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Abstract

ADHD is a psychiatric disorder which is characterized by hyperactivity, impulsivity and atten-
tion problems. Due to recent findings of microbial involvement in other psychiatric disorders
like autism and depression, a role of the gut microbiota in ADHD pathogenesis is assumed
but has not yet been investigated. In this study, the gut microbiota of 14 male ADHD patients
(mean age: 11.9 yrs.) and 17 male controls (mean age: 13.1 yrs.) was examined via next
generation sequencing of 16S rDNA and analyzed for diversity and biomarkers. We found
that the microbial diversity (alpha diversity) was significantly decreased in ADHD patients
compared to controls (Pshannon = 0-036) and that the composition (beta diversity) differed
significantly between patients and controls (panosiv = 0.033, paponis = 0.006, Ppetadisper =
0.002). In detail, the bacterial family Prevotellacae was associated with controls, while
patients with ADHD showed elevated levels of Bacteroidaceae, and both Neisseriaceae and
Neisseria spec. were found as possible biomarkers for juvenile ADHD. Our results point to a
possible link of certain microbiota with ADHD, with Neisseria spec. being a very promising
ADHD-associated candidate. This finding provides the basis for a systematic, longitudinal
assessment of the role of the gut microbiome in ADHD, yielding promising potential for both
prevention and therapeutic intervention.

Introduction

With a worldwide prevalence of 3-5% [1, 2], ADHD is one of the most commonly diagnosed
psychiatric diseases in childhood and adolescence. ADHD is characterized by symptoms of
inattention, hyperactivity, and/or impulsivity [3]. The symptoms are caused by dysfunctions
in the dopaminergic neurotransmitter system [4-6] and fronto-striatal brain functions [7-11];
however, the definitive pathogenesis of ADHD remains elusive due to its complex, multifacto-
rial nature. Besides a significant genetic vulnerability [12, 13], external factors, such as perina-
tal conditions (e.g. low birth weight, prematurity, prenatal exposure to alcohol and/or toxins
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originating from smoking cigarettes) [14, 15] or socioemotional environment during postnatal
development [16, 17], and also food constituents and micronutrients have an impact on
ADHD symptom severity [18-22]. Food intolerances are often related to gastrointestinal
immune dysregulation which can result in chronic inflammations. In turn, food intolerances
and chronic inflammations are increasingly suspected in ADHD [23, 24], leading to the
assumption that gastrointestinal dysregulation may be involved in ADHD [25].

It is well known that gut microbiota and the central nervous system are interconnected in a
bidirectional fashion, termed the gut-brain axis. Recent studies underline the importance of
the human gut microbiome in human health. Not only are gut microbes involved in digestion,
metabolism and weight control [26-28], they are also potent stimulants for the human
immune system [29]. There is growing appreciation for the fact that the gut microbiome
might also be involved in human psychopathology [30-34]. As an interface with the environ-
ment, the gut microbiota is prone to environmental influences [35]. Disturbances in early
microbiome development have a severe impact on the development of a healthy immune sys-
tem, elevating, for example, the risk of atopic diseases [36]. Many of the risk factors associated
with ADHD, such as delivery method, gestational age, type of feeding, maternal health, and
early life stressors, have an effect on the microbiota [37, 38]. Regarding the gut-brain axis and
the influence of the microbiota on the CNS, it is conceivable that a disturbance in a child s
early microbiota may change the gastrointestinal environment, making the organism prone to
psychiatric disorders.

Several psychiatric disorders like stress responsivity, anxiety-like behaviors, sociability, and
cognition [39-41], as well as anxiety, depression, and autism [42, 43] have already been linked
to changes in microbial communities. In addition, experiments with germ-free mice have
yielded promising results, suggesting an influence of the microbiota on the activity level and
pointing to a possible link of the microbiome to hyperactivity disorders like ADHD [44]. One
study suggested that the composition of some gut microbiota at some points in time was
reduced in toddlers who later exhibited neurodevelopmental disorders (also including
ADHD) [45]. However, it is still unclear whether juvenile ADHD is accompanied by alter-
ations in the human microbiome, e.g. in the microbial diversity. The diversity of microbes
within a given body habitat can be described by the richness and evenness, i.e.by the number
of species in relation to the species’ abundance within a sample (alpha-diversity), with a high
diversity being linked to a healthy state [46, 47]. Therefore, we assume that young patients
with ADHD display reduced diversity and differ in microbial composition when compared to
healthy controls.

Material and methods
Study participants

Fourteen male children and adolescents with ADHD (M = 11.9 yrs., SD = 2.5) and 17 controls
(M =13.1 yrs., SD = 1.7) participated in this study. Patients and controls did not differ in age
(p =0.138), BMI (p = 0.728), or IQ (p = 0.149; see also Table 1). All participants and their
parents were Caucasians. All family members were born and raised in Germany (exeept for
one father who was of Polish origin) and also currently live in North Germany. In the ADHD
families both biological parents of nine patients were present; in one family, only the biological
mother together with a stepfather (he was excluded from further analyses), in three families
only the biological mother, and in one family only the biological father were present. In control
families biological parents of 12 controls were present; in one family the biological mother
together with a stepfather (he was excluded from further analyses) and in four families only
the biological mothers were present. Chi-square test revealed no group differences regarding
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Table 1. Characteristics of participants.

ADHD Controls ADHD vs. Controls
Mean SD Mean SD U p
Age 11.9 2.5 13.1 1.7 81.5 0.138
1Q 103.8 13.9 110.4 10.9 82.0 0.149
BMI 19.0 3.9 18.0 2.5 103.5 0.728
Eating behavior Meat/sausages 2.9 0.73 3.2 0.7 95.5 0.356
Fruits/vegetables 3.5 0.65 3.3 0.6 95.5 0.356
Yoghurt 3.1 0.83 2.8 0.8 96.5 0.377
Other milk products 3.5 0.65 3.6 0.5 99.0 0.813
Fast-food 2.2 0.38 2.2 0.4 101.5 0.711
CBCL Anxious/depressed 59.1 8.6 52.9 5.2 53.5 0.008
Withdrawn/depressed 58.1 7.6 53.8 6.7 80.0 0.128
Somatic complaints 58.4 7.5 52.3 4.0 59.0 0.017
Social problems 64.1 11.5 50.7 2.1 31.0 < 0.001
Thought problems 55.2 8.4 51.1 3.0 88.5 0.230
Attention problems 65.8 8.2 52.0 4.4 10.0 < 0.001
Rule-breaking behavior 60.8 11.1 52.1 4.4 61.5 0.021
Aggressive behavior 62.7 10.0 51.2 3.0 36.0 0.001
Internalizing 59.0 8.1 47.9 9.2 45.0 0.003
Externalizing 60.9 12.4 44.8 7.3 34.5 < 0.001
Total problems 63.9 10.3 44.6 8.5 16.0 < 0.001
FBB-HKS Attention problems 7.3 1.1 3.8 1.9 15.0 < 0.001
Hyperactivity 7.2 1.4 4.5 0.9 12.0 < 0.001
Impulsivity 7.4 1.2 5.1 1.2 25.5 < 0.001
Total 7.4 1.0 3.7 1.6 7.0 < 0.001
WURS-K Fathers 21.2 4.3 16.5 2.2 49.5 0.488
Mothers 17.5 2.4 8.7 1.1 40.0 0.003
ADHD-SB Fathers 10.2 2.7 8.2 1.7 54.5 0.716
Mothers 10.8 2.2 4.9 0.8 53 0.016

Note: Bold values indicate a significant comparison; U, U-value according to Mann-Whitney-U- test; ADHD, attention-deficit hyperactivity disorder; CBCL, Child
Behavior Checklist; FBB-HKS, German ADHD rating scale for children (Fremdbeurteilungsbogen fiir hyperkinetische Stérungen); WURSK, Wender-Utah-Rating

Scale; ADHS-SB, German ADHD rating scale for adults (ADHS-Selbstbeurteilung); eating behavior ranged from 1 (never) to 4 (daily).

https://doi.org/10.1371/journal.pone.0200728.t001

the distribution of family structure: = 1.29, p = 0.731. The net income per month in ADHD
families was less than 2000€ in 3 families and more than 2000€ in 10 families. In controls it
was less than 2000€ in 2 families and more than 2000€ in 13 families (three families did not
report their income). Fisher s test showed that the net income reports did not differ between
groups: p = 0.639. All participants were asked to indicate on a 4-point scale (1 = never,

2 = once a week, 3 = several times a week, 4 = daily) how often they consumed fast-food, meat/
sausages/cold cuts, fruits/vegetables, or yoghurt and other milk products. The Mann-Whitney-
U test revealed that patients and controls did not differ with regards to their food habits

(p > 0.365, see Table 1).
All children and their parents were interviewed using a German translation of the Revised
Schedule for Affective Disorders and Schizophrenia for School-Age Children: Present and
Lifetime Version (K-SADS-PL) [48, 49]. Interviews were performed by experienced child and
adolescent psychiatrists and psychologists. Standardized questionnaires, the Child Behavior
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Checklist (CBCL) [50] and the German ADHD rating scale (Fremdbeurteilungsbogen fiir
hyperkinetische Storungen, FBB-HKS) [51], were completed by parents to assess any psychiat-
ric symptoms in their children. According to the DSM-IV-TR, all patients met the criteria for
ADHD (12 patients with combined type, two patients with inattentive type; note that even
after an exclusion of both patients with the inattentive type, the results of the microbiome anal-
yses reported below remained significant). Six patients additionally fulfilled the criteria for
comorbid oppositional defiant disorder (ODD). Ten patients had been taking medicine for
more than one year to treat ADHD symptoms (9x Medikinet®), 1x Equasym®). Nine of them
followed the instruction to discontinue taking the medicine for at least 48h prior to sample
collection.

According to parental ratings, patients displayed more attention problems, hyperactivity,
and impulsivity than did controls (all p < 0.001, see Table 1). Controls did not suffer from any
psychiatric abnormalities. Parental reports revealed that all participants were free of any neu-
rological, immunological, or endocrinological diseases.

Since ADHD shows high heritability [12, 13], we explored the microbial composition in
participants’ parents as well. For this purpose, we screened for possible ADHD symptoms in
participants’ parents using self-rating questionnaires: Parents worked on the Wender-Utah-
Rating Scale—German short version (WURS-k) [52-54], a self-rating instrument focusing on
childhood ADHD psychopathology retrospectively. One mother and three fathers received a
sum score of over 30 indicating that childhood ADHD symptoms could have been present in
these parents [52, 55]. In addition, parents filled out a short self-rating behavioral question-
naire, the ADHS-SB [56], based on DSM-IV criteria for the assessment of ADHD symptoms.
Here, two mothers and three fathers of patients received a sum score above the conservative
cut-off of 19 [57].

Patient families were recruited via our out-patient department; families of healthy children
were recruited by newspaper announcement. All participating children and their parents gave
written, informed consent after the procedures had been fully explained. Families were reim-
bursed with a voucher for their participation. The study was approved by the ethics committee
of the medical faculty of the University of Kiel (Ref.-No. A125/14) and carried out in accor-
dance with the latest version of the Declaration of Helsinki.

DNA and RNA extraction, sequencing, and processing

Fecal DNA was collected in Sarstedt fecal collection tubes (Niimbrecht, Germany) and stored
at 4°C until preparation. Total DNA from fecal samples was extracted using FastDNA™ SPIN
KIT FOR SOIL (Qbiogene, Carlsbad, CA, USA) as per the manufacturer protocol after incuba-
tion in 200 ml Tris Lysisbuffer and 25ml proteinase K for 2 hours at 56°C. Extracted DNA was
stored at -80°C. For sequencing, DNA was amplified using the primer pair 27F-338R for the
variable regions V1 and V2. Normalization of PCR products was done with the SequalPrep
Normalization Plate Kit (Thermo Fischer Scientific, Waltham, MA, USA), and products were
pooled equimolarly for sequencing on the Illumina MiSeq (Illumina Inc., San Diego, CA,
USA).

Sequences with a read length less than 200bp and a quality score lower than 25 were
rejected. Noise reduction was carried out using Mothur [58, 59]. Ambiguous sequences,
sequences with more than eight homopolymers, chimerical sequences, and sequences which
differed in the primer or barcode sequence were removed. The output was normalized to 7000
sequences per sample. The sequences were binned into operational taxonomic units (OTUs)
with 97% similarity. OTUs are groups of sequences which are clustered based on similarity,
allowing taxonomical assignment.
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Alpha/Beta diversity and taxonomic plots

Alpha diversity of the samples was measured by observed species, the Shannon diversity, and
the Chaol index. The observed species index measures the number of different species per
sample which is defined as “richness”. The Chaol index is also a qualitatively measure of alpha
diversity which, beside species richness, takes into account the ratio of singletons (n = 1) to
doubletons (n = 2) giving more weight to rare species. However, regarding diversity, not only
the qualitative amount of species, but also the abundance of the species must be taken into
account. The relative abundances of the different species making up the samples’ richness are
defined as “evenness”. The Shannon-diversity index relates both, OTU richness and evenness.
The association between microbial diversity and ADHD subtypes was tested via multiple linear
regression, with microbial alpha diversity as the dependent variable and attention deficits,
hyperactivity, and impulsivity as explanatory variables. For this purpose, we used the parental
ratings as assessed by the FBB-HKS, since this questionnaire is designed to determine the
severity of these three cardinal symptoms according to the DSM-VI [51]. Pairwise compari-
sons were done using the Wilcoxon rank-sum test for nonparametric data. T-tests were per-
formed after visual data inspection by histograms and when normal distribution of data was
given as tested by the Shapiro-Wilk test for normality.

Multivariate statistics were conducted via ANOSIM, ADONIS, and the function “betadisper”
from the R package vegan v2.4-1 to analyze microbial beta-diversity which describes the diversity
in a microbial community between different samples. ANOSIM is rank-based and tests for simi-
larities, whereas ADONIS tests the homogeneity of dispersion; betadisper tests the similarity of
composition among groups. Non-metric multidimensional scaling (NMDS), the most robust,
unconstrained and distance-based ordination method, was performed with Bray-Curtis dissimi-
larity as implemented in the R package vegan v2.4-1. Redundancy analysis is a constrained
method based on multiple linear regressions to extract and summarize the variation in a set of
response variables which can be explained by a set of explanatory variables. OTU count data were
Hellinger-transformed as implemented in the R package vegan v2.4-1. The community composi-
tion data matrix that results from deep-sequencing diversity counting is usually characterized by a
multitude of zero and single counts of OTUs. To generate data containing many zeros suitable for
analysis by linear methods, such as redundancy analysis (RDA), transformation of data like the
Hellinger transformation is recommended [60, 61]. Hellinger transformation gives low weights to
variables with low counts and many zeros. Contribution of highly correlating OTUs (Pp,q < 0.01)
with redundancy axes was identified using the envfit functions from the R package vegan [62].

To determine potential biomarker OTUs, which differ in abundance and occurrence between
sample groups, full linear discriminant analysis (LDA) effect size (LE{Se) [63] analysis was per-
formed via the Galaxy web application with the Huttenhower lab’s tool. LEfSe analysis finds
OTUs or other features which are most likely to explain differences between sample groups. As
threshold, a p-value of 0.05 was established [63]. The Kruskal-Wallis test was performed with log
normalized data to identify imbalances in abundance only. Significance level was p < 0.05.

General information on statistical analysis

All downstream computations were performed in R v3.2.2. P-values in multiple testing scenar-
ios were corrected by false discovery rate.

Results

After a rigorous quality check and preprocessing, which removed about 20% of the sequences,
all sequences were normalized to 7000 sequences per sample, resulting in a total of 187,807
OTUs with a median of 1970 OTUs per sample.
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ADHD status associated with decreased alpha diversity

Alpha diversity was quantified by Shannon diversity index, which relates both OTU richness
and evenness, and by the total number of observed species. Fig 1 shows the alpha diversity
measurements for ADHD children versus controls. Statistical testing showed no difference for
the observed species (Popservea = 0-25) and Chaol richness estimator (pcpao; = 0.17), while
Shannon diversity was significantly decreased in ADHD compared to controls (Pspannon =
0.036). Regarding the parents, mothers of ADHD patients also showed a reduction in alpha
diversity (Pshannon = 0-029, Pobservea = 0.017), while fathers of ADHD patients and controls did
not differ significantly (p > 0.05, see also S Fig and S1 Table). Four out of fourteen ADHD
children did not receive ADHD medication. These patients showed a reduction in alpha diver-
sity comparable to patients who suffered from ADHD but were treated with MPH (med-
ianypyg = 5.53, median,,_yvpy = 5.62, see S2 Fig).

ADHD children and controls differ in microbial composition

As rank-based approaches, NMDS and ANOSIM were applied in order to test for dissimilari-
ties in the microbial composition between ADHD patients and controls. NMDS results are dis-
played in Fig 2. Patients with ADHD (red dots) showed a shift to the left, which indicates
compositional differences, and is confirmed by a significant result in the ANOSIM (panosim =
0.033). To get more precise information about the differences between the two sample groups,
tests for similarity of composition (ADONIS) and homogeneity (betadisper) were performed.
Both showed significant differences between ADHD children and controls (paponts = 0.006,
Pbetdisper = 0.002). Inter-personal variation patterns of different phylogenetic levels can be
found in S3, S4, S5 and S6 Figs as well as a comparison of dominant taxa in S7, S8, §9 and S10
Figs. Mothers and fathers of ADHD patients and controls did not differ significantly in micro-
bia composition (p > 0.05), while ADHD mothers differed significantly from the ADHD
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Fig 1. Alpha diversity of stool samples. Alpha-diversity, measured by observed species and Shannon diversity Index
is plotted for patients with ADHD (red) and controls (green). The line inside the box represents the median, while the
whiskers represent the lowest and highest values within the 1.5 interquartile range (IQR). Outliers as well as individual
sample values are shown as dots. Statistical testing showed no difference for observed species (Popserved = 0.25), while
Shannon diversity was significantly decreased in ADHD compared to controls (Pshannon = 0.036).

https://doi.org/10.1371/journal.pone.0200728.9001
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Fig 2. Non-metric multidimensional scaling (NMDS) of ADHD samples and healthy controls. NMDS is an
unconstrained, distance-based ordination method which was performed with Bray-Curtis dissimilarity. Points
represent samples. Samples that are more similar to one another are ordinated closer together. ADHD patients are
plotted as red triangles, and controls are represented as green dots. The groups show significant differences in
similarity tested by ANOSIM (panosim = 0.033).

https://doi.org/10.1371/journal.pone.0200728.9002

patients (paponis = 0.037) and control children (paponis = 0.005). A RDA plot comparing the
family member can be found in S11 Fig.

Specific OTUs

The LEfSe test for biomarkers was used in order to find significantly imbalanced OTUs, which
showed the strongest effects for group differentiation. Analysis at the OTU level uncovered
two ADHD-associated species belonging to the genera Bacteroides (OTU_7, OTU_577, Fig 3).
At the genus level, Prevotella and Parabacteroides were detected as markers for the control
group and Neisseria for the ADHD group. Analysis at the family level showed elevated levels of
Prevotellaceae, Catabacteriaceae, and Porphyromonadaceae for healthy controls and Neisser-
iaceae for the ADHD children. At the phylum level no significant differences were observed.
LEfSe takes into account both differences in abundances and frequency. Comparison of abun-
dances by Kruskal-Wallis test revealed that, in contrast to the other Biomarker, the genus Neis-
seria did not differ in abundance, but only in frequency between the sample groups.
Furthermore, the ADHD patients showed higher abundances in the family Bacteroidaceae (see
also S8 Fig). Evaluation of the influence of the parental microbiome showed that the ADHD
patients share slightly more OTUs with the father than with the mother (sharedg e, = 7,7%,
shared e = 6,8%), while controls share equal amounts with fathers and mothers (share-
dtather = 5,9%, sharedother = 5,8%). Abundances of possible biomarkers found by LEfSe analy-
sis between patients and controls can be found for all family members in S12, S13 and S14
Figs.

Associations between parental ratings and alpha diversity/beta diversity

A linear model was used to determine associations in levels of attentional deficits, hyperactiv-
ity, and impulsivity (parental ratings as assessed by the FBB-HKS questionnaire) with
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https://doi.org/10.1371/journal.pone.0200728.9003

mircobial alpha diversity. Levels of hyperactivity were significantly correlated with a change in
alpha diversity (hyperactivity: r = -0.35, p = 0.03, impulsivity: r = -0.22, p = 0.13, attention
problems: r = -0.15, p = 0.28). There were no significant correlations between the microbiome
and clinical symptoms assessed by the CBCL questionnaire (for all CBCL scales r > 0.2,

p > 0.2). Beta diversity and correlated species were examined by RDA on Hellinger trans-
formed data (tb-RDA). An RDA analysis at the species level revealed that OTU_7 (Bacteroides
spec.) correlated with levels of hyperactivity and impulsivity (Fig 4).

Discussion

In this study, we observed that boys with ADHD have significantly reduced gut microbial
diversity and show differences in microbial composition compared to healthy controls. We
found that these differences are mainly caused by the family Prevotellaceae and Neisseriaceae.
At the genus level, Prevotella, Neisseria, and two specific OTUs found as a potential biomarker
for the ADHD. Furthermore, we found a negative correlation between symptoms of hyperac-
tivity and alpha diversity.

These data are in line with the growing body of evidence for a bidirectional relationship
between the gut microbiome and mental health [64-67]. Similarly, human studies lead to the
conclusion that the microbiome is involved in psychopathology, such as in autism, depression,
anxiety, obesity, or anorexia nervosa [30-34, 42, 43]. We found Neisseria and Bacteroides spec.
as possible ADHD-associated biomarkers. Both genera contain commensal species which are
part of the healthy human microflora [68, 69]. Although our method did not allow the deter-
mination of the particular species within Neisseria and Bacteroides, there are well-known path-
ogens in these genera that might be involved in ADHD pathogenesis. Assuming a causal role
in ADHD, especially the brain-invading capability of N. meningitides might be of interest. Berg
and colleagues found that post-meningitic children showed significantly more symptoms in
the areas of inattention, hyperactivity and impulsiveness than their siblings [70]. N. gonor-
rhoeae, on the other hand, uses host-derived sialic acid for its lipopolysaccharides as a
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Fig 4. Differentiation of participants’ microbiomes. RDA biplot at OTU level with Hellinger-transformed data. Redundancy analysis is
a constrained method based on multiple linear regression which enables correlation of explanatory variables with the RDA axes. The black
dots represent individuals without ADHD; the green dots, individuals with ADHD diagnosis. Species and factors correlated with the RDA
axes were determined by the envfit function of the R package vegan, the cut-off for plotted results was p = 0.01.

https://doi.org/10.1371/journal.pone.0200728.9004

mechanism to evade immune defense [71]. This is linked to ADHD by a genome-wide analysis
that found an IncRNA gene ENST00000427806 associated with aggressiveness in ADHD [72].
The target gene for this IncRNA is a protein-coding a sialyltransferase gene (ST6GALNACS5).
Thus, changes in sialic acid metabolism in ADHD could be used by Neisseria to escape the
host immune defense, which might explain the observed overrepresentation of this genus in
our ADHD samples.

The LEfSe analysis results showed that the family Prevotellaceae was significantly more
abundant in controls, while the ADHD patients showed elevated levels of Bacteroidaceae. Bac-
teroidetes generate essential vitamins and cofactors, and processing constituents such as fiber,
making them beneficial in support of human immunity, physiology, biochemistry, and neuro-
chemistry [73, 74]. The LEfSe analysis revealed two Bacteroides species (OTU_7 and
OTU_577) as potential biomarkers for the ADHD group. Members of the genus Bacteroides
are usually beneficial for the gut microbiota, but they are also capable of producing extraordi-
narly complex mixtures of amyloids, lipopolysaccharides, enterotoxins and neurotoxins,
which can affect the blood brain barrier s structure as well as the central nervous system [75].

Assuming a causal relationship, the reduced alpha diversity that we found in ADHD
patients might reflect a bacterial community involved in deviant neural transmission. Many
bacterial species are able to produce GABA [76], which is the main inhibitory neurotransmit-
ter in the human cerebral cortex. GABA is antiproportionally correlated with impulsivity, and
GABA levels are reduced in young patients with ADHD [77]. Other studies have shown that
the gut microbiota affects levels of excitatory and inhibitory neurotransmitters (i.e. serotonin,
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GABA, and dopamine), while germ-free mice tend to have lower levels of neurotransmitter
precursors like tryptophan, tyrosine, and glutamine in the brain compared to re-colonized
mice [78, 79]. Possibly in line with this, we found a negative correlation between the hyperac-
tivity score and the alpha diversity. This confirms findings from a mouse model of germ-free
mice that not only displayed an altered stress response but also an increased level of motor
activity compared to conspecifics with a normal, functional microbiota [44]. A reconstitution
of the microbiota reversed alterations in both stress response and motor activity. In the light of
these facts, our results lead to the assumption that the impact of the microbiome on hyperac-
tivity is more pronounced than the impact on attention deficits. This dissociation would also
explain the lack of a correlation between the alpha diversity and ratings of global ADHD symp-
tomatology as assessed by the CBCL.

By including parents in the analyses, we also observed that mothers of ADHD patients com-
pared to mothers of healthy controls showed a reduced alpha diversity. Accordingly, ADHD
self-ratings revealed that mothers of patients displayed more ADHD symptoms in the past and
present than mothers of healthy controls did. There were no differences in alpha diversity and
self-ratings between the fathers of patients and controls. With a heritability of about 76%,
ADHD is a familial disorder, and its relative risk is about 5-9 in first-degree relatives [12, 13,
80]. Although males are more often affected than females (estimated ratio 3-4:1) [80], our
alpha-diversity data suggest that alterations in the microbiome composition might be passed
on maternally. Actually, patients share more OTUs with the father than with the mother, while
mothers and patients differ significantly in microbial composition (beta-diversity). This would
argue against maternally heredity of ADHD microbiota. However, a comparison of adult
mothers’ microbiota with juvenile ADHD patients might be inadequate, considering that adult
and juvenile, as well as female and male [81, 82], microbiota differ per se. Nevertheless, an
influence of maternal microbiota during a critical developmental window or influence by
inherited genotypes cannot be excluded. However, we have no comprehensive information
about parents” mental health (no diagnostic interview was made, no clinical confirmation of
ADHD in the past or present, and no information about possible comorbidities or medication
was obtained). Therefore, we had to refrain from interpreting these results here. However, we
suggest that parents should be included in the diagnostic process in future studies. In addition,
longitudinal studies would be needed to elucidate the critical time window of the maternal
influence on the patients’ microbiota.

Patients and controls did not differ with respect to BMI and the reported intake of meat,
fruits/vegetables, yoghurt, other milk products, or fast food during the month prior to stool
donation. All these foods are well-known to influence the intestinal microbiota [83-85].
Therefore, group differences in alpha diversity may be an indication of a biomarker for
ADHD and not the result of group-specific nutrition. However, our study may also provide
the basis for a supportive treatment strategy in ADHD, since the microbiome is influenced by
nutrition [26, 86]: it has already been shown that food constituents significantly interact with
the ADHD symptom burden [7, 10, 11, 14, 15, 17-22], while supplementation of free fatty
acids, as well as the exclusion of artificial food colors or other additives can attenuate ADHD
symptom load [87, 88]. Moreover, one study suggested that the supplementation of probiotics
in younger ages reduces the risk for neurodevelopmental disorders (including ADHD) [45].
Although the underlying mechanisms of a diet-associated severity of ADHD symptoms are
not understood, the microbiome has been suspected as being the missing link [37, 89].

A limitation of the study is the concomitant medication: Ten of 14 patients had taken meth-
ylphenidate (MPH), the first-line treatment of ADHD, for more than one year. Nine of them
discontinued taking the medication at least 48h (approximately twelve half-lives) prior to sam-
ple collection. MPH increases the availability of dopamine by blocking the dopamine
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transporter in the CNS [90-92], reducing symptoms of inattention and hyperactivity [93-95].
To date, no information is available as to whether or not MPH affects the bacterial composi-
tion in the gut. Therefore, we cannot exclude that MPH (at all or even after more than 48h of
washout time) had an impact on gut bacteria. MPH has chemical similarities to cocaine [96]
with comparable effects on the dopamine transporter [97-99]. One animal study suggested
that the experimental reduction of gut microbiome, as induced by antibiotics, predicts the host
‘s response to stimulants such as cocaine: the lower the bacteria level, the higher the behavioral
abuse response [100]. One human study revealed that the acute intake of cocaine leads to a
higher relative abundance of Bacteroidetes compared to non-users, but there were no differ-
ences in alpha diversity between groups [101]. If MPH had an influence on microbial alpha
diversity in ADHD after more than 48h of washout time, then the results of the abovemen-
tioned study indicate that this would more likely have resulted in an underestimation of the
reduction in alpha diversity caused by MPH. Our limited data on this issue (n = 4 with ADHD
but no medication) indicate that the alpha diversity in young ADHD patients is at least not
substantially affected by medication intake. Thus, further studies are required to unravel a pos-
sible yet unknown effect of MPH on the microbiome in ADHD.

Another limitation is the small sample size of 14 patients and 17 controls. Studies with
larger cohorts are required not only to replicate our findings in a medication-controlled sam-
ple but also to investigate possible differences in alpha diversity between subtypes of ADHD.
Moreover, including females is mandatory to investigate possible gender effects as indicated
by the parental microbiome. In addition, future studies can be designed to develop effective
dietary guidelines or treatment strategies with beneficial bacterial species (probiotics) [45] or
specific nutritional components for the prevention and treatment of ADHD [37, 87, 102, 103].
Finally, longitudinal studies are needed to further unravel the precise differences between
healthy and ADHD-affected children with regards to the gut microbiome over the course of
disease development.

Taking the small sample size and the concomitant medication into account, our findings
support the hypothesis of an ADHD-specific microbiota. We suggest that the genus Neisseria
and elevated levels of Bacteroides spec. are associated with juvenile ADHD.

Supporting information

S1 Fig. Comparison of parental alpha diversity. Alpha-diversity, measured by observed spe-
cies (A) and Shannon diversity Index (B) is plotted for parents from ADHD patients (red) and
parents from controls (green); IP, index patients; control, healthy controls. The line inside the
box represents the median, while the whiskers represent the lowest and highest values within
1.5 interquartile range (IQR). Outliers as well as individual sample values are shown as dots.
Statistical testing showed a difference in alpha diversity for mothers from ADHD patients and
control mothers in observed species (Popserved = 0.017) and Shannon diversity (pobserved =
0.029), while fathers show no significant difference.

(JPEG)

S2 Fig. Comparison of alpha diversity regarding medication. Alpha-diversity, measured by
observed species (A) and Shannon diversity Index (B) is plotted for ADHD patients (red;
MPH: patients on MPH treatment; n = 10; no_MPH: patients without medication; n = 4) and
controls (green); IP, index patients; control, healthy controls. The line inside the

box represents the median, while the whiskers represent the lowest and highest values within
1.5 interquartile range (IQR). Outliers as well as individual sample values are shown as dots.
No significant differences were found.

(JPEG)
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$3 Fig. Phylum taxonomy distribution. Bar Plot showing the relative proportion of the bacte-
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$4 Fig. Family taxonomy distribution. Bar Plot showing the relative proportion of the top 20
bacterial families within all participants; P, patients; C, healthy controls.
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S5 Fig. Genus taxonomy distribution. Bar Plot showing the relative proportion of the top 20
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S6 Fig. OTU taxonomy distribution. Bar Plot showing the relative proportion of the top 20
bacterial OTU within all participants; P, patients; C, healthy controls.
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S7 Fig. Comparisons of bacterial phylum abundance. Box plot showing the abundances of
bacterial phyla stratified by group (ADHD vs. controls).
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S8 Fig. Comparisons of bacterial family abundance. Box plot showing the abundances of
bacterial families stratified by group (ADHD vs. controls).
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S9 Fig. Comparisons of bacterial genus abundance. Box plot showing the abundances of bac-
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$10 Fig. Comparisons of bacterial OUT abundance. Box plot showing the abundances of
bacterial OTU stratified by group (ADHD vs. controls).
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S11 Fig. Clustering of family members. Beta diversity as Hellinger-transformed redundancy
analysis of ADHD samples versus healthy controls. The axes show the first three constrained
axes from redundancy analysis (RDA1, RDA2, RDA3).
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$12 Fig. Abundance of selected bacterial families. Boxplot showing the abundance of signifi-
cant bacterial families found by LEfSe analysis for participants and their parent; IP, index
patients; control, healthy controls.

(JPEG)

S13 Fig. Abundance of selected bacterial genera. Boxplot showing the abundance of signifi-
cant bacterial genera found by LEfSe analysis participants and their parents; IP, index patients;
control, healthy controls.
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S14 Fig. Abundance of selected bacterial OTUs. Boxplot showing the abundance of signifi-
cant bacterial OTUs found by LEfSe analysis for participants and their parents; IP, index
patients; control, healthy controls.
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(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0200728 July 12,2018 12/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200728.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200728.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200728.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200728.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200728.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200728.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200728.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200728.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200728.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200728.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200728.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200728.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200728.s015
https://doi.org/10.1371/journal.pone.0200728

®PLOS | o

Microbiome in ADHD

S2 Table. Comparison of alpha diversity regarding medication using pairwise Wilcoxon
rank-sum tests.
(DOCX)

Acknowledgments

We thank Michaela Hilgert, Dr. Gunnar Jacobs, Susanne Kell, and Petra Schneckenburger for
their technical support and Dr. Manuel Munz for his medical support. This study was funded
by an intramural grant of the medical faculty of the University Hospital Schleswig-Holstein.

Author Contributions

Conceptualization: Alexander Prehn-Kristensen, Alexandra Zimmermann, Stefan Schreiber,
Lioba Baving, Annegret Fischer.

Data curation: Lukas Tittmann.
Formal analysis: Alexandra Zimmermann.

Funding acquisition: Alexander Prehn-Kristensen, Alexandra Zimmermann, Lioba Baving,
Annegret Fischer.

Investigation: Alexander Prehn-Kristensen, Alexandra Zimmermann.

Methodology: Alexander Prehn-Kristensen, Alexandra Zimmermann, Lioba Baving, Anne-
gret Fischer.

Project administration: Alexander Prehn-Kristensen, Annegret Fischer.

Resources: Alexander Prehn-Kristensen, Wolfgang Lieb, Stefan Schreiber, Lioba Baving.
Software: Alexandra Zimmermann.

Supervision: Alexander Prehn-Kristensen, Wolfgang Lieb, Lioba Baving.

Validation: Alexandra Zimmermann, Lukas Tittmann, Annegret Fischer.
Visualization: Alexandra Zimmermann.

Writing - original draft: Alexander Prehn-Kristensen, Alexandra Zimmermann.

Writing - review & editing: Lukas Tittmann, Wolfgang Lieb, Stefan Schreiber, Lioba Baving,
Annegret Fischer.

References

1. Polanczyk GV, Salum GA, Sugaya LS, Caye A, Rohde LA. Annual research review: A meta-analysis
of the worldwide prevalence of mental disorders in children and adolescents. J Child Psychol Psychia-
try. 2015; 56(3):345-65. Epub 2015/02/05. https://doi.org/10.1111/jcpp.12381 PMID: 25649325.

2. Polanczyk GV, Willcutt EG, Salum GA, Kieling C, Rohde LA. ADHD prevalence estimates across
three decades: an updated systematic review and meta-regression analysis. Int J Epidemiol. 2014; 43
(2):434—-42. Epub 2014/01/28. https://doi.org/10.1093/ije/dyt261 PMID: 24464188; PubMed Central
PMCID: PMCPmc4817588.

3. American Psychiatric Association. The Diagnostic and Statistical Manual of Mental Disorders, 5th ed.
Washington, DC: American Psychiatric Association 2013.

4. Bellgrove MA, Mattingley JB. Molecular genetics of attention. ANYAS. 2008; 1129:200-12. https://doi.
org/10.1196/annals.1417.013 PMID: 18591481.
5. Faraone SV, Perlis RH, Doyle AE, Smoller JW, Goralnick JJ, Holmgren MA, et al. Molecular Genetics

of Attention-Deficit/Hyperactivity Disorder. Biol Psychiatry. 2005; 57:1313-23. https://doi.org/10.1016/
j.biopsych.2004.11.024 PMID: 15950004

PLOS ONE | https://doi.org/10.1371/journal.pone.0200728 July 12,2018 13/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0200728.s016
https://doi.org/10.1111/jcpp.12381
http://www.ncbi.nlm.nih.gov/pubmed/25649325
https://doi.org/10.1093/ije/dyt261
http://www.ncbi.nlm.nih.gov/pubmed/24464188
https://doi.org/10.1196/annals.1417.013
https://doi.org/10.1196/annals.1417.013
http://www.ncbi.nlm.nih.gov/pubmed/18591481
https://doi.org/10.1016/j.biopsych.2004.11.024
https://doi.org/10.1016/j.biopsych.2004.11.024
http://www.ncbi.nlm.nih.gov/pubmed/15950004
https://doi.org/10.1371/journal.pone.0200728

O PLOS | one

Microbiome in ADHD

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Wu J, Xiao H, Sun H, Zou L, Zhu LQ. Role of dopamine receptors in ADHD: a systematic meta-analy-
sis. Mol Neurobiol. 2012; 45(3):605—-20. Epub 2012/05/23. https://doi.org/10.1007/s12035-012-8278-5
PMID: 22610946.

Castellanos FX, Lee PP, Sharp W, Jeffries NO, Greenstein DK, Clasen LS, et al. Developmental tra-
jectories of brain volume abnormalities in children and adolescents with attention-deficit’/hyperactivity
disorder. JAMA 2002; 288(14):1740-8. PMID: 12365958.

Frodl T, Skokauskas N. Meta-analysis of structural MRI studies in children and adults with attention
deficit hyperactivity disorder indicates treatment effects. Acta Psychiatr Scand. 2012; 125(2):114-26.
Epub 2011/11/29. https://doi.org/10.1111/j.1600-0447.2011.01786.x PMID: 22118249.

Nakao T, Radua J, Rubia K, Mataix-Cols D. Gray matter volume abnormalities in ADHD: voxel-based
meta-analysis exploring the effects of age and stimulant medication. AJ Psychiatry. 2011; 168
(11):1154-63. Epub 2011/08/26. https://doi.org/10.1176/appi.ajp.2011.11020281 PMID: 21865529.

Shaw P, Eckstrand K, Sharp W, Blumenthal J, Lerch JP, Greenstein D, et al. Attention-deficit/hyperac-
tivity disorder is characterized by a delay in cortical maturation. Proc Natl Acad Sci U S A. 2007; 104
(49):19649-54. Epub 2007/11/21. doi: 0707741104 [pii] https://doi.org/10.1073/pnas.0707741104
PMID: 18024590; PubMed Central PMCID: PMC2148343.

Shaw P, Rabin C. New insights into attention-deficit/hyperactivity disorder using structural neuroimag-
ing. Curr Psychiatry Rep. 2009; 11(5):393-8. Epub 2009/09/30. PMID: 19785981.

Hawi Z, Cummins TD, Tong J, Johnson B, Lau R, Samarrai W, et al. The molecular genetic architec-
ture of attention deficit hyperactivity disorder. Mol Psychiatry. 2015; 20(3):289-97. Epub 2015/01/21.
https://doi.org/10.1038/mp.2014.183 PMID: 25600112.

Middeldorp CM, Hammerschlag AR, Ouwens KG, Groen-Blokhuis MM, Pourcain BS, Greven CU,

et al. A Genome-Wide Association Meta-Analysis of Attention-Deficit/Hyperactivity Disorder Symp-
toms in Population-Based Pediatric Cohorts. J Am Acad Child Adolesc Psychiatry. 2016; 55(10):896—
905.e6. Epub 2016/09/25. https://doi.org/10.1016/j.jaac.2016.05.025 PMID: 27663945; PubMed Cen-
tral PMCID: PMCPmc5068552.

Biederman J, Faraone SV. Attention-deficit hyperactivity disorder. Lancet. 2005; 366(9481):237—48.
Epub 2005/07/19. https://doi.org/10.1016/S0140-6736(05)66915-2 PMID: 16023516.

Lindstrom K| Lindblad F, Hjern A. Preterm birth and attention-deficit/hyperactivity disorder in school-
children. Pediatrics. 2011; 127(5):858-65. Epub 2011/04/20. https://doi.org/10.1542/peds.2010-1279
PMID: 21502231.

Capusan AJ, Kuja-Halkola R, Bendtsen P, Viding E, McCrory E, Marteinsdottir |, et al. Childhood mal-
treatment and attention deficit hyperactivity disorder symptoms in adults: a large twin study. Psychol
Med. 2016; 46(12):2637—46. Epub 2016/07/05. https://doi.org/10.1017/S0033291716001021 PMID:
27376862.

Margari F, Craig F, Petruzzelli MG, Lamanna A, Matera E, Margari L. Parents psychopathology of chil-
dren with Attention Deficit Hyperactivity Disorder. Res Dev Disabil. 2013; 34(3):1036—43. Epub 2013/
01/08. https://doi.org/10.1016/j.ridd.2012.12.001 PMID: 23291521.

Bener A, Kamal M, Bener H, Bhugra D. Higher prevalence of iron deficiency as strong predictor of
attention deficit hyperactivity disorder in children. Annals of medical and health sciences research.
2014; 4(Suppl 3):5291-7. Epub 2014/11/05. https://doi.org/10.4103/2141-9248.141974 PMID:
25364604; PubMed Central PMCID: PMCPmc4212392.

Dolina S, Margalit D, Malitsky S, Rabinkov A. Attention-deficit hyperactivity disorder (ADHD) as a pyri-
doxine-dependent condition: urinary diagnostic biomarkers. Med Hypotheses. 2014; 82(1):111-6.
Epub 2013/12/11. https://doi.org/10.1016/j.mehy.2013.11.018 PMID: 24321736.

Niederhofer H, Pittschieler K. A preliminary investigation of ADHD symptoms in persons with celiac
disease. J Atten Disord. 2006; 10(2):200—4. Epub 2006/11/07. https://doi.org/10.1177/
1087054706292109 PMID: 17085630.

Percinel I, Yazici KU, Ustundag B. Iron Deficiency Parameters in Children and Adolescents with Atten-
tion-Deficit/Hyperactivity Disorder. Child Psychiatry Hum Dev. 2016; 47(2):259—-69. Epub 2015/06/21.
https://doi.org/10.1007/s10578-015-0562-y PMID: 26092605.

Salehi B, Mohammadbeigi A, Sheykholeslam H, Moshiri E, Dorreh F. Omega-3 and Zinc supplemen-
tation as complementary therapies in children with attention-deficit/hyperactivity disorder. Journal of
research in pharmacy practice. 2016; 5(1):22—6. Epub 2016/03/18. https://doi.org/10.4103/2279-
042X.176561 PMID: 26985432; PubMed Central PMCID: PMCPmc4776543.

Petra Al, Panagiotidou S, Hatziagelaki E, Stewart JM, Conti P, Theoharides TC. Gut-Microbiota-Brain
Axis and lts Effect on Neuropsychiatric Disorders With Suspected Immune Dysregulation. Clin Ther.
2015; 37(5):984—-95. Epub 2015/06/06. https://doi.org/10.1016/j.clinthera.2015.04.002 PMID:
26046241; PubMed Central PMCID: PMCPmc4458706.

PLOS ONE | https://doi.org/10.1371/journal.pone.0200728 July 12,2018 14/19


https://doi.org/10.1007/s12035-012-8278-5
http://www.ncbi.nlm.nih.gov/pubmed/22610946
http://www.ncbi.nlm.nih.gov/pubmed/12365958
https://doi.org/10.1111/j.1600-0447.2011.01786.x
http://www.ncbi.nlm.nih.gov/pubmed/22118249
https://doi.org/10.1176/appi.ajp.2011.11020281
http://www.ncbi.nlm.nih.gov/pubmed/21865529
https://doi.org/10.1073/pnas.0707741104
http://www.ncbi.nlm.nih.gov/pubmed/18024590
http://www.ncbi.nlm.nih.gov/pubmed/19785981
https://doi.org/10.1038/mp.2014.183
http://www.ncbi.nlm.nih.gov/pubmed/25600112
https://doi.org/10.1016/j.jaac.2016.05.025
http://www.ncbi.nlm.nih.gov/pubmed/27663945
https://doi.org/10.1016/S0140-6736(05)66915-2
http://www.ncbi.nlm.nih.gov/pubmed/16023516
https://doi.org/10.1542/peds.2010-1279
http://www.ncbi.nlm.nih.gov/pubmed/21502231
https://doi.org/10.1017/S0033291716001021
http://www.ncbi.nlm.nih.gov/pubmed/27376862
https://doi.org/10.1016/j.ridd.2012.12.001
http://www.ncbi.nlm.nih.gov/pubmed/23291521
https://doi.org/10.4103/2141-9248.141974
http://www.ncbi.nlm.nih.gov/pubmed/25364604
https://doi.org/10.1016/j.mehy.2013.11.018
http://www.ncbi.nlm.nih.gov/pubmed/24321736
https://doi.org/10.1177/1087054706292109
https://doi.org/10.1177/1087054706292109
http://www.ncbi.nlm.nih.gov/pubmed/17085630
https://doi.org/10.1007/s10578-015-0562-y
http://www.ncbi.nlm.nih.gov/pubmed/26092605
https://doi.org/10.4103/2279-042X.176561
https://doi.org/10.4103/2279-042X.176561
http://www.ncbi.nlm.nih.gov/pubmed/26985432
https://doi.org/10.1016/j.clinthera.2015.04.002
http://www.ncbi.nlm.nih.gov/pubmed/26046241
https://doi.org/10.1371/journal.pone.0200728

O PLOS | one

Microbiome in ADHD

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

Verlaet AA, Noriega DB, Hermans N, Savelkoul HF. Nutrition, immunological mechanisms and dietary
immunomodulation in ADHD. Eur Child Adolesc Psychiatry. 2014; 23(7):519-29. Epub 2014/02/05.
https://doi.org/10.1007/s00787-014-0522-2 PMID: 24493267.

Esparham A, Evans RG, Wagner LE, Drisko JA. Pediatric Integrative Medicine Approaches to Atten-
tion Deficit Hyperactivity Disorder (ADHD). Children (Basel, Switzerland). 2014; 1(2):186—207. Epub
2014/01/01. https://doi.org/10.3390/children1020186 PMID: 27417475; PubMed Central PMCID:
PMCPmc4928725.

Flint HJ, Duncan SH, Scott KP, Louis P. Links between diet, gut microbiota composition and gut
metabolism. Proc Nutr Soc. 2015; 74(1):13-22. Epub 2014/10/01. https://doi.org/10.1017/
S0029665114001463 PMID: 25268552.

Krishnan C, Santos L, Peterson MD, Ehinger M. Safety of noninvasive brain stimulation in children
and adolescents. Brain stimulation. 2015; 8(1):76—87. Epub 2014/12/17. https://doi.org/10.1016/j.brs.
2014.10.012 PMID: 25499471; PubMed Central PMCID: PMCPmc4459719.

Ussar S, Griffin NW, Bezy O, Fujisaka S, Vienberg S, Softic S, et al. Interactions between Gut Micro-
biota, Host Genetics and Diet Modulate the Predisposition to Obesity and Metabolic Syndrome. Cell
metabolism. 2015; 22(3):516-30. Epub 2015/08/25. https://doi.org/10.1016/j.cmet.2015.07.007
PMID: 26299453; PubMed Central PMCID: PMCPmc4570502.

Marchesi JR, Adams DH, Fava F, Hermes GD, Hirschfield GM, Hold G, et al. The gut microbiota and
host health: a new clinical frontier. Gut. 2016; 65(2):330-9. Epub 2015/09/05. https://doi.org/10.1136/
gutjnl-2015-309990 PMID: 26338727; PubMed Central PMCID: PMCPmc4752653.

Herpertz-Dahlmann B, Seitz J, Baines J. Food matters: how the microbiome and gut-brain interaction
might impact the development and course of anorexia nervosa. Eur Child Adolesc Psychiatry. 2017.
Epub 2017/02/02. https://doi.org/10.1007/s00787-017-0945-7 PMID: 28144744.

Rieder R, Wisniewski PJ, Alderman BL, Campbell SC. Microbes and mental health: A review. Brain
Behav Immun. 2017. Epub 2017/01/31. https://doi.org/10.1016/j.bbi.2017.01.016 PMID: 28131791.

Santocchi E, Guiducci L, Fulceri F, Billeci L, Buzzigoli E, Apicella F, et al. Gut to brain interaction in
Autism Spectrum Disorders: a randomized controlled trial on the role of probiotics on clinical, biochem-
ical and neurophysiological parameters. BMC psychiatry. 2016; 16:183. Epub 2016/06/05. https://doi.
org/10.1186/s12888-016-0887-5 PMID: 27260271; PubMed Central PMCID: PMCPmc4893248.

Sfera A, Osorio C, Inderias LA, Parker V, Price Al, Cummings M. The Obesity-Impulsivity Axis: Poten-
tial Metabolic Interventions in Chronic Psychiatric Patients. Frontiers in psychiatry. 2017; 8:20. Epub
2017/03/01. hitps://doi.org/10.3389/fpsyt.2017.00020 PMID: 28243210; PubMed Central PMCID:
PMCPmc5303716.

Wallace CJ, Milev R. The effects of probiotics on depressive symptoms in humans: a systematic
review. Annals of general psychiatry. 2017; 16:14. Epub 2017/02/28. https://doi.org/10.1186/s12991-
017-0138-2 PMID: 28239408; PubMed Central PMCID: PMCPmc5319175.

Tuohy KM, editor Mode Of Delivery, Route Of Delivery And Diet All Regulate Infant Microbiota And
Metabolome. J Pediatr Gastroenterol Nutr; 2016: LWW.

Fujimura KE, Sitarik AR, Havstad S, Lin DL, Levan S, Fadrosh D, et al. Neonatal gut microbiota associ-
ates with childhood multisensitized atopy and T cell differentiation. 2016; 22(10):1187-91. https://doi.
org/10.1038/nm.4176 PMID: 27618652.

Cenit MC, Nuevo IC, Codoner-Franch P, Dinan TG, Sanz Y. Gut microbiota and attention deficit hyper-
activity disorder: new perspectives for a challenging condition. Eur Child Adolesc Psychiatry. 2017.
Epub 2017/03/16. https://doi.org/10.1007/s00787-017-0969-z PMID: 28289903.

Putignani L, Del Chierico F, Petrucca A, Vernocchi P, Dallapiccola B. The human gut microbiota: a
dynamic interplay with the host from birth to senescence settled during childhood. Pediatr Res. 2014;
76(1):2-10. Epub 2014/04/16. https://doi.org/10.1038/pr.2014.49 PMID: 24732106.

Desbonnet L, Clarke G, Shanahan F, Dinan TG, Cryan JF. Microbiota is essential for social develop-
ment in the mouse. Mol Psychiatry. 2014; 19(2):146-8. Epub 2013/05/22. https://doi.org/10.1038/mp.
2013.65 PMID: 23689536; PubMed Central PMCID: PMCPmc3903109.

Li W, Dowd SE, Scurlock B, Acosta-Martinez V, Lyte M. Memory and learning behavior in mice is tem-
porally associated with diet-induced alterations in gut bacteria. Physiol Behav. 2009; 96(4-5):557—67.
Epub 2009/01/13. https://doi.org/10.1016/j.physbeh.2008.12.004 PMID: 19135464.

Savignac HM, Tramullas M, Kiely B, Dinan TG, Cryan JF. Bifidobacteria modulate cognitive processes
in an anxious mouse strain. Behav Brain Res. 2015; 287:59-72. Epub 2015/03/22. https://doi.org/10.
1016/j.bbr.2015.02.044 PMID: 25794930.

De Angelis M, Francavilla R, Piccolo M, De Giacomo A, Gobbetti M. Autism spectrum disorders and
intestinal microbiota. Gut microbes. 2015; 6(3):207—13. Epub 2015/04/04. https://doi.org/10.1080/
19490976.2015.1035855 PMID: 25835343; PubMed Central PMCID: PMCPmc4616908.

PLOS ONE | https://doi.org/10.1371/journal.pone.0200728 July 12,2018 15/19


https://doi.org/10.1007/s00787-014-0522-2
http://www.ncbi.nlm.nih.gov/pubmed/24493267
https://doi.org/10.3390/children1020186
http://www.ncbi.nlm.nih.gov/pubmed/27417475
https://doi.org/10.1017/S0029665114001463
https://doi.org/10.1017/S0029665114001463
http://www.ncbi.nlm.nih.gov/pubmed/25268552
https://doi.org/10.1016/j.brs.2014.10.012
https://doi.org/10.1016/j.brs.2014.10.012
http://www.ncbi.nlm.nih.gov/pubmed/25499471
https://doi.org/10.1016/j.cmet.2015.07.007
http://www.ncbi.nlm.nih.gov/pubmed/26299453
https://doi.org/10.1136/gutjnl-2015-309990
https://doi.org/10.1136/gutjnl-2015-309990
http://www.ncbi.nlm.nih.gov/pubmed/26338727
https://doi.org/10.1007/s00787-017-0945-7
http://www.ncbi.nlm.nih.gov/pubmed/28144744
https://doi.org/10.1016/j.bbi.2017.01.016
http://www.ncbi.nlm.nih.gov/pubmed/28131791
https://doi.org/10.1186/s12888-016-0887-5
https://doi.org/10.1186/s12888-016-0887-5
http://www.ncbi.nlm.nih.gov/pubmed/27260271
https://doi.org/10.3389/fpsyt.2017.00020
http://www.ncbi.nlm.nih.gov/pubmed/28243210
https://doi.org/10.1186/s12991-017-0138-2
https://doi.org/10.1186/s12991-017-0138-2
http://www.ncbi.nlm.nih.gov/pubmed/28239408
https://doi.org/10.1038/nm.4176
https://doi.org/10.1038/nm.4176
http://www.ncbi.nlm.nih.gov/pubmed/27618652
https://doi.org/10.1007/s00787-017-0969-z
http://www.ncbi.nlm.nih.gov/pubmed/28289903
https://doi.org/10.1038/pr.2014.49
http://www.ncbi.nlm.nih.gov/pubmed/24732106
https://doi.org/10.1038/mp.2013.65
https://doi.org/10.1038/mp.2013.65
http://www.ncbi.nlm.nih.gov/pubmed/23689536
https://doi.org/10.1016/j.physbeh.2008.12.004
http://www.ncbi.nlm.nih.gov/pubmed/19135464
https://doi.org/10.1016/j.bbr.2015.02.044
https://doi.org/10.1016/j.bbr.2015.02.044
http://www.ncbi.nlm.nih.gov/pubmed/25794930
https://doi.org/10.1080/19490976.2015.1035855
https://doi.org/10.1080/19490976.2015.1035855
http://www.ncbi.nlm.nih.gov/pubmed/25835343
https://doi.org/10.1371/journal.pone.0200728

®PLOS | o

Microbiome in ADHD

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Zheng P, Zeng B, Zhou C, Liu M, Fang Z, Xu X, et al. Gut microbiome remodeling induces depressive-
like behaviors through a pathway mediated by the host's metabolism. Mol Psychiatry. 2016; 21
(6):786—96. Epub 2016/04/14. https://doi.org/10.1038/mp.2016.44 PMID: 27067014.

Sudo N, Chida Y, Aiba Y, Sonoda J, Oyama N, Yu XN, et al. Postnatal microbial colonization programs
the hypothalamic-pituitary-adrenal system for stress response in mice. The Journal of physiology.
2004; 558(Pt 1):263-75. Epub 2004/05/11. https://doi.org/10.1113/jphysiol.2004.063388 PMID:
15133062; PubMed Central PMCID: PMCPmc1664925.

Partty A, Kalliomaki M, Wacklin P, Salminen S, Isolauri E. A possible link between early probiotic inter-
vention and the risk of neuropsychiatric disorders later in childhood: a randomized trial. Pediatr Res.
2015; 77(6):823-8. Epub 2015/03/12. https://doi.org/10.1038/pr.2015.51 PMID: 25760553.

Consortium HMP. Structure, function and diversity of the healthy human microbiome. Nature. 2012;
486(7402):207—14. Epub 2012/06/16. https://doi.org/10.1038/nature 11234 PMID: 22699609; PubMed
Central PMCID: PMCPmc3564958.

Lozupone CA, Stombaugh JI, Gordon JI, Jansson JK, Knight R. Diversity, stability and resilience of
the human gut microbiota. Nature. 2012; 489(7415):220-30. Epub 2012/09/14. https://doi.org/10.
1038/nature 11550 PMID: 22972295; PubMed Central PMCID: PMCPmc3577372.

Delmo C, Weiffenbach O, Gabriel M, Bélte S, Marchio E, Poustka F. Kiddie-SADS-present and lifetime
version (K-SADS-PL), 3rd edn. 3rd ed. Frankfurt, Germany: Clinic of Child and Adolescent Psychia-
try; 2000.

Kaufman J, Birmaher B, Brent D, Rao U, Flynn C, Moreci P, et al. Schedule for affective disorders and
schizophrenia for school-age children—Present and lifetime version (K-SADS-PL): Initial reliability
and validity data. J Am Acad Child Adolesc Psychiatry. 1997; 36:980-8. https://doi.org/10.1097/
00004583-199707000-00021 PMID: 9204677

Achenbach TM. Manual for the child behavior checklist/4-18 and 1991 Profile. Burlington,Vermont:
Department of Psychiatry, University of Vermont; 1991.

Dépfner M, Gértz-Dorten A, Lehmkuhl G. Diagnostik-System fur psychische Stérungen nach ICD-10
und DSM-V fur Kinder und Jugendliche-II: DISYPS-II; Manual: Huber; 2008.

Retz-Junginger P, Retz W, Schneider M, Schwitzgebel P, Steinbach E, Hengesch G, et al. [Gender
differences in self-descriptions of child psychopathology in attention deficit hyperactivity disorder]. Ner-
venarzt. 2007; 78(9):1046-51. Epub 2007/02/03. https://doi.org/10.1007/s00115-006-2242-4 PMID:
17268790.

Ward MF, Wender PH, Reimherr FW. The Wender Utah Rating Scale: an aid in the retrospective diag-
nosis of childhood attention deficit hyperactivity disorder. AJ Psychiatry. 1993; 150(6):885-90. Epub
1993/06/01. https://doi.org/10.1176/ajp.150.6.885 PMID: 8494063.

Retz-Junginger P, Retz W, Blocher D, Weijers HG, Trott GE, Wender PH, et al. [Wender Utah rating
scale. The short-version for the assessment of the attention-deficit hyperactivity disorder in adults].
Nervenarzt. 2002; 73(9):830-8. Epub 2002/09/07. https://doi.org/10.1007/s00115-001-1215-x PMID:
12215873.

Retz-Junginger P, Retz W, Blocher D, Stieglitz RD, Georg T, Supprian T, et al. [Reliability and validity
of the Wender-Utah-Rating-Scale short form. Retrospective assessment of symptoms for attention
deficit/hyperactivity disorder]. Nervenarzt. 2003; 74(11):987-93. Epub 2003/11/05. https://doi.org/10.
1007/s00115-002-1447-4 PMID: 14598035.

Rosler M, Retz W, Retz-Junginger P, Thome J, Supprian T, Nissen T, et al. [Tools for the diagnosis of
attention-deficit/hyperactivity disorder in adults. Self-rating behaviour questionnaire and diagnostic
checklist]. Nervenarzt. 2004; 75(9):888-95. Epub 2004/09/21. https://doi.org/10.1007/s00115-003-
1622-2 PMID: 15378249.

Résler M, Retz-Junginger P, Retz W, Stieglitz R. HASE-Homburger ADHS-Skalen fir Erwachsene.
Géttingen: Hogrefe. 2008.

Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N, et al. Ultra-high-throughput
microbial community analysis on the lllumina HiSeq and MiSeq platforms. The ISME journal. 2012; 6
(8):1621—4. Epub 2012/03/10. https://doi.org/10.1038/ismej.2012.8 PMID: 22402401; PubMed Cen-
tral PMCID: PMCPmc3400413.

Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB, et al. Introducing mothur:
open-source, platform-independent, community-supported software for describing and comparing
microbial communities. Appl Environ Microbiol. 2009; 75(23):7537—41. Epub 2009/10/06. https://doi.
org/10.1128/AEM.01541-09 PMID: 19801464; PubMed Central PMCID: PMCPmc2786419.

Legendre P, Gallagher ED. Ecologically meaningful transformations for ordination of species data.
Oecologia. 2001; 129(2):271-80. Epub 2001/10/01. https://doi.org/10.1007/s004420100716 PMID:
28547606.

PLOS ONE | https://doi.org/10.1371/journal.pone.0200728 July 12,2018 16/19


https://doi.org/10.1038/mp.2016.44
http://www.ncbi.nlm.nih.gov/pubmed/27067014
https://doi.org/10.1113/jphysiol.2004.063388
http://www.ncbi.nlm.nih.gov/pubmed/15133062
https://doi.org/10.1038/pr.2015.51
http://www.ncbi.nlm.nih.gov/pubmed/25760553
https://doi.org/10.1038/nature11234
http://www.ncbi.nlm.nih.gov/pubmed/22699609
https://doi.org/10.1038/nature11550
https://doi.org/10.1038/nature11550
http://www.ncbi.nlm.nih.gov/pubmed/22972295
https://doi.org/10.1097/00004583-199707000-00021
https://doi.org/10.1097/00004583-199707000-00021
http://www.ncbi.nlm.nih.gov/pubmed/9204677
https://doi.org/10.1007/s00115-006-2242-4
http://www.ncbi.nlm.nih.gov/pubmed/17268790
https://doi.org/10.1176/ajp.150.6.885
http://www.ncbi.nlm.nih.gov/pubmed/8494063
https://doi.org/10.1007/s00115-001-1215-x
http://www.ncbi.nlm.nih.gov/pubmed/12215873
https://doi.org/10.1007/s00115-002-1447-4
https://doi.org/10.1007/s00115-002-1447-4
http://www.ncbi.nlm.nih.gov/pubmed/14598035
https://doi.org/10.1007/s00115-003-1622-2
https://doi.org/10.1007/s00115-003-1622-2
http://www.ncbi.nlm.nih.gov/pubmed/15378249
https://doi.org/10.1038/ismej.2012.8
http://www.ncbi.nlm.nih.gov/pubmed/22402401
https://doi.org/10.1128/AEM.01541-09
https://doi.org/10.1128/AEM.01541-09
http://www.ncbi.nlm.nih.gov/pubmed/19801464
https://doi.org/10.1007/s004420100716
http://www.ncbi.nlm.nih.gov/pubmed/28547606
https://doi.org/10.1371/journal.pone.0200728

O PLOS | one

Microbiome in ADHD

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Borcard D, Gillet F, Legendre P. Numerical ecology with R: Springer Science & Business Media;
2011.

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’hara R, et al. Package ‘vegan’. Commu-
nity ecology package, version. 2013; 2(9).

Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al. Metagenomic biomarker dis-
covery and explanation. Genome biology. 2011; 12(6):R60. Epub 2011/06/28. https://doi.org/10.1186/
gb-2011-12-6-r60 PMID: 21702898; PubMed Central PMCID: PMCPmc3218848.

Bravo JA, Forsythe P, Chew MV, Escaravage E, Savignac HM, Dinan TG, et al. Ingestion of Lactoba-
cillus strain regulates emotional behavior and central GABA receptor expression in a mouse via the
vagus nerve. Proc Natl Acad Sci U S A. 2011; 108(38):16050-5. Epub 2011/08/31. https://doi.org/10.
1073/pnas.1102999108 PMID: 21876150; PubMed Central PMCID: PMCPmc3179073.

Dinan TG, Stilling RM, Stanton C, Cryan JF. Collective unconscious: how gut microbes shape human
behavior. J Psychiatr Res. 2015; 63:1-9. Epub 2015/03/17. https://doi.org/10.1016/j.jpsychires.2015.
02.021 PMID: 25772005.

Foster JA, McVey Neufeld KA. Gut-brain axis: how the microbiome influences anxiety and depression.
Trends Neurosci. 2013; 36(5):305—12. Epub 2013/02/07. https://doi.org/10.1016/j.tins.2013.01.005
PMID: 23384445.

Rea K, Dinan TG, Cryan JF. The microbiome: A key regulator of stress and neuroinflammation. Neuro-
biology of stress. 2016; 4:23—-33. Epub 2016/12/17. https://doi.org/10.1016/j.ynstr.2016.03.001 PMID:
27981187; PubMed Central PMCID: PMCPmc5146205.

Liu G, Tang CM, Exley RM. Non-pathogenic Neisseria: members of an abundant, multi-habitat,
diverse genus. Microbiology. 2015; 161(7):1297-312. Epub 2015/03/31. https://doi.org/10.1099/mic.
0.000086 PMID: 25814039.

Hooper LV, Gordon JI. Commensal host-bacterial relationships in the gut. Science. 2001; 292
(5519):1115-8. Epub 2001/05/16. PMID: 11352068.

Berg S, Trollfors B, Hugosson S, Fernell E, Svensson E. Long-term follow-up of children with bacterial
meningitis with emphasis on behavioural characteristics. Eur J Pediatr. 2002; 161(6):330-6. Epub
2002/05/25. https://doi.org/10.1007/s00431-002-0957-1 PMID: 12029452.

Wu H, Jerse AE. Alpha-2,3-sialyltransferase enhances Neisseria gonorrhoeae survival during experi-
mental murine genital tract infection. Infect Immun. 2006; 74(7):4094—103. Epub 2006/06/23. https://
doi.org/10.1128/IA1.00433-06 PMID: 16790783; PubMed Central PMCID: PMCPmc1489707.

Brevik EJ, van Donkelaar MM, Weber H, Sanchez-Mora C, Jacob C, Rivero O, et al. Genome-wide
analyses of aggressiveness in attention-deficit hyperactivity disorder. Am J Med Genet B Neuropsy-
chiatr Genet. 2016; 171(5):733-47. Epub 2016/03/30. https://doi.org/10.1002/ajmg.b.32434 PMID:
27021288; PubMed Central PMCID: PMCPmc5071721.

Sampson TR, Mazmanian SK. Control of brain development, function, and behavior by the micro-
biome. Cell host & microbe. 2015; 17(5):565—76. Epub 2015/05/15. https://doi.org/10.1016/j.chom.
2015.04.011 PMID: 25974299; PubMed Central PMCID: PMCPmc4442490.

Zhu B, Wang X, Li L. Human gut microbiome: the second genome of human body. Protein & cell.
2010; 1(8):718-25. Epub 2011/01/05. https://doi.org/10.1007/s13238-010-0093-z PMID: 21203913;
PubMed Central PMCID: PMCPmc4875195.

Lukiw WJ. The microbiome, microbial-generated proinflammatory neurotoxins, and Alzheimer’s dis-
ease. Journal of sport and health science. 2016; 5(4):393—6. Epub 2017/04/28. https://doi.org/10.
1016/j.jshs.2016.08.008 PMID: 28446989; PubMed Central PMCID: PMCPmc5403149.

Yunes RA, Poluektova EU, Dyachkova MS, Klimina KM, Kovtun AS, Averina OV, et al. GABA produc-
tion and structure of gadB/gadC genes in Lactobacillus and Bifidobacterium strains from human micro-
biota. Anaerobe. 2016; 42:197-204. Epub 2016/10/31. https://doi.org/10.1016/j.anaerobe.2016.10.
011 PMID: 27794467.

Edden RA, Crocetti D, Zhu H, Gilbert DL, Mostofsky SH. Reduced GABA concentration in attention-
deficit/hyperactivity disorder. Arch Gen Psychiatry. 2012; 69(7):750-3. Epub 2012/07/04. https://doi.
org/10.1001/archgenpsychiatry.2011.2280 PMID: 22752239; PubMed Central PMCID:
PMCPmMc3970207.

Clark A, Mach N. Exercise-induced stress behavior, gut-microbiota-brain axis and diet: a systematic
review for athletes. Journal of the International Society of Sports Nutrition. 2016; 13:43. Epub 2016/12/
08. https://doi.org/10.1186/s12970-016-0155-6 PMID: 27924137; PubMed Central PMCID:
PMCPmc5121944.

Holzer P, Farzi A. Neuropeptides and the microbiota-gut-brain axis. Microbial endocrinology: the
microbiota-gut-brain axis in health and disease: Springer; 2014. p. 195-219.

PLOS ONE | https://doi.org/10.1371/journal.pone.0200728 July 12,2018 17/19


https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/gb-2011-12-6-r60
http://www.ncbi.nlm.nih.gov/pubmed/21702898
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1073/pnas.1102999108
http://www.ncbi.nlm.nih.gov/pubmed/21876150
https://doi.org/10.1016/j.jpsychires.2015.02.021
https://doi.org/10.1016/j.jpsychires.2015.02.021
http://www.ncbi.nlm.nih.gov/pubmed/25772005
https://doi.org/10.1016/j.tins.2013.01.005
http://www.ncbi.nlm.nih.gov/pubmed/23384445
https://doi.org/10.1016/j.ynstr.2016.03.001
http://www.ncbi.nlm.nih.gov/pubmed/27981187
https://doi.org/10.1099/mic.0.000086
https://doi.org/10.1099/mic.0.000086
http://www.ncbi.nlm.nih.gov/pubmed/25814039
http://www.ncbi.nlm.nih.gov/pubmed/11352068
https://doi.org/10.1007/s00431-002-0957-1
http://www.ncbi.nlm.nih.gov/pubmed/12029452
https://doi.org/10.1128/IAI.00433-06
https://doi.org/10.1128/IAI.00433-06
http://www.ncbi.nlm.nih.gov/pubmed/16790783
https://doi.org/10.1002/ajmg.b.32434
http://www.ncbi.nlm.nih.gov/pubmed/27021288
https://doi.org/10.1016/j.chom.2015.04.011
https://doi.org/10.1016/j.chom.2015.04.011
http://www.ncbi.nlm.nih.gov/pubmed/25974299
https://doi.org/10.1007/s13238-010-0093-z
http://www.ncbi.nlm.nih.gov/pubmed/21203913
https://doi.org/10.1016/j.jshs.2016.08.008
https://doi.org/10.1016/j.jshs.2016.08.008
http://www.ncbi.nlm.nih.gov/pubmed/28446989
https://doi.org/10.1016/j.anaerobe.2016.10.011
https://doi.org/10.1016/j.anaerobe.2016.10.011
http://www.ncbi.nlm.nih.gov/pubmed/27794467
https://doi.org/10.1001/archgenpsychiatry.2011.2280
https://doi.org/10.1001/archgenpsychiatry.2011.2280
http://www.ncbi.nlm.nih.gov/pubmed/22752239
https://doi.org/10.1186/s12970-016-0155-6
http://www.ncbi.nlm.nih.gov/pubmed/27924137
https://doi.org/10.1371/journal.pone.0200728

O PLOS | one

Microbiome in ADHD

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

Thapar A, Cooper M. Attention deficit hyperactivity disorder. Lancet. 2016; 387(10024):1240-50.
Epub 2015/09/21. https://doi.org/10.1016/S0140-6736(15)00238-X PMID: 26386541.

Agans R, Rigsbee L, Kenche H, Michail S, Khamis HJ, Paliy O. Distal gut microbiota of adolescent chil-
dren is different from that of adults. FEMS microbiology ecology. 2011; 77(2):404—12. Epub 2011/05/
05. https://doi.org/10.1111/j.1574-6941.2011.01120.x PMID: 21539582; PubMed Central PMCID:
PMCPmMc4502954.

Haro C, Rangel-Zuniga OA, Alcala-Diaz JF, Gomez-Delgado F, Perez-Martinez P, Delgado-Lista J,
et al. Intestinal Microbiota Is Influenced by Gender and Body Mass Index. 2016; 11(5):e0154090.
https://doi.org/10.1371/journal.pone.0154090 PMID: 27228093.

Conlon MA, Bird AR. The impact of diet and lifestyle on gut microbiota and human health. Nutrients.
2014; 7(1):17—-44. Epub 2014/12/30. https://doi.org/10.3390/nu7010017 PMID: 25545101; PubMed
Central PMCID: PMCPmc4303825.

David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE, et al. Diet rapidly and
reproducibly alters the human gut microbiome. Nature. 2014; 505(7484):559-63. Epub 2013/12/18.
https://doi.org/10.1038/nature 12820 PMID: 24336217; PubMed Central PMCID: PMCPmc3957428.

Lisko DJ, Johnston GP, Johnston CG. Effects of Dietary Yogurt on the Healthy Human Gastrointesti-
nal (Gl) Microbiome. Microorganisms. 2017; 5(1). Epub 2017/02/18. https://doi.org/10.3390/
microorganisms5010006 PMID: 28212267; PubMed Central PMCID: PMCPmc5374383.

Dore J, Blottiere H. The influence of diet on the gut microbiota and its consequences for health. Curr
Opin Biotechnol. 2015; 32:195-9. Epub 2015/01/24. https://doi.org/10.1016/j.copbio.2015.01.002
PMID: 25615931.

Sonuga-Barke EJ, Brandeis D, Cortese S, Daley D, Ferrin M, Holtmann M, et al. Nonpharmacological
interventions for ADHD: systematic review and meta-analyses of randomized controlled trials of die-
tary and psychological treatments. AJ Psychiatry. 2013; 170(3):275-89. Epub 2013/01/31. hitps://doi.
org/10.1176/appi.ajp.2012.12070991 PMID: 23360949.

Pelsser LM, Frankena K, Toorman J, Rodrigues Pereira R. Diet and ADHD, Reviewing the Evidence:
A Systematic Review of Meta-Analyses of Double-Blind Placebo-Controlled Trials Evaluating the Effi-
cacy of Diet Interventions on the Behavior of Children with ADHD. PLoS One. 2017; 12(1):e0169277.
Epub 2017/01/26. https://doi.org/10.1371/journal.pone.0169277 PMID: 28121994; PubMed Central
PMCID: PMCPMC5266211 received honoraria for applying the RED protocol in the Netherlands. RRP
and LMP received travel grants and honoraria for speaking or participations at meetings. RRP is a
board member of ADHD in Practice, Impuls & Woortblind and Dutch ADHD Quality Standard. All other
authors declare to have no competing interests. This does not alter our adherence to PLOS ONE poli-
cies on sharing data and materials.

Ly V, Bottelier M, Hoekstra PJ, Arias Vasquez A, Buitelaar JK, Rommelse NN. Elimination diets’ effi-
cacy and mechanisms in attention deficit hyperactivity disorder and autism spectrum disorder. Eur
Child Adolesc Psychiatry. 2017. Epub 2017/02/13. https://doi.org/10.1007/s00787-017-0959-1 PMID:
28190137.

Bonvicini C, Faraone SV, Scassellati C. Attention-deficit hyperactivity disorder in adults: a systematic
review and meta-analysis of genetic, pharmacogenetic and biochemical studies. Mol Psychiatry.
2016; 21(11):1643. Epub 2016/10/21. https://doi.org/10.1038/mp.2016.128 PMID: 27502472;
PubMed Central PMCID: PMCPmc5078851.

Ludolph AG, Kassubek J, Schmeck K, Glaser C, Wunderlich A, Buck AK, et al. Dopaminergic dysfunc-
tion in attention deficit hyperactivity disorder (ADHD), differences between pharmacologically treated
and never treated young adults: a 3,4-dihdroxy-6-[18F]fluorophenyl-l-alanine PET study. Neuroimage.
2008; 41(3):718-27. Epub 2008/04/22. doi: S1053-8119(08)00169-9 [pii] https://doi.org/10.1016/j.
neuroimage.2008.02.025 PMID: 18424180.

Volkow ND, Wang GJ, Fowler JS, Gatley SJ, Logan J, Ding YS, et al. Dopamine transporter occupan-
cies in the human brain induced by therapeutic doses of oral methylphenidate. AJ Psychiatry. 1998;
155(10):1325-31. Epub 1998/10/10. https://doi.org/10.1176/ajp.155.10.1325 PMID: 9766762.

Coghill DR, Seth S, Pedroso S, Usala T, Currie J, Gagliano A. Effects of methylphenidate on cognitive
functions in children and adolescents with attention-deficit/hyperactivity disorder: evidence from a sys-
tematic review and a meta-analysis. Biol Psychiatry. 2014; 76(8):603—15. Epub 2013/11/16. https://
doi.org/10.1016/j.biopsych.2013.10.005 PMID: 24231201.

De Crescenzo F, Armando M, Mazzone L, Ciliberto M, Sciannamea M, Figueroa C, et al. The use of
actigraphy in the monitoring of methylphenidate versus placebo in ADHD: a meta-analysis. Atten Defic
Hyperact Disord. 2014; 6(1):49-58. Epub 2013/11/30. https://doi.org/10.1007/s12402-013-0122-x
PMID: 24287735.

Taylor E, Dopfner M, Sergeant J, Asherson P, Banaschewski T, Buitelaar J, et al. European clinical
guidelines for hyperkinetic disorder—first upgrade. Eur Child Adolesc Psychiatry. 2004; 13 Suppl 1:17—
30. Epub 2004/08/24. https://doi.org/10.1007/s00787-004-1002-x PMID: 153229583.

PLOS ONE | https://doi.org/10.1371/journal.pone.0200728 July 12,2018 18/19


https://doi.org/10.1016/S0140-6736(15)00238-X
http://www.ncbi.nlm.nih.gov/pubmed/26386541
https://doi.org/10.1111/j.1574-6941.2011.01120.x
http://www.ncbi.nlm.nih.gov/pubmed/21539582
https://doi.org/10.1371/journal.pone.0154090
http://www.ncbi.nlm.nih.gov/pubmed/27228093
https://doi.org/10.3390/nu7010017
http://www.ncbi.nlm.nih.gov/pubmed/25545101
https://doi.org/10.1038/nature12820
http://www.ncbi.nlm.nih.gov/pubmed/24336217
https://doi.org/10.3390/microorganisms5010006
https://doi.org/10.3390/microorganisms5010006
http://www.ncbi.nlm.nih.gov/pubmed/28212267
https://doi.org/10.1016/j.copbio.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25615931
https://doi.org/10.1176/appi.ajp.2012.12070991
https://doi.org/10.1176/appi.ajp.2012.12070991
http://www.ncbi.nlm.nih.gov/pubmed/23360949
https://doi.org/10.1371/journal.pone.0169277
http://www.ncbi.nlm.nih.gov/pubmed/28121994
https://doi.org/10.1007/s00787-017-0959-1
http://www.ncbi.nlm.nih.gov/pubmed/28190137
https://doi.org/10.1038/mp.2016.128
http://www.ncbi.nlm.nih.gov/pubmed/27502472
https://doi.org/10.1016/j.neuroimage.2008.02.025
https://doi.org/10.1016/j.neuroimage.2008.02.025
http://www.ncbi.nlm.nih.gov/pubmed/18424180
https://doi.org/10.1176/ajp.155.10.1325
http://www.ncbi.nlm.nih.gov/pubmed/9766762
https://doi.org/10.1016/j.biopsych.2013.10.005
https://doi.org/10.1016/j.biopsych.2013.10.005
http://www.ncbi.nlm.nih.gov/pubmed/24231201
https://doi.org/10.1007/s12402-013-0122-x
http://www.ncbi.nlm.nih.gov/pubmed/24287735
https://doi.org/10.1007/s00787-004-1002-x
http://www.ncbi.nlm.nih.gov/pubmed/15322953
https://doi.org/10.1371/journal.pone.0200728

®PLOS | o

Microbiome in ADHD

96.

97.

98.

99.

100.

101.

102.

103.

Vastag B. Pay attention: ritalin acts much like cocaine. Jama. 2001; 286(8):905—6. Epub 2001/08/31.
PMID: 11509035.

Fowler JS, Volkow ND, Wang GJ, Gatley SJ, Logan J. [(11)]Cocaine: PET studies of cocaine pharma-
cokinetics, dopamine transporter availability and dopamine transporter occupancy. Nucl Med Biol.
2001; 28(5):561-72. Epub 2001/08/23. PMID: 11516700.

Ritz MC, Lamb RJ, Goldberg SR, Kuhar MJ. Cocaine receptors on dopamine transporters are related
to self-administration of cocaine. Science. 1987; 237(4819):1219-23. Epub 1987/09/04. PMID:
2820058.

Zhu J, Reith ME. Role of the dopamine transporter in the action of psychostimulants, nicotine, and
other drugs of abuse. CNS & neurological disorders drug targets. 2008; 7(5):393—-409. Epub 2009/01/
09. PMID: 19128199; PubMed Central PMCID: PMCPmc3133725.

Kiraly DD, Walker DM, Calipari ES, Labonte B, Issler O, Pena CJ, et al. Alterations of the Host Micro-
biome Affect Behavioral Responses to Cocaine. Scientific reports. 2016; 6:35455. Epub 2016/10/19.
https://doi.org/10.1038/srep35455 PMID: 27752130; PubMed Central PMCID: PMCPmc5067576.

Volpe GE, Ward H, Mwamburi M, Dinh D, Bhalchandra S, Wanke C, et al. Associations of cocaine use
and HIV infection with the intestinal microbiota, microbial translocation, and inflammation. Journal of
studies on alcohol and drugs. 2014; 75(2):347-57. Epub 2014/03/22. PMID: 24650829; PubMed Cen-
tral PMCID: PMCPmMc3965688.

Dvorakova M, Jezova D, Blazicek P, Trebaticka J, Skodacek |, Suba J, et al. Urinary catecholamines
in children with attention deficit hyperactivity disorder (ADHD): modulation by a polyphenolic extract
from pine bark (pycnogenol). Nutritional neuroscience. 2007; 10(3—4):151-7. Epub 2007/11/21.
https://doi.org/10.1080/09513590701565443 PMID: 18019397.

Verlaet AA, Ceulemans B, Verhelst H, Van West D, De Bruyne T, Pieters L, et al. Effect of Pycnogenol
(R) on attention-deficit hyperactivity disorder (ADHD): study protocol for a randomised controlled trial.
Trials. 2017; 18(1):145. Epub 2017/03/30. https://doi.org/10.1186/s13063-017-1879-6 PMID:
28351412; PubMed Central PMCID: PMCPmc5370458.

PLOS ONE | https://doi.org/10.1371/journal.pone.0200728 July 12,2018 19/19


http://www.ncbi.nlm.nih.gov/pubmed/11509035
http://www.ncbi.nlm.nih.gov/pubmed/11516700
http://www.ncbi.nlm.nih.gov/pubmed/2820058
http://www.ncbi.nlm.nih.gov/pubmed/19128199
https://doi.org/10.1038/srep35455
http://www.ncbi.nlm.nih.gov/pubmed/27752130
http://www.ncbi.nlm.nih.gov/pubmed/24650829
https://doi.org/10.1080/09513590701565443
http://www.ncbi.nlm.nih.gov/pubmed/18019397
https://doi.org/10.1186/s13063-017-1879-6
http://www.ncbi.nlm.nih.gov/pubmed/28351412
https://doi.org/10.1371/journal.pone.0200728

