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Abstract

Rationale The Diagnostic and Statistical Manual of Mental Disorders (Fifth Edition) classifies attention deficit hyperactivity
disorder (ADHD) as a neurodevelopmental disorder that interferes with human functioning and development. As the clinical
presentation of ADHD involves a deficiency in executive function, neurocognitive deficits involving distinctive neuropatho-
logical changes must be present for clinical diagnosis.

Objectives The vesicular monoamine transporter (VMAT), specifically VMAT-2, plays a role in ADHD pathogenesis. In
addition, experimental data show that the stimulants (amphetamines and methylphenidate) are first-line treatments for the
condition because of their extensive interaction with VMAT-2. The interactions of peptides, bupropion, and nutritional
supplements with VMAT-2 receptors have been researched, but more evidence is needed to elucidate their pharmacodynamic
properties. Therefore, this literature review evaluated the current pharmacological treatment modalities, peptides, and nutri-
tional supplements for ADHD that target the VMAT-2 system.

Methods, results, and conclusions We obtained relevant studies from several platforms, including the National Center for
Biotechnology, Clinical Key, Access Medicine, and PubMed. From the results of these studies, we observed that stimulants
interact highly with the VMAT-2 transporter, with omega-3 fatty acids, peptides, and bupropion exerting some modulatory
activity on VMAT-2. These agents should be considered for the future treatment of ADHD, although clinical-level research
involving human participants is necessary.

Keywords Attention deficit hyperactivity disorder - Vesicular monoamine transporter - Neurodevelopmental disorder -
Amphetamines - Methylphenidate - Omega-3 fatty acids - Bupropion - Norepinephrine - Dopamine - pH gradient model

Introduction

The psychopathology of attention deficit hyperactivity
disorder (ADHD) involves dysfunctions across several
domains, including working memory, executive function,
response inhibition, emotional control, and planning/orga-
nization (Stahl 2014). The affected brain regions include but
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are not limited to, the prefrontal cortex, mesolimbic system,
basal ganglia, reticular activating system, hippocampus,
amygdala, and ventral tegmental area (VTA) (Stahl 2014).
The epidemiology and occurrence of ADHD in the United
States are relatively high, with an incidence rate of 10.47%
between 2021 and 2022 (Li et al. 2023), even though sta-
tistical research has shown that it can be overly diag-
nosed (Kazda et al. 2021). Therefore, effective treatment
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methodologies, diagnostic tools, and screening criteria must
be diligently utilized in clinical practice and research.

ADHD is a developmental disorder that is four times
more likely to be diagnosed in males than in females (Blum
et al. 2008). In this manuscript, the general neurobiology
of ADHD is emphasized; however, the text is focused on
the critical first step of understanding monoamines and their
interaction with the VMAT-2 protein. However, it is essen-
tial to understand that childhood development, age, and
gender play a role in its pathological processes, even though
these topics are beyond the scope of this manuscript.

In addition to diagnosis, at a molecular level, both nor-
epinephrine (NE) and dopamine (DA) are neurotransmitters
essential for adequate prefrontal cortex function. Imbal-
ances in these neurotransmitters have been associated with
learning disabilities, including ADHD (Blum et al. 2008).
Changes in the prefrontal cortex white matter have also been
associated with ADHD due to disorganized tracts projecting
from this area (Blum et al. 2008), which attenuate circuitry
between dopaminergic and adrenergic neurons. In addition,
a dysfunctional vesicular monoamine transporter-2 (VMAT-
2) system plays a role in ADHD pathogenesis and dopamine
dysregulation. Therefore, the objective and purpose of this
literature review is to investigate the VMAT-2 system in
ADHD to understand the relationship between VMAT-2 and
ADHD and its current pharmacotherapy.

Methods

A systematic search of relevant literature was conducted
across several platforms, including the National Center for
Biotechnology (NCBI), Clinical Key, Access Medicine, and
PubMed. References were compiled to match journal speci-
fications. This study did not involve experiments on human
subjects, and articles obtained were done so through open-
access rights and Creative Commons permissions.

VMAT-2 protein and ADHD: the linkage
VMAT-2 protein: discovery and function

The VMAT protein was discovered in 1992; it comprises
VMAT-1 and VMAT-2 and is widely expressed in the
mammalian central nervous system (CNS) (Alwindi and
Bizanti 2023). VMAT-1 is predominantly expressed in the
endocrine system, whereas VMAT-2 is primarily found in
nervous tissue and neuroendocrine cells (Eiden and Weihe
2011; Wimalasena 2011). In the CNS, VMAT-2 translo-
cates monoamines, specifically dopamine (Nickell et al.
2014), from axoplasm to the vesicular lumen. VMAT-2
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has also been hypothesized to synthesize and store trace
amines, including tyramine and phenylethylamine (Eiden
and Weihe 2011), in trace amine receptors (particularly
TAAR-1), a receptor distinctive from VMAT-2. As tyra-
mine and phenylethylamine are trace amines with structures
akin to the sympathomimetic structure of dopamine, nor-
epinephrine, and serotonin, they may be promising agents
for ADHD treatment. However, further research is needed
(Burns and Kidron 2022). In addition, protein mapping has
revealed VMAT-1 and VMAT-2 to be acidic glycoproteins
derived from two distinct genes (Eiden and Weihe 2011).
Sequence structuring has revealed transmembrane domains
akin to plasma membrane monoamine transporter proteins
(Wimalasena 2011). Secondary protein structures reveal
high N- and C-terminal variability (Wimalasena 2011) in
these two glycoprotein transporters.

VMAT-2 binding sites: an ADHD linkage

Recently, the VMAT-2 transporter has been shown to consist
of two distinct sites that bind reserpine and tetrabenazine,
with tetrabenazine implicated in the treatment of chorea in
Huntington’s disease (Nickell et al. 2014). Reserpine and
tetrabenazine reduce a cells’ capacity to store monoamines
within the brain, with reserpine acting at peripheral sites,
inhibiting involuntary movements. Extensive research is
needed to clarify this finding, which may contribute to the
involuntary and impulsive nature of ADHD.

The tetrabenazine-binding site on VMAT-2 is not pH-
dependent, and high levels of catecholamines suppress its
binding (Nickell et al. 2014), thereby prohibiting the depres-
sive effect of reserpine. Nickell et al. (2014) also described
the impact of lobeline and other agents, such as tetrabena-
zine, on the VMAT-2 transporter, which is discussed later,
along with other naturalistic substances.

Studies elucidate the role of VMAT-2 in ADHD. Toren et
al. (2005) showed that the platelet vesicular monoamine den-
sity (VMAT-2 specifically) was decreased in children with
ADHD, suggesting that this specific transporter is responsi-
ble for the neurochemical changes observed in patients with
ADHD. Furthermore, VMAT-2 can be replicated peripher-
ally by the platelet vesicular monoamine transporter, which
has been quantified to study monoamine metabolism. In
addition, Lu and Wolf (1997) showed that the VMAT-2
mRNA was significantly increased in the ventral tegmen-
tal area (VTA) rostral and transitional zones in killed rat
models after 3 days. However, 14 days after amphetamine
cessation, no changes were observed in VMAT-2 mRNA
expression; however, the reason for this result is unclear.
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The amphetamines and VMAT-2: classical
ADHD treatment

Amphetamine mechanism of action at VMAT-2
protein

Current psychopharmacology research shows that at high
doses (non-therapeutic ranges), VMAT-2 can be “inhibited”
by amphetamines, causing VMAT-2 vesicles to release the
classical monoamines DA and NE into the axoplasm; how-
ever, this model is no longer broadly accepted (Eiden and
Weihe 2011; Stahl 2014). Various models are depicted in
Table 1.

For instance, Stahl (2014) reported that VMAT-2 is not
affected by amphetamines at therapeutic doses but is affected
at higher doses (Stahl 2014). However, research data from
fly and rodent models have shown that in pharmacologically
relevant quantities (therapeutic doses), amphetamines acti-
vate VMAT-2 like their effect at higher doses (Wimalasena
2011; Freyberg et al. 2016), lending clues to the role of
VMAT-2 in the therapeutic response of patients with ADHD
to amphetamines, contradicting the previous model.

Amphetamines interact with VMAT-2 in vitro (human
studies are somewhat lacking), are non-substrate inhibi-
tors of VMAT-2, and block DA accumulation in synaptic
vesicles, allowing higher levels of DA to efflux into the axo-
plasm (Freyberg et al. 2016). Although pH changes during
amphetamine administration have been explored, further
research is required to better understand the mechanism of
action of VMAT-2 at the molecular level (Stahl 2014). As
the exact mechanism of action of amphetamines in VMAT-2
has not been elucidated, several different hypotheses

Table 1 Models used to explain mechanism of amphetamine action

(Wimalasena 2011; Freyberg et al. 2016) have been devel-
oped to explain the MOA of amphetamines in the VMAT-2
transporter.

VMAT-2 mechanism of action: the models
pH gradient model

A synaptic vesicle containing monoamines comprises two
distinctive transporters in its plasma membrane (Fig. 1):
the VMAT-2 transmembrane protein and a V-type ATPase
pump (Fig. 2), ATP pumps that use ATP to pump hydrogen
ions into vesicles. The VMAT-2 protein is a proton anti-
porter that relies on low luminal pH (acidic environment)
for DA transport into vesicles (Wimalasena 2011). Because
monoamine vesicles are relatively acidic (Wimalasena
2011) and have H"-ATPase pumps (V-ATPases) in addition
to VMAT-2 monoamine antiporters (Freyberg et al. 2016),
any disruption in the pH gradient can induce neurotransmit-
ter release into the axoplasm.

The VMAT-2 transporter functions as a stoichiometric
antiporter (moves one substance against its gradient and the
other down its gradient) protein by removing two hydro-
gen ions from the vesicle in exchange for a monoamine
transported into the vesicle against its concentration gradi-
ent. Because hydrogen ions are pumped out of the vesicle,
monoamine accumulation increases protonation, which is
the precise basis for the pH gradient model. Furthermore,
the V-type ATPase transporter uses ATP to transport hydro-
gen ions into vesicles, which is the basis for its relative
acidity compared to the more alkaline pH of the axoplasm
(Guillot and Miller 2009).

Model pH Gradient Dopamine Reuptake Inhibition VMAT-2
Redistribution
'MOA VMAT-2 transporter relies on low-pH environments to  Amphetamines deplete monoamine levels Using an immuno-

transport dopamine into vesicles (Steier et al. 2023).
This is achieved through the V-type ATPase that
transports hydrogen ions into the vesicle using ATP
molecules.

VMAT-2 removes two hydrogen ions from the vesicle

for every monoamine (e.g., dopamine) that is moved
into the vesicle (Guillot and Miller 2009).
Amphetamines decrease the vesicular pH gradient
by releasing dopamine and blocking substrate import
(Freyberg et al. 2016). This releases the vesicular

contents into the axoplasm for neurons and eventually

leads to exocytosis into the synaptic cleft, where this

dopamine can bind to postsynaptic D, or D, receptors

(Freyberg et al. 2016).

in VMAT-2 transporters through a carrier-
mediated exchange mechanism. Via competi-
tive inhibition in a concentration-dependent
manner, psychostimulants drugs can inhibit
vesicular dopamine uptake in rat striatal syn-
aptic vesicles (Partilla et al. 2006). By doing
s0, higher concentrations of psychostimulants
(i.e., amphetamines) would increase the
amount of dopamine released from VMAT-2
vesicles into the axoplasm, allowing for
more to be released in the synaptic cleft, thus
allowing for more to bind to postsynaptic D,
or D, receptors.

reactivity experi-
ment in rats, Riddle
et al. (2007) pro-
posed that VMAT-2
transporters are
redistributed within
synaptic nerve
terminals after
amphetamine and
methylphenidate
treatment. Other
receptors such as
vesicular glutamate,
acetylcholine, and
GABA transporters
were not substan-
tially affected
(Riddle et al. 2007).

2IMOA, mechanism of action; >
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Amphetamine
Mechanism
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Fig. 1 Mechanism of action by which pH gradient changes alter DA neurotransmission

Freyberg et al. (2016) discussed the importance of pro-
tonation of monoamines and amphetamines. As V-ATPase
is ultimately responsible for loading monoamines through
VMAT-2 into the vesicular lumen, monoamines are pro-
tonated. Furthermore, because amphetamines are basic,
with pK, values between 8.8 and 9.9, they help decrease
the vesicular pH gradient via a buffering mechanism that
can release DA and block substrate import (Freyberg et al.
2016). Ultimately, this mechanism reduces the pH gradient
and spills the vesicular contents into the axoplasm for sub-
sequent exocytosis into the synaptic cleft for postsynaptic
D, or D, binding. However, further research is needed, as
few in vivo studies have been performed.

Freyberg et al. (2016) indicated that in Drosophila mela-
nogaster fly models, amphetamines enter the VMAT-2
transporter in exchange for H+efflux out of the vesicle,
increasing the vesicular pH and favoring DA release from
the vesicle into the dopaminergic axoplasm, like another
experiment (Sulzer and Rayport 1990). In this experiment,
chromaffin granules were used, and three psychostimulants,
including fenfluramine, imipramine, and tyramine, were
found to reduce the pH gradient, causing a reduced uptake
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and increased release of neurotransmitters, along with inhi-
bition of acidification of the vesicle.

Therefore, both experiments supported the pH gradi-
ent model, although further research using human models
is required to confirm the in vivo effects of amphetamines.
Furthermore, Freyberg et al. (2016) used whole-brain mod-
els with a dVMAT pHluorin sensor and showed that amphet-
amines required both VMAT-2 and a dopamine-associated
transporter (DAT) to alkalinize the vesicular lumen. Chlo-
roquine and amphetamine at 1| mM were used to alkalinize
the VMAT lumen, and they were shown to cause deacidi-
fication of vesicular lumen contents relative to the starting
acidic pH. Their findings indicated that when the total efflux
of hydrogen ions exceeded the net influx of hydrogen ions
by a VM AT-mediated mechanism, the pH gradient was dis-
rupted, causing the release of neurotransmitters into axo-
plasm (Freyberg et al. 2016).

Sulzer and Rayport (1990) used chromaffin granules in
animal models to determine the effect of psychostimulants
on the pH gradient. At relevant doses, the alkalinizing effects
of amphetamines, cocaine, and phencyclidine disrupted the
delicate acidic gradient found in VMAT-2 transporters and
their vesicles in cultured midbrain dopaminergic neurons.
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ATPase pumps

Because the pH gradient is reduced, neurotransmitter reup-
take is reduced, causing subsequent monoamine release into
the axoplasm (Sulzer and Rayport 1990). The pH gradient
model is shown in Fig. 1.

Dopamine reuptake inhibition model

Even though experimental data favor the pH gradient model,
scientists have shown that amphetamines function through
a carrier-mediated exchange pathway. Partilla et al. (2006)
used crude vesicular fractions from rat caudate assays. Their
research showed that amphetamines tended to deplete mono-
amines in VMAT-2 transporters through a carrier-mediated
exchange mechanism rather than through an alkaline agent,
as was mentioned previously. Although they point to another
potential mode by which amphetamines affect VMAT-2, the
data remains inconclusive. Schwartz et al. (2006) showed
that psychostimulants inhibit vesicular DA uptake in rat
striatal synaptic vesicles through competitive inhibition in a
concentration-dependent manner, exclusively depending on
dosage. Higher concentrations of amphetamines enhanced

the efflux of DA from VMAT-2 vesicles into the axoplasm,
preparing DA for release into the synaptic cleft.

Redistribution model

Riddle et al. (2007) performed an immunoreactivity experi-
ment in rodent models and showed that amphetamine and
methylphenidate altered VMAT-2 immunoreactivity in rat
neurons, redistributing VMAT-2 transporters within the syn-
aptic nerve terminals. However, cytoplasmic transporters of
vesicular glutamate, acetylcholine, and GABA were largely
unaffected and were not translocated following amphet-
amine and methylphenidate treatment. High-dose amphet-
amine (2 mg/kg), but not methylphenidate, is involved in
VMAT-2 trafficking, causing hyperlocomotive behavior,
which is a novel finding (Riddle et al. 2007). Therefore,
in ADHD treatment, dopaminergic and noradrenergic tar-
geting is essential based on the interactions of VMAT-2
with stimulant medications, as discussed in the succeeding
section.
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Front-line ADHD treatment
pharmacotherapeutic agents: the VMAT-2
linkage

Lisdexamfetamine dimesylate

Lisdexamfetamine dimesylate (LDX) is a stimulant of the
amphetamine class used to treat ADHD (Najib et al. 2017).
LDX is an amphetamine prodrug consisting of a dextroam-
phetamine core structure covalently bound to a L-lysine
amino acid group, which is hydrolyzed by the body to
produce pure D-amphetamine (Blick and Keating 2007)
following oral ingestion. LDX was designed to be as effec-
tive as alternative extended-release stimulant preparations,
such as amphetamine salt combined with ER. Owing to its
prodrug design, it has a diminished likelihood of adverse
reactions and toxicity and a reduced potential for misuse or
abuse (Nguyen et al. 2012).

Mechanism of action

Similar to traditional amphetamine products, this medica-
tion functions at the neuronal level through a specific mech-
anism. Several studies have shown the effectiveness of LDX
compared to placebo in adults with moderate-to-severe
ADHD. Substantial improvements in ADHD rating scales,
Clinical Global Improvement scores, and executive function
assessments across all doses of LDX (30-70 mg daily) have
been reported (Biederman et al. 2012; DuPaul et al. 2012;
Adler et al. 2013; Najib et al. 2017). The D-amphetamine
produced by LDX can penetrate the blood—brain barrier and
bind to specific sites within the CNS. This direct interac-
tion leads to therapeutic benefits by enhancing the transmis-
sion of noradrenaline and DA neurotransmitters similar to
amphetamine salts.

Drug interactions and contraindications

LDX lacks inhibitory activity toward cytochrome (CYP)
CYP450 isoenzymes (FDA 2017). Notably, the active com-
ponent of the medication, D-amphetamine, exerts a limited
inhibitory effect on the activity of CYP2D6 (FDA 2017).
The CYP2D6 cytochrome system plays a vital role in the
metabolic breakdown of multiple anti-depressants and sec-
ond-generation antipsychotic medications. Importantly, the
administration of lisdexamfetamine dimesylate is contra-
indicated concurrent with or within two weeks of the use
of monoamine oxidase inhibitors (MAOIs) (Najib 2009;
Hutson et al. 2014; Najib et al. 2017). Patients with severe
kidney impairment or end-stage renal disease are advised
to lower the dosage of LDX and D-amphetamine because
these medications are cleared from the body through the
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kidneys and cannot be eliminated via dialysis (Comiran et
al. 2016; Najib et al. 2017).

Furthermore, acidifying and alkalinizing agents change
the acidity or alkalinity, respectively, of substances that
affect urinary pH as seen through psychopharmacology
measures. Acidifying and alkalinizing agents decrease and
increase, respectively, the levels of amphetamine in the
blood (FDA 2017).

TAAR-1 modulation and neuroinflammation

LDX may indirectly affect Mitogen- activated protein
kinase phosphate 3 (MAKP3) signaling and TAAR1 activa-
tion. The robust control of these receptors through the influ-
ence of LDX has been demonstrated in a previous study
(Quintero et al. 2022). MAPK3 activation plays a crucial
role in the downstream modulation of neuroinflammation
by inducing specific anti-inflammatory cytokines (such as
IL-2 and IL-10). Consequently, TAAR1 regulation is linked
to MAPK3 activation (Quintero et al. 2022).

Notably, ADHD is associated with neuroinflammation
and impaired immune regulation, highlighting potential
connections between these factors. Although the inflam-
matory effects of LDX with respect to ADHD have not
been assessed, recent studies have not found evidence of a
relationship between LDX and the regulation of IL-10 (an
anti-inflammatory cytokine responsible for managing the
duration and intensity of the inflammatory response), TNFa,
or IL-1B (proinflammatory cytokines) (Bristot et al. 2019;
Quintero et al. 2022).

Amphetamine-dextroamphetamine

Amphetamine-dextroamphetamine is a CNS stimulant med-
ication of the amphetamine class, with equal parts racemic
amphetamine and dextroamphetamine, used to treat ADHD.
This medication combines four salts: dextroamphetamine
sulfate, dextroamphetamine saccharate, amphetamine sul-
fate, and amphetamine aspartate monohydrate. The alkaliz-
ing effects of combining the four salts increase drug efficacy.

Mechanism of action

Amphetamine-dextroamphetamine is a formulated medica-
tion that consists of three mixed amphetamine salt (MAS)
beads, each designed for the immediate, pulsed-delayed, and
extended release of amphetamine salts, presenting a unique
pharmacokinetic pattern (FDA 2017). Similar to other MAS
compounds, it impedes the reuptake of NE and DA, thereby
increasing the levels of these monoamine neurotransmit-
ters in synaptic spaces. Additionally, amphetamine salts
may potentially hinder the activity of monoamine oxidase,
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further amplifying synaptic monoamine concentrations
(Strawn and Picard 2017). This augmentation of norad-
renergic and dopaminergic neurotransmission, particularly
in the prefrontal cortex, contributes to improved atten-
tion, working memory, and processing speed in individuals
with ADHD. Similar to conventional amphetamine prod-
ucts, Amphetamine-dextroamphetamine functions at the
neuronal level by restricting the reuptake of NE and DA,
causing an increased release of neurotransmitters into the
extra-neuronal space (Strawn and Picard 2017). Currently,
the interactions of Mydayis with TAAR-1 and its potential
implications for neuroinflammation are being studied, fur-
thering our understanding of its multifaceted mechanism of
action (Garey et al. 2020).

Drug interactions and contraindications

Patients are at an increased risk of developing serotonin
syndrome when they are administered a combination of
MAUOISs, selective serotonin reuptake inhibitors, and sero-
tonin norepinephrine reuptake inhibitors for ADHD (FDA
2017). When co-administered with Cytochrome P450 2D6
inhibitors, patients may experience increased exposure
to amphetamine products. Serotonin syndrome is a life-
threatening disease with symptoms that include mental sta-
tus changes, autonomic instability, and neuromuscular and
GI symptoms (FDA 2017). Additionally, therapeutic doses
of this medication were associated with peripheral vascu-
lopathy and Raynaud’s phenomenon in all age groups. A
decreased dosage or discontinuation of treatment remedi-
ates symptoms (FDA 2017).

Amphetamine-dextroamphetamine and VMAT-2
interactions

VMAT is a crucial protein found in presynaptic neurons and
that plays a fundamental role in the packaging, storage, and
release of neurotransmitters, specifically monoamines such
as DA, NE, and serotonin. VMAT actively transports mono-
amine neurotransmitters from the cytoplasm to synaptic
vesicles, which are small intracellular compartments within
nerve terminals. These vesicles act as storage units for neu-
rotransmitters before their release into synapses. VMAT
uses the energy generated from proton movement across the
vesicular membrane to transport monoamines into vesicles,
maintaining their concentration, and protecting them from
degradation by enzymes in the cytoplasm (Kameg and Frad-
kin 2021).

Amphetamine-dextroamphetamine is an indirect sympa-
thomimetic agent that interacts with VMAT. It enters pre-
synaptic neurons through the DA and NE transporters (DAT
and NET, respectively). Once inside, these compounds

cause reverse transport of DA and NE by VMAT from the
vesicles into the cytoplasm (Majarwitz and Perumareddi
2023). This process, known as reverse transport or efflux,
disrupts the normal storage of neurotransmitters within the
vesicles, leading to increased cytoplasmic concentrations of
DA and NE.

Increased cytosolic levels of neurotransmitters lead to
their release into the synaptic cleft through DAT and NET,
which are located on the presynaptic membrane (Majarwitz
and Perumareddi 2023). This elevated release of DA and NE
into the synapse enhances neurotransmission, affects signal-
ing pathways, and influences various brain circuits involved
in cognitive function, attention, motivation, and executive
control (Kameg and Fradkin 2021).

The interaction of amphetamine-dextroamphetamine
mixed compound with VMAT alters the normal neurotrans-
mitter storage and release processes, contributing to the
therapeutic effects of medications in conditions such as
ADHD and narcolepsy (Kameg and Fradkin 2021).

Methylphenidate

Ritalin, the brand name for methylphenidate, is a prominent
CNS stimulant used therapeutically for ADHD and narco-
lepsy (FDA 2009). Its inception in the 1950s marked consid-
erable advancements in the pharmacological management
of ADHD-related symptoms, primarily targeting deficits in
attention, focus, and impulse control. Ritalin is a psycho-
stimulant that acts by inhibiting DA and NE reuptake via
DAT and NET, respectively. This mechanism enhances the
synaptic concentrations of these neurotransmitters, thereby
modulating neuronal communication in brain regions impli-
cated in executive function and attention (FDA 2009). Over
the years, Ritalin has garnered considerable clinical atten-
tion and has undergone refinements in formulation and dos-
ing to optimize its therapeutic efficacy while minimizing
adverse effects. Its widespread use in the pediatric and adult
populations underscores its importance in the management
of ADHD symptomatology (Huss et al. 2017).

Mechanism of action

Methylphenidate operates as a psychostimulant, primarily
through its interaction with DA and NE neurotransmitters in
the CNS. It is a potent inhibitor of DAT and NET, impeding
their reuptake. In contrast, amphetamine operates by pro-
moting the release of DA and NE from presynaptic neurons
into the synaptic cleft via a process that involves the dis-
placement of neurotransmitter-containing vesicles. Inhibi-
tion by methylphenidate leads to elevated concentrations
of DA and NE in the synaptic cleft of neurons. By imped-
ing the reuptake process, methylphenidate prolongs the
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availability and enhances the action of these neurotransmit-
ters at postsynaptic receptors. This prolonged presence of
neurotransmitters, particularly in areas implicated in atten-
tion, behavioral regulation, and executive function, disrupts
“seeking” type behaviors and helps alleviate symptoms
associated with ADHD. Increased dopaminergic and nor-
adrenergic signaling contributes to improved concentration,
focus, and impulse control, which are notable symptoms in
individuals diagnosed with ADHD (FDA 2009). Therefore,
the core mechanism of methylphenidate involves modulat-
ing the levels of neurotransmitters, particularly DA and NE,
to foster enhanced neuronal communication and mitigate
symptoms characteristic of ADHD.

Drug interactions and contraindications

Methylphenidate should not be administered to individuals
who are currently using or have previously used MAOIs
because of the potential adverse reactions, including a high
risk of hypertensive crises in all populations above six years
old. Caution is advised when combining Ritalin with pres-
sor agents because of possible blood pressure effects. Its
primary metabolism into ritalinic acid through de-esteri-
fication, rather than oxidative pathways, might decrease
the efficacy of hypertensive medications (FDA 2009). Fur-
thermore, racemic methylphenidate may interfere with the
metabolism of certain drugs, such as coumarin anticoagu-
lants, anticonvulsants, and tricyclic drugs, requiring possible
dosage adjustments and monitoring when co-administered
in all age groups (FDA 2009). Contraindications for Ritalin
include heightened anxiety, tension, and agitation, which
may be exacerbated by the co-administration. Addition-
ally, it is contraindicated in patients with hypersensitivity to
drugs, glaucoma, motor tics, family history, or diagnosis of
Tourette’s syndrome (FDA 2009).

Methylphenidate and VMAT-2 interactions

Unlike other stimulants such as amphetamines that directly
interact with VMAT, the mechanism of action of methyl-
phenidate does not involve VMAT interactions. VMATSs
package neurotransmitters into synaptic vesicles for storage
and subsequent release into the synaptic cleft upon neuronal
stimulation, whereas methylphenidate impedes the reuptake
of DA and NE, which promotes increased concentrations of
these neurotransmitters in the synaptic clefts. The impact
of methylphenidate on VMAT receptors or the storage and
release of neurotransmitters from synaptic vesicles is not
central to its mechanism (Di Miceli et al. 2022).

However, one study found that methylphenidate admin-
istration prompted a substantial increase in vesicular DA
uptake and binding of dihydrotetrabenazine, a ligand for
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VMAT-2, within purified striatal vesicles obtained from
treated rats (Sandoval et al. 2002). Notably, this effect was
observed solely in the purified vesicle preparations and was
not attributed to lingering methylphenidate from the initial
treatment.

Moreover, methylphenidate treatment displayed differ-
ing impacts on VMAT-2 protein levels within distinct cel-
lular fractions. An increase in the striatal vesicle subcellular
fraction and a decrease in the plasmalemma membrane
fraction could suggest that methylphenidate treatment ini-
tiates redistribution of the VMAT-2 protein, which poten-
tially influences the trafficking of synaptic vesicles within
dopaminergic neurons. Additionally, the involvement of
dopamine D1 and D2 receptors in modulating the effects
on VMAT-2 dynamics in the vesicular subcellular fraction
suggests a complex interplay among methylphenidate, neu-
rotransmitter receptors, and VMAT-2 function, necessitat-
ing further exploration for a comprehensive understanding
of their interactions (Sandoval et al. 2002).

Alternative agents and VMAT-2: adjunctive
ADHD treatment modalities

Polyunsaturated fatty acids

Omega-3, a polyunsaturated fatty acid (n-3 PUFA) derived
from the diet, is a major component of the neuronal mem-
brane and plays a crucial role in the development and func-
tion of the brain (Healy-Stoffel and Levant 2018). In a study
involving spontaneously hypertensive rats, which were
used as an established animal model of ADHD, deficiency
in omega-3 fatty acids was linked to significantly higher
locomotor activity than that in the control group, illustrating
its effect on hyperactivity (Hauser et al. 2014). In addition
to improved motor activity, an omega-3 enriched diet was
observed to lead to alterations in novelty-seeking and anxi-
ety behaviors, which are characteristic of ADHD. Combined
supplementation of omega-3 and — 6 fatty acids have been
shown to be an effective therapy for ADHD in children with
or without methylphenidate (MPH) (Barragan et al. 2017)
as and in children with ADHD refractory to MPH treatment
(Perera et al. 2012). The supplementation of MPH with n-3
PUFA led to increased tolerability, which could contribute
to medication compliance.

Mechanism of action and effect on VMAT-2

Although certain studies have found a correlation between
n-3 PUFA deficiency and reduced DA neurotransmission
(Healy-Stoffel and Levant 2018), its effect on VMAT-2 has
yet to be elucidated. In rats conditioned with amphetamine,
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fish oil enriched in omega-3 fatty acids modulates the brain
DA system by decreasing amphetamine-induced DIR and
D2R release and increasing VMAT-2 density in the pre-
frontal cortex (Metz et al. 2019). In healthy humans, n-3
PUFA supplementation fails to significantly increase striatal
VMAT-2 availability. Over the course of the 6-month study,
subjects between 18 and 25 years old who were taking the
FDA-approved formulation of n-3 PUFA showed a mean
increase in docosahexaenoic acid (DHA) and eicosapen-
taenoic acid (EPA) levels of 75% and 450%, respectively,
as well as improved working memory performance but not
through striatal VMAT-2 regulation (Narendran et al. 2012).
In addition to the formation of cell membrane phospho-
lipid bilayer, DHA and EPA act as precursors for synthesis
of specialized pro-resolving mediators, such as resolvins,
protectins, and maresins with anti-inflammatory properties
(Duvall and Levy 2016).

Bupropion hydrochloride
Background

Bupropion hydrochloride (Bupropion), commonly sold
under the brand name Wellbutrin, is used as a non-stimulant
treatment for ADHD (Verbeeck et al. 2017). Bupropion func-
tions as a non-competitive antagonist of nicotinic acetyl-
choline receptors and is a member of the aminoketone class
of anti-depressants, designated as (+)-1-(3-chlorophenyl)-
2-[(1,1-dimethylethyl)amino]-1-propanone hydrochloride.
Serving as a DA and NE reuptake inhibitor, bupropion is
associated with the redistribution of VMAT-2, similar to its
stimulant counterpart methylphenidate (Rau et al. 2005).
Although the database is currently limited, prevailing evi-
dence suggests increased efficacy and tolerance of bupro-
pion in children and adolescents with ADHD (Ng 2017).

Mechanism of action

Animal studies and human clinical trials have demonstrated
that bupropion inhibits DA and NE reuptake (Stahl et al.
2004; Dhillon et al. 2008), with greater functional potency
at the DA transporter. Commonly used as an anti-depressant,
its actions on serotonergic transmission differ from those of
other anti-depressants, as it does not pre- or post-synapti-
cally alter serotonin neurotransmission. Consequently, the
side effect profiles of dry mouth, nausea, and insomnia of
the medication differ from the stereotypical side effects of
anti-depressants (Stahl et al. 2004; Dhillon et al. 2008).

Drug interactions and contraindications

Human CYPs are involved in transforming bupropion into
its active metabolite, hydroxybupropion. CYP2B6 almost
exclusively mediates bupropion hydroxylation, implying
a risk of toxicity when used concurrently with other phar-
macological agents that interact with CYP2B6 (Hesse et
al. 2000). Additionally, although competitive inhibition of
CYP2D6 is minimal, using bupropion with the CYP2D6-
metabolized drug desipramine resulted in a five-fold
increase in desipramine levels, indicating a drug—drug inter-
action between the two (Reese et al. 2008). In addition to
being contraindicated in individuals allergic or hypersen-
sitive to bupropion, the administration of this medication
is contraindicated by the concurrent use of monoamine
oxidase inhibitors (Foley et al. 2006). Other contraindica-
tions for bupropion include seizure disorders and worsening
mood and behavioral disorders.

Effects on VMAT-2

The role of VMAT-2 in DA distribution has been outlined
extensively. VMAT-2 regulates cytoplasmic DA levels by
sequestering free DA in synaptic vesicles. Amphetamines
disrupt the proton gradient, which is crucial for DA uptake
and is facilitated by VMAT-2 (Rau et al. 2005). Current
research indicates that through the role of bupropion in
inhibiting the DAT, the medication allows for the seques-
tration of free DA into synaptic vesicles. By inhibiting the
access of methamphetamine to DAT, bupropion indirectly
increases VMAT-2 activity (Heinzerling et al. 2014). This
mechanism mimics the effects of MPD, a stimulant ADHD
pharmacological agent, on the redistribution of VMAT-2
proteins, leading to increased vesicular DA uptake (Rau et
al. 2005). Owing to its low potential for abuse, Wellbutrin
is more suitable for ADHD treatment compared to its coun-
terparts (Stahl et al. 2004). However, although MPD pro-
vides neuroprotection against oxidative damage caused by
amphetamines, such as methamphetamine, bupropion could
be toxic over prolonged use (Rau et al. 2005).

Effects on ADHD

Clinical evidence points to limited tolerance of mainstay
stimulant medications for ADHD, highlighting the advan-
tages of alternative non-stimulant treatment options, such
as Wellbutrin (Ng 2017; Verbeeck et al. 2017). In pediatric
populations, bupropion is better tolerated than MPD and
has a comparable efficacy toward ADHD treatment (Ng
2017). In adult populations, low-quality evidence shows
that bupropion decreases the severity of ADHD symptoms
and has a tolerability similar to that of a placebo (Verbeeck
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et al. 2017). Current research on adult and pediatric popula-
tions highlights the potential benefits of using Bupropion
as ADHD treatment but emphasizes the need for further
research. Additionally, further studies on bupropion use in
patients with ADHD with comorbidities of nicotine depen-
dence or depression are needed (Maneeton et al. 2011).

Pituitary adenylate cyclase-activating polypeptide
(PACAP)

Background

Pituitary adenylate cyclase-activating polypeptide (PACAP),
encoded by ADCYAPI, is found in humans with diverse
physiological functions. PACAP is structurally related to
vasoactive intestinal peptide and acts by binding to both
vasoactive intestinal peptide and PACAP receptors (Teng
et al. 1998). Functionally, PACAP acts as a hypophysiotro-
pic hormone that stimulates adenylate cyclase and elevates
cAMP levels in target cells. In addition to its role as a hypo-
physiotropic hormone, PACAP serves as a neurotransmitter
and neuromodulator, participating in the paracrine and auto-
crine regulation of various cell types (Velasco et al. 2022).
Notably, PACAP has been implicated in posttraumatic
stress disorder, with a specific genetic variant predominant
in females, highlighting its potential role in neurobiological
mechanisms underlying maladaptive responses to traumatic
events (Velasco et al. 2022).

ADHD pathogenesis

The mechanism of action of PACAP and its role in ADHD
involves intricate neurobiological pathways. PACAP is
crucial in neurophysiological systems, including the stress
response and fear memory, and acts through its recep-
tors, particularly PAC1. Studies on PACAP-deficient mice
revealed neurodevelopmental disorder-like (NDD)-like
behaviors, such as hyperactivity and deficient pre-pulse
inhibition, akin to ADHD symptoms. Notably, PACAP—/—
mice exhibit abnormalities in the axon initial segment (AIS)
length in layer 2/3 pyramidal neurons, a region associated
with ADHD and autism spectrum disorder (Iwahashi et al.
2023). AIS, which is essential for proper neuronal func-
tion, was elongated in PACAP—/— mice, suggesting a link
between AIS abnormalities and NDDs (Iwahashi et al. 2023).
Interestingly, treatment with the ADHD drug atomoxetine
not only ameliorated hyperactivity in PACAP—/— mice but
also improved AIS abnormalities, indicating a potential
therapeutic avenue for NDDs (Iwahashi et al. 2023). This
study highlighted the intricate interplay between PACAP-,
AIS-, and ADHD-related behaviors and provides insights
into novel drug therapies for NDDs.
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VMAT-2 Interaction

PACAP38, an isotype of PACAP, binds most effectively to
the PAC1 receptor which is present in the nigrostriatal path-
ways specialized for dopaminergic transmission (Vaudry
et al. 2000). One experiment investigated whether expo-
sure to PACAP38 affected brain inflammation in mice that
were administered methamphetamine (Guillot et al. 2008).
PACAP38 was prepared as a lyophilized powder and admin-
istered subcutaneously. Mice exposed to methamphetamine
that received PACAP38 showed decreased inflammation in
the striatum and increased immunohistochemical tracing of
VMAT?2 compared to those that did not receive PACAP38
(Guillot et al. 2008). The increase in VMAT? tracings in the
PACAP38 group occurred in the absence of changes in the
binding affinity (K,,) of the stained VMAT?2 proteins, sug-
gesting that PACAP38 affected the production of VMAT2
rather than VMAT?2 functioning. Therefore, PACAP38 may
decrease methamphetamine-associated brain inflammation
by increasing VMAT?2 production (Guillot et al. 2008). In
another study, an isotype of PACAP (PACAP27) was pro-
vided to a mouse model of Parkinson’s disease, and the
concentration of thyroid-hormone-positive neurons was
measured as a proxy for therapeutic benefit, given that TH-
positive neurons are biomarkers for the decreased function
of the dopaminergic neural system (Wang et al. 2008). The
thyroid protein TH is required for intracellular DA transport
(Korchynska et al. 2022). In a mouse model of Parkinson’s
disease, PACAP27 modulated the expression of VMAT?2 in
a dose-dependent manner (Wang et al. 2008). Specifically, a
2 ug/day dose of PACAP27 resulted in increased production
of VMAT?2, and a 0.2 pg/day dose of PACAP27 resulted in
decreased production of VMAT?2 (Wang et al. 2008). Col-
lectively, these findings suggest that for specific PACAP iso-
types, PACAP has a threshold concentration, above which it
may not directly affect VMAT?2 activity and, therefore, DA
signaling in the brain.

Lobeline

Lobelia inflata, also known as lobeline, is found in Indian
tobacco products. It was extracted from an alkaloid mix-
ture in 1838 and has been extensively used in alternative
medicine for anti-spasmodic, diuretic, emetic, myorelaxant,
and stimulant effects, in addition to its ability to reverse nar-
cotic overdose. This alkaloid interacts with both VMAT2
and nicotinic acetylcholine receptors, and various other
neurotransmitter transporter systems (Crooks et al. 2011).
Interestingly, lobelines reduce the behavioral effects of psy-
chostimulants, making them an excellent adjunctive therapy
for reducing the risk of stimulant addiction.
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Pharmacodynamics, VMAT-2, and ADHD

Importantly, lobeline has a high affinity for nicotinic acetyl-
choline receptors and is a nicotinic agonist even though it is
structurally similar to nicotine (Barlow and Johnson 1989).
This is important for producing some of its anti-spasmodic
effects and even tobacco cessation. Further exploration of
these effects are beyond the scope of the present review.

Regarding VMAT-2, lobeline is an inhibitor of the [*H]
dihydrotetrabenazine-binding site on VMAT-2 and inhibits
DA uptake into rat striatal vesicles (Teng et al. 1997). Its
affinity for VMAT?2 is approximately 100X higher than that
of DAT. Furthermore, instead of increasing the effects of
amphetamines, lobeline inhibits amphetamine-induced DA
release in a concentration range that inhibits VMAT-2, but
not DAT. This could be an excellent treatment choice for
individuals who are dependent on amphetamines and those
with ADHD to reduce the side effects caused by stimulants
at the presynaptic terminal by interacting with the tetrabena-
zine binding site on VMAT-2.

Few experiments have used lobeline to treat ADHD.
However, Martin et al. (2018) employed 42 human partici-
pants, with nine completing the seven-day protocol of lobe-
line and methylphenidate administration. The participants
received a methylphenidate capsule followed by a lobeline
tablet after 1 h. Next, the participants were given a 15-min
assessment of cognition to determine whether lobeline had
a favorable effect on ADHD symptoms. The results showed
that in adults with ADHD, lobeline had improved their
working memory, but did not affect their attention and pro-
duced nausea as an adverse effect. This lends clues to the
pharmacodynamic properties of lobelines in promoting DA
release and inhibiting VMAT-2. Further studies are required
to elucidate this phenomenon.

Conclusion

ADHD and VMAT-2 have pathophysiological associa-
tions; therefore, medications targeting the VMAT-2 system
could effectively treat ADHD. These medications are pre-
dominantly stimulants, including lisdexamfetamine, mixed
amphetamine salts, and methylphenidate. For the purpose
of this review, we used the pH gradient model, in which
amphetamines disrupt the pH gradient; it explained the ple-
thoric effects of amphetamines. In addition, bupropion, an
off-label agent for ADHD, has a moderate VMAT-2 interac-
tion and could be investigated further in psychiatric medi-
cine. Other agents, including lobeline, PACAP, and omega-3
fatty acids, have also been implicated in the VMAT-2 sys-
tem, which may explain some of their efficacy. However,
they are more likely to be adjunct treatments for ADHD

than standalone modalities. VMAT-2 inhibitors and ligands
can be developed for ADHD but must first be tested in ani-
mal models before being tested on humans to ensure quality,
safety, and efficacy. This review focused on the critical first
step of understanding the monoamines, specifically DA, and
their complex interaction with VMAT-2 protein complex.
However, future research should clarify how other physical
elements, such as development and sex, contribute to child-
hood ADHD progression and pathophysiology.
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