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Gastrointestinal
Balance and
Neurotransmitter
Formation
By Amy Yasko, PhD, AMD, FAAIM, and Nancy Mullan, MD

The complexity of the gastrointestinal tract
Over the past few decades, research has significantly changed
the way that scientists understand gastrointestinal (GI) function and
dysfunction. We have come to recognize that the GI tract is, in fact,
far more subtle and complex than initially thought. Studies have
illuminated how the complex interaction of the immune system, the
neuroendocrine system, and the microbial environment within the gut
affects not only GI function but also the function of other organs and
systems in the body, most notably the brain and nervous system. We
now understand that body systems and organs function within a web
of physiology and biochemistry, and we no longer consider each
system as discrete and isolated from the others.
During this same time period, autism spectrum disorders (ASDs)—
consisting of autism, pervasive developmental delay (PDD),
speech delay, attention-deficit disorder (ADD) or attention-deficit/
hyperactivity disorder (ADHD)—have been acknowledged as
multifactorial conditions. A number of causal factors must come together
to create the constellation of symptoms that result in a diagnosis of
one or several of these conditions. Prominent among these factors
is GI dysfunction.1-3 The investigation of how the gastrointestinal
environment and its function influence the central nervous system and
other neurologic functions is, therefore, particularly pertinent.
Bäckhed and colleagues 4 describe the human gut microbiome (the
microbial community that resides in the intestine) as follows:

The adult human intestine is home to an almost inconceivable
number of microorganisms. The size of the population—
up to 100 trillion—far exceeds that of all other microbial
communities associated with the body’s surfaces and is
~ 10 times greater than the total number of our somatic and
germ cells. Thus, it seems appropriate to view ourselves as a
composite of many species and our genetic landscape as an
amalgam of genes embedded in our Homo sapiens genome
and in the genomes of our affiliated microbial partners (the
microbiome).
Our gut microbiota can be pictured as a microbial organ
placed within a host organ. It is composed of different cell
lineages with a capacity to communicate with one another
and the host; it mediates physiologically important chemical
transformations; and it can manage and repair itself through
self-replication. The gut microbiome, which may contain
> 100 times the number of genes in our genome, endows
us with functional features that we have not had to evolve
ourselves. (p.1915)
Colonization of the newborn’s GI tract starts immediately after birth.
The earliest bacteria colonized can modulate the expression of genes
in the host epithelial cells, thus creating a favorable environment for

Studies have illuminated how the complex interaction of the immune system, the
neuroendocrine system, and the microbial environment within the gut affects not
only GI function but also the function of other organs and systems in the body,
most notably the brain and nervous system.
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themselves. This can prevent the growth of other bacteria introduced
at a later time. Therefore, this initial colonization is very relevant to
the final composition of the adult individual’s flora. 5 The predominant
intestinal mucosa-associated bacterial community is host-specific and
significantly different from the fecal bacterial community. 6
Gastrointestinal mucus serves as a matrix for the flora contained
in the GI tract.7 The integrity of the mucosal barrier is maintained by
a single layer of tightly fitted epithelial cells called enterocytes that
comprise a surface area greater than 400 square meters, which
is 200 times greater than the surface of the skin. Approximately
70 percent of the body’s immune system is present in specialized
lymphatic compartments within the GI mucosa and in the intercellular
spaces along its epithelium. Experimental evidence demonstrates that
the gastrointestinal mucosal immune system functions separately from
the bloodborne (e.g., white blood cells and immunoglobulins) immune
system.8 It is significant to note that the gastrointestinal tract houses a
separate immune system – the enteric immune system.
In the remainder of this article, we discuss factors contributing to
chronic microbial imbalance in the gastrointestinal tract and review
some of the microorganisms (such as clostridia, streptococci, and
Helicobacter pylori) that can have far-reaching effects when out
of balance. We focus, in particular, on the influence of pathogenic
organisms on neurotransmitter formation because of the essential role
of neurotransmitters as the body’s chemical messengers.
What causes chronic microbial imbalance
Gut mucosal integrity can be compromised by a number of factors,
including chronic microbial imbalance (dysbiosis), inflammation,
and immune system dysregulation. Dysbiosis can produce mucosal
damage, and the accompanying inflammatory processes may lead
to a disruption in microvilli function and gut permeability. These, in
turn, can manifest as gluten, casein, and/or lactose intolerance; food
allergies or intolerance; abdominal pain and discomfort; or abnormal
bowel function. Non-GI-related symptoms can also appear, such as
headaches, skin irritations, chronic joint pain, anxiety, or depression.
Imbalances in the flora of the GI tract may begin as early as birth.
Maternal streptococci, for example, can be transmitted from the
mother to the neonate during delivery. Although researchers originally
believed that transmission occurred solely via vaginal delivery,9 more
recent data suggest that streptococcal infection can also occur in
infants who have been delivered via cesarean section.10 The rate of
mother-to-infant transmission of streptococci during vaginal delivery is
between 20 and 30 percent.
Increased gut acidity also can predispose to microbial imbalance.
Some of the factors that contribute to increased gut acidity and gut flora
imbalances include vitamin B12 deficiency, decreased pancreatic or
liver function, genetics/blood type, and antibiotic use.
Vitamin B12 deficiency: Intrinsic factor, a substrate produced
by the gastric lining, is necessary for the uptake of vitamin B12 by
the small intestine. Sufficient stomach acid is necessary for intrinsic
factor activation. The secretion of stomach acid and the secretion
of intrinsic factor parallel one another,11 and loss of gastric secreting

cells decreases both intrinsic factor and stomach acid.12 Proton pump
inhibitors, a group of drugs widely used for peptic ulcer disease and
other hyperacidic conditions, antagonize stomach acid levels and
lead to decreases in intrinsic factor and decreased uptake of B12.13
A significant lack of B12 has been found in autism, irrespective of
age.14 Efforts by the body to increase B12 levels lead to increased
intrinsic factor and would be expected to increase stomach acid.13,15
While the growth of many bacteria is inhibited in an acidic (low pH)
environment, streptococci are among those bacteria that can survive
and flourish at a lower pH.16 Increased stomach acid secondary to
B12 deficiency, therefore, leads to a gut environment that predisposes
to the growth of streptococci and other pathogenic bacteria that can
survive in an acid milieu, such as Escherichia coli.16,17
Decreased pancreatic or liver function: One of the
roles of bile is to neutralize stomach acid. Lack of bile due to decreased
pancreatic or liver function contributes to an acidic gut environment.
Impairments in liver or pancreatic function due to toxin overload
or infectious diseases such as rubella (which is known to infect the
pancreas), therefore, decrease the body’s ability to neutralize excess
acid.
Genetics and blood type: Genetics and blood type can
predispose to colonization with streptococci. For example, single
nucleotide polymorphisms (SNPs) that decrease the level of B12 in the
body can contribute to an environment that is conducive to the growth
of streptococci. Blood type also appears to play a role, which may
be related in part to the increased acidity seen in those with blood
type O.18 Effects of different carbohydrate groupings on the surface
of blood cells of varying blood types may also have an impact on the
ability of streptococci to aggregate in the system.19
Antibiotics: Normal flora help to protect the gut from the
growth of pathogenic organisms. Antibiotic use is well known to
cause imbalances in normal gut flora. The use of antibiotics without
concurrent addition of probiotics, therefore, can predispose to the
growth of streptococci as well as other pathogenic organisms such
as clostridia. Fecal flora studies of children with ASD have found that
the number of clostridial species are greater and the clostridial counts
higher in ASD children when compared with controls.1,3
Clostridial and other species
Clostridia are spore-forming, Gram-positive anaerobes. The growth
of anaerobes is inhibited or significantly slowed in the presence of
oxygen. The dearth of oxygen in the lumen of the small and large
intestines predisposes this environment to the growth of anaerobic
organisms. There are more than 50 species of clostridia, a number
of which cause significant illness. To name only a few examples,
Clostridium botulinum causes botulism, C. perfringens causes gas
gangrene and food poisoning, C. tetani causes tetanus, and C.
difficile causes pseudomembranous colitis. Table 1 provides a more
comprehensive list of the many conditions associated with clostridial
infection.

Gut mucosal integrity can be compromised by a number of factors, including chronic
microbial imbalance (dysbiosis), inflammation, and immune system dysregulation.
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Table 1.
Selected conditions associated
with clostridial infections
Agent

Condition

C. perfringens	Soft-tissue infection:
crepitant cellulitis, myositis,
clostridial myonecrosis
		

		

Toxin
α-toxin (others)

Hemolysis	Phospholipase C
α-toxin
Muscle necrosis

θ-toxin

Many organisms normally found in
the gut can become pathogenic in the
face of poor methionine and folate cycle
function, insufficient immune function,
and high total toxic burden.
Figure 1.
The impact of infection on neurotransmitter formation

Enteric diseases

GTP
Guanosine triphosphate

C. perfringens type A

Food poisoning

Enterotoxin

C. perfringens type C

Enteritis necroticans

β-toxin

C. difficile

Antibiotic-associated colitis

Toxin A

C. septicum (others)
Neutropenic enterocolitis
			

Unknown,
possibly β-toxin

C. septicum

Colorectal malignancy

		

Hemolysis by septicolysine

δ-toxin

		

Tissue necrosis

α-toxin

		

DNA lysis by DNase

β-toxin

		
		

Hyaluronan lysis by
hyaluronilase

γ-toxin

Tetanus

C. botulinum
Botulism
			
C. perfringens, C. ramosum
(many others)
		
		
		

Abdominal infections:
Cholecystitis, peritonitis,
ruptured appendix, bowel
perforation, neutropenic
enterocolitis

Tetanospasmin
Botulinal
toxins A-G
β-toxin

Source: Beers MH, Berkow R (Eds.). Anaerobic bacteria: clostridial
infections. In The Merck Manual of Diagnosis and Therapy, 17th edition
(section 13, page 1176). West Point, PA: Merck & Co., Inc., 1999.

C. difficile is most often found in the gut and is part of the normal
GI flora in 2-10 percent of humans.20 However, the suppression of
normal GI flora that accompanies oral antibiotic use allows C. difficile
to proliferate and produce cytopathic toxins and enterotoxins that
are disruptive to cells and the intestine. The range of symptoms that
C. difficile infection can cause is significant. Symptoms vary from
70
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BH4

Neopterin

5, 6, 7,8-tetrahydrobiopterin

Immune
response

Neurologic syndromes
C. tetani

Infection shifts the conversion
of H2NTP away from BH4
toward neopterin, which
increases the immune
response

H2NTP
7, 8-dihydroneopterin
triphosphate

The effect of infection overall is to increase oxidative stress, which
in itself impairs the production of BH4 and hence neurotransmitters.
Beyond this, the consequence of the T cell activation, cytokine
production, and macrophage activation that accompany infection is to
shift the conversion of H2NTP from BH4 to neopterin, which increases
the immune response.

diarrhea alone to marked diarrhea and necrosis of the GI mucosa
with accumulation of inflammatory cells and fibrin.20
The C. difficile organism is resistant to most commonly used
antibiotics. This is because many antibiotics work by interrupting an
aspect of the target organism’s growth cycle, and this kind of antibiotic
is less effective with slow-growing organisms such as C. difficile.
Although laboratories are required to label some growth of the C.
difficile organism as “normal,” if it is growing in an individual who does
not have sufficient methionine and folate cycle activity to produce
T and B cells for adaptive immune function, then any growth of C.
difficile can be pathogenic. This also includes individuals who are
immunocompromised, have heavy metal toxicity, or who have viruses,
bacteria, and fungi in their systems.
Similar patterns hold true for organisms other than clostridia. Many
organisms normally found in the gut can become pathogenic in the
face of poor methionine and folate cycle function, insufficient immune
function, and high total toxic burden. For example, some streptococci
are normally present in the gut, but because of the host’s physiologic
status, the organism’s presence may become pathogenic.
Impact of clostridial and other species on
neurotransmitter formation
It is hard to overstate the negative impact of bacterial infection
on the formation of neurotransmitters. Chronic infections induce T
www.autismone.org

cell activation, cytokine formation, and macrophage activation,
increasing oxidative stress, which impairs neurotransmitter formation
(Figure 1).
Dihydroxyphenylpropionic acid (DHPPA) is a marker for bacterial
infection with clostridial species,21 Pseudomonas species,22 and
E. coli.23 The production of DHPPA that results from infection with
these bacteria may reduce formation of the neurotransmitter
dopamine through its depletion of the enzyme tyrosinase.24 There
are two pathways for dopamine synthesis in the body. In the
primary pathway, phenylalanine is hydroxylated to tyrosine in a
reaction catalyzed by phenylalanine hydroxylase. This reaction is
dependent on tetrahydrobiopterin (BH4) (see Figure 2). The resulting
tyrosine is hydroxylated to L-DOPA (3,4-dihydroxyphenylalanine)
by the enzyme tyrosine hydroxylase in a second BH4-dependent
reaction. L-DOPA is then decarboxylated in a reaction catalyzed by
aromatic acid decarboxylase to synthesize dopamine. Dopamine
is the substrate for the subsequent synthesis of the catecholamines
norepinephrine and epinephrine.
This primary pathway for dopamine synthesis can be compromised
by a number of factors. For example, microbes can increase the serum
phenylalanine-tyrosine ratio, which inhibits the first step in the pathway.
Besides inhibiting this pathway, high levels of phenylalanine may
also cause a drop in serotonin and/or GABA (gamma-aminobutyric
acid), which may result in obsessive-compulsive disorder (OCD)
behaviors.25 The exigencies of tyrosine hydroxylase activity also
have an impact on this dopamine synthesis pathway.26-28 If levels of
norepinephrine and epinephrine increase as the result of stressors
(including infections), feedback inhibition on tyrosine hydroxylase
will result. Increased glutamate also decreases tyrosine hydroxylase

activity. Glutamate (via NMDA receptors) and dopamine (via
D2 receptors) decrease tyrosine hydroxlase phosphorylation by
decreasing cAMP, a messenger derived from adenosine triphosphate
(ATP) that is important in many biological processes. Because tyrosine
hydroxylase activity is stimulated by phosphorylation, a situation of
decreased tyrosine hydroxylase phosphorylation leads to decreased
enzyme activity and lower levels of dopamine.29
The levels of BH4 in the body are critical to both dopamine and
serotonin synthesis. However, BH4 is a vulnerable molecule and
can be deficient for a number of reasons, some of which involve
gut bacteria. As a substrate for various reactions, BH4 is especially
subject to depletion. Biopterin deficiency will reduce available BH4,
as will oxidative stress. In addition, the presence of aluminum or lead
inhibits the activity of dihydrobiopterin reductase, which catalyzes
BH4 synthesis from dihydrobiopterin (BH2). BH4 levels also are
profoundly decreased by infection because the body’s immune
response produces neopterin, which reduces the production of BH4
(see Figure 1). Finally, individuals with MTHFR A1298C mutations
may have a reduced ability to synthesize BH4.30 The product of the
MTHFR enzyme reaction, 5-methyltetrahydrofolate, has been shown
to be directly related to BH4 levels 31-33 and to be reversible, with
BH4 production being the outcome of the reverse reaction.34-36
Although the primary sequence for dopamine production is
through the pathway shown in Figure 2, this pathway may not always
function. Alternatively, the enzyme tyrosinase can act on tyrosine to
produce L-DOPA in a one-step process,37 following which aromatic
acid decarboxylase can act on L-DOPA to produce dopamine. This
alternative pathway is able to circumvent the blockages that can result
from problems with phenylalanine levels, tyrosine hydroxylase activity,

Figure 2. The primary pathway for dopamine synthesis
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In ASD patients, in particular, the GI tract is a natural place for biofilms to form; the
lack of cell-mediated immunity in these patients predisposes them to biofilm growth.
lack of BH4, or oxidative stress. With the depletion of tyrosinase that
results from bacterial infection-induced production of DHPPA, however,
both the primary and the secondary pathways for the production
of dopamine can be compromised. In addition, the production
of norepinephrine and epinephrine are likely to be decreased
because dopamine subsequently converts to norephinephrine and
ephinephrine.
Biofilms and streptococci
A biofilm is a community of one or several diverse species of organisms
that firmly fix to a surface and grow within a self-produced polymer
matrix. Ultimately, the group of organisms begins to function as a
unit. The community aspect of biofilm formations offers a number of
advantages, including protection from hostile environmental conditions
and the opportunity to sequester nutritional resources. In addition, a
microbial community offers the possibility for a variety of different
organisms (bacteria, fungi, viruses, and single-celled parasites) to
live together, exchange genetic information, communicate through
chemical signaling, act cooperatively, and, in so doing, enhance
their own survival and the survival of the collective. It has come to
be recognized that the formation of biofilms is the preferred form of
growth for organisms, whereas growth of planktonic (single-celled
or free-floating) organisms is an artifact of in vitro culture.38 Certain
organisms have evolved genetically to be viable only in a biofilm.39
The take-home message here is that organisms don’t really live on their
own in nature – they live in communities.
Biofilms can form quickly. In a human body that is experiencing
nutrient depletion or high oxidative stress, E. coli bacteria can
activate genes that form biofilms in a variety of environments within

24 hours.40-42 In ASD patients, in particular, the GI tract is a natural
place for biofilms to form; the lack of cell-mediated immunity in these
patients predisposes them to biofilm growth. Moreover, the range
of GI symptoms caused by biofilms is clearly identifiable in the ASD
population.2
Among many other organisms, streptococci have been identified in
biofilms. This form of organization gives streptococci an adaptational
advantage and the capacity to thrive in a wide range of pH conditions
and environments in which they otherwise would not survive.43
Generally, bacteria elicit a B-cell-mediated immune response and
viruses a T-cell-mediated immune response. Streptococci, however,
prompt the elaboration of a large number of extracellular toxins, all
of which have the ability to nonspecifically stimulate T cells. Once
an immune response is mounted against streptococcal species,
therefore, the response involves both B cells and T cells, resulting in
a major inflammatory reaction. In addition, streptococcal infection
increases the production of hydrogen peroxide (H2O2), thereby
increasing oxidative stress in the body, and depletes the peroxidase
enzyme necessary for the production of thyroid hormone, possibly
reducing levels of thyroxine (T4) and triiodothyronine (T3). 44 This and
other consequences of streptococcal infection are summarized in
Figure 3.
Several species of streptococci are well characterized as causing
neuropsychiatric symptoms 45 and disorders such as autism and
anorexia nervosa.46 Autoantibodies to group A streptococcal
sugar moieties are implicated in OCD, Tourette syndrome, chronic
tic disorders, ADHD, and Sydenham chorea, a neuropsychiatric
complication of rheumatic fever.47,48 Sydenham chorea is one of the
best examples of postinfectious autoimmunity produced by molecular

Figure 3. Consequences of streptococcal infection
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Bacterial infection promotes accumulation and retention of heavy metals in the body,
which contributes to oxidative stress and impairs neurotransmitter formation.
mimicry (when molecules are similar and the body confuses an invader
with the body’s own tissue) between host and antigen. Following a
pharyngeal infection with group A streptococcus, chorea antibodies
produced in response to a group A streptococcal carbohydrate target
the surface of human neuronal cells, producing abrupt, spontaneous
movements of the face and extremities, OCD behaviors, hyperactivity,
emotional lability, and other psychiatric symptoms.47 The binding of
cross-reacting antibodies to human basal ganglia results in changes
to neuronal signaling transduction and neurotransmitter synthesis and
release.46
Infection with group A beta-hemolytic Streptococcus (GABHS)
can result in a pediatric syndrome labeled as pediatric autoimmune
neuropsychiatric disorders associated with streptococcal infections
(PANDAS). Individuals with PANDAS develop tics, OCD symptoms,
and, in some cases, psychosis, without the comorbid chorea
component. When sera from GABHS-immunized mice were tested
for immunoreactivity to mouse brain, a subset was found to be
immunoreactive to several brain regions, including the deep cerebellar
nuclei (DCN), the globus pallidus (one of three nuclei that make up
the basal ganglia), and the thalamus (involved in sensory perception
and regulation of motor functions).48 GABHS mice showing serum
immunoreactivity to DCN also had increased IgG deposits in the
DCN and exhibited abnormal behavior. The motoric and behavioral
disturbances that result from an immune response to GABHS suggest
that anti-GABHS antibodies cross-reacting with brain components are
part of the pathophysiology of these disturbances.48
Streptococcal infection leads to elevated levels of the inflammatory
cytokines TNF-alpha and NF-kB. High levels of TNF-alpha have
been implicated in Tourette syndrome, facial tics, OCD behavior,
and schizophrenia. The increased TNF-alpha levels that occur with
streptococcal infection cause increased levels of glutamate, an
excitatory neurotransmitter. When the normal processes that regulate
glutamate levels malfunction and toxic levels build up in the synaptic
junctions, glutamate toxicity can produce neuron loss. Moreover,
the neuroinflammatory response in and of itself also contributes to
glutamate excitotoxicity and neuronal loss. The two pathogenic
mechanisms, glutamate excitotoxicity and neuroinflammation, seem to
be linked.49
To remove excess glutamate, the brain requires sufficient levels of
oxygen and energy. However, glutamate release leads to the release of
insulin, which results in decreased glucose levels. Because the amount
of glucose in the brain regulates the removal of excess glutamate from
the synapses, a drop in blood glucose disrupts the removal process and
allows a buildup of toxic glutamate. (Hypoglycemia or low calorie/
starvation conditions can induce a similar cycle involving glutamate
release, insulin release, decreased glucose, and inability to remove
excess glutamate from the brain.) Excess glutamate is problematic
because it depletes glutathione. Glutathione is one of the body’s most
powerful antioxidants and helps to protect neurons from damage.
Glutathione depletion consequently leads to the death of additional
neurons. If glutamate itself were not already reducing glutathione
levels, the high TNF-alpha levels resulting from streptococcal infection
also would result in decreased glutathione because TNF-alpha levels
are inversely correlated with glutathione levels.
www.autismone.org

The association between chronic bacterial infection and neurologic
and psychiatric disorders can additionally be explained by the fact
that streptococcal and other bacterial infections cause the breakdown
of tryptophan, a direct precursor of serotonin. States of persistent
immune activation diminish the availability of free serum tryptophan
and compromise serotonin production. As immune activation
accelerates tryptophan degradation, tryptophan depletion, in turn,
may downregulate the immune response. In addition, a breakdown
product of tryptophan degradation, quinolinic acid, begins to
accumulate. Quinolinic acid is another excitotoxin and may contribute
to the development of the neuropsychiatric disorders seen in the
presence of chronic infection and serotonin depletion. 50
Gut imbalances and heavy metals
Bacterial infection promotes accumulation and retention of heavy
metals in the body,51-56 which contributes to oxidative stress and
impairs neurotransmitter formation. Metals may be retained in the
body through several mechanisms. 51-56 We have documented the
sequestration of aluminum and lead in the organisms of the microbiome
and the impacts of retention of these metals at length elsewhere. 57,58
The elimination of abnormal gastrointestinal flora and excretion of the
metals they retain, therefore, may be essential for proper function of
the biochemical pathways in the body, along with maintenance of
proper balance among the organisms that should be present in the
gastrointestinal tract. 58
Streptoccal infections act in a number of ways to retain heavy
metals in the body, including sequestering metals within the cell
walls of the bacteria. Another mechanism related to metal retention
involves sulfhydryl groups, which ordinarily bind and eliminate toxic
and heavy metals. Streptococcus produces an extracellular enzyme
called sulfhydryl protease that is capable of cleaving these sulfhydryl
groups, leading to a deficiency of sulfur-containing moieties in the
body. Streptococci proliferate in the presence of iron 59 and reduce
the capacity of the body to excrete this heavy metal. Iron, in turn,
increases the virulence of many bacteria, including streptococci. In
addition, iron is necessary for biofilm formation.60-63 Excess iron can
increase microbial imbalances in the body, including but not limited to
streptococcal infections.
Aluminum is a well-documented and undisputed neurotoxin that is
associated with cognitive, psychological, and motor abnormalities.
Both clinical observation and animal experiments have documented
neurotoxicity from excess brain exposure to aluminum, 64 which has
been found in elevated levels in the brains of patients with Parkinsonism,65-67 amyotrophic lateral sclerosis (ALS),66,67 and Alzheimer-type
dementia.68-72 Aluminum induces encephalopathy67,73,74 and causes
neuroanatomical and neurochemical changes in the brain, including
neurofilament disturbances 65,69,75-77 followed by nerve cell loss.73,78
Primate studies have provided evidence of aluminum’s ability to induce
seizures.79-82
While staphylococci are especially prone to retaining aluminum, 54
it is likely that other bacteria also can do so. Moreover, aluminum may
increase the propensity for bacteria to form a biofilm, in part because
of its pro-oxidant activity.83 It has been characterized as having direct
effects on biofilm activity in other systems.84
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Figure 4. Helicobacter pylori

Helicobacter pylori in autism spectrum disorders
Helicobacter pylori (H. pylori) is a Gram-negative, spiral-shaped
bacterium that lives in the stomach and duodenum. This ulcer-causing
gastric pathogen is able to colonize the harsh acidic environment of
the human stomach. Although the stomach is protected from its own
gastric juice by a thick layer of mucus that covers the stomach lining,
H. pylori takes advantage of this protection by living in the mucus lining
itself. It does so using long, whip-like flagella that facilitate locomotion
through the mucus layer (see Figure 4). Although the organism is best
known for its etiologic role in ulcers and impaired digestion, it also
can induce vasovagal symptoms after eating, including weakness, skin
pallor, profuse sweating, and sensations of loss of consciousness that
resolve after eradication of the infection.85
In the mucus lining, H. pylori survives the stomach’s acidic conditions
by producing urease, an enzyme that catalyzes hydrolysis of urea
into ammonia and bicarbonate. As strong bases, ammonia and
bicarbonate produce a cloud of alkalinity around the bacterium,
making it impossible for the body’s normal defenses (such as T
cells, natural killer cells, and other white blood cells) to get to it in
the gastric mucus layer. Polymorphs, white blood cells containing
a segmented nucleus and that are first responders to infection sites,
release superoxide radicals on stomach lining cells in an increasing
inflammatory response. Other factors that contribute to H. pylori
colonization of the gastric mucosa include adhesins, molecules that
make the bacteria adhere to the mucosa, and genes encoding proteins
with chemotaxis into the mucus.86,87 Incidentally—but importantly—
H. pylori infection increases TNF-alpha levels. The organism binds
to the mucin and uses it to burrow into the cells lining the mucosal
layer to create an infection.88 It very deeply infects those cells and is
distributed evenly throughout (see Figure 5).

Figure 5. H. pylori invasion

Distribution of H. pylori and H. felis in the mucus layer of mice and
Mongolian gerbils. (A) The tissue surface of the H. pylori-infected
gerbil depicted from the luminal side of the antrum. Several focus
planes have been digitally combined, the H. pylori in the mucus layer
subsequently highlighted in red. (B) The gastric mucosa and mucus
of the H. felis-infected mouse and the H. pylori-infected gerbil are
shown as schematic cross sections. The first 25 μm of the mucus layer
on the tissue side (“juxtamucosal” mucus) are subdivided into 5 μm of
sections. The numbers represent the percentage of bacteria present
within each section. The first 10 μm from the luminal surface is referred
to as “luminal mucus,” the rest of the mucus layer as “central mucus.”
H. felis was found located between 5 and 25 μm from the tissue
surface. H. pylori, however, colonizes the whole section 0-25 μm from
the tissue surface. Some H. pylori were attached to cells.
Source: Schreiber S, Konradt M, Groll C, Scheid P, Hanauer G,
Werling HO, et al. The spatial orientation of Helicobacter pylori in
the gastric mucus. PNAS. 2004;101(14):5024–9.

H. pylori infection increases TNF-alpha levels.
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Figure 6. Loss of H. pylori orientation

pH and bicarbonate/ CO2 gradients. Shown are the alterations made in the interdependent
pH, bicarbonate, and CO2 concentrations in the mucus layer. (A) The normal conditions
with a low luminal pH of 3 in either the infected or the uninfected mucosa. This luminal
pH induces a pH of 6 in the juxtamucosal mucus. Under these conditions, secreted
bicarbonate and diffused CO2 have the same concentration in the juxtamucosal mucus,
whereas at the luminal side of the mucus layer, the bicarbonate concentration is low and
the pCO2 high. The neutralization of the juxtamucosal mucus to pH 6 is caused by active
bicarbonate secretion and a neutral pH in the newly secreted mucus. (B-D). To eliminate
the pH bicarbonate/CO2 gradient, the luminal pH was neutralized to 6, and three different
constellations of arterial pH, bicarbonate and CO2 were tested. (B). The first alteration of the
gradient was achieved by doubling the inspiratory CO2 fraction, bicarbonate concentrations
maintained at normal values through dialysis. This caused a low arterial pH with a normal
bicarbonate concentration. (C). In the second constellation, a reduced arterial bicarbonate
concentration was combined with a normal pH. This was achieved by reducing the arterial
pCO2 through hyperventilation and lowering the bicarbonate concentration through dialysis.
Neither the first nor the second alteration affected bacterial orientation. (D). However, a
combined reduction of arterial pH and bicarbonate concentration through dialysis caused a
loss of bacterial orientation, the bacteria spreading over the entire mucus layer.
Source: Schreiber S, Konradt M, Groll C, Scheid P, Hanauer G, Werling HO, et al. The
spatial orientation of Helicobacter pylori in the gastric mucus. PNAS. 2004;101(14):5024–9.

H. pylori is positive in a high percentage of ASD and
other chronically ill patients. H. pylori is, in fact, a
critical piece of the ASD puzzle. Many factors that
we have been dealing with in autism for a long time
are related to H. pylori, including problems with gluten
and casein, breakdown of glutathione, excess stomach
acid, and the high norepinephrine seen in ADD and
ADHD. All of these factors can be accounted for by
the presence of H. pylori and, additionally, can act to
increase H. pylori in the GI tract.
www.autismone.org

H. pylori uses the gastric mucus pH
gradient for chemotactic orientation.89
When there is a low pH at the gastric
mucosal surface, the bacterium orients itself
toward the mucosa. When the gradient
is eliminated, the bacterium loses its
orientation (Figure 6). Binding of H. pylori
has been found to be 4 times higher at an
acidic pH of 5.4 than at a more alkaline
pH of 7.4.90 Using betaine hydrochloride
to facilitate digestion may, therefore, be
counterproductive because it actually
creates a gastric environment in which H.
pylori has improved binding capacities.
Because H. pylori burrows into the mucus
layer of the stomach and is very persistent
there, it is difficult to get a positive test for it
even when it is present. In addition, H. pylori
can remain for long periods of time and is
extremely difficult to eradicate. One of us
(AY) has developed laboratory indicators
and biochemical markers for this organism,
which show that H. pylori is positive in a high
percentage of ASD and other chronically
ill patients. H. pylori is, in fact, a critical
piece of the ASD puzzle. Many factors
that we have been dealing with in autism
for a long time are related to H. pylori,
including problems with gluten and casein,
breakdown of glutathione, excess stomach
acid, and the high norepinephrine seen in
ADD and ADHD. All of these factors can
be accounted for by the presence of H.
pylori and, additionally, can act to increase
H. pylori in the GI tract (see Figure 7). H.
pylori has so many insidious effects on the
body (described in the paragraphs that
follow) that it has become a key part of
what we look at in our therapeutic protocol.
H. pylori connects a lot of dots by virtue of
its numerous biochemical impacts.
Neurotransmitters: H. pylori affects
neurotransmitters and brain neurochemistry,
creating neurological symptoms that
include psychotic disorders related to
imbalances in serotonin and tryptamine
levels (see Tryptamine below). It also
affects acetylcholine release and levels of
epinephrine and norepinephrine.
Intestinal permeability: The GI
epithelium is protected by a mucosal barrier
that separates it from the contents of the GI
lumen (Figure 8). This mucosal barrier is
formed by the interactions of various mucosal
secretions. 5 H. pylori activates claudins
(intercellular adhesion molecules) that insert
themselves in between the epithelial cells,
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Figure 7. Pleiotropic effects of H. pylori in the body

thereby increasing epithelial permeability.91
Interestingly, duplication of the claudin
genes, which effectively increases their
activity, also produces apraxia.92
Food allergies: H. pylori infection
increases the incidence of food allergy by
facilitating the passage of intact proteins
across the gastric epithelial barrier. This
increases the presentation of food antigens,
which may cause immune reactions and
clinical symptoms of disease.93
Secretin: Secretin, one of the hormones
that controls digestion, was a hot topic some
years ago. We now know that H. pylori
depletes secretin, which may explain some
of its effects on the gut and speech.94

Figure 8. The mucosal barrier

The mucosal barrier separates the internal milieu from the luminal environment. The function of
the barrier depends on the integrity of the mucosa—from the endothelium through to the epithelial
cell lining—and the reactivity of dynamic defensive factors such as mucosal blood flow, epithelial
secretions, and immunocompetent cells. The mucus layer is formed by the interaction of various
mucosal secretions, including mucin glycoproteins, trefoil peptides, and surfactant phospholipids.
However, resident bacteria are the crucial line of resistance by exogenous microbes.

Source: Guarner F, Malagelada JR. Gut flora in health and disease. Lancet. 2003 Feb
8;361(9356):512-9.
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Arginine and ketosis: Arginine
makes urea to neutralize stomach acid or,
alternatively, makes intermediates (such
as nitric oxide) that relax blood vessels
(Figure 9). When H. pylori infection is
present, it induces arginine to produce
urea as opposed to nitric oxide because
urea provides the alkalinity necessary for
its survival. In this way, H. pylori depletes
arginine through its overuse of the enzyme
arginase, and the two manganese molecules
that are in arginase are wasted.86 Frequently,
there is persistent low manganese in spite
of what should be ample manganese
supplementation in patients with H. pylori.
The H. pylori bacterium upregulates host
arginase II in macrophages in both mouse
and human gastric tissues and increases H.
pylori-mediated apoptosis.95,96
The depletion of arginine impacts the
mitochondria, reducing mitochondrial energy
production from glucose. H. pylori uses
pyruvate as opposed to glucose. Sugars are
not major substrates for this organism.97 As
fat (rather than sugars or glucose) is broken
down for energy, energy production shifts
to produce three ketone bodies (acetone,
betahydroxybutyrate, and acetoacetate).
High rates of fatty acid oxidation generate
large amounts of acetyl-CoA, leading to
the synthesis in the liver of the three ketone
bodies. This reduces the metabolic efficiency
of the Krebs cycle (which uses glucose), and
ketones spill into the circulation, causing
serum levels to rise several fold. The ketones
then are used as an energy source in
extra hepatic tissues, including the brain.98
Additionally, breakdown of fats may lead to
the subsequent depletion of carnitine, further
affecting an individual’s ability to utilize the
Krebs cycle.
www.autismone.org

Figure 9.
Arginine metabolism: enzymology, nutrition, and clinical significance

Source: Ash DE. Structure and function of arginases. J Nutr. 2004;134(10 Suppl):2760S-2764S.

Figure 10.
Seratonin and tryptamine molecules

Abnormalities in the production of ketone
bodies have been studied in individuals
with mental disease for over 60 years.
Observations record abnormally high
ketone body formation in schizophrenia and
other mental disorders.99 When H. pylori is
present, a ketogenic diet may exacerbate
mental symptoms, and even without H.
pylori infection, a shift to using fat for energy
may create psychosis. Excess ketones
secondary to H. pylori, inefficient ACAT
enzyme activity, or starvation, can create
psychological and emotional disorders.100
The state of ketosis induced by H. pylori may
also be involved with language delay and
apraxia.101 However, some practitioners
find the ketogenic diet helpful for seizures.
Physiological situations are highly individual,
www.autismone.org

so it is always advisable to check with the
patient’s overseeing physician.
Tryptamine: Tryptamine is a trace
amine found in very low concentrations in
the mammalian central nervous system,
localized in neurons with a very high turnover
and short half-life. Tryptamine has been
posited by some to be a neuromodulator,102
perhaps opposing the actions of serotonin,
otherwise known as 5-hydroxytryptamine
(5-HT). As shown in Figure 10, the serotonin
and tryptamine molecules are very closely
chemically related. Given this close
relationship, tryptamine may be involved in
the regulation of mood, emotion, sleep, and
appetite, which are the cardinal functions of
serotonin.

Ketosis increases tryptamine levels
in animal models. Elevated tryptamine
urinary excretion has been observed
in schizophrenic patients, suggesting
that tryptamine may be involved in the
pathophysiology of schizophrenia.103
Due to the delicate balance in the body
between serotonin metabolites, melatonin,
5-hydroxyindoleacetic acid (5-HIAA),
and tryptamine, factors such as H. pylori
infection can disturb the balance of these
metabolites. This may cause neurologicallybased symptoms affecting mood, appetite,
emotions, sleep, OCD behaviors, and
psychosis. In fact, the psychotic impact of
tryptamine has been compared to LSD and
mescaline. Tryptamine-induced symptoms
include
vegetative
states,
athetoid
movements,
delusions,
hallucinations,
autistic-like
behavior,
language
disturbances, spatial and temporal
perception disturbances, euphoria, and
anxiety.103-105
Phospholipids and membrane
fluidity: When H. pylori infection is
present, it changes the way functionally
important phospholipids are positioned in
the neuronal cell membrane. Direct contact
of H. pylori with epithelial cells induces
externalization of the inner leaflet enriched
host phospholipid, phosphatidylserine
(PS), to the outer leaflet of the host plasma
membrane. When cells begin to undergo
apoptosis, a collapse of lipid asymmetry
occurs with concomitant exposure of PS at
the outer leaflet of the plasma membrane,
which serves as an “eat me” signal for
phagocytes, thus inciting neuronal cell
death.106
Other effects: H. pylori also decreases
levels of B12 in the body; decreases iron
levels; increases ammonia and taurine; and
can produce glaucoma in young individuals
that resolves when the H. pylori is treated.
H. pylori infection is not just an immediate
acute infection. Rather, it is a long-term
chronic problem that may take months or
years to eradicate. Chronic H. pylori gastritis
alters feeding behaviors, delays gastric
emptying, alters gastric neuromuscular
function, impairs acetylcholine release,
produces greater antral muscle relaxation
upon electrical field stimulation, and
increases the density of SP- and CGRPcontaining nerves in a mouse model. These
effects can persist for months after the
infection has been eradicated.107 Multiple
mechanisms, including persistent immune
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Many organisms normally found in the gut can become pathogenic in the face
of poor methionine and folate cycle function, insufficient immune function, and a
high toxic burden. Therefore, it is essential to treat imbalanced gut flora whenever
these conditions are present.
gut activation and altered brain neurochemistry, may be responsible
for the maintenance of abnormal feeding behaviors, providing an
explanation for the lack of apparent symptom resolution following the
eradication of H. pylori.108 An extended period may be necessary
before gastric physiology can return to normal after successful H.
pylori treatment.109
Treatment considerations
Many organisms normally found in the gut can become pathogenic
in the face of poor methionine and folate cycle function, insufficient
immune function, and a high toxic burden. Therefore, it is essential to
treat imbalanced gut flora whenever these conditions are present.
Although organisms such as E. coli and streptococci often are
reported on stool analyses as normal flora, any such organisms
appearing on the stool culture of an immunocompromised individual
should be considered possible pathogens. These organisms’
potential pathogenic impacts in significantly immunocompromised
individuals are amply documented, even if mainstream opinion
continues to consider them nonpathogenic.
Our treatment approach emphasizes specialty nutritional products
developed for the purpose of rebalancing. The use of prescription
antibiotics often leads to further depletion of normal flora and
additional imbalances, whereas herbal agents and specialty
nutritional products can be utilized more safely.
Where iron is concerned, we do not give iron for documented
or imagined iron deficiency, such as a low red blood cell count.
We regard laboratory findings of iron deficiency or iron excretion
from the body as an indication for lactoferrin and/or other specialty
nutritional products designed to place iron appropriately in the
body.

Vitamin D plays a critical role in mucosal barrier homeostasis by
preserving the integrity of tight junction complexes and the healing
capacity of the colonic epithelium. Vitamin D deficiency, therefore,
may compromise the mucosal barrier.110 Vitamin D also seems to
decrease levels of NF-kB, a cytokine that when elevated is linked to
symptomatic behavior as well as inflammation associated with GI
infections and PANDAS.111 We, therefore, consider supplementation
with vitamin D3 when indicated by laboratory testing.
As we hope to have demonstrated, addressing GI balance plays a
vital role in enhancing neurotransmitter balance and overall function.
Appropriate support with probiotic flora can lay the groundwork
for an internal GI environment more conducive to normal bacterial
growth. Additional steps to optimize the GI environment include
focusing on pH levels, reducing hyperacidity, using digestive
enzymes, reaching ideal B12 levels, and implementing other GI
supports appropriate to the individual. All of these measures can help
to promote the growth of beneficial flora rather than favor dysbiosis.
For example, achieving sufficient levels of B12 will preclude the
increase in acid formation that occurs when the body stimulates
production of intrinsic factor in an attempt to raise B12 stores.
It is important to directly address dysbiotic and imbalanced flora
in immunocompromised individuals. Treatment of streptococci and
H. pylori, along with clostridia, Pseudomonas species, E. coli, and
Klebsiella, among others, should be strongly emphasized no matter
whether they are reported as normal or imbalanced. Getting the gut
environment in balance, populating it with appropriate normal flora,
and eradicating symptom-producing dysbiotic and imbalanced
flora are key steps to achieving gastrointestinal health, gut epithelial
wall integrity, neurotransmitter balance, and symptom resolution.
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