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hrough extensive microbial-mam-

malian co-metabolism, the intesti-
nal microbiota have evolved to exert a
marked influence on health and disease
via gut-brain-microbiota interactions. In
this addendum, we summarize the find-
ings of our recent study on the fecal
microbiota and metabolomes of children
with pervasive developmental disorder—
not otherwise specified (PDD-NOS) or
autism (AD) compared with healthy chil-
dren (HC). Children with PDD-NOS or
AD have altered fecal microbiota and
metabolomes (including neurotransmit-
ter molecules). We hypothesize that the
degree of microbial alteration correlates
with the severity of the disease since fecal
microbiota and metabolomes alterations
were higher in children with PDD-NOS
and, especially, AD compared to HC.
Our study indicates that the levels of free
amino acids (FAA) and volatile organic
compounds (VOC) differ in AD subjects
compared to children with PDD-NOS,
who are more similar to HC. Finally, we
propose a new perspective on the impli-
cations for the interaction between intes-
tinal microbiota and AD.

Introduction

The human microbiota plays a key role
in health and disease."? Evidence of host-
microbe interactions in different clinical
settings is rapidly increasing, including
interactions of the microbiota with the
central nervous system (CNS).> While the
interactions of the microbiota-gut-brain
axis are multfactorial and have not yet
been completely defined, the enteric ner-
vous system (ENS) acts as a communica-
tion conduit between the gastro-intestinal
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(GI) microbiota and the CNS.** The GI
microbiota under extreme conditions
(e.g., in a germ-free environment or dur-
ing antibiotic treatment) affects the levels
of various neurotrophins and monoamine
responsible for brain
development and plasticity.” Although
evidence is accumulating, the role of the

neurotransmitters®

GI microbiota in brain disorders is still
undefined. An interesting hypothesis con-
cerns the role of the GI microbiota in the
pathophysiology of autism spectrum dis-
orders (ASDs).”

ASDs are a group of neurodevelop-
mental abnormalities that begin in early
childhood (although the first diagnosis
may sometimes occur later in life) and are
characterized by problems in communica-
tion and social behavior. According to the
5th edition of the Diagnostic and Statisti-
cal Manual of Mental Disorders (DSM-
5), which are diagnostic criteria that have
recently been released, the major ASD
manifestations include impairments in
social communication and behavioral
problems such as fixated interests and
repetitive behaviors.® We include autism
(AD), Asperger’s syndrome and pervasive
developmental disorder—not otherwise
specified (PDD-NOS) under the umbrella
of ASDs. In recent decades, the reported
prevalence of ASDs has dramatically
increased from 4.5 in 10,000 children in
1966 to 1 in 110 in 2006 and to 1 in 68
children in 2010 (http://www.cdc.gov/
ncbddd/autism/data.html).

Research on ASDs is primarily focused
on genetic associations, but recent evi-
dence has suggested that other environ-
mental factors, including pre- or postnatal
exposure to chemicals and drugs, air pol-
lution, stress, maternal infection, the GI
microbiota and dietary factors, may play a
role in the disease.”
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We have recently assessed the gut
microbiota and fecal volatile compounds
of children who were referred for symp-
toms related to PDD-NOS or AD and
compared them with those of healthy con-
trols (HC). Our study revealed an imbal-
which
included the overgrowth of some organ-
isms and the loss of others (dysbiosis) in
children with PDD-NOS and, especially,
AD compared to HC."” Recently, other
studies have reported similar findings,
supporting a role for the GI microbiota in
the pathogenesis of ASDs."''"'* GI dis-
turbances (abdominal pain, diarrhea and
bloating) and metabolic disorders typical
of microbial dysbiosis are frequently
described in infants with an ASD."""

Dysbiosis is often associated with a dis-

ance in the fecal microbiota,

ruption of the mucosal barrier that is
responsible for an alteration in the intesti-

state. There are several reports showing
permeability in  ASD
although more convincing data

increased gut
patients,lG
are required.

Although the possible mechanisms are
unknown, it has been suggested that some
intestinal lesions that increase intestinal
permeability to exogenous peptides of die-
tary origin or to neurotoxic peptides of
bacterial origin may lead to the disruption
of neuroregulatory mechanisms and nor-
mal brain development, thereby contrib-
uting to autistic symptoms.'”'® Indeed,
the gut microbiome plays a crucial role in
the bidirectional gut-brain axis; neural,
endocrine and metabolic mechanisms are
critical mediators of microbiome-CNS
signaling and are involved in neuro-psy-
chiatric disorders.*

We hypothesize that alterations in the
gut microbiota of children with PDD-

of certain metabolites (e.g., Glu, pro-
pionic acid) that are known to play a role
in the microbiota-gut-brain axis in chil-
dren with an ASD. A model of the GI
microbiota-gut-brain axis related to ASDs
is shown in Figure 1. Dysbiosis, metabo-
lomic profiling and potential new treat-
ments for ASD patients are further
discussed below.

Dysbiosis in ASDs

Dysbiosis has been demonstrated in
ASD patients."" "' This dysbiosis is char-
acterized by alterations in the Firmicutes/
Bacteroides ratio and the composition of
the primary bacterial phyla (Firmicutes,
Bacteroidetes, Fusobacteria and Verruco-
microbia). We recently demonstrated that
the Firmicutes level is lowest in the fecal
samples of children with AD and no sig-
nificant differences are present between

nal permeability leading to a “leaky gut” NOS or AD may lead to an increased level HC and children with PDD-NOS.
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Figure 1. Schematic representation of gastro-intestinal (Gl) microbiota-gut-brain axis in relation to autism spectrum disorders (ASD). Abbreviations: CNS,
central nervous system; ENS, enteric nervous system; HPA, hypothalamus-pituitary-adrenal axis; SCFA, schort-chain fatty acid; FAA, free amino acids;
GAD, glutamic acid decarboxylase; AD, autistic; PDD-NOS, Pervasive developmental disorder not otherwise specified; HC, healthy children.
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Within the Firmicutes phylum, our study
revealed that Clostridiaceae species are
present at the highest level in children
with AD. Among the primary bacterial
groups, Clostridiaceae are able to synthe-
size certain metabolic products that are
potentially toxic to humans, such as phe-
nols, p-cresol and certain indole deriva-
tives."” Our findings support a previous
hypothesis that Clostridium species are
associated with ASD symptomology'*'
and that the spore-forming property of
clostridia is one of the primary concerns
related to the reoccurrence of ASD symp-
toms after oral vancomycin treatments.*>
Faecalibacterium, which synthesizes short-
chain fatty acids (SCFAs) with and-
inflammatory properties, is decreased in
children with AD, relative to both PDD-
NOS and HC. Roseburia intestinalis and
Roseburia faecis increased in HC compared
to PDD-NOS and AD children. On the
contrary, other species of Roseburia sp.
and Roseburia inulivorans are found at the
higher level in AD, compared to PDD-
NOS and, especially, in HC children."”
Species belonging to Roseburia are able to
degrade starch and ferment other carbohy-
drates to synthesize SCFAs.*

Within lactic acid bacteria, Enterococcus
genus is found at the highest levels in the
fecal samples of children with PDD-NOS
relative to both PDD-NOS and HC.'
Streptococcus sp and Streptococcus salivarius
increased in HC compared to PDD-NOS
and AD children. On the contrary, Strep-
tococcus thermophilus is found at the higher
level in AD and PDD-NOS compared to
HC children."®

not show significant variation among the

Lactobacilli species did

different groups of children.

The fecal samples of children with AD
have the highest levels of certain genera
belonging to the phyla Bacteroidetes (Bac-
teroides, Barnesiella, Odoribacter, Parabac-
teroides, Prevotella and Alistipes), and
Proteobacteria (e.g., Proteus, Shigellaand
Parasutterella); by contrast, the Bifidobac-
terium species, belonging to the phylum
Actinobacteria, are decreased.?>%4 Finally,
a novel mucin-degrading bacterium,
Abkkermansia muciniphila (phylum Verru-
comicrobia), was found at a high level in
children with AD by Finegold et al.”?

Data regarding the gut microbiota are
not always consistent, and some studies

www.tandfonline.com

have described opposing results.>* Indeed,
some authors have found other genera
(Sutterella and Desulfovibrio) in associa-
tion with ASD patients,19’25’26 and others
have reported the absence of clinically
meaningful differences in the intestinal
microbiota autistic
patients.””*®

Further support for the microbial
hypothesis and for a central role for the
gut microbiota in AD derives from studies
on autistic children who were treated with

composition  of

antibiotics; the results suggest that the
clinical symptoms, regarding both gastro-
intestinal effects and cognitive skills, and
the abnormal urinary secretion of certain
chemical compounds may improve after
antimicrobial treatment,'*?22%:3

The heterogeneity of the patients
enrolled in the different studies in terms
of age, symptoms, diet, pharmacological
treatments (e.g., vancomycin, probiotics
and nystatin), the presence of GI prob-
lems and family interactions and the chil-
dren used as control groups limits the
ability to compare and synthesize all the
data to reach definitive conclusions.

Fecal metabolomic profiling in ASDs

The current hypothesis on the mecha-
nism underlying the etiology of AD states
that the disorder is most likely polygenic
with a contribution from environmental
factors that interact with the genetic fac-
tors to increase the risk of the disease.’! In
this view, ASDs result from a combination
of genetic, biological and environmental
(pre- or postnatal) factors and their inter-
actions, the effects of which might be
reflected in the final metabolic pathways
of the individual.

Metabolomics, which is among the
classical “omics” disciplines, is an evolving
research field that addresses the metabolic
patterns of living systems. This field is
commonly defined as the study of the full
set of metabolites, which varies according
to the physiological, developmental or
pathological state of a cell, tissue, biofluid
or organism. Metabolomics expresses a
living system’s activity at the functional
level, downstream from gene expression
(genomics) and protein synthesis (proteo-
mics) and considers interactions with the
environment. Small perturbations in the
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proteome can cause significant changes in
the concentrations of several metabolites.

The relationship between ASDs and
the metabolic profile has been widely
investigated by measuring urinary amino
acids and organic acids, the plasma amino
acidic profile and the fecal metabolome."!
It has been estimated that 90% of children
with an ASD eat only a small variety of
foods with strong preferences for starches,
snacks and processed foods and reject
most fruits and vegetables.’>*’ Dietary
components are recognized as one of the
major external modulators of the human
GI microbiota,>*?*> and the amount and
type of substrate (non-digested dietary
components) together with the composi-
tion of the gut microbiota affect the total
metabolomic profile (Fig. 2). Because of
the large metabolic capacity of the GI
microbiota and its relatively high plastic-
ity, bacteria play a key role in the modula-
tion of the effects of foods on both health
and disease. Based on their different die-
tetic preferences and microbial dysbiosis, a
particular metabolomics profile could be
hypothesized for ASD patients. We deter-
mined the concentration of total and indi-
vidual free amino acids (FAA) in the fecal
samples of children with PDD-NOS or
AD and found the highest levels in chil-
dren with AD. These metabolites, which
are derived from the hydrolysis of proteins
and peptides, correlate with the presence
of proteolytic bacteria (e.g., Clostridium
and Bacteroides) found in large amounts in
children with AD along with some Lach-
nospiraceae genera (e.g., Roseburia and
Dorea) that have a poor capacity to
degrade FAA.*® In contrast, Clostridium
bartlettii, which has a high catabolic activ-
ity toward FAA,>® was found at the high-
est levels in the fecal samples from HC.
Some FAAs, especially Glu, also act as
neurotransmitters in the CNS.>” In our
study, Glu was found at the highest level
in the fecal samples of children with AD;
similar results have been reported by other
authors.'! Glu plays a pivotal role in the
pathophysiology of some neuropsychiatric
disorders,”” and an excess of Glu may lead
to neuronal cell death.

Our data indicate an alteration in the
level of many volatile organic compounds
(VOC), such as alcohols, aldehydes, esters,

sulfur compounds, hydrocarbons, ketones,
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terpenes, indoles and furanones, in chil-
dren with an ASD, especially in those
with AD. Similar findings have been
found for phenol compounds (e.g., phe-
nol, 4-(1,1-dimethylethyl)-phenol, p-cre-
sol). In our experience, children with an
ASD have high levels of p-cresol, which is
primarily synthesized by certain bacteria
from the GI microbiota that are able to
express synthetic enzymes not present in

human cells.?®

Postnatal exposure to
abnormal concentrations of p-cresol and/
or p-cresyl sulfate is considered to be a
pathoplastic contributor to the severity of
behavioral abnormalities and the cognitive
impairment of children with an ASD.?®
We have found that indole and 3-
methylindole are increased in children
with an ASD. Indole is a microbial metab-
olite of tryptophane that is synthesized by
several commensal bacteria (e.g., Alistipes)

210

that colonise the human GI tract and is a
critical precursor of physiologically impor-
tant molecules, such as serotonin and
melatonin.

Short chain fatty acid (SCFA)
profiling in ASDs

Consistent with a previous report,'"
children with AD had significantly lower
levels of SCFAs compared with HC with
the exception of propionic and acetic
acids. SCFAs represent the primary fuel
for colonocytes and are involved in water
and electrolyte absorption by the colonic
mucosa.”” Butyric acid has specific effects
on the regulation of transepithelial trans-
port, positively modulating the inflamma-
tory and oxidative states of the intestinal
mucosa, reinforcing the mucosal barrier
and modulating visceral sensitivity and

motility. Although SCFAs do not belong
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to the classic neuroactive substances, these
metabolites play a significant regulatory
role in establishing the neurotransmitter
phenotype after birth and in modulating
catecholaminergic biosynthesis through-
out the lifespan.*® Butyric acid also acts as
a potent inhibitor of histone deacetylase
(HDAC) activity,”" and in rats, propionic
acid treatments result in ASD behav-
iors.*** Previously, several neurological
effects of propionic acid in rats have been
reported by Finegold et al.'*?!

The correlations between metabolically
active bacterial genera and the metabolo-
mic data are described and reported in
Figure 3. Bifidobacterium is negatively and
positively correlated with propionic and
butyric acids, respectively. Faecalibacte-
rium, Ruminococcus and Eubacterium had
a negative or no correlation with pro-
pionic acid, but the presence of these

Volume 6 Issue 3
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Figure 3. Permutation analysis of the correlation data between the active bacterial genera and
short chain fatty acids found in feces of pervasive developmental disorder not otherwise specified,
autistic and healthy children. The genera that showed values less than 0.1% of the total metaboli-
cally active bacterial were grouped together on the same phylum (others Actinobacteria, others
Bacteroidetes, others Firmicutes, others Proteobacteria).

bacteria is positively correlated with
butyric acid. Opposite correlations were
found for the Clostridium and Roseburia
genera. Many Clostridia species are able to
produce propionic acid. Dominant Bac-
teroidetes and Proteobacteria genera are
variously correlated with the SCFA level.
Most consistently, Bacteroides (the domi-
nant Bacteroidetes genera) is positively

www.tandfonline.com

and negatively correlated with propionic
and butyric acids, respectively.

Urinary metabolomic profiling in
ASD

Recently, we performed a Gas-chroma-
tography mass spectrometry-solid-phase
microextraction (GC-MS) quantification
of urinary metabolites and analyzed a
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network model of the interactions. We
found several abnormally increased or
decreased substances in the urine of autis-
tic subjects compared with normal con-
trols. In particular, we found increased
levels of 3-(3-hydroxyphenyl)-3-hydroxy-
propanoic acid, cis-aconitic acid, glycolic
acid, 3,4-dihydroxybutyric acid, pyroglu-
tamic acid and erythronic acid in the urine
of children with an ASD, and some of
these compounds have been previously
linked to autistic disorders.*>**®*” Finally,
we have demonstrated the increased excre-
tion of tryptophan, a neurotransmitter
precursor of serotonin, a brain neurotrans-
mitter. The increased urination of trypto-
phan fragments correlates with increased
tryptophan degradation, and this increase
has been observed in psychiatric condi-
tions such as depression, mental retarda-
tion and anxiety.*’

Both clinical and pre-clinical studies
provide promising evidence that indicates
an important role for dietetic components
and the gut microbiota in developing new
therapeutic approaches to managing neu-
rodevelopmental disorders. Furthermore,
the metabolomic characterization of
patients with ASDs and the identification
of a metabolomics signature may lead to
an innovative diagnostic strategy.

Specific treatments for ASDs

The Interagency Autism Coordinating
Committee (IACC) notes the need to elu-
cidate the role of the environment in the
genesis of ASDs and aims to develop spe-
(heep://www.nimh.nih.
gov/research-funding/scientific-meetings/

cific treatments

recurring-meetings/iacc/strategic-plan/
index.shtml).??

At present, there are no definitive treat-
ments for this condition, and parents,
often driven by the hope for a cure, look
to complementary and alternative medi-
cine (CAM)*®% and are encouraged by
the belief that this approach is risk-free.
Among these alternative treatments are
the use of vitamin and mineral supple-
ments, secretin, and melatonin and the
adoption of elimination diets, in particu-
lar of gluten®® and/or casein.

The rationale for adopting a gluten-
free, casein-free diet is related to the
release of peptides with opioid activity in
the intestines, especially in presence of a
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leaky gut. If these peptides cross the
blood-brain barrier and reach the CNS (in
large amounts), brain function may be
altered.”! However, there are several pieces
of evidence against this theory, such as the
low affinity of exorphins for opioid recep-
tors, the presence of dietetic gluten/casein-
derived peptides with antagonistic activity
on opioid receptors and the failure to
demonstrate abnormally high concentra-
tions of opioid peptides in either the
plasma or the nervous system of patients
with an ASD.>? A recent systematic review
concluded that the evidence to support a
gluten-free, casein-free diet is limited and
weak, considering that dietary restrictions
might be responsible for further social
withdrawal and integration, in addition to
potential adverse clinical effects.”” Elimi-
nation diets for ASD patients should only
be initiated after reaching a diagnosis of
an adverse food reaction.

Probiotics can be useful for restoring
the microbial balance in the intestine and
ameliorating gastrointestinal symptoms.
Some evidence has accumulated regarding
the possible role of probiotics in modulat-
ing some neurological symptoms. Because
ASD patients presented GI dysbiosis,'”*
which may exacerbate the disease,”* these
patients could benefit from microbial eco-
system therapeutics (MET). However,
before issuing probiotics to children with
ASDs, the data should be confirmed in
large, well-controlled, randomized trials.
One key issue is the choice of probiotic
strains, as the effects are highly strain-spe-
cific. For example, anxiety-like or depres-
sive-like behavior in mice was increased
after the administration of Campylobacter
jejuni and decreased with the use of a Bifi-
dobacterium strain.” Furthermore, a pro/
prebiotic-based therapy (e.g., Lactobacillus
rhamnosus (JB-1), NCC4007, Bifidobacte-
rium  infantis, Bifidobacterium longum
NCC3001, RO07, Lactobacillus helveticus
R0052, Lactobacillus reuteri and Lactoba-
cillus paracasei) was able to ameliorate the
gastrointestinal symptoms that are fre-
quently observed in children with
ASDs.””* MET therapy, which employs
communities derived
directly from the human GI tract (trans-
plantation), showed positive results for
different GI diseases (e.g., Clostridium

whole bacterial
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infection).” Nevertheless, no

difficile
results are available for ASD patients.

Until clear clinical evidence of the effi-
cacy of probiotics is obtained, the admin-
istration of probiotics and prebiotics
should be considered an adjuvant therapy
to the currently available conventional
pharmacological approaches to encourage
a healthier GI microbiota and metabo-
lome in ASD patients.” Future approaches
with the appropriate categorisation of
patients and controls, together with the
application of state-of-the-art “omics”
methods to identify the microbiota and
the fecal, urinary, and plasma metabo-
lomes, will help to reveal the underlying
mechanisms controlling the deregulation
of the microbiota-gut-brain axis in ASD
patients and possibly the achievement of
new therapeutic strategies.
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