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Background & aims: Considerable interest has been recently given to the potential role of the gut-brain
axis (GBA) —a two-way communication network between the gut microbiota and the central nervous
system— in the pathogenesis of attention-deficit hyperactivity disorder (ADHD), suggesting the potential
usefulness of probiotic and synbiotic supplementations. In light of the limited available evidence, syn-

Keywor ds: . R, biotic efficacy in ADHD children not taking medications should be clarified.
Attention-deficit/hyperactivity disorder X X . . .. . .

Synbiotic This study aimed to investigate the efficacy of a synbiotic dietary supplementation on fatty acids levels as
Psychobiotic well as on microbiota composition, behaviour, cognition, and brain function in children with ADHD.
Probiotic Methods: A total of 41 drug-naive school-aged children diagnosed with ADHD were enrolled in a 3-
Gut-brain axis month randomised, double-blind, comparison-controlled clinical trial, receiving either a synbiotic mix
Microbiota (COMP group) or the same synbiotic mix enriched with an additional extract from pigmented corn (EXP

group). Changes in levels of some specific short-chain and branched-chain fatty acids were considered as
primary outcomes. Secondary outcome measures included gut microbiota profiling, Child Behaviour
Checklist, Conners Parent Rating Scale-revised, computerised cognitive tasks, and haemodynamic
response to a Go-NoGo task measured by fNIRS.

Results: No superiority of the EXP synbiotic mix was observed. Analysis of fatty acids did not reveal any
significant difference between groups. Children in the COMP group reported a slightly greater
improvement than those in the EXP group in focused attention and in the haemodynamic response to a
cognitive task.
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Conclusions: This study shows that pigmented corn extract does not enhance the effects of the synbiotic
supplementation in ADHD children in terms of fatty acid production, microbiota composition, clinical,
cognitive and neurophysiological measures. However, a synbiotic mix of probiotics plus prebiotic acacia
fibre and cornstarch could have some promising effects on ADHD symptoms, which warrants further
research. Future studies should also continue to explore the potential of fNIRS for monitoring the effects
of interventions that target the GBA.

Trial registration: ClinicalTrials.gov: NCT0O6005506.

© 2024 The Author(s). Published by Elsevier Ltd on behalf of European Society for Clinical Nutrition and
Metabolism. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Attention-deficit hyperactivity disorder (ADHD) is a neuro-
developmental condition characterised by age-inappropriate,
persistent and pervasive inattention and/or hyperactivity and
impulsivity. Despite its high global prevalence [1] and relevant
clinical impact, pathophysiological mechanisms underpinning
ADHD are not fully elucidated yet, with both polygenic predispo-
sition and multiple environmental factors interacting in the path-
ogenesis of the condition [2]. Within this complex framework,
growing evidence has drawn attention to the role of the gut-brain
axis (GBA), a multifaceted two-way communication network be-
tween the gut microbiota and the central nervous system [3]. It was
suggested that specific bacteria of the intestinal tract can indeed
stimulate the production of different neuroactive compounds, such
as neurotransmitters, hormones, and cytokines, eventually
impacting both brain function and behaviour via endocrine, neural,
and immune pathways [4].

The relevance of the GBA in the pathophysiology of ADHD has
been further supported by converging evidence that indicates al-
terations of the gut microbiota profile, with recurrent gastrointes-
tinal issues, dysbiosis and different, even though heterogenous,
microbiota composition in ADHD compared to healthy controls
[5—8]. Suboptimal nutritional patterns are also frequently reported
in ADHD, with increased prevalence of both wasting/underweight
or, conversely, obesity [9,10]. Various micronutrients deficiencies,
following poor food quality or quantity, have been suggested to play
arole in ADHD symptoms [ 11]. Moreover, the immune system could
act as potential mediator within the GBA [12], also considering that
both increased inflammation and altered immune response have
been indicated as possible pathophysiological mechanisms under-
lying ADHD [13]. An in-depth understanding of the GBA and its
mechanisms might therefore offer new insights about the neuro-
biological bases of ADHD, even supporting the development of new
(nutraceutical) therapeutic strategies and/or adjuvants [14].

Along these lines, an emerging field of study is addressing the
effects of probiotics supplementations in various neuro-
developmental conditions [15]. These probiotics, mainly strains of
Bifidobacteria and Lactobacilli, are also known as “psychobiotics”
because of their potential beneficial effect on mental health [16].
Notably, the supplementation of probiotics can be enriched with
prebiotics, dietary ingredients that selectively support the growth
or activity of beneficial bacterial strains [17], resulting in the so-
called synbiotics formulations.

Despite the intriguing observation that early pre/postnatal
probiotic supplementation can reduce the later prevalence of
ADHD at the age of 13 years [ 18], only a few studies have thoroughly
investigated the effects of psychobiotics in ADHD so far. To provide
an updated overview of the literature about this topic, we con-
ducted a systematic review to summarise the studies on the effect
of probiotics in children with a clinical diagnosis of ADHD over the
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last 10 years (see supplementary materials S1 for search strategy
and flowchart of the selection process — Suppl. Fig. S1). Table S1 in
supplementary materials includes a comprehensive description of
the characteristics of the reviewed studies [19—26].

Overall, our review suggests that psychobiotics interventions
available at the present stage could have some promising beneficial
effect on parent-rated inattentive and hyperactive/impulsive
symptoms in children with ADHD. However, this evidence is still
limited by the significant heterogeneity of the reviewed studies,
which differ in terms of probiotics strains, dosage and duration of
the supplementation, and association with pharmacological treat-
ment. With this regard, only one study [21] explored the effects of
probiotics alone, i.e., with no concurrent medications, in a rando-
mised controlled trial (RCT). Synbiotic formulations have not yet
been investigated in ADHD children not taking medications.
Considering the limited available evidence, further RCTs are war-
ranted to clarify the probiotics’ efficacy and identify the most
adequate composition of the supplementation.

Carbohydrate polymers, such as dietary fibres, are among the
mostly used prebiotics [17]. Indeed, they are fermentation sources
for the probiotics and lead to the production of short-chain fatty
acids (SCFAs), which in turn promote intestinal cells’ health, reduce
inflammation, and inhibit the propagation of pathogenic bacteria
[27]. SCFAs also act as messengers for GBA communication, since
they influence barrier function, neurotransmitter release, micro-
glial maturation and activation, and neural proliferation [28,29], as
well as psychological and cognitive functioning [30]. Among
beneficial dietary additives, pigmented corn extract is gaining
momentum because of the antioxidant and anti-inflammatory
properties of its anthocyanins’ content, which positively impact
glucose and lipidic metabolism in conditions such as obesity,
metabolic syndrome, and other neuroinflammation-related pa-
thologies [31,32]. Most of these properties are exerted through the
GBA [33] and the production of SCFA [34], so its inclusion in syn-
biotic formulations could represent a novel strategy to enhance
general health of patients with ADHD and other conditions.

Given these considerations, this double-blind RCT clinical study
aimed to examine the effects of a 3-months supplementation with
an experimental synbiotic mix enriched with pigmented corn
extract in drug-naive ADHD children and adolescents, compared
with a synbiotic mix of probiotics and prebiotic fibres. The potential
benefits of the supplementations were explored using both labo-
ratory and clinical/cognitive measures and, for the first time to our
knowledge, a neurophysiological measure of cerebral activity.

2. Materials & methods
2.1. Study design

This work is a 3-month, randomised, double-blind trial inves-
tigating the effect of a synbiotic supplementation enriched with
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pigmented corn extract in drug-naive ADHD children. The present
study is part of a larger multicenter randomised controlled trial
(sPATIALS3) which explores the effects of the synbiotic preparation
on the intestinal microbiota and the well-being of chronically
fragile patients. The trial was registered at ClinicalTrials.gov
(identifier: NCT06005506). The study's reporting complies with
the Consolidated Standards of Reporting Trials 2010 statement (see
Supplementary Materials S2). The Ethics Committee of our institute
approved the present study, “Comitato Etico IRCCS E. Medea—
Sezione Scientifica Associazione La Nostra Famiglia” (Prot. N.80/
21—CE). It was therefore performed following the ethical standards
outlined in the 1964 Declaration of Helsinki and later amendments.
Prior to participation, written informed consent was collected from
all caregivers and participants.

2.2. Participants

41 drug-naive children and adolescents with ADHD (6—16
years) were recruited from in and outpatient populations of the
Child Psychopathology Unit of Scientific Institute, IRCCS Eugenio
Medea (Bosisio Parini, Italy) from March 2022 to February 2023.
The study ended when the trial attained its planned size. ADHD
children had been diagnosed according to the DSM-5 criteria by a
child neuropsychiatrist with experience in ADHD. According to
clinical diagnoses, 14.6 % of participants had hyperactive-impulsive
subtype, 22 % had the inattentive subtype, and 63.4 % had the
combined subtype. Exclusion criteria were the presence of intel-
lectual disability, neurological disorders, epilepsy, genetic syn-
dromes, and prior use of psychoactive medications. The intelligence
quotient (IQ) was estimated through the General Abilities Index
(GAI) [35] from the Wechsler Intelligence Scale for Children. Fa-
milial Socioeconomic Status (SES) was assessed using the Hol-
lingshead scale for parental employment [36].

Lastly, a further group of 20 typically developing (TD) children
were recruited from the general population by local paediatricians
or schools near the institute. They had no previous history of social/
communicative disorder, other developmental concerns, or family
history of any neurodevelopmental condition (see Table S2 for
socio-demographic description of this sample). The TD children
completed once the same stimulation protocol of the patients
enrolled in the RCT, with the purpose to provide a reference of the
typical development level with respect to neurophysiological
measures.

Given the exploratory nature of the study, a formal calculation of
the sample size was not performed before the study, but we chose
to include at least 20 subjects per group in coherence with the
previous literature (see Table S1).

2.3. Intervention

After enrolment, ADHD participants were randomly assigned to
receive either a synbiotic mix of probiotics plus prebiotic fibres
(comparison group, COMP, n = 21) or the experimental synbiotic
mix composed of the same probiotics and prebiotic fibre, with the
additional presence of a vegetable extract derived from an Italian
pigmented corn variety, rich in anthocyanins (experimental group,
EXP, n = 20).

Specifically, a single dose of synbiotic preparation was
composed of a probiotic white stick (1500 mg) and a prebiotic
purple stick (1500 mg). The white stick consisted in the probiotic
mix of 3 billion colony forming units (CFU) of bacterial strains of
Lactobacillus plantarum (PBS067-EU collection DSM 24937), Lacto-
bacillus acidophilus (PBSO66-EU Collection DSM 24936) and Bifi-
dobacterium animalis, subspecies lactis (BLO50-EU Collection DSM
25566), with demonstrated probiotic properties [37].
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The purple stick was different between the two groups:

- for the EXPERIMENTAL group (EXP), it was composed of 500 mg
of acacia fibre with demonstrated prebiotic activity [38] 500 mg
of standardised extract of Italian pigmented corn, excipients and
flavourings;

- for the COMPARISON group (COMP), it was composed of 500 mg
of acacia fibre with prebiotic activity, 500 mg of cornstarch,
excipients and flavourings.

The synbiotic preparations were assumed at home once a day
for three months by all participants, according to their group allo-
cation. Participants were randomised (by LM) to one of the two
groups using a 1:1 allocation ratio. Random allocation sequences
with block size 4 were generated using an external web-based
randomisation system (Sealed Envelope, London, UK). Both the
participants’ families, the outcome assessors and the researchers
collecting and analysing the data were blinded to group allocation.

2.4. Assessment

2.4.1. Primary outcome

We evaluated the pre-post treatment variations in the levels of
specific SCFAs (acetic acid, propionic acid, butyric acid and valeric
acid) and branched chain fatty acids (BCFAs; isobutyrate and iso-
valerate). Acetate, butyrate, propionate and, to a lesser extent,
valerate, are the main SCFAs produced in the human colon and
derive mostly from the anaerobic catabolism of dietary fibres by
intestinal bacteria, but are also produced from the fermentation of
anthocyanins [33]. BCFAs mostly derive from the breakdown of
proteins by intestinal bacteria, particularly of branched-chain
amino acids. Similarly to other SCFAs, they are hypothesised to
have beneficial effects against inflammation and metabolic disor-
ders [39].

All participants were instructed to provide faecal samples both at
baseline (TO) and after three months (T3). Analysis was carried out
on those samples as described by Battelli et al. [40]. Briefly, volatile
compounds in faecal samples were determined in the headspace of
samples using a Head-Space Solid Phase Micro Extraction module
(Combi-Pal automated sampler CTC Analytics, Zwingen,
Switzerland) equipped with DVB/CAR/PDMS 50/30 pum fibre
(Supelco, Bellefonte, USA) and coupled to a gas chromatograph-
mass spectrometer (6890 N/5973N Agilent Technologies, Inc., Wil-
mington, DE). The volatile compounds were identified using the
Wiley 7n-1MS library on Agilent MSD ChemStation® software
(Agilent Technologies Inc.). Confirmation of the identity of the vol-
atile compounds was achieved by comparing the GC retention in-
dexes and mass spectra of individual components with those of
authentic reference compounds injected under the same operating
conditions. The results were expressed as arbitrary units referred to
the log10 of the peak area of the quant ion of each compound.

2.4.2. Secondary outcome

As for the secondary outcome, we considered ADHD functioning
at the behavioural, neuropsychological and neurophysiological
levels. Moreover, a gut microbiota profiling was performed. All
participants underwent a comprehensive assessment at our in-
stitute's Child Psychopathology Unit at baseline (TO) and after three
months (T3).

Furthermore, parents were telematically contacted after 1 and 2
months from the baseline to check adherence to the intervention
and the presence of any adverse effects.

2.4.2.1. Materials. Parent ratings of ADHD behaviours and inter-
nalising/externalising symptoms were obtained using the Conners’
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Parent Rating Scale-revised (CPRS-R) [41] and the Child Behavioral
Checklist for ages 6—18 (CBCL 6—18) [42] respectively.

Neuropsychological measures included the Amsterdam Neuro-
psychological Task (ANT). The ANT [43] is a computerised assess-
ment battery, composed of subtests specifically addressing
information processing capacity, focused attention, sustained
attention and attention shifting. For further details about the
dependent measures considered for these tasks, the reader is
referred to Crippa et al. [44].

2.4.2.2. Stimulation protocol. Neurophysiological data were recor-
ded while participants were performing a computerised inhibition
task, the Go-NoGo, modified from Monden and colleagues [45]. The
task included Go blocks, where the participant had to respond to
each picture presented, alternated for 6 times with Go-NoGo
blocks, where children were asked to inhibit their response when
the NoGo picture appeared (50 % of the times, in random sequence).
At the beginning and at the end of the task, 30 s of resting state
were recorded, asking subjects to stay as still as possible. The
overall task time was about 6 min. For the execution, children sat in
front of a 17” computer screen and responded using the forefinger
of their preferred hand. Behavioural variables of interest extracted
from the task included: the mean reaction time (RT) to correct Go
trials in the Go-NoGo blocks; RT variability, obtained as the ratio
between standard deviation (SD) and mean RT (coefficient of
variation); omission and commission errors, which referred
respectively to missed Go and NoGo pressing. Finally, D-prime (d’)
was derived combining hit rate and commission errors, to quantify,
with a single index, the ability to respond to target versus non-
target stimuli [46].
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2.4.2.3. Neurophysiological data acquisition. During the experi-
mental protocol, functional near-infrared spectroscopy (fNIRS) was
acquired using NIRSport (NIRx, Berlin, Germany). 8 light sources (S)
and 8 detectors (D), forming 16 channels, were located according to
the International 10—20 system on an elastic EEG cap (Wavegard™
cap, ANT-Neuro®, Hengelo, The Netherlands) as shown in Fig. 1.

fNIRS oxygenated haemoglobin (HbO) data were pre-processed
using MATLAB toolbox Homer 3 (v1.16.3), according to a previously
validated pipeline [47]. HbO signals were averaged within each task
condition, thus obtaining a measure of the mean haemodynamic
activation during rest, Go blocks, and NoGo blocks. Four regions of
interest (ROIs) were identified as follows: (i) prefrontal left PreFL
(S1 and S3 with D1, D3, D5), (ii) prefrontal right PreFR (S2 and S4
with D2, D3, D6), (iii) frontal left FrL (S5 and S7 with D1, D3, D4, D5,
D7), and (iv) frontal right FrR (S6 and S8 with D2, D3, D4, D6, D8).
Signals from the channels deriving from the specific combinations
of sources and detectors were averaged for each ROI. After data
processing, we obtained variables describing HbO in each ROI, for
the three task conditions (rest, Go, Go-NoGo). Standardised HbO
values were used for statistical analyses.

2.4.2.4. Microbiota profiling. Fecal samples were stored at —80 °C
to keep the DNA integrity. DNA was extracted using the QIAamp
Power Fecal Pro DNA Kit (Qiagen, Hilden, Germany) according to
the manufacturer's instructions, starting from 250 mg of fecal
sample and quantified by a NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). V3—V4 regions of
16S rRNA gene were amplified using specific primers, as described
in Caporaso et al. [48]. PCRs were performed in Applied Biosystem
2700 thermal cycler (ThermoFisher Scientific, Waltham, MA, USA)

Fig. 1. fNIRS Setup, figure created with BioRender.com.
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using 25 pl DNA per sample. A total volume of 12.5 pl of KAPA HIFI
Master MIX 2x (Kapa Biosystems, Inc., Wilmington, MA, USA) and
0.2 ul of primers (100 uM) were added to 2 pl of DNA (5 ng/uL).
Negative controls (PCR-amplified libraries with no DNA template)
were also prepared. The libraries were prepared using 16S Meta-
genomic Sequencing Library Preparation Protocol (Illumina, San
Diego, CA, USA), quantified by Real Time PCR with KAPA Library
Quantification Kits (Kapa Biosystems, Inc.) and sequenced in one
NovaSeq (Illumina, San Diego, CA, USA) run with 2 x 250 bp reads.
Due to computational reasons, we performed a downsampling to
random 75,000 reads via seqtk (https://github.com/Ih3/seqtk) from
each sample. Then, raw sequencing reads were merged with Pan-
daSeq [49], quality-filtered (trimming from 3’-end stretches of >3
bases with Q score<3) and grouped in zero-radius OTUs (zOTUs) by
USEARCH (v11.0.667) [50], retaining only those supported by 5 or
more reads. Taxonomy assignment was performed by RDP classifier
[51] using SILVA(v138) [52] as reference database.

2.5. Statistical analysis

Statistical analyses were performed using SPSS and Matlab
(v2008b, Natick, MA, USA). The alpha level was set at 0.05 for all
data analysis. Between-group differences at baseline were assessed
using Mann—Whitney test or chi-square analysis, according to the
nature of the data. The effect of the experimental versus compari-
son supplementation was assessed using a repeated-measures
analysis of variance (ANOVA), with time as within subject factor
(TO versus T3), and group as between subject factor (EXP versus
COMP). For microbiota data, a Wilcoxon signed-rank test for paired
samples and a Mann—Whitney test were employed for within and
between subjects analyses, respectively. Bonferroni correction for
multiple comparisons was applied to the primary outcome mea-
sures obtaining an adjusted cutoff for statistical significance of
0.05/6 = 0.008, and to clinical measures obtaining an adjusted
cutoff for statistical significance of 0.05/35 = 0.001. Given the
exploratory nature of the fNIRS and microbiota investigation,
Bonferroni post-hoc correction was not applied to HbO data and to
taxa relative abundances. A-posteriori sensitivity power calculation
revealed that this study, with a total of 41 participants, 2 groups and
2 time-points, was able to detect a change of 0.22 standard devi-
ation (power = 80 %; p < 0.05).

3. Results
3.1. Demographic and baseline characteristics

The two groups of participants were comparable in terms of
gender, age, prevalence of ADHD subtypes, SES, and GAI at baseline
(all p > 0.05, Table 1). Additionally, no significant differences were
found between groups for all the variables of interest at baseline.

Table 1

Socio-demographic description of ADHD participants and between-group compar-
ison. Chi-squared test was used for categorical variables gender and ADHD subtype;
Mann—Whitney test was used for the other variables. SES=SocioEconomic Status;
GAlI=General Ability Index; I = ADHD inattentive; H = ADHD hyperactive-impulsive;
C = ADHD combined.

Sociodemographic  EXP (n = 20) COMP (n = 21) Statistical

variables comparison (p-value)
Gender (F:M) 6:14 2:19 0.098

Age (years+SD) 11.95 + 2.06 1219 + 1.5 0.751

SES (Mean =+ SD) 53.25 +21.04 57.25+ 16.73 0.565

GAI (Mean + SD) 113.05 + 16.14 110.19 + 12.55 0.411

ADHD subtype 12C/4H/41 14C/2H/51 0.351
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Over the course of the 3-months intervention period, temporary
and mild adverse effects were reported, such as nausea, loss of
appetite, stomach burning, reflux, and stomach-ache, which
appeared in 20 % of EXP (2/20) and in 28,5 % of COMP (6/21) par-
ticipants. Three children withdrew the study, resulting in a final
sample of 18 EXP and 20 COMP subjects, as shown in the flowchart

(Fig. 2).
3.2. Primary outcome

Statistical comparison of the levels of fatty acids included 20
subjects for the COMP and 17 subjects for the EXP group, due to
missing biological samples for a participant in the latter group at
T3. No significant differences in the changes of SCFAs and BCFAs
levels were found comparing the EXP and COMP groups, as re-
ported in Table 2.

3.3. Secondary outcome

3.3.1. Clinical data

After the intervention, significant reduction in commission er-
rors (p < 0.001) and marginally significant improvement in d’
(p = 0.003) were found for both groups in the Go-NoGo task.

Moreover, both groups reported significant reductions over time
in reaction times in the focused attention task of the ANT
(p < 0.001). In the same task, we found marginally significant re-
ductions in the standard deviations of reaction times (p = 0.023),
false alarms to irrelevant targets (p = 0.039), and missed responses
(p = 0.002), as well as for reaction times in sustained attention
(p = 0.047) and attention shifting tasks (p = 0.010). A marginally
significant interaction effect was found for missed responses in the
focused attention task (p = 0.019, Suppl. Fig. S2, panel B), with a
significant reduction of missed responses over time for the COMP
group (p < 0.001) and a nonsignificant reduction for the EXP group
(see Table S3 for a comprehensive description of the results).

Analyses of the CPRS resulted in a marginally significant effect of
time in terms of reduction for all the considered variables: ADHD
index (p = 0.006); CGI Emotional-Lability (p = 0.021); CGI Restless-
Impulsive (p = 0.029); CGI Total (p = 0.024); DSM Hyperactive-
Impulsive (p = 0.006); DSM Inattentive (p = 0.010); DSM Total
(p = 0.004). None of these survived correction for multiple com-
parisons (p < 0.001). No significant group or interaction effects
were found.

In the CBCL, the only marginally significant result was the
interaction effect on the subscale depressive problems (p = 0.033),
in the direction of a reduction in depression for the COMP group
versus an increase in the EXP group (Suppl. Fig. S2, panel A).
However, no simple effects were significant in either of the two
intervention conditions separately.

3.3.2. Neurophysiological data

After the preprocessing of fNIRS data, 3 recordings of partici-
pants in the EXP group (one at TO and two at T3) were excluded
from the analyses due to critical artefacts in the signal. Our
exploratory analysis revealed significant time x group interactions
for HbO data during rest in frontal right (p = 0.047), prefrontal right
(p = 0.010) and prefrontal left (p = 0.029) ROIs, with significant
between group differences at post-supplementation treatment
(COMP > EXP, p = 0.035; p = 0.026; p = 0.001 respectively, Fig. 3;
see Table S4 for a comprehensive description of the results).

3.3.3. Microbiota profiling

Through amplicon-based sequencing of the 16S rRNA gene from
the patients’ faecal samples, we obtained the genus-level micro-
biota profile of all the participants (Suppl. Fig. S3).
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Assessed for eligibility

Table 2

(n=194)

c

g Excluded (n = 153)

§ Not meeting inclusion criteria (n = 30)

u:J Refused to participate (n = 58)

Unsuccessful contact (n = 58)
Unsuccessful scheduling (n =7)
Randomized (n = 41)
Allocated to intervention Allocated to intervention
5 EXPERIMENTAL COMPARISON
= (n =20) (n=21)
o
o
<=t Received allocated Received allocated
intervention (n = 20) intervention (n = 21)
Lost to follow up Lost to follow up

= (n=0) (n=0)
3
K= Discontinued Discontinued
o intervention (n = 2) intervention (n = 1)
g Analyzed (n = 18) Analyzed (n = 20)
>
E Excluded from analysis Excluded from analysis
< (n=0) (n=0)

Fig. 2. CONSORT diagram showing the flow of participants through each stage of the randomised trial.

Changes in fatty acids after the intervention. Data are expressed as arbitrary units referred to the log10 of the peak area of the quant ion of each compound.

Group descriptives

Repeated measures ANOVA

Experimental Group Comparison Group Time Time x Group  Group
TO (n = 20) T3 (n=17) TO (n = 21) T3 (n = 20)
Means SD Means SD Means SD Means SD p-value Partial n2 p-value Partial p-value Partial
n2 n2
SCFAs Acetic acid 529,525 597,816 1,117,965 1,862,654 899,708 952,543 833,085 864,717 0.438 0.017 0.237 0.040 0.938 0.000
Propanoic acid 594,900 665,333 909,124 902,237 684,974 505276 802,682 569,081 0.254 0.037 0.615 0.007 0.844 0.001
Butanoic acid 3,192,057 4,013,439 4,531,561 4,540,630 4,486,921 3,657,141 4,862,767 4,303,813 0.436 0.017 0.620 0.007 0.550 0.010
Pentanoic acid 1,360,612 1,609,629 1,925,785 1,531,285 1,593,414 1,428,665 2,012,140 1,828,067 0.187  0.049 0944 0.000 0.802 0.002
BCFAs 2-methyl 564,806 67,303 586,578 497,133 493,242 327,153 635,815 545231 0.722 0.004 0.449 0.016 0.811 0.002
propanoic acid
2-methyl 906,353 1,134436 877,335 719,572 746,584 516,424 922,460 825,751 0.969  0.000 0411 0.019 0.685 0.005

butanoic acid
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Fig. 3. Changes (baseline - post supplementation) in haemodynamic activation (HbO)
at rest in ROIs with significant time x group interaction: A. Prefrontal left, B. Prefrontal
right, C. Frontal right. Values collected from typically developing (TD) children are
depicted for comparison. *p < 0.05; **p < 0.01; ***p < 0.001.
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In the analysis between groups, at TO samples from the COMP
group were enriched in Bifidobacterium (p = 0.024) with respect to
the EXP one, whereas at T3 this effect was not evident and no taxa
was found as significantly different (data not shown).

As for the within-group analysis, comparing TO and T3 profiles
for EXP and COMP groups, we found that both groups exhibited at
T3 an increase of Agathobacter (p = 0.028 and p = 0.048, in EXP and
COMP groups, respectively). In addition, EXP group subjects
showed also an increase in unclassified members of the Lachno-
spiraceae family (p = 0.031) and a decrease of Clostridium sensu
stricto 1 (p = 0.039), whereas the COMP group at T3 was charac-
terised by an increase of Bacteroides (p = 0.015) and Faecalibacte-
rium (p < 0.001) (Suppl. Fig. S4).

4. Discussion

The present double-blind RCT clinical trial addressed, for the
first time, the effects of a synbiotic supplementation, in a novel
formula enriched with pigmented corn extract, on fatty acids and
clinical, neuropsychological, neurophysiological and microbiota
profile of drug-naive children and adolescents diagnosed with
ADHD. To date, this is to the best of our knowledge also the first
study that explored the effect of synbiotics using fNIRS.

With regard to our primary outcome, the results did not show any
significant differences in SCFAs (acetic, propionic, butyric, and valeric
acids) and BCFAs (isobutyrate and isovalerate) concentrations over
time, i.e. from baseline to end-of-intervention, or between the two
supplementations. This finding is in line with those from a previous
study [26] exploring the effects of a 9-week daily synbiotic supple-
mentation, which overall found no differences over time in the SCFAs’
concentrations (formic, acetic, butyric, isobutyric, succinic, valeric,
isovaleric, and caproic acid), with the exception of a limited increase
in propionic acid concentration only in children with ADHD (but not
in adult patients). Overall, the between-group comparison did not
show any superiority of either of the two supplementations, neither
on SCFAs, nor on BCFAs. Nevertheless, it is important to acknowledge
that the concentrations of the fatty acids we considered here are
influenced by several factors, such as gut microbiota species, diet
composition, and medications consumption [53,54], which could not
be completely controlled for in the present study.

Considering ADHD functioning following the supplementations,
our results do not suggest any superiority of the synbiotic formu-
lation enriched with pigmented corn on the comparison formula-
tion. More specifically, parental ratings of ADHD symptoms showed
only small improvements over time in both groups of participants.
These findings align with the only previous study including drug-
naive participants [21], that found a significant reduction of ADHD
symptoms both in children receiving the probiotic Lactobacillus
rhamnosus GG and in the placebo group taking a capsule with the
same excipients, but without the probiotic. It is important to
acknowledge that other factors, such as the different rating scales
and the limited inter-evaluation period, might have significantly
affected the size of change.

Results from the two computerised neuropsychological tests
used, the ANT and the Go-NoGo task, revealed an improvement of
attention and inhibition in both groups. Better performance in
attentional tasks has been previously reported after an intervention
with atomoxetine in combination with probiotics, compared to
atomoxetine alone [25]. Given the novelty of this study, the present
results represent an original finding in ADHD, although earlier re-
ported in typically developing children [55].
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Considering the microbiota profiling of participants, we found
an increase of Faecalibacterium, Bacteroides and Agathobacter in
the COMP group. Faecalibacterium has been previously associated
with healthy conditions, given their role in balancing immunity in
the intestine [56], with promising effects also in humans [57].
Bacteroides spp. appear to be key players in the modulation of the
human immune system, assisting, via their metabolites, its stability
and the intestinal homeostasis [58]. Agathobacter (previously
known as Eubacterium [59]) which was found as increased at T3
also in the EXP group, has been described as beneficial to gut health
with multiple species of the genus currently regarded as promising
targets for microbial therapeutics and reported to contribute to gut
and hepatic health through modulation of bile acid metabolism
[60]. The EXP group samples also showed a reduction of Clos-
tridium sensu stricto at T3, a genus correlated with specific IgE level
in serum [61] and reported to cause intestinal inflammation [62].
Overall, both EXP and COMP samples showed a partial modulation
at T3 of the microbiota with shifts towards healthy conditions.
However, these changes did not result in a significant modification
in SCFA quantity in the present work. This could be due to the fact
that SCFAs are end-products of the bacteria and a slight alteration
of them, as the one we observed after 3 months of treatment, could
be not sufficient to cause a visible change in SCFAs levels.

Looking at the differences between the groups, our results
suggest that the comparison formulation may be more effective
than the experimental one in improving focused attention. The
other marginally significant interaction effect on the depressive
symptoms subscale of CBCL should be taken with caution, given
that no simple effect was found for any of the two conditions,
separately.

With respect to the exploratory fNIRS investigation, HbO levels
at rest increased in the comparison group while decreased in the
experimental one after the supplementation. Comparing these re-
sults with the activations of age-matched typically developing
children assessed with the same protocol, we noted that ADHD
children in the comparison group shifted their haemodynamic
activation patterns closer to the typical response after the supple-
mentation, differently from those in the experimental one. While
fNIRS results need to be replicated in a larger group of participants
given the exploratory nature of the present study, these findings
preliminarily suggest that a 3-month supplementation with syn-
biotics could potentially interact with pathophysiological mecha-
nisms involved in ADHD even at the neurophysiological level.

Taken together, the present findings did not suggest any supe-
riority of the synbiotic supplementation enriched with pigmented
corn extract over the same synbiotic mix with cornstarch. Beyond
the overall negative outcome, children who assumed the compar-
ison supplementation reported a slightly greater improvement
than those in the experimental group.

This pattern of findings might be explained by several possible
reasons. First, the combination of the pigmented corn extract with
pro/prebiotics was previously tested only in vitro, proving a
boosting effect on the prebiotic acacia fibre for promoting pro-
biotics’ growth. However, this study represents the first exploration
of in vivo effects, so unexpected interfering mechanisms cannot be
completely ruled out. Second, the comparison formulation
included cornstarch, which has been used as a neutral component
in previous research [23]. Nonetheless, it has been recently evi-
denced that a small fraction of cornstarch can resist digestive
processes and remains available for colonic microbiota, such as
Bifidobacteria and Lactobacillus spp., as a fermentation source [63],
thus promoting the production of SCFAs. Cornstarch in the COMP
supplementation could therefore have exerted an additive prebiotic
activity, overcoming the possible effects induced by the pigmented
corn extract in the EXP supplementation. Third, the proposed
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duration of the intervention (3 months) may be too short to
effectively induce the hypothesised effects of pigmented corn
extract. Indeed, prebiotics are slow-acting compounds, which are
not rapidly broken down and utilised by the gut bacteria. Addi-
tionally, new supplemented probiotics need time to establish
themselves in the gut and to create a stable environment [64].
Future intervention studies, if undertaken to confirm the present
findings, should consider to increase the duration of the interven-
tion to fully explore potential effects of the supplementations.

Our study has some strengths and limitations. This work
explored, for the first time, the efficacy of a novel synbiotic sup-
plementation in drug-naive children and adolescents with a diag-
nosis of ADHD. A further novelty of the present study was the
inclusion of a neurophysiological measure of brain functioning to
explore the potential effects of supplementations with psycho-
biotics. Intriguingly, our results preliminary indicate the usefulness
of fNIRS beyond observational data, to extend the investigation also
at a neurofunctional level.

As aforementioned, the similarity in composition of the two
formulations administered could have hampered the identification
of specific effects. The presence of an actual placebo group, not
taking any synbiotic formula, would have allowed us to disentangle
the effect of the supplementations from a more general placebo
effect. Generalizability of the results is limited by the small sample
size, which is nonetheless in line or even larger with that of pre-
viously published studies (see Table S1). Lastly, the inclusion of
further measures of inflammatory factors, circulating neurotrans-
mitter's precursors or other microbial metabolites, could have
provided an even more complete picture of the hypothesised gut-
brain interaction.

5. Conclusion

In this 3-months double-blind RCT clinical study involving drug-
naive ADHD children and adolescents, we reported improvements
in ADHD functioning, particularly in focused attention and inhibi-
tion, following both a synbiotic supplementation enriched with
pigmented corn, and the same synbiotic mix with added corn-
starch. Slightly greater improvements were reported by the com-
parison group, taking the cornstarch-enriched version of the
supplementation. Changes in fatty acids’ levels and in microbiota
composition were not able to show any clear superiority of either of
the two supplementations. Despite exploratory, the changes in
brain oxygenation were coherently in favour of the comparison
group versus the experimental one.

Overall, this study suggests that pigmented corn extract might
not be the first choice as a prebiotic additive for improving the
functioning of children with ADHD. Anyway, a synbiotic prepara-
tion composed of L. plantarum, L. acidophilus and B. animalis, sub-
species lactis, with acacia fibre and cornstarch as prebiotics appears
to have some promising effects on ADHD symptoms, which warrant
further investigations. Further, this work highlights the potential of
fNIRS for monitoring the effects of interventions that target GBA
mechanisms in ADHD.
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