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Minireview Article
Role of Oxidative Stress and Novel  Insights in Therapies for Attention-deficit/hyperactivity disorder (ADHD) 


ABSTRACT

Attention-deficit/hyperactivity disorder (ADHD) is a multiple symptom disorder, primarily of the young. It is diagnosed by signs and symptoms and its diagnosed incidence is increasing in the U.S. and worldwide. Its causation is incompletely understood, but surely multifactorial, and its treatment by pharmaceuticals and counseling is often problematic. I propose that to find a solution to this dilemma requires new thinking resulting in new actions in three areas: (1) ADHD definition/diagnosis, (2) its causation, and (3) its treatment. Regarding ADHD causation, I provide evidence for a new proposal for the involvement of oxidative stress. Indoleamine 2,3-dioxygenase (IDO1), with a hand in every pot, regulates the production of several metabolites that control relevant brain functions. This rate-limiting enzyme of the kynurenine pathway in the brain produces a large number of metabolites that both promote and retard oxidant stress, and also regulates via non-enzymatic functions involving Fe 2+ via oxidant stress mechanisms. Solutions for ADHD by of the scientific and medical community for more than a century have been limited, not for lack of trying, but because the problems arise in all three areas listed above, and each area is compound. For difficult problems, the first step towards solution is recognition. Currently, we are at the open doorway of applying artificial intelligence (AI) to scientific and medical problems. I propose that AI, by comprehensively assessing the literature on AI and by the ability to generate hypotheses, offers new hope that the hard work of finding solutions for the three stated areas relative to ADHD is achievable. In this perspective minireview I provide new insights for the role of oxidant stress and IDO1 in ADHD. I propose that AI should be applied to evaluate the oxidant stress hypothesis. I also propose initiation of an official process of organized cooperation among leading scientists and treating physicians, with appropriate funding, to incorporate AI fully to bear to solve the problems and provide solutions for causation and treatment of ADHD. 
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1. INTRODUCTION

“There must be no barriers for freedom of inquiry... There is no place for dogma in science. The scientist is free, and must be free to ask any question, to doubt any assertion, to seek for any evidence, to correct any errors.” J. Robert Oppenheimer [1]

A review in 2024 in Nature Reviews by Stephen Farone et al [2] reveals more change in the name of the disorder (attention-deficit/hyperactivity disorder, also known as hyperkinetic disorder) than what is known with certainty about its causation. This is not to be critical of the effort by many to conquer this disease, but to affirm its complexity. 

Attention deficit Hyperactivity Disorder (ADHD) was first described in 1902 by UK pediatrician George Still [3]. As of 2011, it was diagnosed in about 1-3% of children [3]. Its diagnosis is increasing and data from the Communicable Disease Center in 2022 was summarized in various ways including: “an estimated 7 million (11.4%) U.S. children aged 3-17 years have ever been diagnosed with ADHD” [4].

ADHD has no single cause; it is associated with a complex interaction of genetic, environmental, neurobiological damage sites/mechanisms, and psychological factors [5]. In my opinion, ADHD should be considered a syndrome. Simply stated, a syndrome is a group of medical signs and symptoms that are associated with a particular illness that acquires a designated name. The multiple features of a syndrome may have multiple and disparate causes. The term ‘syndrome’, is derived from a Greek word, often defined as ‘running together’. It is one of the oldest terms in the physician’s vocabulary and Jablonski stated [5]: “It has been used as a designation for those disorders that were marked by etiologically nonspecific similar groups of manifestations…[5]

ADHD causation has been attributed to: (1) environmental factors, (2) neurobiological factors, (3) genetic-environmental factors, and (4) parenting styles and child temperament. The review, published in 2023 in The Journal of Child Psychology and Psychiatry, by Sonuga-Barke et al. [6] provides a current perspective about its characterization and cause. This 26-page review can be consulted for a comprehensive assessment. They stated: 
“Over the past fifty years, scientific research has made enormous strides in characterizing the ADHD condition and in understanding its correlates and causes. However, the translation of these scientific insights into clinical benefits has been limited… We provide a selective and focused survey of the scientific field of /ADHD… We cover two broad domains – clinical characterization and, risk factors, causal processes and neuro-biological ways… our goal is to take stock of the state of ADHD science; reviewing recent developments in light of past consensus while identifying key questions that need to be addressed…” [6]. 

In this minireview I provide an overview about ADHD. I focus on causation by imbalance of oxidant stress, which has been less reported, but fits with what is known about the regulatory role of the kynurenine pathway and its regulation by oxidant stress. I advocate for action in the scientific and medical communities to move immediately to a comprehensive program, focused on applying artificial intelligence (AI) for improving diagnosis and treatment of ADHD. Indeed, Robert F. Kennedy junior, newly appointed as U.S. Secretary of Health and Human Services, is in charge of a special commission tasked with addressing “why so many American children have ADHD and other chronic conditions” [7]. 

2. OXIDATIVE IMBALANCE AND ADHD

Oxidant stress toxicity is the focus of my laboratory research. Oxidant stress is proposed to have a role in ADHD, but it has been investigated less than other proposed causes. Hence, I will give the evidence in some detail for oxidant stress as causation for ADHD as a model for other areas that I will briefly outline in this Minireview. 
 
More than 15 years ago Selek et al. [8] stated: “This is the first study evaluating the oxidative metabolism in A-ADHD (attention deficit/hyperactivity disorder)… The mean NO levels in patients were significantly higher than those of controls and SOD activity of patients was significantly lower than controls.” They concluded that this was suggestive of “an oxidative imbalance in A-ADHD [emphasis added].” 

In 2010, Deylan et al. [9] noted: “Various psychological, social, genetic, and biochemical factors are thought to be involved in the aetiology of attention-deficit/hyperactivity disorder (ADHD). However, few studies have evaluated the biochemical basis of ADHD.” This paper reported results of evaluation of concentrations of “nitric oxide pool (NO+NO(2)(-)) and malondialdehyde (MDA0 oxidants as well as superoxide dismutase (DSOD), glutathione peroxidase (GSH-Px), and catalase (CAT) antioxidant enzyme activities” in association with ADHD. They found that concentrations of NO and MDA in patients were significantly higher than in the controls. GSH-Px activities of patients were significantly lower than in controls. CAT and SOD activities were not significantly different in patients and in controls. The authors concluded: “Remarkably high levels of NO pool and MDA oxidants as well as low GSH-Px activities suggest an oxidative imbalance [emphasis added] in pediatric patients with ADHD. CAT activities may be increased in response to increased oxidant levels.”

[bookmark: _Hlk192163133]In 2015, Joseph et al. provided a meta-analysis on the relationship between oxidative stress and ADHD [10]. They applied random effects meta-analysis to published studies of oxidant stress and antioxidant status in medication-naïve patients with ADHD and controls. They concluded that patients with ADHD “have normal levels of production, but that their response to oxidant stress is insufficient”, while noting that their results were preliminary because the number of studies analyzed was small. The authors [10] also stated that “Prior research suggests that oxidative stress predisposes to a diverse range of psychiatric conditions including schizophrenia, bipolar disorder, major depressive disorder, and many anxiety disorders.” They cite Davies who wrote: “humans face an oxygen paradox”, meaning that oxygen is essential but that at increased concentration oxygen free radicals can cause cellular pathologies leading to disease and aging [11].

2.1. Early Evidence pointing to specific enzyme targets of oxidant stress 

2.1.1. NAD biosynthesis

Research from my laboratory showed that pyridine nucleotide coenzyme biosynthesis is a cellular site of oxidant stress toxicity[12]. Subsequently, we showed that hyperbaric oxygen reduced pyridine nucleotide coenzyme concentrations and impaired growth in Escherichia coli, and this effect was prevented by niacin but not quinolinate. This supports the conclusion that hyperbaric oxygen poisons quinolinate phosphoryl transferase (which is present in both prokaryotes and eukaryotes and is required for de novo nicotine adenine dinucleotide (NAD) biosynthesis both in prokaryotes and in eukaryotes. My research group also showed that protein A of the quinolinate synthase complex is the oxidant sensitive enzyme in the de novo biosynthesis of pyridine nucleotide coenzymes in Escherichia coli [13]. Relevant research relating to oxidant stress from my laboratory has been reviewed in the book Oxygen, the breath of life: boon and bane in human health, disease, and therapy [14]

2.1.2. The kynurenine pathway
There is strong evidence that metabolites of the kynurenine pathway (Fig. 1) mediate hyperbaric oxygen-induced convulsions [15]. Iron containing 3-hydroxyanthrinilate oxidase converts 3-hydroxyanthranilate and dioxygen into quinolinic acid, and quinolinic acid increases in pathological conditions including inflammation [16]. 
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Fig. 1. The Kynurenine pathway (details provided immediately below).

In the kynurenine pathway (Fig.1), tryptophan is converted to Kynurenine by indoleamine 2,3-dioxygenase (IDO1)  ̶  depicted within a circle to note it as the rate-controlling step. It requires heme iron (Fe2+) and molecular oxygen with generation of H2O2. Kynurenine monooxygenase (KMO) converts kynurenine to 3-hydroxykynurening. Kynureninase (KYNU) converts 3-hydroxykynurenine to 3-hydroxyanthranilic acid. 3-hydroyanthranilate 3,4-dioxygenase (3HAO), which requires the co-factor Fe2+, converts 3-hydroxyanthranilic acid to quinolinic acid. Quinolinate phosphoribosyltransferase (QPRT) converts quinolinic acid to nicotinic acid mononucleotide which is them converted by the Preis-Handler pathway (not shown) to NAD.

2.1.3. Regulation and the kynurenine pathway, focused on IDO1

The kynurenine pathway in the brain begins with tryptophan. The initial step converts tryptophan to N-formyl kynurenine by indoleamine 2,3-dioxygenase (IDO1) with heme (Fe2+ as cofactor). IDO1 is a complex enzyme and the primary way it functions to control is by enzyme concentration which is controlled by complex mechanisms beginning with  genes and their rates of transcription and translation. Additionally, the enzyme is regulated by its cofactor Fe2+. The Fe2+, complexed to the enzyme, is required for function and oxygen also is required. Thus, its function/activity is controlled by the oxidant state of its environment and IDO1 functions in a highly controlled manner based on both its concentration and the redox state of its environment. I propose that this regulation strongly implicates it as a possible mechanism for ADHD.  

Kynurenine-3-monooxygenase, the third enzyme in the kynurenine pathway from tryptophan to quinolinic acid (Fig. 1), is innately low in the brain and similar in activity to indoleamine oxidase, the rate-limiting pathway enzyme. Quinolinic acid is an excitotoxin, and its activity when exposed to various concentrations of oxygen was examined and maximum activity occurred at 1000 microM oxygen which compares to approximately 30-40 microM oxygen typically reported in brain tissues of humans breathing air and an unknown but surely much lower concentration (perhaps below 1 microM) intracellularly at the site of kynurenine-3-monooxygenase [17]. The relevance of this pathway (Fig. 1) to ADHD is made clear in the invited review Fujigaki et al. [18] and we quote extensively to avoid interpretation (Fig. 1 will be helpful):
“The kynurenine pathway (KP) is the major route for tryptophan (TRP) metabolism in most mammalian tissues. The KP metabolizes TRP into a number of neuroactive metabolites, such as kynurenine (KYN), kynurenic acid (KYNA), 3-hydroxykynurenine (3-HK), and quinolinic acid (QUIN). Elevated metabolite concentrations in the central nervous system are associated with the pathophysiology of several inflammation-related neuropsychiatric diseases. During an inflammatory response, the initial KP metabolic step is primarily regulated by indoleamine 2,3-dioxygenase 1 (IDO1), which produces KYN from TRP. Following this initial step, the KP has 2 distinct branches; one branch is regulated by kynurenine 3-monooxygenase (KMO) and is primarily responsible for the 3-HK and QUIN production, and the other branch is regulated by kynurenine aminotransferase (KAT), which produces KYNA, an N-methyl-D-aspartate receptor and alpha-7-nicotinic acetylcholine receptor antagonist. Unbalanced KP metabolism has been demonstrated in distinct neuropsychiatric diseases; thus, understanding the mechanisms that regulate KP enzyme expression and activity is important… Although it is still unclear whether endogenous kynurenines directly contribute to the initiation or promotion of neuropathological changes, it is clear that the dysregulation of the KP pathway is involved in the pathophysiology of several inflammation-linked neuropsychiatric diseases… regulating KP enzymatic activities is extremely important because they determine the balance of metabolism [between kynurenine 3-monooxygenase and kynurenine aminotransferase].”
Research from my laboratory reported evidence that the rate-limiting step in the kynurenine pathway (catalyzed in the brain by IDO1) is very sensitive to oxidant impairment by oxygen free radicals [19]. However, the enzyme (which requires the heme group for activity) (Fig. 2), remains in an inactive form that can be reactivated. This inactivation/reactivation involves the heme group [20], [21] [22] [23].
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Fig. 2. Map of the crystal structure of IDO1 showing relationship of the heme group with pocket A and Pocket B. From the paper: Discovery of Novel 1,2,3-triazole derivatives as IDO1 Inhibitors by Xixi Hou, et al [24]

2.1.4. Immunoregulatory roles of IDO1
Indoleamine 2,3-dioxygenase 1 (IDO1) catalyzes the rate-limiting step in the metabolism of the essential amino acid tryptophan via the kynurenine pathway. When discovered more than 50 years ago, IDO1 was recognized as an effector molecule that mediated a survival strategy based on the deprivation of bacteria and tumor cells of the essential amino acid tryptophan [25]. In 1998, tryptophan catabolism was discovered to be essentially required to maintain maternal T-cell tolerance, and IDO1 was recognized as an immune regulator not only in pregnancy, but also in autoimmune diseases, chronic inflammation, and tumor immunity [25]. 

There also is strong evidence for targeting IDO1 in research into causes and therapies for cancer [26], where the kynurenine pathway has a significant role in tumor cell evasion of the innate and adaptive immune system. ADHD develops early in life and postnatally, IDO1 facilitates tolerance by dampening the maternal immune response [27] which demonstrates again what I stress as the multifaceted regulatory interactions Of IDO1 that are complex and a fertile area for investigation as a focal point of multifaceted causation that is apparent in ADHD.   

2.1.5. ADHD and dopamine pathway enzymes susceptible to oxidant stress

I propose that oxidant stress may be involved as causation for ADHD, including by its effects on dopamine beta-hydroxylase (DBH) and monoamine oxidase-A and B (MAO- A and MAO-B) which are enzymes required for the metabolism of dopamine, norepinephrine, and serotonin. These reactions generate hydrogen peroxide. When antioxidant defenses such as glutathione, catalase, superoxide dismutase are insufficient, excess hydrogen peroxide can result leading to oxidant stress with imbalance in neurotransmitter function. Specifically, in rat experiments, oxidant stress was induced by iron-induced brain cortex injury and reactive oxygen species, reduced and oxidized glutathione and catecholamines, and beta-hydroxylase enzyme activity were measured [28]. The detected oxidant stress was countered by antioxidant activity. In recent years, new information  ̶  structural, biological, and functional  ̶   has revealed that IDO1 has a ‘peculiar’ conformational plasticity. This is in addition to its complex and highly regulated catalytic activity. Thus, IDO1 functions, in addition to its enzyme activity, in nonenzymatic actions that reprograms the expression profile of immune cells. Pallotta et al. [25], relevantly to this minireview, state: “IDO1 has a complex functional dynamics capable of fulfilling distinct environmental needs. Besides its catalytic activity degrading tryptophan, IDO1 performs a non-enzymatic function… [and] reprograms the expression profile of dendritic cells towards its long-term immunoregulator phenotype.”

Tyrosine hydroxylase is the rate-limiting enzyme in dopamine synthesis and it requires tetrahydrobiopterin (BH4) as a cofactor [29]. BH4 is a ubiquitous cofactor that is highly sensitive to oxidation, and oxidative stress can reduce its availability [30]. This could explain why some ADHD patients have dopamine deficits despite normal gene expressing for dopamine-related enzymes. Tryptophan hydroxylases (TPH1 and TPH2) require BH4 to synthesize serotonin from tryptophan. Oxidative stress depleted BH4, leading to reduced serotonin levels, and this could contribute to impulsivity and emotional problems in ADHD.

ADHD often has been considered to be a hypodopaminergic disorder with a deficiency in synaptic dopamine levels [31]. Dopamine is synthesized mainly in the ventral tegmental area, substantia nigra, and arcuate nucleus from tyrosine. Medications including methylphenidate and amphetamine increase dopamine concentrations in the synaptic cleft, and temporarily ameliorate symptoms of ADHD [31]. The role of dopamine and catecholamines in ADHD has been reviewed in detail by del Campo et al. [32]“: “Through neuromodulator influences over fronto-striato-cerebellar circuity, dopamine and noradrenaline play important roles in high-level executive functions often reported to be impaired in attention-deficit/hyperactivity disorder (ADHD). Medication used in the treatment of ADHD (including methylphenidate, dextroamphetamine and atomoxetine) act to increase brain catecholamine levels. However, the precise prefrontal cortical and subcortical mechanism by which these agents exert their therapeutic effects remain to be fully specified.”   

Mammals have a single aromatic amino acid decarboxylase [33]. Human aromatic amino acid decarboxylase (AADC) is a pyridoxal 5’-phosphate-dependent enzyme required for the biosynthesis of dopamine and serotonin, which are essential neurotransmitters with crucial roles in human motor functions and neurocognitive development [34]. These authors state: “The monoamine neurotransmitters disorders are genetic syndromes causing disturbances in catecholamine (dopamine, noradrenaline and adrenaline) and serotonin homeostasis resulting in aberrant monoamine synthesis, metabolism and transport. The clinical phenotypes cause neurological symptoms that resemble dystonic or dyskinetic cerebral palsy, hypoxic ischemic encephalopathy and movement disorders. The monoamine neurotransmitter disorders consist of a rapidly expanding heterogeneous group of neurological syndromes characterized by primary and secondary defects in the biosynthesis, degradation and transport of dopamine, norepinephrine, epinephrine, and serotonin.” Diseases due to these disturbances can result at any age from infancy onwards [34], [35]. Such enzyme changes were not specifically correlated with ADHD. 

Recently, in 2024, MacDonald et al. [36] has evaluated the evidence from human studies and animal models for what is called the ‘dopamine hypothesis for ADHD’. They state: “Multiple lines of evidence indicate that altered dopamine signaling may be involved in neuropsychiatric disorders and common behavioral traits. Here we critically review evidence collected during the past 40-plus years supporting the role of dopamine dysfunction in attention deficit hyperactivity disorder (ADHD)… Focusing on core enzymes, transporters and receptors involved in monoaminergic functions, particularly in striatal and cortical regions… [we] conclude that there is evidence for the involvement of dopamine but limited evidence for a hypo-dopaminergic state per se as a key component of ADHD… We propose a path forward… should particularly focus on its role in clinical subgroups, during brain development and how it interreacts with other neurotransmitter systems” [36]. 

A thorough and enlightening summary of dopamine as a crucial neurotransmitter in the brain, was published in 2024 by the NeuroLaunch editorial team [37]. They state: “Dopamine’s role in the brain: functions, production, and effects, extends far beyond its popular association with pleasure and reward… Dopamine is a catecholamine neurotransmitter that acts as a chemical messenger in the brain, facilitating communication between neurons. Its discovery and subsequent research have revolutionized our understanding of brain function and behavior. In the 1950s, Arvid Carlsson and his colleagues first identified dopamine as a neurotransmitter…. Dysregulation of dopamine signaling has been implicated in a wide range of conditions, including Parkinson’s disease, schizophrenia, attention deficit hyperactivity disorder (ADHD), and addiction.”  

3. ADHD ANTIOXIDANT-TARGETED THERAPIES

A review by Lopresti of oxidative and nitrosative stress and targeted therapies for ADHD was published in 2015 [38]. Lopresti stated “Attention deficit hyperactivity disorder (ADHD) has a complex aetiology although theories associated with disturbances in dopaminergic activity are most commonly cited… Recently, there has been interest in oxidative and nitrosative (O&NS) in ADHD.” This review included a review of the therapeutic efficacy of antioxidant-related therapies. A selection of interventions with antioxidants was discussed as potential options; however, further research was said to be required relative to the role of O&NS and antioxidants for prevention and management of ADHD. 

Corona in 2020 reviewed the role of Oxidative stress and neuroinflammation in ADHD [39]. He stated that ADHD “is a neurodevelopment disorder of childhood… [with] abnormalities in several brain regions and disturbances of the catecholaminergic pathway… the pathophysiology of ADHD is not completely understood, but as a multifactorial disorder, [it] has been associated with an increase in oxidative stress and neuroinflammation.” The author concluded that the imbalance between oxidants and antioxidants “can increase oxidative damage”, and that “comorbidity between genetic and environmental associations, and polymorphisms in inflammatory-related genes can increase neuroinflammation.”D and inflammatory disorders, altered immune responses  Thus, therapies directed at control and regularization of oxidant producing metabolism are in order.

A review in 2024 by Wilson and Thomas [40] stated that tetrahydrobiopterin (BH4) is a critical cofactor in a variety of metabolic pathways linked to ADHD. BH4 has been approved for treatment of phenylketonuria (PKU) and individuals with PKU and ADHD have low dopamine concentrations (suggesting that hypodopaminergic states seen in both illnesses could be related). BH4 is a ROS scavenger. The authors stated “… we anticipate that exogenous BH4 can be used to treat ADHD.”

The review, in 2020, by Alvarez-Arellano et al., titled: Antioxidants as a potential target against inflammation and oxidative stress in attention-deficit/hyperactivity disorder, states: “The pathophysiology of ADHD is not completely known, although it has been associated with an increase in inflammation and oxidative stress… the use of antioxidants against inflammation and oxidative conditions is an emerging field in the management of several neurodegenerative neuropsychiatric disorders. Thus, antioxidants could be promising as an adjuvant (sic) therapy.” This review stated that “Attention-deficit/hyperactivity disorder (ADHD) is the most common neurobehavioral disorder and is a chronic, often lifelong, condition.” The review provides references for the fact that it has a worldwide prevalence of 7.2% for children and adolescents and 3-5% for adults. The review states: “Comorbidity in ADHD is very common at roughly 70%, the main disorders being emotional or behavioral conditions, such as anxiety, oppositional defiant, depression and substance use disorders, and developmental conditions, such as learning and language disorders, autism spectrum disorders (ASD), and physical conditions (tics and sleep apnoea.)… biochemical, psychological, and environmental factors have generally been accepted as causes of the disorder… increasing evidence indicates a critical role for neuroinflammation… Also, the involvement of oxidative stress is highlighted as a pathological cause of ADHD.”

4. ARTIFICIAL INTELLIGENCE

4.1. Overview

Artificial Intelligence (AI), as an academic discipline, is traceable to the mid-1950s. Its applications are exploding, with both successes and concerns in its applications. AI can be understood most simply as intelligence demonstrated by computers, with intelligence difficult to define but it must include concepts of ability to learn, reason, and generalize from a vast amount of information and, importantly, to infer meaning. General AI has strong and increasingly realized potential for solving major problems in science (Fig. 3). 
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Fig. 3. AI has great potential for elucidating hypotheses for disease and treatment.

I have proposed that it be applied to the theory of Darwinian evolution, including its modern variants. Specifically, AI should be applied first to evaluate the strengths and weaknesses of the assumptions and empirical information underpinning theories of the origin of life and probability of its evolution [41]. 

AI is widely used in biotechnology to solve a variety of problems including drug discovery, drug safety, functional and structural genomics, proteomics, metabolomics, pharmacology, pharmacogenetics and pharmacogenomics [42]. A large-language model, in a paper in 2023 [43](Duong & Solomon, 2023), was compared to human performance, and it was described as “impressive, but currently demonstrates significant shortcomings for clinical or other high-stakes use.” 

A paper in nature in 2024 by Frank Emmert-Streib is titled: “Can ChatGPT understand genetics? [44]. It was concluded: “Overall, there are many more open questions that need to be considered… the only way to explore its capabilities and limitations seems [to be] old fashioned human thinking.”

The paper published in IEEE Access in 2018 is titled “Peeking Inside the Black-Box: A Survey on Explainable Artificial Intelligence (XAI) [45]. It states: “At the dawn of the fourth industrial revolution, we are witnessing a fast and widespread adoption of artificial intelligence (AI)…. a key impediment to the use of AI-based systems is that they often lack transparency.” 

The article: What Is a Digital Twin? Experimental Design for a Data-Centric Machine Learning Perspective in Health, published in 2022 [46], stated that the idea of a digital twin has been used primarily for problems relating to engineering and manufacturing but it potentially has applications in medicine and health. It states, however, “a problem that severely hampers progress in these fields is the lack of a solid definition of the concept behind a digital twin that would be directly amenable for such big data-driven fields requiring statistical analysis.”

The article “Combining data and theory for derivable scientific discovery with AI-Descartes [47] states: “Scientists aim to discover meaningful formulae that accurately describe experimental data… The problem of incorporating prior knowledge expressed as constraints on the functional form of a learned model has been studied… finding models that are consistent with prior knowledge expressed via general logical axioms is an open problem… Automatic extraction of consistent governing laws from data is a challenging problem.” 

An article, published in 2023 in AI scientist brings us a step closer to the age of machine-generated scientific discovery. It stated: “Humans are no longer the only ones capable of making scientific discoveries. Kepler’s third law of planetary motion has been re-discovered centuries after it was first described . but this time, an artificial intelligence system is taking the credit.”

An article in 2018 in Nature was titled: AI tames the scientific literature. It stated: “As artificial intelligence tools for literature and data exploration evolve, developers seek to automate how hypotheses are generated and validated” [48]. The paper reports: “Ultimately, we’d like to incorporate all academic knowledge… Among those embarking on hypothesis generation are the roughly 20 customers of Euretos, based in Utrecht, the Netherlands, which uses ‘natural language processing’ to interpret research papers which is secondary to the 200-plus biomedical-data repositories it integrates…. One should never believe an autogenerated hypothesis first-hand without investigating the underlying evidence.”

The Alan Touring Institute is the UK’s national institute for data science and artificial intelligence. Its mission it to “make great leaps in research in order to change the world for the better” [49]. The Royal Society of the UK, as part of its program, convened a workshop involving the Alan Touring Institute on the applications of AI in science. The issued report, in 2017, described advances this way: “The ready availability of very large data sets, coupled with new algorithmic techniques and aided by fast and massively parallel computer power, has vastly increased the power of today’s Ai technologies… breakthroughs… include: Convoluted neural networks… Reinforcement learning,,, Transfer learning… Generative adversarial networks… The expression ‘artificial intelligence’ today is therefore an umbrella term. It refers to technologies that can perform complex tasks when acting in conditions of uncertainty, including visual ;perception, speech recognition, natural language processing, reasoning, learning from data, and a range of optimization problems [49].

In 2021, Robin Blades stated: “AI Generates Hypotheses Human Scientists Have Not Thought of.” [50]. The author further stated: “Machine-learning algorithms can guide humans toward new experiments and theories… creating hypotheses has long been a purely human domain. Now, though, scientists are beginning to ask machine learning to produce original insights. They are designing neural networks (a type of machine-learning set up with a structure inspired by the human brain) that suggest new hypotheses based on patterns the networks find in data instead of relying on human assumptions.”
 
A relevant paper by Krenn et al. is titled: On scientific understanding with artificial intelligence [51]. It stated: “In the context of theoretical chemistry… it is believed that AI can help solve problems ‘in a way such that the human cannot distinguish between this (AI) and communicating with a human expert… However, this excitement has not been shared by all scientists. Some have questioned whether advanced computational approaches can go beyond numerics… how can advanced computational systems, and specifically artificial intelligence, contribute to new scientific understanding or gain it autonomously?”

In 2021, the paper: A thousand brains: toward biologically constrained AI [52] reviewed the state of artificial intelligence and the quest to create general AI with human-like cognitive capabilities. The authors stated: “… existing AI methods have produced powerful applications that outperform humans in specific bounded domains, these the techniques have fundamental limitations that hinder the creatin of general intelligence systems… [this report] explains the limitations of current AI techniques… [it] focuses  on the biologically constrained ‘Thousand Brains Theory’ describing the neocortex’s computational principles. Future AI systems can incorporate these principles to overcome the stated limitations of current systems.”

The paper: Thinking responsibly about responsible AI and ‘the dark side’ of AI [53] stated: “While most attention has been placed on the positive aspects companies realize by the adoption and use of AI, there is a growing concern around the negative and unintended consequences of such technologies… By adopting a dark side lens, we aimed to expand our understanding of how AI should be implemented in practice, and how to minimize or avoid negative outcomes.”

The website: AI in Health Care: From Strategies to Implementation Program, Harvard Medical School [54]stated: “Health care solutions driven by artificial intelligence (AI) can offer more personalized, precise treatment options and better health outcomes; however, implementing AI in clinical settings can be complex due to cultural, economic and regulatory factors.”

The article Hypotheses devised by AI could find ‘blind spots’ in research [55] published in the journal Nature in 2023, stated: “In early October, as the Nobel Foundation announced the recipients of this year’s Nobel prizes, a group of researchers, including previous laureates met in Stockholm to discuss how artificial intelligence (AI) might have an increasingly creative role in the scientific process… The workshop was led in part by Hiroaki Kitano… two years earlier, Kitano considered creating prizes for AIs and AI-human collaborations that produce world class science. Two years earlier, Kitano proposed a Nobel Turing Challenge: creation of highly autonomous systems (AI scientists) with the potential to make Nobel-worthy discoveries by 2050.”   

The Springer Nature Journal Artificial Intelligence Review, a new journal with an impact factor of 11.7 edited by Derong Liu, was initiated for: “critical evaluations of applications, techniques, and algorithms [56].

Nature, in 2024, published the article: “Can AI review the scientific literature – and figure out what it all means? [57] concluded: “Artificial intelligence could help speedily summarize research. But it comes with risks.” The article further states: “When Sam Rodriques was a neurobiology student, he was struck by a fundamental limitation of science. Even if research had already produced all the information needed to understand a human cell or a brain ‘I’m not sure we would know it... because no human has the ability to understand or read all the literature and get a comprehensive view’.”

4.2. AI Has Been Implemented for ADHD and for Cancer 

The website of The National Cancer Institute [58] states: “In recent years, advances in three areas – methods and algorithms for training AI models, computer hardware needed to train these models, and access to large volumes of cancer data such as imaging, genomics, and clinical data – have converged, leading to promising new applications of AI in cancer research… These new applications include understanding and predicting biological mechanisms, finding and leveraging patterns in clinical data to improve patient outcomes, and disentangling complex epidemiological, behavioral, and real-world data… these uses of AI have the potential to rapidly advance cancer research and create better health outcomes for all.” These problems and solutions are similar to what is needed for ADHD.

The article Artificial intelligence in Cancer Research and Precision Medicine, published in 2021, [59] stated:
	“The term artificial intelligence was first coined for the Dartmouth Summer Workshop in 1956 where it was broadly referred to as ‘thinking machines’… Convolutional Neural Networks (CNNs) have been the most popular deep learning architectures used for image classification in cancer… it is difficult to tell what features are learnt by the CNN’s, making them what many have referred to as a ‘black box’… In the past decade, several national and international initiatives have resulted in the generation of large cancer databases… The Cancer Genome Atlas (TCGA) is by far the most comprehensive publicly available compilation of tumor profiles and includes … data types spanning genomics, epigenomics, proteomics, histopathology and radiology images… Deep learning-based models that accurately diagnose cancer and identify cancer subtypes directly from histopathological and other medical images have been reported extensively.” Under the topic of Current Challenges and Future Perspectives it states: “AI has indisputable potential to enhance cancer patient care and more broadly impact the field of cancer… After the tremendous success of AI at the bench, the question becomes whether and then when AI can become fully integrated in clinics…”

Sibley et al. in 2024 described a relevant application of AI in the article: Developing an Implementation Model for ADHD Intervention in Community Clinics: Leveraging Artificial Intelligence and Digital Technology [60]. They focused on an evidence-based treatment model for ‘adolescent ADHD. They stated: “Results revealed advantages and disadvantages of the model” and they discussed future developments including iterative development and testing.

5. CONCLUSIONS

More than a century after the first diagnosis of what is now termed attention deficit/hyperactivity disorder (which I propose should be considered a syndrome), the diagnosed incidence is at its highest in history but the mechanisms underlying it are poorly understood at the molecular level, with multiple attributed causations that, however, may strictly be better ascribed as associations. I propose that brain indoleamine 2,3-dioxygenase (IDO1) should be a major focus of studies aimed at finding causations. IDO1 has complex, multifaceted and interactive roles in regulation some of which can be expressed early in brain development. The role of IDO1 extends to genes, not only via mutations that affect enzyme concentrations, but also via oxidant stress-mediated regulation of major brain metabolic pathways. This offers a significant potentiality for understanding connections among multiple specific causation factors (in time and extent) for outcomes leading to ADHD. This includes IDO1 regulation via environmental links (particularly by oxidant-stress) as causation for ADHD. This is a prime sub-area for the application of AI at a smaller target than applications to the overall scope of diagnosis, causation, and treatment. Indeed, applications of artificial intelligence for medical diagnosis and for designing therapies is in its infancy. Despite perceived difficulties, I propose that artificial intelligence should be applied in the scope of a dedicated and adequately-funded research program within Health and Human Services under the direction of Robert Kennedy, Jr. to optimally detect attention deficit/hyperactivity disorder, find the cause/causes, and devise optimal therapies.  
 
A computer would deserve to be called intelligent if it could deceive a human into believing that it was human  ̶  Alan Turing. 

DISCLAIMER (ARTIFICIAL INTRELLIGENCE)
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