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Diet-microbiota-gut-brain axis and metabolism
The diet-microbiota-gut-brainaxisisimplicated in the predisposition,
aetiology and progression of metabolic disorders. Indeed, distinct
taxonomic and/or functional profiles have been observed between
healthy controls and individuals with metabolic disorders, including
obesity, type 2 diabetes and metabolic dysfunction-associated stea-
totic liver disease™. At a peripheral level, the gut microbiota contrib-
utesto energy balance by influencing absorption of lipids in the small
intestine and by harvesting energy from undigested carbohydrates
and proteins for the formation of fermentation-dependent microbial
metabolites. Microbial-derived metabolites, such as SCFAs from fibre
and bile acids from cholesterol breakdown, can activate receptors
on enteroendocrine L cells to stimulate the release of anorexigenic
hormones glucagon-like peptide 1 (GLP-1) and peptide YY (PYY), which
then promote satiety via signalling to the nucleus tractus solitarius
(NTS) and hypothalamus™. Microbe-brain signalling may also impact
central regulation of food intake and satiety and, therefore, metabolic
processes. Indeed, in rodents, SCFAs can act on the hypothalamus to
directly control feeding'”. These SCFAs further influence metabolic
health by promoting intestinal gluconeogenesis and thus modulating
glucose homeostasis in both the periphery and the hypothalamus. In
alandmark study, it was found that blood glucose response varied
significantly between different meal compositions, even within meals
deemed ‘healthy’ and ‘unhealthy’, and that individual gut microbiome
composition explained this variability™, directly implicating micro-
biotain glucose regulation.

Intriguingly, some bacterial proteins mimic satiety hormones such
as a-melanocyte-stimulating hormone to further control hunger'.
Although the gut microbiota can synthesize neurotransmitters tradi-
tionally involved in appetite control, including dopamine, serotonin,
acetylcholine, noradrenaline and GABA (gamma-aminobutyric acid),
their signalling routes from the periphery to the brain are less under-
stood. Nevertheless, by modulating gastrointestinal physiology, such
asmotility inthe case of serotonin, these peripheral neurotransmitters
caninfluence hunger/satiety. Indole, a microbial metabolite produced
from tryptophan, may be correlated with connectivity between key
brainreward areas, body weight and self-reported food addiction and
anxiety in healthy adults"¢, providing tentative evidence for the effects
of gut-synthesized neuromodulators on the brain.

It is now clear that energy balance is maintained through inter-
actions between homeostatic and hedonic processes. Rodent data
suggest arole for the gut microbiotain the regulation of food reward.
FMT (Table 1) from diet-induced obese mice into naive mice induced
hedonic behavioural responses and altered dopaminergic activity
reflective of obese donor mice'”. In humans, it was recently shown
that synthetic dietary fibre in the form of inulin supplemented daily
for2 weeks decreased brainactivationinreward-related brain regions
for high-calorie food stimuli, effects that correlated with increased
levels of SCFA-producing bacteria, in adults with overweight"®, These
results indicate that the gut microbiota regulates energy balance,
beyond homeostatic effects, and that fibre could improve reward
hypersensitivity.

Acausalrole of the gut microbiotain obesity has been questioned,
largely owing to the failure to translate preclinical findings in human
interventions"*"’, Preclinical studies have indeed demonstrated a
link between the gut microbiota and obesity such that germ-free and
antibiotic-treated mice have lower adiposity compared to control
mice, despite higher energy consumption and expenditure™®'?", How-
ever, when the mice are not germ-free (that is, conventional) and are,
therefore, morereflective of humans, FMT from obese mice fails to alter
body fat or weightin recipient mice'?’. These null results are consistent
with human FMT data, which predominantly show noalterationinbody
weight, despite showing an improvement in other metabolic indica-
torssuchastriglycerides, fasting glucose and blood pressure'?’. More
researchisneeded tounderstand these discrepancies. It istempting to

speculate that it could be explained by stronger effects of the gut micro-
biota on homeostatic processes of energy metabolism than hedonic
processes, thus sparing effects on food intake, but more research is
needed to test this hypothesis.

The high comorbidity between neuropsychiatric and metabolic
disorders'*, coupled with divergences in gut microbiota composition,
may be, at least partially, explained by diet-induced effects on gut
microbiota signalling to the brain. This may be particularly relevant
forimmunometabolic dysregulationin depression.

Mechanisms of action

There are several pathways of bidirectional communication through
which the diet-microbiota-gut-brain axis coordinates cognition and
emotionin healthy and clinical states. Figuring prominently are both
local interactions within the gut and distal connections reaching to
the brain®. See Fig. 3 for an overview.

Bacterial metabolites

Since microbial by-productsresulting from the breakdown of food by
microorganisms have been proposed as akey player in the communica-
tionbetween the microbiotaand the brain, thereis agrowing interest
in utilizing these metabolites as potential therapeutic treatments'>.

SCFAs. Gut microbiota-derived metabolites, particularly SCFAs (pre-
dominantly acetate, propionate and butyrate) constitute over 95% of
gut-derived microbial metabolites. Although SCFAs primarily originate
from microbial fermentation of host-indigestible dietary fibres, endog-
enous SCFAs can be derived from microbial protein breakdown, host
metabolism of long-chain fatty acids and pyruvate, fermented foods
andalcohol consumption'*. SCFAs have beenimplicated in gastrointes-
tinal function, blood pressure regulation, circadian rhythmregulation
and (neuro)immune function'”’. Notably, alterations in faecal SCFA
levels have been associated with AN'%, Parkinson’s disease (PD)'?,
obesity™, chronic psychosocial stress™' and ASD"?, suggesting astrong
link between SCFAs and microbiota-gut-brain axis related disorders.
InPD, altered SCFA levels have been observed in both humans and ani-
malmodels. Oral SCFA administrationinduced PD-related deficits and
neuroinflammation in an a-synuclein mouse model™, This contrasts
with findings from human studies showing decreased SCFA-producing
bacteriaand SCFA levelsinindividuals with PD'’. Addressing this defi-
cit, propionate treatment promoted dopaminergic cell survivalin an
in vitro PD mouse model™*. Additionally, amyloid uptake in humans
was positively associated with blood acetate levels and negatively
associated with blood butyrate levels'.

Once absorbed by the host, SCFAs serve as a crucial metabolic fuel
where they are utilized in the synthesis of glucose and lipids as energy
for the host™*. The metabolism of SCFAs involves diffusion through
epitheliaviaspecific transporter proteins, with subsequent participa-
tionin mitochondrial B-oxidation and the Krebs cycle, providing energy
to colonocytes, as well as acting as substrates for gluconeogenesis,
and cholesterol synthesis. SCFAs not metabolized by colonocytes
enter portal circulation, with a small fraction reaching peripheral tis-
sues where they contribute to energy metabolism and physiological
regulation, potentially influencing insulin sensitivity and appetite.

The metabolism of SCFAs involves diffusion through epithelia or
with specific transporter proteins, with subsequent metabolismin the
Krebs cycle asan energy source. Acetate is found in the cerebrospinal
fluid, while propionate and butyrate’s directimpact on brain physiol-
ogy remains uncertain*®,. SCFAs, predominantly butyrate, propion-
ate and acetate, also exert epigenetic functions by inhibiting histone
deacetylases and influencing histone acetylation and crotonylation,
withbutyrate being the most potentinhibitor of classland Ila histone
deacetylases. SCFAs canalso directly engage with and activate extracel-
lular G-protein-coupled receptors, including free fatty acid receptor
(FFAR) 2, FFAR3 and hydroxycarboxylic acid receptor 2. Notably, FFARs
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Fig.3|Mechanisms of action. Mechanisms of action: schematic overview
ofthe several pathways of bidirectional communication through which the
diet-microbiota-gut-brain axis impacts on cognition and emotion. Healthy
dietary patterns, richin fibre, fruits and vegetables, promote microbial diversity
inthe gutand the production of beneficial metabolites such as SCFAs. These
metabolites can travel to the brain directly through the bloodstream, enhancing
cognitive and emotional processing. Additionally, a healthy diet supports gut
barrier integrity, preventing harmful substances from entering the bloodstream,
and modulates the immune system to promote anti-inflammatory responses
that benefit brain function. Neural pathways, such as signalling via the vagus
nerve, also play a crucial role in transmitting signals from the gut microbiota

to the brain. Conversely, the consumption of high-fat and high-sugar foods

typical of the Western diet leads to a reduction in beneficial gut bacteriaand
increases the production of pro-inflammatory metabolites. This weakened
gutbarrier allows harmful substances to leak into the bloodstream, resulting
insystemic inflammation that can negatively impact the brain. Inflammatory
responses travel through the bloodstream and reach the brain, potentially
affecting behaviour, cognition and emotional states. The schematic underscores
the critical role of dietary choices in influencing mental health and cognitive
function through these interconnected pathways involving gut microbiota

and associated metabolic and inflammatory processes. DC, dendritic cell; EC,
enterochromaffin; EEC, enteroendocrine cell; ENS, enteric nervous system;
IFN-y, interferon gamma; T, regulatory T cell; TJPs, tight junction proteins; Trp,
trypotophan.

are prominently expressed onimmune cells such as neutrophils, mono-
cytes, and regulatory T lymphocytes within the intestinal mucosa'.
SCFA diffusion through epithelial cells is facilitated by transporters
suchas the sodium-coupled monocarboxylate transporter'*° as well as
the pH-dependent hydrogen-coupled monocarboxylate transporter
(MCT)1and MCT4 (ref. 141). MCT1 is particularly important in SCFA
uptake from the gut because its expression can be influenced by diet,
such as with a high-resistant starch diet'*”. Additionally, MCT1expres-
sionis highestin the caecumand colon, areas where SCFA absorptionis
most efficient'*. Faster colonic transit times have been seen alongside
reduced SCFA absorption, resulting inincreased faecal SCFA content'**.

Butyrate has been studied for its role in enhancing learning and
memory, reducing depressive-like behaviour and increasing sociabil-
ity in mouse models. Acetate can be converted to acetyl-CoA, which
drives increased histone acetylation, although such activity might

not necessarily be aresult of direct activity by gut microbiota-derived
SCFAs. Preclinical work has demonstrated areduction of depressive-like
behaviour and stress responsiveness that was linked to psychosocial
stress™', Additionally, direct administration of microbial metabolites
canyield similar benefits for brain function'*. However, data from
human studies are limited due to potential challenges in administer-
ing microbial by-products directly. For instance, SCFAs administered
directly tothe colon viaspecialized pH-dependent capsules were found
to mitigate cortisol response to psychosocial stress™°. However, a
4-week psychobiotic diet (Table 1; high in prebiotic and fermented
foods) had no effect on SCFA levels while reducing perceived stress®.
Interestingly, colonic acetate was detected in the brain using positron
emissiontomography scanning, and both peripheral and central admin-
istration of acetate suppressed feeding in mice'. These data confirm
future studies using human brainimaging and SCFAs are warranted.
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Bile acids and taurine. Bile acids are known for their rolein aiding the
absorption of dietary lipids and lipid-soluble vitamins and are primar-
ily synthesized in the liver from cholesterol, including cholicacid and
chenodeoxycholic acid inhumans, and cholicacid and a/f3-muricholic
acid in mice'”. Following generation in the liver, bile acids are conju-
gated with taurine or glycine, and stored in the gall bladder, after which
primarybileacids arereleased into the intestine to facilitate lipid diges-
tion and are subsequently recycled back into the liver.

Taurine, which is ametabolite that primary bile acids can be con-
jugated with, itself is recognized for its important role as a microbial
metabolite beneficial to health®, In particular, taurine can function as
anagonist of glycine, GABA, and GABA receptorsinthebrain,and thus
hasneuroprotective, anticonvulsant and cognitive-enhancing proper-
ties, where taurine supplementation could hold potential therapeutic
valuein managing various brain disorders, including AD, PD, epilepsy,
ASDs, anxiety and depression'®’.

Beyond their digestive function, bile acids have emerged as potent
signalling molecules to the brain, from within the gut, influencing
systemic lipid, cholesterol and glucose metabolism, as well as energy
and immune homeostasis through the activation of nuclear farnesoid
X receptor and plasma membrane TGRS receptor™°. Various major
gut-associated microorganisms, including Lactobacillus, Bifidobac-
terium and Bacteroidetes taxa, express bile salt hydrolase enzymes,
allowing them to de-conjugate bile acids from taurine and glycine®™".
Bile acids also play a crucial role in constraining bacterial population
expansionin the gastrointestinal tract. Reduced luminal bile acid levels
are associated with small intestinal bacterial overgrowth, inflamma-
tion activation and subsequent epithelial damage'. Bile acids can
exhibit direct antimicrobial effects due to their membrane-solubilizing
properties and, through farnesoid X receptor signalling, induce the
expression of antimicrobial defence genes, safeguarding the gut from
bacterial translocation'. Although initial evidence indicates that bile
acids might serve asaconduit through which the microbiotacanimpact
specific brain functions as afactor of diet, experimental findings have
pointed to alterations in gut microbiota composition triggered by
a Western diet that were linked to neuroinflammation and reduced
synaptic plasticity due to changes in bile acid synthesis and impaired
TGRS signalling™*.

Metabolomic studies have revealed thatin hepatic encephalopa-
thy, abnormal increases in blood bile acids and ammonia, exacer-
bated by the apical sodium-dependent bile acid transporter protein,
contribute toammonia-induced brain injuries'”. Inhibiting the apical
sodium-dependent bile acid transporter protein in mouse models of
liver disease effectively reduced these neurotoxic substances, offering
potential therapeutic strategies for alleviating brain and liver damage.
Further,aWesterndietrichinfat and sugar was shown toimpact cogni-
tive function through dysregulated bile acid synthesis and dysbiosis,
leading to systemicinflammation and microglial activation, reducing
neuroplasticity”*. By affecting bile acid receptor-regulated signalling in
the brain and digestive tract, a Western diet exacerbated neuroinflam-
mation and postsynaptic damage, thereby contributing to cognitive
decline. Suchwork demonstrates how dietary choices affect metabo-
lomic profiles, which in turn influence brain health, offering insights
into potential therapeutic interventions, such as targeting bile acid
transport mechanisms to reduce neurotoxic impacts.

Immune signalling

Thegastrointestinal tract houses the highest concentration ofimmune
cellsinthe body, which arein continuous communication with the food
we eat. Thisexchange facilitates communicationbetweenthe gutand the
immune system by recognizing self-antigens and non-self-antigens™®.
Consequently, this primes the immune system to identify potential
pathogens, including food-borne ones. In addition to providing a physi-
cal barrier, the epithelium contains various cell types such as entero-
cytes, secretory cells, chemosensory cells and gut-associated lymphoid

tissue'”. Enterocytes expressinnate immune receptors and canrelease
cytokines and chemokines. The gut-associated lymphoid tissue uses
lymphocytes for amore specificimmune response with, for example,
immunoglobulins. Chemosensory cells play a role in defence against
helminths™®, while secretory cells are involved in releasing mucus,
antimicrobials and neuroendocrine compounds from enteroendocrine
cells™. Commensal (non-pathogenic) bacterial metabolites, includ-
ing neuromodulators, bacteriocins, bile acids, choline and SCFAs, can
modulate the immune system™%'®’, Growing evidence suggests that
microbe-hostinteractions in the gut release various signalling mol-
ecules that can influence neural signalling, infiltrate the blood and
lymphatic systems, and communicate with the brain'”.

Fundamentally, the immune system comprises two subsystems,
both of which can be modulated by gut microorganisms: innate and
adaptive/acquired. Innate immunity serves as the primary defence
against potential infectious organisms, involving cells derived from
the myeloid lineage. Whereas adaptive immunity elicits a specifically
targeted response to pathogens, involving cells from the lymphoid
lineage, such as Band T lymphocytes, and responds to specific bacte-
rialantigens modulated by dietary components, suggesting potential
therapeutic avenues. Understanding the microbiota’s role in shaping
immune-brain communication, particularly through the adaptive
immune system, remains a crucial area for future exploration. In a
17-week study on healthy adults, one study investigated the impact
of plant-based fibre and fermented foods on the microbiota and
immune system*®. The high-fibre diet increased microbiota-encoded
glycan-degrading enzymes without altering cytokine response scores.
High consumption of fermented foods raised microbiota diversity
and reduced inflammatory markers. This example demonstrates the
potential of dietary interventions, particularly fermented foods, in
addressing microbiota diversity and inflammationissuesinindustrial-
ized societies.

Microbial endocrinology

Microbial endocrinology is acritical concept shaping our understand-
ing of the microbiota-gut-brainaxis, bridging the gap from mere cor-
relation to causation. At its core, this concept revolves around the
shared neurochemical language between host and microorganisms.
Landmark studies from the 1990s laid the groundwork by revealing
that bacteria respond to host neuroendocrine signalling molecules,
including noradrenaline and adrenaline, challenging prior beliefs about
the gut-brain axis'*'*,

Catecholamines. Catecholamines, adrenal peptide hormones, are
integralinthe stressresponse and gutintegrity, and play diverserolesin
host physiology including triggering the fight-or-flight response, main-
taining gutintegrity and influencing behaviour and decision-making,
while also promoting bacterial pathogenesis and growth'®*. This dem-
onstrates acomplexinterplay in host-microbe cross-talk with notable
clinical implications. Intriguingly, enteric nerves have the genetic
machinery to synthesize dopamine and noradrenaline but lack the
enzyme needed to convert noradrenaline into adrenaline. However,
gutmicroorganisms harbouring the bacterial enzyme 3-glucuronidase
can convert host noradrenaline and dopamine from a biologically
inactive toabiologically active form. Bacteriasuch as Escherichia and
Bacillus, mirror host catecholamine production, underlining their
shared biochemical language and potentialimpact on host physiology,
emphasizing their shared biochemical language'®. This interaction
suggests that both host and gut microbiota contribute to a shared
pool of biologically active catecholamines, affecting host physiology
in ways that are not fully understood, highlighting an area ripe for
furtherinvestigation into the impacts of bacterial catecholamines on
human health.

Certain bacteria possess plasma membrane monoamine trans-
porter and organic cation transporter proteins that can facilitate the
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transfer of extracellular noradrenaline into the bacterial cell. Inter-
estingly, the circulating concentration of noradrenaline in germ-free
rodents is higher compared to conventional animals, and the lumens
oftheileum, caecum and colon contain detectable levels of dopamine,
noradrenaline and adrenaline'.

GABA. Both humans and bacteria possess the ability to transform
glutamate into GABA, a major inhibitory neurotransmitter in hosts,
with species like Escherichia and Lactobacillus being identified as
GABA producers'®. These bacteria, often found in fermented foods
rich in GABA such as Chinese pao cai, also have the capability to pro-
duce glutamate'®®, Intriguingly, the probiotic strain Escherichia coli
Nissle 1917 has been shown to produce a GABA-containing analgesic
lipopeptide that enhances GABA's ability to cross the epithelial bar-
rier and activate sensory neurons, although it is uncertain if other
gut microorganisms share this trait. While the role of bacterial GABA
in the host intestinal lumen is unclear, studies using probiotics sug-
gest potential analgesic effects via GABA-associated lipopeptides,
opening avenues for understanding the influence of bacterial GABA
on host-microbe cross-talk impacting intestinal inflammation and
immune function'®. Indeed, levels of Ligilactobacillus murinus, a
GABA-containing lipopeptides-producing bacterium, are reduced in
rodents exposed to prenatal stress as well asin individuals with irrita-
ble bowel syndrome'°. The findings suggest that GABA-containing
lipopeptides could potentially alleviate visceral pain in individuals
withirritable bowel syndrome, offering the potential for personalized
therapy development.

Research, including findings from the Human Microbiome Project,
indicates that the gut microbiome contains the gene encoding gluta-
mate decarboxylase, essential for converting glutamic acid to GABA,

with certain bacterial strains like Bifidobacterium dentium showing
potential therapeutic effects against visceral hypersensitivity in rats'”".
Bacteriaalso havereceptors for detecting GABA, suggesting arecipro-
calinfluence between host-produced GABA and microbial behaviour,
as seen in the increased virulence of Pseudomonas aeruginosa when
exposed to GABA. These observations highlight the complexinterac-
tion between glutamate, GABA and the gut microbiota, emphasizing
the need for further research to decode these interactions and their

implications for health and disease.

Histamine. Histamine, abiogenicamine derived from histidine, plays
pivotal rolesinmammalian physiology, including promoting wakeful-
ness and theimmune response, and is synthesized by variousimmune
cells like mast cells in the gastrointestinal mucosa?. This synthesis
pathway is shared by certain bacterial strains, which underscores a
critical aspect of host-microbe communication, with mucosal mast
cellactivity influencing intestinal integrity and visceral pain. While his-
tamine production by food spoilage bacteriais a well-known concern
in food safety, its potential to interact with the host’s nervous system
through vagal afferents highlights acomplexinterplay'’>. The presence
of histamine-producing bacterial species like Morganella morganii and
E. coliin the human gut, equipped with the histidine decarboxylase
gene, suggests a microbial capacity to influence host physiology'.
Although the exactimpact of microbial-derived histamine on the host
is still being explored, studies indicate that histamine from Lactoba-
cillus reuteri can suppress inflammatory responses and modulate gut
immune functions through humanmonocytoid production of tumour
necrosis factor via Toll-like receptor stimulation'”. This relationship
between histamine and host-microbe interactions opens additional
avenues for understanding how microbial components might affect
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host health, indicatingamultifaceted neuroendocrine-immune media-
tionintheseinteractions.

Serotonin and tryptophan. Serotonin, also known as 5-hydroxy-
tryptamine (5-HT), whichis crucial for host behaviour and gastrointes-
tinal functions, has intricate ties to the gut microbiota with important
implications for both the gut and the brain. Microbial impacts on host
gastrointestinal serotonergic systems, highlighted by Clostridium
perfringens modulation, suggests a microbial role in gastrointestinal
motility and serotonin synthesis via host tryptophan hydroxylase 1
enzyme®. Thisinfluenceis evident at baselineand following acute stress
exposures'”’. The gut microbiota is also associated with hippocampal
serotonin concentrations”’®"”°, Tryptophan can be diverted away from
5-HT production into the kynurenine pathway, potentially impacting
host mental health'*°. Microbial indole production from the bacterial
metabolism of L-tryptophan derivatives further influences metabolic
and gastrointestinal functionin health and disease, including intestinal
barrier integrity, inflammation and potentially even impacting host
longevity'"'®, Isatin, ametabolite of indole produced by both bacteria
and the host, has been linked to anxiety-like behaviour inrodents'™ and
is detectable in various host tissues, including human cerebral spinal
fluid and the hippocampus. Elevated levels of isatin have been observed
inindividuals with bulimia nervosa'®*, Additionally, the gut microbiota
contributes to the production of tryptamine from tryptophan, amono-
amine akin to 5-HT that can modify colonic secretion and gut motility
viathe 5-HT-4 receptor'®. Approximately 10% of the human population
possesses the necessary gut microbiota decarboxylases for thisreaction.
While neuropharmacological and electrophysiological studies suggest
tryptamine might activate postsynaptic receptors independently of
5-HT, its CNS function remains unclear.

Adirectimpact of diet ontryptophan metabolites in humans was
uncovered whenit was observed that consumption of aMediterranean
diet and a fast-food diet resulted in differential effects on tryptophan
metabolites™®. The Mediterranean diet increased indole-3-lactic acid
and indole-3-propionic acid, and the fast-food diet decreased them,
both of which have been associated with beneficial effects on neuronal
cells. A diet enriched with tryptophan for 4 weeks increased brain
activationin areas related to empathy during a social cognition task.
While tryptophan did not significantly enhance emotion recognition
overall, it did improve the recognition of positive emotions in older
participants, suggestingits potential to mitigate age-related declines
insocial cognition'’. Further, consuming a high-tryptophan diet for 4
daysresulted in significantly more positive affect and reduced symp-
toms of depression and anxiety compared to a low tryptophan diet.
These effects were possibly due toincreased serotonin levelsinfluenced
by nutritional intake, aligning with evidence that dietary tryptophan,
crossing the blood-brain barrier and converting to serotonin with the
aid of vitamin B, can effectively ameliorate mood disorders'. Alto-
gether, these findings support the hypothesis that dietary tryptophan
can positively influence mood and affective disorders, distinct from
earlier studies suggesting limited effects from nutritional tryptophan
intake on mood states in healthy individuals.

TMAO. Trimethylamine N-oxide (TMAO) is a metabolite produced
from the breakdown of dietary fish, meat and fat, with its precursor,
trimethylamine (TMA), formed by gut microorganisms metabolizing
choline, L-carnitine and phosphatidylcholine’’. Elevated levels of
TMAO, produced by gut microorganisms from choline metabolism,
have been linked to an increased risk of vascular dysfunction, includ-
ing stroke, leading to vascular cognitive impairment by affecting cho-
lesterol metabolism, inflammation and oxidative stress, resulting in
a strong association between TMAO and dementia, particularly in
cerebrovascular disease'°.

TMA travels to the liver where it is oxidized to TMAO, which
then enters systemic circulation, correlating with gut microbial

a Moderation

b Independent

Diet

C Mediation

Fig. 5| Gut microbiota as a potential mediator/moderator. a-c, Potential
routes through which diet could mediate or moderate behaviour and cognition.
The gut microbiota could shape the strength of the relationship between food
and the brain (moderation; a), the gut microbiota and diet could influence

the brain directly (independent; b) and the gut microbiota could explain the
relationship been diet and the brain (mediation; c).

composition. Studies haveidentified TMAO in the cerebrospinal fluid
of both mice and humans, suggesting that circulating TMAO caninflu-
ence the CNS™'. High concentrations of TMAQ in human cerebrospinal
fluidimply that liver-derived TMAO can cross the blood-brainbarrier
increasing the risk of stroke'°, although the mechanism is unclear,
and some TMAO in the brain may be synthesized locally due to the
presence of the enzyme flavin-containing dimethylaniline monooxy-
genase 3 (FMO3). While high levels of TMAO are linked to cardiovas-
cular diseases, obesity, diabetes and neurodegenerative disorders,
including AD**'°2, TMAO may have neuroprotective effects within
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Table 2 | Summary of interventional studies investigating the effect of whole diet approaches on microbiota and
behavioural or cognitive outcomes in humans

Population Length of Diet Cognitive, behaviouralor  Microbiota changes Notes/refs.
intervention neurochemical changes
Adults 2 weeks of (ITF) ITF rich diet: at least 9g Higher levels of satiety, Lasting reduction in a-diversity. 238
18-85 years of age; mean diet then, of ITF hedonic attitude to PLS-DA analysis: 20 OTUs identified
21.84 years 18 days of normal salsify consumption, and that discriminate for the ITF
n=26 (male (44%) and diet intrapersonal emotional intervention.
female (56%)) competence reported. Increased levels of Actinobacteria,
Belgium A reduced desire to eat phylum and class, Actinobacteridae
sweets and salty food that sublass, Bifidobacteriales order,
persisted after returning to Bifidovacteriaceae family,
regular diet. Bifidobacterium longum and
Prevotellaceae.
Reduced levels of unclassfied
Clostridiales, Oxalobacteraceae
(trend); Alistipes and Oscillibacter.
Adult women with obesity 8 weeks long with A nutrition education Lower depression scores Increased o-diversity Shannon and 239

Diet group mean age

62 years

Control group mean age
63 years

n=44

Japan

informational
sessions every 2
weeks

programme that centred

on the gut microbiome,
emphasizing consumption
of dietary fibre and
fermented foods.

Nutrition education resulted
in an elevated consumption
of dietary fibre, vegetable
dishes and milk products.

as measured by the Center
for Epidemiologic Studies
Depression scale.

Higher self-rated health
scores.

Simpson indices.

Increased levels of Lactobacillales,
Streptococcaceae, Streptococcus, B.
bifidum, Streptococcus thermophilus
and Veillonella parvula.

Decreased levels of Bacteroidetes,
Bacteroidia, Bacteroidales,
Bacteroidaceae and Bacteroides.

Aged population

(~65 years of age) at risk

for AD due to baseline
coghnitive impairment (MCI),
or cognitive or subjective
memory complaints.

n=17 (n=11 with MCl and n=6
with normal cognition)

Randomized,
double-blind,
crossover:

6 weeks with a
6-week washout
period

Comparison between the
MMKD**° developed for

the study and the AHAD.
MMKD characterized by
macronutrient distribution
with less than 10% of calories
from carbohydrates (<20g
per day), 60-65% from fat and
30-35% from protein. MMKD
includes extra-virgin olive oil
and encourages consumption
of fish, lean meats and
nutrient-rich foods.

AHAD comprises 55-65% of
calories from carbohydrates,
15-20% from fat (<40 g/day)
and 20-30% from protein.
AHAD emphasizes ample
intake of fruits, vegetables
and carbohydrates for
sufficient fibre, along with
lean meats and protein.
Daily multivitamin
supplements for both groups.

No reported alterations in
AD biomarkers following the
intervention.

There were no strong effects on

a- and B-diversity after dietary
interventions.

MMKD: Reduced levels

of Bifidobacteriaceae

and Bifidobacterium and
Lachnobacterium;

Increased levels of Akkermansia,
Tenericutes and Slackia.

Reduced gene families annotated to
AD (PICRUSt-inferred predictions of
metagenome) and in KEGG pathway
associated with type 1

and type 2 diabetes and bacterial
toxins.

Reduction in acetate and increase in
butyrate.

AHAD: Reduction in Bifidobacterium
only in individuals with MCI; increase
in Tenericutes.

Increase in acetate and decrease in
butyrate.

After the MMKD: negative
correlation between
Enterobacteriaceae; and
Tenericutes

positive correlation between
Rikenellaceae, Parabacteroides
and AB,, in MClI cohort;
positive correlation between
Sutterella, observed OTUs and
the Shannon index.

Negative correlation in MCI
cohort between RF39, F-tau and
phosphor-tau, and Mollicutes
After the AHAD:

no positive correlations
observed in MCI cohort.
Negative correlation

between Bacteroidaceae

and Actinobacteria, as well

as AB,,, Actinobacteria and
phospho-tau'®®

Individuals with ulcerative
colitis
n=17

Crossover
2x4-week periods
with a 2-week
washout period in
between

A comparison between a
low-fat, high-fibre diet (with
10% of calories from fat, 1-56%
from saturated fat, 5-9%
from unsaturated fat, and an
omega-6:omega-3 ratio of
3:1) and an ‘improved regular
American diet’ (featuring
increased intake of fruits,
vegetables and fibre, with
35-40% of calories from fat,
10-11% from saturated fat,
25-29% from unsaturated fat,
and an omega-6:omega-3
ratio of 20-30:1).

An increased quality of life
was observed with both
diets, characterized by

a reduction in perceived
limitations related to
physical and emotional
health, improved social
functioning, diminished
pain and an overall positive
impact on general health.

B-diversity shifted after consumption
of the low-fat diet with an increase

in Bacteroidetes, Actinobacteria and
Prevotella.

Faecalibacterium prausnitzii was
increased in the low-fat diet group
compared to the ‘improved regular
American diet’ group.

Higher levels of tryptophan and

the SCFA acetate, as well as lower
levels of lauric acid, after low-fat diet
consumption.

No correlations were
identified between

microbial compositions and
psychological or behavioural

outcomes™.

Aged population (65-
79years of age) n=612
Controls: n=289 (65-79
years)

Male n=145; female n=144
Intervention: n=324 (65-79
years)

Male n=141; female n=182
A subset of the NU-AGE
cohort, involving Italy,
United Kingdom, the
Netherlands, Poland and
France

12 months:
parallel group
design

Customized Mediterranean
diet (MedDiet): Participants
were educated on how

to choose a diet based

on Mediterranean diet or
control diet guidelines.
Control diet cohort
participants were provided
with a leaflet containing
national dietary guidelines.

Strict adherence to

the dietary plan led to
enhancements in overall
cognitive function and
episodic memory when

compared to low adherence.

Both groups exhibited

an overall improvement

in performance on the
Consortium to Establish

a Registry for Alzheimer’s
Disease neuropsychological
battery.

Greater adherence to the dietary
plan resulted in a mitigated decline
in microbial diversity. Machine
learning identified ‘diet-responsive’
microorganisms, with 44 OTUs such
as F. prausnitzii, Roseburia hominis,
Eubacterium (E. rectale, E. eligens
and E. xylanophilum), Bacteroides
thetaiotaomicron, Prevotella copri
and Anaerostipes hadrus showing an
increase with the diet.

Conversely, 45 OTUs, including
Ruminococcus torques, Collinsella
aerofaciens, Coprococcus comes,
Dorea formicigenerans, Clostridium
ramosum, Veillonella dispar,
Flavonifractor plautii and Actinomyces
lingnae, decreased with the diet.

The diet elevated SCFAs and BCFAs
and reduced secondary bile acids,
p-cresols, ethanol and carbon dioxide.

Positive correlations were
observed between enhanced
cognitive function and taxa that
increased with the diet”.
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Table 2 (continued) | Summary of interventional studies investigating the effect of whole diet approaches on microbiota and
behavioural or cognitive outcomes in humans

Population Length of Diet Cognitive, behaviouralor  Microbiota changes Notes/refs.
intervention neurochemical changes
Adults: 45-75 years of age 8 weeks for each MedDairy: Fresh fruits and No taxa change associated A modest decrease in microbial 242
Elevated systolic blood dietary phase vegetables, legumes, fish with cognitive measures diversity was observed in the LFD
pressure>120 mm Hg (not (MedDairy and and seafood, nuts and (planning, memory, group, but not in the MedDairy group.
on hypertensive medication)  LFD) seeds, whole-grain cereal attention, processing speed MedDairy resulted in significant
products and selected or ACE-R scores). increases in relative abundance
white meats; limited or of Butyricicoccus and significant
no consumption of: red/ decreases in Collinsella
processed meat, cream, and Veillonella. Also, there
butter, sugary beverages were significant increases in
and bakery items Lachnospiraceae and Streptococcus,
Recommended dairy and reductions in Oscillospiraceae
consumption: 3-4 daily and Ruminococcaceae.
servings, with specific Higher adherence to the MedDairy
serving sizes for different diet was associated with increased
types of products (for Butyricicoccus, which correlated with
example, 250 ml low-fat lower systolic blood pressure but
milk, 40-120g cheese, increased fasting blood glucose.
200g low-fat Greek Reductions in Collinsella was
yoghurt). associated with improvements in the
LFD: Reduced fat intake, cholesterol:high-density lipoprotein
including breads, cereals, ratio and the MedDiet adherence
lean meat, legumes, rice, score.
vegetables and fruit.
Aged population (65- Cross- Intervention group received Cognitive function 29 nutrients and 10 food groups 243
79years of age) n=226 sectional: individually tailored did not associate with (including fresh fruits, nuts, seeds,
data from pre- dietary advice to follow a gastrointestinal microbiota peanuts, grain products and red/
and post- Mediterranean-like diet composition nor a-diversity. processed meat) were significantly
intervention correlated with gastrointestinal
periods microbiota composition.
combined; Consumption of animal-based
7-day food record foods and higher BMI was positively
associated with Ruminococcus
gnavus, Streptococcus spp. and
Collinsella, but inversely associated
with Akkermansia muciniphila,
uncultured Clostridiales | and II,
and species related to Sporobacter
termitidis.
Consumption of fresh fruits, nuts,
seeds, peanuts and vitamin C was
associated with various genera
from the Bacteroidetes phylum and
Firmicutes, including F. prausnitzii,
Oscillospira guillermondii and E.
rectale.
BMI was negatively correlated
with o-diversity; fresh fruit, nuts,
seeds and peanuts were positively
correlated with o-diversity.
Vitamin C, various minerals, forms of
carbohydrate and plant protein were
positively correlated with a-diversity
included.
31 healthy adults aged >55 20 weeks (8 200ml low-dose No significant changes No significant differences were 244
years weeks per arm; anthocyanin (5mg/100g) observed for Bifidobacterium and
Male n=14; female n=17 4-week washout)  Queen Garnet plum nectar Clostridium.
or raspberry cordial control No biomarkers associated with
Queen Garnet plum nectar
consumption over the 8-week
intervention arm.
24 healthy adults 2 weeks 1x8-fluid ounce container No effect on anxiety Increased levels of Lactobacillusand 57
per day of fermented dairy: and depression scores; decreased Phascolarctobacterium
kefir improved relational
memory-associated task
performance.
45 healthy adults 4 weeks 200ml 2-3 times per day Lowered perceived stress No changes to either a- or B-diversity 63
of sauerkraut, kefir or scores
kombucha
36 healthy adult women: 4 weeks 1259 fermented milk Reduced activity noted in No changes noted 62
18-55 years product (with probiotic) primary interoceptive and
twice a day somatosensory cortices, and
precuneus; frontal, prefrontal
and temporal cortices,
parahippocampal gyrus and
the periaqueductal grey.
100 adults with MCI 12 weeks 800mg of Lactobacillus Increased cognitive function  Increased faecal Lactobacilli 58
Plantarum C29-fermented
soybean per day
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Table 2 (continued) | Summary of interventional studies investigating the effect of whole diet approaches on microbiota and
behavioural or cognitive outcomes in humans

Population Length of Diet Cognitive, behaviouralor  Microbiota changes Notes/refs.
intervention neurochemical changes
23 adults: 18-70 years with 34 weeks (8 CD and KD (Triticum CD: Negative correlations Both interventions did not 245
fibromyalgia weeks per arm; turgidum subsp. Turanicum),  detected between significantly modify microbial
8-week washout) KAMUT brand Actinobacteria and composition, diversity or SCFA levels.
randomized, WPI+SS score; as well as CD was associated with a significant
double-blind Erysipelotrichales and FSS increase in Turicibacter spp., linked
crossover score. to body fat and positively correlated
KD: Positive correlation with butyrate. CD also decreased
observed between abundance of Bacteroidales and
Actinobacteria and TSS increased Erysipelotrichales and
and FOSQ scores; between Verrucomicrobiae.
Verrucomicrobiae and KD significantly increased
WPI+SS and WPI scores; Saccharibacteria and Actinobacteria,
between candidatus along with a higher abundance
Saccharibacteria and SS of butyrate after the first arm. KD
score; between Bacteroidales also increased the abundance of
and SRSBQ score. Actinobacteria and Saccharibacteria
Negative correlation after the firstarm.
between Bacteroidales and
FSS score; and between
Enterococcaceae and WPI
score.
276 adults: 265 years 6 months Randomized, personalized No baseline or intervention Intervention did not alter the 246
oral dietary advice: increase  differences in SNAQ or VAS microbiome compared to the
protein intake to 1.2g per appetite scores between the  control.
kg body weight per day, groups. a-diversity and B-diversity unaffected
and include at least one fMRI showed differential by diet.
meal with 2359 protein; all activation in several brain No significant changes in overall
without increasing total daily ~ areas in response to food microbiota composition based on the
energy intake. pictures or high-caloric food  Bray-Curtis dissimilarity measure or
pictures versus non-food weighted UniFrac.
pictures. Multilevel PCA of CLR-transformed
No significant differences in data showed no significant effect of
brain activation were found the dietary intervention.
between the dietand control ~ No significant effects on specific
groups at follow-up for either  microbial species counts were
of the tasks. observed using negative binomial
ROl analyses at the 6-month  linear mixed-effect models.
follow-up revealed an
increase in signal in the
right insula in response to
anticipating chocolate milk
in the intervention group.
80 adults: 18-35 years 16 weeks Control: no nuts or fatty fish Academic stress decreased a-diversity (Shannon index): 247

(completed=60)

in diet.

Intervention: one portion
(approximately 56 g) per
day of fresh pre-portioned
walnuts

total protein levels in the
control group, but walnut
consumption alleviated this
decrease.

Walnut consumption
significantly decreased
salivary a-amylase levels at
visit 2 compared to controls.
Plasma cortisol levels did not
show significant differences
between the groups.
Academic stress did not
increase biomarkers of stress
in participants.

Academic stress led to a significant
decrease in gut microbiota
richness and evenness in females,
compared to the baseline; but

no significant differences in gut
microbiota diversity across all
clinical visits.

B-diversity (Bray-Curtis
dissimilarity index): Pairwise
PERMANOVA comparisons in
females revealed dissimilarities in
microbial communities between
the control group at visit 1and the
treatment group at visit 2.

No significant changes were
identified in the relative abundance
of Bifidobacteria, Bacteroides and
Lactobacillus.

Trend analysis revealed significant
changes in the relative abundance
of certain families (for example,
Bifidobacteriaceae) and a
near-significant main effect of
treatment in Ruminococcaceae.
Genus-level analysis (ANCOM):
identified significant changes

in relative abundance of
Ruminococcus 1, Ruminococcus 2,
Alistipes; Ruminococcus 1

and Ruminococcus 2 showed
trends, with significant changes
between visit 1and visit 3 in
controls; Alistipes showed a
significant increase between

visit 2 and visit 3 overall, with a
significant main effect of time on
abundance.
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Table 2 (continued) | Summary of interventional studies investigating the effect of whole diet approaches on microbiota and

behavioural or cognitive outcomes in humans

Population Length of Diet Cognitive, behaviouralor  Microbiota changes Notes/refs.
intervention neurochemical changes
107 adults: 18-35 years 12 weeks Control; FD; exercise (RS);  Participants in the FD and Community evenness index 244

(completed=60)

FD-RS

FD-RS groups showed a
significant reduction in the
PRMQ, PM and RM scores
after intervention.

After baseline adjustment,
the PRMQ, PM and RM
scores of the FD and FD-RS
groups were significantly
lower than the control
group.

Short-term memory
scores under the PM
subscale decreased in the
RS, FD and FD-RS groups.
Long-term memory score
under the PM subscale
decreased in the FD-RS
group.

Significant decreases in
short-term memory scores
for the FD and FD-RS
groups in the RM subscale
and in the long-term
memory score for the
FD-RS group.

After adjusting for baseline
values, the improvement
in short-term memory in
the FD and FD-RS groups
was significantly better
than that in the control
group.

The long-term memory
score in the FD-RS group
was significantly lower
than that in the control
group.

Environment-cued
memory scores under

the PM subscale were
significantly lower in the
FD and FD-RS groups
compared to the control
group after adjusting for
baseline values.

Self-cued memory scores
in the RM subscale were
improved in the RS, FD and
FD-RS groups.

Significant increases

in the GEC, Ml scores,
working memory, plan/
organize and organization
of materials in the control
group.

significantly improved in both
the RS and FD groups after
intervention.

Microbial community diversity
(Shannon index) and richness
(number of observed features) did
not change significantly within
each group after the 12-week
intervention.

PCA and PERMANOVA showed no
significant shift in the composition
of microbial community at the
OTU level within each group,

but significant differences were
observed among the groups at
week 12.

Firmicutes, Actinobacteriota,
Bacteroidetes and Proteobacteria
were the main affected
communities, with Firmicutes
being the most abundant.
Bacillota:bacteroidota showed no
significant changes in the three
groups.

RS intervention increased

the relative abundance of
Firmicutes and decreased
Verrucomicrobiota.

RS increased the relative
abundance of Eubacterium
coprostanoligenes, Escherichia
shigella and Faecalibacterium.

FD increased relative abundance
of the NK4A214 group.

Both RS and FD led to a significant
decrease in Lactobacillus spp.;

RS also reduced the relative
abundance of Muribaculaceae.

WPI+SS=FM severity scale; WPI, widespread pain index; SRSBQ, sleep-related and safety behaviour questionnaire; FSS, fatigue severity scale; SS, symptom severity scale; TSS, tiredness
symptoms scale; FOSQ, functional outcome of sleep questionnaire; SNAQ, simplified nutritional appetite questionnaire; VAS, visual analogue scale; PRMQ, prospective and retrospective
memory questionnaire; PM, prospective memory; RM, retrospective memory; GEC, global executive composite; MI, metacognition index; MCI, mild cognitive impairment; ACE-R,
Addenbrooke’s cognitive examination; PLS-DA, partial least-squares discriminant analysis; PICRUSt: phylogenetic investigation of communities by reconstruction of unobserved states; BCFAs,
branched-chain fatty acids; PCA, principle component analysis; CLR, centred log ratio; ROI, region of interest; fMRI, functional magnetic resonance imaging; PERMANOVA, permutational
multivariate analysis of variance; ANCOM, analysis of compositions of microbiomes; OTU, operational taxonomic unit; ITF, inulin-type fructan; LFD, low-fat diet; MMKD, modified Mediterranean
ketogenic diet; AHAD, American Heart Association Diet; MedDairy, Mediterranean Diet supplemented with adequate dairy; CD, control wheat diet; KD, Khorasan wheat diet; FD, fibre-rich diet;
RS, rope skipping; FD-RS, fibre-rich diet with rope skipping; KEGG, Kyoto Encyclopedia of Genes and Genomes; BMI, body mass index.

normal physiological ranges, highlighting a dose-dependent relation-
ship'®*'**, This body of work indicates not only detrimental effects,
such as modulating lipid and hormonal homeostasis and promoting
neuroinflammation, butalso potential benefits, including protecting
theblood-brainbarrier, enhancing microtubule assembly and acting
asapotential therapeuticapproachin AD. The dose-dependent nature
of TMAO’simpact onthe brain adds complexity tointerpretingits rela-
tionship with cognition, which s further complicated by variationsin
circulating TMAO levels influenced by factors like age, diet and renal
clearance'”. Further research revealed how methylamines, linked to

the microbiome, engaged directly with the mammalian blood-brain
barrier, offering protection against inflammation, thereby preserving
cognitive function'®,

It has been shown that TMAO plays a key role in forecasting and
modulating obesity, glucose tolerance and host behaviour, while also
enhancing insulin secretion and reducing metabolic stress'”’. Also, com-
putational analyses have identified TMAO as a potential biomarker for
neurodegeneration and cognitive decline”®, emphasizing the need for
additionalin vivoinvestigations. For example, a high-sugar and high-fat
diet affected gut microbiota and, subsequently, brain physiology
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Table 3 | Dietary approaches affecting gut microbiome and behavioural or cognitive outcomes in rodents

Dietary approaches affecting gut microbiome and behavioural or cognitive outcomes in rodents

Diet Outcomes Refs.

Mouse

50% LB Reduced anxiety-like behaviour; enhanced working and reference memory in LB-fed CF1 male mice. 248
Higher microbial diversity observed in the LB group including 12 unique genera discovered in the LB group
(Chthoniobacter, Alistipes, Dorea, Allobaculum, Staphylococcus, Proteus, Eggerthella, Gemella, Leuconostoc, Sarcina,

Serratia and Turicibacter) and 3 in the controls (Erysipelothrix, Atopobium and Bacteroidales)

Low-fat diet (10% of Reduced Y-maze spatial recognition memory, and novel object exploration and recognition index in the novel object 249

calories from fat) recognition test in SPF C54BL/6J male mice. Increased anxiety-like behaviour during the elevated plus maze task.

High-fat diet (60% of Reduced hippocampal BDNF and phosph-CReP and nuclear factor-kB activation, as well as an indicator of activation of

calories from fat) microglia through increased Ibal expression.

Increased Bacillota:Bacteroidota ratio as well as Proteobacteria and Deferribacteres, along with reduced Bacteroidetes
and Tenericutes.

High-fat diet (60kJ% Increased depression-like behaviour with a disrupted circadian ingestion pattern in C57BL/6J mice. Decreased locomotor 250

from fat, 24kj% from activity.

carbohydrate, 16kJ% from  B-diversity differed between high-fat diet and control animal groups.

protein) Increased o-diversity in the high-fat diet group with reduced levels of Bacteroidetes and increased levels of Firmicutes
and Cyanobacteria.

High-fat/no-sucrose diet Reduced digging and impaired cognitive function in BALB/cAnNTac mice. 251
Differences in B-diversity with increased levels of Firmicutes, Ruminococcaceae, Lachnospiraceae, Ruminococcus, Dorea
and Oscillispira but reduced levels of Bacteroidetes, S24-7 and Anaeroplasma.

High-sucrose/standard Reduced anxiety-like and hyperactive behaviour. Correlations were reported between gut microbiome and behaviour,as 251

low-fat diet well as BDNF levels and inflammatory markers.

High-fat (42%)/ Differences seen in high-sucrose and high-fat diet-fed C57BL/6J mice in the water maze test. 252

high-sucrose (66%) diet Mice on the high-fat diet had increased levels of Erysipelothrichales.

Mice on the high-fat and high-sucrose diet had two genera in Clostridiales increased and three genera in Bacteroidales
reduced.

Mice on the high-sucrose-only diet were the only group to show the presence of Enterococcus, along with increased
levels of Lactobacillales, Lactobacillus and Lactococcus.

Control mice had the order Bacteroidales not present in any of the experimental groups; with the phyla Tenericutes,
Mollicutes and Anaeroplasmatales presenting only in control animals.

It was reported that higher Clostridiales levels were correlated with poorer performance for learning new platform
location as well as searching closer to old platform location; lower Bacteroidales levels were correlated with lower
proximity scores for the location of the old platform; and higher Lactobacillales levels were correlated with poorer
performance on first probe trial of the water maze test.

High-fructose diet No memory impairment was reported. 253
Provision of the high-fructose diet for 8 weeks to C54BL/6N male mice altered microbial community structure but not
a-diversity. Specifically, Bacteroidetes were reduced, Proteobacteria were increased with a trend reported for increased
Firmicutes.

Deferribacteraceae, Helicobacteraceae, Lachnospiraceae and Ruminococcaceae were all reported at higher levels in the
high-fructose diet-fed mice.
Total SCFAs were also reduced.

Magnesium-deficientdiet ~ C57BL/6NBomTac male mice fed a magnesium-deficient diet displayed altered anxiety-like behaviour, and increased 254,255
depressive-like behaviour. Control mice showed a correlation between the gut microbiome and anxiety-like behaviour.

High-amylose corn starch ~ Swiss Webster male mice on a diet of high-amylose corn starch (HA-7) displayed increased anxiety-like behaviour, as 165
measured with an elevated plus maze test. No differences were noted in a-diversity or B-diversity

6:1 fat:protein ketogenic A 6:1fat:protein ketogenic diet fed to germ-free/SPF wild-type Swiss Webster mice reduced the threshold to seizure 101

diet coupled with increased hippocampal glutamate and GABA levels. Further, a-diversity was reduced, along with increased
levels of A. muciniphila, Parabacteroides, Sutterella and Erysipelotrichaceae.

Germ-free status or SPF mice treated with antibiotics both abolished the anti-seizure effect of the ketogenic diet.

Fermented dairy: C57BL/6 male mice; restoration of gut microbiome after intervention. Clustering of gut microbiota with intervention; 256

fermented glycated milk decreased anxiogenic-like behaviour.

protein

Fermented dairy: ICR mice; high dose of GABA fermented milk resulted in a difference in B-diversity, which differed significantly from 257

fermented with LAB medium-dose and low-dose groups; they also had higher levels of butyrate and spent more time in the centre of an open
field test (reduced anxiety-like behaviour) with longer time sleeping.

Fermented dairy: C57BL/6J mice; increased diversity with kefir (UK4) gavage; repetitive behaviours were reduced; increased time spent in 258

fermented with kefir FUST with kefir as well as memory and spatial learning modulation.

Fermented dairy: BTBR T+ Itpr3tf/J mice; no changes to a-diversity or B-diversity; increased levels of Lachnospiraceae bacterium A2 259

fermented with kefir and decreased Clostridiaceae with kefir. Reduced marble burying and enhanced social recognition; no impact on
fear-dependent memory, anxiety or depression-related behaviours.

Fermented dairy: CD-1 male mice; microbiome rescue from lipopolysaccharide challenge with kefir; female mice with kefir were more 260

fermented with kefir immobile, with the opposite observed in male mice.

Fermented dairy: APP/PS1 transgenic mice; increased levels of Mucispirillum, Firmicutes and Ruminiclostridium; decreased levels of 261

fermented with Tibetan Tenericutes, Proteobacteria, Deferribacteres and Bacteroidetes. Spent more time with the novel object and in target

yoghurt quadrant of NOR and MWM tests.

Nature Metabolism | Volume 6 | August 2024 | 1454-1478 1468


http://www.nature.com/natmetab

Review article

https://doi.org/10.1038/s42255-024-01108-6

Table 3 (continued) | Dietary approaches affecting gut microbiome and behavioural or cognitive outcomes in rodents

Dietary approaches affecting gut microbiome and behavioural or cognitive outcomes in rodents

Diet Outcomes Refs.
Mouse
Fermented cereal 3xTg-AD mice; gut microbiota restored with treatment; increased Tenericutes and Actinobacteria; decreased 262
(yeast-enriched beer) Proteobacteria and Sordariomycetes with treatment. Reduced hippocampal and PFC tumour necrosis factor expression;
increased interleukin-4 and interleukin-10. Unaltered NOR; increased discrimination index with treatment.
Fermented grain Albino mice; increased Bifidobacterium and decreased C. perfringens. Increased colonization of Lactobacilus and 263
Bifidobacterium in the colon. Increased distance travelled on T-maze; equal time spent in open and closed arms in
treatment group.
Red ginseng fermented C57BL/6 male mice; increased levels of Bacteroidaceae and Muribaculaceae; rescued stress and depression-like 264
with Bifidobacteria phenotype associated with an E. coli challenge stressor.
Intermittent fasting Diabetic male BKS.Cg-Dock7™+/+Lepr®/) mice on an intermittent fasting schedule of 24 h on and 24 h off demonstrated 145
(24h/24h) improvements in anxiety-like behaviour, locomotor activity and rescue of cognitive deficits, as well as enhanced spatial
memory. Hippocampal neuroanatomical metrics were altered. Both a- and B-diversity were altered, with Lactobacillus
and Odoribacter increased and Enterococcus, Enterococcaceae, Streptococcus, Rummeliibacillus, Candidatus
Arthromitus and Leuconostocaceae reduced.
17 Lactobacillus OTUs were altered by the fasting regime. Specifically, C. Arthromitus and some unknown Leucostocaceae
genera positively associated with cognition-associated blood glucose levels.
Rat
Cafeteria In female Sprague-Dawley rats fed a CCD, novel place recognition, which is a spatial recognition task, was reduced. 265
Moreover, novel place recognition performance was a predictor of global microbiome composition.
B-diversity differed significantly depending on diet; rats on a CCD or HTCD were more closely aligned than those on a
control diet, although all three were different. Rats on a CCD were reported to have a lowered a-diversity. 16 OTUs were
enriched in the CCD rats; 15 OTUs were enriched in the HTCD group.
A correlation between Coprobacter_OTU66 and spatial recognition memory was reported in the control rats.
Galactooligosaccharide, Male Fisher rats (F344) on a diet mix of galactooligosaccharide, polydextrose, lactoferrin, whey protein concentrate and 266
polydextrose, lactoferrin, milk fat globule membrane-10 showed a decrease in anxiety-like behaviour, linked with an increase in total Lactobacillus
whey protein concentrate, spp. The microbial alteration positively correlated with Cfos mRNA expression in cingulate, infralimbic and prelimbic
milk fat globule membrane regions of the PFC and dorsolateral and dorsomedial striatum; as well as serotonin mRNA in the caudal dorsoventral
aspect of the DRN and lateral amygdala.
Short-intermittent periods A short-intermittent period (2h/day) of hypercaloric HFHS diet fed to male Sprague-Dawley rats reduced social 267
(2h/day) of hypercaloric motivation when HFHS food access was restricted for a 23-h period; they displayed reduced social interaction before
HFHS diet compared to after access and increased social investigation after access. They also showed impaired social and object
recognition.
While no difference in o-diversity was reported, there was a dissimilarity of microbiota B-diversity. Specifically, Blautia,
Ruminoccoceae, Phascolarctobacterium, Bifidobacterium, Bacteroidales and Allobaculum were all increased.
Gerbil
Fermented Mongolian gerbils; increased ao-diversity; 3-diversity clustered differently dependent on the intervention. Both 268
Chungkookjang (x2) Chungkookjang interventions rescued short-term memory deficits associated with artery occlusion; the CKJ1intervention
specifically protected against memory dysfunction.
Fermented Mongolian gerbils; increased Shannon index, Bacteroidota and Clostridia; increased passive avoidance test memory. 269
Chungkookjang (x2)
Equine
High-fibre diet Horses fed a low-fibre and high-starch diet (57% hay and 43% barley) spent less time feeding and more time resting. A 270
positive correlation was reported between caecal and colonic amylolytic bacteria and performance in a sociability test;
and between caecal lactate-utilizing and colonic amylolytic bacteria in a social novelty test.
High-fibre or high-starch Ponies were reported to be more active and less settled (more nervous and unsure) when fed a high-starch diet. 271
diet 85 OTUs were significantly altered as a result of diet; 20 OTUs were significantly different depending on diet.
High-fibre or low-fibreand  Crossbred horses fed a low-fibre and high-starch diet (56% hay and 44% barley) exhibited more blowing (exhaling 272

high-starch diet

through mouth) during a test of novelty seen as an anxiety-like alert behaviour. This correlated with higher concentrations
of amylolytic and total anaerobic bacteria, as well as a higher abundance of Succinivibrionaceae.

NOR, novel object recognition; MWM, Morris water maze; LAB, lactic acid bacteria; ICR, Institute for Cancer Research; FUST, female urine sniffing test; SPF, specific pathogen-free; BDNF,

brain-derived neurotrophic factor; GABA, gamma-aminobutyric acid; PFC, prefrontal cortex; DRN, dorsal raphe nucleus; LB, lean beef; CCD, continuous cafeteria diet; HTCD, half-time cafeteria

diet; HFHS, high-fat and high-sucrose diet.

through changesin neurotransmitter metabolism, intestinal healthand
brain circular RNA profilesinmice’. Thus, itappears that diet-induced
dysbiosis altered neurotransmitter secretion and degraded specific
brain circular RNAs via microbial metabolites like TMAO, potentially
aidingthe development of therapeuticstrategies forrelated pathologies.

Vagus nerve signalling
The vagus nerve is the 10th cranial nerve and serves as the primary
connection between the gut and the brain. Comprising 80% afferent

and 20% efferent fibres, vagal afferents tonically transmit vital informa-
tion fromthe gastrointestinal, respiratory and cardiovascular systems
(bottom-up), while also providing feedback to the viscera (top-down).
These afferents in the gut can detect a diverse range of mechanical,
chemical and hormonal signals®°°. The vago-vagal anti-inflammatory
reflex loop, involving vagal efferents, plays a role in modulating
pro-inflammatory cytokines and is linked to inflammatory bowel
disease. Sensory vagal fibre cell bodies in the nodose gangliain the
brainstem synapse on various brainstem nuclei including the NTS*",
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Multisynaptic pathways ascending from the NTS link visceral informa-
tion directly with the entire brain, eliciting for example, emotional
and behavioural responses driven by the gut, and hence through diet.
Thus, the NTS coordinates the integration of interoceptive feedback
transmitted via the vagus nerve, acting as a hub for diet-microbiota-
gut-brain signalling. Studies suggest gut bacteria use vagal afferents
to influence emotional and behavioural responses, emphasizing the
vagus nerve as a conduit for microbiota-brain signalling®®.

The role of the vagus nerve in regulating food intake has long
been recognized. Preclinical studies have provided evidence sug-
gesting that shifts in the gut microbiota induced by diet can disrupt
communication between the gut and the brain via the vagus nerve®°.
High-fat/high-sugar diets can alter gut microbiota abundances leading
to intestinal inflammation, increased intestinal permeability, height-
ened microglia activation and vagus nerve remodelling®®*?°*, which
was suppressed by antibiotic treatment, indicating the mediating
role of the gut microbiota on adverse effects of a high-fat diet on vagal
signalling®®*.

Another study has suggested that the palatability of energy-dense
foods highin fats and sugars caninfluence dietary choices®®. Itis appar-
entthat post-ingestive nutritional signals, through the gastrointestinal
infusion of fats and sugars, activate distinct and separate neurons
within the vagus nerve, ultimately conditioning flavour preferences
and driving overeating, indicating separate gut-brain circuits for fat
and sugar®®, This work elegantly demonstrates how engaging separate
butinterconnected reward circuits in the brain modulates desire and
motivation to consume nutrient-rich foods, promoting overeating,
underscoring the complexity of dietary behaviours and their impact
on obesity.

Endocrine signalling
Enteroendocrine cells constitute a mere 1% of epithelial cells in the
gastrointestinal tract yet wield considerable influence over gut homeo-
stasis. Among these, enteroendocrine L cells and enterochromaffin
cellsstand out, notably populating the distal small and large intestines
where diverse bacterial taxa thrive. Postprandially, enteroendocrine
L cellsorchestrate the release of GLP-1and PYY, powerful anorexigenic
hormones shaping eating patterns®°®. These peptides act as messen-
gers, engaging with local gut neurons, vagal afferents and the CNS,
particularly the brainstem and hypothalamus, to stimulate satiation
andinhibit eating. Recent insights into synaptic connections between
L cells and the enteric nervous system reveal a previously underesti-
mated speed and precisioningut-brainsignalling”.Inthe proximal gut,
L cells respond to luminal nutrients, like carbohydrates and long-chain
fatty acids, conducting a postprandial surge in GLP-1and PYY. In the
distal gut, L cells respond to bacteria-derived metabolites, including
SCFAsandsecondary bile acids, which choreograph signals that persist
between meals, supported by the ongoing bacterial fermentation of
undigested nutrients. The delicate balance of GLP-1and PYY secretion,
crucial for controlling food intake, body weight and metabolism, is
disrupted inindividuals with obesity*°®. Chronic dietary interventions
using prebiotics or probiotics showcase the gut microbiota’s role in
maintaining metabolic health. Certain dietary fibres and probiotic
strains have shown to be instrumental in enhancing GLP-1and PYY
production, underscoring the profound impact of bacterial metabolites
and diet on metabolic well-being.

Autoantibodies targeting appetite-regulating hormones, such
as a-melanocyte-stimulating hormone, hint at an evolutionary mim-
icry, giving gut bacteria a tool to manipulate host food intake'”. The
discovery of the caseinolytic protease B heat-shock protein in gut
commensal E. coli further affirms this symbiotic dance, influencing
appetite and satiety?”’. Enterochromaffin cells produce serotonin
from dietary tryptophan. Gut bacteria, particularly spore-forming
clostridia, induce colonic serotoninsynthesis,impacting gut functions
like intestinal transit”¢. The interplay involves bacterial metabolites,

suchas secondary bile acids and lipopolysaccharides, offering insights
into the diet-gut-microbiota dialogue.

HPA axis

The hypothalamic-pituitary-adrenal (HPA) axis is acornerstone neu-
roendocrine system vital for stress response modulation and has been
implicated in microbiota-gut-brain axis function. Importantly, the
HPA axis is modifiable by probiotics***'and prebiotics®? Specifically,
germ-free mice have a hyper-responsive HPA axis, marked by elevated
corticosterone (murine equivalent of cortisol) levels in response to
stress”*?", and humans with IBS display heightened cortisol responses,
coupled with microbiotaalterations, emphasizing the reciprocal regu-
lation between the microbiome and the HPA axis**.

Dietary interventions have demonstrated the ability to regulate
HPA axis activity. In humans, supplementation with vitamin C, fish oil
or polyphenol-rich dark chocolate led to reductions in cortisol levels
and subjective stress measures*”. Additionally, adopting awhole-foods
diet, particularly with increased dietary carbohydrate intake,
improved salivary cortisol levels in overweight or obese women*°.
Thus, there is growing interest in targeting HPA axis activity through
microbiota-directed dietary interventions. Some studies suggest that
the gut microbiota may play arole in the nutritional modulation of
stress responses?”. For instance, in a preclinical study, supplementa-
tion with milk fat globule membrane and prebiotics attenuated HPA
axis dysregulation and cognitive dysfunction induced by early-life
maternal separation while also influencing microbiota composition®.
Similarly, in another animal model of chronic unpredictable social
stress, prebioticadministration normalized stress-induced alterations

in microbiota and corticosterone levels®’.

Investigating the diet-microbiota-gut-brain
axis: towards mechanisms and causality
Afundamental gap in understanding the diet-microbiota-gut-brain
axis is determining the biobehavioural processes that occur between
consumption of a food item and its effects on emotional and cogni-
tive functioning (see Fig. 4 for an overview). The acute effects of food
intake on behaviourin humans can be investigated by combiningbrain
neuroimaging techniques such as functional magnetic resonance imag-
ing and electroencephalography recording with behavioural assess-
ments of mood and cognitive performance*° 2%, Biological samples
(thatis, blood, saliva, urine and faeces) should also be collected to
determine mechanisms of action. Due to the prolonged transit time
of food metabolism, assessment of the gut microbiota via faecal
sampling lacks feasibility and precision for acute insights. Instead,
serum samples for the determination of SCFAs*** and urine samples for
metabolomics before and after food intake can elicit more real-time
information. Another methodological limitation is the accurate and
convenient assessment of food intake. Common approaches include
self-report methods such as food diaries, 24-h dietary recalls and food
frequency questionnaires, but reliance on memory andbiasinreport-
ing are important threats to accuracy, despite being convenient to
administer??*. Objective measures such as nutritional biomarkers are
ideally supplemented with self-report measures, but their expense
and complexity in analysis are current limitations®”. Moreover, some
foods, such as fermented foods, do not yet have specific biomarkers®*.
However, the recent development of bioinformatic pipelines to esti-
mate dietary intake from metagenomic sequencing of stool samples s
anencouraging area of research that may mitigate some of the current
issuesin assessing food intake”.

The effects of chronic food intake on the microbiota-gut-brain
axisarealso poorly understood. Longitudinal intervention designs with
multiple samplings of the gut microbiome can provide essential time
course data about when diet alters microbial composition/function
andifthese effects are enduring. Multimodal, longitudinal designs can
also be utilized to follow cohorts before disease onset to understand
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the role of the diet-microbiota-gut-brain axis in the pathogenesis
of neuropsychiatric disorders and/or in symptom severity. Preclini-
cal research utilizing established methods that ascertain causality
(Table 1) can be incorporated to provide insights that are not practi-
cal in humans. Specifically, back-translation with FMT methodology
in animal models is among the most powerful tools in determining
causality in microbiome research??®. Randomized controlled trials
with dietary interventions in clinical populations can also provide
information as to whether diet-induced effects on gut microbiota
are maintenance factors for some population subsets. Furthermore,
suchdatacould uncover the possibility for alternative therapeutics to
attenuate brain dysfunction, including a combination of prebiotics/
probiotics and personalized dietary plans. Therefore, it is possible that
the gut microbiota is a mediating or moderating factor in explaining
the relationship between diet and brain health (Fig. 5). As evidenced
throughout, individual gut microbiota composition and functionality
canbevulnerable or protective against poorer dietary intake. Utilizing
Mendelian randomization, a method used in epidemiology to assess
causal relationships between risk factors and health outcomes, it is
possible toreveal causal connections between the gut microbiome and
blood metabolites. Such causal insights can shed light on the mecha-
nistic links within the complex network of diet, gut microbiota and
metabolic health?”, Incorporating sophisticated statistical models®”’,
including structural equation modelling and discriminant analysesin
large datasets with multimodal measures, may determinerisk factors,
including the capacity of individual gut microbiota to metabolize
dietary products, that predict disease onset and phenotype, while
providing additional evidence for the diet-microbiota-gut-brain axis.

Summary and conclusion

Itis now well established that the gut microbiota communicates with
thebrain alongthe microbiota-gut-brain axis to influence mood and
cognition of the host. We can now add diet as a key regulator of this axis
asnearlyallingested items undergo a degree of metabolism by the gut
microbiota. This evolutionary and relevant relationship between diet
and gut microbiota composition and function may partially explain
both the beneficial and detrimental effects of diet on brain function-
ing. Thisintricate triangulation between diet, gut microbiotaand brain
health further suggests a diet-microbiota-gut-brain axis that can
be exploited to support cognitive and mental health for healthy indi-
viduals and to prevent and manage impairments in individuals with
neuropsychiatric disorders (Tables 2 and 3).
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