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Abstract

Attention-deficit/hyperactivity disorder
(ADHD) is a complex neurodevelopmental
disorder  characterized by  inattention,
hyperactivity, and impulsivity. Emerging
evidence links ADHD to biological factors such
as neuroinflammation, oxidative stress, and
mitochondrial ~ dysfunction. Environmental
exposures, nutritional imbalances, and genetic
composition have a profound influence on these
factors. Recent research highlights the
contributions of inflammatory markers,
hormonal dysregulation, and maternal immune
activation to the etiology of ADHD. Given that
deficiencies in omega-3 fatty acids and
antioxidants can exacerbate  symptoms,
interventions such as anti-inflammatory diets
and dietary supplementation have shown
promise. Recent literature highlights the
importance of these insights.

1. Introduction

Attention-deficit/hyperactivity disorder
(ADHD) is a widespread neurodevelopmental
disorder that is estimated to afflict
approximately 5.29% of the world’s population
(Polanczyk et al., 2007). ADHD is associated
with a wide array of symptoms and
comorbidities. The most common of these
symptoms are inattention, restlessness,
behavioral issues such as impulsivity, and often
overlooked affective issues such as emotional

The Mind 2025, 1 ISSN: 2940-3243

dysregulation (American Psychiatric
Association, 2013). Along with the classical
symptoms that are included in the diagnostic
criteria for ADHD, this disorder also
encompasses a wide variety of comorbidities
and negative health outcomes, including
obesity, proneness to accidents, addictions, and
sleep issues. These comorbidities develop
primarily in patients diagnosed with ADHD
who have not undergone drug (e.g., stimulant)
treatment and psychotherapy (Nigg, 2013).
Given the combination of attention-related and
together  with  the
aforementioned comorbidities, ADHD can be a

affective issues

very detrimental condition and lead to a wide
variety of negative health outcomes. The
importance of appropriate treatment and
management of the disorder should not be
underestimated if we hope to prevent a wide
array of negative health and quality of life
outcomes. A variety of biological aspects have
also been associated with ADHD. Oxidative
stress and high levels of systemic inflammation
have been identified as key components of
ADHD; antioxidant compounds including plant
polyphenols may mitigate these symptoms and
have been proposed as adjunct therapies to
conventional treatments (Varlaet et al., 2018).
In recent years, we have gained a more
comprehensive understanding of biological
inflammation secondary to toxin exposure and
viral infections and its impact on mental health
(Esch & Stefano, 2002; Esch et al., 2002).
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Importantly, neuroinflammation secondary to
viral infections and subsequent lingering effects
of several virus-associated diseases may also
contribute to the exacerbation of psychiatric
symptoms. Prenatal exposure to infections and
toxins has also been identified as an important
risk factor for disorders such as ADHD
(Biittiker et al., 2022; Freitas et al., 2020,
Stefano et al., 2024; Freitas et al., 2020; Biittiker
et al., 2024; Stefano, 2024).

Many individuals diagnosed with ADHD also
present with dietary problems, including
imbalances in omega-3:6:9 fatty acid ratios and
critical mineral deficiencies; these issues have
also been identified as potential risk factors for
expectant mothers and their as-yet-unborn
children (Sinn, 2008). Collectively, these
disorders lead to a cycle of ongoing
inflammation and continued exacerbation of
psychiatric symptoms, suggesting that a more
holistic take on mental health is warranted.

2. Recent Studies: ADHD and Inflammation

Etiologically speaking, psychiatric disorders
develop in response to a series of complex
interactions among factors that are regulated by
genetics, epigenetics, and the environment.
Further insight into a wide variety of mental
health conditions can be obtained by focusing
on the interactions between the immune system
and the gut microbiome and taking into account
the prominent roles played by
neuroinflammation and other inflammatory
responses (Alam et al., 2017, Stefano et al.,
2018). The potential impact of circulating
cytokines and inflammatory responses on those
diagnosed with ADHD has been recognized for
more than a decade. For example, the results of
a recent study identified neuroinflammation as
a key pathogenetic factor in an animal model of
ADHD that was accompanied by elevated rates
of autoimmune disease and higher levels of
cytokines in the peripheral circulation (Dunn et
al.,2019). Many factors are known to contribute
to these neuroinflammatory  responses,
including viral infections (e.g., coronavirus
disease 2019 [COVID-19]) (Biittiker, et al.
2022) and heavy metal toxins (e.g., mercury,
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lead) that have been detected at higher levels in
individuals diagnosed with ADHD compared to
those who were not (Tabatazde et al., 2018).
Other reviews of recent literature reported that
the COVID-19 pandemic and post-COVID
syndrome had a clear negative impact on those
diagnosed with attention disorders (Lopez-Leon
et al., 2021). Interestingly, Oades et al. (2010)
reported a clear difference in the pro-
inflammatory markers found among those with
ADHD who were medicated compared to those
who were drug-naive, with diminished levels of
proinflammatory  cytokines and  other
inflammatory markers observed among those in
the medicated group. Most viral infections (e.g.,
COVID-19) are also associated with higher
levels of circulating pro-inflammatory
cytokines (Anka et al., 2021).

Maternal immune responses and their
subsequent effects in utero along with specific
toxin exposure (e.g., Bisphenol-A and other
plasticizers) have also been associated with
subsequent neuroinflammatory  responses,
ADHD, and a variety of other disorders (Han et
al, 2021; Weissenberger et al., 2017). In their
2020 experiment on Taiwanese children
diagnosed with ADHD, Chang et al. (2020)
identified several differences between the
ADHD group and neurotypical children, most
notably higher levels of inflammatory
biomarkers such as cytokines and neurotrophins
and lower levels of salivary cortisol measured at
various time points throughout the day. Some
researchers have suggested that levels of pro-
inflammatory interleukins, cortisol, and other
immune cells might be developed for use as
potential biomarkers for ADHD (Park, 2022).
Other reviews of the literature reported that
although the evidence for their use as definitive
biomarkers remains inconclusive, they do state
unequivocally  that  inflammation  and
paradoxically lower cortisol levels remain key
components of the ADHD phenotype (Leffa et
al., 2018). Results from other studies revealed
an association between inflammatory skin
conditions (e.g., atopic eczema) and current as
well as future ADHD status in children (Kim et
al., et al.,, 2020). Furthermore, a review of
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studies focused on the contributions of the
endocannabinoid system (ECS) elucidated the
impact of endocannabinoid receptor imbalances
in a variety of mental health conditions,
including ADHD, associated with positive
allostasis of the cannabinoid receptor 1 (CB1).
The authors also suggested possible
endocannabinoid-associated biomarkers for a
variety of conditions (Navarrette et al., 2020).
As research in this field develops further, the
association of ECS with disorders such as
ADHD may develop into a path toward critical
future treatments (Katzman et al., 2016).

Some researchers have suggested a role for
nutritional ~ supplementation in  ADHD,
including zinc, magnesium, and most
importantly, omega-3 fatty acids found in fish
oils or algae extracts. While some evidence
suggests that omega-3 supplements and other
minerals can improve ADHD symptoms in
children (Bloch & Mulqueen, 2014), others
reported that the data on docosahexaenoic acid
and fatty acid supplementation remains
unconvincing, especially in studies of adults
with this disorder (Bonvicini et al., 2016).

Interestingly, supplementation with
polyunsaturated fatty acids and fats with high
levels of omega-3 and omega-9 compared to
omega-6 fatty acids may be highly effective at
reducing systemic inflammatory responses.
Western diets often create fatty acid imbalances
as they include foods with very high omega-6 to
omega-3 ratios. Omega-6 fatty acids are the
precursors to arachidonic acid, which is itself a
precursor to the eicosanoids that contribute to
elevated cellular inflammatory responses.
Maintaining an appropriate dietary omega-3:6
balance has been recognized as beneficial for
other  psychiatric  conditions,  notably
depression, which is also known to include an
inflammatory ~ component (Freeman &
Rapaport, 2011). The cannabinoid receptor CB1
has also been linked to ADHD along with more
classically-recognized dopamine receptor D4
gene mutations, with the two possibly being
connected (Navarete et al., 2020). Metabolic
syndrome and obesity are now also recognized
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as signs of ECS imbalances; maternal obesity
and associated inflammatory responses have
also been identified as major risk factors for the
future development of ADHD (Sanchez et al.,
2018; van der Burg et al., 2016). Meanwhile,
dietary supplementation with healthy fats also
tends to improve the efficacy of stimulant
medications prescribed for children (Millichap
& Yee, 2012).

3. Diet and Antioxidants

A variety of nutritional deficiencies in expectant
mothers have been identified as risk factors for
the development of ADHD in their children.
These nutrient deficiencies include zinc,
magnesium, and iodine along with inadequate
intake of healthy fats (Konkiowska et al., 2012).
In 2017, Rios-Hernandez and colleagues (2017)
conducted a study on 120 children and
adolescents diagnosed with ADHD and found
that symptom intensity correlated with lower
adherence to a Mediterranean-type diet (high in
fruits, vegetables, and healthy fats with minimal
red meat) and a much higher self-reported
intake of “junk food (i.e., food that is ultra-
processed and contains high levels of unhealthy
fats, and high sugar content) and higher rates of
soda consumption. Results from another similar
study revealed that adolescents with ADHD
exhibited lower adherence to a Mediterranean-
style diet and higher consumption of “junk
food” (Khazdouz et al., 2024). Similarly, in our
2018 study that included a representative
sample of the Czech adult population, we found
that higher intensity ADHD symptoms were
positively correlated with poorer diets,
including those that consisted primarily of “fast
food” along with higher consumption of sweets
and ultra-processed foods; interestingly, the
intensity of ADHD symptomatology in this
study was also inversely correlated with
physical exercise and nicotine intake
(Weissenberger et al., 2018). Given that
elevated levels of inflammatory markers are
typically found at baseline in children
diagnosed with ADHD, the rationale for
including antioxidant-rich foods and possibly
antioxidant supplementation appears to be
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sound (Verlaet et al, 2018). Certain compounds,
including the amino acid and mucolytic N-
acetyl cysteine (NAC), have been administered
safely in this population and appear to help with
several psychiatric conditions, including drug
addiction and ADHD. Of note, NAC serves as a
glutathione precursor and can thus be
considered an antioxidant (Deepmala et al.,
2015; Aldini et al., 2018). Recently, Wang and
Qi (2022) reported that the carotenoid anti-
oxidant, astaxanthin, which crosses the blood-
brain barrier, might be used to limit
neuroinflammation. Likewise, in a meta-review
on cannabinoids and their potential use to
promote mental health, the non-psychoactive
and neuroprotective agent, cannabidiol was
found to be moderately effective in treating
ADHD symptoms (Khan et al., 2020).

Antioxidant supplementation in addition to a
balanced diet should also be taken into
consideration because, in general, children with
ADHD seem to suffer from deficiencies in key

Virus-induced ADHD symptoms:
behavioral and emational disruption

minerals and vitamins, including magnesium,
zinc, selenium, and the B-vitamins (Dura Trave,
et al. 2014). An overview of the interplay
between pathogenic sequelae, along with
nutrition as either a pro-inflammatory
contributor to symptomatology or a protective

factor is illustrated in Figure 1.

4. Cellular Energy Metabolism,
Mitochondria, and ADHD

Mitochondrial dysfunction and its impact on
cellular energy metabolism has emerged as a
critical factor in ADHD. Mitochondria, which
are the primary of adenosine
triphosphate, play a pivotal role in maintaining
cellular health and energy production,
Interestingly, results from recent studies
suggest that mitochondrial dysfunction in brain
cells plays a key role in the pathogenesis of
ADHD  (Stefano, 2021).
mitochondria disrupt neuronal activity and
neurotransmitter release and contribute to

source

Dysfunctional

Environment-induced ADHD symptoms:
behavioral and emotional disruption

&

Wirulent activity _@’

(i.e., acute & latent R_L.
infection) é&‘;, “sf

y/d
)
&)

-
q-’ﬁr Dietary imbal
> etary imbalances
1%- 4,'& (i.e., fatty acid ratio,

minerals, etc.)

i

Fig. 1.: The dynamic interplay between pathogens, inflammation, and nutrition in the human organism.
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cognitive and behavioral symptoms associated
with ADHD (Bonvento & Bolafios, 2021).

Emerging research highlights the link between
mitochondrial genetics and ADHD, with
variations in both nuclear and mitochondrial
DNA contributing to the disorder (Giannoulis et
al., 2022). Chronic activation of the cell danger
response — a protective cellular mechanism
triggered by infections, toxins, and/or stressors
— can lead to systemic inflammation and
sustained mitochondrial dysfunction (Naviaux,
2014). Such disruptions have long-term
implications for neuronal plasticity and
attention regulation.

Dietary habits can have a significant impact on
mitochondrial function. Imbalances in essential
nutrients, most notably omega-3 fatty acids and
antioxidants, impair mitochondrial dynamics
and exacerbate oxidative stress (Bordoni et al.,
2022). Furthermore, excessive production of
reactive oxygen species coupled with
inadequate antioxidant defenses contributes to
DNA damage and neuronal dysfunction.
Supplementation with mitochondrial-
supportive nutrients, for example, coenzyme
Q10, mitoquinone, magnesium, and omega-3
fatty acids has been shown to have some
potential to improve mitochondrial function and
mitigate ADHD symptoms (Maugeri &
Barchitta, 2020).

In astrocytes, mitochondrial dysfunction can
limit the supply of energy required by the
neurons with a negative impact on the prefrontal
cortex and hippocampus. These disruptions
hinder cognitive processes, including attention,
working memory, and impulse control.
Addressing mitochondrial health through
dietary and pharmacological interventions
could provide a novel approach to the
management of ADHD.

5. Conclusions

ADHD continues to be a topic of interest due to
its devastating and often overlooked effects on
health and well-being. Topics for future
research include the identification and
validation of biomarkers for assessing ADHD,
The Mind 2025, 1 ISSN: 2940-3243

including inflammatory markers and daily
variations in cortisol levels. One other
important area of interest is the contribution of
the ECS to the pathogenesis of mental health
disorders. It is also important to recognize that
the dietary imbalances observed among those
with  ADHD, notably, diets that are
comparatively low in omega-3 and omega-9
fatty acids, can in and of themselves lead cause
imbalances in the ECS. A healthy ECS requires
fatty acids; however, Western diets involving
the consumption of processed foods with very
high levels of omega-6 fatty acids can lead to a
pro-inflammatory state due to increased levels
of arachidonic acid (Innes & Calder, 2018). The
public in general has become increasingly
aware of the importance of healthy foods such
as those included in the Mediterranean-style
diet in regulating inflammation as well as
providing the healthy fats needed for overall
health and optimal brain function. With respect
to ADHD, supplementing psycho-
pharmacological treatment and psychotherapy
with critical dietary adjustments and access to
nutritional supplements could lead to a
profound difference for these individuals. More
research is needed to explore the combined
effects of traditional treatments with dietary
supplementation.  Furthermore,  validated
biomarkers might lead to a more holistic
diagnostic process and could have a role in
guiding the dietary habits of children and adults
with ADHD.
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