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Abstract

Background: Attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental
condition frequently accompanied by behavioral dysregulation. While genetic factors
involving monoaminergic systems have been implicated, emerging evidence suggests a
role for mitochondrial dysfunction in ADHD pathophysiology. Mitochondrial DNA copy
number (mtDNA-cn), a surrogate marker of mitochondrial biogenesis and cellular energy
demand, may reflect underlying neurobiological alterations and oxidative stress-related
mechanisms relevant to ADHD. Methods: We assessed mtDNA-cn in the peripheral blood
of 56 Italian children and adolescents with ADHD and 27 age- and sex-matched healthy
controls. ADHD symptoms and aggressive behavior were evaluated using DSM-5 cri-
teria and the Conners’ 3 Rating Scales. Genotyping was performed for MAOA (rs6323,
rs1137070) and 5-HTT (rs4795541) polymorphisms. Results: ADHD patients showed signifi-
cantly higher mtDNA-cn than controls (p = 0.002), supporting mitochondrial dysregulation.
Comparing the ADHD patient subgroups with aggressive behavior and those without,
a non-significant reduction in mtDNA-cn was observed in the first subgroup. Notably,
individuals with the TT genotype (rs6323) or CC genotype (rs1137070) had significantly
higher mtDNA-cn compared to controls with the same genotypes (p = 0.031). Similar
increases were seen across all 5-HTT rs4795541 genotypes in ADHD patients. Conclusions:
Our findings suggest that mitochondrial alterations may contribute to ADHD pathophysi-
ology. The association between mtDNA-cn and monoaminergic gene variants highlights a
potential link between neurotransmitter metabolism, oxidative stress, and mitochondrial
function. Thus, mtDNA-cn may serve as a peripheral biomarker and therapeutic target
in ADHD.

Keywords: ADHD; aggressive behavior; mtDNA-cn; MAOA; 5-HTT; polymorphisms

1. Introduction
Attention-deficit/hyperactivity disorder (ADHD) is a highly heterogeneous neurode-

velopmental disorder characterized by persistent patterns of inattention, hyperactivity,
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and impulsivity and associated with cognitive, educational, and social dysfunction [1].
Also, aggressiveness is often observed in individuals with ADHD and can significantly
impact social functioning and overall quality of life [2]. As reported in Shelton et al., the
aggressiveness associated with hyperactive–impulsive–inattentive behaviors in children
increases the risk of various psychological, academic, emotional, and social problems com-
pared to either behavioral pattern observed alone [3]. Moreover, studies on aggressive,
hyperactive–impulsive children suggested that impulsive aggression represents a high
risk profile towards the development of adult antisocial behavior [4]. Historically consid-
ered a male-dominant condition with a 3:1 ratio of boys to girls [5], actually, in females,
ADHD shows a different profile of symptoms and associated comorbidities, making it
more difficult to be identified [6]. Indeed, females with ADHD exhibit greater intellectual
impairments and internalization of problems than boys and lower ratings on hyperactivity,
inattention, impulsivity, and externalizing problems [7]. The ADHD global prevalence in
children and adolescents varies depending on age (7.6% in children aged 3 to 12 years and
5.6% in teenagers aged 12 to 18) [8], and it can also persist into adulthood (up to 85% of
cases) [1]. Interestingly, ADHD symptoms tend to change across the lifespan, so children
and adults with the disorder may exhibit very different phenotypes. Often, in adulthood,
hyperactivity is replaced by restless feelings and discomfort, and inattention may manifest
as difficulty in managing tasks or work activities [9]. Multiple factors, from genetic to
environmental, can contribute to ADHD onset [10].

As regards the influence of genetics on disease onset, variations in genes associated
with the neurotransmitter system, particularly those encoding the dopamine receptors
(DRD2 and DRD4), the dopamine transporter (DAT1), the serotonin transporter protein
(5-HTT), and monoamine oxidase (MAOA) enzymes, have been widely [11].

Twins and family studies evidence that genetic factors significantly increase vul-
nerability not only to ADHD but also to antisocial and aggressive behaviors in affected
individuals [12,13]. Indeed, genes may modulate the functioning of brain circuits involved
in impulse control, emotional regulation, and social behavior, thereby predisposing individ-
uals to exhibit aggressive and antisocial tendencies [14]. In particular, rs6323 and rs1137070
polymorphisms, located in exons 8 and 14 of the MAOA gene, which influences monoamine
metabolism, seem to be responsible for aggressiveness, impulsivity, and antisocial behavior
observed in ADHD patients [15].

Also, the serotonin transporter gene (SLC6A4) encoding for the 5-HTT has been linked
to impulsive-aggressive behavior. It is known that the 44-bp insertion/deletion variable
number tandem repeat polymorphism (VNTR) (rs4795541) in the promoter region of the
5-HTT gene generates the long (l) and the short (s) allelic isoforms. Besides the difference
in the transcriptional activity related to serotonin uptake (higher in l isoform and lower in s
isoform), several studies underlined a remarkable association between these isoforms and
impulsive–aggressive behavior traits [16,17].

Despite this, the biological mechanism underlying ADHD is not yet fully under-
stood [18]. However, an increased oxidative stress has been described as one of the possible
etiological factors in ADHD [19]. Indeed, it can cause cellular damage, DNA repair sys-
tem malfunction, and mitochondrial dysfunction [19]. As is known, mitochondria are
responsible for adenosine triphosphate (ATP) production and play a crucial role in cellular
metabolism and energy homeostasis, particularly in the brain, which is highly energy
dependent [20]. The complex role of mitochondria in ADHD is schematically shown in
Figure 1. They have their own DNA (mtDNA), circular and double-stranded, that repre-
sents 1% of the total cellular one and contains 37 genes that are involved in mitochondrial
and cellular functions [21]. Human cells contain from 1000 to 10,000 copies of mtDNA,
and the mitochondrial DNA copy number (mtDNA-cn) serves as a key indicator of mito-
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chondrial health and energetic capacity [22]. When mitochondria do not work properly,
the resulting dysfunction leads to a series of changes ranging from inefficient cellular
energy production and increased levels of reactive oxygen species (ROS) to the influence
on the expression of nuclear genes involved in metabolism, growth, differentiation, and
apoptosis [23]. All these changes may explain the role mitochondrial dysfunction plays in
the pathogenesis of chronic and complex disorders [24].

Figure 1. Graphical overview of the mechanisms by which mitochondrial dysfunctions affect the
brain in ADHD (figures was created by Biorender.com).

Figure 1 displays the abundance of mitochondria in the brain and within synapses.
Mitochondrial dysfunctions could cause changes in glycolytic pathways, ETC activity, and
dysregulation of Na+/Ca2+ exchange. The endurance of oxidative stress and the breakdown
of OXPHOS machinery exacerbate the unbalance between mitochondrial dynamics and
mitophagy, leading to a depletion in ATP production and disruption of the integrity of
mPTPs. All of these events trigger the NLRP3 inflammasome pathway and the concomitant
release of DAMP molecules, thus contributing to the damaged brain networks noticed in
ADHD. ETC: The Electron Transport Chain; OXPHOS: Oxidative phosphorylation; mPTPs:
mitochondrial permeability transition pores; NLRP3: Nod-like receptor protein 3; DAMPs:
Damage-Associated Molecular Patterns.

It has been suggested that mitochondrial dysfunction may be a susceptibility fac-
tor in the development of psychiatric diseases as schizophrenia, bipolar disorder, and
depression [25,26]. Particularly, it has been proposed that in such disease processes, the
accumulation of ROS and mtDNA mutations generates impaired cell functioning and repli-
cation, resulting in apoptosis and neuronal atrophy [27]. An involvement of mitochondrial
dysfunction has also been indicated in ADHD, particularly regarding mtDNA-cn and its
effects on neurochemical metabolism. Specifically, Öğütlü and colleagues, who first studied
the relationship between mtDNA-cn and ADHD, found that the mtDNA-cn in children
with ADHD was 1.3 times higher than that of normal controls [28]. Those findings have also
been confirmed by others. Moreover, Payares et al., in their meta-analysis, provided an in-
depth assessment of the mtDNA-cn role not only in ADHD development but also in that of
autism spectrum disorder (ASD), which shares significant genetic overlaps with ADHD and
often co-occurs with it. They have detected an increased mtDNA-cn in both conditions [29],



Diseases 2025, 13, 378 4 of 15

emphasizing that mitochondrial dysfunction is implicated in these neurodevelopmental
disorders and that these organelles may therefore be considered a potential target for
effective therapeutic strategies [30]. However, further studies are needed to confirm the
potential of mtDNA-cn as a biomarker for mitochondrial dysfunction in ADHD.

So, in order to deepen the understanding of the potential contribution of mitochondrial
dysfunction to the etiology of ADHD, we provided an analysis of the changes in the
mtDNA-cn in a group of Italian children with a diagnosis of ADHD.

2. Materials and Methods
2.1. Population Sample and Diagnostic Assessment

This study was based on a larger research project conducted in 2024, where MAOA and
5-HTT polymorphisms were investigated as susceptibility biomarkers of ADHD and/or
aggressive traits in a cohort of 80 children and adolescents diagnosed with ADHD, recruited
from the Unit of Child Neuropsychiatry at San Salvatore Hospital in L’Aquila, Italy. The
age at diagnosis ranged from 6 to 18 years. ADHD diagnosis (inattentive, impulsive–
hyperactive, combined) has been performed by trained psychiatrists who collected a
complete medical history and evaluated the presence of symptoms of ADHD in different
life settings, like home, school, and social ones. Psychiatric diagnosis has been confirmed
according to the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition
(DSM-V) and the International Classification of Mental and Behavioral Disorders, 11th
revision (ICD-11).

The Conners’ 3 Rating Scales and the Strengths and Difficulties Questionnaire (SDQ)
have been administered to the parents or caregivers with the purpose of better charac-
terizing the symptoms of ADHD and the presence of aggressive behavior. For this latter
purpose, we specifically focused on the Provocation/Aggressivity subscale, together with
the interview validity indexes, according to the rules contained in the manual for the
correct interpretation of the results. This comprehensive approach also enabled us to
better analyze the presence of other neurodevelopmental and behavioral issues in the
participants. Exclusion criteria were autism spectrum disorder, intellectual disability, or
previously diagnosed genetic disorders. The control group comprised 80 age-, sex-, and
ethnicity-matched healthy individuals. Before the recruitment, controls underwent the
same clinical screenings performed in ADHD patients to rule out any subclinical ADHD
symptoms or history of neuropsychiatric conditions.

For this study, participants with poor sample quality, missing mtDNA-cn data, or
other incomplete datasets were excluded. A total of 56 children and adolescents with
ADHD were included in the final analysis (Figure 2). Twenty-seven healthy controls were
used for comparison.

The study was performed in accordance with the standards of the Ethics Committee
(Code 0102550), and the written informed consent was obtained from all participants’
legal guardians.
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Figure 2. Flowchart of selected subjects for this study. This study was based on a previous research
project conducted in 2024 on 160 participants. From the population studied in 2024, 24 participants
with ADHD and 53 healthy participants were excluded for poor sample condition, missing mtDNA-
cn, or other data. Finally, 56 ADHD individuals and 27 healthy controls were included in this study
(figures was created by Biorender.com).

2.2. Mitochondrial DNA Copy Number Quantification

Genomic DNA was isolated from peripheral blood (PB) cells using the QIAamp DNA
Blood Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. After
the extraction, the eluted DNA was stored at −20 ◦C until use. Purity and concentra-
tion of all DNA samples were assessed on a spectrophotometer (Beckman Instruments,
Fullerton, CA, USA).

mtDNA-cn levels have been assessed by quantitative Real-Time PCR (qPCR) using
the Absolute Human Mitochondrial DNA Copy Number Quantification qPCR Assay Kit
(ScienCell, Carlsbad, CA, USA, AHMQ Cat. #8948).

The feature of this kit is to measure the average mtDNA-cn of samples using a set of
primers that recognize and amplify a highly conserved mtDNA region. Simultaneously,
the single copy reference (SCR) primers set recognizes and amplifies a small nuclear region
within human chromosome 17, working as a housekeeping gene for data normalization.
Both pairs of primers have been validated for qPCR by manufacturers through melt curve
analysis, gel electrophoresis, and by template serial dilution to guarantee both amplification
specificity and efficiency.

A reference genomic DNA with known mtDNA-cn, supplied with the kit, has been
employed as a reference for calculating the absolute mtDNA-cn content of target samples.

qPCR amplifications, for reference DNA and for target samples, have been performed
in two different reactions per sample using 10 µL of 2XGoldNStart TaqGreen qPCR master
mix, 2 µL of primer solution (mtDNA or SCR), 7 µL of nuclease-free water, and 1 µL of target
samples (5 ng) or reference DNA by using a StepOnePlus System (Applied Biosystem—
Thermofisher Scientific, Waltham, MA USA). The thermal cycle conditions were carried
out as follows: denaturation at 95 ◦C for 10 min; 32 cycles with denaturation at 95 ◦C for
20 s, hybridization at 52 ◦C for 20 s, and extension at 72 ◦C for 45 s.
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2.3. Genotyping Analysis

Polymorphisms in MAOA rs6323, MAOA rs1137070, and 5-HTT rs4795541 were de-
tected using high-resolution molecular biology techniques. Details of the methods are
described in our previous work [31].

2.4. Statistical Analyses

As concerns mtDNA-cn evaluation, data have been analyzed using the Comparative
∆∆Cq (Quantification Cycle Value) method. For target samples and for reference DNA, we
obtained Quantification Cycle (Cq) values for both mtDNA and SCR.

For mtDNA, ∆Cq was the quantification cycle number difference of mtDNA be-
tween the target sample and reference genomic DNA (∆Cq mtDNA = Cq mtDNA target
sample − Cq mtDNA reference DNA). For SCR, ∆Cq SCR was the quantification cycle
number difference of SCR between the target sample and the reference genomic DNA
(∆Cq SCR = Cq SCR target sample − Cq SCR reference DNA). ∆∆Cq was obtained by the
formula: ∆Cq mtDNA − ∆Cq SCR, with the purpose of determining the ratio of nuclear
DNA versus mtDNA. The relative estimation of mtDNA-cn in each sample was calculated
using the 2-∆∆Cq quantification method. The absolute mtDNA-cn of the target samples
per diploid cell was extrapolated using the formula: reference sample mtDNA copy num-
ber × 2-∆∆Cq of each sample. Statistical analyses were performed using the R statistical
software program (version 4.2.2).

Comparison between groups in non-normally distributed data was assessed using the
Mann–Whitney U-test and the Kruskal–Wallis test with Dunn’s multiple comparisons test.

Statistical significance of differences between and within groups was determined
by mean values of two-way ANOVA, followed by the Bonferroni multiple comparisons
test. Statistical significance was set at p < 0.05. All the figures were generated with
BioRender.com.

3. Results
This case–control study examined 56 children with ADHD (54 males and 2 females,

with a mean age of 10.1 ± 2.6 years). According to DSM-V criteria, the subtype distribution
was the following: 5.4% hyperactive–impulsive, 16% predominantly inattentive, and 78.6%
combined subtype. Patients were further classified into two subgroups based on aggressive
behavior presence (n = 32, 57%) or its absence (n = 24, 43%). The demographic and
clinical characteristics of ADHD children are displayed in Table 1. Twenty-seven age- and
sex-matched healthy individuals were used for comparison.

Table 1. Characteristics of ADHD patients.

ADHD Subjects
n = 56

Age (Mean ± SD) 10.1 ± 2.6

Female 2

Male 54

ADHD subtypes

hyperactive-impulsive 3

inattentive 9

combined 44
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Firstly, we compared mtDNA-cn between the control and ADHD group. The assess-
ment of mtDNA-cn in the peripheral blood of our cohort showed a statistically significant
increase of this parameter in ADHD patients compared to healthy controls (mean ± SD:
1.51 ± 2.7 vs. 0.46 ± 0.46) (p = 0.002) (Figure 3), implying that mitochondrial dysregulation
may contribute to ADHD pathology.

p = 0.002 

Figure 3. mtDNA-cn content in ADHD patients and healthy controls (asterisks indicate statistical
significance with ** p < 0.01).

Moreover, considering that aggressive behavior is a common feature among individu-
als with ADHD, we examined mtDNA-cn levels based on aggressiveness score (aggressive
ADHD and non-aggressive ADHD). Our findings indicated a decrease in mtDNA-cn levels
in the subgroup of aggressive ADHD patients compared to non-aggressive ADHD patients
(mean ± SD: 1.24 ± 1.8 vs. 2.26 ± 4.0). Although the difference did not reach statistical
significance, mtDNA-cn might be negatively associated with aggressive behavior in ADHD
patients (Figure 4).

 
Figure 4. mtDNA-cn content in ADHD patients grouped for aggressive phenotypes (ns: no significant).

Additionally, we investigated the relationship between mtDNA-cn and genotypes of
MAOA and 5-HTT. Results of rs6323 MAOA, rs1137070 MAOA, and 5-HTT rs4795541 allele
(af) and genotype frequencies found in ADHD patients and controls have been extrapolated
from our previous work and are listed in Table 2.

Differences in mtDNA copy number between genotypes in MAOA and 5-HTT poly-
morphisms are shown in Figures 5 and 6. In detail, we found that the mtDNA-cn in the TT
genotype in rs6323 was significantly increased when compared with that of the controls
(mean ± SD: 1.41 ± 1.8 vs. 0.36 ± 0.2) (p = 0.031, Figure 5a). Similarly, the mtDNA-
cn in the CC genotype in rs1137070 was statistically higher than that of the controls



Diseases 2025, 13, 378 8 of 15

(mean ± SD: 1.41 ± 1.8 vs. 0.36 ± 0.2) (p = 0.031, Figure 5b). Regarding the association
between rs4795541 in 5-HTT and mtDNA-cn, we highlighted that the mtDNA-cn in all
genotypes (LL, SS, and LS) was statistically higher than that observed in the control group
(mean ± SD: 2.78 ± 5.0 vs. 0.40 ± 0.3; 2.62 ± 3.1 vs. 0.46 ± 0.2; 1.06 ± 1.1 vs. 0.49 ± 0.5)
(p = 0.034, p = 0.017, and p = 0.02, respectively, Figure 6a–c).

Table 2. Allele and genotype frequencies of MAOA (rs6323 and rs1137070) and 5-HTT (rs4795541) in
ADHD individuals and controls. * One sample is not available for rs4795541.

ADHD Controls p OR

MAOA SNP rs6323 (G891T)
Genotypes N = 56 % N = 27 %

TT 36 0.65 19 0.7 ns
GT 3 0.05 6 0.23 0.02 0.2
GG 17 0.3 2 0.07 0.01 5.45

Alleles 2n = 112 % N = 54 %
T 75 0.67 44 0.81
G 37 0.33 10 0.19

MAOA SNP rs1137070
(T1410C)

Genotypes N = 56 % N = 27 %
CC 36 0.64 19 0.7 ns
CT 9 0.16 6 0.23 0.0345 0.2
TT 17 0.3 2 0.07 0.0342 4.72

Alleles 2n = 112 % N = 54 %
C 81 0.72 44 0.81
T 43 0.31 10 0.19

5-HTT SNP rs4795541 (L/S)
Genotypes N = 55 * % N = 27 %

LL 14 0.26 5 0.18 ns
LS 32 0.58 14 0.52 ns
SS 9 0.16 8 0.3 ns

Alleles 2n = 110 * % N = 54 %
L 60 0.54 24 0.45
S 50 0.46 30 0.55

p = 0.031 
p = 0.031 

Figure 5. The mtDNA copy number distributions in ADHD patients and control subjects (CTR).
Y, Y-axis represents the relative mtDNA copy number. (a) The mtDNA copy number distribu-
tions of patients and controls stratified by MAOA rs6323 genotypes. (b) The mtDNA copy num-
ber distributions of patients and controls stratified by MAOA rs1137070 genotypes. p, p-value
was determined by an independent samples t-test (asterisks indicate statistical significance with
* p < 0.05).
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p = 0.02 

p = 0.034 
p = 0.017 

Figure 6. Mitochondrial DNA copy number in the blood of ADHD patients and controls (CTR). The
mtDNA copy number distributions of patients and controls have been stratified by 5-HTT rs4795541
LL genotype (a), SS genotype (b), and LS genotype (c) (asterisks indicate statistical significance with
* p < 0.05).

We next stratified aggressive ADHD patients on the basis of polymorphisms in MAOA
and 5-HTT genes, with the purpose of identifying mechanisms underpinning the hypothesis
that mtDNA-cn fluctuations could reflect the aggressive attitudes determined by different
genotypes. We did not find any significant association between mtDNA-cn levels and
aggressive behavior in ADHD patients carrying different rs6323 and rs1137070 MAOA
genotypes. Quite the opposite, we observed a statistically significant association between
mtDNA-cn content and aggressive ADHD patients homozygous (SS) and heterozygous
(LS) for 5-HTT rs4795541 genotype variants (mean ± SD: 3.1 ± 3.9 vs. 0.5 ± 0.32) (Figure 7).

p = 0.04110 

*

Figure 7. mtDNA copy number distributions in aggressive ADHD patients stratified by 5-HTT
rs4795541 genotypes (asterisks indicate statistical significance with * p < 0.05).
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4. Discussion
In the present preliminary study, we observed a significant increase in mtDNA-cn

levels in our cohort of ADHD patients compared to healthy controls, thus corroborating
the possible involvement of mitochondrial dysfunction in the pathophysiology of ADHD.

Although the exact genetic etiology of ADHD is still poorly understood, the contribu-
tion of perturbations of mitochondrial performance in the pathophysiology of this disorder
must be taken into account [32].

Due to its proximity to the Electron Transport Chain (ETC), mtDNA is highly suscepti-
ble to ROS released during oxidative phosphorylation (OXPHOS), and increased oxidative
stress could be responsible for direct damage to the mitochondrial genome [33]. In neu-
rodevelopmental disorders, such as ADHD, oxidative stress also has a detrimental effect
on mitochondrial energy production in neurons, which are more vulnerable to superoxide
anions and hydrogen peroxide [34].

In this situation, the increase in mtDNA content observed in our ADHD cohort might
be explained as a defense mechanism against oxidative stress to compensate for the altered
oxidative capacity and the defective mitochondrial energy production.

Changes in mtDNA-cn levels could also highlight a link between mitochondrial
dysfunction and personality traits of aggressive behavior, an aspect often detected in
ADHD [35].

Although data were not statistically significant, in our study, we found a slight dif-
ference in mtDNA-cn levels among ADHD patients with different aggressive behaviors,
where aggressive ADHD patients exhibited a lower mtDNA-cn content (Figure 4).

Our hypothesis is that this data could be indicative of a more severe mitochondrial
impairment among this subgroup of children affected by ADHD.

This interpretation is supported by the evidence that hydrogen peroxide (H2O2), a
ROS by-product originating from the endurance of oxidative stress, could inhibit dopamine
release in the striatum, potentially aggravating impulsive and aggressive behavior [36,37].
MAOA gene polymorphisms, whose contributions in the development of ADHD and
behavioral traits have been widely confirmed, might also be related to mitochondrial
dysfunctions [38]. To investigate the existence of a correlation between mitochondrial
content and the presence of MAOA polymorphisms, we performed a comparison between
ADHD patients and healthy controls who shared the same genotypes for both rs6323 and
rs1137070 MAOA gene polymorphisms.

Our results showed that ADHD patients had a higher mtDNA-cn content compared
to healthy controls for all the genotypes of rs6323 and rs1137070 MAOA polymorphisms.
However, we observed that ADHD patients with the TT genotype of rs6323 and with the
CC genotype of rs1137070 had statistically significantly higher mtDNA-cn levels compared
to controls carrying the same genotype (Figure 5a,b).

The MAOA gene encodes mitochondrial key enzymes essential for the degradation of
dopamine, serotonin, and catecholamines. Congenital MAOA deficiency, as well as low-
activity MAOA variants, has been associated with ADHD and aggressive behavior [39].
This evidence is in line with our observations; also, both genotypes investigated are
associated with reduced activity of these outer mitochondrial membrane enzymes [40].

The way in which MAOA metabolizes monoamines leads to the release of ammo-
nia and H2O2. These degradation byproducts could cross the mitochondrial membrane,
causing cardiolipin peroxidation and accumulation of ROS, thus resulting in the inhibi-
tion of nuclear Peroxisome Proliferator-Activated Receptor Gamma Coactivator 1 Alpha
(PGC-1α) [41]. In this context, the significantly higher mtDNA-cn levels expressed by
ADHD patients homozygous for the MAOA genotypes, which caused a lower enzymatic
activity, might be explained by impaired mitochondrial quality control in a system already
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compromised by oxidative stress. This condition could cause the fragmentation of mtDNA,
which could act as Mitochondrial Damage-Associated Molecular patterns (mtDAMPs),
activating the cellular inflammation signaling pathway and culminating in an increase in
mitochondrial content.

It has also been demonstrated that the serotonin transporter gene 5-HTT (SLC6A4),
whose activity in the complex etiology of ADHD has been explored, influences mitochon-
drial functions and biogenesis [15,42].

For that reason, we investigated whether there was some relationship between the
activity of the 5-HTT transporter and mitochondrial content in our cohort carrying different
phenotypes of the rs4795541 polymorphism in this gene. We observed that ADHD patients
had significantly higher mtDNA-cn levels compared to controls for all the rs4795541
genotypes (LL, SS, LS) (Figure 6a–c).

Moreover, we observed a significant association between mtDNA-cn content and
aggressive ADHD patients homozygous (SS) for 5-HTT rs4795541 genotype compared to
ADHD aggressive patients carrying the heterozygous (LS) polymorphism (Figure 7). It has
been proposed that the SS genotype, which is accountable for a decreased expression of
the gene encoding for the 5-HTT transporter, is significantly more prevalent in aggressive
children and that it confers more than twice the risk of aggressive behavior [43]. The
observation that mtDNA levels were significantly higher in that group of patients might
corroborate the hypothesis that mitochondrial dysfunctions are more consistent in these
subjects and that the concomitant lower enzymatic activity of the serotonin transporter
might confer a greater level of aggressiveness/impulsiveness. On the contrary, heterozy-
gous (LS) polymorphism could partially confer a protective effect against mitochondrial
machinery deficiency, as demonstrated by the reduced mtDNA-cn levels observed in
this subgroup.

These results are in line with the study performed by Brivio et al., which examined
mitochondrial biogenesis in the brains of serotonin transporter (SERT) knockout rats,
demonstrating an upregulation of respiratory chain subunits in male rodents [44].

In physiological conditions, mitochondria handle the metabolism of serotonin to guar-
antee brain homeostasis and correct cognitive outcomes [45]. It has been confirmed that
serotonin also plays a crucial role in the regulation of mitochondrial biogenesis in cortical
neurons, improving cellular ATP levels and ameliorating both respiratory capacity and
OXPHOS efficiency. Moreover, the bond between serotonin and its receptor can trigger
Phospholipase C (PCL) and MAPK signaling pathways, resulting in the recruitment of
SIRT1, which modulates the expression of PGC-1α, the master regulator of mitochondrial
biogenesis [46]. Disturbances in the serotonergic neurotransmission, caused by the inter-
play between the persistence of oxidative stress and alterations in the serotonin transporter,
as in the case of ADHD, could compromise the re-uptake of serotonin in the pre-synapse,
thus compromising the maintenance and the regulation of serotonin homeostasis [47]. This
situation might possibly affect the SIRT1–PGC-1α axis in the promotion of mitochondrial
biogenesis, thus compromising the adaptation in response to altered energetic demands.
Furthermore, disturbances in the mitochondrial machinery could negatively affect mito-
chondrial respiratory chain activity. Indeed, the increase of ROS production, enhanced by
the decreased expression of antioxidant enzymes, could lead to progressive mtDNA dam-
age and fragmentation, which is reflected by the higher amount of mtDNA-cn observed in
ADHD patients.

This study has several limitations to consider, primarily due to the relatively small
sample sizes. However, our strict selection criteria helped minimize potential errors that
could arise in larger, more general clinical or population-based surveys. Thus, the effect of
population stratification has been reduced as much as possible. Furthermore, these findings
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are reinforced by multiple testing procedures and, despite applying Bonferroni correction
for multiple comparisons, the positive associations remained significant. In addition, unlike
randomized controlled trials, case–control studies cannot establish a definitive cause-and-
effect relationship but can only identify and measure associations between exposures
and outcomes.

Although our findings indicate that mitochondrial alterations may play a role in the
pathophysiology of ADHD, further research is necessary to replicate these results across
larger populations before definitive conclusions can be drawn.

5. Conclusions
Our study highlighted the existence of a correlation between mitochondrial dysfunc-

tions and ADHD, as demonstrated by the significant increase of mtDNA-cn levels in ADHD
patients compared to healthy controls.

Although the genetic basis of ADHD is still not fully understood, disturbances in
mitochondrial homeostasis, promoted by prolonged oxidative stress and exacerbated by
high ROS levels, might be a possible contributing factor in the etiology of that disorder. In
this context, cell-free circulating mitochondrial DNA (mtDNA) fragments, released into
the bloodstream in response to mitochondrial dysfunction and oxidative damage, have
been proposed as promising biomarkers for mitochondrial stress and neurodevelopmental
alterations associated with ADHD [48].

These insights underscore the critical role of mitochondrial health in understanding
the complex pathophysiology of ADHD and highlight new possibilities for diagnosis and
targeted therapeutic interventions.

Moreover, the existing connection between mitochondrial dysfunction and alterations
detected in monoaminergic genes and the serotonin transporter might provide a powerful
tool to understand the molecular mechanisms that orchestrate the onset of ADHD, offering
a novel and innovative therapeutic approach to treat this disease.
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Abbreviations
The following abbreviations are used in this manuscript:

ADHD Attention Deficit/Hyperactivity Disorder
ANOVA Analysis of Variance
ATP Adenosine Triphosphate
ASD Autism Spectrum Disorder
Cq Quantification Cycle
DAT1 Dopamine Transporter 1
DNA Deoxyribonucleic Acid
DRD2 Dopamine Receptor D2
DRD4 Dopamine Receptor D4
DSM-5/DSM-V Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition
ETC Electron Transport Chain
MAOA Monoamine Oxidase A
MAPK Mitogen Activated Protein Kinase
mtDNA Mitochondrial DNA
mtDNA cn Mitochondrial DNA Copy Number
mtDAMPs Mitochondrial Damage Associated Molecular Patterns
OXPHOS Oxidative Phosphorylation
PB Peripheral Blood
PCR Polymerase Chain Reaction
PGC-1α Peroxisome Proliferator Activated Receptor Gamma Coactivator 1 Alpha
qPCR Quantitative Polymerase Chain Reaction (Real-Time PCR)
ROS Reactive Oxygen Species
SCR Single Copy Reference
SERT Serotonin Transporter
SIRT1 Sirtuin 1
SLC6A4 Solute Carrier Family 6 Member 4 (gene encoding 5-HTT)
VNTR Variable Number Tandem Repeat
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28. Öğütlü, H.; Esin, İ.S.; Erdem, H.B.; Tatar, A.; Dursun, O.B. Mitochondrial DNA Copy Number is Associated with Attention Deficit
Hyperactivity Disorder. Psychiatr. Danub. 2020, 32, 168–175. [CrossRef] [PubMed]

29. Pinto Payares, D.V.; Spooner, L.; Vosters, J.; Dominguez, S.; Patrick, L.; Harris, A.; Kanungo, S. A systematic review on the role of
mitochondrial dysfunction/disorders in neurodevelopmental disorders and psychiatric/behavioral disorders. Front. Psychiatry
2024, 15, 1389093. [CrossRef] [PubMed] [PubMed Central]

30. Frye, R.E.; Rincon, N.; McCarty, P.J.; Brister, D.; Scheck, A.C.; Rossignol, D.A. Biomarkers of mitochondrial dysfunction in autism
spectrum disorder: A systematic review and meta-analysis. Neurobiol. Dis. 2024, 197, 106520. [CrossRef] [PubMed]

31. Neri, L.; Marziani, B.; Sebastiani, P.; Del Beato, T.; Colanardi, A.; Legge, M.P.; Aureli, A. Aggressiveness in Italian Children with
ADHD: MAOA Gene Polymorphism Involvement. Diseases 2024, 12, 70. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.1016/j.psc.2009.12.004
https://www.ncbi.nlm.nih.gov/pubmed/20159345
https://pmc.ncbi.nlm.nih.gov/articles/PMC2847260
https://doi.org/10.1038/s41380-018-0070-0
https://www.ncbi.nlm.nih.gov/pubmed/29892054
https://pmc.ncbi.nlm.nih.gov/articles/PMC6477889
https://doi.org/10.1038/s41467-021-21566-w
https://doi.org/10.1038/s41467-021-21566-w
https://doi.org/10.1038/s41467-020-20443-2
https://www.ncbi.nlm.nih.gov/pubmed/33495439
https://pmc.ncbi.nlm.nih.gov/articles/PMC7835232
https://doi.org/10.1192/bjp.179.3.224
https://www.ncbi.nlm.nih.gov/pubmed/11532799
https://doi.org/10.1038/s41398-021-01473-w
https://www.ncbi.nlm.nih.gov/pubmed/34091591
https://pmc.ncbi.nlm.nih.gov/articles/PMC8179928
https://doi.org/10.1016/S0165-1781(00)00162-1
https://www.ncbi.nlm.nih.gov/pubmed/10904119
https://doi.org/10.1002/ajmg.b.20111
https://www.ncbi.nlm.nih.gov/pubmed/15048645
https://doi.org/10.1111/j.1530-0277.2001.tb02302.x
https://www.ncbi.nlm.nih.gov/pubmed/11505018
https://doi.org/10.3109/15622975.2012.690535
https://www.ncbi.nlm.nih.gov/pubmed/22834452
https://doi.org/10.3390/antiox9111039
https://www.ncbi.nlm.nih.gov/pubmed/33114154
https://pmc.ncbi.nlm.nih.gov/articles/PMC7690797
https://doi.org/10.1016/j.mito.2024.101853
https://www.ncbi.nlm.nih.gov/pubmed/38423268
https://doi.org/10.2741/4511
https://www.ncbi.nlm.nih.gov/pubmed/27814641
https://pmc.ncbi.nlm.nih.gov/articles/PMC5267354
https://doi.org/10.1016/S1673-8527(08)60099-5
https://www.ncbi.nlm.nih.gov/pubmed/19302968
https://pmc.ncbi.nlm.nih.gov/articles/PMC4706993
https://doi.org/10.1093/hmg/ddn303
https://www.ncbi.nlm.nih.gov/pubmed/18806273
https://doi.org/10.1038/s41392-024-01839-8
https://www.ncbi.nlm.nih.gov/pubmed/38744846
https://pmc.ncbi.nlm.nih.gov/articles/PMC11094169
https://doi.org/10.1016/j.schres.2017.05.010
https://www.ncbi.nlm.nih.gov/pubmed/28545943
https://doi.org/10.1080/07853890801923753
https://www.ncbi.nlm.nih.gov/pubmed/18428021
https://pmc.ncbi.nlm.nih.gov/articles/PMC3098560
https://doi.org/10.1002/1873-3468.12956
https://www.ncbi.nlm.nih.gov/pubmed/29281123
https://pmc.ncbi.nlm.nih.gov/articles/PMC6942696
https://doi.org/10.24869/psyd.2020.168
https://www.ncbi.nlm.nih.gov/pubmed/32796781
https://doi.org/10.3389/fpsyt.2024.1389093
https://www.ncbi.nlm.nih.gov/pubmed/39006821
https://pmc.ncbi.nlm.nih.gov/articles/PMC11239503
https://doi.org/10.1016/j.nbd.2024.106520
https://www.ncbi.nlm.nih.gov/pubmed/38703861
https://doi.org/10.3390/diseases12040070
https://www.ncbi.nlm.nih.gov/pubmed/38667528
https://pmc.ncbi.nlm.nih.gov/articles/PMC11049508


Diseases 2025, 13, 378 15 of 15

32. Giannoulis, S.V.; Müller, D.; Kennedy, J.L.; Gonçalves, V. Systematic review of mitochondrial genetic variation in attention-
deficit/hyperactivity disorder. Eur. Child. Adolesc. Psychiatry 2024, 33, 1675–1685. [CrossRef] [PubMed]

33. Lee, H.C.; Yin, P.H.; Lu, C.Y.; Chi, C.W.; Wei, Y.H. Increase of mitochondria and mitochondrial DNA in response to oxidative
stress in human cells. Biochem. J. 2000, 348 Pt 2, 425–432. [CrossRef] [PubMed] [PubMed Central]

34. DiMauro, S.; Schon, E.A. Mitochondrial disorders in the nervous system. Annu. Rev. Neurosci. 2008, 31, 91–123. [CrossRef]
[PubMed]

35. Saylor, K.E.; Amann, B.H. Impulsive Aggression as a Comorbidity of Attention-Deficit/Hyperactivity Disorder in Children and
Adolescents. J. Child. Adolesc. Psychopharmacol. 2016, 26, 19–25. [CrossRef] [PubMed] [PubMed Central]

36. Avshalumov, M.V.; Rice, M.E. Activation of ATP-sensitive K+ (K(ATP)) channels by H2O2 underlies glutamate-dependent
inhibition of striatal dopamine release. Proc. Natl. Acad. Sci. USA 2003, 100, 11729–11734, Erratum in Proc. Natl. Acad. Sci. USA
2003, 100, 15285. [CrossRef] [PubMed] [PubMed Central]

37. Miyazaki, I.; Asanuma, M. Dopaminergic neuron-specific oxidative stress caused by dopamine itself. Acta Med. Okayama 2008, 62,
141–150. [CrossRef] [PubMed]

38. Wang, M.; Li, H.; Deater-Deckard, K.; Zhang, W. Interacting Effect of Catechol-O-Methyltransferase (COMT) and Monoamine
Oxidase A (MAOA) Gene Polymorphisms, and Stressful Life Events on Aggressive Behavior in Chinese Male Adolescents. Front.
Psychol. 2018, 9, 1079. [CrossRef] [PubMed] [PubMed Central]

39. Kolla, N.J.; Bortolato, M. The role of monoamine oxidase A in the neurobiology of aggressive, antisocial, and violent behavior: A
tale of mice and men. Prog. Neurobiol. 2020, 194, 101875. [CrossRef] [PubMed] [PubMed Central]

40. Hotamisligil, G.S.; Breakefield, X.O. Human monoamine oxidase A gene determines levels of enzyme activity. Am. J. Hum. Genet.
1991, 49, 383–392. [PubMed] [PubMed Central]

41. Beucher, L.; Gabillard-Lefort, C.; Baris, O.R.; Mialet-Perez, J. Monoamine oxidases: A missing link between mitochondria and
inflammation in chronic diseases? Redox Biol. 2024, 77, 103393. [CrossRef] [PubMed] [PubMed Central]

42. Scholpa, N.E.; Lynn, M.K.; Corum, D.; Boger, H.A.; Schnellmann, R.G. 5-HT1F receptor-mediated mitochondrial biogenesis for
the treatment of Parkinson’s disease. Br. J. Pharmacol. 2018, 175, 348–358. [CrossRef] [PubMed] [PubMed Central]

43. Beitchman, J.H.; Baldassarra, L.; Mik, H.; De Luca, V.; King, N.; Bender, D.; Ehtesham, S.; Kennedy, J.L. Serotonin transporter
polymorphisms and persistent, pervasive childhood aggression. Am. J. Psychiatry 2006, 163, 1103–1105. [CrossRef] [PubMed]

44. Brivio, P.; Gallo, M.T.; Karel, P.; Cogi, G.; Fumagalli, F.; Homberg, J.R.; Calabrese, F. Alterations of mitochondrial dynamics in
serotonin transporter knockout rats: A possible role in the fear extinction recall mechanisms. Front. Behav. Neurosci. 2022, 16,
957702. [CrossRef] [PubMed] [PubMed Central]

45. Tian, J.; Du, E.; Guo, L. Mitochondrial Interaction with Serotonin in Neurobiology and Its Implication in Alzheimer’s Disease. J.
Alzheimers Dis. Rep. 2023, 7, 1165–1177. [CrossRef] [PubMed] [PubMed Central]

46. Fanibunda, S.E.; Deb, S.; Maniyadath, B.; Tiwari, P.; Ghai, U.; Gupta, S.; Figueiredo, D.; Weisstaub, N.; Gingrich, J.A.; Vaidya,
A.D.B.; et al. Serotonin regulates mitochondrial biogenesis and function in rodent cortical neurons via the 5-HT2A receptor and
SIRT1-PGC-1α axis. Proc. Natl. Acad. Sci. USA 2019, 116, 11028–11037. [CrossRef] [PubMed] [PubMed Central]

47. Guo, L.; Tian, J.; Du, H. Mitochondrial Dysfunction and Synaptic Transmission Failure in Alzheimer’s Disease. J. Alzheimers Dis.
2017, 57, 1071–1086. [CrossRef] [PubMed] [PubMed Central]

48. Alatalo, A.; de Sousa Maciel, I.; Kucháriková, N.; Chew, S.; van Kamp, I.; Foraster, M.; Julvez, J.; Kanninen, K.M. The Interaction
between Circulating Cell-Free Mitochondrial DNA and Inflammatory Cytokines in Predicting Human Mental Health Issue Risk
in Adolescents: An Explorative Study. Biomedicines 2023, 11, 818. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00787-022-02030-6
https://www.ncbi.nlm.nih.gov/pubmed/35796884
https://doi.org/10.1042/bj3480425
https://www.ncbi.nlm.nih.gov/pubmed/10816438
https://pmc.ncbi.nlm.nih.gov/articles/PMC1221082
https://doi.org/10.1146/annurev.neuro.30.051606.094302
https://www.ncbi.nlm.nih.gov/pubmed/18333761
https://doi.org/10.1089/cap.2015.0126
https://www.ncbi.nlm.nih.gov/pubmed/26744906
https://pmc.ncbi.nlm.nih.gov/articles/PMC4779282
https://doi.org/10.1073/pnas.1834314100
https://www.ncbi.nlm.nih.gov/pubmed/13679582
https://pmc.ncbi.nlm.nih.gov/articles/PMC208826
https://doi.org/10.18926/AMO/30942
https://www.ncbi.nlm.nih.gov/pubmed/18596830
https://doi.org/10.3389/fpsyg.2018.01079
https://www.ncbi.nlm.nih.gov/pubmed/30018578
https://pmc.ncbi.nlm.nih.gov/articles/PMC6037980
https://doi.org/10.1016/j.pneurobio.2020.101875
https://www.ncbi.nlm.nih.gov/pubmed/32574581
https://pmc.ncbi.nlm.nih.gov/articles/PMC7609507
https://www.ncbi.nlm.nih.gov/pubmed/1678250
https://pmc.ncbi.nlm.nih.gov/articles/PMC1683299
https://doi.org/10.1016/j.redox.2024.103393
https://www.ncbi.nlm.nih.gov/pubmed/39405979
https://pmc.ncbi.nlm.nih.gov/articles/PMC11525629
https://doi.org/10.1111/bph.14076
https://www.ncbi.nlm.nih.gov/pubmed/29057453
https://pmc.ncbi.nlm.nih.gov/articles/PMC5758398
https://doi.org/10.1176/ajp.2006.163.6.1103
https://www.ncbi.nlm.nih.gov/pubmed/16741214
https://doi.org/10.3389/fnbeh.2022.957702
https://www.ncbi.nlm.nih.gov/pubmed/36386781
https://pmc.ncbi.nlm.nih.gov/articles/PMC9650094
https://doi.org/10.3233/ADR-230070
https://www.ncbi.nlm.nih.gov/pubmed/38025801
https://pmc.ncbi.nlm.nih.gov/articles/PMC10657725
https://doi.org/10.1073/pnas.1821332116
https://www.ncbi.nlm.nih.gov/pubmed/31072928
https://pmc.ncbi.nlm.nih.gov/articles/PMC6561197
https://doi.org/10.3233/JAD-160702
https://www.ncbi.nlm.nih.gov/pubmed/27662318
https://pmc.ncbi.nlm.nih.gov/articles/PMC5605817
https://doi.org/10.3390/biomedicines11030818
https://www.ncbi.nlm.nih.gov/pubmed/36979797

	Introduction 
	Materials and Methods 
	Population Sample and Diagnostic Assessment 
	Mitochondrial DNA Copy Number Quantification 
	Genotyping Analysis 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

