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Abstract

There is a rising interest in the use of dietary interventions to
ameliorate prevalent brain diseases, including Autism Spectrum
Disorder (ASD). Nowadays, the existence of communication be-
tween gut and brain is well accepted and thus diet can influence
brain functioning. A well-known nutrition based intervention for ASD
is the gluten-free and casein-free diet. However, only some of the
patients experience a relief in symptoms and thus efficacy seems to
be limited to certain phenotypes. However, not much is known about
the mechanism of action through which this diet might work, or about
interpersonal differences that could lead to variation in response to
the diet. Current evidence for efficacy of the GFCF diet is poor. Large
scale, good quality randomized controlled trials are needed. Genetic
and environmentally induced interpersonal differences were found in
intestinal membrane permeability and blood brain barrier integrity as
well as in activity of peptidase enzymes. These differences probably
affect responsiveness to the diet. In addition, age and duration of the
dietary intervention play a role in the efficacy of the gluten-free and
casein-free diet. This is the reason why all these factors need to be
taken into account to give appropriate advice about whether or not to
follow this diet.
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Abbreviations

ASD - Autism Spectrum Disorder
GI - Gastrointestinal
HPA - Hypothalamic-Pituitary-Adrenal

Introduction

A growing number of children are diagnosed with Autism Spec-
trum Disorder (ASD), a category of neuro developmental disorders
such as Autism, Pervasive Developmental Disorder-Not Otherwise
Specified (PDD-NOS) and Asperger’s disorder, collectively included
in the DSM-V criteria. The American Psychiatric Association’s Diag-
nostic and Statistical Manual, Fifth Edition (DSM-5) provides stan-
dardized criteria to help diagnose ASD [1]. The prevalence of ASD is
at least 1 in 160 children worldwide [2-4].

It is called a spectrum disorder because patients show a varying
degree and severity of symptoms [1]. The most typical symptoms are
deficits in social communication and interaction, along with restrict-
ed interests, repetitive behaviors and a difficulty with imagination.
Often, people with ASD avoid making eye contact with others, seem
unresponsive to environmental cues and have difficulty to judge other
people’s emotions [5-7]. Reduced pain sensitivity is often described
as well [8]. The parents can often recognize these symptoms already
at one year of age. Until today, the exact etiology of ASD is unknown.

The development of ASD is complicated by the phenotypic het-
erogeneity of the disease and comorbidities (e.g., anxiety, hyperactiv-
ity). Genetic factors are implicated in ASD but these might account
for only 10-20% of cases. Supposedly, more than 400 genes are as-
sociated with the development of ASD [6,9]. Twin studies showed
a concordance rate in monozygotic twins of less than 100% (77%
for male and 50% for female pairs), suggesting an important contri-
bution of environmental factors in ASD development [7,8]. Prenatal
and perinatal environmental exposures (e.g., dietary factors, maternal
diabetes, stress, medications, or infections and certainly those that
require antibiotic use) are associated with an increased risk of ASD
[2,10].

Food allergies and intolerances, besides asthma, and skin disorders
such as atopic dermatitis and eczema, are co-morbidities associated
with ASD despite the fact that levels of IgE antibodies, are generally
not consistently different between ASD and normally developing con-
trols [11]. Several dysregulated immune responses occur in ASD such
as increased natural killer cell activity, the presence of autoantibodies
directed against brain proteins, and altered cytokine profiles, leading
a.0. to increased rate of middle ear infections at young age [2,12,13].
In addition, there is an increased prevalence of immune-mediated dis-
orders in family members of children with ASD, including rhinitis,
food allergy, and psoriasis and possibly even inflammatory bowel dis-
ease [10,14,15].

GFCF Diet in ASD

Whilst diets are often followed with the purpose of losing weight,
they are also used as a therapy for diseases, including Autism Spec-
trum Disorder (ASD) [6,16]. The Gluten-Free and Casein-Free
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(GFCF) diet is strongly promoted while there are additional diets
without salicylates and phenols, and anti-candida diets since many
ASD patients are affected by this yeast [17]. However, so far it has
been difficult to prove the effectiveness of this diet in all patients
[10,18]. Limited information is available on the underlying mecha-
nism as well as explanatory factors of differences in response to the
GFCF diet. Here, we focus on the mechanism of action underlying
this dietary intervention as well as the origin of differences in re-
sponse to the GFCF diet.

Gluten-Free and Casein-Free Diet Might Alleviate
Autism Spectrum Disorder Symptoms

People with ASD are often in need of intensive care and guidance,
leading to loss of parental productivity and high emotional and eco-
nomic costs [8,19]. Therefore it is important to investigate potential
treatments that alleviate the symptoms or preferably cure the disease.
So far, sometimes life long, educational and behavioral interventions
are used, although these therapies have limited efficacy for ASD
[6,20]. Currently, there is growing interest in nutritional interventions
for this disorder and there are promising mechanisms underlying the
putative success of such interventions [19].

In 1983 it was suggested that gluten and casein containing prod-
ucts could cause autism-like symptoms by altering the functioning of
the brain. It was proposed that gluten and casein were broken down in
the intestine into small peptides that could cross the intestinal mem-
brane and subsequently also the Blood Brain Barrier (BBB). These
opioid-like peptides, called gliadorphins and casomorphins, might
have a negative pharmacological effect on attention, brain matura-
tion, social interaction and learning and thus it was hypothesized that
appropriate diets would facilitate learning, social behavior, cognitive
functioning and communicative skills in ASD individuals [20-23].
Based on this the orygluten-and casein-free (GFCF) dietary interven-
tions have become of interest as a method to alleviate ASD symptoms
[6,16]. At the moment, approximately 26% of the children with ASD
follow the GFCF diet [14]. In addition to the GFCF diet, there are
dietary interventions that interact with gut bacteria such as ketogenic
diets, the intake of probiotics and diets high in omega-3 fatty acids
[8,19]. Here, the focus will be on the GFCF dietary intervention only.

Gut Microbiota Dysbiosis in ASD

The importance of the relationship between the gut and the brain
in autism is demonstrated by Gastrointestinal (GI) symptoms that of-
ten occur. In 23-70% of all patients symptoms such as constipation,
diarrhea, flatulence and in more severe cases inflammatory bowel
disease occur [7]. Also, the severity of GI symptoms is associated
with the severity of ASD [24,25]. Additionally, an imbalance in gut
microbiota composition is often seen in patients with ASD. Proba-
bly, this imbalance is associated with GI symptoms [19,26-29]. Di-
etary interventions are known to be able to restore the gut microbiota
composition and toxin production by which they can positively affect
the symptoms of ASD [19,27,30,31], although still is still debated
[32,33].

The Microbiome in ASD

The microbiome consists of over a hundred trillion bacteria col-
lectively acting as an extension of the host’s digestive, immune, met-
abolic and neural system [26]. The vast majority of these bacteria
colonizes the GI tract during the early postnatal period and resides

there throughout adult life, the commensal microbiota. The other part
of the microbiome consists of transient bacteria, such as probiotics,
acquired through the food [19,34,35]. Together they form a dynamic
entity of more than a thousand different species that enrich the human
genome with over 3 million genes [30].

One of the main functions of the microbiome is helping the host
with metabolizing non-digestible carbohydrates, including inulin and
cellulose [19]. Products of this fermentation process are metabolites
such as Short-Chain Fatty Acids (SCFAs). The three SCFAs produced
by the intestinal bacteria are acetic acid, propionic acid and butyric
acid. SCFAs are important for the health and regulation of the intes-
tinal membrane integrity and the development of innate and adap-
tive immune responses [2,6,12,18,19]. The gut microbiome is mainly
shaped during the first months of life by different factors, including
vaginal delivery, the host’s genome, breastfeeding or formula feeding,
use of antibiotics, GI infections and stress [2,19]. Diet is a factor that
influences the bacterial composition also later in life [8,24,36,37].

Microbiota Dysbiosis in ASD

Compelling evidence points towards abnormalities in gut micro-
biota composition in children with ASD, but it still debated whether
these abnormalities contribute to development of ASD symptoms or
that the diet and/or medication of the child leads to imbalances in the
gut microbiota. Changes in relative distribution of microbiota (dys-
biosis) were reported in ASD children with increased relative abun-
dance of Bacteroidetes, Proteobacteria, and Verrucomicrobia, but
with lower abundance of Firmicutes and Actinobacteria [17,19].

At the genus level, significant reductions were found between
children with ASD compared with non affected controls in the rela-
tive abundance of Prevotella, Coprococcus, Enterococcus, Lactoba-
cillus, Streptococcus, Lactococcus, Staphylococcu , Ruminococcus,
and Bifidobacterium species in [38-44]. Conversely, especially Clos-
tridia spp. were found to be increased in children with ASD [42]. The
microbiota profiles from healthy siblings of ASD patients are general-
ly found to be an intermediate between the ASD cases and unaffected
controls [45]. Associations were found between long-term diets and
the presence of different enterotypes.

For example, the presence of Bacteroides spp, a bacterial species
is linked to a diet high in fat and animal protein [35,38-44]. Thus,
food influences the composition of the microbiome, which affects
the production of SCFAs and thereby the intestinal membrane integ-
rity. SCFA-producing bacteria, e.g., Clostridia, Desulfovibrio, and
Bacteroides, are increased in feces of children with ASD [39-44].
Clostridium species and Lactobacillus species were increased in the
stool of affected children and these bacterial species are known to
influence serotonin (5-HT) and catecholamines metabolism with in-
creased 5-HT levels in whole blood and platelets, and together altered
function and metabolism of neurotransmitters, and dysfunction of the
serotonergic system have been reported to contribute to symptomatol-
ogy of ASD [5,8,15,19,25,26,35]. 5-HT, thereby, is a potential can-
didate as a biomarker for ASD. In addition, the presence of Candida
was increased two-fold in ASD, showing that the bacterial and fungi
microbial communities can mutually influence each other. This might
illustrate a general lack in trained immunity or reduced control of
overgrowth and would be in support of the hygiene hypothesis con-
necting bacteria and yeasts [17]. As the intestinal membrane regulates
the passage of bacterial compounds and other metabolites, diets can

Volume 3 ¢ Issue 1+ 100009



J Clin Immunol Immunother
ISSN: 2378-8844, Open Access Journal

Citation: Ciesliriska A, Kostyra E, Savelkoul HFJ (2017) Treating Autism Spectrum Disorder with Gluten-free and Casein-free Diet: The underlying Microbio-

ta-gut-brain Axis Mechanisms. ] Clin Immunol Immunother 3: 009.

e Page3of 11 e

have extensive effects in the rest of the body through the Microbio-
ta-Gut-Brain axis (MGB axis).

Diets Influence Brain Functioning by the Microbio-
ta-Gut-Brain Axis

The MGB axis encompasses all signaling pathways between mi-
crobiota, gut and brain. This gut-brain axis was already mentioned
in the 19" century [26] and elaborated on in the beginning of the 21%
century, with the importance of microbiota influencing the communi-
cation between gut and brain [28]. Diet can influence these pathways
by either changing microbiota composition and/or (bacterial) metab-
olite production.

Signaling in the MGB axis occurs bidirectional. Signals from
the brain affect the motility and integrity of the gut and signals from
microbiota and the gut influence brain development and functioning
[28,44]. Top-down signaling occurs through two different pathways:
the nervous system (through the vagus nerve) and the hypothalam-
ic-pituitary-adrenal axis. The Hypothalamic-Pituitary-Adrenal (HPA)
axis is an important neuroendocrine system that is involved in stress
reactions. Bottom-up signaling is facilitated through three different
pathways: the bloodstream, the immune system and the nervous
system (including the Enteric Nervous System (ENS) and the vagus
nerve) [35]. Here the focus will be on how the GFCF diet changes
ASD symptoms from gut to brain.

Relevance of blood transport

Via the bloodstream signaling occurs when reactive compounds
from the gut enter the bloodstream and finally arrive in the brain. In
approximately one third of the ASD patients the integrity of the intes-
tinal barrier and BBB is affected [46]. As a consequence, when both
the intestinal membrane and the BBB are permeable, pathogenic mi-
crobiota, incompletely metabolized (food-derived) peptides, bacterial
metabolites and other bacterial compounds can enter the bloodstream,
pass the BBB and modulate the development and functioning of the
brain [6,26]. An example of a bacterial product that is able to pass
both the intestinal membrane and the BBB is the SCFA propionate.
When propionate reaches the brain it is able to decrease social behav-
ior [41,44].

Immune system in ASD

The gut microbiota is known to regulate brain activity and homeo-
stasis of microglia through the immune system [2,12,13,18,41,44].
Microglia cells are a type of macrophage acting as the first immune
defense in the brain. This immune pathway starts with the produc-
tion of bacterial toxins, e.g., from Clostridia spp., by gut microbiota.
Those bacterial toxins evoke an immune response in the gut as well
as in the bloodstream and this immune response is accompanied by
oxidative stress. Oxidative stress upon the epithelial membranes in
turn increases intestinal permeability, resulting in translocation of
bacteria into the lamina propria of the mesenteric lymphoid tissue.
Subsequently, mucosal immune cells, macrophages and Dendritic
Cells (DCs) release pro-inflammatory cytokines (including IL-1§,
TNF-uIL-6 and IL-18).

As described, the altered gut microbiota in ASD by increased spe-
cies of Lacto bacillus, can modulate the immune response to Candida
by providing tryptophan-derived Aryl hydrocarbon Receptor (AhR)
ligands. These AhR ligands stimulate the immune system, e.g., ILC3

cells, to produce IL-22, which together with IL-17 inhibits excessive
proliferation of Candida in the gut [44,47]. Altered gut microbiota
could therefore lead to an expansion of Candida in ASD. In addition,
bacterial toxins that pass the intestinal membrane can also trigger
macrophages and DCs in the blood. Pro-inflammatory cytokines then
activate the vagus nerve or reach the brain through the bloodstream.
In this way they regulate activity of microglia and functioning of the
Central Nervous System (CNS) [2,18,44,47].

The ENS and Nervus Vagus in ASD

The Enteric Nervous System (ENS) includes also the vagus nerve.
The ENS consists of millions of neurons that regulate the motility of
the gutin dependently of the brain and the spinal cord [5]. The va-
gus nerve contains both afferent and efferent nerves that connect the
gut with the brain [5,26,28]. The afferent nerve fibres sense immune,
microbial and nutrient information from the gut and communicate
this to the brain. Nerve cells can for example measure the acidity of
the intestinal content and start firing when the acidity changes [26].
Neuroactive compounds produced by gut microbiota, including Do-
pamine (DA), serotonin (5-HT), y-Aminobutyric Acid (GABA) and
Histamine (His) are well known neuroactive compounds that influ-
ence the brain in ASD through the vagus nerve [5,8,28,35].

Gluten and Casein Proteins Affect the Brain via the
Bloodstream

The GFCF diet is an elimination diet, which implies that certain
food proteins, like gluten and casein, need to be eliminated from the
usual diet and many studies investigated the effects of this dietary
intervention on ASD symptoms [48-59]. In the GFCF diet, processed
carbohydrates containing gluten are replaced with gluten-free pro-
cessed carbohydrates generally obtained from rice, sugar, potato
starch, tapioca flour, soy, buckwheat flour, etc. These carbohydrates
will, however, also be used by the abnormal gut microbiota in ASD
patients thereby perpetuating the vicious circle of a damaged leaky
gut and peptides occurring in the blood and brain [40]. The relevance
of the GFCF diet has likely been overestimated and presented by in-
dustry as a general solution for ASD, while this diet is only partially
effective as shown in few small sample-sized randomized controlled
clinical trials [52].

Yet, the pathways through which the changes in symptoms are
obtained are still largely unknown. Both gluten and casein elicit ef-
fects on the functionality and the development of the brain and the
immune system and nervous system are the best-described modes of
action. Reduced pain sensitivity (analgesia) and impaired social be-
havior are common ASD symptoms that can supposedly be alleviated
when following the GFCF diet, probably since derivatives of gluten
and casein stimulate the opioid system [5,6,38,60,61]. The opioid sys-
tem consists of three different opioid receptors; d, k and p, all most
abundantly present in the brain. Nevertheless, opioid receptors are
also found on cells of the digestive, immune, nervous and endocrine
system [62]. Opioid ligands consist of endogenous opioids produced
inside the body, and exogenous opioids from outside the body (exor-
phins).

B-CMT7 opioid peptides and DPP4 activity

In 1999, the role of B-casomorphin-7 (B-CM?7 consisting of Tyr-
Pro-Phe-Pro-Gly-Pro-Ile) as an exogenous opioid released from
B-casein in cow’s milk and was described in relation to autism [63-65].
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The B-CM7 peptide is degraded in the Gl-tract by the hydrolyzing
enzyme dipeptidyl peptidase IV (DPP4; EC 3.4.14.5), a process that
is induced by microbiota [65-69].

The family of dipeptidyl peptidases are enzymes able to cleave the
prolyl bond of two N-termini thereby cleaving peptides like f-CM7
(and also circulating hormones, neuro peptides and chemokines like
CXCL12) into di- and tri peptides that can be transported across in-
testinal mucosa. DPP4 is expressed on most organs in the body, in-
cluding the lung and the GI tract, on epithelial cells, endothelial cells
and on immune cells in for example the spleen [70,71]. DPP4 was
studied as a dietary protein because it is found in the GI tract as a
brush border enzyme. This enzyme is also found on immune cells and
therefore coded as CD26 and plays a role in T-cell dependent immune
responses while also displaying anti-inflammatory activity [66-68].

The B-CM7 peptide is known to be a p-Opioid Receptor (MOR)
agonist, and it can also interact with serotonin system, while eliciting
comparable effects as the well-known narcotic pain relieving sub-
stance morphine [64-65,72-75]. In addition, there are also gluten-de-
rived opioid peptides (exorphins like A4, A5, B4 and B537) that elicit
similar effects in the brain through interaction with the 3-opioid re-
ceptor [76]. These dietary exorphins do bind with only low affinity for
opioid receptors [77].

Additionally, many other dietary proteins might contain amino
acid sequences that exhibit antagonist activity on these opioid recep-
tors. DPP4 is able to decrease opioid peptide levels in body fluids,
including blood, urine and cerebrospinal fluid [65-68,78]. Conse-
quently, if DPP4 is defective, opioid peptides will not be inactivated
and opioid activity in the body rises [66-68]. Both, gluten and casein
derived opioid peptides function as agonists of the endogenous opioid
system and thereby might alleviate ASD symptoms. A widely adopt-
ed theory supporting this mode of action is the opioid excess theory,
which was first proposed by Panksepp in 1979 [79].

Excessive Opioid Activity in Patients with Autism
Spectrum Disorder

The opioid excess theory provides an explanation of how exces-
sive absorption of opioid peptides elicits a disruptive effect in the
brain and how the GFCF diet can putatively relieve symptoms of ASD
[16,80]. Under physiological conditions, opioid peptides, including
B-CM7, are produced in the gut by the lytic activity of peptidases
and part of these opioid peptides can cross, after which they enter the
bloodstream [81,82]. Tight junctions in the BBB stop the majority
of opioid peptides to enter the CNS [83,84]. The opioid excess the-
ory hypothesizes that in ASD patients there are multiple alterations
that interfere with the formation of opioid peptides and their passing
through membranes. These alterations can occur simultaneously and
all result in a greater amount of opioid peptides entering the CNS and
affecting development and functioning of the brain.

Increased intestinal permeability, results in more opioid peptides
in the blood and affected BBB integrity results in excessive amounts
of opioid peptides in the brain. These two alterations are often de-
scribed in literature to be co-occurring with ASD [82-84]. However,
abnormally high concentrations of opioid peptides in either plasma or
the nervous system of patients with ASD have not consistently been
found [81]. In addition, the peptidase enzyme activity can either be
decreased due to a defective functioning or a shortage of peptidases.
In both cases less opioid peptides are broken down, resulting in ele-
vated levels in the gut, blood and brain [82-84].

Excessive amounts of opioid peptides passing the BBB might
influence brain development and functioning by directly binding to
opioid receptors. Additionally, these large amounts of opioid pep-
tides saturate peptidase enzymes and not all peptides will be hydro-
lyzed, pass the BBB, and bind to opioid receptors in the brain [80].
Therefore, gluten and casein, being precursors for opioid peptides,
ultimately affect neurotransmission in the brain either directly or in-
directly [23]. One obvious and often applied way to diminish opioid
activity in the brain is by following the GFCF diet.

Mechanisms of Brain Effects by Casein Derived
Opioid Peptide p-CM7

B-CM7 generated by cow’s milk digestion

Both in vitro and in vivo digestive studies investigated at what
stage of the digestion P-casomorphins were produced from cow’s
milk [85-88]. B-casomorphins were found after the in vitro simulation
of pancreatic and intestinal digestion, but not after the simulation of
stomach digestion. After the consumption of cow’s milk in human
adults considerable concentrations of B-CM7 were shown in the gut
[89,90]. After the formation of B-CM?7 in the gut and if -CM?7 is
able to cross the intestinal membrane, considerable concentrations
of B-CM7 should be found in the blood and urine. Kost et al., [78]
detected B-CM7 in blood plasma of 1 year olds after cow’s milk in-
gestion, and this finding was confirmed by the study of Sokolov et al.,
[91] who investigated the urinary B-CM7 concentration.

A significantly higher level of B-CM7 was found in the urine of
children with ASD when compared to controls and an increase in
B-CM7 urinary concentrations was measured when the severity of
ASD increased [91]. In contrast, another study did not find an abnor-
mally high B-CM7 level in the urine of ASD patient, probably due to
the small sample size that was used [92]. Consequently, it is likely
that B-CM7 is able to cross the intestinal membrane and reach the
BBB through the blood. To show that -CM7 affects ASD symptoms
through the p-opioid receptor in the brain, its opioid activity needs
to be screened. Teschemacher [73] describes two different tests that
can be used to screen the opioid activity: the adenylate cyclase test
and the naloxone challenge test. The adenylate cyclase test is a test
that investigates binding of opioid agonists to p-opioid receptors and
the subsequent activation of adenylate cyclase. High activity implies
that the tested compound induces considerable opioid activity. The
naloxone challenge test is an inhibition test in which the high affinity
p-opioid receptor antagonist naloxone is potentially blocked by inter-
action with an exogenous opioid [64]. Different studies applied both
tests and found that B-CM7 induces opioid activity through binding to
the p-opioid receptor [73,74-76].

Opioid activity of f-CM7 and ASD behavior

The passage of -CM7 through the BBB and its opioid activity
in the brain can be investigated by measuring p-CM7 induced im-
muno reactivity in different regions (e.g., the nucleus accumbens) in
the brain of rats with c-fos. C-Fos is used as a marker protein for
neuronal activity [64]. The results showed that B-CM7 was able to
cross the BBB because c-Fos expression was detected in different
brain areas upon peripheral administration of -CM7. In addition,
B-CM7 activated opioid receptors because c-Fos expression was
reduced after pretreatment with naloxone [73,74]. Expression of
c-Fos was found in similar brain regions as the regions affected in
ASD patients. However, Amaral et al., [5S] made use of postmortem
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investigation, as well as structural magnetic resonance imaging meth-
ods in humans, and showed other brain regions to be involved in ASD.
In rats it was shown that 3-CM7 ultimately triggered ASD-like behav-
ioral changes by dietary administration of f-CM?7 linked to segment-
ed brain activity as shown before [64]. Behavior after administration
of B-CM7 changed from very active and aggressive to significantly
reduced responsiveness to sound, a lack of explorative behavior and
reduced or absent social interaction, consistent with ASD-like behav-
ior [9,24,60,79,93,94,95].

Taken together, the casein derived opioid peptide B-CM7 was
found to trigger ASD-like behavior through the MGB axis. f-CM7
is produced in the gut, is able to pass the intestinal membrane and
reaches the BBB through the blood. Thereafter it passes the BBB and
triggers ASD-like behaviors upon binding to the p-opioid receptor in
the brain. B-CM7 is used as a model to provide insight in the mecha-
nism of action of all gluten and casein derived opioid peptides. Oth-
er gluten and casein derived opioid peptides probably trigger ASD
symptoms through the bloodstream in a similar fashion.

Effects of the Gluten-Free and Casein-Free Dietary
Intervention in ASD

In 2008, a Cochrane publication could not conduct a systematic re-
view as only two Randomized Controlled Trials (RCT) were available
involving programs which eliminated both gluten and casein from the
diets of individuals diagnosed with ASD [24,36,48]. It was concluded
that exclusion diets are not without cost in terms of inconvenience and
extra financial cost and limitations on foods of choice for the affected
family member and thus GFCF diet at that time could not recommend
as a standard treatment. It was suggested that well-conducted and ad-
equately-powered randomized controlled trials were urgently needed
[21].

Short and long term GFCF intervention studies

Since then, many studies reported on the effects of the GFCF
dietary intervention on changes in ASD symptoms [11,22,23,36,46,
49,50,51,54,57]. Changes in behavioral ASD symptoms, verbal and
non-verbal communication and non-neuronal symptoms were investi-
gated in these studies. A distinction is made between long-term studies
(>6 months treatment) and short-term studies (<6 months treatment),
because the duration of the intervention has an effect on the efficacy
of the intervention. Many long-term studies unanimously observed
alleviating effects on ASD symptoms and behavioral symptoms in
ASD patients in comparison to control subjects. In these studies con-
siderable ameliorations were found in behavioral symptoms such as
social isolation and repetitive behaviors [22,23,36,51,57]. Non-neu-
ronal symptoms such as increased intestinal permeability significant-
ly decreased after the GFCF dietary intervention as well. In contrast,
results of three short-term studies on behavioral ASD symptoms were
not consistent. First, Johnson et al., [50] did not find an improvement
of behavioral symptoms during a 3-month intervention period. How-
ever, the authors suggested the possibility of alleviating effects if the
dietary intervention lasted over a longer period of time. In contrast,
Nazni et al., [22] reported improved behavioral ASD symptoms after
a intervention of 2 months. Lucarelli et al., [11] conducted a dietary
challenge instead of a dietary elimination. They investigated the ef-
fects of 8 weeks oral challenge with cow’s milk and found increased
behavioral ASD symptoms such as social isolation. In summary, out-
comes of short-term intervention studies showed variable effects on
ASD symptoms.

Different individual GFCF diet responsiveness

In addition to the duration of the intervention, the efficacy of the
GFCEF dietary intervention depends on the age of the patient. White-
ley et al., [55] conducted the Scan Brit study; a randomized controlled
trial of 2 years and found significant changes in symptoms in ASD
patients compared to the control group. However, results showed
considerable variability in individual responses to the GFCF diet. In
continuation on the Scan Brit study, Pedersen et al., [53] found that
age was the most important predictor for the difference in response
between participants. In young children between 7 and 9 years old the
GFCF intervention effectively alleviated ASD symptoms. In addition,
a third study reported increased alleviation of ASD symptoms in chil-
dren compared to adults [58]. These studies indicate that at young age
the GFCF diet is most effective.

Allergy and/or intolerance linked to ASD

Classical food allergies result from strong IgE-mediated immune
responses to a food, and the resulting inflammation can involve mul-
tiple body systems [18,41,44]. Typically, this results in the release
of histamine and other inflammatory mediators with typical aller-
gy symptoms as the result. Food intolerances are associated with a
non-immune response to a component of a food, e.g., inability to
digest lactose (milk sugar). This reaction can also cause GI distress
including stomach pain, bloating and diarrhea. Both these reactions
can also occur in children suffering from ASD who may not be able
to communicate or fully understand or explain their discomfort. Par-
ents often list milk, gluten, soy, corn and egg proteins as the primary
offenders. Besides, in ASD children increasingly symptoms are ob-
served relating to eosinophilic esophagitis that involves a mixed IgE
and non-IgE response with a resulting inflammation that produces
changes in the cells lining the esophagus. Avoidance of the offending
foods allows the resolving of the inflammation of the esophagus and
the rest of the GI tract. This type of delayed inflammatory response
can affect sleep, focus and attention and can also worsen irritability,
hyperactivity and repetitive behaviors in children with autism.

The presence of gluten and casein allergies or intolerances will
influence the individual responsiveness to the GFCF dietary interven-
tion. Mulloy et al., [16] reviewed 14 studies on the effects of GFCF
diets in ASD patients with or without allergy and only limited ev-
idence for the efficacy of the GFCF diet was found. These authors
advised to only implement the GFCF diet if the patient is diagnosed
with a gluten and/or casein allergy or intolerance. All in all, duration
of the intervention and age are two important predictors of the effica-
cy of the GFCF diet in people with ASD. In case of a long-term di-
etary intervention at young age, the efficacy is predicted to be highest.
Moreover, if the ASD patient is diagnosed with a gluten and/or casein
allergy or intolerance the GFCF diet might be recommended [32].

Risks associated with GFCF diets in ASD patients

Considering the GFCF diet as potential therapy for people with
ASD, putative negative effects of following the GFCF diet should
also be taken into account. Several concerns might exist, including
the risk of nutritional deficiencies due to a decreased protein in-
take [2,12,74]. However, Johnson et al., [50] conducted a study of 3
months on the effects of the GFCF diet in young children with ASD.
No nutritional deficiencies were observed in the intervention group
compared to the control group. A cross-sectional study examined
dietary supplement use and micronutrient intake that are commonly
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used in children with ASD. Only few children needed most of the mi-
cronutrients while in many others excess intake of vitamin A, folate,
and zinc was often observed. However, even when supplements were
used, careful attention should be given to adequacy of vitamin D, cal-
cium, potassium, pantothenic acid, and choline intake [33]. Another
concern upon starting an elimination diet is the increased risk of so-
cial rejection. Following the GFCF diet hampers people with ASD to
integrate and socialize with others [96]. Also, implementation of the
GFCF diet might be difficult, as people with ASD are known to often
have already heavily restricted eating behaviors [7].

All in all, many studies investigated the positive effects as well
as the downsides of the GFCF dietary intervention. The outcomes
of these studies are not unanimous which can be explained by the
differences in duration of the interventions. Variability in individual
response to the GFCF diet can be explained by age of the patient.
Moreover, if the ASD patient is diagnosed with gluten and casein al-
lergy or intolerance, the GFCF diet probably is effective too. In ad-
dition, there are other factors that are thought to explain individual
differences in response to the GFCF dietary intervention including
intestinal permeability, BBB integrity and DPP4 enzyme activity.

Role of Intestinal Permeability, Blood Brain Barri-
er Integrity and DPP4 Enzyme Activity in ASD

Other individual differences that modulate the response to the
GFCEF diet include an increased intestinal permeability, which is seen
in a substantial proportion of children with ASD, a more permeable
BBB and a decreased DPP4 enzyme activity [74]. Because of these
alterations toxic bacterial products, pathogenic bacteria and opioid
peptides enter the bloodstream and the brain more easily, influencing
brain functioning.

Altered intestinal permeability in people with autism
spectrum disorder

As mentioned before, the intestinal permeability is one of the
factors that determine whether opioid peptides can enter the blood-
stream. There are two non-invasive tests to measure intestinal per-
meability. The Intestinal Permeability Test (IPT) measures the abil-
ity of two sugars (lactulose and mannitol) to penetrate the intestinal
membrane. The better they are able to penetrate, the more permeable
the intestinal membrane [46]. Alternatively, the urinary peptide con-
centration can be used as a marker for the intestinal permeability. The
more peptides are found in the urine, the more permeable the intes-
tinal membrane [97]. It is worth noting that the urinary peptide con-
centration is a marker for functioning of peptidases such as DPP4 as
well. Concerning peptidase activity, an increase of the urinary peptide
concentration implies a decreased peptidase activity [98].

With regard to the IPT, several studies found an increased intes-
tinal permeability in 25-43% of autistic patients in contrast to 0%-
4.8% in the control group [46,82,99]. In addition, the GFCF dietary
intervention study measured that the intestinal permeability returned
to physiological limits after the dietary intervention [46]. Two studies
measured the urinary peptide concentration in people with ASD to as-
sess their intestinal permeability. In both studies significantly higher
levels of urinary peptides were found in autistic subjects when com-
pared to control subjects [91,98]. Whether the higher concentration of
urinary peptides was caused by an increased intestinal permeability
and/or by decreased peptidase activity remains uncertain, because
IPTs were not conducted in these studies.

Besides functional testing for intestinal permeability, intestinal bi-
opsies can also be used. Fiorentino et al., [84] investigated expression
of genes related to epithelial barrier-forming and pore-forming in du-
odenal biopsies of ASD patients. Decreased expression of at least one
barrier-forming gene was found in 75% of all patients, while in 66%
of all patients an increased level of pore-forming genes was detect-
ed. These results indicate that an increased intestinal permeability is
possibly caused by alterations in genes related to barrier integrity in
people with ASD.

Blood brain barrier integrity in people with autism spec-
trum disorder

BBB integrity could be altered in people with ASD and was ob-
tained in several studies [8,83,100]. Fiorentino et al., [84] performed
a postmortem study to investigate BBB integrity in ASD patients.
Gene expression levels as well as protein levels of major components
involved in the regulation of BBB integrity were measured. Altered
expression of these genes was found, possibly reflecting an impaired
BBB integrity. In line with these findings de Theije et al., [8] conclud-
ed that BBB integrity is decreased in autistic patients by combining
the results of two studies. In the first study Emanuele et al., [100]
found an association between increased plasma levels of Lipopoly-
saccharide (LPS), present in the membrane of gram-negative bacteria,
and autistic patients. The second study was a postmortem study that
investigated the functional effects of LPS on BBB permeability on a
protein related to Alzheimer’s disease. They found that LPS increases
BBB permeability to this protein [83]. Taken together, BBB permea-
bility is likely to be increased in ASD patients, facilitating the passage
of opioid peptides and other compounds from blood to brain.

DPP4 enzyme activity in people with autism spectrum
disorder

DPP4 enzyme activity is altered in ASD patients and thus opi-
oid peptide levels in the blood, urine and brain rise in the case of
decreased DPP4 activity. DPP4 is thus able to decrease endogenous
opioid peptide levels as well as exogenous opioid peptide levels in
body fluids. In addition to DPP4 activity, these concentrations reflect
intestinal permeability. Several studies found a significantly higher
level of blood plasma B-endorphin, an endogenous opioid peptide
in autistic subjects when compared to controls [76,94,95] and plas-
ma B-endorphin was positively associated with the severity of ASD
symptoms [95]. Moreover, an increase of B-endorphin levels in the
cerebrospinal fluid was reported [79]. Elevated levels of other endog-
enous opioid peptides were also found in the peripheral blood of ASD
patients [94].

There are multiple explanations for the rise of endogenous opi-
oids in body fluids. It might be caused by an excessive amount of
exogenous opioids (such as f-CM?7) that saturates DPP4 enzymes so
that they cannot degrade endogenous opioids. Also, the rise in en-
dogenous opioids can be explained by a defect in the DPP4 enzyme
[97] although this is debated by others [67], or DPPIV gene mutations
[65]. In addition, decreased expression of DPP4 possibly explains the
rise of endogenous opioids in body fluids. In line with this expla-
nation Hunter et al., [67] detected less cells that expressed DPP4 in
autistic children when compared to the control group. An increase
in intestinal permeability was found in approximately a third of all
patients with ASD [46,82,99]. Moreover, BBB integrity is likely to
be decreased in ASD patients. Furthermore, abnormally high levels of
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B-endorphin and other endogenous opioids were found in body fluids
of ASD patients. This can be explained by an increased intestinal per-
meability and/or a decreased DPP4 enzyme activity.

Urinary peptide analysis in ASD

Urinary investigation revealed the presence of distinct urinary
profiles common peaks in the urines of people with autism. Opioid
peptides derived from dairy and cereal products had been identified in
the urine of children with autism. In contrast to previously mentioned
studies, results of studies that investigated levels of urinary opioid
peptides in ASD were ambiguous [67,79,91,101]. One study found
elevated levels of urinary exogenous opioids in autistic children
[77,91]. In contrast, Cass et al., [102] and Hunter et al., [67] did not
detect differences in urinary opioid peptide concentrations between
ASD subjects and controls. However, Shattock et al., [103] discov-
ered important flaws in the chemical analysis that were used to deter-
mine the opioid peptide levels in the study of Hunter et al., [67]. In
urine of ASD children several exorphins could be detected in which
the length of the peptides varied between individuals [98]. The results
from a GFCF intervention have shown significant improvements in
the behavioral and cognitive functioning of participants, with regres-
sion reported following the suspension of the diet. Similar changes in
the pathological urine patterns and levels of peptides have also been
demonstrated in children with ASD on dietary intervention. However,
laboratory tests often failed to detect normalization of urinary pep-
tides even when clinical improvement was indicated [56].

Critical Appraisal

The most common feature underlying the ASD condition is the
inflammation in the brain which could be caused by different environ-
mental toxic compounds, infections, and co-morbidities in individuals
that are genetically susceptible to the development of ASD [104]. The
well accepted bidirectional communication between the brain and the
gut microbiome has sparked the interest in altered gut-brain interac-
tions in ASD patients. These interactions not only contribute to ASD
patho physiology but also to disease burden and open possibilities for
novel treatment options in ASD. Gut-microbiome directed therapies,
including fecal transplantation, may eventually translate into clinical
improvement [105]. However, there is considerable controversies
concerning published findings and future mechanistic research is cer-
tainly implicated [106-109].

The GFCF diet is the most prevalently followed diet in ASD pa-
tients. However, the GFCF diet has not been shown to be effective in
all patients, which in general results in negative advice to start this di-
etary intervention [16]. ASD is a heterogeneous condition, which im-
plies many personal differences that explain the varying responsive-
ness to the GFCF diet [56]. The main challenge is to use the GFCF
diet efficiently, which means that only patients that would probably
benefit from it should start the dietary intervention. This requires im-
proved knowledge about factors that influence the responsiveness and
underlying mechanisms of action by which the diet elicit effects on
the brain.

Possible explanations for the variable individual responsiveness
to the GFCF diet in ASD patients include intestinal membrane per-
meability, BBB integrity, DPP4 enzyme activity, duration of the in-
tervention and age. The most important factor that is related to the
effectiveness of the diet is intestinal membrane permeability as this
was found in approximately one third of all ASD patients [46,82,99].

IPTs are useful tests to measure intestinal permeability, as they are
non-invasive [46]. However, studies that measured urinary peptide
concentrations were not sure whether an increase in these concen-
trations was caused by an increased intestinal permeability and/or
decreased peptidase activity. Therefore, primarily the IPT emerged
as a reliable test to predict the responsiveness to the GFCF diet. This
is in line with Whiteley et al., [80], who mentioned the relevance of
measuring intestinal membrane permeability to investigate best- and
non-responders to the GFCF dietary intervention.

BBB integrity largely determines whether the GFCF diet is effec-
tive as increased BBB permeability allows more opioid peptides to
enter the brain and trigger ASD symptoms [80]. De Theije et al., [8]
concluded that BBB integrity was decreased in ASD patients but this
conclusion was based on combining two different studies [83,100].
These studies found an increased level of LPS in autistic patients and
an increased BBB permeability for an Alzheimer related protein after
injection of LPS.

Fiorentino et al., [84] found increased expression levels of two
genes involved in barrier formation in ASD patients which seems
contradictory with the conclusion of de Theije et al., [8] although a
compensatory mechanism for a decreased BBB integrity cannot be
excluded [84]. An important limitation concerning investigation of
the BBB integrity is the lack of direct measurement of the BBB per-
meability to opioid peptides. Measuring opioid peptide concentra-
tions in the brain of living human is not feasible [84]. Therefore, BBB
integrity cannot be used as a predictive factor of responsiveness to the
GFCF diet in ASD patients.

DPP4 activity determines the amount of opioid peptides in body
fluids but these levels reflect both DPP4 activity and intestinal per-
meability. Nevertheless, the amount of DPP4 enzymes is decreased
in ASD patients, resulting in a higher amount of opioid peptides in
the body [76,94,95]. Further research should use the combination of
measuring opioid peptide concentrations in body fluids and an IPT.
In case of an intestinal permeability within physiological limits, it is
likely that elevated concentrations of opioid peptides are caused by
decreased DPP4 activity.

The duration of the GFCF intervention should be taken into ac-
count as all studies that showed significant alleviating effects per-
formed the dietary intervention of 6 months or more [22,23,36,51,57].
Therefore it is important that patients are well informed about the
delay in effects of the GFCF diet.

The age of the patient at which the intervention starts is of impor-
tance as intervention is more effective in children when compared to
adults [58]. Best outcomes were obtained if children start with the diet
between age 7 and 9 [53].

The mode of action through which B-CM7 elicits effects on the
brain through the bloodstream starts with the digestion of cow’s milk
into B-CM7 in the gut [89] and subsequent crossing the intestinal
membrane in rats [78,91]. No human studies were conducted that in-
vestigated if B-CM7 passed the BBB and induces opioid activity in
the brain [11].

Discrepancies were observed between the brain areas where opi-
oid activity was measured in rats [64] and the brain areas related to
ASD in humans [5]. However, structural and biochemical changes
in the brain caused by (the elimination of) gluten and casein remain
largely unexplored.
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Regarding effect studies of the GFCF diet in people with ASD,
there is a lack of well-designed randomized placebo-controlled inter-
vention studies. Often reliability is lacking due to a small sample size
[11], short duration of the intervention [11,22,50,54], lack of placebo
[22], single blinding [36] and a non-randomized methodology [22].
Consequently, reviews on the effects of the diet in ASD patients were
contradictory and inconclusive [16,51].

Johnson et al., [50] did not find any nutritional deficiencies in
ASD patients after the GCFC intervention. However, the presence of
nutritional deficiencies was investigated after an intervention period
of 3 months. Possibly, nutritional deficiencies might evolve during a
longer intervention period.

The various characteristics of ASD, as discussed here, are sum-
marized in figure 1. These mechanisms provide explanations for the
putative positive effects of GFCF diets to mitigate symptoms of ASD
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Figure 1: Processes characteristic for ASD that are all inhibited by a Glu-
ten-Free And Casein-Free (GFCF) diet and potentially block symptoms of
ASD.

DPP4: Dipeptidyl peptidase 4; GABA: y-aminobutyric acid; HPA: Hypo-
thalamus Pituitary Adrenal Cortex; SCFA: Short-Chain Fatty Acids.
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Conclusion

Several factors were found to influence the individual respon-
siveness to the GFCF dietary intervention in ASD patients. A higher
responsiveness is expected if the intervention starts between age 7
and 9 and if the GFCF diet is followed for at least 6 months. More-
over, increased intestinal permeability, decreased BBB integrity and
decreased DPP4 activity make ASD patients more prone to conse-
quences of gluten and casein exposure, and therefore more responsive
to the GFCF diet. Measuring intestinal permeability with an IPT as a
predictor of responsiveness to the GFCF dietary intervention is prom-
ising. However, further research to prove the association between an
increased intestinal permeability and higher responsiveness to the
GFCF diet is recommended. Finally, it is probable that gluten and
casein elicit effects on the brain through the bloodstream, showing the
importance of the MGB axis in ASD. Notwithstanding, how opioid
peptides after entering the brain are able to trigger ASD-like symp-
toms remains largely unknown. Here we focused on effects the GFCF
diet might have through the bloodstream. However, gluten and casein
derived opioid peptides also act through the immune system and the
nervous system and these systems provide additional explanations for
individual differences in response to the GFCF diet in ASD.
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