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Microbiome and nutrition in autism spectrum disorder: current
knowledge and research needs

Kirsten Berding and Sharon M. Donovan

Autism spectrum disorder (ASD) is the fastest growing neurodevelopmental disorder
in the United States. Besides genetic risks, environmental factors have been sug-
gested to contribute to the increase in ASD diagnosis over the past decade. Several
studies have reported abnormalities in microbiota composition and differences in
microbial metabolites in children with ASD. Gastrointestinal discomfort is com-
monly reported in children with ASD. Additionally, food selectivity and picky eating
patterns are commonly reported. A number of mechanisms underlying the inter-
action between nutrition, the gut microbiota, and ASD symptoms via the
microbiota–gut–brain axis have been proposed, including immune, hormonal, or
neuronal pathways. Here, the current evidence base regarding the gut environment
and nutritional status of children with ASD is reviewed. Potential underlying mech-
anisms of the microbiota–gut–brain axis in ASD and the interplay between nutri-
tion, microbiota, and ASD symptoms are also reviewed. Future studies investigating
the microbiota in the context of dietary intake are needed to increase understand-
ing of the interplay between diet and the gut microbiota in ASD and to identify po-
tential dietary, probiotic, or prebiotic intervention strategies.

INTRODUCTION

Autism spectrum disorder (ASD) is typified by deficits in

social communication skills and the presence of repeti-

tive or restrictive behaviors.1 Conditions that fall onto

the spectrum of ASD include autistic disorder, pervasive

developmental disorder not otherwise specified, and

Asperger syndrome. Autism spectrum disorder is a clin-

ically heterogeneous disorder, and severity of symptoms

varies widely among affected individuals. Between 2000

and 2010, ASD diagnoses have doubled from 6.7 to 14.7

per 1000 children aged 8 years and under.2 In 2010, 1 in

68 children in the United States were diagnosed with

ASD,2 and there is a continuing upward trend in the

number of children being diagnosed with ASD.2,3 The

healthcare cost for a child with ASD is 6 times higher

than that for a healthy child.4

Identifying causes for the development of ASD is

difficult. Studying the ASD population is complicated

by the phenotypic heterogeneity of the disease and

comorbidities (eg, anxiety, hyperactivity). Genetic as

well as environmental factors are suggested to play a

role.5 However, genetic factors might account for only

10% to 20% of the observed ASD cases, and the con-

cordance rate of monozygotic twins is less than 100%

(77% for male pairs and 50% for female pairs), suggest-

ing an important contribution of environmental elem-

ents in ASD development.6 Prenatal and perinatal

environmental exposures (eg, dietary factors, maternal

diabetes, stress, medications, or infections) are associ-

ated with an increased risk of ASD.7 Proposed dietary

risk factors include maternal prenatal and perinatal fol-

ate and iron status or polyunsaturated fatty acid in-

take.8–10 Food selectivity, food neophobia, and “picky
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eating” are prevalent among children with ASD and can

contribute to the development of nutrient deficien-

cies.11 Indeed, vitamin, mineral, and fatty acid deficien-

cies have been observed in children with ASD,

including deficiencies in vitamin D and calcium.12

Because parents are concerned about the nutritional

status of their children and side effects of traditional

medication, complementary and alternative medicine is

commonly used by parents of children with ASD.13

The microbiota–gut–brain axis has been described

as a way of communication between the gut microbiota

and the brain.14 Functional and inflammatory gastro-

intestinal (GI) diseases show a high comorbidity (94%)

with psychiatric diseases, such as depression or anx-

iety.15 On the other hand, compositional differences in

the gut microbiota of patients with neurodevelopmental

disorders, including ASD, have been reported.16,17

Alleviation of ASD symptoms after probiotic treatment

highlights the potential of the gut microbiota to influ-

ence the behavioral consequences and, potentially, the

etiology of ASD.18 The goal of this review is to summar-

ize the current evidence base regarding the gut environ-

ment and the nutritional status of children with ASD.

Potential underlying mechanisms of the microbiota–

gut–brain axis in ASD and interplay between nutrition,

microbiota, and ASD symptoms will also be reviewed.

GUT ENVIRONMENT IN ASD

Gut microbiota

The word microbiota is defined as a collection of mi-

crobes, including bacteria, viruses, and fungi. The

human GI tract is inhabited predominantly by bacterial

species and contains approximately 3 million genes, or

approximately 150 times as many genes as the human

genome.19 Increasing evidence supports a role of the

gut microbiota and its metabolic products in host

health, in part by influencing the immune system and

metabolism, providing protection against pathogens

and affecting neurodevelopment.20–23 Recent findings

generated from studies using germ-free rodents were

fundamental in establishing the essentiality of commu-

nication between the gut microbiota and brain for nor-

mal cognitive and behavioral development. For

example, germ-free mice showed reduced anxiety-like

behavior and nonspatial memory, altered neurotrans-

mitter levels in the brain, and altered hypothalamic–pi-

tuitary–adrenal (HPA) axis activity.24–27 Especially

intriguing for ASD is the influence of gut microbiota on

the development of social behavior.28,29

Brain development extends into postnatal life, pro-

viding a window of vulnerability to external insults that

could have lasting effects on cognition and behavior.30

Because the gut microbiota develops primarily during

infancy and parallel to brain development, it could play

a principal role in neurodevelopment. Indeed, studies

using germ-free mice showed a critical phase in the pre-

natal period in which the gut microbiota significantly

influences neurodevelopment.24,31 Early-life events that

can alter the composition of the microbial community

(eg, antibiotic use, hospitalization, formula feeding, or

cesarean delivery) are associated with higher incidences

for developing ASD, suggesting that early-life disturb-

ances in the gut microbiota could contribute to the de-

velopment of ASD.32–34 No studies thus far have

assessed the early microbiota composition of children at

risk for developing ASD. More research is necessary to

determine the correlation between early microbiota

composition and the risk of developing ASD.
A number of studies have revealed that dysbioses are

present once a child is diagnosed with ASD. Kang et al.35

showed that the presence of ASD was a predictor of an

overall less diverse microbiota. Several studies have

shown changes in the relative abundance of

Bacteroidetes, Firmicutes, Actinobacteria, Proteobacteria,

and Verrucomicrobia.16,35–37 Specifically, a higher abun-

dance of Bacteroidetes and Proteobacteria, but a lower

abundance of Firmicutes and Actinobacteria, was

observed in a subset of children with ASD. Additional

studies have revealed differences in bacteria at the genus

level, including significant reductions in the relative

abundance of Prevotella, Coprococcus, Enterococcus,

Lactobacillus, Streptococcus, Lactococcus, Staphylococcus,

Ruminococcus, and Bifidobacterium species in children

with ASD compared with nonaffected controls.35,37,38

Conversely, Clostridia, Sutterella, and Desulfovibrio bac-

teria were found to be increased in children with

ASD.16,17,35 A higher abundance of Clostridia and

Desulfovibrio bacteria and a lower ratio of Bacteroidetes

to Firmicutes were associated with ASD severity in 2

studies.16,39 How changes in microbial composition are

related to ASD symptom onset is not well understood

but may be correlated with the hormones and metabol-

ites produced by the bacteria. Offspring of the maternal

immune activation mouse model of ASD display micro-

bial dysbiosis, suggesting that the gut microbiota could

contribute to the development of ASD.36

Bacterial metabolites

Besides differences in the microbial composition of the

gut microbiota of ASD patients, significant deviations

have also been seen in the bacterial metabolites present

in the feces and urine of children with ASD.
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Short-chain fatty acids. Short-chain fatty acids (SCFAs),

ie, acetate, propionate, and butyrate, are the end-products

of microbial fermentation of carbohydrates in the colon

and have been suggested to have various health benefits to

the host (related to, for example, weight control, lipid pro-

files, and colon health).40 The accumulation of SCFAs,

however, specifically propionate, has also been shown to

have broad effects on the nervous system physiology, caus-

ing developmental delay or seizures.41 For example, in ani-

mal studies, propionate can cause neurobiological changes

similar to those observed in ASD, and administration of

propionate can provoke ASD-like behavior.42–44 Elevated

levels of SCFA concentrations in stool and serum of chil-

dren with ASD have also been reported, and SCFA-

producing bacteria, eg, Clostridia, Desulfovibrio, and

Bacteroides, are increased in feces of children with

ASD.37,45,46 Thereby, translocation through the blood–

brain barrier by transporters present on the blood–brain

barrier or by passive diffusion could cause potential effects

on the brain and lead to development of ASD symptoms.47

Neurotransmitters. Although most serotonin, or 5-

hydroxytryptamine (50-HT), is produced in the GI tract,

it modulates neurodevelopment and might be import-

ant in social function and repetitive behavior.48 Some

bacterial species that are known to influence 50-HT me-

tabolism (eg, Clostridium species, Lactobacillus species)

were increased in the stool of affected children. In pa-

tients with ASD, altered function and metabolism of

neurotransmitters, such as 50-HT and catecholamines,

and dysfunction of the serotonergic system have been

reported to contribute to symptomatology.48–53 50-HT

is elevated in whole blood and platelets in approxi-

mately 30% of children with ASD, making it a potential

candidate as a biomarker for ASD.50

Gastrointestinal symptoms

In addition to abnormal microbial composition and

changes in metabolites, GI distress, such as diarrhea,

constipation, or abdominal pain, is prevalent among

children with ASD and has been suggested to contribute

to behavioral problems and to correlate with symptom

severity.39,46,54–58 In a prevalence study with over

14 000 individuals, a significant difference in the occur-

rence of bowel disorders was observed between children

with ASD and nonaffected children.59 High-risk infants

(infants with siblings diagnosed with ASD) showed a

greater prevalence of GI symptoms, and children with

ASD were more likely to report GI symptoms (eg, con-

stipation, food allergy/intolerance, diarrhea) in the first

3 years of life.60,61 Likewise, maternal immune

activation offspring displayed GI symptoms similar to

symptoms observed in human ASD.36

Determining an exact prevalence of GI disorders in

the ASD population is challenging because of social
communication difficulties in individuals with ASD

and discrepancies in interpreting GI problems.62 The
link between GI dysfunction and ASD symptoms is not

well understood, but it is hypothesized to include intes-
tinal inflammation, mitochondrial dysfunction, and mi-

crobial dysbiosis. Mitochondrial dysfunction (eg,
dysfunction of mitochondrial enzymes or carriers) is

prevalent in the ASD population, and many mitochon-

drial diseases are associated with GI disorders.63,64 Frye
et al.64 also hypothesized that microbial dysbiosis could

induce mitochondrial dysfunction and GI symptoms.
For example, propionate, a product of microbial fer-

mentation, is known to influence mitochondrial metab-
olism, and abnormalities in mitochondrial metabolism

were observed in a propionate rodent model of ASD.64

Additionally, in children with ASD and comorbid

GI symptoms, reduced messenger RNA expression of
carbohydrate digestive enzymes (sucrase isomaltase and

maltase glucoamylase) and hexose transporters (so-
dium-linked glucose transporter 1 [SGLT1] and glucose

transporter 2 [GLUT2]), which can cause carbohydrate
maldigestion and malabsorption, is also associated with

an increased abundance of Bacteroidetes, Firmicutes,

and Betaproteobacteria in the mucoepithelium.65 The
resulting accumulation of nondigested carbohydrates in

the intestine, in turn, could lead to intestinal inflamma-
tion and potentially contribute to ASD behavioral prob-

lems.65 Although changes in the intestinal microbiota
are suggested to contribute to the development of GI

disorders in individuals without ASD,66 Gondalia
et al.67 found no differences in microbiota composition

between ASD children with GI dysfunction and those
without GI dysfunction.

In summary, more studies are needed to unequivo-
cally establish a role of the GI tract in the development

of ASD. Although not observed consistently, the poten-

tially decreased risk of developing ASD associated with
breastfeeding is especially intriguing, given that the fecal

microbiota of breastfed infants differs from that of
formula-fed infants.34 Longitudinal studies investigating

GI disorders and the microbiota in at-risk children be-
fore the onset of ASD symptoms are warranted to eluci-

date whether microbial dysbioses could be classified as
a risk factor for developing ASD.

NUTRITION AND ASD

Achieving adequate nutritional intake presents a consider-
able challenge in children with ASD, owing to GI

symptoms, food allergies, metabolic abnormalities, or
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problematic eating behaviors. Approximately 90% of chil-

dren with ASD experience some sort of feeding-related
concern.68 Children with ASD are more likely to pre-

sent with food allergies, and parental reports of allergies
include milk/dairy, nuts, and fruits.69,70 Picky eating,

food refusal, and food selectivity are commonly re-
ported problematic eating behaviors in children with
ASD, and food selectivity was associated with higher

rates of ASD symptoms.71 Food selectivity is usually
based on color, shape, texture, or temperature of the

food.11 A strong preference for starches, snacks, and
processed foods, along with a rejection of fruits, vege-

tables, or protein, is most common in children with
ASD.72,73 Increased consumption of snack foods and

calorie-dense foods can lead to excessive weight gain,
and research suggests higher rates of obesity in children

with ASD than in unaffected children.74 Obesity-related
complications (eg, hypertension, diabetes) are also

more prevalent among adults with ASD.75

Parents have reported food refusal and difficulty

introducing new foods as common problems and have
expressed concerns about little or no fruit or vegetable

intake.76 Comparing fruit and vegetable intake of chil-
dren with ASD with that of healthy controls showed that

daily servings of fruits and vegetables were significantly
lower in children with ASD.77 Because of feeding diffi-

culties, parents are concerned about the nutritional status
of their children and often use nutritional supplements

to compensate for the believed inadequate intake.78 The
most commonly used supplements among the ASD

population are multivitamin/mineral supplements,79 yet
most such supplements do not provide adequate

amounts of the micronutrients most typically deficient in
children with ASD (eg, choline, potassium).79

Although dietary problems are commonly observed
in children with ASD, data on the extent and types of nu-

trient deficiencies are inconclusive. Biochemical and
dietary assessment have both been used to assess nutrient

adequacies and inadequacies in children with ASD.
Vitamin, mineral, and fatty acids deficiencies are most
commonly observed. Decreased concentrations in whole

blood, serum, or plasma levels were found for panto-
thenic acid, folate, biotin, vitamin B12, vitamin D, and

vitamin E.12 Circulating concentrations of calcium, mag-
nesium, iodine, iron, chromium, and selenium were also

lower in children with ASD than in nonaffected con-
trols.12 Concentrations of plasma n-3 fatty acids (docosa-

hexaenoic acid, arachidonic acid) are lower in children
with ASD, whereas plasma n-6 fatty acid concentrations

were reported to be higher, suggesting a potentially more
proinflammatory state in children with ASD.12

Diet has been suggested as a therapeutic measure
for ASD symptoms, and one-third of children have

been treated with some dietary intervention at time of

ASD diagnosis.80,81 A number of nutrition intervention

strategies, including gluten-free/casein-free diets, keto-
genic diets, or supplementation with n-3 fatty acids,

minerals, or multivitamins, have been explored to treat
behavioral symptoms and comorbid GI distress. Some

diets (eg, gluten-free/casein-free diet, antioxidant diet,
or ketogenic diets) have resulted in an alleviation of

symptoms associated with ASD, whereas others resulted
in no behavioral differences compared with control

diets or even led to insufficient or excessive nutrient in-
take in response to interventions.78,81–83

Some improvements have been observed with other

dietary interventions, including FODMAP (fermentable
oligo-di-mono-saccharides and polyols) diet, elimination

diets, avoidance of food coloring/food additives, or spe-
cific carbohydrate diet, but the evidence to support spe-

cialty diets as a therapeutic measurement is inconclusive.74

An expert panel has set guidelines for the nutritional man-

agement of GI symptoms in children with ASD.74 Specific
considerations are required when working with children

with ASD because of the high prevalence of food selectiv-
ity and general feeding problems. For example, if a child

suffers from constipation, the types of fruits, vegetables,
and whole grains that the child will accept in the diet need

to be evaluated.74 In-depth dietary assessment and indi-

vidualized dietary recommendations by a trained dietitian
are warranted for appropriate interventions. More re-

search is needed to make general recommendations about
diet as a therapeutic remedy for ASD.

PRE- AND PROBIOTICS AND ASD

Animal studies provide evidence that pro- and prebiotics

can influence the serotonergic system, and Lactobacillus

and Bifidobacterium administration has been shown to re-
duce intestinal permeability.84–87 On the basis of health

benefits commonly reported with pro- and prebiotics in-
take and new data suggesting a role of the microbiota in

ASD etiology, some clinical studies have explored the ef-
fect of probiotic supplementation on ASD symptoms

(Table 1). Some improvement in symptoms as well as in
microbial and metabolite imbalances were observed in

children with ASD and in animal models after probiotic
treatment.36,39,88–90 For example, West et al.90 showed that

6 months of supplementation with a probiotic mixture
containing Lactobacillus acidophilus, Lactobacillus casei,

Lactobacillus delbrueckii, Bifidobacterium longum, and

Bifidobacterium bifidum decreased the severity of GI and
ASD symptoms. Similarly, supplementation with

Lactobacillus acidophilus (strain Rosell-11) led to
decreased concentrations of the bacterial metabolite D-

arabinitol.89 D-arabinitol is a metabolite of Candida spe-
cies. However, microbiota changes were not analyzed after

probiotic supplementation, making it difficult to draw
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definite conclusions from the study.89 Antibiotic treatment

in combination with probiotic supplementation also im-

proved some ASD symptoms in a subset of affected chil-
dren.91 Because of significant differences in the dose and

intervention length between these studies, it is difficult to

provide firm recommendations on the amount and kind
of probiotic to use. In addition, no dietary information

was collected, and not all groups analyzed microbiota

changes after the probiotic treatment or included a control

cohort. Tomova et al.39 showed a normalization of micro-
biota after supplementation with a probiotic mixture con-

taining Lactobacillus, Bifidobacterium, and Streptococcus

species. However, no reports on improvement of ASD
symptoms after probiotic therapy were provided. Despite

the evidence provided by these preliminary studies, it still

not known if probiotic supplementation is efficacious in

the management of ASD symptoms. Nevertheless, the use
of probiotics in the management of ASD symptoms is

highly discussed in the literature and, according to a phys-

ician survey, is recommended by one-fifth of physicians
for treatment of ASD symptoms.18,92,93

MECHANISMS AND PATHWAYS OF GUT–MICROBIOME–
BRAIN COMMUNICATION IN ASD

Emerging evidence suggests that the gut microbiota
plays a critical role in ASD, but research on the routes

of the communication between the gut and brain is lim-

ited. In general, proposed mechanisms of the

microbiota–gut–brain axis include neural, hormonal,
immune, and metabolic pathways. Neuroimmune path-

ways have been suggested to contribute to ASD symp-

tomatology via the gut–brain axis.62 De Theije et al.62

proposed that ASD-associated cytokines originating

from an inflamed GI tract can cross the blood–brain

barrier and elicit an immune response in the brain,

thereby influencing behavior. In a mouse model of psy-
chosocial stress, immunization with the bacterium

Mycobacterium vaccae promoted better coping in a so-

cial stress environment, potentially through activation
of regulatory T cells.94 Because the microbiota has been

shown to be involved in the regulation and develop-

ment of the immune system, altered gut microbiota

associated with GI inflammation might not only con-
tribute to GI disturbances in children with ASD but

also influence behavioral problems through transloca-

tion of immune cells into the circulation.20,95

Animal models provided initial evidence for the

ability of the gut microbiota to influence cognition and

neurochemistry.24–26 Additionally, behavioral changes
observed in human subjects after probiotic supplemen-

tation suggest that the microbiota can influence neuro-

logical functions and neurochemistry in humans.96,97

For example, Tillisch et al.96 showed that a 4-week

administration of 125 g of a fermented milk product

containing Bifidobacterium animalis subsp lactis
CNCM I-2494, Streptococcus thermophilus CNCM I-

1630, Lactobacillus bulgaricus CNCM I-1632 and I-
1519, and Lactobacillus lactis subsp lactis CNCM I-1631

to healthy women affected activity of brain regions that
control processing of emotions and sensation.
Additionally, consumption of 1.5 g of Lactobacillus hel-

veticus R0052 and Bifidobacterium longum R0175 per
day by healthy men and women alleviated general signs

of anxiety and depression.97

The gut microbiota can influence brain develop-

ment and cognitive function directly by modulating the
permeability of the blood–brain barrier and affecting

neurochemical concentrations (eg, brain-derived
neurotrophic factor and 50-HT).98,99 On the other hand,

the gut microbiota can use undigested food in the distal
colon, such as indigestible carbohydrates and proteins,

as an energy source and, in turn, release biologically ac-
tive metabolites and precursors that can be transported

by the blood or lymphatic system and act at distal sites
such as the brain. Neural signals from the GI tract to

the brain can be transmitted via the vagus nerve, the
dorsal ganglia root, or somatosensory afferents.100

Evidence for vagal-mediated signaling from the gut
microbiota to the brain comes from studies in which

behavioral and neurochemical changes induced by
some bacterial species (eg, Lactobacillus rhamnosus,

Bifidobacterium longum) were abolished in vagotomized
animals.101,102 Two potential mechanisms for the effect

of neuroactive bacteria on behavior and neurochemistry
were proposed. First, vagal chemoreceptors that are

innervating mucosal villi could be activated by bacterial
metabolites, such as SCFAs or 50-HT, that can be trans-

ported across the epithelial barrier.103 Second, vagal
mechanoreceptors (ie, intramuscular arrays and intra-

ganglionic laminar endings) could sense intestinal mo-
tility changes induced by some beneficial bacteria.103

Although to date little is known about the effect of the
microbiota on hormones involved in gut–brain com-
munication, it seems plausible that the gut microbiota

can modulate hormonal signaling in the gut–brain axis.
The release of gut hormones and neuropeptides from

enteroendocrine cells can be regulated by the gut
microbiota, and gut hormones were proposed to influ-

ence cognitive processes.104–107 For example, the release
of peptide YY, which shows anxiolytic effects in rats,

from intestinal L cells is stimulated by SCFAs.107,108 On
the other hand, accumulating evidence supports the

role of microbially produced neurotransmitters (eg, 50-
HT, brain-derived neurotrophic factor) in the gut–

brain communication.24,109 In an animal model of ASD,
specific bacterial metabolites (4-ethylphenylsulfate)

caused ASD-related behaviors, suggesting that bacterial

Nutrition ReviewsVR Vol. 74(12):723–736 729

D
ow

nloaded from
 https://academ

ic.oup.com
/nutritionreview

s/article/74/12/723/2655185 by guest on 06 June 2022



metabolites could be a pathway of communication be-

tween the gut microbiota and brain in ASD.36,37,110,111

Of specific interest with regard to microbiota-to-brain

communication in ASD are serotonin, SCFAs, and the

HPA axis, which are examined below.

Serotonin

Genetic, GI, or immune changes have been proposed as

potential contributing factors to the hyperserotonemia

observed in children with ASD112–114; however, not all

cases of hyperserotonemia in children with ASD can be

explained by genetic variations. Interestingly, administra-

tion of Bacteroides fragilis normalized plasma levels of 50-

HT in an animal model of ASD, and a recent report

found that higher whole-blood 50-HT levels were corre-

lated with more GI symptoms.115,116 Likewise, changes in

serotonergic signaling were proposed to contribute to

altered anxiety-like behavior in germ-free mice, and in-

gestion of Bifidobacterium infantis by conventional rats

resulted in changes of 50-HT metabolism in the brain

stem and increased total plasma tryptophan levels.24,117

These data indicate that the gut microbiota could be

involved in higher 50-HT production, thus identifying

50-HT as a potential pathway through which the gut

microbiota and brain communicate in ASD. Clinical and

preclinical studies have shown that the gut microbiota

can influence peripheral and central tryptophan and 50-

HT levels, which have the potential to regulate mood and

cognition.118 In ASD, abnormal intestinal permeability

could allow 50-HT to translocate into the systemic circula-

tion, leading to elevated levels of blood 50-HT.50,119–121 In

addition, 50-HT cannot cross the blood–brain barrier and

thus must be produced in serotonergic neurons from

tryptophan. Increased 50-HT production by some species

of the gut microbiota in ASD could deplete peripheral

tryptophan availability. This corresponds to data showing

decreased capacity for 50-HT synthesis in children with

ASD as well as to reports showing a worsening in repeti-

tive behaviors in individuals with ASD after tryptophan

depletion.122,123 Lastly, higher levels of 50-HT in children

with ASD can be linked to intestinal inflammation, often

observed in children with ASD. 50HT has been described

to play an important role in intestinal inflammatory re-

sponses.124 Although the cause-and-effect relationship be-

tween dysbiosis and intestinal inflammation is not yet

fully understood, intestinal inflammation is associated

with alterations in the gut microbiota.125 Thus, it can be

proposed that the intestinal inflammatory response in

children with ASD, which is exacerbated by the gut

microbiota, can lead to a further increase in 50-HT levels

and, ultimately, to upstream behavioral effects on the

brain.

Short-chain fatty acids

Another potential mechanism linking the gut micro-

biota to behavior in ASD is via SCFAs, most notably

propionate. Because SCFAs can cross the blood–brain

barrier and modulate neurotransmission and behavior,

they have been proposed to be neurotoxic.126,127

Elevated levels of propionate in the brain were corre-

lated with decreased concentrations of linoleic acid,

linolenic acid, arachidonic acid, and docosahexaenoic

acid.128 Altered brain phospholipids and acylcarnitine

profiles were observed in rodents infused intracranially

with propionate.129 Individuals with impaired propion-

ate metabolism also displayed neurodevelopmental

abnormalities similar to symptoms of ASD.130,131 The

precise mechanisms of how SCFAs alter behavior in

ASD are unknown, but effects on mitochondrial func-

tion (eg, Krebs cycle) or epigenetic alterations may be

involved.132 In addition to direct effects on the brain,

propionate has been shown to modulate 50-HT secre-

tion in the gut and deplete 50-HT and dopamine levels

in the brain, which could potentially contribute to the

hyperserotonemia observed in children with

ASD.129,132,133

HPA axis

The HPA axis, a major integrative system for stress

adaptation, was found to be another key pathway in the

microbiota–brain communication. In a landmark study,

Sudo et al.99 identified the crucial role of the microbiota

in the normal development of the HPA axis during the

early postnatal period. Since then, studies have shown

that commensal bacteria are capable of regulating HPA

axis activity.27,100,134 Whether the gut microbiota is

involved in regulating the HPA axis in the ASD popula-

tion remains to be determined, but increased activity of

the HPA axis in this population has been observed.135

Likewise, cortisol, the end product of HPA axis activa-

tion, was significantly higher in a subgroup of children

with ASD compared with controls.136

NUTRITION, MICROBIOTA, AND ASD – WHAT IS THE
CONNECTION?

Diet is a major environmental factor regulating the es-

tablishment, maturation, and maintenance of gut

microbiota diversity and abundance.56,137–139 Although

nutrition plays a key role in shaping the gut microbiota

and nutrition interventions are commonly used to treat

some symptoms of ASD, the available published studies

lack a systematic investigation of the effect of dietary

habits of children with ASD on the composition of the

gut microbiota (Table 2). Only Son et al.140 collected
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dietary information and analyzed the macronutrient

content of the diet. However, short- as well as long-

term dietary changes can alter the microbial community

substantially, and children with ASD are often picky

eaters, which can have a fundamental effect on the gut

microbiota.139,141,142 Thus, it is important to under-

stand how diet modulates the microbiota in the ASD

population.
An interrelationship between dietary intake, neuro-

development, and cognitive function has been demon-

strated in healthy children, and most results are

attributed to the direct effect of dietary components on

the central nervous system.143,144 In ASD, it has been

suggested that the gut–brain axis plays a substantial role

in symptomatology.145 The effect of microbial changes

through dietary modification on cognitive processes is

not well described. In malnourished individuals, it has

been hypothesized that the microbiota is causally

related to neurological abnormalities.146 A few animal

models have shown that diet-induced changes in gut

microbiota could contribute to observed behavioral

changes.147,148 Thereby, the interaction between diet

and behavior could be due to altered metabolism of

dietary components and changes in metabolic products

as well as direct interaction of the gut microbiota with

enteric neurons.149,150 In ASD, the gut microbiota

might provide a potential link between diet and the

symptoms of ASD. First, dietary interventions and pro-

biotic supplementation alleviated some ASD symptoms

and normalized some systemic bacterial metabolites in

an animal model of ASD. Second, SCFAs that are

altered in children with ASD and can elicit ASD-like

behavior in animal models are a major product of bac-

terial carbohydrate fermentation. Fiber (eg, inulin, pec-

tin) present in fruits and vegetables, which is usually

low in the diet of children with ASD, decreased propi-

onate production in vitro.151 Thus, the substrate avail-

able could drive microbial activity in ASD. Lastly, the

gut microbiota is capable of both producing 50-HT

from the amino acid tryptophan and regulating the

availability of dietary tryptophan. The potential rela-

tionship between dietary intake, microbiota

composition, and ASD symptomatology is summarized

in Figure 1.
Including diet history and detailed diet diaries to

clarify the relationship between dietary patterns and gut

microbiota is important when investigating the correl-

ation between nutrient intake and changes in the

microbiota. Because the diet of children with ASD is

often characterized by a lack of variety, an inadequate

amount of fiber-containing foods, and an increased

amount of sugar-containing foods, investigating a rela-

tionship between diet and microbial dysbiosis could

lead to new potential pre- or probiotic interventions to

alleviate symptoms.

The mechanisms underlying the microbiota–gut–

brain communication in ASD are complex and are

likely to involve more than one mechanism. An inter-

action between neural, hormonal, and metabolic path-

ways seems probable. Future research delineating the

contribution of each pathway will provide a better

understanding of the microbiota–gut–brain communi-

cation and may identify new therapeutic interventions

for neurological diseases such as ASD. Thereby, the

use of germ-free and gnotobiotic animal models will

be of fundamental importance. The use of gnotobiotic

rodent models has led to significant processes in

defining how the gut microbiota regulates body

processes, including gut-to-brain communication.

However, rodent models are limited by several import-

ant physiological and metabolic differences from

humans. Therefore, the piglet is the preferred model

for studying human-related host–microbe interactions,

owing to its similarity to humans in anatomy and

physiology.153,154

EVIDENCE FOR INVOLVEMENT OF THE GUT
MICROBIOTA IN ATTENTION-DEFICIT/HYPERACTIVITY

DISORDER

Attention-deficit/hyperactivity disorder (ADHD) is a

neurodevelopmental disorder characterized by persist-

ent patterns of inattention and/or hyperactivity-

impulsivity. Several genetic and environmental risk

Table 2 Dietary information provided in human studies investigating the microbiota composition in children with autism
spectrum disorder
Publication Dietary information provided

Horvath et al. (1999)58 GF/CF diet
Finegold et al. (2002)141 Many patients on a GF/CF diet
Parracho et al. (2005)17 Varied or restricted (GF/CF) diet
Wang et al. (2011)38 GF/CF diet, probiotics, antibiotics
Adams et al. (2011)46 Probiotic use, seafood and fish oil consumption
Kang et al. (2013)35 Information on special diets (eg, GF/CF, nutritional supplements, probiotics, seafood)
Son et al. (2015)140 Dietary information collected for 7 d prior to collection of stool samples; total kilocalories, protein,

carbohydrate, fat, fiber, and sugar analyzed
Abbreviations: GF/CF, gluten-free, casein-free.
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factors that could contribute to the development of
ADHD have been identified. Although ADHD has not

been linked to an abnormal gut microbiota, several ar-
guments can be made supporting a dysbiosis as a

potential contributing factor. First, factors associated
with an increased risk of developing ADHD, such as

duration of breastfeeding, early-life antibiotic exposure,
gestational age, and birth weight influence the

Immune Cells
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Figure 1 Nutrition and the microbiota–gut–brain axis in the etiology of autism spectrum disorder (ASD). Several possible pathways of
the microbiota–brain interaction in ASD can be proposed. (1) Food that escapes digestion by the host can be used by the gut microbiota as
energy sources. In turn, bacterial metabolites (eg, SCFAs, 50-HT) that can be used for physiological functions by the host are produced. (2)
Bacterial metabolites with relevance to ASD symptomatology include 50-HT and SCFAs. 50-HT is produced by certain Lactobacillus,
Streptococcus, and Lactococcus species.152 Microbial genera that occur more frequently in children with ASD include propionate producers,
such as Clostridia, Bacteroidetes, and Desulfovibrio species.16,17 Increased 50-HT production by the microbiota could lead to tryptophan deple-
tion and contribute to hyperserotonemia observed in ASD. (3) Bacterial metabolites can be translocated into the systemic or lymphatic sys-
tem, transported to the brain, and cause behavioral and chemical changes. In addition, abnormal intestinal permeability in children with ASD
could allow passive diffusion of metabolites.120 (4) Although 50-HT is produced predominantly from EC cells in enterocytes, its secretion can
be stimulated by SCFAs, which could increase the amount 50-HT is released into the circulation.132 (5) Upon reaching the brain, SCFAs can
have neurotoxic effects, and propionate could elicit ASD-like behavior in animal models.126,130 (6) The microbiota itself can have direct effects
on the brain by modulating the blood–brain barrier95 and causing changes in the metabolism of 50-HT in the brainstem (eg, Bifidobacterium
infantis).117 (7) Certain species of the gut microbiota have been shown to influence the activity of the HPA axis.27,99,134 In children with ASD,
increased activity of the HPA axis135 as well as increased levels of cortisol in the circulation were observed.136 (8) The vagal-mediated signaling
from the gut microbiota to the brain can be transmitted through vagal chemoreceptors on mucosal villi that are activated by bacterial metab-
olites (eg, 50-HT, SCFAs) or by vagal mechanoreceptors that sense motility changes induced by some bacterial species.103 (9) The microbiota
can influence the development of the immune system through various microbial signals.20,93,137 For example, pattern recognition receptors
can recognize microbial cell components and metabolites and can adjust the immune response accordingly.137 In addition, disturbance of the
gastrointestinal tract can lead to increased permeability of the intestinal barrier, allowing immune cells (eg, lymphocytes) and cytokines to
translocate to the circulation. (10) In the brain, these immune cells can elicit an immune response by increasing the permeability of blood–
brain barrier or binding to epithelial cells.62 Abbreviations: 4-EPS, ethylphenylsulfate; 50-HT, serotonin; EC cells, enterochromaffin cells; HPA,
hypothalamic–pituitary–adrenal; SCFAs, short-chain fatty acids.
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development of the gut microbiota.155–161 Second,

mechanisms proposed to play a role in the etiology of

ADHD are also involved in a bidirectional connection

with the gut microbiota. For example, certain bacterial

species are capable of regulating HPA axis activity,

which is dysfunctional in children with ADHD.27,162

50HT, a by-product of Lactobacillus, Streptococcus, and

Lactococcus species, modulates attention performance

and aggressive behavior.163,164 Third, ASD and ADHD

show a high comorbidity, and children with ASD are

often treated for ADHD symptoms such as inattentive-

ness and hyperactivity. Fourth, similar to symptoms in

children with ASD, GI problems such as constipation,

fetal incontinence, and celiac disease are often reported

in children with ADHD.165,166 Lastly, early dietary pat-

terns were linked to the development of ADHD.167 A

lower risk for having ADHD was associated with a diet

low in fat but high in carbohydrates, fatty acids, and

minerals.167 On the other side, snack pattern diets (vs

meal pattern diets), a diet high in sugar and refined

grains, or a diet high in processed and commercially

produced food was associated with increased risk of

ADHD.167 Likewise, the Western diet, which is char-

acterized by high levels of n-6 fatty acids, sodium, and

sugar intake, has been suggested to promote the devel-

opment of ADHD.168 Whether these early dietary

patterns cause changes in the microbiota and ultim-

ately lead to development of ADHD symptoms is un-

known. However, clinical studies have shown an

improvement in inattention and hyperactivity behav-

iors in children who were supplemented with the pro-

biotics Lactobacillus acidophilus and Lactobacillus

bifidus, suggesting that mechanisms elicited by the gut

microbiota could contribute to the symptoms of

ADHD.169

CONCLUSION

Accumulating evidence demonstrates strong associ-

ations between the gut microbiota and ASD symptoms.

Differences in microbiota composition are presented in

the literature, but no clear trend is emerging yet, which

may be attributable to differences in methodology,

study population, and confounding factors, especially

diet. Likewise, whether microbial dysbiosis contributes

to the development of ASD symptoms or is caused by

diet and medication remains unknown. To better

understand the role of the microbiota and understand

the interplay between nutrition and the microbiota in

ASD, future studies should systematically investigate

the role of nutrition in the microbial composition of

children with ASD and stress the importance of

analyzing the microbiota in the context of diet and

medication. Identifying the influence of nutrition,

dietary supplements, and medications on the short-

term gut microbial profile and its effect on longitu-

dinal changes in bacterial species would contribute to

greater understanding of the etiology of ASD and pro-

vide an early intervention strategy to decrease the se-

verity of the disease in genetically at-risk children.

New therapeutic measures will be of key focus in the

upcoming years to decrease the financial burden on

the economy as well as to address parents’ concerns

about the safety of medications. There is no specific,

effective drug therapy for the treatment of children

with ASD, making the development of new treat-

ments that can ameliorate symptoms of the disease an

urgent need.

Genetic predisposition in conjunction with envir-

onmental factors might explain the increase in new

ASD diagnoses over the past 10 years. Whether the gut

microbiota contributes as an environmental factor is

still unknown. Carefully designed longitudinal studies

are needed to elucidate the changes in the microbiota in

the period leading up to ASD diagnosis in order to es-

tablish a role of the microbiota in the development of

symptoms. In addition, more research showing a spe-

cific correlation between bacterial species and ASD

symptoms could provide support for determining

which bacterial strain needs to be targeted by probiotic

supplementation.

The data to date provide some evidence linking the

microbiota–gut–brain axis to ASD and, potentially, to

ADHD. Future longitudinal studies can provide new in-

sight into the cause-and-effect relationship between the

microbiota and ASD development. Animal studies have

shown that early-life perturbations of the microbiota

can impact the development of the central nervous sys-

tem and have lasting effects on cognitive function later

in life. Germ-free and gnotobiotic animal models will

provide new information on the underlying molecular

mechanisms of the microbiota–gut–brain axis in ASD.

Research on the trajectory of the microbiota compos-

ition in the development of children at risk for ASD

will be fundamental to establish potential causative rela-

tionships and to develop potential therapies targeting

the gut microbiota.
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104. Schéle E, Grahnemo L, Anesten F, et al. The gut microbiota reduces leptin sensi-
tivity and the expression of the obesity-suppressing neuropeptides proglucagon
(Gcg) and brain-derived neurotrophic factor (Bdnf) in the central nervous system.
Endocrinology. 2013;154:3643–3651.

105. Finger BC, Dinan TG, Cryan JF. Leptin-deficient mice retain normal appetitive
spatial learning yet exhibit marked increases in anxiety-related behaviours.
Psychopharmacology (Berlin). 2010;210:559–568.

106. Giordano R, Pellegrino M, Picu A, et al. Neuroregulation of the hypothalamus-
pituitary-adrenal (HPA) axis in humans: effects of GABA-, mineralocorticoid-, and
GH-secretagogue-receptor modulation. Sci World J. 2006;6:1–11.

107. Holzer P, Reichmann F, Farzi A. Neuropeptide Y, peptide YY and pancreatic poly-
peptide in the gut–brain axis. Neuropeptides. 2012;46:261–274.

108. Berglund MM, Hipskind PA, Gehlert DR. Recent developments in our under-
standing of the physiological role of PP-fold peptide receptor subtypes. Exp Biol
Med. 2003;228:217–244.

109. Bercik P, Denou E, Collins J, et al. The intestinal microbiota affect central levels of
brain-derived neurotropic factor and behavior in mice. Gastroenterology.
2011;141:599–609.

110. Yap IK, Angley M, Veselkov KA, et al. Urinary metabolic phenotyping differenti-
ates children with autism from their unaffected siblings and age-matched con-
trols. J Proteome Res. 2010;9:2996–3004.

111. Ming X, Stein TP, Barnes V, et al. Metabolic perturbance in autism spectrum dis-
orders: a metabolomics study. J Proteome Res. 2012;11:5856–5862.

112. Coutinho AM, Sousa I, Martins M, et al. Evidence for epistasis between SLC6A4

and ITGB3 in autism etiology and in the determination of platelet serotonin lev-
els. Hum Genet. 2007;121:243–256.

113. Mulder EJ, Anderson GM, Kemperman RF, et al. Urinary excretion of 5-hydroxyin-
doleacetic acid, serotonin and 6-sulphatoxymelatonin in normoserotonemic and
hyperserotonemic autistic individuals. Neuropsychobiology. 2010;61:27–32.

114. Burgess NK, Sweeten TL, McMahon WM, et al. Hyperserotoninemia and altered
immunity in autism. J Autism Dev Disord. 2006;36:697–704.

115. Yano JM, Yu K, Donaldson GP, et al. Indigenous bacteria from the gut microbiota
regulate host serotonin biosynthesis. Cell. 2015;161:264–276.

Nutrition ReviewsVR Vol. 74(12):723–736 735

D
ow

nloaded from
 https://academ

ic.oup.com
/nutritionreview

s/article/74/12/723/2655185 by guest on 06 June 2022



116. Marler S, Ferguson BJ, Lee EB, et al. Brief report: whole blood serotonin levels
and gastrointestinal symptoms in autism spectrum disorder. J Autism Dev
Disord. 2016;46:1124–1130.

117. Desbonnet L, Garrett L, Clarke G, et al. The probiotic Bifidobacteria infantis: an as-
sessment of potential antidepressant properties in the rat. J Psychiatr Res.
2008;43:164–174.

118. Jenkins TA, Nguyen JC, Polglaze KE, et al. Influence of tryptophan and serotonin
on mood and cognition with a possible role of the gut-brain axis. Nutrients.
2016;8:56. doi:10.3390/nu8010056.

119. Ibrahim SH, Voigt RG, Katusic SK, et al. Incidence of gastrointestinal symptoms in
children with autism: a population-based study. Pediatrics. 2009;124:680–686.

120. de Magistris L, Familiari V, Pascotto A, et al. Alterations of the intestinal barrier in
patients with autism spectrum disorders and in their first-degree relatives. J
Pediatr Gastroenterol Nutr. 2010;51:418–424.

121. d’Eufemia P, Celli M, Finocchiaro R, et al. Abnormal intestinal permeability in chil-
dren with autism. Acta Paediatr. 1996;85:1076–1079.

122. Chugani DC, Muzik O, Behen M, et al. Developmental changes in brain sero-
tonin synthesis capacity in autistic and nonautistic children. Ann Neurol.
1999;45:287–295.

123. McDougle C, Naylor ST, Cohen DJ, et al. Effects of tryptophan depletion in drug-
free adults with autistic disorder. Arch Gen Psychiatry. 1996;53:993–1000.

124. Bischoff SC, Mailer R, Pabst O, et al. Role of serotonin in intestinal
inflammation: knockout of serotonin reuptake transporter exacerbates
2, 4, 6-trinitrobenzene sulfonic acid colitis in mice. Am J Physiol Gastrointest
Liver Physiol. 2009;296:G685–G695.

125. Butt�o LF, Haller, D. Dysbiosis in intestinal inflammation: cause or consequence.
Int J Med Microbiol. 2016;306:302–309.

126. De Vadder F, Kovatcheva-Datchary P, Goncalves D, et al. Microbiota-generated
metabolites promote metabolic benefits via gut-brain neural circuits. Cell.
2014;156:84–96.

127. El-Ansary AK, Ben Bacha A, Kotb M. Etiology of autistic features: the persisting
neurotoxic effects of propionic acid. J Neuroinflammation. 2012;9:74.
doi:10.1186/1742-2094-9-74.

128. Thomas RH, Foley KA, Mepham JR, et al. Altered brain phospholipid and acylcar-
nitine profiles in propionic acid infused rodents: further development of a poten-
tial model of autism spectrum disorders. J Neurochem. 2010;113:515–529.

129. El-Ansary A, Al-Ayadhi L. Relative abundance of short chain and polyunsaturated
fatty acids in propionic acid-induced autistic features in rat pups as potential
markers in autism. Lipids Health Dis. 2014;13:140. doi:10.1186/1476-511X-13-
140.

130. MacFabe DF. Short-chain fatty acid fermentation products of the gut microbiota:
implications in autism spectrum disorders. Microb Ecol Health Dis. 2012;23.
doi:10.3402/mehd.v23i0.19260.

131. MacFabe DF. Enteric short-chain fatty acids: microbial messengers of metabol-
ism, mitochondria, and mind: implications in autism spectrum disorders. Microb
Ecol Health Dis. 2015;26:28177. doi:10.3402/mehd.v26.28177.

132. Reigstad CS, Salmonson CE, Rainey JF, et al. Gut microbes promote colonic sero-
tonin production through an effect of short-chain fatty acids on enterochromaf-
fin cells. FASEB J. 2015;29:1395–1403.

133. Al-Ghamdi M, Al-Ayadhi L, El-Ansary A. Selected biomarkers as predictive tools in
testing efficacy of melatonin and coenzyme Q on propionic acid–induced neuro-
toxicity in rodent model of autism. BMC Neurosci. 2014;15:34. doi:10.1186/1471-
2202-15-34.

134. Gareau MG, Jury J, MacQueen G, et al. Probiotic treatment of rat pups normalises
corticosterone release and ameliorates colonic dysfunction induced by maternal
separation. Gut. 2007;56:1522–1528.

135. Spratt EG, Nicholas JS, Brady KT, et al. Enhanced cortisol response to stress in
children in autism. J Autism Dev Disord. 2012;42:75–81.

136. Tordjman S, Anderson GM, Kermarrec S, et al. Altered circadian patterns of saliv-
ary cortisol in low-functioning children and adolescents with autism.
Psychoneuroendocrinology. 2014;50:227–245.

137. Thaiss CA, Zmore N, Levy M, et al. The microbiota and innate immunity. Nature.
2016;535:65–74.

138. David LA, Maurice CF, Carmody RN, et al. Diet rapidly and reproducibly alters the
human gut microbiota. Nature. 2014;505:559–563.

139. Wu GD, Chen J, Hoffmann C, et al. Linking long-term dietary patterns with gut
microbial enterotypes. Science. 2011;334:105–108.

140. Son JS, Zheng LJ, Rowehl LM, et al. Comparison of fecal microbiota in children
with autism spectrum disorders and neurotypical siblings in the Simons Simplex
Collection. PLoS One. 2015;10:e0137725. doi:10.1371/journal.pone.0137725.

141. Finegold SM, Molitoris D, Song Y, et al. Gastrointestinal microflora studies in late-
onset autism. Clin Infect Dis. 2002;35(suppl 1):S6–S16.

142. Martins Y, Young RL, Robson DC. Feeding and eating behaviors in children with
autism and typically developing children. J Autism Dev Disord. 2008;38:
1878–1887.

143. Khan NA, Raine LB, Drollette ES, et al. The relation of saturated fats and dietary
cholesterol to childhood cognitive flexibility. Appetite. 2015;93:51–56.

144. Khan NA, Raine LB, Drollette ES, et al. Dietary fiber is positively associated with
cognitive control among prepubertal children. J Nutr. 2015;145:143–149.

145. van De Sande MM, van Buul VJ, Brouns FJ. Autism and nutrition: the role of the
gut–brain axis. Nutr Res Rev. 2014;27:199–214

146. Goyal MS, Venkatesh S, Milbrandt J, et al. Feeding the brain and nurturing the
mind: linking nutrition and the gut microbiota to brain development. Proc Natl
Acad Sci U S A. 2015;112:14105–14112.

147. Li W, Dowd SE, Scurlock B, et al. Memory and learning behavior in mice is tem-
porally associated with diet-induced alterations in gut bacteria. Physiol Behav.
2009;96:557–567.

148. Pyndt Jørgensen B, Hansen JT, Krych L, et al. A possible link between food and
mood: dietary impact on gut microbiota and behavior in BALB/c mice. PLoS
ONE. 2014;9:e103398. doi:10.1371/journal.pone.0103398.

149. Hanstock TL, Clayton EH, Li KM, et al. Anxiety and aggression associated with
the fermentation of carbohydrates in the hindgut of rats. Physiol Behav.
2004;82:357–368.

150. Furness JB, Kunze WA, Clerc N. Nutrient tasting and signaling mechanisms in the
gut. II. The intestine as a sensory organ: neural, endocrine, and immune re-
sponses. Am J Physiol. 1999;277:G922–G928.

151. Yang J, Mart�ınez I, Walter J, et al. In vitro characterization of the impact of se-
lected dietary fibers on fecal microbiota composition and short chain fatty acid
production. Anaerobe. 2013;23:74–81.

152. €Ozo�gul F, Kuley E, €Ozo�gul Y, et al. The function of lactic acid bacteria on biogenic
amines production by food-borne pathogens in arginine decarboxylase broth.
Food Sci Technol Res. 2012;18:795–804.

153. Puiman P, Stoll B. Animal models to study neonatal nutrition in humans. Curr
Opin Clin Nutr Metab Care. 2008;11:601–606.

154. Patterson K, Lei XG, Miller DD. The pig as an experimental model for elucidating
the mechanisms governing dietary influence on mineral absorption. Exp Biol
Med (Maywood). 2008;233:654–664.

155. Sabuncuoglu O, Orengul C, Bikmazer A, et al. Breastfeeding and parafunctional
oral habits in children with and without attention-deficit/hyperactivity disorder.
Breastfeed Med. 2014;9:244–250.

156. Yorbik O, Ozdag MF, Olgun A, et al. Potential effects of zinc on information
processing in boys with attention deficit hyperactivity disorder. Prog
Neuropsychopharmacol Biol Psychiatry. 2008;32:662–667.

157. Stevens LJ, Zentall SS, Deck JL, et al. Essential fatty acid metabolism in boys with
attention-deficit hyperactivity disorder. Am J Clin Nutr. 1995;62:761–768.

158. Heinonen K, R€aikkönen K, Pesonen AK, et al. Trajectories of growth and symp-
toms of attention-deficit/hyperactivity disorder in children: a longitudinal study.
BMC Pediatr. 2011;11:84. doi: 10.1186/1471-2431-11-84.

159. Harmsen HJ, Wildeboer–Veloo AC, Raangs GC, et al. Analysis of intestinal flora
development in breast-fed and formula-fed infants by using molecular identifi-
cation and detection methods. J Pediatr Gastroenterol Nutr. 2000;30:61–67.

160. Penders J, Thijs C, Vink C, et al. Factors influencing the composition of the intes-
tinal microbiota in early infancy. Pediatrics. 2006;118:511–521.

161. Hall MA, Cole CB, Smith SL, et al. Factors influencing the presence of faecal lacto-
bacilli in early infancy. Arch Dis Child. 1990;65:185–188.

162. Chen YH, Chen H, Liu YY, et al. Function of the hypothalamus-pituitary-adrenal
axis in children with attention deficit hyperactivity disorder. Zhongguo dang dai
er ke za zhi. 2009;11:992–995.

163. Mette C, Zimmermann M, Grabemann M, et al. The impact of acute tryptophan
depletion on attentional performance in adult patients with ADHD. Acta
Psychiatr Scand. 2013;128:124–132.

164. McKeown C, Hisle-Gorman E, Eide M, et al. Association of constipation and
fecal incontinence with attention-deficit/hyperactivity disorder. Pediatrics.
2013;132:e1210–e1215.

165. Niederhofer H. Association of attention-deficit/hyperactivity disorder and
celiac disease: a brief report. Prim Care Companion CNS Disord. 2011;13.
Pii:PCC.10br01104. doi:10.4088/PCC.10br01104.

166. Woo HD, Kim DW, Hong YS, et al. Dietary patterns in children with attention def-
icit/hyperactivity disorder (ADHD). Nutrients. 2014;6:1539–1553.

167. Azadbakht L, Esmaillzadeh A. Dietary patterns and attention deficit hyperactivity
disorder among Iranian children. Nutrition. 2012;28:242–249.

168. Howard AL, Robinson M, Smith GJ, et al. ADHD is associated with a “Western”
dietary pattern in adolescents. J Atten Disord. 2011;15:403–411.

169. Harding KL, Judah RD, Gant CE. Outcome-based comparison of Ritalin vs food-
supplement treated children with AD/HD. Altern Med Rev. 2003;8:319–330.

736 Nutrition ReviewsVR Vol. 74(12):723–736

D
ow

nloaded from
 https://academ

ic.oup.com
/nutritionreview

s/article/74/12/723/2655185 by guest on 06 June 2022


	nuw048-TF1
	nuw048-TF2

