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Abstract

Objective—To clarify the role of oxidative stress and antioxidant activity in ADHD.

Method—We examined the association of ADHD and oxidative stress by applying random 

effects meta-analysis to studies of oxidative stress and antioxidant status in medication naive 

patients with ADHD and controls.

Results—Six studies of a total of 231 ADHD patients and 207 controls met our selection criteria. 

The association between ADHD and antioxidant status was not significant. We found a significant 

association between ADHD and oxidative stress that could not be accounted for by publication 

bias. The significant association lost significance after correcting for intrastudy clustering. No one 

observation accounted for the positive result.

Conclusion—These results are preliminary given the small number of studies. They suggest that 

patients with ADHD have normal levels of antioxidant production, but that their response to 

oxidative stress is insufficient, leading to oxidative damage.
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Prior research suggests that oxidative stress predisposes to a diverse range of psychiatric 

conditions, including schizophrenia, bipolar disorder, major depressive disorder, and anxiety 

disorders (Ng, Berk, Dean, & Bush, 2008). Humans face an “oxygen paradox” (Davies, 

1995). We need oxygen to survive, but an increased quantity of free oxygen radicals causes 

cellular pathologies that lead to disease and aging. During cellular metabolism, the normal 

oxidation–reduction reactions that create energy lead to the formation of toxic metabolic by-

products called oxidants or reactive oxygen species (ROS). These by-products of normal 

oxidation–reduction reactions are highly unstable and create oxidative stress, which 

Reprints and permissions: sagepub.com/journalsPermissions.nav

Corresponding Author: Stephen V. Faraone, State University of New York Upstate Medical University, 750 East Adams St., Syracuse, 
NY 13210, USA. sfaraone@childpsychresearch.org. 

Declaration of Conflicting Interests
The author(s) declared the following potential conflicts of interest with respect to the research, authorship, and/or publication of this 
article: In the past year, Dr. Faraone received consulting income and/or research support from Shire, Akili Interactive Labs, and 
Alcobra, and research support from the National Institutes of Health (NIH). His institution is seeking a patent for the use of sodium–
hydrogen exchange inhibitors in the treatment of ADHD. In previous years, he received consulting fees or was on Advisory Boards or 
participated in continuing medical education programs sponsored by Shire, Alcobra, Otsuka, McNeil, Janssen, Novartis, Pfizer, and 
Eli Lilly. Dr. Faraone receives royalties from books published by Guilford Press: Straight Talk about Your Child’s Mental Health and 
Oxford University Press: Schizophrenia: The Facts.

HHS Public Access
Author manuscript
J Atten Disord. Author manuscript; available in PMC 2017 February 06.

Published in final edited form as:
J Atten Disord. 2015 November ; 19(11): 915–924. doi:10.1177/1087054713510354.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



damages cellular proteins, lipids, carbohydrates, and nucleic acids (Filomeni & Ciriolo, 

2006). To counteract the harmful effect of oxidants, the organism defends itself with 

antioxidants. When antioxidants are not sufficient to deal with the effects of oxidants, 

oxidative stress can occur (Valko, Rhodes, Moncol, Izakovic, & Mazur, 2006). Brain tissue 

is highly susceptible to oxidative stress by free radicals due to its high level of oxygen 

utilization along with modest antioxidant defenses. The high lipid content of the brain 

worsens the problem because lipids act as a substrate for oxidation.

Although details about the pathogenesis of ADHD remain to be worked out, family, twin, 

and molecular genetic disorders suggest that it has a strong genetic component (Faraone & 

Mick, 2010). ADHD is also influenced by neurodevelopmental exposure to pregnancy and 

delivery complications, lead, pesticides, polychlorinated biphenyls, and other toxins 

(Banerjee, Middleton, & Faraone, 2007). Because either genetic or environmental risk 

factors could increase the likelihood of oxidative stress, several authors have studied 

peripheral measures of oxidative stress in patients with ADHD. Some of these studies 

concluded that measures of oxidative stress were elevated among ADHD patients (Archana 

et al., 2012; Bulut et al., 2007; M. Ceylan, Sener, Bayraktar, & Kavutcu, 2010; M. F. Ceylan, 

Sener, Bayraktar, & Kavutcu, 2012; Selek, Bulut, Ocak, Kalenderoglu, & Savas, 2012; 

Selek, Savas, Gergerlioglu, Bulut, & Yilmaz, 2008), but others could not confirm that 

finding (Oztop, Altun, Baskol, & Ozsoy, 2012).

Indirect evidence for oxidative stress in ADHD comes from studies showing some treatment 

efficacy for antioxidant compounds such as omega-3 fatty acids, pycnogenol, and N-

acetylcysteine (NAC). Bloch et al.’s (2011) meta-analysis concluded that treatment with 

omega-3 fatty acids (especially formulations with higher doses of eicosapentaenoic acid 

[EPA]) significantly reduced symptoms of ADHD. Moreover, some evidence suggests that 

two antioxidants, pycnogenol (Chovanova et al., 2006) and NAC, are effective in treating 

ADHD symptoms (Garcia et al., 2013).

Confirming oxidative stress as a component of ADHD’s pathophysiology would have 

considerable research and clinical implications. From a research perspective, it would 

motivate efforts to determine how the oxidative stress pathway leads to ADHD. From a 

clinical perspective, it would suggest that antioxidants might be useful for the treatment of 

ADHD and would motivate the search for more effective antioxidant therapies. For these 

reasons, we decided to use meta-analysis to clarify the conflicting literature about oxidative 

stress and ADHD.

Method

We used the following search algorithm at pubmed.gov: (adhd[Title/Abstract] OR “attention 

deficit” [Title/Abstract] OR “hyperactive” [Title/Abstract]) AND (oxidative [Title/Abstract] 

OR “antioxidant” [Title/Abstract] “redox” [Title/Abstract] OR oxidation [Title/Abstract]). If 

the reference sections of any of these articles suggested additional articles, these were also 

examined. From the PubMed search, we selected studies that met the following criteria: (a) 

the study compared ADHD patients and controls on a measure of oxidative stress or 

antioxidant activity; (b) the ADHD diagnoses were based on the Diagnostic and Statistical 

Joseph et al. Page 2

J Atten Disord. Author manuscript; available in PMC 2017 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Manual of Mental Disorders (3rd ed.; DSM-III; American Psychiatric Association [APA], 

1980) or later, or its equivalent in the International Classification of Diseases (ICD); (c) the 

publication provided the numbers of ADHD and non-ADHD participants and the means and 

standard deviations of oxidative stress or antioxidant measures; and (d) the participants had 

not been treated with psychoactive medications.

We extracted the following methodological features of each article: the mean age of 

participants, the percentage of male participants, the diagnostic system used to make 

diagnoses, the method of diagnosis (structured interview vs. rating scale), the source of 

patients (clinic, community, or both), the fraction of the sample that was Caucasian, and the 

tissue used to assay measures of oxidative stress or antioxidant activity.

For each study, all dependent outcome measures reported were treated as a separate data 

point for entry into the analysis, with several studies providing data on more than one 

measure to permit comparison of measures as well as among drugs in this population. 

Because measures reported from the same study are not statistically independent of one 

another, standard statistical procedures will produce inaccurate p values. To address this 

intrastudy clustering, to compute accurate p values for estimates of effect sizes, variance 

estimates were adjusted using Huber’s (1967) formula as implemented in STATA (Stata 

Corporation, 2001). This formula is a “theoretical bootstrap” that produces robust statistical 

tests. The method works by entering the cluster scores (i.e., sum of scores within families) 

into the formula for the estimate of variance. The resulting p values are valid even when 

observations are not statistically independent.

We computed separate meta-analyses for measures of oxidative stress and antioxidant 

activity. These meta-analyses used the random effects model of DerSimonian and Laird 

(1986), which computes a pooled standardized mean difference (SMD) weighted by sample 

size. We used the I2 index to assess the heterogeneity of effect sizes (Higgins, Thompson, 

Deeks, & Altman, 2003). Its value lies between 0 and 100 and estimates the percentage of 

variation among effect sizes that can be attributed to heterogeneity. A significant I2 suggests 

that the effect sizes analyzed are not estimating the same population effect size. We used 

Egger at al.’s (1997) method to assess for publication biases. To determine whether any one 

observation was skewing the results, we reran the meta-analysis deleting one observation at 

a time to determine whether the statistical significance of the pooled effect could be 

accounted for by any one observation.

We used meta-analytic regression to assess the degree to which the effect sizes varied with 

the methodological features of each study (Hedges & Olkin, 1985; Hunter & Schmidt, 

1990). We estimated a separate model for each feature. The meta-analyses and meta-analytic 

regressions were weighted by the reciprocal of the variance of the effect size. To address 

intrastudy clustering, variance estimates were adjusted using Huber’s (1967) formula as 

implemented in STATA (Stata Corporation, 2001).
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Results

Figure 1 describes our selection of studies using the Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses (PRISMA) format. Six studies met our selection 

criteria. Six of these provided 8 measures of antioxidant activity among 170 ADHD and 151 

control participants. The six included studies provided 10 measures of oxidative stress 

among 231 ADHD and 207 control participants. Table 1 gives the characteristics of each 

study’s sample. The participants from most studies were predominantly male youth. All 

studies ascertained patients from clinics and all but one used Diagnostic and Statistical 
Manual of Mental Disorders (4th ed.; DSM-IV; APA, 1994) diagnostic criteria. There was 

more variability in the diagnostic method used (structured interview vs. rating scale) and all 

but one study used blood as the basis for their assays.

The results of the meta-analyses are depicted in Figure 2. The top panel of the figure gives 

the results for measures of antioxidant activity. SMDs greater than zero indicate that ADHD 

patients show lower antioxidant activity than controls, which would indicate a risk for 

oxidative stress due to less protection from antioxidants. For studies of antioxidant activity, 

the pooled SMD of −0.27 was not significant (z = 0.8, p = .5). Only two studies were 

individually significant (in the figure, their 95% confidence intervals exclude zero). Both of 

these studies suggest, contrary to our hypothesis, that ADHD patients have greater 
antioxidant activity than controls. Taken together, the antioxidant studies were highly and 

significantly heterogeneous (I2 = 94.4, p < .001). We also found significant evidence of 

publication bias (t = 2.3, p = .49).

The results for oxidative stress measures are shown in the bottom panel of Figure 2. Across 

these measures, the pooled SMD of 1.1 was statistically significant (z = 3.1, p = .002) but 

lost significance after correcting for intrastudy clustering (t = 1.9, p = .1). Heterogeneity was 

high and statistically significant (I2 = 94.9, p < .001), and there was no evidence of 

publication bias (t = 1.2, p = .3). As Figure 2 (bottom panel) shows, 8 of 11 observations are 

consistent with oxidative stress being associated with ADHD because the lower bounds of 

their 95% confidence intervals exceed zero. Two observations provide no evidence for 

association and one found that ADHD was associated with lower levels of oxidative stress. 

When we reestimated the meta-analysis deleting one observation at a time, the pooled SMD 

remained significant, indicating that no one observation accounted for the positive result.

Meta-analysis regression found a statistically significant difference between the pooled 

SMD from the antioxidant activity measures and the pooled SMD from the oxidative stress 

measures (t = 2.5, p = .02). Larger SMDs were seen in studies of children compared with 

studies of adults (t = 3.6, p = .02) and with studies having an earlier year of publication (t = 

3.7, p = .02). None of the other study features in Table 1 were predictive of the SMDs (all ps 

> .07). The features that were significant predictors were not significantly associated with 

one another (all ps > .5).
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Discussion

Our results are preliminary given the small number of studies. From our two meta-analyses, 

we can draw two conclusions based on the literature comprising 231 ADHD and 207 control 

participants. These studies found no evidence for decreased antioxidant activity among 

ADHD patients but modest evidence for increased oxidative stress to be associated with 

ADHD. The results for oxidative stress measures could not be accounted for by publication 

biases, unusual results from any one observation, sample characteristics or study design 

features. There was substantial and significant heterogeneity among both the antioxidant and 

oxidative stress studies, some of which was accounted for by the year of publication and the 

age of the study participants. The finding of greater effect sizes for studies of children 

compared with studies of adults suggests that attempts to replicate these results should focus 

on the studies of children.

Some disorders, such as leprosy (Reddy, Murthy, Krishna, & Prabhakar, 2003) and 

hyperthyroidism (Bianchi et al., 1999), are characterized by high oxidative stress indices and 

low antioxidant activity. In such cases, one would suspect that the pathophysiology of 

disease involves defects in the body’s ability to maintain normal levels of antioxidant 

activity. Although we cannot rule out such a mechanism for ADHD, it seems unlikely given 

that, as a group, the studies reviewed suggest that ADHD patients show normal levels of 

antioxidant activity. Moreover, as is apparent from Figure 2, two studies found that ADHD 

patients had significantly higher antioxidant activity than normal (Archana et al., 2012; 

Selek et al., 2012). One possibility is that patients with ADHD have a normal baseline level 

of antioxidant production but that their response to oxidative stress is insufficient, leading to 

greater than expected levels of oxidative damage. This idea suggests that future studies 

should measure the balance between oxidative stress and antioxidant activity. One of the 

studies we reviewed attempted to do this by creating a ratio of two measures: total 

antioxidative status of plasma (TAS) and total oxidative status of plasma (TOS; Selek et al., 

2012). As can be seen in Figure 2 (last line of each subgroup), their ADHD group showed 

significantly high TOS and significantly high TAS. The ratio of TOS to TAS was 

significantly greater in ADHD patients and controls, which supports the idea that, for the 

ADHD patients, the antioxidant response to oxidative stress was insufficient.

These data showing an increased ratio of oxidative to antioxidative status in ADHD suggest 

the possibility that ADHD people cannot mount a sufficient response to increased oxidative 

stress. It is the imbalance between ROS and antioxidant defenses that ultimately leads to 

oxidative damage to lipids, proteins, and nucleic acids. The oxidative damage to these 

targets can lead to altered protein structure, localization, activity and interaction networks, 

epigenetic modification to DNA chromatin structure, disrupted membrane lipid integrity, 

mitochondria dysfunction, and even apoptosis (Avery, 2011; Garcia-Gimenez et al., 2012; 

Martinez, Portero-Otin, Pamplona, & Ferrer, 2010; Wang, Yang, & Yi, 2012).

Oxidative stress has also been implicated in autism, schizophrenia, bipolar disorder, and 

depression (Ng et al., 2008; Tsaluchidu, Cocchi, Tonello, & Puri, 2008). Given that ADHD 

shares genetic underpinnings with these disorders (Faraone, Biederman, & Wozniak, 2012; 

Faraone & Mick, 2010; Mulligan et al., 2009; Nijmeijer et al., 2010), it is possible that some 
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of this shared diathesis mediates abnormalities in oxidative stress response pathways. 

Moreover, obstetric complications have been implicated in these disorders and such 

complications are another source of oxidative stress and damage to the developing brain 

(Shim & Kim, 2013).

The brain is particularly vulnerable to oxidative stress because of its high lipid content and 

because neurons have an especially high demand for energy consumption (DiMauro & 

Schon, 2008; Mattson & Liu, 2002). Neurons use mitochondria to produce adenosine 

triphosphate (ATP) to power the ion pumps which are concentrated in the pre-synaptic 

terminals and required to restore the membrane potentials after depolarization and 

neurotransmitter release (Mattson & Liu, 2002). During the ATP production, the 

mitochondrial electron transport chain produces a proton gradient to drive phosphorylation 

of adenosine diphosphate (ADP), and transfers the electrons to oxygen to produce water 

with the addition of two protons (Rich, 2003). However, partial reduction of oxygen 

generates harmful “side products” such as superoxide anion ( ; Davies, 1995). Thus, the 

increased energy demand by neurons and synapses further exacerbates the risk of oxidative 

stress for brain disorders like ADHD.

ADHD is thought to be a disorder with deficiency of striatal-frontal dopamine circuits 

(Faraone, 2006; Faraone & Biederman, 1998). Stimulant medication is effective in treating 

ADHD symptoms by blocking the dopamine transporter, thus enhancing synaptic dopamine 

levels (Faraone, 2006; Faraone & Biederman, 1998). Interestingly, elevated hydrogen 

peroxide (H2O2), a major oxidant generated by dysfunctional mitochondria, suppresses 

striatal dopamine release (Avshalumov & Rice, 2003), which may be a potential mechanism 

underlying the dopamine deficiency in ADHD. Although dopamine and other 

catecholamines possess antioxidative and free radical scavenging properties (Cao, Sofic, & 

Prior, 1997; Yen & Hsieh, 1997), dopamine is easily oxidized and generates highly reactive 

metabolites such as dopamine quinone, which further lead to mitochondrial dysfunction and 

oxidative stress (Miyazaki & Asanuma, 2008). Thus, it is not surprising to see the 

“paradoxical effect” of stimulant treatment, which causes oxidative stress (El-Tawil, Abou-

Hadeed, El-Bab, & Shalaby, 2011; Martins et al., 2006) but is also neuroprotective (Volz, 

2008) and is an effective treatment for ADHD (Faraone & Buitelaar, 2010). In contrast, 

clonidine, which is also an effective treatment for ADHD, reduces oxidative stress in rats 

(Filos et al., 2012; Nik Yusoff, Mustapha, Govindasamy, & Sirajudeen, 2013). Whether this 

is an alternative mechanism of action for this drug is unknown.

If the imbalance of ROS production and antioxidant defense is a risk factor for ADHD, then 

antioxidant therapy should combat increased oxidative stress and reduce ADHD symptoms 

by modulating striatal dopamine release. This idea is consistent with the results of a meta-

analysis, which reported modest improvements in ADHD symptoms after treatment with 

omega-3 fatty acids (Bloch & Qawasmi, 2011). The therapeutic effect was strongest for 

formulations having higher levels of EPA, which is known to reduce oxidative stress (Mori 

et al., 2003). In addition to the omega-3 fatty acid findings, emerging evidence suggests that 

NAC reduces ADHD symptoms in patients with systemic lupus erythematosus (Garcia et al., 

2013). NAC is a precursor of glutathione, which is a potent antioxidant. Consistent with 

these data, nitric oxide increases oxidative stress, and several studies show that nitric oxide 
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inhibitors decrease inattention and hyperactivity in rat models of ADHD (e.g., Aspide, 

Gironi Carnevale, Sergeant, & Sadile, 1998; Grammatikopoulos et al., 2002).

The idea that oxidative stress plays a role in the pathophysiology of ADHD is also consistent 

with meta-analysis results finding low levels of zinc in patients with ADHD (Scassellati, 

Bonvicini, Faraone, & Gennarelli, 2012), because zinc is a cofactor in many reactions that 

promote antioxidant defenses (Jomova & Valko, 2011). Meta-analysis also indicates that 

increased lead exposure is associated with ADHD and lead promotes oxidative stress by 

depleting glutathione (Jomova & Valko, 2011).

Another relevant line of evidence comes from studies of ADHD and allergic rhinitis. Several 

population studies have reported an association between ADHD and allergic rhinitis (Chen 

et al., 2013; Chou et al., 2013; Shyu, Lin, Lin, & Fu, 2012). This association is relevant to 

our findings, because increased levels of oxidative stress markers have been reported in 

patients with allergic rhinitis (Celik et al., 2012; Emin, Hasan, Aysegul, & Rusen, 2012; 

Sadowska-Woda, Bieszczad-Bedrejczuk, & Rachel, 2010). Of note, one of these studies 

found increases in both a measure of oxidative stress and a measure of antioxidant status 

(Emin et al., 2012), which is consistent with the results we have reported for ADHD.

Any discussion of ADHD and oxidative stress must consider the effects of iron, which 

catalyzes reactions that create oxidative stress (Valko et al., 2006). Meta-analysis shows that 

ADHD is associated with low levels of serum ferritin, the storage mechanism for iron that is 

used as a proxy for iron burden (Scassellati et al., 2012). And a brain imaging study found 

ADHD patients to have reduced iron levels in the thalamus (Cortese, Azoulay, et al., 2012). 

These data have been interpreted to mean that ADHD youth suffer from iron deficiency. 

However, studies of iron supplementation as a treatment for ADHD do not support this 

hypothesis as these have been equivocal (Cortese, Angriman, Lecendreux, & Konofal, 

2012). It is possible that low serum ferritin, rather than signaling iron deficiency, is an 

indicator of oxidative stress in ADHD. Ferritin is not simply a storage vehicle for iron. It 

limits the availability of iron for participation in oxygen radical generation and is normally 

activated by iron regulatory proteins in response to oxidative stress (Orino et al., 2001; Tsuji 

et al., 2000). Thus, low levels of ferritin in ADHD could indicate that defects in iron 

regulatory proteins cause an abnormal ferritin response, which would be expected to 

increase oxidative stress.

We also must consider the possibility that the association between ADHD and oxidative 

stress is an epiphenomenon caused by an unmeasured third variable. For example, people 

with ADHD are at increased risk for obesity (Albayrak et al., 2013; Cortese et al., 2008) and 

cigarette smoking (Biederman, Petty, Hammerness, Batchelder, & Faraone, 2012; 

Biederman, Petty, Woodworth, et al., 2012), both of which are known to cause oxidative 

stress (Babizhayev, Savel’yeva, Moskvina, & Yegorov, 2011; Bondia-Pons, Ryan, & 

Martinez, 2012). Because most of the samples studied were from children, it is unlikely that 

smoking confounds our meta-analytic results, but effects of obesity on oxidative stress 

cannot be ruled out.
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Our conclusions are limited by some methodological issues. Like all meta-analyses, our 

analyses of covariates were limited by the information provided in the papers we reviewed. 

More importantly, only six studies met our inclusion criteria and these provided a modest 

total sample size of 231 ADHD and 207 control participants, which is not large by meta-

analysis standards. Nevertheless, because the power of meta-analysis derives from the total 

number of participants across studies, we had sufficient power for our primary analyses as is 

supported by the significant effect for oxidative stress measures. By necessity, all of the 

studies examined peripheral measures of oxidative stress, which may only have a tenuous 

link to events in the brain. However, other peripheral biomarkers have been significantly 

associated with ADHD (Scassellati et al., 2012), so our findings are not unusual in that 

respect. Also, as discussed above, the measures of oxidative stress could reflect peripheral 

sources of ADHD’s pathophysiology, such as immune system abnormalities.

Despite these limitations, our meta-analyses provide preliminary, suggestive evidence that 

oxidative stress plays a role in the pathophysiology of ADHD. These results could not be 

accounted for by medication effects, publication biases, sample characteristics, study design 

features, or unusual results for any one observation. Combined with the fact that some 

antioxidant therapies have shown efficacy for treating ADHD, our finding suggests that 

more work be done to identify a subgroup of ADHD youth at high risk for oxidative stress 

who may benefit from antioxidant treatments.
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Figure 1. 
PRISMA flow diagram.

Note. PRISMA = Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

(http://www.prisma-statement.org/).
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Figure 2. 
Meta-analysis comparing measures of oxidative stress and antioxidant activity in ADHD and 

control participants.

Note. SMDs greater than zero indicate increasing support for the hypothesis that oxidative 

stress, or low antioxidant activity are associated with ADHD. For each comparison, the dot 

gives the relative risk and the horizontal line gives the 95% confidence interval. The center 

of the diamond at the bottom gives the weighted relative risk across all studies and the width 

of the diamond gives its 95% confidence interval. The subtotals give the SMD stratified by 

type of measure (antioxidant activity vs. oxidative stress). SMD = standardized mean 

difference.
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