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SUMMARY

Over the last decades, studies have revealed that the gut microbiota has much
wider effects on host physiology and development than originally believed,
including the modulation of brain development and behaviour. Recent
insights into the complexity and magnitude of the human microbiota and its
wide-ranging impact on health and disease have given way to a paradigm shift
in our conceptualization of the origin of human brain disorders. Evidence
from preclinical research, cross-sectional clinical studies, and preliminary
microbiota-targeted intervention studies implicates the gut microbiota as a
potential key susceptibility factor in neurodevelopmental and psychiatric dis-
orders, including autism spectrum disorder (ASD). However, the microbiota-
gut-brain axis field is nascent, and further investigations are needed to unravel
the precise mechanisms mediating the intricate microbiota-host interactions
and the potential of microbiota-based therapeutic strategies for these condi-
tions. This article briefly highlights recent findings implicating the micro-
biota-gut-brain axis in the neurobiology of ASD, and novel metabolite-based
therapeutic approaches to manage ASD. The emerging roles of the bacterial
peptidoglycan signalling pathway in early life gut-brain communication are
also presented.

INTRODUCTION

It is now well recognized that environ-
mental influences during early life can
profoundly affect the formation and
later function of neural brain circuits, a
phenonomen termed developmental
programming. One such external envi-
ronmental factor is the gut microbiota —
the trillions of microorganisms inhabit-
ing the gastrointestinal (GI) tract,
including bacteria, archaea, fungi, and
viruses — that through evolution has
adapted to coexist in a mutualistic rela-
tionship with mammals (Davenport et
al., 2017). During birth and rapidly
thereafter, the new-born is massively
colonized with microbes via vertical
transmission from mother to infant

(Dominguez-Bello et al., 2019; House et
al., 2016). This postnatal microbial col-
onization process contributes to the
developmental programming of epithe-
lial barrier function, gut homeostasis,
and angiogenesis, as well as promoting
the development of the immune system
(Hooper et al., 2012). A rapidly expand-
ing body of research has revealed that
the gut microbiota exerts a broader
range of effects on host physiology and
development beyond the GI tract,
including the early life programming of
brain circuits involved in the control of
the stress response, motor activity, and
cognitive functions (for a review, see:
Cryan et al., 2019). Preclinical studies
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using germ-free (GF) animals have
shown that gut microbiota influences a
wide-range of neurodevelopmental pro-
cesses, including the maturation and
function of microglia, primary resident
immune cells of the brain (Erny et al.,
2015; Thion et al., 2018), synaptogene-
sis (Diaz Heijtz et al., 2011), blood-
brain barrier (BBB) formation and
integrity (Braniste et al., 2014) and
myelination (Hoban et al., 2016), as
well as complex behaviours (e.g., social
and anxiety-like behaviours) (Clarke et
al., 2013; Diaz Heijtz et al., 2011;
Neufeld et al., 2011). Other studies have
shown that gut microbiota influences
behavioural abnormalities and brain
pathologies observed in numerous ani-
mal models of neurodevelopmental and
psychiatric disorders (Lum et al., 2020;
Needham et al., 2018; Sgritta et al.,
2019; Tabouy et al., 2018). One
important lesson that has emerged from
these preclinical studies is that many
effects of the gut microbiota on the brain
are sex-dependent (Jaggar et al., 2020).
These studies also indicate that there are
sensitive periods in early life during
which the gut microbiota plays a critical
role in shaping neural circuit formation
and function.

In humans, the maturation of the gut
microbiota occurs during the first years
of postnatal life, occurring in parallel
with critical neurodevelopmental pro-
cesses (e.g., synaptogenesis, mye-
lination, and synaptic pruning) and the
onset of neurodevelopmental disorders
such as autism spectrum disorder (ASD)
and attention-deficit/hyperactivity dis-
order (ADHD) (for a review, see: Borre
et al.,, 2014; Diaz Heijtz, 2016). It is
increasingly acknowledged that neuro-
developmental and psychiatric disor-
ders are often co-morbid with GI prob-
lems and an altered gut microbiota
(Cryan etal., 2020). In addition, a grow-
ing number of preclinical and epidemi-
ological studies suggest that early-life
antibiotic exposure, that reduces micro-
biota diversity, could have detrimental
effects on neurodevelopmental trajecto-
ries, and subsequently be a contributing
factor to behavioural and psychological
disturbances emerging in childhood
(Neuman et al., 2018; Otten et al.,
2022). The current challenge is to trans-
late findings from animal models into
humans, and to untangle the complex
and dynamic interactions between the
microbiota and the developing brain.

THE GUT MICROBIOTA AND AUTISM SPECTRUM DISORDER

Autism spectrum disorder (ASD) is an
early-onset neurodevelopmental disor-
der, defined by the presence of social
communication and interaction chal-
lenges in conjunction with restricted,
repetitive behaviours and atypical sen-
sory processing (Lord et al., 2018). The
worldwide prevalence rate of ASD is
currently estimated to be 1% (Zeidan et
al., 2022). Manifestations of ASD are
heterogenous, reflecting a spectrum of
symptoms that may include individuals
with intellectual disability and limited
language ability, as well as individuals
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with average- or above-average intellec-
tual abilities and typical language devel-
opment. Moreover, many children with
ASD experience GI and immune dys-
function, as well as a range of co-occur-
ring somatic and psychiatric conditions
including sleep disorders, epilepsy, and
anxiety (Hsiao, 2014; Leader et al.,
2022; Madra et al., 2020; Zeidan et al.,
2022). For instance, several studies have
shown that GI symptoms, such as
abdominal pain, diarrhoea, constipation,
and flatulence, are more common in
children with ASD than their



neurotypically ~ developing  peers
(Chaidez et al., 2014) and are positively
associated with the severity of behav-
ioural problems such as irritability,
aggression, and repetitive behaviours
(Adams et al., 2011; Chakraborty et al.,
2021; Wang et al., 2011). Almost two
decades ago, a small open-label study
observed that treatment with oral vanco-
mycin (a non-absorbable antibiotic that
is active against Gram-positive bacteria)
resulted in short-term benefit in a small
group of children with regressive-onset
autism (Sandler et al., 2000). Although
antibiotics are not a suitable interven-
tion strategy for the management of
ASD, this study was among the first to
suggest a link between the gut microbi-
ota and ASD. Since then, multi cross-
sectional studies have also reported an
altered gut microbiota composition in
children and adolescents with ASD,
with lower gut bacterial diversity and an
underrepresentation of beneficial bacte-
ria (e.g., Bifidobacterium species),
along with an increased abundance of
potentially pathogenic bacteria Desul-
fovibrio and  Clostridium  genera
(Andreo-Martinez et al.,, 2022;
Bezawada et al., 2020; Iglesias-Vazquez
et al., 2020; Xu et al., 2019). There is,
however, little consensus regarding the
magnitude of changes or the existence
of a specific microbial signature associ-
ated with ASD. It is worth mentioning
that most of these studies were per-
formed several years after children
received the diagnosis of ASD and did
not adequately record detailed dietary

information or potential medical use. A
recent study by Yap and colleagues pro-
vided evidence that ASD-associated gut
microbiota changes can be attributed
largely to a lack of dietary diversity
(Yap et al., 2021). It is well-known that
children with ASD often exhibit selec-
tive eating patterns (Bourne et al.,
2022), and that they are more frequently
exposed to antibiotics during the first
years of life (House et al., 2016), which
can adversely impact the gut microbiota
(Otten et al., 2022). Nevertheless, the
causal potential of the gut microbiota in
ASD has been supported by preclinical
studies including genetic (e.g., Shank3B
mutant mice) environmental (e.g.,
valproic acid, GF, and maternal high-fat
diet) and idiopathic rodent models of
ASD (BTBR T+ Itpr3tf/J mice) (for a
review, see: Alamoudi et al., 2022). Fur-
ther support has been gathered from
studies transferring the faecal gut micro-
biota from autistic children into GF
mice, resulting in behavioural and
molecular changes relevant to this con-
dition (Sharon et al., 2019). However, it
remains unclear whether the gut micro-
biota contributes to, or modifies the
likelihood of ASD onset before any die-
tary changes occur. Indeed, a recent
multi-omics analysis has highlighted the
limitations of cross-sectional cohort
studies (Morton et al., 2023), thus advo-
cating for prospective, longitudinal
multi-omics studies in combination with
comprehensive patient metadata to elu-
cidate the role of the gut microbiota in
ASD.

EARLY-LIFE MICROBIOME DIFFERENCES IN INFANTS AT
HIGH FAMILIAL RISK FOR ASD

ASD is now understood to be a multi-
factorial neurodevelopmental condition,
involving genetic susceptibility, envi-
ronmental risk factors, and gene-envi-
ronmental interactions. One such risk

factor is having a sibling with ASD,
with studies consistently demonstrating
a higher prevalence among siblings and
in families with a history of ASD (Lord
et al., 2018). Moreover, previous
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Figure 1: Gut microbiota composition level of infants at low likelihood (LL) and elevated likelihood

(EL) of ASD from 5 to 36 months of age.

The relative mean abundance of the top taxa was calculated using the aggregated OTUs at the genus
level. The largest differences between the two groups were observed at 5 months of age. The LL
group harboured more Bifidobacteria (51% vs. 26%), while the EL group had more Clostridium (5%
vs. 0.005%) compared to the LL group (Reprinted with permission from Zuffa et al., 2023)

investigations have shown that about
50% of younger siblings of children
with ASD develop in an atypical man-
ner, approximately 20% develop ASD,
and another 30% show delays or deficits
in other areas of development or behav-
iour (Ozonoff et al., 2014). Using a pro-
spective longitudinal study design,
Zuffa and colleagues recently studied
the developmental profile of the faecal
microbiota and metabolome in infants
with and without a family history of
ASD (in first- or second-degree rela-
tives) across the first 3 years of life
(Zuffa et al., 2023), a critical period
when the gut microbiota and brain are
both undergoing rapid development
(Borre et al., 2014).

At 5 months of age, this study found
pronounced alterations in the gut micro-
biota composition of infants at elevated
likelihood (EL) of developing ASD
(i.e., siblings of children with ASD)
compared to low-likelihood (LL)
infants (i.e., infants without a family
history of ASD) (see Figure 1). Specifi-
cally, infants in the EL group harboured
less beneficial Bifidobacterium species
(B. bifidum, B. longum and B.
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kashiwanohense) and more Clostridium
(C. bolteae, C. difficile, C. clos-
tridioforme, C. neonatale) species com-
pared to infants in the LL group. Mem-
bers of the genus Bifidobacterium are
among the first colonizers of the neo-
natal human gut and have been associ-
ated with various health benefits (e.g.,
folate production, protection against
pathogens and development of the
immune system). On the other hand,
Clostridium species, which have previ-
ously been linked to ASD, are consid-
ered pathobionts and responsible for
inflammation when homeostasis is dis-
rupted (Lees et al., 2016).

Untargeted metabolic profiling high-
lighted that infants in the LL group
excreted greater amounts of faecal y-
aminobutyric acid (GABA) GABA,
which progressively declined with age
(Zuffa et al., 2023). In contrast, infants
in the EL group did not display similar
developmental changes, with GABA
being consistently low across the first
36 months of life (Zuffa et al., 2023).
Furthermore, integrated microbiome-
metabolome analysis revealed a strong
positive  correlation between the
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identified Bifidobacterium species and
GABA, as well as negative associations
with Clostridium species (Zuffa et al.,
2023). These observations raised the
possibility that competition between
Clostridium and Bifidobacterium spe-
cies may exist and lead to reduced avail-
ability of GABA in the infant gut. To
test this hypothesis, Zuffa and col-
leagues used a simplified in vitro model
with different ratios of the identified
Bifidobacterium and Clostridium spe-
cies in the presence of GABA and its
metabolic precursors (Zuffa et al.,
2023). Fascinatingly, in vitro experi-
ments revealed that Bifidobacterium
species can produce GABA while Clos-
tridium species can consume it, indicat-
ing that a delicate balance exists
between these bacteria genera in the
infant gut, with consequences for the
bioavailability of GABA and its modu-
latory effects on the infant host.

The general development level
including gross motor functions, visual
perception, fine motor skills, receptive
language, and expressive language of
infants in the EL and LL groups was
evaluated using the Mullen Scales of
Early Learning (MSEL) test at 5 and 36
months of age and with Autism Diag-
nostic Observation Schedule Second
Edition (ADOS-2; an assessment tool
for the diagnosis and evaluation of
ASD) at 36 months of age. Consistent
with prior literature, no significant
developmental changes were observed
between infants in the EL and LL
groups at 5 months (Gamliel et al.,
2007). At 36 months, however infants in
the EL group had lower MSEL and
ADOS-2 compared to infants in the LL
group. Although none of the infants
were diagnosed with ASD at 36 months
of age, more subtle presentations of this
condition might still be diagnosed later

in development, when daily functional
demands increase (e.g., in the school
setting). Moreover, other co-occurring
somatic and psychiatric conditions may
not be evident at this early age. Despite
this limitation, this study clearly demon-
strated that alterations in gut microbiota
composition and functionality of infants
at EL of ASD occur before any atypical
development could be detected at 36
months of age (Zuffa et al., 2023), sup-
porting a possible role of the gut micro-
biota in emerging behavioural variabil-
ity later in life.

Emerging evidence suggests that the
development of the infant gut microbi-
ota is influenced by host genetics, but
that this effect is subtle and affects only
certain bacteria species (Palmeira et al.,
2022). The absence of major confound-
ing perinatal risk factors such as preterm
birth and antibiotic exposure in the
above cohort of infants suggest a role
for host genetic risk factors in the
observed early-life differences in gut
microbiota composition and functional-
ity of infants in the EL group. Interest-
ingly, recent studies have shown that
many high-confidence risk genes for
ASD are expressed not only in the
developing brain, but also in the devel-
oping gut (Niesler and Rappold, 2021).
Moreover, recent preclinical studies
have shown that mutations in some of
these genes (e.g., Shank3B mutant) alter
the enteric nervous system, leading to
abnormal GI motility and structural
changes in the GI tract (for a review,
see: Alamoudi et al., 2022). These find-
ings suggest that genetic variants previ-
ously linked to behavioural symptoms
in ASD could contribute to the develop-
ment of an atypical gut microbiota due
to alterations in the host gut environ-
ment.
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POTENTIAL ROLE OF BACTERIAL-DERIVED GABA
IN NEURODEVELOPMENT

GABA acts as the main inhibitory neu-
rotransmitter in the central nervous sys-
tem (CNS) and is significantly involved
in a wide range of physiological and
psychological processes. Alterations in
the central GABAergic system have
been implicated in the neurobiology of
several neurodevelopmental and psy-
chiatric disorders, including ASD (for a
review, see: Zhao et al., 2021). Early in
life, however, GABAergic synaptic
transmission is excitatory, and plays an
important role in brain development
(Ganguly et al., 2001). GABAergic dys-
function disturbs the optimal excita-
tory/inhibitory (E/I) balance in the
brain, altering the integrity and function
of neural circuits. Indeed, an imbalance
in E/I neurotransmission ratio in cortical
networks has been suggested as a plau-
sible neurobiological pathway underly-
ing cognitive symptomatology in ASD
(Marenco et al., 2018). Over the past
decades, studies have shown that sev-
eral commensal gut bacteria produce
neurotransmitters such as dopamine,
histamine, serotonin, and GABA. Sev-
eral members of the genus Bifidobacte-
rium, such as Bifidobacterium dentium,
Bifidobacterium longum subsp. infantis
and Bifidobacterium adolescentis have
been shown to produce GABA

(Hidalgo-Cantabrana et al., 2017). It
remains unclear whether bacterial-
derived GABA present in systemic cir-
culation enters the brain. For instance,
Luck and colleagues showed that GF
mice mono-colonized with Bifidobacte-
rium dentium, which possesses the
enzymatic machinery to produce GABA
from glutamate, glutamine, and succin-
ate, displayed increases in faccal GABA
concentrations, but no changes within
the brain (Luck et al., 2021). Nonethe-
less, there is evidence that the central
GABA system can be modulated via the
vagus nerve and enteric nervous system
(ENS). In a landmark study by Bravo
and colleagues, it was demonstrated that
ingestion of Limosilactobacillus reuteri,
a probiotic with anti-inflammatory
properties, can regulate emotional
behaviour and central GABA receptor
expression in mice via the vagus nerve
(Bravo et al., 2011). Other animal stud-
ies have implicated GABA producing
species such as Bifidobacterium infantis
in the early-life programming of the
immune system (Henrick et al., 2021),
raising the possibility that bacterial-
derived GABA may indirectly modulate
brain development and subsequent
behaviour via multiple pathways.

NEW MICROBIOME-BASED THERAPEUTIC APPROACHES
TO MANAGE ASD

There is growing evidence from animal
studies that direct metabolites of the gut
microbiota or products of the combina-
torial metabolism between the microbi-
ota and host (so called “neuroactive
microbial metabolites) can cross the
BBB (Swann et al., 2020), and directly
modulate neural networks involved in
the control of affective, social, and cog-
nitive processes (Needham et al., 2022).
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In humans, several neuroactive gut-
bacterial-derived metabolites such as 4-
ethylphenyl sulphate (4EPS), p-cresyl
sulphate (pCS), and other structurally
related phenolic molecules, were ele-
vated in faeces and plasma of individu-
als with ASD (Needham et al., 2021;
Zheng et al., 2021). Moreover, preclin-
ical studies using mouse models of ASD
indicate that 4EPS is likely to contribute
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Figure 2: Treatment with AB-2004 improves gastrointestinal problems, brain functional connec-
tivity and non-behavioural symptoms of ASD. (Modified from Diaz Heijtz et al., 2022).

Several biological pathways of communication along the gut-brain axis have been implicated,
including the production of gut-bacterial-derived metabolites (so called neuroactive microbial
metabolites) that can cross the blood brain barrier, and directly modulate the brain. Individuals with
autism spectrum disorder (ASD) show elevated amounts of various neuroactive microbial metabo-
lites such as 4-ethylphenyl sulphate (4EPS) and p-cresyl (pCS) in faeces and plasma. AB-2004
directly targets these metabolites in the gut, diminishing systemic exposure and limiting their impact

on the brain.

to atypical neurodevelopment and GI
dysfunction in mammals (Hsiao et al.,
2013). Consequently, metabolite-based
therapeutics targeting metabolites of the
gut microbiota have emerged as an
attractive new therapeutic approach to
manage ASD. As such, rather than tar-
geting the altered gut microbiota com-
position in ASD, this approach directly
targets dysregulated neuroactive micro-
bial metabolites in the gut, diminishing
systemic exposure and limiting their im-
pact on the brain. In a recent study,
Campbell and colleagues provided the
first preliminary clinical evidence that
AB-2004, a first-in-class therapeutic

that targets neuroactive microbial
metabolites in the gut, can help reduce
anxiety and irritability in adolescents
with ASD, as well as GI problems
(Campbell et al., 2022). AB-2004 is a
spherical carbon absorbent that has high
affinity for uremic toxins and related
aromatic metabolites such as 4EPS,
pCS, 3-indoxyl sulphate and hippurate,
and therefore sequesters these mole-
cules in the gut, preventing their absorp-
tion into the systemic circulation (see
Figure 2). The results from an ongoing
double-blinded placebo-controlled trial
will reveal whether AB-2004 treatment
proves to be effective for the manage-
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ment of non-core behavioural symp-
toms and GI problems of ASD.

Other approaches have Dbeen
employed to manipulate directly and
profoundly the gut microbiota using fae-
cal microbiota transplantation (FMT),
as well as more subtle nutritional strate-
gies (e.g., psychobiotic diet, postbiotics)
aimed at fortifying gut homeostasis and
its microbial environment. Some
preliminary FMT studies have shown

positive preliminary results in ame-
liorating both autistic traits and GI
symptoms (Kang et al., 2017; 2019;
2020).  Successful  examples of
nutritional strategies have largely been
limited to animal models of ASD.
Current evidence supporting beneficial
effects and long-term safety of
microbiota-based  interventions  in
infants at EL of ASD and young
children with ASD are still limited.

THE MICROBIOTA-GUT-BRAIN AXIS,
MATERNAL GUT MICROBIOTA AND NEURODEVELOPMENT

It has long been known that a complex
bidirectional communication network
exists between the gut and the CNS,
known as the gut-brain axis, which
includes the sympathetic and parasym-
pathetic branches of the autonomic
nervous system, the enteric nervous sys-
tem and neuroendocrine and neuroim-
mune pathways. In recent decades, the
gut microbiota has been identified as a
crucial “third component” in the gut-
brain crosstalk, thus leading to the cur-
rent concept of the microbiota-gut brain
axis. Communication along this axis
involves multiple direct and indirect
pathways, including neuronal circuits
(e.g., bidirectional vagus nerve-to-brain
communication and the enteric nervous
system), immune (e.g., cytokines,
monocyte trafficking), endocrine (e.g.,
cortisol), and microbial-derived metab-
olites such as bacterial fermentation by-
products such as short-chain fatty acids
(SCFAs; propionate, butyrate, and ace-
tate) (for a review, see: Cryan et al.,
2019). However, the precise molecular
mechanisms underlying the interactions
between the gut microbiota and the
developing brain remain to be eluci-
dated.

It is now widely recognized that the
maternal-foetal environment plays an
important role in foetal brain and long-
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term neurodevelopmental trajectories,
including susceptibility to neurodevel-
opmental and psychiatric disorders in
childhood and adulthood (for a review,
see: Al-Haddad et al., 2019). In recent
years, the maternal gut microbiota has
been associated not only with maternal
health during pregnancy, but also with
general foetal health and subsequent
neurodevelopmental outcomes (for a
review, see: Bolte et al., 2022). The
developing foetus receives nutrients and
other bioactive compounds from the
maternal circulation, which could be
profoundly influenced by the composi-
tion of the maternal gut microbes. Using
GF mice, Braniste and colleagues inves-
tigated the impact of microbiota on the
development of the BBB, which begins
to develop early in foetal life and con-
tinues to mature during early postnatal
life (Braniste et al., 2014). The authors
found that GF mice displayed increased
BBB permeability beginning in foetal
life and continuing into adulthood, thus
supporting a role of the maternal gut
microbiota in BBB formation and matu-
ration. The same study demonstrated
that the SCFA butyrate could restore the
integrity of the BBB in adult GF mice.
Similarly, Erny and colleagues showed
that a mix of SCFAs could also restore
microglial malformation and immatu-



rity in adult GF mice (Erny et al., 2017).
Recently, Kimura and colleagues
demonstrated that SCFAs derived from
the maternal gut microbiota could be
translocated into the foetus and sensed
through G protein-coupled receptors
such as GPR41 in the developing sym-
pathetic nervous system (Kimura et al.,
2020). Crucially, they also showed that
maternal-derived SCFAs are essential
for the protection against high-fat-diet-
induced metabolic syndrome and obe-
sity in the offspring later in life (Kimura
et al., 2020), thus highlighting the
importance of the maternal gut microbi-
ota in neurodevelopment. In another
study, Vuong and colleagues recently
showed that maternal microbial-derived
metabolites shape foetal brain develop-

ment and subsequent function (Vuong et
al., 2020) and that this occurs in the
absence of environmental challenges.
These authors demonstrated that the
maternal gut microbiota regulates
metabolites (e.g., trimethylamine-N-
oxide, and hippurate), not only in the
maternal serum, but also in the brains of
the foetal offspring, promoting foetal
thalamocortical axonogenesis (Vuong et
al., 2020). These findings underscore
the need to further characterize the
influence that maternal microbial-
derived metabolites or components have
on the prenatal brain development of
offspring and whether specific neural
circuits in the developing brain are more
sensitive to their modulation.

EMERGING ROLES OF THE BACTERIAL PEPTIDOGLYCAN
SIGNALLING PATHWAY IN NEURODEVELOPMENT
AND BEHAVIOUR

Traditionally, the translocation of bacte-
rial cell wall components such as pepti-
doglycan (PGN, also called murein)
motifs into the brain has mainly been
considered in the context of a compro-
mised BBB function (for example, bac-
terial or viral infections). Recent scien-
tific discoveries revealing a previously
unappreciated complexity of the human
microbiota and its wide-ranging impact
on health and disease have triggered a
re-evaluation of our views about host-
microbe interactions. The gut microbi-
ota contains trillions of indigenous bac-
teria producing a diverse “peptidogly-
come” that can disseminate systemi-
cally and reach peripheral organs
(Wheeler et al., 2023). PGN is a unique
and essential component of the bacterial
cell wall that is absent in eukaryotes,
which consists of glycan strands of two
alternating B-1,4-linked sugars (N-
acetylglucosamine and N-acetylmu-
ramic acid) cross-linked by short
peptides, containing two to five amino

acids. It has highly dynamic structure
that continuously undergoes remodel-
ling, causing PGN motifs to be shed into
the environment (e.g., upon bacterial
growth, replication, or death), a process
termed PGN turnover. In mammals,
PGN motifs are recognized by cytosolic
NOD-like receptors (nucleotide-binding
domain leucine-rich repeat containing
receptors; Nodl and Nod2) and PGN
recognition proteins (PGRPs, Pglyrpl-
4) (for a review see: Mukherjee et al.,
2019; Royet et al., 2011). In a landmark
study, Clarke and colleagues showed
that the indigenous gut microbiota is a
source of PGN which is translocated
from the intestinal mucosa into circula-
tion in the absence of pathogens (Clarke
et al., 2010). Specifically, these authors
showed that meso-diaminopimelic acid
(meso-DAP)-type PGN, which is
present in Gram-negative bacteria,
could be translocated from the intestinal
mucosa into neutrophils residing in
bone marrow (Clarke et al., 2010).
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Activation of the cytoplasmic pattern
recognition receptors (PRR) Nodl by
meso-DAP-type PGN was sufficient to
prime and restore neutrophil function in
the bone marrow of mice with a manip-
ulated microbiota (i.e., GF or antibiotic-
treated mice), revealing a previously
undescribed role for PGN in priming
systemic innate immunity in the absence
of infection (Clarke et al., 2010).

In 2017, Arentsen and colleagues
demonstrated that PGN fragments
derived from the indigenous gut micro-
biota can be translocated into the devel-
oping brain and sensed by specific pat-
tern recognition receptors (PRRs) of the
innate immune system (Arentsen et al.,
2017). Importantly, PGN levels in the
brain increase in parallel with postnatal
microbial ~ colonization  processes
(Arentsen et al., 2017). Other groups
have independently confirmed that PGN
motifs from gut microbiota translocate
across the intestinal barrier and can
reach multiple peripheral organs,
including the brain (Wheeler et al.,
2023). Using expression-profiling tech-
niques, Arentsen and colleagues also
demonstrated that two families of PRRs
that specifically detect PGN (ie,
PGRPs and NOD-like receptors) and the
PGN transporter PepTl1 are highly
expressed in the developing brain dur-
ing specific windows of postnatal devel-
opment in a brain-region and sex-
dependent manner (Arentsen et al.,
2017). Moreover, they showed that the
absence of PGN-recognition protein 2
(Pglyrp2) leads to alterations in the
expression of the autism risk genes c-
Met and BDNF (brain-derived neu-
rotrophic factor), which are implicated
in the formation and modulation of
brain circuits. Furthermore, juvenile
Pglyrp2 knockout (KO) mice display
immediate strong motivation to interact
with same-sex novel social stimulus,
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without any alterations in anxiety-like
behaviours or motor activity. Fascinat-
ingly, this behavioural phenotype was
more pronounced in male juvenile off-
spring. In another study, the same
authors showed that the absence of
Pglyrp2 leads to major sex-dependent
alterations in motor and anxiety-like
behaviour later in life (4Arentsen et al.,
2018). In this case, Pglyrp2 KO female
mice, but not males, display increased
levels of anxiety-like behaviour. How-
ever, they have better motor perfor-
mance. These observations suggest that
the modulatory effects of Pglyrp2 in the
brain are highly dependent upon multi-
ple host factors including age, sex, and
domain-specific circuits in the brain. In
an elegant study, Gabanyi and col-
leagues recently demonstrated that
muramyl dipeptide (MDP)-type PGN
(which is present in both Gram-positive
and Gram-negative bacteria) regulates
appetite and body temperature via acti-
vation of Nod2-expressing GABAergic
neurons in the female hypothalamus
(Gabanyi et al., 2022). Consistent with
earlier studies by Arentsen and col-
leagues, these authors showed that
Nod2 KO female mice, but not males,
developed anxiety-like behaviour and
metabolic dysregulation later in life
(Gabanyi et al., 2022). Other studies
have shown that selective deletion of
Nodl in intestinal epithelial cells
increases the susceptibility of mice to
stress-induced anxiety-like behaviour
and cognitive impairment (Pusceddu et
al., 2019). Taken together, these find-
ings underscore the need to unravel the
bacteria PGN pathways across different
stages of brain development. In parallel,
the potential influence of this pathway
in typical and atypical human brain
development could be explored by
taking advantage of recent advances in
brain organoid technologies.



CONCLUSIONS AND PERSPECTIVES

The gut microbiota is now recognized as
a key regulator of brain development
and behaviour, and a potential suscepti-
bility factor in neurodevelopmental and
psychiatric disorders such as ASD.
Increasing evidence from both preclini-
cal and clinical studies indicates that
common perinatal risk factors (e.g.,
stress, altered diet and antibiotic expo-
sures) can perturb the maturation of the
infant gut microbiota, with potential
adverse consequences for early-life gut-
brain interactions. However, it remains
unclear whether the gut microbiota
plays a role in the aetiology of neuro-
developmental disorders such as ASD.
A recent preliminary study of infants at
EL of ASD has provided strong evi-
dence supporting the role of the gut
microbiota on behavioural variability
emerging around three years of age.
There is an urgent need for multi-centre
prospective longitudinal studies of
infants at elevated risk for ASD from
pregnancy until the first postnatal years
of life, coupled with comprehensive
metadata (e.g., genetic information of
infants and their families, dietary habits,
perinatal risk factors, and relevant clini-
cal outcomes) and multi-omics
approaches.

The first years of postnatal life repre-
sent a period of rapid changes in brain
structure and function, with the neonatal
brain growing from about 36% to about

80-90% of its volume. During this
period, the developing neural circuits in
the brain undergo major changes,
including massive outgrowth of den-
drites and axons, rapid formation of new
synapses (synaptogenesis), expansion
of glial cells, and myelination. The
striking increase in brain growth
observed during this period, occurring
in parallel with the maturation of the
infant gut microbiota, indicates that this
is not only a critical time-window of
developmental vulnerability, but also a
time of opportunity in which therapeutic
interventions may have a maximal
effect on neural circuits and subsequent
functions. Consequently, there is a great
need to unravel the precise molecular
mechanisms underlying the communi-
cation between the gut microbiota and
the developing brain to develop more
targeted interventions for infants and
young children at risk for neurodevelop-
mental and psychiatric disorders.

Recent studies have identified the
bacterial PGN signalling pathway as a
potential key regulator of gut micro-
biota—brain interactions in early life.
From a clinical perspective, it would be
important to explore potential associa-
tions between the PGN signalling path-
way (from genetic variants in PGN-
sensing molecules to dysregulation of
the peptidoglycome) and neurodevelop-
mental disorders.
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