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Role of mycotoxins in the pathobiology of
autism: A first evidence
Barbara De Santis 1, Carlo Brera1, Alessandra Mezzelani2, Sabina Soricelli1,
Francesca Ciceri3, Giorgio Moretti 1, Francesca Debegnach1, Maria
Clara Bonaglia 3, Laura Villa3, Massimo Molteni3, Maria Elisabetta Raggi3

1GMO and Mycotoxin Unit, Department of Food Safety, Nutrition and Veterinery Public Health, Istituto
Superiore di Sanità, Viale Regina Elena, 299-00161 Roma, Italy, 2National Council of Research, Institute of
Biomedical Technologies, Via f.lli Cervi 93, 20090 Segrate, MI, Italy, 3Scientific Institute, IRCCS Eugenio
Medea, Via Don Luigi Monza, 20-23842 Bosisio Parini, LC, Italy

Objectives: Gene–environment interaction is an emerging hypothesis to expound not only the autism
pathogenesis but also the increased incidence of neurodevelopmental disorders (such as autistic
spectrum disorder, attention-deficit, hyperactivity disorder). Among xenobiotics, mycotoxins are worldwide
contaminants of food that provoke toxicological effects, crucially resembling several symptoms associated
with autism such as oxidative stress, intestinal permeability, and inflammation. Here, we focused on a
group of mycotoxins to test their role in the manifestation of autism, try to explain their mechanism of
action, and discuss possible preventive and therapeutic interventions.
Methods: Autistic children (n= 52) and healthy children [n= 58 (31 siblings and 27 unrelated subjects)] were
recruited and body fluids and clinical data collected. The diagnosis of autism was made according to DSM V
criteria, then with GMDS 0-2, WPPSI, and ADOS. Ochratoxin A (OTA), gliotoxin, zearalenone, and
sphingosine/sphinganine ratio were determined by LC analysis in sera and urines. Statistical analysis was
performed by the Wilcoxon Rank Sum (Mann–Whitney) test and Spearman test.
Results: By comparing the results of autistic patients with those of unrelated controls, a significant association
was found for OTA levels in urines (P= 0.0002) and sera (P= 0.0017), and also comparing patients with
siblings and unrelated controls together (P= 0.0081).
Discussion: Our results are the first describing a possible role of OTA in the pathobiology of autism. Recalling
the male prevalence of ASD (male/female= 4–5/1), it is noted that, in animal models, OTA exerts its
neurotoxicity especially in males. Moreover, in vitro, OTA increases microRNA-132 that is dysregulated in
autistic patients and involved in reciprocal regulation of the autism-related genes MeCP2 and PTEN. A
personalized diet coupled with probiotic administration, especially OTA adsorbing Lactobacillus, could
ameliorate autistic symptoms in OTA-positive patients.

Keywords: Autism, Gene–environment interaction, Mycotoxins, Ochratoxin A, Gastro-intestinal disorders, Intestinal permeability, Dysbiosis, Fungi

Introduction
Autism spectrum disorder (ASD) is a neurodevelop-
mental disorder, characterized by a set of impairments
in communication and social interactions, behavioural
stereotypes, and a range of cognitive deficits. Although
ASD is a complex multifactorial disorder with genetic
heterogeneity that involves hundreds of genes, about
70% of cases lack a causative genetic factor.1

Patients with autism often suffer from comorbidities
such as genetic syndromes (i.e. X-fragile and Rett syn-
drome) or genetic metabolic disorders (i.e. phenylketo-
nuria (PKU))2 as well as epilepsy and gastrointestinal

(GI) disorders. Interestingly, GI disorders that include
constipation, diarrhoea, intestinal permeability, and
dysbiosis are associated with the severity of ASD.3

In the last decades, the prevalence of autism
increased dramatically and, in 2012, 1/68 children
have been diagnosed with autism.4 Since the increase
in rates could be only partially attributed to better
diagnosis and ascertainment, the possible role of
environmental factors triggering the disorder has
been proposed. Recent studies agree that the genetic
susceptibility to various polluted environmental
factors, such as water, air, and food, to which we are
unavoidably exposed, might be implicated in the
increased risk of neurodevelopmental disorders5

because of the presence of toxicants. Moreover, since
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ASD affects much more males than females (male:
female= 4–5:1), male-specific deleterious factors
increasing males’ risk or female-specific protective
elements preserving females from ASD have been
hypothesized.6 Heavy metals, pesticides, and other
xenobiotics found in food are recognized risk factors
for ASD and it has been hypothesized that they may
contribute to the severity of the disorder.7

Interestingly, among xenobiotics, mycotoxins exert
toxicological effects that may be crucially associated
with the manifestation of the autistic disorders, being
able to alter the immune and neurological systems,
generate oxidative stress, and provoke damages to
the intestinal barrier.8,9

Mycotoxins are a group of chemical contaminants
produced by ubiquitous fungi (mainly of Aspergillus,
Fusarium, and Penicillium genera) on a wide variety
of foods under specific conditions of temperature
and humidity, both in the field and during storage.
Their toxicity is of human and animal health
concern, since the exposure arises not only from
food and feed ingestion but also from inhalation in
environmental contaminated areas. In early nineties,
FAO estimated that moulds affect approximately
25% of the crops worldwide, enlightening a global
safe food problem and an economical issue.10

Epidemiological correlations between several myco-
toxins and diverse health problems, including neuro-
logical and developmental effects, have already been
established in both animals and humans.11–13

Overall, some mycotoxins such as ochratoxin A
(OTA), fumonisins (FBs), zearalenone (ZEA), glio-
toxin (GLIO), and aflatoxins (AFs) provoke immuno-
suppressive effects and oxidative stress. Specifically,
OTA produced by some species of Aspergillus spp.
and Penicillium spp. is among the most abundant
food and feed contaminants. OTA is nephrotoxic,
hepatotoxic, and carcinogenic and increases intestinal
permeability provoking macromolecule trafficking
through intestinal wall strongly impairing immune
system and altering the so-called ‘gut–brain’ axis.
This axis is a complex bidirectional cross-talk
between the enteric and central nervous system that
acts through neuroendocrine and neuroimmune
signals. Alterations of the ‘gut–brain’ axis impair neu-
ropsychological functions and are involved in some
psychiatric conditions including autism.14 FBs’
intake is a potential risk factor in impairing human
neural tube development through disruption of sphin-
golipid metabolism and folate transport.15 ZEA and
its metabolites (α and β-zearalenols, α and β-ZEL)
were detected in foetuses of rats administered with
this compound during pregnancy, confirming that
mycotoxins are present and transmissible in foetal–
maternal biological fluids. AFs, which correlate with
acute toxicosis and liver cancer9 and have been

associated with stunting, were detected in serum,
urine, and amniotic fluid of pregnant women; prenatal
exposure to 1.2 mg/kg body weight over 4 days of
aflatoxin B1 (a mutagenic and genotoxic contaminant
classified in group I by the International Agency for
Research on Cancer, IARC) produced a delay of
early response development, impaired loco-motor
coordination, and impaired learning ability in the off-
spring of rats exposed to this mycotoxin during the
middle of gestation.9

Thus, since many neurological, inflammatory, and
GI symptoms, induced by mycotoxin exposure, are
similar to those that are often associated with ASD
as comorbidities, it was postulated that ASD comor-
bidities (assessed by some clinical parameters such as
intestinal permeability, oxidative, and inflammation
markers) could be worsen by the toxic action of
these contaminants. Mycotoxins are ubiquitously
present in the environment and children are exposed
via food or polluted environments. In this scenario, a
causative relation between mycotoxins and the
deterioration of autism manifestation has been
explored and results are compared with those of a
study, which found results contrary to ours.11

In this study, the levels of mycotoxins (GLIO, OTA,
ZEA, α-ZEL, and β-ZEL) and sphinganine and sphin-
gosine ratio (Sa/So) in serum and urine of patients and
controls were tested, their possible association with the
disorder and/or some clinical parameters, as well as
their mode of action and possible preventive and
therapeutic interventions, are discussed and proposed.

Methods
Study design
Here, we present an observational pilot study that
tested the association between mycotoxins’ exposure
and ASD onset, as well as among mycotoxins and
some other clinical symptoms and parameters associ-
ated with autism: cognitive, social and behavioural
profiles, intestinal permeability, food and mould IgG
antibody, and oxidative stress indicators. Mycotoxins
were determined by chromatographic analysis in the
body fluids from Italian ASD patients (n= 52) and
healthy controls (n= 58). The mycotoxin content
was statistically analysed between the two groups as
well as within the group of autistic patients, in relation
with symptoms and clinical data.

Criteria for selecting the sample and recruitment
to the study
The group of autistic children as well of healthy con-
trols were recruited from the IRCCS E. Medea
(Italian Research Hospital, Istituto di Ricovero e
Cura a Carattere Scientifico, Bosisio Parini-Lecco).
In this institute, patients diagnosed with ASD were
routinely subjected to genetic testing by array-CGH
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analysis. Since our purpose was to investigate the
gene–environment interaction in autism pathogenesis,
children with genetic syndromes were not included in
the study. The patient and control groups included in
the study consisted of: n= 52 clinic group (43 boys
and 9 girls, age 2–9 years) and n= 58 healthy children
as control group (30 boys and 28 girls, age 2–11 years).
The control group included pure controls (i.e. not
related with autistic group, n= 27, 16 boys and 11
girls) and siblings (n= 31, 14 boys and 17 girls) that
are related with autistics being a group of brothers or
sisters of one individual of the clinic group.
The inclusion criteria were done upon the age range

(from 2 to 12 years old), diagnosis of autistic spectrum
disorder, and the exclusion criteria were the presence
of other genetic syndromes (e.g. X fragile, karyotype
alterations), epilepsy, or other medical disorders or
neurological disturbances.
Experienced and specialized neuropsychiatric

doctors and psychologists examined all the children
according to national and international guidelines.
The diagnosis of ASD was made in accordance with
the criteria of the DSM-V (Diagnostic and Statistical
Manual of Mental Disorders V) of the American
Psychiatric Association. The cognitive profile was
assessed with Griffiths Mental Development Scales,
Revised (GMDS 0–2) in children up to 2 years old
and with Wechsler Preschool and Primary Scale of
Intelligence (WPPSI) in more competent children,
over 2 years old. The cognitive scale was clustered as
follows: above the average, in the norm, mild mental
retardation, moderate mental retardation, severe
mental retardation, profound mental retardation,
and not otherwise specified.
The probands were positive to Autism Diagnostic

Observation Schedule (ADOS) and Diagnostic
Interview, Revised (ADI-R). Furthermore, following
ADOS, trained mental health clinician assessed
social and behavioural deficits such as language
impairment and communication, hyperactivity, social
interaction, stereotyped behaviours.
Under the approval and jurisdiction of its Ethical

Committee and with informed consent by a parent
or guardian, the IRCCS E. Medea hospital operators
collected whole blood (n= 110), serum (n= 110), and
urine (n= 110) samples, from both autistic and control
groups whose identity remained anonymous as
encoded by an Identification-Number (ID).

Genetic test
Informed consent for genetic test was obtained from
all the children diagnosed with ASD and genetic
analysis by array-CGH was performed in IRCCS
E. Medea.
Briefly, DNAwas isolated from the peripheral blood

using standard procedures and array-CGH analysis

was performed using the Agilent array 180 K
(Agilent Technologies) according to the manufac-
turer’s protocol. Data analysis was carried on by
Agilent Cytogenomics Ed 2.5.8.1. Oligo positions
are referred to the UCSC Genome Browser (Feb
2009 assembly, hg19).

Clinical parameters
Analyses of ceruloplasmin (CER), transferrin (TRF),
eosinophilic cationic protein (ECP), malondialdehyde
(MAL) and free glutathione (free GSH), measurement
of food and mould-specific IgGs and intestinal per-
meability (Table 1) were performed in IRCCS
E. Medea.
CER and TRF on serum were assayed by means of

immunonephelometry BN-Prospec (Dade Behring,
Siemens, Los Angeles, CA, USA) system and quanti-
fied using a certified standard (N-protein standard
SL human, REF OQIM). ECP was measured with a
solid-phase two-site chemiluminescent immunometric
assay kit by a fully automated platform Immulite
2000 XPi (Siemens, Los Angeles, CA, USA). MAL
was tested in serum after protein precipitation and
derivatization of the residue; the analysis was per-
formed by high performance liquid chromatography
(HPLC) with a fluorimetric detection (excitation
wavelength of 515 nm and an emission wavelength of
553 nm; Shimadzu Italia, Milan, Italy) using certified
standards (Biopure and Sigma Aldrich). Free GSH
was analyzed in whole blood in EDTA samples by a
HPLC kit (Chromsystems, Munchen, Germany) and
fluorescence detection (excitation wavelength 385 nm
and emission wavelength 515 nm; Shimadzu Italia,
Milan, Italy). Internal standard (IS) procedure was
applied for quantification, adding the IS kit
(Chromsystems Diagnostics) in samples before
extraction.
As for the intestinal permeability test, after collec-

tion of a basal urine sample, the fasting subjects
drank a solution containing 5 g of lactulose (LAC)
and 2 g of mannitol (MAN) in 50 ml of water, at a
dose of 2 ml/kg body weight, 3 hours before

Table 1 List of clinical trial parameters

Variables
Abbreviation – reference range/
threshold

Ceruloplasmin CER – 20–55 mg/dl
Transferrin TRF – 200–360 mg/dl
Eosinophilic cationic
protein

ECP – <24 ng/ml

Malondialdehyde MDA – <36 μg/l
Free glutathione (GSH
free)

GSH free – 150–460 mg/l

Mould-specific IgG
antibody

20 mg/l

Food-specific IgG
antibody

20 mg/l

Intestinal permeability <0.03
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bedtime. Urine was collected during the next 12 hours
(overnight) in the presence of 2 ml sodium azide (15 g/
l) as a preservative. Two hours after the test was
started, children were encouraged to drink water.
The total volume of urine was measured, and a
10 ml portion was stored at –20°C.
Analyses were carried out with a P/ACE MDQ

Capillary Electrophoresis System in the reverse
polarity mode (Beckman Coulter) with a DAD detec-
tor (254 nm). The applied procedure was performed
according to Paroni et al.,16 slightly modified.
Standard solutions of all sugars were prepared in
water at different concentrations (LAC: 0.01–0.5 mg/
ml; MAN: 0.05–2 mg/ml) and rhamnose was used
as the IS, 10 mg/ml (Standard WHO 1st IRP 67/86).
All urine sampleswere pre-cleanedwithOASISHLB

columns. After activation of the HLB column, 1 ml of
urine sample added with IS was passed through the
HLB column. The eluant was collected in a tube con-
taining 0.5 g of Amberlite HCl resin, vortexed and,
after centrifugation, the supernatant was analysed.
Mould- and food-specific IgG antibodies (against

Alternaria tenuis, Aspergillus clavatus, Asp. flavus,
Asp. fumigatus, Asp. nidulans, Asp. niger, Asp.
oryzae, Asp. terreus, Candida albicans, Cladosporium
herbarum, Fusarium moniliforme, Pennicillium brevi-
compactum and P. notatum, carrot, celery, cod fish,
egg white, gluten, honey, α-lactalbumin, β-lattoglobu-
lin, orange, peanut, wheat, yolk) were assessed by the
Immulite 2000 XPi automated system with an ‘aller-
gen-Specific IgG’ test on a solid-phase, enzyme-
labelled chemiluminescent immunometric assay.
Chemiluminescent signal was measured as pro-
portioned to the bound enzyme (Standard WHO 1st
IRP 67/86).

Mycotoxin analysis
Analysis of GLIO, OTA, ZEA, and its metabolites α
and β zearalenol (α and β-ZEL), Sa, and So were per-
formed at ‘GMO and Mycotoxin Unit’, Istituto
Superiore di Sanità, Rome, Italy. All laboratory
health and safety procedures were implemented for
the experimental work, as the laboratory works
under a quality control system have been accredited
since 2006. Analytical methods were internally vali-
dated and performances of precision and trueness (in
terms of relative standard deviation of repeatability
and recoveries, see Table 2) were in compliance with
requirements set for mycotoxins.17

GLIO, OTA, ZEA, α-ZEL, β-ZEL, Sa, and So were
extracted and detected by ultra performance liquid
chromatography (UPLC) system from Waters
Corporation system equipped with UV, fluorimetric,
and triple quadrupole (MS/MS) as detectors
(Acquity UPLC, ESI Quattro Premier mass spec-
trometer of Waters Corporation, Milford, MA,

USA). For all the analyses, an Acquity BEH column
(BEH UPLC C18 1.7 mm 2.1 × 100 mm) was used in
combination with an Acquity UPLC column in-line
filter unit from Waters Corporation. Mycotoxins
were quantified with standards purchased from
Biopure and Sigma-Aldrich diluted in appropriate
working solutions. The principles of the methods for
the mycotoxin analyses in serum and urine are
briefly reported below.

Analysis of GLIO and OTA
Extraction from serum and urine
The extraction of GLIO and OTA was performed
adding ethyl acetate (0.5 ml/0.8 ml urine). The extrac-
tion step was carried out twice, followed by an evapor-
ation step until dryness under gentle stream of
nitrogen. The residue was re-dissolved in the mobile
phase (acidulated aqueous solution 2% acetic acid in
methanol, MeOH/H2O, 50/50, v/v) until analysis.

Detection
The detection was performed in UPLC with fluori-
metric and UV detectors. The flow rate of the
mobile phase was set at 0.4 ml/min and the column
oven temperature was 40°C. The UPLC system was
coupled to an Acquity UPLC tunable UV detector
with the absorbance set at 260 nm for GLIO and to
an Acquity tunable fluorimeter detector with λex set
to 333 and λem set to 460 for OTA.

Analysis of ZEA and α- and β-zearalenols
Extraction from serum
The extraction of ZEA and its metabolites from serum
samples was performed according to the protocol of
Beom et al.18 with some minor modifications: a
portion of serum was extracted by diethylether (2 ml)
on a vortex mixer (Eppendorf Thermomixer Comfort)
and then centrifuged (ALC PK131, Cool Working
System). The upper organic layer was transferred and
evaporated on a heating block at 40°C under gentle
stream of nitrogen.

Extraction from urine
Urine samples were spiked with the IS and filtered.
After mixing with acetate buffer solution 1 M (pH=
2), all samples were incubated with β-glucuronidase/
arylsulphatase. Samples were then loaded onto
EASI-EXTRACT® ZEARALENONE column (R-
Biopharm Rhône LTD, Glasgow, Scotland).
Analytes were eluted, evaporated to dryness under
nitrogen stream, and reconstituted in the mobile phase.

Detection
The dissolved samples were automatically injected into
UPLC-MS/MS (Acquity UPLC system from Waters
Corporation). Serum and urine samples were analysed
in ESI– in a Quattro Premier mass spectrometer of
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Waters Corporation. In Table 3, the MS/MS par-
ameters are reported.

Analysis of Sa and So
Sa and So extraction from serum and urine
The extraction of Sa and Sowas performed according to
Bielawski et al.,19 with minor modifications a reported:
serum samples (homogenized in RPMI serum-free
media) and urine pellet obtained after centrifugation
were used. Afterwards, 10% phosphate buffer saline,
0.1 ml of formic acid, and 3 ml of extraction solvent
(ethyl acetate/isopropanol, 85:15, v/v) were added in
each sample.Aftermixing, the sampleswere centrifuged
and the upper phase was evaporated to dryness under
nitrogen stream. Dry residues were reconstituted in
250 μl of the mobile phase (1.5 mM ammonium
acetate in MeOH containing 0.2% formic acid) and a
portion of 20 μl was injected in the UPLC-MS/MS
(Acquity UPLC system fromWaters Corporation).

Detection
Samples were automatically injected into UPLC-MS/
MS and analysed in ESI+ in a Quattro Premier mass
spectrometer of Waters Corporation. Same MS/MS
conditions for serum and urine samples were applied.
In Table 3, the MS/MS parameters for the two com-
pounds are listed.

Statistical analysis
A descriptive analysis was performed to examine the
variables and elucidate notable aspects of the
dataset. Those samples with mycotoxin levels below

the limit of quantification (LoQ, see Table 2 for
values) were assigned with a corresponding value of
LoQ/2 (medium bound approach).
Since the Shapiro–Wilk test revealed a non-normal

distribution of the variables, all statistical correlations
were performed with non-parametrical analysis, which
does not imply any distribution assumption.
To investigate possible patterns between variables,

Spearman test coefficient (ρ) was assessed as a
robust measure. As a reference, the coefficient varies
in the range +1 and −1, where zero indicates no cor-
relation; −1 indicates a negative correlation (increas-
ing one variable the other decreases proportionally),
while +1 indicates a positive correlation (increasing
one variable the other increases proportionally).
To compare the levels of mycotoxins within each

group (autistic and controls), the Wilcoxon Rank Sum
(Mann–Whitney) test (MWW) was applied. The same
test was used to compare levels between sub-groups
(SGs) defined for a specific comorbidity. Statistical sig-
nificance was set at P< 0.05. Analyses were performed
using STATA (Stata/IC 14.0, Copyright 1985–2015
StataCorp LP, College Station, TX, USA).

Results
Genetic test
Only patients negative for syndromic genetic variants
were included in the study.

Diagnosis and clinical parameters
The diagnosis of ASD was made in accordance with
DSM V criteria.
As forMDA, CER, TRF, free GSH, ECP, and intes-

tinal permeability, the percentage of subjects out of the
range, average values, and range of obtained values for
each group of children are summarized in Table 4. All
thresholds and reference range values reported are
intended as for adults. It is noteworthy that percentages
of subjects out of range (below or above threshold) are
present only in the autistic group and the comparison of
average values among groups did not produce statisti-
cally significant differences.
The results obtained by specific fungal IgG analyses

are summarized in Table 5. Percentages, indicating
those children with values higher than 20 mg/l
(chosen as threshold), show that the autistic group

Table 2 Validation parameters for GLIO, OTA, Sa, So, and ZEA. LoQ, relative standard of repeatability (RSDr), and recovery are
shown

Compound LoQ urine ng/ml RSDr urine % Recovery urine % LoQ serum ng/ml RSDr serum % Recovery serum %

GLIO 5 20 60 50 19 63
OTA 0.05 22 78 0.01 18 75
Sa 5 18 – 5 20 –

So 5 19 – 5 22 –

ZEA 5 20 88 5 22 81
α-ZEL β-ZEL 5 20 85 5 21 75

Table 3 Precursor, most abundant fragments and operating
conditions for ZEA, ZEA metabolites, Sa, and So

Compound

Parent
Ion (M/

Z)
[M–H]-

Parent
Ion (M/

Z)
[M–H]+

Product
(M/Z)

Collision
En (eV)

Cone
(V)

β-ZEL 319 – 174; 205 –33 –35
α-ZEL 319 – 174; 205 –33 –35
ZEA 317 – 131; 175 –41 –35
Sa – 302.2 184.3;

266.3
30 50

So – 300.2 282.3;
264.3

13 50

The capillary set was 3.5 kV. Source temperature was 420°C.
The flow rate was 0.4 ml/min. Column oven temperature was
35°C.
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presented values out of the range forAspergillus Flavus,
Candida albicans, and Fusariummoniliforme. It is note-
worthy that the highest values are found in the autistic
group and the comparison of average values among
did not produce statistically significant differences.
Results obtained for specific food antibody IgG

found on serum of both clinic and control groups are
reported in Table 5. Carrot, celery, codfish, and
peanut presented a very small number of subjects
with values above the threshold (20 mg/l) and only
in the autistic group; for the other IgGs different
trends are shown. That the higher values for gluten
and wheat occurred in the autistic group in compari-
son with controls should be highlighted.

Content of mycotoxins in the body fluids
Method parameters obtained during in-house vali-
dation are summarized in Table 2.
Mycotoxins mean concentration values, percentages

of values above the LoQ, median and concentration
range are shown in Table 6, for each group in urine
and serum. ZEA and its metabolites resulted all
<LoQ, in serum and urines. Higher percentages of
OTA were found in serum than in urine, while GLIO
and Sa/So showed higher percentages in urine when
compared with serum. The biomonitoring scenario
showed OTA as the most abundant mycotoxin with
higher values in serum, even if comparable with those
found in other studies.20 GLIO has been monitored for
the first time in children specimen. As for Sa/So ratio,
values are reported in Table 6. Since in other studies
this ratio reference values are not available, also in this
case it was difficult to derive any conclusion.21

Statistical tests
Comparing mycotoxins profile and quantitative
variables among the groups and SGs
Comparing by Wilcoxon Sum Rank test levels of
mycotoxin in serum and urine of autistic group

with those of controls (siblings and pure controls
together), significant difference was highlighted for
OTA in urine (P= 0.0081); the same analysis was
performed comparing autistic children and sibling
and pure control groups, separately. Significant
differences were highlighted between autistic group
and not paired control group for OTA in serum
and urine (P= 0.0002 in urine and P= 0.0017 in
serum), and for GLIO in urine (P= 0.0401). Figure
1 shows the bar graphs representing average values
of mycotoxin for these comparisons that were statisti-
cally relevant (P< 0.05).

No significant differences between ASD subjects
and their siblings were found.

The presence of OTA depicts a scenario of exposure
through contaminated food and it is highlighted that
despite sharing comparable food habits and diets, as
it came out from the collected food questionnaires
(data not shown), the three groups show statistically
different average values. Going deeply into the
values, those of the autistic group are lower in com-
parison with those of the controls, assuming that the
toxin might escape from the regular route of excretion
and metabolism, OTA biotransformation could follow
other pathways and be modulated by other factors
driven by genetic factors.

In order to explore the association more in detail,
the trend of the association between mycotoxins and
variables was explored within the patient group.
Thus, the autistic group was divided into SGs. Two
SGs showing specific comorbidity were identified:
(i) a SG with IgG values above the threshold
(>20 mg/l, SG1+), (ii) a SG with intestinal per-
meability values above the threshold (>0.03, SG2
+); these two were compared with the corresponding
SGs without comorbidity (SG1− and SG2−). The
SGs are described in Table 7. A MWW test was con-
ducted and the following significant associations were
found: patients SG1+ with IgG values above the

Table 4 Values of clinical parameters obtained from autistic and control group

Clinical parameter
Out of range (%) Mean value Min–Max

Autistic
Control
(siblings)

Control
(pure) Autistic

Control
(siblings)

Control
(pure) Autistic

Control
(siblings)

Control
(pure)

MDA* [μg/l] 2 0 0 13.6 14.2 13.8 4.1–75.4 3.2–32.6 5.6–30.1
CER† [mg/dl] 2 0 0 30.5 29.8 28.4 16.1–43.9 22.8–39.7 21.5–29.1
TRF‡ [mg/dl] 4 0 3 275.1 266.8 258.7 137–356 188–347 218–291
free GSH§ [mg/l] 21 22 26 383.8 410 435 224–641 206–913 357–452
ECP¶ [ng/ml] 48 33 34 38.1 25.8 23.9 3.9–200 2.6–118 1.5–53.9
Intestinal
permeability**

39 22 32 0.04 0.03 0.03 0.01–0.151 0.01–0.091 0.01–0.164

*MDA – reference value: <36 μg/l.
†CER – reference value: 20–55 mg/dl.
‡TRF – reference value: 200–360 mg/dl.
§GSH – reference value: 150–460 mg/l.
¶ECP – reference value: <24 ng/ml.
**Intestinal permeability <0.03.
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threshold (>20 mg/l) for yolk and honey displayed
levels of Sa/So in urine statistically different when
compared with levels of SG1− group (P= 0.0218
and P= 0.0087).
No differences were found between the other SGs.
Performing statistical tests on IgG values

within the autistic SG with or without intestinal
permeability issue, significant differences were
outlined for IgG against Candida Albicans (P=
0.0244).

Correlations between mycotoxins and quantitative
variables in the autistic group
Assessing correlations by the Spearman test among
mycotoxins levels in urine or serum in the whole
dataset, OTA in urine was associated with OTA in
serum (ρ= 0.3132, P= 0.0037), and GLIO in serum
(ρ= –0.3002, P= 0.0189).
Assessing correlations of mycotoxins levels in urine

or serum within the autistic group, GLIO in urine
associated with Sa/So in serum (ρ= 0.5147, P=

Table 5 Results for mould and food IgG antibody test per patient group

Mould and food IgG antibody Patient group Percentage above the threshold* (%) Range (mg/l) (threshold–max)

Aspergillus flavus Autistic 31 3–200
Control (siblings) 25 4–72
Control (pure) 11 1–26

Aspergillus oryzae Autistic 6 1–34
Control (siblings) 3 3–42
Control (pure) 11 1–29

Candida albicans Autistic 29 1–135
Control (siblings) 16 1–59
Control (pure) 67 7–70

Fusarium moniliforme Autistic 13 1–200
Control (siblings) 3 1–37
Control (pure) 22 1–33

Penicillium brevicompactum Autistic 6 1–54
Control (siblings) 0 1–14
Control (pure) 0 1–8

Penicillium notatum Autistic 17 1–39
Control (siblings) 33 1–43
Control (pure) 19 1–30

Carrot Autistic 2 1–35
Control (siblings) 0 1–13.5
Control (pure) 0 1–5

Celery Autistic 2 1–50
Control (siblings) 0 1–8
Control (pure) 0 1–5

Cod fish Autistic 2 1–44
Control (siblings) 0 1–16
Control (pure) 0 1–9

Egg white Autistic 73 1–200
Control (siblings) 77 6–171
Control (pure) 89 13–200

Gluten Autistic 37 1–116
Control (siblings) 56 2–49
Control (pure) 39 5–71

Honey Autistic 10 1–35
Control (siblings) 9 1–49
Control (pure) 0 4 ÷ 12

α-Lactalbumin Autistic 40 1–200
Control (siblings) 35 1–200
Control (pure) 33 1 ÷ 56

β-Lattoglobulin Autistic 40 1–107
Control (siblings) 42 1–82
Control (pure) 22 5–142

Orange Autistic 8 1–82
Control (siblings) 3 1–39
Control (pure) 0 1–10

Peanut Autistic 2 1–24
Control (siblings) 0 1–13
Control (pure) 0 1–3

Wheat Autistic 42 3–114
Control (siblings) 22 3–39
Control (pure) 33 4–69

Yolk Autistic 40 1–110
Control (siblings) 45 3–67
Control (pure) 67 7–82

Percentages of subjects above the threshold and range (mg/l; min–max value).
*Threshold: 20 mg/l.
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0.0288) and Sa/So in urine associated with OTA in
serum (ρ= –0.3233, P= 0.0477).

Assessing correlations between mycotoxins and
other variables, GLIO levels in serum correlated with
IgGs against orange, with ECP and CER values (see
Table 8 for ρ and P values). OTA levels in serum
were correlated with IgG values against casein,
orange, Asp. Nidulans, and with MAL values (see
Table 8 for ρ and P values). GLIO levels in urine
were correlated with codfish IgG values (ρ= –

0.3647, P= 0.0092). Sa/So ratios in urine were corre-
lated with gluten, wheat and orange IgG values and
CER values (see Table 8 for ρ and P values). These
correlations indicate a positive or negative (ρ values
positive or negative) relationship with the associated
variable; ρ values are all above 0.3 and ECP with
GLIO and MAL with OTA, which have shown the
highest ρ values, strengthen the hypothesis that these
oxidative and inflammation markers have a kind of
correlation with the toxins.

Discussion
Summary of main findings
We developed an analytical method with low LoQ and
good analytical precision and accuracy to detect
mycotoxins in serum and urine from a small group
of autistic children (displaying no syndromic genetic
variants by CGH analysis) and healthy controls (sib-
lings and unrelated subjects). We first found a signifi-
cant association between OTA in biologic fluids and
GLIO in serum when autistic group was compared
with healthy children.

In spite of the small size of the groups, comparing
the results obtained in ASD children vs. unrelated con-
trols, a significant difference of OTA in urine and
serum (P= 0.0002 and P= 0.0017, respectively) was
found, as well as significant difference of GLIO in
urine (P= 0.0401). Comparing the results obtained
in ASD children vs. siblings and unrelated healthy
controls together, a significant difference of OTA in
urine (P= 0.0081) was found. Regardless of compar-
able diet regimes, and consequently comparable
levels of exposure, average values in ADS group are
always lower suggesting altered biotransformation
and metabolism of the toxins that might not follow
the traditional route of exposure.

Recently, Duringer et al.22 also tested this hypoth-
esis by screening for urinary mycotoxins in autistic
patients and healthy controls but failed to find any
association. Indeed, they tested a very small group of
ASD patients (n= 25) and controls (n= 29) for 87
urinary mycotoxins (via liquid chromatography–
tandem mass spectrometry), thus they presented a
good screening of the toxins, but LoQs were high for
a test in urine or serum (10 times higher: 5 ng/ml
against 50 ng/ml). Moreover, since the recruitedTa
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patients had not been tested for genetic risk factors, the
study could have included subjects with genetic syn-
dromes, thus invalidating the statistical analysis.
To elucidate if OTA is a mere temporal artefact or

has a role in the aggravation of autistic symptoms,
we have reviewed the literature about the toxicological
effects of OTA. Interestingly, it is found that OTA inhi-
bits some autism-related genes and, moreover, exerts a
male-specific toxicity,23–25 recalling the sex bias of
autism. We also try to explain how, in which con-
ditions, and at which age OTA could lead to neurode-
velopment disorders.
OTA is a small organic molecule, consisting of an

isocoumarin moiety linked to a phenylalanine (phe)
molecule. The phe of OTA competes with phe in
binding to the phe-metabolizing enzymes phenyl-
alanine hydroxylase (PAH), thus causing its inhi-
bition.26 In support of this finding, a simultaneous

administration of OTA and an antagonist, such as
aspartame,26 reduces the inhibition of PAH restoring
the physiological activity of the enzyme and reversing
the mycotoxin toxicity. In physiological condition,
PAH converts phe into the amino acid tyrosine necess-
ary for the biosynthesis of catecholamines, i.e. the neu-
rotransmitters dopamine, noradrenaline, and
adrenaline. Dopamine is, moreover, involved in
social behaviour,27 since it interacts with oxytocin
(OT), a hormone with a key role in social communi-
cation; thus, PAH inhibition leads to a decrease in cat-
echolamines and consequent interfering in OT activity.
Interestingly, autistic children have significant lower
level of OT in plasma and are characterized by
deficit in social communication. Then again, genetic
mutations of PHA, which provoke the deficiency of
the enzyme, lead to PKU, a metabolic disorder charac-
terized by mental retardation often associated with
psychiatric disorders, seizures, behavioural problems
and, in ∼25% of patients, autistic traits.28 In this scen-
ario, it is speculated that some autistic features can be
derived from PHA inhibition that, in turn, could
depend on genetic mutations or OTA binding.
As recently demonstrated, OTA modulates

microRNA (abbreviated miRNA) expression.
MiRNAs are small non-coding RNAs that epigeneti-
cally silence gene expression by binding mRNA

Figure 1 Bar graphics representing comparisons of average values of mycotoxin levels in serum and urine. P-values are
reported.

Table 7 SGs of autistic patients with and without a specific
comorbidity

SGswith a specific comorbidity SGs without comorbidity

SG1+ Patients with IgG
antibody above a threshold of
20 mg/l

SG1− Patients without IgG
antibody below the threshold
(≤20 mg/l)

SG2+ Patients with intestinal
permeability above a threshold
of >0.03

SG2− Patients with intestinal
permeability below ≤0.03
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targets. In vitro, OTA increases the expression of mir-
200c29 and mir-132.29,30 Interestingly, these miRNAs
participate in neurodevelopment and synaptic plas-
ticity,31–33 and their dysregulations are reported in
several neurological or psychiatric conditions, includ-
ing autism.32,34,35 Specifically, mir-132 is involved in
the reciprocal regulation of autism-related genes
MeCP2 and PTEN. Over-expression of mir-132
decreases MecP2 expression that leads to an increase
on mir-137 that, in turn, targets and inhibits PTEN.
Mutations in MeCP2 cause Rett syndrome and
severe autism as well as abnormalities in PTEN lead
to neurological and psychiatric conditions including
ASD.36 We can speculate that knockdown of
MeCP2 (and all the resulting damages) could be due
to genetic mutations of MeCP2 or to OTA-induced
over-expression of mir-132. On the other hand, mir-
200c is predicted by bioinformatics tools and validated
by Next Generation Sequencing to inhibit the
expression of Neuroligin4X (http://mirtarbase.mbc.
nctu.edu.tw/),37 a gene involved in synaptic plasticity
and mutated in ∼1% of autistic population.38

Recalling the male prevalence of ASD, it is note-
worthy that both MECP2 and neuroligin4X are
mapped on X chromosome, thus making males more
prone to the effects of their downregulation.
The sex bias of ASD could also be explained by the

sex differences in human xenobiotic metabolism.
Indeed, sex differences in OTA degradation and phar-
macokinetics have been described in humans and rats:
contrary to females, males do not express the OTA
detoxifying enzymes CYP2C9, CYP2C12, and
CYP3A4, leading to an almost male-specific OTA
toxicity.23,24

As for conditions making children particularly sus-
ceptible to OTA neurotoxic effects, it is emphasized
that the first years of life represent a very critical
period for the immune protection system. When
weaning begins, at the age of about 6 months, the
maternal immune protection, first vested during preg-
nancy and then by breast-feeding, decreases while the
child own immune system is not yet mature. On the

other hand, the gut microbiota, which has a great
impact on health, is neither mature nor stable and the
xenobiotic metabolizer cytochrome p450 is not comple-
tely effective yet. This makes children susceptible to
infection diseases often treated with oral broad-spec-
trum antibiotics. These antimicrobial drugs can
further unbalance and impair intestinal microbiota
leading todysbiosis, leakygut,GIdisorders, and inflam-
mation. Intestinal permeability leads antigenic and
toxic macromolecules to pass the intestinal wall
barrier and enter the blood stream further involving
immune system.39At neurodevelopmental level, specific
time windows of acquisition of particular cognitive and
sensitive processes characterize this critical period.Time
windows occur in a hierarchical sequence: fromprimary
senses acquisition up to intellectual ability. Once a
specificwindowof acquisition ismissedbecauseof inter-
ferences in sense or social experiences, it cannot be
recuperated nor senses or skills be acquired.39

Leaky gut and GI inflammation can have a strong
interplay with food sensitivities; the gut microbiota
contributes to many GI functions (integrity of epi-
thelial barrier, drug, and nutrient metabolism) and
may be disturbed by infections of GI diseases. Not
only drugs but also toxins may perturb homeostatic
equilibrium and exert a toxic effect with worst conse-
quences in predisposed patients.40 In this scenario,
OTA is not proposed to trigger autism, indeed it is
suggested to play a relevant role on autistic symptoms
only in children with predisposing conditions such as
to be males in the first period of life and suffering
from dysbiosis and leaky gut. Moreover, possible
genetic susceptibility to environmental agents might
contribute to the disorder onset.

In this study, the autistic group showed positive cor-
relations among Sa/So ratios in urine and IgG values
against wheat and gluten, and OTA values in serum
and IgG values against casein and orange. The
gluten-free and casein-free diet is a recurring finding
in the literature with regard to autistic children with
mixed results. It is noteworthy that children are used
to consume much milk-based and wheat-based foods

Table 8 Summary table of the correlations found statistically significant betweenmycotoxins (in serum and urine) and variables;
ρ and P values are reported

Variable
Serum Urine

GLIO OTA GLIO Sa/So

Gluten IgG 0.3274 (P= 0.0203)
Wheat IgG 0.3578 (P= 0.0107)
Cod fish IgG –0.3647 (P= 0.0092)
Casein IgG –0.3286 (P= 0.0411)
Orange IgG –0.4663 (P= 0.0287) 0.3243 (P= 0.0440) –0.3211 (P= 0.0230)
ECP –0.6459 (P= 0.0038) 0.3563 (P= 0.0111)
CER 0.5308 (P= 0.0110)
MAL –0.4205 (P= 0.0086)
Asp. nidulans IgG 0.3284 (P= 0.0412)
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often coming to excesses and it is found that diets
excluding those highly consumed foods improve GI
symptoms.41–43

No values of GLIO in urine have ever been reported
before, since this toxin has been studied in serum and
bronchoalveolar lavage fluids exclusively in invasive
aspergillosis-infected adult patients.44 This is the first
study reporting a range of values of GLIO in children.
GLIO has been appointed as a potent immunosup-
pressive mycotoxin with suppressive effects also to
mast cells playing a crucial role in the production of
histamine and other inflammatory mediators. It can
be hypothesized that the synergistic action of food-
specific IgG antibody and GLIO can deteriorate the
inflammatory modulation, deteriorating the intestinal
inflammation. The disulphide bridge of GLIO is
recognized to be responsible for inactivation of pro-
teins with thiol moieties and of generation of reactive
oxygen species. A GLIO–glutathione conjugation
might be consistent with the hypothesis of GSH
deficit as potential source of neuropathological
abnormalities.
As regards the clinical parameters, bearing in mind

that no paediatric values are available for mycotoxins
in biologic fluids, we consider the group of data gath-
ered in this study as dataset of reference to elucidate
the role of environmental risk factors in ASD and
clarify biological causes.
We also scrutinized Sa/So ratio, since this has been

associated with exposure to FBs; however, results are
difficult to interpret and the lack of references and con-
sistent data renders this ratio controversial.21 We
found a very low level of Sa in comparison to So;
indeed, as reported, males have a lower Sa than
females.45 Interestingly, administration of green tea
polyphenols, the prebiotic inulin, fructo-oligosacchar-
ides, galacto-oligosaccharides and resistant starches46

as well as probiotics such as Lactobacillus and
Bifidobacteria has been suggested to counteract FB1
exposure. These microbial strains act at various
levels on the intestinal mucosa and produce GABA
that can restore GABAergic signalling altered in
autism.47

From the metagenomic analyses of OTA–gut micro-
biota interaction, it has emerged that Lactobacillus is
the genus used to detoxify OTA in vivo. Starting
from this finding, we suggest that Lactobacillus pro-
biotic administration could be a possible adjuvant
for OTA detoxification and improvement of ASD
symptoms in those autistic children with high level of
OTA in the body fluids.48,49

Strengths and limitations
A method for the detection of low quantity of myco-
toxin in the body fluids was first-tuned and then
applied to the analysis of mycotoxins in ASD

patients and controls, allowing a precise detection
and quantification of GLIO, OTA, ZEA, α and
β-ZEL, and Sa/So.
The possible mechanism of action of OTA in the

pathobiology of ASD has been proposed, argued,
and substantiated through an extensive and careful
study of the literature.11,23,26,29,30,34,39

Moreover, the study has collected a good number of
parameters that may be of general interest in under-
standing the pathobiology of the disorder and pro-
poses some dietary and therapeutic interventions to
counteract the deleterious effects of OTA.
Then again, a small size of samples has been ana-

lysed and a more extensive recruitment and sampling
of both patients and controls is required to confirm
these first results.

Implication for future research
Evidence of a possible role of OTA in triggering symp-
toms of autism came out in this pilot study that
requires to be explored in a more structured study on
a larger series of patients and controls. The adminis-
tration of possible adjuvant to detoxify and/or coun-
teract OTA deleterious effects could be also
considered in future research. A study including also
other important mycotoxins and their metabolites
(namely, aflatoxin B1, aflatoxin M1, deoxynivalenol,
and a direct measurement of FB1) should be carried
out to explore the involvement of this group of
xenobiotics.
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