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Introduction
Attention deficit hyperactivity disorder (ADHD) and autism 

spectrum disorder (ASD) are classified as neurodevelopmental 
disorders by DSM-5. ADHD is characterized by the behavioral 
symptoms including inattention, hyperactivity and impulsivity 
and also by moderate-to-severe academic and social impairment. 
In addition, ASD is characterized by impaired social interaction, 
impaired verbal communication, and repetitive behaviors. Brain 
monoamines and their neuroactive metabolites are thought 
to play key roles in neurodevelopmental pathology, but the 
specifics are still unknown. Here we provide the first evidence of 
a correlation between inattention, higher levels of 3-methoxy-4-
hydroxyphenylglycol (MHPG), and lower levels of homovanillic 
acid (HVA); between hyperactivity/impulsivity, higher levels of 
HVA, and lower levels of MHPG; and between autistic symptoms, 
higher levels of MHPG, and lower levels of 5-hydroxyindoleacetic 
acid (5-HIAA). These correlations lend support to the hypothesis 
that monoamine imbalance is the basis of neurodevelopmental 
impairment. Moreover, recent findings show that inefficient 
monoamine synthesis induced by lack of essential amino acids, and 
mutation of the monoamine transporter genes in neurons at the 
junction between the peripheral and central nervous system, may 
contribute to the genesis of pathological behavior characteristic of 
neurodevelopmental disorders. This review aims to describe the 
main mechanism and further asks whether neurodevelopmental 
disorders are triggered by generation of essential amino acids, and 
these key enzymes.

 
Monoamine Imbalance Hypothesis

Studies on neurodevelopmental disorders have reported 
dynamic changes in three monoamine neurotransmitters (i.e., 
noradrenaline, dopamine, and serotonin) [1,2]. There is an 
accumulating body of evidence showing that administration of 
methylphenidate and atomoxetine lead to release and/or inhibition 
noradrenaline and dopamine uptake in the synaptic cleft and the 
effective reversal of neurodevelopmental disorders [3]. Moreover, 
serotonin 2A receptor antagonists (such as risperidone) and 
dopamine D2 receptor antagonists (such as haloperidol) reduce 
behavioral pathology in ASD [4]. It is interesting to note that 
neural-network control of noradrenaline, dopamine, and serotonin 
is involved in brain function impairment in neurodevelopmental 
disorders. In addition, to examine the effect of monoamine 
imbalance on neurodevelopmental disorders, we assessed the 
levels of urinary and salivary monoamine metabolites [5]. 

Approximately 60% of MHPG (a noradrenaline metabolite) 
excreted in the urine is from the central nervous system [6]. The 
dopamine metabolite HVA in urine [7] and the serotonin metabolite 
5-HIAA in urine [8] are transported from the brain via different 
organic anion transporters located in the blood-brain barrier 
(BBB). Additionally, we showed that reduction of the serotonin 
level in the brain by 5,7-dihydroxytryptamine injection correlated 
with lower levels of 5-HIAA in urine [9]. Thus, it is notable that 
levels of neuroactive metabolites of monoamines in urine can be 
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used as biomarkers reflecting the activation of monoamine nervous 
system in the brain, and can be determined non-invasively by using 
urine and saliva. Some studies show reduced concentrations of 
urinary MHPG and HVA [10], and also decreased HVA concentration 
in cerebrospinal fluid (CSF), but not 5-HIAA [11] in ADHD patients 
relative to healthy controls. However, there are inconsistences; with 
one study showing that urinary HVA and 5-HIAA concentrations are 
lower in ADHD patients [12] and another showing that CSF HVA 
level is higher in ADHD patients [1].

Moreover, studies on ASD have found that CSF levels of MHPG, 
HVA and 5-HIAA involved with behavioral symptoms are increased 
in ASD [13]. However, Adamsen et al. [14] have pointed out that CSF 
levels of 5-HIAA were lower in ASD patients than in healthy controls 
[14]. On the basis of this evidence, there is a relationship between 
pathological behavior and monoamine imbalance in neurons at the 
interface between the peripheral and central nervous systems. The 
results of our analysis of neuroactive monoamine metabolite levels 
in urine and saliva indicated that these levels reflect indirectly 
the activation of the monoamine system in the brain [5,15]. 
Interestingly, correlations have been recently reported between 
inattention, higher levels of MHPG, and lower levels of HVA; between 
hyperactivity/impulsivity, higher levels of HVA, and lower levels 
of MHPG; and between autistic symptoms, higher levels of MHPG, 
and lower levels of 5-HIAA [5,15]. For example, serotonin neurons 
commonly receive sustained excitatory input from noradrenaline 
neurons, and furthermore regulate the mesolimbic and midbrain 
dopamine pathways [16]. This crosstalk between noradrenaline, 
dopamine, and serotonin is predicted to maintain the balance of 
monoamines in the brain. Here we provide the first evidence that 
links neurodevelopmental disorders to imbalances in monoamine 
levels.

The Relationship between Essential Amino Acids and 
Neurodevelopmental Disorders

Recently, studies showed that patients with neurodevelopmental 
disorders often had a history of fatigue, daytime tiredness [17,18], 
and daytime sleepiness [19]. Also, we have found that a high 
proportion of adults with chronic fatigue syndrome (CFS) experience 
comorbid anxiety and mood-related disorders [20]. Central fatigue, 
especially, also known as mental fatigue in humans, is implicated in 
CFS pathology [21], and leads to reduced mental task performance, 
disrupted social life, and impaired brain functions. 

The strongest evidence supports the role of the tryptophan-
serotonin pathway [22,23] and tryptophan-kynurenine pathway in 
central fatigue [24,25]. Tryptophan (C11H12N2O2) is an essential 
amino acid that binds to albumin in the circulation, and blood 
contains both free and bound tryptophan. Non-esterified fatty 
acids (NEFAs) also compete for the same binding site. Increases 
in the levels of NEFAs during central fatigue induced after exercise 
and postoperatively result in the dissociation of albumin and 
tryptophan [22,23]. 

This leads to increased passage of free tryptophan in the 
brain through the BBB and thus higher levels of serotonin in the 

brain through the enzymatic activity of tryptophan hydroxylase 2 
(TPH2) [22,23]. Branched-chain amino acids (BCAAs) also compete 
with plasma free tryptophan for entry into the brain via system L 
transporter (LAT-1) located in the BBB [26]. If the concentration 
ratio of BCAAs decreases in the plasma, then the amount of free 
tryptophan to enter the brain increases. However, there is very 
interesting evidence that the ‘tryptophan-kynurenine pathway’ 
is involved in central fatigue [24,25]. In mammals, 95% of the 
tryptophan outside the serotonin pathway is metabolized via the 
kynurenine pathway [27]. Furthermore, we demonstrated that an 
enhancement of tryptophan-kynurenine-kynurenic acid pathway 
activity induces severe central fatigue, while decreasing the 
synthesis of serotonin and levels of BCAAs [24,25]. Like patients 
with ASD, patients with homozygous Branched Chain Ketoacid 
Dehydrogenase Kinase (BCKDK) mutations had lower levels of 
BCKDK messenger RNA and protein, E1α phosphorylation, and 
plasma BCAAs [28]. 

We have further found that Nagase analbuminemic rats 
had lower levels of serotonin in the prefrontal cortex, chronic 
enhancement of free tryptophan and lack of BCAA in the plasma, 
and higher levels of inattention, and hyperactivity/impulsivity 
[29]. In addition, autistic traits were present in patients carrying 
deleterious homozygous mutations in the gene encoding solute 
carrier transporter 7a5 (SLC7A5), which is a large neutral amino 
acid transporter located at the BBB [30,31]. A previous report has 
also found that mice lacking TPH2 are defective in brain serotonin 
synthesis and display behavioral symptoms of ASD, including 
impaired social interaction and communication and the propensity 
for repetitive behavior [32]. This may be the strongest evidence 
showing that imbalance between tryptophan and BCAA levels in the 
plasma and TPH2 gene and BCKDK gene mutations in the brain can 
induce inefficient synthesis of serotonin in the brain and cause the 
severe behavioral symptoms associated with neurodevelopmental 
disorders.

Conclusion
In summary, there is an accumulating body of evidence 

demonstrating that monoamines and their neuroactive metabolites 
are implicated in the behavioral symptoms associated with 
neurodevelopmental disorders. However, recent findings may 
indicate a connection between ‘monoamine imbalance’ and 
‘inefficient synthesis of serotonin’ in neurodevelopmental disorders. 
Therefore, the relationship between essential amino acids involved 
with monoamine synthesis and key enzymes active in the genesis 
of neurodevelopmental disorders remains to be explored further.
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