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Abstract: Attention-Deficit Hyperactivity Disorder (ADHD) is a highly prevalent childhood psy-
chiatric disorder. In general, a child with ADHD has significant attention problems with difficulty
concentrating on a subject and is generally associated with impulsivity and excessive activity. The
etiology of ADHD in most patients is unknown, although it is considered to be a multifactorial dis-
ease caused by a combination of genetics and environmental factors. Diverse factors, such as the ex-
istence of mental, nutritional, or general health problems during childhood, as well as smoking and
alcohol drinking during pregnancy, are related to an increased risk of ADHD. Behavioral and psy-
chological characteristics of ADHD include anxiety, mood disorders, behavioral disorders, language
disorders, and learning disabilities. These symptoms affect individuals, families, and communities,
negatively altering educational and social results, strained parent-child relationships, and increased
use of health services. ADHD may be associated with deficits in inhibitory frontostriatal noradren-
ergic neurons on lower striatal structures that are predominantly driven by dopaminergic neurons.
Phosphoinositide 3-kinases (PI3Ks) are a conserved family of lipid kinases that control a number of
cellular processes, including cell proliferation, differentiation, migration, insulin metabolism, and
apoptosis. Since PI3K plays an important role in controlling the noradrenergic neuron, it opens up
new insights into research on ADHD and other developmental brain diseases. This review presents
evidence for the potential usefulness of PI3K and its modulators as a potential treatment for ADHD.
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1. INTRODUCTION

Attention-Deficit Hyperactivity Disorder (ADHD) is a
neurobehavioral disorder characterized by inattentiveness
and/or hyperactivity/impulsivity [1]. This disorder affects
about 8%—12% of children worldwide, and up to 65% con-
tinue to have signs of ADHD and neuropsychological im-
pairments in adulthood [2]. The prevalence of ADHD is
higher in boys than in girls, although increasingly more girls
are being diagnosed [3]. According to the severity of symp-
toms, ADHD can be categorized into 3 subtypes: predomi-
nantly inattentive, predominantly hyperactive-impulsive, and
a combination of both [4]. Many children with ADHD have
significant functional impairments compared to children
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without ADHD, for example, deficits in working memory
and poor ability to maintain attention [1]. Anxiety, con-
duct/opposition disorders, learning and language disabilities
are among the behavioral and psychological symptoms of
ADHD [5]. These problems can make difficult the diagnosis
and treatment of ADHD. These ADHD symptoms negatively
affect many aspects of individuals, families, and society,
such as educational and social outcomes, parent-child rela-
tionships, and increased use of healthcare services [6, 7].
ADHD usually occurs alongside other disorders, for in-
stance, oppositional defiant disorder (ODD), conduct disor-
der (CD), and anxiety disorder [8]. It has also been shown
that another cause of ADHD is mitochondrial dysfunction
(MD). It has been suggested that MD is the most likely
mechanism by which oxidative stress (OS) contributes to the
pathogenesis of ADHD [9]. In addition, various studies
showed a relationship between dysregulation in the neuro-
transmission of dopamine, norepinephrine, glutamate, and
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serotonin systems with ADHD symptoms [10-12]. The goals
of ADHD therapy focus on reducing ADHD symptoms, im-
proving performance and social functioning, and quality of
life [13, 14]. There are pharmacological and non-pharmaco-
logical approaches for the management of ADHD. The non-
pharmacological options, such as behavioral therapies, social
skills, dietary and nutritional treatments (elimination of
sugar, colorants, or preservatives), and aerobic exercise and
yoga are less effective than pharmacologic therapy [15]. The
most effective treatment for the core ADHD symptoms are
stimulants (including dextroamphetamine, lisdexamfetamine,
methylphenidate, mixed salts amphetamine), modafinil,
atomoxetine, alpha2 -adrenergic agonists (such as clonidine
and guanfacine), antidepressants (bupropion and venlafax-
ine), antipsychotics (risperidone), and natural products (in-
cluding chamomile, valerian, melatonin, omega-3 polyun-
saturated fatty acids, B vitamins, evening primrose oil and
ginkgo biloba) [13].

Phosphoinositide 3-kinases (PI3Ks) are a family of en-
zymes with a significant role in many metabolic processes
that control numerous aspects of cell physiology. PI3Ks are
evolutionarily preserved enzymes that transduce signals of
mitogenic and metabolic origin to promote cell growth, pro-
liferation, migration, and apoptosis [16]. In addition, PI3K
signaling is involved in regulating the action of psychomotor
stimulants, such as amphetamines (AMPH) via dopamine
transporter (DAT) membrane expression [17]. Noradrenergic
(NA) neurons of the locus coeruleus (LC) that constitute the
central source of noradrenaline in the brain are rich in PI3Ky
isoform and are involved in behavioral flexibility and atten-
tion [18, 19]. For this reason, PI3Ky is a target in the search
for ADHD molecular bases. This signaling enzyme has a
vital role in various metabolic processes and has been fre-
quently explored in the context of immune and cardiovascu-
lar performances [20]. Although PI3Ky has hardly been stud-
ied in the brain, one report proposed a role for this kinase in
regulating behavioral flexibility involving the N-methyl-D-
aspartate (NMDA) receptor during a long period of depres-
sion [21]. Moreover, PI3K is involved in the regulation of
the cAMP-responsive element-binding protein (CREB)
pathway and the A2A receptor (ADORA2A) gene, which is
linked to the dopamine neurotransmitter system and the
regulation of alertness, suggesting a potential association
with ADHD traits [22, 23]. This review attempts to compile
the information available on the possible therapeutic utility
of PI3K and some of its natural and synthetic modulators,
such as Oxymatrine (OMT), Notoginsenoside R1 (NGR1),
Epigalocatechin-3-gallate (EGCG), Taxifolin, and FTY720
(a sphingosine-1-phosphate receptor modulator) in the treat-
ment of ADHD.

2. ADHD AND ITS ETIOLOGY

Although ADHD has been extensively studied, its etiolo-
gy is not well understood. A greater risk of developing
ADHD is related to a complex interplay between hereditary
and nonhereditary agents [24].

2.1. Genetics and Epigenetic Factors

ADHD is a heterogeneous disorder in which genetics and
environment are involved in its development. Genetic factors
play a significant role in the etiology of ADHD, as it was
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demonstrated by analyzing the family transmission of ADHD
and in twin and adoption studies, reporting an inheritance of
ADHD of around 75% [25-27]. Candidates for risk genes for
ADHD include genes that participate in regulating neuro-
transmitter pathways, such as dopamine, norepinephrine, and
serotonin [26, 28]. In fact, most studies have focused on genes
involved in dopamine [29] and serotonin transporters [30], and
catechol-O-methyl transferase (COMT) [31]. Moreover, all
these genes are also involved in signal transduction at the neu-
ronal synapse. The relationship between the synaptic dysfunc-
tion of DAT and ADHD suggests the therapeutic utility of
DAT-interacting psychostimulants, such as methylphenidate
[32]. Studies have shown that the gut microbiome affects do-
pamine levels in the frontal cortex and striatum in rodents (two
areas of the brain that influence executive function) as well as
serotonin, noradrenaline, gamma-aminobutyric acid, and other
neurotransmitters and their precursors [33-35]. Age-related
alterations in dopaminergic activity are affected by the change
in dopamine transporter (DAT) expression related to elevated
striatum DAT expression in ADHD [36]. Another important
pathway involved in ADHD is the Wnt/catenin-signaling
pathway associated with cell differentiation and proliferation
[37]. Aebi et al. indicated a significant enrichment of Wnt/p-
catenin signaling in ADHD through bioinformatics clustering
of the genome-wide association studies (GWAS) data [38].

By identifying a set of genes that affect neurotransmitters
in the brain [39], it has been shown that rare copy number
variants or accumulations of larger deletions and duplica-
tions may be important for ADHD etiology [40]. Molecular
genetic findings are developing rapidly [41] and among them
stands out the strong overlap with the genetics of ADHD-
related traits and other health risk behaviors in the population
[42].

2.2. Prematurity/Low Birth Weight

Due to the evolutionary nature of ADHD, much research
has focused on early life risk factors that may cause neuro-
developmental side effects and signs of ADHD, with low
birth weight (LBW) being one of the strongest risk factors
for ADHD [43]. Premature infants (less than 26 weeks) are
about 4 times more susceptible to developing ADHD, espe-
cially the inattentive subgroup, while premature infants over
26 weeks are twice as likely as full-term babies [24, 44].
Among preterm infants with very LWB, accounting for al-
most 2% of all live births and, despite an 85% improvement
in survival, half of them have cognitive and neurodevelop-
mental disabilities. In fact, very LBW children present a
higher risk of white matter injury, which is related to cogni-
tive and motor health impairments [45]. Delays in develop-
ment and cognitive acquisition are more evident in LBW
than those of average weight during childhood [46].

2.3. Environmental Factors

Environmental factors are among the elements that influ-
ence the development of ADHD and, 20-30% of ADHD is
suggested to be related to these factors [47]. Contact with
environmental toxins, chemicals, and heavy metals, such as
lead and mercury, organochlorine and organophosphate pes-
ticides, and phthalates, as well as nutritional and lifestyle /
psychosocial elements, are environmental risk factors for
ADHD [48-52]. Also, it has been reported that chronic expo-
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sure to alcohol and/or tobacco smoke (during pregnancy) are
also relevant environmental risk factors for ADHD [53].

2.4. Diet

There is evidence that different dietary factors, mainly
deficiencies in certain nutrients or following an unhealthy
diet, are related to childhood behavior disorders, such as
ADHD. It has been shown that deficiencies in zinc [54], iron
[55], magnesium [56], and omega-3 fatty acids [57], as well
as the presence of synthetic additives including preservatives
and colorants [58], elevate the risk of ADHD in children
(inattention, anxiety, impulsive behaviors, over-excitement,
and carelessness). In this sense, diet interventions have been
proposed as a potential therapy to decrease ADHD symp-
toms [59]. In addition, it has been noted that an optimal ma-
ternal diet during pregnancy may be even more important in
protecting against childhood ADHD than the diet itself dur-
ing early childhood [60]. In fact, it has been suggested that
supplements of omega-3 fatty acids and some deficit miner-
als could reduce medication dosage and ADHD symptoms
[61, 62]. There is an important relationship between omega-3
fatty acids and the gut microbiome with ADHD. Omega-3
fatty acids elevate neuroprotective factors, such as BDNF
and GDNF, and reduce pro-inflammatory cytokines in the
brain [63, 64]. Omega-3 fatty acids and the gut microbiome
show a bidirectional relationship. /n vivo study on mice has
shown that dietary supplementation with Bifidobacterium
breve elevated the arachidonic acid (AA) and DHA in the
brain of animals. In addition, omega-3 supplementation in
pregnant mice caused a significant elevation of Lactobacil-
lus and Bifidobacterium in their offsprings during adulthood
[65].

3. PI3K; UPSTREAM AND DOWNSTREAM SIGNAL-
ING PATHWAYS

Phosphoinositide 3-kinases (PI3Ks) are complex en-
zymes belonging to a highly conserved family of lipid kinas-
es that play a key role in various metabolic processes. PI3Ks
transduce metabolic and mitogenic signals modulating mul-
tiple aspects of cell physiology, such as proliferation, migra-
tion, apoptosis, and cell growth [66]. According to their
structure and substrate specificity, PI3Ks consist of eight
isoforms classified into three categories of I, II, and III that
operate in a sequence of events [67, 68]. In the first signal
transduction step, class III PI3Ks phosphorylate phosphati-
dylinositol (PtdIns) followed by further phosphorylation by
class I and I PI3Ks [69].

The main substrates of class II and III PI3Ks are PtdIns-
3, 4P, and PtdIns-4P, whereas class I PI3Ks is responsible
for the production of PtdIns-3P by converting PtdIns into 3-
phosphoinositides [70, 71]. Class I PI3Ks are functional het-
erodimers of regulatory and catalytic subunits with molecu-
lar weights of 85 kDa (p85) and 110 kDa (p110), respective-
ly, having different isoforms [72]. Class II and III PI3Ks
have different structures and functions from class 1. Class II
lacks Asp residue on the C-terminal C2 domain, which is
needed to bind Ca’"; thus, it is suggested that class II binds
lipids in a Ca*'-independent manner [73]. Class II has three
catalytic subunits with no regulatory protein [67]. Class III is
a heterodimer consisting of a catalytic and a regulatory pro-
tein with limited known roles, such as the trafficking of pro-
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teins and vesicles [74]. PI3K signaling pathway is a redox-
dependent regulation pathway that plays an important role in
regulating vital biological processes, such as cell growth,
survival, proliferation, and motility, as well as redox modifi-
cation [75]. Homeostasis of cellular redox is the first line of
defense against various stimuli and is very important for
many biological processes [76].

Multiple upstream signaling pathways coupled to a
broad range of membrane receptors, including ephrin /
EphB, leptin, and ErbB (erythroblastic leukemia viral onco-
gene homolog) as receptor tyrosine kinases (RTKSs), in addi-
tion to endothelin, neurokinin-1 (Nk1), and chemokines as
G-protein coupled receptors (GPCRs), are involved in the
activation of PI3K class I [77, 78]. The activation of PI3K
via GPCRs principally occurs by two possible mechanisms
of active Ras or GBy. On the contrary, B-arrestin acts as a
negative regulator of GPCRs to mediate the inhibition of
PI3K. In addition, Janus kinase (JAK) and insulin receptor
substrate 1 (IRS1) mediate the activation of PI3K by RTKs
[79]. According to evidence, there is also a tight linkage in
which PI3K/protein kinase B (Akt) signaling pathway, as
well as N-Methyl-D-aspartate (NMDA) [80], Toll-like, and
morphine [81] receptors, regulate each other [82].

In general, the catalytic domain of PI3K binds to Ras or
Rac subfamily of GTP hydrolases, while an SH, domain of
the regulatory subunits binds to IRS1 as adaptor proteins or
phosphotyrosyl residues on tyrosine kinase receptors to me-
diate the binding to GPCRs [83], activating Ras/Raf/
MEK/ERK [84, 85] and mitogen-activated protein kinases
(MAPK) pathways [86]. To meet this requirement, the
PI3K/Akt signaling pathway should orchestrate a complex
set of upstream and downstream pathways. These processes
induce the translocation of glucose transporter (GLUT) to
the membrane, thus increasing glucose uptake and multiply-
ing the downstream cascades [69, 87]. Improper PI3K / Akt
signaling contributes to increased reactive oxygen species
(ROS) levels via direct mitochondrial bioenergetics modula-
tion and activation of NADPH oxidases (NOX) or indirectly
via the production of ROS as a metabolic byproduct [88].

Phosphorylated lipids are produced in cell membranes
during signaling events and contribute to the activation and
recruitment of several downstream signaling components,
which are promptly metabolized by lipid phosphatases, such
as PTEN (phosphatase and tensin homolog deleted on chro-
mosome ten), to terminate PI3K signaling [89]. PI3Ks also
activate downstream signaling pathways in a sequence of
events by catalyzing the phosphorylation of phosphatidylino-
sitol at the 3-hydroxyl position of the inositol ring [20, 69,
90]. Compared to other effectors, PI3K seems to play the
most important role in the universal activation of Akt, which
displays a tight coupling with PI3K. Indeed, the phosphory-
lation of Akt functions as a replacement for PI3K activation
[91]. PI3K phosphorylates Akt and stimulates its catalytic
activity, which, in turn, results in the phosphorylation of oth-
er signaling mediators modulating cell growth and survival.
In fact, the phosphorylation of Akt is sufficient and neces-
sary to mediate other downstream signaling pathways [91].
Likewise, it has been reported that Akt phosphorylation of
Bad as an apoptosis-inducing protein prevents the binding of
Bad to Bcl-2 and thus, improves cell survival [92]. The
phosphorylation of Akt also subsets the activity of some me-
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diators, such as forkhead box subgroup O (FoxO) transcrip-
tion factors [93], as well as hypoxia-inducible factor 1 (HIF-
o) [94] and tuberous sclerosis (TSC) [66]. Following that,
Akt phosphorylates a constitutively active protein named
glycogen synthase kinase 3 (GSK3), which, in turn, phos-
phorylates glycogen synthase, c-M yc [95], and cyclin D as
down-stream mediators inactivating them. The inactivation
process causes the subsequent activation of pathways which
are normally suppressed by these mediators [66, 78].

PI3K/Akt and Ras/ERK also lead to the activation of
mammalian target of rapamycin (mTOR) [96-98] which, in
turn, phosphorylates downstream effectors to represent ana-
bolic metabolism and support cell proliferation and growth
[99]. As two direct substrates of mTOR, S6 kinase-1 (S6K1)
activates glycolysis and the biosynthesis of lipid, nucleotide,
and protein [100] and the eukaryotic initiation factor-4E
(eIF4E)-binding proteins (4EBPs) regulate cell proliferation
and survival [101].

In addition, PI3K activity initiates Akt-independent sig-
naling cascades that affect cellular metabolisms like cAMP
response element-binding protein (CREB) and serum- and
glucocorticoid-induced kinase (SGK) family [66]. Notably,
there is much evidence suggesting that SGK and CREB play
a key role in Akt-independent signaling [66, 102]. Keeping
the complex PI3K/Akt/ mammalian target of rapamycin
(mTOR) network homeostatically balanced is important to
avoid aberrant cellular proliferation and maintain glucose
homeostasis. Recent research has revealed the key down-
stream role of PI3K catalytic subunits in the effects of insu-
lin or leptin on hypothalamic neurons differentiation [103].

Altogether, the evidence revealed a double edge role that
PI3K plays in the production of inflammatory cytokines
[104]. On the one hand, the activation of Toll-like receptors
(TLRs) recruit PI3Ks and downregulate the production of
nuclear factor-kB (NF-KB)-induced pro-inflammatory cyto-
kines [104]. In line with this, the loss of functional PI3K
decreases TLR4 internalization, increasing pro-inflammatory
and decreasing anti-inflammatory cytokines [105]. On the
other hand, an important role of PI3K in the downstream of
chemokine G protein-coupled receptor (GPCR) has been
revealed during inflammation [79]. Activation of TLR4 me-
diates PI3K signaling, induces inflammation, and causes
neuroinflammation [106, 107]. Besides, transforming growth
factor-beta (TGF-1P) exerts anti-inflammatory effects
through PI3K, as well as its downstream signaling pathways
[108]. Fig. (1) displays the upstream and downstream signal-
ing pathways of PI3K.

4. THE FUNCTION OF PI3K SIGNALING PATHWAY
IN BRAIN DEVELOPMENT AND NEUROGENESIS

Neurogenesis has been selected as one of the topics of in-
terest since the brain has been shown to be able to produce
new nerve cells [109]. Neurogenesis has a significant role in
the dentate gyrus, producing excitatory granule neurons re-
lated to memory and learning [110]. The PI3K signaling
pathway has been shown to be one of the pathways affecting
endogenous neurogenesis [111]. The key role of PI3K in
neurons has also been confirmed by its association in acute
brain pathologies, for example, developmentally-related
brain abnormalities [112, 113], epilepsy [114, 115], aging-
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related neurodegeneration [116, 117], and brain cancer [118,
119]. Diverse research has indicated that dysregulated sig-
naling of PI3K/Akt in neurons has a number of damaging
consequences, including increased ROS levels, membrane
depolarization, mitochondrial fragmentation, and declined
oxidative phosphorylation and ATP production [120-123].
Activation of the PI3K pathway has been reported to con-
tribute to the preservation of neurons and the brain against
ischemic injury. For instance, vascular endothelial growth
factor (VEGF) preserves the brain after focal cerebral ische-
mia via activation of the PI3K pathway [124].Various com-
binations of PI3K isoforms may lead to several functional
events depending on the metabolic context, upstream signals,
and interconnection of various cellular pathways. In this
sense, in sensory neurons, pl110d is a vital signaling compo-
nent for efficient axonal elongation in the developing and
regenerating nervous system [125]. Hereon, the inactivation
of the p1108 produces defective axonal elongation and pre-
vents axonal regeneration in a model of sciatic nerve crush
injury [125]. Amyloid peptide complexes present in Alzhei-
mer's disease (AD) induce continuous stimulation of Akt,
which, in turn, phosphorylates the mitochondrial fission pro-
tein GTPase dynamin-related protein 1 (Drpl). This mecha-
nism is suggested to be involved in the fragmented mito-
chondrial components observed in this disease. Previous
research works have shown that the stimulation of the PI3K
pathway increases neuronal cell life in stressful situations
[126-128]. These findings were followed by other studies
that focused on complementing or identifying PI3K activa-
tors to prevent neuronal death. According to a study by Rui
Zheng et al. carried out in a mouse model of AD, selenome-
thionine promoted neurogenesis in the hippocampus via the
PI3K-Akt-GSK3p-Wnt pathway [129]. In another rat model
of brain injury caused by surgical injury (SBI), PI3Ky stimu-
lated the pro-inflammatory phenotype. It has also been re-
ported that the pharmacological inhibitors of PI3Ky
(AS252424 or AS605240) enhanced neurological function
after SBI [130].

5. ROLE OF PI3K IN ADHD

As mentioned before, PI3K is involved in synaptic plas-
ticity and neurogenesis. One of the important mechanisms
for regulating AMPH-induced dopamine efflux through
DAT modulation is the CADMI1 (Cell adhesion molecule
1)/PI3K/Akt pathway [32]. CADMI belongs to a group of
scaffolding proteins associated with membrane guanylate
kinase homologs [131]. PI3K is recruited to the cytoplasmic
domain of CADM1 and leads to actin reorganization and cell
spread through activation of Akt [132]. Consequently, the
downregulation of the PI3K/Akt pathway reduces cell
spread. Thus, the PI3K/AKT pathway is essential for
CADMI mediated signals and may be a novel mechanism
for DAT modulation and dopamine efflux by AMPH [32].
Several studies have shown that PI3K has major effects on
DAT cellular distribution [133, 134]. For example, insulin
regulates DAT expression via activating PI3K/Akt pathway
[135]. Another study using LY294002, an inhibitor of PI3K,
demonstrated that the inhibition of PI3K results in the inter-
nalization of DAT and a decrease in transport capacity [136].
The use of inhibitors has been considered as a factor to eval-
uate the importance of PI 3-kinases in various functional
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settings [137]. In vitro studies have demonstrated that
LY294002 prevents the effects of phentermine and metham-
phetamine on the expression of DAT, suggesting that the
beneficial effects of these AMPH are related to modulation
of the PI3K/Akt pathway [138, 139]. Brandon and col-
leagues indicated that LY294002 reduces AMPH-induced
dopamine efflux through alterations in DAT cell surface ex-
pression quantified by transient current analysis [134]. Col-
lectively, PI3K signaling carries DAT on the cell surface,
which is essential for stimulating dopamine efflux by AMPH
and thus increasing extracellular dopamine levels.

Norepinephrine (NE) is another important neurotransmit-
ter involved in ADHD since it affects cognitive functions in
the prefrontal cortex [140, 141]. Excessive activity of the
cAMP-CREB pathway in the locus coeruleus (LC) leads to
an elevated NE transmission in the frontal cortex and dis-
turbs cognitive functions [142]. A study on PI3Ky knockout
mice revealed that PI3K balances the cAMP—CREB pathway
through the activation of PDE4D and improves the function
of LC. PI3Ky knockout mice showed overactivity of the
cAMP-CREB pathway in LC, high concentrations of NE,
and ADHD symptoms (Fig. 1) [22].

PI3K
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Fig. (1). Relationships between PI3K and ADHD. (4 higher reso-
lution/colour version of this figure is available in the electronic
copy of the article).

Locus ceoruleus

It has been indicated that the adenosine ADORA2A gene
is involved in the etiology of ADHD [143]. Catiane et al.
showed that caffeine, a non-selective antagonist of adenosine
Al (A1R) and A2A (A2AR) receptors, and SCH 58261, an
AsaR antagonist, have beneficial effects in improving axonal
outgrowth of neurons isolated from the ADHD rat model via
activation of PI3K signaling [23]. The beneficial effects were
reversed by the co-administration of PI3K inhibitor LY
294002.

One important protein in the regulation, maturation, and
proliferation of neurons, which is modulated by PI3K, is
mTOR. According to previous studies, there is a link be-
tween ADHD and low levels of docosahexaenoic (DHA) and
eicosapentacnoic (EPA) fatty acids. The neuroprotective
effects of DHA and EPA are related to the activation of
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PI3K/Akt/mTOR pathways, alleviating the symptoms of
ADHD [37].

6. NATURAL AND SYNTHETIC PI3K SIGNALING
PATHWAY MODULATORS

Neuroprotective agents are the basis for targeting the
manifestation and phosphorylation of the PI3K/Akt pathway
[144]. Many natural products, including caffeine, epigallo-
catechin-3-gallate (EGCG), celastrol, butein, capsaicin, -
elemene, efc., have been reported to target PI3K/Akt/mTOR
pathway [145]. Oxymatrine (OMT) is a quinolizidine alka-
loid isolated from the old-style Chinese herbal medicine
Sophora japonica [146]. It has been established that OMT
has low toxicity with pharmacological actions, including
anti-inflammation [147], antioxidant [148], and neuroprotec-
tion activities [149]. The main outcomes of research con-
ducted by Yue Liu ef al. proved that OMT is able to protect
the brain from damage in in vivo and the hippocampal neu-
rons in in vitro. The protective effects could be attributed to
the modulation of proteins associated with apoptosis leading
to the downregulation of NR2B and PI3K/Akt/GSK3 path-
way [150]. Notoginsenoside R1 (NGR1) is the main phy-
toestrogen compound isolated from Panax notoginseng.
NGRI1 has remarkable antioxidant, anti-apoptotic and anti-
inflammatory effects that may play an important role against
cardiac dysfunction, severe liver failure, and diabetic kidney
infection [151]. Another study showed that NGR1 inhibits
neuronal apoptosis and promotes neuronal survival, exerting
important neuroprotective effects against hypoxic-ischemic
brain damage (HIBD) in neonates by targeting ERs and regu-
lating the PI3K/Akt/mTOR/JNK signaling pathway [152].
EGCQG, the most abundant catechin in green tea, has shown
several useful effects, including anti-cancer activity. EGCG
has also been reported to inhibit the migration and/or metas-
tasis of melanoma cells, by inhibiting the PI3K and other
signaling pathways such as extracellular signal-regulated
protein kinase (ERK) and focal adhesion kinase (FAK)
[153]. The modulatory effects of EGCG on protein kinase C
and PI3K are associated with neuroprotection and a decrease
in nigral impairment by chelating free radicals and reducing
oxidative stress [154].

Taxifolin or dihydroquercetin is a natural compound and
health supplement product that could be found in the si-
lymarin extract from the milk thistle (Silybum marianum)
seeds. Taxifolin prevents the development, relocation, and
invasion of human osteosarcoma cells by decreasing the ex-
pression levels of AKT [155, 156]. Taxifolin overpowers
UV-reduced skin carcinogenesis by targeting EGFR and
PI3K [157]. Vitexin (apigenin-8-C-glucoside), a dynamic
component of many old-style Chinese drugs, is naturally
present in numerous medical herbals, such as Vitex agnus-
castus or Phyllostachys nigra. The compound has various
pharmacological properties like antioxidant, neuroprotective,
and anti-inflammatory effects [158]. In one study, vitexin
was assessed for its in vivo anticancer action in nude xeno-
grafted mice with human lung carcinoma A549 cells. Vitexin
induced cytochrome c release from the mitochondria to cyto-
sol, and the mitochondrial membrane potential loss led to
apoptosis. The treatment with vitexin significantly reduced
the levels of p-PI3K, p-Akt, and p-mTOR, whereas this pro-
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apoptotic effect on A549 cells was also partially blocked by
the presence of the Akt activator SC79 [159].

A study by James Ahn et al. showed that other natural
compounds, including Bacopa monnieri, Ginkgo biloba,
Ginseng, and Valerian (Valeriana officinalis), are effective
in treating ADHD through various mechanisms, such as neu-
roprotection, regulation of dopamine, improvement in cere-
brovascular blood flow, nootropic effect on the central nerv-
ous system (CNS,) and inhibition of the breakdown of
GABA in the CNS [160]. In addition, many studies indicated
that these natural products affect PI3K signaling pathway.
Bacopa monnieri L. Wettst is a dietary supplement that has
been found to play an important role in cognitive health and
function [161]. It has been reported that this plant can play a
protective role in SH-SYS5Y cells against tert-butyl hydrop-
eroxide-induced cell death by activating the ERK/MAPK
and PI3K/Akt signaling pathways [162]. Bacopaside I, a
triterpenoid found in Bacopa monnieri, extract can be effec-
tive in neuroprotection of animal models via PKC and
PI3K/Akt pathways [163]. Ginkgo biloba L (GB) is a Chi-
nese medicinal plant belonging to the Ginkgoaceae family,
which has many uses in medicine [164]. Ginkgo biloba ex-
tract (GBE) has neurological properties since it modulates
the growth of neurites and can activate the PI3K/Akt/mTOR
pathway [165]. GBE exerts its protective role in different
ways. For example, in an indirect way, it activates the
PI3K/Akt /mTOR pathway through inhibition of GSK3,
which is related to neurogenesis, proliferation, and migration
[166, 167]. Ginseng is another natural product that has been
used as a traditional herbal medicine for over 2000 years and
is recorded to have antianxiety, antidepressant, and cogni-
tion-enhancing properties [168]. Ginseng inhibits brain is-
chemia/perfusion damage in mice by inhibiting apoptosis via
activating the PI3K/Akt/mTOR signaling pathway [168].
Red ginseng butter extract (KRG) has been shown to be ef-
fective in inhibiting oxidative stress-induced apoptosis in
neuroblastoma cells. This inhibition is mediated by the resto-
ration of the ER-B through the upregulation of the PI3K/Akt
signaling pathway [169]. Valerian, as a natural product with
medicinal and antispasmodic properties, affects the nervous
system. The role of this plant in the treatment of hyperactivi-
ty has been evaluated [170]. In one study, 30 children aged 5
to 11 years with hyperactivity used valerian tincture every
day for two weeks. This treatment had a significant effect in
reducing the symptoms of ADHD, especially attention span
and persistent impulsivity and/or hyperactivity [171, 172].

In an in vivo assay, it was reported that traumatic brain
injury (TBI) causes apoptosis. It has been shown that
FTY720, as a synthetic immunosuppressive agent, improved
neurobehavioral function after TBI and reduced apoptosis by
modulating diverse apoptotic indicators, like Bcl-2, Bel-xL,
Bax, and cytochrome c. Moreover, FTY720 induced the
PI3K/AKT and autophagy pathways, responsible for the neu-
roprotective effects, since PI3K and autophagy inhibitors
reversed these protective effects induced by FTY720 [173].

Amphetamine is another synthetic modulator that in-
creases PI3K and pSTAT3. A study aimed at suppressing
appetite with amphetamine showed that amphetamine sup-
presses appetite by inhibiting neuroprotein Y (NPY) neu-
rons, activating pro-opiomelanocortin (POMC) neurons in
the hypothalamus, and increasing PI3K, STAT3, and MC3
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receptors [174]. Clonidine extended release treatment is ef-
fective in children and adolescents with ADHD or Tourette’s
disorder [175]. Analysis of vascular response in normal mice
showed that the clonidine-induced relaxation was reduced by
inhibiting the PI3K/Akt/eNOS pathway [176]. Modafinil is
an effective drug for the treatment of ADHD [177]. The re-
sults of a study focused on treating ADHD showed that
modafinil in sleep-deprived mice inhibited autophagy and
apoptosis and increased PI3K/Akt/mTOR/P70S6K signaling
pathway activity in hippocampal neurons, leading to im-
proved learning and memory [178]. The main negative regu-
lator of the PI3K/Akt signaling pathway is phosphatase and
tensin homolog deleted on chromosome ten (PTEN). There-
fore, modulating PTEN expression or promoting its activa-
tion can play an important role in modulating cell function
[179]. The outcomes of a study showed that the inhibition of
PTEN leads to neuronal survival, light protection, and neu-
ronal regeneration. These factors also play an important role
in activating Akt, which leads to axonal myelination. In fact,
by inhibiting PTEN, tissue damage and nerve cell death can
be prevented, and neuronal function can improve [180].
P2X7, as an upstream modulator of the PI3K/Akt pathway,
has a significant effect on neuroblastoma extracellular cells
and regulates neuronal differentiation [181-183]. P2X7 also
plays an important role in the expression of HIFla,
PI3K/Akt activation, VEGF secretion, GSK3 inactivation,
and regulation of MYCN oncogene and glycogen secretion
[184].

7. ADVANTAGES AND DISADVANTAGES OF PI3K
SIGNALING PATHWAY MODULATORS

As a core protein, PI3K orchestrates a variety of signal-
ing pathways, through which it mediates an extraordinarily
broad range of cellular functions, such as cell proliferation,
growth, survival, migration, metabolism, secretion, and sig-
nal transduction in all tissue types [16]. However, PI3K
could play a dual role as a double-edged knife. Dysfunctions
in the PI3K pathway correlate with some disorders, like type
II diabetes [66] and ADHD [18], while the hyperactivation
of the pathway is correlated with cancer [22] and some neu-
rodegenerative diseases [185, 186]. Besides, alterations in
PI3K signaling also lead to immunological, cardiovascular,
and neurological diseases. In this sense, the double function
of PI3K has been reported to depend on the upstream signal-
ing pathways, the metabolic context, and crosstalk between
cellular pathways.

Significant evidence suggests that due to the increased ac-
tivation of upstream signaling pathways, PI3K mutation, or
loss of PTEN activity, elevated levels of PI3K and PtdIns-
3,4,5-P3 contribute to tumorigenesis [187]. In a meta-analysis,
PI3K and PTEN were found to be the second and third most
mutated genes in cancers [89]. The NMDA receptor of the
spinal cord mediated the activation of PI3K downstream
mTOR in the pathogenesis of cancer pain [80]. Over the last
decades, PI3Ks inhibitors have been tested in clinical trials as
a therapy against cancer [188]. However, these non-selective
PI3K inhibitors have significant side effects, thus limiting
their potential use in cancer treatment. Limiting the dose and
improving the specificity of antagonist function can lead to
better efficacy and fewer toxicity profiles [69, 77, 188].
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PI3K activation through different upstream pathways in
the central nervous system creates the core path of
PI3K/Akt/mTOR in regulating synapse formation, neuronal
development, neuronal integration, maturation, and prolifera-
tion in the brain [189]. The importance of the PI3K signaling
pathway in neuronal function is due to its involvement in the
pathology of various diseases, including epilepsy [114], neu-
rodegeneration and aging [116, 117, 190], neuronal differen-
tiation, neurogenesis, neuroprotection [191], brain malfor-
mations [113] memory performance, neuronal plasticity,
signal transduction, and vesicle trafficking [16]. Since
PI3K/Akt mediators are needed at an intermediate level for
cell survival, the deletion of PTEN causes cell death [192]
and hypermyelination [193], while the increased activation
of PI3K/Akt/mTOR signaling is found in a number of brain
disorders, especially diverse cases of hemimegaloencephaly
[194]. As a downstream signaling pathway of nerve growth
factor (NGF), PI3K/Akt/NF-kB induced neuronal differen-
tiation through the expression of the opioid receptor [195]
and ephrinBl-induced activation of PI3K/Akt signaling
pathway associated with pain [196].

From a behavioral point of view, Akt knockout mice
showed cognitive defects and microcephaly derived from
mTOR blockage [197]. Neuronal dysregulation of the
PI3K/Akt [123] pathway results in membrane depolarization,
mitochondrial fragmentation, and increased oxidative stress
[120]. Both overexpression and knockout of PI3K resulted in

the reduction of spatial memory [121]. Consequently, in AD,
B-amyloid induces an excessive level of Akt, which, in turn,
causes mitochondrial dysfunction [120-122].

In a study by Darcq and Kieffer, the PI3K knockout
mouse has also been suggested to be a promising ADHD
model for developing novel therapeutic agents [18].

Altogether, an intermediate and not excessive level of
PI3K/Akt is suggested to be the central node to integrate
necessary developmental signals for brain development, re-
pair, and plasticity, since most neurons in the cerebellum,
cerebral cortex, and hippocampus express PI3K at high lev-
els. As previously described, PI3K could play either a posi-
tive or negative role in the inflammatory conditions. Thus, its
double function depends on the upstream signaling path-
ways, metabolic context, its level, and interconnection of
cellular pathways. Finally, further research is needed to un-
veil the new roles of PI3K in different physiological and
pathological situations. Fig. (2) also shows the changes in
PI3K during diseases. Under inflammatory conditions,
ZSTK474 (a PI3K inhibitor) showed anti-inflammatory ef-
fects in a mice model of cerebral ischemia/reperfusion [198].
In this line, Leng ef al. reported that the activation of the
PI3K/Akt signaling pathway and the inhibition of GSK3
mediate the neuroprotective effects of valproic acid as a
mood-stabilizer [199].
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In the context of ADHD disorder, D'andrea et al. reported
the involvement of a kinase-independent but CREB-
dependent mechanism through which PI3K regulates
ADHD-related behaviors to control noradrenergic/dopamine
in prefrontal cortex and striatum via NA neurons of locus
coeruleus (LC). As PI3K has an essential role in the man-
agement of noradrenergic neurons, it opens new insights into
ADHD [22].

CONCLUSION

ADHD is a complex neurological disorder that is associ-
ated with a variety of symptoms, such as poor academic per-
formance, poor family relationships, anxiety, depression, and
antisocial behaviors, and leads to a decline in quality of life.
PI3Ks, are a family of highly evolutionarily conserved en-
zymes and modulators of cellular metabolism that play an
essential role in the management of noradrenergic neurons
and ADHD. The available data seem to support that natural
and synthetic inhibitors of the PI3K signaling pathway could
be a promising therapeutic approach for neurological diseas-
es, including ADHD. However, the information available is
very preliminary, and future studies at different levels are
necessary to confirm these promising data.
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