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Abstract

The etiology of Autism Spectrum Disorder (ASD) is
unknown, involves a complex interaction between multiple
and varied susceptible genes, epigenetic and environmental
factors. The diagnosis is made through clinical evaluation.
First-line therapies are psychosocial treatments and
educational interventions. On average 30% of people and
with ASD consumes some drug or supplement. The options
and effectiveness of the treatments are limited and
therefore several lines of alternative treatment have
emerged. The use of dietary restriction to reduce behavioral
symptoms is widespread, with the most popular being the
"theory of excess opioid peptides", which postulates that
the consumption of gluten and casein contributes to the
worsening of symptoms and a diet free of these proteins
improves the clinical picture. Despite many data presented
in the literature, there are still doubts about the
mechanisms involved as well as about dietary efficacy. For
all of the above, the topical review will address the opioid
system, opioid peptides derived from gluten and casein,
changes in the digestive tract of individuals with ASD,
history of the onset of the theory, physiological mechanisms
involved, brief description of the scientific literature, on the
subject and the perspectives as a therapeutic instrument.
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Introduction

Autism Spectrum Disorder (ASD) is a developmental disorder
characterized by a framework that includes areas of social
interaction, communication and behavior and sensory sensitivity

[1]. The intensity and symptoms vary from mild to very severe
manifestations; the prognosis of children with ASD is varied.
Children with early diagnosis after growth became not
completely independent adults [2]. In addition to symptoms
such as persistence in performing routines, impairments in
communication and language, a number of other non-specific
problems are often present, such as anxiety, phobias, temper
tantrums and aggression. Other common symptoms also relate
to hyper or hyperactivity to sensory stimuli such as light, pain, or
sound and other severe clinical conditions coexist with ASD [3].

Currently, there is a consensus on the alarming increase in
prevalence over the last two decades. In 2000, the CDC (Centers
for Disease Control and Prevention) started monitoring the
prevalence of ASD among eight-year-old children in the USA.
Initial reports estimated the prevalence rate at 6.7/1000, but the
most recent report published in 2020 suggests an index of
18.5/1000, an increase of more than 115%. The male sex is most
affected, according to studies; the observed ratio is 4 males to 1
female [4-7].

The etiology of ASD is unknown and may involve a complex
interaction between multiple and varied susceptibility genes,
epigenetic factors and environmental components [8,9]. At
present, there are no specific laboratory tests that can confirm
the disorder, so the characterization of ASD is basically done by
clinical observation associated with the application of specific
diagnostic criteria [10,11].

First-line treatments for children with ASD generally include
psychosocial treatments and educational interventions, aimed at
maximizing language acquisition, improving social and
communication skills and ending maladaptive behaviors [12,13].
Psychopharmacologic treatment of children and adults with ASD
is common in clinical practice. Approximately one-third of
individuals with ASD use medications such as stimulants, tricyclic
antidepressants, antipsychotics and many others for the
disorder or for psychiatric and behavioral problems [14].

Despite the significant high economic and social costs,
treatment options to improve the symptoms associated with
ASD are limited. This scenario allows the development of various
alternatives and approaches to the treatment of ASD, one of the
most famous and also discussed in terms of its effectiveness in
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helping the ASD disorder is the introduction of restrictive or
special diets.

The Relationship between Autism and
Food Consumption

The first formal description of gastrointestinal symptoms and
eating problems in individuals with ASD is present and in some
cases described in the historic article by Kanner [15]. In 1961,
Asperger, observed autistic behavior in individuals with celiac
disease [16]. O'Banion, et al., published the paper that
established the relationship between food consumption and
exacerbation of the clinical status of ASD. They observed the
behavior of an eight-year-old boy with ASD after food intake and
concluded that corn, mushroom, tomato, sugar, dairy products
and wheat exacerbated behavioral symptoms [17]. Several
theories have been proposed regarding the relationship
between food consumption and the exacerbation of ASD
symptoms. The most popular is the "excess opioid peptide
theory”, which postulates that the consumption of gluten and
casein contributes to the worsening of symptoms otherwise a
diet free of these proteins leads to an improvement in the
clinical condition [18,19]. This diet is heavily promoted at events
for parents of individuals with ASD. Currently, several books
have been published and several websites provide information
on the Gluten-Free and Casein-Free diet (GFCF diet) [20].

History of Theory of Excessive Opioid
Peptides

In 1978, Kalat, wrote an article on the similarity between ASD
and opioid addiction [21]. In the same year, Panksepp and co-
workers developed several experiments with young animals of
different species. They observed that after administration of low
doses of psychoactive drugs and opioid peptides, the animals
exhibited behavior similar to that of children with ASD. In 1979,
based on the results obtained in an article entitled “A
neurochemical theory of autism”, Panksepp, postulated the
theory that ASD is an emotional disorder resulting from opioid
overload [22].

Later studies with humans reinforced the theory. Analysis
revealed a high concentration of B-endorphin in the
cerebrospinal fluid and plasma of individuals with ASD [23,24].
Leboyer, et al., identified a high concentration of the fragment of
the C-terminal region of B-endorphin in the plasma of children
with ASD [20-29]. Tordjaman, et al., found significantly higher
values of endorphins and Adrenocorticotrophic Hormone
(ACTH) in children with ASD [26].

In parallel with these studies, Dohan researched the dietary
habits of the South Pacific Islands region and associated the
consumption of a diet free of wheat, rye, barley and oats by this
population with a lower incidence of schizophrenia and also a
higher prevalence of less severe cases [27]. In subsequent
studies, he reported an improvement in the clinical condition of
schizophrenics submitted to a gluten and/or casein-free diet
[28,29]. Some research groups concluded that Dohan's theory
applied to ASD.
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Pieces of a Puzzle

To understand the theory of opioid peptide excess it is
important to know all the variables involved. Figure 1 illustrates
the variables that will be presented in the following description
of each aspect.

Opioid
system

Dipeptidyl
peptidase-
4 enzyme

(DPPIV)

Figure 1: Representation of all the factors involved in the
opioid peptide excess theory: Opioid system, opioid peptides
derived from wheat and milk, Dipeptidyl Peptidase-4 enzyme
(DPPIV), microbiota-gut-brain axis.

The opioid system

The opioid system is formed by a set of receptors and
endogenous peptide ligands. The first receptors identified were
K (mu morphine), k (kappa cetociclazocine) and & (delta deferens
), which are divided into subtypes (eg., 11 and p, receptors). As
research progressed, others were identified as receptors €
(epsilon) and ORL-1. They are members of the family of
receptors G protein coupled and their binding peptides opioid
receptors are classified into two groups; typical and atypical
opioid peptides [30].

Typical opioid peptides belong to three families of peptides
derived from the precursors Proopiomelanocortin (POMC),
Proenkephalin (PENK) or Prodynorphin (PDNY), which have been
properly identified and cloned. They are expressed in the Central
Nervous System (CNS) and various peripheral tissues and give
rise to several active peptides including B-endorphin, met- and
leu-enkephalin, dynorphin and neodynorphine respectively. This
group presents in the N-terminal region a sequence the
tetrapeptide Tyr-Gly-Gly-Phe, which confers the binding property
with opioid receptors [31].

Atypical opioid peptides carry several amino acid sequences in
the N-terminal region, generally conserving only the tyrosine
amino acid at position 1. The human body produces atypical
opioid peptides, for example: Orphanage/nociceptin, which is
the endogenous ligand of the ORL-1 receptor derivative of the
pro-nociceptin precursor. The exogenous opioid atypical
peptides have also been identified in proteins from various
sources, including food and skin of amphibians [32].
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This system is crucial for the maintenance of homeostasis and
survival of the organism and due to its wide distribution it
regulates several physiological responses such as the
transmission of nociception, cardiovascular activity and the
circadian cycle. It also regulates levels of anxiety, depression,
character, loco motor profile, memory, behavior and acts on the
development of the CNS, as it operates on the proliferation,
migration and differentiation of brain cells [30,31,33].

Opioid peptides derived from wheat and milk

One liter of milk contains approximately thirty-two grams of
protein, consisting of two distinct fractions, casein (80% protein
content) and skim protein (20% protein content). The largest
groups of exogenous opioid peptides are the B -caseins released
from the 60-70 sequence (Tyr-Pro-Phe-Pro-Gly-Pro-lle-Pro-Asn-
Ser-Leu) from B -casein. The most studied fragments are f60-63,
f60-64, f60—65, f60-66 and f60-70, with the heptapeptide being
the most potent of all peptides belonging to this family. B-
casomorphines exhibit the p-type opioid receptor ligand
behavior [34-36].
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Gluten corresponds to 80% of the total protein present in the
grains; it is a mixture of more than one hundred polypeptides. It
consists mainly of two reserve proteins, gliadins (prolamins) with
a molecular weight ranging from 30 to 50 KDa and glutenins
(glutelins) with a molecular weight between 69 to 88 KDa
[37,38]. In 1987 Graf, et al., isolated a a-gliadin heptapeptide
with affinity and for the p type opioid receptor [39]. In their
study, Fukudome and Yoshikawa identified and characterized
four opioid peptides, namely exorfins derived from gluten A5,
A4, B5, and B4. They exhibited 6-type opioid receptor ligand
properties [34,40,41]. Gliadorfin-7, derived from a-gliadin,
corresponds to the physiological action of casomorphins. The
major common feature between gliadorfin-7 and -
casomorphin-7 is a tyrosine-proline at the N-terminus, followed
by two additional proline amino acids in close sequence [36,42].
Table 1 shows the amino acid sequence of opiod peptides
derived from casein and gluten.

Table 1: Sequence of opioid peptides derived from gluten and casein.

Source Sequences Peptide name References

Bovine milk B-casein Tyr-Pro-Phe-Pro B-casomorphin-4 [36]
Tyr-Pro-Phe-Pro-Gly B-casomorphin-5
Tyr-Pro-Phe-Pro-Gly-Pro B-casomorphin-6
Tyr-Pro-Phe-Pro-Gly-Pro-lle B-casomorphin-7
Tyr-Pro-Val-Glu-Pro-Phe neocasomorphin-6

Gluten Gly-Tyr-Tyr-Pro-Thr gluten exorphins A5 [40]
Gly-Tyr-Tyr-Pro gluten exorphins A4
Tyr-Gly-Gly-Trp-Leu gluten exorphins B5
Tyr-Gly-Gly-Trp gluten exorphins B5
Tyr-Pro-lle-Ser-Leu gluten exorphins C [41]
Tyr-Pro-GIn-Pro-GIn-Pro-Phe gliadorphin -7 [36]

Dipeptidyl Peptidase-4 enzyme (DPPIV)

The enzyme Dipeptidyl Peptidase-4 (DPPIV, CD26; EC 3.4.
14.5) belongs to the family of serine proteases, is an amino
peptidase with high specificity, crucial for the hydrolysis of small
peptides having in the penultimate position of the N-terminal
proline or alanine, generating di- and tripeptides to be
transported through the intestinal wall. This enzyme is expressed
in different cells in several mammalian species, it has been
distributed in numerous organs/tissues such as liver, lung,

© Copyright iMedPub

intestinal epithelium, placenta, kidney, renal proximal tubules
and neurons, as well as in body fluids such as urine, plasma and
cerebrospinal fluid [43,44]. Exorphin-derived peptides from
casein and gluten were identified as exogenous substrates for
DPPIV and were inactivated under the influence of the enzyme.
DPPIV deficiency and/or its lower enzyme activity have been
proposed as possible causes of increased opioid levels in
patients with ASD [45,46]. Figure 2 illustrates the processing
action of the enzyme generating opioid peptides derived from
casein and gluten.
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Figure 2: lllustration of the action of the Dipeptidyl Pepti-
dase-4 (DPPIV) enzyme on opioid peptides derived from
gluten and casein.

Microbiota-gut-brain axis

The knowledge of the existence of a continuous bidirectional
communication between the gut and the brain was initially
postulated by Hippocrates, Plato and Aristotle [47]. In recent
decades, several studies have been developed with the aim of
identifying and understanding the mechanisms involved in gut-
brain communication and the regulatory role of the Gut
Microbiota (GM) [48]. Currently, the concept of the Microbiota-
Gut-Brain axis (MGB) encompasses the interaction of the host-
microbiota and its communication with the CNS, endocrine
chemical signaling, immune regulation, microbiota and
metabolic effects, and barrier functions in the brain and gut
[49,50]. Figure 3 summarizes the mechanisms involved in MGB.

fan
\ (}\ &
I € =] :
Neuroactive substances
Blood I."a'" £ Gut hormones
barrier % <
By
% -] Metabolites
2 23t
& 2 =
o= g 2 Inflamatory factor
5 s
5
5

Microbiota derived products

S

Gut microbiota

Figure 3: Summary of the bidirectional pathways of
interaction between the gut microbiota and the brain. The
neural signaling networks of the microbiota-gut-brain axis
(vagus nerve, spinal nerves and various receptors) interact
with the gut microbiota via neuro active substances
(metabolites, neurotransmitters, etc.,). HPA: Hypothalamic
-Pituitary-Adrenal axis; ANS: Autonomic Nervous System;
ENS: Enteric Nervous System.

The coordination of these factors plays an important role in
maintaining a person's health. If there is an imbalance in the
MGB, it can trigger symptoms (feeling of nausea, discomfort
and/or pain), digestive tract diseases (irritable bowel syndrome,
etc.), ASD, Parkinson's disease, epilepsy and migraine [50,51].
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Routes of communication

Gut microbiota: The GM is a community of commensal and
symbiotic microorganisms that reaches a density of more than
1012 cells/g content in the human colon [52]. Recent research
has determined the total weight of intestinal microbes to be 1-2
kg [53]. In healthy adult individuals, 90% of the intestinal
bacteria belong to 2 phyla: Bacteroidetes and Firmicutes.
Proteobacteria, Actinobacteria, Fusobacteria and
Verrucomicrobia make up the remaining 10% together with
some species from the Archaea domain. The human GM also
includes yeasts, bacteriophages and protists [54]. GM plays a key
role in neurodevelopment. The onset of brain formation
coincides with the coordinated development of the nervous
system. The microbiome and its metabolic by-products play an
active role in regulating early brain development. Disruption of
this early developmental process can trigger a range of
neurodevelopmental and neuropsychiatric disorders [55].

Communication between the GM and the CNS occurs via the
microbial-metabolite  pathway (short-chain fatty acids,
secondary bile acids and tryptophan metabolites) and also via
microbial production of neurotransmitters (e.g., Candida,
Escherichia, Enterococcus and Streptococcus serotonin,
Bifidobacterium and Lactobacillus  GABA, Lactobacillus
acetylcholine) [51,56]. Some intermediates, such as short-chain
fatty acids, are able to cross the Intestinal Barrier (IB) to enter
the systemic circulation and cross the Blood-Brain Barrier (BBB)
[52,57]. The BBB does not allow neurotransmitters produced in
the gut to reach the brain, except for GABA, which has
transporters in the BBB. However, gut-derived neurotransmitters
can indirectly influence the brain by acting in the Enteric
Nervous System (ENS) [51,58]. The GM also has an intimate
relationship with Enteroendocrine Cells (EECs), microorganisms
directly or indirectly shape the functions of these cells, the
diversity and composition of the microbiota influence the
release of gut hormones such as Cholecystokinin (CKK), Peptide
YY (PYY), Glucagon-Like Peptide-1 (GLP-1) and gastric inhibitory
polypeptide [59].

Neural networks: The neural signaling networks of the MGB
axis are responsible for important and rapid responses; this
network is composed of the ENS, vagus nerve, spinal nerves and
various receptors [49]. The ENS is characterized by an
independently functioning neural system that innervates the
entire Gastrointestinal Tract (GIT) and contains two bundles of
ganglia: One in the sub mucosal plexus and the other in the
myenteric plexus [60]. Its positioning allows it to respond
directly or indirectly to the microbiota and their metabolites. It
is largely responsible for the coordination of intestinal functions
(motility and control of fluid movement) and acts in glucose
homeostasis [61].

The vagus nerve is the tenth cranial nerve that extends from
the brain to the abdomen. It regulates metabolic homeostasis,
controls heart rate, motility and gastrointestinal secretions,
plays a critical role in the regulation of the immune system,
regulates pancreatic endocrine secretion and other visceral
functions [62]. It can detect microbial signals in the form of
bacterial metabolites or be influenced by microbiota-mediated
modulation of ECCs and enterochromaffins in the intestinal
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epithelium [47,63]. The opioid system is an elaborate structure
present in the GIT and the myenteric plexus of the ENS [64,65].
The distribution of opioid receptors in the GIT is heterogeneous;
for example, in human and animal studies, opioid receptors of
the p, k and & subtypes were found to be localized in the GIT,
but their relative distribution varies with GIT layer and region, as
well as species [66].

The opioid system is involved in the modulation of intestinal
motility and the secretion of various endogenous substances in
the GIT [67]. The regulatory action of the opioid system on the
GIT is also related to the fact that opioid peptides are expressed
by different classes of enteric neurons, mainly in myenteric
neurons projecting to the sphincter and in neurons of the
descending enteric tracts [66].

Immune system: The immune system is responsible for
maintaining a balance between homeostatic tolerance of
commensal organisms and protection of the body against
pathogenic microbial invasion. This system also plays an
important role in mediating communication between the GM,
the ENS and the brain [47,49,63]. Activation of the immune
system is induced by the GM and occurs not only in the
intestinal immune system, but also through long-distance
regulation of immune cells in the brain [49]. The GM is involved
in the regulation of innate and adaptive immunity, acting locally
in the GIT and throughout the body [68].

Neuroendocrine  system: The endocrine-neurocrine
interaction between the hypothalamus, pituitary and adrenal
gland in response to stress is known as the Hypothalamic-
Pituitary-Adrenal axis (HPA) [55]. It is the main neuroendocrine
system that participates in the regulation of various bodily
processes in response to stressors (psychological, physical,
infectious) and ensures an appropriate response to the stressor
[69]. There is scientific evidence of an interaction between the
HPA and the GM. Chronic HPA activation can affect the
composition of the GM and increase gastrointestinal
permeability, triggering gut dysbiosis [69].

Protection barriers: The GIT and CNS develop from closely
related parts of the embryo, giving them common features that
are specific and specialized vascular barriers called the BBB and
the IB [51].

Blood-brain barrier: The BBB is a multicellular vascular
structure that separates the CNS from the peripheral circulation.
The central anatomical element of the BBB is the cerebral blood
vessel, which is formed by microvascular Endothelial Cells (ECs)
[70]. The BBB is present in the brain and spinal cord of most
mammals and other organisms with a well-developed CNS. It is
considered the major interface for blood-brain exchange [71,72].
ECs of the BBB have distinct morphological, structural and
functional properties that distinguish them from other vascular
endothelia: They express tight junctions, form a continuous cell
lining without fenestrations and exhibit low levels of
transcytosis. These characteristics limit the paracellular and
transcellular movement of molecules through the cell layer
[72,73]. The passage of molecules through the BBB is mediated
by specific transporters (efflux transporters and solutes) that
allow the delivery of nutrients to the brain and the extrusion of
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harmful compounds (e.g., toxins and xenobiotics). ECs exhibit
low expression of leukocyte adhesion molecules, thereby
preventing immune cell infiltration into the healthy CNS
[70,71,74].

Intestinal barrier: The IB is a dynamic entity that interacts and
responds to various internal and external stimuli, covering a
surface area of approximately 400 m? and requiring
approximately 40% of the body's energy expenditure [75]. It is
composed of physical elements (mucus, epithelial layer),
humoral elements (defensins, IgA), immunological elements
(lymphocytes, innate immune cells) and muscular and
neurological elements [76]. The IB acts as a semipermeable
barrier that allows nutrient uptake and immune sensing while
limiting the transport of potentially harmful antigens and
microorganisms [76,77]. The maintenance of intestinal
functional barrier homeostasis is a process co-regulated by
mediators: Epithelial cells, immune system cells, microbiota and
the ENS. There are several lines of evidence supporting an
association between abnormal gut permeability and
gastrointestinal disorders [75,77,78]. In the population of people
with ASD, the prevalence of gastrointestinal symptoms and
diseases is high [79].

Evidences of changes in the microbiota-gut-brain
axis in ASD

The first evidence of the relationship between gastrointestinal
dysfunction and ASD was described in 1971 by Goodwin, Cowen
and Goodwin, who observed intestinal malabsorption in a group
of children with ASD [80]. The research findings stimulated the
study of GIT in this population and several alterations were
identified, such as: Low activity of digestive enzymes responsible
for hydrolyzing carbohydrates and proteins, gastroesophageal
reflux, food allergy and dysfunction of secretin production
[79,81,82].

Several studies have reported a high incidence of
inflammatory diseases in children with ASD and gastrointestinal
symptoms who have undergone endoscopic and histologic
examinations. The lesions identified are characterized by
ileocolonic lymphoid nodular hyperplasia and ileocolitis. Some
papers also report a high incidence of esophagitis, atypical focal
gastritis and enteritis [83].

Studies of inflammatory lesions in the small intestine and
colon of individuals with ASD compared to lesions in control
groups have shown that the lesions seen in individuals with ASD
differ from those seen in known inflammatory diseases
(ulcerative colitis, gastritis, crohn's disease) [84-86]. Colonic
lesions are characterized by a high intraepithelial density of T
CD8* cells and y6 T cells, a prominent infiltration of neutrophils
and eosinophils, reduced expression of Human Leukocyte
Antigen (HLA-DR) on the surface of colonic mucosal cells,
suggesting a dominant T-helper 2 (Th2) immune response [85].
Research who analyzed the transcriptomic profile of
gastrointestinal mucosal biopsy tissue and peripheral blood from
individuals with ASD who manifest the above inflammatory
condition reported a specific molecular profile [87]. Alessandria,
et al., in a recent study, identified a high prevalence of duodenal
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intraepithelial lymphocytic infiltration in children with ASD and
gastrointestinal symptoms, associated with an autoimmune
response mechanism to gluten consumption specific to
individuals with ASD [88].

The presence of dysbiosis in the gut of individuals with ASD is
a problem that has been reported in several studies. Studies
have described high growth of different species of Clostridium
and Candida as well as members of the genus Sutterella [89-91].

Rose, et al., identified a biological signature in terms of
immune dysfunction and specific microbiota composition in
children with ASD who experience gastrointestinal symptoms.
They found that this group of children with gastrointestinal
symptoms had altered GM composition and elevated levels of
mucosal-related cytokines. The authors also report the
identification of an over-representation of the HP2 gene
encoding zonulin, which increases the risk of increased intestinal
permeability. They found that the fecal microbiota of children
with ASD showed a significant decrease in the Bacteroidetes/
Firmicutes ratio and a trend toward an increased incidence of
Desulfovibrio spp in the microbiota [92]. The nature of the
changes identified in the microbiota of children with ASD is not
yet known. One of the probable causes is the frequent
occurrence of infectious diseases in this population during
childhood, which leads to the constant use of antibiotics,
resulting in an imbalance of the GM.

In recent years, there has been increasing evidence that the
high prevalence of GIT disorders in children with ASD is related
to genetic factors. Bernier, et al., performed re-sequencing of
the CHD8 gene in 3.730 children with developmental delay or
ASD. Fifteen mutations were identified in the study population.
The authors concluded that mutations in the CHD8 gene are
associated with an increased likelihood of an ASD diagnosis,
which is associated with some features such as macrocephaly
and gastrointestinal complaints [93]. Campbel, et al., identified
the variant rs1858830 in the MET gene, which reflects a single
nucleotide polymorphism associated with the phenotype of
children with ASD affected by GIT comorbidities [94].

Another gene that may be associated with increased
susceptibility to ASD and GIT dysfunction is SLC6A4, which
encodes for serotonin membrane transport [95,96]. The
polymorphism identified in individuals with ASD is associated
with dysfunction of serotonin metabolism by the GIT. Alterations
in serotonin levels and serotonergic signaling in the GIT are
associated with a variety of pathological conditions, including
irritable bowel syndrome, inflammatory bowel syndrome and
idiopathic constipation [97,98].

Altered intestinal permeability may also be an intrinsic feature
of ASD. In the study by D'Eufemia, et al., the occurrence of
intestinal mucosal damage was determined using the intestinal
permeability test (lactulose/mannitol test) in 21 autistic children
who did not have clinical and laboratory findings consistent with
known intestinal disorders. An altered intestinal permeability
was found in 43% autistic patients, but in none of the 40
volunteers in the control group [99]. de Magistris and colleagues
(2010) investigated in patients with autism as well as in their
first-degree relatives the hypothesis of high prevalence of
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permeable bowel by means of the lactulose/mannitol test. The
results pointed to a high percentage of abnormal gut
permeability values in autistic patients (36.7%) and their
relatives (21.2%) compared to neuro typical individuals (4.8%).
The authors concluded that altered intestinal permeability may
be an intrinsic characteristic for a subgroup of people with ASD
and that the altered intestinal permeability found in first-degree
relatives suggests the presence of a hereditary factor [100].
Figure 4 illustrates the IB with altered permeability and its
possible agents.

. Blood 0

°
P (4

Inflammatory
processes

T .1 T

Intestinal microbiota

L
L]
Inflammatory cytokines Larger peptides

Passages of compounds that junctions
under normal conditions do
not cross the intestinal barrier

Intestinal lumen

Figure 4: Interaction between intestinal wall and etiological
agents that modify intestinal permeability: Inflammatory
processes, intestinal microbiota deregulation, genetic
alterations.

There are mechanisms that assist in the regulation of BBB
permeability. Many mechanisms known today present in an
altered form in individuals with ASD.

Animal studies have demonstrated the relationship of BBB
permeability to the GM via gut-derived neurotransmitters and
bacterial metabolites [101]. Rodent models report a loss of
normal GM results in increased BBB permeability, while a
pathogen-free gut microbiota restores BBB functionality [102].

Systemic or localized inflammatory processes in the CNS can
alter the permeability of the BBB by means of some mechanisms
already described in literature such as altered signaling,
increased cellular traffic, increased solute permeability and
finally direct damage [103]. Several studies in postmortem
autistic brains have reported immunological changes that
characterize different pictures of neuroinflammation. Findings
include prominent activation of the microglia, increased
inflammatory cytokines and production of chemokines including,
Interferon Gamma (IFN-y), Interleukin-1f (IL-1B), Interleukin-6
(IL-6), Interleukin-12p40 (IL-12p40), Tumor Necrosis Factor-alpha
(TNF-a). High Concentration of Chemokine C-C motif Ligand
(CCL)-2 has been identified in brain tissues and also in
cerebrospinal fluid [104-106].

Gene expression profiling of postmortem brain tissues from
individuals with ASD revealed increased messenger RNA
transcript levels of several immune system-related genes,
particularly those associated with neuroinflammation processes
[107]. Voineagu, et al., observed the transcription pattern of
neuronal cells and concluded that the gene co-expression
network reflects abnormalities of cortical modulation in the
brains of individuals with ASD. These findings were associated
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with alterations in microglia and immune activation; suggesting
a causal role for immune dysregulation in the course of
neurological dysfunction and synapse plasticity of the brain of
individuals with ASD [108]. Fiorentino, et al., identified in the
brains of individuals with ASD altered expression of genes
associated with BBB integrity, increased neuroinflammation and
intestinal barrier integrity [109].

Altered BBB permeability in autistics may be an inherent
condition for a subgroup of people with ASD. Novarino, et al.,
idetified inactivating mutations in the Branched Chain Ketoacid
Dehydrogenase Kinase (BCKDK) gene in inbred families with
autism. This genotype corresponds to abnormalities in the
Branched-Chain Amino Acid (BCAA) catabolic pathway in the
BBB [110]. Jagadapillai, et al., identified genetic alterations in
autistics related to the expression of neurovascular signaling.
Modification of CNS vascularization may alter the permeability
of the BBB [111].

Intense and chronic exposure of opioid receptors to their
endogenous or exogenous ligands (opioid peptides of dietary or
synthetic origin) can trigger symptoms and itemize the clinical
picture of some diseases [112,113]. Studies in animal and
human models with different methodological designs have
described that chronic opioid use can lead to dysregulated
immune response, increased intestinal barrier permeability,
bacterial translocation, increased risk of intestinal sepsis, as well
as symptoms of abdominal distension [114].

Systemic opioids can alter intestinal motility. During periods
of opioid administration, gut motility may decrease, whereas
during periods of withdrawal, gut motility may increase
[115,116]. Lee and colleagues identified changes in the GM of
rodents subjected to intermittent and continuous morphine
administration [117].

Opioid receptors are present on immune system cells such as
B cells, T cells and macrophages; therefore, chronic opioid use
may alter immune system function [114]. In a study using a non-
human primate animal model, it was observed that morphine
has the ability to produce immunosuppressive effects, attenuate
T-cell maturation, alter cytokine secretion and decrease the
production of proteins that mediate energy metabolism,
signaling, and maintenance of cell structure [118].

In the study by Meng, et al., changes in the immune system
after morphine administration were observed to lead to
intestinal membrane disruption through a mechanism of action
that degrades the organization of tight junctions. The change in
intestinal wall structure occurred through modulation of Toll-like
receptor-dependent Myosin Light Chain Kinase (MLCK) [119].
Banerjee, et al., observed in a rodent study that morphine-
induced disruption of the GM triggers an inflammatory response
initiated by IL-17 and sustained by IL-6 [120].

The theory of excessive opioid peptides

The theory of opioid system overload by exogenous food-
derived peptides in individuals with ASD or schizophrenia
postulates that deficiency of the enzyme DPPIV and/or other
proteases that cleave the amino acid proline bond leads to
excessive production of opioid peptides derived from gluten and
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casein in the intestinal lumen. Related to this fact, the increased
permeability of the intestinal wall due to various conditions and
diseases allows the passage of opioid peptides into the
bloodstream. Thus, these compounds, because of their affinity
for opioid receptors and ability to cross the blood-brain barrier,
trigger an overload of the opioid system, resulting in dysfunction
in the brain and also in peripheral systems, contributing to the
worsening of symptoms of ASD [18,34,89,121]. Figure 5
illustrates the summary of the opioids peptides excess theory.
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Figure 5: Summary of "opioid peptide excess theory".
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This theory gained strength with the publication of studies
that analyzed the profile of protein compounds in body fluids
using a gel filtration method, High Performance Liquid
Chromatography (HPLC) and high performance Liquid
Chromatography coupled with Mass Spectrometry (LC-MS). The
results showed that high concentrations of peptides and the
presence of exorphins derived from gluten and casein have been
described in the urine of individuals with ASD [122-125].
Shanahan, et al., wusing Electrospray lonization Mass
Spectrometry (ESI-MS) identified B-casomorphin fragments, a-
gliadin and other compounds of high biological potential that are
not of dietary origin in the urine of children with ASD [126].

Sokolov, et al., developed an ultrasensitive Enzyme-Linked
Immune Sorbent Assay (ELISA) method for the detection and
quantification of casein-derived opioid peptides in urine. In this
work, the authors identified a high concentration of B-
casomorphine-7 in urine samples from individuals with ASD
compared to control groups and also observed a correlation
between the concentration of B-casomorphine-7 and the
severity of the clinical picture [127]. In a recent study, Parashar,
et al.,, developed a non-SELEX method for aptamer selection
against B-casomorphin-7 peptide. According to the authors, this
method allows the detection of very low levels of B-
casomorphin-7 in urine samples in a practical and safe manner
[128].

Scientific evidence on Gluten and Casein-Free diet
(GFCF diet)

Some studies have reported an association between the GFCF
diet and progress in social behavior, cognitive development and
communication in individuals with ASD. Reichelt, Ekrem and
Scott, in one of the first studies to evaluate the efficacy of the
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GFCF diet, followed the clinical course of fifteen children
between the ages of three and seventeen diagnosed with ASD
during a dietary intervention. In this work, three diets were
tested: Free of gluten and reduced in casein, free of casein and
reduced in gluten, or free of gluten and casein. The subjects
were assigned to one of the three interventions and the
criterion used to determine the diet was the urinary peptide
profile determined by gel filtration technique. The children were
followed for one year and 60% received the medication
thioridazine from the second to the third month. Behavior was
assessed using a questionnaire administered to parents and
teachers of individuals with ASD. The results indicated
behavioral improvement in 86% of the participants [129].

A study conducted in Norway used the same methodology,
but without the use of pharmacological treatment. The research
showed that the children with ASD who completed the study
(80%) showed improvement in their clinical picture, including
attenuation of bizarre behavior and social isolation, as well as
reduced levels of peptides in their urine. This research lasted
four years and included fifteen individuals diagnosed with ASD
between the ages of 6 and 22 who had "abnormal" urinary
peptide patterns [130,131]. In the research developed by
Lucarelli, et al., performed with thirty-six children with ASD it
was observed the improvement in their performance, after eight
weeks of adherence to a diet free from cow's milk [132]. Adams
and Conn reported an improvement in the behavior of
individuals with ASD on the FBCF diet associated with the use of
a nutritional supplement consisting of vitamin Bg, magnesium
and other nutrients not disclosed by the researchers [133].

Studies with more controlled methodology were published
later. In the study by Knivsberg, et al., twenty children with ASD
and abnormal levels of opioid peptides in urine were observed.
The participants were divided into two groups, with ten autistic
children on a gluten and case in free diet and the other group as
a control for a period of one year. The results showed a
significant improvement in symptoms in the group of children
with ASD who consumed the GFCF diet compared to the control
group [134].

Whiteley, et al., evaluated the efficacy of a casein and gluten-
free diet. Seventy-two children with ASD between the ages of
four and ten years participated in this study. The concentration
of peptides and/or the presence of trans-Indolyl-3-
Acryloylglycine (IAcrGly) were used as an inclusion criterion. The
participants were divided into two groups: 38 children with
autism consumed a GFCF diet and 34 children consumed a
control diet for a period of two years. The results showed a
significant improvement in attention deficit and hyperactivity in
the autistic children who consumed the GFCF diet compared to
the control group [135]. Ghalichi, et al., in a randomized trial,
divided eighty children diagnosed with ASD into two groups.
One group received a gluten-free diet for six weeks, while the
other control group received a regular diet (n=40). Of the eighty
children studied, 53.9% had gastrointestinal changes. In the
gluten-free diet group, there was a significant decrease in the
prevalence of gastrointestinal symptoms and a significant
decrease in behavioral disturbances. In this study, the
parameters were measured using questionnaires [136].
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In a recent study, Adams, et al., developed a 12 month
randomized controlled trial of an open nutritional intervention.
Participants were sixty seven individuals with ASD, aged 3-58
years and fifty neuro typical controls of similar age and gender.
Treatment began with a specific vitamin/mineral supplement
and additional treatments were added sequentially, including
essential fatty acids, Epsom salt, carnitine, dietary enzymes and
a GFCF diet. The researchers observed a significant improvement
in ASD symptoms in individuals in the treated group compared
to the control group [137].

Some case studies also report improvement in the clinical
condition of individuals with ASD following adherence to dietary
intervention with gluten and casein restriction [138,139]. Cross-
sectional studies have administered questionnaires to parents
and caregivers of individuals with ASD to assess perceptions of
change in clinical status after intervention and also in reported
symptoms improvement [140,141].

Some well controlled studies have failed to replicate the
positive results. Elder, et al., tested the efficacy of a gluten and
casein free diet in the treatment of ASD through a randomized,
crossover, double-blind clinical trial in which the sample
consisted of fifteen children aged 2 to 16 years with ASD. Data
on behavioral symptoms and urinary peptide levels were
collected during the twelve week dietary intervention. The data
were not statistically significant, although several parents
reported improvements in their children [142].

Seung, et al., in a double blind randomized clinical trial in
which thirteen children aged 2 to 16 years with a diagnosis of
ASD were placed on a gluten free and GFCF diet for six weeks,
analyzed verbal and nonverbal communication using videos
recorded at home while playing with their parents. The
Friedman test was used to assess verbal responses, imitation of
sounds and lexical production. The results showed that there
was no statistical evidence of symptom improvement [143].

In a prospective randomized controlled trial, Johnson, et al.,
examined the effectiveness of a GFCF diet intervention as well as
a healthy, low-sugar diet. Twenty-two children aged 3 to 5 years
participated in this study. The research lasted three months and
although researchers and parents reported improvements in
behavioral symptoms characteristic of ASD, no statistically
significant difference was observed between treatment groups
[144].

The double-blind, placebo-controlled clinical trial by Hyman,
et al., observed the efficacy of the GFCF diet over a thirty-week
period. Fourteen children aged 3 to 5 years participated in the
study. The evaluation of the effectiveness was done by
observing the characteristics of feces and behavior. The result
showed that the diet did not promote statistically significant
effects on measures of physiological functioning, behavioral
problems or symptoms of ASD [145].

Gonzalez-Domenech, et al., developed crossover clinical trial
studies. The goal of both studies was to determine the influence
of a GFCF diet on the behavior of children and adolescents
diagnosed with ASD and to explore the possible association
between ASD symptoms and urinary concentrations of B-
casomorphine. In both studies, patients followed a normal diet
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(including gluten and casein) for a specified period of time and
then underwent a switch to a gluten and casein free diet. The
order of intervention (normal diet or GFCF diet) was
randomized. The participants' progress was monitored by means
of questionnaires and the concentration of beta-casomorphine
in urine samples using chromatographic techniques. The results
of the research reported that the consumption of a GFCF diet
did not provide patients with significant changes in behavioral
symptoms nor in urinary beta-casomorphine concentrations
using chromatographic detection [146,147].

Final Considerations

The evidence reported in studies provides some support for
the opioid overload theory, but more research is needed to fully
understand and unequivocally confirm the hypothesis. Although
some studies are well controlled and show positive results, the
efficacy of the GFCF diet is still questioned because most of the
published research had methodological flaws such as lack of a
control group, administration of medications and supplements
in conjunction with the dietary intervention, Diversity of
diagnoses of participants (individuals with ASD and Rett
syndrome), limited number of participants, wide age range of
participants, male and female participants in the same group,
heterogeneous nutritional interventions and the effectiveness of
the diet in most studies was assessed by psychological tests and
behavioral observations directed at teachers, therapists and
relatives of individuals with ASD [148,149].

The heterogeneity of research results related to the
mechanisms involved, such as changes in the GIT, makes it
essential to develop research with a larger sample size to
effectively confirm the relationship between ASD and the
various physiological changes identified, in addition to a better
control of the individuals tested for greater homogeneity of the
groups and above all, to define factors that may contribute more
or less to the success of the diet therapeutic approach, including
the immune status of individuals, the state of the digestive tract
system, including digestive enzymes. Genomic research on ASD
may play an important role because, as mentioned above,
studies have identified the genetic aspects related to the
microbiota-gut-brain connection and the expression of enzymes
and other key compounds in the process [18,150].

Another relevant aspect that reduces the reliability of the
results obtained in several studies stems from the fact that the
behavioral analysis is subjective and can be influenced by the
expectation of improvement of the clinical picture created by
teachers and relatives. It is also important to point out that
behavioral analysis does not allow distinguishing how far the
progression of the disease is related to dietary or psycho-
educational interventions and/or pharmacological they receive
in clinics and specialized outpatient clinics [18,149,151]. In the
study by Hyman, et al., a high placebo effect was observed in
the control group. Outcomes were measured by questionnaires
and scales of physiological function [152].

For the diagnosis of individuals with ASD who have a high
concentration of circulating opioid peptides, as well as for the
effective control of the progression of the GFCF diet, it is
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essential to develop safe and easily reproducible biological
markers. The analysis of the urinary opioid peptide profile has
been the most adopted and studied in the studies. Despite the
efforts of several research laboratories, only a few have
managed to develop methods that successfully identify and
quantify the opioid peptides derived from gluten and casein in
urine. The lack of safe and easily reproducible biomarkers has
limited the number of human studies and therefore part of the
knowledge about the effect of gluten- and casein-derived
exorphins on the opioid system of individuals with ASD has been
based on results from in vivo animal and in vitro experiments.

The GFCF diet may cause nutritional deficiencies and affect
the nutritional status of children with autism. Studies have
found that children with autism who consumed the GFCF diet
may have weight and body mass index inappropriate for their
age, impaired bone development, inadequate nutrient intake
and low plasma levels of essential amino acids [153-155].

Evaluating the results of surveys developed to identify opioid
peptides in the urine of individuals with ASD, as well as clinical
investigations and genetic alterations in the GIT and immune
system, one can accept the hypothesis that specific physiological
conditions are present in subgroups of individuals with ASD
[156]. Age is considered a critical factor for a positive response
to the GFCF diet. According to Pedersen, et al., children aged 7-9
years show a better response to the intervention [157].

The duration of the research can also be a variant that can
compromise the results. Studies that opted for a short duration
of nutritional intervention obtained negative results. Research
that opted for a long period obtained positive results [150].
Researchers indicate a minimum time of 3 months to observe
positive results. This follow-up time is established based on the
remaining activity of gluten and its bio products in patients with
celiac disease after elimination of this protein from the diet [1].
However, research groups with positive results suggest an even
longer intervention period of more than 6 months [150].

The protein composition of cow's milk is influenced by the
genetic variation of the producing animal and for this reason
some regions may not provide milk and its derivatives that
contain precursor proteins of casomorphins with opioid activity
that may have an effect on the CNS. The B-casein can present as
one of two main genetic types: Al and A2 [42]. Commercially
produced milk in many countries contains predominantly Al
casein or a combination of Al and A2. The distinctive structure
between these 2 forms of B-casein is the presence of histidine in
Al and proline in A2 at position 67 of this protein [158].

In B-casein Al and p-casein A1&A2, the release of pB-
casomorphin 7 is facilitated by the presence of a histidine at
position 67 and the C-terminal bond between positions 66 and
67 is easily cleaved by carboxyl peptidases such as elastase. In
contrast, in B-casein A2, the amino acid at position 67 is another
proline, which leads to preferential cleavage of the longer B-
casomorphin 9 peptide and severely limits the formation of -
casomorphin 7 during in vivo digestion. B-casomorphin 9 is an
opioid peptide with antihypertensive and antioxidant properties
[159,160].
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Another issue that should be raised is that there is evidence
that gluten and casein may interfere in the clinical picture of ASD
through other mechanisms. In an in vitro study, the effect of
morphine, B-gliadorphine, bovine B-casomorphine and human
B-casomorphine on the cysteine uptake system in cultured
human neuronal and gastrointestinal epithelial cells was
observed through the activation of opioid receptors. The study
reports that food and morphine-derived opioid peptides can
modulate cysteine uptake with subsequent effects on cellular
redox and methylation status, leading to global changes in DNA
methylation and gene transcription [161].

Opioid peptides derived from casein and gluten may also
trigger a systemic immune reaction in a subset of individuals
with ASD. Lucarelli, et al., found high levels of antigen-specific
antibodies IgA to casein, a-lactalbumin and B-lactoglobulin and
IgG and IgM to casein in blood samples from autistic children
[132]. In Jyonouchi's research it was observed that human
Peripheral Blood Mononuclear Cells (PBMCs) obtained from
children with ASD produced higher amounts of Tumor Necrosis
Factor-a (TNF-a)/Interleukin-12 (IL-12) than those obtained from
controls when challenged with casein, B-lactoglobulin and a-

lactalbumin [162]. Vojdani and colleagues described the
presence of high concentration of IgG, IgM or IgA
immunoglobulin antibodies against gliadin in serum of

individuals with ASD [163]. de Magistris, et al., in their research
concluded that the immune system of a subgroup of people with
ASD is triggered by gluten and casein through elevated
production of antibodies against a-gliadin (anti a—gliadin IgG-IgA
and anti a-gliadin deamidated peptides IgA and 1gG) IgG to
casein [164]. Corroborating with the laboratory studies Xu and
colleagues in a cross-sectional study in which data from 199,520
children aged 3 to 17 years who participated in the U.S. National
Health Interview Survey from 1997 to 2016 were used identified
high prevalence of food allergy in autistic children [165].

Conclusion

Despite the best efforts of researchers, the opioid peptide
excess theory needs a more solid scientific foundation. The flaws
in study methodology, along with the lack of reliable biomarkers
to identify individuals who may respond positively to nutritional
therapy, make this hypothesis ineffective in understanding the
relationship between nutrition and autistic behavior. For all of
these reasons, the development of new research to address all
of the issues surrounding this theory is essential. Randomized
clinical trials with larger numbers of participants are needed to
explore the long-term effects of this diet on the nutritional and
psychological status of individuals with ASD. The results of the
research move towards the understanding that the prescription
of a GFCF diet is indicated for a subgroup of people with ASD
who present symptoms of GIT alterations and food allergies or
intolerances, therefore the effectiveness of this approach should
be preceded by a case-by-case approach, because the
complexity of ASD and its multiple determinants do not
guarantee a positive evolution through a single procedure,
which, by the data presented, does not invalidate its usefulness
and remains an alternative approach to the condition of ASD,
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which is certainly a multifactorial disease with many compo-
nents.
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