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Abstract

:

Late-life dementia is a growing public health concern lacking effective treatment. Neurodegenerative disorders such as Alzheimer’s disease (AD) develop over a preclinical period of many years beginning in midlife. The prevalence of insulin resistance, a prominent risk factor for late-life dementia, also accelerates in middle-age. Consumption of berry fruits, including strawberries, has been shown to influence metabolism as well as cognitive performance suggesting potential to mitigate risk for dementia. In this controlled trial, we enrolled overweight middle-aged men and women with insulin resistance and subjective cognitive decline and performed a 12-week intervention with daily administration of whole-fruit strawberry powder. Diet records showed that participants in both groups maintained the prescribed abstinence from berry product consumption outside the study. We observed diminished memory interference (p = 0.02; Cohen’s f = 0.45) and a reduction of depressive symptoms (p = 0.04; Cohen’s f = 0.39) for the strawberry-treated participants; benefits consistent with improved executive ability. However, there was no effect of the intervention on metabolic measures, possibly a consequence of the sample size, length of the intervention, or comparatively low anthocyanin dose. Anti-inflammatory actions of anthocyanins were considered as a primary mechanistic factor. The findings support the notion that strawberry supplementation has a role in dementia risk reduction when introduced in midlife. However, further investigation with longer intervention periods, larger samples, and differing dosing regimens will be required to assess the benefits of strawberry intake with respect to cognition and metabolic function in the context of aging.
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1. Introduction


Alzheimer’s disease (AD) is the most common form of dementia, accounting for up to 80% of cases, and current projections indicate that AD will reach epidemic proportions during the next several years [1]. Paralleling the increase in dementia prevalence is an equally disturbing rise in metabolic disturbance reflected in insulin resistance, hyperinsulinemia, obesity, and related health conditions [2] associated with late-life dementia [3,4]. There is no remedy for dementia, and it is not clear when or if effective therapy will be available. Accordingly, prevention and mitigation of risk have been increasingly emphasized.



Alzheimer’s neuropathology is thought to develop and progress during a period of many years prior to clinically evident impairment [5]. This extended preclinical period represents an opportunity for intervention to lower risk for progressive decline. Demographically, the preclinical phase of accelerating AD pathology corresponds with the midlife epoch during which metabolic disturbance also becomes prominent [6,7]. The percentage of US adults classified as metabolically healthy by common standards is exceedingly small [8], and nearly 50% of middle-aged adults in the US have insulin resistance [6]. There is increasing evidence that insulin resistance and associated hyperinsulinemia and obesity are important drivers of early neurodegenerative changes [9,10]. Risk for AD, Parkinson’s disease, and other dementing disorders is elevated in the context of metabolic disturbance [11,12,13], which accelerates beta-amyloid deposition and tau hyperphosphorylation, characteristic neuropathological features of AD [14].



Metabolic disturbance and obesity create an environment that supports chronic inflammation, affecting many organs including the brain [2]. Neuroinflammation is recognized as one of the more important factors contributing to brain dysfunction and progressive neuropathology [15,16]. Berry fruit supplementation has the potential to confer multiple health benefits such as moderation of oxidative stress and inflammation [17], correction of metabolic dysfunction [18,19,20], and augmentation of neuronal signalizing [21]. Anthocyanins and their metabolites, which are present in strawberries and blueberries among other fruits and vegetables, have been shown to have anti-inflammatory actions [16]. In addition, they have been identified in the brain as well as in peripheral organs, indicating ability to cross the blood–brain barrier [22]. Further, modification of the gut microbiota following anthocyanin consumption can alter peripheral–central communications to mitigate central inflammation [23].



In a recent cross-over trial involving obese, insulin-resistant adults, high-dose daily strawberry supplementation for four weeks lowered fasting insulin and the homeostasis model assessment of insulin resistance (HOMA-IR) [24]. These effects were attributed, at least in part, to anthocyanin-related lowering of circulating levels of branch chain amino acids, which has been associated with diminished risk for type 2 diabetes [25,26]. In a controlled, acute response study with overweight men and women, whole fruit strawberry powder containing 39 mg anthocyanins consumed with a high carbohydrate, high fat meal reduced plasma insulin and postprandial inflammatory markers including C-reactive protein and IL-6. These effects were associated with increased levels of anthocyanins and metabolites in postprandial plasma [27]. In addition, in controlled studies with overweight and hypercholesteremic adults involving chronic and acute ingestion of whole fruit strawberry powder, beneficial changes in vascular, lipid, and metabolic markers were observed [28,29].



In addition to benefits with respect to vascular, lipid, and metabolic markers, there are preliminary indications of improved neurocognitive function with strawberry supplementation. Preclinical data suggest that strawberry supplementation can improve cognitive performance and markers of neuronal function [30,31,32], and prospective epidemiological evidence indicates that habitual consumption of strawberries (and blueberries) is associated with diminished rate of age-related cognitive decline [33] and with lower risk for Alzheimer’s disease, specifically [34]. Further, a recent controlled trial with older men and women showed that 90 days’ supplementation with two servings of whole fruit, freeze-dried strawberry powder improved cognitive performance in terms of decreased response latency during a spatial navigation task and improved recognition memory on a test of word list learning [35]. In another cross-over trial, eight weeks’ supplementation with two servings of strawberry powder was associated with enhanced speed of cognitive processing as well as lower blood pressure, reduced waist circumference, and increased antioxidant capacity [36].



Given the evidence regarding benefits for metabolic function, general health, and cognitive performance, we sought to investigate the effects of strawberry supplementation on neurocognitive function when instituted in the midlife preclinical period as an initial investigation of early intervention for dementia risk mitigation. We assessed the effects of strawberry supplementation in middle-aged individuals with increased risk for future cognitive decline. The primary outcomes included measures of neurocognitive domains vulnerable to dementia including executive ability, lexical access, memory, and mood. Secondarily, we assessed whether strawberry supplementation was associated with improvement in metabolic and anthropometric parameters.




2. Materials & Methods


Study design: The study was conducted in accordance with the Declaration of Helsinki and approved by the University of Cincinnati Medical Institutional Review Board (protocol 2015-1256; 8 March 2023). It was registered with Clinical Trials Identifier NCT02751866.



This was a randomized, double-blind, placebo-controlled trial. Assessments were performed prior to and after 12 weeks’ supplementation. Primary outcome measures included neurocognitive and mood measures. We also assessed metabolic and anthropometric parameters. Three-day diet records were obtained pre- and post-intervention to monitor flavonoid consumption external to the study.



Participants: Overweight, middle-aged men and women with complaints of mild cognitive decline were recruited by means of advertising placed on the University of Cincinnati Academic Health Center website, flyers displayed in medical clinics, and email messages to employees of the affiliated Cincinnati Children’s Hospital Medical Center describing the research opportunity. Figure 1 shows data concerning participant recruitment, screening, enrollment, and non-completion. A total of 34 were enrolled in the study; 17 in each group.



Inclusion criteria: (1) Men and women 50 to 65 years old; (2) BMI = 25 or greater; (3) awareness of mild cognitive decline; (4) ability to comprehend and comply with the research protocol; (5) provision of written informed consent.



Exclusion criteria: (1) Diagnosis of neurological disorder, dementia, or memory disorder such as mild cognitive impairment, probable Alzheimer’s disease, Parkinson’s disease, frontotemporal dementia; (2) current or past psychiatric condition or substance use causing a persisting change in level of functioning; (3) diagnosis of diabetes or other metabolic disorder or kidney or liver disease; (4) regular use of medication or dietary supplement that might affect outcome measures such as benzodiazepine, psychostimulant, and berry fruit extract.



Telephone screening: We performed an initial telephone contact in which a description of the requirements for study participation was provided. We also obtained oral informed consent and administered the Academic and Medical History Questionnaire [37] to acquire demographic, educational, and medical information and to estimate body mass index (BMI) using height and body weight information provided by the prospective participants. In addition, we administered the modified Memory Impairment Screen (mMIS) [38] to identify those with greater than mild memory decline for exclusion from the study. For those who qualified for study participation, BMI was calculated with anthropometric measurements at the subsequent enrollment visit. We instructed qualifying participants to refrain from consumption of all berry fruits and products for at least two weeks prior to the enrollment study visit and to complete a three-day diet record during the week prior to enrollment.



Enrollment visit: All participants reviewed and signed the written informed consent document at this study visit. This was followed by review of the diet records that had been completed during the prior week. We collected fasting blood samples, measured anthropometric parameters, administered neuropsychological measures and a mood inventory (see descriptions below), and provided a supply of strawberry or placebo powder.



Interim visit: The participants returned during week 6 of the intervention when we collected used and unused supplement packets and distributed the final 6-week supply of packets along with the diet record forms to be completed during the week before the final study visit.



Final visit: During the final visit, we re-administered the measures obtained at the enrollment study visit and again obtained fasting blood samples.



2.1. Strawberry Powder, Placebo Powder, and Supplement Regimen


We utilized strawberry powder and placebo powder supplied for this research by the California Strawberry Commission, Watsonville, California, USA. The strawberry powder was prepared from whole fruit that had been desiccated, freeze-dried, and milled. The placebo was designed to have the same appearance, taste, and carbohydrate load as the strawberry powder and contained fiber but no polyphenolic content. Daily servings of strawberry and placebo powder were sealed in packets for the convenience of the participants and to control daily dosage. Each packet of strawberry powder contained 13 g, providing 36.8 mg anthocyanins derived from 130 g whole fruit and equivalent to about 1 c whole fresh strawberries, which is designated as a standard serving by the California Strawberry Commission.



We instructed participants to mix the contents of one packet with water and consume it with the first meal of the day, although taking the powder with other foods or beverages was not prohibited. We also asked participants to discontinue consumption of all berry fruits, juices, and extracts for the duration of the study and provided a list of forbidden berry products. This was done to mitigate the potential confound related to a group difference in consumption of berry products in the background diet. We did not attempt to control polyphenol consumption from non-berry fruits and vegetables as we judged this to be unreasonably burdensome and not representative of general consumption habits. However, we measured anthocyanin consumption external to the study with diet diary records completed by the participants. This allowed assessment of adherence to the prescription against berry intake outside the study and the means to assess potential differential intake between the groups.



Randomization and research supplement: Participants were assigned to one of two intervention groups using the method of Taves [39] to achieve block group assignment. The investigators and participants were blind to group membership. The powder packets were labeled with a numeric code and stored in a cold room until dispensed to the participants with instructions to refrigerate at home until consumed. We collected unused and used packets at subsequent study visits as a check on compliance with the intervention protocol.




2.2. Outcome Measures and Assessment Procedures


The primary outcomes included cognitive and mood measures. The neurocognitive protocol included tasks assessing executive abilities including inhibitory control and task switching, lexical access, long-term memory function, and mood; domains implicated in both non-pathological aging and late-life dementia. Equivalent, alternate forms of the long-term memory tasks were employed to minimize practice effects associated with repeat exposure to specific test items. The cognitive protocol was administered at the enrollment and final (week 12) study visits.




2.3. Executive Abilities


The Porteus Maze Test (PMT) is a paper and pencil task that requires participants to draw continuous pencil lines to solve a series of two-dimensional mazes of increasing complexity [40]. This problem-solving task requires planning and cognitive and motor control and has predictive value with respect to functional capability and ability to adapt and cope with life challenges [40,41]. We used a series of mazes drawn from the three forms of the PMT, and alternate versions were administered at the baseline and final study visits.



Trail-Making Test, part B was used to evaluate working memory and set switching aspects of executive ability. The Trail-Making Test, part B, involves alternate sequencing of a two-dimensional array of digits and letters by drawing pencil lines as quickly as possible [42,43].




2.4. Lexical Access


Controlled Oral Word Production: Lexical access refers to the ability to retrieve information from the mental word store (lexicon) and depends on previously acquired word knowledge and phonemic and semantic information processing [44] as well as executive control processes such as updating, shifting mental set, and inhibition [45]. The task is administered in two trials with phonemic and categorical constraints, respectively, and yields a score for each trial; the number of words produced that begin with specified letters of the alphabet and the number of words produced that are representative of a semantic category [46].




2.5. Learning and Long-Term Memory


The California Verbal Learning Test, Second Edition (CVLT; [47]) is a word list learning and retention task that assesses verbal learning and long-term memory function. It yields measures of cumulative learning across exposure trials and measures of recall and recognition memory. In addition, it provides data on interference during learning and recall evident as intrusion responses on recall and recognition testing that reflect interference of non-target words.



The Spatial Paired Associate Learning Test (SPAL) assesses ability to learn associations of visual-spatial stimuli that are presented as pairs during learning trials [48]. The test items are designed to be non-representative and to resist verbal encoding. It is a challenging nonverbal memory task, in part because it requires reproduction rather than merely recognition of pairs of abstract visual configurations.




2.6. Mood Symptoms


The Beck Depression Inventory-II was administered to obtain a quantitative assessment of the intensity of depressive symptoms such as hopelessness, irritability, and guilt [49,50]. It was administered at the enrollment and final study visits to measure change in mood symptoms during the intervention. We excluded individuals with high scores on the BDI, suggesting the presence of clinically significant mood disturbance that might influence cognitive performance and/or ability to engage in the intervention [51].




2.7. Metabolic Parameters


Fasting blood samples were assayed at the Mouse Metabolic Phenotyping Laboratory at the University of Cincinnati (UC) Metabolic Diseases Research Center. Assays were performed for glucose, insulin, and glycated hemoglobin, a marker of average plasma glucose over a 90-day period. Glucose and insulin values were used to calculate the homeostasis model assessment of insulin resistance (HOMA2-IR) [52]. We also obtained triglycerides (TG) and high-density lipoprotein cholesterol (HDL-C) values and calculated the TG over HDL-C ratio, which is associated with insulin resistance, coronary artery disease, and with features of the metabolic syndrome [53,54,55].




2.8. Anthropometric Measures


We measured body weight, waist circumference, and height at the enrollment visit and body weight and waist circumference at the final visit.




2.9. Diet Diaries


We obtained records of all food and beverage consumption for three-day periods during the week before enrollment and the week before the final visit to monitor the background diet during the intervention. These diet diaries were completed by the participants who were given oral and written instruction regarding accurate completion of the records. The Nutrition Data Systems for Research software, version 2019 (Nutrition Coordinating Center, University of Minnesota, Minneapolis, MN, USA) was used to analyze total energy, macronutrient proportions, and anthocyanin intake at the Bionutrition Core of the Cincinnati Children’s Hospital Medical Center’s Schubert Research Clinic.




2.10. Statistical Analyses and Power Calculations


Data from our prior research in this population [56] indicated that berry intervention studies produced medium to large effects on neurocognitive and metabolic factors. Accordingly, we planned the study assuming medium effect sizes. Given this assumption and resource limitations for this research, we calculated that a sample size of 30 participants with 15 per group would be sufficient to detect effects with power = 0.75 and α = 0.05 [57].



We investigated effects of the intervention on measures of executive ability, lexical access, verbal and nonverbal memory function, and interference in memory. Using baseline test scores, we examined inter-correlations within and between measures for each domain to corroborate inclusion of specific measures in representative composite scores. Test scores were standardized, and means were calculated to create the domain scores [58]. The executive domain composite included the Porteus Maze Test and Trail-Making Test, part B. The lexical access composite incorporated the phonological and semantic production scores from the Controlled Oral Word Association task. The verbal memory domain included the CVLT cumulative learning score and the CVLT long-delay recall score. The visual-spatial memory domain included the SPAL learning and recognition memory scores. The CVLT total intrusion score represented memory interference. The BDI total score represented the mood domain.



The hypotheses of beneficial neurocognitive effects were tested with separate ANCOVAs comparing cognitive and mood domain final visit scores between groups with covariate control for the corresponding enrollment measures [59]. We also calculated Cohen’s f statistic to generate effect size estimates for statistical effects at p ≤ 0.05. Cohen’s f represents the effect size estimate implemented in ANOVA analyses that derive the F-test and is an extension of the effect size statistic d [57]. Cohen’s f values are described as ranging from small (0.10) to medium (0.25) and large (0.40) [57]. In this study, effect sizes were large, and power to detect differences was greater than 0.75.





3. Results


The sample contained a total of 30 participants including 5 males and 25 females. There were 5 males and 10 females in the placebo group, and all participants in the strawberry group were female. There was no pre-intervention difference between males and females with respect to demographic factors or performance on the cognitive screening measure (mMIS). Table 1 contains demographic, cognitive, anthropometric, and metabolic information for the participant sample at the time of enrollment. Group comparisons of these pre-intervention data showed that the groups were comparable with respect to age, education, and general memory performance data. While the mean fasting glucose value for the strawberry-treated group was lower that of the placebo group, p = 0.02, there was no pre-intervention group difference with respect to the other anthropometric and metabolic measures. Mean group values for body weight, BMI, and waist circumference reflected early metabolic disturbance [60] in accordance with the inclusion criteria. This was corroborated further by the mean HOMA2-IR [61] and glycated hemoglobin values [62], which were below the threshold for diabetes but in the high normal and low prediabetes range, respectively. Similarly, both groups exhibited mean TG/HDL-C ratios that reflected higher than optimal values but below the threshold for type 2 diabetes [63].



ANCOVAs examining group differences for cognitive domains indicated that strawberry supplementation did not improve performances with respect to the executive domain, p = 0.71, lexical access domain, p = 0.14, verbal memory, p = 0.69, or visual-spatial memory, p = 0.76. However, the strawberry-treated group exhibited a relative reduction of interference in verbal learning and memory F(1,27) = 5.69, p = 0.02, Cohen’s f = 0.45 (Figure 2). In addition, the strawberry group reported lower mood disturbance relative to the placebo group, F(1, 27) = 4.28, p = 0.04, Cohen’s f = 0.39 (Figure 3).



With respect to metabolic measures, there was no intervention effect for fasting glucose, p = 0.61, fasting insulin, p = 0.29, HOMA2- IR, p = 0.45, glycated hemoglobin, p = 0.67, or the TG/HDL ratio, p = 0.85, p = 0.43. Similarly, anthropometric measures including body weight, p = 0.17 and waist circumference, p = 0.34 were not affected, although there was a weak trend favoring the strawberry-treated group with respect to lower BMI, p = 0.10.



Diet diary data are shown in Figure 4. A repeated measures ANOVA indicated that there was no between-group difference in anthocyanin consumption in the background diet during the intervention, p = 0.26. In addition, there was no group by time interaction, p = 0.43, indicating no change in background anthocyanin consumption during the period of the intervention. As shown in Figure 4, cyanidin consumption external to the study was much greater than any other anthocyanin, which is consistent with our prior berry supplement studies in this population [56] and almost certainly attributable to the extensive presence of cyanidin in many non-berry fruits and vegetables [64].




4. Conclusions


In this controlled pilot trial, overweight middle-aged participants treated with whole-fruit strawberry powder for 12 weeks exhibited fewer intrusion errors on a word list learning task, reflecting reduction of interference of extraneous information during learning and recall. Such interference typically involves an inability to inhibit intrusion of competing exemplars within a semantic category [65]. The finding of improvement in this regard for the strawberry-treated group might be understood as reflecting more effective executive control processes supporting suppression of non-target terms [66]. Memory interference is not uncommon in the context of aging and, especially in late life dementia [66,67], has been associated with greater regional neurodegeneration [67].



In addition, we observed that members of the strawberry-treated group endorsed lower levels of depressive symptoms. This relative mood enhancement experienced by the strawberry-treated group implies improved emotional coping capability and lower levels of stress [68]. Such coping enhancement also can be understood as implying improved executive ability; that is, better ability to manage everyday activities and social relationships and improved response control and greater flexibility [69]. Notably, the role of executive capability in coping, stress control, and mood disturbance has been documented in the context of clinical depression as well [68,69].



Demographically, executive capability begins to decline in middle-age [70]. Further, executive decline is exacerbated in the context of obesity and insulin resistance [71,72]. Therefore, it is likely that for many or all participants in our sample of insulin resistance, middle-aged participants executive ability was at least mildly impaired as a consequence of age and metabolic status. Presumably, such executive deficits also contributed to the subjective perception of mild cognitive decline, =a criterion for inclusion in the study. This would imply that the strawberry treatment corrected, to a measurable extent, existing executive deficiency,. It is of interest to note that failure to recover from proactive semantic interference on word list learning tests is an early marker of AD pathology in older adults [67].



Reduction of memory interference also was observed in a supplementation trial with blueberries in the same population; insulin-resistant, middle-aged individuals [56], corroborating the notion that anthocyanin supplementation tends to improve deficits associated with aging, insult, ill health, and fatigue, but generally has little effect on preserved cognitive capabilities. That is, benefits tend to be limited to deficient functions while unimpaired capabilities are not enhanced.



Chronic metabolic disease, in particular peripheral hyperinsulinemia [9] and obesity [73], strongly influence brain function and risk for neurodegeneration disease. Adipocyte-generated inflammation in overweight and obese individuals is a primary driver of cerebral atrophy [74]. Recent data from a very large cross-sectional study demonstrated strong associations of regional and whole brain atrophy with subcutaneous, and especially visceral, fat deposition in middle-aged and older men and women [75], supporting the notion that excess abdominal fat is pro-inflammatory and has implications for brain integrity and neurodegeneration [16]. In addition, there is evidence that cellular energy production in the brain is inversely correlated with BMI, even in young healthy adults [76]. These observations indirectly implicate anthocyanin-related anti-inflammatory effects among the mechanistic factors involved in reducing brain dysfunction [77], with both peripheral and central actions of anthocyanins and metabolites mitigating neuroinflammation [15,16,22,23].



It is notable that our inclusion and exclusion criteria were successful in recruiting a sample of individuals with insulin resistance. However, counter to our expectation we did not observe improvement for the strawberry-treated group in metabolic measures including fasting insulin, HOMA-IR, TG/HDL-C ratio, and glycated hemoglobin. This fact, and the absence of change in anthropometric measures, suggest the possibility that the cognitive and mood effects were not attributable to enhancement of metabolic function as we had expected. It may be that anti-inflammatory actions of anthocyanins were effective in correcting aspects of neurocognitive deficit in the absence of improvement of metabolic health.



Methodological factors that might account for the absence of change in metabolic markers would include the length of the intervention, the relatively small sample size, and the anthocyanin dose provided to the strawberry group. Anthocyanin representation in strawberries is appreciably lower than that found in blueberries [78]. Specifically, the anthocyanin concentration of the standard 13 g strawberry powder serving used in this study was 36.8 mg, while the anthocyanin concentration in 10 g blueberry powder (about 0.5 c whole fruit equivalent) provides 140 mg anthocyanins. While some of the single dose, acute response studies have employed dosages as low as 10 g strawberry powder [27], the majority of the chronic feeding studies have used higher daily dosages such as 26 g and 32.5 g, providing 73.6 mg and 92 mg anthocyanins, respectively and have demonstrated benefits with respect to metabolic, lipid, and other markers [28,29], supporting the notion that higher anthocyanin intake in chronic feeding studies may be necessary to achieve change in metabolic parameters. Metabolic benefits, including reduced fasting insulin and lower HOMA-IR, were demonstrated in a trial comparing higher dose (32 g daily strawberry supplementation) against lower dose (13 g daily supplementation) and control powders. Only the higher dose strawberry powder regimen providing 92 mg anthocyanins was effective [25]. In that study, the lower, ineffective dosage providing 36.8 mg anthocyanin daily was the same dosage administered in this trial. Also, as noted, neurocognitive benefit has been observed with chronic daily feeding at 25 g powder containing 73.6 mg anthocyanin [35].



An early, seminal animal study showed that supplementation with fruit extracts with high antioxidant activity including strawberries and blueberries (as well as spinach) fed to aging rats was effective in reversing functional decrements of motor function, cognitive performance, and several measures of neuronal function to levels observed in young animals [30]. In that study, blueberry extract supplementation was most effective with respect to certain measures of neuronal function, and the only extract associated with restoration of motor capability [30]. Early animal research also demonstrated the presence of anthocyanins in specific brain regions mediating cognitive and motor function following supplementation with blueberry [79,80]. Further, supplementation with pure anthocyanins as well as whole blueberry extracts was protective against brain insults such as irradiation [81,82] and poor nutrition [83]. In addition, a recent human trial demonstrated strong association of cognitive benefits with urinary anthocyanin metabolites in older adults receiving blueberry supplementation [84].



In summary, this controlled trial showed that daily supplementation with 13 g whole fruit strawberry powder reduced interference in memory and depressive symptoms in overweight middle-aged individuals. These findings were understood as manifestations of improved executive control. Anti-inflammatory action of anthocyanin-containing strawberry powder was suggested as a primary mechanistic factor. The unexpected absence of benefit with regard to metabolic function might reflect the lower dose of anthocyanins used in this study as compared with other trials investigating metabolic and cognitive function. Other limitations included the sample size and length of the intervention. These considerations highlight the need for further investigation of health and neurocognitive benefits associated with strawberry supplementation employing different dosages, larger samples, and intervention periods of varying lengths.
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Figure 1. Participant flow diagram showing data concerning participant screening, enrollment, group allocation, completion, and number of participants included in the analyses. 
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Figure 2. After 12 weeks, the strawberry-treated group exhibited fewer intrusion errors on the CVLT, a measure of interference during learning and memory. Lower scores represent better performance. * F(1,27) = 5.69, p = 0.02, Cohen’s f = 0.45. Error bars = SEM. 
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Figure 3. After 12 weeks, the strawberry-treated group reported a lower level of depressive symptoms on the Beck Depression Inventory. * F(1, 27) = 4.28, p = 0.04, Cohen’s f = 0.39. Error bars = SEM. 
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Figure 4. Mean daily consumption by group for each of the major anthocyanins prior to (wk 0) and during the final week of the study (wk 12). A repeated measures ANOVA indicated that there was no between-group difference in anthocyanin consumption external to the study, F(1,27) = 1.26, p = 0.26, and no change in consumption during the period of intervention F(1,27) = 0.61, p = 0.43. Error bars = SEM. wk = week. 
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Table 1. Participant sample characteristics at enrollment.
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	Placebo

(n = 15)
	Strawberry

(n = 15)
	t; p





	Age, y
	57.0 (3.9)
	55.9 (4.7)
	0.70; 0.48



	Education, y
	16.2 (1.7)
	15.4 (1.9)
	1.08; 0.28



	mMIS
	12.2 (1.3)
	12.4 (2.0)
	0.27; 0.78



	Body weight, kg
	101.1 (15.4)
	99.2 (24.3)
	0.25; 0.79



	BMI
	37.2 (6.2)
	35.1 (8.6)
	0.78; 0.44



	Waist circumference, cm
	112.6 (13.4)
	115.5 (22.0)
	0.43; 0.67



	Fasting glucose, mg/dL
	113.2 (14.3)
	101.8 (12.2)
	2.32; 0.02



	Fasting insulin, µU/mL
	12.8 (9.6)
	11.4 (5.2)
	0.50; 0.62



	HOMA2-IR
	3.6 (2.8)
	2.9 (1.5)
	0.82; 0.41



	HbA1c, %
	5.8 (0.52)
	5.6 (0.27)
	1.27; 0.26



	TG/HDL-C ratio
	1.91 (0.99)
	1.89 (1.02)
	1.04; 0.96







Note. Mean (SD) by group. mMIS = modified Memory Impairment Screen [38]. BMI = body mass index. HOMA2-IR = homeostasis model assessment of insulin resistance. HbA1c = glycated hemoglobin. TG = triglycerides. HDL-C = high density lipoprotein cholesterol.
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