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The Effect of Nutrients on Neurological Disorders
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The prevalence of neurological disorders (NDs) is increasing, with great cost to public
health [1]. In addition, the molecular pathways that cause several NDs are not fully
understood, leading to delayed diagnosis and therapeutic treatments that treat symptoms
instead of targeting the causative molecular alterations [2]. Both epidemiological studies
and prospective cohort studies indicate that good nutrition exerts a beneficial effect on
health, including its positive role in brain function [3]. Increasing evidence also shows that
diet and nutrients play an important role in preventing and managing several NDs. In
particular, data suggest that defined dietary patterns are beneficial against NDs, mostly
through their anti-inflammatory function [4]. Indeed, data indicate that chronic low-grade
inflammation contributes to the progression of several NDs, including psychiatric disorders
and neurodegenerative diseases [5,6]. However, foods rich in high saturated fats, trans fats,
processed meats, and refined grains and sugar promote an inflammatory response, leading
to chronic inflammation, and their consumption correlates with higher risk of NDs [7].
Thus, dietary intervention is a promising therapeutic strategy to prevent and manage
NDs. Studies showing how dietary patterns and nutrients affect ND progression, therefore,
play an important role in managing diseases with such a high impact on well-being and
public health.

This Special Issue, titled “The Effect of Nutrients on Neurological Disorders”, collects
original articles illuminating how diet and nutrients affect NDs.

Cognitive impairment is a burdensome disease that strongly affects people’s well-
being, as well as having an economic impact on public health. Cognitive impairment affects
mostly older people. Owing to higher life expectancy, the number of people suffering from
cognitive impairment is rapidly increasing [8]. Several studies showed that environmental
factors and lifestyle contribute to the onset of cognitive decline [9]. This Special Issue
includes four articles analyzing four aspects of environmental factors that modulate the
progression of cognitive decline, including heavy metal exposure, nutritional supplements,
and dietary habits.

Several studies indicate that heavy metal exposure affects human health, including
cognitive function [10]. Enhanced heavy metal exposure comes from cigarette smoke, air
pollution, and the contamination of water and food. Such exposure then contributes to the
pathophysiology of cognitive impairment [10]. In this Special Issue, Song and colleagues
offer a study analyzing the combined effects of five mixed metals on cognitive function.
The researchers also investigate the correlation between a person’s sex and the effects
of exposure to five metals on cognitive function [11]. That large cross-sectional cohort
study includes 1833 older Americans (883 males and 950 females) and analyzes blood
levels of mercury, cadmium, lead, manganese, and selenium in correlation with cognitive
performance assessed via four cognitive tests. The study reports that blood levels of lead
and cadmium correlate with diminished cognitive performance, whereas selenium blood
levels correlate with better cognitive performance. High levels of selenium counteract the
other metals’ negative effects on cognitive function [11]. The study also shows the gender
specificity of the correlation between the ratio of levels of metals in the blood and cognitive
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performance [11], suggesting that environmental heavy metals affect cognitive function
through sex-specific mechanisms.

Several studies analyze how dietary supplements and nutraceuticals affect cognitive
function, suggesting a beneficial effect, proposing them as ways to alleviate the progression
of cognitive impairment [12]. In that regard, Leonard and colleagues, in this Special Issue,
investigate how ashwagandha supplementation affects levels of biomarkers for cognitive
and psychological function [13]. For more than 3000 years, ashwagandha (Withania som-
nifera) has been used as an anti-inflammatory, immunomodulatory, and antioxidant agent
to manage mood disorders, traumatic brain diseases, and neurodegenerative diseases [14–
19]. The researchers carry out a prospective clinical trial on 59 males and 59 females, along
with age- and body mass index-matched control subjects, treated with ashwagandha sup-
plementation, with liposomes used as the carrier. Cognitive performance and mood states
are compared in treated and control subjects. Ashwagandha supplementation enhances
memory and other cognitive functions and improves some mood aspects such as tension
and fatigue [13]. Those data indicate that ashwagandha could be a beneficial nutraceutical
capable of improving cognitive performance and mood.

The active metabolic form of vitamin D3, 1,25-dihydroxyvitamin D3 [1,25(OH)2D3; also
called calcitriol], exhibits beneficial effects on various NDs, including cognitive disfunction
and Alzheimer’s disease (AD). Calcitriol modulates inflammation, oxidative stress, and
energy balance, as well as having a neuroprotective function [20]. Supplementation with
vitamin D is proposed as a complementary treatment for various NDs, including AD [21].
To correlate the effect of vitamin D supplementation, researchers can measure two metabo-
lites of vitamin D3: blood levels of 1,25(OH)2D3, the active form, and 25(OH)D3, which has
a higher blood concentration and is more stable than the active form with its short half-life.
Indeed, 25(OH)D3 levels remain stable for almost 2 weeks [22]. However, clinical studies
analyzing blood levels of 25(OH)D3 are hard to compare because the studies are carried
out in different laboratories using different assays. Measuring 25(OH)D3 requires further
standardization because the assays employed in different laboratories yield significant
differences [22]. Since 1999, it has been known that prospective cohort studies are subject
to the underestimation of the effect of health outcomes due to changes in the variables after
baseline. Such underestimation is called “regression dilution” [23]. Grant’s review, in this
Special Issue, looks at regression dilution after long follow-up times and shows its effects
on results from various prospective cohort clinical studies (nine for all-cause dementia, six
for AD, and nine for cognitive impairment), analyzing the relationship between vitamin
D deficiency and cognitive disorders [24]. His study shows that in prospective cohort
studies, the vitamin D-dependent risk of developing cognitive diseases exhibits an inverse
correlation with the mean follow-up period [24]. When the follow-up period is taken into
account, the regression fit to the shortest period finds that the association of high vs. low
2(OH)D is about twice as high as that calculated by averaging the findings from all of
the studies. Those data are relevant for setting up cohort studies aimed at analyzing how
vitamin D affects the risk of developing dementia and cognitive impairment, as well as
many other health outcomes.

An increasing number of studies show that the Mediterranean diet (MeDi) and the
Mediterranean lifestyle reduce the risk of several chronic diseases, including cognitive
impairment and dementia [25–31]. The MeDi consists of high consumption of vegetables,
fruits, legumes, nuts and seeds, whole grains, and olive oil; moderate consumption of fish;
and very low consumption of red meat [32]. The MeDi is enriched in natural molecules that
benefit health and brain function [33], and the diet shows reduced levels of proinflammatory
and pro-oxidant molecules, such as the advanced glycation end-products involved in the
progression of several chronic diseases [34]. Dominguez and colleagues present, in this
Special Issue, an original study investigating adherence to the MeDi and the level of
physical activity in 73 patients affected by mild-to-moderate AD and 73 age-matched
control subjects [35]. Their study shows that the dietary pattern of AD patients is one
of low adherence to the MeDi; AD patients also had less physical activity than control
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subjects. By using a multivariate analysis, the researchers show that only AD significantly
correlates with adherence to the MeDi, whereas sex, physical activity, polypharmacy, and
comorbidities exhibit no correlation with MeDi adherence [35]. The study further shows
the value of high adherence to the MeDi to prevent AD.

The review article of Sbai and colleagues, in this Special Issue, summarizes recent data
investigating the MeDi’s role in the progression of diabetic retinopathy (DR), age-related
macular degeneration (AMD), and glaucoma [36]. Visual impairment adversely affects
health, quality of life, and cognitive and psychological development, and the therapies are
expensive [37]. This is why researchers have shown increased interest in dietary habits that
can prevent retinal diseases. Sbai and colleagues effectively describe the characteristics of
the MeDi and the beneficial natural molecules enriched therein. The article underlines the
differences among the MeDi scoring systems used to analyze MeDi adherence in cohort
studies—variations that cause difficulties in comparing results from different scoring
systems [36]. Moreover, the review summarizes the molecular pathways induced by the
MeDi, in particular the activity of Nrf2, which counteracts the reactive oxygen species-
induced cell damage that characterizes retinal diseases [38]. Finally, their review gives
an accurate overview of recent data analyzing the role that MeDi adherence plays in
preventing DR, AMD, and glaucoma. The researchers do so by summarizing findings from
cohort studies, animal models, and in vitro analysis showing that high MeDi adherence
plays a crucial role in preventing those diseases by lowering risk and delaying onset and
progression. Moreover, supplements can help as adjuvant therapies in preventing those
diseases but cannot be a substitute for the beneficial effects of the MeDi dietary habits and
lifestyle [36].

Recent studies show the relevance of the gut microbiome’s modulation of immune
system activity and the nervous system. Dysbiosis affects the equilibrium between the
gut microbiota and the host, promoting chronic inflammation and contributing to several
diseases, including NDs [39–41]. Dietary habits and nutrients play an important role in
determining the composition of the gut microbiota, ultimately modulating the gut–brain
axis [42]. Hrnciarova and colleagues, in this Special Issue, investigate nutritional supple-
mentation’s role in the gut microbiota and its effect on autism spectrum disorder (ASD)
in children [43]. One of the most common neurodevelopmental disorders in children,
ASD is characterized by psychiatric and behavioral dysfunction. At present, no known
biomarkers are diagnostic for the disorder [44]. The molecular mechanisms responsible for
ASD remain unknown. However, recent data show that ASD patients exhibit a peculiar
composition of the gut microbiota, indicating that altering the microbiota–gut axis may
contribute to ASD pathophysiology [45,46]. Because nutritional supplements modulate
the gut microbiota, researchers have investigated using nutritional supplements as a way
to improve microbiota composition in people with ASD [47]. Hrnciarova and colleagues
analyze an interventional clinical study by supplementing children for 3 months (eight
patients with ASD and eight placebo-treated control subjects). This pilot study shows that
juvenile supplementation modifies the gut microbiota in children with ASD, ameliorat-
ing their symptoms [43]. Those results are promising, opening the way for therapeutic
interventions aimed at better treating ASD.

Taste influences dietary habits. The gut microbiota modulates the neurosensorial
response and taste, thereby influencing dietary habits, and in turn can contribute to obe-
sity [48]. Thus, dietary patterns can substantially affect public health [49]. Obesity is
associated with the onset of multiple sclerosis (MS) in children and young people [49]. MS
is an autoimmune disease characterized by chronic inflammation and affects the central
nervous system [50]. Papetti and colleagues examine, in this Special Issue, how obesity
affects the onset of MS in children [51]. This prospective clinical study shows that obesity
presages the onset of MS in pediatric patients, suggesting that interventions aimed at
blocking the development of childhood obesity, such as nutritional intervention, could
delay or prevent MS [51].
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With their very low prevalence, rare NDs (RNDs) are poorly investigated. Indeed,
only a few RNDs have a clear diagnosis that allows for the use of therapeutic strategies
that can address the symptoms [52]. Briglia and colleagues present, in this Special Issue,
an innovative review summarizing the results of dietary and nutritional intervention in
RNDs [53]. Only a few clinical studies and in vitro studies have investigated the role
of diet and nutrients in RNDs. Therefore, their narrative review can help with carrying
out further investigations in the field. Their study focuses on Angelman syndrome, Rett
syndrome, rare leukodystrophies (Krabbe disease and Pelizaeus–Merzbacher disease), rare
epilepsy, rare forms of ataxia, and rare brain tumors. Although the literature includes only
a few clinical studies of those diseases, Briglia and colleagues highlight the positive results
obtained in preclinical studies, which can serve as the basis for further clinical studies.
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Abstract: Due to the continuous aging of the population and consequent increase in dementia,
focus on its prevention is of growing importance for public health. Since effective pharmacological
treatments are not yet available, other determinants of cognitive decline have become fundamental.
Several studies have indicated that the Mediterranean diet (MedDiet) is associated with reduced
incident cognitive decline and dementia, but few studies have been conducted in persons already
diagnosed with Alzheimer’s disease (AD). We age-matched 73 patients with mild–moderate AD with
73 controls (mean age for the whole group = 76.5 ± 6.5; 67.5% women). The cases had a significantly
lower adherence to the MedDiet and lower physical activity vs. controls, where only one participant
(1.4%) had a high adherence to the MedDiet among cases compared to 5.5% among controls, while
52.5% of the cases had a moderate adherence to the MedDiet vs. 82.2% in controls. In multivariate
analysis, only the presence of AD was significantly associated with a lower adherence to the MedDiet
vs. controls. Other factors examined (gender, age, physical activity level, multimorbidity, and
polypharmacy) were not significantly associated with adherence to the MedDiet. Thus, AD patients
had a low adherence to the MedDiet and very low physical activity. Public health strategies aimed at
promoting the Mediterranean diet and physical activity for older people should be a priority.

Keywords: Alzheimer’s disease; dementia; mediterranean diet; aging; malnutrition; physical activity

1. Introduction

The world is continuously aging. Currently, most humans around the world can expect
to live beyond the age of 60 [1]. Consequently, the prevention and treatment of age-related
chronic diseases, such as neurodegenerative diseases, are of growing importance for public
health [2,3]. It is estimated that the incidence of dementia almost doubles every 5 years
after the age of 65. By the time people reach their nineties, almost one-third of adults will
meet the diagnostic criteria for dementia. In 2019, it was estimated that 57 million people
had dementia worldwide, and the projection for 2050 has increased to 153 million [4]. The
most diagnosed forms/types of dementia are Alzheimer’s disease (AD), the vascular form,
and the mixed form. By causing progressive cognitive and functional deterioration, they
represent major causes of disability [5].

Aging is one of the greatest risk factors for developing dementia, as with other chronic
conditions [6]. By the time adults are in their thirties, fundamental cognitive abilities,
such as episodic memory, reasoning, processing speed, and spatial visualization, begin
to decline [7]. Regardless of other factors, “biological” aging is in itself accompanied
by a systemic pro-inflammatory response and modifications in the central nervous sys-
tem, including brain atrophy, white matter degradation, and neuropathological protein
accumulation [8], which increases susceptibility to the development of neurodegenerative
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diseases. However, further investigations are needed to determine which additional factors
or pathophysiological mechanisms lead some persons to develop a neurodegenerative
disease while others will remain “resilient” to any form of dementia [9].

Other factors may contribute to the onset of cognitive decline, including genetic pre-
disposition and socioeconomic and environmental influences such as diet and physical
activity [10]. Since effective pharmacological treatments are not yet available to treat
cognitive deterioration and dementia [11], prevention becomes increasingly fundamen-
tal [12]. Certain nutritional regimes and specific foods, especially if associated with a
healthy lifestyle that includes physical activity and regular circadian rhythm, have long
been studied as possible modifiable factors capable of delaying the onset and severity of
cognitive decline [12]. Several studies have indicated the Mediterranean diet (MedDiet),
or rather the “Mediterranean lifestyle”, as having significant features associated with a
reduced incidence of various non-communicable diseases, including dementia [12–16].

Nutritional problems such as weight loss, lack of appetite, and sarcopenia are frequent
among patients suffering from cognitive decline, especially in the more advanced stages of
the disease [17]. These correlate with relevant adverse events, including institutionalization,
morbidity, and mortality [18]. Some studies have also shown that in patients with early-
stage AD or mild cognitive decline, nutritional alterations increase the risk of disease
progression to a more severe stage [19,20] and of behavioral and psychiatric symptoms [21].
In the early stages of the disease, memory and concentration deficits can affect planning,
shopping, and preparing meals. As cognitive deterioration progresses, eating adequately
becomes an increasingly difficult challenge: sensory alterations (e.g., reduction in smell and
taste), loss of appetite (senile anorexia), difficulty in communicating discomfort or sensation
(e.g., hunger, thirst, tiredness, pain, constipation), behavioral disorders (e.g., aggression,
apathy, depression, wandering), and in the last stages, the possible onset of dysphagia.
These factors increase the risk of malnutrition, complications, and disease progression [17].

Based on this background, we aimed to evaluate the adherence to the MedDiet and
lifestyle of persons affected by mild to moderate AD and its association with the sever-
ity of the disease as well as with anthropometric parameters, self-efficacy, comorbidity,
polypharmacy, and physical activity in comparison with age-matched control participants
without cognitive issues. We also evaluated the consumption of specific foods that have
been shown to have neuroprotective properties.

2. Participants and Methods

2.1. Participants

In the present cross-sectional study, older men and women undergoing an evaluation
at the Cognitive Disorders and Dementia (CDCD) ambulatory clinics of the Geriatrics
Section of the “Azienda Ospedaliera Universitaria Policlinico ‘Paolo Giaccone’” in Palermo,
Italy, were consecutively enrolled from 1 February 2023 to 1 August 2024. All patients
lived at home in an urban setting with their relatives or caregivers, and none of them lived
alone or were institutionalized. Inclusion criteria were (1) age > 60 years; (2) diagnosis of
AD (mild to moderate), according to DSM-5 criteria [22]. In brief, this includes significant
cognitive decline from a previous level of performance in one or more cognitive domains re-
ferred by the patient, a knowledgeable informant, or the clinician; a substantial impairment
in cognitive performance in standardized neuropsychological testing; the cognitive deficits
interfere with independence in everyday activities; exclusion of delirium or other mental
disorder. In addition, all the participants included retained a minimum degree of autonomy
and self-sufficiency; therefore, they were able to carry out regular physical activity (even a
simple daily walk) and could consume different types of food as they were free from prob-
lems that prevented their intake (e.g., dysphagia, total edentulism, etc.). On the contrary,
we excluded patients without a complete evaluation of functional and cognitive status or a
cognitive decline due to a primary psychiatric disorder such as schizophrenia or bipolar
disorder. The participants in the study were recruited based on the voluntary acceptance
by the patient or caregiver to be part of the study and interviewed via a questionnaire that
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included various parameters (anthropometric, nutritional, and geriatric assessments) as
described below. The participants in the control group were identified among outpatients
attending the osteoporosis ambulatory clinic of the same University Hospital; in particular,
autonomous and self-sufficient persons not affected by cognitive decline were enrolled.
Written informed consent was obtained from all participants involved in the study, and in
case of the patient’s inability, the legally authorized delegate provided informed consent.
The study was conducted in accordance with the Declaration of Helsinki on the ethical
principles for medical research involving human subjects [23].

All data analyzed in the present study were obtained as part of routine evaluation,
diagnosis, and treatment. In accordance with the current Italian law (Gazzetta Ufficiale
della Repubblica Italiana, Serie Generale n. 76 del 31 May 2008), we acknowledge our
Institution’s Ethical Committee (Comitato Etico Palermo 1 A.O.U.P. ‘P. Giaccone’) (protocol
n. 22 del 3 September 2024) about this observational research regarding usual clinical
practice by sending an official letter.

2.2. Outcome: Adherence to the Mediterranean Diet

The degree of adherence to the MedDiet was assessed through the MEDAS (Mediter-
ranean Diet Adherence Screener) [24], a questionnaire initially developed during the
PREDIMED study (Prevención con Dieta Mediterránea) [25] and consisting of 14 items,
which are quick and easy to administer. Briefly, each question was given a score of “0”
or “1”. One point was awarded for the consumption of olive oil as the main source of
cooking fats (question 1); 4 or more tablespoons of olive oil per day (question 2); 2 or
more portions of vegetables per day (question 3); 3 or more servings of fruit per day
(question 4); less than 1 serving of red meat or sausage per day (question 5); less than
one serving of animal fats per day (question 6); less than 1 carbonated or sweetened
drink per day (question 7); 7 or more glasses of wine per week (question 8); more
than 2 portions of legumes per week (question no. 9); 3 or more portions per week of
fish or seafood (question 10); less than 3 times a week of commercial pastry (question
no. 11); 3 or more times a week of dried fruit (question no. 12); chicken, turkey, or
rabbit instead of beef, pork, and cured meats (question n.13); and 2 or more times a
week of boiled vegetables, pasta, or rice seasoned and sautéed (question no. 14). The
MEDAS score ranges from 0 to 14 points. Even if no definitive cut-offs exist, we used,
for the purposes of this work, a score less than 6 to indicate low adherence to the Med-
Diet, a score between 7 and 10 as intermediate adherence, and a score between 11 and
14 considered as high adherence [25].

2.3. Demographics

Other than age and sex, we included physical activity level carried out in the last seven
days through the IPAQ SHORT FORM (International Physical Activity Questionnaire) [26],
which differentiates between heavy activity (e.g., heavy lifting, aerobics, digging, or fast
bicycling. . . ), moderate activity (lifting light weights, doubles tennis, cycling at a moderate
pace. . . ), or simply walking (of at least 10 min), as well as time spent sitting on weekdays
(e.g., sitting at a desk, reading, visiting friends, lying down to watch television, or sitting),
indicating for each duration and weekly frequency; smoking status, categorized in no,
previous, or current.

2.4. Multidimensional Evaluation

A multidimensional evaluation was performed on all patients, investigating the
ability to perform activities of daily living (ADL), which defines the level of depen-
dence/independence in six activities (bathing, feeding, toileting, dressing, transferring
in and out of bed or chair, urine, and bowel continence) ranging from zero to six [27,28];
Instrumental Activities of Daily Living (IADL) considering eight activities, which are
more demanding cognitively and physically with respect to ADL, i.e., using the telephone,
managing finances, shopping, taking medications, preparing meals, using transportation,
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doing housework, and washing [29,30]; the global degree of cognitive decline assessed
with the Mini-Mental State Examination (MMSE) considering seven different cognitive
areas and 30 different questions divided into orientation over time, orientation in space,
word recording, attention and calculation, evocation, language, and constructive praxis.
Multimorbidity was considered when a participant had a diagnosis of two or more medical
conditions [31] commonly present in older people, such as heart attack, hypertension,
hypercholesterolemia, stroke, diabetes, chronic lung disease, arthritis, asthma, osteoporosis,
gastric or duodenal ulcer, cancer, hip fracture, and cataracts. Polypharmacy is defined as
the regular use of over five medications [32].

2.5. Nutritional Evaluation

Weight and height were recorded by trained residents in geriatric medicine. Body mass
index (BMI) was recorded classifying participants into underweight (BMI < 19 kg/m2), normal
weight (BMI between 19.1 and 25 kg/m2), overweight (BMI between 25.1 and 30 kg/m2), and
obese (BMI > 30 kg/m2). We also recorded data about the dietary intakes of some specific
nutrients that have been associated with beneficial or harmful effects on cognition, such as
alcohol drinking, spices, tea, coffee, cocoa, red fruits, and salt [33].

2.6. Statistical Analysis

We used mean and standard deviation (SD) to describe continuous variables and
percentages for categorical variables. Baseline characteristics of the study participants were
compared between cases and controls, using an independent T-test for continuous variables
and Chi-squared for categorical variables. We categorized the adherence to the MedDiet as
moderate-to-high vs. low since only one case reported a high adherence to the MedDiet.
The association between the adherence to the MedDiet and factors significantly different
between cases and controls (p < 0.05) was explored using a logistic regression analysis.
The factors potentially associated with the outcome of interest were based on the previous
literature about risk factors of poor adherence to the MedDiet [34]. The results are reported
as odds ratios (ORs) and their 95% confidence intervals (CIs). Finally, in people affected by
AD, we explored the association between MEDAS and the domains of multidimensional
evaluation, using simple correlation analysis and reporting data as rho and p-values due
to a non-parametric distribution of the MEDAS. All statistical analyses were carried out
using SPSS software version 26.0, were two-tailed, and a p-value < 0.05 was considered
statistically significant.

3. Results

In this study, we matched 73 patients with mild to moderate AD (cases) with 73 controls
for age. The mean age of the whole group was 76.5 ± 6.5, and 67.5% were women. As shown
in Table 1, the cases did not differ in terms of age (p = 0.69), but they were more frequently
males. The cases reported significantly lower moderate (p = 0.03) and low (p < 0.0001) physical
activity levels compared to the controls. The cases reported an important impairment in ADL
(mean = 3.4) and IADL (mean = 1.9) as well as in MMSE (mean = 16.7/30). As expected,
multimorbidity and polypharmacy were more frequent among the cases compared to the
controls (Table 1).

About nutritional information, the cases reported less frequently the use of spices
(p = 0.04) and coffee (p < 0.0001) but more frequently the consumption of red fruits
and salt. As shown in Table 1, the cases reported significantly lower adherence to the
MedDiet in the mean of 1.4 points. In Figure 1, data from the differences in the degree
of adherence to the MedDiet between the cases and controls are shown: very few (1.4%)
had high adherence to the MedDiet among the cases compared to 5.5% among the
controls; 52.5% of the cases had a moderate adherence to the MedDiet compared to
82.2% in the control group (p < 0.0001 for these comparisons).
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Table 1. Descriptive characteristics in cases (affected by dementia) and controls.

Parameter Cases (n = 73) Controls (n = 73) p-Value

Demographics

Age (mean, SD) 76.6 (4.7) 76.3 (3.9) 0.69

Males (%) 42.5 20.5 0.004

Moderate-to-high physical activity level (%) 1.4 13.7 0.03

Low physical activity level (%) 38.4 93.2 <0.0001

Smoking status, no (%) 82.2 86.3

0.34Smoking status, current (%) 5.5 6.8

Smoking status, previous (%) 12.3 6.9

Multidimensional evaluation

ADL (mean, SD) 3.4 (1.8) 6 -

IADL (mean, SD) 1.9 (2.1) 8 for women,
6 for men -

MMSE (mean, SD) 16.7 (6.0) 30 -

Multimorbidity (%) 68.5 9.6 <0.0001

Polypharmacy (%) 74.0 28.8 <0.0001

Nutritional evaluation

BMI (mean, SD) 26.5 (4.0) 26.1 (4.4) 0.54

Alcohol drinking, non-red wine (%) 5.5 0 0.12

Spices more than 3 times in a week (%) 32.9 49.3 0.04

Tea consumption more than 3 times in a week (%) 24.7 34.2 0.20

Cocoa, more than 3 times in a week (%) 23.3 13.7 0.21

Red fruits, more than 3 times in a week (%) 52.1 11.0 <0.0001

Coffee, yes/no (%) 72.6 100 <0.0001

Salt, 3 spoons/day (%) 4.1 0 <0.0001

MEDAS (mean, SD) 6.7 (1.4) 8.1 (1.5) <0.0001

ADL: activities of daily living; BMI: body mass index; IADL: instrumental activities of daily living; MEDAS:
Mediterranean Diet Adherence Screener; MMSE: mini-mental state examination; SD: standard deviation.

0% 20% 40% 60% 80% 100%

AD

C

low adherence moderate adherence
high adherence

Figure 1. Adherence to Mediterranean diet in cases and controls. AD: Alzheimer’s disease;
C: controls.

Table 2 shows the multivariate analysis, taking as an outcome the moderate-to-high
adherence to the MedDiet and as factors all the factors significantly different among the

11



Nutrients 2024, 16, 3421

cases and controls. Only the presence of AD was associated with a lower adherence to the
MedDiet compared to the controls (OR = 0.222; 95% CI: 0.058–0.848; p = 0.028), whilst the
other factors examined (gender, age, physical activity level, multimorbidity, polypharmacy,
the consumption of red fruits, more than 3 times in a week, coffee consumption, and the
use of salt) reported a p-value > 0.20.

Finally, we analyzed the correlations between the adherence to the MedDiet and
the domains of multidimensional evaluation. Considering these domains, only IADL
(rho = 0.334, p < 0.001) and MMSE scores (rho = 0.331, p < 0.001) were associated with
MEDAS, as graphically reported in Figure 2.

(a)

(b)

Figure 2. Correlations between adherence to the Mediterranean diet and instrumental activities of
daily living (a) and with mini-mental state examination (b). IADL: Instrumental Activities of Daily
Living); MEDAS: Mediterranean Diet Adherence Screener; MMSE: Mini-Mental State Examination.
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Table 2. Factors associated with moderate-to-high adherence to Mediterranean diet.

Parameter Odds Ratio 95% Low CI 95% High CI p -Value

Presence of Alzheimer’s Disease 0.222 0.058 0.848 0.028
Males 0.916 0.368 2.281 0.850
Age 0.929 0.845 1.022 0.129
Low physical activity level 0.905 0.345 2.375 0.839
Multimorbidity 0.762 0.238 2.443 0.648
Polypharmacy 0.930 0.297 2.917 0.902
Red fruits, more than 3 times per week 0.855 0.350 2.090 0.731
Coffee consumption 1.475 0.494 4.403 0.486
Salt, 2 spoons/day 0.587 0.232 10.484 0.260
Salt, 3 spoons/day 10.358 0.101 18.185 0.817

Data are reported as odds ratio (OR) with their 95% confidence intervals (CIs) and p-values, among factors
statistically significant between cases (presence of dementia) and controls.

4. Discussion

In the present study, among 146 participants examined, those with a diagnosis of mild
to moderate AD had significantly lower adherence to the MedDiet pattern assessed with
the MEDAS questionnaire compared to those participants who were cognitively competent.
Practically none of the participants with dementia had a high adherence to this high-quality
dietary pattern, while most of the controls (>80%) had an intermediate good adherence in
this Mediterranean population. Likewise, the level of physical activity carried out in the
last seven days assessed with the IPAQ SHORT FORM was also remarkably low among
dementia patients, with almost half (45%) not carrying out any physical activity vs. almost
all (93%) of cognitively competent patients habitually carrying out at least light physical
activity and 14% moderate physical activity. Few participants from both groups used
to smoke or had a habitual consumption of alcoholic beverages (other than red wine);
both parameters were comparable for both groups. The consumption of certain foods
considered neuroprotective resulted slightly different between the two groups, with cases
reporting less frequently the use of spices and coffee but more frequently consumption of
red fruits and salt. Nevertheless, all participants had a low average consumption of coffee
(two cups per day), below the general recommendation of 3–5 cups per day [35]. We found
significant differences between the two groups regarding comorbidity and pharmacological
history, with most participants with dementia having more than three pathologies and
taking over five medicaments per day vs. lower numbers for controls. In multivariate
analysis only the presence of AD was significantly associated with a lower adherence to the
MedDiet compared to controls. Other factors examined (gender, age, physical activity level,
multimorbidity, and polypharmacy) were not significant. There was a positive significant
association between adherence to the MedDiet and cognition assessed with the MMSE
score as well as with self-autonomy as an ability to perform IADL.

Although there are several studies specifically investigating the role of the MedDiet in
the prevention of cognitive decline and dementia that have found that this high-quality
dietary pattern seems to be protective for the development of dementia [12–16], this is one
of the few studies exploring the adherence to the MedDiet in patients with a clinical diag-
nosis of AD. Several systematic reviews and meta-analyses have explored the association
of adherence to the MedDiet with cognitive decline and/or incident dementia [13], and
most of them have shown an inverse association of a higher adherence to the MedDiet with
a slower cognitive decline and/or reduced progression to AD. There are also conflicting
results regarding the efficacy of the MedDiet for age-related cognitive function [36,37]. In
an umbrella review, out of 11 meta-analyses, 3 reported convincing evidence of benefit,
2 were highly suggestive of benefit, 3 were suggestive of benefit, 1 reported weak evi-
dence, and only 2 reported no evidence [38]. Disparity of neuropsychological assessment
methods used appeared to be a plausible contributor to the lack of consensus among
study findings. Other diets very similar to MedDiet, such as the Mediterranean dietary ap-
proaches to stop hypertension intervention for neurodegenerative delay (MIND) diet, have
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shown positive results [39–42]. A large meta-analysis of three cohort studies among over
200,000 participants reported that increased adherence to the MIND diet was significantly
associated with a decreased risk of dementia [39]. Likewise, a US cohort study of older
adults with a baseline mean age of 84.2 years showed that the MIND and the MedDiet
patterns, in particular the consumption of green leafy vegetables, were inversely associated
with amyloid beta load, phosphorylated tau tangles, and global AD pathology at post
mortem analyses [40]. A recent 6-month pilot randomized controlled trial (RCT) was
conducted among 93 participants with prodromal AD in four European countries with
3 intervention arms: (1) multimodal lifestyle intervention (nutritional guidance, exercise,
cognitive training, vascular/metabolic risk management, and social stimulation); (2) multi-
modal lifestyle intervention + medical food product; and (3) regular health advice (control
group). Adherence to dietary advice was assessed with the Healthy Diet Index and MEDAS.
Dietary quality in the intervention groups improved in this population with prodromal
AD. Nutrient intakes remained unchanged in the intervention groups, while the control
group showed a decreasing nutrient density [43]. These preliminary results suggest that
dietary intervention as part of multimodal lifestyle interventions is feasible in this type of
patient and that further studies are needed to confirm these encouraging results. There is
also evidence of an inverse significant association between adherence to the MedDiet and
other relevant mental health conditions, in particular depression [44].

We have considered some foods for which there is some evidence of neuroprotection
or neurodamage that were available in the questionnaire. For example, red fruits (berries),
which are rich in potent antioxidants such as flavonoids and anthocyanins, have shown
neuroprotective effects, but most of the evidence comes from experimental studies in
animal models or cellular cultures [45]. There are few intervention studies in humans.
A systematic review of studies exploring anthocyanin consumption (i.e., berry juices)
and cognitive outcomes in humans found that 6 of 7 studies reported improvements in
single or multiple cognitive outcomes. However, there were important methodological
limitations because most were small trials with high heterogeneity [46]. Coffee is currently
considered helpful in many aspects [47]. However, in terms of neuroprotection, there is no
consistency in the literature on the association of the positive effects of coffee on long-term
cognition [48,49]. A recent meta-analysis indicated that limited (1–4 cups/day) daily coffee
consumption reduces the risk of AD, whereas excessive consumption (>4 cups/day) might
increase the risk [49]. A recent meta-analysis reported a linear association between tea
intake and risk of dementia, with a significantly decreased risk of dementia for each 1 cup
per day increase in tea consumption [50]. Alcohol consumption has contradictory evidence;
a small amount, less for women, is reported to be protective [51], but some studies that
inhibit any consumption of alcohol state that it is especially harmful to the brain [52].
Preliminary evidence showed some neuroprotective effects of cocoa consumption [53] but
there are still debated results about its potential use in the prevention of cognitive decline
and dementia [54]. Likewise, there is no consensus on the indication of the consumption of
dietary spices for neuroprotection [55]. A recent Mendelian randomization study exploring
the causal relationship between dietary salt intake and dementia risk found strong evidence
of this association [56]. We found a significantly lower consumption of spices and coffee in
AD patients vs. controls and a higher consumption of red fruits and salt in these patients.
However, none of them were significantly associated with the multivariate analysis.

There is also evidence showing that combining a healthy diet with a healthy lifestyle
is associated with a reduced risk of developing dementia [3,41,57–59]. In this regard, a
recent remarkable study using data from 586 deceased participants of the Rush Memory
and Aging Project who were followed for up to 24 years with data on cognitive testing and
lifestyle factors collected close to death and a complete neuropathologic autoptic evaluation
found that a higher lifestyle score was associated with better global cognitive functioning
close to death; in multivariable-adjusted models, a one-point increase in lifestyle score was
significantly associated with higher global cognitive scores. Even when including common
dementia-related brain pathologies in the multivariable-adjusted models the strength and
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significance of the association was maintained. A higher lifestyle score was associated
with lower beta-amyloid load in the brain. Thus, a healthy lifestyle may afford a cognitive
reserve in older adults, contributing to the maintenance of cognitive abilities independently
of the presence of dementia neuropathologies [41].

There are fewer studies considering the role of nutrition in the initial stages of AD in
clinical settings. Due to the lack of an efficacious pharmacological treatment, this evidence is
relevant in order to target modifiable nutritional factors that potentially may help prevent
or delay further cognitive deterioration. Former evidence showed that malnourished
patients with AD display a more rapid cognitive deterioration and progression within one
year when compared with well-nourished patients [60,61]. This has been confirmed by a
recent study showing that participants with a less healthy diet and worse nutritional status
were associated with a higher risk of cognitive decline clinical progression in a sample
of patients with subjective cognitive disease, mild cognitive impairment (MCI), and AD,
that is, across the complete AD spectrum [19]. In addition, this study showed that a lower
fat-free mass, an important indicator of malnutrition [62], was associated with a higher
risk of cognitive deterioration, with a comparable effect extent as BMI. Previous findings
from the same group showed that patients with subjective cognitive decline (considered
one of the earliest noticeable manifestations of AD and related dementias) reporting the
lowest consumption of vegetables had the worst cognitive alterations [63]. Soysal et al.,
in a cross-sectional study, compared the nutritional status and micronutrient levels in
outpatients with different types of dementia (AD, frontotemporal dementia, Lewy body
dementia, vascular dementia, and normal pressure hydrocephalus) and found a prevalence
of malnutrition of 17.2% and a risk of malnutrition in 43.2% of patients, according to the
mini nutritional assessment [64].

A Korean study reported that among persons with an early diagnosis of AD, a re-
duction in cortical thickness was associated with an unhealthy and inadequate nutritional
intake [65]. The course of dementia is very variable; diverse factors contribute to the uneven
progression of cognitive, physical, and functional decline, with nutrition playing a crucial
role [18]. Appropriate nutrition is essential for the proper functioning and repair of body
systems, including the brain and the nervous system [12,66]. Inadequate nutrition is a
frequent condition among older people and even more in residents of nursing homes [67],
who are frequently affected by cognitive decline and dementia. It is confirmed that poor
nutritional status is associated with adverse health outcomes such as increased hospital-
izations, morbidity, and mortality [68]. Nutritional status seems to impact the prognosis
of the progression of functional performance, cognitive decline [19], and behavioral dis-
turbances [21]. A recent retrospective study [69] of the “PROtein enriched MEDiterranean
diet to combat undernutrition and promote healthy neuroCOGnitive ageing” (PROMED-
COG) project evaluated the association between undernutrition and cognitive decline and
incident dementia in 9071 older adults (age range between 42 and 101 years) from three
Italian population-based studies. The authors found a 14.3% prevalence of undernutrition
at baseline, which was higher among women and in older participants, ranging from 3.5%
in those aged <60 years to 28.8% in those aged >85 years. Undernutrition was associated
with both incident cognitive decline and incident dementia over a median follow-up of
8.3 and 8.6 years, respectively [69]. These results highlight the importance of early iden-
tification of inadequate nutritional status because its management may be an important
nonpharmacologic strategy to counteract neurodegeneration. These results highlight the
need for an early detection of malnutrition in order to take action even in the early stages
of the disease [70,71]. Other studies have shown an association between malnutrition, in
particular weight loss, and cognitive decline in persons with dementia [72–74]. There is
evidence that weight loss may precede the onset of AD [75–77], and older adults with lower
BMI had worse cognitive deterioration and an increased risk of incident dementia [78,79].
Other studies have confirmed that low baseline BMI was associated with clinical progres-
sion after two years of follow-up in patients with MCI [80,81]. In our study, participants
with AD and cognitively normal controls had a mean normal to slightly increased BMI,
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but persons with dementia had significantly lower adherence scores to the MedDiet, prob-
ably reflecting a poor-quality diet, which, besides BMI, as already discussed, may have
important consequences from a cognitive and functional point of view. As a matter of fact,
there was a significant correlation between adherence to the MedDiet and self-autonomy,
as well as with cognitive decline. A study including MCI patients suggested that lower
adherence to the MedDiet was associated with a greater risk of progression to AD [16].
The maintenance of functional status is a major goal in geriatric medicine because it is
an essential component of the older adult’s health and quality of life. Functional loss is a
common pathway to many chronic diseases associated with aging, and this is particularly
true in patients with dementia [82]. Maintenance of functional status depends on several
factors, some of which are modifiable, preventable, and reversible, including poor nutri-
tional status [68] or poor-quality diet and lifestyle. Therefore, identifying these modifiable
determinants in old age, especially for people with dementia, is crucial to help improve the
quality of life and reduce disability and dependence [83].

According to widely recognized recommendations, malnutrition screening should be
performed in all people with a diagnosis of dementia, administering food according to the
person’s needs and preferences [17]. Appetite stimulants and oral nutritional supplements
to correct cognitive impairment are not recommended. Conversely, ESPEN guidelines for
nutrition and hydration in geriatrics recommend the use of oral nutritional supplements if
needed in order to prevent protein–energy undernutrition in older adults [68].

We observed a remarkably reduced physical activity in patients with AD. The low
levels of physical activity seen in patients with AD could be related to the progression
of the disease that limits physical activity. It has been shown that exercise can help
cognitive function in all phases of life, probably due to its effects on improving blood
circulation and vascular function by reducing hypertension and increasing nitric oxide
production, thus promoting neuronal brain plasticity and reducing neuroinflamma-
tion [84]. Data support exercise training to improve cognitive function in healthy older
adults, while evidence in AD patients has not been strongly conclusive. This means
that exercise seems to be useful for the management of AD at initial stages and for the
prevention of incident dementia, but it is not yet defined, and no certain recommenda-
tions can be made about the specific exercise recommendations for AD prevention or
treatment. More well-designed research is still needed to be able to recommend it with
certainty. However, there is evidence that people who regularly exercise at a moderate
to vigorous intensity on several days during the week have larger brains compared
to those who do not exercise [85]. In addition, both physical and cognitive activity
seem clearly related to better brain and cognitive resilience markers across cohorts with
differing educational, racial, and disease statuses, supporting their potential neuropro-
tective effects [86], while studies in experimental animals have suggested that myokines
secreted during exercise, such as irisin, may have neuroprotective actions [87].

According to the latest review by the Lancet Commission on dementia [3], there is
evidence reporting that harmonized care and being actively engaged in diverse types
of activities may contribute to reducing depression and neuropsychiatric symptoms and
improve well-being in people with dementia, which may also have relevant benefits for
caregivers. The success of such interventions has been related to personalizing the programs
according to individuals’ interests, abilities, and preferences, and involving the family and
carers. Few studies have evaluated the cost-effectiveness of these types of programs; hence,
further investigations are needed in order to evaluate the requirements and feasibility of
their implementation [3]. Conversely, RCTs of exercise in persons with dementia have
been so far negative for mental health domain improvements in either care homes or
communities [88,89].

A recent international collaborative guideline from European scientific societies and
other stakeholders recommends considering physical activity for the primary prevention
of dementia. The role of physical activity in slowing the progression from MCI to dementia
is still uncertain; the greatest supporting evidence is that of mind–body interventions; the
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guideline recommends that exercise may be used for maintaining the functional ability
and cognition in people with moderate dementia. Even if the scientific evidence on the
beneficial effects of physical activity and exercise in the maintenance of cognitive functions
in persons with normal cognition, MCI, or dementia comes from still inconclusive studies
with very low or low certainty of evidence, the guideline recommends their application
due to their beneficial effects on nearly all facets of health [90].

Some of the mechanisms that may help explain the potential neuroprotective effects
of the MedDiet and exercise include the reduction in neuroinflammation and oxidative
stress, reduced insulin resistance, and improved vascular function and cerebral blood flow.
Neuroinflammation has demonstrated a crucial role in the pathogenesis of AD [43]. Neu-
roinflammation is characterized by a primary immune reaction to brain injury mediated by
key pro-inflammatory cytokines involving the activation and priming of glial cells, during
which microglia exert macrophage-like functions such as vital surveillance, scavenging,
antigen presentation, and cell repair [91]. The released cytokines increase blood–brain
barrier permeability [92], which increases their own concentrations in the brain and in-
tensifies microglia’s pro-inflammatory responses [93]. Several components of MedDiet
exert antioxidant and anti-inflammatory actions that may contribute to attenuating the
neuroinflammatory state [94,95]. Various polyphenols (e.g., tyrosol, anthocyanins, and
isoflavones) have been found in extra-virgin olive oil, vegetables, fruits, nuts, and legumes
and have demonstrated anti-inflammatory properties by modulating various pathways
involved in oxidative stress, inflammatory mediators, and promoting cell survival mech-
anisms [96]. Moreover, the gut–brain axis has recently been proposed as a key player
influencing multiple states or diseases, being susceptible to modification by factors such
as diet [97]. Likewise, although physical activity and exercise are considered an essential
strategy for the prevention and treatment of AD, their specific mechanisms for ameliorating
AD are still not fully understood. Nevertheless, there is evidence highlighting their role
in reducing neuroinflammatory responses even in the early stages [98] as well as a promi-
nent role in the prevention of hypertension, diabetes, and the resulting cardiovascular
damage [99], all recognized risk factors for developing AD (Figure 3).

Figure 3. Some mechanisms that may help explain the neuroprotective effects of the Mediterranean
diet and physical activity/exercise in the prevention of AD. MUFA: mono-unsaturated fatty acids.

The findings of our study should be interpreted within its limitations. First, it was
conducted on a relatively small group of patients. When separating the groups by sex,
the numbers were small and did not consent analyses comparing data from men and
women; therefore, future studies are needed to include a larger number of participants
from both sexes. Second, any cross-sectional study biases due to sampling, length-time
bias, and residual confounding cannot be excluded, as well as the inability to establish a
clear temporal association between exposure and outcome, preventing any conclusion of
causality. Third, unfortunately, we did not have complete data on other crucial variables
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that may have an impact on cognitive decline and dementia, such as socioeconomic status,
educational level, loneliness, and sleep quality/disorders. We also did not have information
on other nutritional components that may be relevant to dementia risk, such as fiber,
sweetened beverages, or ultra-processed food. Furthermore, age-matched case–control
studies have several limitations, as indicated in two studies [100,101]. First, matching
does not eliminate confounding; it may introduce selection bias if age is associated with
exposure. Second, matching for age may distort dose–response relationships between age
and outcomes. Finally, residual confounding requires complex adjustments and challenging
interpretation. The strength of our study is that it is one of the few studies exploring the
adherence of the high-quality Mediterranean diet and physical activity among patients
who already have a diagnosis of Alzheimer’s disease.

5. Conclusions

Alzheimer’s disease patients had low adherence to the Mediterranean diet and very
low levels of physical activity, reflecting unfavorable diet quality and lifestyle. Further atten-
tion is needed in these already compromised patients because of the possible implications
of the increased risk of malnutrition and faster disease progression.
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Abstract: Background/Objectives: Vitamin D’s effect on risk health outcomes is often evaluated
using prospective cohort studies. For vitamin D, risk ratios (RRs) are based on health outcomes with
respect to serum 25-hydroxyvitamin D [25(OH)D] concentrations measured at time of enrollment.
Serum 25(OH)D concentrations vary over time, thereby diluting the effect of 25(OH)D for long
follow-up periods. Inverse relationships between RR and follow-up period have been reported for
all-cause mortality rate and cancer incidence rates. Here, the effect for neurological outcomes is
evaluated. Methods: The analysis examines how follow-up period affected results from nine cohort
studies of all-cause dementia, six studies of Alzheimer’s disease, and nine for cognitive impairment
with respect to vitamin D deficiency. Results: For all-cause dementia, Alzheimer’s disease, and
cognitive impairment, respectively, the linear regression fits are RR = 2.9 − 0.14 × years, r = 0.73,
p = 0.02; RR = 2.9 − 0.14 × years, r = 0.69, p = 0.13; and RR = 1.8 − 0.066 × years, r = 0.72, p = 0.03.
The regression fit to RR for the shortest follow-up period for each outcome is considered the best
estimate of vitamin D deficiency’s effect on risk. Those values are approximately twice that found by
averaging all RRs without considering the effect of follow-up period. Conclusions: Vitamin D’s effect
on risk of neurological conditions is inversely correlated with mean follow-up period in prospective
cohort studies. This effect should be considered in the design and analysis of such studies. Additional
studies should also be conducted regarding raising serum 25(OH)D concentrations to reduce risk of
brain function decline.

Keywords: Alzheimer’s disease; cognitive impairment; dementia; follow-up period; neurological
conditions; risk; vitamin D deficiency

1. Introduction

Prospective cohort studies are often used to ascertain how lifestyle, diet, nutrients,
lifestyle, and biomarkers are related to health outcomes. The standard procedure is to
enroll participants, obtain values for factors to be studied and those that might affect the
outcome, monitor participants for several years, and note changes in the health condition of
interest. Because serum 25-hydroxyvitamin D [25(OH)D] concentrations change for various
reasons, relying only on the 25(OH)D concentration measured at the time of enrollment
is problematic.

Since at least 1999, researchers have known that long-term follow up in prospective
studies results in ”regression dilution” [1]. Of the articles consulted in preparing this article,
only Kuzma and colleagues (2016) [2] cited that article. Since 2011, that same effect has
been found in prospective cohort studies regarding serum 25(OH)D and cancer [3] and,
since 2012, all-cause mortality rate [4]. An observational study in Norway reported that
“depending on the method of adjusting for season, the correlation coefficient between
serum 25(OH)D measurements from 1994 and 2008 ranged from 0.42 to 0.52” [5]. A more
recent report showed that the analysis of the risk of colorectal cancer with respect to serum
25(OH)D concentration on the basis of prospective cohort studies [6] was incorrect because
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the researchers had not realized that men had nearly four times the rate of change in relative
risk (RR) with respect to follow-up time as women (Figure 1 in [7]).

The article by Zhang and colleagues [8] regarding the association between vitamin D
levels and risk of dementia, Alzheimer’s disease (AD), and cognitive impairment forms the
basis for the present article. The authors used the standard random effects model regarding
17 prospective cohort studies with 486,921 individuals. For dementia with respect to
vitamin D deficiency (VDD), RR = 1.42 (95% confidence interval [CI], 1.21–1.65). However,
that analysis did not consider the effect of each study’s mean follow-up period. The present
study plots the RR values for the various health outcomes vs. mean follow-up period. The
plots show that RR is highest for the shortest follow-up periods and declines to near 1.00 for
follow-up periods near 13 years. This study examines the implications of follow-up period
in prospective cohort studies on the estimation of the effect of VDD on risk of the three
adverse brain health outcomes. The analysis suggests that using the RR for the prospective
studies with the shortest follow-up period results in an estimate of the effect of VDD being
about twice as high as from an analysis that ignores the length of follow-up period.

2. Materials and Methods

The sources of the data used in this study were obtained from two meta-analyses [8,9]
as well as a search of Google Scholar for additional studies not included in those two
meta-analyses. All of the studies in the meta-analyses were added to the data tables in
this study. However, studies that did not provide follow-up period, the comparison of
serum 25(OH)D concentration between participants with or without adverse brain health,
or were based on dietary vitamin D intake were not included in the analyses. One study,
(Graf, 2014) [10], was omitted from the dementia analysis due having a very large range of
95% CI.

To evaluate how follow-up period affects risk of dementia with respect to VDD, several
sources were used. Much of the data are from Figure 2 from Zhang and colleagues [8]
plus the results from Figure 2 in Chen and colleagues [9]. Data for AD were obtained
from Figure 3a in Zhang and colleagues [8]. Data for cognitive impairment (CogImp) are
from Figure 3b in Zhang and colleagues [8]. Years of follow-up were obtained from Chen
and colleagues [9] or from the original studies. Tables 1–5 show the relevant information
regarding the data in the cohort studies. For dementia, mean ages of participants at baseline
ranged from 53 (SD 17) to 85 (SD 7) years. The mean 25(OH)D concentrations for studies
that gave values ranged from 32 (standard deviation [SD] 25) to 69 ± 19 nmol/L. The
25(OH)D comparisons included <25 versus >50 mol/L, <50 versus >50 mol/L, <50 versus
≥75 nmol/L, and so on. The mean follow-up period ranged from 5.6 to 30 years. For
CogImp, mean ages of participants at baseline ranged from 67 ± 5 to 74 (SD 7) years.
Mean 25(OH)D concentrations for studies that gave values ranged from 50 (SD 21) to
84 (SD 54) nmol/L. The 25(OH)D comparisons included <25 versus ≥50 mol/L, <50 versus
≥75 nmol/L, and so on. The mean follow-up period ranged from 4.0 to 13 years.

In the analysis, it is assumed that the only important factor is the mean follow-up
period. Though values for various factors could affect the HR, in the analysis it appears that
they are smaller than the effect of follow-up period. Studies with mean follow-up period
greater than 15 years were omitted because those periods were considered too long to yield
meaningful data. One study (Graf, 2014 [10] was omitted from the dementia analysis due
to having very large 95% CI range due to the low numbers of participants and those who
developed dementia.
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Table 1. Data for vitamin D deficiency and risk of dementia or Alzheimer’s disease from Figure 2
and Figure 3a in Zhang and colleagues (2024) [8] plus a recent study from the UK Biobank [11].

Country
Mean Age (±SD)

(yrs)
NT ND NAD Author, yr, Ref.

USA 74 ± 5 1658 171 102 (Littlejohns, 2014) [12]

Germany 84 ± 3 861 F, 473 M 250 209 (van Lent, 2022) [13]

Israel 53 ± 17 2454 F, 1824 M 133 Kiderman, 2023) [14]

UK 64.6 13,486 283 101 (Geng, 2022) [15]

USA 72 ± 7 1663 267 208 (Karakis, 2016) [16]

Norway 78 790 F, 644 M 324 (Asante, 2023) [17]

France 73 ± 5 916 177 124 (Féart, 2017) [18]

Sweden 71 1182 M 250 M 116 M (Olsson, 2017) [19]

The Netherlands 69 ± 8 3462 F, 2625 M 795 641 (Licher, 2017) [20]

UK 62 ± 3 140,857 F, 128,372 M 7087 3616 (Chen, 2024) [11]

Omitted

Switzerland 85 ± 7 147 F, 53 M 46 (Graf, 2014) [10]

USA 62 793 B, 859 W 145 (Schneider, 2014) [21]

Finland Cases: 69 ± 7
Noncases: 56 ± 10 2724 F, 2286 M 100 F, 51 M (Knekt, 2014) [22]

USA 57 ± 6 13,039 1323 (Fashanu, 2019) [23]

Denmark 58 10,186 418 92 (Afzal, 2014) [24]

Key: B, black; F, female; M, male; NAD, number developing Alzheimer’s disease; ND, number with dementia; NT,
total; SD, standard deviation; W, white.

Table 2. Data for vitamin D deficiency and risk of dementia from Figure 2 in Chen and colleagues [9]
and Figure 2 in Zhang and colleagues (2024) [8].

Mean BMI
(±SD)

(kg/m2)

Mean 25(OH)D
(±SD) (nmol/L)

25(OH)D Comparison
(nmol/L)

Mean
Follow-Up (yrs)

RR
(95% CI)

Author, yr, Ref.

27 ± 5 <25 vs. >50 5.6 2.18
(1.18–4.02) (Littlejohns, 2014) [12]

27 ± 6 54 ± 24 <25 vs. >50 7 2.38
(1.31–4.23) Kiderman, 2023) [14]

27 ± 5 63 ± 28 9 1.00
(0.58–1.72) (Karakis, 2016) [16]

27 ± 3 50 ± 21 <50 vs. >50 10 1.09 (0.64–1.83) (Asante, 2023) [17]

26 ± 4 <50 vs. >50 11.4 2.12
(1.21–3.71) (Féart, 2017) [18]

26 ± 3 69 ± 19 <50 vs. ≥75 12 0.86
(0.58–1.30) (Olsson, 2017) [19]

27 ± 4 49 (IQR 30–69) <25 vs. >50 13.3 1.22
(0.98–1.54) (Licher, 2017) [20]

27 ± 4 50 ± 21 <50 vs. >50 13.6 1.25
(1.16–1.34) (Chen, 2024) [11]

Omitted from analysis due to long follow-up period

23 ± 4 32 ± 25 <25 vs. >75 2 2.85
(0.45–17.95) (Graf, 2014) [10]

27 ± 5, W 64 ± 20 W; High vs. low tertile 16.6 1.30
(0.62–2.71) (Schneider, 2014) [21]

30 ± 6, B 43 ± 16 B High vs. low tertile 16.6 1.81
(0.33–6.50) (Schneider, 2014) [21]

26 ± 4 F Cases: 40 ± 20
Noncases: 43 ± 17 High vs. low quartile 17 3.03

(1.37–6.69) (Knekt, 2014) [22]
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Table 2. Cont.

Mean BMI
(±SD)

(kg/m2)

Mean 25(OH)D
(±SD) (nmol/L)

25(OH)D Comparison
(nmol/L)

Mean
Follow-Up (yrs)

RR
(95% CI)

Author, yr, Ref.

26 ± 4 M Cases: 40 ± 20
Noncases: 43 ± 17 High vs. low quartile 17 1.35

(0.53–3.44) (Knekt, 2014) [22]

28 ± 5 61 ± 22 <25 vs. >50 20 1.24
(1.05–1.48) (Fashanu, 2019) [23]

25 ± 3 45 (M)
40 (F) <25th vs. >50th percentile 30 1.27

(1.01–1.60) (Afzal, 2014) [24]

Key: 25(OH)D, 25-hydroxyvitamin D; 95% CI, 95% confidence interval; B, black; BMI, body mass index; F, female;
IQR, interquartile range; M, male; RR, relative risk; SD, standard deviation; W, white.

Table 3. Data for vitamin D deficiency and risk of Alzheimer’s disease from Figure 2 in Chen and
colleagues [9] and Figure 3a in Zhang and colleagues (2024) [8].

Mean BMI
(±SD)

(kg/m2)

Mean 25(OH)D
(±SD) (nmol/L)

25(OH)D Comparison
(nmol/L)

Mean Follow-Up
(yrs)

RR
(95% CI)

Author, yr, Ref.

27 ± 5 <25 vs. >50 5.6 2.20
(1.01–4.80) (Littlejohns, 2014) [12]

26 ± 4 37 (IQR 25–58) <25 vs. >50 7 2.28
(1.47–3.53) (van Lent, 2022) [13]

31 ± 5 <25 vs. >50 8.5 1.72
(1.02–2.91) (Geng, 2022) [15]

27 ± 5 63 ± 28 9 0.72
(0.37–1.42) (Karakis, 2016) [16]

26 ± 4 <50 vs. >50 11.4 2.85
(1.36–5.97) (Féart, 2017) [18]

26 ± 3 69 ± 19 <50 vs. ≥75 12 1.19
(0.67–2.12) (Olsson, 2017) [19]

27 ± 4 50 ± 21 <50 vs. >50 13.6 1.19
(1.07–1.31) (Chen, 2024) [11]

Omitted from analysis due to long follow-up period

Key: 25(OH)D, 25-hydroxyvitamin D; 95% CI, 95% confidence interval; BMI, body mass index; RR, relative risk;
SD, standard deviation.

Tables 4 and 5 give the data associated with the CI studies. The numbers of cognitively
normal participants at baseline and the number who developed CI are for those in the
25(OH)D categories used in the HR or OR analyses.

Table 4. Data for vitamin D deficiency and risk of cognitive impairment from Figure 3b in Zhang and
colleagues (2024) [8].

Country
Mean Age

(±SD)
(yrs)

N NCI Test Author, yr, Ref.

USA 74 ± 5 1812 F 446, 409 MMSE, TMTB (Slinin, 2012) [25]
Italy 74 ± 7 1208 F, 719 M 466 MMSE (Toffanello, 2014) [26]
USA 74 ± 6 806 M 126 MMSE, TMTB (Slinin, 2010) [27]
Italy 74 ± 7 487 F, 370 M MMSE (Llewellyn, 2011) [28]
USA 72 ± 3 1750 F, 832 M 324 BVRT (Kuzma, 2016 [CHS]) [2]
Chile 67 ± 5 666 F, 289 M 54 MMSE (Marquez, 2022) [29]

Norway 78 790 F, 644 M 717 MoCA (Asante, 2023) [17]
Sweden 71 1182 M 80 MMSE (Olsson, 2017) [19]

The Netherlands 74 ± 6 1010 F, 820 M 346 RAVLT (Kuzma, 2016 [LASA]) [2]

Key: BVRT, Benton Visual Retention Test; CHS, Cardiovascular Health Study; F, female; LASA, Longitudinal Aging
Study Amsterdam; M, male; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; N,
number of participants; NCI, number with cognitive impairment; RAVLT, Rey’s Auditory Verbal Learning Test;
SD, standard deviation; TMTB, Trail Making Test Part B.
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Table 5. Data for vitamin D deficiency and risk of cognitive impairment from Figure 3b in Zhang and
colleagues (2024) [8].

Assessment (yrs)
Mean BMI

(±SD)
(kg/m2)

Mean 25(OH)D
(±SD) (nmol/L)

25(OH)D
Comparison

(nmol/L)

Mean
Follow-Up

(yrs)

RR
(95% CI)

Author, yr, Ref.

2 and 4 26 ± 5, F <25 vs. ≥75 4.0 1.45
(1.10–1.86) (Slinin, 2012) [25]

4 27 ± 3 84 ± 54 <50 vs. ≥75 4.4 1.36
(1.04–1.80) (Toffanello, 2014) [26]

4.6 27 ± 3, M <50 vs. ≥75 4.6 1.29
(0.91–1.74) (Slinin, 2010) [27]

3 and 6 52 ± 37 <25 vs. ≥75 5.2 1.64
(1.20–2.05) (Llewellyn, 2011) [28]

Annual 27 ± 5 <25 vs. ≥50 6.5 1.73
(1.22–2.45) (Kuzma, 2016 [CHS]) [2]

? 29 ± 5, F
28 ± 4, M

Cases: 58 ± 32
Noncases: 71 ± 38 30–48 vs. >75 9.6 1.25

(0.64–2.85) (Marquez, 2022) [29]

27 ± 3 50 ± 21 <50 vs. >50 10 1.06
(0.73–1.44) (Asante, 2023) [17]

26 ± 3 69 ± 19 <50 vs. ≥75 12 0.67
(0.31–1.36) (Olsson, 2017) [19]

Every 3–4 27 ± 4 <25 vs. ≥50 13 1.12
(0.84–1.48) (Kuzma, 2016 [LASA]) [2]

Key: 25(OH)D, 25-hydroxyvitamin D; 95% CI, 95% confidence interval; BMI, body mass index; F, females; HR,
hazard ratio; M, males; RR, relative risk; SD, standard deviation.

These data were used to examine the effect of follow-up period in the risk of dementia,
AD, and CogImp as shown in the results section.

3. Results

In the analysis for dementia, omitted were one study with high uncertainty, account-
ing for only 0.7% of the weight, and three studies with follow-up periods of 17+ years.
Two studies were conducted, one with 11 studies and one with 10, omitting Féart and
colleagues [18]. The linear fit to the data with 11 studies is RR = 2.8 − 0.12 × years, r = 0.59,
p = 0.03. The linear fit to the data with 10 studies is RR = 2.9 − 0.14 × years, r = 0.73, p = 0.02
(Figure 1). If the Graf study [10] is included, the regression fit is RR = 3.0 − 0.16 × years,
r = 0.84, p = 0.001. (For 13.3 years, two studies reported RR = 1.22.) Chen and colleagues [9]
calculated a pooled RR = 1.39 (95% CI, 1.14–1.47) for low vs. high 25(OH)D concentration
based on data from 12 prospective cohort studies. Zhang and colleagues (2024) calculated
an estimated pooled RR of 1.42 (95% CI, 1.21–1.65) for low vs. high 25(OH)D concentra-
tion based on data from 17 prospective cohort studies. For the shortest follow-up period,
5.6 years, the RR for the analysis with 10 studies is 2.1 (95% CI, 1.04–3.9), 2.6 times higher
than the value from Zhang and colleagues, though with much larger 95% CIs.

For the RR of AD versus 25(OH)D concentration as a function of follow-up period,
two analyses were conducted. In the analysis with seven studies with less than 15 years
of mean follow-up period in Zhang and colleagues (2024) [8] plus Chen and colleagues
(2024) [11], the regression fit to the data was RR = 2.5 − 0.08 × years, r = 0.32, p = 0.48. With
Féart and colleagues [18] omitted, the regression fit to the data was RR = 2.9 − 0.14 × years,
r = 0.69, p = 0.13 (Figure 2). The estimated pooled RR in Zhang and colleagues [8] is 1.57
(95% CI, 1.15–2.14). The value in this article for the six studies for the shortest follow-up
period, 5.6 years, is 2.12 (95% CI, 1.01–4.13). That estimate is 2.0 times higher than the
estimate from Zhang and colleagues but again with higher 95% CI values.
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Figure 1. Scatter plot of relative risk (RR) versus low to high 25(OH)D concentration for dementia
with respect to mean follow-up period less than 15 years from Figure 2 in Zhang and colleagues
(2024) [8] plus Chen and colleagues (2024) [11] but omitting Féart and colleagues (2017) [18]. Key:
95% CI, 95% confidence interval.

Figure 2. Relative risk (RR) for AD versus low to high 25(OH)D concentration versus mean follow-up
period from Figure 3a in Zhang and colleagues (2024) [8] plus Chen and colleagues (2024) [11] but
omitting Féart and colleagues (2017) [18]. Key: 95% CI, 95% confidence interval.
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The analysis for CI versus 25(OH)D concentration as a function of follow-up period
used six of the 10 studies in Figure 3b from Zhang and colleagues (2024) [8], with one study
omitted that had very large 95% CI values and three with follow-up times less than 5 years.
The regression fit to the data is RR = 2.3 − 0.11 × years, r = 0.88, p = 0.02. (If three studies
with mean follow-up period between 4.0 and 4.6 years are added, RR = 1.8 − 0.066 × years,
r = 0.72, p = 0.03). Figure 3 is a scatter plot of the data used in the analysis. The estimated
pooled RR in Zhang and colleagues (2024) [8] for data from seven prospective cohort studies
is 1.34 (95% CI, 1.19–1.52). The estimated pooled RR for AD for low vs. high 25(OH)D
concentration from six prospective cohort studies in Chen and colleagues (2018) [9] is 1.28
(95% CI, 1.00–1.67). The value in this article for the six studies for the shortest follow-up
period, 4 years, is 1.73 (95% CI, 1.15–2.04). That estimate is 2.1 times higher than the
estimate from Zhang and colleagues but again with higher 95% CI values.

Figure 3. Relative risk (RR) for cognitive impairment versus low to high 25(OH)D concentration with
regression fit to follow-up period for six studies with mean follow-up periods from 5 to 13 years from
Figure 3b in Zhang and colleagues (2024) [8]. Key: 95% CI, 95% confidence interval; RR, risk ratio.

The implications of the findings regarding follow-up period and risk of dementia, AD,
and CogImp are discussed in the next section.

4. Discussion

As shown in the work of Clarke and colleagues [1], values for biological factors
change over time. Therefore, apparent health effects related to those factors are reduced in
long-term follow-up prospective studies. Serum 25(OH)D concentrations can change for
several reasons.
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Vitamin D production from solar UVB exposure decreases with age [30]. A recent
experimental study reported that vitamin D production from sun exposure decreases by
13% per decade of life [31].

Serum 25(OH)D concentration is generally inversely correlated with body mass index
(BMI; kilograms of mass per square meter of body surface area). For example, in the
dementia study from Israel [14], mean BMI was 25 ± 4 kg/m2 for 25(OH)D concentrations
> 75 nmol/L, increasing to 29 ± 7 kg/m2 for 25(OH)D < 25 nmol/L. Thus, if BMI changes,
25(OH)D concentration should also change.

Serum 25(OH)D concentration also is associated with dietary animal product content,
especially for fish and meat [32]. If those components of diet change, 25(OH)D will change.

Fortifying food with vitamin D can change 25(OH)D, as it did in Finland, where that
approach was approved at the end of 2002 [33]. Measurements of 25(OH)D and dietary
assessments of 3650 participants in 1997 at 31 years of age and again in 2012–2013 at 46 years
of age determined that fortified foods accounted for most of a 10.6-nmol/L increase in
25(OH)D from 54 ± 19 to 65 ± 19 nmol/L [34].

A 2017 letter to the editor reported changes in daily vitamin D supplementation with
1000 IU or more from data collected in the U.S. National Health and Nutrition Survey [35].
Prevalence for people ≥70 years increased from 1.5% (95% CI, 1.1%–2.0%) in 2005–2006
to 8.6% (95% CI, 5.6%–13.1%) in 2007–2008, and up to 38.5% (95% CI, 31.5%–45.7%) in
2013–2014. The Norwegian study noted that 33% of participants had changes in 25(OH)D
concentrations over 10 years [17].

These results have implications for long-duration prospective cohort studies with
respect to 25(OH)D concentration. One way is to measure the important factors at least
every 4 years. That is the approach taken in Harvard University prospective studies of diet
and risk of disease, for example, Bernstein and colleagues [36]. An added advantage of that
approach is that the latency period between risk factor and health effect can be determined.
In that study, the latency period between dietary meat intake and incidence of colorectal
cancer was determined to be about 4–8 years. Another way is to perform analyses for
various follow-up periods during the study such as for each 3–5 years without remeasuring
the values of the biological factors.

The health benefits of vitamin D status may become apparent much more quickly than
for diet in the incidence of adverse health outcomes. For example, a vitamin D randomized
controlled trial (RCT) was conducted regarding progression from prediabetes to type 2
diabetes mellitus [37]. The vitamin D dose was 4000 IU/day and the median follow-up
time was 2.5 years. When the results were reanalyzed, the HR for diabetes for an increase
of 25 nmol/L in intratrial 25(OH)D level was 0.75 (95% CI, 0.68–0.82) in the vitamin D
treatment arm and 0.90 (95% CI, 0.80–1.02) in the placebo arm.

The shortest follow-up periods for the prospective cohort studies included in this
study were 5.6 years for dementia and AD and 4 years for cognitive impairment. It may be
the case that raising serum 25(OH)D concentrations through vitamin D supplementation
or UVB irradiance could reduce the risk of developing these brain diseases or slow their
progression in much shorter time periods.

The evidence that vitamin D reduces risk of AD was reviewed in 2023 in the Journal
of Alzheimer’s Disease [38]. Some important mechanisms include reduced risk of insulin
resistance (IR) and inflammation. The mechanisms linking brain insulin/insulin-like
growth factor resistance include impaired function of glucose transporter 4, changes in
insulin receptor function, energy deficit, increased oxidative stress, and hyperglycemia
(see Table 1 in Nguyen and colleagues [39]). A 2019 review discussed vitamin D’s role in
reducing IR [40]. The mechanisms include maintaining normal levels of reactive oxygen
species and ionized calcium, thereby reducing epigenetic changes associated with insulin
resistance such as oxidative stress and inflammation.

Therefore, a search was conducted for the effect of vitamin D supplementation regard-
ing health outcomes related to neurodegenerative diseases to ascertain whether supple-
mentation is promising and what time scales are involved. A 3-month study involving

30



Nutrients 2024, 16, 3211

elderly people with metabolic disorders showed that supplementation with 2000 IU/day
of vitamin D significantly decreased the homeostatic model assessment for insulin and
decreased oxidative DNA damage [41]. In addition, supplementation reduced metabolic
parameters connected with IR and improved glucose and lipid metabolism.

A 2023 review by Lason and colleagues examined the vitamin D receptor as a po-
tential target for age-related neurodegenerative diseases [42]. The review mentioned a
study investigating the effect of vitamin D supplementation involving mild CogImp (MCI)
patients [43]. That study included 16 MCI patients, 11 very early AD (VEAD) patients, and
25 healthy control subjects. Patients with 25(OH)D concentrations lower than 75 nmol/L
were supplemented with 50,000 IU of vitamin D3 once a week for 6 weeks, followed by
1500–2000 IU/day for 18 months. In MCI but not VEAD patients, lymphocyte susceptibility
to death improved significantly after 6 months. After 18 months, Montreal Cognitive
Assessment scores improved in MCI patients but not in VEAD patients. Because MCI is
an important risk factor for AD [44,45], this finding supports the role of higher 25(OH)D
concentrations in reducing risk of AD.

In addition, that review [42] included Table 1 with information for eight observational
and vitamin D supplementation RCTs regarding late-life cognition, dementia, and AD.
Three of those studies reported results of interest for this article. An 18-week RCT compared
4000 versus 400 IU/d vitamin D3 effects on visual memory [46]. Participants in the high-
dose group increased mean serum 25(OH)D concentration from 67 ± 20 to 131 ± 26 nmol/L,
whereas concentration in the low-dose group increased from 61 ± 22 to 86 ± 16 nmol/L.
Those in the high-dose group with baseline 25(OH)D concentration < 75 nmol/L increased
performance in the Pattern Recognition Memory-Delayed task from 86 (SD 14) to 94 (SD
8) (p = 0.005). The change in the low-dose group had p = 0.61. No additional significant
differences in cognitive function tests were apparent among the other 11 tests for people
with 25(OH)D < 75 nmol/L.

A vitamin D supplementation RCT in AD patients conducted in China reported
the best results regarding cognitive function [47]. A total of 105 AD patients who re-
ceived 800 IU/d of vitamin D increased serum 25(OH)D concentrations from 47 ± 7 to
57 ± 4 nmol/L by the end of the year. The 105 participants in the control group decreased
25(OH)D from 49 ± 3 to 47 ± 3 nmol/L. The mean BMI in each group was 25 ± 3 kg/m2.
People in the vitamin D treatment group had modest increases in full-scale IQ, information,
digit span, vocabulary, block design, and picture arrangement, whereas participants in the
control group had modest-to-large reductions in all those parameters. The p-values for the
time and group effects for the vitamin D treatment group compared with the control group
were significant to p < 0.001 for all but the vocabulary (p = 0.15 for time effect) and block
design (p = 0.02). That RCT showed that vitamin D supplementation could significantly
improve cognitive function in AD patients. Thus, that intervention study suggests that
vitamin D supplementation can rapidly reduce AD risk factors.

As shown in Figures 1–3, RR values increased linearly to the shorter mean follow-up
time used for each analysis. However, three studies not included in the regression analysis
for CogImp had lower RR than expected from the regression fit to the other six studies.
Thus, vitamin D status can affect risk of overall dementia, AD, and CogImp in as little as
5 years. Therefore, any prospective studies of neurodegeneration should measure serum
25(OH)D concentrations at least every 5 years. Harvard has participants in its health studies
complete food frequency questionnaires every 4 years [48].

Another measure that should be implemented is to seasonally adjust 25(OH)D con-
centrations. Many observational studies cited here measured 25(OH)D concentrations at
different times of the year and then averaged the values. In the United States, mean adult
wintertime serum 25(OH)D concentrations are about 75% of summertime values [49]. In
addition, whenever results of meta-analyses of prospective studies are used scientifically
or for health policy recommendations, the analyses should be reevaluated with respect to
follow-up periods. Also, standardizing 25(OH)D concentration measurements would be
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helpful since 25(OH)D measured values vary with different assays and instruments. See,
for example, Sempos and colleagues (2018) [50].

Low 25(OH)D concentrations have been causally linked to increased risk of AD
through Mendelian randomization (MR) studies. MR studies use genetic variants such as
alleles of genes involved in the vitamin D pathway to randomize populations. Large-scale
vitamin D genome-wide association study (GWAS) datasets are used to determine the
relationship between alleles and serum 25(OH)D concentrations [51]. These GWAS data
are then used with other large datasets that report health outcomes of interest. With very
large datasets, this approach randomizes the effects of other influences on serum 25(OH)D
concentration. MR studies are considered capable for causal inference in epidemiological
studies [52]. A 2016 MR study found genetically determined serum 25(OH)D concentrations
inversely correlated with risk of AD [53]. It included data from an observational study
with 17,008 AD cases and 37,154 controls. A 2020 MR study used data from the UK
Biobank [51]. It used GWAS data from the International Genomics of Alzheimer’s Project
and UK Biobank with individuals aged 60 years and over. Six alleles were used in the
analysis. For the International Genomics of Alzheimer’s Project dataset, the OR for AD per
one SD increase in 25(OH)D concentation was 0.64 (95% CI, 0.46–0.89). For the UK Biobank
dataset, the OR for AD per one SD increase in 25(OH)D concentation was 0.88 (95% CI,
0.73–1.06). The data from the UK Biobank were based on father’s or mother’s history of
AD or dementia, an indirect measure of risk. A 2022 nonlinear MR analysis of 25(OH)D
concentration and incidence of dementia based on UK Biobank data found for serum
25(OH)D concentration of 10 ng/mL compared to 20 ng/mL and adjusted HR = 1.54 (95%
CI, 1.21–1.96) [54]. No RCT has demonstrated that vitamin D supplementation reduces
risk of AD. That is probably due to the fact that risk appears to be greatest below serum
25(OH)D concentration = 10 ng/mL, and it is difficult to impossible to enroll enough
particapants with such low concentrations in most countries.

Thus, one way to reduce risk of AD is to supplement with vitamin D. A recent review
outlined the evidence that supplementing with 2000 IU/day of vitamin D might be an
appropriate way for many people to avoid VDD [55]. However, supplementation may
not be effective for obese people and may not reduce risk of AD as a result of the higher
systemic inflammation from visceral adipose tissue. A meta-analysis of 13 RCTs with
1955 overweight and obese subjects with low 25(OH)D concentrations found that vitamin D
supplementation did not influence the inflammatory biomarkers C-reactive protein, tumor
necrosis factor-α, and interleuken-6 concentrations [56].

5. Conclusions

Vitamin D’s effect on risk of neurological conditions is inversely correlated with mean
follow-up period in prospective cohort studies. This effect should be considered in the
design and analysis of such studies. As shown in the analysis in this article, using the HR
or OR for the shortest follow-up period increases the apparent beneficial effect of high
vs. low 25(OH)D concentration on risk of three adverse brain outcomes by about a factor
of two compared to analyses without considering follow-up period. Additional studies
should also be conducted regarding raising serum 25(OH)D concentrations to reduce risk
of brain function decline.
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Abstract: Worldwide, the number of individuals suffering from visual impairment, as well as those
affected by blindness, is about 600 million and it will further increase in the coming decades. These
diseases also seriously affect the quality of life in working-age individuals. Beyond the characteriza-
tion of metabolic, genetic, and environmental factors related to ocular pathologies, it is important to
verify how lifestyle may participate in the induction of the molecular pathways underlying these
diseases. On the other hand, scientific studies are also contributing to investigations as to whether
lifestyle could intervene in modulating pathophysiological cellular responses, including the produc-
tion of metabolites and neurohormonal factors, through the intake of natural compounds capable
of interfering with molecular mechanisms that lead to ocular diseases. Nutraceuticals are promis-
ing in ameliorating pathophysiological complications of ocular disease such as inflammation and
neurodegeneration. Moreover, it is important to characterize the nutritional patterns and/or natural
compounds that may be beneficial against certain ocular diseases. The adherence to the Mediter-
ranean diet (MeDi) is proposed as a promising intervention for the prevention and amelioration
of several eye diseases. Several characteristic compounds and micronutrients of MeDi, including
vitamins, carotenoids, flavonoids, and omega-3 fatty acids, are proposed as adjuvants against several
ocular diseases. In this review, we focus on studies that analyze the effects of MeDi in ameliorating
diabetic retinopathy, macular degeneration, and glaucoma. The analysis of knowledge in this field is
requested in order to provide direction on recommendations for nutritional interventions aimed to
prevent and ameliorate ocular diseases.

Keywords: Mediterranean diet; retinopathy; diabetic retinopathy; age-related macular degeneration;
glaucoma; Nrf2

1. Introduction

Eye diseases have a serious influence on overall quality of life, health, and the pos-
sibility of obtaining an appropriate education, developing one’s own capabilities in the
working environment, and contributing to sustainable development, and these conditions
ultimately affect the economy and well-being across society. Indeed, the effects of visual
impairment are not limited to daily routines, while they have a negative effect on both
psychological and cognitive development by affecting educational and employment possi-
bilities [1]. Moreover, impaired vision is a predisposing factor for various health disorders,
including cardiovascular illness, dementia, cancer, and depression [2].

It has been estimated that about 600 million people have visual impairment and the
large majority of these patients can be cured only with high-cost therapies [3]. Notably,
43 million people exhibit partial or complete blindness, while about 500 million patients
show poor socio-economic conditions that block them from ameliorating their vision
impairment because they cannot afford the cost of reading glasses [3]. Indeed, vision
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impairment shows a more elevated prevalence in women and people living in rural areas,
creating a vicious circle that exacerbates poverty and the low educational level of such
people, affecting their ability to improve their socio-economic conditions.

Poor educational and socio-economic conditions are associated with a poor food
supply. Interestingly, inadequate dietary patterns are associated with an enhanced risk
of developing eye diseases. Considering the high cost needed to cure vision impairment,
a good diet can exert preventive action against eye diseases that can lead to blindness.
However, in highly developed countries, a good standard of living does not necessarily
ensure an amelioration of the quality of life, especially in the quality of aging. Indeed,
despite higher levels of education, poor lifestyle choices can promote inadequate nutrition,
increasing the risk of chronic and degenerative diseases [4]. The Mediterranean diet (MeDi)
is considered a healthy diet that is very efficient for the prevention of several diseases [5]. It
is characterized by several healthy components and is not expensive; thus, it is a sustainable
resource for the prevention of visual impairment. Herein, we will summarize the effect of
MeDi in preventing retinal disorders. We will also focus on the Nrf2 pathway in mediating
the advantageous effects promoted via MeDi. To summarize the data contained in this
narrative review, we used the following PubMed analysis method to collect published data.
(i) We typed in PubMed “Mediterranean diet, diabetic retinopathy”, providing 25 articles.
We analyzed these articles and the articles in their citations, resulting in the analysis of
data derived from 882 articles. (ii) We typed in PubMed “Mediterranean diet, macular
degeneration”, providing 36 articles. We analyzed these articles and those included in
their citations, resulting in the analysis of data derived from 688 articles. (iii) We typed
in PubMed “Mediterranean diet, glaucoma”, providing 10 articles. We analyzed these
articles and those included in their citations, resulting in the analysis of data derived
from 623 articles. (iv) We typed in PubMed “Mediterranean diet Nrf2”, resulting in
31 publications that we analyzed. (v) We typed in PubMed “retinopathy, Nrf2”, resulting
in 402 publications that we analyzed.

2. Visual System and Conditions Leading to Retinal Diseases

The visual system consists of the coordinated interaction of visual pathways between
the eyes and the brain, and it also involves the tissues associated with the eyes. The
cornea and the lens of the eyes direct the light onto the retinal photoreceptors that, in turn,
transform the light-induced stimulation into neuronal impulses. Finally, these impulses are
translated into tri-dimensional images in the brain.

The architecture of the retina is highly ordered and conserved among all vertebrates.
It is constituted by five types of neurons dispersed in three nuclear layers that are separated
by two plexiform layers formed by synaptic interactions. Photoreceptors are localized
in the outer nuclear layer (ONL); different types of interneurons (bipolar, amacrine, and
horizontal cells) are present in the inner nuclear layer (INL); the ganglion cell layer (GCL)
contains the retinal ganglion cells (RGCs) and dislocated amacrine cells. Photoreceptors are
stimulated by the light, producing electrochemical signals that are transmitted by synapses
with bipolar and horizontal cells in the outer plexiform layer (OPL). The inner plexiform
layer (IPL) contains the synapses from ganglion cells to amacrine and bipolar cells. The
projections of ganglion cell axons constitute the optic nerve, which transmits the signals
from the eye to the brain for visual processing. Vision derives from specific patterns of
connections from each type of neuron, which leads to the formation of different ganglion
cells that show specific sensitivity to different stimulations, including stationary or moving
objects, color contrast, and edges. In the retina are present various types of glial cells. The
predominant type is the Muller glia that interacts with all neuronal types. The Muller
glia modulates neuronal and microglia function through various secreted molecules, such
as neurotransmitters [6], and this glial type seems to be involved in retina regeneration
approaches [7]. Finally, astrocytes are mostly present in the IPL, together with the microglia,
and they modulate retina homeostasis and are involved in promoting inflammation in
retinal diseases [8].
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Vision can be affected by genetic mutations, age, malnutrition, environment, and
lifestyle [9–11]. Eye diseases affecting vision and leading to retinopathy are increasing. Reti-
nal diseases include a range of genetic and non-genetic disorders. Genetic retinal diseases
show an incidence of 1 to 3000 individuals [12], and more that 340 genes are implicated in
those disorders [13]. Non-genetic retinal diseases can be modulated by genetic factors, but
are mostly influenced by environmental factors, lifestyle, infections, and aging. Age-related
macular degeneration is one of the most prevalent non-genetic retinal disorders and leads to
central vision loss caused by the accumulation of deposits and by retinal pigment damage
in the non-vascular variant, or by increased vascular growth in the neovascular variant [14].
Diabetic retinopathy (DR) is also a common retinal disease characterized by alterations of
the retinal blood vessels [15], leading to inflammation, gliosis, and neuronal injury in the
GCL [16,17]. Glaucoma is characterized by optic nerve structural damage with axonal loss,
and RGC apoptosis [18]. Herein, we will focus on the following retinopathies: diabetic
retinopathy (DR) [19], age-related macular degeneration [20], and glaucoma [3], as well as
the effect of MeDi in preventing/ameliorating these ocular disorders.

3. The Mediterranean Diet (MeDi)

The Mediterranean Diet (MeDi) is not limited to a dietary pattern, while it includes a
specific lifestyle. The pattern of lifestyle and diet at the basis of the MeDi originated a long
time ago and it is the combination of various cultures that characterized the Mediterranean
region: Roman, Greek, Phoenician, Arabic, and other cultures that shared their cultural
and nutritional patterns, influencing their lifestyle [21]. In 2010, UNESCO acknowledged
MeDi as an Intangible Cultural Heritage of Humanity and developed the model of the
food pyramid (Figure 1) in order to communicate the MeDi model to people and health
professionals [22].

Figure 1. (A) The MeDi pyramid. The basis of the pyramid includes the Mediterranean lifestyle,
with conviviality and daily moderate physical activity. The food categories and the frequency of
consumption that represent a high adherence to the MeDi are indicated. (B) MeDi adherence.

Progressive effects induced by lowering the adherence to the MeDi from high (green) to very low
(red): starting from ROS production, to increased AGEs formation, followed by inflammation and
finally chronic progression of retinopathy (Created with BioRender.com, Licensing and Agreement
number GT2769TZYW).

MeDi is constituted not only by a dietary pattern, but also sustainable food production,
conviviality, and an active lifestyle, including daily social activity that promotes moderate
physical activity as well as an appropriate time for rest [23]. The MeDi dietary pattern
includes the daily utilization of fresh vegetables and fruits, nuts and seeds, whole grains,
eating legumes several times/week, the utilization of extra virgin oil as source of cooking
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and seasoning fat, herbs, and spices for flavoring, resulting in low salt consumption,
low intake of cakes and desserts, two to three servings/week of fish and seafood, two
to four servings of eggs/week, daily consumption of low-fat dairy products (mostly
yogurt), the consumption of red meat no more than once a week, drinking water instead of
other beverages, and moderate consumption of wine, mostly red wine, during meals [22].
However, there are some differences between MeDi components in different countries of
the Mediterranean area that are linked to cultural, economic, and religious differences
between the countries [24], as described below. For example, there are differences in alcohol
consumption. The Greek MeDi includes general alcohol consumption, while French and
Italian MeDi includes the consumption of red wine. In particular, the Lebanese MeDi
shows several differences compared to the other Mediterranean countries; it includes dried
fruits and burghul, which are traditional food in Lebanon, while red meat, fish, and alcohol
are not included in the Lebanese MeDi [25].

4. MeDi Scoring

It has been shown that MeDi decreased the risk of several chronic illness [5]. MeDi
scoring has been used in clinical observational investigations aimed at analyzing the impact
of the adherence to MeDi on the progression of various diseases. Several scoring systems
have been used with the aim of defining MeDi adherence (Figure 2). For the qualitative
interpretation of the data, the adherence to MeDi is classified into classes: low, moderate,
and high adherence. The first study analyzing the impact of MeDi on the survival of the
Greek population was published in 2003 by Trichoupoulo and colleagues [26]. The authors
analyzed the adherence to MeDi in a population-based prospective investigation using
a food frequency questionnaire and the dietary habits have been classified in a 10-point
Mediterranean diet scale (MDS), with a score ranging from 0 to 9, where 9 represents the
highest adherence. The scale included the consumption frequency of the most salient
foods typical of the Greek diet. In 2006, Panagiotakos et al. defined MedDietScore [27],
a five-point scale based on the frequency of consumption of 11 principal constituents of
MeDi (whole cereals, vegetables, fruits, legumes, potatoes, fish, poultry, red meat, olive
oil, full-fat dairy products, and alcohol). A score of 5 was considered the most adherent
to MeDi (low alcohol and red meat consumption/day). Buckland and colleagues created
rMed score in 2010 [28], which is an 18-point linear scale containing nine components of the
diet. A score of 18 was considered the most adherent to the MeDi. Moreover, the rMed score
was divided into low (0–6), medium (7–10), and high (11–18), called tertiles. Schroder et al.
defined the Mediterranean Diet Adherence Screener (MEDAS) scoring [29]. MEDAS is
composed of twelve questions related to food consumption frequency, and two questions
related to food consumption habits. Each question is scored 0 or 1. In particular, one point
is assigned for utilizing olive oil as the main kind of fat for cooking, consuming white
meat instead of red meat, or for eating (1) 4 or more tablespoons (1 tablespoon = 13.5 g) of
olive oil/d (utilized for frying, seasoning, meals consumed far from home, etc.); (2) two
or more servings of vegetables/d; (3) three or more servings of fruit/d; (4) <1 portion
of red meat or sausages/d; (5) <1 portion of animal fat/d; (6) <1 cup (1 cup = 100 mL)
of sweet beverages/d; (7) seven or more portions of red wine/week; (8) three or more
portions of pulses/week; (9) three or more portions of fish/week; (10) less than two
commercial desserts/week; (11) three or more portions of nuts/week; or (12) two or more
portions/week of a traditional plate composed of tomato sauce, garlic, onion, or leeks
sautéed in olive oil. When these conditions were not met, 0 points were assigned for the
category. Thus, MEDAS scores range from 0 to 14, with 14 corresponding to the highest
adherence to MeDi [29]. In 2013, Agnoli et al. described the Italian Mediterranean Index
(IMI) [30]. IMI was built on eleven food categories, including six typical Mediterranean food
categories (pasta, fish, legumes, Mediterranean vegetables, fruits, and olive oil), four non-
Mediterranean food items (sweet beverages, butter potatoes, and red meat), and alcohol.
Subjects included in the third tertile of consumption of each characteristic Mediterranean
food category were assigned a score of 1, while the others were assigned a score of 0. For
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non-Mediterranean food items, a score of 1 was assigned for subjects included in the first
tertile of consumption and 0 for the others. Concerning alcohol consumption, 1 point was
given for the subjects drinking up to 12 g per day, and 0 for abstainers or subjects drinking
more than 12 g of alcohol/day. Scores varied between 0 and 11. In 2015, Naja et al. described
the Lebanese Mediterranean Index (LMD) [25]. LMD score analyzed the eating frequency
of the following categories of foods: vegetables, fruits, dried fruits, legumes, burghul, olive
oil, starchy vegetables, eggs, and dairy products. The score was evaluated using a 61-item
semi-quantitative questionnaire of food frequency and then compared to the scoring results
derived from other studies. The Mediterranean diet scale (MDS) was realized in order to
analyze the adherence to the Mediterranean diet in nine European countries (Denmark,
Germany, Greece, France, Italy, Spain, the Netherlands, UK, and Sweden) and analyzed
nine food categories. Subjects received a score of 1 when their consumption of legumes,
vegetables, cereals, fish, and fruits was lower compared to the sex-specific average intake,
while they received a score 0 in all the other cases. The opposite scoring was given
for the categories of meat and dairy. Concerning alcohol consumption, men drinking
10–50 g/day and women drinking 5–25 g/day received a score of 1, while all the other
cases received a score of 0. The ratio of monounsaturated fat (MUFA) and polyunsaturated
fat (PUFA) to saturated fat (SFA) was also considered. This scoring ranged between 0 and
9 [25]. Monteagudo and colleagues defined the Mediterranean Diet Scoring System (MDSS)
in 2015 [31]. MDSS was calculated from the data obtained using a questionnaire with
129 items divided into 11 food categories (cereals, fruit, vegetables, fish, eggs, meat, fats,
commercial foods, sauces, alcohol-free drinks, and alcohol). MDSS was created according to
the Mediterranean Diet Pyramid and the recommended eating/drinking frequency of the
various categories, and the range of the scores is 0–24 for adults and 0–23 for adolescents
(eliminating alcoholic beverages). The points were assigned considering the consumption
of food categories in accordance with the recommended servings: a score of 3, 2, or 1
for recommendations calculated in times/meal, times/day, or times/week, respectively.
Thus, this scoring provided higher relevance to foods recommended to be consumed at
every meal (fruit, vegetables, olive oil, cereals), followed by foods recommended to be
consumed daily (dairy products, dried fruit, and nuts), and lastly, foods recommended to
be consumed once a week (potatoes, eggs, legumes, white meat, fish, red meat, desserts).
In adults, 1 point was assigned for alcohol consumption corresponding to one (women)
and two (men) glasses of wine or beer. Sofi and colleagues developed the MeDi-Lite score
in 2017 that analyzed nine food groups and compared the results with the MDS score,
demonstrating that the higher range score provided an increased sensibility and specificity
compared to MDS scoring [32].

 
Figure 2. Schematic representation of the various MeDi scoring methods. The different MeDi
scoring methods are indicated together with the adherence to the MeDi from lower to higher score
(Created with BioRender.com, Licensing and Agreement number SX2769U3H2) [25–31].
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These differences in the scoring result in an increased difficulty in comparing the
data obtained from different observational, retrospective, and prospective clinical studies
(Figure 2). Obeid and colleagues compared the different scoring systems by grouping
them in the tertiles that defined the low, medium, and high adherence to the MeDi [33].
Moreover, certain studies provide the scores as consumption of food groups in grams/day,
while others used the servings/week. This difference results in an additional complica-
tion when analyzing the amount of defined nutrients in different studies, according to
published conversion data providing the amount of certain nutrients in defined food. The
conversion from servings/week to grams/day has been published in order to solve this
complication and extrapolate the content of dietary/nutritional compounds from different
clinical studies [34].

5. Natural Molecules Enriched in the MeDi

MeDi is enriched in various nutraceuticals that produce beneficial outcomes for health.

5.1. Phenolic Compounds

Phenolic compounds are plant-derived micronutrients produced and secreted by
plants following infection by pathogens or ultraviolet radiation. Polyphenols are classified
according to the phenol rings they contain and the association between these rings and
carbohydrates or organic acids. Some red fruits, black radish, tea, and onion contain tannins
and simple phenols, such as gallic acid, which derives from benzoic acid. Derivatives of
cinnamic acid are more common, and frequently, they are glycosylated. This group includes
flavonoids, stilbene, and lignans [35]. Flavonoids have been extensively studied and they
include flavonols (e.g., quercetin), flavones, flavonones, isoflavonones (e.g., gynestein), and
anthocyanins. Resveratrol (RV) is the most studied stilbene and its antioxidant function is
well characterized as well as its role in glucose homeostasis [36]. Polyphenols are mostly
derived from fruits, vegetables, tea, and red wine (RV). They show an antioxidant activity
that exerts a beneficial effect against several chronic diseases. Moreover, they are modified
by the gut microbiota, opening the way for the study of their role on the metabolism of the
microbiota and the subsequent effect on the human body [37,38]. Blackberries, blueberries,
strawberry, kiwi, cherry, apricot, apple, pear, and all other types of fruits, including nuts,
contain high levels of polyphenols. Whole grains also contain phenolic compounds, which
are lost in refined grains.

5.2. Isoprenoids

This group includes carotenoids, saponins, tocotrienols, tocopherols, and simple
terpenes, and they are contained in vegetables and fruits [39]. Carotenoids, in particular
β-carotene, lycopene, zeaxanthin, and lutein, exert pro-vitamin A activity and are potent
antioxidants [39]. Indeed, they are beneficial against cancer and neurodegenerative diseases,
preventing cataracts. They also prevent age-related diseases by enhancing immune system
activity [40]. Lycopene modulates the redox signaling that regulates gene expression [41].
Tocopherols and tocotrienols are two isoforms of vitamin E; they are found in plants
and seeds. They are potent antioxidants, preventing DNA damage. They also exert anti-
inflammatory action and are known to be protective against cancer, cardiovascular diseases,
and neurodegeneration [42].

Saponins are also derived from plants and the most known saponins are the ginseno-
sides, derived from the ginger root. They have anti-cancer activity [43]. Green vegetables
show high levels of lutein, β-carotene, and β-cryptoxanthin; carrots and pumpkins show
high content of α-carotene; oranges, red bell peppers, broccoli, green vegetables, and pota-
toes together with carrots contain β-carotene. β-cryptoxanthin is found in tropical fruits
like papaya. Tomato, watermelon, and pink grapefruit contain lycopene. Green vegetables
including spinach, Brussels sprouts, broccoli, and peas are a source of lutein, while egg
yolks and corn contain high levels of zeaxanthin.
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5.3. Carbohydrates

Carbohydrates are grouped according to their digestibility in the gastrointestinal
tract. Starch and fructans are hydrolyzed and adsorbed in the small intestine. On the
contrary, β-glucans cellulose, hemicellulose pectin, and lignin cannot be digested in the
small intestine and they are transformed in the large intestine through bacterial fermen-
tation. Several investigations show that β-glucans modulate cholesterol metabolism, are
beneficial against colorectal cancer, reduce constipation, and promote the growth of the
gut microbiota [44]. Moreover, β-glucans lower the blood level of low-density lipoprotein
(LDL) cholesterol particles by enhancing the fecal excretion of bile acids, resulting in an
increased transformation of cholesterol in bile acids in the liver [45]. β-glucans ameliorate
glycemic rate and the insulin response [46] by promoting insulin signaling in the liver [47].
Pectin is beneficial in promoting lipid and cholesterol metabolism [48], and diminishes
intestinal infections by reducing the growth of pathogenic bacteria [49]. Starches that
cannot be digested in the small intestine are defined as fibers and are enriched in whole
grains. They decrease postprandial glucose and insulin levels [50], and lower cholesterol
and triglyceride concentrations [51].

5.4. Proteins

Eggs, fish, meat, and dairy products provide high-quality proteins; beans and peas
contain good-quality proteins, and grains are a moderate source of proteins. MeDi is
defined according to a low consumption of meat, a moderate intake of fish, and a high
consumption of beans and grains. The low intake of meat has been proposed as beneficial
against various chronic diseases, including cardiovascular disease, diabetes, and cognitive
dysfunction, in particular Alzheimer’s disease. Several studies demonstrate that meat
contains high levels of Advanced Glycation Endproducts (AGEs), which induce both
oxidative stress and inflammatory response [52]. Dietary AGE intake correlates with
enhanced incidence of chronic disorders, e.g., Alzheimer’s disease [34]; thus, MeDi is
also beneficial in preventing chronic illness by providing low AGE content [34]. AGEs
participate in the progression of chronic diseases by inducing oxidative stress and by
activating the Receptor For Advanced Glycation Endproducts (RAGE), which exerts a
major role in ocular diseases characterized by retinopathy, including diabetic retinopathy,
age-related macular degeneration, and glaucoma [16,53] (Figure 3).

5.5. Lipids and Fatty Acids

Linoleic acid (LA) is an essential poly unsaturated fatty acid (PUFA), important
for the formation of phospholipids that constitute the plasma membranes and for the
formation of the lipoprotein particles that regulate cholesterol homeostasis. LA is present
in several components of the MeDi, including sunflower oil, grape seed oil, safflower
oil, walnuts, salmon, chia seeds, and sardines. LA derivatives constitute the omega-6
fatty acids. In particular, they participate in the formation of high-density lipoprotein
(HDL). High dietary LA intake decreases the risk of cardiovascular diseases [54]. Dietary
alpha-linoleic acid (LNA) intake is also protective against cardiovascular diseases [55,56].
The conversion products of LNA are present in fish oil. They are eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) and are the omega-3 fatty acids. Their dietary
intake and fish consumption decrease the risk of cardiovascular diseases [56]. Both LA
and LNA undergo several steps of desaturation (Δ6 and Δ5 desaturases) and elongation,
generating a great number of metabolites, including arachidonic acid (ARA), from LA, and
eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids, from LNA. ARA generates the
commonly known eicosanoids (ECs) anandamide (AEA) and 2-AG, while eicosapentaenoyl
ethanolamine (EPEA) and docosahexaenoyl ethanolamine (DHEA) are produced from
EPA and DHA, respectively, recently recognized as weaker ECs. DHEA is also known as
synaptamide, a trophic factor that improves cognitive parameters in the nervous system. It
is a metabolite generated on the omega-3 arm [57].
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Several investigations demonstrate that the ratio between omega-3 and omega-6 fatty
acids is relevant for preventing cardiovascular diseases. Indeed, eicosanoids derived from
omega-6 PUFA promote inflammation, while eicosanoids derived from omega-3 PUFA
have an anti-inflammatory function. Omega-3 fatty acid intake due to the consumption
of fatty fish or fish oil exerts a healthy effect by decreasing the risk of cardiovascular
diseases, rheumatoid arthritis, cancer, inflammatory bowel disease, and psychiatric and
neurodegenerative diseases [58]. Omega-6 PUFA is contained in extra virgin olive oil.
PUFAs are contained also in nuts, at high levels in pistachios, and in several vegetable
oils derived from safflower, grape, sunflower, wheat germ, pumpkin seeds, sesame, and
others [59].

5.6. Vitamins

We already described the function of vitamin E as an anti-inflammatory and antioxi-
dant compound.

Vitamins A and D play an essential function in modulating the immune system [60].
The precursors of vitamin A (carotenoids) are pigments contained in vegetables and fruits,
and they stimulate the immune system by promoting cell signaling pathways. The MeDi
provides high levels of carotenoids with fruit and vegetables (e.g., tomatoes, leafy green
vegetables, melons, carrots, bell peppers). Vitamin C modulates other antioxidant systems,
including vitamin E, acting as an antioxidant, and can be found in fruits and vegetables.

Shellfish consumption provides high levels of vitamin B12. Rice, seaweed, soybeans,
sesame seeds, peanuts, brown rice, and rye bread are great sources of vitamin B1. Spinach,
avocados, and apricots provide high levels of vitamin B6 [61]. The vitamin B family is
present in milk, cheese, eggs, fish, leafy vegetables, and chicken and exerts both antioxidant
and neuroprotective actions [62].

5.7. Melatonin

High content of melatonin is present in fish, milk, eggs, seeds, and pistachios, provid-
ing neuroprotection and counteracting elevated intraocular pressure (IOP) [63].

5.8. Saffron

Saffron is also known as Curcuma longa and shows anti-inflammatory and antioxidant
activity [64]. It contains curcumin and promotes several health benefits, such as helping
to control diabetes, promoting weight loss, and preventing cardiovascular diseases. It
inhibits pro-inflammatory cytokine release and modulates the composition of the gut
microbiota [65].

5.9. Taurine

Taurine is the most copious amino acid in the retina of mammals [66] and is implicated
in retinal survival [67]. Dietary taurine can be found in seafood, turkey, and seaweed [66].

5.10. Palmitoyethanolamide (PEA)

PEA is an N-acetylethanolamine cell-protective lipid present in various foods and in
several living organisms. High concentrations of PEA are present in egg yolk. PEA shows
anti-inflammatory and retina-protectant activity [68].

6. MeDi and Stress Response Involved in Retinal Diseases: Focus on Nrf-2 Pathway

Retinal diseases share similar cellular and molecular pathways, involving inflamma-
tion, immune response, and neurodegeneration [69]. Notably, the characteristic of retinal
disorders is an alteration of the balance between the formation of reactive oxygen and
nitrogen species (ROS and RNS, respectively) and the induction of the antioxidant systems,
leading to oxidative stress [70]. Indeed, the eye is subjected to both endogenous and
environmental damaging factors, resulting in an increased sensitivity to ROS and RNS.
Furthermore, age-related diseases characterized by an excess of ROS and RNS production,
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such as diabetes, are risk factors for retinal diseases [71,72]. Notably, the Nrf-2 pathway
seems to be involved in modulating the effect of diet in the prevention of retinopathy
(Figure 4). Metabolic disorders can lead to stressful conditions to which the organism
must respond to reestablish homeostasis. It is important to identify molecular pathways
that signal metabolic changes [73]. The stress response is a set of complex cellular and
molecular signals that can be modulated by endogenous and exogenous factors. The
correlation between stress and the promotion of chronic degenerative pathologies affecting
various organs and systems, including the cardiovascular and nervous systems, has been
widely discussed and continues to be a topic of research [74]. Exogenous factors, such
as nutrients, can influence this process, while endogenous factors can be grouped into
metabolites, hormones, and several molecules that include reactive oxygen species (ROS)
and/or reactive nitrogen species (RNS) [75]. Food intake and energetic metabolism can
modify the production of endogenous factors by altering the response to stress [76]. The
primary molecular pathway that governs the stress response is the nuclear factor erythroid-
2-related factor 2 (Nrf2) pathway that plays a crucial role in regulating cellular homeostasis
by managing oxidative stress and detoxification [77]. Nrf2 mitigates oxidative damage via
the transcriptional activation of antioxidant response elements (AREs), thereby promoting
the antioxidant response process. A key domain of Nrf2 is Neh2, which interacts with
Kelch-like ECH-associated protein 1 (Keap1). Under normal conditions, this interaction
inhibits the transcriptional activity of Nrf2 by ubiquitination and degradation through
the proteasome [78]. Disrupted homeostasis promotes excessive production of ROS and
RNS that can activate immune cells to release proinflammatory factors. This activation
triggers the transcriptional activation of ARE, regulating downstream antioxidant enzymes
and various neuroprotective genes that impede oxidative stress and neuroinflammation,
thereby blocking the onset of neurological disorders and the subsequent pathological
processes [79].

Figure 3. Pathways and cellular alterations implicated in diseases characterized by retinopathy

(DR, AMD, and glaucoma) and correlation with low MeDi adherence. Scheme representing the
progressive damage and the signaling pathways implicated in retinopathy and associated with low
MeDi adherence. Initially, the activation of HIF pathway is observed, leading to VEGF expression,
resulting in angiogenesis and subsequent vascular damage. Then, the formation of AGEs stimulates
RAGE activation and subsequent inflammation. Ultimately, chronic excessive ROS formation and
oxidative stress synergically lead to mitochondrial stress and apoptosis. These pathways are impli-
cated in promoting the risk of DR, AMG, and glaucoma (Created with BioRender.com, Licensing and
Agreement number XA2769UB0O).
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In the framework of metabolism and nutrition, dietary energy restriction and adhering
to the MeDi with the consumption of bioactive nutrients are the most studied approaches
for regulating Nrf2 activity [80] (Figure 4). Dietary energy restriction, through either
chronic or intermittent calorie reduction, increases Nrf2 activity. This creates an energetic
stress in neurons that activates the Nrf2 pathway, leading to numerous health benefits, and
increases longevity, promoting the prevention of neurological disorders [81]. Energetic
dysfunctions and metabolite production can be correlated in the generation of a state
of stress that involves different structures of the nervous system, including the eye [82].
Indeed, when the metabolite content is not sufficient for the energy demand, it increases
the risk of retinal neuron death. Mitochondria are the center of energy supplementation
and play an essential role in ATP generation and in sustaining redox homeostasis, and
they drive the fate as waste of several types of metabolites [83]. Mitochondrial alteration
is involved in the pathophysiology of several neurodegenerative diseases of the retina
because the retina is highly susceptible to oxidative stress [84].

Nrf2 exerts a major function in promoting mitochondrial quality control and regu-
lating fundamental aspects of mitochondrial function, such as energy production, ROS
management, calcium signaling, and the induction of cell death [85]. Additionally, Nrf2
plays an essential function in modulating retinal oxidative stress. The retina shows a high
metabolic activity and elevated oxygen consumption. For this reason, the retina is highly
subjected to enhanced ROS production [86]. Studies indicate that there is reduced activity
of the mitochondrial electron transport chain (ETC) in the aged retina, resulting in ROS
augmentation and retinal damage. Impaired mitochondrial function leads to cell death and
retinal degeneration. Moreover, the aged retina shows a reduced number of mitochondria,
as well as altered mitochondrial activity and morphology compared to the healthy retina.
In order to counteract the oxidative stress-induced damage, the retina relies on a crucial an-
tioxidative defense system. Nrf2 is central to modulating the antioxidative stress response,
especially against stressors including aging, inflammation, and sunlight exposure [86]. The
induction of the Nrf2/Keap1/ARE cascade is considered a key target for neuroprotection
in retinal ganglion cells [87]. Sox2 overlapping transcript (Sox2OT), a long non-coding
RNA, highly expressed in the human brain, is involved in retinal ganglion cell apoptosis
mediated by high glucose-induced reduction. It also induces Nrf2 nuclear translocation,
determining HO-1 protein expression [87]. Dysregulation of the Keap1-Nrf2 cascade is
also implicated in diabetic retinopathy. Activation of the Nrf2, MAPK, and NFκB signaling
pathways effectively alleviates the ocular symptoms of diabetic retinopathy caused by
ROS [88]. Moreover, Nrf2 expression in neurons also aids in detoxifying accumulated ROS
by blocking mitochondrial complex II, suggesting that Nrf2 can protect neurons from the
damage induced by dysfunctional mitochondria [89]. Moreover, Nrf2 plays a vital role in
enhancing the antioxidant response, preserving the retina from ROS-induced cell damage.

Several investigations underline the important role of natural products in counteract-
ing oxidative stress by modulating Nrf2 function. Bioactive natural molecules present in
food are essential in regulating Nrf2. Flavonoids (hesperidin and quercetin), phenols (cur-
cumin and capsaicin), and terpenes (astaxanthin and lutei) are the major dietary modulators
of Nrf2 [81]. Low concentrations of epigallocatechin-3-gallate, the catechin most present
in green tea, can induce HO-1 through the ARE/Nrf2 cascade in hippocampal neurons,
thereby protecting them against various models of oxidative damage [90]. Similarly, caffeic
acid phenethyl ester and ethyl ferulate can protect neurons by inducing HO-1 [91].

One of the most intriguing concepts is that natural compounds, such as phytoestro-
gens, which are structurally similar to estrogens, can interact with both estrogen receptors,
ERα and ERβ, and exhibit weak estrogenic activity [92]. A recent study revealed an epistatic
link between the Nrf2-Keap1 cascade and steroid hormone-induced signal transduction,
demonstrating the function of the Nrf2-Keap1 pathway in neuronal remodeling through an
antioxidant-independent and proteasome-dependent activity [93]. This evidence suggests
a close correlation within the hormone–nutrition–stress response axis, mediated by a molec-
ular pathway whose alteration can be associated with various pathologies. Hormones and
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energy metabolism are closely linked, and alterations in energy metabolism can disrupt
mitochondrial homeostasis by affecting stress response systems. In this context, endocrine
disruptors can also interfere by altering the hormone homeostasis of target organs. First,
they bind hormone receptors and modulate their signaling cascades. Endocrine disruptors
can alter sex hormones, thyroid hormones, and insulin [94]. Several research publications
underline the key role of Nrf2 in enhancing the thyroid antioxidant defense by inducing
the expression of cytoprotective factors that play a key role in modulating the normal
thyroid function. These factors include GPx2, GR1, thioredoxin 1, thioredoxin reductase 1,
sulfiredoxin 1, and NAD(P)H quinone dehydrogenase (NQO1). Studies have recognized
irregularities affecting the reproductive and metabolic systems in animal models subjected
to endocrine disruptors. Endocrine disruptors can exert a deleterious effect in ocular dis-
eases. Indeed, cataracts, dry eye, macular degeneration, and diabetic retinopathy occur
frequently as a consequence of hormone imbalances [94]. The correlation between many
retinopathies and sex has been associated with protective effects of gonadal hormones [95].
Gender differences for retinal diseases have also recently been highlighted [96]; the inci-
dence of central serous chorioretinopathy (CSC) has been found to be higher in young
adult males [97]. Notably, retinal diseases are characterized by an overlap of neuronal
and endocrine alterations together with aging-induced chronic dysfunction. Thus, retinal
diseases deserve great attention for the study of the synergic effect of those alterations.

Despite the fact that the involvement of hormones in the deregulation of molecular
pathways is not yet clear, it is known that the Nrf2 pathway can also be subjected to
hormonal regulation. Indeed, membrane-associated estrogen receptors (ER)-α36 and G
protein-coupled estrogen receptor (GPER) exert an essential function in the estrogen’s fast
non-genomic activity, such as the induction of cell proliferation [98]. Through these recep-
tors, estrogen promotes fast Nrf2 induction, modulating the metabolic reprogramming in
order to enhance cell proliferation, highlighting the effect of estrogen and phytoestrogens
in inducing fast Nrf2 activation through membrane-associated estrogen receptors [98].
A study suggested that silibinin, a compound belonging to the flavonolignan family,
induces Nrf2-antioxidative pathways in pancreatic β-cells by modulating ERα expres-
sion [99]. High glucose and palmitate induce glucolipotoxicity by decreasing the rat
pancreatic β-cell line INS-1 viability, whereas preincubation with 5 or 10 μM of silibinin
significantly promoted cell viability. In addition, treatment with ERα-selective agonist
4,4′,4′′-(4-propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol (PPT) and ERα-selective antagonist
methyl-piperidino-pyrazole (MPP) induced an increase and a decrease in the viability of
INS-1 cells, respectively. The anti-inflammatory role of estrogen through the Nrf2 pathway
was demonstrated, and it was also reported that E2 induced downregulation of proin-
flammatory protein expression to a much greater extent in wild type mouse embryonic
fibroblast MEFs than in Nrf2 knockout (KO) mice [99].

RV can promote epigenetic regulation by inducing the demethylation of the Nrf2
promoter, which was associated with the chemoprotective properties against estrogen-
induced breast cancer, which activates the downstream antioxidant genes [100]. The
ERβ receptor has also been reported to be linked by S-equol, a gut bacterial metabolite
of soy daidzein, inhibiting the interaction of Nrf2 with Keap1 [101]. In support of this
mechanism, the induction of estrogen receptor and Nrf2/ARE signaling cascade was
also reported by Zhang and colleagues, showing that that S-equol counteracted peroxide-
induced endothelial cell apoptosis [102]. Finally, similar molecular pathways involving
ERβ and Nrf2 were reported, demonstrating an increase in the expression of the xenobiotic
metabolizing enzyme quinone reductase after racemic equol. The complex network that
harnesses energy metabolism and food intake in relation to diet and the consumption
of bioactive compounds is interesting but at the same time complicated in interpreting
the stress mechanisms associated with pathologies closely linked to metabolic disorders.
The Nrf2 pathway intersects well with mitochondrial metabolism and with compounds
chemically close to estrogen which could reveal interesting perspectives. The challenge to
decode this network still remains open [101].
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Figure 4. Pathways involved in maintaining a healthy retina and associated with a high adher-

ence to the MeDi. Schematic representation of the conditions and signaling pathways that are
induced by a high adherence to the MeDi and that participate in maintaining a healthy retina,
lowering the risk of DR, AMD, and glaucoma. High adherence to the MeDi results in: (i) a good
glycemic control and insulin response; (ii) anti-inflammatory response; (iii) good ROS homeostasis.
Moreover, high adherence to the MeDi promotes: (i) reduction in the cholesterol and triglyceride
levels; (ii) vegetable/fruit-derived phytoestrogens that activate the Nrf2 pathway, which activates
the stress response. All these conditions and pathways induced by a high adherence to the MeDi
participate in lowering the risk of DR, AMD, and glaucoma (Created with BioRender.com, Licensing
and Agreement number PK2769UG6I).

7. MeDi’s Role in the Prevention and Amelioration of Diabetic Retinopathy

Diabetic retinopathy (DR) is a severe diabetes complication characterized by a progres-
sive, chronic, and irreversible visual impairment due to microvascular abnormalities. DR
is one of the major causes of blindness in adults worldwide [103]. Every diabetic patient
shows a high risk of developing DR (Figure 5).

DR can be classified in different stages of severity, depending on the morphology
and functionality of the retinal vasculature. Two types of DR have been defined: non-
proliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR) [104].
Hyperglycemia releases inflammatory responses within the retinal environment that initi-
ate the activation, adhesion, and infiltration of leukocytes, followed by the overexpression
of inflammatory cytokines [16,17]. The characteristic of NPDR is the presence of vascular
aberrations such as microaneurysms and hemorrhages. NPDR can be classified into mild,
moderate, or severe stages based on the presence or absence of retinal bleeding. Patients
with NPDR generally show hemorrhages of varying sizes, microaneurysms, exudates, and
intra-retinal microvascular abnormalities. PDR is a developed stage of DR and character-
ized by retinal neovascularization due to diabetes-induced ischemia. PDR presents weak
vessels that are prone to bleeding, leading to severe vision loss and even blindness [105].
PDR progression induces serious complications including macular edema, retinal detach-
ment, vitreous hemorrhage, neovascular glaucoma, and irreversible blindness [106].

Many studies strongly suggest that diabetes may be prevented with lifestyle changes.
Indeed, diabetes can be delayed or prevented by nutritional intervention based on consuming
a low-carbohydrate diet, balanced meals, and eating carbohydrates mostly early in the day.
Moreover, during a meal, it is better to first consume protein and vegetables and carbohydrates
30 min later, in order to lower glucose levels. Strong evidence has demonstrated that diabetes
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can be prevented through energy-restricted diets with routine physical activity. MeDi is
considered the best dietary pattern for the prevention of diabetes and has received great
attention given its role in improving health and reducing the burden of healthcare costs. MeDi
reduces the incidence of diabetic retinopathy for type 2 diabetes patients.

DR development is influenced by hyperglycemia [107] through several pathways:
non-enzymatic protein glycation (formation of advanced glycation endproducts (AGEs)),
protein kinase C activation, polyol pathway, induction of the hexosamine pathway, accu-
mulation of reactive oxygen species (ROS), and activation of hypoxia-induced factor [108].

MeDi is characterized by whole, nutrient-dense foods and a limited amount of pro-
cessed and refined foods, which have high sugar content, artificial ingredients, refined
carbohydrates, and trans fats.

Compelling evidence has suggested that the risk of DR can be reduced with diet,
demonstrating the protective effect of MeDi. Many studies analyzed the effectiveness of
MeDi on the incidence of DR. MD is also considered a beneficial diet for type 1 diabetes
mellitus (T1DM) patients [109].

The role of diabetes mellitus (DM) and its progression on the development of DR
has been widely analyzed, showing that the amelioration of DM and the maintenance
of good glycemic control are beneficial against DR by delaying the onset and slowing
the progression of DR. Thus, the dietary intervention mostly acts on the prevention and
amelioration of DM and in turn is also beneficial for the DR.

Diaz-Lopez and colleagues demonstrated that supplementation with extra virgin olive oil
together with a high adherence to MeDi in more than 3600 participants in a prospective 6-year
study reduced the risk of DR (40%). The same study revealed that nut oil supplementation
resulted in a low and not significant decrease in the risk of developing DR. The composition of
olive oil differs depending on the cultivar, altitude, time of harvest, and extraction process. It
contains mainly oleic acid, with other fatty acids such as linoleic acid (up to 21%) and palmitic
acid (up to 20%). Oleic acid is a monounsaturated fatty acid that decreases the levels of total
cholesterol and low-density lipoprotein. Linoleic acid and palmitic acid are polyunsaturated
and saturated fatty acids, respectively. The same study revealed that high intake of fruits
and vegetables resulted in a reduced risk of DR, suggesting the relevance of flavonoids in
inhibiting the molecular pathways involved in DR.

A clinical trial observed that in subjects with type 2 diabetes mellitus (T2DM), the
consumption of at least 500 mg/d of dietary LCω3PUFA, easily obtained with two serv-
ings/week of oily fish, correlated with a diminished risk of DR [110].

In certain versions of MeDi, milk is substituted with yogurt, kefir, buttermilk, and
feta and cottage cheese. Ibsen and colleagues proposed that the substitution of whole-fat
yogurt instead of milk among those aged 56–59 lowers the risk of type 2 diabetes, and the
replacement of skimmed milk with semi-skimmed milk enhanced the risk among subjects
aged 60–64 and 65–72.

The pathogenic progression of DR can be reduced by specific components that are
abundant in MeDi. Indeed, polyphenols that are present in several vegetables, seeds, and
fruits decrease insulin resistance and secretion, inflammation, and oxidative stress [111].

Díaz-López and colleagues demonstrated a correlation between lower risk of DR and
the intake of flavonoid-rich vegetables and fruits [112]. Diabetic retinal microvascular
alteration is clinically characterized by microaneurysms, hemorrhages, lipid exudates,
and macular edema in T1DM and T2DM patients. High adherence to MeDi resulted in
a decreased risk of retinal microvascular dysfunction. Low intake of fibers correlated
with a 41% increase in DR in T2DM patients, compared to T2DM patients more adherent
to a high-fiber diet. The PREDIMED study included 7447 Spanish participants and was
randomized into three groups: one group consumed a highly adherent MeDi supplemented
with extra virgin olive oil, the second followed a highly adherent MeDi enriched with
mixed nuts, and the control group was subjected to a low-fat diet for a median of 5 years.
This Spanish cohort study showed that MeDi enriched in extra virgin olive oil or nut
intake significantly decreased the incidence of major cardiovascular events compared to
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a low-fat diet. However, only MeDi enriched with olive oil protected against DR (60%
decrease in DR), while MeDi enriched with nuts resulted in a 37% decrease in DR [112].
In middle-aged and aged T2DM patients, consumption of at least 500 mg/d of dietary
LCω3PUFA, obtained with two servings/week of oily fish, correlated with a diminished
risk of sight-threatening DR [113].

Oleic acid is an essential component of olive oil. It is a monounsaturated fatty acid.
Olive oil shows the presence of polyphenols and vitamins K and E, which can lower
oxidative stress, inflammation, and insulin resistance [114].

Nuts contain RV, a polyphenolic compound contained in several plants such as grapes
and peanuts, which plays a role in promoting anti-obesity, cardioprotective, neuroprotec-
tive, antitumor, antidiabetic, antioxidant, and anti-aging effects, and modulates glucose
metabolism. The effects of RV are modulated by various synergistic pathways converging
in the control of oxidative stress, cell death, and inflammation. RV modulated apelin gene
expression in a rat model of T2DM [115]. The authors found a significant decrease in serum
glucose level in rats treated with 5 and 10 mg/kg per day with RV compared with the
diabetic control. In agreement, resistin expression in adipose tissue was reduced in RV-
treated groups. RV induced heme oxygenase-1 (HO-1) expression through ARE-mediated
transcriptional activation of Nrf2, suggesting that RV augmented cellular antioxidant de-
fense capability following the induction of HO-1 through Nrf2-ARE cascade [116]. RV
supplementation in diabetic rats resulted in significant amelioration of hyperglycemia,
weight loss, increased oxidative markers, superoxide dismutase activity, and inhibition of
eNOS activity in the blood and retina [117].

It has been shown that intake of at least 500 mg/d of dietary LCω3PUFA correlated
with a decreased risk of sight-threatening DR [113]. Fish intake at least twice a week
correlated with a 60% reduction in DR risk [108]. The anti-inflammatory effect of omega-3-
fatty acid exerts an essential function in reducing the risk of DR [118]. Fish consumption in
Japan, five times higher than in Western countries, reduces the incidence and progression
rate of diabetic retinopathy compared to Western populations [119].

Various studies revealed the essential role of micro- and macro-elements in DR. Brazionis
and colleagues indicated that plasma carotenoid levels seem to play a role in diabetic retinopa-
thy, independent of established risk factors [120]. Lutein supplementation was shown to delay
DR progression within 5 years according to Garcia Medina and colleagues [121].

Tanaka and colleagues demonstrated that fruit intake correlated with a decreased
incidence of diabetic retinopathy among patients following a low-fat energy-restricted
diet [122]. Fruits are low-glycemic-index foods enriched in fibers that can slow glucose
response. Several investigations indicate that adherence to MeDi and high fruit intake are
beneficial against the development of diabetic retinopathy. Post and colleagues suggested
that fiber supplementation T2DM patients lowered fasting blood glucose and HbA1c [123].
Supplementation with vitamin C diminished the risk of retinopathy [122]. High vitamin
C consumption correlated with 40% decreased risk of retinopathy [122] and the intake of
vitamin C together with statins diminished the effects of non-proliferative DR more than
statins alone [124].

Vitamins have a beneficial effect in lowering the risk of DR. Chatziralli and colleagues
reported that vitamin E reduced serum malondialdehyde levels and oxidative stress, sug-
gesting that vitamin E supplementation produced an additional benefit by lowering the
risks of developing DR progression [125]. Oral vitamin E treatment (1800 IU daily vitamin
E) was effective in normalizing retinal hemodynamic abnormalities and enhancing renal
function in T1DM patients [126]. Vitamin C protected against diabetic retinopathy progres-
sion. Vitamin C exerts antioxidant and anti-angiogenic actions and enhanced endothelial
function [127]. Barba and colleagues showed that PDR patients showed decreased intra-
vitreous concentrations of ascorbic acid compared to non-diabetic patients [128]. Vitamin
C is an anti-oxidant and modulates oxygen tension and eye-oxidative stress. The lower
level of intra-vitreous content of vitamin C is caused by competition between the glucose
and the ascorbic acid to bond the GLUT-1 glucose transporter. Rafael Simó and Cristina
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Hernández suggested that regular intake of foods enriched in vitamin C, including cit-
rus fruits, together with good glycemic control, was important for preserving the correct
intra-retinal levels of ascorbic acid [127]. Park and colleagues observed that the vitreous
level of vitamin C in PDR patients were diminished tenfold, which correlated with the
degree of macular ischemia, suggesting that vitreous vitamin C depletion can promote
macula ischemia in PDR patients [129]. The association of vitamins E and C enhanced the
antioxidant effectiveness in the retina [130]. Other vitamins, including vitamins D and
B, can exert a pivotal function in decreasing DR risk. The correlation between vitamin D
deficiency and retinopathy severity was found in diabetic patients with well-controlled
glycemia, suggesting the function of vitamin D in reducing the risk and severity of DR [130].
Vitamin B6 is beneficial against the early death of pericyte cells by maintaining the viability
of capillaries, helping to maintain the presence of microvascular cells [114].

Others compounds can decrease the development and progression of DR, like zinc,
iron, and manganese copper [114].

Figure 5. Cellular, metabolic, and signaling alterations in diabetic retinopathy. Four main inter-
connected mechanisms in retinopathy are shown. Müller cells have numerous functions, including
maintaining the proper functioning of the blood–retina barrier. Additionally, they are involved in
regulating synaptic neurotransmission and providing neuroprotection. Finally, the most affected
processes involve metabolic and genomic pathways linked to hyperglycemia, such as the polyol
pathway and the activation of protein kinase C. Created in BioRender.

8. MeDi’s Role in the Prevention and Amelioration of Age-Related Macular
Degeneration (AMD)

Age-related macular degeneration (AMD) is a retinal degenerative disorder affect-
ing subjects over the age of 55 years. It is a major cause of blindness in industrialized
countries, from 196 million affected individuals in 2020 to 288 million by 2040. AMD is
a heterogeneous illness, influenced by age, genetics, and environmental factors, such as
smoking and diet. Three stages characterize AMD: early, intermediate, and late. The first
and second stages, characterized by the absence of symptoms or mild visual symptoms,
show macular deposits (drusen) and pigmentary abnormalities [131]. Late AMD can show
neovascular and atrophic forms characterized by macular neovascularization and atrophy.
The neovascular stage could exist in two subtypes: the non-neovascular (dry) type and the
neovascular (wet) type. The most frequent symptoms of age-related macular degeneration
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are blurry or fuzzy vision, difficulty in recognizing familiar faces, a dark, empty area or
blind spot appearing in the center of vision, and the loss of central vision. In the late stage,
visual symptoms are serious and irreversible, and include significantly diminished central
vision in both eyes.

Many researchers have shown that eating vegetables, fruits, and fish in a Mediterranean-
inspired diet is useful in protecting against age-related macular degeneration (AMD). Hogg
and colleagues analyzed the correlation between AMD and MeDi in seven European coun-
tries [132]. They found that the populations with the highest MD score have the lowest
level of advanced AMD [132]. The association between healthy diet, physical activity, and
not smoking correlated with 71% lower chance for AMD [133]. In another study, 41,514 par-
ticipants aged 40 to 70 years and born in Australia or New Zealand who migrated from the
United Kingdom, Italy, Greece, or Malta were recruited and assessed for AMD prevalence
in a follow-up study analyzing the effect of dietary habits on the onset and progression of
AMD. It was demonstrated that dietary factors can regulate AMD risk. Predominant intake
of grains, fish, steamed or boiled chicken, vegetables, and nuts correlated with a lower
prevalence of advanced AMD, whereas red meat consumption correlated with a higher
prevalence of advanced AMD [134]. Merle and colleagues showed that high adherence to
the MeDi correlated with a 41% decreased risk of incident advanced AMD in two European
population-based prospective cohorts [135,136]. Advanced AMD risk was lowered by 22%,
26%, and 47% in studies by Keenan [131], Merle [136], and Merle [134], respectively.

Drusen size progression decreased by 17% when following the most adherent MeDi
compared to subjects following a less adherent MeDi [135]. Analysis of AMD progression
showed a significant correlation between highly adherent MeDi and slower enlargement of
atrophy [137].

Merle and colleagues studied the correlation between MeDi, AMD, and genetic sus-
ceptibility [136]. High adherence to MeDi correlated with a 26% lower risk of progression
to advanced AMD [136]. Consuming fish and vegetables reduced the risk of progression
of AMD. Genetic variations between different populations are also associated with AMD
prevalence [136]. In particular, the prevalence of AMD in different ethnicities and ge-
ographic regions should consider genetic variations, in particular the single-nucleotide
polymorphism (SNP) Y402H in the complement factor H (CFH) gene [138]. The risk of
AMD progression was also significantly decreased among subjects carrying the CFH Y402H
allele (T), while the individual homozygous for risk allele (CC) showed an enhanced risk
of AMD progression [136,139]. European populations showed higher frequencies of risk
alleles, correlating with increased progression of AMD, compared to Chinese and Japanese
descendants [140]. The relationship between geographic region and prevalence of AMD
could be at least partially explained by gene–diet interaction [141]. However, Hogg and
colleagues did not find any correlation between AMD progression, MeDi adherence, and
the presence of the Y402H allele, probably because a small number of neovascular AMD
cases were analyzed [132]. On the contrary, Keenan and colleagues found that patients
carrying the rs10922109 allele showed a lower risk of atrophy compared to neovascular
AMD when their diet was highly adherent to MeDi [131].

Inflammation markers, including C-reactive protein (CRP), interleukin 6 (IL6), E-
selectin, and soluble intercellular adhesion molecule 1 (sICAM-1), exert a function in
diabetes development. A positive correlation between serum concentrations of sICAM-1
and E-selectin and diabetes risk has been shown [142]. Notably, the correlation between
diet and diabetes is regulated in part through the modulation of the inflammatory re-
sponse [142], suggesting that the MeDi can modulate the progression of AMD by acting on
the inflammatory response.

The beneficial effects of the MeDi are correlated with a decrease in oxidative stress
and inflammation, which exert a significant function in AMD [142]. Subjects following
a highly adherent MeDi show elevated serum levels of biomarkers considered beneficial
against AMD [136]. A high adherence to MeDi is more effective than the consumption of
antioxidant and zinc supplementation. Trials examined short- or intermediate-term effects
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of MeDi on circulating markers of oxidative stress, such as urinary F2-isoprostanes, plasma
malondialdehyde, and oxidized LDL. It has been demonstrated that subjects following a
highly adherent MeDi showed lower oxidized LDL compared to the control group [143].
Coliij and colleagues proposed that elevated HDL cholesterol levels correlated with aug-
mented risk for AMD [143]. Moreover, it has been shown that healthy habits and a healthy
diet associated with supplement assumption are important for the prevention of ADM
progression to late stages [136].

Jiang and colleagues demonstrated that a high intake of dietary omega-3 PUFA or
fish correlated with a decreased AMD risk [144]. Moreover, a diet enriched in fish and
with a low content of linoleic acid reduced the risk of AMD [145]. Interestingly, a high
intake of ω-3 fatty acids or fish has no effect in preventing AMD progression in subjects
consuming high levels of dietary linoleic acid [145]. Oily fish consumption at least once a
week resulted in a lower risk of AMD progression [146]. RV, a bioactive compound present
also in nuts, has antioxidant, antithrombotic, and anti-inflammatory properties [147]. It was
demonstrated that RV prevented apoptosis of human retinal pigment epithelial (RPE) cells
in vitro [148]. Moreover, RV protected RPE cells from autoimmune antibody-promoted
apoptosis in vitro [148]. RV prevented oxidative stress-induced RPE degeneration by
promoting the activity of superoxide dismutase, glutathione peroxidase, and catalase [149].
Nutritional supplementation with RV exerted beneficial function that resembled the effects
induced by anti-VEGF treatment, promoting the anatomical restoration of retinal structure,
RPE function, and choroidal blood flow [150].

High dietary intake of lutein correlated with a lower risk of prevalence and incidence
of AMD. Lutein is present at elevated concentrations in green leafy vegetables such as
spinach, kale, and yellow carrots and also in animal fat. Several studies unveiled the
beneficial effect of lutein in lowering AMD risk [151,152]. Lutein is a filter for blue light.
For this reason, lutein supplementation has been shown to protect the fovea from blue
light-induced damage [153]. Moreover, membrane-bound lutein was demonstrated to
exert an ROS scavenger function [154]. Indeed, the unconjugated double bonds in the
molecular structure of lutein have a function in ROS quenching. Moreover, lutein decreased
lipofuscin accumulation in cultured RPE cells by decreasing oxidative stress [155]. Dietary
supplementation with lutein and zeaxanthin for 6 months increased the optical density of
macular pigment [150,156–158]. Dietary lutein and zeaxanthin intake decreased the risk of
incident early or neovascular AMD over 5 and 10 years [159]. Moreover, lutein, zeaxanthin,
eicosapentaenoic acid, and docosahexaenoic acid, which show elevated levels in MeDi,
were associated with diminished serum levels of C-reactive protein, suggesting a function
in decreasing systemic inflammation in AMD subjects [160].

Vitamins seem to exert a relevant role in lowering AMD risk, since vitamin C is
abundant in the retina. Although several studies indicated a correlation between dietary
consumption of vitamin C and AMD risk, the function of vitamin C in preventing AMD risk
is still controversial. Seddon and colleagues did not find any significant correlation between
vitamin C consumption and reduced risk for AMD [161]. In agreement, a more recent study
confirmed that vitamin C supplementation did not prevent the risk and the progression
of AMD [162]. On the contrary, SanGiovanni and colleagues reported a decreased risk of
developing neovascular AMD in subjects consuming elevated levels of dietary β-carotene,
vitamin C, and vitamin E [163]. Vitamin E shows an antioxidant activity and RPE show a
high concentration of vitamin E, suggesting a protective role of this vitamin in RPE. Vitamin
E is composed of four different compounds: α-tocopherol, β-tocopherol, γ-tocopherol, and
δ-tocopherol, with α-tocopherol as the most effective scavenger of free radicals. Wiegand
and colleagues demonstrated that vitamin E concentrations in the retina were enhanced in
response to augmented oxidative stress [164]. Dietary deprivation of vitamin E resulted in
an augmented lipofuscin accumulation in the RPE [159]. Moreover, vitamin E deficiency
accelerates retinal degenerative damage [165]. Low serum levels of tocopherol were associ-
ated with AMD progression [166]. In agreement, an association has been found between
fasting α-tocopherol levels and AMD progression to the late stages [167]. Although various
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studies suggested a protective role of vitamin E in the prevention/amelioration of AMD,
other clinical studies did not reveal any significant beneficial effect induced by vitamin
E supplementation in AMD prevention or risk reduction [168,169]. Thus, the efficacy
of nutrient supplementation in preventing AMD risk is still debated. Although studies
show the benefit of specific nutrients, Merle and colleagues demonstrated that none of
the nine components of the MeDi, such as vegetables, fruits, legumes, cereals, fish, the
MUFA-to-SFA ratio, meat, dairy products, and alcohol intake, significantly correlated with
the incidence of advanced AMD, underlining the relevance of assessing dietary patterns
rather than single components [134].

9. MeDi’s Role in the Prevention and Amelioration of Glaucoma

Worldwide, glaucoma is one of the major causes of irreversible blindness and sig-
nificant vision impairment due to elevated intraocular pressure (IOP), which is a key
modifiable risk factor for preventing the death of retinal ganglion cell [170,171].

To date, the European Glaucoma Society accounts for more than 70 million people
with glaucoma diagnosis, with an estimated increase of about 112 million by 2040 [172,173].
It is considered a debilitating and heterogenous neurodegenerative eye disorder and it is
characterized by progressive damage in retinal ganglion cells, a bridge between the inner
surface of the retina and the optic nerve. Retinal ganglion cell degeneration will lead to the
death of smaller nerves around the optic nerve up to a more pronounced blindness [174].
Although peripheral vision is affected first, mainly without the patient realizing it, later
stages can destroy in an irreversible way the central visual field [175]. Notably, glaucoma
can be divided in two groups, open-angle glaucoma (OAG) and closed-angle glaucoma
(CAG), exhibiting characteristic morphological modifications in the optic nerve head and
retinal nerve fiber layer. OAG typically occurs with an open drainage angle in the eye,
while CAG, which is less common and represents a medical emergency, involves a closed or
blocked drainage angle [176]. The disorders of visual function can be related to several risk
factors as well as inadequate quantitative and qualitative nutrient supply, onset of genetic
alterations, type 2 diabetes, obesity, hypertension, high myopia, environmental factors
(pollution, UV rays, cigarette smoking, and particles), old age, and ethnic background
(Afro-American or Hispanic) [9,177,178]. Generally, glaucoma is treated with eye drops
that decrease the IOP to prevent damage to the optic nerve; however, these treatments,
unfortunately, cannot restore the vision loss or cure this disease [179]. For those reasons,
the early detection and intervention of modifiable risk factors, such as those linked to
MeDi and dietary supplements, could be crucial for reducing the incidence of glaucoma
and decelerating its development. Since numerous chronic conditions associated with
glaucoma stem from dietary and metabolic disorders, it is clear that nutrition exerts a
crucial function in the development, prevention, and treatment of this illness.

However, healthy foods, including fruits, whole grains, olive oil, vegetables, seafood
nuts, and beans, which are included in MeDi, have been linked to the prevention of chronic
age-related diseases (AREDs). In this context, a systematic review suggested that the con-
sumption of a defined dietary pattern, when compared with a single component or nutrient,
could imply potential protective effects by lowering the incidence of OAG (iOAG), although
such evidence should be better explored in more detail [180,181]. Thus, in one of the most
recent case–control studies, the Rotterdam Study, Vergroesen JE and colleagues demon-
strated the correlation between the adherence to Mediterranean-DASH Intervention for
Neurodegenerative Delay (MIND) and reduced risk of iOAG. In three independent cohorts
from the prospective population, 170 participants developed iOAG in 1991 with follow-up
visits every five years. In this program, a high consumption of food rich in nutrients and
fiber and low in calories and fat, as well as seafood, strawberries and blueberries kale, col-
lard greens, spinach, cabbage, and so on, with the latter included in green leafy vegetables,
showed both anti-inflammatory and protective activities against iOAG. Moreover, the au-
thors also investigated a possible adherence to MeDi or other guidelines, as well as a Dutch
diet, and iOAG, but they did not find any remarkable associations. Considering that an
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IOP-independent correlation was demonstrated, the authors concluded that the MIND diet
tended to be effective in slowing down or halting the progressive neurodegeneration of the
optical nerve [180]. Another interesting study came from Moreno-Montañés and colleagues,
in a large prospective cohort with more than 10 years of follow-up time (updated with
self-reported questionnaires that included lifestyle changes, health-related activities, and
medical interventions). In the “Seguimiento Universidad de Navarra” (SUN) Project, the
authors assessed the impact of the Mediterranean lifestyle (ML) habits (among no history
of smoking, moderate and/or high physical activities, MeDi adherence, body mass index,
modest alcohol consumption, and working 40 h per week, to which corresponds the SUN
Healthy Lifestyle Score, SHLS, to define the adherence) on the risk of developing glaucoma.
As a result, 261 (1.42%) new cases of glaucoma were diagnosed in the largest cohort ever
reported with a total of 18,420 participants. They observed a decreased risk of glaucoma in
participants with higher SHSL scores (>6) which adhered better to ML, while no significant
association was demonstrated regarding MeDi related to each of its components. This work
outlined, for the first time, that ML may reduce the incidence of glaucoma as a modifiable
and protective risk factor, with a healthy lifestyle system [182]. Although the link between
ML and glaucoma remains to be ascertained, a possible explanation could be attributable
to the alterations in the nitric oxide (NO)–guanylate cyclase (GC) pathway. As recently
reported, MeDi provides L-arginine and nitrate, which act as NO precursors, as well as
vitamins, polyphenols, and fatty acids, which potentially boost NO endogenous production,
providing both anti-inflammatory and anti-apoptotic properties [183–185]. A previous
prospective analysis from the Nurses’ Health and the Health Professionals Follow-up Study
(63,893 women and 41,094 men, respectively) was reported by Kang and collaborators,
who demonstrated that both higher total dietary nitrates, as an exogenous NO source,
and vegetable intake were associated with lower IOP and risk of OAG and its subsequent
progression. The reason could be due to the elevated concentrations of antioxidants and
flavonoids present in these foods, which exerted neuroprotective effects [186]. Accord-
ing to the last piece evidence, Abreu-Reyes and colleagues performed an observational
study, then validated it with the Prevention through Mediterranean Diet (PREDIMED), on
100 Spanish Canary Islands patients with the diagnosis of OAG in terms of their adherence
to MeDi. Briefly, the authors reported only moderate adherence to MeDi with a high % of
participants, approximately 70%, without gender differences [187]. Recently, an extensive
review provided by Valero-Vello M and collaborators focused on nutritional hallmarks of
foods and oral supplements in a Mediterranean cohort. As a consequence, they did not
find any significant correlation between the adherence to MeDi by age and/or gender and
the restoration of optic nerve damage in glaucoma patients. Overall, since MeDi plays an
important preventive role against progressive eye conditions, the combination with nutri-
tional supplementations as adjuvant factors would allow for high the adherence to healthy
diet patterns, thus preventing the vision loss and increasing the quality of life of glaucoma
patients [111]. Moreover, Mvitu and colleagues carried out a cross-sectional study that
counted 244 Congolese patients affected by type 2 diabetes mellitus (T2 DM, 48% of males;
40% aged ≥ 60 years). The assessment of dietary intake was linked to a qualitative-type
questionnaire that resumed the frequency of red beans, vegetable, fruit intake, and cataract
extraction. Interestingly, they noticed that regular MeDi intake (Abelmoschus, Brassica rapa,
Musa acuminate, beans) decreased the risk of blindness, cataracts, and glaucoma in this
group of patients; nevertheless, these results focused on a very low rate of vegetable intake
in Africa. Particularly, from univariate analysis, red bean intake and consumption equal to
or more than three servings of vegetables per day represented independent and protective
factors against eye degeneration diseases [188]. To date, further high-quality studies are
required to deeply elucidate both molecular mechanisms and healthy benefits of MeDi in
the prevention of glaucoma [181].

A large amount of evidence suggests that the effects of nutritional supplements
positively impact several ocular dysfunctions, acting as a powerful neuroprotective on the
modulation of IOP in preclinical animal models and patients affected by glaucoma [189,190].
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For this purpose, a systematic review reported that a high dietary consumption of some
micronutrients derived from leafy green vegetables like kale and spinach that are rich
in vitamins, minerals and fibers, and contain for instance flavonoids, glutathione and
NO, led to reduced levels of reactive oxygen species (ROS) and, consequently, the risk of
glaucoma onset in patients affected by OAG. These findings were different from selenium
(Se) and iron (Fe), contained in red meats, which would seem to increase the risk of
developing glaucoma, although randomized clinical trials (RCTs) will be necessary to
confirm these results [191]. Other supplementations as well as blackcurrant, an optimal
source of polyphenols, provided a significant improvement in the visual field and ocular
blood flow (OBF) in 38 OAG patients, during 24 months of follow-up, but on the other hand,
no effects were observed in IOP changes [192]. In addition, Lee J. and colleagues studied
the long-term effects on the visual field, particularly at the superior central, following
the supplementation of ginkgo biloba extracts, over 12 years of follow-up in a group of
42 patients with normal tension glaucoma (NTG), demonstrating a slower progression
in the evaluation of global indices [193]. Alternatively, the supplementation of omega-3
fatty acids, reported by Garcia-Medina et al., did not show any effective treatment in 117
subjects with mild or moderate POAG and IOP over a 2-year follow-up period [194].

Another study considered a possible association between nutritional supplements
as well as supplementation with eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), two polyunsaturated fatty acids that are typically found in fatty fish, fish oil, and
algae, on age-related macular degeneration (AMD) at intermediate and/or advanced stage
in a prospective cohort from the Nurses’ Health and the Health Professionals Follow-up
Study (75,889 women and 38,961 men, respectively). The authors found that an increase in
intake of EPA and DHA could slow down the development of visual dysfunction in the
intermediate AMD stage [68]. These results confirmed some beneficial effects obtained
by previous double-blind, placebo-controlled studies analyzing the anti-inflammatory
and neuroprotective effects of EPA and DHA in glaucoma treatment in a dose-dependent
manner. Moreover, the study demonstrated that these effects are mediated by peroxisome
proliferator-activated receptors PPAR-α, PPAR-γ and PPAR-δ [195]. Further healthy ben-
efits about nutritional supplements, particularly from saffron, came from two studies to
evaluate IOP reduction in 22 and 34 OAG patient cohorts with a short-term follow-up, re-
spectively. The first one published by Hecht and colleagues did not show any hypotensive
effect deriving from a supplementation of 1g twice/week of saffron to OAG patients [196],
whereas the second study subministered 30 mg/day of aqueous saffron dose, after three
weeks of conventional timolol and dorzolamide therapy. In these conditions, an ocular
hypotensive effect was evident, confirming the anti-inflammatory and neuroprotective
role of saffron against glaucomatous optic neuropathy [197]. These results supported the
data obtained in vitro by a study reported by Fernández-Albarral JA and colleagues in a
mouse model of chronic ocular hypertension (OHT) [198]. Extra virgin olive oil (EVOO)
induces beneficial effects because of both anti-inflammatory and antioxidant properties
that are provided by the presence in EVOO of over 30 phenolic compounds, as well as
oleuropein, verbascoside, tyrosol, hydroxytyrosol, diosmetin, luteolin and rutin, which
counteract the pathological pathways that participate to de progression of glaucomatous
degeneration [199]. Notably, the first two aforementioned bioactive compounds, oleu-
ropein and verbascoside, exhibited a significant inhibitory effect at low μM concentrations
in vitro against human carbonic anhydrase I and II (hCA I and II) isoenzymes [200], which
are therapeutic targets against glaucoma and their inhibition is considered a therapeutic
strategy against glaucoma [201]. The enzymatic characterization of natural phenolic com-
pounds as well as flavonoids was useful to obtain a clinical amelioration in visual function,
minimizing the risk of ophthalmic artery occlusions for those patients with glaucoma [202].
To investigate whether the impact of high dietary fat and sucrose in animal models was
able to induce the injury of retinal ganglion cells (RGCs), Chrysostomou and collaborators
demonstrated that C57BL/6J mice fed with a short-term high fat/high sucrose diet were
more vulnerable to optic nerve damage and showed higher intraocular pressure following
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the injection of endotoxin-free saline [203]. Similarly, Kong and collaborators tested the
effect of diet restriction (DR, with alternate- fasting plan at least for 6 months) in older
(18-month) C57BL/6J mice with an inner retinal dysfunction during and after injury caused
by IOP. DR treatment resulted in an appreciable functional recovery of retinal neurons at
the inner level and enhanced the mitochondrial activity in the retina of older animals when
compared with age-matched control mice. The author found that DR decreased ROS levels
and oxidation products as well as the levels of oxidative stress markers (heme oxygenase-1,
HO-1, and 4 hydroxynonenal, 4-HNE) compared to IOP mice fed with a normal diet [204].
Additionally, Guo X and colleagues tested an every-other-day fasting (EODF)—a form
of caloric restriction-, to assess its effects on glaucomatous pathology in EAAC1-/- mice,
an animal model with a normal tension glaucoma. They showed that EODF exhibited a
neuroprotective function with an improvement of visual impairment in these mice models
by ameliorating RGCs and retinal degeneration without modifying IOP [205]. Although
the molecular mechanisms induced by dietary restrictions are not yet entirely elucidated,
the observed neuroprotective effects seem to be associated with the induction of autophagy
and the improvement of retinal ganglion cells survival, indicating that this cytoprotective
process could represent an useful therapeutic strategy in glaucoma following the exposure
to hypoxic/ischemic stress [206,207]. Surprisingly, a direct correlation was found between
hypertensive patients with elevated IOP and higher levels of melatonin in their aqueous
humor compared to the normotensive group. This correlation was previously reported in
the experimental glaucomatous model (DBA/2J) compared to control mice (C57BL/6J). The
authors speculated that the increase of melatonin in the humor was due to hyperactivation
of the transient receptor potential vanilloid-type 4 (TRPV4) cation channel that induced
higher melatonin levels. These data suggested that IOP promoted an antioxidant protective
response by enhancing melatonin concentrations [208]. Indeed, Melatonin exerts a benefi-
cial effect against glaucoma by blocking the oxidative stress-promoted degeneration of the
retinal ganglion cells and is proposed as a therapeutic strategy against glaucoma [209–211].
Further evidence about the association between melatonin levels in both aqueous humor
and serum and eye disorders in type 2 diabetic patients derived from the study reported
by Aydin and colleagues. They hypothesized that the increase in melatonin levels in the
eye of glaucoma patients could be due to intraocular concentration and not by melatonin
from the pineal gland [212]. In summary, although a large number of studies regarding the
long-term advantages and safety of supplements in glaucoma patients seems to be variable,
the possibility to find a useful and synergistic combination of different antioxidants or
bioactive compounds against sight-threatening or lifelong diseases could be a promising
therapeutic option [213]. Moreover, the beneficial effect of MeDi in the prevention of
glaucoma is still debated [181].

10. Conclusions

Certainly, healthy life habits prevent the onset and the progression of chronic diseases.
Concerning DR, AMD, and glaucoma, several studies underlined the relevance of MeDi
for the prevention of these ocular diseases, mostly by preventing oxidative damage and
chronic inflammation. Notably, the studies focusing on the effects of supplements are still
controversial, suggesting that the adherence to MeDi and the Mediterranean lifestyle exert
a major effect in the prevention of retinal diseases and that supplements can be an adjuvant
to MeDi, but cannot substitute for healthy dietary habits in the prevention of such diseases.
In addition, the studies focusing on the efficacy of MeDi also provide some controversial
results, probably due to the different methods used for calculating MeDi scoring. Notably,
such studies directly correlate MeDi adherence with the onset and progression of retinal
diseases, but there is not a biomarker that clearly associates the effect of the dietary pattern
to the disease progression. The absence of a diet-induced or repressed biomarker is a major
problem in correlating the effects of dietary patterns with the risk of developing retinal
diseases. Herein, we propose to investigate in more detail the effect of MeDi in lowering
the serum levels of AGEs and in promoting the activity/expression of key molecules
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involved in the Nrf2 pathways, in order to have a clear molecular target that will provide a
defined measure of the efficacy of MeDi and a molecular correlation with the progression
of retinal diseases.
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Abstract: Background/Objectives: Rare diseases are a wide and heterogeneous group of multisystem
life-threatening or chronically debilitating clinical conditions with reduced life expectancy and a
relevant mortality rate in childhood. Some of these disorders have typical neurological symptoms,
presenting from birth to adulthood. Dietary patterns and nutritional compounds play key roles in
the onset and progression of neurological disorders, and the impact of alimentary needs must be
enlightened especially in rare neurological diseases. This work aims to collect the in vitro, in vivo, and
clinical evidence on the effects of diet and of nutrient intake on some rare neurological disorders,
including some genetic diseases, and rare brain tumors. Herein, those aspects are critically linked
to the genetic, biological, biochemical, and pathophysiological hallmarks typical of each disorder.
Methods: By searching the major web-based databases (PubMed, Web of Science Core Collection,
DynaMed, and Clinicaltrials.gov), we try to sum up and improve our understanding of the emerging
role of nutrition as both first-line therapy and risk factors in rare neurological diseases. Results: In line
with the increasing number of consensus opinions suggesting that nutrients should receive the same
attention as pharmacological treatments, the results of this work pointed out that a standard dietary
recommendation in a specific rare disease is often limited by the heterogeneity of occurrent genetic
mutations and by the variability of pathophysiological manifestation. Conclusions: In conclusion,
we hope that the knowledge gaps identified here may inspire further research for a better evaluation
of molecular mechanisms and long-term effects.

Keywords: rare neurological disorders; nutritional compounds; dietary pattern; rare leukodystrophy;
rare tumors; orphan disease; neurodegenerative disease

1. Introduction

According to the World Health Organization (WHO), neurological disorders (NDs) are
actually the leading cause of illness and disability worldwide [1,2]. A recent study shows that
in the last decades, the number of people suffering from nervous system (NS) disorders (43%
of the world’s population—3.4 billion people—affected in 2021) has sharply increased [3] and,
even if the statistics report that tension-type headache and migraine represented the main
disability-causing diseases, among the fatal conditions directly attributable to nervous system
health loss, there were neonatal encephalopathy, Alzheimer’s disease and other dementias,

Nutrients 2024, 16, 3114. https://doi.org/10.3390/nu16183114 https://www.mdpi.com/journal/nutrients66



Nutrients 2024, 16, 3114

meningitis, epilepsy, and nervous system cancer. The nervous system (NS) is vulnerable to var-
ious disorders and can be damaged by inflammatory processes or by immunological-mediated
mechanisms, genetic disorders, traumatic injuries, and/or cancers. Moreover, neurological
health loss is often a consequence of various circumstances, such as neonatal (premature birth,
jaundice, and sepsis) and congenital conditions (birth defects and chromosomal abnormali-
ties), infectious diseases (COVID-19, echinococcosis, cystic, syphilis, malaria, and Zika virus
disease), or comorbidity with metabolic disorders (diabetic neuropathy) [4]. Although the
etiology is heterogeneous, the NDs show systemic and long-term organic disabilities with a
high incidence of death, as supported by meta-analysis studies [5]. In this context, one of the
most ambitious purposes of global health systems is to improve the quality of life for people
with NDs by reducing the influence of NDs, as well as their associated mortality, morbidity,
and disability [6], as established by the World Health Assembly with the Global Intersectoral
Action Plan on Epilepsy and Other Neurological Disorders 2022–2031 (IGAP).

Although there is a high incidence of neurological disorders, unfortunately, to date,
there are few effective cures. Despite the many advances made with the implementation of
therapeutic solutions, there are problems and limitations that do not guarantee full control
of neurological symptoms [7], suggesting that dietary nutrition may represent a useful tool.
The dietary pattern and nutritional compounds play a key role in ensuring general physical
wellness and specific neurological function. Daily dietary intake provides nutrients and
molecules to support life and health maintenance through its general supply of substrates
of homeostasis. Dysphagia, movement disorders, cognitive impairment, and depression
associated with neurological disorders can directly or indirectly affect the nutritional status of
patients. For instance, malnutrition causes delays in rehabilitation and induces an increase in
both mortality and morbidity. Proper nutritional education could be a crucial intervention in
ND treatment to minimize the risks of malnutrition with likely repercussions on the worsening
of symptoms related to neurological diseases [8].

In recent years, epidemiological data have revealed the importance of a correlation
between both healthy food intake and lifestyle and a clear reduction in the risk of central
nervous system (CNS) diseases. These findings make diet and lifestyle interesting points on
which we can focus the intervention research field [9,10]. Particularly, it has been scientifically
proven that the intake of certain foods and nutrients guarantees clinical benefits for CNS
disease. Currently, research on brain health and the effects of nutraceuticals receives high
interest due to the potential neuroprotective effects.

In this work, we focus our attention on the effects of diet and/or nutrient intake on some
rare diseases with neurological symptoms. The term “Rare diseases” (RDs) refers to a wide
and heterogeneous group of multisystem life-threatening or chronically debilitating clinical
conditions. They often correlate with high medical costs, poor quality of life, reduced life
expectancy, and a significant mortality rate in childhood. Examples include genetic diseases,
rare cancers, and infectious tropical diseases.

The only finding that RDs have in common is their low prevalence and low frequency
in the population. According to the definition by the WHO, an RD is an illness or condition
that occurs from 0.65 to 1 case per 1000 population, with a prevalence from 6.5 to 10 cases per
10.000 residents. Thus, their classification criterion is usually purely epidemiological. Thus,
even if many pathologies reach just a prevalence of 0.001%, (1 case per 100,000), taken together,
RDs affect approximately 6–8% of the world’s population, and often, the rarity of a particular
disease limits the process of drug development for economic factors [11].

In this background, we hypothesized that basic research, clinical practice, and evidence-
based medicine could furnish us with the data to investigate new therapeutic perspectives
by establishing a direct link between diet and neurological outcomes in a specific “rare”
molecular context. Therefore, in this narrative review, we first introduce readers to the topic
of rare diseases by focusing on rare neurological disorders. Then, we analyzed the concept of
“nutritional approaches” in neurological illness, trying to summarize the main methodologies
applied for the study of nutritional interventions in rare neurological disorders with a critical
evaluation of the limits and strengths of in vitro and in vivo models and of clinical studies.

67



Nutrients 2024, 16, 3114

These preliminary indications supported the last part of the work in which we analyzed the
scientific literature by reviewing the in vitro, in vivo, and clinical evidence on the effects of diet
and of nutrient intake on some rare neurological disorders, including rare developmental
disorders (Angelman Syndrome and Rett Syndrome), rare leukodystrophies (Krabbe disease
and Pelizaeus–Merzbacher disease), rare genetic epilepsy, rare forms of ataxia, and rare brain
tumors. Specifically, we review the evidence available on the following web-based databases:
PubMed, Web of Science Core Collection, and DynaMed. Moreover, for clinical trials, we
searched on clinicaltrials.gov. Globally, to focus our search, we applied the Boolean operator
“AND” to combine the condition/disease with specific terms (diet, or nutrition, or nutrients).
When a specific term turned results in line with the aims of this review, closer research was
performed by the inclusion of the identified key work.

We try to sum up and improve our understanding of the emerging role of nutrition as
both first-line therapy and risk factors in rare neurological diseases, in line with the increasing
number of consensus opinions suggesting that nutrients should receive the same attention as
pharmacological treatments. The limits, the challenges, and the knowledge gaps are identified
in order to inspire further research for a better evaluation in the future.

2. Rare Disorders: Lights and Shadows

The term “Rare diseases” (RDs) refers to a narrow subset of diseases affecting a small
group in the general population with a wide spectrum of clinical conditions. The findings
shared by all the RDs are the low prevalence and low frequency in the population; they
are orphan diseases (neglected diseases) [12]. Unfortunately, only a small group of these
diseases can be predicted in possible treatment, in terms of relieving the symptoms and
improving the quality of life [13]. From a medical perspective, rare neurological disorders
include many rather complex and heterogeneous conditions, for which knowledge of natural
history, diagnosis, prevention, neurobiology, and progress in treatment/drug strategies is
almost entirely limited [14]. The designation is linked to disease prevalence and severity and
the existence of alternative therapeutic options, but it varies across jurisdictions. A disease is
listed as rare when its prevalence conventionally does not exceed a certain threshold. This
latter varies among countries that adopt slightly different parameters. In the European Union
(EU), this threshold is fixed at 0.05% of the population, (1 in 2000 people or 5 per 10,000). In
the United States (US), a disease is considered rare when it does not exceed the prevalence
of a 0.08% threshold and consequently, it affects fewer than 200,000 patients in the country
(6.4 in 10,000 people); whereas, in Japan, a disease is rare if it includes less than 50,000 cases
(4 cases per 10,000). Despite the low prevalence, the number of rare diseases for which no
treatment is available is estimated to be between 6000 and 8000 worldwide. It is worrying that
approximately 6% of the world’s population is affected by potentially harmful and/or lethal
rare diseases; and it is expected that the value could grow with the progress of science and, in
particular, with advances in genetic research. Especially in conditions with a genetic etiology,
next-generation sequencing techniques and the sequencing of the whole exome could play a
key role [15,16]. Data show that a high prevalence of rare diseases has a genetic origin and
mainly involves children [17]. It would seem, at least in part, that environmental exposure
during pregnancy or in the early stages of life may affect genetic vulnerability. The main
cause lies in rare tumors, autoimmune diseases, toxic and infectious diseases, or congenital
malformations [18].

RDs constitute a priority public health topic by the European Commission and the
agencies for public health due to their high number and their complex management that
involves not only medical but also social issues [19]. In fact, RDs share a number of common
features related to social and health burdens. Among these, the poor awareness among
healthcare professionals and often the inadequate levels of care knowledge are consequences
of their low prevalence. Often, all these findings turn into delayed diagnosis, misdiagnosis,
or even un-diagnosis and troubles in disease management. Scientific evidence indicates that
the delay in diagnosis is due to the lack of knowledge about the topic and to the gradual
manifestation over time of clinical characteristics. In many cases, genetic testing would be
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necessary [20,21]. Moreover, the restricted market addressed to the single conditions reduces
the attractivity of the pharmaceutical industry to invest in Research and Development (R&D)
for new drugs and treatments that have huge development costs, resulting perhaps in the most
expensive produced drugs [22]. For all these reasons, extraordinary support in providing high-
quality information on rare diseases by increasing knowledge and ensuring improvement
in healthcare and research is carried out by several international health committees. For
example, the Orphanet provides many data and specialist services around the world through
the ORPHA code that classifies rare diseases [23]. Moreover, the European Reference Network
for Rare Neurological Diseases [24], the European Reference Network [25], and the ITHACA
network (on rare congenital malformations and rare intellectual disabilities) [26] provide
excellent support to the cooperation of researchers and health professionals in this field.

Rare Neurological Disorders

Rare neurological diseases could have an hereditary, post-infectious, iatrogenic, or un-
known etiology. These pathological conditions cause damage to the brain, spinal cord, or
peripheral nerves. Since the nervous system controls more functions of the body, depending on
the pathology, the symptoms of a rare neurological disease can be many, and they range from
mild tremors to severe motor and cognitive damage. Usually, it has been commonly described
as the progressive cognitive decline toward dementia associated with personality changes and
psychiatric disorders, the loss of coordination, mobility, muscle strength, and balance with
tremors and dystonia, as well as vision and hearing problems and involuntary movements [27].

According to the Orphanet, the term “Rare neurological disorders” does not characterize
a disease but a group of diseases with genetic causes (ORPHA:71859). The number of rare
neurological disorders that are also orphan diseases is about 8000, a number which tends
to increase monthly with advances in genetic science and research [28]. The identification
of rare disorders as well as the rare expression of common disorders associated with these
pathological conditions is particularly difficult, even if technological, financial, and social
changes have taken place in recent decades [29]. To better characterize patient populations
and delimit target populations, natural history studies are highly recommended. These latter
are epidemiological studies focusing on frequency description and the characteristics and
evolution of disease by collecting real data from groups of patients affected by these diseases.
These studies are often performed early in the clinical development process to support and
guide the design of clinical trials and drug development [29–31].

Therapy is often supportive. In recent years, pre-clinical and/or clinical studies have ad-
dressed more attention toward personalized medicine and global health with specific attention
dedicated to nutritional interventions as both first-line therapy and risk factors, suggesting
that nutrients and alimentary wellness should receive the same attention as pharmacological
treatments [32–34]. Figure 1 reports the main characteristics of rare neurological diseases and
possible investigations for symptomatic treatments.

 

Figure 1. Main characteristics of rare neurological diseases and possible investigations for symp-
tomatic treatments (created with BioRender.com, accessed on 3 September 2024).

69



Nutrients 2024, 16, 3114

3. The Alimentary Wellness for a Global Health

A varied and balanced diet is the basis of a healthy life. On the other hand, an
unbalanced diet affects psycho-physical human health and represents one of the main
risk factors for the onset of chronic diseases. In the last two decades, lifestyle and wrong
eating habits have heavily affected the increased prevalence of metabolic diseases such as
diabetes, obesity, cardiovascular disease, and fatty liver [35–38]. To address this growing
public problem, health organizations have provided recommendations on proper nutrition
intake [39].

Recent advances in research have improved the understanding of metabolism and
highlighted the active involvement of nutrients and their metabolites in the regulation of
gene expression and cell functions.

The assimilation and transformation of food including the action of nutrients and non-
nutritive components are closely related to extrinsic factors (e.g., food, xenobiotics, and en-
vironment), intrinsic factors (e.g., gender, age, and gene changes), and the host/microbiota
interaction (Figure 2) [33,40,41]. The aforementioned factors influence nutrient metabolism
as well as the risk of developing various metabolic diseases. Extrinsic factors play an
important role in the metabolic activity of nutrients and in ensuring a healthy condition.

Figure 2. Factors that influence alimentary wellness by modulator effects on the main homeostatic
functions (created with BioRender.com, accessed on 27 June 2024).

For instance, physical factors such as photoperiod and temperature are involved in
the regulation of metabolic activity. This latter is influenced by circadian endogenous
rhythms [42]. Exposure to harmful environmental conditions induces the release of stress
hormones, which can impair the body’s ability to perceive and respond to metabolic
changes [43–45]. Moreover, extrinsic factors can stimulate the alterations of the epigenome
with consequent lasting effects on the energy and nutrient metabolism, determining the
development of metabolic disorders such as in the heart (coronary heart disease) and in
the brain (for example, Alzheimer’s disease) [46–48]. The intrinsic factors, including gene
changes, gender, and age, influence the proper functioning of metabolic pathways [49].

It is clear that the modulation of central nervous system homeostasis by nutrients
could be both a risk factor for the development of neurological disease [50] as well as an
opportunity to improve the health status by nutritional interventions.

3.1. Nutritional Interventions: What Are They?

Nutritional interventions were defined as “purposefully planned actions intended to
positively change a nutrition-related behavior, environmental condition, or aspect of health
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status” [51,52]. Any specific strategy designed to improve the health status of a patient by
modifying its dietary habits is a nutritional intervention. The suggestion of specific nutrient
intake or the consumption of a particular food might bring some benefits regarding CNS
health. In clinical terms, nutritional approaches can be categorized into two major types:
nutrient supplementation and dietary modifications.

Some clinical benefits on metabolic health, neural function, and longevity seem to be
related to nutritional interventions in cases of neurological conditions with high healthcare
and social costs.

In this section, a brief overview of nutritional approaches for the most common
neurological diseases was conducted in order to better compare this scenario with that of
rare neurological disorders.

3.1.1. The Nutrient Supplementation in Neurological Illness

In the case of nutrient supplementation, the intake of specific nutrients by dietary
supplement is conducted from different sources (plant extracts, prebiotics, vitamins, amino
acids, fibers, metals, fatty acids, etc.) as complementary and integrative treatments. Con-
sidering that the pathophysiology of neurological disorders is related to oxidative stress,
neuroinflammation, and mitochondrial dysfunction [53], it has been shown that the action
of some dietary factors on mitochondrial dysfunction, epigenetic modification, and neu-
roinflammation are mechanisms that would seem to underlie the action of nutrients on
brain health [54].

Micronutrients (vitamins and trace elements) are essential components for metabolic
processes. Micronutrients play an important role through catalytic action in enzyme
systems like cofactors and components of metalloenzymes. They are also involved in
antioxidant activity, modulation of cellular immunity, and wound healing [55]. Acute
and chronic changes in micronutrient levels can cause complications in neurological dis-
eases [56]. Actually, micronutrient dysregulation can cause damage to peripheral nerves
(demyelination or axonal damage), impairment to the central nervous system, and a typical
category of myeloneuropathy (damage to the peripheral and central nervous system) [32].
Globally, vitamins and inorganic ions seem to be useful—as complementary nutrients—for
the prevention and management of neurological diseases [56].

Several pieces of scientific evidence show encouraging results on the synthesis of
neurotrophic factors and neurotransmitters, neuroplasticity, myelination, and microglial
activity as nutritional effects related to the intake of vitamins and minerals [57]. Specifically,
as for vitamins, it has been reported that the vitamins of the B group (B6 pyridoxine, B9 folic
acid, and B12 cobalamin) may slow the progression of cognitive decline in patients with
mild cognitive impairment [58,59] by a reduction in homocysteine levels. A slower progres-
sion of Alzheimer’s disease was reported in patients at disease onset when supplemented
with vitamin E, which, as an antioxidant, protects neurons from oxidative damage [60].
Supplementation with vitamin D has been reported to reduce the frequency of relapses
and to slow disease progression in subjects affected by Multiple Sclerosis [61,62].

Among the inorganic elements of bio-importance to health, magnesium and iron
have been largely evaluated in neurological dysfunctions [63], and their supplementation
seemed to support neurological function [64–66].

Dietary intake of fish and omega-3 fatty acids has been associated with a lower risk of
Alzheimer’s disease [67,68].

A wide variety of natural plant substances are known as “neuro-nutraceutical” sub-
stances [34]. In vitro studies showed neuroprotection effects given by seed extracts as a
result of their antioxidant, anti-inflammatory, and anti-apoptotic properties [69]. Potential
beneficial effects are related to several cannabinoid compounds extracted from Cannabis
sativa. For instance, cannabisin F in a model of inflammation and oxidative stress induced
by lipopolysaccharides in BV2 microglial cells showed a significant reduction in both
inflammatory responses and production of reactive oxygen species associated with the
expression pathway of the enzyme sirtuin 1/nuclear factor kappa B and the nuclear factor
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2 related to erythroid-2. Moreover, the antioxidant activity of Cannabis sativa seed extract
plays a role in the reduction of reactive oxygen species and in the expression of nuclear
factor 2 related to erythroid-2 and oxygenase-1 of heme (HO-1) [70,71]. Bhuiyan et al.
demonstrated the neuroprotective effect of anthocyanins extracted from black soybean
seed coat using a model of ischemia induced by oxygen–glucose deprivation and cell death
induced by glutamate in primary cortical neurons of rats [72].

Globally, we want to highlight that the major limit seemed to be that often, in the
analyzed data, the baseline of nutrient levels was not fully reported at a specific stage of
disease progression. So, the supplementation can have an individual effectiveness accord-
ing to the severity of the specific neurological condition. Moreover, the epidemiological
analysis of the possible correlation between nutrient consumption and cognitive decline is
complex and laborious. It is unlikely that a single component, alone, plays an important
role considering that many factors throughout life affect brain function. Therefore, multi-
domain interventions could be more promising in the attempt to prevent cognitive decline.
Nowadays, designing this type of trial is challenging for researchers [32].

3.1.2. The Dietary Modification in Neurological Illness

Dietary modification involves the change in the types or quantities of consumed food.
Often, it is a diet restriction (DR) of particular nutrients (carbohydrates, amino acids, etc.)
or a time-limited diet, such as intermittent fasting (IF) or a fasting-mimicking diet [7].

According to the literature analysis, in order to manage the most common neurological
illnesses and potentially delay their progression, the principal dietary modifications are the
Mediterranean Diet, the Ketogenic Diet, the Paleo diet, and the Low-Fat or the Low-Protein
Diets [7,73,74].

Globally, the major reported limit is the adherence to a specific diet. Moreover, dietary
preferences can be conditioned by single nucleotide polymorphisms in genes coding for
taste receptors [75].

The Mediterranean Diet is characterized by a high intake of fruits, vegetables, mo-
nounsaturated fat, fish, whole grains, legumes, and nuts. Alcohol consumption is moderate,
as well as the consumption of red meat, saturated fat, and refined grains. At the nutritional
level, the contents of omega-3 unsaturated fatty acids, resveratrol, and micronutrients
are high. It has been associated with a reduced risk of cognitive decline, Alzheimer’s
disease [76–78], and Parkinson’s disease [79–81]. In the case of Multiple Sclerosis, the
Mediterranean diet has been reported to be effective for prevention and for a reduction
in comorbid disease severity, but the reduction in symptoms has been related to different
diets such as the low saturated fat (Swank), low fat vegan (McDougall), modified Pale-
olithic (Wahls), and gluten-free diets as well as intermittent fasting, calorie restriction, and
intermittent calorie restriction (fasting mimicking diet) [82].

The ketogenic diet is a high-fat low-carbohydrate diet that induces ketosis. It seems
to improve cognitive function in Parkinson’s disease [83,84]. It seems that the produced
ketones may serve as an alternative energy source for the brain, potentially reducing the
impact of glucose hypometabolism in Alzheimer’s patients [85]. A lot of papers supported
the role of the ketogenic diet in the treatment of epilepsy [86–89], probably associated with
the stabilization of neuronal activity and reduction in seizure frequency by shifting the
body’s metabolism from glucose to ketone.

Early dietary interventions in children with Down syndrome have been reported as an
opportunity for decreasing the risk or delaying some symptoms, ameliorating their quality
of life [90].

4. Nutritional Interventions for Rare Neurological Disorders: What Is the Right
Model?

Studying rare diseases is challenging, primarily because of their different etiology, the
huge variety of symptoms, the variations in the time of onset, and the low prevalence in
the total population.
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This complexity necessitates innovative approaches and ad hoc models applicable both
to better clarify the disease mechanisms and to screen and develop potential treatments or
to evaluate supporting nutritional care.

In preclinical studies, in vitro models are useful tools for basic research and therapeu-
tic development, while in vivo animal models are valuable resources to confirm in vitro
speculations, especially when investigation in human subjects may be limited by ethical
concerns or the limited availability of patients. In order to highlight the importance of
tailored research methodologies, we analyzed the literature background to define how
these diseases are studied/treated and to evaluate how preclinical research could mirror
the genetic context of the patient with specific regard toward nutritional interventions.

4.1. In Vitro Models for Testing Nutritional Interventions in Rare Neurological Disorders

Concerning neurological diseases, the effects of nutrition and the mechanisms involved
are still unclear. As it is still hard to understand the mechanism of rare neurological diseases
on the basis of only clinical patients or animal models; cell models cultured in vitro play a
key role, representing excellent tools in the research for disease-causing mechanisms and
in the therapeutic development for screening and testing potential treatments.

The common and most long-lasting used in vitro model is the two-dimensional (2D)
culture system. According to the examined disorder, it consists of the selection of the
appropriate cell type (or types) that is cultured in vitro and exposed to the neurotoxic
stimulus, a hallmark of each disease. In this context, the effects of nutrients could be
investigated. This cell model allows the use of human cells, unraveling the doubts due
to species differences. The advantages of using in vitro models are the reduced costs, the
ability to study specific biological endpoints, and the medium and high throughput analysis
of the experiments [91], but they fail in the reproduction of the microenvironment of human
tissues. Major progress has been made in this field by the emerging three-dimensional (3D)
culture [92] and induced pluripotent stem cell (iPSC) technologies.

Compared to 2D culture systems, in 3D culture systems, coherent cells within an
extracellular matrix better reflect physiological behavior as in a real tissue environment,
enabling the study of the interaction of different cell types [93]. In particular, iPSCs
derived from the patient can be used to create patient-specific cell lines. These cell lines
accurately reflect the disease phenotype at the cellular level, allowing a relatively accurate
assessment of pharmacological responses and toxicity in the patient’s genetic field [94,95].
This application strategy not only improves the relevance of preclinical results but may
also lead to personalized therapeutic approaches.

In recent years, the major innovation for both 2D and 3D in vitro models is the applica-
tion of High Throughput Screening (HTS) technology [96–99]. It consists of a miniaturized
assay and large-scale data analysis to rapidly identify active compounds, antibodies, or
genes modulating the molecular pathways involved.

At a glance, the major remarks are reported in Figure 3. Although in vitro studies
ensure the possibility of prediction of clinical outcomes, they are limited as they cannot
reflect the physiological processes of absorption, distribution, metabolism, and excretion.

4.2. In Vivo Models for Testing Nutritional Interventions in Rare Neurological Disorders

Several model organisms have been chosen to better understand the characteristics
of rare neurological disorders and identify causative genes. Moreover, with respect to
in vitro models, the in vivo models admit the evaluation of nervous functions, such as motor
function, learning and memory, and physiological development. In this context, the effects
of nutrients, diet, and nutraceuticals should better mimic the clinical outcomes.

As reported in Figure 4, the classical model organisms for in vivo studies are mam-
malian, especially mice; however, studies on non-mammalian model organisms are becom-
ing increasingly common. Fruit flies (Drosophila melanogaster), nematode worms (Caenorhab-
ditis elegans), and zebrafish (Danio rerio) mainly provide advantages in terms of a rapid and
economic evaluation of the effects of nutrition correlation with gene variants. Subsequently,
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data obtained can be validated in mammalian model organisms, such as mice, and in
human cells [100].

 

Figure 3. In vitro models as tools in rare neurological disease research and therapeutic development
(partially created with BioRender.com, accessed on 7 August 2024).

Figure 4. Animal models for rare neurological diseases (created with BioRender.com, accessed on
3 September 2024).
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Functional studies in model organisms with informatics support can also be used to
make diagnoses. The Model Organism Screening Center uses model organisms to provide
evidence of the pathogenicity of genetic variants identified in Undiagnosed Diseases
Network patients. Worms (Caenorhabditis elegans) and zebrafish (Danio rerio) are considered
excellent models due to numerous advantages including high gene homology with humans,
low maintenance costs, and rapid development. In addition, transparency—in certain
stages—allows the detection of cellular and morphological defects [58].

Of course, when the disease-causing agent is a genetic mutation, gene knockout/knockin,
chimeric, or chemically-induced organism models have been developed in all taxa [101].

4.2.1. Nonhuman Primate Genetic Models

As recently reviewed by Vallender and co-workers, naturally occurring nonhuman
primate models (macaques) of rare human neurological diseases are being discovered and
developed [102]. This is the case for late infantile neuronal ceroid lipofuscinosis, Krabbe
disease, Leukoencephalopathy with Ataxia, and Pelizaeus–Merzbacher disease. Even if
the macaques physiology is closely similar to the human one, the application of primate
models—especially for nutritional intervention—is limited as a consequence of their cost
and ethical affairs [103].

4.2.2. Rodents

Rodents (mice, rats, etc.) have been largely applied for studying rare neurological dis-
orders. Their application is sustained by some advances: (i) small size, (ii) short generation
times, (iii) short life cycle, (iv) easy maintaining and breeding, (v) similarities to humans in
terms of anatomy and physiology, and (vi) possibility of genetic manipulation [104,105].
Meanwhile, some advantages could also represent limits, for example, the small size is
linked with difficulties in experimental procedures and differences in metabolism [106]. A
naturally occurring mouse model has been reported for some rare disorders like Krabbe
disease [107], but knockout mouse models seemed to be the major resource for the study of
rare diseases [108].

A system of synergistic data-sharing has been developed to limit the number of
animals and to ensure the opportunity to discover still unknown therapeutic approaches
(for example, dietary intervention or drug therapy) useful for patients [109,110].

4.2.3. Caenorhabditis elegans (C. elegans)

The microscopic nematode worm Caenorhabditis elegans is a model organism suitable
for rare neurological disease modeling [111,112]. The whole genome of this organism has
been sequenced and it is the only organism to have completed its connectome (the “wiring
scheme” of neurons). It has also been shown that 83% of the proteome is characterized by
human homologous genes [113]. These data show that C. elegans is suitable for functional
human gene research, especially for studies on neural mechanisms and molecular learning,
memory, coupling behavior, chemotaxis, thermotaxis, and mechanical transduction [114].
Recent advances in genetic manipulation have facilitated the precise manipulation of genes
at a single nucleotide level using the CRISPR-Cas9 gene editing technology [115,116]. In
addition, investigative studies on C. elegans are supported by well-established knowledge,
which are valuable publicly accessible resources (e.g., WormBase, https://wormbase.org/
/#012-34-5; Caenorhabditis Genetics Center https:/cgc.umn.edu) to ensure the integration
of new findings on disease pathologies.

To date, the C. elegans model aided the characterization of a novel gain-of-function
mutation in Sodium Leak Channel Non-selective (NALCN) identified in a girl with intellec-
tual disability, episodic and persistent ataxia, and arthrogryposis [117]. Moreover, genetic
defects associated with rare ciliopathy disorders (Joubert syndrome, Meckel syndrome,
and nephronophthisis) have been modeled in C. elegans, showing severely disrupted ciliary
function and structure [118,119].
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A nutritional intervention was tested in a C. elegans model for maple syrup urine
disease, a rare genetic disorder of aminoacidic metabolism characterized by a deficiency of
an enzyme complex (branched-chain alpha-keto acid dehydrogenase) that is required to
break down the branched-chain amino acids (BCAAs) [120].

However, it should be noted that the application of C. elegans in an in vivo nutrigenomic
model is limited by the high-protein low-fat low-carbohydrate diet, as it naturally feeds on
living bacteria.

However, it should be noted that the application of C. elegans as an in vivo nutrigenomic
model is limited by the high-protein low-fat low-carbohydrate diet, as it naturally feeds on
live bacteria.

4.2.4. Drosophila melanogaster

The fruit fly Drosophila melanogaster is a very attractive in vivo model for basic research
and large-scale screening experiments [121], as a consequence of the high progeny produc-
tion, and the short time generation for each reproduction cycle. The genome has been fully
sequenced [122] and it shows excellent preservation between human and fly genomes (65%
for coding genes and 80% for human genes associated with disease) [123,124]. In addition,
highly sophisticated genetic tools are available to manipulate the genes of interest in a
controlled manner, making investigational studies on rare human variants with unknown
pathogenicity in an appropriate cellular or molecular enviroment [125–127].

Interestingly, Drosophila has been reported as a diet discovery tool for treating rare
disorders of amino acid metabolism disorders, offering the opportunity to generate and
test the disease-relevant phenotypes and to perform high-throughput targeted diet screen-
ing [128,129].

4.2.5. Zebrafish (Danio rerio)

The zebrafish (Danio Rerio) is a small tropical freshwater fish easy to maintain in
an animal facility at low costs. It is a valid model organism also for the transparency of
embryos, the rapid development, and the opportunity to make real-time imaging of cells
and internal structures under a microscope. In addition, the embryos develop externally
and a pair of fish is able to lay several hundred embryos in a single brood [130]. It has been
demonstrated that 82% of known human genes related to the disease and 76% of human
genes involved in genomic association studies have orthologues in zebrafish [131]. With the
impactful developments of CRISPR and next-generation sequencing technology, zebrafish
models have gained increasing success and high approval in biomedical research [132],
especially for rare neurological disorders [133,134].

As for the evaluation of dietary intervention in the zebrafish model of rare disease,
the assessment of supplementation with cobalamin in the rare combined methylmalonic
aciduria and homocystinuria has been performed by adding supplements in water [135].
Globally, the major obstacle is the solubility of some nutrients that could leach into the
tank water.

4.3. Clinical Research for Testing Nutritional Interventions in Rare Neurological Disorders

The power of clinical studies is often limited by the small participant pool that is often
restricted by rigid inclusion and exclusion criteria. In addition, the severity of symptoms
often varies over time and test results only reflect the patient’s condition at a specific
time [136]. These pieces of evidence suggest that it is necessary (i) to conduct global multi-
center recruitment; (ii) to improve the effectiveness of study projects with the cooperation of
doctors, pharmaceutical companies, government agencies, clinical research methodologies,
biologists, patients, and their families [137]; and (iii) to accelerate the development and
application of shared and objective outcome measurements by biomarkers identification. To
overcome these limitations, the National Institutes of Health (NIH) supported the Clinical
Research Network on Rare Diseases (RDCRN), which was established to promote the
diagnosis, management, and treatment of rare diseases and to ensure highly effective and
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efficient collaboration multi-site, patient-centered, pro-translational, and clinical research.
It also works in close contact with patient advocacy groups. Up to now, the RDCRN
has published several articles on topics ranging from natural history study results and
case reports to practical guidelines and clinical trials. In addition, the RDCRN has been
involved in work, which, as a result, has produced 10 treatments approved by the Food
and Drug Administration (FDA) including the approval of trofinetide as the first treatment
for Rett syndrome [138–142]. An increasing number of technologies are now being used
for remote health monitoring by reducing cohort sizes and endpoint response times for
clinical trials and by having a clear picture of the patient’s status [143]. Digital measures
have mainly been developed for monitoring neurological disorders that are not classified
as rare [144–146], but these measures are increasingly being used for evaluations in patients
with rare diseases. The use of digital measures of results is expected to increase with the
development of innovative technologies and artificial intelligence [147].

As recently reported by Liu et al. [148], the research on diet therapy in patients with
rare diseases focuses on diet therapy methods, diet therapy management, guidelines for
diet therapy, and the impact of diet therapy on patients. They are mostly related to rare
inborn errors of metabolism [149].

5. Diet and Nutrient Intake in Rare Neurological Disorders

5.1. Rare Pervasive Developmental Disorder
5.1.1. Angelman Syndrome

The clinical manifestations of Angelman syndrome include mental retardation, move-
ment or balance disorder, typical abnormal behaviors, and severe limitations in speech and
language. The etiology resides primarily in de novo maternal deletions involving chromo-
some 15q11.2-q13; but it is also associated with paternal uniparental disomy for the same
chromosome, imprinting defects, or mutations in the gene encoding the ubiquitin-protein
ligase E3A [150]. As for diet and nutrient intake in Angelman Syndrome, we found 2 clin-
ical trials and 19 articles. Among the latter, only 13 dealt with nutritional interventions.
Considering that Angelman syndrome is often associated with refractory epilepsy [151],
the ketogenic diet [152,153] and the low glycemic index diet [154,155] have been suggested
in clinical practice.

In mouse models of disease, (i) the ketone ester (R,S-1,3-butanediol acetoacetate
diester) supplementation attenuated seizure activity and enhanced synaptic plasticity, im-
proving the motor coordination, learning, and memory [156] and (ii) the supplementation
with linoleic acid ameliorated the mechano-sensory deficits by acting on increasing the
reduced activity of the PIEZO2 ion channel [157].

These results strongly seemed to support a clinical trial (ClinicalTrials.gov ID NCT03644693)
that proved the safety and tolerability of a nutritional formulation containing exogenous
ketones [158,159]. Moreover, dietary supplementation with methylation-promoting agents
(betaine, metafolin, creatine, and vitamin B 12) was evaluated in a clinical trial (ClinicalTri-
als.gov ID NCT00348933) but resulted in being ineffective in decreasing the severity of the
disease [160,161].

5.1.2. Rett Syndrome

Rett syndrome is a neurodevelopmental disorder first observed by the Austrian
pediatrician Andreas Rett in two girls having typical hand-wringing stereotypes. It affects
mainly, but not exclusively [162], female subjects [163].

The progression of pathology has been fully characterized [164–167]. Briefly, normal
growth up to the first 6 months of life is followed by failure to reach the physiological
developmental stages between 6 and 18 months. At 12–30 months, a period of regression
appears with gait dysfunction, loss of acquired hand skills, and spoken language, and the
onset of repetitive hand stereotypies. From approximately 5 years of age through adulthood,
the pseudo-stationary stage appears with no continued skill regression, with the exception
of some loss of ambulation in the teen years. At last, the late motor deterioration stage
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can extend for years or decades. Common features include scoliosis, decreased mobility,
muscle weakness, spasticity, or stiffness. Sometimes walking stops. The reduction in
communication skills also triggers the appearance of autistic traits. Other severe clinical
defects have been described such as apnea, hyperventilation, scoliosis, weight loss, and
cardiac abnormalities in affected girls [168].

Rett syndrome (OMIM #312750) is primarily caused by loss-of-function mutations in
the methyl-CpG-binding protein 2 (MECP2) gene located on the X chromosome (Xq28) [169].
Over 500 different MECP2 mutations have been identified. As reviewed by Good et al.,
there are missense, nonsense, frameshift, splice site, and start codon mutations as well as
larger deletions [170]. A great effort has been made to evaluate the genotype–phenotype
relationship [171] and genetic therapies [172]. Despite a wide phenotypic variability, RTT is
commonly associated with epilepsy, sleep disturbances, and gastrointestinal dysfunction.

MECP2 encodes for the methyl-CpG-binding protein 2 (MeCP2), a DNA-binding
protein with acts as a transcriptional modulator and epigenetic regulator of gene expres-
sion [169] (Figure 5). The protein is strongly expressed in the CNS on a time course that
correlates with neuronal maturation and synaptogenesis [173]. Thus, it plays a critical role
in brain development, particularly in regulating the expression of other genes important
for synaptic function [174,175], as well as in chromatin organization, alternative splicing,
and miRNA processing [176]. Moreover, mutations in other genes can also result in Rett-
like syndromes, such as the X-linked Cyclin-Dependent Kinase-Like 5 (CDKL5; OMIM
#300203) [177] or the Forkhead box G1 (FOXG1; OMIM #164874) [178] genes.

 

Figure 5. MeCP2 gene structure and its activity on target genes. The meCP2 gene has N-terminal
(NTD); methyl binding (MBD); intervening (ID); transcription repression (TRD); and C-terminal
(CTD) domains. MeCP2 recruits a transcriptional corepressor complex containing Sin3A and histone
deacetylase (HDAC) to methylated CpG islands and induces transcription inhibition in the target
gene (TRD, transcriptional repression domain; MBD, methyl-CpG-binding domain). MeCP2 can
activate gene transcription by recruiting CREB and other transcriptional factors to non-methylated
CG DNA regions (partially created with BioRender.com, accessed on 10 August 2024).

As for the cures, Trofinetide [179] has been recently approved for Rett syndrome [180];
and there are four recruiting clinical trials for gene therapy (ClinicalTrials.gov IDs:
NCT05740761, NCT05898620, NCT05606614, and NCT06152237). Ongoing treatments
are meant to alleviate disease symptoms, such as antiepileptic drugs, occupational and
physical therapy, and scoliosis equipment.

Nutritional interventions (Table 1) for Rett disease have been suggested. Patients are
characterized by weight deficiencies and poor growth, and are at risk of food
shortages [181,182], vitamin D deficiency [183], osteopenia [184], and low bone mineral
mass [185]. Moreover, changes in gut microbiota have been reported both in humans [186]
and in MeCP2-deficient rats [187]. Recently, it has been reported that probiotic supplemen-
tation ameliorates neurological outcomes in Rett syndrome [188].
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Motor and cognitive impairments may be related to cholinergic hypofunction ab-
normalities, and choline supplementation was found to alleviate the synaptic defects in
iPSC-derived neurons [189] and to improve locomotor function in mouse models [190,191].

By searching for clinical trials with dietary intervention in Rett syndrome, we found
two completed trials without published results: the NCT05352373 on the role of dietary
calcium and the NCT 05420805 on pre- and post-biotics strategies. The creatine monohy-
drate supplementation was tested on Rett patients as a source of labile methyl groups for
different methylation reactions (NCT01147575), but even if the DNA methylation increased,
no significant differences were found in clinical parameters with respect to placebo [192].

From a biological and biochemical point of view, in zebrafish and in mutant mouse
models as well as in humans, the major protein expression changes point out defects in
energy metabolism, mitochondrial function, redox status imbalance, and muscle func-
tion [193,194], with annexed inflammation and oxidative stress [195,196]. In this context,
the alteration in cholesterol and lipid metabolism [197] with a significant increase in lipid
peroxidation [198,199] has been reported, and the diet supplementation with the ω-3
polyunsaturated fatty acids was found to improve the patient’s subclinical inflammatory
status, partially restoring membrane fatty acids and correcting the redox status [200,201].
Moreover, an anaplerotic triheptanoin diet—concerning the stimulation of mitochondrial
function—revealed a significantly increased longevity and improved motor function and
social interaction in KO mice [202].

As reviewed by Mouro et al. [203], most studies focused on the control of epilepsy by
supplementation with derivatives of the cannabis plant or by diet modification. Concerning
cannabinoids, Cannabidivarin seemed to be useful to rescue cognitive deficits and to delay
neurological and motor defects in MeCP2-mutant mice [204,205]. Due to the pandemic
period and the recruitment challenges, a long-term safety study of cannabidiol oral solution
in patients with Rett syndrome was terminated (NCT0425286), and the posted results
report a reduction in seizure frequency in 43% of patients, while 5% became seizure-free.
However, patients suffered from serious adverse side effects such as diarrhea, vomiting,
fatigue, pyrexia, and somnolence.

As for diet modification, the ketogenic diet has shown good results on seizure fre-
quency and behavior, as well as in the case of refractory epilepsy [206–208]. The antiepilep-
tic actions seem due to the GABAergic signaling mechanism [209], or to an increase in
adenosine and BDNF signaling [210].

Table 1. Nutritional interventions for Rett syndrome.

Nutritional Interventions for Rett Syndrome

Nutrients or Neuro-Nutraceutical Substance Effects

Nutrient
supplementation

Vitamin D 1 Reduction in vitamin D deficiency [183]

ω-3 polyunsaturated fatty acids 1 Improvement in inflammatory status [200,201]

Triheptanoin 2,3 Amelioration of mitochondrial function, motor
function and social interaction [202]

Choline 2 Modulation of neuronal plasticity, possibly leading
to behavioral changes.

Probiotic 1 Amelioration of neurological outcomes [188]

Cannabidivarin 2 Rescue cognitive deficits and delay of neurological
and motor defects [204,205]

Cannabidiol 1 Antiepileptic actions

Creatine monohydrate 1 Increase in DNA methylation [192]

Type of diet Effects

Dietary modification Ketogenic diet 1,2 Antiepileptic actions [206–208]
1 Tested in patients. 2 Tested in animal models. 3 Tested in in vitro model.
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5.2. Rare Leukodystrophies

Although there are different causes of leukodystrophies, the patients share the mani-
festations of neurological symptoms. Among these are muscular spasticity, ataxia, seizures,
cognitive developmental delay, dystonia, and dyskinesias. Moreover, swallowing dysfunc-
tion and pulmonary problems result in feeding limitations.

5.2.1. Krabbe Disease

Krabbe disease (OMIM #245200) is one of the classic genetic lysosomal storage diseases
with autosomal recessive inheritance. It is characterized by demyelination in the white
matter of the central and peripheral nervous system. Clinical manifestations report infantile
and late-onset forms. This pathology is due to mutations in the galc gene (Ch. 14q31), which
encodes for galactocerebrosidase, the lysosomal enzyme that catalyzes the hydrolysis of
galactose from galactocerebrosides and galactosyl-sphingosine (psychosine). The enzyme
loses its function and, according to the “psychosine hypothesis” [211,212], the accumu-
lation psychosine causes the death of the myelinating cells by triggering cell signaling
pathways that induce oxidative stress, mitochondrial dysfunction, apoptosis, inflammation,
endothelial/vascular dysfunctions, and neuronal and axonal damage [213–217].

To date, there is no cure. The only disease-modifying treatment currently available is
hematopoietic stem cell transplantation, which is effective only when performed before
symptoms appear, while other treatment options are symptomatic [218].

Gene therapy-based clinical trials (NCT04693598 and NCT05739643) are active; no
clinical trials for the evaluation of dietary intervention exist. Through searches about diet
and nutrient intake in Krabbe disease, the biomedical databases retrieved up to 18 results,
but only 4 results really fitted within the aim of this work. Preclinical studies performed in
the twitcher mouse (the naturally occurring animal model of the disease) suggested (i) a
galactose-free diet enriched in soy isoflavones and antioxidants (coenzyme Q10, glutathione,
and isoflavonoids) [219] and supplementation with vitamin D3 [220] for delaying the
onset of symptoms. Recently, dietary supplementation with n-3 polyunsaturated fatty
acids led to a slowing of the phenotypic presentation of the disease and restoration of
lipid mediator production [221], as oxidative stress induces an increase in isoprostanoids
levels in mouse brains [222]. In cellular systems, it has been reported that the 3′,4′,7-
trihydroxyisoflavone holds a GALC-addressed chaperoning activity [223,224], useful to
increase residual enzymatic activity in fibroblasts from Krabbe patients.

Although there are little data in the literature, such scientific evidence conducted on
in vivo models gives a possible guarantee that a correct supplement of foods containing
antioxidant nutrients can be a potential treatment to improve the quality of life in Krabbe
syndrome (Table 2).

Table 2. Nutritional interventions for Krabbe disease.

Nutritional Interventions Krabbe Disease

Nutrients or Neuro-Nutraceutical Substance Effects

Nutrient supplementation

Vitamin D3 1 Delay symptoms onset [220]

n-3 polyunsaturated fatty acids 1 Slow the phenotypic presentation [221]

Soy isoflavones and antioxidants (coenzyme Q10,
glutathione and isoflavonoids 1 Delay symptoms onset [219]

3′,4′,7-Trihydroxyisoflavone 2 Pharmacological chaperone [223,224]

Type of diet Effects

Dietary modification Galactose-free diet 1 Delay symptoms onset [219]

1 Tested in animal models. 2 Tested in in vitro model.

5.2.2. Pelizaeus–Merzbacher Disease

Pelizaeus–Merzbacher disease (OMIM # 312080) is an X-linked leukodystrophy charac-
terized by developmental delay, nystagmus, hypotonia, spasticity, and variable intellectual
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deficit [225]. The disorder is due to mutations or dosage alterations of the proteolipid
protein 1 (PLP1) gene, located at chromosome Xq22.2 [226,227].

Treatments are symptomatic, including drugs for seizures, and spasticity.
Non-clinical trials matched the query as nutritional intervention. Biomedical databases

returned to our search six results, but only three of these really fitted within the aim of this
work. It has been shown in a mouse model of disease that cholesterol supplementation
can enhance myelination [228], but dietary cholesterol was ineffective in myelination of
patients [229]. The authors explain this phenomenon by suggesting that mice have a
disturbance of blood–brain barrier (BBB) integrity that allows access of cholesterol from
the circulation into the brain. Moreover, the ketogenic diet seemed to improve myelination
and axonal damage in a mouse model with preserved BBB integrity [229], while the
supplementation of curcumin has been reported as an antioxidant therapy in a mouse
model of disease-carrying additional copies of PLP1 [230].

5.2.3. Miscellaneous

As reported above, hypomyelinating conditions have a general phenotypic description
and genetic heterogeneity in common. In this context, it is not surprising that the same
nutritional intervention has been proven as effective for multiple conditions.

It is the case of the ketogenic diet that was reported as beneficial for seizure control in
patients with hypomyelinating leukodystrophy-14 (OMIM # 617899) and drug-resistant
seizures [231] and for the alleviation of psychomotor regression in KARS-related mitochon-
drial dysfunction and progressive leukodystrophy (OMIM # 619147) [232].

5.3. Rare Genetic Epilepsy

Developmental and epileptic encephalopathies represent a clinically and genetically
heterogeneous group of age-dependent neurologic disorders characterized by the onset of
refractory seizures in infancy or early childhood. Several disorders fitting into this group,
such as the West syndrome (OMIM # 308350) with a common genetic mutation in the
ARX gene (Ch. Xp21.3) [233], the Ohtahara syndrome [234], the Dravet syndrome (OMIM
# 607208) with a common genetic mutation in the SCN1A gene (Ch. 2q24.3) [235], and
the Lennox–Gastaut syndrome [236], have an often unclear etiology. Recently, the term
“Infantile Spasm Syndrome” has been applied to include both West syndrome as well as
conditions characterized by epileptic spasms in children even in the absence of all inclusion
diagnostic criteria for West syndrome [237]. As recently reported by Ramantani et al. [238],
the main proposed nutritional intervention for these conditions—that are often refractory
to the antiepileptic drugs [234]—is the ketogenic diet [239,240].

Up to now, we found four clinical studies based on diet for West syndrome/infantile
spasm (NCT01006811; NCT05279118; NCT01549288; and NCT00968136). Among these (i)
the trial about the modified Atkins diet in infantile spasms refractory to hormonal therapy
was withdrawn (NCT01549288); (ii) the trial NCT05279118 is active, but not recruiting, and
it aims to compare the effect of the ketogenic diet to those of Adrenocorticotropic hormone
(selected as active comparator); and (iii) two trials have been completed (NCT00968136,
and NCT01006811) without published results on clinicaltrial.org. However, searching
the clinical trials’ ID on the public database, the results of NCT01006811 were found and
reported a 40% rate of spasm resolution after three months of modified Atkins diet (a less
restrictive ketogenic diet) in children [241].

At the molecular level, it seems that the efficacy of the ketogenic diet could be strongly
related to genetic variants, and consequently to rare disorders. Ko et al. [242] reported that
patients identified as responders to the ketogenic diet were 77.8% in the case of Dravet
syndrome; 35.8% in the case of West syndrome; 29.1% for the Lennox–Gastaut syndrome;
and 64.7% in the case of Ohtahara syndrome. It must be pointed out that the nutritional
intervention seemed to be effective in patients with SCN2A, STXBP1, KCNQ2, and SCN1A
mutations that reported a responder rate of 100, 100, 83.3, and 77.8%, respectively. However,
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it was not effective in patients with CDKL5 mutations (responder rate = 0.0%) 3 months
after implementation [86,242].

The reported results strongly suggest that the application of technologies, such as
next-generation sequencing [243], could improve the understanding of the pathophysiology
of each genetic mutation, enhancing the development of precision medicine to identify in
which patients the ketogenic diet can ensure an efficient outcome.

The effectiveness of the ketogenic diet in the control of patients’ seizures has been also
supported by preclinical studies in animal models, as reviewed by Griffin et al. [244] and
demonstrated in mouse models for Dravet syndrome [245–247], and for West syndrome [248].

Recently, a trial has been approved on melatonin supplementation in the treatment
of infantile spasms (https://trialsearch.who.int/Trial2.aspx?TrialID=ChiCTR2000036208
accessed on 6 September 2024).

Among the neuro-nutraceutical substances, cannabinoids or derivatives of Cannabis
sativa have been largely investigated to treat rare epilepsy. The diet supplementation with
cannabidiol-enriched extract has been reported to reduce seizures both in humans [249,250]
and in animal models [251]. Specifically, cannabidiol oral solution was efficacious for
the treatment of patients with drop seizures associated with Lennox–Gastaut syndrome
(NCT02224690) [252], or with Dravet syndrome (NCT02091375) [253]. According to these
results, cannabidiol (Epidyolex) received the orphan drug designation by the U.S. Food
and Drug Administration and by the European Medicines Agency.

5.4. Rare Forms of Ataxia

Ataxia is a disease characterized by impaired muscle control during voluntary move-
ments such as walking or grasping objects. It is usually the consequence of damage to the
cerebellum, the brain structure responsible for muscle coordination. The etiology varies
from sporadic, hereditary, and acquired forms.

Among the rare forms of ataxia, Friedreich ataxia, Stiff Person Syndrome, and Gluten
ataxia benefit from nutritional intervention.

Friedreich ataxia is the most common of the inherited ataxias, caused mainly by
homozygous GAA triplet repeat expansion in intron 1 of the FXN gene encoding for
frataxin [254], a mitochondrial protein involved in iron metabolism. The supplementation
with antioxidant agents, like vitamin E plus coenzyme Q10, and vitamin B1 decreases
oxidative stress and enhances mitochondrial function [255]. Moreover, the antioxidant
resveratrol increases FXN gene expression in cell models [256], and it seems useful in pa-
tients [257]. Recently, the clinical trial “Micronised resveratrol as a treatment for Friedreich
Ataxia” (NCT03933163) has been completed, but no result was shared. Actually, there is a
recruiting trial that will investigate the effect of combined physical exercise and dietary
supplementation with Nicotinamide riboside (as NAD+ precursor) on skeletal muscle
mitochondrial oxidative phosphorylation capacity, muscle mass, aerobic capacity, and
glucose homeostasis (NCT04192136).

Stiff person syndrome is a rare autoimmune disease associated with cerebellar ataxia. Most
patients have high levels of glutamic acid decarboxylase (GAD) antibodies. The etiology remains
unclear. Gluten ataxia is often associated with Spinocerebellar ataxia type 35 with mutation
in the Transglutaminases (TGM6) gene or autoantibodies against TGM6. In both diseases, a
gluten-free diet has demonstrated good clinical effectiveness [258,259] (NCT00006492).

For the symptomatic treatment, some edible mushrooms have been suggested for
their neuroprotective properties. Pleurotus giganteus, Ganoderma lucidium, and Hericium
erinaceus contain bioactive compounds such as terpenoids, polysaccharides, alkaloids,
and antibiotics that induce both the activation of the master regulator of the antioxidant
defenses and the synthesis of Nerve Growth Factor, determining a slowing down of
neuronal senescence [260].

Still under discussion today are the endocannabinoids that have been extensively stud-
ied in diseases associated with nerve cell damage, demonstrating that endocannabinoids
show a broad spectrum of neuroprotective activities (antioxidant, anti-inflammatory, and
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pro-neurogenic) [261]. The endocannabinoid system is under investigation in spinocerebel-
lar Ataxia Type-3 and other autosomal-dominant cerebellar ataxias [262,263]. As summa-
rized by Gómez-Ruiz et al. [262], elevated levels of cannabinoid type-2 and cannabinoid
type-1 receptors were found in spinocerebellar ataxias animal models and patients’ brain
tissue. Specifically, in post mortem tissue of patients, the expression of cannabinoid type-2
receptors was found to be elevated in surviving neuronal cerebellar subpopulations (e.g.,
Purkinje cells, neurons of the dentate nucleus) [264] in which these receptors usually have
a low physiological expression. The cannabinoid type-1 receptors were elevated in several
cerebellar cells both in mouse models [265] and in post mortem patient tissue [264]. Globally,
the collected evidence suggests that the alterations in endocannabinoid receptors may be
related to the pathogenesis of ataxia and may be therapeutic targets. Results from in vivo
studies suggested the potential role of cannabinoid type-1 receptor modulation for the man-
agement of ataxia symptoms in a rat model, but results were not fully satisfying, probably
because the receptor may not act solely and other receptors should be considered [266].

5.5. Rare Brain Tumors

Based on the guidelines of the World Health Organization (WHO), rare brain tumors
are classified according to several criteria, first and foremost, the histotype. To support the
classification, several parameters are added such as morphological characteristics, growth
characteristics, and ultimately, the molecular pattern involved in the genesis and development
of the tumor [267,268]. As reported by Louis et al. [267], new tumor types and subtypes have
been classified thanks to novel diagnostic technologies such as DNA methylome profiling.

Among the rare brain tumors, the most common malignant tumors that affect children
are embryonal tumors (Medulloblastoma) [269], Pineal Region Tumors (Pineoblastoma) [270],
Choroid Plexus Carcinoma [271], and Glial Tumors [272].

The nutritional factors on glioma incidence have been recently reviewed by Bielecka and
Zukowsaka [273], suggesting a balanced diet containing fruits, vegetables, antioxidant-rich
foods, omega-3 fatty acids, and adequate protein. As for the effect of dietary antioxidant
vitamin intake on glioma risk in humans, published data seem to be controversial: some
reports sustained their protective role [274,275], while other researchers described an apparent
positive or null influence [276,277].

A recent systematic review and meta-analysis synthesized the associations between
dietary antioxidant vitamin intake and risk of glioma by reviewing the available data up to
March 2024 [278]. Even if the reading of this work is recommended [278], the major findings
were that a (i) high intake of vitamin C was significantly associated with a lower risk of glioma
and that (ii) high intake of vitamin A and vitamin E were not associated with the risk of
glioma. In line with these points in a meta-analysis of 15 studies (including 13 control cases)
assessing the impact of vitamin C intake on the risk of glioma, a higher intake of vitamin
C than lower consumption was significantly related to a lower risk [279], while in contrast,
previous studies reported that dietary vitamin A intake could reduce the glioma risk [280].

Thus, it seems clear that further clinical studies with detailed doses and large-scale
prospective studies will be necessary, considering the encouraging results from preclinical
analyses. To date, it was shown that (i) vitamin A (all-trans retinoic acid) stimulated apop-
tosis and had an inhibitory effect on the migration, invasion, and proliferation of glioma
cell lines (U87 and SHG44) [281] and of primary cultures established from biopsies [282]
and that (ii) the lipophilic derivative of vitamin C (ascorbile stearate) had a proapoptotic
and antiproliferative effect in human glioma cells [283].

The ketogenic diet has been reported as useful for gliomas (including glioblastomas)
by pieces of evidence from in vitro, in vivo, and clinical observations [284,285]. The rationale
behind using a ketogenic diet for gliomas started from the observation that cancer cells,
including glioma cells, often rely heavily on glucose for energy through the process of
glycolysis (the “Warburg effect”) [286]. By restricting glucose availability, the ketogenic
diet may impair the energy supply to tumor cells while providing an alternative energy
source (ketones) to normal brain cells. Preclinical studies reported that the ketogenic diet

83



Nutrients 2024, 16, 3114

not only enhanced survival and slowed tumor growth, but it also potentiated the effect of
radiation by extending the survival of a mouse model of malignant glioma [287]. From a
mechanistic point of view, the improved survivability seemed possibly due to a reduction
in reactive oxygen species levels, and a modulation—toward the physiological levels—of
gene expression involved in oxidative stress and antioxidant defense pathways [288]. In
recent years, numerous clinical studies have been conducted as reported in Table 3. The
data from a recent metanalysis pointed out a global positive effect of the ketogenic diet on
patient survival as an adjuvant therapy of malignant gliomas [289].

Table 3. Clinical trials for the ketogenic diet in gliomas.

Clinical Trials for Ketogenic Diet in Gliomas

Status Clinical Trial ID/Name Results

Withdrawn NCT05373381
The KetoGlioma (Ketogenic Glioma) Study Study is on hold indefinitely due to funding issues

Unknown
status

NCT03278249
Feasibility Study of Modified Atkins Ketogenic Diet in the Treatment

of Newly Diagnosed Malignant Glioma

NCT02939378
Ketogenic Diet Adjunctive to Salvage Chemotherapy for Recurrent

Glioblastoma: a Pilot Study

Terminated
NCT02046187

Ketogenic Diet with Radiation and Chemotherapy for Newly
Diagnosed Glioblastoma

Excessive protocol deviations due to strict nature of
diet requirements

Completed

NCT02286167
Glioma Modified Atkins-based Diet in Patients with Glioblastoma

Production of ketonuria and significant systemic and
cerebral metabolic changes in participants [290]

NCT03075514
Ketogenic Diets as an Adjuvant Therapy in Glioblastoma

No posted results, only a linked paper with trial
description [291]

NCT02302235
Ketogenic Diet Treatment Adjunctive to Radiation and Chemotherapy

in Glioblastoma Multiforme: a Pilot Study
NCT01865162

Ketogenic Diet as Adjunctive Treatment in Refractory/End-stage
Glioblastoma Multiforme: a Pilot Study (KGDinGBM)

Diet was well tolerated. The small sample size limits
efficacy conclusions [292].

NCT00575146
Ketogenic Diet for Recurrent Glioblastoma

Diet was feasible and safe but probably has no significant
clinical activity when used as single agent in recurrent

glioma [293].

NCT01754350
Calorie-restricted, Ketogenic Diet and Transient Fasting During

Reirradiation for Patients With Recurrent Glioblastoma

Diet was feasible and effective in inducing ketosis in
heavily pretreated patients with recurrent glioma, but

failed to increase the efficacy of reirradiation [294].

Recruiting

NCT05708352
A Phase 2 Study of the Ketogenic Diet vs. Standard Anti-cancer Diet

Guidance for Patients With Glioblastoma in Combination With
Standard-of-care Treatment

NCT04691960
A Pilot Study of Ketogenic Diet and Metformin in Glioblastoma:

Feasibility and Metabolic Imaging

NCT05564949
A Ketogenic Diet as a Complementary Treatment on Patients With

High-grade Gliomas and Brain Metastases

NCT05183204
Paxalisib With a High Fat, Low Carb Diet and Metformin for

Glioblastoma

NCT04730869
Metabolic Therapy Program In Conjunction With Standard Treatment

For Glioblastoma
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Table 3. Cont.

Clinical Trials for Ketogenic Diet in Gliomas

Status Clinical Trial ID/Name Results

Active, not
recruiting

NCT03451799
Ketogenic Diet in Combination With Standard-of-care Radiation and

Temozolomide for Patients With Glioblastoma

NCT01535911
Pilot Study of a Metabolic Nutritional Therapy for the Management

of Primary Brain Tumors

The Li–Fraumeni syndrome is a rare genetic condition, also acting as a predisposition
to cancer development in the brain. It is caused by point mutations in the p53 gene (TP53
on chromosome 17p13), which phenotypically cause uncontrolled cell proliferation [295].
Dietary supplementation with Nicotinamide riboside—a vitamin B3 dietary supplement—
is under investigation (ClinicalTrials.gov ID NCT03789175).

Ongoing pieces of research are investigating the direct link between maternal diet dur-
ing pregnancy and the development of rare brain tumors in offspring [296–298], suggesting
that (i) foods generally associated with increased risk were cured meats, eggs/dairy, and
oil products; foods generally associated with decreased risk were yellow-orange vegeta-
bles, fresh fish, and grains; (ii) maternal passive smoking and consumption of caffeinated
beverages during pregnancy should be considered as a risk for glioma; (iii) oil products
increased the risk of medulloblastoma; and (iv) diets higher in fruit and lower in fried
foods and cured meats during pregnancy may reduce the risk of unilateral retinoblastoma.

6. Conclusions

The relationship between nutritional intervention and rare neurological diseases is an
emerging area of research that may help to manage symptoms, slow disease progression,
or even impact the underlying mechanisms of certain rare neurological disorders. The
complex interactions between diet and neurological health require closer interdisciplinary
collaboration between neurologists, dietitians, and researchers. It is crucial to conduct clini-
cal trials to establish evidence-based dietary guidelines tailored to these unique conditions.

The major limits of this study reside in (i) the limited availability of data as accessed by
the reduced number of published papers and completed clinical trials; (ii) the wide variety
of the disease’s pathophysiology; and (iii) the underestimated influence of individual
variability due to genetic differences. Specifically, as reported above, the number of pub-
lished articles about the role of diet/nutrients on rare neurological disorders is very small.
Clinical data often derive from case reports or small cohort studies, and large-scale clinical
trials are scarce due to the rarity of these disorders and the huge heterogeneity of clinical
manifestations. Moreover, even if preclinical studies give us more detailed information
about the impact of a specific nutrient on cell function or on disease progression in animal
models, they could not reflect the patients’ individual genetic differences and their global
health status (e.g., integrity of anatomic structure and physiological functions as blood
circulation, pressure, constipation, and deglutition). These latter aspects may influence
how patients assume, metabolize, and distribute nutrients as has been discussed above in
the case of cholesterol supplementation for Pelizaeus–Merzbacher disease.

Moreover, when searching for dietary recommendations for a specific rare disease,
a great limit is the heterogeneity of occurring genetic mutations that turn into different
phenotypes and clinical manifestations. Briefly, what could work for one patient may not
be effective for another one, as enlightened here by reviewing the activity of trihydroxy-
isoflavone as a GALC-addressed chaperone.

However, despite these limitations, our analysis has, as a strength, the identification
of a specific dietary intervention for the management of some symptoms. It is the case of
ketogenic diet efficacy in different rare neurological diseases that share epilepsy in clinical
manifestation. This finding may drive new trials for the evaluation of the ketogenic diet
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in epileptic patients with different rare disorders. It should be useful in order to identify
if a putative leitmotif of treatment is possible and if the diet interacts with the specific
pharmacological medications already in use. Moreover, the evidence reviewed here may
also open the suggestion of a more detailed nutritional plan during pregnancy.

Globally, our work suggests that the field of rare diseases is a “societal laboratory”
that is predicting future trends in patient-centered human healthcare, and as such, it is a
model for personalized medicine in some aspects. Personalized nutrition, which considers
the individual’s genetics, the microbiome, and the metabolic profile, is likely to play a
pivotal role in future therapies. With advancements in technology, such as metabolomics
and neuroimaging, it may be possible to identify biomarkers that predict dietary responses.
According to these observations, the main challenge for the future may be to tailor nutrition
and diet based on the individual’s specific genetic and biochemical profile. It may be
difficult, especially in the case of rare neurological diseases, because the approach may be
expensive, difficult for the caregivers, and not available in all healthcare settings due to the
required involvement of specialized healthcare professionals and sophisticated tools.

This work critically describes the actual scenario, hoping to inspire future investiga-
tions for a deeper understanding of these diseases and to address the actual knowledge
gaps. As described, in many cases, the mechanisms by which specific nutrients or diets
impact neurological health are poorly understood. The lack of mechanistic understanding
hampers the development of more targeted nutritional therapies, as in the case of the
ketogenic diet and cannabinoid supplementation. Moreover, we found that the majority
of studies focus on short-term outcomes (seizure reduction, myelinization, or symptom
improvements), but the long-term effects are often unknown and unexplored.

Taken together, in some rare neurological diseases, diet may become an integral part
of holistic care strategies, and it needs to receive the same attention as pharmacological
treatments, offering patients not only improved quality of life but also potentially new
avenues for disease prevention, management, and treatment.
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Abstract: The etiology and mechanisms of autism and autism spectrum disorder (ASD) are not yet
fully understood. There is currently no treatment for ASD for providing significant improvement
in core symptoms. Recent studies suggest, however, that ASD is associated with gut dysbiosis,
indicating that modulation of gut microbiota in children with ASD may thus reduce the manifestation
of ASD symptoms. The aim of this pilot study (prospective randomized, double-blinded, placebo-
controlled) was to evaluate efficacy of the biological response modifier Juvenil in modulating the
microbiome of children with ASD and, in particular, whether Juvenil is able to alleviate the symptoms
of ASD. In total, 20 children with ASD and 12 neurotypical children were included in our study.
Supplementation of ASD children lasted for three months. To confirm Juvenil’s impact on the
gut microbiome, stool samples were collected from all children and the microbiome’s composition
was analyzed. This pilot study demonstrated that the gut microbiome of ASD children differed
significantly from that of healthy controls and was converted by Juvenil supplementation toward a
more neurotypical microbiome that positively modulated children’s autism symptoms.

Keywords: autism; microbiome; biological response modifier; psychobiotics

1. Introduction

Autism spectrum disorder (ASD) is a behaviorally defined neurodevelopmental dis-
order. ASD lacks specific clinical biomarkers and has seen an evolving conceptualization
through the decades since it was first described. Over the past four decades, there has been
dramatic increase in the number of individuals diagnosed with ASD [1]. In general, ASD is
diagnosed by 3 years of age in most of those children experiencing it, although roughly 40%
of such children are not first evaluated until 4 years of age [2]. A psychiatric diagnosis of
ASD, which has behavior as its basis of definition, relies heavily upon precise observation
and clinical expertise because the condition lacks standardized biomarkers [3].

ASD is one of the most common and challenging neurodevelopmental disorders in
children. Its prevalence rate worldwide now exceeds 1%. A small number of these children
appear to develop normally in their first year and then go through a period of regression
between 18 and 24 months of age. ASD is characterized by deficits in communication
and social interaction, as well as a presence of repetitive and restrictive behaviors. More-
over, ASD often manifests with a wide range of comorbidities that include morphological,
physiological, and psychiatric conditions. ASD’s most commonly proposed causes are phys-
iological and metabolic disorders involving immunity, oxidative stress, and mitochondrial
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dysfunction [4]. Co-occurrence of two or more disorders in the same individual has been
observed, with comorbidities including anxiety, depression, attention deficit/hyperactivity
disorder (AD/HD), epilepsy, gastrointestinal symptoms/problems, sleep disorders, learn-
ing disabilities, obsessive–compulsive disorder, intellectual disability, sensory problems,
and immune disorders. The most prevalent comorbidity, at roughly 50%, is intellectual
disability [5]. At least one comorbidity exists in about 70% of children with ASD, while
41% have two or more [6]. An estimated 20% of individuals diagnosed with ASD also have
epilepsy [7].

Although ASD’s etiology remains largely unexplained, a recent finding identifies
specific gut microbiota composition in ASD patients. Post-mortem examination of ASD
subjects’ brain tissue and small intestines has revealed that the blood–brain barrier and
gut barrier were disrupted, with significant neuroinflammation evidenced by increased
expression of genes and markers associated with brain inflammation. It has further been
inferred that the gut–brain axis disruption may be associated with non-self antigens that
trigger a neuroinflammatory reaction by crossing the damaged gut barriers, thus leading to
ASD in genetically susceptible subjects [8]. In a study involving 192 twins, however, genetic
factors accounted for only 38% of ASD risk, whereas the remaining 68% was attributed
to environmental factors [9]. A significant role was ascribed to the gut microbiota [10].
Microbiota is shaped by diet, lifestyle, and microbial exposure in the early developmental
phase and infection, as well as by genetic makeup, metabolites, and immunological and
hormonal aspects [11].

Analysis of gut microbiota is currently a growing area of research linked to neuropsy-
chological disorders, including depression [12], metabolic disorders such as obesity [13],
and gastrointestinal disorders, including inflammatory bowel disease or irritable bowel
syndrome [14,15]. Many studies have identified that microbiota composition in ASD pa-
tients differs significantly from that in healthy controls [16–19]. Nutritional intervention,
prebiotics, probiotics, and symbiotics, including fecal microbiota transplantation as a rem-
edy to modulate the species composition of the intestinal microbiota of patients with ASD,
already have been tested [20–24]. These studies generally have concluded, however, that
their findings should be taken with caution because there still exist only limited data from
studies examining different regimens of different remedy applications and there have not
yet been double-blind studies demonstrating clinical significance of the effects of those
remedies used. Here, therefore, we present the results of a double-blind, placebo-controlled
study utilizing the biological response modifier Juvenil for influencing the gut microbiota
of children suffering from ASD and for modulating their ASD symptoms.

2. Study Design, Materials, and Methods

2.1. Study Design

The pilot prospective double-blind randomized feasibility study enrolled 28 children
(9 girls and 19 boys) of Czech nationality aged 3 to 7 years. Of these, 16 children under
care of the Psychiatric Clinic of the Hradec Kralove University Hospital, Czech Republic
met the criteria for a diagnosis of ASD and the remaining 12 children (control group)
were neurotypical (NT), i.e., without any signs of ASD (Table 1). The ASD children were
randomly selected for the study by their attending psychiatrists. The children forming
the control (neurotypical) group were randomly included in the study on the basis of an
agreement with parents living in the geographical area of this study. These children were
never under the care of a psychiatrist.
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Table 1. Demographic characteristics of the subjects involved in this study.

Characteristic
Value

ASD Group Neurotypical Group

Average age at enrollment (years) 6 ± 3 * 5 ± 2 *
Age range (years) 3–9 3–9

Male/Female, (number) 13/3 8/4
Ethnicity/Location White/East Bohemia, CZE White/East Bohemia, CZE

Note: * mean ± SD.

The group of autistic children was randomly divided into two groups of 8 children
each. The first group was administered Juvenil, while the second group of 8 autistic
children was given a placebo throughout the study. Juvenil or placebo capsules were
administered orally to the children by their parents at home once a day for 3 months. The
inclusion of children with autism into the study did not affect their existing treatments,
education, or rehabilitation. To evaluate the effect of Juvenil on the gut microbiome, stool
samples were collected once from healthy children and from autistic children before and
after providing Juvenil or placebo. Autistic children were evaluated using the Childhood
Autism Rating Scale in its standard version (CARS2-ST) by a clinical psychiatrist and
subjective information based on observations of the children’s behavior was obtained
by conducting interviews with the children’s parents. The study was approved by the
hospital’s ethics committee and informed consent was signed by the parents of all study
participants (see Figure 1).

Figure 1. Flow diagram of the participant progress from recruitment to the end of the experiment.
Include exclusions/dropouts.
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2.2. Juvenil and Placebo

The Juvenil and placebo capsules were prepared by Uniregen, Ltd., Nachod, Czech
Republic. Capsules of Juvenil contained 1.0 mg of Juvenil crude substance while placebo
capsules contained redistilled water. Both capsule types looked identical and were stored
at room temperature until use.

Juvenil is a nontoxic alcohol–ether extract of bovine tissue registered as a dietary
supplement with modulatory activity on the immunity, dominantly on cells of the innate
immune system, and on the organism’s regeneration [25,26]. Juvenil is a complex mixture of
peptides, nucleotides, free amino acids, and some other components of animal origin [27].

2.3. Stool Samples Procedure

The following recommendations were given to parents concerning fecal sample collec-
tion: (1) sample a stool from a clean container (e.g., potty) or from a piece of stool on toilet
paper; (2) the stool must not be diluted with water or urine; (3) collect the stool sample
using the scoop placed in the lid of the collection container; (4) a small amount of stool
is sufficient for the examination (i.e., not larger than the size of a hazelnut or 1–2 mL in
the case of a liquid stool sample); (5) return the sampling scoop to the container and screw
on the cap; (6) place the collection container in a plastic bag, close the bag, and label it
with the child’s name and surname, not marking the sample container in any other way;
(7) place the container with the stool sample in a closed plastic bag and keep it at 4 ◦C
(in the refrigerator); (8) personally deliver the collection container with the sample to the
doctor no later than 24 h after taking the sample (preferably the same day, but no later than
the following day); and (9) stool samples should be collected one day before the start of
supplementation and on the last day of supplementation (i.e., after 12 weeks from the start
of supplementation).

The collection container and its contents were labeled by the attending physician and
the samples were stored at −20 ◦C until subsequent examination.

2.4. Microbiota Analysis

Microbiota composition was determined as described previously [28]. The samples were
homogenized in a MagNALyzer (Roche, Basel, Switzerland). Following homogenization, the
DNA was extracted using a QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s instructions and the DNA concentration was determined spectropho-
tometrically. DNA samples were diluted to 5 ng/mL and were used as template in polymerase
chain reaction (PCR) with forward primer 5′-TCGTCGGCAGCGTCAGATGTGTATAAGAG
ACAG-MID-GTCCTACGGGNGGC WGCAG-3′ and reverse primer 5′-GTCTCGTGGGCTC
GGAGATGTGTATAAGAGACA G-MIDGTGACTACHVGGGTATCTAATCC-3′. MIDs shown
above represent different sequences 5, 6, 7, or 9 base pairs in length that were used to identify
individual samples within the sequencing groups. PCR amplification was performed using
a HotStarTaq Plus Master Mix kit (Qiagen) and the resulting PCR products were purified
using AMPure beads (Beckman Coulter, Prague, Czech Republic). In the next steps, the
concentration of PCR products was determined spectrophotometrically, the DNA was diluted
to 100 ng/μL, and groups of 14 PCR products with different MID sequences were indexed
with the same indices using a Nextera XT Index Kit (Illumina, San Diego, CA, USA). Prior
to sequencing, the concentrations of differently indexed samples were determined using
a KAPA Library Quantification Complete kit (Kapa Biosystems, Wilmington, MA, USA),
all indexed samples were diluted to 4 ng/μL, and 20 pM phiX DNA was added to final
concentration of 5% (v/v). Sequencing was performed using a MiSeq Reagent Kit v3 and
MiSeq apparatus (Illumina).

Sequencing data were analyzed using QIIME 2 [29]. Raw sequence data were de-
multiplexed and quality filtered; sequencing primers were then clipped using Je [30] and
Fastp [31]. The resulting sequences were denoised with DADA2 [32]. Taxonomy was
assigned to ASVs using the q2-feature-classifier [33] classify-sklearn naïve Bayes taxonomy
classifier against the Silva 138 [34]. All the software tools were used with default settings.
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2.5. Statistical Methods

Microbiota composition in different groups of patients was compared using permuta-
tional multivariate analysis of variance (PERMANOVA, R project, package vegan, function
adonis2; Bray–Curtis dissimilarity, 9999 permutations). If PERMANOVA rejected the null
hypothesis, then pairwise comparisons were made of all groups. Statistical significance was
established at p < 0.05. LEfSe (linear discriminant analysis effect size) was used to determine
taxa which most likely explained the differences between the compared groups [35]. To
correlate the individual categories of ASD patient symptoms with bacterial taxa that may
characterize the gut dysbiosis of children with ASD, the Covariance S tool in Microsoft
Excel 2021 (v16.0) was used.

3. Results

3.1. Gut Microbiota Composition in Autistic and Neurotypical Children

Comparison of beta diversity using principal coordinate analysis (PCoA) confirmed
differences in the clustering of samples from control and ASD children (Figure 2). All
groups of ASD patients (NT, ASD Placebo, and ASD before and after Juvenil treatment)
harbored microbiota different from those of the NT group (p = 0.001). At the bacterial
phylum level, there were significant differences in the abundance of Actinobacteriota,
Firmicutes, and Proteobacteria. While Actinobacteriota and Proteobacteria dominated in
autistic children, Firmicutes were more abundant in neurotypical controls (Tables 2 and
S1).

Figure 2. Fecal microbiota analysis of ASD and control children. Principal coordinate analysis (PCoA)
using Bray–Curtis distance matrix separated samples of control and ASD children. Blue dots indicate
samples from neurotypical control children; yellow dots indicate samples from ASD children.

LEfSe analysis (linear discriminant analysis effect size) identified bacterial taxa dis-
criminating the ASD groups prior to supplementation from the NT group (Figure 3).
Bifidobacterium longum, Ruminococcus torque, Faecalibacterium, Flavonifractor, Pseudomonadas,
and Clostridia vadinBB60 were characteristic for the gut microbiota of autistic children
while Streptococcus parasanguinis, Monoglobus, Terrisporobacter, or Bacteroides cellulosilyticus
were more abundant in the microbiota of healthy controls.
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Table 2. Relative abundance of gut microbiota between ASD group (without any treatment) and
neurotypical control group (NT) at phylum levels.

Phylum ASD NT p-Value

Actinobacteriota 3.04 1.18 0.03

Bacteroidota 49.02 49.48 0.60

Campylobacterota 0.03 0 0.35

Cyanobacteria 0.09 0.12 0.92

Desulfobacterota 0.29 0.17 0.39

Euryarchaeota 0.006 0.21 0.03

Firmicutes 41 46 0.004

Fusobacteriota 0.001 0.003 0.17

Patescibacteria 0.02 0.002 0.08

Proteobacteria 6 2 0.01

Synergistota 0.005 0 0.28

Verrucomicrobiota 0.84 0.69 0.80

Figure 3. Taxa characteristic for ASD and control children. LEfSe analysis identified bacterial taxa in
stool samples typical for ASD (green) and neurotypical control children (red).

3.2. Gut Microbiome Modulation by Juvenil

Pairwise comparison of NT, ASD patients before treatment, and ASD patients after
Juvenil supplementation demonstrated there to be a significant difference in the microbiota
composition between the NT and ASD patients before supplementation, but there was
no significant difference in microbiota composition in a comparison of ASD patients after
Juvenil either with NT healthy controls or with ASD patients before treatment. Juvenil
administration thus shifted the profile of the gut microbiota composition of autistic children
toward that of the neurotypical children, although it did not result in the restoration of a
completely healthy type of microbiota. In addition, there were no significant differences in
microbiota composition at the phylum level when comparing ASD patients either before
and after placebo treatment or before and after Juvenil administration (Table 3).
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Table 3. Comparison of microbiota composition (%) at the phylum level before and after Juvenil or
placebo treatment.

Phylum
Juvenil Placebo

Before After p-Value Before After p-Value

Actinobacteriota 3.78 2.25 0.26 2.78 2.54 0.84

Bacteroidota 51.05 58.62 0.57 50.83 57.22 0.53

Campylobacterota 0.07 0.06 0.91 0.0006 0 0.32

Cyanobacteria 0.07 0.06 0.83 0.05 0.11 0.36

Desulfobacterota 0.29 0.13 0.48 0.33 0.36 0.79

Euryarcheota 0.005 0.02 0.37 0.01 0.02 0.54

Firmicutes 36.37 34.05 0.60 41.83 34.29 0.12

Fusobacteriota 0.0008 0 0.32 0.0009 0 0.32

Patescibacteria 0.006 0.006 0.95 0.02 0.01 0.44

Proteobacteria 6.97 4.11 0.22 3.48 4.38 0.59

Synergistota 0.005 0.002 0.56 0.007 0 0.32

Verrucomicrobiota 1.28 0.61 0.48 0.66 1.07 0.51

A moderate effect of Juvenil administration in comparison to placebo can be seen
also from the comparison of operational taxonomic units (OTUs) completely lost or newly
acquired during treatment (Table S2). The greatest losses or acquisition were recorded
in OTUs belonging to families Lachnospiraceae, Ruminococcaceae, Oscilospiraceae, and Chris-
tenellaceae, all comprising spore-forming bacterial species. While children after placebo
treatment lost 305 OTUs and newly acquired 132 OTUs, microbiota in Juvenil-treated ASD
patients were more stable as there were only 200 OTUs lost and 152 newly appearing
(Table S2).

3.3. Behavioral Status of Autistic Children and Juvenil

The behavioral status of autistic children of both groups was assessed using CARS2-ST
at the time of entry into the study and after completion of supplementation. A comparison
of the group supplemented with Juvenil and the group supplemented with placebo showed
a positive shift in the values of the rating scale parameters during 3-month supplementation
with Juvenil (Table 4 and Table S3). Nevertheless, the changes associated with Juvenil as
well as placebo supplementation did not reach statistical significance (ASD placebo group
p = 0.62, ASD Juvenil group p = 0.19). There were also no significant differences in the effect
of supplementation in children with mild symptoms of ASD and severe symptoms of ASD
in either group (Juvenil group p = 0.95, placebo group p = 0.82). Numerically, however,
using the percentile parameter, there was a 12.4% reduction in autism symptoms associated
with Juvenil supplementation, which was approximately double that associated with the
placebo (6.6% reduction). In comparing the difference between Juvenil supplementation
versus placebo using the T-score parameter, we can observe shifts of two or more points in
favor of Juvenil for categories 4 (motor manifestations), 7 (visual reactions), 10 (fear and
nervousness), 12 (nonverbal communication), and 13 (activity level). In addition, Juvenil
showed a significant positive effect (p = 0.009) when comparing the index of individual
CARS-2 ST categories modulation by Juvenil and placebo, respectively (Table 4).
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Table 4. Comparison of individual CARS2-ST * categories in Juvenil- and placebo-supplemented
groups. Data were collected before and after 3-months supplementation. Before and after numbers
are sums of the CARS2-ST category values from all members of the given group (Juvenil, placebo).

Childhood Autism Rating
Scale (CARS2-ST)

Σ Juvenil Σ Placebo Shift Index Index

Category Before After Before After Juvenil/Placebo Juvenil Placebo

1 Relationship to people 26.5 24.5 21.5 19.5 2/2 0.916 0.921

2 Imitation 23.0 21.5 17.5 16.0 1.5/1.5 0.928 0.933

3 Emotional response 21.5 19.5 22.5 22.0 2/0.5 0.902 1

4 Body 21.0 19.0 20.0 20.0 2/0 0.900 1

5 Object use 20.5 19.0 15.5 15.0 1/0.5 0.921 1

6 Adaptation to change 19.5 18.5 21.5 19.5 1/2 0.944 0.916

7 Visual response 19.5 17.5 18.5 18.5 2/0 0.892 1

8 Listening response 22.0 21.0 17.5 17.5 1/0 1 1

9 Taste–smell–touch response
and use 18.0 18.0 18.0 17.0 0/1 1 1

10 Fear and nervousness 20.0 17.0 20.0 19.5 3/0.5 0.823 0.972

11 Verbal communication 26.5 26.5 24.5 23.0 0/1.5 1 0.952

12 Nonverbal communication 24.0 22.5 16.5 18.0 1.5/−1.5 0.930 1

13 Activity level 24.0 22.0 21.5 21.5 2/0 0.904 1

14 Level and consistency of
intellectual response 21.5 21.5 24.5 24.5 0/0 1 1

15 General impressions 25.0 24.5 24.0 24.0 0.5/0 0.978 1

t-test p = 0.0095

Note: * Eric Schopler, Mary E. Van Bourgondien, Glenna Janette Wellman, Steven R. Love. (CARS™2) Childhood
Autism Rating Scale™, Second Edition (https://www.wpspublish.com/cars-2-childhood-autism-rating-scale-
second-edition.html, accessed on 12 May 2020).

3.4. Correlation between Abundance of Key Bacterial Genera and ASD Symptoms

To further explore whether specific microbiota composition can be associated with
ASD symptoms, the abundance of 22 genera reported by other authors as associated with
ASD symptoms were compared with results from CARS2-ST testing using a covariance
S test (Figure 4). Prevotella, Escherichia/Shigella, Veillonella, Streptococcus, Alistipes, and
Bifidobacterium had the highest positive correlation coefficients in relation to the total
CARS2-ST score (i.e., the greater the abundance of these genera, the more severe were the
autism symptoms). On the other hand, a negative correlation was observed for Bacteroides,
Faecalibacterium, Barnesiella, and Blautia (Figure 4A), indicating that an increase in the
abundance of these genera was associated with relief in autistic symptoms. Of the five
tested CARS2-ST categories, the nonverbal communication category was characterized by
a positive correlation with Blautia (Figure 4E). For all categories tested, including the total
score, Veillonella, Streptococcus, and Clostridium repeatedly exhibited a positive correlation.
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Figure 4. Comparison of microbiome data with total scores of CARS2-ST and its individual categories
in which the total score shifted by at least two points after Juvenil supplementation. (A)—total
score, (B)—body, (C)—visual response, (D)—fear and nervousness, (E)—nonverbal communication,
(F)—activity level. ** only Ruminococcus torques group and/or Ruminococcus gauvreauii_group.

4. Discussion

The gut microbiota is a complex ecosystem that, through its metabolites or enteroen-
docrine cell products induced by those metabolites, affects the microbiota–gut–brain axis
and thus homeostasis of the entire organism. Consistent with previously published stud-
ies [36–41], a different composition of gut microbiota was recorded for children with ASD
compared to unrelated neurotypical controls. The significant changes in representation
were demonstrated in the phyla Actinobacteriota, Firmicutes, and Proteobacteria. LEfSe analy-
sis revealed an increased abundance of Bifidobacterium longum, Ruminococcus torques group,
Faecalibacterium, Flavonifractor, and several taxa of Clostiridiae and Pseudomonodaceae as
characteristic for the gut microbiota of autistic children. On the other hand, autistic children
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were characterized also by lower abundance of taxa from the Prevotellaceae, Peptostrepto-
coccaceae, and Monoglobaceae families. Faecalibacterium prausnitzii (F. prausnitzii) is one of
the main producers of butyrate in the intestine and, because butyrate is an inhibitor of
NF-κB and IFN-γ [42], F. prausnitzii may interfere with the body’s inflammatory responses.
Moreover, F. prausnitzii is an of IL-10 inducer and may, therefore, be referred to as an
anti-inflammatory gut bacterium [43]. Aside from Faecalibacterium, the remaining positively
scored bacterial taxa (e.g., Ruminococcus, Flavonifractor, and Bifidobacterium species have
been suggested as predictors of more adverse post-traumatic neuropsychiatric sequelae
outcomes [44]. Flavonifractor prevalence has also been associated with another psychiatric
diagnosis of affective disorder [45]. On the other hand, the bacterial taxa with decreased
abundance in the gut microbiota of autistic children (e.g., Prevotella) have high genetic di-
versity and, therefore, it is difficult to predict their functional relationships to autism [46,47].
Whether Prevotella is or is not beneficial to health depends on many factors [48], so it cannot
be used unambiguously as a predictive factor of gut dysbiosis in autism [49]. A lower
abundance of the families Monoglobaceae and Peptostreptococcaceae in the gut microbiome
has been associated with maternal prenatal stress or anxiety symptoms [50,51].

In this pilot study, the genuses Bacteroides and Prevotella were found to have the highest
negative and positive correlation coefficients, respectively, in relation to total CAR2-ST score.
Bacteroides and Prevotella, two quite closely related genera, were frequently associated with
extreme opposite autism symptoms (Figure 4). Interestingly, Prevotella is usually enriched
in African ethnics with a high proportion of plants in their food (enterotype 2) while
Bacteroides enrichment is associated with a Western diet (enterotype 1) [52,53]. Another
interesting observation for Prevotella and Bacteroides is that Bacteroides dominates the gut
microbiota of piglets or humans under lactation and is replaced within a short time after
weaning by the related Prevotella [54–56]. This may point to the importance of weaning, diet,
and associated changes in the gut microbiota for the development of autism in children. In
this respect, moreover, the mother’s diet during pregnancy and lactation, especially from
the viewpoint of consuming a Western diet with an unbalanced ratio of polyunsaturated
fatty acids, may adversely affect brain development [57,58].

Microbiota transfer therapy or probiotic supplementation of ASD individuals has been
tested as means to alleviate ASD symptoms by modulation of gut microbiota [59–66]. Micro-
biota transfer therapy treatment protocol, consisting of the application of vancomycin, the
laxative MoviPrep, SHGM (Standardized Human Gut Microbiota), and Prilosec (Omepra-
zole), reduced the rates of core ASD symptoms [5,64]. The administration of probiotics,
either alone or in combination with other biologically active substances such as colostrum
or oxytocin, led to minor reductions in autism symptoms but without reaching statistical
significance [62,63,67]. Only a study that was based on the application of four probiotic
bacteria in combination with fructooligosaccharides provided a significant reduction in
the severity of autism and gastrointestinal symptoms [65]. Although our results are in
agreement with these studies, in that a biologically active substance may alleviate ASD
symptoms, whether this is a direct immunostimulating effect or rather is caused by modifi-
cation of the gut microbiota composition, remains uncertain.

Data from this pilot study presented here demonstrate significant changes in the
microbiome, and in parallel, the effects on some categories of CARS2-ST. However, these
results must be approached with caution, as children in home care were included in this
study, and confounding variables such as diet in the family, passive smoking, the influence
of complementary medicines used by children, or the physical and psychological family
environment could have impacted microbiota profiles.

5. Conclusions

This pilot study confirms, albeit in a small number of children, that children with
ASD have altered composition of the gut microbiota. A high abundance of Bacteroides was
associated with weaker ASD symptoms while Prevotella, Escherichia/Shigella, Veillonella,
Streptococcus, Alistipes, and Bifidobacterium were enriched in the gut microbiota of autistic
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children with strongest symptoms. An altered composition of ASD children’s gut mi-
crobiota was shifted toward a neurotypical profile by Juvenil supplementation. Juvenil
also positively modulated children’s autism symptoms, namely in the categories of motor
manifestations, visual reactions, fear and nervousness, nonverbal communication, and
activity level. Juvenil supplementation of ASD children was safe, well-tolerated, and had
no side effects.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/nu16131988/s1, Table S1: All basic data on the compo-
sition of gut microbiota of children with ASD and neurotypical children expressed in percentages;
Table S2: Number of lost or acquired OTUs within individual bacterial families before and after
supplementation of ASD children; Table S3: The results of behavioral status of autistic children of
both groups assessed by the CARS2-ST at the time of entry into the study and after completion of
supplementation. For the purposes of this study, Juvenil was designated as the moon and placebo as
the sun.
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Abstract: Background: Ashwagandha has been reported to reduce stress and attenuate cognitive
decline associated with inflammation and neurodegeneration in clinical populations. However, the
effects as a potential nootropic nutrient in younger populations are unclear. This study examined the
effects of liposomal ashwagandha supplementation on cognitive function, mood, and markers of
health and safety in healthy young men and women. Methods: 59 men and women (22.7 ± 7 yrs.,
74.9 ± 16 kg, 26.2 ± 5 BMI) fasted for 12 h, donated a fasting blood sample, and were administered
the COMPASS cognitive function test battery (Word Recall, Word recognition, Choice Reaction Time
Task, Picture Recognition, Digit Vigilance Task, Corsi Block test, Stroop test) and profile of mood
states (POMS). In a randomized and double-blind manner, participants were administered 225 mg
of a placebo (Gum Arabic) or ashwagandha (Withania somnifera) root and leaf extract coated with a
liposomal covering. After 60-min, participants repeated cognitive assessments. Participants continued
supplementation (225 mg/d) for 30 days and then returned to the lab to repeat the experiment. Data
were analyzed using a general linear model (GLM) univariate analysis with repeated measures and
pairwise comparisons of mean changes from baseline with 95% confidence intervals (CI). Results:
Ashwagandha supplementation improved acute and/or 30-day measures of Word Recall (correct
and recalled attempts), Choice Reaction Time (targets identified), Picture Recognition (“yes” correct
responses, correct and overall reaction time), Digit Vigilance (correct reaction time), Stroop Color-
Word (congruent words identified, reaction time), and POMS (tension and fatigue) from baseline
more consistently with several differences observed between groups. Conclusion: Results support
contentions that ashwagandha supplementation (225 mg) may improve some measures of memory,
attention, vigilance, attention, and executive function while decreasing perceptions of tension and
fatigue in younger healthy individuals. Retrospectively registered clinical trial ISRCTN58680760.

Keywords: nootropic; executive function; cognition; memory; vigilance; attention; mood

1. Introduction

Ashwagandha (Withania somnifera) is a plant used in Ayurvedic medicine for over
3000 years as a naturally occurring adaptogen to help manage stress, anxiety, and inflamma-
tion [1–13]. Ashwagandha has antioxidant properties [9,14–16], influences endocrine func-
tion [17–21], and has immunomodulatory effects [10,22]. Ashwagandha supplementation
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has been reported to attenuate cognitive decline associated with inflammation [9,11,12] and
neurodegeneration [8,10,15,23–26]. Since oral ingestion of ashwagandha is bioavailable and
crosses the blood–brain barrier [24], ashwagandha has been considered a naturally occur-
ring therapeutic agent for individuals with type 2 diabetes mellitus [9,10,25], mild cognitive
impairment [8,11,14] and individuals with neurodegenerative diseases [14,15,24,27–29].

Basic research studies provide a solid theoretical rationale that ashwagandha sup-
plementation may benefit health and cognition [25,27,30]. However, fewer studies have
evaluated the effects of ashwagandha supplementation on cognitive function in clinical
and healthy populations [31]. For example, Chengappa et al. [32] reported that ashwa-
gandha supplementation (2 × 250 mg/d for eight weeks) in 60 patients with medically
managed bipolar disorders improved measures of working memory, reaction time, and so-
cial cognition. Choudhary and associates [33] reported that ashwagandha supplementation
(2 × 300 mg/d for eight weeks) in 50 individuals with mild cognitive impairment (MCI)
improved measures of immediate and general memory, executive function, attention, and
information processing speed. This group also reported that ashwagandha supplementa-
tion (2 × 300 mg/d for eight weeks) reduced cortisol and improved mental well-being in
52 patients suffering from chronic stress and related disorders [7]. Similarly, Remenapp
et al. [34] reported that supplementation with a liposomal-coated ashwagandha (225 or
400 mg/d for 30 days) reduced markers of stress and improved cognitive function in indi-
viduals experiencing perceived stress. In healthy individuals, Pingali and collaborators [35]
reported that ashwagandha supplementation (2 × 250 mg/d for 14 days) improved reaction
times and cognitive and psychomotor performance in 20 healthy young males. Moreover,
Baker and coworkers [36] reported that ashwagandha supplementation (2 × 350 mg/d for
30 days) improved college students’ perceptions of well-being, energy, mental clarity, and
sleep quality. Our group found that acute ingestion of ashwagandha (400 mg) enhanced
measures of executive function, short-term/working memory, and the ability to sustain
attention for up to six hours in healthy individuals [37]. Additionally, Bonilla and cowork-
ers [38] conducted a Bayesian meta-analysis and systemic literature review and found
evidence that ashwagandha supplementation improved physical performance-related vari-
ables. While these findings are promising, more research is needed to determine the acute
and long-term effects of ashwagandha supplementation on cognitive function and health
measures, particularly in healthy populations.

This study aimed to examine the effects of liposomal ashwagandha supplementation
(acute dose and 225 mg/d for 30 days) on a comprehensive battery of cognitive function
assessments, mood, and markers of health and safety in healthy young men and women.
The primary outcomes were cognitive function and measures. Secondary outcomes in-
cluded markers of health and safety. We hypothesized that acute supplementation with
ashwagandha would increase markers of cognitive function and that 30-day supplementa-
tion of ashwagandha would result in additive benefits while well tolerated. The following
describes the study’s methods, procedures, and results, followed by a discussion and
recommendations for additional work.

2. Methods

2.1. Experimental Design of Study

This clinical trial was conducted at a university clinical research facility in a double-
blind, placebo-controlled manner. The independent variable was nutritional supplemen-
tation. Primary dependent variable outcomes included measures of cognitive function.
Secondary outcomes were markers of health obtained from clinical chemistry panels and
perceptions of side effects.

2.2. Participants of the Study

This clinical trial was retrospectively registered with the ISRCTN registry on 15 May
2024 (ISRCTN58680760). The study was approved by the Human Research Protection
Program Review Board (IRB2022-0621, 21 September 2022) and adhered to the Declaration
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of Helsinki ethical standards for conducting human participant research. Participants were
recruited for this study through emails and advertising on flyers, websites, and online
flyers. Potential subjects were screened via questionnaires to determine initial eligibility
and invited to attend a familiarization session if they appeared to meet eligibility criteria.
Those interested in participating in the study signed consent statements, completed health
history questionnaires, and underwent physical examination to confirm eligibility.

Healthy volunteers between 18 and 60 years of age were recruited for this study with
the following inclusion criteria: They must (1) have no diagnosed cognitive deficits from a
physician; (2) have no diagnosed sleep disorders from a physician; (3) have no history of
cardiovascular, metabolic or pulmonary disease from a physician; (4) have no history of
migraine headaches, hypertension, cardiac arrhythmias or anxiety; (5) have no ulcers or
gastrointestinal reflux disease; (6) be willing to provide voluntary, written, and informed
consent; (7) be willing to consume the investigational product daily for the duration of
the study; and (8) have no allergies to the fiber Gum Arabic. Participants were excluded
from the study if they (1) were pregnant or desired pregnancy during the study; (2) had
a documented history of taking prescription medications in the prior month that might
affect study testing. Individuals taking medications that the investigators deemed would
not affect primary study outcomes and were taken throughout the study (e.g., glucose
management, lipid-lowering, anti-hypertensive, thyroid medications, etc.) were permitted
to participate in the study; and (3) were recently instructed by their physician (within the
past month) to abstain or limit caffeine or other products containing stimulants.

A Consolidated Standards of Reporting Trials (CONSORT) illustration is provided in
Figure 1. A total of 321 individuals underwent phone screening to assess general eligibility.
Of these, 122 cleared the initial screening criteria and were invited to familiarization
sessions. Sixty-seven people were familiarized with the study and provided informed
consent. Of these, 7 subjects were unable to participate in the study due to scheduling
conflicts, and 60 individuals were enrolled in the study and matched according to age, body
mass index, and sex for random assignment into treatment groups. A total of 30 participants
were randomized into the placebo (PLA) group and 30 into the ashwagandha (ASH) group.
One was removed from the study due to non-compliance. Data from 59 participants were
analyzed statistically.

Figure 1. Consolidated Standards of Reporting Trials (CONSORT) flow chart for the ashwagandha
(ASH) and placebo (PL) groups.
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2.3. Testing Sequence

Figure 2 shows the experimental timeline. Participants attended one familiarization
and two experimental testing sessions. At the familiarization session, participants com-
pleted health history questionnaires and had height, weight, and resting hemodynamics
determined. The methods and expectations of the study were also described. Those eligible
to participate practiced the cognitive function tests at least three times to familiarize them-
selves with the assessments and minimize the learning effects. Participants were instructed
on recording diet and energy-containing beverage intake and provided a list of foods and
beverages containing stimulants to avoid consuming before each testing session.

Figure 2. Testing timeline. RHR indicates resting heart rate, BP indicates resting blood pressure, and
POMS represents Profile of Mood States inventory.

Before the first testing session, participants recorded their food and beverage intake
for 4 days. They were also asked to refrain from consuming unusual amounts of caffeine
and other stimulants for 48 h, fast for 12 h, and refrain from intense exercise for 24 h before
testing. Upon reporting to the lab, participants completed a pre-supplementation (Pre)
side-effect questionnaire and performed Computerized Mental Performance Assessment
System (COMPASS) cognitive tests, including Word Recall, Word Recognition, Choice
Reaction Time, Picture Recognition, Corsi Block, Digit Vigilance, and Stroop Color–Word
test) as well as a Profile of Mood States (POMS) questionnaires. Participants then donated
a fasted blood sample. Participants were randomly assigned to a placebo or ashwagandha
supplement. One hour following ingestion, participants repeated cognitive testing through
COMPASS, the POMS questionnaire, and a post-supplement side effect questionnaire.
Participants were then given a 30-day supply of the supplement ingested during the visit
and, in between testing sessions, were instructed to ingest daily in the morning with
breakfast. Participants maintain their regular diet and physical activity levels and return to
the lab after 30 days of supplementation to repeat the testing protocol from the first session
and ingest the last dose of their randomly assigned supplement.

2.4. Supplementation Protocol

Participants consumed one capsule per day of either a placebo (PL) consisting of
225 mg of Gum Arabic (Spraygum Bai, Lot #190 057, Nexira Food, Rouen, France) or 225 mg
of liposomal ashwagandha (Withania somnifera) root and leaf extract (ASH, NooGandha®,
Specnova LLC, Lot #221221, Tysons Corner, VA, USA). This dosage and source of ashwa-
gandha had been previously shown to reduce markers of stress and improve cognitive
function in individuals with perceived stress [34]. The liposomal root and leaf extract
was manufactured using sunflower lecithin consisting of a proprietary blend of phos-
phatidylcholine, phosphatidylserine, phosphatidylinositol, phosphatidylethanolamine,
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and phosphatidic acid, and a surface coating using gum Arabic-derived polysaccharides
and ashwagandha plant fibers to improve the stability of the liposomes as they pass through
the gastrointestinal tract. A homogenizer was used to mix the liposomal formulation with
the ashwagandha extract in water/ethanol and then spray dried. The raw ingredients
were encapsulated using Vcaps® Plus Capsules (Capsugel®, Lot #5412055, Colmer, France).
Certificates of analysis were provided by the raw ingredient supplier and the company that
encapsulated the supplements, verifying dosage and ensuring that the supplements were
free from contaminants. Capsules were the same size and color and were shipped in labeled
bags. Once received, the capsules were placed into individual participant supplementa-
tion containers and labeled as designated for double-blinded administration. Participants
ingested the supplements after breakfast (or about 8:00 a.m.) for 29 days. Participants
ingested the supplement on day 30 following pre-supplementation cognitive testing and
obtaining a blood sample.

3. Procedures

3.1. Participant Descriptives

Weight and height were obtained from a Health-O-Meter Professional 500KL (Pelstar
LLC, Alsip, IL, USA) digital scale. After sitting passively for 5 min, resting heart rate
and blood pressure were obtained using standard procedures with a Connex® ProBP™
3400 monitor (Welch Allyn, Tilburg, The Netherlands).

3.2. Diet Control

Volunteers documented beverage and food consumption for four days before baseline
assessments using written food logs or a phone application (MyFitnessPal, Inc., Baltimore,
MD, USA) [37]. This initial diet was replicated before the second testing session for diet
consistency.

3.3. Cognitive Function Assessment

The Computerized Mental Performance Assessment (COMPASS) software version
6.0 (Northumbria University, Newcastle, UK) was used to evaluate measures of cognitive
function. The assessments included (1) the Word Recall test that measures working memory
and the transfer to long-term memory through secondary memory by recalling words
shown 60 seconds (immediately) [39] after being seen and recalling them again at the
end of cognitive testing 10–20 min following the initial recall (i.e., delayed recall [40];
(2) the Word Recognition test, which assesses secondary memory by indicating if the
words displayed through the Word Recall test show familiarity, representing an accuracy
percentage with the number of words recognized from the original list [41]; (3) the Choice
Reaction Time (CRT) test that assesses reaction time vigilance towards a target stimulus
with sustained attention by scoring the accuracy of a response that correlates with its
respective target [42]; (4) The Picture Recognition test, which measures secondary memory
by showing a series of pictures and following the initial presentation, showing another
series of images and indicating YES/NO if the image was in the initial presentation and
scoring the reaction time of recognition of correct responses [43]; (5) the Digit Vigilance
test, which measures the overall accuracy of correct responses to a numbering scheme
presented while assessing the number of false selections as well as measuring the reaction
time of correct responses [44]; (6) the Corsi Block test that evaluates present working and
spatial memory by replicating a display sequence of colored blocks and is scored on the
number of correct trials accurately remembered [45]; and (7) the Stroop color-word test,
which measures executive function, attention, and vigilance through accuracy of overall,
congruent, and incongruent stimuli by responding to a series of color names written in
different colored fonts and accurately identifying the color of the font [46]. The COMPASS
cognitive tests have been used in several studies and have been shown as an accurate and
reliable cognitive function assessment [47–49].

117



Nutrients 2024, 16, 1813

3.4. Profile of Mood States

The Profile of Mood States (POMS) 65-item questionnaire evaluated changes in mood
states during supplementation throughout the study. Ratings to questions were categorized
into six domains (i.e., anger, confusion, depression, fatigue, tension, and vigor). Total mood
disturbance score (TMDS) was determined by summing scores from anger, confusion,
depression, fatigue, and tension and subtracting the vigor score. The POMS is a commonly
used and valid assessment of mood states [50,51].

3.5. Blood Collection

A fasted blood sample was obtained from a certified phlebotomist before supplement
ingestion on days 0 and 30 of the study to assess clinical health markers and safety. This
involved collecting approximately 20 mL of blood from an antecubital vein into two
serum separator tubes (SST) and one chelated potassium (K2) ethylenediaminetetraacetic
acid (EDTA) tube (BD Vacutainer®, Becton, Dickinson and Company, Franklin Lakes, NJ,
USA). Serum SST tubes sat for 15–30 min at room temperature and were then centrifuged
(3000× g) at 4 ◦C for 10 min (MegaFuge 40R Centrifuge, Thermo Electron North America
LLC, West Palm Beach, FL, USA). Serum from one SST tube was aliquoted into 1.5 mL
Eppendorf storage tubes (VWR, Radnor, PA, USA) and stored at −80 ◦C. One SST and the
EDTA tube were refrigerated until transport to Clinical Pathology Labs, Inc. (Austin, TX,
USA, CLIA #45D0505003, CAP Accreditation #21525-01) for whole blood cell blood count
with percent differential and serum metabolic panel analysis.

3.6. Side Effects Questionnaire

Perceptions of symptoms related to dietary supplementation (i.e., dizziness, headache,
tachycardia, heart palpitations, dyspnea, nervousness, blurred vision, and others) were
assessed using Likert-type scales as previously described [52,53].

3.7. Statistical Analysis

Statistical analysis software (Version 29 SPSS®, IBM Corp., Armonk, NY, USA) was used
for statistical analysis. The sample size was selected based on our previous work [54–57]
and assumed a 5% improvement with a power of 80% in primary outcome variables. Our
prior worked dose effectiveness study indicated that this sample size was sufficient to
determine clinically significant differences [55–59]. Participants were randomized into
treatment groups using a balanced Latin Square designer program [60]. Repeated measures
multivariate and univariate General linear model (GLM) analyses using Wilks’ Lambda
and Greenhouse-Geisser statistical tests were performed on the data. Type I error was
considered at a probability level of <0.05, while p-values between >0.05 and <0.10 are noted
to identify a tendency toward significance. Pairwise comparisons were assessed using the
Fisher’s least significant difference statistic. Data were also analyzed using relative dose as a
covariate, but it was not significant. Mean changes from baseline with confidence intervals
(CIs) of 95% assessed the clinical significance of findings. Means and CIs completely above
or below baseline were considered clinically significant findings [61]. Data are shown as
means and standard deviations or mean changes from baseline with lower and upper CIs
(mean [LL, UL]). Partial Eta squared (η2

p) values were used to assess effect sizes. Effect sizes
were considered small (0.01), medium (0.06), and large (0.14) [62]. Ch-squared analysis was
used to assess differences in categorical ratings of side effects. This statistical approach
is consistent with recommendations from Earnest and colleagues [63] on best practices in
reporting sport nutrition-related research.

4. Results

4.1. Demographic Data

Participant demographic data are shown in Table S1. Participants were 22.7 ± 7.4 years
(range 18–49), 166.8 ± 21.7 cm, 74.9 ± 16.5 kg, and had a body mass index (BMI) of
26.2 ± 5.1 kg/m2. Sex differences were observed in body weight (females 68.8 ± 16.6 kg,
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males 82.1 ± 13.5 kg, p = 0.001) and resting blood pressure (females 112.3 ± 9.2 mmHg,
males 125.8 ± 9.9 mmHg, p < 0.001). No sex differences were seen in age (p = 0.889),
height (p = 0.238), BMI (p = 0.626), resting heart rate (p = 0.143), or diastolic blood pressure
(p = 0.962).

4.2. Cognitive Function Assessment
4.2.1. Word Recall

Table S2 presents word recall test results. Overall, multivariate Wilk’s Lambda analysis
revealed a significant time effect (p < 0.001, ηp

2 = 0.063, moderate effect) with no interaction
effects observed (p = 0.736, ηp

2 = 0.017, small effect). Univariate analysis revealed signifi-
cant time effects for recall attempts (p = 0.010, ηp

2 = 0.066, medium effect), correct attempts
(p = 0.011, ηp

2 = 0.065, medium effect), delayed recall attempts (p < 0.001, ηp
2 = 0.155, large

effect), and delayed correctly recalled (p < 0.001, ηp
2 = 0.129, medium effect) with no signif-

icant group × time effects. Analysis of percent changes from baseline (Figure 3) revealed
that after 30 days of supplementation, the number of correct attempts recalled attempts,
and recalled correct attempts tended to increase above baseline with ASH supplementation,
while no differences were observed in the PLA group.

 

Figure 3. Word recall test results. † = p < 0.05 effect from baseline value while ‡ = p > 0.05 to p < 0.10
difference from baseline.

4.2.2. Word Recognition

Table S3 presents word recognition test results. Overall, multivariate Wilk’s Lambda
analysis revealed a significant time (p = 0.008, ηp

2 = 0.076, moderate effect) with no inter-
action effects observed (p = 0.725, ηp

2 = 0.033, small effect). Univariate analysis revealed
significant time effects for words correct (p = 0.080, ηp

2 = 0.039, small effect), yes words
correct (p = 0.003, ηp

2 = 0.079, medium effect), and no words reaction time (p < 0.003,
ηp

2 = 0.104, moderate effect). No significant interaction effects were observed in words, yes,
and no words correct or reaction time or overall reaction time between groups. Analysis
of percent changes from baseline (Figure 4) revealed some changes from baseline values
in both treatment groups after acute and 30 days of supplementation, with no significant
differences observed between groups.
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Figure 4. Word recognition test results. † = p < 0.05 difference from baseline value while ‡ = p > 0.05
to p < 0.10 difference from baseline.

4.2.3. Choice Reaction Time

Table S4 shows the choice reaction time test results. Overall, multivariate Wilk’s
Lambda analysis revealed no significant time (p = 0.247, ηp

2 = 0.022, small effect), while
there tended to be an interaction effect (p = 0.063, ηp

2 = 0.031, small effect). Univariate
analysis revealed that the percent targets correct tended to change over time (p = 0.078,
ηp

2 = 0.039, small effect) while correct reaction time (p = 0.183, ηp
2 = 0.029, small effect) and

overall reaction time (p = 0.176, ηp
2 = 0.030, small effect) were not significantly different

from baseline values. Similarly, no significant interaction effects were observed in the
percent targets correct (p = 0.118, ηp

2 = 0.034, small effect), correct reaction time (p = 0.695,
ηp

2 = 0.007, small effect), or overall reaction time (p = 0.682, ηp
2 = 0.007, small effect) on

this test. Figure 5 shows the percent changes from baseline in choice reaction variables.
Acute supplementation with ASH tended to maintain the ability to correctly identify targets
(−0.045% [−0.81, 0.72], p = 0.906) while those taking the PLA observed a significant decline
in the ability to correctly identify targets (−1.096% [−1.88, −0.32], p = 0.007) with the
difference tending to differ between treatment groups (1.051% [−0.044, 2.146], p = 0.060).
No other differences were observed over time or between treatment groups.

Figure 5. Choice reaction test results. ** = p > 0.05 to p < 0.10 difference between treatment groups.
† = p < 0.05 difference from baseline value.

120



Nutrients 2024, 16, 1813

4.2.4. Picture Recognition Test

Table S5 presents picture recognition test results. Overall, multivariate Wilk’s Lambda
analysis revealed a significant time (p = 0.006, ηp

2 = 0.077, moderate effect) while no
significant group × time interaction effects were observed (p = 0.222, ηp

2 = 0.049, small
effect). Univariate analysis revealed time effects in the percentage of pictures correctly
identified (p = 0.006, ηp

2 = 0.086, moderate effect) while the percent of yes responses
(p = 0.039, ηp

2 = 0.052, small effect) and no response (p = 0.051, ηp
2 = 0.054, small effect)

tended to change over time. No significant group × time effects were observed in these
and other measures of the picture recognition test. The pairwise comparison revealed some
evidence that acute ASH ingestion improved correct reaction time (p = 0.006). Analysis
of mean changes from baseline demonstrated that correct reaction time (p = 0.008) and
overall reaction time (p = 0.023) were significantly faster in the ASH group. Figure 6
shows the percentage changes from baseline in picture recognition test variables. Results
revealed that acute ASH supplementation significantly improved correct (p = 0.008), yes
(p = 0.002), and overall reaction times (p = 0.018) and that 30 days of ASH supplementation
better maintained correct picture recall, correct yes responses, correct reaction times, yes
reaction time, no reaction time, and overall reaction time. Significant differences were
seen between treatment groups after acute ingestion on Day 0 in correct reaction time and
overall reaction time.

 
Figure 6. Picture recall test results. † = p < 0.05 difference from baseline value while ‡ = p > 0.05 to
p < 0.10 difference from baseline.

4.2.5. Digit Vigilance

Digit vigilance test results are presented in Table S6. Overall, multivariate Wilk’s
Lambda analysis revealed a significant time (p = 0.006, ηp

2 = 0.044, small effect) but no
interaction effect (p = 0.698, ηp

2 = 0.012, small effect). Univariate analysis revealed a
significant time effect in correct response reaction time (p = 0.002, ηp

2 = 0.087, moderate
effect), while no time or group × time effects were observed in the percent targets correct or
false alarm responses. Figure 7 shows the percent changes from baseline in digit vigilance
test results. Correct reaction time in the ASH group increased from baseline after 30 days
of supplementation (p = 0.042), while false alarms tended to increase over time (p = 0.055)
in the PLA group. No significant differences were observed between treatment groups.
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Figure 7. Digit vigilance test results. * = p < 0.05 difference between treatment groups. † = p < 0.05
difference from baseline value while ‡ = p > 0.05 to p < 0.10 difference from baseline.

4.2.6. Corsi Block

Table S7 shows Corsi Block test results. No significant time (p = 0.592, ηp
2 = 0.034,

small effect) or group × time (p = 0.754, ηp
2 = 0.021, small effect) effects were observed

in Corsi Block span score results. Likewise, no significant time or interaction effects were
observed in the Corsi Block span score when analyzed as mean or percent changes from
baseline (Figure 8).

Figure 8. Corsi Block test results.

4.2.7. Stroop Test

Table S8 presents Stroop Color–Word test results. Overall, multivariate Wilk’s Lambda
analysis revealed a significant time (p = 0.040, ηp

2 = 0.079, moderate effect) but no inter-
action effect (p = 0.514, ηp

2 = 0.051, small effect). Univariate analysis revealed significant
time effects in overall reaction time (p < 0.001, ηp

2 = 0.124, moderate effect), correct re-
sponse reaction time (p = 0.001, ηp

2 = 0.117, moderate effect), congruent words overall
reaction time (p < 0.001, ηp

2 = 0.106, moderate effect), incongruent words overall reaction
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time (p = 0.003, ηp
2 = 0.099, moderate effect), and correct congruent reaction time (p =

0.001, ηp
2 = 0.104, moderate effect) while the congruent words percent correct (p = 0.087,

ηp
2 = 0.039, small effect) and correct incongruent reaction time (p = 0.056, ηp

2 = 0.056,
small effect) tended to increase over time. However, no significant interaction effects were
seen between treatments. Analysis of mean percent changes from baseline with 95% CIs
(Figure 9) indicated that ASH tended to maintain the ability to identify congruent words
correctly, while this ability declined in the PLA group. Reaction times improved from pre-
to post-supplementation on days 0 and 30 of testing, with no differences observed between
treatment groups.

 

Figure 9. Stroop Color–Word test results. ** = p < 0.05 difference between treatment groups.
† = p < 0.05 difference from baseline value while ‡ = p > 0.05 to p < 0.10 difference from baseline.

4.3. Profile of Mood States

Table S9 shows the results of the POMS questionnaire. Overall, multivariate Wilk’s
Lambda analysis indicated a time (p < 0.001, ηp

2 = 0.148, large effect) but no interaction
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effects observed (p = 0.148, ηp
2 = 0.047, small effect). Univariate analysis revealed sig-

nificant time effects in tension (p < 0.001, ηp
2 = 0.189, large effect), depression (p < 0.001,

ηp
2 = 0.120, large effect), anger (p < 0.001, ηp

2 = 0.139, large effect), fatigue (p < 0.001,
ηp

2 = 0.200, large effect), confusion (p < 0.001, ηp
2 = 0.145 large effect), vigor (p = 0.004, ηp

2

= 0.098, moderate effect, and TMDS (p < 0.001, ηp
2 = 0.188, large effect). Fatigue levels

tended to interact (p = 0.058, ηp
2 = 0.047, small effect) with no other group × time effects

observed. Analysis of changes from baseline (Figure 10) revealed evidence that partici-
pants in the ASH experienced a decrease in tension scores from baseline after acute (p =
0.001), 30 days (p = 0.01), and acute ingestion after 30 days (p < 0.001) of supplementation
while tension scores were not significantly different from baseline values after 30 days of
supplementation. Additionally, there was evidence that supplementation with ASH for 30
days reduced perceptions of fatigue after acute supplementation on Day 0 (p = 0.005) and
Day 30 (p = 0.002) with 30 Day Pre values significantly lower in the ASH group compared
to the PLA group (−1.91 [−5.6, −0.3], p = 0.023). No other significant differences were
observed between treatment groups in the remaining POMS variables.

 

Figure 10. Profile of Mood States results. * = p > 0.05 to p < 0.10 difference between treatment groups.
† = p < 0.05 difference from baseline value while ‡ = p > 0.05 to p < 0.10 difference from baseline.

4.4. Markers of Health and Safety

Overall GLM analysis of cell blood count data (Table S10) revealed no significant time
(p = 0.120, ηp

2 = 0.336, large effect) or group × time effect (p = 0.341, ηp
2 = 0.269, large

effect). Univariate analysis revealed a significant interaction effect in hematocrit (p = 0.004),
where hematocrit decreased in the PLA group while maintained in the ASH group. The
pairwise comparison also revealed no differences between treatment groups in baseline
cell blood counts. However, lymphocytes in the ASH group were significantly lower than
in the PLA group after 30 days of ASH supplementation. With ASH supplementation,
red blood cells, neutrophils, and platelets tended to be higher. Overall GLM analysis
of standard serum clinical markers (Table S11) revealed a trend toward a time effect
(p = 0.0065, ηp

2 = 0.554, large effect) with no interaction effects (p = 0.150, ηp
2 = 0.509,

large effect). Univariate analysis revealed significant time effects in several variables, with
interaction effects observed in high-density lipoprotein (p = 0.011), protein (p = 0.005),
albumin (p = 0.027), alkaline phosphatase (p = 0.002), and estimated glomerular filtration
rate (p = 0.037). Participants in the ASH group observed a significant increase in high-
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density lipoprotein (HDL) cholesterol and a decrease in the HDL to total cholesterol ratio
from baseline, while the blood urea nitrogen (BUN) to creatinine ratio increased significantly
from baseline in the PLA group. There was also evidence that BUN and total bilirubin
levels were lower and total protein and calcium levels higher after supplementation with
ASH. Collectively, although differences over time and between treatment groups were
small and within normal clinical values, results suggest that clinical blood profiles more
favorably improved with ASH supplementation. Finally, Table S12 presents the side effects
evaluated during the study. No significant differences in the frequency or severity of side
effects evaluated or any other complaints. No participant withdrew from the study due to
any perceived side effects.

5. Discussion

Ashwagandha has been reported to possess antioxidant [9,14–16], anti-inflamm-
atory [9,11,12], neuroprotective [8,10,15,23–26], endocrinological [17–21], and immune-
modulatory properties [10,22] that influence cognition [1,23,25,31]. Preliminary human
clinical trials indicate that ashwagandha supplementation may have therapeutic benefits in
individuals with medically managed bipolar disease [32], mild cognitive impairment [33],
and chronic stress [7]. There is also evidence that ashwagandha supplementation improves
memory, reaction times, and psychomotor performance in healthy participants [35,37,38].
Additionally, there is evidence that 30 days of ashwagandha supplementation improved
perceptions of energy, sleep quality, and well-being in college students [36]. However, more
research is needed to assess the potential nootropic effects of ashwagandha on cognitive
function. Results from this study provide additional evidence that acute and 30 days of
liposomal ashwagandha supplementation affect cognitive function and mood in healthy
men and women. The following provides additional insight regarding the observed results.

5.1. Primary Outcomes

We evaluated the effects of ashwagandha supplementation on several cognitive func-
tion assessments to assess episodic memory (word presentation, picture recognition, de-
layed word recall, delayed picture recognition, delayed word recognition), attention and
vigilance (simple reaction times, digit vigilance test, choice reaction time), and executive
function (Stroop color-word test) [4]. Consistent with our prior work [37], we found evi-
dence that acute ingestion of liposomal ashwagandha affected cognitive function in healthy
individuals at a lower dose as previously established (225 mg compared to 400 mg). In
this regard, present findings indicated that acute ashwagandha supplementation main-
tained the ability to identify correct targets on the choice reaction test, improved picture
recognition reaction time, and prevented a decline in correct responses on the Stroop test.
After 30 days of supplementation, there was some evidence that word recall correct at-
tempts, correct reaction time in the digit vigilance task test, and Stroop test congruent
correct responses improved to a greater degree from baseline with ashwagandha supple-
mentation. Moreover, POMS tension and fatigue scores decreased from baseline, with Pre
30 Day fatigue scores in the ashwagandha group significantly lower than placebo responses.
Collectively, these findings provide additional evidence that acute and longer periods of
ashwagandha supplementation can improve measures of episodic memory, attention and
vigilance, and executive function, as well as perceptions of tension and fatigue. These
findings support reports that ashwagandha supplementation improved reaction times and
cognitive performance in healthy young males [35], perceptions of energy and mental
clarity in college students [36], and that 30 days of liposomal ashwagandha supplementa-
tion (225 or 400 mg/d) reduced stress-related markers and improved cognitive function in
individuals with perceived stress [34].

While not directly assessed in the present study, there are several potential mecha-
nisms described in the literature in which ashwagandha may influence cognition. First,
ashwagandha has been reported to serve as an adaptogen, thereby improving response
and resilience to stress [2,3,11,14,36,64,65]. The cognitive function tests produce a stressful
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state. Consequently, ashwagandha may have improved cognitive function by allowing
the participants to perform better during stressful situations. Second, ashwagandha has
been reported to inhibit acetylcholinesterase, increase neurotransmission [11,14,65], and
provide neuroprotective effects [8,15,25,65,66]. Ashwagandha has also been reported to
influence gamma-aminobutyric acid (GABA) activity [1,67–69]. GABA is an inhibitory
neurotransmitter that has been a target in the treatment of anxiety [69]. Ashwagandha has
been reported to have GABAergic activity and have similar effects as anxiolytic pharma-
ceutical interventions [69]. It has also been reported to promote the quality of sleep [68].
Thus, ashwagandha supplementation may help individuals in stressful conditions man-
age anxiety and/or improve the quality of sleep, thereby improving cognitive function.
Finally, ashwagandha has also been reported to reduce oxidative stress [9,16] and inflam-
mation [8,15,22,25]. Oxidative stress and inflammation in the brain have been implicated
in the progression of cognitive impairment during aging. While we studied younger partic-
ipants, it is possible that ashwagandha mediated oxidative stress and/or inflammation,
thereby improving cognitive function. Additional research should examine the role of
ashwagandha supplementation on these mechanisms, memory, and cognitive function in
younger and older populations under stressful conditions who might benefit.

5.2. Secondary Outcomes

Since ashwagandha has antioxidant [9,14–16], endocrine [17–21], immune [10,22], and
anti-inflammatory effects [9,11,12], there has been interest in determining the effects of
ashwagandha supplementation on markers of health and safety. In this study, we assessed
the effects of 30 days of ashwagandha supplementation on a comprehensive panel of whole
blood and serum health markers and perceptions about the frequency and severity of
common side effects. Results revealed that ashwagandha supplementation either had no
effect or more favorably improved clinical blood panels with no differences in reported
perceptions of side effects. These findings are consistent with results from Chandrasekhar
et al. [6], who reported that ashwagandha supplementation (2 × 300 mg/d for 60 days)
in individuals with a history of stress and anxiety had no clinically significant effects on
clinical blood parameters or reported side effects. Additionally, results support findings
from Smith and coworkers [18], who reported that 2 × 200 mg/d of ashwagandha root
extract supplementation for 12 weeks in overweight men and women between the ages
of 40–75 years experiencing high levels of fatigue and stress did not significantly affect
blood glucose, HbA1c, cell blood counts, markers liver function, markers of renal function,
or perceptions of side effects. Current findings also support other studies reporting that
ashwagandha supplementation (500–700 mg/d for 2–8 weeks) in adults was well-tolerated
and did not result in perceptions of side effects [33,64,70,71].

5.3. Limitations and Future Directions

Although positive results were observed, there are several limitations that should
be considered. First, although participants maintained a similar diet, activity level, and
fasting state before each testing session, diet and exercise were not controlled during the
entire study. It is possible that variations in physical activity may have affected fatigue
perception and/or ingestion of various stimulants in the participant’s normal diet may
have affected results. Second, we performed a single-dose effectiveness study and estab-
lished that ingestion of 400 mg of liposomal ashwagandha improved some measures of
memory, attention, and reaction time for several hours after ingestion [37]. Additionally,
Remenapp et al. [34] reported that dietary supplementation of 225 mg/d with this source
of liposomal ashwagandha improved cognitive function measures in individuals with per-
ceived stress. Present findings indicate that younger healthy individuals may also benefit
from supplementing their diet with 225 mg/d of liposomal ashwagandha. However, it is
possible that ingesting higher amounts of ashwagandha, several doses a day as has been
previously investigated, or a longer period of supplementation may have promoted greater
effects. Consequently, additional research is warranted to (1) conduct studies on more
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frequent, higher doses, and/or a longer supplementation period; (2) evaluate the effects of
ashwagandha supplementation during a standardized and supervised exercise and diet in-
tervention; (3) examine the potential nootropic effects of ashwagandha supplementation in
older individuals as a nutrition strategy to maintain cognitive function before experiencing
clinically significant mild cognitive impairment, (4) assessing the effects of ashwagandha
supplementation on managing stress and improving quality of life as people age; and,
the potential role of ashwagandha supplementation in improving memory, attention, and
executive function in individuals with signs of memory and cognitive impairment.

6. Conclusions

This study’s results support that acute (225 mg) and 30 days of dietary supplemen-
tation of a liposomal form of ashwagandha (225 mg/d) can improve short-term memory,
attention and vigilance, and reaction times in healthy younger men and women. While
these results are promising, additional research is warranted to evaluate the potential
nootropic effects of ashwagandha at different dosing strategies, longer supplementation
periods, older individuals to help maintain cognitive function as people age, and poten-
tial clinical applications in individuals experiencing stressful conditions, memory and/or
cognitive decline.
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States results, Table S10: Complete Blood Count data, Table S11: Serum Metabolic Panel, Table S12:
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Abstract: Obesity has been suggested as an environmental risk factor for multiple sclerosis (MS)
and may negatively effect the progression of the disease. The aim of this study is to determine
any correlation between overweight/obesity and the clinical and neuroradiological features at the
onset of pediatric onset multiple sclerosis (POMS). Were included patients referred to the POMS
Unit of the Bambino Gesù Children’s Hospital between June 2012 and June 2021. The diagnosis
of MS with an onset of less than 18 years was required. For all included subjects, we considered
for the analysis the following data at the onset of symptoms: general data (age, sex, functional
system compromised by neurological signs, weight and height), brain and spinal magnetic resonance
imaging (MRI), cerebrospinal fluid exams. We identified 55 pediatric cases of POMS and divided
them into two groups according to the body mass index (BMI): 60% were healthy weight (HW) and
40% were overweight/obese (OW/O). OW/O patients experienced a two-year age difference in
disease onset compared to the HW patients (12.7 ± 3.8 years vs. 14.6 ± 4.1 years; p < 0.05). Onset
of polyfocal symptoms was seen more frequently in OW/O patients than in HW (72.7% vs. 21.2%;
p < 0.05). The pyramidal functions were involved more frequently in the OW/O group than in the
HW group (50% vs. 25%; p < 0.005). Black holes were detected more frequently in OW/O patients
in onset MRI scans compared to the HW group (50% vs. 15.5%; p < 0.05). Our findings suggest
that being overweight/obese affects the risk of developing MS at an earlier age and is associated
with an unfavorable clinical–radiological features at onset. Weight control can be considered as a
preventive/therapeutic treatment.

Keywords: pediatric onset multiple sclerosis; obesity; onset; risk factor

1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory autoimmune disease of the central
nervous system (CNS) that is most commonly diagnosed in young adults; 3–5% of patients
have disease onset under the age of 18, and less than 2% of patients are younger than
10 years [1–4]. Pediatric MS has some differences from adults in the clinical presentation:
the pediatric population presents a higher relapse rate, despite better recoveries after
relapses, and a slower evolution toward a secondarily progressive disease [1]. About half
to two-thirds of pediatric patients present with multiple symptoms [4].

Obesity is a major public health problem, as the prevalence of obesity in Italian school-
aged children is 9.4%, while the prevalence of overweight is 20.4% [5]. Furthermore, the
prevalence of overweight and obesity persists, with an increasing trend, over the years,
following the trend of MS diagnosis in children [6].
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The etiology of MS is still unknown, although current evidence suggests that it is the
result of autoimmune injury triggered by a combination of an environmental stimulus in
genetically susceptible individuals, both adults and children. Low serum vitamin D levels,
passive or active smoking, remote infection with Epstein–Barr virus, and obesity are factors
that may increase environmental risks [6–8].

Adipose tissue, which is involved in many metabolic functions, regulates the immune
system and endocrine function. These functions are mediated by various components of
adipose tissue: adipocytes, which exert an endocrine function through the secretion of
various adipokines (adiponectin, leptin, and resistin), innate and adaptive immune cells
(macrophages, neutrophils, eosinophils, mast cells, and various T and B cells), and fibrob-
lasts. This is closely connected to how adipose tissue regulates inflammatory status [5].
An excessive amount of adipose tissue leads to an increased secretion of inflammatory
substances, such as pro-inflammatory cytokines like tumor necrosis factor-α (TNF-α),
monocyte chemoattractant protein-1 (MCP-1), and interleukin-6 (IL-6); at the same time,
the secretion of anti-inflammatory adipokines is decreased in the over-weight/obese body.
Obesity is associated with chronic inflammatory status as a result of these factors [5].
Indeed, obesity in adults is associated with increased cerebrospinal fluid (CSF) levels of
proinflammatory molecules, including IL -6 and leptin, and a de-crease in anti-inflammatory
mediators such as IL-13 [9,10]. Similar data have been found in the pediatric population,
particularly in prepubertal patients, suggesting an interaction between excess body fat,
sex hormones, and the occurrence of pediatric onset multiple sclerosis (POMS) [11]. An
hypothesis is that children are more susceptible to inflammatory damage due to blood–
brain barrier (BBB) permeability, resulting in more pronounced acute axonal damage in
inflammatory demyelinating lesions than in adults [12], with a greater number and volume
of new T2 lesions on brain magnetic resonance imaging (MRI) [13], which may affect out-
comes, especially if they are abundant on baseline neuroimaging [14,15]. It is particularly
relevant to identify the risk factors involved in the development of the disease during the
early stages of life, considering this time as a window to potentially interfere: in this sense
many efforts have been spent and some studies focused on the role for childhood obesity
in risk of developing MS.

The presence of high BMI values in pediatric multiple sclerosis patients in their child-
hood and before the onset of neurological symptoms is a common occurrence [6,11,16,17].
Despite considering environmental and genetic risk factors, the connection between high
BMI and increased risk of MS remains valid [18]. Regarding genetic factors, a recent study
performing mendelian randomization could confirm the positive causal association be-
tween high BMI and MS, and detected as well common risk genes shared between MS and
obesity, suggesting a potential pathogenetic mechanism to justify this comorbidity [16].
High BMI may be considered not only a risk factor but also a negative predictive fac-tor, as
it appears to be associated with higher rates of relapse [10], development of disability [19],
and negative response to disease-modifying drugs in terms of relapses under treatment [20].
Meanwhile, as evidence increases about this correlation, the prevalence of obesity in the
MS pediatric population is growing at a rate of 25–50% compared to the past [21].

The objective of this research is to examine whether overweight/obesity is associated
with the clinical and neuroradiological presentation of POMS.

2. Materials and Methods

2.1. Participants and Inclusion Criteria

We performed a retrospective study that includes patients that referred to the POMS
Unit of the Bambino Gesù Children’s Hospital, between June 2012 and June 2021. The 2013
International Pediatric MS Study Group (IP-MSSG) criteria were used to diagnose MS, and
these patients were included in the analysis [22]. Pediatric MS diagnosis was made based
on these criteria if the patient had a history of:

(1) Two or more non-encephalopathic clinical CNS events with presumed inflammation,
separated by more than 30 days, involving more than one area of the CNS;
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(2) One non encephalopathic episode typical of MS which was associated with MRI find-
ings consistent with 2010 Revised McDonald criteria for dissemination in space (DIS)
and in which a follow up MRI shows at least one new enhancing or non enhancing
lesion consistent with dissemination in time (DIT);

(3) One ADEM attack followed by a non encephalopathic clinical event, three or more
months after symptom onset, that was associated with new MRI lesions that fulfill
2010 Revised McDonald for DIS criteria;

(4) A first, single, acute event that does not meet ADEM criteria and whose MRI findings
are consistent with the 2010 Revised McDonald criteria for DIS and DIT (this last
criterion was valid only for children over 12 years of age.

Other inclusion criteria for the studied are: age younger than 18 years at clinical onset;
the other inclusion criteria included: availability of an examination of the liquor taken by
rachicentes (physical chemical examination, determination of oligoclonal bands on liquor
and serum and microbiological examinations); examination of cerebral and spinal MRI
with and without injection of gadolinium and carried out 30 days after possible steroid
therapy and without the initiation of therapy modifying the course of disease.

Patients with other intercurrent chronic pathologies (endocrine, tumoral, cardiac,
respiratory) that could affect BMI were excluded.

The study was approved by the Ethical Committee of Bambino Gesù Children’s
Hospital (date 19 October 2023). All patients enrolled and their parents provided consent
for the publication of the results.

2.2. Data Collection

Medical records performed at the moment of disease onset, before starting steroid
treatment and disease modifying therapy were retrospectively reviewed for each patient.
The collected data included: (1) demographic variables: sex, age; (2) clinical variables:
measurement of weight (kg), height (cm), BMI calculated as weight in kilograms divided by
height in meters squared, expanded disability status scale (EDSS) score, presenting clinical
symptoms; (3) laboratory data: presence of oligoclonal bands (OCBs) in CSF, determined
by isoelectric focusing, combined with immunoblotting of matched serum, and CSF sample
pairs, presence of pleocytosis in CSF, defined as >5 white blood cells/mm3, previous Epstein–
Barr virus (EBV) infection, defined by measuring serum viral antibodies (IgM and IgG by
ELISA) and performing quantitative real-time PCR for the EBV; (4) characteristics of brain
and spine MRI, performed at the time of clinical onset with a 3T scanner, acquiring axial and
sagittal T2-weighted, fluid-attenuated in-version recovery (FLAIR)- weighted, T1-weighted
MRI sequences, and T1-weighted MRI images after administration of gadolinium.

Clinical symptoms were later classified according to the involvement of various func-
tional systems, related to nervous system activity. In details the following symptoms or
signs had been considered: Visual function (visual acuity, visual fields, and scotoma); Brain-
stem Functions (extraocular movement impairment, nystagmus, trigeminal damage, facial
weakness, hearing loss, dysarthria, dysphagia, and other cranial nerve functions); Pyrami-
dal functions (reflexes, limb strength, and spasticity); Cerebellar Functions (head tremor,
truncal ataxia, tremor or dysmetria of limbs, and gai ataxia); Sensory Functions (superficial
sensation of trunk and limbs, vibration sense of limbs, position sense of limbs, and paranes-
thesia); Bowel and Bladder Function (urinary hesitancy or urgency, and bowel disfunction).

We ensured that the brain MRI, performed at the onset, included axial and sagittal
T2-weighted, fluid-attenuated inversion recovery (FLAIR)-weighted, T1-weighted MRI
sequences, and T1-weighted MRI images after administration of gadolinium. All patients
included in the study also underwent a spinal MRI at the onset of symptoms and before the
start of corticosteroid therapy; dual-echo (proton-density and T2-weighted) conventional
and/or fast spin-echo, STIR (as alternative to proton-density weighted) and contrast-
enhanced T1-weighted spin-echo (in case of presence of T2 lesions) sequences were acquired.
The MRI scan revision was centralized and carried out by two operators (LP and MANF)
blinded to clinical outcome, at the Bambino Gesù children’s hospital. Lesion characteristics
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were recorded, including the location, distribution, border outline, symmetry, and number,
as well as size and gadolinium capture. Tumefactive lesions were defined as such if
larger than two cortical gyri. The presence or absence of black holes (non-enhancing
hypointense lesions visible on T1-weighted sequences) and post-gadolinium enhancement
were analyzed.

2.3. Subgroups Classification

The population was divided in two groups, according to the BMI, using the Center for
Disease Control (CDC) metrics [6]: the first group (healthy weight, HW) includes people
with BMI under 25, and the second group (overweight/obese, OW/O) included people
with BMI of 25–29.9, considered overweight, and people with a BMI over 30, categorized
as obese.

2.4. Statistical Analysis

We used the chi-squared test to compare the distribution of categorical variables in
the two groups. The categorical variables included sex, presence of encephalopathy at
clinical onset, symptoms at onset in various functional systems, presence of oligoclonal
bands in CSF, distribution of lesions in MRI in the different areas (periventricular, subcorti-
cal, subtentorial, and spine), presence of gadolinium-enhancing lesions, black holes and
swelling lesions.

The Mann–Whitney U-test was used to compare continuous variables like age, the
number of the relapses before diagnosis and the number of lesions visible in MRI scans
taken at onset.

Statistical analysis was conducted with SPSS software version 22. The level of signifi-
cance was set for p value values lower than 0.05.

3. Results

Among 65 patients selected, 10 of them were excluded for unavailability of data
required (3 no onset MRI images available, 2 no data from CSF collected at onset available,
5 no measurement of weight and height performed at onset).

The statistical analysis included 55 patients with a diagnosis of relapsing-remitting
MS with pediatric onset. This population was composed of 34 girls (61.8%) and 21 boys
(38.2%), with a mean age of 13.5 years (Table 1).

Table 1. Demographic features of the patients included in the study. SD: standard deviation.

POMS Subjects

Sex No. % Age, y

Mean SD
Male 21 38.2% 13.1 3.2

Female 34 61.8% 13.7 3.06
Total 55 100% 13.5 3.1

Patients were divided into two groups: HW (33 patients, 60%) and OW/O (22 patients,
40%). The HW group consisted of 57.6% girls and 42.4% boys while the OW/O population
was composed of 68.2% girls and 31.8% boys (p > 0.05) (Table 2).

Table 2. Demographic features of the healthy weight and overweight/obese patients.

Healthy Weight Obese/Overweight

No. % Age, y No. % Age, y

Mean DS Mean DS
Total 33 60 14.6 4.1 22 40 12.7 3.8
Male 14 42.4 12.4 3.5 7 31.8 14.5 1.8

Female 19 57.6 13 3.8 15 68.2 14.6 1.2
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3.1. Age at Disease Onset

OW/O patients had an age of disease onset approximately two years lower than HW
patients (12.7 ± 3.8 years vs. 14.6 ± 4.1 years; p < 0.05).

3.2. Clinical Features at Disease Onset

An acute disseminated encephalomyelitis (ADEM)-like with encephalopathy at onset
occurred with a similar frequency in the OW/O group versus HW patients (p > 0.05).
Excluding patients with ADEM-like, an onset with polyfocal symptoms was more often
seen in OW/O patients than in the HW group (72.7% vs. 21.2%; p < 0.05). In order of
frequency, the onset symptoms occurred in patients with polyfocal presentation involved
superficial/proprioceptive sensation (No. 16, 69.5%), brainstem deficit (No. 12, 52.1%),
pyramidal functions (No. 12, 52.1%), cerebellar functions (No. 11, 47.8%), visual deficit
(No. 8, 34.7%), bowel and bladder functions (No. 2, 8.6%).

On the contrary, monofocal onset was seen more often in HW patients than in the
OW/O group (66.6% vs. 18.1%; p < 0.05). In order of frequency, the onset symptom occurred
in patients with monofocal presentation involved visual deficit (No. 9, 34.6%), brainstem
deficit (No. 7, 26.9%), superficial/proprioceptive sensation (No. 6, 23%), pyramidal
function (No.4, 15.3%).

Involvement of the pyramidal functions was more often detected in the OW/O group
than in the HW group (50% vs. 25.4%; p < 0.005), (Table 3). The analysis of the total number
of relapses that occurred before diagnosis did not reveal a statistically significant difference
between the two groups.

Table 3. Clinical features at onset of the healthy weight and overweight/obese patients.

Healthy Weight Obese/Overweight p-Value

Mean SD Mean SD

Age at onset, y 14.6 4.1 12.7 3.8 <0.05
Expanded disability status scale (EDSS) at onset 1.9 0.5 2.2 0.6 0.07

No. % No. %
Monofocal onset 22 66.6 4 18.1 <0.05
Polifocal onset 7 21.2 16 72.7 <0.05

Encephalopathy at onset 4 12.1 2 9.1 0.08
Pyramidal functions 8 25.4 11 50 <0.05

Superficial sensation (light, touch and pain) 9 27.3 11 50 0.07
Proprioceptive sensation 9 27.3 6 27.3 0.08

Cerebellar functions 9 27.3 3 13.6 0.19
Brainstem functions 16 48.5 9 40.9 0.39

Visual deficit 10 30.3 9 40.8 0.3
Bowel and bladder functions 2 6.1 2 9.1 0.52

Oligoclonal band (intrathecal IgG synthesis) 26 83.9 19 95 0.23
Pleocytosis (>5 cell/mmc) 13 50 14 70 0.14

Ig G anti-Epstein–Bar virus 30 91 22 100 0.2

3.3. MRI Features at Disease Onset

Regarding MRI scans performed at onset, a statistically significant difference was
revealed analyzing the number of black holes: they were more frequently detected in
OW/O patients in onset MRI compared to the HW group (50% vs. 15.5%; p < 0.05)
(Figure 1).

When analyzing the presence of other MRI features such as periventricular lesions, jux-
tacortical/cortical lesions, infratentorial lesions, spinal cord lesions, gadolinium-enhanced
lesions, and tumefactive lesions, no statistically significant differences were found between
the two groups (Table 4).
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Figure 1. Onset MRI scans of two enrolled patients. The white arrows indicate T1 hypointense
lesions, known as black holes.

Table 4. Onset Magnetic Resonance Imaging features for the healthy weight and overweight/obese patients.

Healthy Weight Obese/Overweight p-Value

No. % No. %

Black holes 5 15.5 12 54.5 <0.05
Periventricular lesion 29 87.9 18 81.8 0.4
Juxtacortical/cortical 25 75.8 19 86.4 0.27

Infratentorial 23 69.7 13 59.1 0.3
Optic nerve 13 39.4 9 40.9 0.5
Spinal cord 20 60.6 13 59.1 0.09
Gadolinium

enhancing lesions 25 75.8 19 86.4 0.27

Tumefactive lesions 8 24.2 6 27.3 0.52

We found no statistically significant difference between the two groups about the total
number of T2 hyperintense cerebral lesions at onset.

3.4. Laboratorial Features at Disease Onset

Oligoclonal bands (OCBs) in CSF were found in 26 HW patients (83.9%) and in
19 (95%) OW/O patients, pleocytosis were found in 13 HW patients (50%) and in 14 OW/O
patients (70%), previous EBV infection were found in 30 HW patients (91%) and in 22
OW/O patients (100%).

We found no statistically significant difference between the two groups analyzing the
presence of oligoclonal bands (OCBs) in CSF, the presence of pleocytosis in CSF, previous
EBV infection.

4. Discussion

Our study shows that patients with POMS who are OW/O experience clinical onset
at a younger age than those who are HW. At the onset of the disease, OW/O individuals
exhibit a worse clinical picture and less favorable MRI findings than HW individuals.
POMS is a disease that is caused by genetic and environmental factors, which increase the
risk of development [23].

Susceptibility to SM has been identified in several genes within the major histocom-
patibility complex (MHC) loci. Around one-third of them have been associated with POMS,
which suggests that there is a shared genetic inheritance. The HLA-DRB1 gene is the gene
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responsible for the most significant genetic contribution, which is associated with changes
in HLA in general and specifically [24].

Epstein–Barr virus (EBV) infection is a determinant of POMS that has been exten-
sively studied [25,26]. Vitamin D deficiency, not breastfeeding infants, pesticide exposure,
smoking, air quality, and hormonal influences [18] were among the other factors [18].
Furthermore, certain risk factors seem to have a more significant impact during a particular
time frame. BMI and obesity in adolescence, not during childhood, is associated with an
increased risk of developing MS [27–30].

Authors, in particular, attempted to establish if there was a correlation between obesity
age and the risk of MS [17,23]. Identifying the age range in which obesity may increase the
future risk of developing MS is important for implementing prevention measures for being
overweight. Some studies showed that in obese subjects, correcting their body weight
reduces the risk of developing MS during the life period [17,27].

Recently a Mendelian randomization study was performed to evaluate whether child-
hood BMI has a causal influence on MS, and whether this putative effect is independent
of early adult obesity and pubertal timing. This study found that a higher genetically pre-
dicted childhood BMI was associated with increased odds of MS. The association between
childhood obesity and MS susceptibility was mediated by the persistence of obesity into
early adulthood, but independent of the timing of puberty [31].

A Danish longitudinal study conducted in school children found that among girls,
at each age from 7 to 13, a one-unit increase in a the BMI z-score was associated with
significant hazard ratios of MS. The risk of MS increased by 1.61–1.95 times for girls in
the 95th percentile for BMI compared to girls in the 85th percentile. The associations were
weaker in boys. A hazard ratio of 1.17 was found for a one-unit increase in BMI z-score at
age 7, and 1.15 was found at age 13 [17].

Munger et al. reported a study in which some women were questioned, using a
self-reported representative pictogram about their body silhouettes at the ages of 5, 10, and
20. In this study, the author found that the women who reported having a larger body size
at age 20 had a two-fold increased risk of MS compared to women who reported a thinner
body size. There was also a suggestion that having a larger body size during childhood
at ages 5 or 10 may increase the risk of MS. Furthermore, after adjusting for body size at
age 20, there was no increased risk of MS associated with having a large body size during
childhood. The twofold risk of MS associated with large body size at age 20 remained
unchanged [28].

These studies support the previous findings that overweight individuals in late ado-
lescence/early adulthood have a 40% increased risk of MS [32]. Unfortunately, we do not
have information about the BMI trajectory of our cohort, but our data show that a high BMI
at the onset of MS is associated with an earlier age of onset of MS, polyfocal symptoms at
onset, and early hypointense MRI lesions.

The onset of MS in childhood has significant implications for the prognosis. Compared
to adults, children and adolescents with MS experience a higher relapse rate and more
commonly affect the cerebellar and brainstem regions [33]. Pediatric MS patients take about
10 years longer than adults to reach irreversible levels of disability. Nevertheless, these
levels are attained by a final age that is 10 years younger than in adult-onset patients [34].
Furthermore, POMS can impact the cognitive function and development of children. Early-
onset MS patients have a faster decline in cognitive performances compared to patients
with adult-onset disease, resulting in a higher risk of cognitive impairment and psychiatric
comorbidity in adulthood, even when adjusted for disease duration [35–40]. POMS is
linked to psychiatric comorbidity in adulthood. Overall, it is estimated that approximately
25–30% of patients with POMS experience mild cognitive changes [40], mainly related to
attention and processing speed [41]. Long-term repercussions on the cognitive performance
of POMS patients have also been described [36]. Therefore, efforts towards early diagnosis,
the discovery of early predictors of long-term outcomes, and appropriate early drug
intervention are highly warranted.
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Regarding clinical features at onset, a recent review estimated that approximately
half to two-thirds of pediatric MS patients have a polysymptomatic presentation [42]
and this is more frequent in patients with onset at a younger age, which may reflect a
greater susceptibility of an immature brain to the inflammatory insult [43]. Children are
most commonly diagnosed with motor dysfunction (30%), sensory symptoms (15–30%),
brainstem symptoms (25%), optic neuritis (10–22%), and ataxia (5–15%) [38]. The results of
our analysis show that a clinical onset with polyfocal signs is more frequently observed
in overweight/obese patients than in healthy weight patients, who tend to present with
monofocal clinical manifestations. In addition, in our study, overweight/obese patients
are more likely to have pyramidal domain involvement (50% OW/O) than healthy weight
patients (25.4% HW).

The presence of polyfocal symptoms at the clinical onset of MS has been associated in
both children and adults, with an increased risk of moderate or severe disability [2,44–46]
and a decreased response to disease-modifying treatments [47]. A higher EDSS score is
linked to the involvement of the pyramidal system [48]. Langer-Gould et al. analyzing
a multiethnic population of 75 new diagnoses of pediatric clinically isolated Syndrome
(CIS) and POMS, found that moderately and extremely obese children were more likely to
present with motor/sensory symptoms of transverse myelitis [16].

Regarding MRI findings at the onset of the disease, our analysis shows that hy-
pointense T1 lesions (also known as Black Holes) [49], are found more frequently in the
overweight/obese group than in the healthy weight group. The presence of black holes is a
sign of chronic inflammatory damage and tissue damage due to axonal loss [50].

It is known in adults that the black hole burden is related to cerebral atrophy [51–54],
and both reflect and are a negative prognostic factor of physical disability [49,55,56] and
poor cognitive performance [57]. Furthermore, children with MS are more likely to present
black holes already at onset of the disease compared to AOMS, probably due to a more
aggressive disease early on and the susceptibility to axonal damage [12], and tend to have
more rapid loss of brain parenchyma during the course of the disease [58].

Studies in the adult MS population on the effects of over weight on neuroradiological
factors that are associated with progression and persistent disability have yielded conflict-
ing results [10,59–62]. Some studies have documented a relationship between an increase
in BMI and a reduction in cerebral gray matter over time, which leads to a greater burden
of T1 lesions [59,61,62]. This type of relationship [10,60] has not been found by others,
however. Other factors, such as the duration of the disease, may affect the reduction in
brain volume or lesion load in the adult population [53].

The study of these phenomena in the pediatric population allows us to analyze the
disease at an earlier stage, which therefore gives more value to the effect of weight. Few
studies have investigated this topic in POMS, and those that have, have found that patient
BMI did not affect the probability of presenting numerous T2 lesions or contrast enhancing
lesions at the onset [63]. However, a second study did not observe significant differences in
the clinical characteristics of POMS between normal weight and overweight subjects [20].

The correlation between overweight and MS can also have implications in the thera-
peutic field. In adults with MS, the risk of developing persistent disability has gradually
decreased through the early use of effective disease-modifying treatments [64,65]. However,
the therapeutic management of POMS has greater limitations than that of adults because we
have fewer pharmacological strategies available than in adults [66,67]. Therapeutic targets
can be focused on preventing and controlling overweight. Prior studies have demonstrated
the protective effect of vigorous physical exercise during adolescence and childhood against
the development of MS [14,68,69] and the protective effect of physical exercise on disease
outcome, in terms of accumulation of disability, relapse rate, neurocognitive performance
and MS-related MRI lesions accrual [70].

Diet may also play a role in susceptibility to developing MS and may affect the course
of the disease in both adults [71,72] and in pediatric populations with MS [73,74]. In recent
years, MS treatment strategies have included other therapeutic dietary interventions, in
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addition to vitamin D supplementation [53]. Omega-3 and omega-6 acid supplements [75]
and the ketogenic diet [76,77] are included. Dietary interventions should be considered as
a potential therapeutic strategies that may impact pathophysiological mechanisms and the
well-being of patients with MS.

In conclusion, although our study highlighted and presented more evidence about
how negatively obesity influences the onset features of POMS [53], it is possible, even
after the disease onset, to remove risk factors, ameliorate the progression of disability and
comorbidities, and improve the neurological reserve, able to repair and compensate for
neuronal damage [19,58,78].

Our study has a series of limitations, which consist of the retrospective analysis of the
data and the failure to observe changes in BMI over time.

5. Conclusions

Early diagnosis and treatment of MS have a very strong impact on the prognosis of
multiple sclerosis. The identification of risk factors for the development of the disease
is of great importance. Our study strengthens the thesis that being overweight may
have an unfavorable prognostic role in MS patients. The onset of MS in childhood offers
disadvantages in terms of impact on cognition, future disability, and reduced availability
of drugs to reduce disease progression. To these, the addition of overweight in childhood
may have a further unfavorable prognostic factor. Controlling weight during adolescence,
rather than childhood or adulthood, is critical in determining the risk of MS.
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Abstract: The way that males and females react to environmental exposures and negative impacts
on their neurological systems is often different. Although previous research has examined the
cognitively impairing effects of solitary metal exposures, the relationship between metal mixtures
and cognitive function, particularly when considering an individual’s sex, remains elusive. This
study aimed to investigate the sex differences in the association between multiple metal combinations
and cognitive function in older Americans. This research employed the 2011–2014 NHANES survey
of elderly Americans. The association between five mixed metals and four cognitive tests (the
animal fluency test (AFT), the digit symbol substitution test (DSST), the instant recall test (IRT),
and the delayed recall test (DRT)) were investigated with generalized linear regression model
(GLM), Bayesian kernel machine regression model (BKMR), weighted quantile sum regression model
(WQS), and quantile g-computation regression model (Qgcomp). A total of 1833 people, including
883 males and 950 females, enrolled in this cross-sectional study. We discovered that blood lead
and blood cadmium were negatively associated with cognitive performance, while blood selenium
demonstrated a positive association with cognitive function in older people. The negative relationship
of heavy metal combinations on cognitive function might be somewhat reduced or even reversed
via selenium. The IRT, AFT, and DSST are three of the four cognitive tests where men had more
dramatic positive or negative results. There was a sex-specific connection between blood metal ratios
and cognitive function among older Americans, as evidenced by the more significant relationship
between mixed metals and cognitive performance in men (either positively or negatively). These
results emphasize the impacts of ambient heavy metal exposure on cognitive function by employing
sex-specific methods.

Keywords: heavy metals; mixture; cognitive function; joint effect; sex-specific

1. Introduction

Older people frequently experience cognitive impairment, which harms their quality
of life and social interactions. Declining cognitive function significantly increases both per-
sonal and public health burdens as the percentage of the elderly population rises quickly [1].
According to reports, several physical, psychological, social, and living variables and health
factors combine with inherited and external factors to trigger cognitive decline [2]. Current
evidence indicates that environmental factors, such as heavy metals, may impact the cogni-
tive function of older people [3,4]. Although metals are naturally existing elements, diffuse
air pollution, cigarette smoke, and contaminated food and water are the main artificial
sources of exposure [5]. Individuals with elevated levels of heavy metals face a risk of
developing renal injury, neuropathy, coronary disease, and other serious illnesses [6].
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When examining illness burden, gender differences in metal toxicity should be taken
into account. Metals can cause cellular reactive stress after entering the body through many
different paths, leading to various physiological, metabolic, and behavioral dysfunctions.
Differences in the dopaminergic system and neuroimmune axis make males more vulnera-
ble to exposure to metals such as mercury [7]. Evidence for sex-specific neurotoxic effects
of manganese may also derive in part from the metal’s differential assimilation, absorption,
and storage [8]. It has been documented that exposure to dangerous metals, including
lead, cadmium, tungsten, and manganese, is related to lowered cognitive function [7,9–11].
However, it has also been discovered that some heavy metals, such as selenium and zinc,
can benefit cognitive function [12,13]. Laboratory data suggest that there might be sex
disparities regarding how heavy metals affect cognitive performance due to variations
in hormone levels, body makeup, and brain architecture [14,15]. Given that there are
sex disparities in both the prevalence and manifestations of cognitive-related diseases, as
well as in how well these disorders respond to treatment, it is crucial to examine how sex
differences in changes in cognitive ability relate to these differences. The sex-specific rela-
tionship between mental exposure and cognitive function [16,17], however, is still poorly
understood since there lacks sufficient population-based research that concentrates on such.
The findings of this study regarding sex variations in cognitive function may be crucial
for understanding cognitive disease, but this epidemiological study has no individual
predictive value.

Humans are exposed to multiple environmental chemicals concurrently, which can
contribute to interactions between co-managed chemicals and confound the study of
effects. Individuals are inevitably exposed to multiple metals at once, and these metals
can interact with one another. The majority of previous epidemiological research has been
on the relationship between individual metal exposures and cognitive function. Only
single pollutant models have been used in studies on the effects of heavy metal exposure
on cognitive function; this may have an impact on effect estimates by neglecting mixed
data [9,18]. Combinations of metals might function either effectively or antagonistically, as
different metals may facilitate or prevent the absorption of other metals [3,4]. According
to the research conducted on teenagers in Bangladesh, selenium is favorably correlated
with cognition, whereas manganese, arsenic, and cadmium are negatively correlated
with working memory, visual recognition, and memory [19]. Prenatal metal combination
exposure has been linked to neurocognitive development in children, according to studies
on neonates [20–22]. In this study, we investigated the correlation between cognitive
function and five heavy blood metals in senior people participating in the National Health
and Nutrition Examination Survey (NHANES) between 2011 and 2014. Additionally, we
looked into correlations between sex and cognitive function, pinpointing individual metals
with the most important mixtures. We expect that the academic and clinical communities
will benefit greatly from the information this study will contribute, which should result in
more efficient prevention for both men and women.

2. Materials and Methods

2.1. Study Design and Population

The National Health and Nutrition Examination Survey (NHANES) is a cross-sectional
population health survey conducted by the National Center for Health Statistics (NCHS) of
the Centers for Disease Control and Prevention (CDC) among the non-institutionalized U.S.
population [23]. The representative samples for this investigation were selected through
a complex multi-stage, hierarchical sampling approach. The protocol for NHANES has
been approved by a review committee affiliated with CDC. All participants completed
informed consent forms. This study combined and evaluated demographic, examination,
laboratory, and questionnaire data from participants enrolled in the NHANES. Our study
was limited to 3632 participants aged 60 or older out of 19,931 respondents who participated
in the NHANES between 2011 and 2014. Throughout the investigation, we removed
respondents with missing sociological characteristics and laboratory test results for serum

144



Nutrients 2023, 15, 2874

heavy metals (n = 1486), as well as older persons who lacked four complete cognitive
assessments (n = 313). Finally, this study comprised a total of 1833 individuals aged 60 or
older, including 883 males and 950 women. The specific selection process for inclusion in
the study is shown in Figure 1.

 

Figure 1. The specific selection process for inclusion in the study.

2.2. Measurements of Blood Heavy Metals

The processing, storage, and shipment of whole blood specimens to the NCHS, CDC
for study. Serum concentrations of lead (Pb), cadmium (Cd), mercury (Hg), manganese
(Mn), and selenium (Se) were measured employing inductively coupled plasma mass spec-
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trometry with quadrupole ICPu20MS technology. The serum heavy metal concentrations
of the participants in this investigation are provided in Table 1. In order to comply with the
standards of statistical analysis, the serum heavy metal assay values were log-transformed
during subsequent data processing according to the results of the statistical description.

Table 1. Descriptive statistical results of serum heavy metal content in the population were included.

Percentile

Mean 25th 50th 75th Skew.2SE a Kurt.2SE b Normtest.W c Normtest.p

Blood lead 1.90 1.03 1.49 2.24 50.96 265.31 0.60 <0.001
Blood cadmium 0.55 0.27 0.40 0.65 23.98 43.02 0.72 <0.001
Blood mercury 1.87 0.56 1.04 2.11 42.98 176.52 0.57 <0.001
Blood selenium 195.25 177.90 193.50 208.30 52.00 364.67 0.72 <0.001
Blood manganese 9.48 7.04 8.79 11.18 37.83 177.17 0.75 <0.001

a The skewness coefficient g1 (skewness), its significant criterium (skew. 2SE, that is, g1/2. SEg1; if skew. 2SE > 1,
then skewness is significantly different than zero). b The kurtosis coefficient g2 (kurtosis), its significant criterium
(kurt. 2SE, same remark than for skew.2SE). c The statistic of a Shapiro–Wilk test of normality (normtest.W) and
its associated probability (normtest.p).

2.3. Measurement of Cognitive Performance

The animal fluency test (AFT), the digit symbol substitution test (DSST), and the Con-
sortium to Establish a Registry for Alzheimer’s Disease (CERAD) word list learning test
were employed to evaluate the cognitive function of participants. The reliability of these
tests in determining the cognitive level of the individuals is quite considerable [24]. The
instant recall test (IRT) and delayed recall test (DRT) are part of the CERAD word learning
tests utilized to evaluate the immediate and delayed acquisition of new linguistic material.
AFT was used to measure executive function, wherein participants had 60 s to identify
as many animals as they could, with the total number of adequately identified animals
counting toward the final score. Finally, the researchers employed the DSST to evaluate re-
action speed, sustained attention, and working memory among participants, with the total
number of adequately matched numbers and symbols serving as the score. There is cur-
rently no golden standard for determining poor cognitive performance on the four previous
cognitive tests, with higher scores on all tests indicating superior cognitive performance.

2.4. Covariates

In addition to the five serum heavy metals described above, we investigated a number
of potentially confounding variables, including age (60–69 years; 70–79 years; 80+ years),
sex (male; female), race/ethnicity (non-Hispanic White; non-Hispanic Black; other Hispanic;
other/Multi-racial; Mexican; Other Race, Including Multi-Racial), education level (less
than 9th grade; 9–11th grade; high school grad/GED; some college or AA degree; college
graduate or above), smoking status (never smoker; current smoker; former smoker), alcohol
intake (1–5 drinks/month; 5–10 drinks/month; 10+ drinks/month; non-drinker).

2.5. Statistical Analysis

The data analysis in this study was performed with R (version 4.2.2, R Core Team,
Vienna, Austria). Categorical variables are expressed as the number of instances (n) and
frequency (%), whereas non-normally distributed continuous variables are expressed as
the median (IQR = Q75 − Q25). For group comparisons of data with a normal distribution,
we utilize Student’s t-test, or for group comparisons of skewed variables, we used the
Wilcoxon rank sum test. The chi-square test was performed to examine the variations
in rates for categorical variables amongst groups. p < 0.05 for a two-sided test was con-
sidered statistically significant. In this investigation, a subgroup analysis was conducted
to investigate the sex differences in the relationship between serum heavy metals and
cognitive function in older persons, taking into account the substantial variations between
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the four cognitive tests in the sex stratification. In addition, Pearson correlation analysis
was employed to examine relationships between blood heavy metals.

2.5.1. Statistical Model 1: Generalized Linear Regression Model (GLM)

During the initial stage, this research employed weighted generalized linear regression
models in a complex sampling environment to investigate the connection between four
cognitive scores and serum heavy metal concentrations separately, adjusting for relevant
demographic and behavioral confounders. Serum heavy metals were included in the
analysis of generalized linear regression models with continuous and categorical variables
due to the likelihood of nonlinear correlation between serum heavy metals and outcome.
Dominance ratios and related 95% confidence intervals summarize the statistical results.
Model was adjusted for age, sex, race/ethnicity, education level, smoking status, and
alcohol intake.

2.5.2. Statistical Model 2: Bayesian Kernel Machine Regression (BKMR) Model

The combined effects and potential interactions between serum heavy metals and
cognitive function were then examined via BKMR statistical modeling [22,25]. The nonlin-
ear relationship between exposure and outcome was investigated in this research using
exposure–response cross-sections for a single variable and outcome while other variables
were held constant at the median. Bivariate exposure–response profiles represent how mix-
ture compositions interact, which could be understood as potential interactions between
the slope of the curve for one chemical at the 10th, 50th, and 90th modifications of another
chemical (with the remaining variables fixed at the median). The association plot of the
overall effect of the mixture with outcome shows the change in estimated outcome when
all exposure variables are set at different percentiles simultaneously compared to when
they are fixed at the median. Using the Markov Chain Monte Carlo method, iteration was
set at 30,000.

2.5.3. Statistical Model 3: Weighted Quantile Sum (WQS) Regression Model

The cumulative impact of metal mixture components on cognitive function was esti-
mated by employing WQS regression. The WQS statistical model for multiple regression
in high-dimensional data sets calculates the effects of all exposure factors on outcomes
by constructing a weighted index and determining whether that index is related to out-
comes [26]. The relative intensity of the weights given to each variable by the model allows
the researcher to subsequently evaluate the contribution of each environmental chemical
to the overall index impact, allowing for the identification of significant substances in
the mixture.

2.5.4. Statistical Model 4: Quantile g-Computation (Qgcomp) Regression Model

We further employed the Qgcomp model to overcome the limitations of the WQS
regression model on the direction of association. The G-computation procedure has some
advantages relative to traditional regression, including the decoupling of confounding
adjustment and effect estimation and the causal parameter interpretation [27]. Qgcomp
combines the inferential simplicity of weighted quantile sum regression with the flexibility
of g-computation without the requirement of homogeneity assumption and the linearity
and additivity of exposure. Qgcomp is a straightforward and computationally efficient
method for estimating the association between a combination of exposures and the desired
health outcome. Qgcomp can be used to consistently estimate effects of the exposure
mixture in settings in which WQS regression may be biased or inconsistent but also yield
equivalent estimates with WQS regression in large samples when its assumptions hold [28].
Using the qgcomp.noboot function, a linear model of cognitive function was fitted to
evaluate the total effect through allocating positive or negative weighting indices to each
blood heavy metal by segmenting each metal into quartiles. In order to determine the
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mixing effect’s linearity and display it using a g computation to show the mixed effect, the
qgcomp.boot function (R package, “qgcomp”) was used.

3. Results

3.1. Characteristics of the Study Participants

This study enrolled 1833 eligible participants, including 883 men and 950 women.
As shown in Table 2, the results of the sex subgroup analysis differed in terms of age,
education, smoking, and alcohol consumption. Additionally, males were far more inclined
to smoke and consume alcohol than women. There were significant sex differences on
three of the four cognitive assessments, with males achieving lower cognitive scores than
females (IRT, DRT, DSST). All five serum heavy metal concentrations exhibited a skewed
distribution, as presented in Table 1 of the statistical description of serum heavy metal
concentrations. Analysis of correlation revealed no correlation between serum heavy metal
concentrations included in the study (Figures S1–S3).

Table 2. Characteristics of the study population.

Characteristic
Overall, N = 1833

(100%) 1 Male, N = 883 (45%) 1 Female, N = 950 (55%) 1 p-Value 2

Age 0.031
60–69 years 921 (51%) 460 (55%) 461 (48%)
70–79 years 516 (29%) 247 (28%) 269 (29%)
80+ years 396 (20%) 176 (17%) 220 (23%)

Race/ethnicity 0.200
Non-Hispanic White 862 (80%) 389 (80%) 473 (81%)
Non-Hispanic Black 436 (7.8%) 220 (7.2%) 216 (8.4%)
Other Hispanic 203 (3.9%) 100 (4.0%) 103 (3.9%)
Other/Multi-Racial 166 (3.5%) 82 (3.4%) 84 (3.5%)
Mexican American 138 (2.9%) 74 (3.2%) 64 (2.6%)
Other Race, Including Multi-Racial 28 (1.7%) 18 (2.2%) 10 (0.6%)

Education <0.001
Less Than 9th Grade 219 (6.0%) 124 (7.0%) 95 (5.1%)
9–11th Grade 246 (9.4%) 116 (9.4%) 130 (9.3%)
High School Grad/GED 421 (22%) 188 (18%) 233 (25%)
Some College or AA degree 514 (31%) 222 (27%) 292 (34%)
College Graduate or above 433 (32%) 233 (39%) 200 (27%)

Smoking status <0.001
Never smoker 894 (48%) 297 (34%) 597 (60%)
Current smoker 234 (11%) 147 (13%) 87 (8.3%)
Former smoker 705 (41%) 439 (53%) 266 (31%)

Alcohol intake <0.001
1–5 drinks/month 864 (44%) 497 (49%) 367 (40%)
5–10 drinks/month 89 (6.5%) 51 (6.9%) 38 (6.1%)
10+ drinks/month 307 (23%) 198 (31%) 109 (16%)
Non-drinker 573 (27%) 137 (13%) 436 (38%)

IRT 20.0 (17.0, 23.0) 19.0 (16.0, 22.0) 21.0 (17.0, 23.0) <0.001
DRT 6.00 (5.00, 8.00) 6.00 (4.00, 7.00) 7.00 (5.00, 8.00) <0.001
AFT 18.0 (14.0, 22.0) 19.0 (14.0, 22.0) 18.0 (14.0, 22.0) 0.100
DSST 54 (42, 65) 50 (40, 62) 56 (43, 67) <0.001

Notes: 1 n (unweighted) (weighted%); Median (IQR). 2 chi-squared tests with Rao and Scott’s second-order
correction; Wilcoxon rank-sum test for complex survey samples.

3.2. Single Metal Exposures and Cognitive Function

According to the results provided by Tables S1–S6, a correlation existed between
blood selenium and cognition. Blood selenium at Q2 equates was found to have the most
positive effect on cognitive function according to the analysis of GLM based on quartiles
of exposure variables. Additionally, blood lead was negatively correlated with DSST
scores across all variables ((β(95% CI): −0.52 (−0.93, −0.11), p < 0.01); blood cadmium
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was negatively associated with IRT ((β(95% CI): −0.73 (−1.50, −0.03), p = 0.03); blood
cadmium was negatively correlated with DSST (β(95% CI): −3.00 (−5.10, −0.99), p = 0.03);
blood manganese was negatively correlated with AFT ((β(95% CI): −0.05 (−0.11, −0.01),
p = 0.04).

3.3. Multi-Metal Exposures and Cognitive Function
3.3.1. Multi-Metal Exposures and Cognitive Function: BKMR Model

We examined the relationship between five blood heavy metal co-exposures and
cognitive function through the BKMR model (Figures 2, 3, S4 and S5). The results of four
cognitive assessments were positively correlated with blood heavy metal co-exposure
among the male participants. The general impact of blood heavy metal in the female
subset was positively correlated with DRT and DSST scores but negatively correlated
with AFT. Other blood heavy metals were set at their 50th percentile exposure amounts to
evaluate unilateral impacts in univariate exposure–response functions (Figures S6 and S7;
Tables 3 and S7–S9). Blood selenium was found to be a significant component for improved
cognitive performance in the study, and its association with cognitive performance was
more remarkable in males (IRT: 0.99; DRT: 0.71; AFT: 0.81; DSST: 0.99) than in women (IRT:
0.56; DRT: 0.63; AFT: 0.25; DSST: 0.71). Additionally, there was a difference between male
and female groups in the negative association between blood lead, blood cadmium, and
blood manganese and cognitive capacity. For instance, the DRT scores of blood manganese
among males showed an “inverted U-shaped” curve; however, the relationship with blood
manganese in females was DSST. The DSST scores of blood lead and females exhibited an
“inverted U-shaped” curve, yet the connection was falling in males. Notably, when the other
five metals were set at the 10th, 50th, and 90th percentiles, blood manganese and blood
selenium may have possible associations with other metal concentrations (Figures S8–S10).

Table 3. Summary results from BKMR and Qgcomp analysis in the whole population.

Variable BKMR PIP Qgcomp

IRT DRT AFT DSST IRT DRT AFT DSST

Blood Lead 0.15 0.29 0.26 0.49 −0.42 −0.37 0.42 −0.12
Blood Cadmium 0.36 0.37 0.33 0.83 −0.58 −0.63 −0.58 −0.88
Blood Mercury 0.05 0.17 0.06 0.21 0.21 0.08 −0.14 0.02
Blood Selenium 0.99 0.94 0.47 1.00 0.78 0.52 0.58 0.57
Blood Manganese 0.21 0.75 0.25 0.93 0.054 0.40 −0.28 0.41

Models adjusted for gender, age, race/ethnicity, education level, alcohol intake, and smoking status.

3.3.2. Multi-Metal Exposures and Cognitive Function: WQS Model

We initially examined the combined effect of serum heavy metals on cognitive function.
As observed in Figure 4, the IRT, AFT, and DSST are three of the four cognitive tests where
men had more dramatic positive or negative results. Likewise, the beneficial effects of
five blood heavy metals on cognitive performance in males were further supported by
favorable WQS model analysis results (IRT: 3.00 (0.01, 6.00); DRT: 1.49 (0.24, 2.74); DSST:
13.80 (4.61, 22.99). No statistically meaningful variations were found in the negative WQS
model. According to the weighing study of all the demographic factors, blood selenium
had the most significant protective impact on brain performance, while blood cadmium and
blood lead had the opposite effects (Figure 5, Table 4). Similar tendencies were observed
in the sex subgroups. (Figures S11 and S12, Tables S10–S12). Remarkably, blood lead
produced a protective effect in the female AFT test results but not blood selenium.
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Table 4. Summary results from WQS analysis in the whole population.

Variable
IRT
Positive

IRT
Negative

DRT
Positive

DRT
Negative

AFT
Positive

AFT
Negative

DSST
Positive

DSST
Negative

Blood Selenium 0.94 0.00 0.68 0.02 0.80 0.00 0.82 0.00
Blood Manganese 0.01 0.34 0.25 0.02 0.04 0.17 0.14 0.01
Blood Mercury 0.04 0.02 0.04 0.07 0.08 0.04 0.03 0.07
Blood Lead 0.00 0.38 0.01 0.41 0.06 0.12 0.00 0.40
Blood Cadmium 0.00 0.25 0.02 0.48 0.02 0.66 0.00 0.52

Models adjusted for gender, age, race/ethnicity, education level, alcohol intake, and smoking status.

Figure 2. Combined effects of the metal as a mixture on cognitive function in elderly people.
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Figure 3. Univariate exposure–response functions and 95% confidence interval for each heavy metal
with the other metals fixed at the median in elderly people.
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Figure 4. Associations between blood heavy metals and cognitive function by WQS regression model
in NHANES 2011–2014. Cyan: whole population; Red: male; Blue: female.

Figure 5. WQS model regression index weights for blood heavy metals and cognitive function in
elderly people. Models were adjusted by age, race/ethnicity, education level, alcohol intake, and
smoking status.

3.3.3. Multi-Metal Exposures and Cognitive Function: Qgcomp Model

Compared to the WQS model, the Qgcomp model allows for direct evaluation
of the effects of different input variables on the dependent variable as it refrains
from making assertions about the combined impacts before testing. The findings of
Figure S13 and Table S13 demonstrate that in the whole population, the cumulative
effects of blood heavy metal levels exhibited a favorable tendency with DRT and
DSST. In the male elderly population, a positive trend within blood heavy metal levels
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was connected with DRT and AFT; in the female population, a negative trend was
associated with IRT and AFT; instead, a positive trend was associated with DSST. Blood
cadmium had a significant negative impact on the DRT test findings (DRT: −0.56),
but blood selenium had the most important positive effect in the IRT, AFT, and DSST
tests in the male group (IRT: 0.95; AFT: 0.70; DSST: 0.83) (Figures S14–S17; Table S14).
Results for the female group revealed that blood cadmium had the greatest negative
effects in IRT, DRT, and DSST (IRT: −0.66; DRT: −0.78; DSST: 1.00), while a substantial
positive impact of blood lead (AFT: 1.00) could be identified in the AFT test (Figure S17,
Table S15). The combined impact of serum heavy metals in the evidence for the entire
community was similar to the earlier findings (positive: blood selenium; negative:
blood cadmium) (Figure 6, Table S15).

Figure 6. Qgcomp model regression index weights for blood heavy metals and four cognitive tests in
older people. The Qgcomp models were adjusted by sex, age, race/ethnicity, education level, alcohol
intake, and smoking status.
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4. Discussion

Our study attempted to determine whether there is a relationship between cognitive
function and blood heavy metals levels in older people and whether there are sex differ-
ences within this association. In this investigation, the GLM, BKMR, WQS, and Qgcomp
models were utilized to evaluate the complex effects of five serum heavy metals on cog-
nitive function. We identified a positive correlation between selenium levels in the blood
and cognitive function in the elderly. Cadmium and lead were significantly and negatively
associated with cognitive function. Men, on average, had weaker cognitive skills than
women, according to studies that considered age into view. Moreover, both in the positive
and negative related directions of the study, older male participants demonstrated a more
marked reaction in cognitive capacity to blood heavy metals. Our main results imply that
the negative correlation of other heavy metals with cognitive function may be reduced
or even reversed by selenium. This study emphasizes the significance of determining
the typical effects of metals in blood on cognitive function using various statistical tech-
niques and contrasting the outcomes while considering the advantages and limitations of
multiple methods.

Organs prone to metal ion enrichment and elevated metabolic activity include the
nervous system in general and the brain in specific. Nerve deterioration and reactive
stress may result from disturbances in metal balance [29]. This study discovered that in
both monometallic and polymetallic models, selenium was favorably linked with brain
performance. Due to its distinct neurophysiological characteristics and beneficial qualities,
selenium is generally considered necessary [12,30]. The redox activity of metal elements
and reactive stress constitute important biochemical signaling pathways for cognitive
function [31]. Selenium, in the shape of selenoproteins, plays an assortment of roles in
normal metabolic processes and metabolism. Glutathione peroxidase, a typical selenopro-
tein, has an antioxidant impact and may protect against cellular damage from reactive
oxygen species [12]. Food sources are a substantial contribution to blood heavy metal
levels [5], and dietary patterns have a considerable impact on serum elemental metal
concentrations [28]. Through the correction of metabolic imbalances and the reduction
of inflammation and oxidative stress, moderate selenium supplementation may enhance
cognitive performance [32]. Notably, although the association of blood selenium on cogni-
tive function was robust in this study, the strongest positive association was observed at
moderate levels. Consideration should also be given to the health concerns associated with
consuming too many foods high in selenium [33,34].

Concerns have been expressed with the increasing proportion of older individuals in
the global population and their potential increased susceptibility to multiple metal expo-
sures due to physiological factors [35]. According to this study, blood levels of lead and
cadmium are negatively correlated with cognitive ability in the elderly. The same trends
have been discovered in health investigations conducted in other areas [10,11]. People are
continuously subjected to numerous elements at the exact moment rather than just one.
Metals can have varying health impacts in situations of mixed exposure due to combined or
adverse interactions [34,36]. Our core findings suggest that the protective effect of selenium
might mitigate or even reverse the negative association between other heavy metals and
cognitive function. All elements of the growth, operation, aging, and illness of the central
nervous system depend on redox balance, and an imbalance causes neurodegeneration [31].
Redox homeostasis is readily impacted by abnormalities in metal homeostasis. Reduced
selenium levels result in neural malfunction, which has been linked to gender in animal
research [37]. Testes may make males more susceptible to the physiological effects of sele-
nium antioxidants, offering neuroprotection [37]. According to several studies, oxidative
stress caused by heavy metals like lead and cadmium causes a variety of physiological,
biochemical, and behavioral dysfunctions in people [29,38,39]. This may be one of the
possible mechanisms by which selenium counteracts the cognitive impairment associated
with other heavy metals. We are, to our understanding, one of the few studies to have
examined the impact of lead and cadmium, as well as selenium alone, on older people’s
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cognitive function. For the variables affecting this joint result to be confirmed, more in vivo
research is required.

Subgroup studies offered distinctive perspectives on metal exposure in various groups.
According to the results of the mixed exposure study, males and females may be affected
differently by exposure to mixed metals; a more excellent relationship (positive or negative)
between mixed metals and cognitive performance in males was also shown. The dispar-
ities in the bodily loads of metal buildup between men and women may explain these
sex-specific correlations [40]. Selenium metabolism and expression of selenoproteins are
sexually dimorphic [30]. The liver and kidney of male and female rats differ in producing
the proteins selenoprotein GPx1, selenoprotein P, and iodothyronine deiodinase 1, with fe-
males producing more selenoprotein when given identical amounts of selenium [30]. Males
have a more significant load of heavy metals and are more vulnerable to the deleterious
impacts of heavy metals, including impaired cognitive development, focus impairments,
and behavioral issues, according to epidemiological and laboratory research [40,41]. Neu-
rotoxic effects that are particular to one sex may be caused by sex variations impacting
these processes, such as differences in accumulation, antioxidant capacity, nutritional needs,
sex hormones, and methylation/gene expression. There are several interrelated variables
that impact metal-related neurotoxicity, ranging from molecular, hormonal, and epigenetic
processes influencing gene regulation, expression, and function to sexually dimorphic
changes in absorption and metabolism [14,17,40,42]. The relationship between mental and
physical makeup may also partially contribute to sex variations in the cumulative impacts
of heavy metals [15]. In addition, additional hypotheses, such as those involving endocrine,
genetic, biochemical, structural, and environmental variables, may explain the sex-based
unequal vulnerability [16,43].

Previous research on the effects of blood heavy metals on cognitive function has only
used single pollutant models, which may result in biased impact evaluations due to the
neglect of mixed effects [9,18]. Therefore, it is crucial to employ specialized techniques
to investigate the mixed implications of multiple pollutants. Determining which statis-
tical method is most appropriate for this research is challenging as there is no a priori
information. To investigate the impact of serum heavy metals on cognitive function in
the elderly, this study employed a variety of statistical models, including the Bayesian
kernel machine regression (BKMR) model, the weighted quantile sum (WQS) regression
model, and the Quantile g-computation (Qgcomp) regression model [34,44]. The findings
will vary depending on particular approaches because these statistical techniques place
varying emphasis on handling distinct statistical characteristics (high dimensionality, mul-
ticollinearity, interaction, and nonlinear effects). Combining different statistical approaches
can help provide reasonably comprehensive information and avoids the one-sidedness of a
single approach [45]. Nevertheless, additional study is required to address mixture and
interaction effects using statistical methods and to clarify biological processes due to the
intricacy of the real environmental effects of multiple metals.

The application of multiple statistical models in this study, which enabled us to
thoroughly evaluate the relationship between metal mixtures and individual metals with
cognitive abilities and ensure the validity of our results, is one of its major advantages.
Additionally, we determined the weight between each metal pair metal mixture and
cognitive ability, which was infrequently evaluated in earlier research. Moreover, NHANES
is broadly representative, so our findings could be applied to various American groups.
However, some limitations should be acknowledged. The data used in this research
originates from a cross-sectional survey. There is no longitudinal follow-up of cognitive
status nor of heavy metals concentrations, which means that a causal relationship cannot
be envisaged, as there may be reverse causality. Additionally, a single measurement might
not accurately reflect exposure over the day because each metal has a distinct distribution
and half-life in the human body. The physiological operation of the brain depends on
the homeostasis of metal ions [38]; through a variety of biochemical mechanisms, trace
mineral components, including iron, copper, zinc, and manganese, may have an impact

155



Nutrients 2023, 15, 2874

on brain health [43]. Base metals such as copper, zinc, and iron were not included in
this study, which limits the usable scope of the findings. The chance of unmeasured
factors distorting the outcomes cannot be ruled out, although important predictors were
included in our model. The chance of unmeasured factors distorting the outcomes cannot
be ruled out, such as covariates vascular risk factors, although important predictors were
included in our model. Although we adjusted for potential confounders to the best of
our ability, residual confounders are inevitable in the observation environment, including
age, education, lifestyle habits, etc. BKMR, WQS, and Qgcomp do not currently have
weight-based statistical analyses, which may impact the validity of the study results.

5. Conclusions

In conclusion, we discovered that blood selenium was positively correlated with
cognitive performance in older people. In contrast, levels of cadmium and lead in the blood
were negatively associated with cognitive ability. Selenium might partially mitigate or even
reverse the negative correlation of heavy metal mixtures on cognitive function. In addition,
a significant result of our research was that males performed cognitively, on average, worse
than women. It appears that males are more susceptible to the impacts of exposure to mixed
metals, either positively or unfavorably, and the relationship between mixed metals and
cognitive function has been demonstrated to be stronger in men. These findings need to be
confirmed by additional cohort studies, nevertheless, given the cross-sectional approach of
our research.
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alcohol intake, and smoking status. Figure S8. Estimated effects (95% CIs) of single aldehydes on
cognitive function of elderly people when the levels of other aldehydes were fixed at 25th, 50th, and
75th. Models adjusted for sex, age, race/ethnicity, education level, alcohol intake, and smoking status.
CI, confidence interval. Figure S9. Estimated effects (95% CIs) of single aldehyde on cognitive function
of males when the levels of other aldehydes were fixed at 25th, 50th, and 75th. Models adjusted for age,
race/ethnicity, education level, alcohol intake, and smoking status. CI, confidence interval. Figure S10.
Estimated effects (95% CIs) of single aldehydes on cognitive function of females when the levels of other
aldehydes were fixed at 25th, 50th, and 75th. Models adjusted for age, race/ethnicity, education level,
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for a total of four cognitive tests in females. The WQS models were adjusted by age, race/ethnicity,
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education level, alcohol intake, and smoking status. Figure S13. Qgcomp model regression joint effect
(95% CI) for blood heavy metals and four cognitive tests in older people. The Qgcomp models were
adjusted by sex, age, race/ethnicity, education level, alcohol intake, and smoking status. Figure S14.
Qgcomp model regression joint effect (95% CI) for blood heavy metals and four cognitive tests in males.
The Qgcomp models were adjusted by age, race/ethnicity, education level, alcohol intake, and smoking
status. Figure S15. Qgcomp model regression joint effect (95% CI) for blood heavy metals and four
cognitive tests in females. The Qgcomp models were adjusted by age, race/ethnicity, education level,
alcohol intake, and smoking status. Figure S16. Qgcomp model regression index weights for blood heavy
metals and four cognitive tests in males. The Qgcomp models were adjusted by age, race/ethnicity,
education level, alcohol intake, and smoking status. Figure S17. Qgcomp model regression index
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