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There is growing evidence that the elements of gut 
permeability, immune system response, and gut 

microbiome—together with genetic predisposition 
and exposure to environmental triggers— make the 
“perfect storm” for Chronic Inflammatory Disease 

development. 
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the “perfect storm” 
for Chronic Inflammatory Disease development. 

• Genetic Vulnerability
• Environmental triggers
• Altered Microbiome (Dysbiosis)
• Intestinal Permeability
• Systemic Immune Response (Inflammation)
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If there is 1 concept, that becomes the 
paradigm you look through for all 

chronic disease, this is it.
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the “perfect storm” 
for Chronic Inflammatory Disease development. 

• Genetic Vulnerability
• Environmental triggers
• Altered Microbiome (Dysbiosis)
• Intestinal Permeability
• Systemic Immune Response (Inflammation)



Environmental Triggers

Genetic Propensity

Increased Intestinal Permeability                             
and translocation of macromolecules (bacteria, LPS, 

foods,…),

Initiation of the Autoimmune Spectrum

Altered Microbiome producing Gut Inflammation

Systemic Immune Response

Valitutti F, Fasano A, Breaking Down Barriers: How Understanding Celiac Disease Pathogenesis Informed the Development of Novel Treatments. Dig Dis Sci. 2019 Jul;64(7):1748-1758

The Autoimmune Tautology
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https://f1000research.com/articles/9-69/v1

Among the several potential intestinal luminal stimuli that 
can stimulate zonulin release, small exposure to large 

amounts of bacteria (and its exhaust LPS) and gluten, have 
been identified as the two most powerful triggers 
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Gluten is misinterpreted by the zonulin pathway as 
a potential harmful component of a microorganism. 



Celiac Disease and Nonceliac Gluten Sensitivity
A Review
Maureen M. Leonard, MD, MMSc; Anna Sapone, MD, PhD; Carlo Catassi, MD, MPH; Alessio Fasano, MD

C eliac disease is a chronic, small-intestinal immune-
mediated enteropathy initiated by exposure to dietary
gluten in genetically predisposed individuals and charac-

terized by specific autoantibodies against tissue transglutaminase
2 (anti-tTG2), endomysium, and/or deamidated gliadin peptide.1

Although up to 40% of the population carries the genotype HLA-DQ2
or HLA-DQ8, which is required for the development of celiac dis-
ease, only 2% to 3% of HLA-DQ2 or HLA-DQ8 carriers subsequently
develop celiac disease.2 Celiac disease, once considered a rela-
tively rare gastrointestinal condition affecting almost exclusively
young white children, can develop at any age and can affect almost
any race. Celiac disease was first described by Samuel Gee in 1887.
Wheat was hypothesized as the possible offending agent by
William Dicke in 1941.3

The epidemiology, clinical presentation, pathophysiology, and
management of the disease have changed since its initial descrip-

tion. There is strong evidence that celiac disease is an autoimmune
disease triggered by the ingestion of gluten present in wheat, bar-
ley, and rye in genetically predisposed individuals. The prevalence
of celiac disease in the general population is 1%, with regional dif-
ferences (Table 1).4 Celiac disease can affect any human organ or tis-
sue (Table 1 and Table 2).6

Nonceliac gluten sensitivity is a term used to describe individu-
als who have intestinal signs or symptoms, extraintestinal signs
or symptoms, or both, related to ingestion of gluten-containing
grains (Table 2), with improvement when these are removed from
a patient’s diet. The frequency of nonceliac gluten sensitivity
is unknown owing to the lack of validated biomarkers, but it is
thought to be more common than celiac disease. Wheat allergy, the
third gluten-related disorder, which will not be addressed in this
review, is defined as an adverse type-2 helper T-cell immunologic
reaction to wheat proteins and typically presents soon after wheat

IMPORTANCE The prevalence of gluten-related disorders is rising, and increasing numbers of
individuals are empirically trying a gluten-free diet for a variety of signs and symptoms. This
review aims to present current evidence regarding screening, diagnosis, and treatment for
celiac disease and nonceliac gluten sensitivity.

OBSERVATIONS Celiac disease is a gluten-induced immune-mediated enteropathy
characterized by a specific genetic genotype (HLA-DQ2 and HLA-DQ8 genes) and
autoantibodies (antitissue transglutaminase and antiendomysial). Although the
inflammatory process specifically targets the intestinal mucosa, patients may present
with gastrointestinal signs or symptoms, extraintestinal signs or symptoms, or both,
suggesting that celiac disease is a systemic disease. Nonceliac gluten sensitivity
is diagnosed in individuals who do not have celiac disease or wheat allergy but who
have intestinal symptoms, extraintestinal symptoms, or both, related to ingestion
of gluten-containing grains, with symptomatic improvement on their withdrawal. The
clinical variability and the lack of validated biomarkers for nonceliac gluten sensitivity make
establishing the prevalence, reaching a diagnosis, and further study of this condition
difficult. Nevertheless, it is possible to differentiate specific gluten-related disorders from
other conditions, based on currently available investigations and algorithms. Clinicians
cannot distinguish between celiac disease and nonceliac gluten sensitivity by symptoms,
as they are similar in both. Therefore, screening for celiac disease must occur before
a gluten-free diet is implemented, since once a patient initiates a gluten-free diet,
testing for celiac disease is no longer accurate.

CONCLUSIONS AND RELEVANCE Celiac disease and nonceliac gluten sensitivity are common.
Although both conditions are treated with a gluten-free diet, distinguishing between celiac
disease and nonceliac gluten sensitivity is important for long-term therapy. Patients with
celiac disease should be followed up closely for dietary adherence, nutritional deficiencies,
and the development of possible comorbidities.

JAMA. 2017;318(7):647-656. doi:10.1001/jama.2017.9730
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an immediate and transient increase in gut permeability  
takes place in all individuals who ingest gluten. 
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So if you’re resistant to the science, or just 
uncertain if this relates to you, what can you do?
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PLoS One. 2015 Apr 17;10(4)

57% Celiac patients had one or more (up to 4) 
current psychiatric diagnoses. 



PLoS One. 2015 Apr 17;10(4)

22%  had a current or partially remitted depressive disorder 
and 18% were suffering from an anxiety disorder. 



Dig Dis 2008;26:140–148

Social phobia is included among the anxiety 
disorders and is characterized by a marked fear of 
performance, an excessive fear of scrutiny, fear of 
acting in an embarrassing way and avoidance of 

situations that involve possible scrutiny by others.
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Perhaps because gastroenterology, immunology, toxicology, and the nutrition and
agricultural sciences are outside of their competence and responsibility, psychologists
and psychiatrists typically fail to appreciate the impact that food can have on their
patients’ condition. Here we attempt to help correct this situation by reviewing, in
non-technical, plain English, how cereal grains—the world’s most abundant food
source—can affect human behavior and mental health. We present the implications
for the psychological sciences of the findings that, in all of us, bread (1) makes
the gut more permeable and can thus encourage the migration of food particles to
sites where they are not expected, prompting the immune system to attack both
these particles and brain-relevant substances that resemble them, and (2) releases
opioid-like compounds, capable of causing mental derangement if they make it to the
brain. A grain-free diet, although difficult to maintain (especially for those that need
it the most), could improve the mental health of many and be a complete cure for
others.

Keywords: exorphins, food opioids, celiac disease, gluten sensitivity, gluten-free diet, microbiota, schizophrenia,
autism

INTRODUCTION

‘‘Give us this day our daily bread (. . .) but deliver us from evil’’
—Matthew 6:11, 13

About 12,000 years ago, when the last ice age came to an end, the rapid change in
climate decimated our traditional food sources, especially large game. Possibly in response
to that, in the fertile crescent of the Middle East (roughly the areas comprising the
Levant and the Tigris and Euphrates valleys) we began to practice agriculture and animal
domestication. Within a few thousand years both had independently started on at least
four different continents (Murphy, 2007), stabilizing and increasing our food supply to
such an extent that the human population exploded. Yet the agricultural revolution not
only increased the availability of food, but also radically changed its nature: cereal grain
products, to which we were largely unaccustomed, quickly took center stage. This article
illustrates the surprising relevance of this diet change to neuroscientists, psychologists, and
psychiatrists.

That the association between humans and grains paid off nicely for both is beyond
dispute. Each partner helped the other reproduce, multiply, and ultimately conquer vast
patches of the earth. Each partner coevolved with the other, adapting to it. For example,
wheat progressively became shorter in response to our own preference for crops easier to
harvest and less vulnerable to wind. At the same time, our faces, jaws, and teeth progressively

Frontiers in Human Neuroscience | www.frontiersin.org 1 March 2016 | Volume 10 | Article 130

Front Hum Neurosci. 2016 Mar 29;10:130

Unfortunately, gluten resembles some brain-relevant 
substances too. Antibodies against gluten removed from 

human blood attack cerebellar proteins and components of the 
myelin sheath that insulates nerves 
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The mechanisms behind autoimmune reaction to
nervous system antigens in autism are not understood.
We assessed the reactivity of sera from 50 autism
patients and 50 healthy controls to specific peptides
from gliadin and the cerebellum. A significant percen-
tage of autism patients showed elevations in antibodies
against gliadin and cerebellar peptides simultaneously.
For examining cross-reaction between dietary proteins
and cerebellar antigens, antibodies were prepared
in rabbits, and binding of rabbit anti-gliadin,
anti-cerebellar peptides, anti-MBP, anti-milk, anti-egg,
anti-soy and anti-corn to either gliadin- or cerebellar-
antigen-coated wells was measured. In comparison to
anti-gliadin peptide binding to gliadin peptide at 100%,
the reaction of anti-cerebellar peptide to gliadin peptide
was 22%, whereas the binding of anti-myelin basic
protein (MBP), anti-milk, anti-egg and anti-soy to
gliadin was less than 10%.
Further examination of rabbit anti-gliadin

(EQVPLVQQ) and anti-cerebellar (EDVPLLED) 8
amino acid (AA) peptides with human serum albumin
(HSA) and an unrelated peptide showed no binding, but
the reaction of these antibodies with both the cerebellar
and gliadin peptides was greater than 60%. This cross-
reaction was further confirmed by DOT-immunoblot
and inhibition studies. We conclude that a subgroup
of patients with autism produce antibodies against
Purkinje cells and gliadin peptides, which may be
responsible for some of the neurological symptoms in
autism.

Keywords: Autism; Autoantibodies; Celiac disease; Gliadin and
cerebellar peptides; Gluten ataxia

INTRODUCTION

Autism is a complex developmental disorder with
unknown etiology. As with many complex diseases,
genetic and environmental factors including diet,
infections and xenobiotics play a critical role in
the development of autism (Ivarsson et al., 1990;
Wakefield et al., 1998; EdelsonandCantor, 2000; Fatemi
et al., 2002; Kibersti and Roberts, 2002; Vojdani et al.,
2002; Shi et al., 2003). Opioid peptides are considered
components in the etiology of autism, and these
peptides are available from a variety of food sources.
These dietary proteins and peptides, including casein,
casomorphins, gluten and gluteomorphins, can stimu-
late T-cells, induce peptide-specific T-cell responses,
and abnormal levels of cytokine production, which
may result in inflammation, autoimmune reactions
and disruption of neuroimmune communications
(Jyonouchi et al., 2001). Peptides from inadequate
digestionof casein andgluten apparently are absorbed
in excess by autistic children, as reflected by very high
levels ofurinarypeptides (Reichelt et al., 1990; Shattock
et al., 1991; Reichelt, 1994; Reichelt and Reichelt, 1997;
Whiteley et al., 1999; Horvath et al., 1999; Nelson et al.,
2001; Reichelt and Knivsberg, 2003). Excessive
peptides from undigested casein and gluten are
suspected to exert significant toxicity. Indeed, parents
and clinicians report improvement of autistic children

ISSN 1028-415X print/ISSN 1476-8305 online q 2004 Taylor & Francis Ltd
DOI: 10.1080/10284150400004155
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Sera from 50 children with autism and 50 healthy 
controls were measured for simultaneous presence 
of IgG, IgM and IgA antibodies against gliadin and 

cerebellar peptides. 
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We conclude that a subgroup of patients with autism 
produces antibodies against Purkinje cells and gliadin 

peptides, which may be responsible for some of the 
neurological symptoms in autism.
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EDITORIAL

Gluten sensitivity, celiac disease (CD) and 
gluten-sensitive enteropathy are terms that have 
been used synonymously to refer to a disease 
process affecting the small bowel and characterized 
by gastrointestinal symptoms and malabsorption. 
However, since 1966 scientific evidence has been 
accumulated demonstrating that gluten sensitivity 
can exist even in the absence of enteropathy. For 
example, patients with dermatitis herpetiformis 
and presentation of blistering skin do not have 
any gastrointestinal symptoms but have elevated 

gliadin antibody in the blood which improves on 
a gluten-free diet (1). Additionally, associations of 
CD with the involvement of other organs such as 
the central and peripheral nervous systems also go 
as far back as 1966 (2). However, until recently, 
this phenomenon of immune reaction against neural 
tissue, in particular the cerebellum, was attributed 
to vitamin deficiencies. During the past five years, 
based on overwhelming evidence of immune 
pathogenesis involving organs other than gut and 
skin, many scientists have begun to re-evaluate 
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The mechanism by which GAD antibody induces presynaptic 
impairment of cerebellar Purkinje cells through inhibition of 

GABA is shown in Fig. 1. 
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antibodies against gliadin and cerebellar peptides 
simultaneously. For examining cross-reaction 
between dietary proteins and cerebellar antigens, 
antibodies were prepared in rabbits, and binding of 
rabbit anti-gliadin, anti-cerebellar peptides, anti-
MBP, anti-milk, anti-egg, anti-soy and anti-corn to 
either gliadin- or cerebellar-antigen-coated wells 
was measured. In comparison to anti-gliadin peptide 
binding to gliadin peptide at 100%, the reaction of 
anti-cerebellar peptide to gliadin peptide was 22%, 
whereas the binding of anti-myelin basic protein 
(MBP), anti-milk, anti-egg and anti-soy to gliadin 
was less than 10%. 

Further examination of rabbit anti-gliadin 8 amino 
acid peptide (EQVPLVQQ) and anti-cerebellar 
8 amino acid peptide (EDVPLLED) with human 
serum albumin and an unrelated peptide showed no 
binding, but the reaction of these antibodies with 
both the cerebellar and gliadin peptides was greater 
than 60%. This cross-reaction was further confirmed 
by dot-immunoblot and inhibition studies. We 
concluded that a subgroup of patients with autism 
produce antibodies against Purkinje cells and gliadin 
peptides, which may be responsible for some of the 
neurological symptoms in autism (21).

Binding of anti-gliadin antibody to neuronal 
synapsin

Synapsin is a neuronal phosphoprotein involved 
in the regulation of neurotransmitter release. 
Celiac disease is also characterized by systemic 
manifestations that contribute to a complex clinical 
presentation. Neurologic deficits, including axonal 
neuropathy and cerebellar ataxia, are among the 

most common extraintestinal symptoms associated 
with celiac disease which were discussed earlier. 
Based on these neurological manifestations of gluten 
sensitivity, a different study looked into the cross-
reactivity of anti-gliadin humoral immune response 
with neural tissue (21-23). It was shown that both 
human and animal anti-gliadin antibodies can cross-
react with synapsin I, a cytosolic phosphoprotein 
found in most neurons of the central and peripheral 
nervous systems. The anti-gliadin antibodies bound 
to both isomers of synapsin I, A and B, which have 
very similar amino acid sequences (22). 

In the human serum samples, antibody to 
synapsin I was detected in several patients with 
gluten sensitivity, while control specimens without 
anti-gliadin antibody did not exhibit significant 
anti-synapsin antibody reactivity. The patient data 
also clearly demonstrated that anti-gliadin antibody 
levels do not necessarily correlate with anti-synapsin 
antibody reactivity and that only certain subsets of 
anti-gliadin antibodies cross-react with synapsin 
I. Because of the large number and heterogeneous 
nature of gliadins, as well as the high diversity 
of wheat phenotypes, the anti-gliadin immune 
response is likely to involve a sizeable repertoire of 
antigenic determinants. Therefore, varying degrees 
of cross-reactivity to synapsin I can be expected 
in different patients with gluten sensitivity (23). 
Such differences in the anti-gliadin antibody cross-
reactivity in different patients may reveal clues 
about the potential pathogenic role of the antibody 
and its association with specific extra-intestinal 
complications. 

Although pathogenic antibodies typically 

Fig. 1. Presynaptic impairment of cerebellar Purkinje cells by an antibody to glutamic acid decarboxylase (GAD).
Fig. 1. Presynaptic impairment of cerebellar Purkinje cells by an antibody to glutamic 
acid decarboxylase (GAD).
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Perhaps because gastroenterology, immunology, toxicology, and the nutrition and
agricultural sciences are outside of their competence and responsibility, psychologists
and psychiatrists typically fail to appreciate the impact that food can have on their
patients’ condition. Here we attempt to help correct this situation by reviewing, in
non-technical, plain English, how cereal grains—the world’s most abundant food
source—can affect human behavior and mental health. We present the implications
for the psychological sciences of the findings that, in all of us, bread (1) makes
the gut more permeable and can thus encourage the migration of food particles to
sites where they are not expected, prompting the immune system to attack both
these particles and brain-relevant substances that resemble them, and (2) releases
opioid-like compounds, capable of causing mental derangement if they make it to the
brain. A grain-free diet, although difficult to maintain (especially for those that need
it the most), could improve the mental health of many and be a complete cure for
others.

Keywords: exorphins, food opioids, celiac disease, gluten sensitivity, gluten-free diet, microbiota, schizophrenia,
autism

INTRODUCTION

‘‘Give us this day our daily bread (. . .) but deliver us from evil’’
—Matthew 6:11, 13

About 12,000 years ago, when the last ice age came to an end, the rapid change in
climate decimated our traditional food sources, especially large game. Possibly in response
to that, in the fertile crescent of the Middle East (roughly the areas comprising the
Levant and the Tigris and Euphrates valleys) we began to practice agriculture and animal
domestication. Within a few thousand years both had independently started on at least
four different continents (Murphy, 2007), stabilizing and increasing our food supply to
such an extent that the human population exploded. Yet the agricultural revolution not
only increased the availability of food, but also radically changed its nature: cereal grain
products, to which we were largely unaccustomed, quickly took center stage. This article
illustrates the surprising relevance of this diet change to neuroscientists, psychologists, and
psychiatrists.

That the association between humans and grains paid off nicely for both is beyond
dispute. Each partner helped the other reproduce, multiply, and ultimately conquer vast
patches of the earth. Each partner coevolved with the other, adapting to it. For example,
wheat progressively became shorter in response to our own preference for crops easier to
harvest and less vulnerable to wind. At the same time, our faces, jaws, and teeth progressively
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These antibodies also attack an enzyme involved in the 
production of GABA—our prime inhibitory neurotransmitter, 

whose dysregulation is implicated in both anxiety and depression. 



- - -

A 14 year old girl misdiagnosed with psychosis
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A 14-year-old girl came to our outpatient clinic for psychotic 
symptoms that were apparently associated with gluten consumption. 



Nutrients 2015, 7, 5532-5539

In May 2012, after a febrile episode, she became increasingly 
irritable and reported daily headache and concentration difficulties. 

One month after, her symptoms worsened presenting with severe 
headache, sleep problems, and behavior alterations, with several 

unmotivated crying spells and apathy. 



Nutrients 2015, 7, 5532-5539

Her school performance deteriorated, as reported by her teachers. 
The mother noted severe halitosis, never suffered before. The 

patient was referred to a local neuropsychiatric outpatient clinic, 
where a conversion somatic disorder was diagnosed and a 
benzodiazepine treatment (i.e., bromazepam) was started. 



Nutrients 2015, 7, 5532-5539

In June 2012, during the final school examinations, psychiatric 
symptoms, occurring sporadically in the previous two months, 

worsened. Indeed, she began to have complex hallucinations. The 
types of these hallucinations varied and were reported as 

indistinguishable from reality (she saw people coming off the 
television to follow and scare her). 



Nutrients 2015, 7, 5532-5539

She also presented weight loss (about 5% of her weight) and 
gastrointestinal symptoms such as abdominal distension and severe 

constipation. She was admitted to a psychiatric ward. 



Nutrients 2015, 7, 5532-5539

A computed tomography scan of the brain and a blood pressure 
holter were also performed and resulted normal. 

Electroencephalogram (EEG) showed mild nonspecific 
abnormalities and slow-wave activity. Due to the abnormal 
autoimmune parameters and the recurrence of psychotic 

symptoms, autoimmune encephalitis was suspected, and steroid 
treatment was initiated. 



Nutrients 2015, 7, 5532-5539

In September 2012, shortly after eating pasta, she presented crying 
spells, relevant confusion, ataxia, severe anxiety and paranoid 

delirium. Then she was again referred to the psychiatric unit. A 
relapse of autoimmune encephalitis was suspected and treatment 

with endovenous steroid and immunoglobulins was started. During 
the following months, several hospitalizations were done, for 

recurrence of psychotic symptoms. 



Nutrients 2015, 7, 5532-5539

Cerebral and spinal cord magnetic resonance imaging, lumbar 
puncture, and fundus oculi examination did not show any 

pathological signs. Several EEG were performed confirming 
bilateral slow activity. The laboratory tests showed only mild 
microcytic anemia with reduced levels of ferritin and a slight 

increase in fecal calprotectin values. 
All markers for CD were negative. 



Nutrients 2015, 7, 5532-5539

In September 2013, she presented with severe abdominal pain, 
associated with asthenia, slowed speech, depression, distorted and 
paranoid thinking and suicidal ideation up to a state of pre-coma. 
The clinical suspicion was moving towards a fluctuating psychotic 
disorder. Treatment with a second-generation anti-psychotic (i.e., 

olanzapine) was started, but psychotic symptoms persisted. 



Nutrients 2015, 7, 5532-5539

November 2013, due to gastro-intestinal symptoms and further 
weight loss (about 15% of her weight in the last year), a nutritionist 
was consulted, and a gluten-free diet (GFD) was recommended for 
symptomatic treatment of the intestinal complaints; unexpectedly, 

within a week of gluten-free diet, the symptoms (both gastro-
intestinal and psychiatric) dramatically improved, and the GFD was 

continued for four months. 



Nutrients 2015, 7, 5532-5539

Until a few years ago, the spectrum of gluten-related disorders 
included only CD and wheat allergy, therefore our patient would be 

turned back home as a “psychotic patient” and receive lifelong 
treatment with anti-psychotic drugs. Recent data, however, 

suggested the existence of another form of gluten intolerance, 
known as NCGS 



Nutrients 2015, 7, 5532-5539

Due to parental choice, the girl did not continue assuming gluten 
and she started a gluten-free diet with a complete regression of all 
symptoms within a week. Her mother finally recalled that she was 
returned a “normal girl”. Nine months after definitely starting the 

GFD, she is still symptoms-free. 



Nutrients 2015, 7, 5532-5539

It has been hypothesized that some neuro-psychiatric symptoms 
related to gluten may be the consequence of the excessive absorption 

of peptides with opioid activity that formed from incomplete 
breakdown of gluten. Increased intestinal permeability, also 

referred to as “leaky gut syndrome”, may allow these peptides to 
cross the intestinal membrane, enter the bloodstream, and cross the 

blood brain barrier, affecting the endogenous opiate system and 
neurotransmission within the nervous system. 
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Insights into the gut-brain crosstalk have revealed a complex 
communication system that not only ensures the proper 
maintenance of gastrointestinal homeostasis, but is likely to 
have multiple effects on affect, motivation, and higher cognitive 
functions. The complexity of these interactions is enclosed in 
the denomination of “gut-brain axis” (GBA) [1]. Its role is to 
monitor and integrate gut functions as well as to link emotional 
and cognitive centers of the brain with peripheral intestinal 
functions and mechanisms such as immune activation, 
intestinal permeability, enteric reflex, and entero-endocrine 
signaling. The mechanisms underlying GBA communications 
involve neuro-immuno-endocrine mediators.

This bidirectional communication network includes the 
central nervous system (CNS), both brain and spinal cord, 

the autonomic nervous system (ANS), the enteric nervous 
system (ENS) and the hypothalamic pituitary adrenal (HPA) 
axis (Fig. 1). The autonomic system, with the sympathetic and 
parasympathetic limbs, drives both afferent signals, arising from 
the lumen and transmitted though enteric, spinal and vagal 
pathways to CNS, and efferent signals from CNS to the intestinal 
wall. The HPA axis is considered the core stress efferent axis that 
coordinates the adaptive responses of the organism to stressors 
of any kind [2]. It is a part of the limbic system, a crucial zone 
of the brain predominantly involved in memory and emotional 
responses. Environmental stress, as well as elevated systemic 
pro-inflammatory cytokines, activate this system that, through 
secretion of the corticotropin-releasing factor (CRF) from 
the hypothalamus, stimulates adrenocorticotropic hormone 
(ACTH) secretion from pituitary gland that, in turn, leads 
to cortisol release from the adrenal glands. Cortisol is a major 
stress hormone that affects many human organs, including the 
brain. Thus, both neural and hormonal lines of communication 
combine to allow brain to influence the activities of intestinal 
functional effector cells, such as immune cells, epithelial cells, 
enteric neurons, smooth muscle cells, interstitial cells of Cajal and 
enterochromaffin cells. These same cells, on the other hand, are 
under the influence of the gut microbiota [3] whose contributing 
role in brain-gut reciprocal communications has recently been 
assessed. The concept of a microbiome GBA is now emerging.

The enteric microbiota is distributed in the human 
gastrointestinal tract and, although each person’s microbiota 
profile is distinct, relative abundance and distribution along the 
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neural, endocrine, immune, and humoral links. In this review we summarize the available evidence 
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Studies conduced on germ-free animals have also demonstrated 
that microbiota influences stress reactivity and anxiety-like 

behavior, and regulates the set point for HPA activity. 
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In recent years the interface between neuropsychiatry 
and gastroenterology has converged into a new discipline 

referred to as enteric neuroscience. 

Gut Pathogens 2009, 1:6
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Even minute doses of microbes within the 
gastrointestinal tract, levels that do not trigger an 

immune response, are capable of influencing 
neurotransmission in the paraventricular

hypothalamus, the central nucleus of the amygdala, 
and the bed nucleus of the stria terminalis. 

Gut Pathogens 2009, 1:6
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All three of these regions are involved in the 
processing of emotions related to anxiety and mood

Gut Pathogens 2009, 1:6
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focus on how the commensal microbes directly and indirectly
shape neurochemical and immunologic responses that can sub-
sequently affect behaviors and other neurological functions
(Table 1). With well-documented evidence that the microbiota
shape immunity and metabolism, the impact of gut microbes on
the nervous system represents an exciting new frontier for
research with vast translational implications.

Role of the Microbiota in Mood and Individual Behaviors
One of the seminal studies on the influence of the commensalmi-
crobiota on neurological function observed that germ-free (GF)
mice display an elevated response to restraint stress, the stress
that occurs during forced immobilization (Sudo et al., 2004). In
the absence of the microbiota, mice have substantially higher
concentrations of corticosterone, a stress hormone in the hypo-
thalamus, as well as reduced levels of brain-derived neurotro-
phic factor (BDNF; a protein that stimulates neurogenesis, stim-
ulates synaptic growth, and modulates synaptic plasticity and
transmission) (Lu et al., 2013; Sudo et al., 2004). Interestingly,
this phenomenon can be partially reversed by re-colonization
with a diverse microbiota in adulthood, suggesting that active
signals from the microbiota play a critical role in brain develop-
ment. In fact, colonization with a specific bacterial species,
Bifidobacterium infantis, restores the defect (compared to
monocolonization with Esherichia coli), demonstrating that
rather than the general sensing of the bacteria within the popula-
tion of indigenous microbes, signals from specific bacteria drive
normal behavior (Sudo et al., 2004). This rigorous demonstration
that the microbiota affects the hypothalamic–pituitary–adrenal
axis (HPA axis) revealed bi-directional communication between
the gut and the brain, with a significant effect on host behavior.
Conversely, in the absence of restraint stress, some strains

of GF mice (Swiss Webster, NIH Swiss, and NMRI) display

decreased anxiety-like behavior, in the form of increased explo-
ration compared to specific pathogen-free (SPF) mice, which are
colonized with a diverse microbial population. For instance, GF
mice spend more time in the lighted section of a light-dark
box, as well as the open arms of an elevated plus-maze, than
their colonized counterparts, evidence of decreased anxiety-
like behavior, as mice typically desire to be in a closed, dark
area (Clarke et al., 2013; Diaz Heijtz et al., 2011; Neufeld et al.,
2011; Selkrig et al., 2014). Importantly, these behavioral effects
can be restored to levels similar to conventionally raised mice
by recolonizing the GF mice with a complete SPF microbiota.
The effect of the microbiota is not necessarily consistent across
all strains of mice. For instance, SPF BALB/c and C57Bl6 mice
display increased anxiety behavior compared to other strains,
such as NIH Swiss mice (Bercik et al., 2011; Selkrig et al.,
2014). The microbiome present in BALB/c mice is significantly
different than that present in NIH Swiss mice. When fecal micro-
biota from either strain are transplanted into GF mice of the
counterpart strain, the behavior of the parent strain is transferred
(Bercik et al., 2011). This interesting finding implicates that sig-
nals derived from the microbiota can drive behaviors in the
host. Further, phenotypic changes following fecal microbiota
transplants in adult mice reveal that anxiety can be actively
modulated by the microbial population and are not necessarily
developmental in origin. It is therefore interesting to contemplate
that activemodulation of the population or function of the gut mi-
crobiota, such as through probiotic supplementation, may act to
modify host stress and anxiety behaviors as well. In fact, there is
an active and growing line of observations of the effect of probi-
otic species on the behavior of the host.
In one such probiotic supplementation study, it was observed

that mice given the probiotic bacterium Lactobacillus rhamnosus
(JB-1) over a 28 day period displayed decreased anxiety-like
behavior in the elevated plus maze and open-field test (Bravo
et al., 2011). Additionally, the effect of L. rhamnosus on anxiety
behavior is ameliorated in mice that have been vagotomized
and lack connectivity of the vagus nerve between the ENS and
the CNS (Bravo et al., 2011). This would suggest that microbial
signals can be directed by the vagus nerve to alter CNS outputs
(such as behavior), further implicating an active role by themicro-
biota in mediating neurological functions. In a similar fashion,
treatment with B. longum 1714 and B. breve 1205 was observed
to decrease anxiety-like behaviors to the same extent as the
pharmaceutical anti-anxiety medication escitalopram (Savignac
et al., 2014). Other studies in rats utilizing a probiotic cocktail of
L. helveticus R0052 and B. longum R0175 found that treatment
with these microbes over a 30 day period resulted in decreased
anxiety in an electric shock model, further suggesting that the
functionality of the gut microbiota influences anxiety-like behav-
iors (Messaoudi et al., 2011). Together, these studies provide
credence to the intriguing hypothesis that active modulation of
the intestinal microbiota, through probiotic supplementation,
can have drastic effects on behavior, perhaps with therapeutic
potential.
Anxiety is not the only behavior that is modulated by signals

from symbiotic bacteria. The same study that utilized the probi-
otic L. rhamnosus (JB-1) to treat mice also observed that these
mice displayed decreased depression-like behaviors, particu-
larly in the forced swim test (Bravo et al., 2011). Probiotic

Figure 1. Pathways Linking the Microbiome and CNS
Signals from the intestinal microbiome may potentially traffic to the CNS via
several mechanisms: (1) direct activation of the vagus nerve from the ENS to
the CNS; (2) production of, or induction of, various metabolites that pass
through the intestinal barrier and into the circulatory system, where they may
cross the BBB to regulate neurological function; (3) and MAMPs (such as LPS,
BLP, and PSA) and metabolites produced by the microbiota can signal to the
immune system. Immune cells (and particularly their cytokines) can influence
neurophysiology.
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1 INTRODUCTION

For decades, researchers have noted the presence of culturable pathogens in

patients with a wide range of chronic inflammatory diseases. These patho-

gens include Epstein–Barr virus (EBV), cytomegalovirus, hepatitis C virus,

Chlamydia pneumoniae, Mycobacteriaceae, and Borrelia spp. Yet the prevalence

of any one pathogen in a particular cohort varies widely depending on the

methodology of the study, and no single pathogen has been reliably detected

in all patients with a particular inflammatory diagnosis.

However, genome-based microbial detection methods that have

emerged during the past decade revealed vast communities of bacteria,

viruses, and fungi now known to persist in nearly every body site, called

the human microbiome. This discovery has uncovered thousands of new

microbial species capable of contributing to autoimmune and inflammatory

disease processes. In lieu of a single pathogen causing a single disease, many

of these microbes instead seem to generate dysfunction by continually inter-

acting with other species in a shared intra-phagocytic environment. Yet to

persist inside host immune cells, the microbiome must necessarily degrade

the host’s innate immune defences. In doing so, the pathogens also dysregu-

late other aspects of human metabolism by directly altering the expression of

human genes. This chapter describes how the cumulative effect of these

changes to the human metabolome and interactome may lead to the

catastrophic failure of human metabolism so often observed in chronic

idiopathic disease.

163
Infection and Autoimmunity © 2015 Elsevier B.V.
http://dx.doi.org/10.1016/B978-0-444-63269-2.00007-6 All rights reserved.

Proteins and metabolites generated by the microbiome 
permeate the body. Of the small molecules found in healthy 

human blood, 36% are created by the human gut microbiome.

INFECTION AND AUTOIMMUNITY, 2ND EDITION, 2015, YEHUDA SHOENFELD, EDITOR 
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While considering potential sources of compounds that 
may contribute to the etiology of neurodevelopmental 
and neurodegenerative diseases, diet has often been 

considered as a primary vehicle of exposure. 
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Indeed, many known neurotoxicants and 
developmental neurotoxicants are food contaminants. 
Yet, the air we breathe is a logical potential source of 

chemicals which may exert neurotoxicity, though 
attention has been limited for several decades only to 

effects on the respiratory system and more recently on 
the cardiovascular system. 
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Elevated air pollution is associated with decreased 
cognitive function in children, adults, and the elderly 
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In Clinical Practice,60-65% 
of all cognitive decline 
Alzheimer patients are 

identified as ‘Inhalation 
Alzheimer’s’ patients
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Two studies found that residential proximity to freeways 
and gestational and early life exposure to traffic-related 
air pollution were associated with autism (OR = 1.86). 
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According to the Environmental Protection Agency, the top five air 
quality problems in the U.S. are all indoor air problems. Common 
residential indoor pollutants include excessive moisture, volatile 

organic compounds (VOCs), combustion products, radon, pesticides, 
dust particles, viruses, and bacteria.

Being exposed to radon for a long period of time can lead to lung 
cancer. Radon gas in the air breaks down into tiny radioactive 

elements (radon progeny) that can lodge in the lining of the lungs, 
where they can give off radiation. This radiation can 
damage lung cells and eventually lead to lung cancer.

The World Health Organization says radon causes up to 14 percent 
of lung cancer deaths worldwide, and in the U.S., about 21,000 lung 
cancer deaths per year are due to radon. Of those, about 2,900 occur 

in people who never smoked.
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ABSTRACT: Indoor dust is a reservoir for commercial
consumer product chemicals, including many compounds
with known or suspected health effects. However, most dust
exposure studies measure few chemicals in small samples. We
systematically searched the U.S. indoor dust literature on
phthalates, replacement flame retardants (RFRs), perfluor-
oalkyl substances (PFASs), synthetic fragrances, and environ-
mental phenols and estimated pooled geometric means (GMs)
and 95% confidence intervals for 45 chemicals measured in ≥3
data sets. In order to rank and contextualize these results, we
used the pooled GMs to calculate residential intake from dust
ingestion, inhalation, and dermal uptake from air, and then
identified hazard traits from the Safer Consumer Products
Candidate Chemical List. Our results indicate that U.S. indoor dust consistently contains chemicals from multiple classes.
Phthalates occurred in the highest concentrations, followed by phenols, RFRs, fragrance, and PFASs. Several phthalates and
RFRs had the highest residential intakes. We also found that many chemicals in dust share hazard traits such as reproductive and
endocrine toxicity. We offer recommendations to maximize comparability of studies and advance indoor exposure science. This
information is critical in shaping future exposure and health studies, especially related to cumulative exposures, and in providing
evidence for intervention development and public policy.

■ INTRODUCTION
People in developed countries spend more than 90% of their
time in indoor environments,1 creating an important link
between indoor environmental quality and public health.
Consumer products and building materials including furniture,
electronics, personal care and cleaning products, and floor and
wall coverings contain chemicals that can leach, migrate, abrade,
or off-gas from products resulting in human exposure.2,3

Consequently, chemicals such as phthalates, phenols, flame
retardants, and polyfluorinated alkyl substances (PFASs) are
widely detected in the U.S. general population, including
vulnerable populations such as pregnant women and children.4−6

Exposure to one or more of these chemical classes has been
associated with adverse health effects including reproductive
toxicity, endocrine disruption, cognitive and behavioral impair-
ment in children, cancer, asthma, immune dysfunction, and
chronic disease.7−9

Many emerging and current use consumer product chemicals
of concern are semivolatile organic compounds (SVOCs), which

exist in the gas and condensed phase and redistribute from their
original source over time, partitioning between indoor air, dust,
and surfaces. Consequently, exposure to SVOC chemicals in the
indoor environment may occur from air, dust, and dermal
pathways.10−13 For some phthalate diesters, the use of consumer
products and indoor exposures are major contributors to human
exposure.14−17 Similarly, for some flame retardants, dust is a
significant contributor to exposure,18−20 while the contribution
of the indoor environment to total exposure of PFASs is less well
characterized.21,22 The chemical properties, sources, exposure
pathways and major health effects associated with each chemical
class are reviewed in the following sources: phthalates,16,23−26

flame retardants,25,27,28 environmental phenols,25,26,29,30 syn-
thetic fragrances,29,31,32 and PFASs.25,33,34
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vulnerable populations such as pregnant women and children.4−6

Exposure to one or more of these chemical classes has been
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chronic disease.7−9
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and surfaces. Consequently, exposure to SVOC chemicals in the
indoor environment may occur from air, dust, and dermal
pathways.10−13 For some phthalate diesters, the use of consumer
products and indoor exposures are major contributors to human
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significant contributor to exposure,18−20 while the contribution
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pathways and major health effects associated with each chemical
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The indoor environment is a haven for chemicals 
associated with reproductive and developmental 

toxicity, endocrine disruption, cancer and other health 
effects. Additionally, the existing dust literature has 
allowed us to identify the chemicals and chemical 

classes found at the highest levels indoors (phthalates 
and phenols), with the highest estimated intakes 

(phthalates and replacement flame retardants (RFRs), 
and associated with the most hazard traits (phthalates 

and PFASs). 
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and BEH-TEBP in dust differ from those in the commercial flame
retardant mixture.18,68,69

Intake Assessment. Intake estimates, like modeled GM
concentrations, spanned orders of magnitude (Figure 3). As
expected, estimated intakes, normalized by body weight, were
higher for the child compared to the adult, although the relative
ranking of the chemicals was similar (data not shown).
Those chemicals with the highest dust concentrations also

tended to have the highest intake estimates, with the exception of
the RFR TCEP, which was driven by its relatively high predicted
air concentration (>50 μg/m3). TCEP had the highest estimated
intake (>1 mg/kg/day) followed by four phthalates: DEP,
DEHP, BBzP, and DnBP (>0.1 mg/kg/day) (Figure 3).
Exposure to indoor air seemed to drive the intake estimates,
since those chemicals with the highest intake estimates also
tended to have the largest proportion of intake from inhalation
and dermal uptake of indoor air. These modeled results agree
with recent evidence of high inhalation exposure to chlorinated
RFRs.70 In contrast, for those chemicals where the dust ingestion
route dominated, the intake estimates were lower. Compared to
other classes, phthalates generally had the highest intake
estimates; RFRs’ intake estimates varied widely from approx-
imately 100 ng/kg-day for the Dechlorane isomers to >1 mg/kg-
day for TCEP; the fragrance HHCB ranked seventh of 44 in total
intake; phenols had midrange estimates; and PFASs, which only
rely on the dust ingestion route, had the lowest residential intake
estimates (Figure 3).
These residential intake estimates do not account for

exposures in microenvironments other than the home. While

the data on nonresidential environments were limited (SI Figure
S2), the data suggest that other indoor microenvironments will
contribute to total exposure. For example, concentrations of the
flame retardants TDCIPP and EH-TBB were higher in
nonresidential microenvironments (SI Table S11) and we
would expect that people spending substantial time in such
spaces would have higher exposures than the estimates presented
in Figure 3.
In addition to calculating the pooled GM and GSD, we

examined the maxima relative to the GM for representative
chemicals from four classes (TDCIPP, DEHP, MeP, PFOS) (SI
Figure S3). The maxima reported by each data set were, in many
cases, at least 1 order of magnitude greater than the reported
pooled GM. Thus, focusing only on the central tendency metric
could obscure the very high exposures, and potential associated
health risks, experienced by a fraction of the population.
We estimated residential intakes in order to provide context to

the pooled dust concentrations and link concentration and
hazard information. However, this intake assessment is not
comprehensive in that it does not quantify total intakes of every
chemical, does not account for variability in exposure factors
(e.g., dust ingestion rates), and relies on estimated physicochem-
ical data. In addition to the contribution of other microenviron-
ments on intake, for many of these chemicals, particularly the
phthalates and parabens, actual intakes may bemuch higher since
these chemicals are widely used in personal care products applied
directly to the skin,29 some medications;71 and diet has also been
shown to be an important route of exposure.72,73 Exposure
factors vary by individuals; for example, the upper percentile dust

Figure 4. Each row on the chart represents potential chemical hazard traits, and each column represents a chemical. Chemicals are listed in order of
estimated adult daily residential intake (lowest intake on the left-hand side). For hazard traits associated with a mixture rather than individual chemicals
(HBCDD, DDC−CO, NPEO) the intakes of the chemicals composing the mixture were added to generate the mixture’s position in the intake ranking.
The hazard traits associated with each chemical, according to the SCP CC list are represented by filled cells; hazard traits not associated with the
chemical are left blank. Chemicals not included in the intake assessment and those not listed in SCP CC list are not shown in the chart.
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