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REVIEW

More than just a number: the gut microbiota and brain function across the 
extremes of life
Nathan D. Nuzum a, Clara Deady a,b, Sarah Kittel-Schneider a,c, John F. Cryan a,b, 
Siobhain M. O'Mahony a,b, and Gerard Clarke a,c

aAPC Microbiome Ireland, University College Cork, Cork, Ireland; bDepartment of Anatomy and Neuroscience, University College Cork, Cork, 
Ireland; cDepartment of Psychiatry and Neurobehavioural Science, University College Cork, Cork, Ireland

ABSTRACT
Understanding the interrelationship between the gut microbiota and host physiology, although 
still in its relative infancy, has taken important steps forward over the past decade. In the context of 
brain disorders including those characterized by neurodevelopmental and neurodegenerative 
changes there have been important advances. However, initially research involved correlational 
analyses, had limited translational scope, and lacked functional assessments. Thus, largescale 
longitudinal clinical investigations that assess causation and underlying mechanisms via in 
depth analysis methods are needed. In neurodegeneration research, strong causal evidence now 
links the gut microbiome to Alzheimer's (AD), and Parkinson's Disease (PD), as supported by 
human-to-animal transplantation studies. Longitudinal interventions are being conducted in AD, 
PD, amyotrophic lateral sclerosis, Huntington's disease, and multiple sclerosis. 
Neurodevelopmental research has also seen a boon in microbiome-related clinical research 
including in autism, Attention-deficit/hyperactivity disorder, and schizophrenia, which is confirm
ing prior animal model work regarding the key time-windows in the gut microbiome important for 
infant cognition. While recent research advances represent important progress, fundamental 
knowledge gaps and obstacles remain. Knowing how and why the gut microbiome changes at 
the extremes of life will develop our mechanistic understanding and help build the evidence base 
as we strive toward counteracting microbial missteps with precision therapeutic interventions.

ARTICLE HISTORY 
Received 28 May 2024  
Revised 24 September 2024  
Accepted 14 October 2024 

KEYWORDS 
Neurodevelopment; 
neurodegeneration; gut 
bacteria; gut-brain-axis; 
early-life; older adult

1 Introduction

Over the course of the past decade, gut microbiome 
research has continued to provide a greater under
standing of the important connections between the 
gut and the brain. This bidirectional communication 
network, now conceptually reframed as the micro
biota-gut-brain axis,1 has further benefited from con
tinuing advances in next-generation sequencing 
technologies,2 and the associated development of 
superior analysis via more advanced bioinformatic 
pipelines.3,4 The initial focus in the field was based 
on characterizing the gut bacteria that were present, 
be it enriched or depleted (assessing diversity and 
composition),5 how they differed between different 
populations/regions,6,7 across aging,8 or differences 
in gut bacterial composition between healthy indivi
duals and in various disease states.9–12 While this 
research broadly implicated the relevance of gut bac
teria for different disease states or across the lifespan, 

from early life to older adulthood, this overreliance on 
compositional and correlational observations has 
been a common critique of the field.13–15 These com
positional assessments have now been complemented 
with causal and mechanistic research. For example, 
shotgun metagenomics is now favored over 16S rRNA 
sequencing, sampling of metabolic data over solely 
microbial composition is more common, as are larger 
sample sizes, and mechanisms of host microbe dialo
gue have been interrogated via interventional, long
itudinal, and translational research to address the 
question of causality of the gut microbiome in neuro
development, healthy aging, and neurodegeneration 
(Figure 1).

These advances have been facilitated by guidelines 
for consistent and transparent reporting of gut micro
biome results and preclinical studies (e.g. STORMS 
checklist and GRAFT guidelines),18,28 open access 
platforms and methods of analyzing metagenomic 
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sequences,29 and accessible guides providing a frame
work for how to statistically assess the gut 
microbiome.3,4 Altogether, these enable researchers 
to better understand, better plan, and better imple
ment informative research about the gut microbiome. 
Furthermore, updates to statistical and bioinformatic 
approaches that focus on functionality,27,30 have 
allowed the field to move past ‘who is there’ (compo
sition), and facilitate answering the questions of ‘what 
are they doing?’ or ‘why are they important?’. 
Regarding experimental studies, the use of interven
tions in the form of pre- or probiotics,31 fecal micro
biota transplants (FMT),19 or lifestyle factors which 
are known to modulate the gut microbiome such as 

diet,32 or exercise,33 which are also implicated in 
healthy aging and neurodegeneration,34 have enabled 
the inference of causal connections. Finally, longitu
dinal research measuring how the gut microbiota 
fluctuates over time at an individual level have 
begun to help answer the ‘chicken-and-egg’ problem 
of whether the gut microbiome is influencing disease/ 
development, or if disease/development affects the 
gut microbiome. While the genetic risk(s) for various 
neurodevelopmental disorders and neurodegenera
tive diseases will not be focused on presently, it is 
important to contextualize the potential role of the 
microbiota-gut-brain axis in relation to genetic risk, 
and to consider how genetic and environmental risks, 

Figure 1. Descriptions of various modalities to assess causality in gut microbiome research, including (a) FMT in humans and animal 
research,16–19 (b) antibiotics to ‘knock-out’ the gut microbiome and (c) using specific pathogen/germ free animals.20 Various 
interventions modulate the gut microbiome, including (d) diet and/or fermented foods,21 and exercise,22 or (e) probiotic, prebiotic 
(“a substrate that is selectively utilized by host microorganisms conferring a health benefit”23) or synbiotics (“a mixture comprising live 
microorganisms and substrate(s) selectively utilized by host microorganisms that confers a health benefit on the host”.24) New and 
emerging analysis techniques include (f) assessing circadian rhythms of the gut microbiome25,26 (g) along with field guides for gut 
microbiome analysis 3,4 and methods for assessing functionality of the microbiota-gut-brain axis,27 and reporting guidelines28 to 
create consistency across the gut microbiota field. NB: current evidence supports the use of FMTs for treating C.diff infections, while for 
any other disease/disorder it is considered an investigational procedure.45 Strict guidelines should be adhered to when conducting 
FMT in clinical contexts as there are some safety concerns and considerations, with some severe adverse events having occurred 
previously46,47

2 N. D. NUZUM ET AL.



in concert with the microbiota-gut-brain axis, may 
modulate disease states and severity.

In relation to early life, the microbiome has seen 
much research scrutiny in many neurodevelopmen
tal disorders such as autism spectrum disorder 
(ASD), attention-deficit hyperactivity disorder 
(ADHD), and schizophrenia (as a neurodevelop
mental mental disorder in the broader definition). 
Altered maternal gut microbiomes, or disruptions to 
the infant gut microbiome, have both been linked to 
an increased risk of developmental disorders.35,36 

While this does not explain why those affected 
from these disorders have a different microbial pro
file, some interventional research is beginning to 
close this research gap. Understanding the gut 
microbiome changes across neurodevelopment, 
and how they may be causally related to the etiology 
of these disorders is yet to be fully elucidated.

A greater understanding of causality and the role 
of the gut microbiome has also begun to be eluci
dated in terms of healthy aging and neurodegen
erative research. Primarily, this has related to 
healthy/unhealthy aging involving the investiga
tions of chronological and biological aging, and a 
large focus on Alzheimer's,37,38 and Parkinson's 
disease research.10,39,40 Less research has been con
ducted on additional neurodegenerative condi
tions, e.g., Multiple Sclerosis (MS), Huntington's 
disease (HD), and Amyotrophic lateral Sclerosis 
(ALS), however these fields have been expanding 
in recent years.

In this review, we highlight how the neurodeve
lopment and neurodegeneration fields have pro
gressed in the last decade focusing both on 
advances in basic research and outline the clinical 
evidence linking the gut microbiome to healthy/ 
typical development and aging, along with links to 
neurodevelopmental disorders and neurodegen
erative diseases. The environmental risks, and 
shared mechanisms of action across neurodevelop
mental and neurodegenerative conditions 
(Figure 3), will be addressed.

2 Early-life and the gut microbiota

2.1 Neurodevelopment

Across the duration of pregnancy, the fetal brain is 
continuously developing to soon face the challenges 

of postnatal living and beyond. The very early fold
ing of the neural tube, the precursor of the central 
nervous system, aids in aligning correct neuronal 
patterning and differentiation and is essential for 
life.48 If this is not fully sealed neural tube defects 
will form, leading to neurodevelopmental conse
quences for the fetus,48 including spina bifida 
occulta, meningocele, or anencephaly.49 Disruption 
to development in later pregnancy also leads to 
complications. While most growth and drastic mor
phological change occurs within the first 20-weeks, 
specific fine tuning, including neuronal migration, 
myelination, and pruning, occurs later in 
pregnancy.50–52 Complications during these pro
cesses may be associated with cognitive and beha
vioral neurodevelopmental complications, including 
ASD and schizophrenia.53,54 These neuronal and 
behavioral changes occur in parallel with significant 
remodeling of the maternal gut microbiome across 
each trimester.55–57 Over the last decade the involve
ment of the microbiome has been investigated in 
relation to neurodevelopment, particularly regard
ing ASD, schizophrenia, and ADHD, and a newer 
body of research now strongly supports earlier indi
cations that the microbiome and neurodevelopmen
tal trajectories are intricately linked.35

Info box 1: Technological, statistical and experimental techniques used in 
the basic science, pre-clinical and clinical studies of the microbiome. 
Rather than only looking at the gut microbiome and ‘who is there’, more 
recent papers have begun to implement ‘multi-omics’ where multiple 
methods are employed to better understand the mechanisms, such as by 
Morton et al. who investigated metagenomic and metabolomic data 
across various studies.41 Multi-omics involves the integration of multiple 
dataset types including:

– Metagenomics: Assessment of the structure and functions of the 
bacterial genes that are present. May include inferred function
ality of 16S rRNA sequencing via PICRUSt2,42 or direct assessment 
via whole genome shotgun sequencing 29, and the use of gut 
metabolic or gut brain modules (GMMs and GBMs).27,30,43

– Metatranscriptomics: Focuses on what genes are expressed by the 
entire microbial community and allows for investigation of not 
just the functional potential, but the active functional profile of a 
microbial community. As an example, the bioBakery 3 platform 
allows investigation of not just the metagenome, but also the 
metatranscriptome.29

– Metaproteomics: An umbrella term covering various approaches of 
studying all the proteins in microbial communities and micro
biomes from environmental sources. Metaproteomics goes past 
Metatranscriptomics by giving information about whether tran
scribed genes result in protein translation. See Li et al. for more 
details and examples.44

– Metabolomics: The study of small molecules, i.e., metabolites, 
within cells, biofluids, tissues or organisms, that are produced via 
bacteria. The metabolites and their interactions within a biolo
gical system/host is termed the metabolome. Common methods 
for assessing the metabolome include mass-spectrometry or 
nuclear magnetic resonance (NMR) spectroscopy.4

GUT MICROBES 3



During this period, important evidence has 
emerged linking the microbiome and neurodevelop
ment (See Table 1 for a summary of several key studies 
and the characteristics of each). It is important to note 
however that there are numerous approaches to 
microbiome testing, with techniques changing and 
improving overtime. The time of sample collection 
or the behavioral and milestone assessments may also 
differ between studies, and this should be considered 
when comparing various research outputs. 
Alterations seen in the gut microbiome during speci
fic time windows have been linked with contempora
neous and later time point assessments of infant 
temperament, with correlations noted between 
increased relative abundances of Bifidobacteria and 
Streptococcus, with an overall more positive emotion
ality and an increased abundance of Akkermansia 
linked to more social behavior.88,89 Conversely, 
microbial changes have also been associated with 
more negative behavioral outcomes, including 
impaired stress coping. Increased abundances of 
Bifidobacteria and Parabacteroides has been linked 
to increased negative reactivity, along with reduced 
abundance of Prevotella.90 Interestingly, decreased 
abundances of Prevotella has also been implicated in 
adverse behavioral outcomes, notably internalizing 
problems.91 Separately, decreased relative abundances 
of Bifidobacteria, Lactobacillus, and Haemophilus 
have been linked with increased fear bias, which can 
be representative of emotionally directed attention.92 

Cognition has also been linked to differential micro
bial profiles in infancy.93

Specific microbiome windows under consid
eration have expanded to include the maternal 
microbiome in preconception, pregnancy, at 
birth, in the early postnatal period and the 
infant's microbiome in the context of how 
these windows shape the long-term health and 
well-being of the infant (See Figure 2). Some 
major factors influencing the microbiome will 
be discussed in the following sections, including 
maternal diet, antibiotic use, and breastfeeding 
and birth mode are also known to shape neuro
development, mediated by the gut microbiome. 
Subsequently, the gut microbiome and specific 
neurodevelopmental conditions will then be 
discussed.

2.2 The maternal microbiome: From preconception 
to birth

The presence of microbes in the womb has long 
been disputed, however current research indicates 
that the placenta and the amniotic fluid is most 
likely sterile.94,95 Since there is no direct transfer 
from the maternal microbiome in utero, all initial 
colonization occurs during the birth process and 
postnatal life. Despite this, it is widely accepted 
that the maternal microbiome plays a key role in 
neurodevelopment which will be discussed in 
detail. It has been suggested that the fetus is 
influenced indirectly by microbial metabolites 
produced by the mother.96 These metabolites 
may cross the blood-placenta-barrier,64 and then 
influence the immune response of the fetus.97 The 
role that maternal metabolites have in neurode
velopment has been demonstrated in both 
animal,64 and human studies.98 The emergence 
of the paternal gut microbiome helps to further 
our understanding of potential mechanisms. A 
study examining the disrupted gut microbiome 
of fathers revealed that the offspring were at a 
greater risk for growth restriction and mortality,99 

and recent in mice suggests depletion of the paternal 
microbiome can induce intergenerational effects on 
offspring behavior and physiology.100 Authors 
hypothesize that the gut microbiome may interact 
with male germ cells, whether directly or indirectly, 
and disruptions to the gut-germline axis may nega
tively affect the placenta. It is likely these changes are 
occurring due to epigenetic alterations during 
spermatogenesis.101 Between this, and the constant 
presence of the maternal microbiome, the gut health 
of both parents is key for shaping the long-term 
health of the fetus. Additional factors shaping the 
maternal and infant microbiome are discussed 
below.

2.2.1 Diet during preconception and pregnancy
Research links elevated homocysteine levels with 
poor psychomotor development,102 and folic acid, 
which aids in closure of the neural tube, to bene
ficial verbal and cognitive development.103,104 

Additionally, overconsumption of highly processed 
foods is associated with lower infant developmental 

4 N. D. NUZUM ET AL.
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scores.105 Animal models have also demonstrated 
the potential for nutrient deficiencies, such as poly
unsaturated fatty acids, to amplify the effects of 

stressors such as maternal immune activation on 
locomotion and memory in affected offspring.59 

However, when studies examine the effects of 

Figure 2. Opportunities for the microbiome to affect development of an infant include both the maternal and potentially paternal 
microbiome in pre-conception, during pregnancy via indirect effects of maternal microbiome metabolites, birth mode which 
determines initial microbial colonization, along with the postnatal and infant periods that may be affected by environmental factors 
including breastfeeding vs formula feeding, antibiotic usage, diet and introduction of solid foods.

Figure 3. Recent research has underscored the relevance of the microbiota-gut-brain axis across the extremes of life, from 
neurodevelopmental disorders through to neurodegenerative disorders. Various environmental factors are involved in these relation
ships, with shared mechanisms of action of the gut microbiome to both neurodevelopment and neurodegeneration. SCFA = Short 
chain fatty acid, GI = gastrointestinal, BBB = blood brain barrier.
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consumption of dietary micro- and macronutrients 
during pregnancy on neurodevelopment, the 
results are mixed with a systematic review finding 
limited associations.106

One of the key factors shaping gut microbiome 
composition is diet.107,108 Recent evidence evalu
ates in greater detail the links between the overall 
state of the maternal microbiome and the long- 
term health of the offspring. An overall anti- 
inflammatory diet in the preconception period 
seems to lower the risk of impairments in numer
ous neurodevelopmental parameters, such as 
motor skills, communication, and problem-solving 
skills.109 Diets rich in fat and sugar have also been 
linked to poor cognitive development, while dis
rupting the gut microbiome of the offspring of 
rodent obesity models.58,60 In humans, pre-preg
nancy obesity was associated with alterations in the 
relative abundance of Lactobacillus and 
Bifidobacteria genera, both strongly associated 
with inflammation and has subsequently been 
shown to increase their risk of developing neuro
developmental disorders.110,111 Despite growing 
interest, the role of the microbiome in preconcep
tion diet has yet to be fully elucidated as most 
observational dietary studies do not yet routinely 
examine the maternal microbiome. However, 
future evidence from studies using animal models 
may give insight and direction toward a better 
understanding of the underlying mechanisms.

2.2.2 The impact of antibiotic use during pregnancy 
and early life
Antibiotics are prescribed to 20.8% of pregnant 
women, as they are vital for healthcare and their 
use cannot be avoided in severe cases of bacterial 
infections.112 Initial studies using animal models in 
this field often used high doses of antibiotics, some
times as a cocktail, over longer durations that 
spanned critical time windows.35 Recently, there 
has been a shift in how these studies are performed, 
with more targeted microbial depletions at specific 
time points during gestation taking preference. 
Rodent studies have indicated that lower doses of 
a single antibiotic, in this case penicillin, during 
late pregnancy and early postnatal life, produces 
lasting effects in both sexes on gut microbiota, 
including increased cytokine expression in frontal 
cortex, modification of blood–brain barrier 

integrity and altered behavior in the offspring.61 

Prenatal exposure to low-dose penicillin only dur
ing the last week of gestation has a sex-dependent 
effect on neurodevelopmental outcomes, with 
female mice less anxious while males displayed 
abnormal social behaviors.62 Comparisons between 
early life exposure to maternal antibiotics led to 
persistent alterations in anxiety, sociability, and 
cognitive behaviors. Animal models also note that 
the profile of behavioral effects in terms of anxiety, 
sociability, and cognitive behaviors due to a broad- 
spectrum antibiotic cocktail were greater than in 
animals treated with just penicillin, with the excep
tion of greater deficits in social recognition.63 

Mechanistic insights have also accrued and follow
ing exposure to an antibiotic cocktail mixture, off
spring displayed altered tactile sensitivity which 
was rescued by concurrent administration of spe
cific beneficial microbial metabolites.64 Little work 
has been done however to examine any potential 
differences between absorbable and nonabsorbable 
antibiotics. Most animal models now use various 
combinations of nonabsorbable antibiotics whose 
antimicrobial effects are confined to the gut.113–115 

The direct and indirect effects that absorbable anti
biotics may have on neurodevelopment is yet to be 
fully elucidated, and it may prove that the different 
antibiotic drug classes along with different 
mechanisms of action (e.g. neurotoxic effects of 
metranidozole)116 may produce differential effects 
on both the offspring microbiome as well as many 
neurodevelopmental parameters, depending on the 
doses used.

In relation to human observational studies, pre
natal antibiotic exposure significantly increases the 
risk of developing ADHD and ASD.117–119 

Regarding the increased odds of developing 
ADHD, studies report varying levels of antibiotic 
exposure are required for neurodevelopmental 
consequences to occur, with one study finding an 
association after one course and another study 
requiring three courses.117,118 Maternal antifungal 
exposure has also been associated with an increased 
the risk of developing ADHD, however this has 
only been noted in males, hinting at a strong sex 
difference of prenatal exposures, which aligns with 
the current literature on sex differences in the pre
valence of ADHD.118 While currently only evalu
ated in animal models, the supplementation of 
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microbial metabolites or certain bacterial strains 
may be a beneficial future intervention option.

Antibiotics are often given prophylactically to 
infants in the neonatal intensive care unit 120 and 
overuse is common,121 with earlier exposure dur
ing the first year of life a greater risk factor for 
subsequent difficulties.122 Antibiotic exposure in 
early life is known to negatively impact the infant's 
gut microbiome, which is of lower diversity and 
more unstable, and thus more susceptible to being 
influenced by external factors compared to that of 
an adult.123 Early antibiotic use can delay the 
maturation of the infants microbiome and reduces 
the diversity of species present,124 negatively 
impacting the microbiota-gut-brain axis, and influ
encing brain function and behavior.1,125,126

Infants who received a course of antibiotics 
within their first 6 months have been found to 
have a higher risk of developing behavioral and 
emotional problems, as well as having deficits in 
language development.78 The result from this study 
strongly supports the accumulating evidence that 
the microbiome is involved in neurodevelopment. 
Interestingly, the developmental outcomes are not 
as severe in infants that received antibiotic treat
ment aged 6–12 months which have improved cog
nitive outcomes.78 Infants receiving their first 
course of antibiotics aged 12–24 months were 
shown to have enhanced cognition in comparison 
to both previous timepoints.78 This suggests that a 
critical microbiome-gut-brain axis window may 
potentially exist. However, it is important to note 
that this does not mean that antibiotic exposure in 
later life will have no neurodevelopmental conse
quences. Research previously performed by the 
same group has noted that following antibiotic 
exposure within the first 12-months of life nega
tively impacts overall intelligence and reading 
ability.127 Additionally, higher levels of ADHD- 
like behavior and depressive-like symptoms were 
noted in the peri-adolescent period, with an 
increased risk of ADHD being found if the expo
sure to antibiotics was within the first two years.
117,127 However, the risk of children developing 
ASD was found to be quite mixed, with some stu
dies finding an increase in ASD risk following 
antibiotic usage in early life,117,128 whereas others 
found no association.129 In contrast to other find
ings, it has also been reported that oral vancomycin 

treatment can transiently alleviate ASD symptoms.
130 Despite this, it is important to note the small 
sample size of this study, containing only 10 parti
cipants, and the improvement significantly waned at 
the follow-up visit after the initial treatment.

Animal studies also confirmed the results found 
from observational human studies, demonstrating 
brain and behavioral changes following early life 
antibiotic administration.65,66,131 Recent work has 
aimed to identify a specific temporal window in 
which microbial depletion is most critical.65 For 
example, a more targeted depletion of the gut 
microbiome following broad-spectrum antibiotic 
treatment has unveiled varying microglia morphol
ogies and gene expression in rodents, dependent 
upon time of treatment. This work highlights dif
ferential effects on cellular morphology and genetic 
expression dependent upon timing of the exposure, 
and this may be the key in relation to future neu
rodevelopmental outcomes. While this study only 
notes very subtle behavioral alterations, it provides 
insight into potential mechanisms.

2.2.3 The impact of prenatal and postnatal stressors 
on the microbiome and offspring brain
Maternal prenatal stress, whether it be psychological 
or experiencing a life-changing event, can lead to 
neurodevelopmental consequences for the fetus. It is 
possible that an altered gut microbiome may pro
mote these outcomes, as stress has been shown to 
negatively impact the microbiome, although more 
work is required to establish definitive links.67 In 
animal models, prenatal stress was shown to lead 
to increased anxiety and alterations to levels of brain 
derived neurotrophic factor in the placenta and the 
amygdala in adulthood.67 The authors reported that 
the affected offspring's microbiome was disrupted 
compared to controls, with an altered relative abun
dance of Firmicutes, Bacteroidetes, and 
Rikenellaceae.67 Disrupted social behavior is often 
reported, accompanied by a profile of gut-brain axis 
alterations including altered microbial composition, 
neuroinflammation, and tryptophan processing/ 
metabolism, [68,132 p. 2]. Indeed, the interface 
between the gut microbiome and the social brain is 
seen across species.133

Shifts in infant microbial composition following 
prenatal stress are also seen in humans. This includes 

GUT MICROBES 11



an increased abundance in many possibly inflamma
tory genera from the Proteobacteria group, such as 
Haemophillus and Campylobacter, following chronic 
maternal prenatal stress, as well as Finegoldia and 
Veillonella from the Firmicutes group.79 While there 
is no doubt that prenatal stress impacts cognition and 
motor development, the association with the maternal 
microbiome is currently in need for further 
elaboration.134

The relationship between postnatal stressors, 
such as maternal separation, and neurodevelop
ment has also been explored, albeit mostly per
formed in animal studies. Maternal separation has 
long been used as a model of early life stress, 
adverse exposures, and importantly, GBA 
dysfunction.135 The isolation of the pups from 
postnatal day 2 until 12 has not only been shown 
to disrupt the serotonergic system, alter microglia, 
and lead to a chronic state of inflammation via 
polyunsaturated fatty acids,69,136,137 but has also 
been shown to alter behavior in rodents,70,138 

such as increased anxiety levels and reduced learn
ing and memory. Since the initial observation that 
this is also associated with microbiome disruption,
139 it has subsequently been demonstrated that 
different aspects of the emergent phenotype are 
microbiota dependent (anxiety-, depression-like 
behavior) and independent (HPA axis 
dysfunction).138 Interventions targeting the micro
biota that rescue or ameliorate the phenotype, with 
positive results are emerging. Prebiotic supplemen
tation following early life stress has been shown to 
regulate the HPA axis, along with milk fat globule 
membrane (MFGM) which has been shown to 
reduce visceral sensitivity, with the compounds 
also improving cognition.70,71 Anxiety phenotypes, 
stemming from early life stress has also been res
cued following supplementation with prebiotic and 
Lactobacillus rhamnosus GG.72

In relation to human studies, little work has been 
done to examine the effect that this specific stressor 
may have on neurodevelopmental outcomes. What is 
known however, is that separation of mother and 
child does negatively impact breastfeeding, which 
has been shown to impact long-term neurodevelop
mental outcomes.323,140

2.3 Early shaping of the infant microbiome

2.3.1 How preterm birth and birth mode impacts 
long-term neurodevelopment
Preterm birth, defined as delivery before 37 weeks’ 
gestation, affects just under 15 million infants 
annually and this premature delivery can lead to 
severe neurological consequences.141 Major brain 
development occurs in the final trimester, and deliv
ery during this critical window may lead to brain 
injury and other neurodevelopmental consequences.
142,143 The gut microbiome of these infants has pre
viously been shown to have unique microbial 
profiles.144 Using 16S sequencing, recent work has 
shown overgrowth of Klebsiella in the gastrointestinal 
tract of these premature infants, an increased abun
dance of Bifidobacteria and Finegoldia species were 
also noted. Interestingly, these changes were seen in 
those with severe brain injuries and those without 
were found to have elevated levels of Streptococcus 
and Enterococcus.143 Despite the many microbial 
changes, Klebsiella pneumoniae was found to be sig
nificantly association with brain injury, with the 
authors noting that Klebsiella overgrowth is a key 
for the dysregulation of the infant's microbiome- 
immune-brain axis, perhaps aggravating the brain 
injury.143,145

The newborn's microbiome is heavily influenced 
by mode of delivery. If born vaginally, the infant is 
colonized with bacteria present in the mother's 
vaginal canal, including Lactobacillus which is ben
eficial and predominant in healthy women, and 
certain fecal bacteria, such as Bacteroides and 
Escherichia.81 In contrast, a cesarean section (C- 
section) delivery results in the infant colonized 
with bacteria including Staphylococcus and 
Klebsiella.81 Despite C-sections being a vital and 
often lifesaving healthcare innovation, they may 
be overutilized in high-to-middle income 
countries,146 and they may have neurodevelopmen
tal risks. Research has examined the long-term 
effect of C-section on cognition and C-sections 
are linked to an increased risk of intellectual dis
ability, ADHD, and ASD.147,322 Additionally, evi
dence shows, at least for ASD, that this association 
may be due to familial confounding by genetic and/ 
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or environmental factors.149 Deficits in gross and 
fine motor development, along with language skills 
have also been noted by 5 months old.150 Problem- 
solving has also been found to be delayed at 3 years 
following C-section delivery.151 Interestingly, the 
risk of certain disorders, such as ASD, seems to be 
greater if the C-section is elective.148 It is possible 
that the underlying reasons for the C-section, along 
with the altered microbial colonization, may play a 
role in the neurodevelopmental deficits, and pre
clinical research highlights a role for the gut micro
biome in the enduring behavioral effects induced 
by a c-section model.152 Given the gut microbiome 
alterations following C-section do not endure, 
there remains an urgent need to demarcate the 
time windows when interventions should be 
applied. The behavioral alterations that are seen in 
the human population has also been demonstrated 
in animal models. C-section has been shown to 
negatively affect behavior across the lifespan of 
mice, noting higher levels of anxiety and altered 
sociability.73 Interestingly, these neurobehavioural 
alterations were partially rescued following co- 
housing with mice born conventionally, allowing 
a natural transfer of the microbiome. Similar posi
tive changes were also noted following administra
tion of Bifidobacterium breve, highlighting the 
potential impact that a probiotic intervention may 
have against these known C-section deficits. It has 
also been noted that this model results in increased 
body weight.153 Interestingly, prenatal and peripar
tum exposure to antibiotics interface with 
C-section delivery to modify microbiome profiles 
in human infants,154 a feature which needs to be 
built into more translationally faithful versions of 
this animal model.

Research has attempted to ameliorate the effects 
of a C-section birth on microbial colonization, by 
examining the impact of ‘seeding’ the neonate with 
maternal vaginal secretions. Seeding aims to reco
lonize the neonate's gut to match a vaginally born 
infant, which will have the microbes of the mater
nal gut and vagina, as opposed to the microbes of 
the maternal skin.155 Recolonization may alleviate 
the negative developmental outcomes that can be 
associated with C-section.81 While not widely used, 
preliminary results have found that vaginal seeding 
of C-section exposed infants leads to neonate 
intestinal recolonization which partially matches a 

vaginally born infant.81,156 Recolonization also 
helped to regulate levels of important metabolites 
and metabolic functions, including an increase in 
carbohydrate, amino acid, and energy metabolism 
and increased levels of L-lactic acid, homovanillic 
acid, and N-acetyl-D-glucosamine, which may 
potentially lead to better outcomes in later life.81,156 

Individuals receiving the vaginal microbial trans
plant scored higher in neurodevelopmental ques
tionnaires than those who received a saline 
control.81 However, additional research indicates 
no positive effect of seeding.82 Separate research 
has shown that maternal FMT displays promising 
results in normalizing gut bacterial composition in 
C-section compared to vaginal births in mice.80 

While findings suggest the possibility of interven
tion at this early stage, to prevent development of 
certain disorders, there is currently limited evi
dence supporting this technique given that most 
studies are too small and exploratory in nature to 
form an actionable evidence base at present. Others 
have highlighted the potential dangers of seeding 
the infant with a suboptimal vaginal microbiome 
and/or one containing harmful pathogens, includ
ing group B Streptopcoccus, and various sexually 
transmitted infections, i.e., Neisseria gonorrhoeae 
or Chlamydia trachomatis, with screening of 
donor samples an important consideration in 
future guidelines.157

2.3.2 The neurodevelopmental benefits of breastmilk
Breastfeeding has been recommended by the 
World Health Organization for a minimum of 
6 months, but should ideally remain part of the 
diet until the infant reaches 2-years.158–160 

Through breastfeeding, the infant receives various 
nutrients including necessary proteins (lactoferrins 
and caseins), prebiotics (human milk oligosacchar
ides), polyunsaturated fats, and immunoglobulins.161 

These nutritional compounds positively influence the 
developing microbiome of the infant and can increase 
the abundance of beneficial microbes, including 
Bifidobacteria, and can decrease abundance of other 
bacteria including Bacteroides.162 Interestingly, 
infants fed breast milk exclusively have a less diverse 
and more immature microbial composition than 
those receiving infant formula as their diet.163 

However, in this context, low diversity is perhaps 
more beneficial for the infant and recent evidence 
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supports the idea that breastfeeding supports an 
appropriately paced assembly of the gut microbiota 
to control the acquisition of microbial species and 
functions.164 Feeding type is known to alter gene 
expression and this ultimately enhances the transcrip
tion of genes that are associated with various immune 
and metabolic processes.165 In comparison, the 
microbiome of formula fed infants is more adult- 
like, and this may not be ideal in early-life.165 

Breastfeeding for a prolonged period is strongly asso
ciated with optimal neurodevelopment, including a 
reduced risk of ADHD, with a similar protective effect 
found with ASD and schizophrenia.166–170 

Breastfeeding is also associated with greater IQ scores 
and enhanced cognition.171,172 Magnetic resonance 
imaging studies show white matter microstructural 
development is increased in areas associated with 
language, vision, and higher order thinking and cog
nition in longer durations of breastfeeding, or when 
comparing breastfeeding to formula fed infants.173 

The role that the gut microbiome has in the neuro
developmental benefits of breastmilk is still to be fully 
elucidated, but one potential component, MFGM, has 
shown great potential in improving certain neurode
velopmental outcomes following maternal separation 
in rats.70,71 This includes spatial learning and mem
ory, along with reducing visceral sensitivity stemming 
from the early life stress.70,71 In the same study, pre
biotics also displayed potential in improving learning 
and memory along with helping the HPA axis return 
to baseline levels following restraint stress, with the 
combination of prebiotics and MFGM proving to 
have some greater effects.71

2.4 Neurodevelopmental disorders and the gut 
microbiome

While the subsequent sections will focus on the 
role of the microbiota-gut-brain axis in neurode
velopment disorders, it is important to highlight 
the genetic component to neurodevelopmental dis
orders. Autism, ADHD and schizophrenia all have 
a genetic component increasing risk of developing 
the disorder,174–176 with ASD genetic risk not only 
inherited but also involving de novo copy number 
variations,177 while ADHD and schizophrenia may 
mostly involve heritable genetic risk.178–180 Despite 
the literature highlighting the genetic component 
to these disorders, how this relates to 

environmental factors, such as breast feeding, and 
to the gut microbiome is not yet understood. 
Additionally, the genetic risk factors only explain 
a smaller part of the disease risk (despite high 
heritability in twin and family studies) and the 
gut microbiome could be one of the further con
tributing factors in developing a disorder. To 
develop a more whole understanding of the risk 
factors contributing to these disorders, researchers 
need to investigate gene-environment-develop
ment interaction.

2.4.1 Autism Spectrum Disorder (ASD)
As described above numerous factors influence the 
microbiome in early life and may increase the risk 
of neurodevelopmental disorders. People with ASD 
often suffer from gastrointestinal symptoms, which 
may be due to a disruption of the microbiota-gut- 
brain axis.181,182 A gut bacterial disruption could 
relate to the significant relative bacterial abundance 
differences in 27 genera, including Akkermansia, 
Bifidobacterium, Clostridium, and Ruminoccocus, 
when comparing ASD to controls.181,183 Gut 
microbiome differences are also observed in animal 
models of ASD, including greater relative abun
dance of Firmicutes and Clostridia, along with 
lower Bacteroidetes abundance.181,184 Recently, 
16S sequencing has identified a signal unique to 
ASD patients that has been shown to be driven by 
591 microbes.41 This, coupled with 138 microbial 
encoding genes linked to ASD through shotgun 
sequencing, may prove to be a beneficial aid in 
diagnoses practices.41

Of note, common ASD symptoms, i.e., repetitive 
behaviors and sensory preferences, are linked to 
certain food choices, and typically a restrictive 
diet leads to a less diverse microbial composition.185 

While this suggests that diet drives the microbiota 
alterations that have been reported, we should not 
discount the ongoing role of the gut microbiome in 
ASD symptom expression, or that it might represent 
a tractable target in this context.

In experimental research, FMTs from donors 
with ASD to mice transferred both the patient's 
microbiome, and an ASD-like phenotype to the 
mice (i.e., decreased communication and locomo
tion, and increased repetitive behaviors).74 The 
shift in microbiome composition correlated with 
reduced social behaviors and repetitive behaviors, 
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and Eisenbergiella tayi (02b40_Lachnospiraceae) 
correlated with increased repetition and social 
defects.74 Overall, this study shows the potential 
causal role that the gut microbiome has in the 
pathophysiology of ASD, or at least of specific 
symptom profiles, and indicates that targeting 
the gut microbiome may be an effective therapeu
tic option for ASD. Yet, other work has deduced 
other potential mechanisms, such as the vagus 
nerve, to modulate certain ASD symptoms.75 

This has been seen following Lactobacillus reuteri 
administration in the Shank3B-/- mouse model, 
noting a negative impact on social interaction 
following vagotomy, showing an indirect 
mechanism for beneficial microbes to alter the 
symptom severity.75 Probiotic interventions, 
using species such as Bifidobacterium longum, 
Lactobacillus rhamnosus, and Lactobacillus acido
philus, helped restore the microbiome and even 
reduced the severity of gastrointestinal and autis
tic symptoms in children with ASD.83,183 FMT 
interventions have also been tested, which involve 
antibiotic consumption, fasting and bowel cleans
ing, and a particular refinement of FMT from 
neurotypical donors along with stomach acid 
suppressants, which resulted in children with 
ASD reporting a reductions in gastrointestinal 
symptoms, enhanced microbial richness and 
plasma metabolites, and alleviation of autistic 
symptoms.84,186,187 These positive changes 
occurred after the initial microbiota transfer ther
apy and persisted for 2-years following cessation 
of the transfer, with some symptoms even 
improving further after the end of the study.186 

Across the timeframe of the study, an increase in 
Prevotella was noted, along with significant 
decreases in the abundance of certain microbes 
that had low uncertainty.41 Abundances of 
Anaerobutyricum and Butyricimonas, SCFA pro
ducers, remained stable across the study which 
may be potentially crucial in modulating 
symptoms.41 The beneficial effects of probiotics 
and microbial transplants highlight the intricate 
relationship between the gut microbiome and 
ASD, as well as the potential for it to act as a 
therapeutic target.

2.4.2 Attention-deficit/hyperactivity disorder (ADHD)
The gut microbiome has also been implemented 
as a factor that may be influencing ADHD. A 
significant amount of our understanding comes 
from human studies. When compared to those 
without ADHD, studies have found significant 
alterations in the composition of the gut, yet 
findings are not consistent.188–191 Differences 
between patients and controls include an eleva
tion of Odoribacter splanchnicus, Bifidobacterium 
and Bacteroidaceae abundances, and lower abun
dance of Faecalibacterium prausnitzii.191–193 

Greater Actinobacteria abundance is also asso
ciated with reduced ADHD symptom severity. 191 

Given that the prior studies indicate relationships 
between gut bacteria and ADHD, studies have inves
tigated the use of probiotics in ADHD. Lactobacillus 
rhamnosus GG, when given during pregnancy and 
early life, can significantly reduce the overall risk of 
ADHD and improve outcomes such as overall social 
and emotional functioning in children.85,189,194 

Beneficial impacts on behavior in children with 
ADHD were also observed with Bifidobacterium 
bifidum consumption, and a multi-strain probiotic, 
which alleviated symptoms of inattention and 
impulsivity.189 However, no effect was seen with a 
synbiotic consisting of a Lactobacillus based probio
tic and 3 different fermentable fibers on overall 
ADHD symptoms.86 The synbiotic seemed to have 
a greater effect on those with elevated levels of solu
ble vascular cell adhesion molecule-1 before the 
beginning of the trial, with these adults displaying 
improved emotional regulation. Apart from probio
tic interventions, some research has examined the 
effect of FMT on ADHD, where material from a 
neurotypical donor led to increased abundance of, 
the anti-inflammatory and beneficial, 
Faecalibacterium prausnitzii, reduced abundance in 
Bifidobacterium longum, and a reduction in ADHD 
symptoms.87,195 While this result is promising, the 
research is a case-study of one participant. To gen
erate more conclusive results extensive work needs 
be carried out to fully understand if targeting the 
microbiome via probiotics or FMT is a useful inter
vention in ADHD. Furthermore, the use of animal 
models has been greatly underutilized in studying 
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this topic. Enriching rats diet with omega 3 polyun
saturated fatty acids was found to ameliorate symp
toms of ADHD in males,76 particularly through 
decreasing impulsive behaviors and improving 
attention, but not much more has come from animal 
studies.

2.4.3 Schizophrenia
As with ASD and ADHD, schizophrenia is a 
mental health disorder counted among the 
neurodevelopmental disorders, although occur
ring later in life compared to ASD and ADHD, 
and is becoming more convincingly associated 
with the gut microbiome.196–198 Patients with 
schizophrenia display a different gut microbial 
composition to those without schizophrenia, 
including lower abundance of Clostridium, 
Faecalibacterium and Ruminococcus, with 
greater abundances of Lactobacillus, 
Collinsella, and Anaerococcus.199,200 At the 
genus level, those with schizophrenia had 
greater α and β diversity, and had greater 
abundance of anaerobic bacteria, along with 
various species that typically reside in the oral 
microbiome.201 While limited animal work has 
been performed tying the microbiome and 
schizophrenia together, one study demon
strated severe behavioral changes in mice that 
had received FMT from patients with 
schizophrenia.77 These changes include 
impaired learning and memory and psychomo
tor activity and highlights the severe disruption 
of the patient's microbiome and provides 
insight into how the microbial alterations seen 
in the gut may be affecting the gut-brain axis 
and behavior. While probiotic treatments have 
improved certain GI symptoms, potentially due 
to the immunomodulatory effects of the pro
biotic bacteria, no definitive change in schizo
phrenia symptom profiles were shown.202,203 Of 
note, distinct microbial profiles are associated 
with different symptoms of schizophrenia, i.e., 
positive symptoms including hallucinations and 
delusions, or negative symptoms such as anhe
donia, avolition, and issues with intrapersonal 
relationships.191,204 Positive symptom pheno
types are positively correlated with 
Lactobacillus, and negative symptoms are posi
tively correlated with Lachnospiraceae and 

Ruminococcaceae.205 The severity of symptoms 
can also be correlated with numerous bacterial 
species in the gut, and furthermore, the micro
bial profile is known to shift and change fol
lowing a first episode of psychosis,199 p. 202.206 

Given the literature highlights differential microbial 
profiles between patients based on their symptomol
ogy, future research should consider different phe
notypes and trajectories of schizophrenia when 
assessing and implementing gut-based therapeutics. 
The potential for modulating the gut microbiome is 
not as clear with schizophrenia as it is for ASD and 
ADHD, yet the hope remains that careful microbial 
targeting, and regular psychotropic medication, may 
improve the outcomes and lives of those with 
schizophrenia.

3 Aging and the gut microbiota

Several hallmarks of aging have recently been 
proposed that relate to the microbiota-gut- 
brain axis; chronic inflammation and composi
tional/functional gut microbiome alterations.207 

Aging can be both ‘healthy’, where age-related 
declines occur at a normal pace or are delayed, 
or can be ‘unhealthy’, when declines are 
accelerated.208 Gut bacterial differences have 
been observed across the age range from new
borns to centenarians.8 In long living indivi
duals (i.e., nonagenarians and centenarians), 
gut bacterial composition differs to younger 
age ranges,209,210 and compositional and func
tional differences are also present in these popu
lations depending on health status.321 

Additional research assessing 21,000 fecal sam
ples determined that a loss of the ‘core’ micro
biome and an increase in disease associated taxa 
were most correlated to unhealthy aging.211 In 
animal models, it has been shown that germ free 
mice can live longer than specific pathogen free 
mice, despite the fact that germ free animals 
have several altered body systems and behaviors, 
indicating the need for a gut microbiome for 
‘normal’ aging and immune/nervous system 
function.20 However, there is little current 
research that has thoroughly investigated the 
differences in physiology of aging between 
germ free mice and those with a gut 
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microbiome, and the absence of pathological 
infections also needs to be considered as a 
factor.20

Longitudinal assessments of cohorts across 
aging would help assess the link between gut bac
teria and aging. However, existing research in 
humans is limited. A published protocol paper 
aimed to track older adults over a 4-year period,212 

and investigations of centenarians’ gut bacteria 
over 1.5 years has occurred.213 Compared to older 
adults, centenarians had a ‘youth-associated’ gut 
microbiota profile, including less potentially patho
genic bacteria and a greater abundance of 
Bacteroidetes. Centenarians also had greater 
within-individual similarity over time, compared 
to between-individuals, and individuals with the 
most within-individual similarity had greater 
Shannon's diversity, and Pielou's evenness index, 
indicating that greater evenness and diversity con
tribute to gut microbial stability in centenarians.

An important consideration when investigating 
aging, is chronological age (time since birth) vs. 
biological age [refers to biological and physiologi
cal (I.e., DNA), or lifestyle (I.e., nutrition and phy
sical activity) related factors affecting longevity and 
functional capacity].214,215 For research on deter
mining biological vs chronological age see Rutledge 
et al.216 Biological age relates to frailty, a decrease 
in function and physiological reserves that coincide 
with an increased risk of morbidity and mortality.
217 Assessment of biological age is important for 
gut microbiome research as frailty, or unhealthy 
aging may not relate to chronological age, and the 
associations between the hallmarks of biological 
age and gut microbiota may be more informative. 
Assessment of frailty and chronologic age in rela
tion to the gut, oral and skin microbiota showed 
associations between the skin microbiota and 
frailty were present for several taxa at several skin 
microbiota sites.218 The skin microbiota was not 
associated to chronological age, indicating the 
importance of assessing frailty, i.e., biological age. 
However, authors did not report associations 
between frailty and the oral or gut microbiota, 
and it is not explicitly stated if assessment of gut 
bacteria and frailty were conducted for both older 
adult groups, or separately for their community 
and nursing facility dwelling groups. Of note, nur
sing home dwellers were significantly frailer than 

community dwellers, which is to be expected, how
ever location, not just frailty, would affect the 
observed skin microbiota associations and the 
reported associations between skin microbiota 
and frailty, cannot be disentangled from location. 
Other research shows associations between gut 
bacteria diversity and frailty of nursing home resi
dents, with trends for greater composition of buty
rate producers in individuals with lower frailty, and 
greater LPS biosynthesis in frailer individuals.219

Several FMT trials in mice have helped elucidate 
causality of the gut microbiome in relation to 
aging. When FMT was conducted from young 
donor (3–4 months) mice to older recipients (19– 
20 months) the aging-associated differences in 
brain and peripheral immunity, and the hippocam
pal metabolome and transcriptome, were reversed.
220 The reversal of age-related brain differences in 
mice from FMT has been replicated, with declining 
cognition rescued from FMT of young-to-older 
mice.221 Additionally, intestinal microbiota were 
exchanged between young (3-months) and old 
(18-months) mice (i.e., young to old, and old to 
young FMTs).222 When the aged microbiota was 
received by young mice, there was increased intest
inal barrier permeability, greater inflammation 
(measured via serum LPS-binding protein and IL- 
6), and more markers of systemic and tissue mar
kers of ‘inflammageing’. In the opposite direction, 
older mice in receipt of a young donor microbiota, 
the age-associated elevations of inflammation were 
reversed (i.e., reduction in serum TNF and LPS- 
binding protein). Understanding the role of aging 
on the gut microbiome is important in the context 
of neurodegenerative diseases as advancing age is 
the biggest risk factor for Alzheimer's and 
Parkinson's disease,223–225 is a major risk factor 
for ALS,226,227 and while disease onset occurs 
much earlier in terms of age (years) in HD and 
MS, it is still important to understand how aging 
impacts disease onset and progression.228,229

3.1 Cognitive decline, MCI, and Alzheimer's disease

Some cognitive decline normally occurs with 
advancing age. When the rate of cognitive decline 
increases it may be considered mild-cognitive 
impairment (MCI), a common precursor to 
dementia.230,231 Several observation and 
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intervention studies have investigated cognition 
and the gut microbiome in humans, as covered 
previously.232 Much of the literature focuses on 
the gut microbiome and cognitive impairment or 
dementia, predominately AD. Additionally, the 
potential role of the oral microbiome in AD is 
emerging.233 Purported mechanisms whereby the 
gut microbiota may relate to AD and cognitive 
decline is covered previously,11,234 but to summar
ize, an altered gut microbiota may contribute to 
AD via inflammatory mediated pathways, and via 
microbial metabolites affecting cognition too. A 
systematic review of observational research com
paring the gut microbiota of healthy controls to AD 
and/or MCI groups found the AD/MCI groups had 
lower diversity than controls, and differences in 
bacterial abundance at the phyla level, family 
level, and genus level (greater Proteobacteria abun
dance; lower Clostridiaceae abundance; greater 
Bifidobacterium abundance in AD/MCI, 
respectively).37 Additionally, a meta-analysis 
found that probiotics were effective in improving 
cognition in people with AD or MCI.235 Another 
meta-analysis, solely focusing on AD, included 
three studies, covered in the prior review,235 but 
showed no beneficial effect of probiotic supple
mentation on cognition.236 The disparate findings 
may be due to the small number of trials, but may 
reflect that probiotic consumption is most effective 
earlier on in cognitive decline, prior to substantial 
cognitive decline occurring, such as in AD.

By comparing healthy individuals to preclinical 
AD (determined via investigating tau and/or Aβ 
plaques through PET imaging), but lacking AD 
symptoms, Ferreiro et al., found distinct gut micro
biome abundance profiles associated with either 
preclinical AD or healthy controls.237 The differ
ences in the gut microbiome composition corre
lated with Beta amyloid and tau pathological 
biomarkers, but not with biomarkers of neurode
generation. Additionally, microbial pathways of 
L-arginine, L-ornithine, and 4-aminobutanoate 
degradation were associated with preclinical AD 
status via regression models, with all three path
ways sharing succinate as a product. Overall, this 
shows an altered gut microbiome may contribute 
to initial AD pathophysiology, but might be less 
relevant to ongoing AD progression, and highlights 
the potential for an altered SCFA metabolism state 

to be present in preclinical AD. Prior research 
shows lower SCFAs levels in MCI compared to 
controls, with AD patients compared to MCI hav
ing lower levels of SCFAs.238 Supporting this, 
research shows reduced levels of putatively butyro
genic bacterial genera in AD compared to healthy 
controls.239 Apart from butyrate, succinate is likely 
immunomodulatory,240,241 and inflammation via 
the gut is associated with AD pathophysiology.242 

Secondly, succinate is a precursor to propionate, 
and excess propionate has been associated with AD 
in humans.243 Despite research indicating the likely 
involvement of gut microbiota in AD pathophy
siology via multiple routes,242 particularly early in 
the disease progression, research is currently not at 
the point where a gut microbiota biomarker is 
available to be used as an early-detection 
biomarker.

FMT research has investigated cognition and the 
gut microbiome, and shows that a ‘young’ micro
biota helps improve cognition when transplanted 
into older mice.220 Mechanistically, FMT from 
aged to young recipient mice decreased adult neu
rogenesis and novelty-induced neuronal activation 
of the hippocampus.244 By interrogating vagus- 
nerve related neuronal activity the authors showed 
that mice receiving the aged microbiota FMT had 
reduced neuronal activity in the ascending vagus- 
nerve output brain structure. In an AD animal 
model, near daily FMTs across 4-months (wild- 
type donors to AD model) rescued cognitive defi
cits, and reduced formation of amyloid β plaques 
and neurofibrillary tangles.245 Increasing the trans
latability of FMT research, Grabrucker et al.,246 

transplanted human fecal samples from healthy 
donors and people with AD into animals. Authors 
displayed that behavioral AD symptoms, specifi
cally cognitive/memory deficits (which correlated 
with donors Clinical Dementia Rating scale), were 
transferred to previously healthy animals via gut 
microbiota, confirming a causal and ongoing role 
of gut microbiota in AD symptoms. Therefore, 
while human research showed the gut microbiome 
to be related to early AD pathophysiology,237 

human-to-animal FMT studies indicate the pro
longed role of the gut microbiota throughout AD. 
Grabrucker et al.,246 also substantiated prior 
research, with FMT from AD patients to animals 
impairing behaviors dependent on adult 
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hippocampal neurogenesis, and the severity of 
impairments in mice were correlated with cogni
tive scores of the AD donors.

A case study of FMT to treat clostridium difficile 
infection, in a person with Alzheimer's, showed 
improvements in cognition (measured via mini-men
tal state examination[MMSE] and Montreal 
Cognitive Assessment[MoCA]) one-month following 
FMT.247 The same group assessed 5 people with AD 
and clostridium difficile infection over 3-months, 
reporting no serious adverse events from the FMT 
and all patients having improved cognition (mea
sured via MMSE, MoCA and Clinical Dementia 
Rating Scale Sum of Boxes).248 Whether cognitive 
improvements are related to the FMT affecting AD 
pathophysiology, or simply treating the infection, is 
not clear. Apart from FMT, probiotics have been 
investigated as a therapeutic option across several 
animal models for AD, which has been summarized 
previously.249 Future research assessing FMT in AD 
specifically, should use cognitive tests that address 
specific cognitive domains, and that are more sensi
tive to changes to cognition (I.e., N-back, spatial 
working memory etc.), rather than cognitive screen
ing forms including the MoCA or MMSE.

3.2 Additional neurodegenerative diseases

Alzheimer's, discussed above, and PD, ALS, MS, 
and HD described below (with key gut micro
biome research studies and study characteristics 
described in Table 2), all have a genetic/heritable 
component. In AD the presence of the apolipo
protein E gene-e4 allele is a contributing risk 
factor 260 with additional gene mutations impli
cated in AD onset.223,261 A genetic component to 
PD onset and severity/symptoms is also present,
262,263 which similar to the genetic risk in AD, 
mostly relates to early-onset cases with reduced 
relevance to late onset cases. For ALS,264 and 
MS,265 genetic/familial risk factors exist, although 
genetics alone explain only a small proportion of 
the risk of disease development.266 Comparatively 
HD is considered a solely genetic disease, with 
children of those who carry the increased num
ber of ‘CAG’ triplets on chromosome 4 having a 
50% chance of inheriting the gene mutation and 
developing HD,267 with the number of ‘CAG’ 
repeats associating with age of HD onset (along 

with additional genetic factors explaining 
variance).268 Despite the genetic component to 
HD, environmental factors may exist that alter 
disease progression or age of onset.269 Given the 
genetic and environmental factors underpinning 
these neurodegenerative diseases, future neurode
generative disease research should assess the 
genetic, environmental and microbiome factors. 
Doing so will be important to understand the 
interaction between genetics and environmental 
factors and to uncover where the microbiota-gut- 
brain axis fits into the web of risk factors.

3.2.1 Parkinson's disease (PD)
Early indications that the gut may be involved in 
PD including constipation and gastrointestinal 
issues (GI) preceding motor impairments,270 and 
the dual-hit hypothesis,271 led to researchers inves
tigating the role of the microbiota-gut-brain axis in 
PD. Since then, it has been shown that gut micro
biota can metabolize PD medication,272 and several 
reviews and meta-analyses have surmised that 1) 
the gut microbiome differs between healthy con
trols and people with PD (at a compositional and 
functional level) and 2) have proposed potential 
mechanisms underpinning the involvement of the 
gut microbiota in PD pathophysiology.10,40

Observational and mechanistic studies have 
enabled some insight into the mechanisms of the 
microbiota-gut-brain axis in PD pathophysiology. 
Broadly, SCFA (particularly butyrate) producing 
bacteria appear to be reduced in PD compared to 
healthy controls, and a greater abundance of pro- 
inflammatory bacteria and an increase in bacteria 
that may degrade the gastrointestinal wall is 
observed in PD compared to controls.10,40 

However, most prior research uses 16S sequencing, 
limiting the functional inferences that can be 
drawn, reducing taxonomic resolution compared 
to shotgun sequencing, and meaning species or 
strain level analysis is not typically possible 
[strain-level analysis is also dependent on shotgun 
sequencing depth].273,274 Wallen et al., 275 con
ducted shotgun sequencing on 490 PD, and 234 
controls and showed depletion of butyrate produ
cing bacteria in PD compared to controls, but did 
not find statistical significance for elevation of 
Akkermansia in PD compared to controls, as 
prior research had.276,277 Lower levels of fecal 
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SCFAs have also been observed in PD compared to 
controls.278,279 However, in the plasma, PD 
patients had elevated levels of SCFAs.278,280 Of 
note, it is difficult to interpret SCFA concentrations 
(fecal or plasma) as true reflections of microbial 
production, given the utilization of SCFAs by colo
nocytes, alterations in gastrointestinal absorption 
and processing by the liver.281 Such research may 
indicate a breakdown in the typical use of SCFAs 
by colonocytes, subsequently altering SCFA levels, 
rather than SCFA concentrations being influenced 
via production alone. While Wallen et al. do not 
report PD symptoms or severity,275 other research 
indicates participants with more PD non-motor 
symptoms correspond with lower levels of the 
butyrogenic Butyricimonas synergistica.282 

However, Nuzum et al. 282 did not observe a statis
tical difference of butyrogenic bacteria abundance 
between PD and control groups, as observed by 
Wallen et al.,275 The authors postulate this may 
be due to PD severity level differences, as the 
cohort in Nuzum et al., 10 had on average fewer 
years since PD diagnosis and less severe symptoms 
when compared to the studies included in a prior 
systematic review.10

Longitudinal research in PD and the gut 
microbiome has also now been conducted,283–286 

and research covering PD severity,287 has begun 
to shed light on causality. Cilia et al., 284 con
ducted a 3-year prospective study and found that 
lower abundance of Roseburia at baseline was 
associated with worsening motor (via Hoehn 
and Yahr staging) and non-motor symptoms 
(via non-motor symptom questionnaire) at the 
3-year follow-up. Similarly, Lubomski et al., 
showed a underrepresentation of butyrate produ
cing genera across 0, 6 and 12 month timepoints 
when comparing PD and control groups,285 how
ever, these findings were not replicated in prior 
longitudinal research. Minato et al., showed lower 
counts of Bifidobacterium were associated with 
worsening PD symptoms,286 and Aho et al., did 
not find an association between bacterial genera 
and progressing disease severity.283 As, these 
papers spanned only a few years and all used 
16S sequencing, longer timeframes, and the use 
of shotgun sequencing to assess functional differ
ences with time or between stable vs. progressed 
PD phenotypes, is warranted. Huang et al. 

assessed early PD, REM sleep behavior disorder 
(RBD), first-degree relatives of RBD, and control 
participants.287 Investigating across these differ
ent groups aligns with the brain/body-first 
hypothesis of Parkinson's disease,288,289 as iso
lated RBD was aligned with a body-first progres
sion subtype,289 and allows for insights to be 
drawn on the early stages of Parkinson's disease 
development, potentially prior to onset of motor 
symptoms. Huang et al., showed that abundance 
of two different genera, Faecalibacterium and 
Butyricicoccus, were reduced with increasing α- 
synucleinopathy with the RBD group then the 
early PD group having the second-highest and 
highest amounts of α-synucleinopathy.287 While 
other research did not show iRBD groups had 
decreased SCFA producing bacteria, they did 
contain increased Akkermansia, which may relate 
to a potential route of PD pathophysiology 
through impaired intestinal barrier function.290 

Indeed, both a lower abundance of SCFA produ
cing bacteria, and a greater abundance of mucin 
degrading bacteria predicted increases in disease 
severity/progression among people with PD.291 

This led the authors to postulate that individuals 
with an altered gut microbiome, may progress 
through PD faster than those with no 
disturbances.

In addition to the involvement of SCFAs in PD 
pathophysiology, animal experiments indicate curli 
producing E.coli bacteria results in increased alpha- 
synuclein deposition in the brain and gut of ani
mals, with the same animals having increased 
expression of markers of inflammation (i.e., 
TLR2, IL-6 and TNF).292 Similar research with 
Desulfvibrio bacteria, harvested from individuals 
with PD and transplanted into C. elegans, showed 
increased amounts of, and larger, alpha-synuclein 
aggregates compared to the same bacteria taken 
from healthy individuals.293 FMT in animal models 
has also been utilized in PD research with daily 
FMTs (from control mice) administered over 2- 
weeks to a rotenone induced model of PD in 
mice, subsequently restoring gut microbiota, redu
cing colon LPS levels, and improving GI dysfunc
tion and motor impairments observed prior to 
FMT.250 Similar findings were observed in a 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP) mouse model, with FMT attenuating 
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the MPTP induced gut microbiota changes.251 

Authors also completed FMT from PD to con
trol mice, eliciting motor dysfunction and neu
rotransmitter loss.251 Fecal samples taken from 
healthy people and those with PD, were used in 
FMT to control and PD model mice (MPTP 
model of PD).252 Daily FMT (10-days) from 
people with PD to MPTP-mice worsened 
motor impairments, dopaminergic neurodegen
eration, and colonic inflammation, while FMT 
from healthy people improved motor behavior, 
slowed dopaminergic neurodegeneration, and 
relieved colonic inflammation. These results 
indicate the causal role the gut microbiota has 
in PD pathophysiology. Preliminary FMT stu
dies in people with PD have been conducted,
258,259 with research indicating that FMT is 
well-tolerated, with some mild-to-moderate 
adverse events reported (E.g., GI disturbances). 
Dupont et al., 258 administered the FMT orally 
(N = 12; placebo group = 12) showing tempor
ary improvements to objectively assessed motor 
function. Xue et al., 259 administered the FMT 
via nasal-jejunal tube (N = 5) or via colono
scopy (N = 10), finding that the colonic route 
offered greater improvements to PD symptoms 
which persisted for longer than in the naso- 
intestinal route. Lastly, animal model research 
on α-synuclein and gut microbiota, indicated 
that α-synuclein pathology alters the ENS and 
gut microbiome, but those gut microbiota 
alterations can be modulated by exercise.294 In 
addition to FMT, exercise in PD should be 
investigated for its therapeutic benefits, and 
capacity to modulate the gut microbiota.

3.2.2 Amyotrophic Lateral Sclerosis (ALS)
Like PD, ALS patients often suffer from constipation. 
Whether constipation precedes ALS diagnosis, as it 
can in PD, is not currently known.295 Non-motor 
functions in ALS are not well understood, however, 
prior hypotheses have implicated the microbiota-gut- 
brain axis in ALS progression/onset.296 Animal mod
els have shown correlation(s) between ALS and gut 
microbiota composition, with ALS mice having sig
nificant gut microbiota composition differences com
pared to controls.297 Researchers also took bacteria 
associated with ALS and mono-inoculated ALS 
model mice, showing that Parabacteroides distasonis 

and Ruminococcus torques were associated to 
increased disease severity.297 Authors also observed 
reductions in Akkermansia muciniphila aligning with 
ALS progression.297 Research using SOD1G93A mice 
conducted longitudinally with and without butyrate 
treatment showed that without butyrate treatment 
gut bacterial differences in the SOD1G93A mice com
pared to wild-type were observed, whereas less differ
ences were observed in the butyrate-treated group.148 

Importantly, butyrate treatment lead to greater motor 
task performance, and prior research indicates buty
rate treatment may delay ALS progression in mice,253 

potentially highlighting that reduced butyrate pro
duction is involved with ALS progression.

Research in patients with ALS is sparse, with 
inconsistent findings. Several bacteria at the genus 
level were reportedly more abundant in ALS patients 
compared to controls 298 (including pro-inflamma
tory bacterial genera Escherichia and Shigella, and 
Akkermansia, which opposes animal-model work).
297 Other research has found some differences at a 
genus level, including the genera Subdoligranulum 
[which contains the butyrate producer 
Subdoligranulum variabile 299] but no fecal SCFA 
differences were observed between cohabiting con
trols and people with ALS.300 Authors also reported 
people with ALS had lower cytokine levels (IL-15, 
IL-8, MCP-1 and VEGF-A) compared to controls. 
Separate research reveals no difference in diversity, 
composition or function (via PICRUSt1) between 
ALS and controls.301 Additional research that has 
observed differences between control and people 
with ALS had small sample sizes (N < 6 per ALS 
group), limiting interpretability and comparability 
to larger studies.302,303 Overall, a lower abundance of 
butyrate producers, and increased proinflammatory 
bacteria may be involved in ALS progression. 
Impairment of the intestinal, blood-spinal cord,304 

and blood-brain barrier, have also been reported in 
ALS patients, and may relate to microbiota-gut- 
brain axis involvement in ALS pathophysiology.

3.2.3 Multiple sclerosis (MS)
A systematic review of case-control observational stu
dies of MS and the microbiota-gut-brain axis identi
fied ten studies (all using 16S sequencing), with none 
of the eight that investigated alpha diversity finding a 
difference between MS and control groups.305 At a 
genera and species level, ≥2 studies observed lower 
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abundance of Prevotella, Faecalibacterium prausnitzii 
(with one study showing increased Faecalibacterium 
comparing MS to controls), Bacteroides coprophilus, 
Bacteroides fragilis, and a higher abundance of 
Methanobrevibacter and Akkermansia muciniphila 
in MS cases versus controls. While there are concor
dant differences observed, the evidence is not univer
sally consistent but nevertheless indicates the 
microbiota-gut-brain axis involvement in MS. A dif
ferent review also highlights the influence the gut 
microbiome has on immune function and the rele
vance of this in relation to MS pathophysiology.306

FMT studies in MS mice models indicate trends 
of FMTs to ameliorate some of the observed gut 
microbiome differences between MS mice and 
controls.254 FMT also led to reduced activation of 
microglia and astrocytes while conferring some 
protection on the BBB, myelin and axons in the 
MS mice models.254 These findings showcase the 
potential mechanisms of the microbiota-gut-brain 
axis influencing MS, and highlight the usefulness of 
FMT for MS. Several case studies of FMT in people 
with MS have indicated its potential safety and 
efficacy in addressing MS symptoms.307,308 A pilot 
FMT trial in MS patients (N = 9) were given 
monthly FMTs for 6-months.309 Authors indicated 
that FMT was safe for this population, however this 
study was underpowered and stopped early (see 
paper for details), therefore potential benefits of 
FMT cannot be determined currently.

Several papers have assessed MS and the micro
biota-gut-brain axis longitudinally.310–312 Different 
findings were observed across all papers, with some 
broader community differences observed dependent 
on disease severity or whether it worsened or not,311 

but no distinct bacterial communities were identi
fied between MS and control groups, with some 
bacterial composition differences observed (lower 
Bifidobacterium longum, Clostridium leptum, and 
Faecalibacterium prausnitzii in MS compared to 
controls).310 In terms of composition, findings also 
appear to be specific to disease severity or worsening 
status, as lower levels of Akkermansia were observed 
in disease progressors compared to non-progressors, 
and lower Akkermansia abundance correlated to 
worsening MS progression.312

3.2.4 Huntington's disease (HD)
Evidence of the microbiota-gut-brain axis’ poten
tial to affect HD pathophysiology included plasma 
metabolome differences of gut-derived metabolites 
between controls and premanifest HD individuals 
or early symptomatic HD individuals.313 Research 
comparing HD mice models to wild-type controls 
showed gut bacteria compositional differences at 
the phylum level, and increased diversity in only 
male HD mice compared to controls.314 In a fol
low-up study authors longitudinally assessed fecal 
microbiome data for wild-type and HD mice mod
els via shotgun sequencing,255 and at phylum and 
family levels no gut bacterial differences were 
observed between groups, across any time point. 
However, between group differences were observed 
for gut microbiome function at week 12 (prior to 
motor symptom onset) with a greater relative 
abundance of sulfur metabolism, lysine degrada
tion, glutathione metabolism and butanoate meta
bolism in the HD compared to wild-type mice. 
Greater butanoate metabolism did not correspond 
to greater plasma butyrate levels in the HD group 
(in fact authors note a non-significant [p = 0.11] 
decrease in the HD mice), nor other SCFAs. 
Authors discussed that pathogenic butyrate produ
cers, such as Fusobacterium, may preferentially use 
lysine over pyruvate for butyrate production, 
which releases toxic byproducts, i.e., ammonia,315 

with this perhaps relating to the increased lysine 
degradation pathways they observed. The same lab 
also conducted a fiber intervention in HD mice,256 

reporting several benefits of the high-fiber diet to 
HD mice, including improvements to affective and 
cognitive deficits and improved GI function. 
Within the HD mice groups exposed to the differ
ent diets (no fiber, control, and high fiber), there 
were no specific changes to the gut microbiome 
(study used 16S sequencing) observed at 14 or 
20 weeks of age. Comparisons between wild-type 
and HD mice exposed to the high-fiber diet 
revealed gut microbiome abundance differences 
observed at 14-weeks only at the phyla and family 
level. Examples of these included Actinobacteriota 
and Proteobacteria being decreased in the HD mice 
in the high fiber group compared to the high fiber 
wild-type mice. At the family level Bacteroidaceae, 
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Butyricicoccaceae, and Ruminococcaceae had 
increased abundance in the high fiber HD mice 
when compared to wild-type high fiber mice. 
Additionally, FMT from wild type to R6/1 HD 
model mice positively altered cognitive outcomes.
257 This indicates the potential for FMT to effec
tively treat some of the symptoms associated with 
HD while also reinforcing the likely involvement of 
the gut microbiota within HD.

Comparisons of HD patients to controls 
revealed, that the HD group had lower diversity, 
while sex-specific differences at the phylum and 
family level, were only observed for males.316 

Several inferred functional pathways (via 
PICRUSt) were indicated to be involved in HD; 
Starch degradation V, Methylerythritol phosphate 
I and II, and NAD biosynthesis I were all greater 
(in terms of relative abundance) in HD group. 
Research investigating the gut microbiome and 
cytokine levels of HD patients and controls did 
not reveal any sex-specific effects observed pre
viously, but found several genera (Intestinimonas, 
Bilophila, Lactobacillus, Oscillibacter, Gemmiger, 
and Dialister) had greater abundance in the HD 
compared to control group.317 Additionally, 
Intestinimonas was positively correlated with total 
functional capacity scores, while Lactobacillus was 
negatively associated with MMSE score. Across 10 
plasma inflammatory markers only IL-4 differed, 
being greater in the control compared to HD 
group. Associations between bacteria and cyto
kines were completed in the HD group only, with 
Intestinimonas positively correlated with plasma 
IL-4, and Porphyromonas positively correlated 
with IL-4, IL-10, and IL-13, while Bilophia, 
Oscillibacter and Gemmiger negatively associated 
to IL-6. A review that details much of the above 
discussed evidence for involvement of the micro
biota-gut-brain axis in MS, and incorporates a dee
per discussion of potential mechanisms can be 
found here.318

4 Conclusions and Future directions

The microbiome-gut-brain axis research field has 
expanded horizons significantly since the initial 
focus on conducting compositional and correla
tional analyses. While such studies provided 

important impetus to the field, the past decade 
has answered the calls for more mechanistic studies 
and started to address the need to translate promis
ing studies from animal models to humans. 
Collectively, these studies have further shown the 
importance of the gut microbiome to neurodeve
lopment and neurodegeneration.

These advances have seen a proliferation in clin
ical research in neurodevelopmental disorders 
including ASD, ADHD and schizophrenia. This 
research has largely resonated with the insights 
from earlier animal research, linking time-window 
specific microbiome configurations to infant tem
perament and cognition, and animal models work 
continues to document mechanistic insights, 
including the role of the vagus nerve.75 It is antici
pated that animal research will ultimately accrue 
the information necessary to pinpoint of targeted 
temporal microbial manipulations in neurodeve
lopmental disorders,65 although there are still 
many pieces missing in this puzzle .

In neurodegeneration research, there is now 
strong causal evidence linking the gut microbiome 
to symptom expression in Alzheimer's,246 and PD 
252 using human-to-animal FMT. Such approaches 
could form the basis of new gut-brain animal mod
els of these disorders to allow the assessment of 
possible microbiota interventions. A greater 
amount of clinical work investigating Alzheimer's, 
PD, ALS, HD, and MS has also been conducted, 
with longitudinal research becoming more preva
lent. Some burning questions remain, including the 
interface between biological sex and the gut micro
biome in these disorders, the role of host genetics, 
the gut virome's role in neurodegeneration includ
ing PD,319 and whether the gut microbiome during 
prodromal stages could be predictive of future psy
chopathology and be amenable to prevention 
strategies.320 Moreover, the issue of psychiatric 
comorbidity and possible transdiagnostic micro
bial profiles also requires further resolution.

While the recent research advances represent 
important progress, there are still fundamental 
knowledge gaps and obstacles to overcome. For 
example, there is still no consensus on what a 
‘healthy microbiome’ is, either during adulthood 
or at the extremes of life, and developing this 
understanding is paramount to exploiting the 
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diagnostic and therapeutic potential of recent 
observations. Future neurodevelopment research 
should include more translational human interven
tion research, such as evaluating the potential of 
probiotics, prebiotics, postbiotics or FMT interven
tions. Understanding and overcoming the undesir
able impacts of factors disrupting the gut 
microbiome such as maternal and infant antibiotic 
usage, and an increased focus on researching the 
potential benefits and safer application of ‘seeding’ 
an infant's microbiome via the mother's vaginal 
microbiome following C-section are warranted.81 

While ALS, HD and MS research in the micro
biota-gut-brain axis is expanding, a clearer focus 
on mechanism and causation is needed, akin to 
that demonstrated in in Alzheimer's and PD, and 
overall, the neurodegeneration field would benefit 
from longitudinal research assessing humans in 
prodromal phases prior to and after disease diag
nosis, to define disease-relevant gut microbiota 
changes. In these complex disorders, the micro
biota is increasingly recognized as a key pathophy
siological component. Knowing how and why the 
gut microbiome changes at the extremes of life will 
further develop our mechanistic understanding 
and help build the evidence base as we strive 
toward counteracting microbial missteps with pre
cision therapeutic interventions.
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