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Editorial

Role of Nutrition and Diet on Healthy Mental State

Roser Granero 1,2,3

1 Department of Psychobiology and Methodology, Autonomous University of Barcelona,
08193 Barcelona, Spain; Roser.granero@uab.cat

2 Ciber Fisiopatología Obesidad y Nutrición (CIBERobn), Instituto Salud Carlos III, 28015 Madrid, Spain
3 Psychoneurobiology of Eating and Addictive Behaviors Group, Neurosciences Programme, Bellvitge

Biomedical Research Institute (IDIBELL), 08908 Barcelona, Spain

1. Introduction

A large number of scientists and health professionals recognize that balanced nutrition
is fundamental for a good state of physical health. The World Health Organization working
group focused on nutrition as a key component of disease prevention, indicating that “a
balanced and varied diet, composed of a wide range of nutritious and tasty foods, adds years to life
and life to years” [1]. In their report, this group also warns that a high percentage of common
diseases in industrialized countries (such as obesity, diabetes, hypertension, coronary
heart disease and even certain cancers) are directly or indirectly related to inefficient
nutrition, especially with the elevated intake of processed foods high in trans-fatty acids
and low consumption of essential nutrients (mainly vitamins, minerals and proteins).
The 13th General Programme of Work approved by the Health Assembly during May
2018 (GPW13) [2], was developed to guide the work team of WHO during 2019–2023,
providing priority actions to promote wellbeing during the lifetime (the key element being
the reduction of salt/sodium intake and industrialy produced trans-fat) and encouraging
the support of the Member States with a roadmap for countries [3].

However, a greater controversy exists in the scientific community regarding the role of
nutrition on the onset and progression of mental diseases and behavioral problems, and it
is unclear how diet may contribute to therapeutic efficiency regarding patients with diverse
psychopathological states. Unfortunately, strategies based on making diet changes and
sticking with them are often overlooked in treatments for mental health conditions.

In the following sections, we review current studies that analyze the role of specific
diet components in the interventions addressed for common mental disorders in developed
countries among children and adolescents. Since the psychopathologies considered in this
review have elevated risk of comorbid health hazards, the evidence-based interventions
for psychiatric patients covering proper nutrition could promote large-scale physical and
mental wellbeing. Furthermore, the results of these intervention programs could provide
the basis for developing targeted disease prevention programs aimed to reduce modifiable
risk factors.

2. Diet Intervention on ADHD

Attention-deficit/hyperactivity disorder (ADHD) is a chronic neurodevelopmental
disorder whose etiology is the result of complex interactions between multiple factors,
including genetic, biological and environmental influences. The disorder is usually diag-
nosed when a child is of school age, with a worldwide prevalence estimate of 6% during
childhood [4], and persistent into adulthood with a mean rate of 43% (estimates between
adults is around 3% within population-based samples) [5]. Several harmful consequences
are associated with ADHD, including deficient academic/work performance, social iso-
lation, aggressive behavior (including delinquency and illegal acts) and even premature
death from unnatural causes (such as accidents) [6].

Nutrients 2022, 14, 750. https://doi.org/10.3390/nu14040750 https://www.mdpi.com/journal/nutrients
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The standard intervention for ADHD combines pharmacological treatment (largely
psychostimulants) with psychological therapy. The beneficial short-term efficacy of such
treatments in reducing acute core symptoms is largely verified, but the long-term effects
are not clearly evidenced: most patients may still show ADHD symptoms and may not
attain normalized behavior even with combined medication and behavioral therapy, which
results in frequent medication nonadherence (around 50% within months 12 to 36 of the
follow-up). Current studies on alternative interventions for ADHD aim at the prevention
of ADHD progression and targeting the underlying triggers (such as stress, poor sleep,
overstimulation, technology or dietary plans). On the basis that making adequate lifestyle
changes to minimize these triggers could contribute to better control of ADHD symptoms,
studies addressing the efficacy of nutrition on the developmental course of ADHD have
observed that deficiencies in certain types of foods can worsen the symptoms of attention
deficit, hyperactivity and impulsivity, while adequate dietary plans could optimize brain
functions. Most of these treatment studies are focused on exploring the role of vitamins,
minerals and polyunsaturated fatty acids [7], with controversial results depending on
diverse factors (i.e., sample composition, measurement tools or diet components).

Results obtained by a current systematic review reinforce the effectiveness of ADHD
treatments with complementary diet interventions, although the benefits could be different
for subgroups of patients with different profiles. Concretely, the study of Granero and col-
leagues [8] focused on the contribution of iron and zinc supplementation in the progression
of ADHD among children and adolescents, observed in randomized trials published during
the last two decades. The conclusion was that at baseline (before the treatment), low zinc
and iron levels were associated with higher symptom levels (particularly with attention
capacity and hyperactivity behavior), suggesting a pathway mediated by the dopaminergic
system. Additionally, regarding the contribution to the treatment of ADHD, it was observed
that zinc supplementation consistently improved and compensated baseline borderline
zinc nutrition, contributing to improvements in most ADHD cases. However, the role of
iron supplementation was more inconsistent, and it seemed that its benefits are centered
specifically in children with low ferritin/iron stores at baseline, as restoring adequate levels
contributes to optimizing the response to psychostimulants used as medical intervention.

The systematic review of Händel et al. was centered around assessing the contribution
of using polyunsaturated fatty acids (PUFAs, concretely omega 3 and omega 6) in the
treatment plans of ADHD children and adolescents, obtained from randomized clinical
trials [9]. Based on a substantial body of evidence, this review concluded that the benefits
of PUFAs were not clear on core symptoms of ADHD reported by parents and teachers,
neither were they clear on other behavioral measures nor on quality of life measures.
However, the authors’ advise that these global results should be considered with caution
due to discrepancies regarding their methodologies and assessment tools.

An open trial conducted by Yorgidis and colleagues explored the role of oligoantigenic
diet (OD) as a therapeutic tool within ADHD children [10] and observed that the combina-
tion of this diet and the subsequent food challenge was efficient to identify individual food
sensitivity in connection with ADHD. OD is an individualized type of elimination diet
aimed at identifying specific foods that worsen psychopathological symptoms, followed
by reintroducing other alternative foods that improve neuropsychological performance.
The results observed in the study of Yorgidis are relevant considering that some treatment
guidelines on ADHD simply recommend restricted/elimination diets among ADHD chil-
dren with a history of adverse reactions to specific (groups of) foods without providing
alternative dietary plans. The basis of the OD is the identification of high food sensitivity
in ADHD children, with the objective of including individualized dietary plans within
multimodal therapies. Other current studies have also observed that this is a promising
approach for decreasing ADHD symptoms [11,12].

On the other hand, some studies have also assessed the role of caffeine exposure
within the ADHD profile and as a therapeutic tool. Since it was observed that both chronic
and acute exposure to caffeine impacts the central nervous system modulating neuronal
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pathways, the possible existence of a link between the modulation of these neurotransmit-
ters and the development/attenuation of neuropsychiatric outcomes is supposed. Animal
research has observed that non-toxic doses of caffeine elicit neuro-pharmacological actions
by blocking adenosine A receptors in the brain, which leads to the blockade of adeno-
sine kinase and a decrease in the release of adenosine [13]. Since adenosine A2 receptor
is a G-protein coupled receptor that regulates several functions in the central nervous
system (for example, it is related to dopaminergic functions), it was hypothesized that
caffeine could impact the specific symptoms of neurological disorders comprising this neu-
rotransmitter [14]. It could also represent a target for the development of therapeutic plans
addressing diverse neuropsychiatric conditions (including ADHD). Within this research
area, the study of Vázquet et al. addressed a systematic review of scientific studies focused
on the underlying effects of caffeine consumption on treating ADHD-like symptoms in
animal studies [15]. The combined results of the 13 selected works suggested the concrete
benefit of caffeine treatment, increasing attention levels and improving learning capacity,
memory ability and olfactory discrimination without altering blood pressure and body
weight. The authors concluded that the cumulate evidence of this review, supported at the
neuronal level in animal models, strengthens the hypothesis that the cognitive effects of
caffeine could be positive for intervention within ADHD, particularly during adolescence.
However, they also observed that some of the reviewed studies provided inconsistent
results, particularly concerning data referring to caffeine effects on locomotor activity and
impulsivity. Exploring clues to explain the effects of caffeine within ADHD treatment plans
is a growing area that warrants further research.

3. Diet Intervention on Anxiety and Depression

Studies have identified a strong link between persistent stress and several adverse
effects on the body’s immune, neuroendocrine, cardiovascular and central nervous sys-
tems [16]. Untreated chronic stress could also lead to other serious mental disorders such
as anxiety and depression [17], recognized as the most common psychopathological states
with high prevalence in contemporary societies. With an impact rate of around 332 million
people for depression and 264 million for anxiety, depression and anxiety are the main
reasons for disability worldwide [18]. Unfortunately, their rising prevalence, published
globally during the last two years and characterized by COVID-19 [19], has increased
awareness surrounding these disorders, recognizing them as major contributors to the
global burden of disease.

Medical intervention (benzodiazepines and antidepressants) plus cognitive behavioral
therapy is considered the gold standard intervention for depression and anxiety states.
However, in some cases, these treatments are not effective, induce severe side effects (mostly
medications) or are not recommended due to the patients’ characteristics (for example,
very young or older age, or high risk of interaction with other medications). This scenario
guided the search for new interventions for assisting in the prevention and management
of anxiety-depressive illnesses, with less risk of side effects. Since the prerequisite to de-
veloping adequate evidence-based clinical guidelines is to assimilate dietary patterns and
identify the biological mechanisms of action of critical nutrients [20], studies within the
nutritional psychiatry research area have established similar pathophysiology systems
related to the onset and development of depression and anxiety. Both mental illnesses
increase oxidative stress, heighten inflammatory markers and over-activate stress and
neuroplasticity pathways, with the result of altered neurotransmission and other brain
structural changes [21,22]. The microbiome–gut–brain axis was identified as a key mediat-
ing pathway for the biological processes (including hypothalamic–pituitary–adrenal axis,
immune function, modulation of BDNF and serotonin neurotransmission) [23]. Compelling
evidence has encouraged research into the complementary use of nutrition supplements
plus dietary plans with the aim to impact the pathways implied in psychiatric disorders.
Studies have also reported common dietary factors in the underlying processes of anxiety
and depression; particularly diets or supplements that are high in antioxidants and anti-
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inflammatories (such as Vitamin C, Vitamin A, Polyphenol and beta-carotene) have shown
an inverse relationship with depression and anxiety severity levels [24,25].

Dietary changes and nutritional supplementation may also be beneficial in improving
treatment response and quality of life among patients with depression and anxiety. The com-
prehensive scoping review conducted by Aucoin and colleagues [26], with a full-text review
of 1541 articles selected (comprising animal research, human observational/experimental
studies and meta-analyses of randomized trials), observed that decreased anxiety levels
were related to healthy nutrition practices. Concretely, the least severe anxiety states re-
ported dietary patterns characterized by caloric restriction, breakfast consumption, a broad
spectrum of micronutrients–macronutrients supplementation (such as minerals, trace ele-
ments, vitamins, essential fatty acids), use of probiotics and intake of a range of fruits and
vegetables. On the other extreme of the anxiety continuum, the most impairing states were
associated with a high fat/high sugar/high cholesterol/high trans-fat diet, unbalanced
tryptophan and protein and a high intake of carbohydrates. Regarding the prospective
studies assessing treatment efficacy for dietary interventions, this scoping study concluded
that the elimination of inflammatory foods, nutritional supplements and increases in the
intakes of fruits and vegetables could contribute to better therapy responses, but only in
combination with exercise and the other psychiatric and psychological interventions.

The meta-analysis of Berthelot and colleagues selecting randomized controlled trials
concluded that fasting interventions, compared to control groups, achieved lower anxiety
and depression levels, and it was also useful to decrease body mass index levels [27]. The
benefit on weight was also interpreted as relevant since overweight and obesity are common
among patients with depressive and anxiety states [28], and this comorbid condition is
related to poor therapy response. [29]. The treatments meta-analyzed by Berthelot also
showed to be safe in patients with other comorbid physical conditions, including type-2
diabetes. However, results did not allow recommending the fasting intervention type
according to the baseline profiles (diagnostic subtype and severity).

This set of results are consistent with established evidence regarding healthy eating
patterns and improvements in anxiety and depression states and the benefit of comple-
menting the classic treatments with dietary interventions according to the specific needs of
each patient. The low cost and the high effectiveness of these complementary plans may
also confer additional benefits to physical aspects of health [30].

4. Diet Intervention on the Autism Spectrum

It is known that some mental health conditions, such as those included within the
autism spectrum, could severely impact the appetite and food choices [31]. Autism or
autistic spectrum disorder (ASD) constitutes a complex wide spectrum of neurodevelop-
mental conditions typically identified during the first years of life, which affects brain
functions and particularly areas of communication skills and social interaction. Typical
symptoms are poor eye contact, refusing to be held or cuddled, impaired talking capac-
ities, repeated–compulsive behaviors, restricted interests, lack of enthusiasm in playing
with other children and lack of imaginative play. These impairments affect eating habits,
encompassing some unhealthy concerns [32]: (a) eating an inadequate amount of food
(some children within the ASD spectrum may show difficulties focusing on one concrete
taste for an extended time or for eating a complete meal); (b) high sensitivity to the taste,
smell, color or texture of foods, companied with avoiding specific foods or whole food
groups (ASD individuals may express strong food dislikes and limited food selection);
(c) potential medication interactions, which can lower appetite and/or even affect the
absorption of certain elements (such as minerals and vitamins); and (d) the tendency of
some ASD individuals to decrease their food intake as the children move from infancy
to toddlerhood and childhood. Other frequent behavioral problems related to eating are
gorging/hoarding food in the mouth, gagging/vomiting due to unliked food, not wanting
to sit for meals or refusing social eating habits, sniffing/inspecting their own and others’
foods and taking food from others’ plates.
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A current empirical study aimed to explore the dietary patterns and nutrient intakes
of ASD children compared to a healthy control group [33] observed that the autism group
was characterized by higher consumption of cereals and pasta and a smaller intake of
lean meat and eggs compared to reference dietary guidelines. The consumption of fruit,
vegetables and fish was similar between the groups (lower than expected for a balanced
diet), while the amounts of fatty meat and derivates, snacks, sweets and baked goods
confectionery was higher than expected in an adequate diet in both ASD patients and
controls. This research also observed that less than one-half of the ASD children tolerated
solid foods and that compared to the control group, nutrient intakes were higher for energy,
fat and saturated fat and lower for fiber, iron, iodine and some vitamins. These results
are consistent with other studies identifying inadequate micronutrient intakes for some
minerals among individuals within the autistic spectrum [34]. These individuals could
benefit from adequate monitoring of nutritional presence and, if necessary, introducing
supplements into their diet [35].

However, most interventions used to treat dysfunctional eating behaviors within the
ASD spectrum (such as escape extinction, fading techniques and positive reinforcement)
are aimed to increase the volume of food consumed, and few consider increasing the
variety of foods and addressing protein–energy–micronutrient deficiencies [36,37]. Other
dietary restrictions imposed by parents/caretakers as a therapeutic tool aimed to improve
behavior and gastrointestinal symptoms (such as gluten-free or casein-free diets) further
intensify the dietary vulnerability of individuals with ASD and in turn, could represent a big
barrier to balanced eating [38,39]. Because nutritional status is the consequence of complex
mechanisms and interactions, and since micronutrient deficiencies can seriously interact
with development (such as scurvy due to low vitamin intake or reduced bone growth due
to low levels of calcium), it is essential to explore the effectiveness of multi-component
interventions aimed to provide more balanced eating within ASD [40].

5. Conclusions

Problems related to nutrition are often overlooked in patients with common mental
health disorders (such as depression, anxiety, ADHD and ASD) towards interventions
focused on medication complemented by behavior/psychotherapy treatments. Current
research within the nutritional psychiatry area provides evidence regarding the role of
nutrition and diet on these psychiatric conditions and offers a basis for developing new
evidence-based intervention plans from a multidisciplinary perspective. Given the mul-
tifaceted and complex nature of mental and neurodevelopmental problems, the onset at
early ages of the child (particularly for ADHD and ASD) and its persistent presentation
across development stages (from early childhood to older age), the findings of these works
could also contribute to the elaboration of guidelines/recommendations for improving the
caring capacity of healthcare practitioners and family caregivers. In the end, improving the
nutritional status of the patient will contribute to the individuals’ wellbeing and facilitate
better progression of medical conditions.

However, the design of effective dietary plans is based on the existence of reliable and
valid assessment tools. Unfortunately, the current evidence does not propose nutritional as-
sessment instruments specifically developed for individuals with different mental disorders
(such as depression, anxiety, ADHD and ASD). Nutritional psychiatric research warrants
additional attention and effort, combining varied methodologies and analyzing larger
groups (clinical and population-based samples). Therefore, based on the existing research,
dietary markers (foods variety, nutrients intake, sensory issues, preferences/restrictions and
dietary intakes), biochemical indexes (vitamins, proteins, minerals, carbohydrates, lipids
and other essential nutrients) and anthropometric evaluation (length-for-age, weight-for-
age, weight-for-length, head circumference and other age-related-developmental indexes)
should be key components of these measurement tools.

As a final thought, the study of how nutrition and mental health are linked is a growing
research area, and the results obtained so far are highly promising. The ultimate objective
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is to facilitate new strategies for improving the quality of life and health of people with
mental illness and to prevent the onset, aggravation and negative impacts of diseases.
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Abstract: Background. Fasting interventions have shown effectiveness in alleviating stress, anxiety
and depressive symptoms. However, no quantitative analysis has been carried out thus far. The
objective was to determine the effectiveness of fasting interventions on stress, anxiety and depression
and if these interventions were associated with increased or decreased fatigue/energy. Methods.
Overall, 11 studies and 1436 participants were included in the quantitative analyses. Results. After
limiting analyses to randomized controlled trials with low risk of bias, we found that fasting groups
had lower anxiety (b = −0.508, p = 0.038), depression levels (b= −0.281, p = 0.012) and body mass index
compared to controls without increased fatigue. There was no publication bias and no heterogeneity
for these results. These interventions were safe, even in patients with type 2 diabetes. Conclusions.
These results should be taken with a caveat. These results are preliminary and encouraging and
fasting appears to be a safe intervention. Data are not sufficient to recommend one fasting intervention
more than the others. No study was carried out in psychiatric populations and further trials should
be carried out in these populations that may be good candidates for fasting interventions.

Keywords: public health; mental health; fasting; antidepressant; depression; anxiety; schizophrenia;
physical health; obesity

1. Introduction

Depressive and anxiety disorders are leading worldwide causes of disability and loss
of quality-adjusted life year in people aged < 40 years [1]. Antidepressants are the gold
standard treatments for these disorders but are effective in only approximately half of the
patients and induce frequent side effects. Identifying new pathophysiological pathways
to develop personalized treatments for these disorders and improve the benefit/risk ratio
is a major challenge of current research. Among these new pathways, the gut–brain axis
has generated a lot of interest with the recent discoveries concerning the microbiota and
its role in anxiety and depression [2,3]. The field of psychonutrition has developed in
parallel with the discovery of the protective role of a healthy/anti-inflammatory diet on
depression onset [4,5] and the effectiveness, among other nutrients, of omega 3 fatty acids
in the treatment of anxiety and depression [6].

In the 1990s and 2000s, some trials explored the effect of therapeutic fasting (or very
low-caloric fasting) on depression and anxiety with inconsistent results and without non-
fasting group control [7–9]. Fasting interventions are becoming in parallel more and more
popular in the general population. Individuals experiencing these fasts mostly report a
subjective psychological improvement.

Nutrients 2021, 13, 3947. https://doi.org/10.3390/nu13113947 https://www.mdpi.com/journal/nutrients
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Intermittent fasting is defined by reducing the daily duration of diet intake. Inter-
mittent fasting can take different forms, from fasting one or two days a week to fasting
12 to 18 h a day. The potential effectiveness of intermittent fasting on mood has raised
growing interest. Overweight/obesity is associated with increased depression and fasting
may be effective in improving depressive symptoms by favoring weight loss [10–13]. In
addition to weight loss, rodent and human studies have shown that daily intermittent
fasting may switch glucose metabolism to ketone metabolism, inducing anti-inflammatory,
anti-oxidative and stress resistance effects [14]. Fasting may improve microbiota distur-
bances and intestinal inflammation through decreased inflammatory foods intake and
decreased blood flow dedicated to digestion [15]. The safety and acceptability of intermit-
tent fasting may be limitations to the development of fasting interventions. Among them, it
is unclear if fasting interventions may decrease energy/increase fatigue. This question is of
importance as fatigue is a common depressive symptom [16]. Another remaining question
is that intermittent fasting is often combined with caloric restriction, and there is a debate to
know which is the true effective intervention to improve anxiety and depressive symptoms.
To address this question, a randomized controlled trial has been carried out comparing
caloric restriction with or without 14 h of restricted feeding in type 2 diabetes patients [17].
The authors concluded that both regimens were associated with improved depression,
suggesting that caloric restriction should also be studied among fasting interventions.

The primary objective of this systematic review and meta-analysis was to determine
the effectiveness of fasting interventions on stress, anxiety and depression. The secondary
objective was to confirm that these interventions were also effective in reducing body
mass index and if these interventions were associated with increased or decreased fa-
tigue/energy.

2. Materials and Methods

2.1. Literature Search Strategy

This meta-analysis was conducted in accordance with the Preferred Reporting Items
for Systematic reviews and Meta-Analysis guidelines. Systematic bibliographic searches
were carried out according to the Cochrane methodology. This project was registered in
PROSPERO (reference number CRD42020197359) (https://www.crd.york.ac.uk/prospero/
accessed on 18 August 2020). The search paradigm was based on the PubMed interface
(Medline database) and adapted for 2 databases: ScienceDirect and Google Scholar. There
were no restrictions for languages and dates. The search paradigm was based on the
following combination of MeSH terms “fasting” AND each MeSH terms: “anxiety” OR
“stress” OR “mood disorder” OR “depression” OR “depressive”. In the case of missing
data, authors were contacted by email if possible. The reference lists and bibliographies of
relevant reviews and articles retrieved from the database searches were manually searched
for additional eligible articles. The last search was carried out on 30 August 2021.

2.2. Eligibility

The inclusion criteria were: (1) any language and date of publication; (2) original
research papers; (3) fasting intervention; (4) evaluation of stress and/or anxiety symptoms
and/or depression after one fasting intervention with a validated scale; (5) observational
studies or controlled trials. The exclusion criterion was diet interventions not directly tar-
geting fasting or caloric restriction. The titles and abstracts were screened by 2 researchers
(E.B. and G.F). The full texts of the manuscripts were then reviewed to determine whether
a study would be included (E.B. and G.F). In the case of non-consensus, a third author
(L.B.) had the final decision for inclusion.

2.3. Data Extraction

Two researchers (E.B. and G.F.) extracted data from the included studies in a systematic
manner using a predesigned extraction form. Each discrepancy in data extraction was
examined by three authors (E.B, D.E.E and G.F) to reach consensus.
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The variables were extracted as follows: study ID and design, author, year, type of
study, sample size, fasting intervention description, fasting duration, religious fasting (y/n),
fasting intervention including caloric restriction (y/n), socio-demographic data (country,
mean age, percentage of men, study including clinical population vs. healthy volunteers,
baseline and post-intervention body mass index (mean/standard deviation (SD)), baseline
and post-intervention stress, anxiety and depressive symptoms scores in fasting and control
groups (mean (SD)), delay between the end of fasting intervention and first evaluation
(weeks), and number and type of potential adverse event.

2.4. Study Quality

The study quality was assessed by DEE and GF with the study quality assessment
tool for observational cohort or cross-sectional studies for Ramadan studies and for quality
assessment tools for controlled studies for fasting intervention controlled trials [18]. In
cases of non-consensus, a third author (L.B.) made the final decision for study quality.

2.5. Statistical Analyses

As Ramadan studies were all observational except one [19], we calculated a pre/post
Ramadan effect. For controlled trials, we calculated mean standardized estimate between
groups receiving fasting intervention vs. controls at the endpoint following the end of
fasting intervention (i.e., differential changes from baseline to post-fast in the fasting versus
control groups). Heterogeneity between studies was measured by Cochrane’s Q test.
Publication bias was assessed using Egger’s test funnel plot. We used comprehensive
meta-analysis software (v3.0), Biostat, Englewood, NJ 07631, USA.

2.6. Role of the Funding Source

This work received no funding. No drug manufacturing company was involved in
the study design, the data collection, the data analysis, the data interpretation, the writing
of the report, or the decision to submit the report for publication.

3. Results

3.1. Characteristics of Studies

Overall, 11 studies were included [17,19–28] (flow chart, Figure 1). Among the
1436 participants, 1009 subjects experienced Ramadan fasting, 239 received other fast-
ing interventions (2 days/week (N = 28) or one day/week fasting (N = 22), 14 h restricted
fasting with caloric restriction (N = 27) or caloric restriction without intermittent fasting
(25% caloric restriction or 800 cal/day) (N = 162)). One study was included in both Ra-
madan and fasting controlled studies [19]. Three very low-calorie diet interventions could
not be included because both groups received fasting interventions [7–9].

3.2. Ramadan Studies

Ramadan study (Figure 2) characteristics are presented in Table 1 and study quality
in Supplementary Table S1. Overall, five studies (1009 participants) [19,22,23,26,28] were
included in the Ramadan studies. Two studies were carried out in Iran [22,23], one in
Germany [19], one in Turkey [26], and one in Kuwait [28]. One study [22] was carried out
in hospital nurses, one in a type II diabetes mellitus population [28], and the others in
healthy volunteers [23].
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Figure 1. Flow chart.
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Stress

Anxiety

Depression

Figure 2. Forests plots of Ramadan studies for stress, anxiety and depression.

Overall, Ramadan was associated with improved stress (b = −0.222 [−0.323;−0.121],
p < 0.0001, I2 = 0), improved anxiety (b = −0.387 [−0.689;−0.084], p = 0.012, I2 = 87.79) and
improved depression (b = −0.618 [−0.977;−0.258], p = 0.001, I2 = 95.32).

Four studies were classified with moderate risk of bias [19,23,26,28] and one with
high risk of bias [22] (Supplementary Table S1). Removing this study did not change our
results. The moderate risk of bias was due to studies using self-reported questionnaires
and participants being aware of the exposure, as for all nutritional intervention studies.

Funnel plots for Ramadan studies are presented in Supplementary Figure S1. We
found no publication bias (Egger’s tests > 0.05 for anxiety and depression).

The observational Ramadan studies did not report fasting’s adverse events [22,23,26,28].
Fatigue was reported only in the controlled study [19]. Ramadan was associated with
increased fatigue during the first week but decreased fatigue during week 2 to 4 and
decreased sleepiness during the whole of Ramadan. No study reported dropout due to
inability to follow Ramadan.

3.3. Fasting Controlled Trials

Fasting controlled trials (Figure 3) characteristics are presented in Table 1 and study
quality in Supplementary Table S2. Seven studies (452 participants, 264 receiving fasting in-
tervention, 188 being controls) were included (five randomized controlled trials [17,20,21,24,25]
and two controlled trials [19,27]). The two studies carried out in Malaysia assessed the effec-
tiveness of a 12-week, 300–500 kCal daily caloric restriction associated with 2 days a week
of Sunnah Muslim fasting [20,21]. One study carried out in the Czech Republic studied the
effects of 12 weeks of caloric restriction with or without 14 h/day intermittent fasting in a
diabetes population [17]. One US study measured the effects of 104 weeks of 25% caloric
restriction [24]. Among the three studies carried out in Germany, one studied the effects of
Ramadan [19], one the effects of 12 weeks of an 800 Cal/day low calorie diet [25] and one
the effects of 8 weeks of one day per week fasting, totaling 24 h a week [27].
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Anxiety

Depression

All studies

Body mass index

Sensitivity analysis: Randomized controlled studies only

Figure 3. Forest plots of fasting intervention controlled studies for anxiety, depression and body mass index.

Overall, the fasting groups were not found to have lower anxiety or depression levels
compared to control groups at the end of fasting (p > 0.05, Figure 3), but they were found
to have lower body mass index (b = −1.446[−2.677;−0.274], p = 0.021).

After removing the two non-randomized controlled trials [19,27], fasting groups were
found to have lower anxiety and depression levels (respectively, b = −0.508[−0.988;−0.028],
p = 0.038, I2 = 0 and b = −0.281[−0.502;−0.061], p = 0.012, I2 = 0).

Four randomized controlled trials were evaluated to have low risk of bias [17,20,21,24],
one with intermediate risk of bias [25] and the two controlled trials were evaluated to have
a high risk of bias [19,27].

There was no publication bias for anxiety and depression (Egger’s tests > 0.05) but a
publication bias for body mass index (Egger’s test = 0.01). Funnel plots are presented in
Supplementary Figure S2.

Fatigue was measured in four studies [19,21,24,27]. The fasting groups were not found
to have lower or increased fatigue levels at the end of fasting compared to control groups
(p > 0.05, data not shown). Limiting the analysis to randomized controlled trials [21,24] did
not change our results.

Overall, 42 (15.4%) dropouts were reported in fasting groups and 20 (10.2%) in control
groups (p > 0.05). Among dropouts of fasting interventions, two diabetic patients reported
a lack of motivation for 2 meals a day [17], two participants were unable to follow the
two days/week fasting combined with caloric restriction for 12 weeks [20] and three
participants were removed for safety reasons for 104 weeks of 25% caloric restriction [24].
The other dropouts were for reasons not related to fasting or for unknown reasons.

Only one study reported detailed adverse events for 1 day/week fasting [27]. These
adverse events were: headache, migraine, nausea, ravenousness, circulatory disturbance,
hunger, general feeling of weakness, tiredness, stomach ache, meteorism, heartburn, and
cold sensations in the body.

4. Discussion

In our meta-analysis including 11 studies and 1436 participants, we found that post-
Ramadan scores for stress, anxiety and depression were lower compared to those before
Ramadan. In fasting controlled trials, we found no significant effect of fasting on anxiety
and depression when analyzing all studies. However, we found that fasting groups had
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lower anxiety and depression levels compared to control groups when limiting the analyses
to randomized controlled trials. Fasting was associated with decreased body mass index
in all studies without increased fatigue in fasting groups compared to controls. Adverse
events were only reported for 1 day/week fasting.

First, we found a positive effect of Ramadan on stress, anxiety and depression. Ra-
madan is a religious fasting, i.e., including a spiritual and social dimension that may be
missing in other forms of fasting. One may hypothesize that depression improvement
may not be only due to fasting but also to other lifestyle modifications. For example,
Ramadan fasting includes tobacco abstinence, and tobacco abstinence has been associated
with improved depressive symptoms [29]. As Ramadan is a dry fasting between sunrise
and sunset, the Ramadan fasters may wake up earlier in the morning to feed before sunrise
and may therefore reduce their sleep duration. Sleep reduction has been associated with
depression improvement [30] and may also play a role in the observed results. Despite
its significance, we found heterogeneous results across Ramadan studies for anxiety and
depression. We have identified the following factors that may explain this heterogeneity:
country/cultural context, clinical (diabetes) vs. non clinical populations, various delay
between end of Ramadan and first endpoint evaluation (from 0 to 6 weeks), various scales
to assess stress, anxiety and depressive symptoms, various ages and sex ratios. These
variables could not be tested due to the small number of studies. Other uncaptured data,
such as socioeconomic environment, addictive behaviors, sleep, diet, physical activity and
physical comorbidities, including overweight/obesity, may also contribute to heterogeneity.
For example, the German study included only healthy male students [19] and the effect
of Ramadan on anxiety was much higher in this study compared to the others. However,
the results were still significant after removing this study. It should be underlined that all
scales to evaluate stress, anxiety or depression were self-reported, and that clinician-rated
scales could be useful to confirm these results.

The second major finding is the result of fasting controlled trials. Our overall results
were not significant (with a trend toward significance for anxiety, p = 0.07). However, after
removing two studies with a high risk of bias, the results became significant with low
heterogeneity. These results are encouraging to pursue research on fasting intervention
effects on mental health, especially in psychiatric samples that have been untested thus
far. It should be underlined that the mean stress/anxiety/depression scores were mostly
under the pathological rank at baseline, suggesting that fasting interventions are effective
for moving from a “healthy” to “even healthier” mood. Despite this fact, the effect sizes
indicated a mild effect for depression and moderate effect for anxiety when limited to
randomized controlled trials. As most interventions are most effective in patients with
more severe baseline symptoms, we believe that fasting interventions should therefore be
effective in psychiatric samples. Moreover, we found that patients receiving these inter-
ventions benefited from body mass index reduction. Obesity is common in patients with
major depression and may influence psychiatric trajectory [31,32]. Intentional weight loss
improves the symptoms of depression [10]. However, no study explored if fasting inter-
ventions were more effective in overweight participants and it remains to be determined if
body mass index is correlated with depressive symptoms. It remains also to be determined
if overeating is conversely associated with impaired mood and the direction of the causal
relationship [33]. Animal studies also suggest that fasting improves oxidative stress [34].
Further studies should explore if the improvement of oxidative stress parameters would
be associated with improved anxiety/depression in humans.

Adverse events were poorly reported. The only study reporting adverse events was
those exploring the effects of 24 h/week fasting. Daily intermittent fasting may be effective
in limiting these adverse events. The absence of significant dropout rate differences between
fasting and control groups is encouraging for the acceptability of fasting interventions. It
should be underlined that two meals/day associated with caloric restriction appeared as a
safe intervention in patients with diabetes. No hypoglycemia was reported in this study.
Metabolic disorders are frequent in psychiatric populations and should therefore not be a
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limitation to test fasting interventions in psychiatry. Additional data are needed to confirm
these preliminary results.

Strengths. We used the most recent meta-analysis standards to carry out the present
meta-analysis. A comprehensive search following PRISMA criteria has been carried out,
and we used leave-1-out analyses and quality evaluations to determine the risk of bias.
The present work therefore adds important knowledge in the field.

Limitations. Our results must be interpreted with caution. Only 11 studies with
relatively small sample sizes were included. Four Ramadan studies were observational
and two fasting controlled trials were not randomized. The small number of studies did
not enable us to carry out sensitivity analyses. An important limitation and direction for
future research is that our results were insufficient to determine if caloric restriction is
the true effective intervention to improve anxiety or depression, or if intermittent fasting
(time-restricted feeding) may have a specific effect. Lastly, although visual inspection of
funnel plots did not suggest publication bias, definitive confidence in excluding publication
bias was limited by the small number of studies included in our funnel plots. Very low-
calorie interventions could not be included in the quantitative analyses. However, most of
them reported mood improvement after these interventions. Further trials are therefore
warranted to explore their effectiveness.

5. Conclusions

Preliminary evidence suggests that fasting interventions may have a positive effect on
anxiety, depression and body mass index reduction without increasing fatigue. It remains
unknown if caloric restriction is the true effective component of fasting or if intermittent
fasting may increase its effectiveness on stress, anxiety and depressive symptoms. A 12-
week intermittent fasting associated with caloric restriction appears as a safe and acceptable
intervention, even in patients with diabetes. Further randomized controlled trials are
warranted to strengthen these results, especially in psychiatric populations that have not
been tested thus far.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu13113947/s1, Figure S1: Funnel plots of Ramadan studies; Figure S2: Funnel plots of fasting
controlled trials; Table S1: Study quality for Ramadan studies, Table S2: Study quality for fasting
controlled trials.
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Abstract: Eating behavior problems are characteristic of children with autism spectrum disorders
(ASD) with a highly restricted range of food choices, which may pose an associated risk of nutritional
problems. Hence, detailed knowledge of the dietary patterns (DPs) and nutrient intakes of ASD
patients is necessary to carry out intervention strategies if required. The present study aimed to
determine the DPs and macro-and micronutrient intakes in a sample of Spanish preschool children
with ASD compared to typically developing control children. Fifty-four children with ASD (two to
six years of age) diagnosed with ASD according to the Diagnostic Manual-5 criteria), and a control
group of 57 typically developing children of similar ages were recruited. A validated food frequency
questionnaire was used, and the intake of energy and nutrients was estimated through three non-
consecutive 24-h dietary registrations. DPs were assessed using principal component analysis and
hierarchical clustering analysis. Children with ASD exhibited a DP characterized by high energy
and fat intakes and a low intake of vegetables and fruits. Likewise, meat intake of any type, both
lean and fatty, was associated with higher consumption of fish and dietary fat. Furthermore, the
increased consumption of dairy products was associated with increased consumption of cereals and
pasta. In addition, they had frequent consumption of manufactured products with poor nutritional
quality, e.g., beverages, sweets, snacks and bakery products. The percentages of children with ASD
complying with the adequacy of nutrient intakes were higher for energy, saturated fat, calcium, and
vitamin C, and lower for iron, iodine, and vitamins of group B when compared with control children.
In conclusion, this study emphasizes the need to assess the DPs and nutrient intakes of children with
ASD to correct their alterations and discard some potential nutritional diseases.

Keywords: autism spectrum disorders; disabled children; food and nutrition; feeding behavior
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1. Introduction

Autism Spectrum Disorders (ASD) are neurodevelopmental disorders characterized
by disturbances in communication and social interaction and by the presence of restricted,
repetitive patterns of behaviors, activities, and interests. These alterations are present
from early childhood, although some difficulties may not manifest until the environment’s
demands exceed the child’s capacity [1]. Most studies coincide with a significant increase
in the prevalence of ASD, which does not seem to be explained by improving the detection
systems. For 2016, ASD prevalence in the USA was 18.5 per 1000 (one in 54) children aged
eight years, and ASD was 4.3 times as prevalent among boys as among girls [2]. It must
therefore be considered a serious public health problem.

Children with ASD frequently have significant eating difficulties with a highly re-
stricted range of food choices [3], and there is consensus that children with ASD have
selective dietary patterns (DPs), food neophobia and sensory issues [4]. Indeed, the Diag-
nostic Manual-5 (DSM-5) now includes sensory symptoms in the diagnostic criteria for
ASD, such as food selectivity [1]. Eating behavior problems are characteristics of ASD [5–7].
The dietary complications are more common among children with ASD than among the
population during the first year of life from the time of introducing the complementary
foods [8]. The rejection of solid foods is very frequent, and the introduction of foods with
new textures, consistencies, and flavors tends to be difficult, so they preferentially consume
the same foods in a repetitive manner [9,10]. Those behaviours do not seem to influence
their growth long-term [4]. Still, they generate a great deal of family anxiety, becoming one
of the main concerns of caregivers and family members [11,12]. Although these behaviours
usually improve with time [13], the possible nutritional repercussions and the important
social limitations are relevant and sensory goals should be included in treatment objectives
for children with ASD [11].

The origin of eating behavior alterations is not entirely clear. Among some of the theo-
ries that can explain this phenomenon, the following stand out: (1) cognitive/behavioral
alterations [14–16]; (2) sensory alterations [4,16,17]; and (3) gastrointestinal disturbances [18,19].
Eating problems in children and adolescents with ASD represent a concern for parents and
caregivers and a potential cause of health issues. However, studies are diverse, present-
ing differences in the methodological steps, so their outcomes are hard to compare [20].
Some investigations have reviewed the consumption of children with ASD compared to
those with typical development and determined some nutritional preferences of children
with ASD. In general, they found stronger preferences for energy-dense foods like snacks,
sweets, sugary beverages and juice in children with ASD. In contrast, children with ASD
tend to eat less from food groups like vegetables, fruit and dairy products than children
with typical development [21].

Without curative treatments and with these eating behavior alterations [22], the use of
nutritional supplements and alternative medicine, which is widely used among families
of ASD patients, has been greatly encouraged [23,24] when seeking clinical improvement.
However, the use of nutritional supplements e.g., those containing omega-3 fatty acids [25],
multivitamins, as well as a gluten-free casein-free diet [26], is not supported by the current
scientific evidence, and it should not be generally recommended.

It has been suggested that the identification and development of nutritional assessment
indicators that serve as early warning signs during routine practice are of interest [4].
Indeed, the present study aimed to determine the feeding behavior, DPs, and macro-and
micronutrient intakes in a sample of Spanish preschool children with ASD compared to
typically developing control children of the same age.

2. Material and Methods

2.1. Study Design and Subjects

The present work is part of an observational and case-control study described else-
where [27]. ASD patients from two to six years old in a specialized Unit for ASD in a third
level hospital (Reina Sofia University Hospital, Cordoba, Spain) and diagnosed according
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to DSM-5 criteria and validated by the Autism Diagnostic Observation Schedule (ADOS)
score were recruited. A group of healthy children of similar age to that of the ASD group
that came to the hospital for minimal surgery interventions with a normal detailed clinical
history, general examination, anthropometric assessment, and control analysis to rule out
any pathology was used as a control group. Both groups lived in the same urban area of
Córdoba (Spain), with families in similar economic and sociocultural situations and close
environmental exposure. Exclusion criteria were receiving medication for ASD comorbidi-
ties and any other pathology, be receiving or have received any nutritional supplement
in the last 12 months; undertaking specific diets for therapeutic purposes in the previous
12 months e.g., celiac disease; and having a percentile higher than p97 or lower than p3 in
the recommended tables of anthropometry of the Spanish child population [28,29].

The diagnosis of ASD was assessed following the clinical criteria of the DSM-5 and
confirmed with the completion of the ADOS. An initial sample of 55 children with ASD
(46 males and 9 females) between two and six years of age was recruited, following the
inclusion criteria. During the recruitment phase, a male was excluded because he was
diagnosed with celiac disease (n = 54). Fifty-seven healthy children, after normal results as
noted above, were also included in the study as a control group.

The present study was approved by the Clinical Research and Bioethics Committee
of the Hospital Reina Sofía, Cordoba, Spain. It was conducted in full compliance with the
fundamental principles established in the Declaration of Helsinki. The data relating to the
ASD patients were collected at the time they were recruited into the study. The recruited
subjects were incorporated into the study after all the criteria for inclusion were fulfilled,
and informed written consent was obtained from the children’s legal guardians.

2.2. Variables and Data Collection

In the recruited patients diagnosed with ASD and in the control subjects, a detailed
history and general physical examination was performed.

A previously modified, adapted and validated food frequency questionnaire (FFQ)
with the portion sizes and food groups usually consumed by the Spanish child population
was used [30]. The adequacy of food consumption was evaluated using the Nutritional
Objectives of the Consensus Document of the Spanish Community Nutrition Society; these
questionnaires included one item about the dietary type and amount of supplementa-
tion [31].

The intake of energy and nutrients was estimated from the data obtained through three
non-consecutive 24-h dietary registrations (24-h-DR), registered by parents, including two
weekdays and one weekend day, following the Guidance on the EU Menu Methodology of
the European Food Safety Agency (EFSA) [32]. Mean daily intakes of energy and nutrients
were calculated by using the computer software of the Center of Endocrinology and Clinical
Research, University of Valladolid, Institute of Studies on Health Sciences of Castilla and
Leon, Spain (IENVA) (https://calcdieta.ienva.org/, accessed on 1 September 2021).

2.3. Statistical Analysis
2.3.1. General Analyses

The sample size for the study was calculated assuming a 30% difference in the mean
for one of the main study variables (plasma level of docosahexaenoic acid) between children
with ASD and healthy children, an α error = 0.05, a power of 0.90 (β error of 0.1) and 5%
of dropout during the follow-up of the study. For these calculations, data from recent
studies were used, considering that the percentages expected would be similar to several
studies carried out in populations with similar characteristics to those of children with
ASD. Data were expressed as mean ± standard deviation or median plus interquartile
range, depending on whether each variable’s values followed a normal distribution or not.
The Shapiro-Wilk normality test was used to determine the normality of variables. The
comparison between the groups was carried out using the Student’s t-test for continuous
variables when the distributions were normal and the Mann-Whitney U test when the
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distributions did not follow the normality. The differences between the frequencies of the
sexes were studied by means of the Chi-square test. For the statistical analysis of the data,
the computer program IBM SPSS 25.0 (IBM Corp., Armonk, NY, USA) was used.

2.3.2. Dietary Patterns

A principal component analysis (PCA) was accomplished to identify underlying DPs
using each individual’s serving average from nine food groups as input variables [31].
These food groups considered in this study were as follows: “milk and dairy products
(e.g., milk, yogurt, cheese, and milkshakes)”, “cereals and pasta (e.g., bread, cereal bars,
and rice)”, “fatty meat and derivates”, “fats”, “snacks, sweets, bakery and pastry (e.g.,
chocolate, cookies, ice cream, candies, and bakery products)”, “fruits and vegetables”,
“beverages”, “fish and shellfish (e.g., white fish, bluefish, and shellfish”, and “lean meat
and eggs”. This mathematical model calculates new variables (principal components) that
account for the variability in the food group’s data and enables the study of covariances or
correlations between variables. We interpreted only components with eigenvalues over
one and factor loadings with an absolute value higher than 0.4 (which explains around 16%
of variance) as the significance of factor loading depends on the sample size. A high factor
score for a given pattern indicated a high consumption of the foods constituting that food
factor, and a low score indicated a low intake of those foods.

The Kaiser–Meyer–Olkin (KMO) and Bartlett test of sphericity were applied to as-
sess the sampling adequacy. KMO values >0.50 were considered. Communalities were
estimated using the squared multiple correlations of each variable with all others. We
retained variables with communalities higher than 0.5. Factors were orthogonally rotated
(the Varimax option) to maximize the dispersion of loading within factors, facilitating
interpretability. Radar maps were used to display data in the form of a two-dimensional
map of nine food groups represented on axes starting from the same point.

2.3.3. Dietary Patterns with Clustering Analysis

A two-step cluster analysis procedure was conducted for the automatic selection of
the best number of clusters that would otherwise not be apparent on the FFQ variables.
Three clusters were assumed to be the optimum number. Later, unsupervised hierarchical
clustering analysis was applied to construct clusters of subjects with similar characteristics
using the “pheatmap” R software package. The distance matrix was defined by Euclidean
distances, and Ward’s method was used as linkage criteria to group the clusters. The
agglomerative coefficient, calculated by the Agnes function, was always higher than 0.85.

Heat maps were used to visualize hierarchical clustering, which allowed us to simul-
taneously picture clusters of subjects and features. Hierarchical clustering was done of
both the rows and the columns of the data matrix, which were re-ordered according to the
hierarchical clustering result, putting similar observations close to each other. The blocks
of ‘high’ and ‘low’ values are adjacent in the data matrix. A red-blue color scheme was
applied for the visualization to help to find the variables that appear to be characteristic for
each subject cluster.

3. Results

3.1. Subjects Characteristics

Table 1 shows the control group’s demographic characteristics, comprising 57 healthy
children and the ASD group, including 54 patients. The proportion of boys with ASD was
higher than that of girls. There were no significant differences in weight, height, and body
mass index (BMI) between the two groups.
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Table 1. Demographic and anthropometric characteristics of the group of children with autism
spectrum disorders and the control healthy group.

Variables
Control
(n = 57)

ASD
(n = 54)

p-Value

Age (months) 51.5 (33–60) 42 (33–51) 0.07
Sex (male) 43 (75%) 45 (83.33%) 0.28

Weight (kg) 17.3 ± 2.5 16.7 ± 3.5 0.3
Height (cm) 106.3 ± 8.3 103.4 ± 9.7 0.6

BMI (kg/m2) 16.1 ± 1.7 15.9 ± 1.9 0.4
ASD: Autism Spectrum Disorders; BMI: Body Mass Index. The data have been expressed as mean ± standard
deviation and absolute frequencies (%).

3.2. Food Group Consumption According to Food Frequency Questionnaires and Adequacy to the
Spanish Society of Community Nutrition (SENC) Dietary Guidelines

Children with ASD consumed more cereals and pasta, and milk and dairy products
than the control group; in contrast, ASD children consumed fewer lean meat, eggs, and
beverages. The questionnaires highlighted the consumption, in shredded form, preferably
of chicken or beef with vegetables, and to a lesser extent fatty meats and fish (Table 2).

Table 2. Food group consumption according to food frequency questionnaires in Spanish preschool
children with autism spectrum disorders (ASD).

Food Groups Control (n = 57) ASD (n = 54)

Cereals and pasta (s/d) 2.6 ± 1.0 4.6 ± 1.5 *
Fruits and vegetables (s/d) 2.0 ± 1.2 2.2 ± 0.9

Milk and dairy products (s/d) 3.2 ± 1.3 4.3 ± 1.6 *
Fish and shellfish (s/wk) 2.6 ± 1.1 2.5 ± 1.2

Lean meat and eggs (s/wk) 4.6 ± 1.4 2.0 ± 0.5 *
Fatty meats and derivatives (s/wk) 3.6 ± 2.3 2.8 ± 1.5

Fats (s/d) 2.8 ± 1.8 2.3 ± 0.6
Beverages (s/wk) 6.2 ± 3.1 4.1 ± 1.0 *

Snacks, sweets, bakery and pastry (s/wk) 5.5 ± 3.2 4.6 ± 2.8
Food servings are shown in mean ± standard deviation in servings per day (s/d) or servings per week (s/wk).
Statistical differences were calculated using the U-Mann Whitney test between ASD and the control groups
(* p < 0.05).

Table 3 shows the food group consumption according to food frequency questionnaires
and adherence to the Spanish Society of Community Nutrition (SENC) dietary guidelines
for preschool children with ASD compared with the control group. A higher percentage
of ASD children consumed four to six servings per day of cereals and pasta compared
with the control group. A significantly higher percentage of ASD children consumed more
than six servings of milk and dairy products compared with the control children. A high
percentage of ASD children consumed less than three servings/wk of lean meats and eggs
compared to the control children.

In contrast, both groups of children consumed an excess of fatty meats and their
foodstuffs. The majority of ASD children consumed 2–3 servings of fat daily, whereas
22.8% of the control children consumed more than 3 servings/d. Finally, more than 85%
of both ASD and control children consumed more servings than those recommended for
beverages, snacks, sweets, bakery, and pastry.
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Table 3. Percentage of food group consumption (in servings per day or week) according to food frequency questionnaires
and adequacy to the Spanish Society of Community Nutrition (SENC) dietary guidelines of preschool children with ASD
compared with a healthy control group.

Food Groups (SENC Guidelines) Control (n = 57) ASD (n = 54) p-Value

Cereals and pasta (4–6 s/d) <4 4–6 >6 <4 4–6 >6
<0.00182.5 17.5 0 25.9 63 11.1

Fruits and vegetables (≥5 s/d) <3 >3 <3 >3
0.09887.7 12.3 96.3 3.7

Milk and dairy products (2–4 s/d) <2 2–4 >4 <2 2–4 >4
0.04110.5 71.9 17.5 3.7 59.3 37

Fish and shellfish (3–4 s/wk) >3 3–4 >4 >3 3–4 >4
0.2249.1 45.6 5.3 63 29.6 7.4

Lean meat and eggs (3–5 s/wk) <3 3–5 >5 <3 3–5 >5
<0.0017.0 61.4 31.6 94.4 5.6 0

Fatty meats and derivatives (≤1 s/wk) 0 1 >2 0 1 >2
0.6371.8 10.5 87.7 1.9 16.7 81.5

Fats (2–3 s/d) * <2 2–3 >3 <2 2–3 >3
<0.00115.8 61.4 22.8 3.7 94.4 1.9

Beverages (≤1 s/wk) 0 1 >2 0 1 >2
0.3280 1.8 98.2 0 0 100

Snacks, sweets, bakery and pastry (≤1 s/wk) 0 1 >2 0 1 >2
0.5117 3.5 89.5 3.7 7.4 88.9

SENC recommended food servings are shown in servings per day (s/d) or servings per week (s/wk), and the frequency of food consumption
data are expressed as percentages (below). Statistical differences were calculated using a Chi-square test * Includes mostly olive oil for meal
preparation.

3.3. Dietary Patterns

Figure 1 depicts the DPs of ASD and control children evaluated through PCA’s bi-
dimensional plots related to the major food groups consumed. The two dimensions, Dim1
(X-axis) and Dim2 (Y-axis) explained 22.5% and 17.5% of the total variance, respectively.
Most ASD subjects separated well from the control subjects because of the increased
consumption of cereals and pasta and milk and dairy products and the relatively lower
consumption of lean meat and egg, fatty meats and derivatives, fish and shellfish, beverages,
snacks, sweets, and bakery and pastry, compared with the control children.

A three-dimensional PCA was used to maximize the diet’s predominant food groups’
information. The combination of food group variables with the greatest amount of variabil-
ity is the first principal component. The following components (second and third principal
components) describe the maximum amount of remaining variability.

Figure 2 shows the DPs extracted from the three-dimensional PCA of nine major
food groups for the control group (Panel A) and children with ASD (Panel B). In the
control children, the first component was associated with a healthy pattern that included
fruit and vegetables, fish, and lean meats and eggs. The second component was related
to the consumption of milk and dairy, cereals and pasta to snacks, sweets, bakery, and
pastry and beverages. The third component associated a high consumption of fat with
low consumption of fatty meats and their derivatives. In contrast, the ASD group’s first
component showed an unhealthy pattern characterized by a high relationship between
low consumption of fruits and vegetables and increased consumption of snacks, sweets,
bakery, and pastry, and beverages. The second component was described by the associated
consumption of different meats, fish, and fat types. The third component included the
related consumption of milk and dairy products and cereals and pasta.

Clusters of subjects classified based on their dietary characteristics are shown in a
heat-map (Figure 3). There were two main clusters of children (columns) and three main
dietary variables (rows) identified by the clustering algorithm. All ASD children, excepting
one subject, and all healthy children, were classified into two distinct clusters (blue for
the ASD and red for the control population in Figure 3. Within the first food cluster, ASD
children exhibited low consumption of lean meat and eggs, snacks, sweets, bakery, and
pastry, fats, and beverages compared with the control population’s children. In contrast,
ASD children showed higher milk and dairy consumption and cereals and pasta for the
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second food cluster. In the third food cluster, the consumption of fatty meats and their
derivatives, fruits and vegetables, and fish varied for different subjects in the ASD and
control children.

Figure 1. Principal component analysis (PCA) plot in the control and the children with autism
spectrum disorders (ASD) according to the intake of major food groups determined by a standardized
food frequency questionnaire.

Figure 2. Cont.
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Figure 2. Dietary patterns extracted from the three-dimension principal component analysis of
9 major food groups. (A) Control group (n = 57), (B) Children with ASD (n = 54).

Figure 3. Clusters of subjects and dietary and lifestyle variables were identified via hierarchical clustering in control and
ASD groups. The clusters are visually separated by longitudinal marks on vertical and horizontal faces (clusters of subjects
and dietary variables, respectively). The vertical and horizontal dendrograms denote the relationship between the clusters,
i.e., similar observations. The color bar refers to levels above (red) or below (blue) the mean intake of the dietary variable or
means scores of food groups. Increased color intensities indicate larger differences around the mean. For the ASD control
variable, ASD children are represented by the color blue and children of the control group by the color red.
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3.4. Eating Behavior

Of the ASD 54 patients, 42% tolerated solid foods, whereas 58% tolerated only pureed
foods. When comparing the number of servings for the different food groups within the
ASD patient groups (solid vs. pureed), significant differences were obtained in vegetables,
fruit, fish, and fatty meats (p < 0.05) (Figure 4). All control children tolerated solid foods.

Figure 4. The average consumption of solids and pureed foods in Spanish preschool children
with autism spectrum disorders for selected food groups (vegetables and fruit are expressed in
servings/day, and fish and meat in servings/week). * p < 0.05.

3.5. Adequacy of Nutrient Intakes to the European Food Safety Authority (EFSA)
Recommendations

To assess nutrient adequacy, individual usual intake was compared to the current
recommendations of adequate intake (AI) and reference intake range (RI) defined by
EFSA [30]. Table 4 shows the percentages of children meeting and not meeting the EFSA
recommendations for energy, macronutrients, minerals, and vitamins.

The majority of ASD children had an adequate energy intake, while about 23% of the
control group did not reach the EFSA recommendations. Both ASD and the control group
had a higher intake of protein than recommended by EFSA. The intake of carbohydrates
was similar in the two groups of children, with more than 70% following the recommenda-
tions. Nevertheless, the intake of sugars in both groups was higher than recommended
in the majority of children. In contrast, the recommended intake of fiber was not reached
by about 51% of ASD children compared with only 23.4% in the healthy control group,
although only a statistical trend was found (p = 0.085). Besides, the percentage of ASD
children who had an intake of saturated fat above the guidelines was higher compared
with that of the control children. The intake of total polyunsaturated fatty acids was similar
in both groups of children. Even the intakes of essential fatty acids [linoleic acid (LA)
and α-linolenic acid (LNA)] were similar; the average energy intake was lower than that
recommended by the EFSA (LA: 1.25% and 1.13%; LNA 0.13% and 0.13%, respectively).
The average intake of EPA + DHA was about 0.3 g/d for the control and 0.15 g/d for ASD
children, which is close to the EFSA guidelines.

About 79% of ASD children had an adequate calcium intake compared with only
about 50% in the control group. Adequacies of phosphorus, magnesium, and potassium
intake were similar in both groups. However, most of the subjects in both groups did not
reach the AI for magnesium. Similarly, the iron, zinc, copper, and manganese intakes were
lower than the corresponding AI in most ASD and in the control group. The adequacy of
intake was lower in ASD children than in the control group; in fact, 100.0% of ASD children
did not meet the AI for iodine (Table 4).
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Table 4. Adequacy of nutrient intake to the European Food Safe Authority (EFSA) recommendations of Spanish preschool
children with autism spectrum disorders (ASD) compared with a healthy control group.

Variables

Control Group (n = 57) Children ASD (n = 47)

p-ValuePercentage
below AI or

RI

Percentage
within RI

Percentage
over AI or RI

Percentage
below AI or

RI

Percentage
within RI

Percentage
over AI or RI

Energy 22.8 77.2 2.1 97.9 0.002
Proteins 0 100 0 100 1

Carbohydrates 14.3 76.8 8.9 21.3 76.6 2.1 0.254
Sugars 15.8 84.2 6.4 93.6 0.135
Fiber 50.9 49.1 34.0 66.6 0.085
Fats 50.9 28.1 21.1 23.4 38.3 38.3 0.014

Polyunsaturated fats 68.4 31.6 72.3 27.7 0.664
Saturated fats 47.4 52.6 23.4 76.6 0.012

Potassium 31.6 68.4 34.0 66.6 0.79
Calcium 49.1 50.1 21.3 78.7 0.003

Phosphorus 14.0 86 19.1 80.9 0.483
Magnesium 98.2 1.8 100 0 0.362

Iron 80.7 19.3 97.9 2.1 0.006
Zinc 70.2 29.8 80.9 19.1 0.211

Copper 96.5 3.5 100 0 0.195
Selenium 15.8 84.2 29.8 70.2 0.087

Manganese 100 0 100 0 1
Iodine 63.2 36.8 100 0 <0.001

Vitamin A 61.4 38.6 57.4 42.6 0.682
Vitamin D 91.2 8.8 95.7 4.3 0.36
Vitamin E 94.7 5.3 85.1 14.9 0.097
Vitamin K 57.9 42.1 44.7 55.3 0.179
Vitamin B1 56.1 43.9 91.5 8.5 <0.001
Vitamin B2 24.6 75.4 68.1 31.9 <0.001
Vitamin B3 96.5 3.5 100 0 0.195
Vitamin B6 33.3 66.7 53.2 46.8 0.041
Vitamin B9 91.2 8.8 91.5 8.5 0.962

Vitamin B12 24.6 75.4 48.9 51.1 0.01
Vitamin C 42.1 57.9 21.3 78.7 0.024

Nutrient adequacy was assessed by comparison of estimated usual individual intakes with the recommendations of adequate intake
(AI) and reference intake range (RI) defined by EFSA [30]. Data are expressed as percentages of children below, within and over the
recommended EFSA intake range for each nutrient. Percentage differences between ASD and control children were calculated using the
Chi-square test.

Regarding the vitamins, the usual individual intakes of vitamins D, E and B9 were
below the recommended AI in most of ASD and control children. The intakes of vitamin A
and K were similar in both groups, with about one half following the recommendations.
Finally, we observed significantly higher percentages of ASD children that did not meet the
EFSA guidelines for vitamin B1, B2, B6, and B12 when compared with the control children.

4. Discussion

The major findings of the present study were: (1) children with ASD showed a DP
characterized by relatively high consumption of cereals, pasta and dairy products, and a
small intake of lean meat and eggs compared with the SENC guidelines [31]; (2) all children
(control and ASD) consumed little fruit, vegetables, and fish. Instead, they ingested high
amounts of fatty meat and its derivatives, as well as drinks, snacks, sweets, and baked
goods confectionery. In particular, in children with ASD, the high intake of snacks, sweets,
and bakery was associated with increased consumption of beverages and fat and lower
consumption of fruits and vegetables; (3) the intake of meat of any type, both lean and
fatty, was associated with higher consumption of fish and dietary fat. Also, the increased
consumption of dairy products was associated with high consumption of cereals and pasta;
(4) ASD children were grouped in a well-differentiated cluster from that of their control
peers; (5) only about one-half of the children with ASD tolerated solid foods; (6) compared
with control children, the percentages of ASD children complying with the adequacy of
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nutrient intakes were higher for energy, fat, saturated fat, calcium and vitamin C, and
lower for fiber, iron, iodine, and vitamins of group B.

Families have related excessive consumption of cereals and dairy to an increased
worsening of symptoms of ASD. However, systematic reviews on the gluten- and casein-
free diet (GCFD) indicate that the evidence is insufficient to support or refute it [33–36].
Therefore, today GCFD for children with ASD cannot be recommended unless they are
appropriately diagnosed with an allergy or intolerance to a certain compound or allergen.
Instead, improvement of the DPs should be promoted by increasing consumption of fruits
and vegetables, lean meat and fish, and decreasing consumption of enriched sugar and
fatty food products, avoiding restricted diets unless there is a medical indication after a
clear diagnosis of allergy or intolerance. In our study, even though having carried out a
restriction diet for the treatment of ASD in the last 12 months was considered an exclusion
criterion, none of the families interviewed reported using such diets.

Common DPs in children with ASD include a strong preference for processed foods,
snacks, and starches coinciding with a bias against fruits and vegetables [37–39].

Some studies have shown that a DP with a low content of fibers (from legumes, nuts,
and others) is associated with a reduced feeling of satiety during meals [40]. In addition, a
higher intake of high energy density food, such as sweet cereals, sweets, and sugary drinks,
constitutes an eating DP of high energy intake in all children. However, it is significant
to note that this high-risk DP is more prominent among children with ASD, since their
specificities in the consumption of some food groups lead them to a DP that diverges even
further from the dietary guidelines (e.g., SENC guidelines) [21]. In the present work, except
for dairy products, a relatively high proportion of children with ASD complied with the
recommended food consumption guidelines of the SENC for pediatrics. In terms of food
intake in ASD patients, there are some difficulties to consider which are not only related
to their low tolerance of solid food but also with regard to their cognitive or behavioral
rigidity, which determines a tendency in these patients to remain in a stable environment,
and therefore makes the introduction of new foods difficult [16]. They also have difficulty
in accepting certain textures, with alterations in palatability and also problems chewing and
swallowing [41]. The intake of fruits and vegetables was lower than that recommended,
mimicking what is usual in the whole Spanish population [42–45]. In agreement with our
results, a study involving a sample of 70 children with ASD with severe food selectivity,
i.e., complete omission of one or more food groups (e.g., fruit, vegetable, protein, grain,
dairy) or consuming a narrow range of items weekly (e.g., five or fewer total food items)
found that67% of the sample omitted vegetables and 27% omitted fruits [46].

One aspect of interest is the higher consumption of snacks, sweets, and baked goods in
ASD patients compared with the SENC recommendations. However, the families reported
that snacks were used as a positive reinforcement in psychoeducational therapies that
these patients usually carry out. Besides that, these foods are sometimes used to introduce
patients to solid foods in those with low tolerance. Even though the ingestion of snacks is
not recommended except occasionally, we are aware of the importance of psychoeduca-
tional treatments based on selectivity towards some foods, including snacks [47]. Hence,
although a flexible attitude about the ingestion of this type of food in ASD children is
understandable, the high consumption of snacks, sweets, and baked goods in all Spanish
children has been repeatedly reported [42–45], and should be modified.

Other authors have also reported alterations in eating behavior patterns in ASD. Com-
pared to children with typical development, preschoolers with ASD consumed fewer
vegetables, fish, and eggs, while primary school children consumed fewer legumes,
cheese/yogurt, olive oil, citrus fruits, and more meat [21]. In terms of food tolerance,
more than half of our children with ASD consumed a high percentage of pureed foods,
particularly fruits, vegetables, fish, and fatty meats, despite being over two years old, which
is when the bulk of the foods and modes of consumption of an adult have already been
incorporated [48]. Indeed, the families mentioned they usually had jars of comminuted
food, preferably chicken or beef with vegetables, and to a lesser extent fatty meats and fish.
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A recent study demonstrates that food selectivity and mealtime problems are common
issues in preschoolers, school-age children, and adolescents with ASD, and they are associ-
ated with a higher frequency of gastrointestinal (GI) symptoms [49,50]. In our sample, at
least in part, the increased consumption of shredded foods as well as the use of soft foods,
e.g., porridges made by cereals with milk, and homogenized foods, might be due to the
presence of minor GI symptoms.

Regarding nutrient intake, results in different studies are affected by many environ-
mental and cultural factors. Sharp et al. (2013) [15] and Esteban-Figuerola et al. (2019) [51]
have reported a lower intake of calcium and protein in autistic children compared with a
control group, while here the intake of protein was higher than the recommendations and
similar to the general population [15,51]. Likewise, the intake of fat for a majority of the
ASD children complied with the recommendations, and even the intake of saturated fat
was higher than in their control peers.

Essential fatty acids, LA and LNA, and their long-chain PUFA derivatives, mainly
arachidonic acid (AA) and docosahexaenoic acid (DHA), play essential roles in growth and
neurodevelopment, as well as in the prevention of diseases. Furthermore, low DHA levels
have been associated with impaired language and motor skills in infants and children [52].
It has been suggested that children with ASD may be deficient in n-3 PUFA; in that sense,
some studies have shown altered phospholipid–fatty acid compositions in plasma and red
blood cells from children with ASD [53,54] and that dietary supplementation with EPA and
DHA may contribute to improving the symptomatology [55–59]. However, the available
data in this regard are scarce and often contradictory [34,59–62]. In contrast to other
studies, in our sample the average daily intake of EPA + DHA in ASD children was about
0.125 g/d, close to the recommendations of the EFSA and other international entities e.g.,
FAO-OMS [63], and that value did not differ significantly from that observed in the control
children. So these data do not seem to justify the use of omega 3 as a treatment in ASD, at
least in Spain, where the familiar consumption of fish is traditionally higher compared to
other countries [64]. In cases with low intake of fish, it could be recommended to plan a
therapeutic test with supplementations to analyze blood levels fatty acids beforehand

Several studies have shown that children with ASD have inadequate micronutrient
intakes [65,66], and they are at particular risk for specific inadequacies of vitamins and
minerals such as calcium, magnesium, vitamin D, and vitamin E [39,46,51]. Children with
ASD have also demonstrated low levels of folate, vitamins B6, and B12, which have been
associated with simultaneous B6, B9, and B12 deficiencies leading to the accumulation of
homocysteine [59,67]. In relation to the intake of calcium, our study shows different results
compared with that of the Esteban-Figuerola et al. meta analysis (2019) [51]. In the present
study, patients with ASD had a higher calcium intake than typically developing controls.
This difference seems to be due to the increased consumption of dairy products reported by
most of the families. This result can be contrasted with the tendency to use restriction diets
in these patients, mainly GFCD, as described earlier, which implies the withdrawal of milk
from the diet [33]. On the other hand, the limited intake of some micronutrients involved
in the metabolism of 1-carbon fragments, such as folate, vitamin B12, and vitamin B6, may
be critical because they contribute to the processes of DNA and histone methylation, which
in turn influence the expression of numerous genes involved in neurodevelopment [68].
Moreover, these compounds prevent the accumulation of homocysteine in the brain, in
addition to many other organs that are involved in increasing oxidative stress [69]. The
etiology of ASD could be a relevant genetic component [70]. Nonetheless, environmental
factors can contribute significantly to the disease’s evolution [71].

Strengths and Limitations

Accurate quantification of dietary intake in free-living populations is a major challenge
in nutritional epidemiology. Moreover, there is a strong debate over the validity of memory-
based dietary assessment methods utilized in epidemiological research related to food
group consumption and major events of disease [72]. In the present study, to evaluate the
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food consumption and estimate the nutrient intake, both a FFQ and a 24-hDR were used
in a homogeneous sample of Spanish children from the same area and sharing the same
socio-cultural habits. Because of its standardized format and the way these questionnaires
are administered, they are methods with high performance in terms of cost-effectiveness,
which has contributed to their widespread use in large epidemiological cohort studies and
also with other designs. However, they have the disadvantage of incorporating systematic
errors and biases, which is why procedures are currently being sought to improve the
quality of the data collected [73].

This highlights that nutrient intakes variance is usually augmented due to day-to-day
variation in individual intake, resulting in misleading estimates of low or high intakes [74].
To avoid the intra-individual variability of the data and obtain an estimate of the popula-
tion’s usual intake distribution, repeated 24-h-DR must be used.

The use of validated tools for the assessment of DPs is limited. It has been suggested
that the assessment of DPs, including their consistency and construct validity, should
be evaluated over multiple administrations of the same dietary source, different dietary
sources, or across various studies [75,76]. In the present study, we used both PCA and
clustering analysis for the estimation of DPs. Based on the available evidence, most
identified DPs showed good reproducibility, fair relative validity, and good construct
validity across different statistical solutions [75].

One of the major limitations of our study is that we focused on a specific population
of ASD children living in the southern of Spain. Therefore, our results should be cross-
validated in other regions of Spain and other countries. Likewise, the sample of ASD
children was very homogenous with regard to cultural and socio-economic aspects; thus,
we cannot establish whether different eating patterns would affect nutrient intake adequacy.
Finally, we did not attempt to evaluate gastrointestinal symptoms that could affect DPS
and nutrient intakes.

5. Conclusions

In the present study, we reported differential DPs between children with ASD and
children from the control using both PCA and hierarchical clustering analysis. This high-
lights high energy and fat consumption and frequently manufactured products with poor
nutritional quality and a low intake of vegetables and fruits in ASD children. Likewise,
this work adds further support to previous studies identifying inadequate micronutrient
intakes for minerals like iron, iodine, and vitamins of group B. Adequate monitoring of
the nutritional presence for these nutrients should be assessed and, if necessary, the use of
supplements should be introduced into the diet. Hence, it seems relevant to assess the DPs
and nutrient intakes in children with ASD to correct eating behavior disorders and rule out
nutritional diseases.
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Abstract: The influence of food intake on behavior problems of children with Attention-Deficit/
Hyperactivity Disorder (ADHD) was already described in the early 20th century. Eliminating food
components by using the Oligoantigenic Diet (OD) leads to reduction of ADHD symptoms for more
than two-thirds of patients. The aim of our study was to reveal how to identify foods having an impact
on ADHD symptomatology. Therefore, 28 children with ADHD participating in this uncontrolled,
open trial were examined before and after a restricted elimination diet. They kept a daily 24-h recall
nutrition and behavior journal and filled out the abbreviated Conners’ scale (ACS) to identify foods
which increased ADHD symptoms. The study was completed by 16 children (13 m/3 f). After four
weeks of elimination diet the individual food sensitivities were identified in a reintroduction phase.
A repetitive increase of ADHD symptoms by at least two points in ACS after food introduction hints
at food sensitivity. Twenty-seven food sensitivity reactions were identified. Most of the participants
were sensitive to more than one food. Food intolerances could not be identified without preceding
OD. The combination of OD and subsequent food challenge appears as a valid method to identify
individual food sensitivity in ADHD.

Keywords: adolescents; attention-deficit/hyperactivity disorder; behavior; child; diet; elimination;
food intolerance; nutrition; Oligoantigenic Diet

1. Introduction

With a worldwide prevalence of 5.3% among children and adolescents, Attention-
Deficit/Hyperactivity Disorder (ADHD) is the most common behavioral disorder [1,2].
ADHD occurs across cultures in about 5% of children and about 2.5% of adults. In children
there is a gender related ratio of 2:1 (male: female), [3]. The mechanisms triggering ADHD
have not yet been fully identified. Genetic predisposition and pre-, peri- and postnatal envi-
ronmental influences play a decisive role as do multiple interacting factors [4–6]. Nutrition
also plays a role in the development of ADHD [7]. Previous study results have supported
the theory that ADHD is an expression of a genetically determined neurodevelopmental
disorder. Depending on the degree of severity, the guidelines recommend different treat-
ment options, including parent training, behavioral therapy, pharmacotherapy, and dietary
interventions [8–10].

As early as 1922, Shannon noted an increase in restlessness and sleep disorder in
children in association with food allergies. After eliminating foods such as tomatoes, eggs
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and grains, there was reduction or even disappearance of ADHD symptoms [10]. In 1983,
Egger et al. were the first to carry out the Oligoantigenic Diet (OD)—as a dietary diagnostic
method to identify food allergies in the field of allergology—in the context of ADHD.
Foodstuffs during diet were consciously reduced to very few hypoallergenic foods. The
choice of food was initially kept to a minimum. Approved foods were hypoallergenic,
mainly including foods which rarely caused adverse reactions. Throughout the OD the
ADHD patients showed significant improvements: of 76 participants in this study, 62 chil-
dren reduced their symptoms. Furthermore, 21 patients no longer met diagnostic criteria
for ADHD. Most children responded to two to seven different foods. Re-exposure to the
foods caused reappearance or intensified symptoms of ADHD [11]. A study by Pelsser
et al. (2009) also showed a reduction in ADHD symptoms after an OD. Here 60% of the
participants showed a reduction in symptoms of at least 50% measured with the ADHD
Rating Scale [12].

Since then, further studies have shown that nutrition is a strong mediator and/or
moderator of ADHD symptoms [8–22]. Dietary interventions in ADHD including elim-
ination diets have shown highly significant effects [13–15,17–22] with effect sizes up to
Cohen’s d = 5.0 in unblinded studies [7].

Severe dietary interventions such as restricted elimination diets do have a clear impact
on daily life and therefore cannot be kept under blinded conditions. In order to minimize
the various biases which influence the assessment of ADHD symptoms, Dölp et al. [22]
used blinded video ratings to evaluate their primary outcome diagnostic tool, ARS, in the
context of dietary intervention. The results showed hardly any difference between blinded
and unblinded ratings. Dölp et al. found that OD can lead to symptom reductions in food
sensitive children and adolescents with ADHD. After 4 weeks of diet, approximately 60%
of the patients showed significant improvement in their condition in ARS [22].

The objective of the present study is to answer the following questions: is it possible
to identify foods that intensify typical ADHD symptoms in children by applying OD?
Do the participants show different reactions to the same food? Can individual food
sensitivities already be identified in a pre-diet phase? Can strong leads to later diagnosed
food sensitivities be seen already in the anamnesis?

2. Materials and Methods

The study was approved by the Ethics Committee of Freiburg (application num-
ber 111/14) in accordance with the World Medical Association’s Declaration of Helsinki.
Patients and parents gave written informed consent before participating in the study.

2.1. Participants

The study took place at the Department of Child and Adolescent Psychiatry, Psy-
chotherapy and Psychosomatics of the Medical Center, University of Freiburg. Psychother-
apists and general practitioners informed their patients about the study. They were then
recruited by study staff. Some participants also became aware of the study via the lo-
cal press or information on the Internet. Families did not receive any reward for their
collaboration in the study.

Interested participants were instructed in detail on the procedure of the study, either
in group meetings or individually. ADHD diagnoses were confirmed with Kiddie-SADS-
Present and Lifetime Version (K-SADS-PL) [23]. Table 1 shows the characteristics of
the participants.

Four of the participants (25%) had a disease at the beginning of the study (rhinitis
(n = 2), influenza (n = 1), gastroenteritis (n = 1)).
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Table 1. Participants’ characteristics.

Included (n) 16 out of 28
Age (means ± SD (range)) 9.25 ± 1.73 (7–13)

Gender (m/f) 13/3
Subtypes c/hi/i (n = 28)

Responder (n = 16)
16/10/2
9//6/1

Comorbidity

Dyslexia (F81.0, n = 6)
Dyscalculia (F81.2, n = 2)

Oppositional Defiant Disorder (F91.3, F91.8, n = 2)
Autism (F84.0, n = 2) diagnosed in the course of the study

Encopresis (F98.1, n = 1)

Subtypes: c: combined type; hi: predominantly hyperactive/impulsive; i: predominantly inattentive.

2.2. Inclusion and Exclusion Criteria

Children and adolescents between the age of 7 and 18 attending at least 2nd grade of a
general education school with a confirmed ADHD diagnosis according to the criteria of ICD-
10 were included in the study. Children and their parents had to sign for informed consent.

Exclusion criteria were severe concomitant disease, neurological or organic comor-
bidities which cannot be subjected to dietary intervention. Patients could not participate
if there was a lack of compliance either of the parents or children, or a lack of reading or
writing skills. Concurrent drug therapy of ADHD or participation in other studies at the
same time was not allowed. Children were not to be included when following a special
diet (e.g., vegetarian, vegan).

2.3. Measures

The primary outcome was measured using the ADHD rating scale IV (ARS) that is
frequently used in ADHD trials [24–34].

2.4. Anamnesis Concerning Food Sensitivity and Allergies in the Beginning

Participants were asked about existing food intolerances, such as allergic reactions to
foodstuff or diagnosed food intolerances such as malabsorption or enzyme deficiency.

In the special dietary anamnesis, the children were asked about their preferences and
aversions to certain foods.

2.5. Conners’ Rating Scale

To assess daily changes of behavior more precisely, the abbreviated Conners´ scale
(ACS) was used on a daily basis [15,35,36]. In addition to diagnostics, the Conners´ scales
are important for treatment planning, monitoring, and therapy evaluation. The ACS used
here is derived from the long version (105 items), the Conners 3®. This is composed of
the items that achieved the highest scores in patients with ADHD and which react very
sensitively to therapy effects. Therefore, they are suitable as a short-term follow-up and
therapy evaluation [35]. It consists of ten selected items. The ten items are: (1) restless and
overactive; (2) excitable impulsive; (3) disturbs other children; (4) fails to finish things—
short attention span; (5) constantly fidgeting; (6) inattentive, easily distracted; (7) demands
must be met immediately—easily frustrated, (8) cries often and easily; (9) mood changes
quickly and drastically (10) temper outbursts, explosive and unpredictable behavior.

Each item was assessed on a 4-point rating scale which resulted in a total score ranging
from 0 to 3. With a time requirement of about five minutes, the ACS is a suitable instrument
for daily progress monitoring or therapy evaluation. [36].

2.6. Nutrition and Behavior Diary

The nutrition and behavior diary, developed for this study, is based on the allergy
diary described by Körner and Schareina [35]. It was kept daily as a 24-h recall protocol
by the parents and/or children during the entire study in order to be able to track a
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temporal and causal relationship between the foods consumed and the occurring ADHD
symptoms [34].

Leisure activities that may also affect ACS are also reported e.g., birthday parties,
physical training, circus events, and school hiking days.

2.7. Procedure

Initial examination, verifying the ADHD diagnosis, and an assessment of medical
health status was followed by a one-week retrospective ADHD rating scale IV [24]. T0 was
considered baseline. Figure 1 shows the timeline of the study.

Figure 1. Timescales and measures for each appointment. Yellow bar: pre-diet phase, no change in everyday food intake;
Orange bar: diet phase OD; Red bars: food challenge phase, testing the different main food groups. T0: physical examination,
Baseline ARS; T1: physical examination, ARS; T2: physical examination, ARS; T3: physical examination, ARS; T4: physical
examination, ARS, individual dietary recommendations.

Between T0 and T4, parent ACS and 24-h nutrition and behavior protocols were kept
daily. Participants were asked to keep their daily eating habits.

From T1–T2 the children and their families are in a 4-week period of OD. During the
diet phase, only a limited selection of hypoallergenic food was allowed to be eaten. The
structure of this diet was based on the protocol of Egger et al. and Pelsser et al. [11,14].
Supplementation of vitamins and minerals was advised.

At all time-points, physical examination was kept by a medical professional. At T0,
the physical condition and basic neurological findings were additionally recorded.

Throughout the study the families were advised by a nutritionist in order to avoid the
risk of malnutrition and to facilitate the implementation of the diet.

All children with an improvement of at least 40% in the ARS total between T1 and T2
were considered to be responders [14].

During T2–T4 the reintroduction of usually consumed foods was proceeded at a time
interval of 3–4 days testing each food. ACS questionnaire was completed daily and the
nutrition and behavior diary was maintained.

Food sensitivities were defined for foods that showed a repetitive increase in symp-
toms of at least 2 points on the ACS scale after ingestion compared to the three days before
baseline. After identifying the intolerant food in the reintroduction phase, it was assessed
whether the intolerant food was consumed before the diet.

2.8. Statistics

The data of 16 participants (out of 28) that completed the whole study was included
in statistical analysis.
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In cases in which subsamples exceeded five observations, t-tests were performed to
compare ACS values on the day of reintroduction (dE0), and one, two or three days after
reintroduction (dE + 1, dE + 2, dE + 3, etc.) of a particular food to the values one day
before reintroduction (dE − 1). All subsamples were too small to apply more complex
statistical analyses such as ANOVA with repeated measurements. All statistical analyses
were performed with SPSS version 23.0 (IBM Corporation, Armonk, NY, USA).

3. Results

3.1. Participants

16 out of 28 children and adolescents completed the study. The proportion by gender
corresponds to the general prevalence of ADHD worldwide. We had 81% male and 19%
female participants in our study.

During the diet phase 12 participants either dropped out (n = 2) of the study at their
own request or were considered non-responders (n = 10). None of the participants had
medical treatment for ADHD during the whole study (Table 2).

Table 2. Characteristics of dropped out participants.

Dropped out (n) 12 out of 28
Age (means ± SD (range)) 10.5 ± 1.86 (8–14)

Gender (m/f) 9/3

3.2. ADHD Symptoms According to ARS

The results of this study show that, under careful supervision, children can maintain
a 4 weeks OD as documented in the nutrition and health diary. Reductions in ADHD
symptoms of 40% or more were seen in 17 participants.

At T0, the 28 ARS parent ratings yielded M = 30.36 and SD = 8.87. Figure 2 shows the
individual ARS total score trajectories from T0 to T2.

After 2 weeks (T1) of continuing usual nutrition behavior, parental ARS was not
significantly different to T0 (T0: M = 30.36, SD = 8.87; T1: M = 29.54, SD = 9.64; F(1, 27) < 1).

From the 28 participants starting the diet, 26 (91.6%) completed. As shown in
Figure 2A, after 4 weeks of OD (T2) we observed a significant reduction of ARS total
score (T2: M = 15.62, SD = 8.05, F(1, 25) = 112.34, p < 0.0001). The percentage of improve-
ment observed after the diet, according to the change in ARS total score, was 47.4% on
average, ranging from 3.3% to 81.8%. Nine children showed at least 40% symptom reduc-
tions in both ARS subscales of inattention and hyperactivity/impulsivity. Thirteen children
showed at least a 40% reduction in one subscale. Only three of the participants did not
respond in either subscale.

According to Storebø et al. [27] a change of 6.6 points on the ARS is considered as
the minimum for a clinically relevant difference. 22 of the 26 participants (84%) showed
improvements of between 9 and 27 points between T1 and T2. Three of the 26 participants
(11%) showed improvements of between 9 and 13 points between T0 and T1.
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Figure 2. (A) Average changes in all participants (n = 28) of the ARS scores at each time point (means
± SD), p < 0.001 *** (ANOVA with repeated measurements). (B) ADHD Rating Scale total scale for
all participants in the study. n = 28, T0: Baseline, T1: Start of the OD, T2: End of the OD.

3.3. Identified Food Sensitivity

The statistical analysis of the reintroduction phase showed 27 different types of food
sensitivity (see Figure 3).
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Figure 3. Identified food sensitivities during the study: Percentages of children (n = 16) reacting to
the respective food with an increase in ADHD symptoms.

3.4. Reactions to Intolerant Food after the OD

Each responder to the OD showed individual food sensitivity, reacting to between 1–10
different foods in the food challenge phase. The three most common detected sensitivities
are listed below as examples.

3.4.1. Example 1: Milk Products

The group of dairy consisted of milk, yoghurt, curd cheese, cream, cheese and butter
made from cow’s milk. Lactose-free products and products made from sheep’s or goat’s
milk were not included.

A total of 68.8% (n = 11) of respondents showed a change in ACS after taking dairy
products. Among the foods tested, milk products are the ones that most often lead to an
increase in ACS levels.

On average, the analysis shows a significant increase in ACS on days dE + 1, dE + 2
and dE + 3 with a sustained effect observed for three days.

Evaluating the milk products, we found two differently reacting groups as shown in
Figure 4. Group 1 (n = 5) initially responded to the intake of milk products with a decrease
in ACS followed by a significant increase in the ACS rating after 1 day. In contrast, group 2
(n = 6) showed a significant increase in the ACS rating on the day of consumption of dairy.
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Figure 4. Individual reactions of participants to dairy products, measured by ACS. Group 1 (participants with a decrease of
value in ACS at day of reintroduction) vs. Group 2 (participants with an increase of value in ACS at the day of reintroduction)
p < 0.05 *, p < 0.01 **, p < 0.001 *** (one sided t-test). dE − 1: day before reintroduction, dE: day of reintroduction, dE + 1:
day 1 after reintroduction etc.

Figure 4, Tables 3 and 4 show the daily courses of the mean values as well as the
standard deviations of all children in the respective groups. In addition, the individual
time courses of each child are displayed.

Table 3. Means and standard deviations of behavioral reactions to dairy products of Group 1 (n = 5).

Day M SD t(4) p

dE −3.40 0.89 −8.50 0.001
dE + 1 1.40 2.30 1.36 0.246
dE + 2 3.60 4.83 1.67 0.171
dE + 3 2.00 6.16 0.73 0.508
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Table 4. Means and standard deviations of intolerance reactions to dairy products of Group 2 (n = 6).

Day M SD t(5) p

dE 8.17 4.36 4.59 0.006
dE + 1 5.83 2.32 6.17 0.002
dE + 2 4.17 5.74 1.78 0.136
dE + 3 7.67 7.34 2.56 0.051

3.4.2. Example 2: Corn

Figure 5, Tables 5 and 6 show the behavioral reactions to corn.
In total, seven children (43.8%) responded to the intake of products containing corn,

as shown in Figure 5.
Group 1 shows a decrease in the ACS value on the day of corn introduction, the largest

increase (11 points) on day dE + 1 and a value of 0 on day dE + 3.
Group 2 shows an ACS value increase directly on the day the corn is taken. This is

significant on day dE + 1 and dE + 2.

Figure 5. Individual reactions of participants to corn, measured by ACS. Group 1 (participants with a decrease of value in
ACS on the day of reintroduction), vs. Group 2 (participants with an increase of value in ACS at the day of reintroduction)
p < 0.05 *, p < 0.001 *** (one-sided t-test). dE − 1: day before reintroduction, dE: day of reintroduction, dE + 1: day 1 after
reintroduction etc.
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Table 5. Means and standard deviations of intolerance reactions to corn of Group 1 (n = 2).

Day M SD

dE −2.0 0
dE + 1 11.0 5.66
dE + 2 5.5 6.36
dE + 3 0 2.83

Table 6. Means and standard deviations of behavioral reactions to corn of Group 2 (n = 5).

Day M SD t(4) p

dE 4.40 4.83 2.04 0.111
dE + 1 7.80 3.42 5.10 0.007
dE + 2 6.80 5.40 2.81 0.048
dE + 3 7.40 8.68 1.91 0.129

3.4.3. Example 3: Grain

Figure 6, and Table 7 show the intolerance reaction to grain.

Figure 6. Individual reactions of participants to grain (including oats, wheat and other grain containing gluten) measured
by ACS, p < 0.01 **, p < 0.001 *** (one-sided t-test). dE − 1: day before reintroduction, dE: day of reintroduction, dE + 1: day
1 after reintroduction etc.
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Table 7. Means and standard deviations of behavioral reactions to grain (n = 6).

Day M SD t(5) p

dE 4.83 4.67 2.54 0.052
dE + 1 3.17 2.14 3.63 0.015
dE + 2 2.33 1.63 3.50 0.017
dE + 3 1.00 2.10 1.17 0.296

For a total of six children (37.5%) the symptoms worsen when eating grain. These
include oats, wheat and other grains containing gluten. Corn was excluded.

3.5. Behavioral Reactions to Intolerant Foods before Starting the OD

In the pre-diet phase, 13 out of 16 children consumed several of the observed sensitive
foods at the same time. Because of the overlap with the incompatible foods, a reliable
prognosis is difficult. In three subjects incompatibilities were observed individually and
without overlapping with one another. This was due to the fact that they only reacted to
one incompatibility each.

One child showed an increase and decrease in ACS according to the course of the
week, so that ACS increased at the weekend without a change in diet (Figure 7A). Overall,
none of the children’s behavior disturbances can be attributed to a clear food sensitive
reaction just on the basis of the data from the pre-diet phase. Two illustrative examples are
shown in Figure 7A,B. Figure 7A shows the food sensitivity of one subject before starting
the diet. Food sensitivity was safely detected during the reintroduction phase: to milk,
cocoa, peanut and corn. Out of four intolerant foods, three were consumed at different
timepoints in the pre-diet phase as shown below.

Looking at the individual foods, milk shows an average decrease in ACS within the
first 24 h after consuming by −1.67. In the following days there is an increase in ACS
compared to the value before the intake (<24 h = −0.67; 24–48 h = +0.67; 48–72 h= +1).

When cocoa is consumed, an immediate increase in ACS is only notable on day 10
(+2). On day 13 there is a delayed increase the next day (+1). The remaining days (day 3,
day 6–8) are inconspicuous, with an average increase of 0.5 in the first 24 h (<24 h = 0.5;
24–48 h = −0.5; 48–72 h= −0.5).

Corn was consumed only in small amounts. On day 4, most corn was consumed in
the form of popcorn, with a delayed increase of ACS the next day (+3). (<24 h = −0.67;
24–48 h = +1; 48–72 h= −2).

Due to the weak fluctuations, no clear statement is possible. Overall, possible changes
in ADHD symptoms due to intolerant foods overlap, which makes a reliable prognosis of
individual food sensitivity almost impossible.

Figure 7B shows the reactions of another participant. Food sensitivities safely detected
during the reintroduction phase were to bell pepper and wheat. Wheat was supplied
daily in the form of baked goods (bread). On average, there was a mean decrease in
ACS in the days after ingestion compared to the initial value (<24 h = −0.75; 24–48 h = 0;
48–72 h = −0.75).

Bell peppers were eaten as spice powder (day 3) or raw (day 12). There is a small
increase in ACS (+2) on the respective days, but day 12, when raw paprika was eaten,
is particularly noteworthy with an increase from +3 to 15 (<24 h = +2; 24–48 h = 0; 48–
72 h = +0.5).

It is also noticeable that on days with physical activity (soccer training, swimming
training) ACS is relatively low (day 1, 2, 5) or decreased compared to the previous day
(day 8). One reason for an increase in ACS could be that subject in 7B had a friend visiting
him on day 6 and a birthday party on day 7.

The overlay of food makes a reliable prognosis difficult. In addition, there are fluc-
tuations that may be related to special events in everyday life, which makes it difficult to
identify possibly ADHD-promoting foods.
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Figure 7. (A) Food sensitivity of participant 1. Reactions to different foods in the pre-diet phase. Food sensitivities safely
detected during the reintroduction phase: milk, cocoa, peanut and corn. Peanuts are not mentioned because they were
not eaten in the pre-diet phase. (B) Food sensitivity of participant 2. Reactions to different foods in the pre-diet phase.
Food sensitivities safely detected during the reintroduction phase: bell peppers and wheat. ACS value declared by parents,
displayed in red bars on the left axis. Amount of intolerable food consumed in grams * shown in lines on the right axis.
* estimated amount.

3.6. Anamnestic Intolerance Prior to OD and Observed Sensitivity during Food Reintroduction

In an initial anamnesis, the children were asked about their eating habits. In addition
to “likes” and “dislikes,” they were also asked about suspected sensitivity as a possible
trigger of ADHD. Of the 16 subjects, eleven (68.8%) did not match the information in the
anamnesis questionnaire with the sensitivities found later. Of the 16 subjects, there is a
match between a favorite food (eggs) and a sensitivity only in one participant (6.25%). One
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presented (6.25%) a correspondence of a dislike (fish) with an incompatible food. In three
of the 16 subjects (18.75%) the suspicion was confirmed. The questionable foods are milk (2)
and soy (1). In all three participants, physical symptoms in addition to ADHD symptoms
occurred after consuming these foods.

4. Discussion

A main aspect of the study is to show that OD is a useful method to find out if there
are food related changes of ADHD symptoms in children. Furthermore, our study is the
first to investigate the individual behavioral responses on different foods related to ADHD
symptoms.

Pelsser recommends that a change in diet should be considered in all children with
ADHD, as Pelsser’s study showed a significant effect in children with ADHD and ODD
of the elimination diet. This requires medical supervision and parental cooperation when
following this restrictive elimination diet [14]. In a previous study we could also show the
positive effects of OD in children with ADHD [22].

Before starting the diet, it is not obvious if children react to food, and when they do so,
what kind of foodstuff result in an increase of ADHD symptoms. Children included in this
study did react after 4 weeks of diet. The participants showed individual food sensitivity
concerning type of food, intensity or pattern of reactivity. In all patients, ADHD symptoms
were intensified by various foods during the food challenge after OD.

After detecting food related ADHD symptoms by OD, it is important to find out,
by reintroduction, to what kind of food the children are sensitive. In our small sample
we could demonstrate 27 different foods which increased the symptoms of ADHD in
our participants.

Comparing this study with previous studies on the OD by Egger et al., a concordance
of frequency of intolerance more often regarding milk products can be shown. Cow’s milk
sensitivity occurred in 64% of the cases in Egger and Carter, in 60% of the cases in Hiedl,
and in our current study in 68% of the cases. From this, one can conclude that the most
common food intolerance that leads to an increase in ADHD symptoms is cow’s milk.
However, not all of the food sensitive children did react to milk, so there should never
be a general recommendation to avoid milk in the context of ADHD. In all four studies,
wheat and grains in general could be detected as common provoking foods. Egg was
also more often on the list of intolerant foods in all studies. [11,13,14,16,37,38], but only
individual dietary recommendations should be given in the context of the individually
detected food sensitivity.

The study also shows that almost every participant experienced an increase of far
more than two points in ACS after the food challenge. The amount and type of reaction
were individually different. The strongest reaction was seen in one subject after taking
paprika. There was an immediate increase in ADHD symptoms by 25 points as measured
by ACS.

It could not be shown that a connection between certain foods and behavior can
already be established during the pre-diet phase by evaluating the food and behavior diary.
The pre-diet phase should, however, continue to be at the forefront when carrying out an
OD to observe usual eating habits and to train the protocoling. It is also useful to have a
pre-diet control protocol in order to test whether the change in daily life when focusing on
nutrition and behavior of the child does influence ADHD symptoms or not.

An OD with subsequent reintroduction can be the most useful diagnostic tool to
identify individual food sensitivity in connection with ADHD. Because every participant
reacted very individually to different foods, there must be an individual dietary recom-
mendations for each individual child.

Several possible different pathomechanisms are noted to cause an increase in symp-
toms. Most children (70%) reacted to milk products. Of these, 73% did not react to dairy
products which were free of lactose. This leads to a hypothesis that the pathomechanism
of lactose intolerance could be connected to ADHD symptoms. In a previous study from
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Edreffy et al. [39], the differences in oligosaccharide metabolism between ADHD and
healthy controls were described. This study supports the hypothesis that carbohydrate
metabolism differs in ADHD subjects compared to control. Alabaf et al. [40] investigated
physical health in children with a neurodevelopmental disorder on the basis of the database
of The Children and Adolescent Twin Study in Sweden (CATSS). Their results showed that
children 9–12 years of age diagnosed with ADHD suffered more than twice as often from
lactose intolerance as the age-matched total population. The occurrence of celiac disease
was also described to be higher in patients with ADHD. The prevalence of celiac disease
increased significantly in patients with ADHD and comorbidity such as autism spectrum
disorder and learning disorder.

We found ADHD related symptoms worsening in children after the consumption
of different grains. This could indicate probable digestive problems in the context of
different grains. Niederhofer et al. [41] reported an overrepresentation of celiac disease,
identified by measuring the celiac specific antibodies anti-gliadine and anti-endomysium in
patients with ADHD. Ten out of 67 patients with ADHD were diagnosed with celiac disease.
A significant improvement of ADHD symptoms under gluten-free diet was observed by
patients and parents. In our study, we also found remission of ADHD symptoms in grain
sensitive children after three days of grain-elimination during the food reintroduction.

“Brain-gut axis” and “microbiome” have also been shown to be related to mental
disorders [42,43]. Though the microbiome in humans shows a high interpersonal variation,
its composition is influenced by geography, culture, and diet [44,45]. The type of nutrition
plays a decisive role in the composition of the microbiome. Despite the evidence that
abnormal development of the intestinal microbiome has long-term implications on host
health, the causal contributions of abnormal intestinal microbiome variations to disease
states have yet to be elucidated [45].

One can therefore consider whether there is a complicated mechanism behind ADHD
symptoms in relation to food intake. The microbiome can be regarded as a trigger or
amplifier of ADHD symptoms [43]. Kumperscak et al. found improvements in children´s
behavior after three months probiotic treatment with “Lactobacillus rhamnosus” [46]. A ran-
domized controlled trial published in 2016 showed a significant improvement in ADHD
symptoms in children with autism after supplementation of “Lactobacillus Plantarum
PS128” [47]. These results reinforce the hypothesis of microbial influence on ADHD symp-
toms.

Pelsser investigated the immunological response comparing allergic and non-allergic
reactions in food intolerances and food allergies in children with ADHD. IgE is implicated
in typical food allergies. If reactions to foods are not mediated by IgE, the assessment of
IgG levels might be useful, when considering the aim of establishing a relation between
foods and ADHD. According to this theory, eating foods that induce high IgG levels would
lead to a substantial behavioral relapse whereas eating foodstuff that induces low IgG
levels would not. The results did not support this hypothesis [14].

This suggests that food sensitivities in ADHD are not necessarily allergic reactions.
However, a cell-mediated allergic reaction has not been investigated and therefore cannot
be excluded. A pilot study from Dieterich et al. [48] could identify inflammatory processes
in the gut reflected in inflammation-related intolerance reactions to foods, without showing
a systemic inflammation in blood parameters. Food intolerances relate to high interferon
IFN-γ concentrations in different gut regions. Gut mediated reactions to food intolerances
showed differences to inflammation parameters in food allergy. In different gut regions,
they found an increase of IFN-γ which might result from an unspecific immune response to
an intestinal dysbiosis in the intestine and to a release of micro-biotic peptides as described
by Farin et al. [49]. This might explain our results concerning the individual reactions to
intolerant foods in food reintroduction. We found different intensities of reactions and
individual time-courses to recovery. This might be related to a highly individual gut
microbiome and subsequently its metabolites, which can stimulate local inflammatory
processes in the gut.
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This supports the theory that the composition of gut microbiome plays an important
role in this context.

Whatever mechanisms a dietary intervention relies on, Stevenson et al. [50] pointed
out in their research review form 2014 that a restricted elimination diet might be beneficial
for ADHD symptoms in children and adults.

Limitations and Future Directions

The evaluation of the daily behavior could, besides dietary intervention, also be
impacted by various factors such as social interactions or physical health.

For the assessment of ADHD symptoms, they must occur in at least two contexts
(usually at home and at school). Unfortunately, teacher´s ratings could not be collected in
total. This is a clear limitation of the study.

The study was open, non-randomized, without a control group and without blinding
the diet. Focusing on behavior and eating habits while implementing serious changes
in daily life might lead to a remarkable bias in parent’s ratings. To corroborate these
preliminary findings, an extension of the study with a larger number of subjects would be
important to confirm the effects already observed.

Children had to control their eating behavior by themselves. Whether children always
provided their information on food consumption truthfully is not guaranteed. Although
the importance of correct information for the diary was clearly explained, there certainly
were undocumented dietary violations.

5. Conclusions

The European treatment guidelines on ADHD recommend that restricted elimination
diets may be beneficial for children with ADHD and with a history of adverse reactions to
food. However, our data indicate that there are many ADHD children without a history of
adverse reaction to food that may profit from OD and subsequent identification of highly
individual food sensitivity.

In summary of the available results, Oligoantigenic Diet seems to be a useful tool to
identify food sensitive ADHD patients. Subsequently, detected individual food sensitivities
leading to individualized dietary recommendations are useful as an additional option to
the existing multimodal therapy concept.
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Abstract: Attention deficit hyperactivity disorder (ADHD) is a neurodevelopmental disorder charac-
terized by a persistent pattern of inattention and/or hyperactivity-impulsivity. ADHD impairments
arise from irregularities primarily in dopamine (DA) and norepinephrine (NE) circuits within the
prefrontal cortex. Due to ADHD medication’s controversial side effects and high rates of diagnosis,
alternative/complementary pharmacological therapeutic approaches for ADHD are needed. Al-
though the number of publications that study the potential effects of caffeine consumption on ADHD
treatment have been accumulating over the last years, and caffeine has recently been used in ADHD
research in the context of animal models, an updated evidence-based systematic review on the effects
of caffeine on ADHD-like symptoms in animal studies is lacking. To provide insight and value at the
preclinical level, a systematic review based on PRISMA guidelines was performed for all publications
available up to 1 September 2021. Caffeine treatment increases attention and improves learning,
memory, and olfactory discrimination without altering blood pressure and body weight. These
results are supported at the neuronal/molecular level. Nonetheless, the role of caffeine in modulating
ADHD-like symptoms of hyperactivity and impulsivity is contradictory, raising discrepancies that
require further clarification. Our results strengthen the hypothesis that the cognitive effects of caffeine
found in animal models could be translated to human ADHD, particularly during adolescence.

Keywords: caffeine; attention deficit hyperactivity disorder; impulsivity; ADHD; animal models

1. Introduction

Attention Deficit Hyperactivity Disorder (ADHD) is the most commonly diagnosed
and treated mental disorder during childhood [1] and it is increasingly diagnosed and
treated in during adulthood [2]. ADHD is a neurodevelopmental disorder characterized
by a pattern of inattention and/or hyperactivity-impulsivity, persisting no less than six
months, that is inconsistent with developmental level and has negative impact in at least
two settings (academic, occupational or social) [3]. Inattention refers to important difficul-
ties in sustaining attention to tasks that do not deliver a high level of stimulation or regular
rewards, distractibility, and difficulties with organisation. Hyperactivity refers to dispro-
portionate motor activity and difficulties with remaining still, most manifest in structured
situations that involve behavioral self-control. Finally, impulsivity is a propensity to behave
in response to immediate stimuli, without consideration of the risks and consequences [4].
Specific manifestations vary across individuals, and may change over the course of devel-
opment. Depending on the symptoms presented, three different types of ADHD can be
diagnosed: predominantly inattentive presentation, predominantly hyperactive-impulsive
presentation, or combined presentation [3,4]. Although ADHD onset occurs during child-
hood and it often persists into adulthood, there is an important knowledge gap concerning
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ADHD lifespan aspects [5]. Population surveys suggest that ADHD occurs in most cultures
in about 5% of children and about 2.5% of adults [6] and, as of 2019, it was estimated to affect
84.7 million people worldwide [7]. ADHD management recommendations depend on the
country [8–10] and usually include psychotherapy (essentially Cognitive Behavior Therapy,
CBT), lifestyle changes and medications [11]. ADHD medication treatment, however, has
been historically considered controversial [12], particularly due to its side effects [13–15].
In the face of these controversies and high rates of diagnosis, alternative/complementary
pharmacological therapeutic approaches for ADHD are needed.

Although larger ADHD models containing supplementary pathways have been sug-
gested [16,17], it is widely accepted that ADHD impairments, including selective and
sustained attention, impulsivity, and motor activity, arise from abnormalities in differ-
ent circuits involving the prefrontal cortex [18]: sustained attention is modulated by a
cortico-striato-thalamocortical (CSTC) loop that comprises the dorsolateral prefrontal cor-
tex (DLPFC) projecting to the striatal complex. Selective attention is modulated by a
cortico-striato-thalamo-cortical (CSTC) loop ascending from the dorsal anterior cingulate
cortex (dACC) and projecting to the striatal complex, followed by the thalamus, and back
to the dACC. Impulsivity is related to a cortico-striato-thalamocortical (CSTC) loop that
contains the orbitofrontal cortex (OFC), the striatal complex, and the thalamus. Finally,
motor activity, including hyperactivity and psychomotor agitation or retardation, can be
modulated by a cortico-striato-thalamo-cortical (CSTC) loop arising from the prefrontal
motor cortex to the lateral striatum to the thalamus and back to the prefrontal motor
cortex. ADHD patients cannot activate prefrontal cortex areas in an appropriate manner
when responding to cognitive tasks requiring attention and executive control, and show a
dysfunction in reward and motivation, hindering cognitive control of behaviour [19,20].
Children diagnosed with ADHD, in this regard, need stronger incentives to adapt their
behaviour [21], showing impaired responses to partial schedules of reinforcement and
difficulties in delaying gratification [22,23].

In ADHD, inefficient information processing and arousal-related behaviours are hy-
pothetically caused by imbalances mainly in the dopamine (DA) and norepinephrine
(NE) circuits [24,25] and the serotonin (5-HT), glutamate (GLU), and acetylcholine (ACh)
pathways within these areas of the brain [26–28].

Different genes are associated with the disorder, including the serotonin transporter
(SERT), the synaptosomal-associated protein (SNAP-25), and the brain-derived neurotrophic
factor (BDNF) [29,30], while some genes directly affect DA neurotransmission, including
the DA transporter (DAT) or the DA receptor 4 (DRD4) [31,32]. In this respect, the ventral
tegmental area (VTA) and locus coeruleus (LC) neurons have different targets, although
their efferent fibers converge into the PFC: DA is released into the nucleus accumbens
(NAcc), facilitating reward; NE is released in different posterior cortical areas, optimizing
the organism reaction to significant stimuli; and both organic compounds are released into
the PFC, enhancing working memory and attention in the face of significant stimuli [33].

Animal studies have provided insights into the pathological and neurochemical basis
of ADHD through different types of animal model (see Figure 1) [34]. Among these, the
spontaneously hypertensive rat (SHR) is considered an excellent and validated hyperactive
model to study ADHD. Concerning its behavioral profile, SHR presents anomalies in DA
neurotransmission [35] and, importantly, in adenosine neurotransmission [36].

Figure 1. Animal models of Attention Deficit Hyperactivity Disorder. Key for abbreviations used:
SHR: spontaneously hypertensive rat, low-density lipoprotein receptor, SI: social isolated, 6-OHDA:
6-hydroxy-dopamine, ADHD: Attention Deficit Hyperactivity Disorder.
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Caffeine, in this respect, is an adenosine A1 and A2A receptor antagonist controlling
synaptic plasticity [37]. These receptors are functionally paired with certain postsynaptic
DA receptors, such as D2 receptors, where DA binds and has a stimulatory effect. When
adenosine binds to its receptors, this causes reduced sensitivity of D2 receptors. Antag-
onism of adenosine receptors by caffeine prevents adenosine from binding, enhancing
dopaminergic actions [18,24]. In addition to these dopaminergic effects, it has been shown
that caffeine also produces secondary effects on ACh and NE [37–39]. Moreover, caffeine’s
effects on the non-selective antagonism of adenosine receptors also generate vasoconstric-
tion in the nervous system. In this respect, it has been shown that caffeine modifies the
blood perfusion signal, measured by fMRI, due to its neural and vascular effects, depending
on the cerebral distribution of its receptors [40]. Similarly, the effect that caffeine may have
at the cognitive level could depend on its regional effects on vascular response [41].

Nevertheless, the potential of caffeine consumption as a treatment for ADHD re-
mains largely controversial, with studies showing efficacy in relieving ADHD-related
symptoms [42], and studies failing to find superior effects when compared to first-line
ADHD medication [43]. Beyond ADHD, there is an existing correlation between the daily
consumption of moderate doses of caffeine and related benefits in different psychiatric
disorders linked with adenosine A2A receptor blockade controlling synaptic plasticity [44],
mainly at the glutamatergic synapses [45]. Moreover, regular coffee consumption improves
children’s performance in comparison to decaffeinated coffee or placebo [46]. However,
some studies have reported that caffeine consumption improvement is not significantly
superior to placebo [47] or methylphenidate (MPD) [48], while hyperactivity has been
strongly associated with higher coffee consumption among adolescents [49].

The number of publications that study the potential effects of caffeine consumption
on ADHD treatment has accumulated since 1975 (see Figure 2) and, over the last few years,
caffeine has been used in ADHD research in the context of animal models. Surprisingly,
an updated evidence-based systematic review on the effects of caffeine on ADHD-like
symptoms in animal studies is lacking.

 

Figure 2. Caffeine/Attention Deficit Hyperactivity Disorder-related articles since 1975 (Source:
MEDLINE).
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Consequently, to provide insight and value at the preclinical level, we sought to
produce a comprehensive compilation and systematically review all the relevant scientific
publications that make reference to the underlying effects of caffeine intake on treating
ADHD-like symptoms in animal studies.

2. Materials and Methods

We conducted a systematic review of ADHD research in the context of animal models
to assess the association between caffeine and ADHD-dependent variables including
attention, locomotor activity, impulsive behavior, learning, and memory.

2.1. Search Strategy

Figure 3 depicts the search strategy. We followed the guidelines and recommendations
contained in the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement [50], in order to reliably structure the gathered information in this sys-
tematic review. Academic articles were located using two electronic databases: MEDLINE
and Web of Science. Only the results from these two databases were reported, since results
from other sources (Scopus, Google Scholar) did not provide any relevant new results. No
restrictions regarding publication date were applied. The literature search was conducted
on 5 September 2021.

According to our proposal, the MEDLINE search strategy was established on the
following key search terms: “caffeine” [Mesh] AND “Attention Deficit Disorder with
Hyperactivity” [Mesh]. MeSH (Medical Subject Headings) terms were therefore used in the
development of this search. The Web of Science search strategy was based on the following
key search terms: (“attention” OR “hyperactivity” OR “ADHD”) AND “caffeine”.

2.2. Study Selection Criteria

The search was limited to preclinical and original experiments on non-human animals.
The inclusion criteria were: (1) English-written, indexed studies; (2) non-human animal
preclinical/experimental studies; (3) the mention of the relationship between caffeine
treatment and ADHD-like symptoms; and (4) controlled studies with separately treated
groups. The exclusion criteria were: (1) clinical/experimental/qualitative studies on
humans; (2) not mentioning caffeine treatment and ADHD-like symptoms at all; (3) reviews,
posters, conference abstracts, oral speeches, commentaries, theoretical papers, unpublished
relevant studies, and other studies relevant to the topic but not published in peer-reviewed
journals; and (4) case and cross-over studies.

2.3. Study Selection

Duplicates of all the databases were removed. Titles and abstracts were independently
screened by two authors (J.C.V. and O.M.d.l.T.) according to the inclusion and exclusion
criteria. Articles interpreted as compatible were selected for a full-text analysis to determine
whether they were or were not within the inclusion criteria. Furthermore, the references of
selected studies were screened in search of additional articles that met the inclusion criteria.
Whenever a divergence of opinions emerged, a third author (D.R.-R.) was consulted to
discuss and reach an agreement between the authors.

2.4. Data Extraction and Analyses

Following selection of the studies, data were extracted and prearranged into a table.
The subsequent information was collected: (1) author/s and year; (2) species: strain, sex,
and sample (n); (3) animal model; (4) age; (5) independent variables; (6) caffeine treatment;
(7) behavioral tests/types of stress; (8) dependent variables; and (9) main results.
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Figure 3. Flow diagram of study’s selection based on PRISMA guidelines [50].

3. Results

Due to the large number of results acquired by the search terms, strict inclusion/exclusion
criteria were applied to limit the final selection of studies. Figure 2 shows the studies in-
cluded in quantitative synthesis.

3.1. Study Selection

A total of 121 unique citations was initially retrieved through the combined search,
after which 108 citations were excluded after full-text screening because they did not meet
the inclusion criteria. Therefore, 13 studies (Pandolfo et al., 2013 [51]; Ouichi et al., 2013 [52];
Caballero et al., 2011 [53]; Ruiz-Oliveira et al., 2019 [54]; Higgins et al., 2007 [55]; França
et al., 2020 [56]; Nunes et al., 2018 [57]; Szczepanik et al., 2016 [58]; Pires et al., 2010 [59];
Prediger et al., 2005 [60]; Leffa et al., 2019 [61]; Pires et al., 2009 [62]; Alves et al., 2020 [63])
on animal models were finally considered. Based on their methodology, the studies in
this review could be classified as experimental (n = 10; 76.9%), randomly assigning the
subjects sample to the experimental groups, and quasi-experimental (n = 3; 23.1%), where
the groups were usually constructed according to the subject’s characteristics. The first
studies relevant to the topic were from 2005, while the most recent studies included in this
review were published in 2020. Table 1 describes each article individually.

3.1.1. Species, Animal Model, Sex, and Treatment

Most of the animal studies were performed on rodents. Ten studies were conducted
with rats and two with mice. Only one of the studies used zebrafish as an animal model.
Four studies used only males, five used both males and females, and four used only females.
Different caffeine treatments and routes of administration were used, along with different
durations (Table 1). Chronic treatments were mainly performed by dilating caffeine powder
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in the system water, whereas acute treatments were mainly administered intraperitoneally
(i.p.).

3.1.2. Animal Models of ADHD

Overall, nine studies used genetic animal models of ADHD: eight studies used SHR,
and one study used the low-density lipoprotein receptor (LDLr) mouse. Finally, two studies
used physical trauma to provide an epigenetic animal model of ADHD: one study caused
6-hydroxy-dopamine (6-OHDA) lesions in rats, while one study used social isolation (SI)
as an intensely stressful environment in mice (Table 1).

3.1.3. Behavioral Tests

Five studies used the object recognition task; four studies used the Y maze test; three
studies used the open field test; two studies used the water maze test; and two studies used
the novel object recognition test. In addition, other tests were performed, including the
water-finding test, the five-choice serial reaction time task (5-CSRTT), the locomotor activity
test, the discrimination task, the Olton maze behavioral assay, the attention set-shifting
task, the fear-conditioning test, the tolerance to delay of reward task, and the olfactory
discrimination test. Finally, one study induced the animals to a certain type of stress by
means of social isolation and aggressivity (Table 1).

3.2. Study Outcomes

The results are summarized in Table 1. Considering the amount of data provided
in the reviewed articles, we decided to categorize all the information based on caffeine’s
effects on each relevant ADHD-like evaluated parameter, as follows.

3.2.1. Attention
Attention and Behavioral Flexibility

Pandolfo et al. [51] examined the impact of chronic caffeine treatment during ado-
lescence on SHR and Wistar Kyoto (WKY) rats’ performance in an attention set-shifting
task, placing emphasis on response to conflict. The task was divided into different phases:
familiarization, response discrimination, and visual cue discrimination. During the re-
sponse discrimination phase, statistical analysis showed that vehicle-treated SHR needed a
superior amount of trials to reach the benchmark of 10 consecutive correct choices, com-
pared with WKY rats. Importantly, treatment with caffeine (2 mg/kg, i.p.) improved SHR
discriminative learning in a selective manner, as indicated by a reduction in the number of
trials needed to reach the benchmark, while treatment with caffeine had no effect on WKY
rats. During the visual cue discrimination phase, SHR required more trials to master the
task, compared with WKY rats. Once more, caffeine treatment (2 mg/kg, i.p.) diminished
the number of trials needed to reach the benchmark. Finally, statistical analysis showed
that vehicle-treated SHR made significantly more regressive and never-reinforced errors
than vehicle-treated WKY rats. Remarkably, while treatment with caffeine (2 mg/kg, i.p.)
diminished the number of these errors in SHR, it had no effect on WKY rats.
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Spatial Attention

Ouchi et al. [52] tested the effect of SI on latent learning using the water-finding test,
measuring entering latency and drinking latency. The authors eventually discussed the
utility of SI as an ADHD epigenetic model. They socially isolated male or female Institute
of Cancer Research (ICR) mice for one week or more. Subsequently, the animals displayed
spatial attention deficit during the water-finding task. Five weeks of resocialization follow-
ing one week of SI failed to improve this deficit. Drinking latency depended on how much
attention the animal paid to environmental factors, including the location of a tap water
nozzle, which they were exposed to in the training trial. Therefore, a decrease in drinking
latency correlated with the animal remembering the position/location of the nozzle. Caf-
feine (0.3–1 mg/kg, i.p.) induced changes in drinking latency on the water-finding test, in
this sense, significantly ameliorating SI-induced latent learning deficits in a dose-dependent
manner, independently of gender or age.

Caballero et al. [53] examined caffeine’s therapeutic use in neonatal 6-OHDA lesioned
rats, which constitute another existing ADHD animal model. At postnatal day (PND) 7,
the rats were lesioned at the left striatum with 6-OHDA. At PND 25, spatial attention was
measured with an eight arm radial maze, the Olton maze. The animals were then placed in
the maze. The total number of arms the animals walked before completing six out of eight,
or until they repeated one of them, was measured. After 14 days of treatment with caffeine,
administered ad libitum into the drinking water, the authors assessed caffeine’s effects on
the attention deficit of the animals, using the same task. Interestingly, the 6-OHDA lesioned
rats significantly improved their attention deficit after caffeine treatment. Consequently,
the authors highlighted the properties through which caffeine managed the attentional
deficits occurring during the prepubertal period of ADHD.

Discrimination

Ruiz-Oliveira et al. [54] evaluated the effect of caffeine on zebrafish performance
in a task requiring focus and attention, the discrimination task. The task took place in
three phases: tank acclimation, training, and test. The authors used visual cues during
the training trials and the test trials. Distractors, objects resembling the target, were used
to confuse the fish and impair conditioning. The fish were exposed to different caffeine
concentrations for 14 days: 0 mg/L (control), 10 mg/L (low), and 50 mg/L (high). Notably,
low caffeine doses improved the fishes’ ability to discriminate the cues and reach the
target; the fish spent most of the time close to the target where the reward was offered, and
showing the shortest latency to reaching the target. The higher dose impaired the fishes’
ability to find the target; the fish demonstrated increased anxiety, a possible side effect of
the substance.

Selective Attention

Higgins et al. [55] evaluated the effect of caffeine on Long–Evans (LE) and Cesarean-
derived (CD) rat performance in a selective attention task, the 5-CSRTT. The effects of
caffeine were compared to the selective A2A antagonists, SCH 412348 and KW-6002, and the
A1 antagonist, DPCPX. Caffeine (3–10 mg/kg, i.p.) increased reaction time in both LE and
CD rats, with no effect on accuracy, an effect replicated by SCH 412348 (0.1–1 mg/kg PO)
and KW-6002 (1–3 mg/kg PO), but not DPCPX (3–30 mg/kg PO). The faster response
speed was observed in both the CD and LE rat strains at 3 mg/kg, although increased
premature responses were confined to the LE strain at the 10 mg/kg dose. These results
suggest that the attention-enhancing effects of caffeine were mediated through A2A receptor
blockade. Selective A2A receptor antagonists may therefore have potential as therapies for
attention-related disorders, such as ADHD.
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3.2.2. Hyperactivity and Impulsivity
Locomotor Activity

França et al. [56] tested the effect of caffeine on the hyperlocomotion characteristic of
ADHD by examining locomotor activity. Caffeine consumption (0.3 mg/mL in drinking
water) and physical exercise in running wheels for 6 weeks, either during adolescence
(30 days old) or adulthood (4–5 months old), did not relate to changes in spontaneous
locomotion in SHR, in an open field, during the 5 min habituation phase of the object recog-
nition test. Ruiz-Oliveira et al. [54] studied the effects of caffeine on zebrafish (4 months
old, wild type, both sexes). Low concentrations of caffeine (10 mg/L) affected locomotor
parameters, increasing average speed and decreasing freezing behavior. Interestingly, the
levels of freezing and locomotor behavior were the same for the 50 mg/L caffeine group
and the control group. Nunes et al. [57] evaluated locomotor activity during the late
childhood and the end of adolescence of male and female SHR, using an open field arena
and measuring the total distance travelled in meters along the periphery during 5 min.
Although caffeine (0.3 g/L) did not impact hyperlocomotion during late childhood (PND
28) in either sex, continuous treatment aggravated adolescent female SHR hyperactivity
(PND 50), suggesting that the consumption of caffeine during childhood may aggravate hy-
peractivity in females, but only if the administration persists up to adolescence. Szczepanik
et al. [58] demonstrated that young (3 months old) and middle-aged (8 months old) LDLr
mice display different responses to chronic caffeine treatment in terms of motor activity.
Although caffeine was unable to modify the hyperlocomotion observed in 3 months old
LDLr mice, caffeine attenuated the increased locomotor activity observed in 8 months old
LDLr mice. Pandolfo et al. [51] tested whether chronic treatment with caffeine was able
to counteract the hyperlocomotion characteristic of ADHD in SH, during the open field
test. Chronic treatment with caffeine did not alter central and total locomotion in SHR.
Similarly, Pires et al. [59] showed that chronic treatment with caffeine did not produce
changes in SHR locomotion during the object recognition task sample phase. Interestingly,
Caballero et al. [53] showed that neonatal 6-OHDA lesioned rats, a different ADHD animal
model, demonstrated a non-significant tendency to decrease their motor activity after ad
libitum caffeine consumption throughout the prepubertal period during an Olton maze be-
havioral assay. Higgins et al. [55] conducted two separate types of locomotor activity study.
In a CGS-21680-induced hypolocomotion assay, pretreatment with caffeine (3–30 mg/kg,
i.p.) produced a significant attenuation of the CGS-21680 hypolocomotion at different doses,
of 10 mg/kg and 30 mg/kg, in CD rats. In a second experiment, caffeine (1–30 mg/kg, i.p.)
produced a dose-related increase in locomotion in the animals habituated to the test cham-
bers. Finally, Prediger et al. [60] did not find a direct increase in locomotor performance
in SHR after the administration of acute doses of caffeine (1–10 mg/kg i.p.) when using a
spatial version of the Morris water maze. No alteration was observed in the swimming
speed in this regard.

Impulsive Behavior

Leffa et al. [61] focused on impulsive behavior to clarify the neurobiology of ADHD.
They treated SHRs with caffeine, a non-selective adenosine receptor antagonist, to assess
the modulating effects of the adenosine systems on tolerance to the delay of a reward. The
animals had to choose between a small, but immediate, or a large, but delayed, reward. An
acute pretreatment with caffeine (2 mg/kg or 5 mg/kg) increased number of large-reward
choices. Conversely, chronic treatment with caffeine (2 mg/kg, for 21 days) augmented the
impulsive phenotype and decreased the number of large-reward choices.

3.2.3. Learning and Memory
Non-Associative Learning

Habituation is a form of non-associative learning in which the animal’s innate re-
sponse to a stimulus decreases after prolonged or repeated presentations of this stimulus.
Nunes et al. [57] analyzed habituation during late childhood and the end of adolescence in
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male and female SHRs. The authors observed a sex and age difference in habituation, with
female SHRs showing lack of habituation from childhood onwards, and male SHRs show-
ing a lack of habituation in adolescence. These difficulties observed in female habituation,
however, were overturned by treatment with caffeine (0.3 g/L) during childhood.

Working Memory

The object recognition task is recognized as a working-memory task, relies on the
animal’s natural tendency for novelty, and tests the ability to discriminate between familiar
and unfamiliar objects. França et al. [56] assessed working memory using an adapted
version of the object recognition task, conducted in an open field during three different
phases: habituation, sample and discrimination. Although the study results indicated that
the disruption of the short-term recognition memory persisted into adulthood, the associ-
ation of caffeine (0.3 mg/mL) and exercise during adulthood and adolescence improved
short-term recognition memory in the SHR strain. Nunes et al. [57] also carried out the
novel object recognition test and observed similar recognition memory disturbances in ado-
lescent SHRs of both sexes. Nonetheless, caffeine intake (0.3 g/L) restricted to childhood
restored recognition memory in adolescent SHRs of both sexes. To evaluate the potential
of caffeine in ADHD therapy, Pires et al. [59] treated female WKY rats and SHR with
caffeine (3 mg/kg, i.p.) for 14 consecutive days during the prepubertal period. The animals
were tested during the object recognition test in the course of adulthood. While WKY rats
discriminated between all the used objects, the SHRs were unable to differentiate between
pairs of objects with subtle structural differences. Nonetheless, caffeine or MPD chronic
treatment improved the deficits in object recognition in SHR. Pires et al. [62] showed, for
the first time, the significant impairment of SHRs’ short-term object-recognition ability
in comparison with WKY rats. They further investigated the effects of caffeine (1, 3 or
10 mg/kg), 30 min before the sample phase, on the performance of WKY rats and SHR
of both sexes in the object recognition task. The injection of caffeine (1, 3 or 10 mg/kg,
i.p.) improved the discrimination index of female SHRs, while the highest tested dose of
caffeine (10 mg/kg, i.p.) increased the discrimination index of male SHRs.

Spatial Learning

The water maze task is a behavioral procedure widely used with rodents to study
spatial learning or spatial memory. Prediger et al. [60] used a circular swimming pool to
assess the effect of caffeine administration on spatial learning deficit in SHRs. Adult female
WKY rats and SHRs were treated with caffeine (1–10 mg/kg i.p.) before or immediately after
training, or before the test session. Spatial learning deficit in SHR was improved through
the pre-training administration of caffeine (1–10 mg/kg i.p.). SHR test performance was
not altered by the post-training administration of caffeine (3 mg/kg i.p.), although WKY
rats’ memory retention was increased. Although França et al. [25] observed procedural
memory impairment in adolescent SHRs during a cued version of the water maze, these
normalized in adulthood.

Spatial Short-Term Memory

Given the willingness of rodents to explore new environments, the Y-Maze Test is
widely used for testing the conditions affecting memory and learning. Pandolfo et al. [51]
assessed SHRs’ spatial short-term memory, using a Y-maze paradigm. When compared
with WKY rats, the control group SHRs displayed a spatial learning deficit. Importantly,
treatment with caffeine (2 mg/kg, i.p.) during adolescence improved SHR memory im-
pairment. Nunes et al. [57] evaluated spatial memory in male and female SHRs using
the Y-maze task at PND 53. Female SHRs showed worsened spatial memory. Although
caffeine (0.3 g/L) showed effectiveness against recognition memory deficiency in males
and females, only female SHRs increased the number of entries in the novel arm following
caffeine treatment, from PND 15 to 55, and showed spatial memory recovery.
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3.2.4. Olfactory Discrimination

França et al. [56] assessed the effects of caffeine consumption (0.3 mg/mL) and physical
exercise on running on wheels over 6 weeks, during either adolescence (30 days old) or
adulthood (4–5 months old), by means of SHR during the olfactory discrimination test.
Besides providing the first evidence of deficits in olfactory discrimination in both adolescent
and adult SHRs, the authors showed how caffeine, together with physical exercise, was able
to restore olfactory discrimination ability in these animals during adolescence or adulthood.

3.2.5. Blood Pressure

França et al. [56] measured systolic blood pressure using the tail-cuff method in a
non-invasive manner. For animals treated during adolescence, the systolic arterial pressure
was measured before (basal values) and 14, 28, and 42 days after beginning the treatment,
before the behavioral tests. For the rats subjected to caffeine treatment and physical
exercise during adult life, two measurements were taken, one before the protocols (basal
values) and the other after the last behavioral task. Notably, the hypertensive phenotype
was not significantly altered by caffeine (0.3 mg/mL) or exercise. When applied from
adolescence, caffeine and exercise had no effect on the development of hypertension and at
42 days of treatment (72 days of age), all the SHRs were hypertensive. For adult animals
that were already hypertensive at the beginning of the treatment, no further significant
differences between groups were observed. To investigate whether the SHRs’ cognitive
deficits could be directly associated with hypertension, Pires et al. [59] measured the
effects of chronic caffeine administration (3 mg/kg, i.p.) during the prepubertal period on
the arterial blood pressure of adult female WKY rats and female SHRs. The SHRs were
hypertensive in comparison to the WKY control rats. The chronic administration of caffeine
during the prepubertal period, at the same doses that reversed the cognitive deficits of
adult SHR (3 mg/kg, i.p.), did not cause significant changes in blood pressure values
in adulthood SHR and WKY rats. Again, Pires et al. [62] measured blood pressure after
caffeine treatment to investigate whether the cognitive deficits of SHR could be directly
related with hypertension. Accordingly, the arterial blood pressure (mmHg) of female
WKY rats and female SHRs were measured 30 min after treatment with caffeine (1, 3, or
10 mg/kg, i.p.). As expected, the SHRs were hypertensive in comparison with the WKY
control rats. However, the administration of the same doses of caffeine, which was able to
improve the object discrimination deficits of the SHRs, did not significantly alter the mean
arterial pressure of either the WKY rats or the SHRs. In a similar vein, Prediger et al. [60]
measured the arterial blood pressure (mm Hg) of adult female WKY rats and SHRs 30 min
after the injection of caffeine (1, 3 or 10 mg/kg, i.p.). Although the SHRs presented a
significantly higher mean arterial pressure compared to the WKY control rats, treatment
with caffeine did not significantly alter the mean arterial pressure of either the WKY or
SHR groups. Caffeine was consequently able to improve the spatial learning deficits of the
SHRs without varying their hypertensive state, showing that cognitive impairment in SHR
might not be entirely explained by hypertension.

3.2.6. Body Weight

Pires et al. [59] measured the effects of chronic caffeine treatment during the prepu-
bertal period on the body weight of juvenile and adult female WKY rats and female SHR.
The body weights of the WKY rats and SHRs was were accordingly measured every 2 days
during the treatment (14 days) with caffeine (1, 3, or 10 mg/kg, i.p.). The body weight of the
adult rats also recorded during the performance of the object recognition task. Statistical
comparisons indicated that juvenile rats from the SHR strain presented significantly lower
mean body weight than the juvenile WKY rats. Notably, chronic treatment with caffeine
did not alter the body weight of the evaluated rat strains. During adulthood, similar results
for the body weight of the animals were found. Although significant strain differences
were observed, chronic treatment with caffeine throughout the prepubertal period did not
alter the final body weight of the animals in adulthood (regardless of strain). Likewise,
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Pandolfo et al. (2013) [51] found no weight differences among groups following caffeine
treatment (2 mg/kg, i.p.).

3.2.7. Neurobiology
Brain Levels of Synaptosomal-Associated Protein-25

França et al. [56] evaluated the effects of caffeine consumption (0.3 mg/mL in drink-
ing water) and physical exercise on running wheels by measuring the brain levels of
monoamine, using high-performance liquid chromatography, for 6 weeks. Regarding
prefrontal cortex SNAP-25 levels, a statistical analysis revealed a significant increase in
SNAP-25 levels in the prefrontal cortex in the group submitted to the combination of
caffeine consumption with physical exercise. Regarding hippocampus SNAP-25 levels,
the statistical analysis indicated a significant increase in hippocampal SNAP-25 levels
selectively in animals submitted to the combination of caffeine consumption with physi-
cal exercise.

Brain Levels of Syntaxin

SNAP-25 is a component of the soluble N-ethylmaleimidesensitive factor attachment
protein receptor (SNARE) complex, which is critical in regulating synaptic vesicle fusion
and neurotransmitter release, along with syntaxin 1. Regarding prefrontal cortex syntaxin
levels, a statistical analysis performed by França et al. (2020) [56] revealed a significant
increase in syntaxin levels in the prefrontal cortex selectively in the group submitted to
the combination of caffeine consumption and physical exercise. Regarding hippocampus
syntaxin levels, the statistical analysis indicated a main effect of treatment with a marginal
effect for treatment versus exercise interaction.

Brain Levels of Serotonin

França et al. [56] measured the effects of caffeine consumption and physical exer-
cise throughout adolescence on serotonin (5-hydroxytryptamine, 5-HT) through high-
performance liquid chromatography (HPLC). A statistical analysis performed by the au-
thors showed that the combination of caffeine consumption and physical exercise during
adolescence increased 5-HT levels in the prefrontal cortex of SHRs. Concerning hippocam-
pal 5-HT levels, statistical comparisons showed that caffeine consumption and physical
exercise, alone or in combination, significantly augmented hippocampal 5-HT levels.

Brain Levels of Dopamine

França et al. [56] evaluated dopamine levels in the prefrontal cortex, hippocampus,
and striatum by using HPLC. Dopamine levels were not detectable in the hippocampus. Al-
though a significant effect of treatment was observed in the prefrontal cortex, no significant
effects were observed for exercise or their interaction. Statistical comparisons indicated no
significant differences between groups in the levels of dopamine in the prefrontal cortex.
Notably, the statistical analysis revealed significant effects of treatment, exercise, and their
interaction on striatal dopamine levels. Subsequent statistical comparisons showed that
caffeine intake and physical exercise, alone or in combination, significantly augmented
striatal dopamine levels.

Dopamine Transporter Density

Pandolfo et al. [51] examined if the cognitive and attentional deficits of SHR and their
attenuation by caffeine treatment were associated with alterations in the density of DAT
in frontocortical and striatal terminals. The number of animals analyzed was four in the
WKY control group, four in the WKY caffeine-treated group, three in the SHR control
group, and four in the SHR caffeine-treated group. Statistical analysis showed a significant
effect of the interaction between strain and treatment in the density of DAT in striatal and
frontocortical synaptosomes. Consequently, DAT density was increased in both SHR brain
areas of SHR and, significantly, caffeine treatment (2 mg/kg) during adolescence attenuated
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this enhanced DAT density in both brain areas of the SHRs, while caffeine treatment had
no effect on the WKY rats.

Dopamine Uptake

Pandolfo et al. [51] tested whether a higher frontocortical density of DAT in SHR was
complemented by an augmented uptake of dopamine. The authors directly measured
dopamine uptake by synaptosomes. The number of animals was four per group. Both
frontocortical and striatal synaptosomes from the SHRs took up almost the double amount
of (3H) dopamine during the 3 min incubation period than the synaptosomes from the WYK
rats. Remarkably, chronic treatment with caffeine (2 mg/kg, i.p.) significantly reduced the
dopamine uptake by synaptosomes from both brain areas in the SHRs when compared to
vehicle-treated SHRs, while caffeine had no effect on the WKY rats.

AdenosineA2A Receptor Density

The effects of chronic caffeine intake are generally attributed to the antagonism of
A2AR. Consequently, Pandolfo et al. [51] compared the density of A2AR in striatal and
frontocortical terminals from SHR or WKY rats treated with caffeine or saline. The number
of animals analyzed was four in the WKY control group, three in the WKY caffeine-treated
group, four in the SHR control group, and four in the SHR caffeine-treated group. Statistical
analysis indicated a significant effect of the interaction between strain and treatment on
A2AR density both in the striatum and in the frontal cortex. Notably, fronto-cortical nerve
terminals in the SHRs displayed more colocalization between A2AR and synaptophysin
immunoreactivities than in the WKY rats. This provided the first direct demonstration of
the presence of A2AR in fronto-cortical nerve terminals, and the first indication that A2AR
density is improved in SHRs.

Colocalization of Dopamine Transporter and Adenosine A2A Receptors

Chronic treatment with caffeine is proposed to operate through A2AR and was shown
to affect DAT density and function. Pandolfo et al. [51] proved the colocalization of A2AR
and DAT in striatal and frontocortical nerve terminals. The number of animals analyzed
was three in the WKY control group, four in the WKY caffeine-treated group, three in the
SHR control group and three in the SHR caffeine-treated group. In the striatum, statistical
analysis revealed a significant effect of strain on the colocalization of A2AR and DAT
immunoreactivities, and a subsequent comparison exhibited that nerve terminals from
vehicle-treated SHR displayed a significantly lower colocalization of A2AR and DAT in
comparison with vehicle-treated WKY. In the frontal cortex, a statistical analysis revealed
no significant effect of strain or treatment on the colocalization between A2AR and DAT.

Brain-Derived Neurotrophic Factor

Nunes et al. [57] examined the effects of caffeine (0.3 g/L) administered from child-
hood onwards in the BDNF and its related proteins in both sexes of SHR rats. BDNF and
its related proteins were therefore evaluated in the hippocampus of WKYs and SHRs of
both sexes at PND 55. A statistical analysis revealed a significant effect of strain on BDNF
levels, while the precursor form (proBDNF) remained unaltered. The TrkB receptor full
length (TrkB-FL), phospho-TrkB, and truncated-form TrkB receptors were immunodetected
in the hippocampuses of the WKYs and SHRs of both sexes. A statistical analysis revealed
a significant effect of strain on the truncated form and also on phospho-TrkB. Furthermore,
the transcription factor CREB was not altered either by strain or sex, although its phospho-
rylated form (phospho-CREB) was increased in the SHR hippocampus from both sexes.
Finally, Nunes et al. [57] evaluated the impact of caffeine only on the BDNF levels and
TrkB receptors (TrkB-FL, phospho-TrkB, and TrkB-T). Caffeine administered from PND
15 up to PND 55 (caff/caff) reduced the BDNF levels in the hippocampuses of SHR male
rats, whereas the BDNF levels were unaltered in the SHR female rats in both schedules of
treatment. In the male rats, caffeine in both schedules of treatment did not change either

75



Nutrients 2022, 14, 739

TrkB-FL or TrkB-T levels, whereas female SHRs showed reduced TrkB-FL and TrkB-T forms
as a consequence of caffeine treatment. Neither the increased phospho-TrkB nor the CREB
were modified in the hippocampuses of the SHRs following caffeine treatment.

Neuronal Development In Vitro

Alves et al. [63] investigated caffeine’s in vitro effects at the neuronal level. At first,
SHR and WKY rats’ cultured frontal cortical neurons were immunostained for MAP-2 dur-
ing in vitro development. Later on, somatodendritic analyses were performed, measuring
branch point number, root number, and maximal and total neurite length. Neurons from
the SHRs displayed fewer differentiation patterns, including neurite branching, shorter
maximal neurite length, and decreased axonal outgrowth. Following a 24 h period of
caffeine incubation (30 μM), the SHR neurons showed an inferior percentage of zero branch
points, and a superior percentage of two branch points. A trend toward a superior per-
centage of one-branch-point-neurons was observed for SHR neurons following treatment
with caffeine. Caffeine also promoted a rise in the total and maximal neurite length in
neurons from both strains. PKA or PI3K inhibitor were subsequently used to study whether
one of the transducing systems activated by adenosine receptors, and in the neuronal
differentiation, are responsible for the effects produced by caffeine. PKA inhibitor KT5720
(5 μM) did not change caffeine’s ability to augment the percentage of SHR neurons with
more branch points. Caffeine’s effect on the recovery of the total neurite length of the SHR
neurons was obstructed by PKA inhibitor. Comparable results were seen for maximal
neurite length, in which PKA inhibitor completely decreased caffeine’s effects. Finally,
LY294002 (50 μM) was used as an inhibitor of PI3K and its presence blocked caffeine’s effect
on the increase in the number of branch points in SHR neurons. Furthermore, caffeine’s
effect on the prevention of reductions in the total neurite length were eliminated in the
presence of PI3K inhibitor. Similar results were found for the maximal neurite length. The
number of roots was also reduced by PI3K inhibitor in SHR neurons.

4. Discussion

ADHD is characterized by symptoms including attention deficits, impulsivity, and
hyperactivity [3,4] that frequently persist throughout life [1,2,6]. Prefrontal cortex func-
tion modulation and attentional/behavioral regulation depends on the optimal release
of signalling molecules such as NE, DA [24,25], as well as 5-HT, GLU, or ACh [26–28].
In this respect, genes, including the DAT or the DRD4 [31,32] or the SERT, the SNAP-25,
and the BDNF [29,30], might play a role in causing ADHD. Therefore, agents that can
lead to the optimal balance of these organic compounds are hypothetically beneficial in
patients with ADHD by mainly returning prefrontal activity to adequate functional lev-
els [18,33]. In this sense, it has long been discussed whether caffeine could become an
effective pharmacological compound for the management of symptoms of ADHD [64,65].

This systematic review analyzed 13 animal studies that investigated the effects of
caffeine on the modulation of ADHD-like symptoms. Overall, the reviewed results show
that caffeine treatment increases attention and improves learning, memory, and olfactory
discrimination without altering blood pressure and body weight.

Regarding attention, caffeine treatment improved the attentional and behavioral
flexibility of SHRs [51], the spatial attention of 6-OHDA lesioned rats [53], and SI in ICR
mice [52] during adolescence. Caffeine treatment improved the reaction time of LE and CD
rats [55] and focus and attention in zebrafish [54] during adulthood.

Regarding learning and memory, caffeine treatment plus physical exercise during
adulthood and adolescence improved working memory in SHRs [56]. In the same vein,
caffeine treatment alone restored non-associative learning in female SHRs [57], improved
working memory in SHRs [59], female SHRs [62], and adolescent SHRs [57]. The adminis-
tration of caffeine improved spatial learning deficit in SHRs, increased memory retention
in WKY rats [60], and improved spatial short-term memory in SHRs [51] and female
SHRs [57].
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Concerning olfactory discrimination, caffeine treatment, together with physical ex-
ercise, was able to restore olfactory discrimination in SHRs during adolescence or adult-
hood [56]. Concerning blood pressure, caffeine treatment did not alter the hypertensive
phenotype in SHR [60,62] during adolescence or adult life [56], nor during the adult female
SHR prepubertal period [59]. Finally, caffeine treatment did not alter body weight in
SHRs [51,59].

If we are ever to acquire a truly in-depth understanding of ADHD pharmacotherapy,
we need to face the following question: Does caffeine deserve a place in the battery of
pharmacological agents for ADHD treatment, particularly during adolescence? Although
previous meta-analyses [64] and reviews [65] were unable to provide any recommenda-
tions for adolescents diagnosed with ADHD, due to a lack of data, our reviewed results
provide updated preclinical evidence and support the therapeutic potential of caffeine
to improve attention, learning, memory, or olfactory discrimination in ADHD, especially
during adolescence.

Beyond its clear effects on improving performance in tasks requiring attention, learn-
ing, memory and olfactory discrimination, without altering blood pressure and body
weight, the implication of caffeine in modulating ADHD-like hyperactivity symptoms
remains controversial. Indeed, caffeine treatment plus physical exercise did not affect
locomotor activity in SHRs [56]. In a similar manner, caffeine treatment alone did not alter
locomotion in SHR [51,59,60], preadolescent SHR [57], or young LDLr mice [58]. Nonethe-
less, caffeine treatment did increase locomotor activity in adolescent female SHRs [57],
zebrafish [54]. Furthermore, it produced an increase related to dose in locomotion in CD
rats and a significant attenuation of CGS-21680-induced hypolocomotion in CD rats [55],
and it attenuated locomotor activity in middle-aged LDLr mice [58] and 6-OHDA lesioned
rats throughout the prepubertal period [53]. This apparent discrepancy may have resulted
from caffeine ‘s promotion of different effects according to age and sex. In this regard,
Nunes et al. [57] suggested that the intake of caffeine from the childhood period onwards
may aggravate hyperactivity in females, if the consumption continues up to the adolescence
period. Szczepanik et al. [58] linked the age-dependent effect induced by caffeine with the
idea that the blockade of adenosine A1/A2A receptors attempts to renormalize a potentially
maladaptive system [66], with age an important escalating factor in mice. In a different
study, Ruiz-Oliveira et al. [54] proposed that caffeine-induced bursts of locomotion may be
caused by a decrease in fatigue [67] rather than by an anxiogenic response. Importantly, the
attenuation of motor activity by caffeine consumption was determined as a natural effect
of growth rather than an effect of caffeine intake by Caballero et al. [53].

In terms of impulsivity, although acute pretreatment with caffeine increased the
number of large-reward choices made by SHRs, chronic treatment with caffeine increased
the impulsive phenotype and decreased choices of large rewards by SHRs [61]. This
discrepancy may be explained by previous studies performed on animal models of brain
diseases, showing that while acute treatment acts mainly on A1 receptors, chronic treatment
acts mainly on A2A receptors [68]. Leffa et al. [61], in this direction, underscored the ability
of the adenosine modulation system to control behavioral inhibition.

Besides reviewing animal studies deciphering the effects of caffeine in the modula-
tion of ADHD-like symptoms, we reviewed for the first time animal studies examining
the effects of caffeine and adenosine receptors on neurons isolated from SHRs, at the
neuronal level.

In this respect, treatment with caffeine and physical exercise during the adolescence
period augmented the quantity of SNAP-25, syntaxin, and serotonin in the prefrontal
cortex and the hippocampus, as well as striatal dopamine quantity, in SHRs [56]. In a
similar manner, caffeine treatment alone during the adolescence period attenuated the
improvement in DAT density in the fronto-cortical and striatal terminals of SHRs and
diminished the dopamine uptake by synaptosomes from SHRs’ fronto-cortical and striatal
terminals [51]. Furthermore, Pandolfo et al. [51] demonstrated that fronto-cortical nerve
terminals are provided with AdenosineA2A receptor, the target of chronic caffeine exposure,
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whose density was found to be increased in SHRs. Caffeine treatment normalized BDNF
levels in the hippocampuses of SHR males, while the same treatment normalized TrkB
receptors TrkB-FL and TrkB-T SHR in the hippocampuses of SHR females [57]. Finally,
neurons from SHRs showed an inferior number of zero-branch points, and a superior
number of two-branch-points-neurons following in vitro caffeine treatment consisting of
24 h of caffeine incubation. After treatment with caffeine, an increase in the total and
maximal neurite length and a tendency toward a superior number of one-branch-point
neurons was also observed for SHR neurons. The effect of caffeine on increasing maximal
neurite length, and on recuperating the entire neurite length of neurons from SHR, was
entirely blocked by PKA inhibitor. LY294002, as an inhibitor of PI3K, blocked caffeine’s
effects on the increase in the amount of branch points in SHR neurons. Finally, the effect
of caffeine on the prevention of reductions in the total neurite length, increasing maximal
neurite length, and the number of roots was eradicated by the presence of PI3K inhibitor in
SHR neurons [63].

5. Conclusions

Overall, our reviewed data suggest that caffeine is a possible adjuvant pharmacological
strategy for the treatment of ADHD. The compiled preclinical data support the notion that
caffeine improves ADHD-like symptoms of inattention and its related learning and memory
impairments without affecting blood pressure and body weight. Our results are supported
at the neuronal/molecular level, and strengthen the hypothesis that the cognitive effects
of caffeine found in animal models of ADHD could be translated to humans diagnosed
with the disorder, particularly during adolescence. Nonetheless, caution is needed when
extrapolating potential effects identified in animal studies to human patients. In this
work, studies that explored caffeine’s effects on locomotor activity and impulsivity were
contradictory, raising discrepancies that require further clarification. Although we consider
that the reviewed results in this manuscript can potentially impact the scientific, pre-clinical,
and clinical community and expand our knowledge regarding ADHD, more studies should
be performed to validate our present knowledge while offering prospective clues to support
caffeine as a therapeutic approach for the treatment of ADHD.
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Abstract: Anxiety disorders are the most common group of mental disorders. There is mounting
evidence demonstrating the importance of nutrition in the development and progression of mental
disorders such as depression; however, less is known about the role of nutrition in anxiety disorders.
This scoping review sought to systematically map the existing literature on anxiety disorders and
nutrition in order to identify associations between dietary factors and anxiety symptoms or disorder
prevalence as well as identify gaps and opportunities for further research. The review followed estab-
lished methodological approaches for scoping reviews. Due to the large volume of results, an online
program (Abstrackr) with artificial intelligence features was used. Studies reporting an association
between a dietary constituent and anxiety symptoms or disorders were counted and presented in
figures. A total of 55,914 unique results were identified. After a full-text review, 1541 articles met
criteria for inclusion. Analysis revealed an association between less anxiety and more fruits and
vegetables, omega-3 fatty acids, “healthy” dietary patterns, caloric restriction, breakfast consumption,
ketogenic diet, broad-spectrum micronutrient supplementation, zinc, magnesium and selenium,
probiotics, and a range of phytochemicals. Analysis revealed an association between higher levels of
anxiety and high-fat diet, inadequate tryptophan and dietary protein, high intake of sugar and refined
carbohydrates, and “unhealthy” dietary patterns. Results are limited by a large percentage of animal
and observational studies. Only 10% of intervention studies involved participants with anxiety
disorders, limiting the applicability of the findings. High quality intervention studies involving
participants with anxiety disorders are warranted.

Keywords: nutrition; diet; food; anxiety; mental health; psychiatry; nutritional science; dietetics

1. Introduction

The term anxiety describes the experience of worry, apprehension, or nervousness in
association with physical, cognitive, and behavioral symptoms. Anxiety may be experi-
enced occasionally as part of normal life and may be adaptive if it increases preparedness
for novel situations. If anxiety symptoms are persistent, excessive, or interfere with func-
tioning, they can become pathological [1].

Several anxiety disorders have been defined. Generalized anxiety disorder involves
excessive worry in multiple domains and associated physical symptoms that are present for
at least six months leading to clinically significant distress or impairment in functioning [1].
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Panic disorder is characterized by unexpected and recurrent panic attacks and at least one
month of persistent worry about having a subsequent panic attack or significant behavior
changes related to the attack [2]. Agoraphobia involves feelings of intense fear of situations
or spaces where escape may be difficult or help may not be available in the event or panic
or other incapacitating symptoms [3]. Social anxiety disorder involves marked anxiety and
fear of a social situation where an individual is exposed to possible scrutiny by others [4].
Specific phobia is an excessive fear of specific object or situation [5].

Anxiety disorders exert a significant burden at both an individual and societal level.
Individuals with anxiety disorders report a high degree of psychological distress, sig-
nificant disability [6] and a reduction in quality of life [7]. The presence of an anxiety
disorder is associated with higher use of both primary care, emergency room visits, and
specialist healthcare services [8]. These disorders are also highly prevalent. The national
comorbidities study established the lifetime prevalence of any anxiety disorder at 31.2%,
the highest of any category of psychiatric illnesses [9].

The treatment approaches most frequently used in the management of anxiety disor-
ders are psychotherapy and psychopharmacology [10]. While many patients find these
therapies beneficial, a significant number of individuals report that these treatment options
are not accessible, tolerable, or effective in providing adequate relief of anxiety symp-
toms [11]. For these reasons, there is interest in the evaluation of adjunctive or alternative
therapeutic approaches.

Nutritional psychiatry is an emerging field of study related to the use of nutritional
interventions in the prevention and treatment of mental health disorders. Despite increas-
ing evidence of beneficial effects, nutritional recommendations are provided to psychiatric
patients infrequently in clinical practice. Recently, high quality intervention studies have
demonstrated an antidepressant effect of nutritional interventions [12,13]. However, the
amount of research on anxiety disorders lags behind that of mood disorders [14,15]. There
is a clear lack of studies delivering diet counselling, education, or food as an intervention to
individuals with diagnosed anxiety disorders as well as systematic synthesis of the existing
literature on the relationship between dietary factors and anxiety symptoms or disorders.
The objective of the present review was to systematically map out the body of existing
literature on anxiety symptoms/disorders and nutrition in order to identify nutritional
factors associated with higher or lower levels of anxiety and to identify knowledge gaps
and opportunities for further research.

2. Materials and Methods

The review followed established methodological approaches for scoping reviews using
the framework presented by Arskey and O’Malley for the conduct of scoping reviews [16].
Scoping reviews aim to identify and describe the breadth of literature on a topic when it is
either highly complex, involves a broad array of study designs, or when a comprehensive
review is being completed for the first time; all of these factors apply to the present review.
Scoping reviews aim to map key concepts in a field of study and the available types
of evidence. The review is completed in a way that is systematic, highly rigorous, and
transparent in order to minimize bias. The protocol used in the present study was adapted
from a similar project completed by the authors on the topic of diet and psychosis [17].

An extensive a priori search strategy was developed and executed with the guidance of
an experienced medical librarian. Using the Ovid platform, we searched Ovid MEDLINE®,
including Epub Ahead of Print, In-Process & Other Non-Indexed Citations, and Embase
Classic + Embase. We used controlled vocabulary (e.g., “Anxiety Disorders”, “Nutritional
Physiological Phenomena”, “Food”) and keywords (e.g., anxiety, nutrition, diet). We
adjusted vocabulary and syntax as necessary across the databases. There were no language
or date restrictions on any of the searches, but we removed opinion pieces (e.g., editorials)
from the results. We performed the searches on 25 March 2020. The full search, as executed,
is available in Supplemental File S1.
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Screening of abstracts and titles was completed using the online open-source program
Abstrackr [18] which allowed for concurrent and blind duplicate screening as well as
tagging by dietary constituent. Manual screening was completed until the program’s
artificial intelligence predicted the presence of additional relevant studies as unlikely.
Previous testing of this program has demonstrated that the likelihood of missing relevant
studies is very low [18–20]. As an extra precaution, once screening had reached the point
where Abstrackr’s prediction score reported ‘zero additional studies likely to be relevant’,
and no studies were being identified as being relevant, an additional 100 articles were
screened in each section before screening was stopped. Screening of abstracts and titles
was completed in duplicate. Disagreement was resolved by consensus.

Studies were eligible for inclusion if they involved the evaluation of changes in the
level of anxiety symptoms or the presence/absence of anxiety disorders in humans or
animal models as well as assessing or modifying a component of participant diet. This
included assessment or modification of dietary patterns, individual foods, supplements, or
natural health products that provide an active constituent naturally occurring in the general
North American diet. Studies were ineligible if they assessed or administered herbal
medicines (apart from those used for culinary purposes in the general North American
diet) or constituents which are not typically found in significant quantities in the human
diet (i.e., St. John’s Wort, GABA, or S-adenosylmethionine) or if they assessed levels of
endogenously produced dietary components (i.e., cholesterol, vitamin D, or non-essential
amino acids) in the absence of supplementation or measurement of intake. Eligible study
designs included human observational and experimental studies, animal studies, and meta-
analyses. Studies were excluded if they assessed the impact of maternal diet on offspring
anxiety levels. Review articles, opinion papers, letters, and systematic reviews (without
meta-analysis) were excluded, as were non-English language papers or inaccessible papers
in cases where the abstract contained insufficient information for data extraction.

Full text screening was completed concurrently with data extraction. Data extraction
was completed using piloted extraction templates developed for a similar scoping review
conducted by the study authors and double checked by MA for accuracy [17]. Analysis
was completed by sorting the studies with common interventions and methodology types
and counting the number of studies reporting an association with increased or decreased
anxiety symptoms/disorders, or no association. These data were used to create figures that
communicate an overview of the evidence on each topic. Studies reporting a statistically
significant improvement in at least one subpopulation or measure of anxiety symptomatol-
ogy were categorized as “associated with decreased anxiety”. Studies reporting an increase
in anxiety symptoms or prevalence in at least one subpopulation or measure of anxiety
symptomatology were categorized as “associated with increased anxiety”. Studies that
reported no significant change in anxiety symptoms or prevalence were categorized as “no
association with anxiety”. A small number of studies which reported mixed findings such
as a combination of increased and decreased anxiety symptoms were not included in the
figures. In order to allow concise display and the comparison of all studies, the number
of studies reporting an association between improved symptoms with higher intake of a
nutrient were combined with studies reporting and association between worse symptoms
with lower intake of the nutrient. Counts are depicted in figures. The figures are oriented
so that they report the relationship between higher intake of the diet constituent with
anxiety. Within each section, a narrative summary was completed to highlight trends,
gaps, and areas that warrant further study. When available, narrative summaries also
reported on proposed mechanisms and safety. Finally, we created a list of dietary factors
that, based on the review findings, may to be associated with less anxiety and more anxiety
symptoms/disorders. This process of categorization was done based on the following
criteria related to the volume and consistency of evidence. Dietary factors were included
in these two categories when there were at least five studies reporting on the relationship
with anxiety, and the majority of the data points (>60%) showed a consistent association.
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These criteria were developed post hoc as the volume, and consistency of the evidence was
unknown at the time of protocol development.

3. Results

3.1. Search Results

The search identified 55,914 unique results that were screened in two phases: by
title/abstract and by full text. The study authors manually screened 13,286 results while
Abstrackr’s artificial intelligence screened the remaining results. Following title and
abstract screening, 2213 articles were included.

Seventeen articles could not be retrieved in full text. During full text screening, an
additional 655 studies were excluded (Supplemental File S2). 1541 studies were included
in the final data analysis (Figure 1, Supplemental File S3).

Figure 1. PRISMA flow diagram. AI: artificial intelligence.

3.2. Study Characteristics

More than half of the studies in our analysis were conducted using animal models
(n = 859) (Figure 2). The animal studies were primarily conducted in rodents (97%) with
the remaining 3% of studies conducted in zebrafish, pigs, lemurs, monkeys, cats, horses,
and tilapia.
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Figure 2. Distribution of included studies by methodology (count, percent).

The observational studies included 14 case reports; in 11 reports, subjects had anx-
iety disorders or elevated anxiety symptoms at baseline (Figure 3). In total, the reports
described 44 individual cases. An additional 255 publications described cross-sectional,
prospective, or retrospective observational studies. One meta-analysis of observational
studies was conducted [21]. Of the observational studies, 88% were cross-sectional in
design and 13 studies (5%) specifically included individuals with anxiety disorders or
elevated anxiety symptoms. Nutrient intake was assessed in 201 studies while nutrient
levels, in various body tissues, were measured in 40 studies. Sample size varied widely,
from 14 to 296,121 participants (Mean: 6315.7, SD: 28,423.9).

 

Figure 3. Types of observational studies (count, percent).

Regarding experimental studies, 395 met criteria for inclusion as well as an addi-
tional 18 meta-analyses of experimental studies. Of the individual studies, the number of
participants ranged from 3 to 2730 (Mean: 99.3, SD: 198.3). Of the 395 trials, 335 (85%) in-
cluded a comparison arm, 312 (79%) utilized randomization, and 23 (61%) utilized blinding.
Thirty-nine trials (10%) included participants with anxiety disorders or elevated anxiety
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symptoms. An additional 57 trials assessed anxiety in participants with other psychi-
atric illnesses while the remaining studies included participants with medical illnesses or
healthy participants (Figure 4). Excluding the studies that assessed the immediate impact
of food on anxiety symptoms (n = 72), the average duration of the experimental studies was
15.8 weeks (SD: 18.3 weeks). Most of the studies (n = 331) provided the dietary intervention
without co-interventions. An exercise co-intervention was delivered in 32 studies, while
20 included a psychosocial component and ten co-administered a medication. Sixty-nine
percent of experimental studies identified a primary outcome related to mental health.

 

Figure 4. Participant populations in human experimental studies (count, percent).

3.3. Dietary Patterns

Many studies were identified that assessed the impact of dietary patterns on anxiety
symptoms severity or anxiety disorder prevalence including both animal models (n = 101)
and human studies with observational (n = 102) and experimental (n = 84) designs. Dietary
pattern studies evaluated the impact of combinations of foods or patterns of eating. Studies
looked at both the types of foods that were consumed (Figure 5) and the quantity and
timing of food consumption (Figure 6). Because studies may have defined specific dietary
patterns differently, it is noted that significant heterogeneity exists within each category. In
general, “Healthy” diet patterns were described as diets aligned with generally accepted
principles of healthy eating. Many involved the calculation of a healthy eating score or
index and were defined by higher intake of vegetables, fruit, whole grains, fish, legumes,
and unprocessed meat. Diets or dietary patterns defined as “Unhealthy” or “Western”
generally included higher intake of processed foods, sugar and sweetened foods, soft
drinks, fried foods, processed meats, “junk food”, and “fast food”. In the animal studies,
the “Western” or “Cafeteria” diet included a combination of high fat and high carbohydrate,
in particular, high saturated fat and high refined carbohydrates. In many cases, the diet
was designed to be highly palatable and to induce obesity [22,23].
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Figure 5. Studies assessing the composition of dietary patterns. � Higher intake or levels associated with decreased anxiety.
� No association between intake or levels and anxiety. � Higher intake or levels associated with increased anxiety.

Figure 6. Studies assessing the amount of food consumed or timing of eating. � Higher intake or
levels associated with decreased anxiety. � No association between intake or levels and anxiety.
� Higher intake or levels associated with increased anxiety.

The animal studies reported a mixture of anxiogenic and anxiolytic effects follow-
ing administration of the “unhealthy”, “cafeteria”, or “Western” style eating patterns.
Predominantly anxiolytic effects were seen following caloric restriction and fasting.

Observational studies showed an association between lower anxiety symptom severity
or disorder prevalence and “healthy” diet patterns, the Mediterranean diet, traditional
diets, the vegetarian diet, consumption of breakfast, anti-inflammatory diet patterns, and
increased diet variety. Higher anxiety symptom severity or disorder prevalence was associ-
ated with “unhealthy” diet patterns, caloric restriction, and snacking. It is noted that among
the observational studies assessing the relationship between vegetarianism and anxiety
symptoms, two of the three studies that reported an increase in anxiety were prospective
in design while all of the studies reporting an association between the diet pattern and less
anxiety were cross-sectional in design. Two case reports described improvement in anxiety
symptom severity following multimodal interventions with a dietary component. One
involved the elimination of “inflammatory foods” in combination with exercise and psy-
chological treatment [24]. The other delivered a vegan diet in combination with fruit and
vegetable juice, nutritional supplements, exercise and stress management techniques [25].

Of the experimental studies delivering an intervention that promoted healthy eat-
ing behaviors, twenty reported a reduction in anxiety symptoms while sixteen did not
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observe a significant effect. Only two of these trials recruited individuals with anxiety
disorders [26,27]; the remaining studies recruited individuals with medical illnesses or
healthy participants. One randomized controlled trial enrolled participants with moderate
to severe anxiety disorders and assessed the impact of dietary counselling, in combination
with a multivitamin and a herbal remedy, compared to a psychosocial intervention, and re-
ported a significant improvement in anxiety symptoms with the combination intervention
as compared to the psychosocial intervention [26]. Another study randomized individuals
with anxiety and/or depressive disorders to either dietician consultations or an attention
control intervention; significant improvement was seen in both treatment groups [27]. Nine
of thirteen studies promoting caloric restriction reported an improvement in anxiety symp-
toms. While one of the studies recruited participants with elevated anxiety symptoms [28],
all involved overweight and obese participants. A meta-analysis of studies delivering
caloric restriction to adults with obesity did not find a significant reduction in anxiety
symptoms [29] while a meta-analysis on the same topic that included child and adolescent
populations did report a reduction in anxiety [30].

3.4. Carbohydrates

One trend that was observed among the carbohydrate studies was a relationship
between higher intake of simple or refined carbohydrates, higher glycemic index diet, or
sugar intake, and higher levels of anxiety (Figure 7). This association was reported by
several animal and observational studies. Similarly, 75% of the 12 animal studies and the
only human experimental trial assessing the impact of artificial sweeteners (aspartame,
saccharin, and sorbitol) reported an increase in anxiety symptoms. One observational
study reported on the relationship between fiber and anxiety; at long term follow up two to
three years after completing a program aimed at increasing fiber intake, 14 irritable bowel
syndrome patients reported lower anxiety symptoms [31].

Figure 7. Studies assessing dietary carbohydrates and anxiety. � Higher intake or levels associated with decreased anxiety.
� No association between intake or levels and anxiety. � Higher intake or levels associated with increased anxiety.

Very limited research has been undertaken in the form of human experimental studies
that sought to reduce carbohydrate intake (n = 4); none included participants with anxiety
disorders. Of four studies, one study involving obese or overweight participants reported
an improvement in anxiety symptoms following a low carbohydrate diet. Eight studies
evaluated the effect of consuming sweetened drinks on anxiety in humans. These studies
administered carbohydrate-rich drinks to patients undergoing surgical procedures and
measured the immediate effects on anxiety symptom severity, often in comparison with
pre-operative fasting. The findings of these studies were mixed.
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3.5. Protein

Limited research has investigated the effects of different levels of dietary protein
on anxiety symptom severity or disorder prevalence (Figure 8). Two thirds of the 12 ani-
mal studies assessing the impact of protein malnutrition reported a worsening of anxiety
symptoms. Four human experimental studies delivered a high protein diet; three studies,
involving participants without anxiety disorders, reported no effect on anxiety symptom
severity. One experimental study involving three participants with elevated anxiety symp-
toms reported improvement following a high protein, low carbohydrate diet [32]. A very
small amount of research has been completed comparing plant and animal sources of pro-
tein. One observational study reported a benefit with higher intake of animal protein [33],
the other reported no difference [34]. The food additive monosodium glutamate (MSG), a
modified amino acid, was associated with increased levels of anxiety in animal models.

 

Figure 8. Studies assessing protein and anxiety. � Higher intake or levels associated with decreased anxiety. � No
association between intake or levels and anxiety. � Higher intake or levels associated with increased anxiety.

There was an association between higher anxiety symptoms and tryptophan depletion,
among human experimental studies. Supplementation of tryptophan resulted in decreased
anxiety symptoms in both animal and experimental studies. Of the studies assessing the ef-
fect of tryptophan depletion, 10 involved individuals with anxiety disorders; five reported
no effect while five reported a worsening of anxiety symptoms. Of the studies adminis-
tering a tryptophan supplement, two involved individuals with anxiety disorders [35,36];
both studies reported improvement.

3.6. Fats

Compared with other categories of nutrients, a large number of animal studies have
investigated the effects of increased intake of fat on rodent models of anxiety (Figure 9).
Many animal studies (n = 39) have reported an anxiogenic effect of a high fat diet. A
smaller number have reported a similar effect from diets high in cholesterol (n = 5) and
trans fats (n = 6). A large number of animal studies have reported anxiolytic effects of
omega-3 fatty acids (n = 35), Docosahexaenoic acid (n = 9), Eicosapentaenoic acid (n = 3),
and alpha-linolenic acid (n = 4). Human observational studies reported an association
between higher intake of omega-3 fatty acids and lower levels of anxiety.
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Figure 9. Studies assessing dietary fats and anxiety. � Higher intake or levels associated with decreased anxiety. � No
association between intake or levels and anxiety. � Higher intake or levels associated with increased anxiety.

Twenty-two human experimental studies have measured changes in anxiety symp-
toms following supplementation with omega-3 fatty acids. Eleven studies reported an
improvement in anxiety symptoms, the remaining studies were equivocal. Two of three
meta-analyses of trials delivering omega-3 fatty acid supplements reported benefit to
anxiety symptoms [37–39]. While nine of the experimental studies included participants
with psychiatric disorders such as eating disorders, substance use disorders and ADHD,
only one trial involved participants with anxiety disorders [40]. In this trial, researchers
provided polyunsaturated fatty acids (omega-3 and omega-6) to 126 sufferers of test anxiety
and reported an improvement in symptom severity after three weeks.

3.7. Vitamins

A large number of animal studies (n = 56) have investigated the effects of vitamins B,
C, D, E, choline, and folic acid and reported primarily anxiolytic effects (Figure 10). Among
the human observational studies, the majority of studies assessing vitamin C, vitamin E,
and broad-spectrum micronutrients reported an association with less anxiety symptoms
while the majority of the studies assessing levels or intake of B vitamins and folic acid
reported no association with anxiety symptom severity. Additionally, five case reports
reported improvement in anxiety symptoms following broad-spectrum micronutrient sup-
plementation.

 
Figure 10. Studies assessing vitamins and anxiety. � Higher intake or levels associated with decreased anxiety. � No
association between intake or levels and anxiety. � Higher intake or levels associated with increased anxiety.

Among the human experimental studies, several studies reported improved anxiety
symptoms following supplementation of vitamin C (n = 3) and broad-spectrum micronu-
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trients (n = 12); mixed findings were reported by studies assessing vitamin D, B vitamins,
and folic acid. Two human experimental studies involved participants with anxiety disor-
ders. These trials delivered vitamin D [41] and two different broad-spectrum vitamin and
micronutrient formulas [42], one assessed at a low and high dose. Both studies reported a
reduction in anxiety symptoms.

A number of studies were identified that delivered combination natural health prod-
ucts to human (n = 22) or animal (n = 11) participants. The formulas included combinations
of vitamins (typically two or three) or combinations of fatty acids, vitamins, minerals,
probiotics, and amino acids. Among the human studies, 16 of 22 reported a significant
improvement in anxiety symptoms. Among the animal studies, eight of 11 reported a
significant improvement. The remaining studies reported no change. Two human trials
involved participant with anxiety disorders or elevated anxiety symptoms. One included
individuals with GAD [43], one included individuals with high trait anxiety levels [44].
The former delivered a combination of three vitamins (A, C, and E) and reported an im-
provement. The latter delivered a combination of probiotics, B vitamins and proteins and
did not find a reduction in anxiety symptoms; however, other self-reported and biological
markers of stress improved.

3.8. Minerals

The minerals that were assessed for an impact on anxiety symptoms in animal models
most frequently are zinc, magnesium, manganese, and selenium (Figure 11). The animal
studies reported a largely consistent anti-anxiety effect from supplementing these nutrients.
The observational studies assessing tissue levels of magnesium most frequently reported
no association with anxiety levels or anxiety disorder prevalence. Observational studies
assessing tissue levels of zinc reported a combination of protective effects and no association
while the observational studies assessing selenium primarily reported an association
between higher intake and lower symptom severity. A small number of observational
studies reported an association between higher copper or sodium and increased anxiety
symptoms or disorder prevalence.

 

Figure 11. Studies assessing minerals and anxiety. � Higher intake or levels associated with decreased anxiety. � No
association between intake or levels and anxiety. � Higher intake or levels associated with increased anxiety.

A limited number of intervention studies have delivered minerals in supplemental
form, including selenium, zinc, magnesium, iron, copper, and calcium. All four studies that
administered selenium supplements reported improvement in anxiety symptoms. Studies
administering other minerals reported a mixture of anti-anxiety effects and no effect. Only
one experimental study included participants with anxiety disorders [45]. This open label
study provided zinc to 38 participants for eight weeks and reported an improvement in
anxiety symptoms.
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3.9. Vegetables and Fruit

The results of the studies related to vegetables and fruit were largely positive (Figure 12).
The majority (64%, n = 60) of the studies were conducted in animal models. These trials
involved the administration of single fruits or vegetables and 58 of 60 reported a reduction
in anxiety symptom severity. The most commonly studied foods included citrus fruits
(n = 13), grape (n = 7), berries (n = 6), pomegranate (n = 6), fennel (n = 4), and lettuce
(n = 4) with a wide variety of vegetables and fruits used in the remaining studies. Several
observational studies reported an association between higher fruit and vegetable intake and
lower levels of anxiety symptoms or disorder prevalence. A small number of intervention
studies increased intake of individual vegetable or fruits; studies delivering cherries,
tomato juice, orange juice, and fennel reported reduction of anxiety symptom severity.
Three experimental studies delivered interventions aimed at increasing intake of vegetable
and/or fruit servings consumed by participants [46–48]. Two reported a decrease in anxiety
symptoms. None of the human experimental studies involved participants with anxiety
disorders.

 

Figure 12. Studies assessing vegetables and/or fruit and anxiety. � Higher intake or levels associated
with decreased anxiety. � No association between intake or levels and anxiety. � Higher intake or
levels associated with increased anxiety.

3.10. Phytochemicals

A large number of studies have explored the effects of caffeine on anxiety symptoms
(Figure 13). Many of these animal (n = 37) and human experimental (n = 33) studies
administered caffeine as a supplement or provided energy drinks to subjects. While the
animal studies reported a mixture of anxiogenic and anxiolytic effects, the observational
and human experimental studies were more likely to report worsening anxiety symptoms
with higher intake of caffeine. Several animal and human experimental studies assessed the
impact of green tea and its constituents epigallocatechin-3-gallate (EGCG) and l-theanine on
anxiety levels. The studies reported primarily anti-anxiety effects; however, a meta-analysis
of trials delivering L-theanine and EGCG failed to detect a significant benefit [49].

Anti-anxiety effects have been reported in animal studies assessing a wide range of
plants and plant constituents that may be found in the North American diet with pri-
marily anxiolytic findings reported. These included culinary herbs (rosemary, cinnamon,
coriander, basil, and nigella), herbal teas (chamomile, hibiscus, and rose tea), the phytonu-
trients curcumin (found in turmeric), quercetin (found in various vegetables and fruits),
resveratrol (found in grapes), saffron and its constituents, soy and its constituents and
other phytoestrogenic foods, nut and seed extracts, chocolate and cocoa and a variety
of flavonoids, polyphenols, and carotenoids. Additionally, human experimental studies
delivering green tea, curcumin, saffron, chamomile, and soy also reported anti-anxiety
effects. Meta-analyses of experimental studies using chamomile [50], saffron [51], and
curcumin [52,53] found a decrease in anxiety symptoms, while the meta-analysis of studies
administering resveratrol reporting a non-significant improvement [54]. A small number
of the human experimental studies involved participants with anxiety disorders including
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three studies using chamomile [55–57], two using saffron [58,59], one using curcumin [60],
and one using l-theanine [61]. All trials, with the exception of the l-theanine study [61],
reported a reduction in anxiety symptoms severity.

 

Figure 13. Studies assessing phytochemicals and anxiety * Culinary Herbs: rosemary, cinnamon, coriander, basil, nigella;
Herbal tea: chamomile, hibiscus, rose tea. � Higher intake or levels associated with decreased anxiety. � No association
between intake or levels and anxiety. � Higher intake or levels associated with increased anxiety.

3.11. Food Allergy and Intolerance

A small body of evidence, primarily observational in nature, suggests a possible
connection between food allergy or intolerance and anxiety symptoms (Figure 14). Eleven
of thirteen studies found higher levels of anxiety symptoms in participants with celiac
disease or a food allergy. Consumption of a gluten-free diet or avoidance of other food
allergens was associated with improved anxiety symptoms in observational studies and two
case reports. Seven experimental studies have assessed these diet interventions with three
reporting benefit. Participants were predominantly irritable bowel syndrome sufferers;
none included individuals with anxiety disorders.

 

Figure 14. Studies assessing food allergies or sensitivities and anxiety. � Higher intake or levels
associated with decreased anxiety. � No association between intake or levels and anxiety. � Higher
intake or levels associated with increased anxiety.

3.12. Gut Microbiome

A number of studies have assessed the impact of probiotic and prebiotic supple-
mentation in animals and humans (Figure 15). Animal trials have reported significant
improvement in anxiety symptoms with supplementation of Lactobacillus strains, Bifidobac-
terium strains, combinations of Lactobacillus and Bifidobacterium strains, prebiotics, and
synbiotics (combinations of prebiotics and probiotics). Interventions aimed at increasing
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microbiome diversity or addition of fermented foods or fiber were associated with de-
creased anxiety symptom severity. Administration of pathogenic organisms and antibiotics
were associated with worsening anxiety symptom severity.

 

Figure 15. Studies assessing the microbiome and anxiety. � Higher intake or levels associated with decreased anxiety. � No
association between intake or levels and anxiety. � Higher intake or levels associated with increased anxiety.

Among the human studies, predominantly positive findings were reported by trials
administering Bifidobacterium strains and multi-strain probiotics while trials administering
Lactobacillus strains, combinations of Lactobacillus and Bifidobacterium strains, and prebiotics
reported either positive findings or no effect. Two trials involved participants with anxiety
disorders [62,63]; one reported a benefit [63]. Three meta-analyses have pooled the trials
assessing anxiety outcomes following probiotic supplementation [64–66]; one of three
reported a significant improvement [65].

4. Discussion

The results of this scoping review suggest a possible association between more or less
anxiety and a range of dietary constituents and patterns. Table 1 presents a summary of
the associations identified in this review.

Table 1. Summary of nutrients and diet patterns associated with more or less anxiety symptom severity or disorder prevalence.

Association with Less Anxiety Association with More Anxiety

• Vegetables and Fruit
• Omega-3 Fatty Acids, Alpha-lipoic acid, Omega-9 Fatty acids
• Nuts and seeds
• “Healthy” Dietary Patterns, Mediterranean diet, Traditional

Dietary Patterns, Anti-inflammatory diet pattern
• Caloric Restriction
• Fasting or intermittent fasting
• Breakfast Consumption
• Broad-Spectrum Micronutrients
• Vegan Diet
• Zinc, Magnesium, Selenium
• Vitamin C, Vitamin E, Choline
• Ketogenic Diet
• Food sources of Lactobacillus and Bifidobacterium
• Culinary herbs, Turmeric, Saffron, Soy, Green tea, Herbal tea,

Quercetin, Resveratrol, other phytochemicals (flavonoids,
polyphenols, carotenoids)

• High-fat diet, high cholesterol, high trans fat
• Inadequate tryptophan and dietary protein
• High intake of sugar and refined carbohydrates,

artificial sweeteners
• “Unhealthy” Dietary Patterns, typically defined as high in

unhealthy fats and refined sugars
• Snacking
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4.1. Dietary Patterns

Overall, there is evidence that certain dietary patterns may influence the development
and progression of anxiety disorders. The diets associated with lower anxiety include
“healthy” diet patterns, the Mediterranean diet, traditional diets, the anti-inflammatory
diet, and diets with increased variety. All of these diet patterns share common elements
such as an emphasis on vegetables, fruit, limited sugar and refined grains, and greater
consumption of minimally processed foods. However, interpretation of dietary patterns
studies is somewhat hindered by the dissimilar definitions used for dietary patterns. For
example, in the studies delivering “Western” style high fat/high sugar diets meant to
induce obesity, a variety of dietary fats were used. The fats used to supplement some
of the high fat diets included lard [67], fish oil [68], soybean oil [69] while other studies
specified the percentage fat in the diet but not the type of fat that was added to achieve
this amount [70–72]. Because the impact of different fatty acids on health outcomes can be
highly different [73], categorizing diets as low or high in fat may result in heterogenous
findings as a result of the type of fat delivered. Similarly, definitions of “healthy” diets
have changed over time [74], potentially contributing to the heterogeneity of study results.
Unfortunately, many studies lacked clear definitions of “healthy” or “unhealthy” diet
patterns and interventions.

The outcomes associated with the vegetarian or vegan diet were generally positive
although somewhat mixed and limited by being largely observational in design. The mixed
findings may be due to a variety of factors. There is documentation of the adoption of
a vegetarian or vegan diet following the development of an eating disorder [75]. Given
the association between eating disorders and anxiety disorders [76], this may explain the
association between vegetarianism and higher anxiety found in some observational studies.
Furthermore, vegan diets, without adequate supplementation, may lack certain essential
nutrients shown to play a role in anxiety disorders such as vitamin B12 [77] and long
chain omega-3 fatty acids (EPA and DHA) [78]. Bioavailability of certain nutrients such
as iron differ between plant and animal sources, possibly limiting nutrient absorption in
vegan diets.

There is a significant lack of human intervention studies involving participants with
anxiety disorders or elevated baseline anxiety symptoms. Many studies employed dietary
patterns that were indicated for the other medical concerns of the study participants. For
example, studies delivered the Low FODMAP diet to participants with irritable bowel
syndrome and hypocaloric diets to participants with obesity and assessed changes in
anxiety as secondary outcomes. The mechanisms by which dietary patterns impact anxiety
symptoms may be the result of a combination of the mechanistic factors discussed in the
following sections.

4.2. Carbohydrates

The findings of the carbohydrate studies suggest that high intake of sugar and refined
carbohydrates may contribute to anxiety symptoms; however, a large proportion of trials
are cross-sectional in design, preventing conclusions about causation. There is a need for
intervention studies that assess the impact of differing levels of carbohydrate intake in
participants with anxiety disorders.

With respect to mechanism, there is evidence that healthy blood sugar regulation is an
important factor in mental wellbeing [79]. This relationship may explain the associations
seen in the present review between factors that improve blood sugar regulation and lower
levels of anxiety symptoms. These include lower intake of sugar and refined carbohydrates,
higher fiber intake, regular meals, and caloric restriction.

4.3. Protein

The evidence related to the role of protein in anxiety symptoms is preliminary. There
is some evidence suggesting that adequate dietary protein and, in particular, adequate
tryptophan, may be important in improving anxiety symptoms. Amino acids serve as the
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building blocks for neurotransmitter synthesis, with tryptophan needed for the production
of serotonin [80]. The established role of serotonin in the pathogenesis of anxiety disor-
ders [81] may explain the potential harm associated with inadequate dietary protein and
tryptophan. This evidence is strengthened by the involvement of many participants with
diagnosed anxiety disorders in the intervention studies included in the present review. The
human experimental studies used doses of tryptophan ranging from 250 mg per day from
a food source (squash seeds) to 3 g per day as a supplement. Although these doses are
considered to be below the level associated with side-effects [82], the trial that adminis-
tered 3 g per day reported side effects such as itching, nausea and urinary changes [83].
Tryptophan supplements should not be used in combination with serotonergic medications
such as SSRI/SNRI due to the possible risk of precipitating serotonin syndrome [84]. Food
sources of tryptophan include egg, soy, seeds, fish and meat [85].

4.4. Fats

Overall, there is significant animal and human evidence that adequate or supplemental
omega-3 fatty acids may have anti-anxiety effects. There is early evidence, predominantly
from animal studies, that diets high in total fat, cholesterol, or trans fat may have an
anxiogenic effect. With respect to a possible mechanism, there is evidence that inflamma-
tion plays an important role in the pathogenesis of psychiatric disorders [86], including
anxiety [87], and that dietary fats can influence levels of inflammation [88]. Through their
effects on enzyme pathways involved in the production of anti-inflammatory cytokines,
omega-3 fatty acids contribute to lower levels of inflammation [89]. Conversely, omega-6
fatty acids increase levels of inflammation through increased pro-inflammatory cytokine
production. Additionally, there is evidence that omega-3 fatty acids impact oxidative
stress [90], neurotransmission [91], and neuroplasticity [92], which are known or hypoth-
esized mechanisms for their use in the treatment of anxiety disorders [93,94]. Dietary
omega-3 sources include fish and seafood, as well as flax seeds, chia and hemp seeds.

One somewhat inconsistent finding that has been observed in the present review is the
impact of high fat diets. A large number of animal studies (39 of 63) reported a worsening of
anxiety symptoms in response to intake of a high-fat diet. In contrast, the studies assessing
the ketogenic diet, a diet that is very low in carbohydrates and generally high in fat content,
suggest a possible therapeutic benefit. While these findings may be considered conflicting,
it is speculated that the type of dietary fats used may have differed, with the high-fat diet
delivered to the animals being composed of more omega-6, saturated and trans fatty acids.
As such, the type of dietary fat, may be a significant factor in addition to the quantity of
fat consumed.

4.5. Vitamins and Minerals

There is significant animal data suggesting an anxiolytic effect of several vitamins and
minerals as well as supplemental formulas which deliver a combination or broad range of
micronutrients. Given the presence of micronutrients in whole, unprocessed foods such as
vegetables, fruit, and whole grains, these findings add evidence to the importance of eating
a healthy diet containing a variety of unprocessed foods. Intake of foods that provide a
rich source of zinc (oysters, crustaceans, meat, organ meat, leafy and root vegetables [95]),
and selenium (Brazil nuts, seafood, meat, beans, and lentils [85]) could be prioritized.

Micronutrients such as zinc and selenium are necessary as coenzymes in the synthesis
and regulation of neurotransmitters and neurotrophic factors [96] which may explain
their importance in maintaining mental wellbeing. Additionally, B vitamins and folic
acid contribute to the methylation balance which is hypothesized to be relevant to the
pathophysiology of psychiatric illnesses [97].

4.6. Vegetables, Fruits, and Phytochemicals

There is fairly consistent evidence that vegetables, fruit, and plant constituents may
exert anti-anxiety actions; however, the majority of the evidence comes from animal studies.
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Caffeine on its own or added to energy drinks appears to be associated with increased
anxiety. Whole foods containing caffeine such as coffee, teas and cacao may have beneficial
or equivocal impacts on anxiety, likely due to the co-occurrence of caffeine with other
beneficial phytochemicals. Vegetables and fruit contribute to lower levels of inflammation
and oxidative stress through their phytochemical and antioxidant constituents [98].

4.7. Food Allergy and Intolerance

The body of evidence related to the connection between food allergies and anxiety
symptoms is limited and the majority of the evidence pertains to the presence of elevated
anxiety symptoms among individuals with celiac disease and the anti-anxiety effects of
implementing a gluten-free diet in this population. The presence of neuropsychiatric
symptoms in celiac disease is established, with hypothesized mechanisms including mi-
cronutrient deficiency due to malabsorption and hyperhomocysteinemia [99]; however, it
is unclear how the findings of these studies may apply to anxious individuals unaffected
by celiac disease.

4.8. Gut Microbiome

Preliminary evidence suggests that the intake of beneficial microorganisms and prebi-
otic fiber may be beneficial in the treatment of anxiety. Habitual diet strongly influences the
composition of the gut microbiome, thus adding more rationale for the inclusion of fruits,
vegetables, fiber, and fermented foods in the diet [100]. Potential mechanisms for the im-
pact of the microbiome on psychiatric wellbeing include the modulation of the production
of gut peptides involved in the gut-brain axis [101] and neurotransmitter synthesis [102].

4.9. Strengths and Limitations

Strengths of the present review include an extremely rigorous search strategy intended
to capture the full range of publications presenting data on this topic. A priori inclusion
criteria and duplicate screening decreased the risk of bias. Completion of the project
by an interdisciplinary team including clinicians and researchers contributed a range of
perspectives and expertise.

The very large scope of this review was both a strength and limitation. Due to the
very large volume of articles included in the review, in-depth analysis of individual articles
was not possible. The results of the review may include over-simplification of the findings
and a lack of attention to evaluating study quality, assessing study or publication bias, or
providing contextual information (e.g., dose). In our data extraction and analysis we did
not evaluate of the methods used for assessing participant anxiety symptoms or disorders,
Anxiety symptoms can be assessed through a variety of methods including clinician- or
self-administered questionnaires, or interviews which may utilize a range of diagnostic
criteria. These different methods differ in their reliability as well as the exact nature of the
symptoms or disorders that they assess. As a result, the studies included in this review
report on relationships between food and a heterogeneous group of outcomes including
the presence or absence of different anxiety disorders and a range of anxiety symptoms.
The decision to include this heterogenous collection of research was an effort to capture a
broad range of data related to this topic.

Another limitation of the present review is the unclear relevance of experimental
studies which assessed the impact of high dose supplements of a dietary constituent. Doses
of some of the nutrients delivered in trials as dietary supplement, such as zinc and omega-3
fatty acids, can be achieved through dietary modification; however, some of the nutrients,
such as vitamin B6 (50 mg/day) were delivered in doses that cannot be achieved with
food alone.

Another limitation was the exclusion of studies that failed to report changes in anxiety
separately from other outcomes. Several studies that were not included in the present anal-
ysis reported ‘psychological distress’ as a composite of anxiety and depression symptoms
but did not report anxiety results alone [103,104]. These studies were excluded from the
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present analysis as the purpose of this project was to identify research reporting anxiety
outcomes specifically; however, it is noted that this resulted in the exclusion of a number
of articles (n = 22).

The ability to draw conclusions from the data is also limited by a number of factors
related to the methodology used in the included studies. This scoping review included a
large number of animal studies which may have unclear applicability to humans. There
are well established tests designed to measure changes in anxiety levels in animals through
monitoring their behavior in a variety of experimental settings [105]; however, the ap-
plicability of these results to the human experience of anxiety is inherently limited. The
benefits of animal research include the ability to manipulate dietary factors in a highly
controlled environment, the ability to observe effects rapidly as a result of the animals’
reduced lifespan and the ability to withhold potentially beneficial nutrients. There were
also a large number of observational studies, mostly cross-sectional in nature. This type of
study cannot draw conclusions about causality. The association between diet and mental
health is known to be highly complex and bidirectional. While there is robust evidence
that dietary patterns impact the likelihood of developing mental illness [14], there is also
evidence that mental illness impacts eating behaviors [106]. This occurs through changes
in motivation and appetite that can results from mental illness [107] and metabolic changes,
increased appetite and cravings, and gastrointestinal distress [108] that can occur as a
results of psychiatric medications [109]. Additionally, confounding factors such as eating
disorders may be responsible for associations that are present. Given this bidirectional rela-
tionship, the findings of cross-sectional studies have limited ability to answer the question
of how food impacts anxiety. While a small number of prospective observational studies
were identified in the present review, additional prospective studies are needed in order to
accurately assess the impact of dietary patterns on the development of mental disorders,
particularly the avoidance of potentially beneficial foods and increased intake of potentially
harmful foods, which cannot be studied using an experimental design for ethical reasons.

Another important consideration when interpreting the study findings is the potential
for difference between short- and long-term impacts of food on anxiety symptoms. As
previously mentioned, it is known that the relationship between mental health symptoms
and diet choices is bidirectional; emotional symptoms may drive eating behavior because of
their immediate effects on the mitigation of emotional symptoms. The term “comfort eating”
has been used to describe the phenomenon where individuals consume foods, especially
those higher in calories, sugar, and fat, in response to negative affect [110]. Evidence from
mechanistic studies suggest that corticosterone, a stress hormone, positively influences an
animal’s intake of a sweet beverage [111] and that consumption of comfort food decreases
mRNA production of hormones related to the stress response in animals [110]. It has been
hypothesized that comfort eating is a behavior that decreases the stress-response during
the experience of anxiety [110]. This phenomenon might explain some of the mixed finding
of the present study. When considering the studies using “unhealthy”, “cafeteria”, or
Western diets in animal models, 17 studies reported a decrease in anxiety symptoms and
21 reported an increase in anxiety symptoms. In contrast, of the 17 human observational
studies assessing the relationship between unhealthy diet patterns and anxiety symptoms,
15 reported an association with more anxiety, and two reported no association. The mixed
findings among the animal studies may be due to the duration of the experiment. Many
of these studies assessed the impact of three to four weeks of the diet exposure on animal
behavior and many of the studies reporting benefit assessed the impact of the diet on
animals experiencing stress. The reported beneficial effects may be capturing the short-term
stress-reducing effect of foods high in sugar and fat. In contrast, the human observational
studies may have been capturing the effects of chronic consumption of unhealthy diets.

Another limitation that impacts the ability to draw clear conclusions from the present
data is the enormous complexity of studying nutritional science. When considering the
role of macronutrients (carbohydrates, protein, and fat), it is necessary to consider both
the amount and type of the nutrient consumed. As highlighted previously, studies which
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categorized dietary patterns as high or low in macronutrients such as fat or carbohydrates
may not have considered the types of fat or carbohydrates being consumed. Given the
highly different health impacts of complex and refined carbohydrates, significant atten-
tion should be given to the studies differentiating these rather than those assessing total
carbohydrates only.

Only a small number of intervention studies involved participants with anxiety dis-
orders, many involved healthy participants or individuals with medical illnesses such as
irritable bowel syndrome, diabetes, and cardiovascular disease. This has several impli-
cations. First, many of these studies were designed to assess cardiometabolic outcomes
primarily and the studies may have not been adequately powered to detect changes in
mental health symptoms. Secondly, the participants recruited to participate in these studies
related to physical illness may have had low baseline levels of anxiety symptoms making it
difficult to detect statistically significant changes in symptoms or becoming more suscepti-
ble to other scale attenuation effects (e.g., floor and ceiling effects). Thirdly, the impact of
a nutritional intervention on a healthy or non-anxious individual may not be relevant to
understanding how the intervention might impact individuals with clinically significant
anxiety disorders. There is a clear need for intervention studies enrolling participants with
anxiety disorders or elevated anxiety symptoms. Similarly, studies designed with changes
in mental health symptoms as the primary outcomes are needed.

5. Conclusions

Although the results of this review reflect a field of study that is preliminary and
emerging, the findings are consistent with established evidence about healthy eating pat-
terns [112]. There is evidence of an association between healthy eating patterns and reduced
anxiety symptoms. In the absence of a contraindication such as an allergy or specific med-
ical condition, dietary interventions are considered low in risk, cost-effective [113], may
confer secondary benefit to physical aspects of health and have at least some evidence
suggesting a beneficial effect. However, the delivery of nutritional counselling as part of
the treatment of anxiety disorders by primary care, psychiatry, dieticians, naturopaths, or
other care providers is currently limited.

Prospective observational studies are needed to more clearly establish the causal role
of diet factors in the development and progression of anxiety disorders. High quality
intervention studies involving participants with anxiety disorders are warranted in order
to evaluate the therapeutic potential of nutrition interventions in the management of
anxiety disorders.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu13124418/s1, File S1: Search Strategy, File S2: Excluded studies, File S3: All included studies.

Author Contributions: Conceptualization, M.A., L.L. and K.C.; methodology, M.A., L.L. and K.C.;
data extraction, M.A., D.R., T.S., N.S., V.C., T.R. and I.C. formal analysis, M.A. and L.L.; writing—
original draft preparation, M.A.; writing—review and editing, L.L., U.N., D.R., T.S., N.S., V.C., T.R.,
I.C. and K.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Supporting data available on request.

Acknowledgments: Becky Skidmore: design of search strategy.

Conflicts of Interest: The authors declare no conflict of interest.

101



Nutrients 2021, 13, 4418

References

1. Gale, C.K.; Millichamp, J. Generalised anxiety disorder. BMJ Clin. Evid. 2011, 2011, 1002.
2. Kim, Y.-K. Panic Disorder: Current Research and Management Approaches. Psychiatry Investig. 2019, 16, 1–3. [CrossRef]

[PubMed]
3. Wittchen, H.-U.; Gloster, A.T.; Beesdo-Baum, K.; Fava, G.A.; Craske, M.G. Agoraphobia: A review of the diagnostic classificatory

position and criteria. Depress. Anxiety 2010, 27, 113–133. [CrossRef] [PubMed]
4. Glue, P.; Canton, J.; Scott, K.M. Optimal treatment of social phobia: Systematic review and meta-analysis. Neuropsychiatr. Dis.

Treat. 2012, 8, 203–215. [CrossRef]
5. Eaton, W.W.; Bienvenu, O.J.; Miloyan, B. Specific phobias. Lancet Psychiatry 2018, 5, 678–686. [CrossRef]
6. Louise, P.; Siobhan, O.; Louise, M.; Jean, G.; Pelletier, L.; O’Donnell, S.; McRae, L.; Grenier, J. The burden of generalized anxiety

disorder in Canada. Health Promot. Chronic Dis. Prev. Can. 2017, 37, 54–62. [CrossRef]
7. Saarni, S.I.; Suvisaari, J.; Sintonen, H.; Pirkola, S.; Koskinen, S.; Aromaa, A.; Lönnqvist, J. Impact of psychiatric disorders on

health-related quality of life: General population survey. Br. J. Psychiatry 2007, 190, 326–332. [CrossRef]
8. Revicki, D.A.; Travers, K.; Wyrwich, K.W.; Svedsäter, H.; Locklear, J.; Mattera, M.S.; Sheehan, D.V.; Montgomery, S. Humanistic

and economic burden of generalized anxiety disorder in North America and Europe. J. Affect. Disord. 2012, 140, 103–112.
[CrossRef]

9. Kessler, R.C.; McGonagle, K.A.; Zhao, S.; Nelson, C.B.; Hughes, M.; Eshleman, S.; Wittchen, H.-U.; Kendler, K.S. Lifetime and
12-Month Prevalence of DSM-III-R Psychiatric Disorders in the United States. Arch. Gen. Psychiatry 1994, 51, 8–19. [CrossRef]

10. Gliatto, M.F. Generalized anxiety disorder. Am. Fam. Physician 2000, 62, 1591–1600.
11. Collins, K.A.; Westra, H.A.; Dozois, D.J.; Burns, D.D. Gaps in accessing treatment for anxiety and depression: Challenges for the

delivery of care. Clin. Psychol. Rev. 2004, 24, 583–616. [CrossRef] [PubMed]
12. Jacka, F.N.; O’Neil, A.; Opie, R.; Itsiopoulos, C.; Cotton, S.; Mohebbi, M.; Castle, D.; Dash, S.; Mihalopoulos, C.; Chatterton, M.L.;

et al. A randomised controlled trial of dietary improvement for adults with major depression (the ‘SMILES’ trial). BMC Med.
2017, 15, 23. [CrossRef]

13. Parletta, N.; Zarnowiecki, D.; Cho, J.; Wilson, A.; Bogomolova, S.; Villani, A.; Itsiopoulos, C.; Niyonsenga, T.; Blunden, S.;
Meyer, B.; et al. A Mediterranean-style dietary intervention supplemented with fish oil improves diet quality and mental health
in people with depression: A randomized controlled trial (HELFIMED). Nutr. Neurosci. 2019, 22, 474–487. [CrossRef]

14. Marx, W.; Moseley, G.; Berk, M.; Jacka, F. Nutritional psychiatry: The present state of the evidence. Proc. Nutr. Soc. 2017,
76, 427–436. [CrossRef] [PubMed]

15. Xu, Y.; Zeng, L.; Zou, K.; Shan, S.; Wang, X.; Xiong, J.; Zhao, L.; Zhang, L.; Cheng, G. Role of dietary factors in the prevention and
treatment for depression: An umbrella review of meta-analyses of prospective studies. Transl. Psychiatry 2021, 11, 478. [CrossRef]

16. Arksey, H.; O’Malley, L. Scoping studies: Towards a methodological framework. Int. J. Soc. Res. Methodol. 2005, 8, 19–32.
[CrossRef]

17. Aucoin, M.; LaChance, L.; Cooley, K.; Kidd, S. Diet and Psychosis: A Scoping Review. Neuropsychobiology 2020, 79, 20–42.
[CrossRef]

18. Gates, A.; Johnson, C.; Hartling, L. Technology-assisted title and abstract screening for systematic reviews: A retrospective
evaluation of the Abstrackr machine learning tool. Syst. Rev. 2018, 7, 45. [CrossRef]

19. Rathbone, J.; Hoffmann, T.; Glasziou, P. Faster title and abstract screening? Evaluating Abstrackr, a semi-automated online
screening program for systematic reviewers. Syst. Rev. 2015, 4, 80. [CrossRef] [PubMed]

20. Gates, A.; Gates, M.; Sebastianski, M.; Guitard, S.; Elliott, S.A.; Hartling, L. The semi-automation of title and abstract screening: A
retrospective exploration of ways to leverage Abstrackr’s relevance predictions in systematic and rapid reviews. BMC Med. Res.
Methodol. 2020, 20, 139. [CrossRef]

21. Clappison, E.; Hadjivassiliou, M.; Zis, P. Psychiatric Manifestations of Coeliac Disease, a Systematic Review and Meta-Analysis.
Nutrients 2020, 12, 142. [CrossRef]

22. Hunsche, C.; de Toda, I.M.; De la Fuente, M. Impacts of the late adulthood diet-induced obesity onset on behavior, immune
function, redox state and life span of male and female mice. Brain Behav. Immun. 2019, 78, 65–77. [CrossRef]

23. Souza, C.; Moreira, J.D.; Siqueira, I.; Pereira, A.; Rieger, D.; Souza, D.; Souza, T.; Portela, L.; Perry, M. Highly palatable diet
consumption increases protein oxidation in rat frontal cortex and anxiety-like behavior. Life Sci. 2007, 81, 198–203. [CrossRef]

24. Clemente-Suárez, V.J. Multidisciplinary intervention in the treatment of mixed anxiety and depression disorder. Physiol. Behav.
2020, 219, 112858. [CrossRef]

25. Null, G.; Pennesi, L.; Feldman, M. Nutrition and Lifestyle Intervention on Mood and Neurological Disorders. J. Evid.-Based Integr.
Med. 2017, 22, 68–74. [CrossRef]

26. Cooley, K.; Szczurko, O.; Perri, D.; Mills, E.J.; Bernhardt, B.; Zhou, Q.; Seely, D. Naturopathic Care for Anxiety: A Randomized
Controlled Trial ISRCTN78958974. PLoS ONE 2009, 4, e6628. [CrossRef]

27. Forsyth, A.; Deane, F.P.; Williams, P. A lifestyle intervention for primary care patients with depression and anxiety: A randomised
controlled trial. Psychiatry Res. 2015, 230, 537–544. [CrossRef]

28. Laporte, D.J. Treatment response in obese binge eaters: Preliminary results using a very low calorie diet (VLCD) and behavior
therapy. Addict. Behav. 1992, 17, 247–257. [CrossRef]

102



Nutrients 2021, 13, 4418

29. Ein, N.; Armstrong, B.; Vickers, K. The effect of a very low calorie diet on subjective depressive symptoms and anxiety:
Meta-analysis and systematic review. Int. J. Obes. 2018, 43, 1444–1455. [CrossRef]

30. Jebeile, H.; Gow, M.L.; Baur, L.A.; Garnett, S.P.; Paxton, S.J.; Lister, N.B. Association of Pediatric Obesity Treatment, Including a Dietary
Component, with Change in Depression and Anxiety: A Systematic Review and Meta-analysis. JAMA Pediatr. 2019, 173, e192841.
[CrossRef] [PubMed]

31. Hillman, L.C.; Stace, N.H.; Pomare, E.W. Irritable bowel patients and their long-term response to a high fiber diet. Am. J.
Gastroenterol. 1984, 79, 1–7.

32. Christensen, L.; Krietsch, K.; White, B.; Stagner, B. Impact of a dietary change on emotional distress. J. Abnorm. Psychol. 1985,
94, 565–579. [CrossRef]

33. Mohammed, H.; Ghosh, S.; Vuvor, F.; Mensah-Armah, S.; Steiner-Asiedu, M. Dietary intake and the dynamics of stress,
hypertension and obesity in a peri-urban community in Accra. Ghana Med. J. 2016, 50, 16–21. [CrossRef] [PubMed]

34. Mesgarani, M.; Hosseinbor, M.; Shafiee, S.; Sarkoubi, R. The Relationship of Parental Mental Health and Dietary Pattern with
Adolescent Mental Health. Int. J. High Risk Behav. Addict. 2016, 5, e26616. [CrossRef] [PubMed]

35. Hudson, C.; Hudson, S.; MacKenzie, J. Protein-source tryptophan as an efficacious treatment for social anxiety disorder: A pilot
studyThis article is one of a selection of papers published in this special issue (part 1 of 2) on the Safety and Efficacy of Natural
Health Products. Can. J. Physiol. Pharmacol. 2007, 85, 928–932. [CrossRef] [PubMed]

36. Capello, A.E.; Markus, C.R. Effect of sub chronic tryptophan supplementation on stress-induced cortisol and appetite in subjects
differing in 5-HTTLPR genotype and trait neuroticism. Psychoneuroendocrinology 2014, 45, 96–107. [CrossRef] [PubMed]

37. Smith, C.A.; Shewamene, Z.; Galbally, M.; Schmied, V.; Dahlen, H. The effect of complementary medicines and therapies on
maternal anxiety and depression in pregnancy: A systematic review and meta-analysis. J. Affect. Disord. 2019, 245, 428–439.
[CrossRef]

38. Deane, K.H.O.; Jimoh, O.F.; Biswas, P.; O’Brien, A.; Hanson, S.; Abdelhamid, A.S.; Fox, C.; Hooper, L. Omega-3 and polyunsatu-
rated fat for prevention of depression and anxiety symptoms: Systematic review and meta-analysis of randomised trials. Br. J.
Psychiatry 2021, 218, 135–142. [CrossRef]

39. Su, K.-P.; Tseng, P.-T.; Lin, P.-Y.; Okubo, R.; Chen, T.-Y.; Chen, Y.-W.; Matsuoka, Y.J. Association of Use of Omega-3 Polyunsaturated Fatty
Acids with Changes in Severity of Anxiety Symptoms: A Systematic Review and Meta-analysis. JAMA Netw. Open 2018, 1, e182327.
[CrossRef]

40. Yehuda, S.; Rabinovitz, S.; Mostofsky, D.I. Mixture of essential fatty acids lowers test anxiety. Nutr. Neurosci. 2005, 8, 265–267.
[CrossRef] [PubMed]

41. Abdul-Razzak, K.K.; Almanasrah, S.O.; Obeidat, B.A.; Khasawneh, A.G. Vitamin D is a potential antidepressant in psychiatric
outpatients. Int. J. Clin. Pharmacol. Ther. 2018, 56, 585–596. [CrossRef]

42. Rucklidge, J.J.; Andridge, R.; Gorman, B.; Blampied, N.; Gordon, H.; Boggis, A. Shaken but unstirred? Effects of micronutrients
on stress and trauma after an earthquake: RCT evidence comparing formulas and doses. Hum. Psychopharmacol. Clin. Exp. 2012,
27, 440–454. [CrossRef] [PubMed]

43. Gautam, M.; Agrawal, M.; Gautam, M.; Sharma, P.; Gautam, A.S.; Gautam, S. Role of antioxidants in generalised anxiety disorder
and depression. Indian J. Psychiatry 2012, 54, 244–247. [CrossRef]

44. Jaatinen, N.; Korpela, R.; Poussa, T.; Turpeinen, A.; Mustonen, S.; Merilahti, J.; Peuhkuri, K. Effects of daily intake of yoghurt
enriched with bioactive components on chronic stress responses: A double-blinded randomized controlled trial. Int. J. Food Sci.
Nutr. 2013, 65, 507–514. [CrossRef] [PubMed]

45. Russo, A. Decreased Zinc and Increased Copper in Individuals with Anxiety. Nutr. Metab. Insights 2011, 4, NMI.S6349. [CrossRef]
46. Choi, E.B.; Lee, J.E.; Hwang, J.-Y. Fruit and vegetable intakes in relation to behavioral outcomes associated with a nutrition

education intervention in preschoolers. Nutr. Res. Pract. 2018, 12, 521–526. [CrossRef] [PubMed]
47. Conner, T.S.; Brookie, K.L.; Carr, A.C.; Mainvil, L.A.; Vissers, M.C.M. Let them eat fruit! The effect of fruit and vegetable

consumption on psychological well-being in young adults: A randomized controlled trial. PLoS ONE 2017, 12, e0171206.
[CrossRef]

48. Smith, A.P.; Rogers, R. Positive Effects of a Healthy Snack (Fruit) Versus an Unhealthy Snack (Chocolate/Crisps) on Subjective
Reports of Mental and Physical Health: A Preliminary Intervention Study. Front. Nutr. 2014, 1, 10. [CrossRef]

49. Camfield, D.; Stough, C.; Farrimond, J.; Scholey, A.B. Acute effects of tea constituents L-theanine, caffeine, and epigallocatechin
gallate on cognitive function and mood: A systematic review and meta-analysis. Nutr. Rev. 2014, 72, 507–522. [CrossRef]

50. Hieu, T.H.; Dibas, M.; Dila, K.A.S.; Sherif, N.A.; Hashmi, M.U.; Mahmoud, M.; Trang, N.T.T.; Abdullah, L.; Nghia, T.L.B.;
Mai Nhu, Y.; et al. Therapeutic efficacy and safety of chamomile for state anxiety, generalized anxiety disorder, insomnia, and
sleep quality: A systematic review and meta-analysis of randomized trials and quasi-randomized trials. Phytotherapy Res. 2019,
33, 1604–1615. [CrossRef]

51. Marx, W.; Lane, M.; Rocks, T.; Ruusunen, A.; Loughman, A.; Lopresti, A.; Marshall, S.; Berk, M.; Jacka, F.; Dean, O.M. Effect
of saffron supplementation on symptoms of depression and anxiety: A systematic review and meta-analysis. Nutr. Rev. 2019,
77, 557–571. [CrossRef]

52. Fusar-Poli, L.; Vozza, L.; Gabbiadini, A.; Vanella, A.; Concas, I.; Tinacci, S.; Petralia, A.; Signorelli, M.; Aguglia, E. Curcumin for
depression: A meta-analysis. Crit. Rev. Food Sci. Nutr. 2020, 60, 2643–2653. [CrossRef] [PubMed]

103



Nutrients 2021, 13, 4418

53. Ng, Q.X.; Koh, S.S.H.; Chan, H.W.; Ho, C.Y.X. Clinical Use of Curcumin in Depression: A Meta-Analysis. J. Am. Med. Dir. Assoc.
2017, 18, 503–508. [CrossRef]

54. Farzaei, M.H.; Rahimi, R.; Nikfar, S.; Abdollahi, M. Effect of resveratrol on cognitive and memory performance and mood: A
meta-analysis of 225 patients. Pharmacol. Res. 2018, 128, 338–344. [CrossRef]

55. Keefe, J.R.; Guo, W.; Li, Q.S.; Amsterdam, J.D.; Mao, J.J. An exploratory study of salivary cortisol changes during chamomile
extract therapy of moderate to severe generalized anxiety disorder. J. Psychiatr. Res. 2018, 96, 189–195. [CrossRef] [PubMed]

56. Amsterdam, J.D.; Li, Y.; Soeller, I.; Rockwell, K.; Mao, J.J.; Shults, J. A Randomized, Double-Blind, Placebo-Controlled Trial of Oral
Matricaria recutita (Chamomile) Extract Therapy for Generalized Anxiety Disorder. J. Clin. Psychopharmacol. 2009, 29, 378–382.
[CrossRef]

57. Mao, J.J.; Xie, S.X.; Keefe, J.R.; Soeller, I.; Li, Q.S.; Amsterdam, J.D. Long-term chamomile (Matricaria chamomilla L.) treatment for
generalized anxiety disorder: A randomized clinical trial. Phytomedicine 2016, 23, 1735–1742. [CrossRef]

58. Jafarnia, N.; Ghorbani, Z.; Nokhostin, M.; Manayi, A.; Nourimajd, S.; Jahromi, S.R. Effect of Saffron (Crocus satious L.) as an
Add-On Therapy to Sertraline in Mild to Moderate Generalized Anxiety Disorder: A Double Blind Randomized Controlled Trial.
Arch. Neurosci. 2017, 4, e14332. [CrossRef]

59. Milajerdi, A.; Jazayeri, S.; Shirzadi, E.; Hashemzadeh, N.; Azizgol, A.; Djazayery, A.; Esmaillzadeh, A.; Akhondzadeh, S. The
effects of alcoholic extract of saffron (Crocus satious L.) on mild to moderate comorbid depression-anxiety, sleep quality, and life
satisfaction in type 2 diabetes mellitus: A double-blind, randomized and placebo-controlled clinical trial. Complement. Ther. Med.
2018, 41, 196–202. [CrossRef]

60. Sudheeran, S.P.; Jacob, D.; Mulakal, J.N.; Nair, G.G.; Maliakel, A.; Maliakel, B.; Ramadasan, K.; Krishnakumar, I.M. Safety,
Tolerance, and Enhanced Efficacy of a Bioavailable Formulation of Curcumin with Fenugreek Dietary Fiber on Occupational
Stress: A Randomized, Double-Blind, Placebo-Controlled Pilot Study. J. Clin. Psychopharmacol. 2016, 36, 236–243. [CrossRef]

61. Sarris, J.; Byrne, G.J.; Cribb, L.; Oliver, G.; Murphy, J.; Macdonald, P.; Nazareth, S.; Karamacoska, D.; Galea, S.; Short, A.; et al.
L-theanine in the adjunctive treatment of generalized anxiety disorder: A double-blind, randomised, placebo-controlled trial. J.
Psychiatr. Res. 2019, 110, 31–37. [CrossRef]

62. Pinto-Sanchez, M.I.; Hall, G.B.; Ghajar, K.; Nardelli, A.; Bolino, C.; Lau, J.T.; Martin, F.-P.; Cominetti, O.; Welsh, C.; Rieder, A.; et al.
Probiotic Bifidobacterium longum NCC3001 Reduces Depression Scores and Alters Brain Activity: A Pilot Study in Patients with
Irritable Bowel Syndrome. Gastroenterology 2017, 153, 448–459.e8. [CrossRef]

63. Eskandarzadeh, S.; Effatpanah, M.; Khosravi-Darani, K.; Askari, R.; Hosseini, A.F.; Reisian, M.; Jazayeri, S. Efficacy of a
multispecies probiotic as adjunctive therapy in generalized anxiety disorder: A double blind, randomized, placebo-controlled
trial. Nutr. Neurosci. 2021, 24, 102–108. [CrossRef] [PubMed]

64. Liu, B.; He, Y.; Wang, M.; Liu, J.; Ju, Y.; Zhang, Y.; Liu, T.; Li, L.; Li, Q. Efficacy of probiotics on anxiety-A meta-analysis of
randomized controlled trials. Depress. Anxiety 2018, 35, 935–945. [CrossRef] [PubMed]

65. Liu, R.T.; Walsh, R.F.L.; Sheehan, A.E. Prebiotics and probiotics for depression and anxiety: A systematic review and meta-analysis
of controlled clinical trials. Neurosci. Biobehav. Rev. 2019, 102, 13–23. [CrossRef]

66. Reis, D.J.; Ilardi, S.S.; Punt, S.E.W. The anxiolytic effect of probiotics: A systematic review and meta-analysis of the clinical and
preclinical literature. PLoS ONE 2018, 13, e0199041. [CrossRef]

67. Del Olmo, N.; Blanco-Gandia, M.C.; Mateos-Garcia, A.; Del Rio, D.; Minarro, J.; Ruiz-Gayo, M.; Rodríguez-Arias, M. Differential
Impact of Ad Libitum or Intermittent High-Fat Diets on Bingeing Ethanol-Mediated Behaviors. Nutrients 2019, 11, 2253. [CrossRef]

68. Dornellas, A.P.S.; Boldarine, V.T.; Pedroso, A.P.; Carvalho, L.O.T.; de Andrade, I.S.; Vulcani-Freitas, T.M.; dos Santos, C.C.C.;
da Penha Oller do Nascimento, C.M.; Oyama, L.M.; Ribeiro, E.B. High-Fat Feeding Improves Anxiety-Type Behavior Induced by
Ovariectomy in Rats. Front. Neurosci. 2018, 12, 557. [CrossRef] [PubMed]

69. Segat, H.; Barcelos, R.; Metz, V.; Rosa, H.; Roversi, K.; Antoniazzi, C.; Vey, L.; Kronbauer, M.; Veit, J.; Piccolo, J.; et al. Influence
of physical activity on addiction parameters of rats exposed to amphetamine which were previously supplemented with
hydrogenated vegetable fat. Brain Res. Bull. 2017, 135, 69–76. [CrossRef] [PubMed]

70. Segev, Y.; Livne, A.; Mints, M.; Rosenblum, K. Concurrence of High Fat Diet and APOE Gene Induces Allele Specific Metabolic
and Mental Stress Changes in a Mouse Model of Alzheimer’s Disease. Front. Behav. Neurosci. 2016, 10, 170. [CrossRef]

71. Otsuka, A.; Shiuchi, T.; Chikahisa, S.; Shimizu, N.; Séi, H. Sufficient intake of high-fat food attenuates stress-induced social
avoidance behavior. Life Sci. 2019, 219, 219–230. [CrossRef]

72. Haleem, D.J.; Mahmood, K. Brain serotonin in high-fat diet-induced weight gain, anxiety and spatial memory in rats. Nutr.
Neurosci. 2021, 24, 226–235. [CrossRef] [PubMed]

73. Hu, F.B.; Manson, J.E.; Willett, W.C. Types of Dietary Fat and Risk of Coronary Heart Disease: A Critical Review. J. Am. Coll. Nutr.
2001, 20, 5–19. [CrossRef] [PubMed]

74. Ramsden, C.E.; Zamora, D.; Majchrzak-Hong, S.; Faurot, K.; Broste, S.K.; Frantz, R.; Davis, J.M.; Ringel, A.; Suchindran, C.M.;
Hibbeln, J.R. Re-evaluation of the traditional diet-heart hypothesis: Analysis of recovered data from Minnesota Coronary
Experiment (1968–73). BMJ 2016, 353, i1246. [CrossRef] [PubMed]

75. Sergentanis, T.; Chelmi, M.-E.; Liampas, A.; Yfanti, C.-M.; Panagouli, E.; Vlachopapadopoulou, E.; Michalacos, S.; Bacopoulou, F.;
Psaltopoulou, T.; Tsitsika, A. Vegetarian Diets and Eating Disorders in Adolescents and Young Adults: A Systematic Review.
Children 2020, 8, 12. [CrossRef]

104



Nutrients 2021, 13, 4418

76. Swinbourne, J.M.; Touyz, S. The co-morbidity of eating disorders and anxiety disorders: A review. Eur. Eat. Disord. Rev. 2007,
15, 253–274. [CrossRef]

77. Woo, K.S.; Kwok, T.C.; Celermajer, D.S. Vegan Diet, Subnormal Vitamin B-12 Status and Cardiovascular Health. Nutrients 2014,
6, 3259–3273. [CrossRef]

78. Lakin, V.; Haggarty, P.; Abramovich, D.; Ashton, J.; Moffat, C.; McNeill, G.; Danielian, P.; Grubb, D. Dietary intake and tissue
concentration of fatty acids in omnivore, vegetarian and diabetic pregnancy. Prostaglandins Leukot. Essent. Fat. Acids 1998,
59, 209–220. [CrossRef]

79. Anderson, R.J.; Grigsby, A.B.; Freedland, K.E.; De Groot, M.; McGill, J.B.; Clouse, R.E.; Lustman, P.J. Anxiety and poor glycemic
control: A meta-analytic review of the literature. Int. J. Psychiatry Med. 2002, 32, 235–247. [CrossRef]

80. Moja, E.A.; Cipolla, P.; Castoldi, D.; Tofanetti, O. Dose-response decrease in plasma tryptophan and in brain tryptophan and
serotonin after tryptophan-free amino acid mixtures in rats. Life Sci. 1989, 44, 971–976. [CrossRef]

81. Stein, D.J.; Stahl, S. Serotonin and anxiety: Current models. Int. Clin. Psychopharmacol. 2000, 15, S1–S6. [CrossRef] [PubMed]
82. Cynober, L.; Bier, D.M.; Kadowaki, M.; Morris, J.S.M.; Elango, R.; Smriga, M. Proposals for Upper Limits of Safe Intake

for Arginine and Tryptophan in Young Adults and an Upper Limit of Safe Intake for Leucine in the Elderly. J. Nutr. 2016,
146, 2652S–2654S. [CrossRef] [PubMed]

83. Seltzer, S.; Dewart, D.; Pollack, R.L.; Jackson, E. The effects of dietary tryptophan on chronic maxillofacial pain and experimental
pain tolerance. J. Psychiatr. Res. 1982, 17, 181–186. [CrossRef]

84. Alusik, S.; Kalatova, D.; Paluch, Z. Serotonin syndrome. Neuroendocrinol. Lett. 2014, 35, 265–273.
85. U.S. Department of Agriculture, Agricultural Research Service. FoodData Central. 2019. Available online: Fdc.nal.usda.gov

(accessed on 22 September 2021).
86. Firth, J.; Veronese, N.; Cotter, J.; Shivappa, N.; Hebert, J.R.; Ee, C.; Smith, L.; Stubbs, B.; Jackson, S.E.; Sarris, J. What Is the Role of

Dietary Inflammation in Severe Mental Illness? A Review of Observational and Experimental Findings. Front. Psychiatry 2019,
10, 350. [CrossRef] [PubMed]

87. Salim, S.; Chugh, G.; Asghar, M. Inflammation in Anxiety. Adv. Protein Chem. Struct. Biol. 2012, 88, 1–25. [CrossRef]
88. Calder, P.C. Polyunsaturated fatty acids and inflammation. Prostaglandins Leukot. Essent. Fat. Acids 2006, 75, 197–202. [CrossRef]
89. Bäck, M.; Hansson, G.K. Omega-3 fatty acids, cardiovascular risk, and the resolution of inflammation. FASEB J. 2019, 33,

1536–1539. [CrossRef]
90. Chen, J.; Wang, D.; Zong, Y.; Yang, X. DHA Protects Hepatocytes from Oxidative Injury through GPR120/ERK-Mediated

Mitophagy. Int. J. Mol. Sci. 2021, 22, 5675. [CrossRef]
91. DeLion, S.; Chalon, S.; Hérault, J.; Guilloteau, D.; Besnard, J.C.; Durand, G. Chronic dietary alpha-linolenic acid deficiency alters

dopaminergic and serotoninergic neurotransmission in rats. J. Nutr. 1994, 124, 2466–2476. [CrossRef]
92. Marino, A.; Cuzzocrea, S. n-3 Fatty Acids: Role in Neurogenesis and Neuroplasticity. Curr. Med. Chem. 2013, 20, 2953–2963.

[CrossRef]
93. Gałecki, P.; Mossakowska-Wójcik, J.; Talarowska, M. The anti-inflammatory mechanism of antidepressants—SSRIs, SNRIs. Prog.

Neuro-Psychopharmacol. Biol. Psychiatry 2018, 80, 291–294. [CrossRef] [PubMed]
94. Branchi, I.; Santarelli, S.; Capoccia, S.; Poggini, S.; D’Andrea, I.; Cirulli, F.; Alleva, E. Antidepressant Treatment Outcome Depends

on the Quality of the Living Environment: A Pre-Clinical Investigation in Mice. PLoS ONE 2013, 8, e62226. [CrossRef]
95. Solomons, N.W. Dietary Sources of Zinc and Factors Affecting its Bioavailability. Food Nutr. Bull. 2001, 22, 138–154. [CrossRef]
96. Rucklidge, J.J.; Kaplan, B.J. Broad-spectrum micronutrient formulas for the treatment of psychiatric symptoms: A systematic

review. Expert Rev. Neurother. 2013, 13, 49–73. [CrossRef] [PubMed]
97. Abdolmaleky, H.M.; Smith, C.; Faraone, S.; Shafa, R.; Stone, W.; Glatt, S.; Tsuang, M.T. Methylomics in psychiatry: Modulation of

gene-environment interactions may be through DNA methylation. Am. J. Med. Genet. 2004, 127B, 51–59. [CrossRef] [PubMed]
98. Zhu, F.; Du, B.; Xu, B. Anti-inflammatory effects of phytochemicals from fruits, vegetables, and food legumes: A review. Crit. Rev.

Food Sci. Nutr. 2018, 58, 1260–1270. [CrossRef]
99. Trovato, C.M.; Raucci, U.; Valitutti, F.; Montuori, M.; Villa, M.P.; Cucchiara, S.; Parisi, P. Neuropsychiatric manifestations in celiac

disease. Epilepsy Behav. 2019, 99, 106393. [CrossRef] [PubMed]
100. Wastyk, H.C.; Fragiadakis, G.K.; Perelman, D.; Dahan, D.; Merrill, B.D.; Yu, F.B.; Topf, M.; Gonzalez, C.G.; Van Treuren, W.;

Han, S.; et al. Gut-microbiota-targeted diets modulate human immune status. Cell 2021, 184, 4137–4153.e14. [CrossRef]
101. Lach, G.; Schellekens, H.; Dinan, T.G.; Cryan, J.F. Anxiety, Depression, and the Microbiome: A Role for Gut Peptides. Neurothera-

peutics 2018, 15, 36–59. [CrossRef] [PubMed]
102. Shafiq, J.; Khan, B.; Saleem, F.; Abbas, G.; Ahmed, A. Gut microbiome interferes with host tryptophan metabolism pathway and

regulate basal anxiety–like behavior. Int. J. Infect. Dis. 2020, 101, 5. [CrossRef]
103. Arbour-Nicitopoulos, K.P.; Faulkner, G.; Irving, H.M. Multiple Health-Risk Behaviour and Psychological Distress in Adolescence.

J. Can. Acad. Child Adolesc. Psychiatry 2012, 21, 171–178. [PubMed]
104. Grønning, K.; Espnes, G.A.; Nguyen, C.; Rodrigues, A.M.F.; Gregorio, M.J.; Sousa, R.; Canhão, H.; André, B. Psychological

distress in elderly people is associated with diet, wellbeing, health status, social support and physical functioning—A HUNT3
study. BMC Geriatr. 2018, 18, 205. [CrossRef]

105. Steimer, T. Animal models of anxiety disorders in rats and mice: Some conceptual issues. Dialog. Clin. Neurosci. 2011, 13, 495–506.

105



Nutrients 2021, 13, 4418

106. van der Pols, J.C. Nutrition and mental health: Bidirectional associations and multidimensional measures. Public Health Nutr.
2018, 21, 829–830.

107. Macht, M.; Roth, S.; Ellgring, H. Chocolate eating in healthy men during experimentally induced sadness and joy. Appetite 2002,
39, 147–158. [CrossRef]

108. Willner, P.; Benton, D.; Brown, E.; Cheeta, S.; Roderique-Davies, G.; Morgan, J.; Morgan, M. “Depression” increases “craving” for
sweet rewards in animal and human models of depression and craving. Psychopharmacology 1998, 136, 272–283. [CrossRef]

109. Shobo, M.; Yamada, H.; Mihara, T.; Kondo, Y.; Irie, M.; Harada, K.; Ni, K.; Matsuoka, N.; Kayama, Y. Two models for weight gain
and hyperphagia as side effects of atypical antipsychotics in male rats: Validation with olanzapine and ziprasidone. Behav. Brain
Res. 2011, 216, 561–568. [CrossRef]

110. Dallman, M.F.; Pecoraro, N.; Akana, S.F.; la Fleur, S.E.; Gomez, F.; Houshyar, H.; Bell, M.E.; Bhatnagar, S.; Laugero, K.D.; Manalo, S.
Chronic stress and obesity: A new view of “comfort food”. Proc. Natl. Acad. Sci. USA 2003, 100, 11696–11701. [CrossRef]
[PubMed]

111. Bhatnagar, S.; Bell, M.E.; Liang, J.; Soriano, L.; Nagy, T.R.; Dallman, M.F. Corticosterone Facilitates Saccharin Intake in Adrenalec-
tomized Rats: Does Corticosterone Increase Stimulus Salience? J. Neuroendocr. 2000, 12, 453–460. [CrossRef]

112. Health Canada, Eating Well with Canada’s Food Guide. 2007. Available online: http://www.hc-sc.gc.ca/fn-an/food-guide-
aliment/index-eng.php (accessed on 9 December 2021).

113. Chatterton, M.L.; Mihalopoulos, C.; O’Neil, A.; Itsiopoulos, C.; Opie, R.; Castle, D.; Dash, S.; Brazionis, L.; Berk, M.; Jacka, F. Economic
evaluation of a dietary intervention for adults with major depression (the “SMILES” trial). BMC Public Health 2018, 18, 599. [CrossRef]
[PubMed]

106



nutrients

Review

The Role of Iron and Zinc in the Treatment of ADHD among
Children and Adolescents: A Systematic Review of
Randomized Clinical Trials

Roser Granero 1,2,3,*, Alfred Pardo-Garrido 1, Ivonne Lorena Carpio-Toro 4,5, Andrés Alexis Ramírez-Coronel 4,6,

Pedro Carlos Martínez-Suárez 4,6 and Geovanny Genaro Reivan-Ortiz 3,4

Citation: Granero, R.; Pardo-Garrido,

A.; Carpio-Toro, I.L.; Ramírez-

Coronel, A.A.; Martínez-Suárez, P.C.;

Reivan-Ortiz, G.G. The Role of Iron

and Zinc in the Treatment of ADHD

among Children and Adolescents: A

Systematic Review of Randomized

Clinical Trials. Nutrients 2021, 13,

4059. https://doi.org/10.3390/

nu13114059

Academic Editor:

Ann-Sofie Sandberg

Received: 17 September 2021

Accepted: 11 November 2021

Published: 13 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Psychobiology and Methodology, Autonomous University of Barcelona,
08193 Barcelona, Spain; Alfredo.Pardo@uab.cat

2 Ciber Fisiopatología Obesidad y Nutrición (CIBERobn), Instituto Salud Carlos III, 28029 Madrid, Spain
3 Basic Psychology, Behavioral Analysis and Programmatic Development PAD-Group,

Catholic University of Cuenca, Cuenca 010107, Ecuador; greivano@ucacue.edu.ec
4 Laboratory of Basic Psychology, Behavioral Analysis and Programmatic Development PAD-Lab,

Catholic University of Cuenca, Cuenca 010107, Ecuador; icarpiot@ucacue.edu.ec (I.L.C.-T.);
andres.ramirez@ucacue.edu.ec (A.A.R.-C.); pmartinezs@ucacue.edu.ec (P.C.M.-S.)

5 Laboratory of Psychometry, Comparative Psychology and Ethology, Catholic University of Cuenca,
Cuenca 010107, Ecuador

6 Health and Behavior Research Group (HBR), Catholic University of Cuenca, Cuenca 010107, Ecuador
* Correspondence: Roser.Granero@uab.cat

Abstract: Attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder com-
mon from childhood to adulthood, affecting 5% to 12% among the general population in developed
countries. Potential etiological factors have been identified, including genetic causes, environmental
elements and epigenetic components. Nutrition is currently considered an influencing factor, and
several studies have explored the contribution of restriction and dietary supplements in ADHD
treatments. Iron is an essential cofactor required for a number of functions, such as transport of
oxygen, immune function, cellular respiration, neurotransmitter metabolism (dopamine production),
and DNA synthesis. Zinc is also an essential trace element, required for cellular functions related to
the metabolism of neurotransmitters, melatonin, and prostaglandins. Epidemiological studies have
found that iron and zinc deficiencies are common nutritional deficits worldwide, with important
roles on neurologic functions (poor memory, inattentiveness, and impulsiveness), finicky appetite,
and mood changes (sadness and irritability). Altered levels of iron and zinc have been related with
the aggravation and progression of ADHD. Objective: This is a systematic review focused on the
contribution of iron and zinc in the progression of ADHD among children and adolescents, and how
therapies including these elements are tolerated along with its effectiveness (according to PRISMA
guidelines). Method: The scientific literature was screened for randomized controlled trials published
between January 2000 to July 2021. The databases consulted were Medline, PsycINFO, Web of Science,
and Google Scholar. Two independent reviewers screened studies, extracted data, and assessed
quality and risk of bias (CONSORT, NICE, and Cochrane checklists used). Conclusion: Nine studies
met the eligibility criteria and were selected. Evidence was obtained regarding the contribution of
iron-zinc supplementation in the treatment of ADHD among young individuals. The discussion was
focused on how the deficits of these elements contribute to affectation on multiple ADHD correlates,
and potential mechanisms explaining the mediational pathways. Evidence also suggested that
treating ADHD with diet interventions might be particularly useful for specific subgroups of children
and adolescents, but further investigations of the effects of these diet interventions are needed.

Keywords: ADHD; zinc; iron; treatment; children
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1. Introduction

Attention-deficit hyperactivity disorder (ADHD) is a neurodevelopmental disorder,
usually beginning in early childhood and with a chronic progression to adulthood with
several negative consequences, such as low self-esteem, difficulties in interpersonal rela-
tionships, and problems in school learning [1]. Subtypes according to the Diagnostic and
Statistical Manual of Mental Disorders (5th edition) are inattention (being unable to keep
focus), hyperactivity (excess movement that is not fitting to the setting) and impulsivity
(hasty acts that occur without thought) [2]. Epidemiological studies indicate that ADHD
is one of the most common mental disorders affecting children [3,4], with prevalence in
the childhood–adolescent community ranging between 2% and 8% globally [5,6]. High
prevalence rates persist in adult ADHD patients, into the range of 2.6% to 6.8% [7,8].

Etiological research outlines that ADHD constitutes a complex condition with mul-
tiple interactive factors [9]. Specific causes of the disorder are yet to be determined,
but various contributing risk factors have been identified, including genetics [10–13],
epigenetics [14,15], problems during pregnancy (such as stress, substance use, and other
mental and physical diseases) [16–18], premature birth [19,20], obstetric and neonatal com-
plications [21–24], and infections [25,26]. Neuropsychological mechanisms have also been
identified in the onset and course of ADHD, such as brain injuries [27], neuroanatomical
substrates related with genuine motor dysfunction [28] and deficient decision-making [29].
Diet-related factors (such as vitamin and/or mineral deficiencies) have also been evidenced
to contribute to the levels of ADHD and the progression of the disease [30–32].

Diverse treatment plans have demonstrated to improve the symptoms of ADHD,
usually combining medication (stimulants and non-stimulants have proved efficacy) with
behavioral therapy [33,34]. Empirical-based pharmacological plans that have been used
for decades include methylphenidate, amphetamine, atomoxetine, and guanfacine [35,36].
However, some children using these medications only experience partial relief of symptoms,
which persist even with a change in medication or adjustment in dose [37]. Additionally,
a number of patients with medication report significant adverse effects, such as loss of
appetite, irritability, and sleep disorders [38,39]. Other typical ADHD correlates, such as
restless leg syndrome, also persist despite medication [40,41].

On the other hand, despite growing pharmacological discoveries, mental disorders
(such as ADHD) have shown a gradual rise during the last few decades, and rates are
expected to continue increasing in the coming years [42–44]. Interestingly, it has been
observed that worsening mental health within developed countries could be related to
diet habits (more precisely, to the transition to more calorically dense ones) and to lower
levels of physical activity [45]. Centered in the area of ADHD, various studies have shown
harmful effects of the diet in the onset and progression of ADHD, including the use of
preservatives and food additives [46,47]. Within this research area, it has also been observed
that changes in the diet style could improve treatment efficiency for ADHD, particularly
the utilization of some minerals and vitamins [48].

Dietary models have proved to be relevant to both metabolic performance and individ-
uals’ behavior. Restriction and elimination diets have been tested in ADHD treatments [49],
and supplements and nutritional products have also been used as complementary inter-
vention plans [50,51]. Studies assessing the specific role of iron and zinc on the course of
ADHD have observed the deficiency of both minerals in most cases of hyperactivity [52].
Zinc is an essential mineral involved in numerous cellular metabolic processes, required
for the catalytic activity of a large number of enzymes, implied in the accurate functioning
of the immune system and with a role in the protein synthesis, DNA synthesis, and cell
division [53]. Zinc also contributes to normal growth and development from pregnancy to
adolescence, and harmonizes the performance of dopamine and melatonin [54]. Iron is a
cofactor mineral that systematizes the production of dopamine and norepinephrine, an
essential element participating in a wide variety of metabolic processes, including oxygen
transport, deoxyribonucleic acid synthesis, and electron transport [55].
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Some studies have analyzed the contribution of zinc and iron on ADHD occurrence,
but conflicting findings have been obtained [56]. As a trend, compared to healthy control
groups, lower levels of iron and zinc have been observed in children diagnosed with ADHD,
but it is not clear whether changes in nutrient levels in blood tests mediate treatment
outcomes in children with ADHD who consume mineral supplements [57,58], or even
what sub-groups could particularly benefit from.

On the basis of the controversial results published regarding the role of dietary nutri-
ents with zinc and iron for the treatment of ADHD [59,60], we performed this qualitative
systematic review aimed to provide an updated account of the evidence published in
randomized clinical trials assessing the efficacy of both supplements in the treatment of
ADHD among children and adolescents.

2. Materials and Methods

2.1. Procedure

This systematic review was done in accordance with the eligible criteria reported in the
Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) [61] (see Table
S1, Supplementary Material), the Assessment of Multiple Systematic Review (AMSTAR) [62]
and the Cochrane Handbook for Systematic Reviews of Interventions [63].

2.2. Inclusion and Exclusion Criteria

Medline, PsychINFO, Web of Science, and Google Scholar databases were searched.
The search was further limited to the next inclusion criteria: (1) studies which examined
treatments for ADHD; (2) which were based on randomized-controlled clinical trials;
(3) which were published in English/Spanish language; (4) which were published in
peer-reviewed Journals between January 2000 and July 2021; (5) which aimed to assess
the efficacy of a nutritional intervention through iron or zinc supplementation; (6) which
assessed clinical samples of ADHD patients diagnosed according to the Diagnostic and
Statistical Manual of Mental Disorders (DSM) criteria, the 4th [64] or 5th [2] versions;
(7) which analyzed participants with an age range between 5 to 18 years old; and (8) which
used validated self-report instruments for measuring ADHD-related problems before and
after treatment.

Specifically excluded from this systematic review were non-pill-based treatment
modalities, such as behavioral interventions, neurofeedback, restriction, or alternative
food exclusion diets or chiropractic interventions. No restrictions were considered for the
longitudinal follow-up and interventions for the control group.

2.3. Research and Selection of Studies

The research was conducted on 20 July 2021. The strategy research (keywords and
search sequence) for each database was:

• Medline: search = [((zinc OR iron) AND (ADHD)) AND ((treatment or therapy))]. The
next filters were employed: (a) type of publication: (Clinical Trial) and (Randomized
Controlled Trial); and (b) Date of publication: (From 1 January 2000–31 July 2021).

• PsycINFO: search = [((zinc OR iron) AND (ADHD)) AND ((treatment or therapy))].
The next filters were defined: (a) Type of publication: [Peer Reviewed Journal]; and (b)
Date of publication: [1 January 2000–31 July 2021];

• Web of Science: search = [(((zinc OR iron OR ferritin) AND (ADHD)) AND ((treatment
or therapy))))]. The next filters were defined: (a) Document Types: [Clinical Trial], and
(b) Publication years: [1 January 2000–31 July 2021];

• Google Scholar: search = [(zinc OR iron) AND (supplement) AND (ADHD) AND
(treatment or therapy) AND (randomized or “clinical trial”) AND (children or adoles-
cent) AND (“Peer Reviewed Journal”)].

Two authors of this systematic review independently analyzed the title and abstract
of each record, according to the inclusion/exclusion criteria. Only studies meeting the
eligibility criteria were then extracted. Data validation was discussed by the same authors,
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and disagreements were resolved by discussion and if needed by consulting a third team
member until a consensus was reached.

The authors also extracted data of the identified screening records to be described and
evaluated in the results section. The information considered for applying the eligibility cri-
teria was: the date and location of publication, type of publication, sample size, participants’
sex and age range, study design, type and duration of the treatment, and measures and
outcomes (changes in the ADHD status, metabolic levels, and other psychological areas).

2.4. Study Quality Assessment

The Consolidated Standards of Reporting Trials guidelines were employed (CONSORT-
2010) [65]) for assessing the study quality. This checklist is used worldwide to improve
reported randomized controlled clinical trials through a list of 25 items for assessing the
title (inclusion of the design type), elaboration of the abstract (structured and completed),
background and explanation of the rationale, definition of the objectives and hypothesis,
description of the trial design (including important changes to methods after trial com-
mencement and reasons), eligibility criteria for participants, the setting and location where
the data were collected, intervention description (sufficient details to allow replication),
completely defined outcome measures, sample size calculation (or power analysis), the
method used to generate the random allocation sequence (including type of randomization),
use of blinding methods, statistical procedures used for the analyses, results description
(including comparison at baseline), discussion of the results (including limitations and
generalizability), and other information (registration, protocol, and funding).

In addition, two checklists were used. First, the guidance elaborated by the National
Institute for Health and Care Excellence: The NICE Methodology Checklist for Randomized
Controlled Trials [66], which includes items structured in four sections: (a) assessment
of the selection bias (appropriate method of randomization used, adequate concealment
of allocation and comparability at baseline); (b) assessment of the performance bias (the
comparison groups received the same care apart from the interventions, and using double-
blind method); (c) assessment of the attrition bias (the groups followed for an equal length
of time, and comparable treatment completion); and (d) assessment of detection bias
(adequate length of follow-up, use of precise definition for the outcomes, valid and reliable
methods for measuring the outcomes and triple-blind method used). Second, the Critical
Appraisal Skills Programme (CASP) Randomized Controlled Trial Standard Checklist [67],
which includes a set of items organized in four sections: (a) validity of the study design
(clearly focused research question, randomized assignment of the participants to groups
and complete follow-up); (b) using adequate methodology procedures (blinded methods,
similarity between the groups at the start of the controlled trial, and groups receiving the
same level of care); (c) results reported comprehensively, including the estimate of the
effect sizes and carrying out a cost-effectiveness analysis cost; and 4) applicability of the
results (generalization features and value provided by the intervention).

The risk of bias was also assessed using the Cochrane Risk of Bias 2 checklist [68], based
on seven domains: (a) the randomization process, (b) deviations from intended interven-
tion/s, (c) missing outcome data, (d) outcome measurement/s, (e) selection of the reported
results, (f) incomplete reporting, and (g) power calculation (or sample size justification).

The assessment of the methodological quality was rated by authors of this systematic
review, and discrepancies were discussed and solved.

3. Results

3.1. Descriptive for the Selected Studies

The number of studies identified through database-searching was n = 123. After
removing duplicate articles, n = 97 studies were screened and n = 9 were finally selected
on the basis of the title-abstract and the eligibility criteria (Figure 1 contains the search
flow-chart).
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The randomized clinical trials included in the synthesis reported data for ADHD
samples of children and adolescents aged 5 to 15 years old. Zinc sulfate was administered
in n = 5 studies, iron in n = 2 studies, and multi-supplements containing both compounds
in a n = 2 study. Clinical improvement was verified using standardized measurement tools
for versions for parents, teachers, and/or children. Laboratory blood screening tests were
also applied (at least) at baseline and at the end of the treatment.

Table 1 includes the description of the n = 9 randomized controlled trials of supple-
ments with zinc and iron for the treatment of ADHD, such as: identification of the study,
sample size (N), supplement administered to the experimental group, age range and mean,
gender distribution, duration of the study, and the standardized measures employed for
measuring the ADHD symptoms, and other related problems.

3.2. Assessment of the Methodological Quality, Adherence and Competence

Tables 2–4 contains the results of the assessment with the CONSORT, NICE, and
CASP checklists for the n = 9 selected studies included in the systematic review. Many
studies met most of the criteria. The most incomplete items were the calculation of the
sample size (or the power estimation based on the sample size of the groups), carrying out
a triple-blinded study [the selected studies were double-blinded (patients and researchers
were unaware of whether the treatment was administered), but it was not reported whether
the team analyzing the data was also unaware of which groups’ data they were evaluating],
obtaining the precision of the estimates (through confidence intervals or other alternative
standardized effect size measures) and carrying out a cost-effectiveness analysis cost).

3.3. Assessment of the Risk of Bias of the Included Studies

Table 5 shows the risk of bias summary of the included studies. The signaling question
“bias arising from the randomization process” was identified with a moderate risk of bias
for all the studies because the allocation sequence was not clearly concealed in the selected
studies. The signaling item “statistical power calculation” was judged as low because
studies did not justify the sample size before the results section.

 

Figure 1. Search flow-chart.
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Table 3. Assessment of the studies’ quality based on the NICE checklist.
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1. Noorazar et al. (2020) [69] (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (?) (?)

2. Zamora et al. (2011) [70] (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (?) (?)

3. Arnold et al. (2011) [71] (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (?) (?)

4. Akhondzadeh et al. (2004) [72] (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (?) (?)

5. Bilici et al. (2004) [73] (+) (+) (?) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (?) (?)

6. Konofal et al. (2008) [74] (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (?) (?)

7. Panahandeh et al. (2017) [75] (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (?) (?)

8. Rucklidge et al. (2018) [76] (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (?) (?)

9. Rucklidge et al. (2021) [58] (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (+) (?) (?)

Note. (+) Green color cell: presented-reported. (?) White color cell: not present or not reported. Items A1 to A3: selection bias (systematic
differences between the comparison groups). Items B1 to B3: performance bias (systematic differences between groups in the care provided,
apart from the intervention under investigation). Items C1 to C3b: Attrition bias (systematic differences between the comparison groups
with respect to loss of participants). Items D1 to D5: Detection bias (bias in how outcomes are ascertained, diagnosed or verified).
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Table 4. Assessment of the studies’ quality based on the CASP checklist.
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1. Noorazar et al. (2020) [69] (+) (+) (+) (+) (+) (+) (+) (?) (?) (+) (+)

2. Zamora et al. (2011) [70] (+) (+) (+) (+) (+) (+) (+) (?) (?) (+) (+)

3. Arnold et al. (2011) [71] (+) (+) (+) (+) (+) (+) (+) (+) (?) (+) (+)

4. Akhondzadeh et al. (2004) [72] (+) (+) (+) (+) (+) (+) (+) (?) (?) (+) (+)

5. Bilici et al. (2004) [73] (+) (+) (+) (+) (+) (?) (+) (?) (?) (+) (+)

6. Konofal et al. (2008) [74] (+) (+) (+) (+) (+) (+) (+) (+) (?) (+) (+)

7. Panahandeh et al. (2017) [75] (+) (+) (+) (+) (+) (+) (+) (?) (?) (+) (+)

8. Rucklidge et al. (2018) [76] (+) (+) (+) (+) (+) (+) (+) (+) (?) (+) (+)

9. Rucklidge et al. (2021) [58] (+) (+) (+) (+) (+) (+) (+) (+) (?) (+) (+)

Note. (+) Green color cell: present-reported; (?) White color cell: not present or not reported. Items A1 to A3: the study design is valid for a
randomized controlled trial. Items B4 to B6: the study methodology is sound. Items C7 to C9: the results are adequately reported. Items
D10 to D11: the interpretation of the results is helpful.
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Table 5. Assessment of the risk of bias based on the Cochrane Risk of Bias 2 checklist.
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1. Noorazar et al. (2020) [69] (?) (+) (+) (+) (+) (+) (−)

2. Zamora et al. (2011) [70] (?) (+) (+) (+) (+) (+) (−)

3. Arnold et al. (2011) [71] (?) (+) (+) (+) (+) (+) (−)

4. Akhondzadeh et al. (2004) [72] (?) (+) (+) (+) (+) (+) (−)

5. Bilici et al. (2004) [73] (?) (+) (+) (+) (+) (+) (−)

6. Konofal et al. (2008) [74] (?) (+) (+) (+) (+) (+) (−)

7. Panahandeh et al. (2017) [75] (?) (+) (+) (+) (+) (+) (−)

8. Rucklidge et al. (2018) [76] (?) (+) (+) (+) (+) (+) (−)

9. Rucklidge et al. (2021) [58] (?) (+) (+) (+) (+) (+) (−)

Note. (+) Green color cell: low risk of bias. (?) Grey color cell: moderate risk of bias (unclear reporting or partially reported). (−) Brown
color cell: high risk of bias (non-reported). Randomization: low bias judged if both a method of randomization and concealing allocation
was clearly described, along with no clear obvious baseline differences between groups. Deviation: low bias judged if study participants
did not change between groups. Missing outcome: low bias judged if less than 20% of participants were lost between the beginning and
the end of the treatment. Outcome measurement: low bias judged if validated tools were used for the main results (e.g., standardized
questionnaires). Selective reporting: low bias judged if outcomes were pre-specified. Incomplete reporting: low bias judged if measurement
methods, procedure, analysis and outcomes were specified in advance to the results section. Power calculation/sample size justification:
low bias judged if this was performed in advance and attained in the study.

3.4. Efficacy of Zinc for ADHD Treatment

The study of Noorazar and colleagues used the next intervention [69]: (a) a dose of
0.5–1 mg/kg/day methylphenidate plus placebo in the control group; and (b) a dose of
0.5–1 mg/kg/day methylphenidate plus 10 mg zinc (10 cc zinc sulfate syrup). No differ-
ences between the groups were observed regarding the dose of methylphenidate. After
6 weeks of treatment, the authors found that the use of zinc was useful to decrease the
inattention scores (p = 0.02), but no differences between the groups were found in the other
measures for the hyperactivity and impulsivity scales. The lack of differences in the total
ADHD score in this study suggested that augmentation with zinc could only partially
improve ADHD severity levels. The authors of the study also noticed that the difference
between the two groups regarding the gender ratio compromised the generalization capac-
ity, and that the use of the Connors Parent’s Questionnaire as the only measure for ADHD
was a significant limitation [although it is a standardized tool, the inclusion of additional
instruments and informants (such as teachers) could have provided different perspectives
of the children’s behaviors and impairments].
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The study of Zamora and colleagues also valued the effect of zinc supplementation
(10 mg/day) as an adjuvant therapy (complementary to methylphenidate, with a dose of
0.3 mg/kg/day) for ADHD in n = 40 pediatric children, and obtained an improvement in
ADHD signs associated to the experimental group in the questionnaires answered by teach-
ers (no differences emerged from the parents’ reports) [70]. These authors also obtained
decreased zinc levels during the intervention in both groups (control and experimental
conditions), suggesting that the methylphenidate could contribute to a decrease in zinc
concentration that can be counteracted with zinc supplementation.

In the research by Arnold et al. with n = 52 ADHD children treated with d-amphetamine
(weight-standardized) and zinc complementation (15 mg/day or 30 mg/day) or d-amphet-
amine and a placebo, a similar improvement in ADHD was observed in all the conditions
(more precisely, teachers’ ratings showed medium effect sizes favoring zinc, but parents’
reports showed an opposite trend favoring the placebo) [71]. Interestingly, this trial also
observed that the group treated with 30 mg/day zinc obtained 37% lower plasma levels of
conventional drugs. The authors of this trial concluded that rises in zinc levels in blood tests
suggested that children with ADHD may have a zinc-wasting metabolism (defined as low
levels of zinc related with potential deficits in absorption or losses in urine), and therefore
the zinc administered in the morning acted only as an immediate-release stimulant (this
was probably the reason of the teachers’ reports favoring this dietary supplement) but was
next immediately excreted by mid-afternoon (parents could not observe improvements
on the children’s behaviors). As a global conclusion, Arnold and colleagues indicated that
their study did not support zinc supplementation as a complementary tool for ADHD
treatments, but also suggested that before discarding zinc as a potential treatment, it
would be desirable that future research explores the situation further with different zinc
doses/preparations, samples with children characterized for low zinc levels, and measures
focused on neuropsychological tests as primary outcomes.

The study carried out by Akhondzadeh et al. aimed to compare two groups of patients
with ADHD (with or without zinc augmentation, with a dose of approximately 15 mg/day)
and both conditions treated with methylphenidate (1 mg/kg/day), and the experimental
group obtained more improvement according to parents’ and teachers’ ratings at 6 weeks
of the intervention [72]. Trend analyses also showed that differences between the groups
increased during the treatment: while the placebo and the zinc supplementation groups
only showed small differences at week 2, moderate to high differences were found at
4 weeks and 6 weeks (this pattern was observed for the questionnaires answered by
teachers and parents).

The study by Bilici and colleagues among a large sample of n = 400 children with
ADHD observed that the group receiving the zinc supplement (approximate dose of
40 mg/day) compared with the control group (receiving placebo) obtained greater im-
provements in multiple measures (hyperactivity, impulsivity, and socialization symptoms)
but results were similar for attention deficiency [73]. The greatest differences between the
groups were observed at 12 weeks of the intervention, and were few during 1 to 4 weeks.
Regarding the potential mechanisms explaining these results, the authors conclude that
the zinc supplement could affect the conversion of dietary pyridoxine to its active form
(pyrodoxal phosphate), implied in the process of conversion of tryptophan to serotonin. In
this sense, zinc should contribute to the increase in serotonergic functions, contributing
to a decrease in the characteristic of impulsivity as a symptom of ADHD. Alternatively,
the authors also suggested the existence of a synergism of zinc in regulating dopamine
and norepinephrine, which has been implied in ADHD treatments. The study by Bilici
et al. also showed that pre/post differences in the ADHD measures were predicted by age
and BMI (a positive association was found in the B-slopes in regression analyses as higher
age, and the BMI as higher change). Low pre-treatment zinc and free fatty acid values
were also associated with a smaller decrease in ADHD symptom levels before and after the
treatments. This evidence was also useful to determine which children could benefit more
from including zinc supplementations in the ADHD treatments.
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3.5. Efficacy of Iron for ADHD Treatment

The study by Konofal and colleagues aimed to examine the contribution of iron sup-
plementation (ferrous sulfate, 80 mg/day) in a sample of n = 23 children who met the
criteria for ADHD, which showed that the experimental group reported more improve-
ment than the control group in different treatment outcomes [74]: ADHD symptom levels
reported by patients, parents, and teachers (particularly marked for the inattention factor),
and also the presence of restless leg syndrome. The authors did not find a correlation
between the baseline levels of serum ferritin levels with endpoint ADHD measures, sug-
gesting that children with the lowest pre-treatment ferritin values did not benefit more
from iron supplementation therapy than other children. In their conclusions, these authors
suggested that the effectiveness of ferrous sulfate could be associated with the ADHD
pathophysiology, that the benefits of restless leg syndrome could be the consequence of the
improvement in the ADHD motor activity in the evening, and that iron could enhance the
action of pharmacological treatment with methylphenidate and amphetamine.

The study of Panahandeh et al. in a sample of n = 42 children with ADHD also obtained
benefits for the use of ferrous sulfate (5 mg/kg/day) plus methylphenidate (1 mg/kg/day),
in the inattentiveness, hyperactivity, and impulsive symptom levels reported by parents
at 2 months of treatment [75]. In the conclusions section, these authors supported the
hypothesis that the contribution of iron supplementation on the ADHD improvements
could be explained by the capacity of this element in the dopamine transporter density and
activity, which is consistent with other studies that observed decreased thalamic iron levels
in children with ADHD compared to controls [77,78].

3.6. Efficacy of Including Simultaneously Iron and Zinc for ADHD Treatment

Some randomized clinical studies have also valued the contribution of multimineral-
vitamin supplements which include zinc and iron for ADHD treatment in children. The
rationale for selecting trails with multi-supplements therapy plans for ADHD was the
low number of trails using simultaneously zinc and iron, and those identified used prepa-
rations with vitamins, dietary minerals and other nutritional elements. Therefore, con-
sidering these studies facilitates generalizability of the results related with the use of
zinc–iron supplements.

The study of Rucklidge and colleagues [76] in a sample of n = 93 patients used Daily
Essential Nutrients (DEN, with Recommended Dietary Allowances, RDA), which contains
a comprehensive range of micronutrients (13 vitamins, 17 minerals, and 4 amino acids). The
participants were instructed to titrate the dose up to over a week, starting with 3 capsules
per day and increasing it to up to 12 capsules per day (see Table 1 for the zinc–iron content).
This study obtained an intent-to-treat analysis of between-group differences with greater
improvements for ADHD related with the micronutrient treatment, but specifically in
the clinicians’ reports assessing inattention. However, although no significant differences
were found for the hyperactivity and impulsive measures between the experimental and
the placebo groups, the micronutrients supplement obtained improvements in emotional
regulation, aggression, and general functioning. The authors of this study concluded that
the mechanisms of action of micronutrient treatments likely involves different pathways
rather than pharmacological treatments, and that supplements like those used in the study
may have an impact on the methylation/methionine cycle, required for the synthesis of
DNA/RNA (as it was suggested by other studies [79]), and on the citric acid cycle and
electron transport chain acting as co-enzymes in mitochondrial aerobic respiration and
energy production. These potential effects on the physical state could also contribute to im-
provements in mood state and cognition functions (also suggested in the literature [80,81]).

Finally, the study of Rucklidge et al. was published later and carried out on a sample
of n = 38 children that also used DEN, with an initial dose of 3 capsules per day which
further increased to 12 capsules per day (see Table 1 for the zinc–iron content). This study
showed that a broad-spectrum micronutrient formula (EMPowerplus) served as a mediator
in the treatment response considering multiple ADHD measures [58]. Interestingly, only
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pre/post changes in the copper and ferritin levels achieved a significant moderator role on
the improvement registered for the severity of ADHD: as the increase in the ferritin and
the decrease in the copper highly benefited the levels of ADHD (in the three dimensions of
inattentiveness, hyperactivity, and impulsivity). However, the authors indicated that these
results should be interpreted with caution, and outlined the need to consider individual
variability: since metabolic needs are different between the patients, as well as their genetic
makeup, some children may need certain nutrients to restore optimal metabolic functioning,
and others will not require specific nutrients and should not benefit from supplementations.
In addition, nutrients act in a synergistic way, and therefore, changes in one can have
cascading effects on others, and it was thus unlikely that increases in a specific nutrient
could make a direct and unique contribution on the changes observed in a complex disorder,
such as ADHD.

3.7. Tolerability Analyses

Regarding safety and tolerability, no serious adverse events were reported in the
studies selected for this review, and the unpleasant events found were similar for the
experimental and control groups. Iron and zinc therapies were generally well-tolerated:
no patients referred to an exacerbation of ADHD symptoms or a significant decrease in
appetite, and only a low number of children reported physical pains, nausea, vomiting,
constipation, or a metallic taste in the mouth. Moreover, studies suggested that maintaining
a fixed daily dose of iron–zinc was a relevant factor in increasing tolerability, and no
indication regarding any great concern about the doses up to the follow-up was registered.
However, it cannot be determined whether a long-term zinc–iron treatment could induce
negative events, such as toxicity or hemosiderosis.

4. Discussion

This study conducted a qualitative systematic review of the empirical evidence ob-
tained in randomized clinical trials published since 2000 on the efficacy of zinc and iron
supplementation among ADHD children and adolescents. Nine studies met the eligibility
criteria and were selected. Results indicated that low zinc and iron levels were related
with both higher baseline levels of ADHD severity and poorer treatment outcomes. Com-
pared with the controlled-placebo conditions, the dietary supplements with zinc and iron
were associated with improvements in ADHD severity at the end of the treatments, al-
though the effect size of the outcomes tended to be low and/or focused on specific ADHD
symptoms/measures.

Cross-sectional evidence regarding the association of zinc and iron with ADHD levels
(pre-treatment associations) is consistent with other non-randomized studies that explored
the contribution of these micronutrients within clinical- and population-based samples.
For example, a longitudinal study with a large sample with n = 608 children found that
zinc–iron supplementation improved attention/concentration in children over a 14-month
follow-up period [82]. A positive correlation was also found between zinc and symptoms
of inattentiveness in a cross-sectional study of n = 48 children [83].

The potential explanations about the paths between the zinc–iron levels and the
various ADHD manifestations are discussed in a number of studies, which showed that
lower levels of these elements in childhood (but also in older adults) could be related
to a dopaminergic impairment, which could be the origin of the high inattentiveness–
hyperactivity levels and the other correlates of the ADHD disease (like the presence of
restless leg syndrome and other multiple sleep problems) [74,84,85]. Neuroimaging, genetic,
and animal studies have also shown that decreases in dopamine transporter densities are
related with decreased brain iron and zinc levels [86–88]. Zinc achieves a relevant role in
the metabolism of neurotransmitters, prostaglandins, and for maintaining brain structure
and function. Since zinc is necessary in the metabolism of melatonin, it is strongly implied
in the regulation of dopamine (zinc is therefore considered a dopamine reuptake inhibitor).
Iron is a cofactor in the tyrosine hydroxylase enzyme, and a key cofactor in the making
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of neurotransmitters, including serotonin, norepinephrine, and dopamine. Brain iron-
deficient rodents have been associated with alterations in adenosine neurotransmission,
which has provided a pathogenetic link with glutamate mechanisms and the hypersensitive
corticostriatal terminals involved in some ADHD correlates [89,90].

The link between iron and zinc supplementation and the observed decrease in ADHD
symptoms in the controlled clinical trials selected for this systematic review also makes
sense with regard to the role of zinc and iron as dopamine reuptake inhibitors, which was
precisely the core target of the stimulant medications used in the combined treatment plans
for the disease. Other non-randomized studies using a combination of polyunsaturated
fatty acids with zinc supplementation also showed benefits for the treatment of ADHD.
For example, the observational study of Huss et al. in a large sample of n = 810 monitored
children aged 5–12 years old showed that consumption of omega-3 and omega-6 with
complementation of zinc improved ADHD symptoms, as well as other emotional problems,
and sleeping disease (attention deficit, hyperactivity, and impulsivity) after 12 weeks [91].
The rationale for these results could be found in the capacity of these dietary combinations
for facilitating the transmission of signals between neurons, which also contributed to
improvements in attention ability, learning difficulties, and executive functions in the
development of children and adolescents [92,93].

The studies included in this review support the existence of subgroups (based on the
treatment outcomes and its baseline clinical correlates) that could be particularly benefitted
from treatments including dietary zinc and iron supplements, such as the results of Bilici
and colleagues [73]: the association found in this study between the low baseline zinc
values with lower improvements in the ADHD measures suggested that zinc may be
particularly important for the treatment of this disorder, improving and compensating
borderline zinc nutrition. The study of Arnold and colleagues, which reanalyzed data from
a randomized clinical trial with n = 18 children by comparing d-amphetamine with Efamol,
assessed the moderate role of zinc [94], categorized the participants into three groups (as
zinc-adequate, zinc-borderline, and zinc-deficient), and observed a linear relationship of
d-amphetamine with zinc nutrition among the d-amphetamine group, and a quadratic
(U-shaped) relationship of Efamol response to zinc (the benefit among this group was only
found among the zinc-borderline condition). Finally, the research based on a secondary
analysis of data collected in the study of Arnold and colleagues [71] analyzed the role of
the status of iron, and determined that it was associated with ADHD symptom severity at
baseline and with responses to psycho-stimulant treatment [95]. This study found an in-
verse correlation of serum ferritin with baseline inattention, hyperactivity, and impulsivity
levels (as ferritin concentration increased, ADHD severity decreased), and also a significant
correlation between serum ferritin and sensitivity to the amphetamine used for ADHD
treatment (participants with higher ferritin concentrations required lower weight-adjusted
doses of psychotropic treatment). These results were obtained after adjusting for the partic-
ipants’ sex and age. The authors concluded that iron supplementation could contribute as a
potential intervention to optimize responses to psycho-stimulants in children with low iron
stores at baseline. Other studies have also showed that ferritin concentration is correlated
with the dose of amphetamine necessary to reach an optimal clinical response [96]. How-
ever, results in this area are few, and future research should address the question of which
are the optimal doses, as well as the benefits of using supplements of multiple vitamins
and minerals.

5. Conclusions

Based on the results obtained in this systematic review, the specific role of dietary
nutrients with zinc and iron still seems controversial for the treatment of ADHD, being
most consistent with the evidence for zinc. Moreover, although the reviewed studies found
a relationship between the use of dietary supplements containing these elements with the
improvement of ADHD symptoms, neither the mono-causal role of a concrete specific
nutritional deficiency among ADHD children nor the role of a concrete dietary nutrient in

121



Nutrients 2021, 13, 4059

the management of this disorder were proven (as was reported quite recently [56]). Future
controlled clinical trials are needed, examining the efficacy of mineral supplementation.

The results obtained in this systematic review should be considered for combining
these multi-facet interventions with additional precise interventions, specifically focused
on the nutritional state and clinical profile of each patient. The ultimate objective of these
treatments, including medical, psychological, and diet plans, should be to decrease the
levels of ADHD, but also its multiple negative correlates, in order to achieve better perfor-
mance in vigilance and sustained attention tasks, executive functioning tasks (like planning
and organization), set shifting and response monitoring, and complex problem-solving.

Finally, this study should be interpreted in consideration of certain limitations. First,
a meta-analysis was not conducted. Systematic reviews of treatment plans often include
statistical methods to summarize the results of independent research by combining the
information of selected studies (through meta-analysis) with the aim to provide more
precise estimates of the effects of health care. However, it must be outlined that not all
topics allow a meta-analysis to be conducted, and these concrete systematic reviews use
alternative methods of synthesis described as “narrative synthesis”. This was the case
of our study: we did not employ meta-analyses because of the clinical heterogeneity of
individual studies, with different intervention characteristics (for example, the iron/zinc
supplements were administered in two trials within multi-supplements also including
other trace elements, with different doses and/or frequency of doses, and with different du-
rations), diverse outcome/effects measurement, different research settings, and differences
in participants’ features (such as age, baseline disease severity, other comorbid conditions,
or sociodemographic variables). Since current studies have proven that this heterogeneity
could cause significant inaccurate summary effects and associated conclusions, and thus
misleading decision-markers [97], we opted to conduct a narrative synthesis in accordance
with the current guidelines. Other characteristics of the individual studies selected for
this review also impact on the generalizability capacity of our review: the limited samples
sizes, the convenience samples (non-probability sampling methods were used), and the
frequency of men compared to women.
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Abstract: Based on epidemiological and animal studies, the rationale for using polyunsaturated fatty
acids (PUFAs) as a treatment for Attention Deficit Hyperactivity Disorder (ADHD) seems promising.
Here, the objective was to systematically identify and critically assess the evidence from clinical
trials. The primary outcome was ADHD core symptoms. The secondary outcomes were behavioral
difficulties, quality of life, and side effects. We performed a systematic search in Medline, Embase,
Cinahl, PsycInfo, and the Cochrane Library up to June 2020. The overall certainty of evidence was
evaluated using Grades of Recommendation, Assessment, Development, and Evaluation (GRADE).
We identified 31 relevant randomized controlled trials including 1755 patients. The results showed
no effect on ADHD core symptoms rated by parents (k = 23; SMD: −0.17; 95% CI: −0.32, −0.02) or
teachers (k = 10; SMD: −0.06; 95% CI: −0.31, 0.19). There was no effect on behavioral difficulties,
rated by parents (k = 7; SMD: −0.02; 95% CI: −0.17, 0.14) or teachers (k = 5; SMD: −0.04; 95% CI:
−0.35, 0.26). There was no effect on quality of life (SMD: 0.01; 95% CI: −0.29, 0.31). PUFA did not
increase the occurrence of side effects. For now, there seems to be no benefit of PUFA in ADHD
treatment; however, the certainty of evidence is questionable, and thus no conclusive guidance can
be made. The protocol is registered in PROSPERO ID: CRD42020158453.

Keywords: fatty acids; omega 3; polyunsaturated; attention deficit hyperactivity disorder; ADHD;
children; adolescents; systematic review; meta-analysis

1. Introduction

Attention Deficit Hyperactivity Disorder (ADHD) is a common neurodevelopmental
disorder in children and adolescents, which may persist into adulthood. A meta-analysis
of 102 prevalence studies found that the worldwide prevalence estimate for ADHD among
children and adolescents under the age of 18 years is 3.4% (CI 95% 2.6–4.5) [1].

ADHD is characterized by three core symptoms, namely, inattention, hyperactivity,
and impulsivity. The symptoms must be present in different settings and be both impairing
and age inappropriate. ADHD is frequently comorbid with other psychiatric disorders and
a substantial burden to the affected children and their families [2]. Long-term studies have
revealed that a diagnosis of ADHD is associated with lower educational achievements
and significant higher prevalence of, e.g., injury, substance abuse, unemployment, and
delinquency [3–8].
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A wide variety of treatments such as pharmacological and psychosocial interventions
are used for the management of ADHD. There is some evidence for the short-term effective-
ness of certain non-pharmacological interventions and pharmacological treatments [9–11].
However, some patients and parents are concerned with the use of pharmaceuticals for
the treatment of ADHD, and initiation of pharmacological treatment may be linked with a
certain degree of reluctance due to side-effects. Investigations of other interventions such
as diet or nutritional supplements are therefore necessary.

Based on evidence from epidemiological studies and animal models, the rationale for
using polyunsaturated fatty acids (PUFAs) as a treatment option for ADHD is promising.
Studies have found that a deficiency of essential fatty acids positively correlates with
ADHD symptoms [12]. Supporting the evidence that PUFAs may play a role in brain
disorders, essential fatty acids have shown to regulate neurotransmitter and immune
functions via the modulation of lipid rafts signaling platforms on the cell membrane in
addition to having an anti-inflammatory inhibition of the free radical generation and
oxidative stress [13–15].

The objective of this systematic review and meta-analysis was to systematically iden-
tify and critically assess the current evidence from clinical trials concerning the adminis-
tration of supplementation with PUFAs for the treatment of ADHD among children and
adolescents (6–18 years). Specifically, we sought to evaluate the effect of supplementation
with PUFAs on ADHD core symptoms and behavioral difficulties, rated by both parent
and teachers. Furthermore, we sought to investigate the impact on quality of life as well as
the occurrence of side effects including diarrhea, gastrointestinal discomfort, and nausea.

The systematic review and meta-analysis were based on an update of the results from
a Danish national clinical guideline published in 2018 by the Danish Health Authority.

2. Materials and Methods

Established methods recommended by the Cochrane Collaboration [16] and according
to the principles described in the Grades of Recommendation, Assessment, Development,
and Evaluation (GRADE) [17] approach were used to conduct this systematic review and
meta-analysis. Moreover, the systematic review was structured according to Population,
Intervention, Comparison, and Outcome (PICO) characterization [18]. Specifically, the
PICO question was whether children and adolescents aged 6–18 years with ADHD should
be offered PUFA supplementation. The definitions of population, intervention, comparator,
outcomes, and study design are specified in Table 1. The research question is best addressed
through a randomized study design in order to evaluate the effectiveness of the intervention
so that issues regarding both measured and unmeasured confounding are minimized.

Table 1. Population, Intervention, Comparison, and Outcome (PICO) criteria for inclusion and exclusion of studies.

Population Children and adolescents between the age of 6 and 18 years (≥6 and ≤18), diagnosed with
ADHD in accordance with ICD-10 or DSM criteria (both 4 and 5) for ADHD.

Intervention Supplementation of polyunsaturated fatty acids (PUFAs). We included studies investigating both
omega 3 and 6 fatty acids.

Comparison No treatment—placebo and/or regular diet.

Outcome, primary

ADHD core symptoms, parent rated
ADHD core symptoms, teacher rated

Timing and effect measures
ADHD core symptoms, both parent and teacher rated, were investigated at end of treatment.

Minimal clinically important difference (MCID) 30% mean total score change difference between
treatment groups, which is equivalent to between-treatment difference of 5.2 to 7.7 points [19–21].
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Table 1. Cont.

Outcome, secondary

Behavioral difficulties, parent rated
Behavioral difficulties, teacher rated

Quality of life
Diarrhea

Gastrointestinal discomfort
Nausea

Timing and effect measures
Behavioral difficulties both parent and teacher rated was investigated at end of treatment.

Quality of life was investigated at the longest follow-up time (minimum 3 months after end of
treatment). In our published protocol, we initially planned to assess diarrhea, gastrointestinal

discomfort, and nausea at longest follow-up. This was later changed to end of treatment, as the
identified studies did not provide any follow-up data on these outcomes.

Study design All randomized controlled studies, with interventions matching the defined research question.

The protocol was registered in the International Prospective Register of Systematic
Reviews (PROSPERO: CRD42020158453 (accepted 28 April 2020) and the systematic review
was constructed in accordance to the Preferred Reporting Items for Systematic review
and Meta-Analysis (PRISMA) statement [22,23] (PRISMA checklist is provided in the
Supplementary Material).

2.1. Search Strategy

As a part of the conduction of the Danish national clinical guideline on ADHD by
the Danish Health Authority, a literature search were performed by KB in September
2013 (with no restriction on date), in November 2017 (dates restricted to 2013–2017),
and again in June 2020 (dates restricted to 2017–2020). The systematic literature search
was performed in multiple databases including Medline, Embase, Cinahl, and PsycInfo
and limited to randomized controlled trials. The original search strategy included a
search for both systematic reviews and individual randomized controlled trials. The
justification for the stepwise search strategy is that the Danish Health Authority prioritize
to enrich existing guidelines with all available eligible literature approximately every
third year. All search strategies for the 2013, 2017, and 2020 searches included medical
subject heading (MeSH) and text words related to our eligibility criteria. As an example
MeSH terms for the intervention were “unsaturated fatty acid” or “Diet therapy” or “diet
supplementation” or “Fish oil” or “Carnitine “, or text words for the intervention ((fatty
adj1 acid*) or ((Polyunsaturated or poly-unsaturated or unsaturated) adj1 (fat or fatty)) or
omega-3 or omega3 or omega 3 or omega-6 or omega6 or omega 6 or (docosahexaenoic
adj acid*) or (eicosapentaenoic adj acid*) or (arachidonic adj acid)) or ((fish adj1 oil*) or
cod liver oil* or lax oil* or tuna oil* or carnitine or Levocarnitine or “L Carnitine” or L-
carnitine or bicarnitine) or ((diet* or food or nutrition) adj1 (therapy or supplement*)) (for
further details please see the example presented in Table 2 and in the search protocols
provided in Supplementary Material). Both the original and updated searches were limited
to literature written in English, Danish, Norwegian, and Swedish due to limitations in
language proficiency in the author group. Moreover, to ensure that any relevant studies
were not missed by the search, content experts from the guideline working group were
conferred with, and reference lists of included articles and previous reviews were screened
for potentially relevant studies. Conference abstracts were considered if data were not
published elsewhere. Study authors were not contacted to identify additional studies.
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Table 2. Example of the search strategy in Embase.

# Searches

1 exp unsaturated fatty acid/

2 Diet therapy/ or diet supplementation/

3 exp Fish oil/

4 exp Carnitine/

5
((fatty adj1 acid*) or ((Polyunsaturated or poly-unsaturated or unsaturated) adj1 (fat or fatty)) or omega-3 or omega3

or omega 3 or omega-6 or omega6 or omega 6 or (docosahexaenoic adj acid*) or (eicosapentaenoic adj acid*) or
(arachidonic adj acid)).ti,ab,kw.

6 ((fish adj1 oil*) or cod liver oil* or lax oil* or tuna oil* or carnitine or Levocarnitine or “L Carnitine” or L-carnitine or
bicarnitine).ti,ab,kw.

7 ((diet* or food or nutrition) adj1 (therapy or supplement*)).ti,ab,kw.

8 or/1–7

9 exp Attention Deficit Disorder/

10 (ADHD or (hyperkinetic adj1 disorder*) or (Attention adj1 Deficit adj1 Disorder) or (attention-deficit adj1
disorder)).ti,ab,kw.

11 9 or 10

12 8 and 11

13 limit 12 to (randomized controlled trial or controlled clinical trial)

14 (((random* or cluster-random* or quasi-random* or control?ed or crossover or cross-over or blind* or mask*) adj4
(trial*1 or study or studies or analy*)) or rct).ti,ab,kw.

15 (placebo* or single-blind* or double-blind* or triple-blind*).ti,ab,kw.

16 ((single or double or triple) adj2 (blind* or mask*)).ti,ab,kw.

17 ((patient* or person* or participant* or population* or allocat* or assign*) adj3 random*).ti,ab,kw.

18 14 or 15 or 16 or 17

19 12 and 18

20 13 or 19

21 limit 20 to (yr = “2017–2020” and (english or danish or german or norwegian or swedish))

2.2. Study Selection

The search results were imported to RefWorks (Refworks (online software) https:
//www.refworks.com, accessed on 2 March 2021), and duplicate references were removed.
Subsequently, the records were imported into Covidence software (Covidence (Online
software)). Covidence team https://www.covidence.org/home, accessed on 2 March 2021)
was used for the screening process and data management.

The titles and abstracts of the identified references were screened by one reviewer
(MLR), to assess according to the inclusion criteria (Table 1). Subsequently, the full text
of potential studies was independently screened by two review authors out of a group of
review authors (MLR, SL, HC, JFR, MNH) for eligibility. Disagreement was discussed or
by consultation of a third reviewer (BT). Neither of the review authors were blinded to the
journal titles, study authors/institutions, or year of publication.

2.3. Extraction of Individual Randomized Controlled Studies

Data extraction was conducted using a predefined template in Covidence software.
The assessment of the studies included study settings, population demographics and base-
line characteristics, details on intervention and control conditions, study design, outcome,
and time of measurement. Two review authors out of a group of review authors (MLR,
SL, HC, EB, JFR, MNH) independently extracted data in duplicate. Discrepancies were
resolved through discussion in the review team.
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Data for analysis were also extracted in Covidence (Online software: https://www.
covidence.org/home, accessed on 2 March 2021) and afterwards exported to Review
Manager (version 5.2) (Review Manager (RevMan) (Computer program)) (2014). None of
the study authors were contacted by email to provide additional information to resolve
uncertainties or to obtain missing data. If multiple reports of a single study were identified,
the publication with most complete data was included.

2.4. Quality Assessment

Quality assessment of the evidence was evaluated using GRADE method [24]. There
are four possible ratings of the quality: high, moderate, low, and very low. Downgrading
was carried out for each outcome using the standard definition of risk of bias, inconsistency,
indirectness, imprecision, and publication. The overall quality of evidence was based
on the lowest quality of the primary outcome and reflected the extent to which we are
confident that the effect estimates are correct.

Two review authors out of a group of review authors (MLR, SL, HC, EB, JFR, MNH)
independently assessed risk of bias of the primary studies by using the Cochrane risk of bias
tool [20] that includes the following characteristics: randomization sequence generation,
reatment allocation concealment, blinding of patients and personnel, blinding of outcome
assessors, completeness of outcome data, selective outcome reporting, other sources of bias.
Discrepancies were resolved through discussion.

2.5. Meta-Analysis

For a dichotomous outcome, the relative risk (RR) was calculated, including the 95%
confidence interval (CI). When few or zero events occurred in both the intervention and
control group, a risk difference (RD) analysis was performed as sensitivity analysis. For a
continuous outcome, since different measurement scales were used, we calculated effect
size using the standardized mean difference (SMD), including the 95% confidence interval.
Random effect models were used to calculate pooled estimates of effects. Furthermore, a
funnel plot was produced to assess the publication bias across the studies, when more than
10 studies were included. Statistical heterogeneity was quantified using I2 statistic [25],
with an I2 value greater than of 50% considered to be substantial heterogeneity.

Review Manager Software (version 5.3) (The Nordic Cochrane Centre, The Cochrane
Collaboration, Copenhagen, Denmark) was used to produce the analyses and forest plots.

3. Results

3.1. Literature Search

In the 2013 search, one systematic review article was found [9], from which 12 random-
ized trials were identified among the included studies [26–37]. These were supplemented
by 11 randomized trials from an updated literature search in 2017 [38–48] and a further
eight randomized studies from the latest updated search in 2020 [49–56].

Thus, the evidence base consists of a total of 31 randomized trials.
A flowchart of included secondary and primary studies is presented in Figure 1;

Figure 2, and a list of excluded studies after full-text screening including reasons for their
exclusion is presented in Supplementary Material.
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Figure 1. Flowchart of the search for systematic reviews in 2013.

Figure 2. Flowchart of the search for primary studies in 2017 and 2020.
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3.2. Review of the Evidence

The populations in the included studies consisted of children with ADHD in the
age group ranging from 6–18 years. The interventions consisted of supplements with
polyunsaturated fatty acids with either omega 3, omega 6, or combined supplements with
both types of fatty acids. The interventions lasted between 8 weeks to 12 months. In some
studies [38,49,55], the children were also in medical treatment in both the intervention
group and the placebo group, whereby fatty acid treatment was investigated as an active
add-on treatment in the intervention group. Information on study identification, baseline
characteristics, intervention, control, reported outcomes, and the authors’ conclusion is
presented in Supplementary Material.

3.2.1. Primary Outcomes

The primary outcomes were reported in 24 studies [29,32,34,35,37–42,44–56] and were
based on information from 1755 participants. The results showed no clinically relevant
effect was found on the primary outcome parent-rated ADHD core symptoms (SMD: −0.17;
95% CI: −0.32, −0.02) (Figure 3), corresponding to a mean difference on the Parent ADHD
rating scale of −1.85 (95% CI: −3.49, −0.22) calculated from the endpoint SD in the control
group of Cornu et al., 2018 [51]. The Parent ADHD rating scale ranges from 0 to 54, and
thus the result is equivalent to a decrease of 3.4% on the scale (MCID is estimated to a
decrease of 30% [19–21]), nor was there any effect found on teacher-rated ADHD core
symptoms (k = 10; SMD: −0.06; 95% CI: −0.31, 0.19) [27,29,32,33,35,41,45,50,53] (Figure 4).

Figure 3. Forest plot of comparison: PUFA vs. placebo, outcome: parent-reported core symptoms (end of treatment). Green
square indicates summary estimates of the individual studies. Black diamond indicates total summary effect estimate.
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Figure 4. Forest plot of comparison: polyunsaturated fatty acids (PUFA) vs. placebo, outcome: teacher-reported core
symptoms (end of treatment). Green square indicates summary estimates of the individual studies. Black diamond indicates
total summary effect estimate.

3.2.2. Secondary Outcomes

There was no clinically significant effect on behavioral difficulties, neither when the
outcomes were rated by parents (k = 7; SMD: −0.02; 95% CI: −0.17, 0.14) [29,32,35,44,50,52,54]
(Figure 5) nor by teachers (k = 5; SMD: −0.04; 95% CI: −0.35, 0.26) [29,32,35,39,50] (Figure 6).

Figure 5. Forest plot of comparison: PUFA vs. placebo, outcome: parent-reported behavioral difficulties (end of treatment).
Green square indicates summary estimates of the individual studies. Black diamond indicates total summary effect estimate.
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Figure 6. Forest plot of comparison: PUFA vs. placebo, outcome: teacher-reported behavioral difficulties (end of treatment).
Green square indicates summary estimates of the individual studies. Black diamond indicates total summary effect estimate.

Only two studies [32,52] examined the effect of the intervention on quality of life, with
no significant effect (SMD: 0.01; 95% CI: −0.29, 0.31) (Figure 7).

 
Figure 7. Forest plot of comparison: PUFA vs. placebo, outcome: quality of life (longest follow-up time (minimum 3 months
after end of treatment)). Green square indicates summary estimates of the individual studies. Black diamond indicates total
summary effect estimate.

Additionally, there were no differences between the intervention group compared to
the placebo group regarding the three selected side effects: diarrhea (k = 5, RR: 1.08; 95% CI:
0.32, 3.63 and RD: −0.00; 95% CI: −0.04, 0.03) [29,42,49,50,55], gastrointestinal discomfort
(k = 4; RR: 0.72; 95% CI: 0.27, 1.88 and RD: −0.01; 95% CI: −0.04, 0.03) [42–44,55], and nau-
sea (k = 6, RR: 0.99; 95% CI: 0.41, 2.38 and RD: 0.01; 95% CI: −0.02, 0.03) [29,32,33,42,43,49,55]
(Figure 8).
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Figure 8. Forest plot of comparison: PUFA vs. placebo, outcome: side effects (end of treatment). Blue square indicates
summary estimates of the individual studies. Black diamond indicates total summary effect estimate.

3.3. Certainty of Evidence (GRADE)

The certainty of the evidence was overall low to very low, as there were problems
with inaccurate effect estimates in small studies (very serious risk of imprecision) as well
as serious risk of bias. The risk of bias was primarily due to problems with blinding of the
observers that assessed the effect (parent and teachers). However, the studies generally
suffered from methodological flaws and were largely poorly described, especially regarding
how the randomization sequence was generated, how the allocation was concealed, and
how incomplete data were handled.

4. Discussion

The objective of this systematic literature review and meta-analysis was to provide
clinicians, caregivers and guideline panels with an updated overview and critical assess-
ment of the evidence, investigating the effect of PUFA among children aged 6 to 18 years
diagnosed with ADHD. Based on a substantial body of evidence, there is no indication that
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supplementation with PUFA has a positive effect on core symptoms of ADHD, behavioral
difficulties, or quality of life. The present review suggests that there is no substantial
increase in side effects following the use of PUFA, including the occurrence of diarrhea,
gastrointestinal discomfort, or nausea.

Based on our findings, there is insufficient evidence to support patients, parents,
clinicians, and caregivers in their decision on whether to use PUFA as a supplementation
in the treatment of ADHD. Consequently, the patient preferences are expected to be
unambiguous, in the sense that some parents will prefer dietary changes rather than
pharmacological treatment, and other parents will find it difficult and relatively intrusive
to implement dietary changes in children and adolescents. Effective treatment with PUFA
would supposedly depend on the presence of an initial PUFA deficiency observed in
the patient at baseline. A significant decrease in PUFA levels has indeed been observed
in patients with ADHD as compared to healthy controls [57]. However, it still needs to
be investigated what role PUFA plays in the pathology of ADHD. It remains unknown
whether PUFA deficiency represents a neuropathological finding directly potentiating
symptom outbreak, or rather a compensatory mechanism due to long-standing disease
manifestation. In addition, an evaluation of the long-term effects of providing PUFA as
a supplement is needed. For now, the effect has only been tested in patients over a time
period ranging from 8 weeks to 12 months.

The amount of RCTs investigating the use of PUFA as a treatment for ADHD has
increased since the latest Cochrane review by Gilles et al. was published in 2012 [58].
Despite an increase in the number of available studies, the conclusion and quality of the
evidence remains unchanged. Thus, the evidence still indicates an inability of PUFA to
effectively alter the symptomatology of ADHD. The evidence remains of a low to very low
quality, thus reflecting a high degree of uncertainty of the effect estimates.

The risk of bias in the identified studies includes an inadequate random sequence gen-
eration and allocation concealment, which in RCTs is mandatory to ensure that intervention
and control groups are kept as identical as possible. Thus, the inability to perform sufficient
random allocation may induce systematic errors, which may have a considerable impact
on the final results. Other major sources of bias were due to incomplete outcome reporting,
thus reflecting an increased risk of reporting bias and attrition. Regarding incomplete data,
a review has previously described in which problems with drop-out seem to be common in
n-3 long chain PUFA supplementation trials in children and adolescents in general [59].
This indicates that dropouts may be a common, inherent issue when seeking to investigate
the effect of PUFA in a research setting.

Blinding of the observers evaluating the effect is essential. The included studies
generally displayed an unclear level of blinding, as blinding in the majority of studies was
inadequately described. Blinding of participants may once again constitute an inherent
problem when investigating the effect of PUFA due to the distinct smell and taste [60]. This
may unmask the allocation to the respective groups, as patients and parents over time
may become aware if they indeed are receiving the active PUFA component. Nevertheless,
adequate blinding of observers not directly related to the child should be possible, including
the researcher and teachers. Collectively, these problems lead to a high risk of bias, which
may essentially have an impact on the results and thereby lead to a distortion in the
final conclusion.

Our findings displaying an inadequate effect of PUFA in the treatment of ADHD is in
line with many previous reviews on the subject [57,61–65], but not all [66–69].

When comparing our review to others reporting a beneficial effect, it becomes evident
that there is a discrepancy in the methodology used to evaluate treatment effects, which may
explain the discrepancy in results. In three of the reviews [66,67,69], no specific analysis to
obtain pooled estimate of effects was performed, as results from the individual trials were
only narratively described. This prevents a direct comparison between trials, including
an assessment of the overall magnitude of effect. Common for all reviews reporting a
positive effect was a lack of quality assessment of the included studies. This hinders an
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evaluation of the extent of trust in the data and may essentially mask some issues that
otherwise would lead to a downscaling of the certainty in the evidence, and thereby the
confidence in the results. It should be mentioned, apart from ADHD core symptoms, the
reviews reporting a positive effect also include other outcomes not evaluated in the present
review. The inclusion and exclusion criteria furthermore varied across the reviews. This
may in part also explain some of the discrepancy in the reported results.

As mentioned above, several inherent methodological issues due indeed exist when
it comes to investigating the effect of PUFA in research settings. Nevertheless, this does
not unconditionally prevent the possibility of performing high-quality research on the
matter. As such, future research should focus on conducting clinical trials of high-quality,
following the CONSORT (Consolidated Standards of Reporting Trials) Statement [70]. This
is essential if we wish to move forward and be able to conclusively evaluate the role of
PUFA in the treatment of ADHD.

Strengths and Limitations of the Current Review

In order to ensure high methodological quality, this systematic review and meta-
analyses followed the guidelines of the Cochrane Collaboration and PRISMA as well as
pre-registering a protocol at PROSPERO. Moreover, a comprehensive search and duplicate
full-text study selection, data extraction, and quality assessment were used. Amongst
the limitations, we acknowledge that since the search was limited/restricted to English
and Scandinavian languages, there might be relevant studies unidentified. Moreover,
grey literature was not searched, and thus relevant studies may have been unidentified.
Furthermore, the authors of the included studies were not contacted for further information,
and the results are merely based on data published in peer-reviewed articles. The review
authors were not blinded in the process of selecting literature.

5. Conclusions

Based on the current low to very low evidence, there seems to be no benefit of
providing PUFA supplements to children and adolescents with ADHD concerning parent-
or teacher-rated core symptoms, behavioral difficulties, or quality of life. Concerns on
adverse effects of PUFA supplementation is limited. Conclusive guidance for patients,
parent and clinical practice cannot be made due to the many limitations inherent to the
included studies.
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