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Review

Human milk oligosaccharides
and the GI microbiota:
is there a rationale for the use
of HMOs in autism?
Abstract
The gastrointestinal (GI) microbiota plays a key role in health and disease.
It also has a longdistance effect influencing the brain through the gut–brain
axis. The establishment of an effective GI microbiota is associated with
human milk oligosaccharides (HMOs). In animal studies there is evidence that
HMOs can influence brain activity and cognitive development. This further
suggests that management of the GI microbiota by dietary means could
impact upon a wide range of diseases. Autism, which is the familiar name
for autism spectrum disorder (ASD), comprises a group of heterogeneous
neurodevelopmental disorders characterized by social deficits, repetitive
and stereotypical behaviours, insistence on routines and communication
impairments. GI abnormalities are a characteristic of a substantial number
of children with ASD. These children possess a lower overall abundance of
beneficial taxa, such as Bifidobacteria and Akkermansia, in the GI microbiota.
Many children with ASD have higher counts of potentially pathogenic
Clostridia than normally developing children.
The underlying pathophysiology of ASD remains unknown although
sub-optimal breast-feeding practices are associated with ASD. HMOs
selectively promote the growth of Bifidobacteria in the GI tract, which is
associated with numerous beneficial health outcomes.
Clifford A. Adams

1

Bettina Gutiérrez2*
Anozene Nutritional Sciences,
Antwerp, Belgium
1

Jennewein, Rheinbreitbach,
Germany
2

*Corresponding author:
Bettina Gutiérrez
Bettina.Gutierrez@jennewein-biotech.de

There are two potential benefits of HMOs in alleviating autism.
Firstly, supplying HMOs to infants though breast-feeding can help establish
a functional GI microbiota and thus avoid GI dysbiosis which is commonly
related to the onset of autism. Secondly, administration of HMOs may
alleviate the symptoms of autism through an effect on the gut–brain axis.
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Introduction
The gastrointestinal (GI) microbiota plays
a key role in health and disease.

Human milk
oligosaccharides and the
gut–brain axis

It contributes to the breakdown of

Human milk oligosaccharides (HMOs) are

dietary constituents that are non-digestible in

associated with functional development during

the upper GI tract and is intimately involved in

early life, mainly related to immunity and GI

various aspects of normal host physiology, such

health through the establishment of an effec-

as protection against pathogens, education

tive GI microbiota. In animal studies, howev-

of the immune system and modulation of GI

er, there is evidence that HMOs can influence

development.

brain activity and cognitive development.

Furthermore, the GI microbiota plays a pivotal
role in, or is the cause of, several diseases.

Following chronic oral administration of
the HMO, 2′- fucosyllactose (2′-FL), to rats and

The composition of the GI microbiota is mainly

mice, the animals showed improved perfor-

influenced by genetic factors, age and diet .

mance in various types of learning behavioural

Numerous diseases in both adults and infants

tests. In addition, chronic administration of 2′-

have links to the GI microbiota, including

FL increased the expression of different mole-

stomach cancer, mucosa-associated lymphoid

cules involved in the storage of newly acquired

tissue lymphoma, inflammatory bowel disease,

memories, such as the postsynaptic density

obesity, necrotizing enterocolitis and autism

protein 95, phosphorylated calcium/calmod-

spectrum disorder (ASD).

ulindependent kinase II and brain-derived

The GI microbiota not only influences events in

neurotrophic factor in cortical and subcortical

the GI tract, but also, has a long-distance effect,

structures. Overall, the data show that dietary

exerting an influence remote from the GI tract

2′-FL affects cognitive domains and improves

as far away as the brain. While the ability of the

learning and memory in rodents [6].

[1]

brain to regulate the function of the GI tract has

A growing body of evidence now indi-

long been recognized, only in the last decade

cates a direct effect of HMOs on the gut–brain

has the bidirectional nature of this relationship

axis for the appropriate development of many

been elucidated.

central nervous system functions, such as GI

Based on studies using rodents raised

motility. Various HMOs have a pronounced ef-

in a germ-free environment, the GI microbiota

fect upon GI motor contractions, as indicated

appears to influence the development of

from a mouse colon model of peristalsis [7].

emotional

pain-

The fucosylated molecules, 2′-FL and 3′-fuco-

modulation systems, and brain neurotransmitter

syllactose (3′-FL), decreased contractility in a

systems .

concentration-dependent fashion. On a rela-

Disruption of the microbiota in male rats

tive concentration basis, 2′-FL is almost three

leads to long-term changes in visceral pain

times more active than L-fucose, and 3′-FL is

perception

additionally more than twice as effective as 2′-

behaviour,

stress-

and

[2]

[3]

.

The GI microbiota influences the function

FL. Fucosylated HMOs had an immediate effect

of the brain and central nervous system

in reducing contractility within 5–15 minutes of

through

and

administration. It is unlikely that these HMO ef-

immune systems and impacts upon cognitive

fects occur through stimulation of Bifidobacte-

development

ria, but the results suggest a specific interaction
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[4, 5]

.

neuroendocrine
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of fucosylated HMOs with tissue receptors that,

It offers the possibility of dietary interven-

in turn, regulate GI motility, by triggering enteric

tions for conditions as diverse as irritable bowel

neurons. It appears that, specifically, the vagus

syndrome, anxiety, depression, Alzheimer’s

nerve represents a key pathway underlying the

disease and ASD [11].

effect of the HMOs on gut–brain communication. Vagus nerve stimulation potentiates hippocampal long-term potentiation and learning
in freely moving rats

[8]

. Severing the vagus

nerve in rats inhibited the beneficial effects of
2′-FL on hippocampal long-term potentiation
and learning

[9]

The GI microbiota
and autism
Autism is the more familiar name for
ASD that comprises a group of heterogeneous

.

The vagus nerve evidently plays an im-

neurodevelopmental disorders characterized

portant role in mediating gut–brain axis ac-

by social deficits, repetitive and stereotypical

tivity. It is not apparent from these studies

behaviours, insistence on routines and com-

precisely how the HMOs affect cognitive devel-

munication impairments. ASD includes autism,

opment. They could have a direct impact on the

Asperger’s syndrome and pervasive develop-

gut–brain axis, or possibly, metabolites from di-

mental disorder not otherwise specified (PDD-

gestion of the HMOs by the GI microbiota could

NOS). Epidemiology studies show that the in-

influence the enteric nervous system, which in

cidence of ASD is increasing

turn influences the vagus nerve that directly

by the number of ASD diagnoses rising at an

signals to the brain. The human GI microbiota

alarming rate, with the Centers for Disease

has multiple impacts upon human brain health.

Control and Prevention estimating the 2014 in-

Excessive stimulation due to bacterial dysbio-

cidence rate as 1 in 68. Recently, it has been hy-

sis, small intestinal bacterial overgrowth or in-

pothesized that GI bacteria may contribute to

creased intestinal permeability may produce

the development of autism [13, 14].

systemic and/or central nervous system inflam-

[12]

, as evidenced

GI abnormalities are a characteristic of a

mation. Bacterial proteins may cross-react with

substantial number of children with ASD [13].

human antigens to stimulate dysfunctional re-

An estimated 50% or more of these children

sponses within the adaptive immune system.

are affected by a prevalence of symptoms four

Bacterial enzymes may produce neurotoxic

times greater than in children without ASD.

metabolites such as D-lactic acid and ammo-

The most commonly reported symptoms in-

nia. Even beneficial metabolites, such as short-

clude chronic constipation, diarrhoea, bloating

chain fatty acids, particularly propionic acid,

and gastroesophageal reflux and abdominal

may exert neurotoxic effects.

pain. In addition, GI microbial dysbiosis, an im-

The GI microbiota can produce hormones

balance in the microorganisms that make up

and neurotransmitters that are identical to

the GI microbiota, has been documented in

those produced by humans. Bacterial receptors

multiple studies of children with ASD [14].

for these hormones influence microbial growth

The observation that pain perception and

. The development of the con-

ASD are linked to the GI microbiota is further

cept of the gut–brain axis further suggests that

support for the concept of the gut–brain axis.

management of the GI microbiota by dietary

This concept attributes functions to the GI mi-

means has the potential to impact upon a wide

crobiota in modulating brain plasticity and in-

range of diseases to improve both physical and

fluencing early development of normal social

emotional well-being in humans.

and cognitive behaviours, such as learning and

and virulence

[10]
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memory, which will subsequently influence

factors contribute to sub-optimal breast-feed-

mood and behaviour

ing in children with ASD.

[15, 16, 17]

.

Most studies demonstrate that children

One possibility is that mothers of chil-

with ASD have more bacterial diversity in their

dren with ASD terminate or fail to initiate

GI microbiota and possess a lower overall

breast-feeding due to temperamental or be-

abundance of potentially beneficial taxa, such

havioural issues associated with ASD that may

as Bifidobacteria and Akkermansia. Many, but

make breast-feeding more challenging [19].

not all, children with ASD have higher counts of

Breast-fed infants develop a GI micro-

potentially pathogenic Clostridia than normally

biota that typically contains high levels of Bi-

developing children. Clostridia species synthe-

fidobacteria. HMOs, the third most abundant

size several metabolic products such as phe-

component of human milk, are recognized as

nols, p-cresol and indole derivatives that are

selectively promoting the growth of Bifidobacte-

potentially toxic for humans.

ria in the GI tract, although they provide limited

Furthermore, an abnormal ratio of Fir-

direct nutritional support to the infant. Species

micutes to Bacteroidetes has been observed,

of Bifidobacteria commonly found in the GI tract

as well as increased levels of certain detrimen-

of breast-fed infants are Bifidobacterium long-

tal taxa, such as Proteobacteria

um subsp. longum (B. longum), Bifidobacterium

[14]

.

It appears that the relative balance between

longum subsp. infantis (B. infantis), Bifidobacteri-

inflammatory microorganisms such as Clostrid-

um breve and Bifidobacterium bifidum [20].

ia and Desulfovibrio and the anti-inflammatory

The abundance and prevalence of Bifidobacte-

microorganisms Bifidobacteria may become de-

ria in the GI microbiota of breast-fed infants are

stabilized prior to autism development.

attributed to their unique ability to catabolize

The imbalance leads to a leaky GI tract,

HMOs, which they carry out in various ways. B.

characterized by a more porous epithelial

infantis produces transporters for the uptake of

membrane, resulting in microbial toxin release

intact oligosaccharides, which are subsequently

into the blood, which may contribute to brain

degraded by intracellular glycosyl hydrolases.

inflammation and autism development

[18]

.

In contrast, B. bifidum secretes a number
of glycosyl hydrolases and takes up the result-

ASD and infant nutrition

ing monosaccharide or disaccharide residues.
Another strategy is that of acting as a scavenger, used by B. breve, which can only utilize a

The underlying pathophysiology of ASD

small fraction of HMOs, and sometimes only

remains unknown, although sub-optimal breast-

by taking advantage of other species such as B.

feeding practices, including non-intake of colos-

bifidum and B. longum that are capable of extra-

trum and a short duration of breast-feeding, have

cellular hydrolysis of larger HMOs [21].

been shown to be associated with ASD [19].

The GI microbiota component B. infantis,

This relationship follows a dose-response pat-

in particular, is considered to be beneficial to

tern, with the risk for ASD decreasing with

GI health. It has been found to dominate the

more prolonged periods of exclusive breast-

GI microbiota of healthy breast-fed infants and

feeding for the first six months and continued

is associated with numerous beneficial health

breast-feeding throughout the first two years

outcomes. It has also been shown in vitro to

of life. Breast-feeding also appears to be less

improve GI barrier integrity and reduce expres-

prevalent, and when present, occurs for a much

sion of inflammatory genes in intestinal epithe-

shorter duration, in children with ASD. Many

lial cells. B. infantis grows exceptionally well in
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the presence of HMOs, to the exclusion of other

Therefore, it is possible that administration of

potentially harmful bacteria

HMOs to patients suffering from ASD could

[19]

.

help alleviate some of the symptoms through

Is there a rationale
for the use of HMOs
in autism?

an effect on the gut–brain axis. In addition, administration of HMOs at daily doses of up to 20
g to healthy adults was shown to be perfectly
safe and well tolerated [24]. In another study, 100
human adults were randomized into 10 groups,

Current treatments for ASD include be-

each consuming chemically produced HMOs at

havioural therapy, speech and social therapy

various daily doses (5, 10 or 20 g), or 2 g of glu-

and nutritional approaches, but no medical

cose as a placebo for two weeks [25].

treatment has been approved to treat the core

The safety, tolerance and adverse events relat-

symptoms of ASD, such as social communi-

ed to the HMOs were monitored. Tolerance was

cation difficulties and repetitive behaviours.

good and adverse events were mild. Therefore,

There is considerable consensus that the onset

it would be quite feasible to investigate the ef-

of ASD is related to changes in the GI micro-

fects of HMOs on individuals with ASD.

biota. In particular, there appears to be a reduced number of Bifidobacteria and increased
Clostridium spp., Desulfovibrio spp., Sutterella
spp., and possibly, Veillonellaceae [22]. Consider-
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