (64.3)

4(16)
227 (91.9)
802
8(32)

43(19.6)
176 (80.4)

43 (18.8)
186 (81.2)
259402

832108

78 (31.8)
86 (35.1)
34(13.9)
41(16.7)

6(24)

162 (66.1)
83 (33.9)

36 (43.4)
16 (19.3)

31(37.3)

16(6.5)
230 (93.5)

69 (27.9)

178 (72.1)

22(89)
10(4.0)
24(9.7)

192(77.4)

Surgical history within one year

Yes
No
Hypertension
Yes
No
Diabetes
Yes
No
Allergic history
Yes
No
Drug history
Metformin
No
Yes
Antibiotics
Yes
No
Cognitive-promoting drug use
YES
No
Smoking habit
Smoking at present
Yes

No

30 (12.1)

217 (87.9)

80 (323)

168 (67.7)

26 (10.5)

222 (89.5)

56 (225)

193 (77.5)

218 (89.3)

26(10.7)

33(13.3)
216 (86.7)

2(0.8)

247 (99.2)

21(55.3)

17(447)

Secondhand smoke environment

Yes

No

199 (82.9)

4107.1)

Your parents smoked before you were born

No
Yes

Smoke or not
>20/Day
10-20/Day
1-10/Day
Quit smoking
Notatall

Drinking habits

Drinking frequency
Notatall

Sometimes

1-3 times/ WKD

>4times/WKD

‘Continuous variables were analyzed using independent sample T test, whereas categorical variables (proportions) were analyzed using the chi-square test.

147 (60.7)

95 (39.3)

4(16)

2(08)

16 (6.4)
26 (10.4)
201 (80.7)

130 (52.8)
94 (38.2)
7(28)

15(6.1)

276

64887
12431
233436

858£92

73(26.4)

203(73.6)

4(15)
253 (93.0)
8(29)
7(26)

60 (22.9)

202(77.1)

50 (19.5)
207 (0.5)
252402

802407

57(21.4)
97(36.5)
42(15.8)
58(21.8)

12(21.8)

154 (57.7)

113 (423)

42(40.7)
27(23.9)

40(35.4)

18(6.7)
252(93.3)

93 (34.3)
178 (65.7)

39(14.4)
15(5.5)
310114

186 (68.6)

31(113)

244 (88.7)

114 (41.9)

158 (58.1)

36(13.2)

236 (86.8)

72(262)

203 (73.8)

241 (903)
26(9.7)

44(16.0)

231 (84.0)

10(3.6)

265 (96.4)

16(72.7)

6(273)

202(78.6)

55(214)

154 (59.0)
107 (41.0)

3(L1)
5(1.8)
8(29)
13(4.7)

246 (89.5)

163 (60.8)
87(32.5)
6(22)

12(45)

0755

0.403

0614

0.265

0.021

0977

0.385

085

0.003

0.005

0.065

005

0742

0941

0118

0.126

0757

0023

0334

0326

0732

0375

003

018

0223

0719

0216

0326

350

67.847.1
109433
235430

851115

110(31.4)

240 (68.6)

4(12)
305 (90.2)
19(56)
10(30)

54(165)

274 (83.5)

89(25.4)
261 (74.6)
204202

67.0£1.1

2 (23.4)
119 (34.0)
52(14.9)

4(24.0)

1333.7)

222(65.1)
119 (34.9)

4 (47.0)
24(209)

37(322)

19(5.5)
326 (94.5)

98(28.2)
250 (71.8)

40 (11.6)
22(64)
35(10.1)

248 (71.9)

40(115)

309 (88.5)

125(36.3)

219 (63.7)

45(13.1)

299 (86.9)

79(226)

270 (77.4)

294(88.6)
38(11.4)

6(13.2)
302 (86.8)

13(38)

333(96.2)

23(59.0)

16 (41.0)

3 (19.0)
268 (81.0)

210(62.7)
125(37.3)

7(20)
8(23)
132
30(8.6)
291(83.9)

210(61.2)
103 (30.0)
9(26)

21(6.1)

252

705478
95442
231430

859493

94(37.3)

158 (62.7)

1(0.4)
231(93.9)
10(41)

4(1.6)

45188)
195 (813)

114 (46.2)
133 (53.8)
13203

510£12

59 (23.4)
70 (27.8)
48(19.0)
54(214)

21(83)

176 (71.8)

69(28.2)

32(45.1)
16(22.5)

23(324)

2(08)

244/(99.2)

58(23.3)
191(767)

17 (6.8)
26104)
15(6.0)

192(76.8)

20 (8.0)

229 (92.0)

98(39.5)

150 (60.5)

39(158)

208 (84.2)

31(124)

218 (87.6)

216 (87.8)
29(11.8)

25(10.0)
224 (90.0)

54(21.7)

195 (78.3)

22(61.1)

14(38.9)

39(16.8)
193 (83.2)

136 (57.4)

101 (42.6)

5020

3(12)

15(6.0)
30(11.9)
199 (79.0)

158 (64.8)
62(25.4)
7(29)

17 (7.0)

<0.001

<0.001

0.055

0.398

0133

0.466

0478

<0.001

<0.001

<0.001

0.054

0.085

0.955

0.002

0.182

002

0.169

0.431

0352

0.002

0.634

0237

<0.001

085

05

0201

0.234

067

525

646188
126432
236432

855103

162 (30.9)
363 (69.1)

8(1.5)
480 (92.5)
16(3.1)
15(29)

101 (21.0)

379 (79.0)

96 (18.4)
426 (81.6)
217402

794409

135 (26.4)
183 (35.8)
76 (14.9)
99(19.4)
18(335)

316 (61.7)
196 (38.3)

82(41.8)
43(21.9)

71(362)

34(6.6)

482 (93.4)

162 (31.3)
356 (68.7)

61(11.8)
25(48)
55(10.6)

378 (72.8)

61(11.7)

461 (88.3)

194 (37.3)

326 (62.7)

62(11.9)

458 (88.1)

128 (24.3)

396 (75.6)

459 (89.8)
52(10.2)

77(14.7)
447 (85.3)

12(23)

512(97.7)

37(61.7)
23(38.3)

401 (80.7)
96(19.3)

301 (59.8)
202 (40.2)

7(13)
7(13)
24(46)
39(7.4)

447 (85.3)

293 (57.0)
181 (35.2)
13(25)

27(53)

p,p value. NC, normal control; SCD, subjective conitive declines MCI, mild cognitive impairment; AD, Alzheimer’ discase; BMI, Body Mass Index; MoCA-B, Montreal Cognitive
Assessment—Basic; ACE-III, The Addenbrook's Cognitive Examination; WKD, Weekend.

602

689475
10337
233431

85.6£10.1

204 (33.9)
398 (66.1)

5(09)
536 (91.8)
29(5.0)
14(2.4)

98(17.3)

469 (82.7)

203 (34.1)
393(65.9)
184202

627:08

128 (22.0)
183 (31.4)
100 (17.2)
138 (23.7)

34(5.8)

398 (67.9)

188 (32.1)

86(46.2)
40(21.5)

60(32.3)

1(3.6)
570 (96.4)

156 (26.1)

441 (73.9)

7 (9.6)
48(8.1)
50 (8.4)

440 (73.9)

60 (10.0)

538 (90.0)

223 (37.7)

369 (62.3)

84(142)

507 (85.8)

110 (18.4)

488 (81.6)

510(88.2)
68(11.8)

71(11.9)

526 (88.1)

83(139)

516 (86.1)

45(60.0)
30 (40.0)

461 (81.9)

102(18.1)

346 (60.5)
226 (39.5)

12(2.0)
1(1.8)
26(43)
60(10.0)
490 (81.8)

368 (62.7)
165 (28.1)
16(27)

8 (6.5)

0.006

<0001

0299

0363

0279

029

0123

<0001

<0001

<0001

0039

0032

0649

0.02

0058

0.067

0374

0901

0014

0.403

0.167

<0001

0844

0617

0828

0445

0085
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NC SCD McClI AD Objective Objective
group group group group cognitive cognitive

unimpaired  impairment
group group

N 249 276 350 252 525 602
Fruit consumption, Drinking habits

Consumption of fruit

>200grams/day 4719) 52(19.3) 0.245 63(18.2) 34(13.7) 0.006 99(19.1) 97 (16.3) 0.004
100-200grams/day 137(55.5) | 132(489) 168(18.4)  98(39.4) 269 (52.0) 266 (44.6)
<100grams/day 58 (23.5) 74 (27.4) 107(30.8) 103 (41.4) 132(25.5) 210 (35.2)

NO 5(20) 12(44) 9(26) 14(5.6) 17 (33) 23(39)

Consumption of fruit juice

No 224(957) | 253(969) 0473 317(955) | 225(962) 069 477 (96.4) 542 (95.8) 0.615
Yes 10(43) 8(3.1) 15(4.5) 9(3.8) 18(3.6) 24(42)

Like berries
Yes 164(664) 160 (60.2) 0.143 182(526) 103 (42.0) 0011 324(63.2) 285 (48.2) <0.001
No 83(33.6) 106 (39.8) 164(47.4)  142(58.0) 189 (36.8) 306 (51.8)

Berry consumption

>200grams/day 9.1 21(87) 0017 2073) 7062 0.103 30(65) 29(56) 0.100
100-200grams/day 75(33.8) 58 (24.1) 72(23.9) 49(22.4) 133 (287) 121(233)
<100grams/day 138(622) | 161(67.2) 207(688) 163 (74.4) 300 (64.8) 370 (71.2)

Like grapes
Yes 208(849) | 228(86.0) 0715 266(780) | 184(75.1) | 041l 436 (85.5) 450 (76.8) <0.001
No 37 (15.1) 37 (14.0) 75(22.0) 61(24.9) 74(145) 136 (232)

Grape consumption

>200grams/day 22(9.6) 25(9.6) 0.996 33(10.0) 12(5.2) 0.099 47(9.6) 45 (8.0) 0.001
100-200grams/day 90 (39.5) 104 (39.8) 99 (30.1) 68(29.4) 194 (39.7) 167 (29.8)
<100grams/day 16(509) | 132(506) 197(59.9) 151 (65.4) 248 (50.7) 348 (62.1)

Red wine
Yes 76 (31.0) 75(282) 0.484 84(24.9) 32(133) 0.001 151(29.9) 116 (20.1) <0.001
No 169(69.0) | 191(71.8) 2051 208(867) 354 (70.1) 461 (799)

White wine
Yes 13(5.3) 18 (6.8) 049 13(3.9) 3(13) 0.06 31(6.1) 16 (2.8) 0.007
No 222(047) | 248(932) 324961) | 237(988) 474(93.9) 561(97.2)

Beer
Yes 35(14.3) 31(11.7) 0376 31(92) 26(10.8) 0517 66 (13.1) 57(9.9) 0.099
No 210(857) | 235(883) 306(90.8) | 214(89.2) 439 (869) 520 (90.1)

Yellow rice wine

Yes 30(12.2) 26(9.8) 0372 44(13.1) 29(12.1) 0729 56 (11.1) 73 (12.7) 0429
No 215(87.8) | 240(902) 293(369) | 211(879) 449 (88.9) 504 (87.3)

Liquor
Yes 28 (11.4) 27(10.2) 0.641 28(83) 23(96) 0595 55(10.9) 51(88) 0.257
No 217(886) | 239(89.8) 3090917) | 217(904) 450 (89.1) 526(91.2)

Categorical variables (proportions) were analyzed using the chi-square test.
p, p value. NC, normal control; SCD, subjective cognitive decline; MCI, mild cognitive impairment; AD, Alzheimers disease.
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Group Model Reference g Wald OR 95%CI
X Like berries
a NO YES —0610 0123 24.562 <0.001 0543 0.427-0.692
b NO YES —0.447 0.141 10.052 0002 0640 0.485-0.843
c NO YES —0378 0.159 5687 0017 0685 0.502-0.935

X, The objective cognitive unimpaired group and the abjective cognitive impairment group. a, basic model, no adjustment. b, adjusted for age, education, tooth loss, chronic periodontits,
iting to lose weight,diabetes, allergic history, cognitive-promoting drug use. ¢, adjusted for all variables in model b-+ consumption of fruit,like grapes, grape consumption, red wine, white

wine, APOE genotype. B, Coeficient for the constant; SE, Standard error around the coeffcient for the constant; p, p-value; OR, Exp (B); 95%CI, Confidence interval for the odds ratio with its
apper and lower limits.
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Female Male

Variables Modell Model2 Model3 Modell Model2 Model3
BMI 107 (102~ 112, 107 (102113, 106 (101~1.12, 1.02(0.98~1.06, 103 (0.98~1.07, 1.03(0.99~1.08,
0.004) 0.005) 0022) 0.355) 0.270) 0.165)

BMI categories

BMI<25kg/m® 1 (Ref) 1 (Ref) 1 (Ref) 1 (Ref) 1 (Ref) 1 (Ref)

25 <BMI<30kg/m* 231(1.34~4.00, 197 (1.12~3.49, 1.83(1.02~3.30, 127 (0.85~1.90, 129 (0.86~1.96, 134(0.88~2.04,
0.003) 0.019) 0.043) 0.252) 0.221) 0.170)

BMI>30kg/m? 330(178~6.12, 358 (1.88~6.80, 334(171~653, 121(0.74~1.99, 124(0.75~2.06, 128(0.77~2.14,
<0.001) <0.001) <0.001) 0.445) 0.396) 0.340)

pfor trend <0.001 <0.001 <0.001 0433 0430 0374

Model 1: not adjusted.
Model 2: adjusted for age and race.
Model 3: adjusted for model 2 plus disease duration, years of education, family history and Hoehn-Yahr stage.
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Assessment Formative phase

Focusgroupl  Focusgroup2  Focusgroup3  Focus group 4
General forms Demographics X X X X
Informed Consent X X X X
Review of inclusion/exclusion X X X X
criteria
Medical & Family History X X X X

Questionnaire

Clinical Assessment with MD.

Clinical assessment scIp X X X X
forms PANSS X X X X
cpss X X X X
Physical evaluation Anthropometrics X X X X
tools Weight X X X X
Vital Signs
Blood Chemistries (insulin,
glucose, HEALC, lipids,liver
function test); (IML)
Biomarkers of Inflammation
(20ML)
Diet Counseling
Dietary assessment EAT-26 X X X X
tools ASA24 X X X
FEQ X X X
Appetite and Eating X X X X
Questionnaire Motivation for
Change
Diet Habits Survey X X X
NEMS-P X X X
Cooking videos X X
Diet Education materials X X
Physical activity IPAQ Long X X X

assessment form Health Coaching Telephone

Health coaching forms  Diet Adherence (HC note)
Concomitant medications
Assessment of AEs-Tolerability

End of treatment Acceptability

i o Feasibility

Satisfaction/Perception X X
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Breakfast

Monday Brain Smoothie or Strawberry Peach Kale
‘Smoothie

Tuesday Vegetable Egg Scramble

Wednesday Oatmeal

Thursday Fresh Spinach Quiche Cups

Friday Quinoa Porridge OR Oatmeal

Saturday Left Over Fresh Spinach Quiche Cups

Sunday Left Over Berries with Coconut Mango

Cream

ch

Balsamic Dressing, Green Salas with
Kidney Beans, Pumpkin Seeds

Purple Cabbage Salad

Left Over Nourish Bowl

Turmeric-Ginger Dressing, Green
Salad White beans

Left Over Lentils with Vegetables

Roasted Vegetables and Tahini

Dressing

Asian Coleslaw

ck

Guacamole and Carrot Sticks
Chia Seed Pudding

Sweet Potato Hummus and
Crackers

Baby Carrots and Hummus

Miso Soup.

Plain Yogurt with Berries and
Ground Flaxseeds

Edamame Dip

Dinner
Cauliflower-Millet Steamed
Broccoli

Papita Pesto Nourish Bowl
Baked Mahi Mahi, Roasted
Vegetables, Whole Grain

Lentils with Vegetables

Kale Salad with Rotisserie
Chicken

Steamy Greens 4 la Esselstyn,
Left over Rotisserie Chicken,

Whole Grain

Salmon Pecan Cakes, Roasted

Brussel Sprouts
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Inclusion criteria
Aged 15-30

FEP diagnosis within the last 5years of unspecified psychosis, schizophrenia,
schizophreniform disorder, bipolar disorder with psychotic features or
schizoaffective disorder as determined by the Structured Clinical Interview for
DSM-5 (SCID-5)

Exclusion criteria

Diagnosis of substance-induced psychosis or psychosis due to general medical

condition as determined by the SCID-5

Has significant food significant sensitivities, allergies, or follows a current dictary
restriction/ regimen

An

use within the past 3 months as determined via self-report and/or
medical records

Diagnosis of a major neurological condition, seizure disorder,or other significant
medical illness

History of a severe head injury with loss of consciousness or traumatic brain injury
per patient report

1Q<80 or severe intellectual disability per participant report

High risk for suicide as determined through the clinical screening process
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Howtoadd  Koop fozen com kamels on hand and add
Fo

 Have pinoappl sices 2 a dossor.
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Development Phase-
Completed

Formative Phase-

Collaboration between experts in nutrition and psychosis to develop the proposed anti-inflammatory DI.

Recruitment of 4 distinct focus groups to assist in the refinement of the DI based on FEP participant experiences,
dietary preferences, physical activity levels, and perceived accessibility to food. Participants will report on the
perceived feasibility and acceptability of assessments, nutritional materials, and the overall DI.

Participants will complete a 3-day diet journal as well as questionnaires regarding physical activity and dietary
habits.

Participants will report on dietary preferences and attitudes as well as their individual food environments.

Participants will evaluate individual measures, recipes, and educational handouts given as part of the DI using
self-reported acceptability and feasibility measures.

port on their preferred mode of service delivery for this DI and will be asked to assess
y and acceptability of the intervention through self-reported acceptability and feasibility
measures. Participants in this group will also report on their experience participating in research in general.

Based on the findings from the Formative phase, the refined DI will be administered to a small sample of FEP
participants to determine feasibility of the proposed DI and collection of related biomarkers.
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Outcomes Std_Eff Coef. Std.Err P 95%Cl

Global cognitive function  Slope 06156409 07533144 082 046 ~1.475895 10 2707177
Bias ~0.7782632 2496782 -031 0771 ~7.71044210 6153916
Memory Slope 00695127 0.3543886 020 0.846 ~0.6532676 10 0.792293
Bias 0.652748 0.9347061 070 0490 ~1.253598 10 2.559094
Executive function Slope 05291055 0.2851093 186 0205 ~0.6976209 to 1755832
Bias ~05121732 0.7099642 -072 0546 ~3.566903 t0 2.542556.
Slope 8736751 2064796 423 0.148 ~17.49897 10 34.97248.
Bias ~22.62588 5325404 -425 0.147 ~90.29155 10 45.03979
Attention Slope ~0.0368459 8946358 0 0.997 ~38.52992 t0 38.45623
Bias 06623473 2268819 003 0979 ~96.95707 10 98.28176
Attention time Slope ~0.0988147 6466409 -002 0.988 ~0.1592155 10 15.72392
Bias ~0.5551808 1627624 ~0.03 0974 ~40.38171 10 39.27135
Processing speed Slope 04612439 0.6309956 073 0541 ~2.253711 10 3176199
Bias ~ 114873 1580664 -0.73 0543 ~7.94977810 5.652318
Processing speed time Slope 2875177 3325391 086 0420 ~5.261762 10 1101212

Bias ~7.768328 7.624275 —102 0348 ~26.42426 10 10.8876
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Outcome (LC) Crude Model Model 1 Model 2

OR (95%Cl)  p- value OR (95%Cl) p- value OR (95%Cl) p- value

Low CERAD W-L

o GNRI (continuous) | 0.99 (0.98,0.99) <0.001 0.99 (098,0.99) <0.001 0.99 (0.98,0.99) <0.001
GNRI>98 1(Ref) 1(Ref) 1(Ref)
GNRI <98 2,05 (1.55,2.70) <0.001 177 (1.28,244) 0.001 1.68(1.19,2.36) 0.003
Low AFT score GNRI (continuous) | 0.99 (0.98,0.99) <0.001 0.99 (098,0.99) <0.001 0.99 (0.98,0.99) <0.001
GNRI >98 1 (Ref) 1 (Ref) 1 (Ref)
GNRI <98 213 (1.62279) <0.001 1.78(1.30,242) <0.001 174(1.26,241) 0009
Low DSST score GNRI (continuous) | 0.99 (0.98,0.99) <0.001 0.99 (098,0.99) <0.001 0.99 (0.98,0.99) <0.001
GNRI>98 1 (Ref) 1 (Ref) 1 (Ref)
GNRI <98 219 (1.66,288) <0.001 165 (1.15,236) 0.006 163 (1.11,238) 0012
i”:o:""pm'u GNRI (continuous) 101 (1.01,1.02) <0.001 1.01(1.00,1.02) <0.001 101(1.01,1.02) <0.001
GNRI>98 1 (Ref) 1 (Ref) 1 (Ref)
GNRI <98 239 (1.81,3.14) <0.001 1.90(1.34,2.70) <0.001 187(1.29,271) 0.001

OR: 0dd ratio; 95%CI: 95% confidence intervals; LC, low cognitive function groups In sensitivity analysis, GNRI were converted from continuous variables (1-unit increase) to categ
variables (> 98 or <98); Low CERAD W-L score, low AFT score, low DSST score and low Composite z-score were, respectively, evaluated for low cognitive function. Crude Model was adjusted
for none. Model 1 was adjusted for age, sex; race, education, marital status, PIR. Model 2 was adjusted for age, sex., race, education, marital status, PIR, smoking status, drinking, work activity,
depression, history of diseases (hypertension, stroke, diabetes, Parkinson, CVD).
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Outcome Nutritional status

Normal (GNRI>98) Malnutrition (GNRI < 98)
Unweighted N 2925 2692 233
Total CERAD W-L score
NG, n (%) 2192 (80.5) 2050 (81.1) 142(722) 0016
1C,n (%) 733.(19.5) 642 (189) 91(27.8)
AFT score
NC,n (%) 2039(78.5) 1914 (79.3) 125(67.7) 0.004
LG n (%) 886 (21.5) 778 (20.7) 108 (32.3)
DSST score
NG, n (%) 2166 (85.1) 2030 (86.0) 136 (71.3) <0.001
LC,n (%) 759 (14.9) 662 (14.0) 97(287)

‘Composite z-score
NC,n (%) 2,180 (84.9) 2047 (85.9) 133 (69.4) <0.001
1Cn (%) 745 (15.1) 645 (14.1) 100 (30.6)

NC, normal cognitive function groups; LC, low cognitive function group; DSST, Digit Symbol Substitution Test; AFT, Animal Fluency Test; CERAD, consortium to Establish a Regi
Alzheimer’s Disease; The composite- score was calculated by summing the 7 scores ((test score - mean score)/SD) of the three individual tests. Low total CERAD W-L score, low
low DSST score and low comprehensive 7 score were, respectively, evaluated for low cognitive function.
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Variables Nutritional status

Normal (GNRI>98) Malnutrition (GNRI <98)

Unweighted N 2925 2692 233
Age, median (IQR) 692(65) 69.0(6.6) 709(69) 0,058
Age group, n (%) 0047
60-69 1462 (51.6) 1,366 (522) 96(42.8)
70-79 930(31.9) 855(32.0) 75(30.7)
280 533(165) 471(15.8) 62(26.5)
Sex, n (%) 0471
Male 1425 (45.6) 1,307 (48.6) 118 (41.9)
Female 1,500 (54.4) 1,385 (51.4) 115 (58.1)
Race, 1 (%) <0001
Mexican-American 257(34) 242(9) 15(3.1)
Non-Hispanic White 1,397 (79.5) 1,308 (48.6) 89(68.8)
Non-Hispanic Black 695 (8.4) 611(227) 81(159)
Other Race 576 (8.7) 531(19.7) 45(12.0)
Marital status, 1 (%) 0,639
Married 1,612 (62.2) 1,499 (55.7) 113 (58.2)
Widowed 572(17.0) 518(19.3) 54(21.7)
Divorced 166 (43) 155 (5.8) 162
Separated 415 (12.7) 380 (14.1) 35(12.6)
Never married 78(1.2) 68(2.5) 10(1.5)
Living with partner 78 (26) 70(26) 8(28)
PIR (%) 0,059
<1 457 (9.1) 407 (16.5) 50(13.2)
21 2,220 (90.9) 2061 (83.5) 159 (6.8)
Education, 1 (%) 0.405
Less than high school 744 (15.9) 667 (24.8) 77(20.5)
High school 684 (22.2) 636 (23.6) 48 (23.4)
College or higher 1494 (61.9) 1,387 (51.6) 107 (56.1)
Smoking status, 1 (%) 0.265
never 1,440 (49.6) 1,332 (49.5) 108 (47.4)
former 1,112 (39.4) 1,015 (37.7) 97(44.5)
now 371(11.0) 343.(128) 28(5.0)
Alcohol consumption, 1 (%) 0.365
never 450 (13.0) 411 (15.6) 39(15.1)
former 801(232) 725 (27.4) 76 (28.8)
moderate 281(11.7) 263 (10) 18(10.2)
middle 1,124 (46.1) 1,052 (39.8) 72(40.1)
heavy 209(59) 192(73) 17(58)

History of diseases, n (%)

Diabetes, n (%) 971(27.0) 901(33.5) 70(29.1) 0.467
Hypertension, n (%) 2081 (67.1) 1905 (70.8) 176 (75.7) 0.048
Stroke, n (%) 212(68) 186 (6.9) 26(122) 0023
CVD, n (%) 642(220) 590 (21.9) 52(223) 0890
Parkinson, n (%) 52(19) 46(17) 6(33) 0.264
Moderate to vigorous work activity, 1 (%) 0007
No 2042 (65.5) 1860 (69.1) 182(75.8)
Yes 882 (34.5) 831 (309) 51(242)
Moderate to vigorous physical activity, n (%) 0615
No 1,385 (47.4) 1,271 (47.2) 114 (48.9)
Yes 1,540 (526) 1421 (528) 19 (51.1)
PHQ score, median (IQR) 1004) 10(04) 20(04) 0057
Sleep duration (h), mean (SE) 71428 71429 71216 0911

Albumin level <0.001

>35g/L 2,879(98.4) 2,657 (98.7) 222(953)

<35yl 46(1.6) 35(13) 1147)
DSST score, mean (SE) 52.1(16.8) 526 (16.6) 44.0 (17.6) <0.001
AFT score, mean (SE) 181 (5.7) 182(5.6) 17.1(66) 0.043
CERAD total score, mean (SE) 260 (6.4) 26.1(64) 24.6(69) 0030
Composite z-score, median (IQR) 0.4(-03,1.1) 05(-02,1.1) 0.03(08,06) <0.001

In the NHANES study,the reporting of age i single years for adults 80 years and older was determined to be a disclosure risk. All responses of participants aged 80 years and older are coded as
80 Mean (SE), median (IQR), or n (%). SE, standard error of mean; IQR, interquartile range; PIR, poverty-income ratio; CVID, cardiovascular disease; DSST, Digit Symbol Substitution Test;
AFT, Animal Fluency Test; CERAD, consortium to Establish a Registry for Alzheimer’s Disease; The composite- score was calculated by summing the 7 scores [(test score - mean score)/SD]
of the three individual tests.
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Subgroup Malnutrition,n(%") _Adjusted OR(95%,Cl) P for interaction
Age group 0.163
60-69 28(292) 2.11(1.213.69) —_—
70-79 32(427) 225 (1.27,4.00) —_—
>80 31(50) 1.11(0.58.2.13) —_—
Sex 0.771
Male 56 (47.5) 1.76 (1.12.2.75) ——
Female 35(304) 1,67 (0.98.2.83) —_—
Education 0.409
Less than high school 45 (58.4) 1.76 (1.02,3.05) —_——
High school 14(202) 1.07 (0.48.2.39) —
College or higher 32(209) 193 (1.13.3.27) —_—
PIR 0.873
<1 23 (46) 1.87 (0.94,3.75) —_—
=1 61(38.4) 1,68 (1.14,2.50) —
‘Smoking status 0.598
never 42 (38.9) 1.50 (0.89.2.52) —_—
former 34(35.1) 188 (1.11,3.17) —_—
now 15 (53.6) 265(0.92,7.62) _—
Alcohol consumption 0.434
never 21(538) 3.05(1.31,7.10) _—
former 27(355) 1.31(0.73,2.35) —_—
moderate 4(222) 092 (0.24,3.63) _
middle 23(319) 1,62 (0.86,3.04) ——
heavy 9(52.9) 3.43(0.95,12.34) -
Diabetes 0.764
no 67 (41.1) 171 (1.13.2.58) —
yes 24(343) 1.66 (0.89.3.10) —_—
Hypertension 0.482
no 19(333) 2.11(1.024.37) —_—
yes 72 (409) 1.59 (1.09,2.34) —_
Stroke 0.211
no 7737.4) 1.85 (1.29.2.65) —_
yes 14(53.8) 1.09 (0.41.2.92) _—
Parkinson 0.140
no 87(383) 163 (1.16.2.29) —_
yes 1(100) 0(0,nf) -—
cvb 0.272
no 66(36.5) 1,87 (1.27.2.76) —_—
yes 25(48.1) 1.19(0.6,2.36) —_—
Depression 0.333
no 77.38.1) 1.82 (1.27.2.60) —_
yes 14 (452) 1.32 (0.41.4.24) _—
Moderate to vigorous work activity 0.492
no 74 (40.7) 1.80 (1.23.2.64) —_
yes 17333 1.34 (0.63.2.87) —_—
T T T
0.2 4 8
OR,95%Cl
B.
‘Subgroup Malnutrition,n(%") _Adjusted OR(95%,Cl) P for interaction
Age group 0.944
60-69 37(38.5) 1.71(1.03.2.84) —_—
31(413) 164 (0.91,2.94) —_—
40 (64.5) 195 (1.02.3.71) —_——
0.584
Male 56 (475) 2.02(1.303.14) —_—
Female 52 (45.2) 1.57 (0.98.2.53) —_
Education 0.677
Less than high school 51(66.2) 233(1.324.11) —_—
High school 22 (458) 16(0.78,3.28) —_—
College or higher 35(32.7) 147 0.90,2.42) ——
PIR 0.627
<1 29 (58) 2.15(1.104.23) —_——
=1 67 (42.1) 169 (1.16.2.44) —_
Smoking status 0.789
never 54 (50) 1,64 (1.02,2.66) —_—
former 40 (412) 1.93 (1.17.3.18) —_—
now 14.(50) 1.29(0.453.7) —_—
Alcohol consumption 0.398
never 27(69.2) 337 (1.53.7.43) —_—
former 39(513) 1.87 (1.09.3.21) —_—
moderate 5(27.8) 0.84(0223.14) B E—
middle 25(34.7) 132 (0.71,2.45) —_—
heavy 6(35.3) 1.55(0.45,5.32) —_—
Diabetes 0.288
no 74 (45.4) 1.55 (1.05.2.29) ——
yes 34 (486) 237(1.314.28) _—
Hypertension 0.873
no 21(368) 1.70 (0.86,3.34) —_—
yes 87 (49.4) 175 (1.21.2.54) —_
Stroke 0.020
no 87 (422) 154 (1.09.2.17) ——
yes 21(808) 5.92 (1.80,19.49) _—
Parkinson 0.835
no 106 (46.7) 175 (1.26.2.41) —_
yes 2(333) 8.01(0.08Inf) —_—
cvD 0.631
no 79 (436) 169 (1.17,2.45) —_
yes 29(55.8) 187 (0.93,3.74) —_—
Depression 0.186
no 93 (46) 1.88 (1.35,2.63) —
yes 15 (48.4) 070 (0.21,2.31) —_—
Moderate to vigorous work activity 0.289
no 86 (473) 159 (1.10.2.3) —_
yes 22 (43.1) 249 (1.26.4.89) e —
T T T
02 4 8
OR,95%Cl
Subgroup Malnutrition,n(%*) OR (95%Cl) P for interaction
Age group 0.041
60-69 22(229)  082(042160) ——
70-79 37(49.3) 2,50 (1.225.11) ——
=80 38(61.3)  1.81(0.89,3.69) —_—
Sex 0.516
Male 52(44.1)  1.39(0.83232) d—
Female 45(39.1)  1.90(1.07,3.35) —_—
Education 0.335
Less than high school 53 (68.8) 1.10(0.60,2.01) po—
High school 19(39.6)  1.74(0.79,3.80) —
College or higher 25(234)  2.00(1.083.70) —_—
PIR 0.086
<1 25 (50) 087 (042,1.81) —+—
=1 61(38.4)  1.92(1.232.99) —_—
Smoking status 0.472
never 50(46.3)  1.93(1.09,3.43) b
former 34(35.1) 150 (0.82,2.71) ——
now 13(464)  0.94(0.283.14) —e——
Alcohol consumption 0.543
never 24(615)  3.31(1.30841) -
former 37(487)  1.48(0.8127) ———
moderate 5(27.8) 062 (0.133.08) ¢4
middle 19 (26.4) 1.85(0.84,4.03) ——
heavy 6(35.3) 0.94(0.184.77)  +—tm————r
Diabetes 0.89
no 67 (41.1)  1.65(1.05261) f——
yes 30(429)  1.55(0.77.3.11) —
Hypertension 0.253
no 14(246)  120(049294) ~ —e—
yes 83(47.2)  1.75(1.14,2.70) (RS
Stroke 0.005
no 75(36.4)  1.31(0.87,1.97) —_
yes 22(846)  9.73(2.3240.77) —_—
Parkinson 0.535
no 95(41.9)  1.56(1.06,2.29) f——
yes 2(333) 3.89 (0,Inf) _—
CvD 0.092
no 64 (35.4) 1.31(0.84,2.06) ——
yes 33(635)  265(122577) —
Depression 0.488
no 81(40.1)  1.67 (1.11,2.50) .
yes 16(51.6)  1.60(049525) =t
Moderate to vigorous work activity 0.451
no 81(445)  1.72(1.12,263) ——
yes 16 (31.4)  1.12(045277) —e——

OR,95%CI
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OR (95% CI)

Fitting by the weighted logistic regression model 0.95 (0.91-1.00)

Fitting by the two-piecewise logistic regression model

Inflection point 7.88/1000 keal/d

Dietary fiber intake <7.8g/1000keal/d 0.94(0.89-099) 0.028
Dietary fiber intake >7.8g/1000 kcal/d 101 (0.98-104) 064
P for log-likelihood ratio test 0.064

Adjusted for variables in Model 2. CI, confidence interval; OR, odds ratio.
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Crude model Model 1 Model 2

OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

Continuous variable 091 (0.87-0.95) <0.001 0.93 (0.89-0.98) 0.004 095 (0.91-1.00) 0.046

Categorical variable

Quartile 1 ref ref ref

Quartile 2 0.64 (0.49-0.84) 0.002 0.71(0.54-0.95) 0022 071 (053-0.97) 0.029
Quartile 3 050 (0.36-0.69) <0.001 0.60 (0.42-0.87) 0.008 061 (0.42-0.90) 0013
Quartile 4 0.46 (0.34-0.63) <0.001 0.56 (0.37-0.85) 0007 0.6 (0.43-1.02) 0.058
Pfor trend <0001 0.006 0050

Model 1 adjusted for age, sex, race, education level, marital status, family income-to-poverty ratio, body mass index, waist circumference, smoking, physical inactivity, hypertension, diabetes

melltus, hyperlipidemia, coronary heart discase, stroke, energy; dietary carbohydrate, dietary unsaturated fatty acids, and dietary sodium. Model 2 adjusted for variables in Model 1 plus
depression, CI, confidence interval; OR, 0dds ratio.
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Variables

Univariate model

OR (95% CI)

P-value

Multivariable model

OR (95% CI)

P-value

Age (years)

Sex
Female
Male

Race
Mexican American
Other Hispanic
Non-Hispanic White
Non-Hispanic Black
Other Race

Education level

Less than high school

igh school
More than high school

Marital status.
Married/living with partner
‘Widowed/divorced/separated
Never married

Family income-to-poverty ratio

Body mass index (kg/m’)

‘Waist circumference (cm)

Smoking

Drinking

Physical inactivity

Hypertension

Diabetes mellitus

Coronary heart disease

Stroke

Cancer

Depression

Energy (keal/d)

Dietary carbohydrate (g/100kcal/d)

Dietary unsaturated fatty acids (g/100kcal/d)

Dietary Sodium (mg/100keal/d)

Quartiles of dietary fiber
Quartile 1 (< 5.8g/1000kcal/d)
Quartile 2 (5.9-7.8g/1000kcal/d)
Quartile 3 (7.9-10.5g/1000keal/d)
Quartile 4 (210.6 /1000 keal/d)

CI, confidence interval; OR, odds ratio.

1.00 (0.99-1.01)

Ref
0.93 (0.73-1.18)

Ref
1.69 (1.15-2.48)
0.75 (0.55-1.01)
0.79(0.56-1.11)
0.85 (0.53-1.36)

Ref
0.60 (0.44-0.83)

0.42(0.32-0.56)

Ref
2,05 (1.57-2.68)

0.70(0.64-0.76)

1.02(1.00-1.03)
1.01(1.00-1.01)
1.76 (1.39-2.23)
0.97 (0.76-1.25)
149 (1.17-1.89)
1.29 (1.00-1.66)
135 (1.02-1.80)
1.23(0.97-156)
1.69 (1.07-2.68)
2.79(1.96-3.97)
1.10 (0.84-1.44)
11.6(9.11-14.70)
1.00 (1.00-1.00)
1.06 (1.00-1.11)
0.71(0.57-0.89)

1,00 (0.99-1.00)

Ref
0.64(0.49-0.84)
0.50 (0.36-0.69)

0.46 (0.34-0.63)

078

053

0.008

0.061

018

049

0.002

<0.001

<0.001

<0.001

<0.001

0.013

0.006

<0.001

084

0.001

0.054

0.036

0.093

0.025

<0.001

049

<0.001

037

0,033

0.003

0.002

0.002
<0.001

<0.001

1.00(0.99-1.01)

Ref

1.34(0.99-1.81)

Ref
1.48 (0.97-2.27)
0.70 (0.49-1.00)
0.65 (0.43-0.98)

0.92(0.50-1.70)

Ref
0.74(0.52-1.05)

0.76 (0.55-1.05)

Ref
1.26(0.94-1.68)
1.37(0.95-1.97)
0.81(0.72-0.90)
0.9 (0.95-1.03)
101 (0.99-1.02)

(0.80-1.39)

NA
110 (0.81-1.50)
0.92(0.67-1.27)
100 (0.73-1.37)
113 (0.89-1.44)
1.14(0.68-1.91)
1.6 (1.10-2.49)

NA
11.0(8.38-14.60)
1.00 (1.00-1.00)
0.97 (0.91-1.04)
0.82(0.62-1.09)

1.00 (1.00-1.00)

Ref
0.71(0.53-0.97)
0.61(0.42-0.90)

0.6 (0.43-1.02)

061

0059

0.068

0047

0.039

0.80

0.10

011

0.093

<0.001

050

0.56

071

053

062

>0.99

031

0.60

0016

<0.001
0.83

040

024

0029

0013

0058
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Overall (N =21,865) Non-suicidal ideation Suicidal ideation P-value

(N =21,084) (N =781)

Age (years) 47.0(33.0-60.0) 47.0(33.0-60.0) 480 (33.0-59.0) 089

Sex, % 053
Female 11,247 (51.4) 10,823 (51.3) 424(53.2)

Male 10,618 (48.6) 10,261 (48.7) 357 (46.8)

Race, % <0001
Mexican American 3,067 (82) 2942(82) 125(99)

Other Hispanic 2,126 (5.4) 1999 (5.2) 127(106)
Non-Hispanic White 9,829 (68.5) 9,497 (68.7) 332(619)
Non-Hispanic Black 4,593 (105) 4460 (105) 133 (10.1)
Other Race 2250(7.4) 2,186 (7.4) 64(7.6)

Education level, % <0001
Less than high school 4621 (136) 4345 (132) 276 (24.5)

High school 5019(227) 4,838 (226) 181 (25.2)
More than high school 12,225 (63.7) 11,901 (64.1) 324(50.3)

Marital status, % <0.001
Married/living with partner 13,227 (63.6) 12,872 (64.1) 355 (48.9)
‘Widowed/divorced/separated 4745 (17.8) 4494 (17.5) 251 (27.4)

Never married 3893 (18.6) 3718 (184) 175(237)

Family income-to-poverty ratio, % 3.1(15-5.0) 31(16-5.0) 17(09-3.1) <0.001

Body mass index (kg/m’) 280 (243-327) 280(24.3-327) 291 (24.7-34.1) 0017

‘Waist circumference (cm) 98.2(87.6-109.7) 98.1(87.5-109.6) 1019 (90.6-112.0) 0.005

Smoking, % 9,839 (44.2) 9,374 (43.7) 465 (57.8) <0.001

Drinking, % 15,153 (74.1) 14,605 (74.1) 548 (73.6) 084

Physical inactivity, % 8453 (33.7) 8,071 (33.4) 382 (428) 0001

Hypertension, % 9212(363) 8,845 (36.1) 367 (421) 0053

Diabetes mellitus, % 3705 (123) 3,526 (122) 179 (15.8) 0035

Hyperlipidemia, % 12,746 (57.8) 12242 (57.7) 504 (62.5) 0,092

Coronary heart disease, % 910(3.5) 856 (3.4) 54(56) 0023

Stroke, % 788 (27) 723 (25) 65(67) <0.001

Cancer, % 2231 (104) 2133 (104) 98(11.3) 049

Depression, % 3601 (17.5) 3071(157) 530 (68.3) <0.001

Energy (keal/d) 1978.5 (1541.5-2532.6) 1980.0 (1548.5-2531.5) 18916 (1414.6-2559.7) 0090

Dietary carbohydrate (g/100keal/d) 120 (105-13.5) 120 (105-135) 123 (10.4-13.9) 0073

Dietary unsaturated fatty acids (g/100 kcal/d) 22(19-26) 22(19-26) 21(17-25) <0.001

Dietary sodium (mg/100 keal/d) 165.0 (1412-1923) 165.2 (1415-1925) 160.4 (1325-185.2) 0,005

Dictary fiber (¢/1000kcal/d) 7.8 (58-10.3) 7.8 (5.8-10.4) 6.6(49-93) <0.001

Quartiles of dietary fiber <0.001
Q1: <5.8g/1000kcal/d 5466 (25.2) 5,203 (24.7) 263 (38.1)

Q2:5.9-7.8/1000 keal/d 5467 (25.4) 5271 (25.4) 196 (25.1)
Q3:7.9-10.5g/1000keal/d 5465 (25.9) 5,298 (26.1) 167(20.1)

Q4: 210.6g/1000keal/d 5467 (23.5) 5312(23.7) 155 (16.8)
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Participants aged 18 years and older from

NHANES 2007-2018

(n=36,580)

Missing dietary fiber data (n=8353)

Remained participants

(n=28,227)

Missing suicidal ideation data
(n=1662)

Remained participants

(n=26,565)

Missing covariates data (n=4700)

Eligible participants for analyses

(n=21,865)
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Characteristic Model 1
Cognitive OR!(95% P value
dysfunction cr)
(n%)

RC
Q1(1.61-271) 114 (20%) Ref
Q2(2.71-3.04) 129 (22%) 141(103-194) 0030
Q3 (3.04-3.37) 133 (29%) 168(1.22-230) 0001
Q4 (3.37-434) 122 (29%) 128(093-175) 012
p for trend 0.012
TC/RC
Q1(034-1.84) 133 (32%) Ref
Q2(1.84-2.17) 146 (30%) 117 (0.86-1.59) 03
Q3 (2.17-252) 115 (20%) 0.8(0.58-1.09) 02
Q4 (252-3.77) 104 (19%) 069(050-099) 0021
p for trend 0.005
Model 1 uni

Model 2
OR! (95%

cI

Ref
150 (1.08-2.10)
175 (1.25-2.47)
152 (1.08-2.14)
0.008

Ref
109 (079-1.52)
0.6 (0.47-0.93)
0.63 (0.44-0.89)
0.001

P value

0017
0.001

0017

06
0018

0.009

Model 3

OR! (95%
(e}

Ref
158 (1.10-2.26)
176 (1.22-2.55)
147 (101-2.14)

0015

Ref
105 (0.74-1.50)
0.64 (0.44-0.93)
0.63 (0.43-0.93)
0.007

P
value

0013
0.003

0046

0778
0020

0020

Model 4

OR! (95%
(e}

Ref
1.52(1.06-2.19)
170 (1.17-2.47)
138 (095-2.03)

003

Ref
108 (0.75-1.54)
069 (0.47-0.99)
0.68 (0.45-1.00)

<0.001

alcohol use, smoking status, trouble sleeping, diabetes, and hypertension plus model 3. OR, Odds ratio; CI, Confidence interval; RC, Remnant cholesterol; TC, Total cholesterol.

P
value

0023
0.005

0.095

0.679
0.049

0.053

ble analysis. Model 2 adjusted for age, gender, and race. Model 3 further adjusted for education, marital status and BMI status plus model 2. Model 4 included adjustments for
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Characteristic Model 1 Model 2 Model 3 Model 4
Cognitive OR!(95% Pvalue OR!(95% Pvalue OR!(95% Pvalue OR!(95% P value

dysfunction CI I (eb) CL)
(n%)

RC
QI(161-271) 114 20%) Ref Ref Ref Ref
Q2(2.71-3.04) 129 (22%) 135(085-2.014) 0194 | 138(084-227) 0189 139(083-233) 0197  135(078-232) 03
Q3 (3.04-3.37) 133 (29%) 220(143-337) | <0001 | 231(145-369) 0001 | 221(145-337) 0001 | 210(136-325)  0.003
Q4 (3.37-434) 122 (29%) 162(097-269) 0063 | 194(L10-340) 0023  185(.01-338) 0046  169(091-315) 0088
p for trend 0001 0.001 <0.001 <0.001
TC/RC
Q1(0.34-1.84) 133 (32%) Ref Ref Ref Ref
Q2(1.84-2.17) 146 (30%) 116(070-193) | 0557 | 109(063-191) | 0739  102(053-195) 0950  108(055-211) 0809
Q3 (2.17-252) 115 (20%) 071(049-102) 0062 058(039-087) 0011  051(030-086) 0014  056(033-095) 0035
Q4 (2:52-377) 104 (19%) 052(029-094) 0031 048(025-092) 0029  049(023-104) 006  055(026-119)  0.116
p for trend <0.001 <0001 <0.001 <0.001
Model 1 univariable analysis. Model 2 adjusted for age, gender, and race. Model 3 further adjusted for education, marital status and BMI status plus model 2. Model 4 included adjustments for

alcohol use, smoking status, trouble sleeping, diabetes, and hypertension plus model 3. OR, Odds ratio; CI, Confidence interval; RC, Remnant cholesterol; TC, Total cholesterol.
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Characteristic Overall, Q1 N=364 Q2 N=329 Q3,N=307 Q4,N=331

N=1331 (25%) (25%) (25%) (25%)
(100%)*
Age (years) 68(63,74) 68(63,74) 68 (64,76) 69(64,75) 67 (64,74) 013
Sex 05
Female 685 (56%) 188 (56%) 167 (53%) 153 (53%) 177 (59%)
Male 646 (44%) 176 (44%) 162 (47%) 154 (47%) 154 (41%)
Age 0057
<70years 709 (58%) 203 (61%) 172.(56%) 151 (53%) 183 (60%)
70-80 years 401 (28%) 93 (22%) 97 (28%) 108 (34%) 103 (30%)
>80years 221 (14%) 68 (17%) 60 (15%) 48 (13%) 45 (11%)
Race, n (%) 0.001
Non-Hispanic White 671 (80%) 178 (79%) 160 (79%) 146 (77%) 187 (83%)
Non-Hispanic Black 269 (8.3%) 113 (13%) 68.(9.2%) 53 (7.8%) 35 (3.6%)
Other Hispanic 141 (3.5%) 27 (2:6%) 30 (3.0%) 47 (5.5%) 37(3.5%)
Other/multiracial 131 (5.0%) 31(4.1%) 36 (4.4%) 31(6.0%) 33 (5.8%)
Mesican American 119 (3.5%) 15 (1.5%) 35 (4.4%) 30 (4.2%) 39 (4.3%)
Education level 014
Less than high school 340 (16%) 77 (12%) 80 (16%) 92(22%) 91(16%)
High school or 314(22%) 81(19%) 77 (22%) 6421%) 92(28%)
equivalent
College or above 677 (61%) 206 (69%) 172(62%) 151 (57%) 148 (56%)
Marital status, n (%) 04
Married 786 (65%) 213 (68%) 204 (69%) 176 (61%) 193 (63%)
Unmarried 545 (35%) 151 (32%) 125 (31%) 131 (39%) 138 (37%)
BMI (kg/m?) <0.001
Underweight (<18.5) 17(1.2%) 7(24%) 5(0.6%) 3(06%) 2(1.0%)
Normal (185 to<25) 353 (26%) 135 (42%) 90 (26%) 78 (23%) 50 (13%)
Overweight (25 t0<30) 455 (35%) 117 (34%) 133 (43%) 104 (36%) 101 (28%)
Obese (30 or greater) 506 (38%) 105 (22%) 101 (30%) 122 (41%) 178 (59%)
‘Trouble sleeping 05
Non-trouble sleeping 939 (68%) 269 (72%) 231 (69%) 214 (68%) 225 (66%)
Trouble sleeping 392 (32%) 95 (27%) 98 (30%) 93 (31%) 106 (33%)
Sleep disorder, n (%) 0.005
Sleep disorder 165 (13%) 37 (10%) 35 (8.6%) 35 (13%) 58 (20%)
Non-sleep disorder 1,166 (87%) 327 (90%) 294 (91%) 272 (87%) 273 (80%)
Sleep duration 06
<7h 435 (27%) 111 (26%) 117 (28%) 100 (27%) 107 (27%)
7-9h 772 (65%) 223 (66%) 187 (67%) 177 (64%) 185 (62%)
>9h 124 (8.4%) 30 (8.3%) 25 (5.4%) 30 (9.2%) 39 (11%)
Smoke status, n (%) 03
Current smoker 159 (11%) 38 (8.2%) 35 (7.9%) 43 (14%) 43 (13%)
Former smoker 507 (40%) 141 (40%) 114.(38%) 126 (43%) 126 (40%)
Never smoker 665 (49%) 185 (52%) 180 (54%) 138 (43%) 162 (47%)
Alcohol, n (%) 03
No/unknown 213 (14%) 44.(12%) 70 (17%) 47 (14%) 52 (11%)
Yes 1,118 (86%) 320 (88%) 259 (83%) 260 (86%) 279 (89%)
Diabetes, n (%) 0.011
No 980 (77%) 290 (87%) 246 (76%) 222(77%) 222 (69%)
Yes 351 (23%) 74 (13%) 83 (24%) 85 (23%) 109 (31%)
Hypertension, n (%) <0.001
No 499 (41%) 149 (51%) 147 (49%) 109 (35%) 94 (28%)
Yes 832 (59%) 215 (49%) 182 (51%) 198 (65%) 237 (72%)
wL 20017, 23) 22(18,249) 21(18,23) 19.16,22) 20(17,23) 0.003
DR 7(5.8) 7(5.8) 6(5,8) 6(5.8) 6(5.8) 0.078
AR 18 (14,21) 18 (14,22) 18(14,21) 17(14,21) 17(14,21) 07
DSST 53 (41,64) 56 (41,67) 50 (40, 63) 48 (36, 59) 55 (44,63) 0.004
Zscore 039 (=032, 1.00) 065(-0.19,117)  031(-040,097) | 023(-0.48,077)  042(-0.21,098) 0.013
Cognitive function 0012
Normal 833 (75%) 250 (82%) 200 (77%) 174 (67%) 209 (73%)
Decline 498 (25%) 114 (18%) 129 (23%) 133 (33%) 122 (27%)

BMI, Body mass index; CERAD-WL, Consortium to Establish a Registry for Alzheimers Disease Word Learning; CERAD-DR, CERAD Delayed Recall; AFT, Animal Fluency Test; DSST, Digit
Symbol Substitution test; TC, Total cholesterol; TG, Triacylglycerol; LDL-C, Low-density lipoprotein cholesterol; HDL-C, High-density lipoprotein cholesterol; RC, Remnant cholesterol.
‘Median (IQR) for continuous; 1 (%) for categorical,

“Wilcoxon rank-sum test for complex survey samples; chi-squared test with Rao and Scott’ second-order correction.
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Characteristic
Sex

female

male

Age

<70 years

70-80

280

Race

Mexican American
Non-Hispanic Black
Non-Hispanic White
Other Hispanic
Other/multiracial
Education level

Less than high school
High school or equivalent
College or above
Marital status
Married

Unmarried

BMI
Underweight(<18.5)
Normal(18.5 to <25)
Overweight(25 to <30)
Obese(30 or greater)
Trouble sleeping

No

Yes

Sleep duration

<7 hours

7-9 hours

29 hours

Alcohol

NolUnknown

Yes

Smoke status
Current smoker
Former smoker
Never smoker
Diabetes

No

Yes

hypertension

No

Yes

Count Percent

709
401
221

119
269
671
141
131

340
314
677

786
545

17
353
455
506

939
392

435
772
124

213
1118

159
507
665

980
351

499
832

56
44

58
28
14

35
83
80

35
5

16
22
61

65
35

12
26
35
38

68
32

27
65
84

14
86

1
40
49

77
23

41
59

OR(35%C1)

157(1.02,2.42)
1.09(0.60,1.99)

1.36(0.71,2.57)
0.89(0.48,1.65)
2.46(0.82,7.44)

3.30(0.98,11.08)
0.71(043,1.18)
1.41(0.86,2.31)
2.34(0.90,6.05)
0.86(0.28,2.66)

1.84(0.97,3.50)
1.07(0.58,1.97)
1.30(0.82,2.05)

1.46(0.97,2.19)
1.10(0.52,2.30)

0.72(0.04,11.83)
1.84(0.95,3.57)
1.70(0.97,3.00)
0.92(0.48,1.76)

1.00(0.71,1.42)
2.33(1.18,4.59)

1.24(0.62,2.49)
1.46(0.90,2.37)
0.75(0.28,1.98)

2.84(1.37,5.90)
1.19(0.76,1.86)

1.55(0.70,3.45)
1.13(0.69,1.83)
1.43(0.83,2.45)

145(0.93,2.28)
1.00(0.39,2.53)

2.07(1.10,3.89)
1.04(0.63,1.73)

P value

00705
0.7767

03792
07246
0.1482

0.1015
02329
02186
0.1304
0.8074

0.098
0.8302
02972

0.1008
0.8091

0.8252
0.1135
0.1075
0.8053

09832
0.0375

05562
0.1666
05733

0.0207
0.4582

03133
06376
02334

0.1381
0.9947

0.0498
08748

P for interaction

0.363

0411

0274

0478

0524

0.464

0.035

0526

0.124

0715

051

0.153
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NHANES 2011-2014

Age<60 years
(n=16299)

3632 subjects included

1593 subjects included

T6>400me/dL (n=18);
Missing TC, LOL-C and HDL-
€ (n=2021)

Missing cognitive function
data (n=216)

1377 subjects included

Missing data on covariates
(n=46)

1331 subjects included
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variables <7 7 p value

N 9,077 3155

Age 502541816 167041622 <0.001

Body mass index 2891657 29674735 <0.001

P“t'e"y income 260£1.64 2214159 <0001

ratio

Serum vitamin D 632342503 608942414 <0.001

Gender <0.001

Male 4828(53.19) 1279(40.54)

Female 4249(46.81) 1876(59.46)

Race <0.001

Mexican American 1,360(14.98) 456(14.45)

Other Hispanic 86009.47) 365(11.57)

Non-Hispanic

whie 4204(46.31) 1562(49.51)

Non-Hispanic

Bk 1885(20.77) 586(18.57)

Other Races 768(8.46) 186(5.90)

Educational level <0001

<High school 2,263(24.93) 903(28.62)

High school 2,119(23.34) 668(21.17)

>High school 4,695(51.72) 1584(5021)

Marital status <0.001
5,540(61.03) 1758(55.72)

Living alone 3,537(38.97) 1,397(44.28)

Smoking status <0.001

Smoker 4004(44.11) 1,602(50.78)

Never smoker 5,073(55.89) 1,553(49.22)

Drinking status

Yes 6.580(72.49) 2.363(74.90) 0.009

No 2497(27.51) 792(25.10)

Diabetes 0,003

Yes 1,082(11.92) 440(13.95)

No 7,995(85.08) 2715(86.05)

Hypertension 0028

Yes 3,158(34.79) 1,166(36.96)

No 5,919(65.21) 1989(63.04)

Continuous variable: mean + standard deviation. p value: for continuous variables, Kruskal
Wallis rank sum tests were performed and Fisher's exact probability tests were performed for
count variables with theoretical counts less than 10.
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AELELIES Univariate

OR (95% ClI) p value
Gender
Male Ref
Female 1.506(1.349,1.681) <0.001
Age
2039 Ref
40-59 1.093(0.956,1.251) 0.201
60-80 0.587(0.524,0.658) <0.001
Race
Mexican American Ref
Other Hispanic 1.402(1.109,1.774) 0.007
Non-Hispanic White 1135(0.958,1.346) 0.150
Non-Hispanic Black 1.099(0.940,1.286) 0243
Other Races 0.920(0.704,1.203) 0,545

Educational level

<High school Ref

High school 0.753(0.650,0.871) <0.001
>High school 0.764(0.666,0.876) <0001
Marital status

Not living alone Ref

Living alone 1205(1.078,1.347) 0,002

Smoking status.
Smoker Ref
Never smoker 0.754(0.690,0.823) <0.001

Drinking status

Yes Ref

No 0.896(0.789,1.018) 0099
Diabetes

Yes Ref

No 0.891(0.737,1.078) 0242
Hypertension

Yes Ref

No 0.930(0.824,1.049) 0243
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Serum Model 1 Model 2 Model 3

vitamin

Q Ref

) 0.961(0.840,1.09)  0.950(0.823,1.095)  0.982(0.859,1.123)
Q@ 0.883(0.773,1.009) | 0.856(0.748,0.979) % 0.894(0.781,1.023)
Q 0.774(0.663,0.903) **  0.730(0.621,0.857) *** | 0.781(0.669,0912) **
Pfor trend <0.001 <0001 <0001

p <0.05; *¥p <0.01; **¥p <0.001.
Model 1 was unadjusted, Model 2 was adjusted for gender, age, and race, and Model 3 was
adjusted for gender, age, race, education, marital status, body mass index, poverty income
ratio, smoking status, drinking status, hypertension, and diabetes.





OPS/images/fnut-11-1371170/fnut-11-1371170-g001.jpg
Paticipants of NHANES 2007-2012

Exclude all missing values for
anxiety information
688)

Ansiety information for all participants
(N=18754)

Txclude participants with missing
serum vitamin D information
(N=1791)

Subjects with complete Information about

anxiety and serum vitamin D
963)

Data for analyses
2232)

‘Subjects with missing information on covariates were excluded:
Education (N=3089)

Marital status (N=6)

Poverty income ratio (N=1094)

Drinking status (N=30)

Smoking status (N=8)

Hypertension (N=19)

Diabetes (N=264)

Body mass index (N=114)

Participants outside Mean £ 3 times standard deviation of serum
vitamin D were excluded (N=107)
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Variables Q1 Q2 Q3 Q4 p value

N 3,059 3074 3,046 3,053

Age 45.90£17.18 47.43£17.30 49.98+17.46 54.06+17.97 <0.001
Body mass index 3081812 29654650 28.50+6.04 27.45%5.77 <0.001
Poverty income ratio 220£154 236+1.60 261%165 284167 <0.001
Gender, % <0.001
Male 1,408(46.03) 1,684(54.78) 1,634(54.30) 1,361(44.58)

Female 1,651(53.97) 1,390(45.22) 1392(45.70) 1,692(55.42)

Race, % <0.001
Mexican American 573(18.73) 629(20.46) 430(14.12) 184(6.03)

Other Hispanic 289(9.45) 411013.37) 323(10.60) 202(662)

Non-Hispanic White 623(20.37) 1,183(38.48) 1715(56.30) 2.245(73.53)

Non-Hispanic Black 1,281(41.88) 568(18.48) 362(11.88) 260(8.52)

Other Races 293(9.58) 283(9.21) 216(7.09) 162(5.31)

Educational level <0001
<High school 876(28.64) 889(28.92) 775(25.44) 626(20.50)

High school 743(24.29) 666(21.67) 676(22.19) 702(22.99)

>High school 1,440(47.07) 1,519(49.41) 1,595(52.36) 1725(56.50)

Marital status <0.001
Not living alone 1,568(51.26) 1840(59.86) 1944(63.82) 1946(63.74)

Living alone 1491(48.74) 1,234(40.14) 1,102(36.18) 1,107(36.26)

Smoking status <0.001
Smoker 1,343(43.90) 1,340(43.59) 1445(47.44) 1478(48.41)

Never smoker 1716(56.10) 1734(56.41) 1,601(52.56) 1,575(51.59)

Drinking status

Yes 2097(68.55) 2,203(71.67) 2320(76.17) 2,323(76.09) <0.001
No 962(31.45) 871(28.33) 726(23.83) 730(23.91)
Diabetes 0,059
Yes 415(13.57) 395(12.85) 351(1152) 361(11.82)
No 2,644(86.43) 2679(87.15) 2,695(88.48) 2,692(88.18)
Hypertension <0.001
Yes 1,077(35.21) 1,009(32.82) 1,042(3421) 1,196(39.17)
No 1982(64.79) 2065(67.18) 2004(65.79) 1857(60.83)
Anxiety 0.004
No 2,227(72.80) 2,243(72.97) 2.276(74.72) 2,331(76.35)
Yes 832(27.20) 831(27.03) 770(25.28) 722(23.65)

Continuous variable: mean + standard deviation; serum vitamin D was classified according to quartiles, QI to Q4 (Q1 <44.10nmol/L; 44.10nmol/L < Q2 <61.10 nmol/L;
61.10nmol/L < Q3 <78.60 nmol/L; Q4 >78.60 nmol/L). p value: for continuous variables, Kruskal Wallis rank sum tests were performed and Fisher’s exact probabiliy tests were performed for
count variables with theoretical counts less than 10.
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AELELIES Vitamin D intake

T, (n=230) T (n = 230) Ts (n =230)
Energy (kcal) 295044 £ 1576.66 286273477141 223717119107 <0.001
Protein (g) 1029845179 1139422551 106.29+26.35 <001
Carbohydrate (g) 54392221824 509.22476.65 497.49£59.89 <001
Total fat (g) 137.45£107.72 147.68+32.14 157.24£30.75 <001
Magnesium (mg) 467.324265.89 4544911651 45629+ 133.14 072
Tron (mg) 291742025 29574645 2899+8.02 089
Caffeine (mg) 58058315 58538198 740613771 017

Data are means:+ SD. “Obtained using one-way ANCOVA, adjusted for age, sex and energy intake.
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Variables Vitamin D intake

T, (n =230) T, (n =230) T (n =230)

Depression

Crude 1.00 (ref.) 0.85(0.55,1.29) 102 (066, 1.58) 093
Model | 1.00 (ref.) 0,83 (054,1.26) 1.00 (064, 1.53) 0.97
Model 2 1.00 (ref.) 0.78 (051, 1.20) 0.96 (062, 1.49) 0.84
Model 3 1,00 (ref) 0.78 (050, 1.20) 0.96 (0.62,1.51) 06
Anxiety
Crude 1.00 (ref.) 0.51(030,087) 0.54(031,092) 0.03
Model | 1,00 (ref.) 0.49(0.29,084) 0.52(030,0.90) 002
Model 2 1.00 (ref.) 0,46 (0.27,0.80) 051(0.29,087) 001
Model 3 1.00 (ref.) 0.46 (027, 0.80) 0.51(0.29,087) 001

Sleep disorders

Crude 1.00 (ref.) 0.58 (040, 0.84) 0.5 (0.38,0.80) <0.01
Model 1 1.00 (ref.) 0.56 (038, 0.81) 0.53(0.36,0.78) <0.01
Model 2 1.00 (ref) 0.56 (038, 0.82) 0.54(0.37,0.80) <001
Model 3 1.00 (ref.) 0.5 (0.37,0.81) 0.54(0.37,078) <001

p-values obtained from binary logistic regression. Model 1: adjusted for Age (continues) and energy intake (Kcal/d). Model 2 additionally adjusted for gender (male/female), marital status
(yes/no), and smoking (yes/no). Model 3: further adjusted for BM (continues).
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Relationship Mediators Direct effect of X Association Mediation or Coefficient Mediation

on Mental between X and Indirect of effect
distress mediators effect explanation
C path (SE) A path (SE) CT path (95% R?
Cl)
EPR Exercise —0.388 (0.027) 0.275 (0.031) —0.053 [~0.077 0230 Partial
—l (—0.035)
Mental Distress
Breakfast —0.345 (0.028) 0.340 (0.029) —0.096 [—0.123~ 0.266 Partial
(—0.073)
Dairy —0.317 (0.032) 0.419 (0.029) —0.125[—0.158- 0.282 Partial
(—0.098)
Fruit —0.322 (0.019) 0325 (0.021) —0.120(—0.148~ 0338 Partial
(~0.095)
DGLV —0.310 (0.025) 0.357 (0.029) —0.131[—0.160- 0.313 Partial
(=0.105)
UPE Dairy —0.191 (0.029) 0.263 (0.027) —0.100{—0.128- 0.220 Full
— (—0.076)
Mental distress
RHSC Exercise —0.378 (0.032) 0.318 (0.030) —0.058[—0.083- 0219 Partial
— (—0.037)
Mental distress
Breakfast —0.339 (0.030) —0.339 (0.031) —0.097[—0.124- 0.263 Partial
(~0.075)
Dairy —0.316 (0.032) 0.387 (0.027) —0.119[~0.150~ 0271 Partial
(—0.094)
Fruit —0.310 (0.031) 0.340 (0.028) —0.126(~0.154- 0310 Partial
(=0.100)
DGLV —0.298 (0.031) 0375 (0.027) —0.137[~0.112- 0.305 Partial
(~0.166)
B-FCC Dairy —0.229 (0.030) 0.338 (0.029) —0.119[~0.093~ 0232 Full
—p (—0.149)
Mental distress
Fruits —0.224(0.029) 0.307 (0.028) —0.125[—0.099 0272 Full
(—0.154)
Breakfast —0.315 (0.026) 0.316 (0.031) —0.095(~0.072- 0249 Partial
(—0.122)
Mental distress
DGLV —0.289 (0.027) 0311 (0.029) —0.121[~0.093~ 0304 Partial
(~0.149)

B-FCC, Body-food choice congruence; DGLY, Dark green leafy vegetables; EPR, Eating for physical rather than emotional reasons; RHSC, Reliance on hunger and satiety cues; UPE,
Unconditional permission to eat. Detailed direct and indirect associations between intuitive eating scale (IES-2) sub-dimensions (Eating for Physical rather than Emotional Reasons [EPR],
Unconditional Permission to Eat [UPE], Reliance on Hunger and Satiety Cues [RHSC], Body-Food Choice Congruence [B-FCC]) and mental distress, mediated by specific dietary and lifestyle
components. Standardized regression coefficients (C path, A path, C path), 95% confidence intervals, explained variance (R?), and mediation type (partial/full) are reported. Partial mediation
‘means that the mediating variable explains part of the relationship between the independent and dependent variables, while full mediation means that the mediating variable fully explains this
relationship and eliminates the direct effect. All standardized path coefficients and standardized residual covariance shown were significant except for the direct effect between UPE and B-FCC
to mental stress.
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Variables Direct Indirect

IES - —0.262
MEQ - —0.212
Exercise —0.104 =
Breakfast —0.151 -

Dairy —0.181 :

Fruits —0.235 =

DGLV —0.238 -
Through total —0.909 —0.474
causal effect®

Percentage of direct —0.909/(—0.909 + —0.474/[—0.909 +
and indirect effects (=0.474)] = 65.7% (=0.474)] = 34.3%

Overall direct and indirect associations of intuitive eating scale total score (IES), mindful
eating questionnaire total score (MEQ), and selected dietary and lifestyle practices (exercise,
breakfast, dairy, fruits, dark green leafy vegetables [DGLV]) with mental distress. Standardized
regression coefficients are presented. DGLY, Dark green leafy vegetables; HGI, High glycemic
index; IES, Intuitive eating scale; MEQ, Mindful eating questionnaire. “Total effect is defined
as the sum of direct and indirect effects.
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ariable 4 6 8 9 0 4 6
1. Mental e
Distress
2.IE —0.477* -
3.MEQ —0.361* 0.413* -
4.Exercise —0.301* | 0.322* 0.352% -
5.Breakfast —0.400* | 0.350* 0.378* 0.240% -
6.Whole —0.113* 0.055 0.060 0.133* 0.171* -
Grain
7.Dairy —0431* | 0445* 0.315% 0.252* 0.424* 0.159* -
8.Caffeine 0.059 0.018 —0.001 —0.063 0.082 0.074 0.108* -
9.Fruits —0475* | 0.381* 0.356* 0.258* 0.360* 0.142*% 0.396* 0.059 “
10.Nuts —0.196* 0.139* 0.153* 0.170% 0.242% 0.270% 0.225% 0.008 0.371% =
11.HGI food 0.019 —0.025 0.006 0.043 0.055 0.126* 0.014 0.058 0.092 0.119* -
12.Meat —0.075 0.046 0.102* 0.092 0.163* 0.176* 0.091 0.076 0.191* 0.299* 0.290% =
13.DGLV —0.478* | 0.392* 0.363* 0.300% 0.360* 0.206* 0.380* —0.008 0.477* 0.340% 0.084 0.223* -
14.Beans —0.112* | 0.069* 0.101* 0.102* 0.128* 0.193* 0.082 —0.056 0.160* 0.255* 0.259* 0.181* 0.330* -
15.Seafood —0.180* | —0.001 —0.024 0.130% 0.083 0.067 0.053 —0.107* 0.115* 0.259% 0.072 0.093 0211* 0.296* -
16.Fast food 0.179* —0.165* —0.104* —0.042 —0.150% —0.020 —0.183* | —0.013 —0.129* 0.053 0.257% 0.135% —0.063 0.205*% 0.108* -
17.Sugary food 0.166* —0.082 —0.003 —0.088 —0.060 —0.029 —0.068 0.164% —0.018 0.000 0.229% 0.092 —0.100* | —0.010 —0.080 0.304* =

Correlation matrix illustrating relationships between intuitive eating (IES), mindful cating (MEQ), Food-Mood Questionnaire (FMQ) components, and mental distress. DGLV, Dark green leafy vegetables; HGI, High glycemic index; IES, Intuitive eating scale; MEQ,
Mindful eating questionnaire. *p < 0.001.
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Women Cohen’s d

(h=717) Effect size
Age (yrs) 3424122 28.9 4109 304+ 115 <0.001* 046
Education level
Primary 41 (15.0%) 106 (14.8%) 147 (14.8%)
High school 74(27.1%) 97 (13.5%) 171 (17.3%) <0.001* 083
Associate degree 47 (17.2%) 121 (16.9%) 168 (17.0%)
Undergraduate 111 (40.7%) 393 (54.8%) 504 (50.9%)

Smoking status

Current 92(33.7%) 104 (14.5%) 196 (19.8%)
Never 152 (55.7%) 585 (81.6%) 737 (74.4%) <0.001** 0.18
Former 29 (10.6%) 28 (3.9%) 57 (5.8%)

Chronic disease

No 214 (78.4%) 593 (82.8%) 807 (81.5%) 0.091 0.03
Yes 59 (21.6%) 124 (17.2%) 183 (18.4%)

Drug use

No 238 (87.2%) 641 (89.4%) 879 (88.7%) 0.137 0.01
Yes 35 (12.8%) 76 (10.6%) 111 (11.3%)

BMI (kg/m?) 244£45 253+4.1 247£45 0.006* 0.19
IES total 14220 134421 13.6%2.1 <0.001* 035
UPE 33405 32405 33£05 <0.001* 032
EPR 35+06 32+06 33+06 <0.001* 042
RHSC 36+05 33£06 34£06 <0.001* 0.12
B-FCC 37409 3.6£09 36+09 0.079 0
MEQ total 54+06 55£06 55£06 0.121 0.13
Awareness 26£05 27405 27405 0.061 0.19
Disinhibition 28+05 2805 28£05 0.248 0.02
Mental distress 9.1+52 117452 110453 <0.001* 027

B-FCC, Body-food choice congruence; BMI, Body mass index; EPR, Eating for physical rather than emotional reasons; IES, Intuitive eating scale; MEQ, Mindful eating questionnaire; RHSC,
Reliance on hunger and satiety cues; UPE, Unconditional permission to eat. Participant characteristics stratified by gender, including demographics, intuitive eating (IES-2), mindful eating
(MEQ), and mental distress scores (K-6). Numeric data presented as mean = standard deviation; categorical data presented as frequency (%). Statistical comparisons performed using
independent t-test and Chi-square test. *p < 0.01, **p < 0.001.
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Data are presented as mean + SD or number %. NIHSS, National Institutes of Health Stroke Scale; CRP, C-Reactive Protein.
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Married (%) 565 417 39.1 <001
University 678 635 665 048
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Data are means ¢ standard deviations unless indicated. “Obiained using one-way ANOVA for
continuous variables and Chi-square test for categorical variable.
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(95% CI)

Pre 14124825 12534923 159 (-2.78,5.97) 0.469
MMSE

Post 18.01£829 13444858 471(175,7.67) 0.002%

Pre 34061470 33.96413.67 0.09(~7.00,7.19) 0979
Fatigue

Post 348941320 398451486 —4.32(~10.28, 1.63)" 0.154%

Pre 3004048 2784056 0.22(~0.03,0.48) 0093
BDNF (ng/mL)

Post 345060 312062 0.36(0.05,0.67)" 0.022%

Pre 16561165 16.18:£11.39 0,37 (~5.38,6.13) 0897
Depression

Post 208641143 17.83£1039 —171 (=558, 2.16)° 0.383*

Pre 12872910 1253998 0.34(~442,5.11) 0,886
Anxiety

Post 1181836 10.15£10.13 ~2.50 (~5.50, 0.49)° 0101

Pre 207141086 2164£12.09 043 (~5.14,6.02) 0876
Stress

Post 20.14£9.50 25751212 —3.33(=6.50, ~0.17)° 0.039*

Pre 1612272 16152261 ~0.03 (~1.36, 1.30) 0.963
Appetite

Post 17.03262 1623298 138 (0.19,2.56)" 0.023*

Pre 29684244 29.00£2.18 0.68(~0.47,1.84) 0.241
MUAC (cm)

Post 28884248 28074170 036 (~0.11,0.84)" 0136

Data are presented as mean +SD. Bold values are presented as adjusted mean difference (95% C1). *Calculated by mixed-effect linear model.“Adjusted for baseline values, age, sex, education,
story of stroke, times since stroke, NIHSS and quality of lfe. "Adjusted for baseline values, age, smoking, history of stroke, NIHSS, CRE,stress, ansiety, depression and fatigue. ‘Adjusted for
baseline values, age, sex, education, times since stroke, NIHSS and quality of lfe. ‘Adjusted for baseline values, age, sex, NIHSS and antihyperlipidemic agent. MMSE, Mini-Mental
Examination Exam; BDNF, Brain Derived Neurotrophic Factor; MUAC, Mid-Upper Arm Circumference; NIHSS, National Institutes of Health Stroke Scale; CRP, C-reactive protein.
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Q4 (>70.90) 1301 0.341 (0:632,1971) <0.001

TMAO, trimethylamine N-oxide; MoCA-BC, the Chinese version of the Montreal Cognitive Assessment; SE, standard Error; Cls, confidence interval. Model adjusted for age, sex, BMI,
smoking, drinking, education level, SBP, DBP, fasting glucose, triglyceride, and total cholesterol. Data were calculated using a generalized linear model,
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cognitive impairment. Model 1: unadjusted; Model 2: adjusted for age, sex, BMI, smoking, drinking, education level, SBP, DBP, asting glucose, triglyceride, and total cholesterol. ORs and Cls
were calculated using binary logistic regression models.
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4,689 participants aged =35 years were randomly
selected at baseline in 2019 from Fuxin.

2790 participants missing baseline
blood test data were excluded.

1899 participants with complete blood test data entered the study.

201 participants were excluded
because they were identified as

having potential dementia by
the MoCA-BC score.

163 participants were excluded at bascline
due to self-reported brain-related disorders
on the face-to-face questionnaire:

Stroke (n=156)

Dementia (n=4)

Depression (n=1)

History of brain trauma (n=1)

Brain tumors (n=1)

1535 participants were included in the cross-scctional analysis.

!

Normal cognition
(n=1005)

MC1
(n=530)

%—1

1535 participants were included in the follow-up
study to explore MoCA-BC score changes.

139 participants were excluded

due to missing MoCA-BC score
at follow-up.

45 participants with related diseases
were excluded at follow-up:

New stroke (n=25)

New Dementia (n=3)

1368 participants were included in
the longitudinal cohort study.
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Wald  p- OR(95%Cl)

value

Model I' 0262 0085 9522 0002 1300 (1100-1.536)

Model2 0227 0093 5973 0015  1.255(L046-1.506)

Model 3 | 0209 0093 499 0025  1232(1.026-1.480)
‘Original model without adjusting for any variables. *Adjusted for age, gender, race,

education level, marital status,income to poverty, recent health status, and BMI. ‘Adjusted.

for the independent variables in Model 2 plus test results from CERAD W-L/AFT/DSST.
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> i High physical activity Low physical activity

Interaction OR (95% CI) p-value  OR(95%Cl)  p-value

CERAD W-L
Model 4¢ 0.686 0.473-0.994 0046 1352 1021-1.791 0035 0928 | 0.728-1.182 0.544
Model 5° 0749 0.503-1.115. 0154 1233 0.901-1.689 0191 0934 | 0713-1.223 0.618
Model 6 0757 0.508-1.128 0172 1192 0.869-1.635 0276 0904 | 0.689-1.187 0.468

Animal Fluency Test

Model 4¢ 0.602 0.416-0.872 0.007 1722 1298-2284 <0.001 1037 | 0817-1317 0.736
Model 5° 0655 0.444-0.964 0032 1517 1.113-2.066 0.008 1073 0828-1390 0.59
Model 6 0662 0.448-0.977 0038 1456 1.067-1.986 0018 1029 | 0792-1337 0831

Digit Symbol Substitution Test

Model 4¢ 0528 0.361-0.773 0.001 2296 1713-3.079 <0.001 1213 0952-1546 0117
Model 5° 0556 0.361-0.858 0.008 2058 1455-2911 <0.001 1094 | 0822-1456 0.539
Model 6 0561 0.363-0.868 0.009 1934 1363-2.744 <0.001 1043 0.781-1.393 0775

‘Original model without adjusting for any variabls. Adjusted for age, gender, race education level, marital status,income to poverty.‘Adjusted for the independent variables in Model 5 plus
recent health status.
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WHO World Health Organization

PA Physical activity

MET Metabolic equivalent

MVPA Moderate-to-vigorous physical activity

NHANES National Health and Nutrition Examination Survey

us. The United States

NCHS. National Center for Health Statistics

CERAD Consortium to Establish a Registry for Alzheimer's disease
CERAD W-L Consortium to Establish a Registry for Alzheimers disease Word Learning subtest
AFT Animal Fluency test

DSST Digit Symbol Substitution test

GPAQ Global Physical Activity Questionnaire

CAPI Computer Assisted Personal Interview

WPA Work physical activity

TPA Transportation physical activity

RPA Recreational physical activity

cpe Centers for Disease Control

HPLC-MS/MS High-performance liquid chromatography tandem mass spectrometry
250HD3 25-hydroxyvitamin D3

€pi-250HD3 3-¢pi-25-hydroxyvitamin D3

250HD2 25-hydroxyvitamin D2

$PSS Statistical Package for Social Sciences

COVID-19 Corona Virus Disease 2019
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Characters,

n%

Age group
60-69years
70-79years
280years

Gender
Male
Female

Race
Hispanic
Non-Hispanic
White
Non-Hispanic
Black

Non-Hispanic
Asian

Other
Season of exam
November-April
May-October
Education level
Below high school
High school
Above high school
Marital status

Married/living

with partner

Married living
alone/never

married
Income to poverty
Impoverished
Moderate income
Body mass index
<25kg/m?
25-<30kg/m®
230kg/m®
Recent health status
Excellent
Very good
Good
Fair

Poor

CERAD W-L Animal Fluency Test

Number of
subjects (N) Normal Cognitive o Normal Cognitive
cognition impairment cognition impairment
<0.001
1360 | (546) 1087 (199 273 (0.1) 1039 (764) 321 (236)
74 (295) 499 (68.0) 235 (320) 506 (68.9) 228 (311
98 (160) 200 (50.3) 198 (49.7) 239 (60.1) 159 (399)
<0.001
1,207 (48.4) 787 (65.2) 420 (34.8) 874 (72.4) 333 (27.6)
1285 (516) 999 77.7) 286 (223) 910 (70.8) 375 (292)
0.002
2 (81 292 (616) 160 (35.4) 312 (69.0) 140 (31.0)
1247 (500) 914 (733) 333 (267) 991 (79.5) 256 (2035)
s68 (228 407 @17) 161 (283) 339 (59.7) 29 (403)
191 @) 149 (78.0) 2 (220) 18 (©1.8) 73 (382)
34 4 2 (70.6) 10 (29.4) 21 (70.6) 10 (294)
0.768
L3 (@54) 808 (71.4) 324 (286) 804 71.0) 328 (290)
1362 (546) 978 (719) 382 (28.1) 980 (72.1) 380 (279)
<0.001
595 | (239) 322 (54.1) 273 459) 332 (55.8) 263 (442)
589 (236) 418 (710) 171 (29.0) 391 (66.4) 198 (336)
1308 (525) 1046 (80.0) 262 (20.0) 1061 (811) 247 (189)
0029
1441 (57.8) 1,057 (73.4) 384 (26.6) 1,064 (73.8) 377 (26.2)
1051 (422) 729 (69.4) 322 (30.6) 720 (68.5) 331 (315)
<0.001
78 (292 446 (613) 282 (387) 443 (60.9) 285 (39.1)
1764 (708) 1340 (760) 424 (240) 1341 (760) 423 (240)
0116
663 (266) 461 (695) 202 (305) 454 (68.5) 209 (315)
80 (353) 623 (70.8) 257 (292) 640 (72.7) 240 (273)
99 (38.1) 702 (740) 247 (26.0) 690 72.7) 259 (27.3)
<0.001
19 7:6) 147 (77.4) I (226) 148 (77.9) a2 (221)
62 (258) 496 (773) 146 (227) 529 (82.4) 13 (7.6)
9% (397) 730 (738) 259 (262) 708 71.6) 281 (28.4)
556 (223) 353 (63.5) 203 (365) 338 (60.8) 28 (39.2)
s (46) 0 (522) 55 47.8) 61 (53.0) 54 (47.0)

p-value

<0.001

0378

<0.001

0.569

<0.001

0.004

<0.001

0.116

<0.001

cognition

1,084
514
253

851

1,000

253

1,046

356

164

29

821

1,030

247
437

1167

1,127

724

a2

1,439

483
659
709

156
548
773

319

Digit Symbol Substitution Test

Normal _Cognitive p-value
impairment
<0.001
@97) 276 (203)
(70.0) 220 (30.0)
(63.6) 145 (36.4)
<0.001
(705) 356 (295)
77.8) 285 (222)
<0.001
(56.0) 199 (1.0)
(84.1) 198 (15.9)
(627) 212 (373)
(859) 7 aan
(853) 5 (147)
0.068
(725) 331 (275)
(75.2) 330 (243)
<0.001
a1s) 348 (585)
(742) 152 258
(89.2) 141 (10.8)
<0.001
(782) 314 @8
(689) 327 L)
<0.001
(56.6) 316 (13.4)
(81.6) 325 (8.4)
0616
(729) 180 @)
(749) 21 @s1)
(74.7) 240 (25.3)
<0.001
(821) 34 179)
(85.4) 94 (146)
(78.2) 216 (21.8)
(57.4) 237 (“26)
47.8) 60 (522)

55
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High physical activity Low physical activity

95% ClI p-value
n=1209 n=1,283

CERAD W-L. 159 13381905 <0.001
Normal cognition 925 (765) 861 (67.1)
Cognitive impairment 284 (235) 4 (329)

Animal Fluency Test 1833 1.534-2.190 <0.001
Normal cognition 941 778) 843 (©57)
Cognitive impairment 268 (222) 440 (343)

Digit Symbol Substitution Test 1936 1.609-2329 <0.001
Normal cognition 975 (80.6) 876 (68.3)

Cognitive impairment 234 (19.4) 407 (317)
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Characteristics Controls n =39 95% ClI Casesn 95% ClI p-value
Age (Years) 67.2£6.52 734%10.1 (70.4-76.8) 0.002
Male, 1 (%) 9023) 14.(41) 0.097
WC (cm) 9264106 (89.3-96) 93.8+120 (89.8-97.9) 0.659
BMI (kg/m?) 2273448 (27.7-305) 269+5.05 (26.1-29.7) 0315
SBP (mmHg) 1294149 (125-134) 1326222 (124-129) 0.584
DBP (mmHg) 80.0(720-85.0) (75.1-81.6) 720 (68.3-79.8) (70.6-80.3) 0.065
Comorbidities, 1 (%)

2D 9(23) 13.(38) 0.159
Hypertension 11028 17 (50) 0,056
Mets 20(51) 17 (50) 0913
Life style

Physical activity (min/week) 90.0 (0-240) (92.6-226) 65.0 (0-180) (73.2-216) 0590
Alcohol consumers, 1 (%) 108 515 0.164
Pharmacotherapy, 1 (%) 22(56) 31091 0.0001

Data is presented using mean  standard deviation or median (Interquartle range). Differences betuween groups were evaluated with independent f-test or Mann-Whitney test. p-value less
than 0.05 was considered statisticaly significant. 95% CI, 95% confidence intervals; WC, waist circumference; BMI, body mass index; SBP,systolic blood pressure; DBP, diastolic blood
pressure; T2D, type 2 diabetes; MetS, metabolic syndrome. The bold values are statistically significant.





OPS/images/fnut-11-1335979/fnut-11-1335979-t002.jpg
Characteristics Controls n =39 95% ClI Casesn =34 95% CI p-value
“Triglycerides (mg/dL) 122 (86.5-166) 115-171 139 (101-197) 130-176 0.246
HDL-C (mg/dL) 49.5 (45.5-59.1) 48.9-63.8 46.5 (40.3-55.4) 45.7-59.1 0.134
Cholesterol (mg/dL) 1834349 172-194 186£47.5 170-202 0.707
FPG (mg/dL) 102 (89.0-116) 99.6-121 104 (97.1-119) 103-116 0.266
Insulin (WIU/mL) 8.79 (5.80-17.6) 8.80-14.1 7.63 (0.20-12.4) 5.85-15.6 0.151
HbAIc (%) 5.61 (5.30-6.03) 5.64-6.35 5.96 (5.64-6.51) 5.90-6.46 0.033
Urea (mg/dL) 31.8(23.3-34) 26.7-37 39.1(29.1-44.5) 31.8-444 0.013
Creatinine (mg/dL) 0.73 (0.64-0.88) 0.71-0.86 0.945 (0.80-1.06) 0.84-1.41 <0.001
UA (mg/dL) 4794270 441-5.17 531240 474-5.87 0132
CRP (mg/dL) 3.20(1.30-6.25) 292-7.48 2.40 (1.20-4.65) 0-19.1 0442

Data is presented using mean + standard deviation or median (Interquartle range). Differences between groups were evaluated
than 0.05 was considered statstically significant, 95% CI, 95% confidence intervals; HDL-
UA, acid uric; CRP, C-Reactive protein. The bold values are statistically significant.

lependent t-test or Mann-Whitney test. p-value less
FPG, fasting plasma glucose; HbAIc, glycated hemoglobi

. high density lipoprotein cholesterol;
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Reference Agerange Gender  Dietary variable Outcome Statistics

Dehghan etal. (7) Cross-sectional 350 14-16 ¥ DIl - cat DASS-21 - cat M - ns -
Salari-Moghaddam etal. (15)  Cross-sectional 3,363 18-55 EM DIl - cat HADS - cat ORs 1 ns ns
Salari-Moghaddam etal. (9)  Cross-sectional 3,363 18-55 EM FDII - cat HADS - cat ORs 1 1 ns
DIl - cat - t -
Attlee etal. (47) Cross-sectional 260 19-22 ¥ DASS-21 - cat ORs
DIl - con - t -
Phillips etal. (16) Cross-sectional 2047 50-69 ¥ E-DII - cat HADS - cat ORs 1 1 ns
Varaee etal. (49) Cross-sectional 5579 20-70 EM DIS - cat DASS-21 - cat ORs 1 - -
Isgin-Atici etal. (67) Cross-sectional 72 13-18 ¥ HEL-2010 - cat PMSS-anxiety ANOVA - 1 -
Christensen et al. (68) Cross-sectional 77 18-25 ¥ HEL-2010 - con APSQ - cat Welch's T-test - ns -
‘Taylor etal. (30) Cross-sectional 133 25-45 M HEI-2010 - con DASS-42 - con GLMM ns ns ns
Saneei etal. (70) Cross-sectional 3,363 18-55 FM AHEI-2010 - cat HADS - cat ORs ] 1 ns
BAI - con 1 - -
Gibson-Smith et al. (69) Cross-sectional 1634 18-65 EM AHEI-2010 - cat M
CIDI - cat ns - -
Poorrezacian etal. (76) Cross-sectional 360 20-49 ¥ DDS - cat DASS-21 - cat ANOVA - 1 -
Jiang etal. (77) Longitudinal 924 15-45 ¥ DDS - cat SAS - cat LMM - N =
Sadeghi etal. (95) Cross-sectional 3172 18-55 EM MDScale - cat HADS - cat ORs 1 - -
BAI - con " < .
Gibson-Smith et al. (69) Cross-sectional 1,634 18-65 M MedDiet Score - cat M
CIDI - cat ns - -
Boazetal. (14) Cross-sectional 3271 18+ EM MedDiet Score - cat GAD-7 - con tho - 1 .
Michalak et al. (103) Cross-sectional 4,181 18-65 EM VEG - self-reported CIDI - cat ORs 1 - -
VEG - self-reported ns ns .
Beezhold etal. (104) Cross-sectional 620 25-60 FM DASS-21 - con ANOVA
VG - self-reported . . .
- Plant-based pattern ns - -
Rossa-Roccor etal. (105) Cross-sectional 339 FM GAD-7 - con M
*young adults Junk food pattern (WD) i - -
PDIand hPDI - cat (VEG) 1 - -
Mousavi etal. (115) Cross-sectional 3362 18-55 EM HADS - cat ORs
uPDI - cat (WD) i - -
STALT - cat t - -
Bakhtiyari etal. (109) Cross-sectional 1,782 18-35 EM Processed food - cat (WD) ORs
STALS - cat i - -
Fast food pattern (WD) ns ns ns
Hosseinzadeh etal. (111) Cross-sectional 3846 20-55 FM HADS - cat ORs
Western pattern (WD) ns ns ns
Vilela etal. (110) Longitudinal 185 20-40 ¥ Processed pattern (WD) STALS - con LMM - ns -
Yazdi etal. (111) Cross-sectional 3,063 FIM Western pattern (WD) HADS - cat ORs 1 - -
employees
Xuetal. (112) Cross-sectional 1,360 45-59 FIM Western pattern (WD) GAD-7 - cat ORs 1 - -
“Traditional pattern ns - -
Weng etal. (113) Cross-sectional 5003 1116 M Snack pattern (WD) SCARED - cat ORs 1 - -
Animal food pattern 1 - -
Salehi-Abargouei (116) Cross-sectional 3846 18-55 FIM Omnivore pattern HADS - cat ORs - ns ns
FVI-con ns - -
Tuckeetal. (122) Cross:-sectional 428 18-60 EM HADS - con M
Savory snacks T - -
Brookie etal. (124) Cross-sectional | 422 18-25 FIM FVI-con HADS - con Y ns - -
FVI-con Healthy Days (CDC) = ns ns
Wattick et al. (123) Cross-sectional 1,956 18+ FIM ORs
Added sugar foods -aat - 1 1
FI- cat - i ns
Saghafian etal. (120) Cross-sectional 3362 18-55 FIM VI- cat HADS - cat ORs - ns i
FVI-cat - ns ns
V- con - i ns
FI-con : ns ns
Whole grains - 7 ns
Boaz etal. (14) Cross-sectional 3271 18+ FIM GAD-7 - con tho
Processed meat = T 1
Salty snacks - 1 1
Sweetened beverages - 1 1
FI-con ns - -
Gibson-Smith etal. (121) Cross-sectional 1,634 18-65 M VI-con BAI - con M . - -
Whole grains - con i - -
FI-con 1 - -
Sadeghi etal. (95) Cross-sectional 3172 18-55 FIM HADS - cat ORs
V- con ] - -
Whole grains - cat - 1 ns
Sadeghi etal. (100) Cross-sectional 3172 18-55 FIM HADS - cat ORs
Refined grains - cat - 1 ns
Abbaszadeh etal. (92) Cross-sectional 181 18-25 F Whole grains DASS-21 - con Y - ns -
- Read meat - 1 ns
Yannakoulia etal. (129) Cross-sectional | 853 FIM STALS - con Y
“adults Sweets - T -
Darooghegi Mofrad et al,
o Cross-sectional | 482 20-50 F Red meat DASS-21 - cat ORs - 1 y
Alharbi etal. (130) Cross-sectional | 92 19-45 3 Red meat HADS - cat ORs - 1 -
cQ ns - -
Hajihashemi etal. (140) Cross-sectional 2033 18+ EM PQl HADS - cat ORs ns - -
FQI . - -
PUFA n-3 - con - ns -
Daley etal. (151) Cross-sectional 7,635 25-30 ¥ PUFA -6 - con self-reported ORs - 1 -
PUFA n-9 - con - 1 -
Kiecolt-Glaser etal. (153) 12weeks RCT 68 2129 FM PUFA n-3*25¢ EPA, 348mg DHA  BAI - con LMM . - -
Watanabe et al. (150) 52weeks RCT 80 20-59 F PUFAD-3*1.2g EPA,600mg DHA | HADS - con LMM - ns -
- PUFA n-3 - con - 1 B
Wilson and Madrigal (152)  Cross-sectional 54 *college F BAI tho
PUFA -6 - con - ns -
students
Saghafian etal. (156) Cross-sectional 3362 18-55 FM Fibers - cat HADS - cat ORs ns 1 ns
X 1*>anx
Johnstone et al. (29) 4weeks RCT 64 18-25 ¥ 75gGOS STALT - con ANOVA - -
group
Berding etal. ( 4weeks RCT 18 18-40 F 125g PDX HADS - con ANOVA - ns -
2weeks - STALS - con : 1 R
Barfoot etal. (154) i 38 ¥ Increased flavonoid intake LMM
intervention *new mothers STAI-T - con - ns -
Wilcoxonis test 1 - -
Parilli-Moser et al. (135) 6months RCT 63 18-33 EM Polyphenols from roasted peanuts | HADS - con
tho 1 B .
12weeks
Lamport etal. (155) 2 40-50 ¥ Polyphenols from grape juice STALSF - con ANOVA - ns -
intervention

DII, Dietary Inflammatory Index; HEI, Healthy Eating Index; AHEI, Alternative HEI; DDS, Dietary Diversity Score; MDScale, Mediterranean Diet Scale; MedDiet Score, Mediterranean Diet Score; VEG, vegetarian; VG, vegan; WD, Western Diet; FVL, fruit-vegetable
intake; F, fruit intake; VI, vegetable intake; PUFA n-3, omega-3 polyunsaturated fatty acids; PUFA n-6, omega-6 polyunsaturated faty acids; PUFA n-9, omega-9 polyunsaturated fatty acids; EPA, Eicosapentaenoic Acid; DHA, Docosahexaenoic Acid; GOS, galacto-
oligosaccharides; PDX, polydextrose; DASS, Depression Anxiety Stress Scale; HADS, Hospitality Anxiety Depression Scale; BAI, Beck Anxiety Inventory; GAD-7, Generalized Ansiety Disorder-7 items; CIDI, composite international diagnostic interview; CDC, Center
for Disease Control and Prevention; SCARED, Screen for Child Anxiety Related Disorders; cat, categorical; con, continuous; LM, linear regression models; LMM, linear mixed-effects models; ORs, odd ratios; tho, Pearson' correlation coefficient; CQ, carbohydrates
quality index; PQI, proteins quality index; FQ, fat quality index.
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Variables Frequency Percent
(

450)

Age of the mothers in years

<25 147 327
26-30 166 369
>31 137 304
Ethnicity
Amhara 146 324
Oromo 17 26.0
Berta 145 322
Others 42 9.4

Marital status

Married 429 95.3

Others 21 47
Age of the child in months

0-3 165 36.7

46 135 300

7-12 150 333

Maternal educational status

No formal educs 180 4
Primary education 145 323
Secondary education 85 188
College and above 0 89

Mothers’ occupation
Government employee 116 258
Merchant 103 29
Housewife 200 45
Daily laborer 31 68

ANC visits
Yes 197 438
No 253 56.2

Postnatal care follow-up
Yes 277 61.6
No 173 384

Place of delivery.

Health facility 31 736
Home 119 264

Mode of delivery
Vaginal delivery 51 958
Cesarean section 19 42

Gravidity
Primiparous 35 744
Multiparous 15 256

Having the husbands support
Yes 203 451

No 247 549
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Variables Frequency Percent

(n =450)
Practiced EBF
Yes 262 582
No 188 a8
Ever heard about EBF
Yes 386 8.8
No 64 142

Expressed and discarded colostrum
Yes 217 482
No 233 518

Started first breastfeeding within one hour
Yes 304 67.6
No 146 324

Know the exact duration of EBF
Yes 286 63.6
No 164 364

Know the importance of EBF

Yes 148 9.6
No 2 04
Frequency of breastfeeding
<8 125 27.8
28 325 722

Source of information about breastfeeding.

From healthcare 225 50.0
providers

Husband 147 326
Health extension 58 129
workers

Others 2 45
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\ELELIES (COR 95% CI) (AOR 95% CI)

Age in years
5 88 59 09(057-3.4) 07(04-2.2)
26-30 103 63 13(0.86-9.2)* 12(0.73-67)
231 71 66 Reference Reference

Wealth status of the mother

Low 121 20 2(0.8-5) 17(06-4.2)

Medium 101 57 93 (62-27.1)* 87 (42-17.2*

High 40 m Reference Reference
Gravidity

Multiparous 21 104 6(37-9.6)* 58(4.9-10.8)*

Primiparous 31 84 Reference Reference
ANCisits

Yes 197 64 59 (38-18.7)* 49 (34-14.1)%*

No 65 124 Reference Reference

Having the husbands support

Yes 203 70 5.6(5.3-12.8)* 5.3 (4.6-12.7)**

No 60 uz Reference Reference
Mode of delivery

Spontaneous vaginal 23 102 107 (62-18.6)* 958 (5.6-17.4*

Cesarean section 19 86 Reference Reference

Experiencing postpartum depression
Yes 19 65 0.15(0.11-0.7)* 014 (012-08)*
No 23 123 Reference Reference

*=p<0.25,**=p<005.
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