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Abstract: Phaeodactylum tricornutum (PT) is a microalgae extract that contains fucoxanthin and has
been shown to enhance cognitive function in younger populations. The present study assessed if PT
supplementation affects cognition in healthy, young-old, physically active adults with self-perceptions
of cognitive and memory decline. Methods: Forty-three males and females (64.3 ± 6.0 years,
79.8 ± 16.0 kg, 27.0 ± 4.0 kg/m2) with perceptions of cognitive and memory decline completed
the double-blind, randomized, parallel-arm, placebo-controlled intervention clinical trial. Partici-
pants were counterbalanced by sex and BMI and randomly allocated to their respective 12-week
supplementation interventions, which were either the placebo (PL) or 1100 mg/day of PT containing
8.8 mg of fucoxanthin (FX). Fasting blood samples were collected, and cognitive assessments were
performed during the testing session at 0, 4, and 12 weeks of intervention. The data were analyzed by
multivariate and univariate general linear model (GLM) analyses with repeated measures, pairwise
comparisons, and mean changes from baseline analysis with 95% confidence intervals (CIs) to assess
the clinical significance of the findings. Results: FX supplementation significantly affected (p < 0.05)
or exhibited tendencies toward significance (p > 0.05 to p < 0.10 with effect sizes ranging from
medium to large) for word recall, picture recognition reaction time, Stroop color–word test, choice
reaction time, and digit vigilance test variables. Additionally, FX supplementation promoted a more
consistent clinical improvement from baseline values when examining mean changes with 95% CIs,
although most differences were seen over time rather than between groups. Conclusions: The results
demonstrate some evidence that FX supplementation can improve working and secondary memory,
vigilance, attention, accuracy, and executive function. There was also evidence that FX promoted
more positive effects on insulin sensitivity and perceptions about sleep quality with no negative
effects on clinical blood panels or perceived side effects. Additional research should investigate how
FX may affect cognition in individuals perceiving memory and cognitive decline. Registered clinical
trial #NCT05759910.
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1. Introduction

Cognitive processes refer to a series of brain functions that facilitate acquiring, process-
ing, storing, and utilizing information obtained from the environment [1]. Age-associated
cognitive decline refers to a non-pathological reduction in cognition, including speed, atten-
tion, information processing, and short-term/working memory [2]. This includes cognitive
and executive function domains, such as sensation and perception, attention, psychomotor
function, processing speed, memory, logic and reasoning, problem-solving, and language
and verbal ability [3,4]. Cognitive and executive function changes naturally occur as we
age because of changes in brain anatomy, physiology, and health and lifestyle-related risk
factors [5]. However, the development of mild cognitive impairment (MCI) and dementia
are not inherent aspects of aging. MCI has generally been considered as the stage before
a diagnosis of dementia [4], while age-associated cognitive decline is commonly associ-
ated with neurodegenerative diseases (e.g., Alzheimer’s disease) and vascular cognitive
impairment [6,7].

Various pharmacological, nutritional, and behavioral interventions have been exam-
ined to sustain or improve cognition as people age [7,8]. These interventions include
increasing physical activity [8,9], social interaction [10], and participating in intellectually
stimulating activities [11]. Dietary interventions such as adherence to the Mediterranean
diet [12–14] and supplementation of omega-3 fatty acids [15–19], folic acid [20,21], vitamin
D [22], a yogurt-like drink containing omega-3 fatty acids, choline, phospholipids, folic
acid, antioxidants [23–25], and others [7,16,23,26–30] have been studied in an attempt to
help maintain cognitive function in individuals experiencing memory issues or diagnosed
with MCI and/or dementia. While the interaction between nutrition and an aging brain is
not fully understood [31], reductions in cerebral blood flow related to atherosclerosis and
arterial plaque formation [32], mitochondrial dysfunction resulting in part from oxidative
stress [33], and inflammation [34] can negatively affect aging and cognition [30,35,36].
Reducing oxidative stress and inflammation as we age has been suggested as a primary
way to help maintain cognitive function and delay the onset of memory and cognitive
decline [16].

Fucoxanthin, a carotenoid procured from marine brown seaweed and microalgae,
can traverse the blood–brain barrier and exert antioxidant and anti-inflammatory bene-
fits [37,38]. Basic research studies have shown that fucoxanthin feeding attenuated cognitive
impairment in aging mice [39,40]. Additionally, reports have demonstrated that marine
algae and fucoxanthinol can help manage weight gain [38,41], lower blood lipids [41–43],
and control blood glucose primarily by mediating inflammatory pathways [41,44]. We
completed two clinical trials examining the impact of fucoxanthin supplementation on
health and cognitive performance. First, Leonard et al. [45] reported that acute and
30 days of PT-derived fucoxanthin supplementation (4.4 mg/d) with guarana (containing
40–55 mg/d of caffeine) improved impulsiveness, reasoning, reaction times, executive con-
trol, learning, and cognitive flexibility among young adult e-gamers. That study provided
evidence that acute and short-term fucoxanthin can affect cognitive function. Second,
Dickerson et al. [46] found that fucoxanthin ingestion (4.4 mg/d for 3 months) extracted
from Phaeodactylum Tricornutum (PT) maintained bone mass, augmented bone density, and
promoted exercise and diet program adherence in overweight pre-menopausal females,
leading to more favorable changes in aerobic capacity, blood lipids, and perceptions about
improved sleep, functional capacity, and quality of life. That study demonstrated that
fucoxanthin supplementation may have exercise, health, sleep, and cognitive benefits that
would theoretically benefit older individuals.

The present study examined whether fucoxanthin supplementation (8.8 mg/d for
12 weeks) from PT extract affects cognition and/or health parameters in healthy, young-old
individuals beginning to experience memory or cognitive decline. We hypothesized that
fucoxanthin supplementation would improve this population’s cognitive function and
memory indices. Additionally, fucoxanthin supplementation would be easily tolerated and
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not negatively affect health markers in this population. The following overviews the study
details and results and discusses the findings’ implications.

2. Methods
2.1. Research Design

This study was executed as a double-blind, randomized, parallel-arm, placebo-controlled
intervention clinical trial conducted in a university research setting. The independent
variable was nutritional supplementation. The primary outcome was cognitive function
measures. The secondary outcomes were changes in subjective ratings of perceived stress
and mood symptoms, sleep quality questionnaire responses, blood markers of health
(e.g., clinical chemistry panels, glucose homeostasis, inflammatory markers), and self-
reported subjective side effects. All testing and analyses were performed at the Exercise
and Sport Nutrition Laboratory (ESNL) and biochemistry facilities within the Human
Clinical Research Faculty at Texas A&M University.

2.2. Study Participants

Healthy, free-living, young-old adults between 55 and 75 years with a body mass
index (BMI) between 18.5 and 35 kg/m2 were recruited for this 12-week clinical trial.
Recruitment mass emails, flyers, and website advertisements were used. Interested indi-
viduals were pre-screened for eligibility via an online questionnaire before attending a
familiarization session, during which all study protocols and procedures were reviewed,
written informed consent was provided, health and medical histories were obtained, and
physical examinations were completed to determine eligibility. Eligible participants had
to meet the following age-associated memory impairment (AAMI) criteria as outlined by
the National Institute of Mental Health: (1) a score of 24 or more on the Mini-Mental State
Examination (MMSE), suggesting the absence of dementia, and (2) a score of 25 or higher
on the Memory Complaint Questionnaire (MAC-Q), indicative if perceptions of subjective
memory complaints. Individuals were excluded if they met any of the following crite-
ria: (1) used cognition-altering medications within the past two weeks; (2) had abnormal
clinical laboratory tests that may affect the study outcome; (3) had cancer or a history of
cancer (excluding nonmelanoma skin cancer); (4) had uncontrolled hypertension and/or
diabetes; (5) had a history of depression (the past year) or used psychotropic medications
within one month of the screening; (6) had a history of alcoholism or substance abuse
within the last 12 months; (7) were a heavy smoker (>1 pack/day within the past three
months); and (8) were knowingly allergic to the ingredients of the supplement product
(Brainphyt™, Microphyt, Baillargues, France) or placebo (maltodextrin). The University
Institutional Review Board (IRB2021-1360F) approved this study, which was conducted by
the Declaration of Helsinki and was registered with ClinicalTrials.gov (NCT05759910).

Figure 1 displays a Consolidated Standards of Reporting Trials (CONSORT) schema.
Overall, 185 individuals inquired about the study advertisements and were evaluated for
eligibility. A total of 98 individuals passed the online pre-screening and were invited to
familiarization sessions. Forty-six individuals were familiarized and gave written informed
consent. Three participants had scheduling conflicts that prevented them from completing
this study. Therefore, 43 individuals were enrolled and randomized into their respective
study groups, where 21 participants were allocated to the placebo (PL) group and 22 to the
fucoxanthin (FX) group. Data from 43 participants were statistically analyzed.

2.3. Testing Sequence

Figure 2 displays the testing order for the familiarization session and all experimental
sessions at 0, 4, and 12 weeks. During the familiarization session, the eligible participants
who consented to partake in this study had their baseline testing session scheduled and
were instructed to fast (12 h) prior to all testing sessions, record four-day food logs, and
refrain from any atypical caffeine or other stimulant consumption (48 h). During baseline
testing, the participants returned their four-day food logs and had their resting measures

ClinicalTrials.gov
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assessed, including weight, height, resting blood pressure (RBP), resting heart rate (RHR),
and age-associated cognitive impairment. Then, the participants completed a series of
questionnaires, including Cohen’s Perceived Stress Scale, Profile of Mood States (POMS),
Leeds Sleep Evaluation, the Bond–Lader Mood Rating Scale, and self-reported side effects.
Then, a venous blood sample (≈20 mL) was obtained following standard venipuncture
procedures. Lastly, the participants performed cognitive function and light reaction tests.
Then, the participants were supplemented with their assigned treatments for 12 weeks.
Baseline testing procedures were repeated after week 4 (consistent with a one-month
dietary supplement supply) and 12 (to assess a longer intervention). The participants then
began supplementation and repeated the experimental testing after 4 and 12 weeks. The
participants aimed to maintain their routine diets and physical activity levels during this
study and replicate their initial 4-day diets before the testing session.
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Unblinding of the treatment groups revealed that Group A was the placebo (PL) and Group B was
the fucoxanthin (FX) treatment.
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Figure 2. Testing order and timeline. BP = blood pressure, COMPASS = Computerized Mental
Performance Assessment System, CPXT = cardiopulmonary exercise test, DEXA = dual-energy X-ray
absorptiometry, REE = resting heart rate, RHR = resting heart rate, POMS = Profile of Mood States,
1RM = one repetition maximum.
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2.4. Participant Familiarization Session

After responding to the advertisements, interested individuals were asked to complete
a pre-qualification questionnaire to assess eligibility for a familiarization session. The eligi-
ble participants visited the ESNL for the familiarization session, wherein the participants
reviewed the study procedures, provided written informed consent, completed health
and medical histories, and underwent a physical examination consisting of assessments
for height, weight, RHR, and RBP, as well as an age-associated cognitive impairment as-
sessment. The participants practiced the cognitive function tests three times during the
familiarization session to familiarize themselves with the tests and establish test-to-test
reliability. Following the physical examination, instructions were provided on recording
the four-day food logs using the smartphone application MyFitnessPal. The participants
practiced all cognitive tests three times to establish reliability.

2.5. Randomization

To keep the supplements randomized and administered in a double-blind manner, the
study sponsor used Metlab software version R2021b (Mathworks, Natick, MA, USA) to
create a randomization number that was printed on the study product box. The randomized
coding was allocated so that age, body fat percentage, BMI, and sex could be used to
counterbalance the participants into treatment groups. The participants were instructed to
consume either four powder-encased capsules per day of a placebo or a microalgae extract,
which contained fucoxanthin (FX), for 12 weeks.

2.6. Supplementation Protocol

The participants were randomly allocated to take supplements containing a placebo
or FX for 12 weeks. FX was in powder capsules with 275 mg of microalgae extract from PT,
containing 0.8% of FX (Brainphyt™, Microphyt, Baillargues, France). The matching PL were
color-matched, powered-encased capsules with 275 mg of maltodextrin. The participants
ingested four capsules daily for a daily FX dose of 8.8 mg/d or placebo. The study dosages
were aligned with United States Food and Drug Administration-approved guidelines.
The placebo was manufactured to mimic the appearance and taste of the experimental
supplement. The product manufacturers issued a certificate of analysis verifying the
absence of contaminants and the dosage. The participants started their supplementation
on the first training day following the baseline testing and consumed their treatment daily
at lunchtime with water (8 oz). Blister packets were used for supplement distribution,
and the participants were instructed to store their supplements at 4 ◦C. Supplementation
compliance was assessed at each testing session, as well as periodic check-ins via emails.

3. Procedures
3.1. Cognitive Screening

Based on the National Institute of Mental Health criteria, two cognitive tests were
performed to confirm age-associated memory impairment (AAMI). The Mini-Mental State
Examination (MMSE) was conducted to verify the absence of dementia. A score between
25 and 30 indicates a questionably significant degree of impairment; 20 and 25 mild
impairment, 10 and 20 moderate impairment, and 0 and 10 severe impairment. MMSE
possesses good test–retest reliability (0.80–0.95). The Memory Complaint Questionnaire
(MAC-Q) was conducted to confirm age-related cognitive function inconvenience [47]. A
score of 25 or higher indicates subjective memory complaints.

3.2. Diet Assessment

To maintain dietary consistency, each participant kept a record of their food and
calorie-containing beverage intake for four days before each experimental session using
the smartphone application MyFitnessPal Calorie Counter version 21.8.0 (MyFitnessPal,
Inc., Baltimore, MD, USA) [48] or by keeping the provided paper meal logs. A total of four
days (i.e., three weekdays and one weekend day) of diet records were evaluated using the
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ESHA Nutrition Analysis Software, Food Processor (Version 11.14.9, Nutrition Research,
Salem, OR, USA) [49].

3.3. Anthropometrics and Hemodynamics

A Health-O-Meter Professional 500KL self-calibrating digital scale (Pelstar LLC, Alsip,
IL, USA; ±0.02 kg) was used to measure height (cm) and weight (kg). After 6 min of rest,
RHR and RBP, both systolic (SBP) and diastolic (DBP), were measured following standard
procedures and a digital blood pressure device (Connex® ProBP™ 3400; Welch Allyn,
Tilburg, The Netherlands).

3.4. Cognitive Function Assessment

Cognitive function was assessed via Computerized Mental Performance Assessment
System (COMPASS) software (Version 6.0, Northumbria University, Newcastle upon Tyne,
UK). The COMPASS cognitive function assessments included the Corsi Block Task Test,
digit vigilance, choice reaction time, word recall, picture recognition, word recognition, and
the Stroop color–word test, and previously described tests and methods were used [50].
Briefly, the word recall task test measured episodic memory by recalling and documenting
words within a specified timeframe [51]. The word recognition task and picture recog-
nition test were used to evaluate episodic memory by distinguishing target stimuli from
decoys [52]. The choice reaction time task test measured response speed and vigilance
through prompted arrow-direction identifications [53]. The digit vigilance task evaluated
attention and vigilance by prompting responses to varying numerical sequences displayed
on-screen [54]. The Corsi Block Task Test evaluated attention and vigilance and required
the participants to memorize and accurately reproduce sequences of blue squares presented
on a grid [55]. Finally, the Stroop color–word task test was used to assess cognitive atten-
tion and processing ability by presenting color-naming challenges, with the participants
required to identify the font color of color-named words [56]. Each of these tests has been
validated and extensively used to assess various aspects of cognitive function (e.g., working,
secondary and spatial memory, reaction time, vigilance, attention, executive function, and
mental fatigue) [57,58].

3.5. Light Reaction Test Assessment

NeuroTracker Pro using NeurotrackerX (NTX) version 2020 software (Montreal, QC,
Canada) was used to assess the reaction performance of light-tracking. This test evaluated
perceptual–cognitive skills, as reported in previous studies using similar study proce-
dures [45,59]. Briefly, each participant completed three CORE assessments (3 sessions),
each consisting of 20 trials lasting 8 s each. A 3D DLP projector (Optoma Corp., New
Taipei City, Taiwan) was used to display the NeuroTracker Pro system. A Zephyrus GX501
gaming laptop (AsusTek Computer Inc., Taipei, Taiwan) was utilized to operate the system
with a wireless Logitech G PRO gaming mouse (Logitech Europe S.A., Lausanne, CHE,
Switzerland). Throughout the test, the participants were equipped with BOBLOV JX-30 3D
DLP-link active shutter glasses (Shenzhen Technology Co., Ltd. in Shenzhen, Guangdong,
China). The test–retest coefficient of variation (Cv) for correctly recognizing targets from
this test was 6.5%.

3.6. Stress, Sleep, and Mood Assessment

Cohen’s Perceived Stress Scale (PSS) was used to evaluate the participants’ perceptions
of stress. Specifically, the scale gauged the participants’ perceptions of unpredictability,
lack of control, and excessive demands in their lives. Questions within the PSS inquired
about the participants’ thoughts and emotions experienced over the preceding month,
wherein the participants were asked to indicate the frequency of experiencing specific
emotional states in each instance. The test–retest reliability of the PSS was reported to be
>0.70 [60]. The Leeds Sleep Evaluation Questionnaire (LSEQ) was used to evaluate the
impact of the assigned treatment on sleep quality [61]. The participants responded to ten
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questions categorized across four distinct subscales as follows: “ease of getting to sleep”,
“perceived quality of sleep”, “ease of awakening from sleep”, and “integrity of behavior
following wakefulness”. Each question required the participants to indicate their responses
by placing a vertical mark on a designated answer line, which spanned 80 mm in length.
Cronbach’s alpha coefficients range between 0.78 and 0.92 [62]. Additionally, the Profile of
Mood States (POMS) 65-item questionnaire was used to assess mood state changes. The
ratings on the POMS questionnaire were grouped into six domains (i.e., confusion, anger,
fatigue, depression, tension, and vigor). Vigor scores were subtracted from the sum of
scores for confusion, anger, fatigue, depression, and tension to calculate the total mood
disturbance score (TMDS). The POMS is a valid and routinely used assessment of mood
states [63,64].

3.7. Blood Collection and Analysis

Blood samples were collected following standard procedures into two 7.5 mL BD
Vacutainer® serum separation tubes (SSTs) and one 3.5 mL BD Vacutainer ethylenedi-
aminetetraacetic acid (EDTA) tube (Becton, Dickinson and Company, Franklin Lakes, NJ,
USA). The blood samples were incubated for 15 min at room temperature. Then, the SSTs
were centrifuged at 3000 rpm for 10 min using a refrigerated (4 ◦C) benchtop Thermo Scien-
tific Heraeus MegaFuge 40R Centrifuge (Thermo Electron North America LLC, West Palm
Beach, FL, USA). While one SST was aliquoted for serum sample storage, the remaining SST
and EDTA samples were transported to the Clinical Pathology Laboratory (Bryan, TX, USA)
to be analyzed for comprehensive blood count with differentiation and chemistry panels.
The obtained serum was preserved at −80 ◦C in polypropylene microcentrifuge tubes for
subsequent analysis. Implementing this standardized approach guaranteed the conserva-
tion of blood samples for future biochemical testing and clinical chemistry analysis. From
the serum samples, changes in cytokines and insulin levels were measured with commercial
assay kits employed for these analyses. The insulin enzyme-linked immunosorbent assay
(ELISA) kit (Alpco Diagnostics, Salem, NH, USA) was used, and absorbance readings were
obtained at 450 nm using the BioTek ELX-808 Ultramicoplate reader (BioTek Instruments
Inc, Winooski, VT, FL, USA). The levels of serum cytokines, particularly interleukin (IL)-1β,
-2, -4, -5, -6, -8, and -10, granulocyte–macrophage colony-stimulating factor (GM CSF),
interferon-γ (IFN-γ), and tumor necrosis factor-α (TNF-α), were measured using a commer-
cially available Cytokine Human Magnetic 10-plex Panel. This analysis was performed on a
Luminex 200 Instrument System and a Milliplex Analyzer (ThermoFisher Scientific, Vienna,
Austria) with xPONENTTM version 4.3 software, following the instructions provided by
the company. The prior tests conducted in our laboratory yielded inter-assay coefficient
of variation (CV) values ranging from 2.20% to 17.53% and intra-assay CV values ranging
from 3.25% to 9.81%.

3.8. Side Effects Questionnaire

A self-reported side effects rating assessment was used to evaluate if the participants
experienced any side effects due to the assigned treatments. Participants rated the frequency
(F) and severity (S) of their side effects experienced during this study (i.e., nervousness,
blurred vision, dizziness, heart palpitations, headache, tachycardia, shortness of breath,
and any other adverse side effects) using previously described methods [46,65]. The relia-
bility for CVs ranged from 1.2 to 2.6% on responses to these side effects questions in our
laboratory [65].

3.9. Statistical Analysis

The data were analyzed using Version 29 SPSS® statistical software (IBM Corp., Armonk,
NY, USA). The determination of sample size was informed by our prior research assessing
the effects of energy drinks and pre-workout supplements [66–68], caffeine [45,50,66–73],
paraxanthine [50,74,75], ashwagandha [76,77], arginine [59], and the microalgae containing
fucoxanthin used in this study [45,46] on cognitive function measures. We also considered
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reported effect sizes and used the reported means, standard deviations, and statistically
significant mean differences to calculate power, assuming an 80% power with a 5–10% stan-
dard deviation to the mean and a 5–10% improvement in cognitive test performance. This
analysis generally revealed that a sample size of 12–20 per group was sufficient to detect
significant differences among the selected variables from the cognitive tests used in this
study. General linear model analysis of variance (ANOVA) using a mixed model was used
to analyze the data, where between-subject effects were evaluated as separate groups and
within-subject effects over time were evaluated using repeated measures. Sphericity was
assessed using Mauchly’s test, while skewness and kurtosis statistics were used to test for
normality of distributions. Time effects (T) and group × time (G×T) interaction effects
were evaluated using Wilks’ Lambda and Greenhouse–Geisser univariate correction tests
to adjust for F-value inflation if the assumption of sphericity was violated. The p-level
(type I error probability) was set at 0.05 or less, while statistical tendencies were revealed
when p-values ranged between 0.05 and 0.10 with medium to large effect sizes. Partial
Eta squared (ηp

2) effect size statistics (i.e., small [0.01], medium [0.06], and large [>0.14]
effect sizes) [46]. Fisher’s least significant difference (LSD) tests and 95% upper and lower
confidence intervals (CIs) for pre-planned contrasts of interest were used to assess pairwise
comparisons of means and post hoc tests. This statistical approach provides a comprehen-
sive assessment of multivariate and univariate tests, effect sizes to assess the magnitude
of effect, and pairwise comparisons of contrasts of interest to reduce the likelihood of
type II error and help researchers decide whether additional research is warranted [78,79].
The clinical significance of the results observed was evaluated via mean changes from
baseline with 95% CIs [78,80,81]. Clinical significance was revealed when mean changes
and 95% CIs were completely above or below baseline [49]. Data in the tables are displayed
as means with standard deviations (SD), while the data in the figures are displayed as mean
changes from baseline with 95% CIs (LL, UL). Pearson’s Chi-square analysis was used to
assess changes in categorical responses from the questionnaires. Replacement of missing
data (<0.6%) was performed using the series means for numerical data [82]. Responses
to categorical survey questions (i.e., ordinal data) were replaced using the most frequent
response or value method [83].

4. Results
4.1. Participant Demographics

The participants were primarily educated faculty, staff, and retired professionals
from the university community. As seen in Table S1, the participant demographics were
64.3 ± 3.2 years, 171.3 ± 11 cm, 79.8 ± 16.1 kg, a BMI of 27.0 ± 3.9 kg/m2, a resting
heart of 63.3 ± 8.3 beats/min, a resting SBP of 123.5 ± 16.8 mmHg, and a resting DBP
of 75.9 ± 8.6 mmHg. The participants had an MAC-Q score of 27.8 ± 2.3, indicative of
subjective memory complaints [21], and an MMSE score of 28.8 ± 0.9, indicating a non-
clinically significant impairment [84]. Wilk’s Lambda multivariate analysis demonstrated a
significant sex effect (p < 0.001, ηp

2 = 0.702, large effect) but no group (p = 0.160, ηp
2 = 0.317,

large effect) or group × sex (p = 0.882, ηp
2 = 0.121, medium effect) within-subject effects.

Univariate analysis did not reveal significant differences between groups in demographic
variables. Sex differences were observed in height (p < 0.001, ηp

2 = 0.596, large effect),
weight (p < 0.001, ηp

2 = 0.421, large effect), resting heart rate (p = 0.017, ηp
2 = 0.138, medium

effect), and MAC-Q scores (p = 0.013, ηp
2 = 0.150, large effect). No sex-by-group interactions

were observed in the participant demographics, except that BMI values tended to interact
(p = 0.071, ηp

2 = 0.081, medium effect).

4.2. Cognitive Function Parameter Assessment
4.2.1. Word Recall

Table S2 displays the results of the word recall assessment. Wilk’s Lambda multivariate
analysis presented a non-significant time effect (p = 0.106, ηp

2 = 0.079, medium effect) and a
non-significant interaction effect (p = 0.892, ηp

2 = 0.022, small effect). The univariate analysis
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presented a significant time effect for correct attempts (p = 0.050, ηp
2 = 0.074, medium effect)

and delayed recall attempts (p = 0.025, ηp
2 = 0.091, medium effect); however, there were

no group × time interaction effects. The pairwise comparisons unveiled that baseline and
delayed recall attempts were lower in the FX group, and their values increased over time,
with no changes seen in the PL group. The analysis of mean changes from baseline is shown
in Figure 3. The participants in the FX group experienced improvements in correct attempts
(week 4) and delayed recall attempts (4 and 12 weeks), while recall attempts (4 weeks),
correct attempts (12 weeks), and delayed correctly recalled values (4 weeks) tended to
increase from baseline values in the PL group. No significant changes from baseline scores
were found in the PL group. However, no differences were seen between the groups.
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4.2.2. Word Recognition

Table S3 displays the results of the word recognition assessment. Wilk’s Lambda
multivariate analysis showed no significant time effects (p = 1.000, ηp

2 = 0.009, small effect)
with no interaction effects observed (p = 0.325, ηp

2 = 0.080, medium effect). Univariate
analysis did not show any significant time or group × time effects. The analysis of percent
changes from baseline (Figure 4) revealed similar findings, with no changes observed from
baseline or between groups.
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4.2.3. Choice Reaction Time

Table S4 presents the results of the choice reaction time assessment. Wilk’s Lambda
multivariate analysis showed no significant time (p = 0.258, ηp

2 = 0.047, small effect)
or interaction effects (p = 0.374, ηp

2 = 0.039, small effect). Similarly, univariate analysis
revealed no significant time or group × time effects. Pairwise comparisons revealed that
overall and correct response times tended to be higher in the FX group after 4 weeks
of supplementation and that the percent targets identified correctly were significantly
increased from baseline, while overall and correct response times tended to increase over
time with FX supplementation. Choice reaction times did not significantly change over
time in the PL group. These changes from the baseline are illustrated in Figure 5.
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4.2.4. Picture Recognition Test

Table S5 displays the results of the picture recognition assessment. Wilk’s Lambda
multivariate analysis demonstrated a significant time effect (p = 0.026, ηp

2 = 0.136, medium
effect) while no significant group × time interaction effects were observed (p = 0.569,
ηp

2 = 0.064, medium effect). Univariate analysis found a time effect in the number of
NO targets correctly identified (p = 0.042, ηp

2 = 0.089, medium effect), while the NO
targets reaction time tended to decrease over time (p = 0.058, ηp

2 = 0.069, small effect). No
significant univariate group × time effects were observed. The analysis of mean changes
from baseline (Figure 6) revealed that the percentage of NO targets correctly identified was
significantly higher after FX supplementation for 12 weeks (1.24 [0.02, 2.4], p = 0.047).

4.2.5. Digit Vigilance

Table S6 presents digit vigilance test results. Wilk’s Lambda multivariate analysis
showed no significant time effects (p = 0.583, ηp

2 = 0.029, small effect) but a tendency for
group × time effects to interact (p = 0.052, ηp

2 = 0.074, medium effect). Univariate analysis
found no significant time effects, while the percentage of targets correctly identified tended
to interact (p = 0.071, ηp

2 = 0.068, medium effect). Figure 7 shows that the percentage of
targets correctly identified was significantly higher after FX supplementation for 12 weeks
(8.9% [0.7, 17.2], p = 0.035), while the number of false alarms tended to be lower after
4 weeks of supplementation in the FX group (−1.8 [−3.6, 0.06], p = 0.057). Additionally, the
percentage of targets correctly identified at week 12 (−5.4 [−11.3, 0.5], p = 0.072) and the
number of false alarms at 4 weeks (−1.2 [−2.5, 0.9], p = 0.064) tended to decline in the PL
group, while correct response reaction time increased after 4 weeks of supplementation in
the FX group (9.4 [0.2, 18.6], p = 0.045).
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4.2.6. Corsi Block

Table S7 shows the results of the Corsi Block assessment. No time (p = 0.426, ηp
2 = 0.021,

small effect) or group × time (p = 0.607, ηp
2 = 0.012, small effect) effects were found for

the Corsi Block span score results. Additionally, the mean change from baseline analysis
revealed no time or interaction effects for the Corsi Block span scores (Figure 8).
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4.2.7. Stroop Test

Table S8 shows the results of the Stroop color–word assessment. Wilk’s Lambda
multivariate analysis revealed no significant time (p = 0.498, ηp

2 = 0.093, medium effect) or
interaction effects (p = 0.610, ηp

2 = 0.085, medium effect). Univariate analysis showed no
significant time effects. However, the percentage of words correctly identified (p = 0.089,
ηp

2 = 0.060, medium effect) and the percentage of incongruent words correctly identified
(p = 0.087, ηp

2 = 0.060, medium effect) tended to interact. The pairwise comparison revealed
that the percentage of words correct (4.5% [−0.8, 9.8], p = 0.098) and the percentage of
incongruent words correctly identified tended to increase over time (9.1% [−1.6, 19.7],
p = 0.092) after FX supplementation for 4 weeks, while no time effects were observed in
the PL group. These changes are illustrated in Figure 9. Additionally, this figure shows
that the percentage of (6.9% [−0.8, 14.5], p = 0.077) and incongruent words correct (13.9%
[−1.4, 29.1], p = 0.074) at 4 weeks of supplementation tended to be higher in the FX group.

4.3. Light Reaction Test Results

Table S9 displays the result of the light reaction assessment. The overall analysis found
a time effect (p = 0.006, ηp

2 = 0.044. small effect) but no group × time interaction (p = 0.937,
ηp

2 = 0.014, small effect). Univariate analysis unveiled a significant time effect in the overall
score (p = 0.004, ηp

2 = 0.077, medium effect) with no other time or group × time interaction
effects. Meanwhile, the pairwise comparison analysis revealed some time effects in each
group. Targets identified as correct tended to be higher in the PL group at week 12 in
trial 1 (0.019% [−0.004, 0.042], p = 0.098). Figure 10 presents mean changes from baseline
in light reaction results. Light reaction scores increased in both groups over time, with
baseline trial 2 scores (0.1 [0.008, 0.196], p = 0.034) higher in the FX group. Average response
times at 4 weeks in trial 1 (1.1 ms [0.17, 2.02], p = 0.021) and trial 3 average response time
(0.64 ms [−0.04, 1.33], p = 0.063) were higher in the FX group. No significant differences
were observed over time or between groups in the number of targets identified as correct.
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4.2.6. Corsi Block 
Table S7 shows the results of the Corsi Block assessment. No time (p = 0.426, ηₚ2 = 

0.021, small effect) or group x time (p = 0.607, ηₚ2 = 0.012, small effect) effects were found 
for the Corsi Block span score results. Additionally, the mean change from baseline anal-
ysis revealed no time or interaction effects for the Corsi Block span scores (Figure 8). 

= p > 0.05 to p < 0.10 difference between treatment groups.
‡ = p > 0.05 to p < 0.10 difference from baseline.

4.4. Psychological Assessment

Table S10 shows the results of the Perceived Stress Scale. Chi-squared analysis revealed
that the participants in the FX group had reduced perceptions about how often they were
angered by things outside of their control after 12 weeks (p = 0.013) and tended to improve
perceptions about how often they felt nervous and “stressed” (p = 0.084) after 4 weeks,
and how often they felt they could not cope with all of the things they had to complete
(p = 0.085).
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Table S11 presents sleep quality responses. Multivariate analysis revealed no signifi-
cant time (p = 0.155, ηp

2 = 0.157, large effect) or group × time (p = 0.109, ηp
2 = 0.166. large

effect) effects. Univariate analysis revealed a significant time effect in perceptions about
the quality of sleep (p = 0.052, ηp

2 = 0.069, medium effect), with those in the FX reporting
a tendency to experience an increase in calmness compared with restlessness over time
(6.8 [−1.2, 14.5], p = 0.093), how they awoke from sleep (p = 0.062, ηp

2 = 0.069, medium
effect), with those in the FX group reporting a significant increase in the ease and amount
of time to awaken after 4 weeks (11.0 [1.4, 20.7], p = 0.027), and how alert they feel after
wakening (p = 0.052, ηp

2 = 0.070, medium effect), with those in the FX group reporting
easier (7.7 [−0.8, 16.2], p = 0.075) and shorter times (8.5 [0.8, 16.2], p = 0.032) after 4 weeks
of supplementation, with a tendency to differ between groups (6.3 {0.4, 13.1], p = 0.065).

The Profile of Mood States responses are shown in Table S12. Multivariate analysis
of all POMS variables revealed no significant time (p < 0.151, ηp

2 = 0.101, medium effect)
or interaction effects p = 0.943, ηp

2 = 0.033, small effect). Univariate analysis revealed
tendencies for time effects in depression (p = 0.098, ηp

2 = 0.057, small effect), fatigue
(p < 0.052, ηp

2 = 0.072, medium effect), confusion (p = 0.053, ηp
2 = 0.070, medium effect),

vigor (p = 0.070, ηp
2 = 0.064, medium effect), and TMDS (p = 0.061, ηp

2 = 0.072, medium
effect). No significant interaction effects were observed. Additionally, no significant
differences were noted between the groups. Mean changes from baseline analysis suggested
that those in the PL group had fewer perceptions of tension, depression, fatigue, and
confusion with lower vigor at 4 weeks with a lower TMDS from baseline, with no differences
found between groups (Figure 11).

4.5. Health Biomarkers

Tables S13 and S14 present body weight and resting hemodynamic data, respectively.
No significant univariate time (p = 0.604, ηp

2 = 0.010, small effect) or interaction effects
(p = 0.637, ηp

2 = 0.009, small effect) was observed in body weight. A significant overall time
effect (p = 0.005, ηp

2 = 0.109, medium effect), but no significant group × time effect (p = 0.306,
ηp

2 = 0.043, small effect), was observed in the RHR and RBP responses. Univariate analysis
showed a time effect in all hemodynamic variables evaluated with no significant interaction
effects. Cell blood count analysis (Table S15) found no time (p = 0.569, ηp

2 = 0.159, large
effect) or group × time effects (p = 0.224, ηp

2 = 0.199, large effect) in red or white cell
variables. Univariate analysis revealed some group and time effects, but differences were
small and within normal ranges.
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Table S16 presents blood lipid variables. GLM analysis showed a time effect (p = 0.050,
ηp

2 = 0.139, medium effect) but no interaction effects (p = 0.431, ηp
2 = 0.086, medium effect).

Univariate analysis demonstrated that the LDL-HDL ratio decreased over time (p = 0.016,
ηp

2 = 0.103, medium effect), while HDL cholesterol tended to increase (p = 0.089, ηp
2 = 0.058,

small effect) with values more favorably changed over time in the PL group. However,
no significant interaction effects or pairwise differences between groups were observed.
No overall time (p = 0.362, ηp

2 = 0.105, medium effect) or interaction effects (p = 0.745,
ηp

2 = 0.074, medium effect) were observed in markers of liver function (see Table S17).
Total protein (p = 0.090, ηp

2 = 0.058, small effect) and alkaline phosphatase (p = 0.079,
ηp

2 = 0.061, moderate effect) tended to increase over time, with no significant interaction
effects observed. Pairwise comparison analysis revealed that aspartate aminotransaminase
(−3.0 IU/L [−6.1, 0.08], p = 0.056) and alanine aminotransaminase (−4.7 IU/L [−9.6, 0.3],
p = 0.063) levels at 4 weeks and total protein (−0.13 mg/dL [−0.55, −0.07], p = 0.013) and
albumin (−0.18 mg/dL [−0.35, −0.003], p = 0.046) levels at 12 weeks were lower in the FX
group compared with the PL group, while alkaline phosphatase levels decreased over time
in the FX group.

The markers of renal function are shown in Table S18. GLM analysis showed no
significant time (p = 0.198, ηp

2 = 0.136, medium effect) or interaction effects (p = 0.846,
ηp

2 = 0.074, medium effect). Univariate analysis found that blood urea nitrogen (BUN,
p = 0.034, ηp

2 = 0.080, medium effect) and the BUN-to-creatinine ratio (p = 0.019, ηp
2 = 0.093,

medium effect) increase over time with no interaction effects. Pairwise comparison analysis
found that the BUN-to-creatinine ratio increased after 4 weeks (1.5 [0.03, 3.0], p = 0.046)
in the FX group, while the glomerular filtration rate tended to be lower after 12 weeks
(−9.6 mL/min/1.73 [−20.9, 1.6], p = 0.09), although values were within normal clinical ranges.

Table S19 shows glucose homeostasis-related variables. Overall, GLM analysis showed
non-significant time (p = 0.181, ηp

2 = 0.083, medium effect) and interaction effects (p = 0.710,
ηp

2 = 0.044, small effect). Univariate analysis indicated that quantitative insulin sensitivity
check index (QUICKI) values tended to increase over time (p = 0.074, ηp

2 = 0.064, medium
effect), with no other time or interaction effects seen. Pairwise analysis revealed that insulin
levels significantly decreased after 4 (−3.91 µIU/mL [−7.4, −0.4], p = 0.028) and 12 weeks
(−4.63 µIU/mL [−8.58, −0.8], p = 0.020) in the FX group, resulting in a higher glucose-to-
insulin ratio (4 weeks: 3.14 [−0.13, 6.14], p = 0.060; 12 weeks: 7.29 [−0.7, 15.3], p = 0.073)
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and QUICKI score (4 weeks: 0.016 [0.003, 0.029], p = 0.019; 12 weeks: 0.02 [0.002, 0.038],
p = 0.030) and lower homeostatic model assessment insulin resistance (HOMAIR) at 4 (−0.77
[−1.63, 0.084], p = 0.076) and 12 weeks (−1.081 [−2.071, −0.092], p = 0.033), with the
difference between groups at 4 weeks tending to be different (−4.92 µIU/mL [−9.9, 0.6],
p = 0.053), as shown in Figure 12.
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Table S20 shows the results of the cytokine and inflammatory markers. Overall, GLM 
analysis showed no significant time (p = 0.580, ηp2 = 0.110, medium effect) or group x time 
effects (p = 0.648, ηp2 = 0.104, medium effect). Univariate analysis showed that IL-10 (p = 
0.082) and interferon-gamma (INF-γ, p = 0.092) tended to change over time, with values 
tending to decrease in the PL group. No significant interactions were observed in inflam-
matory or cytokine markers. However, pairwise comparisons found that INF-γ values in 
the FX group were significantly lower than PL at 4 weeks (−1.33 pg/mL [−0.25, −0.01], p = 
0.030) and that IL-10, IL-6, and TNF-α increased over time in the PL group. Mean changes 
from baseline with 95% CIs (Figure 13) revealed that IL-β tended to increase with FX, 
while IL-6, IL-10, and INF-γ decreased or tended to decrease over time. The pairwise com-
parison revealed that the mean change in INF-α tended to be higher following the FX 
treatment (0.97 pg/mL [−0.9, 2.0], p = 0.072). compared with the PL group after 12 weeks.  

Figure 12. Changes in markers of glucose homeostasis. Data are means and ± 95% confidence
intervals. PL = placebo, FX = fucoxanthin, G/I ratio = glucose-to-insulin ratio, HOMA = homeo-
static model assessment insulin resistance, QUICKI = quantitative insulin sensitivity check index.
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Table S20 shows the results of the cytokine and inflammatory markers. Overall, GLM
analysis showed no significant time (p = 0.580, ηp

2 = 0.110, medium effect) or group × time
effects (p = 0.648, ηp

2 = 0.104, medium effect). Univariate analysis showed that IL-10
(p = 0.082) and interferon-gamma (INF-γ, p = 0.092) tended to change over time, with
values tending to decrease in the PL group. No significant interactions were observed in
inflammatory or cytokine markers. However, pairwise comparisons found that INF-γ values
in the FX group were significantly lower than PL at 4 weeks (−1.33 pg/mL [−0.25, −0.01],
p = 0.030) and that IL-10, IL-6, and TNF-α increased over time in the PL group. Mean changes
from baseline with 95% CIs (Figure 13) revealed that IL-β tended to increase with FX, while
IL-6, IL-10, and INF-γ decreased or tended to decrease over time. The pairwise comparison
revealed that the mean change in INF-α tended to be higher following the FX treatment
(0.97 pg/mL [−0.9, 2.0], p = 0.072). compared with the PL group after 12 weeks.
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Figure 13. Cytokine and inflammatory marker changes from baseline. Data are presented as
means ± 95% confidence intervals. PL = placebo, FX = fucoxanthin, GM-CSF = granulocyte-
macrophage colony-stimulating factor, IL = interleukin, IFN-γ = interferon-gamma. Significant
changes from baseline are denoted as † = p < 0.05, and trends from baseline are denoted as ‡ = p > 0.05
to p < 0.10.
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Figure 7. Results of the digit vigilance assessment. Data are means and 95% confidence intervals. PL 
= placebo, FX = fucoxanthin. * = p < 0.05 difference between treatment groups, ⁑ = p > 0.05 to p < 0.10 
difference between treatment groups. Significant changes from baseline are denoted as † = p < 0.05, 
and trends from baseline are denoted as ‡ = p > 0.05 to p < 0.10. 

4.2.6. Corsi Block 
Table S7 shows the results of the Corsi Block assessment. No time (p = 0.426, ηₚ2 = 

0.021, small effect) or group x time (p = 0.607, ηₚ2 = 0.012, small effect) effects were found 
for the Corsi Block span score results. Additionally, the mean change from baseline anal-
ysis revealed no time or interaction effects for the Corsi Block span scores (Figure 8). 
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4.6. Safety and Side Effects

Table S21 shows subjective ratings of the frequency and severity of the various moni-
tored side effects. The chi-squared analysis found no differences between groups in the
frequency or severity of dizziness, headaches, tachycardia, heart palpitations, dyspnea,
nervousness, blurred vision, or other complaints. Reported side effects were infrequent,
rated as minimal to slight, and similar between groups. No participant withdrew from this
study because of issues with the supplement. These findings and the comprehensive blood
panels evaluated indicate that the microalgae extract was well-tolerated and did not cause
undesirable side effects in older individuals.

5. Discussion

We examined the impact of fucoxanthin supplementation (8.8 mg/d for 12 weeks)
from microalgae PT extract on several cognitive function parameters, including episodic
memory, vigilance, attention, and executive function in adults with perceptions of age-
associated memory impairment. In addition, we assessed fucoxanthin’s ability to impact
health markers, glucose homeostasis, inflammatory cytokines, resting hemodynamics,
subjective profile mood state, sleep, perceived stress questionnaire responses, and self-
reported side effects. Our findings indicate that fucoxanthin supplementation can improve
(1) some aspects of cognitive function, such as secondary and episodic memory, attention,
vigilance, and perceptual–cognitive function; (2) awakeness after sleep, and (3) the insulin
response. No difference was found for the adverse events/side effect questionnaire. These
findings provide some evidence that fucoxanthin supplementation may help mediate
cognitive function and insulin response in response to age-associated cognitive impairment
in older adults.

5.1. Primary Outcome

We found evidence that fucoxanthin supplementation improved episodic memory
(i.e., delayed word recall, word presentation, delayed word recognition, delayed picture
recognition, and picture recognition), vigilance and attention (i.e., digit vigilance, simple
reaction time, and choice reaction time), and executive function (i.e., the Stroop color–word
test) in older adults with self-perceived memory and cognitive decline. As such, the present
findings indicate that fucoxanthin supplementation improved (1) working memory via the
ability to recall words correctly, (2) episodic memory via maintaining correct and overall
reaction time on the picture recognition test, (3) attention and vigilance via identifying
correct targets on the choice reaction and digit vigilance tests, and (4) executive function via
the ability to identify correct words and incongruent words on the Stroop color–word test.
We did not identify differences between the groups for the word recognition test (secondary
memory assessment), the Corsi Block test (working and spatial memory assessment), or
the light reaction test (assessment of reaction time, reasoning, and vigilance).

Previous reports suggest that fucoxanthin can cross the blood–brain barrier and confer
antioxidant and anti-inflammatory effects on the host [37,38], improving cognition and ex-
ecutive function. The present study’s findings first demonstrate that fucoxanthin enhanced
the working and episodic memory indices, as shown by the mean change from baseline
scores on the word recall and picture recognition tests. The participants supplementing
with FX demonstrated improvements in correct attempts (week 4), delayed recall attempts
(4 and 12 weeks), recall attempts (4 weeks), correct attempts (12 weeks), and delayed cor-
rectly recalled values (4 weeks) compared with the placebo on the word recall assessment.
Regarding the picture recognition test, the percentage of NO targets correctly identified was
higher for the FX group after 12 weeks than the placebo group. Given that delayed memory
(the capacity to store and recall knowledge) is important for everyday tasks [85], especially
among older adults, identifying nutritional strategies to combat the deterioration of these
cognitive function parameters is critical. Second, the mean change from baseline scores
on the choice reaction time and digit vigilance assessments demonstrate that fucoxanthin
improved attention and vigilance. The participants’ abilities to correctly identify choice
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reaction time test targets were higher (week 12) for the FX group. In addition, the FX group
had more targets correctly identified (week 12) and fewer false alarms (week 4). Perceptual
cognitive function is essential for tasks that include attention, focus, and processing of
sensory information in daily activities. These data demonstrate that fucoxanthin enhanced
perceptual–cognitive function. Lastly, the mean change from baseline scores for the Stroop
color–word test showed that the FX group had higher percentages of correct words and
incongruent correct words identified (week 4) than the placebo group. These findings
indicate that the intervention may have improved participants’ capacities to handle cog-
nitive interference and suppress irrelevant information, which suggests an enhancement
in cognitive flexibility and executive function [86]. Together, these findings provide some
evidence that 12 weeks of supplementation with fucoxanthin can improve working and
episodic memory parameters, attention and vigilance, and executive function. Previously,
we showed that acute and 30-day fucoxanthin supplementation (440 mg of PT extract
containing 1% or 4.4 mg of FX) in combination with guarana (500 mg containing 40–55 mg
of caffeine) improved reasoning, learning, attention shifting (cognitive flexibility), exec-
utive control, and impulsiveness among college-aged e-gamers [45]. The present results
support fucoxanthin’s ability to improve cognitive function parameters and suggest that
it may result in enhanced cognitive vigor and improved quality of life for older persons
experiencing age-associated cognitive impairment.

A number of studies have evaluated the effects of diet and various nutritional in-
terventions on cognitive function in individuals with age-associated cognitive decline or
neurodegenerative diseases [16,23,28,29,87]. For example, several studies have reported
that adherence to a Mediterranean diet (1.0–10.6 years) was associated with slowing cogni-
tive decline [12,29,88–95] and less brain atrophy [96]. Omega-3 fatty acid supplementation
has been reported to improve cerebral blood flow in older adults [19], prevent atrophy
in Alzheimer’s disease-related brain regions in MCI patients administered 2.2 g/d for
six months when combined with aerobic exercise and cognitive stimulation [17], and im-
prove cognition in elderly individuals consuming 2.2 g/d of for 12 weeks [15]. There is also
evidence that folic acid [20,21] and vitamin D [22] supplementation may affect cognition in
individuals with neurodegenerative diseases. Ma and coworkers [97] reported that folic
acid supplementation (400 µg/day for six months) in older adults with MCI improved
several cognitive function test scores. Jia et al. [98] reported that dietary supplementation
with vitamin D (800 IU/day for 12 months) improved cognitive function and decreased
Aβ-related biomarkers in patients with Alzheimer’s disease. Additionally, several studies
have reported the effects of dietary ingestion of a yogurt-like drink containing omega-3 fatty
acids, choline, phospholipids, folic acid, antioxidants, and vitamins and minerals [23–25].
Other nutritional interventions have been studied in an attempt to help maintain cognitive
function in individuals experiencing memory issues or diagnosed with MCI and/or de-
mentia [7,16,23,26–30]. For instance, Thaung Zaw and colleagues [99] found that 75 mg of
resveratrol improved overall cognitive performance on the National Institutes of Health
Toolbox assessment, Rey’s Auditory Verbal Learning Test, Forward Spatial Span Test,
and Trail Making Task among middle-aged women. Foroumandi et al. [100] assessed the
impacts of 5 cc of fenugreek seed extract in a cohort of patients with moderate to mild
Alzheimer’s disease and reported favorable effects on memory and quality of life.

To our knowledge, the present study is the first to demonstrate that fucoxanthin
improves some aspects of cognitive function among an older adult population with per-
ceptions of cognitive decline. As individuals age, impaired cognitive function can present
difficulties in everyday life (e.g., managing finances, driving safely, and preparing meals).
Attention control and vigilance deficits can serve as early markers of cognitive dysfunc-
tion [101], and executive dysfunction (i.e., decreased inhibitory control, working memory,
and cognitive flexibility) can result in a reduced sense of time, challenges in transitioning
among tasks, and difficulty in managing impulses, planning, and sequencing time [102].
Early identification and intervention, when cognitive deficits begin to be noticed, may
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be critical to maintaining cognitive function as we age, delaying cognitive decline, and
reducing healthcare costs associated with treating these conditions [103,104].

5.2. Secondary Outcomes

Our secondary aims targeted fucoxanthin’s ability to impact cardiometabolic health
and clinical blood markers, the insulin response, inflammatory cytokines, resting hemo-
dynamics, self-reported side effects, subjective profile mood state, sleep, and perceived
stress questionnaire responses. The rationale was based on reports demonstrating that
carotenoids have antioxidant and anti-inflammatory properties and the potential to im-
pact mood states, sleep [105], and perceived stress. The participants of the present study
who were supplemented with fucoxanthin saw improvements in Cohen’s Perceived Stress
Scale and Leeds Sleep Evaluation Questionnaire results. The FX group reported reduced
perceptions regarding how often they were angered by things that were outside of their
control (week 12), as well as improved perceptions about how often they felt nervous and
stressed and how often they felt that they could not cope with all the things that they had
to do (week 4). Furthermore, the FX group reported increased calmness to restlessness and
greater ease of awakening after sleeping, with better alertness than the placebo group. We
noted no difference between the groups in the Profile of Mood States assessment. Lack of
sleep is associated with fatigue, cognitive impairment, and mood disturbance [106], and
sleep quality is related to systemic inflammation [107]. Previous research has shown that
sleep disorders or low sleep quality can negatively affect memory consolidation, attention,
and executive function [108,109], and sleep disturbances are linked to impairments in
memory consolidation, attention, and executive function [110,111]. Fucoxanthin may affect
sleep quality [112] and alleviate some of the negative effects of cognitive impairment in
older adults. Our findings provide some evidence that fucoxanthin may favorably impact
perceptions of sleep quality.

There was also evidence that fucoxanthin supplementation improved insulin sensi-
tivity. Mean change from baseline values for insulin and HOMAIR were lower, while the
glucose-to-insulin ratio and QUICKI scores were higher for the FX group at weeks 4 and
12. Previous research has demonstrated that fucoxanthin can enhance the expression of
GLUT 4, reduce elevated blood sugar levels, and lower adipocytokine levels associated
with insulin resistance in white adipose tissue [113,114]. López-Ramos et al. [115] reported
that fucoxanthin supplementation (12 mg/d for 12 weeks) in middle-aged patients with
metabolic syndrome increased insulin secretion and tended to improve insulin sensitiv-
ity. Conversely, we previously reported that fucoxanthin supplementation (4.4 mg/d for
12 weeks) did not improve insulin sensitivity among younger, overweight females [46]. Dif-
ferences in age and/or dosage may explain this discrepancy in results. Importantly, insulin
dysregulation is associated with cognitive disease and disorders, such as Alzheimer’s dis-
ease, wherein insulin resistance can exacerbate the accumulation of amyloid-beta plaques
and tau tangles [116]. Moreover, insulin plays a vital role in preserving neuronal viability,
synaptic plasticity, and memory formation, underscoring its significance in maintaining
cognitive well-being [117]. Targeted therapies that address insulin resistance offer potential
strategies for promoting healthy brain aging and reducing the risk of neurodegenerative
disorders in older adults. Our findings underscore this potential therapeutic property of
fucoxanthin, considering the improvements in cognition and insulin sensitivity, which may
preserve cognitive function in aging adults with mild cognitive impairment (MCI).

We also assessed the impact of fucoxanthin on resting inflammatory cytokine concen-
trations. Interestingly, we found some evidence of inflammation in the FX group, as noted
by the increased mean change from baseline values for IL-β (week 12), whereas the placebo
group experienced decreases in IL-6, TNF-α, and IL-10 over time. Cytokines are related
to cognitive function, and fucoxanthin has been suggested to alleviate cognition-related
inflammation [118,119]. It is important to note that (1) our subjects had relatively low
levels of inflammation and cytokines within a normal range at the beginning of this study,
indicating good overall health [120], and (2) we did not assess inflammatory responses to
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a stressor. Fucoxanthin has been purported to impact inflammatory responses favorably.
For example, Maury et al. [40] reported that PT feeding reduced brain inflammation and
oxidative stress while improving cognitive function in an aging mouse model injected
with chronic D-galactose intoxication as a way to impair cognitive function by increasing
inflammatory and oxidative stress. Future work is warranted to understand how fucoxan-
thin supplementation may affect inflammation, oxidative stress, and/or cognitive function
when exposed to stressors like intense exercise. Regarding health and safety, we did not
note any effects of fucoxanthin on body weight, which mirrors the findings of our recent
study. However, it is important to note that the present study was not targeted at weight
loss, whereas past work has explored fucoxanthin’s ability to augment weight loss and
change body composition. Furthermore, the clinical blood markers, including whole blood
cell counts, renal and liver function enzymes, and blood lipids, were unaltered by the
supplementation and within normal ranges. Lastly, fucoxanthin supplementation appeared
to be well-tolerated, as noted by the lack of self-reported side effects.

5.3. Limitations and Future Directions

The strength of this study is that we assessed the effects of fucoxanthin supplemen-
tation from microalgae PT extract on markers of cognitive function and health in older
individuals beginning to experience self-perceived memory and cognitive issues. The limi-
tations included (1) the potential variability among participants in the type and severity of
perceptions about memory and cognitive decline; (2) the sample size, which was sufficient
in identifying significant differences over time and between groups in several variables but
only observed tendencies toward statistical significance with medium to large effect sizes
in several other variables that would have likely resulted in significant differences between
groups with larger sample size; (3) cognitive test selection; (4) normal variability on per-
forming these types of tests; (5) test fatigue; and (6) the duration of this study (12 weeks).
While the tests selected were designed to assess a wide variety of cognitive domains, the
participants practiced each test to establish reliability, the test sequence was randomized,
and the present study was carried out in a parallel-arm, double-blind, and cross-over
manner, these factors may have influenced results. It is also likely that conducting a longer
intervention (e.g., 6–12 months) in a larger cohort of older individuals noticing memory
issues or in patients with diagnosed cognitive issues (e.g., MCI and/or dementia) may
have yielded clearer benefits, particularly since the progression of pre-symptomatic to
symptomatic stages can take years.

We have several suggestions for future research based on our work in this area. First,
investigating individuals progressing from pre-symptomatic to symptomatic levels of
cognitive impairment and neurodegenerative disease may provide additional insight into
the potential benefit of fucoxanthin supplementation on cognitive function. Second, the
participants in the present study were healthy with normal levels of inflammation. Addi-
tional work should evaluate the effects of fucoxanthin supplementation among individuals
with higher levels of inflammation and/or oxidative stress or in response to physical
and/or cognitive stress. Additionally, additional research should evaluate whether there
may be a dose–response effect on inflammation, oxidative stress, markers of Alzheimer’s
disease progression (e.g., amyloid-β (Aβ) pathway (A), tau-mediated pathophysiology
(T), and neurodegeneration (N) or AT/N classifications) [121], structural and functional
neuroimaging, and cognitive function in younger and older populations with and without
perceived or medically treated cognitive impairment, as well as how risk factors to MCI
and cognitive neurodegeneration diseases may affect the results. Future research should
evaluate whether longer periods of supplementation with and without daily cognitive
stimulation activities may promote greater effects. Incorporating an exercise training in-
tervention could also provide additional benefits by promoting increased cerebral blood
flow [59,77–80]. Aerobic exercise has been reported to enlarge the hippocampus, which is
crucial for memory formation, by increasing the secretion of neurotrophic substances that
promote neurogenesis, vascularization, and synaptic plasticity [81,82]. These processes are
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significantly influenced by brain-derived neurotrophic factors (BDNFs) and growth factors,
such as insulin-like growth factor 1 [83,84]. Lactate, which can cross the blood–brain barrier,
also stimulates nuclear protein SIRT-1 and inhibits class I HDACs, activating cerebral BDNF
expression [85]. To increase BDNF, an exercise regimen with an intensity of 65% of aerobic
capacity, performed two to three times per week for at least 40 min, is recommended [84].
Furthermore, resistance exercise has also been reported to enhance cognition [86] by pro-
moting growth hormone and insulin-like growth factor 1, which enhances brain plasticity.
Testosterone also promotes neuronal growth and survival. The production of BDNF and
lactate supports the survival of existing neurons and stimulates the growth of new neurons
and synapses, which are crucial for learning and memory. Lastly, concurrent training has
demonstrated positive effects on cognitive function comparable to those of aerobic exercise
and more so than resistance exercise alone. Given the findings from our previous study
involving fucoxanthin supplementation during an exercise and diet intervention [23], the
benefits of concurrent training in preserving muscle mass while reducing fat mass are note-
worthy. Investigating the synergistic effects of fucoxanthin and exercise warrants further
exploration, particularly for enhancing cognitive function among the elderly. Additional
objective measures could also be included in a longer-term study to better assess activity
levels, sleep patterns and quality, and cognitive function. Finally, additional research
should evaluate whether co-ingestion of fucoxanthin with other nutrients that have shown
promise in delaying cognitive decline in MCI and Alzheimer’s patients (e.g., omega-3 fatty
acids, folic acid, vitamin D, etc.) may provide synergistic or additive benefits.

6. Conclusions

The present findings provide some evidence that FX supplementation may improve
attention, working/secondary memory, vigilance, accuracy, and executive function. There
was also evidence that FX promoted more positive effects on insulin sensitivity and percep-
tions about sleep quality with no adverse effects on clinical blood panels (i.e., whole blood
cell counts, renal and liver function enzymes, blood lipids, and inflammatory cytokines) or
perceived side effects. These findings suggest that fucoxanthin supplementation may play
a role in mitigating early signs of cognitive decline in healthy, older individuals and add
to a growing body of evidence that nutritional interventions can affect cognitive function
in older individuals. Identifying effective nutritional strategies may be a cost-effective
way to delay the cognitive decline associated with aging and/or an adjunctive nutritional
strategy for patients being treated for MCI or neurodegenerative diseases. Given the grow-
ing aging population, this nutritional strategy may help reduce medical costs. However,
more research is needed to substantiate these findings and to determine whether long-term
fucoxanthin supplementation may help delay the onset of mild cognitive impairment
in individuals who are beginning to experience signs of cognitive impairment and/or
individuals with clinically diagnosed MCI and neurodegenerative diseases.

Supplementary Materials: The following supplemental materials are available online at https://
www.mdpi.com/article/10.3390/nu16172999/s1, Table S1: Participant demographics; Table S2:
Results of the word recall test; Table S3: Results of the word recognition test; Table S4: Results of the
choice reaction test; Table S5: Results of the picture recognition test; Table S6: Results of the digit
vigilance test; Table S7: Results of the Corsi block test; Table S8: Results of the Stroop color–word
test; Table S9: Results of the light reaction test; Table S10: Results of the perceived stress scale test;
Table S11: Results of the Leeds sleep evaluation questionnaire test; Table S12: Results of the Profile
of Mood States test; Table S13: Body weight changes; Table S14: Heart rate and blood pressure
results; Table S15: Cell blood count results; Table S16: Lipid profile results; Table S17: Liver function
marker results; Table S18: Renal function results; Table S19: Glucose homeostasis results; Table S20:
Inflammatory and cytokine results; Table S21: Frequency and severity of side effects.

https://www.mdpi.com/article/10.3390/nu16172999/s1
https://www.mdpi.com/article/10.3390/nu16172999/s1


Nutrients 2024, 16, 2999 22 of 27

Author Contributions: All authors contributed to this work. Conceptualization, J.M., R.P. and R.B.K.;
project management, C.J.R., R.S., R.B.K. and C.Y.; data collection C.Y., D.E.G., J.K., D.X., V.J., B.D.,
M.L., L.E., S.J., J.C. and J.B.; data analysis R.B.K., R.S. and C.Y.; writing—preparation of the original
draft, R.B.K.; writing—review and editing the manuscript, R.B.K., D.E.G., R.S., C.Y. and J.M.; funding
acquisition, R.B.K. All authors have read and agreed to the published version of the manuscript.

Funding: Microphyt (Baillargues, FRA) funded this study through a grant (Microphyt #410991)
to Texas A&M University. The Exercise and Sport Nutrition Lab conducted this study under the
direction of Kreider. Sponsor personnel did not participate in data collection or statistical analysis.

Institutional Review Board Statement: This study was approved by Texas A&M University’s
Institutional Review Board (IRB2021-1360F) and registered with clinicaltrials.gov (NCT05759910),
approval date: 7 March 2023.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study
in compliance with IRB2021-1360F.

Data Availability Statement: Data and statistical analyses are available for non-commercial scientific
inquiry and/or educational use upon request to the corresponding author as long as the use of data
does not violate IRB restrictions and sponsored research agreements and the authors and sponsors of
this work are appropriately acknowledged.

Acknowledgments: We thank the participants: J.P. Bramhall, who served as medical supervisor;
Peter Murano, who served as an external quality assurance monitor; and students and staff who
assisted in this project.

Conflicts of Interest: J.M. and R.P. are sponsor-affiliated researchers who therefore have conflicts of
interest in study results. They provided input on study design but were not involved in data collection
or analysis. R.B.K. has conducted grant and contract-funded research on nutritional supplements
awarded to the universities he has been affiliated with, received an honorarium for making scientific
presentations, and served as a paid scientific expert. He has no financial conflicts of interest with
the study sponsor or product evaluated in this study. The remaining coauthors report no financial
conflicts of interest.

References
1. Glisky, E.L. Changes in cognitive function in human aging. Brain Aging Models Methods Mech. 2007, 1, 3–20.
2. Salthouse, T. Consequences of age-related cognitive declines. Annu. Rev. Psychol. 2012, 63, 201–226. [CrossRef]
3. Idowu, M.I.; Szameitat, A.J.; Parton, A. The assessment of executive function abilities in healthy and neurodegenerative aging-A

selective literature review. Front. Aging Neurosci. 2024, 16, 1334309. [CrossRef] [PubMed]
4. Li, Z.; He, H.; Chen, Y.; Guan, Q. Effects of engagement, persistence and adherence on cognitive training outcomes in older adults

with and without cognitive impairment: A systematic review and meta-analysis of randomised controlled trials. Age Ageing 2024,
53, afad247. [CrossRef] [PubMed]

5. Juan, S.M.; Adlard, P.A. Ageing and cognition. In Biochemistry and Cell Biology of Ageing: Part II Clinical Science; Springer:
Berlin/Heidelberg, Germany, 2019; pp. 107–122.

6. Freemantle, E.; Vandal, M.; Tremblay-Mercier, J.; Tremblay, S.; Blachère, J.-C.; Bégin, M.E.; Brenna, J.T.; Windust, A.; Cunnane,
S.C. Omega-3 fatty acids, energy substrates, and brain function during aging. Prostaglandins Leukot. Essent. Fat. Acids 2006, 75,
213–220. [CrossRef] [PubMed]

7. Ritter, A.; Pillai, J.A. Treatment of Vascular Cognitive Impairment. Curr. Treat. Options Neurol. 2015, 17, 367. [CrossRef]
8. Rodriguez-Rodriguez, S.; Canet-Vintro, M.; Wee, S.O.; Rodriguez-Sanz, J.; Lopez-de-Celis, C.; Oviedo, G.R.; Labata-Lezaun,

N.; Perez-Bellmunt, A. Cognitive Enhancement Strategies for Older Adults: An Evaluation of Different Training Modalities to
Improve Executive Function-A Systematic Review and Meta-Analysis. J. Clin. Med. 2024, 13, 1301. [CrossRef]

9. Zhang, W.; Zhou, C.; Chen, A. A systematic review and meta-analysis of the effects of physical exercise on white matter integrity
and cognitive function in older adults. Geroscience 2024, 46, 2641–2651. [CrossRef]

10. Smith, P.J.; Whitson, H.E.; Merwin, R.M.; O’Hayer, C.V.; Strauman, T.J. Engineering Virtuous health habits using Emotion and
Neurocognition: Flexibility for Lifestyle Optimization and Weight management (EVEN FLOW). Front. Aging Neurosci. 2023, 15,
1256430. [CrossRef]

11. Andlin-Sobocki, P.; Jonsson, B.; Wittchen, H.-U.; Olesen, J. Costs of Disorders of the Brain in Europe; Blackwell Science: Hoboken, NJ,
USA, 2005.

12. Martinez-Lapiscina, E.H.; Clavero, P.; Toledo, E.; San Julian, B.; Sanchez-Tainta, A.; Corella, D.; Lamuela-Raventos, R.M.;
Martinez, J.A.; Martinez-Gonzalez, M.A. Virgin olive oil supplementation and long-term cognition: The PREDIMED-NAVARRA
randomized, trial. J. Nutr. Health Aging 2013, 17, 544–552. [CrossRef]

clinicaltrials.gov
https://doi.org/10.1146/annurev-psych-120710-100328
https://doi.org/10.3389/fnagi.2024.1334309
https://www.ncbi.nlm.nih.gov/pubmed/38596597
https://doi.org/10.1093/ageing/afad247
https://www.ncbi.nlm.nih.gov/pubmed/38266127
https://doi.org/10.1016/j.plefa.2006.05.011
https://www.ncbi.nlm.nih.gov/pubmed/16829066
https://doi.org/10.1007/s11940-015-0367-0
https://doi.org/10.3390/jcm13051301
https://doi.org/10.1007/s11357-023-01033-8
https://doi.org/10.3389/fnagi.2023.1256430
https://doi.org/10.1007/s12603-013-0027-6


Nutrients 2024, 16, 2999 23 of 27

13. Cardelo, M.P.; Corina, A.; Leon-Acuna, A.; Quintana-Navarro, G.M.; Alcala-Diaz, J.F.; Rangel-Zuniga, O.A.; Camargo, A.; Conde-
Gavilan, C.; Carmona-Medialdea, C.; Vallejo-Casas, J.A.; et al. Effect of the Mediterranean diet and probiotic supplementation in
the management of mild cognitive impairment: Rationale, methods, and baseline characteristics. Front. Nutr. 2022, 9, 1037842.
[CrossRef]

14. Pontifex, M.G.; Connell, E.; Le Gall, G.; Lang, L.; Pourtau, L.; Gaudout, D.; Angeloni, C.; Zallocco, L.; Ronci, M.; Giusti, L.; et al.
A novel Mediterranean diet-inspired supplement ameliorates cognitive, microbial, and metabolic deficits in a mouse model of
low-grade inflammation. Gut Microbes 2024, 16, 2363011. [CrossRef] [PubMed]

15. Kuhn, L.; MacIntyre, U.E.; Kotze, C.; Becker, P.J.; Wenhold, F.A.M. Twelve Weeks of Additional Fish Intake Improves the Cognition
of Cognitively Intact, Resource-Limited Elderly People: A Randomized Control Trial. J. Nutr. Health Aging 2022, 26, 119–126.
[CrossRef]

16. Fekete, M.; Lehoczki, A.; Tarantini, S.; Fazekas-Pongor, V.; Csipo, T.; Csizmadia, Z.; Varga, J.T. Improving Cognitive Function with
Nutritional Supplements in Aging: A Comprehensive Narrative Review of Clinical Studies Investigating the Effects of Vitamins,
Minerals, Antioxidants, and Other Dietary Supplements. Nutrients 2023, 15, 5116. [CrossRef] [PubMed]

17. Kobe, T.; Witte, A.V.; Schnelle, A.; Lesemann, A.; Fabian, S.; Tesky, V.A.; Pantel, J.; Floel, A. Combined omega-3 fatty acids, aerobic
exercise and cognitive stimulation prevents decline in gray matter volume of the frontal, parietal and cingulate cortex in patients
with mild cognitive impairment. Neuroimage 2016, 131, 226–238. [CrossRef] [PubMed]

18. Kuszewski, J.C.; Wong, R.H.X.; Howe, P.R.C. Effects of Long-Chain Omega-3 Polyunsaturated Fatty Acids on Endothelial
Vasodilator Function and Cognition-Are They Interrelated? Nutrients 2017, 9, 487. [CrossRef]

19. Kaufman, C.S.; Vidoni, E.D.; Burns, J.M.; Alwatban, M.R.; Billinger, S.A. Self-Reported Omega-3 Supplement Use Moderates the
Association between Age and Exercising Cerebral Blood Flow Velocity in Older Adults. Nutrients 2020, 12, 697. [CrossRef]

20. Puga, A.M.; Ruperto, M.; Samaniego-Vaesken, M.L.; Montero-Bravo, A.; Partearroyo, T.; Varela-Moreiras, G. Effects of Supple-
mentation with Folic Acid and Its Combinations with Other Nutrients on Cognitive Impairment and Alzheimer’s Disease: A
Narrative Review. Nutrients 2021, 13, 2966. [CrossRef]

21. Xu, M.; Zhu, Y.; Chen, J.; Li, J.; Qin, J.; Fan, Y.; Ren, P.; Hu, H.; Wu, W. Effects of folic acid supplementation on cognitive
impairment: A meta-analysis of randomized controlled trials. J. Evid. Based Med. 2024, 17, 134–144. [CrossRef]

22. Wang, W.; Li, Y.; Meng, X. Vitamin D and neurodegenerative diseases. Heliyon 2023, 9, e12877. [CrossRef]
23. Kocaturk, R.R.; Temizyurek, A.; Ozcan, O.O.; Erguzel, T.T.; Karahan, M.; Konuk, M.; Tarhan, N. Effect of nutritional supports

on malnutrition, cognition, function and biomarkers of Alzheimer’s disease: A systematic review. Int. J. Neurosci. 2023, 133,
1355–1373. [CrossRef] [PubMed]

24. Scheltens, P.; Kamphuis, P.J.; Verhey, F.R.; Olde Rikkert, M.G.; Wurtman, R.J.; Wilkinson, D.; Twisk, J.W.; Kurz, A. Efficacy of
a medical food in mild Alzheimer’s disease: A randomized, controlled trial. Alzheimers Dement. 2010, 6, 1–10.e1. [CrossRef]
[PubMed]

25. Onakpoya, I.J.; Heneghan, C.J. The efficacy of supplementation with the novel medical food, Souvenaid, in patients with
Alzheimer’s disease: A systematic review and meta-analysis of randomized clinical trials. Nutr. Neurosci. 2017, 20, 219–227.
[CrossRef] [PubMed]

26. Walsh, J.J.; Caldwell, H.G.; Neudorf, H.; Ainslie, P.N.; Little, J.P. Short-term ketone monoester supplementation improves cerebral
blood flow and cognition in obesity: A randomized cross-over trial. J. Physiol. 2021, 599, 4763–4778. [CrossRef] [PubMed]

27. Pujol, A.; Sanchis, P.; Tamayo, M.I.; Nicolau, J.; Grases, F.; Espino, A.; Estremera, A.; Rigo, E.; Amengual, G.J.; Rodriguez, M.; et al.
Oral phytate supplementation on the progression of mild cognitive impairment, brain iron deposition and diabetic retinopathy in
patients with type 2 diabetes: A concept paper for a randomized double blind placebo controlled trial (the PHYND trial). Front.
Endocrinol. 2024, 15, 1332237. [CrossRef]

28. Solfrizzi, V.; Agosti, P.; Lozupone, M.; Custodero, C.; Schilardi, A.; Valiani, V.; Sardone, R.; Dibello, V.; Di Lena, L.; Lamanna, A.;
et al. Nutritional Intervention as a Preventive Approach for Cognitive-Related Outcomes in Cognitively Healthy Older Adults: A
Systematic Review. J. Alzheimers Dis. 2018, 64, S229–S254. [CrossRef]

29. Bianchi, V.E.; Herrera, P.F.; Laura, R. Effect of nutrition on neurodegenerative diseases. A systematic review. Nutr. Neurosci. 2021,
24, 810–834. [CrossRef]

30. McGrattan, A.M.; McGuinness, B.; McKinley, M.C.; Kee, F.; Passmore, P.; Woodside, J.V.; McEvoy, C.T. Diet and inflammation in
cognitive ageing and Alzheimer’s disease. Curr. Nutr. Rep. 2019, 8, 53–65. [CrossRef]

31. Petersson, S.D.; Philippou, E. Mediterranean Diet, Cognitive Function, and Dementia: A Systematic Review of the Evidence. Adv.
Nutr. 2016, 7, 889–904. [CrossRef]

32. You, T.Y.; Dong, Q.; Cui, M. Emerging Links between Cerebral Blood Flow Regulation and Cognitive Decline: A Role for Brain
Microvascular Pericytes. Aging Dis. 2023, 14, 1276–1291. [CrossRef]

33. Bartman, S.; Coppotelli, G.; Ross, J.M. Mitochondrial Dysfunction: A Key Player in Brain Aging and Diseases. Curr. Issues Mol.
Biol. 2024, 46, 1987–2026. [CrossRef] [PubMed]

34. Jin, R.; Chan, A.K.Y.; Wu, J.; Lee, T.M.C. Relationships between Inflammation and Age-Related Neurocognitive Changes. Int. J.
Mol. Sci. 2022, 23, 12573. [CrossRef] [PubMed]

35. Tönnies, E.; Trushina, E. Oxidative stress, synaptic dysfunction, and Alzheimer’s disease. J. Alzheimer’s Dis. 2017, 57, 1105–1121.
[CrossRef]

https://doi.org/10.3389/fnut.2022.1037842
https://doi.org/10.1080/19490976.2024.2363011
https://www.ncbi.nlm.nih.gov/pubmed/38835220
https://doi.org/10.1007/s12603-021-1723-2
https://doi.org/10.3390/nu15245116
https://www.ncbi.nlm.nih.gov/pubmed/38140375
https://doi.org/10.1016/j.neuroimage.2015.09.050
https://www.ncbi.nlm.nih.gov/pubmed/26433119
https://doi.org/10.3390/nu9050487
https://doi.org/10.3390/nu12030697
https://doi.org/10.3390/nu13092966
https://doi.org/10.1111/jebm.12588
https://doi.org/10.1016/j.heliyon.2023.e12877
https://doi.org/10.1080/00207454.2022.2079506
https://www.ncbi.nlm.nih.gov/pubmed/35686376
https://doi.org/10.1016/j.jalz.2009.10.003
https://www.ncbi.nlm.nih.gov/pubmed/20129316
https://doi.org/10.1080/1028415X.2015.1110899
https://www.ncbi.nlm.nih.gov/pubmed/26638900
https://doi.org/10.1113/JP281988
https://www.ncbi.nlm.nih.gov/pubmed/34605026
https://doi.org/10.3389/fendo.2024.1332237
https://doi.org/10.3233/JAD-179940
https://doi.org/10.1080/1028415X.2019.1681088
https://doi.org/10.1007/s13668-019-0271-4
https://doi.org/10.3945/an.116.012138
https://doi.org/10.14336/AD.2022.1204
https://doi.org/10.3390/cimb46030130
https://www.ncbi.nlm.nih.gov/pubmed/38534746
https://doi.org/10.3390/ijms232012573
https://www.ncbi.nlm.nih.gov/pubmed/36293430
https://doi.org/10.3233/JAD-161088


Nutrients 2024, 16, 2999 24 of 27

36. Gu, Y.; Vorburger, R.; Scarmeas, N.; Luchsinger, J.A.; Manly, J.J.; Schupf, N.; Mayeux, R.; Brickman, A.M. Circulating inflammatory
biomarkers in relation to brain structural measurements in a non-demented elderly population. Brain Behav. Immun. 2017, 65,
150–160. [CrossRef] [PubMed]

37. Zhang, L.; Wang, H.; Fan, Y.; Gao, Y.; Li, X.; Hu, Z.; Ding, K.; Wang, Y.; Wang, X. Fucoxanthin provides neuroprotection in models
of traumatic brain injury via the Nrf2-ARE and Nrf2-autophagy pathways. Sci. Rep. 2017, 7, 46763. [CrossRef]

38. Bae, M.; Kim, M.B.; Park, Y.K.; Lee, J.Y. Health benefits of fucoxanthin in the prevention of chronic diseases. Biochim. Biophys. Acta
Mol. Cell Biol. Lipids 2020, 1865, 158618. [CrossRef]

39. Chen, Y.; Dong, J.; Gong, L.; Hong, Y.; Hu, C.; Bao, Y.; Chen, H.; Liu, L.; Huang, L.; Zhao, Y.; et al. Fucoxanthin, a marine derived
carotenoid, attenuates surgery-induced cognitive impairments via activating Akt and ERK pathways in aged mice. Phytomedicine
2023, 120, 155043. [CrossRef]

40. Maury, J.; Delbrut, A.; Villard, V.; Pradelles, R. A Standardized Extract of Microalgae Phaeodactylum tricornutum (Mi136) Inhibit
D-Gal Induced Cognitive Dysfunction in Mice. Mar. Drugs 2024, 22, 99. [CrossRef]

41. Maeda, H.; Kanno, S.; Kodate, M.; Hosokawa, M.; Miyashita, K. Fucoxanthinol, metabolite of fucoxanthin, improves obesity-
induced inflammation in adipocyte cells. Mar. Drugs 2015, 13, 4799–4813. [CrossRef]

42. Li, Z.S.; Zheng, J.W.; Manabe, Y.; Hirata, T.; Sugawara, T. Anti-Obesity Properties of the Dietary Green Alga, Codium cylindricum,
in High-Fat Diet-Induced Obese Mice. J. Nutr. Sci. Vitaminol. 2018, 64, 347–356. [CrossRef]

43. Murray, M.; Dordevic, A.L.; Cox, K.H.M.; Scholey, A.; Ryan, L.; Bonham, M.P. Study protocol for a double-blind randomised
controlled trial investigating the impact of 12 weeks supplementation with a Fucus vesiculosus extract on cholesterol levels
in adults with elevated fasting LDL cholesterol who are overweight or have obesity. BMJ Open 2018, 8, e022195. [CrossRef]
[PubMed]

44. Bermano, G.; Stoyanova, T.; Hennequart, F.; Wainwright, C.L. Seaweed-derived bioactives as potential energy regulators in
obesity and type 2 diabetes. Adv. Pharmacol. 2020, 87, 205–256. [CrossRef]

45. Leonard, M.; Maury, J.; Dickerson, B.; Gonzalez, D.E.; Kendra, J.; Jenkins, V.; Nottingham, K.; Yoo, C.; Xing, D.; Ko, J.; et al. Effects
of Dietary Supplementation of a Microalgae Extract Containing Fucoxanthin Combined with Guarana on Cognitive Function and
Gaming Performance. Nutrients 2023, 15, 1918. [CrossRef] [PubMed]

46. Dickerson, B.; Maury, J.; Jenkins, V.; Nottingham, K.; Xing, D.; Gonzalez, D.E.; Leonard, M.; Kendra, J.; Ko, J.; Yoo, C.; et al.
Effects of Supplementation with Microalgae Extract from Phaeodactylum tricornutum (Mi136) to Support Benefits from a Weight
Management Intervention in Overweight Women. Nutrients 2024, 16, 990. [CrossRef]

47. Reid, M.; Parkinson, L.; Gibson, R.; Schofield, P.; D’Este, C.; Attia, J.; Tavener, M.; Byles, J. Memory complaint questionnaire
performed poorly as screening tool: Validation against psychometric tests and affective measures. J. Clin. Epidemiol. 2012, 65,
199–205. [CrossRef]

48. Teixeira, V.; Voci, S.M.; Mendes-Netto, R.S.; da Silva, D.G. The relative validity of a food record using the smartphone application
MyFitnessPal. Nutr. Diet. 2018, 75, 219–225. [CrossRef]

49. Lin, A.W.; Morgan, N.; Ward, D.; Tangney, C.; Alshurafa, N.; Van Horn, L.; Spring, B. Comparative Validity of Mostly Unprocessed
and Minimally Processed Food Items Differs among Popular Commercial Nutrition Apps Compared with a Research Food
Database. J. Acad. Nutr. Diet. 2022, 122, 825–832.e1. [CrossRef]

50. Yoo, C.; Xing, D.; Gonzalez, D.E.; Jenkins, V.; Nottingham, K.; Dickerson, B.; Leonard, M.; Ko, J.; Lewis, M.H.; Faries, M.; et al.
Paraxanthine provides greater improvement in cognitive function than caffeine after performing a 10-km run. J. Int. Soc. Sports
Nutr. 2024, 21, 2352779. [CrossRef]

51. Tsoi, K.K.F.; Chan, J.Y.C.; Hirai, H.W.; Wong, A.; Mok, V.C.T.; Lam, L.C.W.; Kwok, T.C.Y.; Wong, S.Y.S. Recall Tests Are Effective to
Detect Mild Cognitive Impairment: A Systematic Review and Meta-Analysis of 108 Diagnostic Studies. J. Am. Med. Dir. Assoc.
2017, 18, 807.e17–807.e29. [CrossRef]

52. Levie, W.H.; Hathaway, S.N. Picture recognition memory: A review of research and theory. J. Vis. Verbal Languaging 1988, 8, 6–45.
[CrossRef]

53. Lange, B.; Hunfalvay, M.; Murray, N.; Roberts, C.-M.; Bolte, T. Reliability of computerized eye-tracking reaction time tests in
non-athletes, athletes, and individuals with traumatic brain injury. Optom. Vis. Perform. 2018, 6, 119–129.

54. Wesnes, K.A.; Brooker, H.; Ballard, C.; McCambridge, L.; Stenton, R.; Corbett, A. Utility, reliability, sensitivity and validity of an
online test system designed to monitor changes in cognitive function in clinical trials. Int. J. Geriatr. Psychiatry 2017, 32, e83–e92.
[CrossRef] [PubMed]

55. de Paula, J.J.; Malloy-Diniz, L.F.; Romano-Silva, M.A. Reliability of working memory assessment in neurocognitive disorders:
A study of the Digit Span and Corsi Block-Tapping tasks. Braz. J. Psychiatry 2016, 38, 262–263. [CrossRef]

56. Siegrist, M. Test-Retest Reliability of Different Versions of the Stroop Test. J. Psychol. 1997, 131, 299–306. [CrossRef]
57. Mumme, K.D.; Conlon, C.A.; von Hurst, P.R.; Jones, B.; Haskell-Ramsay, C.F.; de Seymour, J.V.; Stonehouse, W.; Heath, A.-L.M.;

Coad, J.; Mugridge, O.; et al. Dietary patterns and cognitive function in older New Zealand adults: The REACH study. Eur. J.
Nutr. 2022, 61, 1943–1956. [CrossRef]

58. Wightman, E.L.; Jackson, P.A.; Spittlehouse, B.; Heffernan, T.; Guillemet, D.; Kennedy, D.O. The Acute and Chronic Cognitive
Effects of a Sage Extract: A Randomized, Placebo Controlled Study in Healthy Humans. Nutrients 2021, 13, 218. [CrossRef]
[PubMed]

https://doi.org/10.1016/j.bbi.2017.04.022
https://www.ncbi.nlm.nih.gov/pubmed/28457809
https://doi.org/10.1038/srep46763
https://doi.org/10.1016/j.bbalip.2020.158618
https://doi.org/10.1016/j.phymed.2023.155043
https://doi.org/10.3390/md22030099
https://doi.org/10.3390/md13084799
https://doi.org/10.3177/jnsv.64.347
https://doi.org/10.1136/bmjopen-2018-022195
https://www.ncbi.nlm.nih.gov/pubmed/30552248
https://doi.org/10.1016/bs.apha.2019.10.002
https://doi.org/10.3390/nu15081918
https://www.ncbi.nlm.nih.gov/pubmed/37111136
https://doi.org/10.3390/nu16070990
https://doi.org/10.1016/j.jclinepi.2011.06.006
https://doi.org/10.1111/1747-0080.12401
https://doi.org/10.1016/j.jand.2021.10.015
https://doi.org/10.1080/15502783.2024.2352779
https://doi.org/10.1016/j.jamda.2017.05.016
https://doi.org/10.1080/23796529.1988.11674426
https://doi.org/10.1002/gps.4659
https://www.ncbi.nlm.nih.gov/pubmed/28128869
https://doi.org/10.1590/1516-4446-2015-1879
https://doi.org/10.1080/00223989709603516
https://doi.org/10.1007/s00394-021-02775-x
https://doi.org/10.3390/nu13010218
https://www.ncbi.nlm.nih.gov/pubmed/33466627


Nutrients 2024, 16, 2999 25 of 27

59. Sowinski, R.; Gonzalez, D.; Xing, D.; Yoo, C.; Jenkins, V.; Nottingham, K.; Dickerson, B.; Humphries, M.; Leonard, M.; Ko, J.
Effects of inositol-enhanced bonded arginine silicate ingestion on cognitive and executive function in gamers. Nutrients 2021, 13,
3758. [CrossRef]

60. Lee, E.-H. Review of the psychometric evidence of the perceived stress scale. Asian Nurs. Res. 2012, 6, 121–127. [CrossRef]
61. Parrott, A.C.; Hindmarch, I. The Leeds Sleep Evaluation Questionnaire in psychopharmacological investigations—A review.

Psychopharmacology 1980, 71, 173–179. [CrossRef]
62. Choi, H.; Kim, S.; Kim, B.; Kim, I. Psychometric properties of the Korean versions of three sleep evaluation questionnaires. Clin.

Nurs. Res. 2015, 24, 526–538. [CrossRef]
63. Chen, K.-M.; Snyder, M.; Krichbaum, K. Translation and equivalence: The Profile of Mood States Short Form in English and

Chinese. Int. J. Nurs. Stud. 2002, 39, 619–624. [CrossRef]
64. Shacham, S. A Shortened Version of the Profile of Mood States. J. Personal. Assess. 1983, 47, 305–306. [CrossRef] [PubMed]
65. Grubic, T.J.; Sowinski, R.J.; Nevares, B.E.; Jenkins, V.M.; Williamson, S.L.; Reyes, A.G.; Rasmussen, C.; Greenwood, M.; Murano,

P.S.; Earnest, C.P. Comparison of ingesting a food bar containing whey protein and isomalto-oligosaccharides to carbohydrate
on performance and recovery from an acute bout of resistance-exercise and sprint conditioning: An open label, randomized,
counterbalanced, crossover pilot study. J. Int. Soc. Sports Nutr. 2019, 16, 34. [PubMed]

66. Collins, P.B.; Earnest, C.P.; Dalton, R.L.; Sowinski, R.J.; Grubic, T.J.; Favot, C.J.; Coletta, A.M.; Rasmussen, C.; Greenwood, M.;
Kreider, R.B. Short-Term Effects of a Ready-to-Drink Pre-Workout Beverage on Exercise Performance and Recovery. Nutrients
2017, 9, 823. [CrossRef]

67. Jung, Y.P.; Earnest, C.P.; Koozehchian, M.; Cho, M.; Barringer, N.; Walker, D.; Rasmussen, C.; Greenwood, M.; Murano, P.S.;
Kreider, R.B. Effects of ingesting a pre-workout dietary supplement with and without synephrine for 8 weeks on training
adaptations in resistance-trained males. J. Int. Soc. Sports Nutr. 2017, 14, 1. [CrossRef] [PubMed]

68. Jung, Y.P.; Earnest, C.P.; Koozehchian, M.; Galvan, E.; Dalton, R.; Walker, D.; Rasmussen, C.; Murano, P.S.; Greenwood, M.;
Kreider, R.B. Effects of acute ingestion of a pre-workout dietary supplement with and without p-synephrine on resting energy
expenditure, cognitive function and exercise performance. J. Int. Soc. Sports Nutr. 2017, 14, 3. [CrossRef]

69. Goldstein, E.R.; Ziegenfuss, T.; Kalman, D.; Kreider, R.; Campbell, B.; Wilborn, C.; Taylor, L.; Willoughby, D.; Stout, J.; Graves,
B.S.; et al. International society of sports nutrition position stand: Caffeine and performance. J. Int. Soc. Sports Nutr. 2010, 7, 5.
[CrossRef]

70. Jagim, A.R.; Harty, P.S.; Tinsley, G.M.; Kerksick, C.M.; Gonzalez, A.M.; Kreider, R.B.; Arent, S.M.; Jager, R.; Smith-Ryan, A.E.;
Stout, J.R.; et al. International society of sports nutrition position stand: Energy drinks and energy shots. J. Int. Soc. Sports Nutr.
2023, 20, 2171314. [CrossRef]

71. Minaei, S.; Rahimi, M.R.; Mohammadi, H.; Jourkesh, M.; Kreider, R.B.; Forbes, S.C.; Souza-Junior, T.P.; McAnulty, S.R.; Kalman, D.
CYP1A2 Genotype Polymorphism Influences the Effect of Caffeine on Anaerobic Performance in Trained Males. Int. J. Sport.
Nutr. Exerc. Metab. 2022, 32, 16–21. [CrossRef]

72. Roberts, M.D.; Taylor, L.W.; Wismann, J.A.; Wilborn, C.D.; Kreider, R.B.; Willoughby, D.S. Effects of ingesting JavaFit Energy
Extreme functional coffee on aerobic and anaerobic fitness markers in recreationally-active coffee consumers. J. Int. Soc. Sports
Nutr. 2007, 4, 25. [CrossRef]

73. Sowinski, R.J.; Grubic, T.J.; Dalton, R.L.; Schlaffer, J.; Reyes-Elrod, A.G.; Jenkins, V.M.; Williamson, S.; Rasmussen, C.; Murano,
P.S.; Earnest, C.P.; et al. An Examination of a Novel Weight Loss Supplement on Anthropometry and Indices of Cardiovascular
Disease Risk. J. Diet. Suppl. 2021, 18, 478–506. [CrossRef] [PubMed]

74. Xing, D.; Yoo, C.; Gonzalez, D.; Jenkins, V.; Nottingham, K.; Dickerson, B.; Leonard, M.; Ko, J.; Faries, M.; Kephart, W.; et al.
Dose-Response of Paraxanthine on Cognitive Function: A Double Blind, Placebo Controlled, Crossover Trial. Nutrients 2021, 13,
4478. [CrossRef]

75. Yoo, C.; Xing, D.; Gonzalez, D.; Jenkins, V.; Nottingham, K.; Dickerson, B.; Leonard, M.; Ko, J.; Faries, M.; Kephart, W.; et al.
Acute Paraxanthine Ingestion Improves Cognition and Short-Term Memory and Helps Sustain Attention in a Double-Blind,
Placebo-Controlled, Crossover Trial. Nutrients 2021, 13, 3980. [CrossRef]

76. Leonard, M.; Dickerson, B.; Estes, L.; Gonzalez, D.E.; Jenkins, V.; Johnson, S.; Xing, D.; Yoo, C.; Ko, J.; Purpura, M.; et al. Acute
and Repeated Ashwagandha Supplementation Improves Markers of Cognitive Function and Mood. Nutrients 2024, 16, 1813.
[CrossRef] [PubMed]

77. Xing, D.; Yoo, C.; Gonzalez, D.; Jenkins, V.; Nottingham, K.; Dickerson, B.; Leonard, M.; Ko, J.; Faries, M.; Kephart, W.; et al.
Effects of Acute Ashwagandha Ingestion on Cognitive Function. Int. J. Environ. Res. Public Health 2022, 19, 11852. [CrossRef]
[PubMed]

78. Earnest, C.P.; Roberts, B.M.; Harnish, C.R.; Kutz, J.L.; Cholewa, J.M.; Johannsen, N.M. Reporting Characteristics in Sports
Nutrition. Sports 2018, 6, 139. [CrossRef] [PubMed]

79. Hopkins, W.G.; Marshall, S.W.; Batterham, A.M.; Hanin, J. Progressive statistics for studies in sports medicine and exercise
science. Med. Sci. Sports Exerc. 2009, 41, 3–13. [CrossRef]

80. Page, P. Beyond statistical significance: Clinical interpretation of rehabilitation research literature. Int. J. Sports Phys. Ther. 2014, 9,
726.

81. Sharma, H. Statistical significance or clinical significance? A researcher’s dilemma for appropriate interpretation of research
results. Saudi J. Anaesth. 2021, 15, 431–434. [CrossRef]

https://doi.org/10.3390/nu13113758
https://doi.org/10.1016/j.anr.2012.08.004
https://doi.org/10.1007/BF00434408
https://doi.org/10.1177/1054773814549827
https://doi.org/10.1016/S0020-7489(01)00068-2
https://doi.org/10.1207/s15327752jpa4703_14
https://www.ncbi.nlm.nih.gov/pubmed/6886962
https://www.ncbi.nlm.nih.gov/pubmed/31409363
https://doi.org/10.3390/nu9080823
https://doi.org/10.1186/s12970-016-0158-3
https://www.ncbi.nlm.nih.gov/pubmed/28096757
https://doi.org/10.1186/s12970-016-0159-2
https://doi.org/10.1186/1550-2783-7-5
https://doi.org/10.1080/15502783.2023.2171314
https://doi.org/10.1123/ijsnem.2021-0090
https://doi.org/10.1186/1550-2783-4-25
https://doi.org/10.1080/19390211.2020.1786207
https://www.ncbi.nlm.nih.gov/pubmed/32691639
https://doi.org/10.3390/nu13124478
https://doi.org/10.3390/nu13113980
https://doi.org/10.3390/nu16121813
https://www.ncbi.nlm.nih.gov/pubmed/38931168
https://doi.org/10.3390/ijerph191911852
https://www.ncbi.nlm.nih.gov/pubmed/36231152
https://doi.org/10.3390/sports6040139
https://www.ncbi.nlm.nih.gov/pubmed/30400585
https://doi.org/10.1249/MSS.0b013e31818cb278
https://doi.org/10.4103/sja.sja_158_21


Nutrients 2024, 16, 2999 26 of 27

82. Kang, H. The prevention and handling of the missing data. Korean J. Anesthesiol. 2013, 64, 402–406. [CrossRef]
83. Quintero, M.; Aera, L. Missing Data Imputation for Ordinal Data. Int. J. Comput. Appl. 2018, 181, 10–16. [CrossRef]
84. Baek, M.J.; Kim, K.; Park, Y.H.; Kim, S. The validity and reliability of the mini-mental state examination-2 for detecting mild

cognitive impairment and Alzheimer’s disease in a Korean population. PLoS ONE 2016, 11, e0163792. [CrossRef] [PubMed]
85. Albert, M.S.; DeKosky, S.T.; Dickson, D.; Dubois, B.; Feldman, H.H.; Fox, N.C.; Gamst, A.; Holtzman, D.M.; Jagust, W.J.; Petersen,

R.C. The diagnosis of mild cognitive impairment due to Alzheimer’s disease: Recommendations from the National Institute on
Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Focus 2013, 11, 96–106. [CrossRef]

86. Royall, D.R.; Lauterbach, E.C.; Cummings, J.L.; Reeve, A.; Rummans, T.A.; Kaufer, D.I.; LaFrance, W.C., Jr.; Coffey, C.E. Executive
control function: A review of its promise and challenges for clinical research. A report from the Committee on Research of the
American Neuropsychiatric Association. J. Neuropsychiatry Clin. Neurosci. 2002, 14, 377–405. [CrossRef]

87. Puri, S.; Shaheen, M.; Grover, B. Nutrition and cognitive health: A life course approach. Front. Public Health 2023, 11, 1023907.
[CrossRef]

88. Anastasiou, C.A.; Yannakoulia, M.; Kosmidis, M.H.; Dardiotis, E.; Hadjigeorgiou, G.M.; Sakka, P.; Arampatzi, X.; Bougea, A.;
Labropoulos, I.; Scarmeas, N. Mediterranean diet and cognitive health: Initial results from the Hellenic Longitudinal Investigation
of Ageing and Diet. PLoS ONE 2017, 12, e0182048. [CrossRef] [PubMed]

89. Qin, B.; Adair, L.S.; Plassman, B.L.; Batis, C.; Edwards, L.J.; Popkin, B.M.; Mendez, M.A. Dietary Patterns and Cognitive Decline
Among Chinese Older Adults. Epidemiology 2015, 26, 758–768. [CrossRef]

90. Zbeida, M.; Goldsmith, R.; Shimony, T.; Vardi, H.; Naggan, L.; Shahar, D.R. Mediterranean diet and functional indicators among
older adults in non-Mediterranean and Mediterranean countries. J. Nutr. Health Aging 2014, 18, 411–418. [CrossRef]

91. Martínez-Lapiscina, E.H.; Clavero, P.; Toledo, E.; Estruch, R.; Salas-Salvadó, J.; San Julián, B.; Sanchez-Tainta, A.; Ros, E.;
Valls-Pedret, C.; Martinez-Gonzalez, M. Mediterranean diet improves cognition: The PREDIMED-NAVARRA randomised trial. J.
Neurol. Neurosurg. Psychiatry 2013, 84, 1318–1325. [CrossRef]

92. Ye, X.; Scott, T.; Gao, X.; Maras, J.E.; Bakun, P.J.; Tucker, K.L. Mediterranean Diet, Healthy Eating Index 2005, and Cognitive
Function in Middle-Aged and Older Puerto Rican Adults. J. Acad. Nutr. Diet. 2013, 113, 276–281.e3. [CrossRef]

93. Wengreen, H.; Munger, R.G.; Cutler, A.; Quach, A.; Bowles, A.; Corcoran, C.; Tschanz, J.T.; Norton, M.C.; Welsh-Bohmer, K.A.
Prospective study of Dietary Approaches to Stop Hypertension– and Mediterranean-style dietary patterns and age-related
cognitive change: The Cache County Study on Memory, Health and Aging123. Am. J. Clin. Nutr. 2013, 98, 1263–1271. [CrossRef]
[PubMed]

94. Tsivgoulis, G.; Judd, S.; Letter, A.J.; Alexandrov, A.V.; Howard, G.; Nahab, F.; Unverzagt, F.W.; Moy, C.; Howard, V.J.; Kissela, B.;
et al. Adherence to a Mediterranean diet and risk of incident cognitive impairment. Neurology 2013, 80, 1684–1692. [CrossRef]
[PubMed]

95. Scarmeas, N.; Stern, Y.; Mayeux, R.; Manly, J.J.; Schupf, N.; Luchsinger, J.A. Mediterranean Diet and Mild Cognitive Impairment.
Arch. Neurol. 2009, 66, 216–225. [CrossRef] [PubMed]

96. Gu, Y.; Brickman, A.M.; Stern, Y.; Habeck, C.G.; Razlighi, Q.R.; Luchsinger, J.A.; Manly, J.J.; Schupf, N.; Mayeux, R.; Scarmeas, N.
Mediterranean diet and brain structure in a multiethnic elderly cohort. Neurology 2015, 85, 1744–1751. [CrossRef]

97. Ma, F.; Wu, T.; Zhao, J.; Han, F.; Marseglia, A.; Liu, H.; Huang, G. Effects of 6-Month Folic Acid Supplementation on Cognitive
Function and Blood Biomarkers in Mild Cognitive Impairment: A Randomized Controlled Trial in China. J. Gerontol. A Biol. Sci.
Med. Sci. 2016, 71, 1376–1383. [CrossRef]

98. Jia, J.; Hu, J.; Huo, X.; Miao, R.; Zhang, Y.; Ma, F. Effects of vitamin D supplementation on cognitive function and blood Abeta-
related biomarkers in older adults with Alzheimer’s disease: A randomised, double-blind, placebo-controlled trial. J. Neurol.
Neurosurg. Psychiatry 2019, 90, 1347–1352. [CrossRef]

99. Thaung Zaw, J.J.; Howe, P.R.; Wong, R.H. Long-term effects of resveratrol on cognition, cerebrovascular function and cardio-
metabolic markers in postmenopausal women: A 24-month randomised, double-blind, placebo-controlled, crossover study. Clin.
Nutr. 2021, 40, 820–829. [CrossRef]

100. Foroumandi, E.; Javan, R.; Moayed, L.; Fahimi, H.; Kheirabadi, F.; Neamatshahi, M.; Shogofteh, F.; Zarghi, A. The effects of
fenugreek seed extract supplementation in patients with Alzheimer’s disease: A randomized, double-blind, placebo-controlled
trial. Phytother. Res. 2023, 37, 285–294. [CrossRef]

101. Bahar-Fuchs, A.; Clare, L.; Woods, B. Cognitive training and cognitive rehabilitation for mild to moderate Alzheimer’s disease
and vascular dementia. Cochrane Database Syst. Rev. 2013, 2013, CD003260. [CrossRef]

102. Lima-Silva, T.B.; Fabrício, A.T.; Silva, L.; de Oliveira, G.M.; da Silva, W.T.; Kissaki, P.T.; da Silva, A.P.F.; Sasahara, T.F.; Ordonez,
T.N.; de Oliveira, T.B.; et al. Training of executive functions in healthy elderly: Results of a pilot study. Dement. Neuropsychol.
2012, 6, 35–41. [CrossRef]

103. Craik, F.I.; Bialystok, E. Brain changes in development and aging. Trends Cogn. Sci. 2006, 3, 131–138. [CrossRef]
104. Greenwood, P.M. Functional plasticity in cognitive aging: Review and hypothesis. Neuropsychology 2007, 21, 657. [CrossRef]
105. McCarthy, B.; O’Neill, G.; Abu-Ghannam, N. Potential Psychoactive Effects of Microalgal Bioactive Compounds for the Case of

Sleep and Mood Regulation: Opportunities and Challenges. Mar. Drugs 2022, 20, 493. [CrossRef]
106. Chartier-Kastler, E.; Davidson, K. Evaluation of quality of life and quality of sleep in clinical practice. Eur. Urol. Suppl. 2007, 6,

576–584. [CrossRef]

https://doi.org/10.4097/kjae.2013.64.5.402
https://doi.org/10.5120/ijca2018917522
https://doi.org/10.1371/journal.pone.0163792
https://www.ncbi.nlm.nih.gov/pubmed/27668883
https://doi.org/10.1176/appi.focus.11.1.96
https://doi.org/10.1176/jnp.14.4.377
https://doi.org/10.3389/fpubh.2023.1023907
https://doi.org/10.1371/journal.pone.0182048
https://www.ncbi.nlm.nih.gov/pubmed/28763509
https://doi.org/10.1097/EDE.0000000000000338
https://doi.org/10.1007/s12603-014-0003-9
https://doi.org/10.1136/jnnp-2012-304792
https://doi.org/10.1016/j.jand.2012.10.014
https://doi.org/10.3945/ajcn.112.051276
https://www.ncbi.nlm.nih.gov/pubmed/24047922
https://doi.org/10.1212/WNL.0b013e3182904f69
https://www.ncbi.nlm.nih.gov/pubmed/23628929
https://doi.org/10.1001/archneurol.2008.536
https://www.ncbi.nlm.nih.gov/pubmed/19204158
https://doi.org/10.1212/WNL.0000000000002121
https://doi.org/10.1093/gerona/glv183
https://doi.org/10.1136/jnnp-2018-320199
https://doi.org/10.1016/j.clnu.2020.08.025
https://doi.org/10.1002/ptr.7612
https://doi.org/10.1002/14651858.CD003260.pub2
https://doi.org/10.1590/S1980-57642012DN06010006
https://doi.org/10.1016/j.tics.2006.01.007
https://doi.org/10.1037/0894-4105.21.6.657
https://doi.org/10.3390/md20080493
https://doi.org/10.1016/j.eursup.2007.01.006


Nutrients 2024, 16, 2999 27 of 27

107. Petrov, K.K.; Hayley, A.; Catchlove, S.; Savage, K.; Stough, C. Is poor self-rated sleep quality associated with elevated systemic
inflammation in healthy older adults? Mech. Ageing Dev. 2020, 192, 111388. [CrossRef]

108. Blackwell, T.; Yaffe, K.; Ancoli-Israel, S.; Schneider, J.L.; Cauley, J.A.; Hillier, T.A.; Fink, H.A.; Stone, K.L. Poor sleep is associated
with impaired cognitive function in older women: The study of osteoporotic fractures. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2006,
61, 405–410. [CrossRef]

109. Ma, X.Q.; Jiang, C.Q.; Xu, L.; Zhang, W.S.; Zhu, F.; Jin, Y.L.; Thomas, G.N.; Lam, T.H. Sleep quality and cognitive impairment in
older Chinese: Guangzhou Biobank Cohort Study. Age Ageing 2020, 49, 119–124. [CrossRef]

110. Hita-Yanez, E.; Atienza, M.; Cantero, J.L. Polysomnographic and subjective sleep markers of mild cognitive impairment. Sleep.
2013, 36, 1327–1334. [CrossRef]

111. Stavitsky, K.; Neargarder, S.; Bogdanova, Y.; McNamara, P.; Cronin-Golomb, A. The impact of sleep quality on cognitive
functioning in Parkinson’s disease. J. Int. Neuropsychol. Soc. 2012, 18, 108–117. [CrossRef]

112. Moskalev, A.; Shaposhnikov, M.; Zemskaya, N.; Belyi, A.; Dobrovolskaya, E.; Patova, A.; Guvatova, Z.; Lukyanova, E.; Snezhkina,
A.; Kudryavtseva, A. Transcriptome analysis reveals mechanisms of geroprotective effects of fucoxanthin in Drosophila. BMC
Genom. 2018, 19, 77. [CrossRef]

113. Maeda, H.; Hosokawa, M.; Sashima, T.; Funayama, K.; Miyashita, K. Fucoxanthin from edible seaweed, Undaria pinnatifida,
shows antiobesity effect through UCP1 expression in white adipose tissues. Biochem. Biophys. Res. Commun. 2005, 332, 392–397.
[CrossRef]

114. Nishikawa, S.; Hosokawa, M.; Miyashita, K. Fucoxanthin promotes translocation and induction of glucose transporter 4 in
skeletal muscles of diabetic/obese KK-Ay mice. Phytomedicine 2012, 19, 389–394. [CrossRef]

115. López-Ramos, A.; González-Ortiz, M.; Martínez-Abundis, E.; Pérez-Rubio, K.G. Effect of Fucoxanthin on Metabolic Syndrome,
Insulin Sensitivity, and Insulin Secretion. J. Med. Food 2023, 26, 521–527. [CrossRef]

116. Mullins, R.J.; Diehl, T.C.; Chia, C.W.; Kapogiannis, D. Insulin Resistance as a Link between Amyloid-Beta and Tau Pathologies in
Alzheimer’s Disease. Front. Aging Neurosci. 2017, 9, 118. [CrossRef]

117. Duarte, A.I.; Moreira, P.I.; Oliveira, C.R. Insulin in central nervous system: More than just a peripheral hormone. J. Aging Res.
2012, 2012, 384017. [CrossRef]

118. Kulshreshtha, A.; Piplani, P. Current pharmacotherapy and putative disease-modifying therapy for Alzheimer’s disease. Neurol.
Sci. 2016, 37, 1403–1435. [CrossRef]

119. Lin, J.; Huang, L.; Yu, J.; Xiang, S.; Wang, J.; Zhang, J.; Yan, X.; Cui, W.; He, S.; Wang, Q. Fucoxanthin, a Marine Carotenoid,
Reverses Scopolamine-Induced Cognitive Impairments in Mice and Inhibits Acetylcholinesterase in Vitro. Mar. Drugs 2016, 14,
67. [CrossRef]
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