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Autism spectrum disorder (ASD) is a complicated neurodevelopmental disorder characterized by decreased verbal

and social interactions, limited interests and activities, and repetitive behaviors. Along with these significant

conditions, ASD regularly co-occurs with other clinical symptoms, including gastrointestinal disturbances (up to

70%), motor deficits (79%), sleep problems (50–80%), and intellectual disability (45%). The high prevalence of

gastrointestinal (GI) disorders among autism spectrum disorder (ASD) patients has prompted scientists to look into

the gut microbiota as a putative trigger in ASD pathogenesis.

autism spectrum disorder  gut microbiome  probiotics

1. Introduction

Autism prevalence has risen dramatically worldwide in the last few years, reaching 1 in 132, and with a remarkable

increase in occurrence in boys compared with girls . In the United States, the prevalence of autism spectrum

disorder (ASD) rose from 1 in 150 children in 2000 to 1 in 54 in 2016 . The dramatic increase in ASD reduces

parental productivity and increases the financial burden on families, with central expenditures being linked with

special schooling .

For many years, a high number of studies have been conducted worldwide focusing on the potential etiology of

ASD; however, its precise etiology has not been clearly identified. Gene and chromosomal abnormalities, such as

fragile X syndrome (FXS); tuberous sclerosis (TSC); and potential defects in chromosomes 2q, 7q, 15q, and 16p,

are shown in 35 to 40% of ASD cases. Furthermore, the ASD rate was found to be higher in monozygotic twins

than in dizygotic twins and was found to be 50-fold higher among siblings who belong to families that already have

ASD children . Additionally, the multigenic disorder of autism has been related to epigenetic effects ;

nevertheless, no specific gene has been identified as being associated with all cases of ASD. Recently, 100 to 800

genes or genomic regions have been implicated in ASD etiologies .

60 to 65% of autism occurrence could be explained by prenatal, natal, and postnatal environmental risk factors

(Figure 1). Prenatal risk factors involve maternal infection, maternal physical health, the health condition of

pregnant women, folate and iron deficiency, and drug use in pregnancy. Natal risk factors include fetal

complications, umbilical cord complications, hypoxia (lack of oxygen), cesarean delivery, abnormal presentation of

the fetus, and abnormal gestational age (preterm or post-term). Postnatal risk factors include breastfeeding, air

contamination, antibiotic intake, and nutrition factors . Environmental risk factors can directly influence
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the neuronal activities of the growing brain of the fetus . These environmental risk factors are largely found to

shape the intestinal microbiota .

Figure 1. Illustration of some prenatal, perinatal, and postnatal factors associated with autism spectrum disorders.

Created with BioRender.com.

2. Signaling Pathways Based on the Gut Microbiome
Composition in Autism Spectrum Disorder Patients

2.1. Gut Permeability Pathway

The microbiota and its metabolite products modulate the function and integrity of the gut epithelium barrier.

Therefore, a change in gut microbial diversity can influence the gut barrier integrity, potentially resulting in the

“leaky gut” condition . Indeed, an impaired gut barrier can increase the levels of gut microbial components (e.g.,

lipopolysaccharide (LPS)) in the blood; trigger the hypothalamic–pituitary–adrenal (HPA) axis; and stimulate

immune responses, producing cytokines such as interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α), interleukin-

1β (IL-1β), and IL-4. These immune cytokines can circulate and cross the blood–brain barrier (BBB), inducing

systemic and CNS inflammation . The serum level of LPS was found to be significantly increased in ASD

individuals compared to healthy controls. This may be linked to a worse social communication score, which has

been noticed in ASD patients . In physiological states, LPS can enter the brain, possibly through a lipoprotein

transport mechanism , and elicit neural impairment, behavioral alteration, and neuroinflammation by triggering

the Nuclear Factor Kappa B (NF-kB) signaling pathway, which is related to microglia stimulation and neuronal cell
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loss . The everyday injection of pregnant rats with lipopolysaccharide (LPS) resulted in ASD-like behavior in

offspring, involving hyperlocomotion and social defects .

Multiple findings have suggested that ASD patients have abnormal intestinal permeabilities ranging from 43% to

76%, both with and without gastrointestinal symptoms . Moreover, intestinal permeability was reported in 9 out

of 21 autistic children, but not in 40 non-autistic children . De Magistris and colleagues found that ASD

individuals and their first-degree relatives had 36.7% and 21.2% altered gut permeabilities, respectively, while

ordinary people had only 4.8% . In accordance with previous studies, a significant decrease in the mRNA levels

of occludin and zonulin was observed in male BTBR mice (a mouse model of idiopathic autism). Occludin and

zonulin are intestinal permeability-modulating proteins that are associated with the maintenance of intestinal

permeability . Interestingly, intestinal permeability was found to be considerably reduced in autism patients

who were on a gluten-free, casein-free diet .

In comparison with the above-mentioned studies, others have shown no changes in gut permeability in autistic

children, demonstrating that the disruption of the intestinal barrier is not always a symptom of autism, but this

primarily occurred in ASD children with intestinal abnormality . Thus, additional studies with an increased

sample size of ASD patients with and without intestinal abnormality are necessary to confirm and understand the

connection between gut permeability and increased symptoms of autism.

2.2. Immune System Pathway

Immunological pathways have a vital function in the bidirectional connection between the microbiota, gut, and

brain, allowing the gut and brain to influence each other. Gut microbial composition is an essential part of

regulating immune hemostasis, since gut mucosal surfaces are constantly exposed to beneficial and pathogenic

microorganisms and can trigger an immunological response . In addition, the mucosal surface layers of the

gut contain different types of immune cells involving gut-associated lymphoid tissue (GALT) . GALT utilizes

lymphocytes to produce immunoglobulins (IgA) . IgA can modify the innate immune response once microbial

cells come into contact with dendrites in the ENS. In some studies, a high level of IgA was recognized in ASD

patients .

Different inflammatory signs have been found in ASD individuals. For example, elevated levels of tumor necrosis

factor (TNF) and pro-inflammatory cytokines such as interferon (IFN), IL-1b, IL-6, IL-8, and IL-12p4 were found in

the brains of ASD children compared to controls . Moreover, the brains of ASD patients revealed a pattern of

triggering immunological responses involving the activation of microglial cells, which are responsible for eliminating

pathogens .

The defect in the immune system in autistic patients has been connected with the alteration of the gut microbial

composition. For example, germ-free mice show a higher microglia density in various brain areas than mice grown

in a specific pathogen-free (SPF) environment. Additionally, atypical social avoidance behavior and low immune

response against virus infection were noticed in these GF mice. Both microglia defects and ASD-linked symptoms
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were improved following the supplementation of germ-free mice with microbial SCFAs . This research proposed

that the gut microbiota can indirectly affect the innate immune system, which can modify the circulating levels of

pro-inflammatory and anti-inflammatory cytokines that directly impact microglia homeostasis.

Moreover, in the Hsiao et al. study, an increased level of IL-6 was detected in the adult offspring of a maternal

immune activation (MIA) mouse model. Interestingly, the supplementation of MIA offspring with Bacteroides fragilis

NCTC 9343 restored microbiota composition, IL-6 levels, and the integrity of the intestinal permeability . Several

cytokines, including IL-6, were found to adjust the tight junction transcription level and intestinal barrier integrity by

modulating the levels of CLDN 8 and 15. Therefore, the research proposes that the B. fragilis-mediated restoration

of IL-6 levels might underpin the role of IL-6 in gut permeability .

2.3. The Metabolic Pathway

The gut microbiota generates various metabolites that can travel across the systemic circulation and contact the

host immune cells, impact the metabolism, and/or influence the ENS and afferent signaling pathways of the vagus

nerve that send signals directly to the CNS . The metabolites that are derived from the microbiota include

multiple products, such as short-chain fatty acids (SCFAs), phenolic compounds, and free amino acids (FAAs) .

Butyric acid (BA), propionic acid (PAA), and acetic acid (AA) are all types of short-chain fatty acids that result from

the anaerobic fermentation of indigestible carbohydrates . SCFAs play a vital function in the body such as in the

homeostasis of energy, in the enhancement of glucose metabolism, in lowering body weight, and in reducing the

chance of colon cancer . Additionally, SCFA is implicated in the regulation of the immune response by

modulating the secretion of T-cell cytokines .

Despite the data being slightly inconsistent, acetate and propionate have been found to be upregulated in

individuals with ASD, whereas butyrate was shown to be significantly decreased . PAA can act as a

neurotoxin that affects the electron transport chain by inhibiting the formation of nicotinamide adenine dinucleotide

(NADH), the primary substrate of the electron transport chain . PAA can also trigger the immune response and

change gene expression . Increased levels of PAA have been related to increased severity of ASD. For

example, in experimental trials, rats treated for eight days with PAA displayed hyperactivity and stereotypy

movement. Additionally, PAA-treated rats exhibited significant changes in the composition of brain and plasma

phospholipid molecular species. Alterations in brain plasma phospholipid composition, especially throughout

development, can theoretically have severe effects on CNS function . GI symptoms and modified blood

phospholipid profiles have been detected in individuals with ASD. Thus, since phospholipids are the main structural

components of many cellular and neuronal membranes , ASD, as a neurodevelopmental disorder, might be

related to functional deficits or imbalances in fatty acid metabolism .

On the other hand, butyrate was observed to have a positive influence on ASD-related behavior . In addition,

butyrate can protect cells from oxidative stress and improve mitochondrial function during physiological stress .

Interestingly, butyrate was found to restore the ASD deficiencies introduced by PAA, likely by enhancing the BBB

permeability . GF mice colonized with Clostridium tyrobutyricum (butyrate-producing bacteria) or acetate and
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propionate-producing Bacteroides thetaiotaomicron can improve the expression of occludins, which were found to

be associated with the reduced permeability of the BBB .

Moreover, p-Cresol and its conjugated derivatives were observed at an elevated rate in the urinary samples of

children with ASD . P-Cresol can aggravate ASD severity and gut function because it plays a role in many

metabolic processes in the human body . In addition, P-Cresol has been linked with nervous system

abnormalities, including raising brain lipid peroxidation, reducing Na(+)-K+ ATPase function, and inhibiting

noradrenaline formation . Clostridium difficile is one of the most typical representative microbes and is known for

forming p-Cresol. C. difficile can induce the p-hydroxyphenylacetate (p-HPA) enzyme and therefore stimulate the

fermentation of tyrosine for the production of p-Cresol . Notably, mice given p-Cresol in drinking water for four

weeks exhibited an altered gut microbiota composition and social-behavioral defects . The p-Cresol intervention

also decreases the excitability of dopamine neurons in the ventral tegmental area (VTA) of these mice, a circuit

implicated in the social reward system . The influence of p-Cresol on behavior was associated with the gut

microbial composition, as microbial transplantation from p-Cresol-treated mice to control mice can stimulate

behavioral defects. However, microbial transplantation from normal mice to p-Cresol-treated mice was found to

restore normal social behaviors . A microbial metabolite such as p-Cresol could provoke ASD-like behavior in

mice.

Collectively, all these previous studies are consistent with the emerging theory of disruption of excitatory/inhibitory

neuronal function in ASD .

2.4. Neuronal Signaling Pathway

The microbiota of the gut can produce molecules such as serotonin (5-hydroxytryptamine, 5-HT), γ-aminobutyric

acid (GABA), and acetylcholine, which can act as typical neurotransmitters influencing ENS and CNS activity .

Serotonin is one of the essential brain neurotransmitters that have a crucial function in regulating mood and GI

activity . About 95% of total serotonin in the human body is formed by enterochromaffin cells (Ecs) in the GI

tract, while around 5% of the remaining serotonin is found in the brain . Interestingly, gut microbes such as

Escherichia spp., Enterococcus spp., Streptococcus spp., and Candida spp. have been shown to be engaged in

the production of serotonin . The production and secretion of 5-HT by Ecs have been suggested to be affected

by the gut microbial composition . For example, the depletion of the gut microbiota by antibiotics in mice was

found to be associated with impaired learning and elevated depression-like behaviors. This occurred with changes

in the levels of CNS 5-HT concentration, as well as with alterations in the mRNA levels of corticotrophin-releasing

hormone receptor 1 and the glucocorticoid receptor . Moreover, a positive relationship was detected between

the level of 5-HT in the blood and the severity of gastrointestinal symptoms .

On other hand, serotonin can also be formed from the essential amino acid tryptophan (Trp) . Clostridia spp.

stimulates the transformation of tryptophan to 5-HT by raising the mRNA levels of tryptophan hydroxylase 1 in Ecs

. Reducing tryptophan in the diet indeed seems to increase autistic behavior. Consequently, these studies show

that the gut microbiota can have a crucial role in the production and homeostasis of the 5-HT .
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GABA is an amino acid that functions as the main inhibitory neurotransmitter in the brain. An altered pattern of

GABA has been detected as a key feature of the neurophysiology of ASD patients . If the inhibitory GABAergic

transmission is altered in individuals with ASD, it can end in an irregular balance of excitation/inhibition in the brain

and changes in neural communication, the handling of instructions, and responding performance . Indeed,

Bifidobacterium spp. and Lactobacillus spp. have the ability to produce GABA ; for example, the colonization of

mice with Lactobacillus rhamnosus JB-1 increases the level of GABA receptors in the vagus nerve and decreases

stress and depressive behavior .

Together, these outcomes emphasize the essential function of the gut microbiota in the communication pathways

between the gut microbiota and the brain, suggesting that bacteria may prove to be a beneficial treatment.

2.5. Neuroendocrine Signaling Pathway

The hypothalamic–pituitary–adrenal (HPA) axis is another pathway by which the brain can control the activity of

intestine effector cells, gut permeability, motility, mucus, and immunity, causing the translocation of gut microbial

constituents. Under stress conditions, corticotrophin-releasing hormone (CRH) is released from the hypothalamus

and causes the pituitary gland to secrete adrenocorticotropic hormone (ACTH). ACTH then regulates the adrenal

glands to produce and secrete hormones, such as cortisol and glucocorticoids, into the blood, which affect many

bodily organs including the brain . This initial research demonstrated that the gut microbiota can directly affect

the host HPA axis. GF mice that have been exposed to restraint stress showed an increased serum concentration

of the two commonly associated stress hormones ACTH and CRH. However, the colonization of young mice with

Bifidobacterium infantis reversed hormonal abnormalities . In the same study, the expression of brain-derived

neurotrophic factor (BDNF) and N-methyl-D-aspartate (NMDA) receptor was also reduced in the cerebral cortex

and hippocampus of GF mice, influencing the expression and release of CRH and thereby altering the HPA axis

function . Several studies, particularly those carried out in individuals with ASD, have found altered levels of

mRNA in the glucocorticoid receptor and CRH receptor 1 , which basically indicates the modification of this

pathway.

3. Role of Epigenetics in Autism Spectrum Disorder 

In the last few decades, the rapid rise in the rate of ASD has demonstrated that autism cannot be caused only by

genetics. Therefore, scientists have examined the relationships between genetics and the environment, especially

studying the role of epigenetics in causing ASD . Epigenetics investigates the ways in which environmental and

lifestyle factors influence DNA expression without changing the DNA sequence, which can be transmitted from one

generation to another via germline cells. These epigenetic modifications can control when, or even if, a specific

gene turns on and off in a cell or organism .

DNA methylation, post-transcriptional histone modifications, and gene expression regulation by non-coding RNAs

are some examples of epigenetic regulation . DNA methylation has been related to the etiology of nervous

[67]

[68]

[69]

[70]

[15][58]

[71]

[71]

[72]

[6]

[73][74]

[75]



The Human Gut Microbiome in Autism Spectrum Disorder | Encyclopedia.pub

https://encyclopedia.pub/entry/20045 7/18

disorders, including ASD . For example, a methylome analysis study of the human placenta exhibited a

significantly higher level of a methyl group in patients with ASD through the use of pyrosequencing .

Several compelling pieces of evidence suggesting that the gut microbial community is directly responsible for

initiating epigenetic modifications . Exchange talk between microbic metabolites and external effectors such as

antibiotics, nutrition, and other environmental factors can shape the epigenome (temperature, oxygen, and pH) .

Commensal bacteria in the gut can synthesize folate, vitamin B12, and choline, all of which are fundamental in the

production of a methyl group donor (6-methyltetrahydrofolate) and the formation of S-adenosylmethionine (SAM),

which is the main methyl donor in the DNA methylation process . For example, Bifidobacteria and Lactobacillus

species are known for folate synthesis . Another critical microbial metabolite that affects epigenetics is butyric

acid, a potent inhibitor of histone deacetylases , which removes the acetyl group from histone proteins, letting

the proteins re-associate with DNA and preventing DNA transcription. Moreover, the latest suggestion shows that

some endosymbiotic bacteria make small non-coding RNAs that influence host processes .

Based on the above-mentioned findings regarding the involvement of epigenetics in ASD, one can assume that

dysbiosis in the gut microbiota composition, particularly in the early periods of development, could directly switch a

specific gene on or off. In this situation, the excessive use of antibiotics may affect microbial diversity and turn on a

particular gene related to autism.

4. The Potential Therapeutic Perspectives of Autism
Spectrum Disorder Targeting Gut Microbiota

There is no current reliable therapy for treating patients with ASD. However, because of the increasing amount of

data regarding the role of gut microbial dysbiosis in ASD, researchers are currently focusing on strategies for

treating such a disease by modulating the gut microbial community as a potential therapeutic approach. This

approach involves oral prebiotic, probiotic, dietary, and/or fecal microbiota transplantation (FMT) as well as

microbiota transfer therapy.

Mounting evidence from human and animal studies suggests that gut microbial-targeting therapy may be beneficial

as a new and safe method for treating ASD patients. Antibiotics have been used as a possible treatment for ASD

patients, but antibiotics influence gut homeostasis by targeting pathogens and commensal bacteria. Thus,

antibiotics are not a possible option for long-term therapy for ASD. Probiotics can colonize the gut and restore the

composition of bacterial populations, which, in turn, has been found to reduce autism-related symptoms. Though

probiotics are commonly safe to use, a study by Rondanelli et al.  advises that individuals with serious

underlying medical illnesses or weakened immune systems should not take probiotics, since some individuals with

these circumstances were found to have bacterial or fungal infections as a consequence of probiotic intake .

Prebiotics serve as food for commensal bacteria, so they stimulate an increase in beneficial bacteria that are found

naturally in the body and improve digestive health. Studies on ASD patients using prebiotics are limited, and there

is a lack of available solid data . Multiple studies have shown that ketogenic diets (KD), gluten-free and casein-

free (GFCF) diets, and supplementation with omega-3-fatty acids have beneficial effects on the health of children
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with ASD, but the evidence available is limited and weak. Marí-Bauset et al. found some possible side effects of the

GFCF diet, such as calcium deficiency and a lack of essential amino acids, resulting in decreased bone density

and frequent bone fractures. Moreover, ASD patients who followed the GFCF diet needed more supplementation

with vitamin D . Fecal microbiota transplantation (FMT) can modify the gut microbiota composition by

transplanting fecal microbiota from healthy donors to ASD patients . FMT has emerged as a safe and promising

therapeutic approach and can restore metabolites and immune function. However, FMT could have future

unexpected health effects, since there are many microbes in the gut that have not been determined yet which may

introduce pathogenic bacteria into the host’s intestinal system. Therefore, to obtain the most benefit from fecal

transplantation, further strict donor screening is needed to minimize the risk of FMT. Microbiota transfer therapy

(MTT) was found to reduce gut and ASD-like symptoms and regulate the gut microbiota of autistic individuals .

4.1. Probiotics

Probiotics are a group of living microorganisms that are well known for improving health conditions by re-

establishing the gut microbial composition . Although the mechanism involved is yet to be identified, it has been

reported that probiotics may lower gut inflammation by decreasing the intestinal barrier permeability and reducing

the inflammation produced by cytokines and other immunomodulatory effects . Grossi and others introduced a

case study in which ASD patients with serous cognitive impairment were treated for four weeks with the

supplementation of VSL#3 (a combined mixture of live cells of 10 different probiotics). The treatment markedly

alleviated autistic symptoms and relieved the severity of gastrointestinal symptoms. Furthermore, four months of

daily supplementation with three probiotics containing Lactobacillus strains, two Bifidobacterium strains, and a

Streptococcus strain normalized the ratio of Bacteroidetes/Firmicutes and decreased the abundance of

Bifidobacterium sp. and Desulfovibrio spp. in the feces of autistic children . Additionally, probiotic

supplementation significantly reduced levels of TNFα. The research suggests that probiotic supplementation alters

the gut microbial composition in ASD children . Another study reported lower amounts of D-arabinitol in the urine

of ASD children who received oral supplementation with an L. acidophilus strain, and it enhanced their ability to

follow instructions . These studies assumed that the appropriate use of probiotics could reduce autism-related

symptoms, but additional studies are needed.

4.2. Prebiotics

Prebiotics are non-digestible oligosaccharides that stimulate an increase in beneficial bacteria found naturally in

the body, especially lactobacilli and bifidobacteria. In general, the bacterial fermentation of prebiotics produces

SCFAs, which are linked to their health benefits . In an in vitro study on a gut model, the analysis of feces

samples from children with ASD and non-autistic children showed that the prebiotic Galacto-oligosaccharide (B-

GOS) raises the abundance of Bifidobacterium spp. . Although probiotic treatments have been shown to relieve

GI symptoms and regulate the gut microbiota, studies on ASD patients using prebiotics are limited and there is a

lack of available solid data .

4.3. Dietary
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According to the findings of many studies, autistic children strongly prefer starchy foods, snacks, and processed

foods. Additionally, they consume fewer fruits, vegetables, and proteins than typical non-autistic children . In

addition, it is recognized that most ASD children are underweight because they ingest lower daily levels of

vitamins, dietary fibers, calcium, and potassium . In both human and animal models, research has demonstrated

that ketogenic diets (KD) have some potential positive effects on the performance and symptoms of autistic

patients. KD with a high-fat content (65–90%) is commonly used to lower ASD symptoms . Other than KD,

vitamins, minerals, omega-3-fatty acids, and antioxidants are thought to have beneficial effects for ASD. For

example, the treatment of ASD patients with omega-3 fatty acids for 12 weeks enhanced their social behavior

dramatically . Multiple studies have shown that a gluten-free and casein-free (GFCF) diet is beneficial for the

health of children with ASD . However, in 2015, a study found that a GFCF diet plan had side effects due to

calcium deficiency and a lack of essential amino acids, resulting in decreased bone density and frequent bone

fractures. Moreover, ASD patients who followed a GFCF diet were found to need more vitamin D supplementation

.

4.4. Fecal Microbiota Transplantation (FMT)

Fecal microbiota transplantation (FMT) modifies the gut microbiota composition by fecal transplantation from

healthy donors to the patient . FMT was developed to treat inflammatory bowel disease (IBD) and irritable bowel

syndrome (IBS) patients based on the theory that it could help with constipation symptoms . As a result,

researchers are keen to investigate the use of FMT to cure ASD children. However, because some adverse effects,

such as diarrhea, abdominal pain, bloating, and transitory low-grade fever have been recorded, the safety of FMT

should be considered further .

4.5. Microbiota Transfer Therapy (MTT)

Microbiota transfer therapy (MTT) is similar to FMT. Nevertheless, MTT involves two weeks of antibiotic treatment,

a bowel cleanse, a stomach acid suppressant, and a fecal microbiota transplant with a high starting dose for 7–8

weeks. MTT has been found to reduce gut and ASD-related symptoms and regulate the gut microbiota of autistic

individuals .
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