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ABSTRACT

Links between the gut microbiota and human health have been supported throughout numerous
studies, such as the development of neurological disease disorders. This link is referred to as the
“microbiota-gut-brain axis” and is the focus of an emerging field of research. Microbial-derived
metabolites and gut and neuro-immunological metabolites regulate this axis in health and many
diseases. Indeed, assessing these signals, whether induced by microbial metabolites or neuro-
immune mediators, could significantly increase our knowledge of the microbiota-gut-brain axis.
However, this will require the development of appropriate techniques and potential models.
Methods for studying the induced signals originating from the microbiota remain crucial in this
field. This review discusses the methods and techniques available for studies of microbiota-gut-
brain interactions. We highlight several much-debated elements of these methodologies, includ-
ing the widely used in vivo and in vitro models, their implications, and perspectives in the field
based on a systematic review of PubMed. Applications of various animal models (zebrafish, mouse,
canine, rat, rabbit) to microbiota-gut-brain axis research with practical examples of in vitro methods
and innovative approaches to studying gut-brain communications are highlighted. In particular,
we extensively discuss the potential of “organ-on-a-chip” devices and their applications in this
field. Overall, this review sheds light on the most widely used models and methods, guiding
researchers in the rational choice of strategies for studies of microbiota-gut-brain interactions.
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Introduction
aet brain. The brain can also modulate gut physiology,

Exploring the role of gut microbiota in human
health and its alterations in disease development
is a prominent field of research. This ecosystem is
especially considered due to its involvement in gut-
brain crosstalk following discoveries of association
with various diseases. Studies of the microbiota-gut
-brain axis have revealed associations between
microbiota alterations and several human diseases,
including immunological, neurodegenerative, and
neuropsychiatric disorders." Gut-brain communi-
cation was initially thought to be limited to the
effects of the nervous system on the pathophysiol-
ogy of the gastrointestinal (GI) tract and vice versa.
To date, it is known that the gut microbiome plays
an essential role in neurodevelopment and com-
municates with the brain via the vagal nerves to
relay the peripheral signals from the gut to the

taking the efferent route of the microbiota-gut-
brain axis, like alteration of intestinal permeability
by stress mediators.”> However, the microbiota-gut-
brain axis is now considered a potential target for
interventions in numerous neuropsychological dis-
eases and GI inflammatory disorders, such as
inflammatory bowel disease (IBD) and irritable
bowel syndrome (IBS).?> The microbiota-gut-brain
axis has been shown to play an essential role in the
modulation of the brain and behavioral activities of
the host from the intestinal microbiota.* Indeed,
within the gut mucosa, immune cells, microorgan-
isms, and neurons interact to regulate workflow in
the intestine and modify brain activities and beha-
vior. It has been argued that the metabolites pro-
duced by intestinal microorganisms - involved as
components of the mucosal immune system - and

CONTACT Stéphane Paul @ stephane.paul@chu-st-etienne.fr @ CIRI - Centre International de Recherche en Infectiologie, Team GIMAP, Univ Lyon,
Université Claude Bernard Lyon 1, Inserm, U1111, CNRS, UMR530, CIC 1408 Vaccinologie, Saint-Etienne U1111, France

*Equal participation.
© 2024 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting of the Accepted
Manuscript in a repository by the author(s) or with their consent.


http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/19490976.2024.2351520&domain=pdf&date_stamp=2024-05-07

2 (&) H.MORADIAN ET AL.

gut neurons are the major players in the interac-
tions between the gut and brain. However, several
key issues remain to be resolved in this field,
including the choice of techniques for investigating
how these molecular interactions occur and the
axes that mediate them. Significant in vitro and ex
vivo systems have also been developed to study the
microbiota-gut-brain axis’s metabolomic and
secretary aspects. Many of the diverse experimental
designs created are based on the role of the intest-
inal microbiota and its influence in the modulation
of GI pathophysiology and the brain’s interaction
pathways’; beyond this, it appears the liver-brain
axis and maybe other organs associated with the
microbiota and nerves such as skin or lungs. The
mucosal immune system plays a role in micro-
biota-gut-brain interactions, and many of the
methodologies used are based on neuro-immune
interactions. We systematically reviewed recent
advances in techniques and models for studying
microbiota-gut-brain axis interactions. First, we
provide an overview of the available in vivo animal
models and present in vitro and ex vivo techniques
used on experimental platforms to study the micro-
biota-gut-brain axis. Finally, we propose ways to

improve methodologies that provide us with
a clearer perspective for future investigations.

Materials and methods

Literature search strategies and selection cri-
teria: We performed a systemic literature
review on PubMed until September 2023
according to PRISMA guidelines. The terms
used included “microbiota-gut-brain interac-
tions”, “microbiota-gut-brain axis”, “animal
models for studying gut-brain axis”, “gnotobio-
tic mouse gut-brain-axis models”, “gut-on
-a-chip model”, “microbiota-gut-brain axis”,
“organ-on-a-chip”, “3D culture systems”, “gut
microbiome”, and “zebrafish”. The flow-chart
diagram (Figure 1) includes publications based
on title and abstract reading, techniques, and
methods that have specifically improved or
been proposed for studying microbiota-gut-
brain axis interactions. Therefore, we excluded
techniques that mimicked the intestinal envir-
onment and physiology for other purposes, as
many publications deal with intestinal models
that have been improved but have not yet been
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used or proposed for use in studies of micro-
biota-gut-brain interactions. Forty-three studies
are included in this systematic review.

Overview of animal models

Various animal species have been used as models in
studies of the microbiota-gut-brain axis. Figure 2
presents the multiple techniques used to study
materials from animal models. In mammalians,
rodents and, in particular, mice have been widely
used as models to first study the role of the micro-
biota on physiology.® However, several other types
of animals, including Brandt’s voles,” tree shrews,®
frogs,” honeybees,'® wild house sparrows,'" laying
hens,'? pigs,'” rhesus macaques,'* and Japanese
quails,’>'® were also employed in the frameworks
of microbiota-gut-brain axis and provided notable
results for their specific characteristics of modeling
human disease conditions. The nematode
Caenorhabditis elegans emerge as a valuable
model for dissecting the molecular basis of micro-
biota-gut-brain interactions.'”'® Studies of micro-
biota-gut-brain communications in animal models,
particularly rodents, are based on the effect of the
microbiota and the signals induced in either
a simulated model of a particular disease or phy-
siological behaviors of the animals concerned, such
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as emotional behavior, learning, and memory,
responsiveness to stress, social behavior, and aut-
ism-like characteristics. Horvath et al. found that
Bacteroides ovatus generates metabolites acetic
acid, propionic acid isobaric, and isovaleric acid,
which is associated, when inoculated to germ-free
or gnotobiotic mice, with the production of GABA,
detected in fecal samples. This GABA could then be
associated with communication with the host and
used by capture for the nervous system
functioning.'” The gold-standard methodology to
understand the microbiota of the brain is the usage
of germ-free animals. Various species are grown in
a sterile condition called axenic. These conditions
guarantee that the inoculation of microbiota from
the same or other species, in healthy or disease
conditions, is associated with changes manifested
by the model. Gnotobiotic models are animals with
known and controlled microbiota, enabling the
study of known bacteria strains. In other words,
a germ-free model, inoculated with a known
microbiota, is considered a gnotobiotic. Using
a germ-free mouse model, Engevik et al. showed
that Bifidobacterium dentium mono-associated
colonization modified their behavior by modulat-
ing 5-hydroxytryptamine-5-HT-receptor expres-
sion in the gut and the brain. The authors found
that Bifidobacterium dentium colonization partially
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Figure 2. Figure 1: a schematic representation of in-vitro, ex-vivo, and in-vivo models in studying microbe-host interactions. (a)
microbial culture approach for the analysis of microbe-derived metabolites. (d) advantages and characteristics of zebrafish as an
animal model in microbe-host interaction studies of the gut-brain axis. Created with BioRender.com.
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restored 5-HT-dependent behavior, including
abnormal anxiolytic changes observed in germ-
free mice.”® Other researchers using germ-free
mice demonstrated that gut microbiota coloniza-
tion from different rodent species with distinct
foraging strategies influenced the host diet selec-
tion behavior.”" Li et al. suggested that Rifaximin,
a non-absorbable antibiotic, can ameliorate depres-
sive-like behavior in rats by regulating the abun-
dance of fecal microbial metabolites, such as
SCFAs, and microbial functions by depleting
some bacterial strains.”* Furthermore, using the
gnotobiotic mice model, researchers showed that
early colonization with complex microbiota was
beneficially effective in rescuing behavioral
abnormalities observed in germ-free mice.”> Germ-
free mice that have received fecal microbiota trans-
fer from a patient suffering from schizophrenia and

intensive mental trouble present behaviors that
could be apparated to human schizophrenia. This
suggests that the microbiome could be relevant to
the pathology of this disease.”* For straightforward
reading, we choose to present in Table 1 the list of
available animal models, their study designs, and
the expected outcomes of the microbiota-gut-brain
interaction pathways studied.

Researchers in the field of neurodegenerative
diseases use the canine model. This is because it
presents parallel features of brain aging. It repre-
sents a better translational model because of the
environment, intestines, and habits closer to
humans. Interestingly, in MGBA research, the
canine diet is closer to the human diet than the
mouse diet and is an adaptive genomic to starch-
rich diet due to domestication. This is an important
feature to consider when analyzing the effect of diet

Table 1. Mammal models used in the study of microbiota-gut-brain interactions.

Animal model Study design

Outcomes

Suggested microbiota-gut-brain
interaction pathways Ref.

Germ-free (GF)
male C57BL/6
m{ice25

alcohol use disorder (AUD) patients
and, using established protocols,
transferred to colonize GF mice,
followed by alcohol preference and
drinking experiments and microbiota
and SCFA analysis.

Male ICR mice?®  This model of neurodegenerative disease Mice subjected to pretreatment with
: neuromide had better cognitive

. 3 was established by treating mice with
scopolamine. Passive avoidance tests

were performed to observe and

quantify cognitive impairment.

function.

Fresh stool samples were collected from  Their results showed that fecal
transplantation from humans to GF
mice reduced ethanol acceptance,
intake, and preference, with lower
murine alcohol intake and preference
in post-transplant mice.

They suggested that these effects 25
(reduction in alcohol craving and
intake) are linked with multiple
factors, including specific microbial
genera, reflecting the importance of
the microbiota-gut-brain axis.

It was suggested that gut microbial 10
metabolites (neuromide) might affect
brain health via the endocannabinoid
system.

Wild type (C57BL/ Mice were housed under a 12 h light-12  Gut microbiota influences on the enteric It was concluded from the results that 12

6), h dark photoperiod with free access to
transgenic (e.g.  food and water. They were crossed into
Fos®™), and

neurons were characterized and shown
to modulate gut-extrinsic sympathetic

the microbiota controls gut-extrinsic
sympathetic activation through

the animal facility to obtain various neurons. a microbiota-gut-brain circuit.
gnotobiotic transgenic and gnotobiotic strains.
(GF C57BL/6)
mice?”
Male %istar and  Rats received phenyl-y-valerolactone, Colonic metabolites of F30 were detected Based on these results, it was argued 13

a critical microbial metabolite of
phenolic flavon-3-ols (F30). Also, rats
received oral supplementation with
Ny lyophilized red grapes, and one group
‘ of pigs received a cocoa powder
supplement to ensure F30 intake. After
sacrificing, their brain tissues were
collected and checked for F30
metabolites by UHPLC and MS/MS.
Male Swiss CD-1  Cognitive impairment models were
mice? generated by amyloid 8 (Ap) induction,
& and donepezil was used for memory
recovery, tested with the Maris Water
Maze (MWM) test. Changes in brain
and gut metabolites and fecal
microbiota were performed by
Metataxonomic and metabolomics
investigations.

Fischer rats
and pigs®®

in the brain tissues in both animal
models after treatment with the
metabolites mentioned above as

a dietary supplement. These
metabolites were, therefore, able to
permeate into the brain.

For example, the relative abundance of
Verrucomicrobia within the microbial
community was higher in A
+donepezil-treated mice than with AB
alone. Metabolic pathways of amino
acid and sugar were affected by the AR
and donepezil treatments in the brain
and gut, respectively.

that phenolic compound-rich foods
may exert neuroprotective effects by
influencing the gut microbiota acting
via the microbiota-gut-brain axis.

It was suggested that changes to the 14
gut microbiota might influence the
induction and attenuation of AB-
induced cognitive dysfunction via the
microbiota-gut-brain axis.




on the gut microbiome and its impact on the
brain.® A study linked intestinal bacteria from
microbiota (fewer abundance of Fusobacteria and
with
Interestingly, studies have shown that aggressive

Actinobacteria) memory  faculties.’’
behavior is associated with the bacterial genus,
which is related to experienced anxiety. It was
also shown, as in mice, that chronic stress induces
anxiety related to specific microbiota bacterial
composition.”” Probiotic therapeutic studies were
conducted to address the veterinary treatment of
aggressivity and anxiousness of dogs and showed
promising beneficial effects.”> Metagenomic stu-
dies in dogs have shown a correlation between
aggressive behavior and specific bacterial taxa of
the intestinal microbiome and may be a predictive
factor of evolution to aggressive behavior.”* These
features rank dogs as models for MGBA studies,
especially in studies concerning diet influence on
behavior or neurodegenerative diseases.

The linkage between gut microbiota and beha-
vior was tested in Rhesus Macaques (Macaca
Mulatta). Founded relationships are consistent
with those in humans. This opens a broad field of
study to assess the neurobehavioral effects of meth-
ods to modulate the gut microbiome in complex
behavioral features.'*

The stress-induced model of piglets by mater-
nal separation was used in a study investigating
the effects of alkaline water on diarrhea induced
by weaning stress. The hypothesis of an intestinal
improvement through the hypothalamic-pituitary
axis mediated by a modified bacteria ecosystem
was tested. This study shows the reduction of
cortisol and haptoglobin, according to induction
of signal at the epithelial level that secondly mod-
ified the MGBA, conferring diarrhea resistance.’
These initiatives demonstrate a possible applica-
tion of MGBA research beyond the widely used
mice model.

Among non-mammalian models, zebrafish
appear to be the widest-used model of microbiota-
gut-brain interaction studies, and features are pre-
sented in Figure 2. The three main appearing ben-
efits of zebrafish as a model are: (i) genome-editing
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in zebrafish is easy, allowing the performance of
genetic manipulations; (ii) zebrafish can be used
for live in vivo imaging of host-bacteria interac-
tions to monitor the activities of immune-signaling
components among other possibilities, and (iii)
protocols for germ-free experiments are well-
established for this species. Moreover, despite sub-
stantial differences in taxonomic composition, the
microbiomes of zebrafish and humans have similar
abundances of functional pathways.’® A Germ-free
zebrafish model was studied using caffeine to trig-
ger a neural hyperactivity model. The effect of
melatonin as a probiotic agent was assayed on
neurotransmitter production disorders compared
to germ-free conditions. Disorders of brain neuro-
transmitter production (DA, y-GABA, and 5-HT)
caused by caffeine were improved by melatonin
treatment, associated with the restoration of intest-
inal microbiota, compared to the maintenance of
the axenic condition. This suggests that the healthy
intestinal microbiota, modulated by melatonin,
improves neurotransmitter secretion disorders.>
Lee et al. present zebrafish as an excellent animal
model for microbiota-gut-brain axis studies of its
small body, genomic/physiological similarities to
humans, and its suitability for chemical screening
in vivo. Zebrafish can mimic various human dis-
eases: autism spectrum disorder (ASD) and
Alzheimer’s disease (AD).”° Features of the GI are
primarily conserved between mammals and zebra-
fish, except for acidic stomachs. The cell types in
the zebrafish GI play a crucial role in sensing
environmental stimulation and transmitting this
information to other organs, including the brain.
The zebrafish’s enteric nervous system (ENS) con-
sists of enteric neurons, a submucosal/myenteric
plexus, associated glia, and muscle layers, together
with neurons capable of secreting neurotransmit-
ters similar to those found in mammals. The zebra-
fish ENS has been shown to regulate intestinal
motility and to mediate connections between the
intestine and the central nervous system (CNS).
The zebrafish immune system has also been
shown to be highly similar to that of mammals,
with most of the immune cells present in mam-
mals, including macrophages, neutrophils, and
B and T lymphocytes also identified in zebrafish.
The CRISPR/Cas9 system has been validated to
achieve gene knockouts effectively in zebrafish
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in vivo. Several transgenic zebrafish lines have been
established for cell tracking in vivo to investigate
communication between the gut microbiota and
the brain. The host response to gut colonization
by the microbiota has been reported to be similar in
zebrafish and mammals, making it possible to
transpose some zebrafish data to humans.’” Based
on the microbiota-gut-brain axis, Chen et al.
assessed the effects of isorhynchophylline (a tradi-
tional Chinese medicine used to treat addiction) on
morphine dependence in a zebrafish model of mor-
phine-induced addiction. The authors provided
evidence that the impact of isorhynchophylline on
morphine addiction is related to gut microbiota.’®
Such studies could not only lead to diagnostic/
therapeutic strategies in such addicted conditions
but also support the use of the zebrafish model in
studying the microbiota-gut-brain axis further.
Animal models still have known limitations.*
First, the animals used may have limited physiolo-
gical relevance due to interspecies differences.’
Another major problem is the need for an accurate
animal model capable of reproducing human
enteric nervous system (ENS)-microbiome interac-
tions faithfully.’® No specific animal model appears
optimal for studies of microbiota-gut-brain inter-
actions, particularly regarding the feasibility of
transposing outcomes from these models to
human pathophysiology. Finally, using animal
models induces more and more ethical concerns
that are stimulating researchers to turn to in vitro
techniques that are more and more relevant in
microbiota-gut-brain axis modeling.

In vitro approaches

In vitro techniques use cells from immortalized
lines or growth from explants. These devices enable
a high precision of the biological and molecular
mechanisms involved in the microbiota-gut-brain
axis. We detail techniques from the simplest to the
most complex developed.

2D cellular studies

These cell-based study methods have several
advantages, including cost-effectiveness, ease of
handling, and robustness across different cell
types. However, one major problem with 2D cul-
ture systems in microbiota-gut-brain studies is that

these systems need more of the human body’s
biological, mechanical, and topographical
complexity.*” In particular, the neural network
cannot be accurately represented in 2D culture
systems. Seo et al. validate a 2D cellular model
suggesting that gut microbes might interact with
the brain through the endocannabinoid system,
exerting a neuroprotective effect via the micro-
biota-gut-brain axis. They used a culture system
in which PC-12 cells were grown in a 96-well
plate. The cells were then treated with neuromide,
a compound with a structure bioidentical to speci-
fic commensal bacterial metabolites, which func-
tions as an agonist of the endocannabinoids CB1
and GPR119. Cell viability was tested after expo-
sure to reactive oxygen species (ROS) and showed
a significantly increased cell viability.”® On the
other hand, in-vitro culture models of intestinal
microbiota, such as the SHIME (Simulator of the
Human Intestinal Microbial Ecosystem) model,
have also shown the potential to be applied not
only in the field of gut microbiome research but
also in the study of microbe-host-interaction. This
model mimics the entire GI tract and allows inocu-
lation of the gut microbiome from different targets:
diseased patients, healthy individuals, and animals

(pig, dog).*!

Organoid culture system

Substantial advances have been made in intestinal
ex vivo culture by developing organoid culture
systems.  Yassachar et al.  developed
a microfabricated 3D organ culture system capable
of preserving the average multicellular composi-
tion of the mouse intestine. Intact intestinal tissue
from the mouse is connected to the input and out-
put of the chamber, coupled with pumps to control
the flow of the medium within the lumen and in the
external medium chamber. This system allows us
to model the interaction between intestinal cells,
the immune system, microbes, and nutrients. They
exposed this system to two different microbes and
showed that it could reproduce the induction of
RORg" Treg cell populations and Thl7 by
C. ramosum and segmented filamentous bacteria
(SFB), respectively. Indeed, they showed that the
sensory neurons were activated by microbes asso-
ciated with RORg" Treg induction. They con-
cluded that differential engagement of the enteric



nervous system might be involved in pro- or anti-
inflammatory responses to microbes.*? Trapecar
et al. developed a mesofluidic culture system of
gut-liver-brain interactions in the context of
Parkinson’s disease (PD). Their platform is based
on three microphysiological systems (MPSs) - gut/
immune, liver/immune, and cerebral/immune sys-
tems - linked via the culture medium. They used
HC176 colon organoids from non-diseased tissue
biopsy specimens, and they seeded the system with
human monocyte-derived dendritic cells and
macrophages as innate immune system compo-
nents of the gut. Liver MPSs were prepared from
human primary hepatocytes from a single donor,
and Kupffer cells were purchased. Coculturing
neurons, astrocytes, and microglia in 24-well
Transwell inserts established the brain MPSs. The
circulatory system was irrigated with a serum-free
culture medium supplemented with circulating
CD4" Treg and Ty17 cells. Finally, purified short-
chain fatty acids (SCFAs) were added as microbial
metabolites. This system comprises pneumatic and
mesofluidic plates separated by a polyurethane
membrane to form a pumping manifold. The inter-
actions between brain MPSs from healthy controls
and MPSs of the gut-liver axis occurring in the
presence of circulating Treg and Tyl17 cells had
beneficial effects on the phenotype of the brain
MPSs by increasing the expression of genes asso-
ciated with the maturity of neurons, astrocytes, and
microglia. They also observed that microbiome-
associated SCFAs increased the expression of dis-
ease-associated pathways in PD. In isolation, sam-
ples from the cerebral MPSs were subject to
metabolite extractions and analysis by reversed-
phase ultra-performance liquid chromatography -
tandem mass spectrometry (RP/UPLC-MS/MS).*
In an ex vivo culture system of duodenal samples
from dogs with chronic enteropathies, Sauter et al.
investigated the influence of probiotics on mRNA
and protein expression levels of cytokines. Their
results showed the beneficial effects of probiotics
on cytokine expression and had an immune-
modulating impact on intestinal inflammation by
contributing to the reduction of inflammation.**
Ahrends et al. described how they isolated the
myenteric and submucosal plexus intestinal layer
from a mouse (C57BL/6) GI tract (Figure 3a). This
layer contains an extensive network of enteric

GUT MICROBES (&) 7

neurons, and thus, such methods could provide
useful ex vivo experimentations of microbe-host
interactions.*> Chandra et al. have developed
a canine GI 3D organoid system model that is not
only applicable to intestinal diseases in dogs and
humans but will also help to investigate host-
microbe interactions (Figure 3b).*® Brain organoid
in vitro systems are also developed from human
pluripotent stem cells, with several possible appli-
cations, including studies of neurological
phenomena.*” However, the applications of brain
organoids in the field of the microbiota-gut-brain
axis require further investigation. Lack of critical
components of in-vivo intestine like microflora,
immune system, vascular and nervous systems is
one of the main limitations of 3D organoid models,
coupled with lack of a lumen, which results in the
diffusion of intestinal secreted metabolites, like
mucin, into the culture media. Another limitation
of organoid systems growing in a 3D extracellular
matrix is their variability in size, shape, morphol-
ogy, and localization from one to another, making
it difficult to achieve real-time monitoring.*®

Organ-on-a-chip platforms

Microfluidic platforms combine lab-on-a-chip
technology with 3D organotypic cultures to recre-
ate the pathophysiological complexity of the micro-
biota-gut-brain axis, commonly called organ-on
-a-chip (OoC) models. OoC models include differ-
ent culture channel surfaces and fewer media
requirements.’® They are designed to represent
a single organ or as more complex multiorgan-on
-a-chip platforms. They can provide a very thin
culture chamber (millimetric dimensions), facili-
tating the continuous perfusion of the culture med-
ium. They are accessible for imaging and
quantitative assays, as sufficient cells can be har-
vested. OoC devices can also minimize functional
aspects of pathophysiology in the tissues, making it
possible to evaluate therapeutic agents and their
effects on the tissue concerned. They can also
lower the cost of research while increasing
throughput over that achieved with animal models,
thereby decreasing ethical concerns.”” These mod-
els can potentially model the microbiota-gut-brain
microenvironment accurately, reproducing the
physiological features observed in vivo.>’
Platforms and devices of this type mimic in vivo
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organ physiology and in vitro function in
a controlled environment.> Figure 3 presents dif-
ferent schematic compartments of an organ-on-
chip model for studying host-microbe interactions
in vitro. OoC models are composed of multilayered
and different compartments receiving cultures of
endothelial cells, epithelial cells, macrophages, and
dendritic cells.”® Most gut-on-chip models initially
incorporate the intestinal microenvironment,
including gut microbes, epithelial cells, and
immune cells (Figure 3c). OoC is designed in var-
ious sizes and shapes. However, they all contain
hollow channels lined by living cells cultured under
fluidic flow, and OoC can be designed as a single
and or multi-organ-on-chip. At the same time, it
can also include multiple micro-physiological sys-
tems (MPSs), including the gut, liver, immune, and
cerebral MPSs. Gut-on-chip models have different
application areas, including their use in studying
microbe-host interactions.”" Kim et al. described
a biomimetic human-on-a-chip microdevice com-
posed of two microfluidic channels separated by
a porous membrane and coated with an extracel-
lular matrix (ECM). The intestine structure is
mimicked by human intestinal epithelial Caco-2
cells, where a fluidic flow recreates the gut micro-
environment. Under those conditions, a columnar
epithelium develops to recapitulate the intestinal
villi. In addition, this model allowed the co-culture
of Lactobacillus rhamnosus to be a normal intest-
inal microbe.”® Microbiota-gut-brain axis OoC
requires microchannels (for perfusion and the
establishment of biological gradients), microcham-
bers (for the spatial separation of different cell
types or tissue formations), extracellular matrix
components (to ensure accurate representation in
three dimensions), and electroactive compartments
for stimulation and recordings.>® Thanks to micro-
fluidic isolation, sampling the specific supernatant
of cell culture is possible and enables targeted -
omics analysis. Gabriel-Segard et al. designed
a microfluidic device and used it to show that
bacterial particles (Lipopolysaccharide) were able
to generate electrophysiological activity in gluta-
matergic neurons mediated by immune cells
(MoDC).”* This promising model could accelerate
efforts to develop a gut-nerve-on-a-chip model for
studying secretory aspects of the microbiota-gut-
brain axis. The MINERVA project consists of
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a microbiota-gut-brain-engineered platform for
evaluating the impact of intestinal microbiota on
brain functionality using a multiorgan-on-chip. It
consists of five organ-on-a-chip devices corre-
sponding to the gut microbiota, gut epithelium,
the immune system, the blood-brain barrier, and
the brain. Each device is connected to the next via
a microfluidic pipeline through which the culture
medium can flow under positive pressure.*’
Sampling and cell perfusion can be performed in
each of the compartments. The first device mimics
the gut mucus inoculated with gut microbiota, and
the next is seeded with gut epithelial cells. The third
device contains host macrophages and lympho-
cytes to represent the immune system, and the
fourth consists of two mirror monolayers of
endothelial cells and astrocytes representing the
blood-brain barrier (BBB). Finally, the brain on-
a-chip device consists of a 3D hydrogel matrix
mimicking the brain extracellular matrix, into
which neurons, microglia, and astrocytes are
implanted. All the devices except those corre-
sponding to the brain have microporous mem-
branes to support cell adhesion and allow the
secretome to pass into the lower part of the culture
chamber without mixing the different media. One
perspective for improving OoC models is the gen-
eration of so-called “body-on-chip” platforms inte-
grating several OoC devices. Fusco et al. proposed
the development of a multiorgan-on-a-chip plat-
form for investigating the role of the microbiota-
gut-brain axis in the context of epilepsy.*® Last but
not least, we shall highlight here the challenges and
limitations of OoC models that could be useful for
the future improvement of such models. One main
challenge is to move to the next level of OoC
models to demonstrate the equivalence and/or
superiority of these techniques to animal models.

Analytical platforms for metabolomic studies of the
microbiota-gut-brain axis

Microbial metabolites have several different roles
in microbiota-gut-brain crosstalk by triggering
immune system activation or influencing the devel-
opment of neurodegenerative disorders. Therefore,
well-balanced metabolite production by the micro-
biota is essential for host health, and any changes to
microbial metabolism may influence microbiota-
gut-brain interactions. For this reason, metabolic
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analyses of microbiota are a valuable tool for stu-
dies of the microbiota-gut-brain axis (Figure 3d).
The most widely used analytical platforms for
metabolomic analyses of the microbiota-gut-brain
axis include liquid chromatography coupled with
mass spectrometry (LC-MS), which can determine
the levels of many organic acids, such as SCFAs,
bile acids, and their derivatives. Gas chromatogra-
phy coupled with mass spectrometry is also
a versatile technique for metabolite determina-
tions. The samples and matrices used for metabo-
lomic analysis include stools, urine, plasma, serum,
cerebrospinal fluid, intestinal biopsy specimens,
and brain tissue.' As microbiota-gut-brain axis
studies involve multiple soluble molecules, highly
varied omic methods are required to identify bio-
logical pathways. In an analysis based on
a gnotobiotic animal model, intestinal organoids,
bacterial cultures, and stool sample, Horvath et al.
performed a targeted liquid chromatography-
tandem mass spectrometry (LC-MS/MS)-based
metabolomic analysis to investigate SCFAs, intest-
inal and brain neurotransmitters. They showed
that Bifidobacterium dentium, a commensal bacter-
ium present in the gut, produces GABA (gamma-
aminobutyric-acid) and that colonization of the
intestine by this bacterium is associated with higher
gut serotonin levels. They also showed that
Bifidobacterium ovatus secretes indole-3-acetic
acid in vitro, thereby increasing the levels of this
molecule in the cecum and feces in an animal
model. They demonstrated that this bacterium
(B. ovatus) affects CNS gene expression, microglial
maturation, and mouse behavior and can modulate
immune cells, conferring protection in an animal
model of colitis.”*

Mechanosensory probe, electrophysiological
recordings, and neuroimaging

Mayeli et al. developed a minimally invasive
mechanosensory probe to target the perceptions
of the gastrointestinal system and neural responses
to gut sensations via the ingestion of a vibrating
capsule. The design of their study was inspired by
signal theory, and it combined the mechanosensory
stimulation of gut signals with measurements of
gut sensations, electroencephalogram (EEG) and
electrogastrogram (EGG) recordings, and the
recording of other peripheral physiological signals.

Gastrointestinal stimulation was achieved in
healthy individuals by ingesting an orally non-
biodegradable vibrating capsule. The capsule’s
vibration was detected with a stethoscope, and
electrophysiological recordings were performed
with an EEG system. The pre/post-processing
data were then analyzed with Brain Vision
Analyzer-2 software. This approach made it possi-
ble to identify signatures of gastrointestinal percep-
tion and differential effects in the brain according
to the strength of stimulation. The authors sug-
gested that this approach would be helpful for
investigations of microbiota-gut-brain interactions
in individual humans.” Overall, according to
many studies, combining the data from the gut
(microbiota) with the methodologies like EGG/
EEG,”® noninvasive electric recording system,”’
and neuroimaging modalities such as MRI
(Magnetic Resonance Imaging) have provided
insights into the understanding of microbiota-gut-
brain interactions.”® ®'

Discussion

Various techniques and models have been used to
study the microbiota-gut-brain axis by investigat-
ing the components of this crosstalk. Animal mod-
els have been widely used to determine the effects
of the microbiota on the microbiota-gut-brain axis,
whereas diverse in vitro models have been used to
reproduce various aspects of the pathophysiologi-
cal microbiota-gut-brain microenvironment. Mice
are the most widely used animal model in this
context. Still, other animal models are emerging,
including the zebrafish, which is considered parti-
cularly promising for use in studies of the micro-
biota-gut-brain axis - germ-free animal
experimentations are still the gold standard for
studying microbiota-gut-brain interactions.’>®
Researchers have suggested the employment of
multi-animal species in the future use of animal
models in the field,"* as microbiota-gut-brain
social behavioral features are not realizable through
in vitro models. However, it is too early to conclude
that the modeling strategies used in this field can
address all the questions raised concerning micro-
biota-gut-brain interactions, and we may still have
some way to go before a more relevant modeling
strategy is found. Some of the systems developed to



date require manufacture in a complicated multi-
step process that is time-consuming and labor-
intensive. It also remains difficult to determine
the optimal conditions for the coculture of the
elements of the microbiota-gut-brain axis, particu-
larly in 2D and 3D models, in which various com-
ponents are required. There is also yet to be
a definitive method for tracing the dynamics of
in vitro microbiota-gut-brain models.”® Despite
the challenges outlined above, in vitro models are
considered promising based on the evaluations of
several types of platforms. OoC devices are consid-
ered promising tools with many advantages for
studies of the microbiota-gut-brain axis. Firstly,
OoC platforms allow cell culture in single cham-
bers connected by chip-based microfluidic chan-
nels to promote communication. Secondly, it is
possible to control the microenvironment’s spatial
and temporal features and create more physiologi-
cally relevant complex systems. It also allows set-
ting medium flow rates (exchange of nutrients and
metabolites), simulating cell growth, proliferation,
and differentiation, applying mechanical forces (to
mimic the physical microenvironment), and mon-
itoring the operating parameters (oxygen, glucose
concentration, pH). The miniaturization of these
devices also makes it possible to decrease reagent
volumes. Moreover, electric sensors can be inte-
grated into these devices, making it possible to
evaluate biological and biophysical parameters,
such as transepithelial electrical resistance
(TEER), and through micro-electrodes arrays
(MEA), the electric activity within a neuron cul-
ture. Human brain imaging techniques have been
used to explore possible interactions between the
functions of the gut and those of the brain in
certain neuropsychiatric disorders and to evaluate
brain activities following the administration of
commensal-fermented milk through cognitive
function tests.*

Information and data from human studies on
microbiota-gut-brain interactions still need to be
made available, highlighting the need for
approaches based, to a more significant extent, on
pathophysiology and clinical data.” Therefore,
focusing on human diseases and neurological dis-
orders as model candidates for studying micro-
biota-gut-brain interactions would be interesting.
IBD patients have been widely investigated in
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studies of the microbiota-gut-brain axis, leading
to several significant achievements in regulating
inflammation by the vagus nerve or transmitting
stress by the vagus nerve, intensifying by triggering
inflammatory relapses of the disease. Liu et al.
investigated correlations between IBD and changes
in cerebral cortical structures, which can imply the
existence of microbiota-gut-brain involvement at
the organismal level. The authors suggested that
magnetic resonance imaging (MRI) might be con-
sidered an additional screening option for IBD
patients and that clinical patients with IBD prior-
itize long-term inflammation management, as
changes at the organismal level can lead to func-
tional pathologies.®” Drug addiction is a significant
public health issue in many countries and drug-
dependent individuals may serve as relevant candi-
dates for the study of microbiota-gut-brain inter-
actions in this context. The pathways and systems
involved in the pathophysiology of such disorders
include nutrient intake, mental health, and the
immune system, all essential factors and elements
of the microbiota-gut-brain axis. By contrast, fewer
studies have been performed, and less extensive
data are available concerning the electrochemical
properties of the microbiota-gut-brain axis. So, it
would be helpful to develop technical strategies
based on the electrochemical properties of micro-
biota-gut-brain interactions. Focusing on specific
topics or general analysis of techniques and meth-
odologies in this field should strengthen research to
improve our knowledge about the mechanisms
underlying microbiota-gut-brain interactions.

Strategically, it is sensible to focus efforts on
integrating cellular elements of human origin into
the design of in vitro platforms whenever possible.
Most of the in vitro systems in current use incor-
porate the coculture of cells, at least some of which
originate from animals. Therefore, the results gen-
erated by such models may be similar to those
expected from animal models, and their interpreta-
tion concerning humans would need to be revised.
Finally, it would be helpful to compare a wide
range of studies in different animal models and
their outcomes to assess the similarities of results
obtained from other animals regarding the mole-
cular pathways of microbiota-gut-brain interaction
identified and to determine the variability of these
results.
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Conclusions

We provide information about some of the recently
developed methods and models for microbiota-gut
-brain studies, highlighting, in particular, the
importance of zebrafish as an in vivo animal
model and organ-on-a-chip systems as in vitro
models. Our synthesis highlights the usefulness of
both strategies in the field, as animal models can-
not yet be entirely replaced, and in vitro models
alone have limitations and cannot perfectly repro-
duce in vivo conditions. In the future, it might be
helpful to perform a comparative review on in vitro
models and strategies in which efforts have been
made to simplify and isolate the elements of the
microbiota, gut, or brain, comparing these systems
with efforts to create much more complicated sys-
tems. This, in turn, might guide decision-making
by researchers interested in designing models to
study the microbiota-gut-brain axis.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The author(s) reported there is no funding associated with the
work featured in this article.

References

1. Konjevod M, Nikolac Perkovic M, Séiz J, Svob Strac D,
Barbas C, Rojo D. Metabolomics analysis of
microbiota-gut-brain axis in neurodegenerative and
psychiatric  diseases. ] Pharmaceut Biomed.
2021;194:113681. doi:10.1016/j.jpba.2020.113681.

2. Tillisch K. The effects of gut microbiota on CNS func-
tion in humans. Gut Microbes. 2014;5(3):404-410.
doi:10.4161/gmic.29232.

3. 11 - EMBO mol med - 2022 - Michaud - alteration of
microbiota antibody-mediated immune selection con-
tributes to dysbiosis in.Pdf.

4. Cryan JF, O’riordan KJ, Cowan CSM, Sandhu KV,
Bastiaanssen TFS, Boehme M, Codagnone MG,
Cussotto S, Fulling C, Golubeva AV. et al. The
microbiota-gut-brain axis. Physiol Rev. 2019;99
(4):1877-2013. doi:10.1152/physrev.00018.2018.

5. Mayer EA, Tillisch K, Gupta A. Gut/Brain axis and the
microbiota. Nutr Cancer. 2015;125(4):463-479. doi:10.
1172/JCI76304.

10.

11.

12.

13.

14.

15.

16.

. Mayer EA, Nance K, Chen S. The gut - brain axis. Annu

Rev Med. 2022;73(1):439-453. doi:10.1146/annurev-
med-042320-014032.

. Bo TB, Zhang XY, Wen J, Deng K, Qin XW, Wang DH.

The microbiota-gut-brain interaction in regulating
host metabolic adaptation to cold in male Brandt’s
voles (lasiopodomys brandtii). Isme J]. 2019;13
(12):3037-3053. doi:10.1038/s41396-019-0492-y.

. Wang]J, Li Q, Huang Q, Lv M, Li P, Dai ], Zhou M, Xu J,

Zhang F, Gao J. et al. Washed microbiota transplanta-
tion accelerates the recovery of abnormal changes by
light-induced stress in tree shrews. Front Cell Infect
Microbiol. 2021;11(June):1-14. doi:10.3389/fcimb.
2021.685019.

. Emerson KJ, Fontaine SS, Kohl KD, Woodley SK.

Temperature and the microbial environment alter
brain morphology in a larval amphibian. ] Exp Biol.
2023;226(12). doi:10.1242/jeb.245333.

Chang R, Chen ], Zhong Z, Li Y, Wu K, Zheng H,
Yang Y. Inflammatory bowel disease-associated
Escherichia coli strain LF82 in the damage of gut and
cognition of honeybees. Front Cell Infect Microbiol.
2022;12(August):1-12. doi:10.3389/fcimb.2022.983169.
Kelly TR, Vinson AE, King GM, Lattin CR. No guts
about it: captivity, but not neophobia phenotype, influ-
ences the cloacal microbiome of house sparrows (Passer
domesticus). Integr Orga Biol. 2022;4(1). doi:10.1093/
iob/obac010.

Huang C, Hao E, Yue Q, Liu M, Wang D, Chen Y, Shi L,
Zeng D, Zhao G, Chen H. et al. Malfunctioned inflam-
matory response and serotonin metabolism at the
microbiota-gut-brain axis drive feather pecking beha-
vior in laying hens. Poultry Sci. 2023;102(8):102686.
do0i:10.1016/j.psj.2023.102686.

Sutkus LT, Joung S, Hirvonen ], Jensen HM,
Ouwehand AC, Mukherjea R, Donovan SM,
Dilger RN. Influence of 2'-fucosyllactose and
Bifidobacterium longum subspecies infantis supple-
mentation on cognitive and structural brain develop-
ment in young pigs. Front Neurosci. 2022;16
(April):1-13. doi:10.3389/fnins.2022.860368.

Johnson KV A, Watson KK, Dunbar RIM, Burnet PWJ.
Sociability in a non-captive macaque population is
associated with beneficial gut
Microbiol. 2022;13(November):1-12.
fmicb.2022.1032495.

Yidirim A, Kraimi N, Constantin P, Mercerand F,
Leterrier C. Effects of tryptophan and probiotic supple-
mentation on growth and behavior in quail. Poultry Sci.
2020;99(11):5206-5213. do0i:10.1016/j.psj.2020.07.047.
Kraimi N, Calandreau L, Zemb O, Germain K,
Dupont C, Velge P, Guitton E, Lavillatte S, Parias C,
Leterrier C. et al. Effects of a gut microbiota transfer on
emotional reactivity in Japanese quails (coturnix
japonica). J Exp Biol. 2019;222(10). doi:10.1242/jeb.
202879.

bacteria. Front
doi:10.3389/


https://doi.org/10.1016/j.jpba.2020.113681
https://doi.org/10.4161/gmic.29232
https://doi.org/10.1152/physrev.00018.2018
https://doi.org/10.1172/JCI76304
https://doi.org/10.1172/JCI76304
https://doi.org/10.1146/annurev-med-042320-014032
https://doi.org/10.1146/annurev-med-042320-014032
https://doi.org/10.1038/s41396-019-0492-y
https://doi.org/10.3389/fcimb.2021.685019
https://doi.org/10.3389/fcimb.2021.685019
https://doi.org/10.1242/jeb.245333
https://doi.org/10.3389/fcimb.2022.983169
https://doi.org/10.1093/iob/obac010
https://doi.org/10.1093/iob/obac010
https://doi.org/10.1016/j.psj.2023.102686
https://doi.org/10.3389/fnins.2022.860368
https://doi.org/10.3389/fmicb.2022.1032495
https://doi.org/10.3389/fmicb.2022.1032495
https://doi.org/10.1016/j.psj.2020.07.047
https://doi.org/10.1242/jeb.202879
https://doi.org/10.1242/jeb.202879

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Ortiz de Ora L, Bess EN. Emergence of Caenorhabditis
elegans as a model organism for dissecting the gut-
brain axis. mSystems. 2021;6(4):1-5. doi:10.1128/
mSystems.00755-21.

Kim DH, Flavell SW. Host-microbe interactions and
the behavior of Caenorhabditis elegans. ] Neurogenet.
2020;34(3-4):500-509.  do0i:10.1080/01677063.2020.
1802724.

Horvath TD, Thekweazu FD, Haidacher SJ, Ruan W,
Engevik KA, Fultz R, Hoch KM, Luna RA, Oezguen N,
Spinler JK. et al. Bacteroides ovatus colonization influ-
ences the abundance of intestinal short chain fatty acids
and neurotransmitters. iScience. 2022;25(5):104158.
doi:10.1016/j.i5¢1.2022.104158.

Engevik MA, Luck B, Visuthranukul C, Thekweazu FD,
Engevik AC, Shi Z, Danhof HA, Chang-Graham AL,
Hall A, Endres BT. et al. Human-derived bifidobacter-
ium dentium modulates the mammalian serotonergic
system and gut-brain axis. Cell Mol Gastroenterol
Hepatol. 2021;11(1):221-248. doi:10.1016/j.jcmgh.
2020.08.002.

Trevelline BK, Kohl KD. The gut microbiome influ-
ences host diet selection behavior. Proc Natl Acad Sci
USA. 2022;119(17):1-8. d0i:10.1073/pnas.2117537119.
Li H, Xiang Y, Zhu Z, Wang W, Jiang Z, Zhao M,
Cheng S, Pan F, Liu D, Ho RCM. et al. Rifaximin-
mediated gut microbiota regulation modulates the
of microglia and protects against
CUMS-induced depression-like behaviors in adolescent
rat. J Neuroinflammation. 2021;18(1):1-18. doi:10.
1186/512974-021-02303-y.

Luk B, Veeraragavan S, Engevik M, Balderas M,
Major A, Runge J, Luna RA, Versalovic J. Postnatal
colonization with human « infant-type » bifidobacter-

function

ium species alters behavior of adult gnotobiotic mice.
PLOS One. 2018;13(5):1-25. doi:10.1371/journal.pone.
0196510.

Zheng P, Zeng B, Liu M, Chen J, Pan J, Han Y, Liu Y,
Cheng K, Zhou C, Wang H. et al. Erratum: the gut
microbiome from patients with schizophrenia modu-
the glutamate-glutamine-GABA cycle and
schizophrenia-relevant behaviors in mice (science
advances. Sci Adv. 2019;5(2):1-11. doi:10.1126/sciadv.
aau8317).

Wolstenholme JT, Saunders JM, Smith M, Kang JD,
Hylemon PB, Gonzalez-Maeso ], Fagan A, Zhao D,
Sikaroodi M, Herzog J. et al. Reduced alcohol prefer-
ence and intake after fecal transplant in patients with
alcohol use disorder is transmissible to germ-free mice.
Nat Commun. 2022;13(1):1-14. doi:10.1038/s41467-
022-34054-6.

Seo Y, Tak H, Park D, Song H, Choe S, Park C, Park B.
The neuroprotective effect of NEUROMIDE,
a compound bioidentical to commensal bacteria
metabolites. Life. 2022;12(10):1529. do0i:10.3390/
life12101529.

lates

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

GUT MICROBES (&) 13

Muller PA, Schneeberger M, Matheis F, Wang P,
Kerner Z, Ilanges A, Pellegrino K, Del Marmol J,
Castro TBR, Furuichi M. et al. Microbiota modulate
sympathetic neurons via a gut-brain circuit. Nature.
2020;583(7816):441-446.  doi:10.1038/s41586-020-
2474-7.

Angelino D, Carregosa D, Domenech-Coca C, Savi M,
Figueira I, Brindani N, Jang S, Lakshman S, Molokin A,
Urban JF. et al. 5-(hydroxyphenyl)-y-valerolactone-
sulfate, a key microbial metabolite of flavan-3-ols, is
able to reach the brain: evidence from different in silico,
in vitro and in vivo experimental models. Nutrients.
2019;11(11):2678. do0i:10.3390/nul1112678.

Jo JK, Lee G, Nguyen CD, Park SE, Kim EJ, Kim HW,
Seo S-H, Cho K-M, Kwon §J, Kim J-H. et al. Effects of
donepezil treatment on brain metabolites, gut micro-
biota, and gut metabolites in an amyloid beta-induced
cognitive impairment mouse pilot model. Molecules.
2022;27(19):6591. doi:10.3390/molecules27196591.
Ambrosini YM, Borcherding D, Kanthasamy A,
Kim HJ, Willette AA, Jergens A. et al. The gut-brain
axis in neurodegenerative diseases and relevance of the
canine model: a review. Front Aging Neurosci. 2019;11
(JUN):1-14. doi:10.3389/fnagi.2019.00130.

Kubinyi E, Bel Rhali S, Sandor S, Szabé A, Felfoldi T.
Gut microbiome composition is associated with age
and memory performance in pet dogs. Animals. 2020
August 24;10(9):1488. doi:10.3390/ani10091488.
Mondo E, Barone M, Soverini M, D’Amico F,
Cocchi M, Petrulli C, Mattioli M, Marliani G,
Candela M, Accorsi PA. Gut microbiome structure
and adrenocortical activity in dogs with aggressive
and phobic behavioral disorders. Heliyon. 29 jan
2020;6(1):€03311. doi:10.1016/j.heliyon.2020.e03311.
Sacoor C, Marugg JD, Lima NR, Empadinhas N,
Montezinho L, Di Cerbo A. Gut-brain axis impact on
canine anxiety disorders: new challenges for behavioral
veterinary medicine. Vet Med Int. 2024;2024:1-10.
doi:10.1155/2024/2856759.

Kirchoff NS, Udell MAR, Sharpton TJ. The gut micro-
biome correlates with conspecific aggression in a small
population of rescued dogs (Canis familiaris). Peer].
2019;2019(7):e6103. doi:10.7717/peer;j.6103.

Chen ], Zhao BC, Dai XY, Xu YR, Kang JX, Li JL.
Drinking alkaline mineral water confers diarrhea resis-
tance in maternally separated piglets by maintaining
intestinal epithelial regeneration via the brain-microbe-
gut axis. ] Adv Res. 2023;52:29-43. doi:10.1016/j.jare.
2022.12.008.

Fusco, Fusco F, Perottoni S, Giordano C, Riva A,
Iannone LF, De Caro C, Russo E, Albani D, Striano P.
The microbiota-gut-brain axis and epilepsy from
a multidisciplinary.Pdf. Bioeng Transl Med. 2022;7(2).
doi:10.1002/btm2.10296.

Lee JG, Cho HJ, Jeong YM, Lee JS. Genetic approaches
using zebrafish to study the microbiota-gut-brain axis


https://doi.org/10.1128/mSystems.00755-21
https://doi.org/10.1128/mSystems.00755-21
https://doi.org/10.1080/01677063.2020.1802724
https://doi.org/10.1080/01677063.2020.1802724
https://doi.org/10.1016/j.isci.2022.104158
https://doi.org/10.1016/j.jcmgh.2020.08.002
https://doi.org/10.1016/j.jcmgh.2020.08.002
https://doi.org/10.1073/pnas.2117537119
https://doi.org/10.1186/s12974-021-02303-y
https://doi.org/10.1186/s12974-021-02303-y
https://doi.org/10.1371/journal.pone.0196510
https://doi.org/10.1371/journal.pone.0196510
https://doi.org/10.1126/sciadv.aau8317)
https://doi.org/10.1126/sciadv.aau8317)
https://doi.org/10.1038/s41467-022-34054-6
https://doi.org/10.1038/s41467-022-34054-6
https://doi.org/10.3390/life12101529
https://doi.org/10.3390/life12101529
https://doi.org/10.1038/s41586-020-2474-7
https://doi.org/10.1038/s41586-020-2474-7
https://doi.org/10.3390/nu11112678
https://doi.org/10.3390/molecules27196591
https://doi.org/10.3389/fnagi.2019.00130
https://doi.org/10.3390/ani10091488
https://doi.org/10.1016/j.heliyon.2020.e03311
https://doi.org/10.1155/2024/2856759
https://doi.org/10.7717/peerj.6103
https://doi.org/10.1016/j.jare.2022.12.008
https://doi.org/10.1016/j.jare.2022.12.008
https://doi.org/10.1002/btm2.10296

14 H. MORADIAN ET AL.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

in neurological disorders. Cells. 2021;10(3):1-25.
do0i:10.3390/cells10030566.

Chen Z, Zhijie C, Yuting Z, Chan L, Shilin X, Qichun Z,
Jinying O, Jing L, Chaohua L, Zhixian M. et al. The
ameliorative effects of isorhynchophylline on morphine
dependence are mediated through the microbiota-gut-
brain axis. Front Pharmacol. 2021;12(June):1-22.
doi:10.3389/fphar.2021.526923.

Han H, Jang J. Recent advances in biofabricated gut
models to understand the gut-brain axis in neurological
diseases. Front Med Technol. 2022;4(September):1-14.
doi:10.3389/fmedt.2022.931411.

Raimondi I, Izzo L, Tunesi M, Comar M, Albani D,
Giordano C. Organ-on-A-Chip in vitro models of the
brain and the blood-brain barrier and their value to
study  the  microbiota-gut-brain  axis  in
neurodegeneration. Front Bioeng Biotechnol. 2020;7
(January). doi:10.3389/fbioe.2019.00435.

Verhoeckx K, Cotter P, Lopez-Expésito I, Kleiveland C,
Lea T, Mackie A. The impact of food bioactives on
health: in vitro and ex vivo models. Food, Health &
Consumer ResearchFood Chemistry. 2015;7:1-327.
doi:10.1007/978-3-319-16104-4_27.

Yissachar N, Zhou Y, Ung L, Lai NY, Mohan JF,
Ehrlicher A, Weitz DA, Kasper DL, Chiu IM,
Mathis D. et al. An intestinal organ culture system
uncovers a role for the nervous system in
microbe-immune crosstalk. Cell. 2017;168(6):1135-
1148.e12. doi:10.1016/j.cell.2017.02.009.

Trapecar M, Wogram E, Svoboda D, Communal C,
Omer A, Lungjangwa T, Sphabmixay P, Velazquez J,
Schneider K, Wright CW. et al. Human physiomimetic
model integrating microphysiological systems of the
gut, liver, and brain for studies of neurodegenerative
diseases. Sci Adv. 2021;7(5). doi:10.1126/sciadv.
abd1707.

Sauter SN, Allenspach K, Gaschen F, Grone A,
Ontsouka E, Blum JW. Cytokine expression in an ex
vivo culture system of duodenal samples from dogs
with chronic enteropathies: modulation by probiotic
bacteria. Domest Anim Endocrinol. 2005;29
(4):605-622. d0i:10.1016/j.domaniend.2005.04.006.
Ahrends T, Weiner M, Mucida D. Isolation of myen-
teric and submucosal plexus from mouse gastrointest-
inal tract and subsequent flow cytometry and
immunofluorescence. Star Protoc. 2022;3(1):101157.
doi:10.1016/j.xpro.2022.101157.

Chandra L, Borcherding DC, Kingsbury D, Atherly T,
Ambrosini YM, Bourgois-Mochel A, Yuan W,
Kimber M, Qi Y, Wang Q. et al. Derivation of adult
canine intestinal organoids for translational research in
gastroenterology. BMC Biol. 2019;17(1):1-21. doi:10.
1186/512915-019-0652-6.

Muiiiz AJ, Topal T, Brooks MD, Sze A, Kim DH,
Jordahl J, Nguyen J, Krebsbach PH, Savelieff MG,
Feldman EL. et al. Engineered extracellular matrices
facilitate brain organoids from human pluripotent

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

stem cells. Ann Clin Transl Neurol.
(7):1239-1253. d0i:10.1002/acn3.51820.

Li XG, Chen M, Zhao S, Wang X. Intestinal models for
personalized medicine: from conventional models to
microfluidic primary intestine-on-a-chip. Stem Cell
Rev Rep. 2022;18(6):2137-2151. doi:10.1007/s12015-
021-10205-y.

Raimondi MT, Albani D, Giordano C. An organ-on
-a-chip engineered platform to study the microbiota-
gut-brain axis in neurodegeneration. Trends Mol Med.
2019;25(9):737-740. doi:10.1016/j.molmed.2019.07.006
Siwczak F, Loffet E, Kaminska M, Koceva H,
Mahe MM, Mosig AS. Intestinal stem cell-on-chip to
study human host-microbiota interaction. Front
Immunol. 2021;12(December):1-13. doi:10.3389/
fimmu.2021.798552.

Thomas DP, Zhang J, Nguyen NT, Ta HT. Microfluidic
Gut-on-a-Chip: fundamentals and challenges.
Biosensors. 2023;13(1):136. doi:10.3390/bios13010136.
Kim HJ, Huh D, Hamilton G, Ingber DE. Human
gut-on-a-chip inhabited by microbial flora that experi-

2023510

ences intestinal peristalsis-like motions and flow. Lab
Chip. 2012;12(12):2165-2174. doi:10.1039/c21c40074j.
Gabriel-Segard T, Rontard J, Miny L, Dubuisson L,
Batut A, Debis D. Human chip model to study
gut-brain axis neuro- immunological communication
involved in inflammatory bowel diseases. International
journal of Molecular Sciences. 2023;24(13):10568.
doi:10.3390/ijms241310568.

Horvath TD, Haidacher SJ, Engevik MA, Luck B,
Ruan W, Thekweazu F, Bajaj M, Hoch KM,
Oezguen N, Spinler JK. et al. Interrogation of the mam-
malian gut-brain axis using LC-MS/MS-based targeted
metabolomics with in vitro bacterial and organoid cul-
tures and in vivo gnotobiotic mouse models. Nat
Protoc. 2023;18(2):490-529. doi:10.1038/s41596-022-
00767-7.

Mayeli A, Al Zoubi O, White EJ, Chappelle S,
Kuplicki R, Morton A, Bruce J, Smith R, Feinstein JS,
Bodurka J. et al. Parieto-occipital ERP indicators of gut
mechanosensation in humans. Nat Commun. 2023;14
(1). doi:10.1038/541467-023-39058-4.

Balasubramani PP, Walke A, Grennan G, Perley A,
Purpura S, Ramanathan D. (2022). Simultaneous Gut-
Brain Electrophysiology Shows Cognition and Satiety
Specific  Coupling.  Sensors.2022.  doi:10.3390/
§22239242.

Vujic A, Krause C, Tso G, Lin J, Han B, Maes P. Gut-
brain computer interfacing (GBCI): wearable monitor-
ing of gastric myoelectric activity. Annu Int Conf IEEE.
Eng Med Biol Soc. 2019;5886-5889. d0i:10.1109/
EMBC.2019.8856568.

He B, Sheng C, Yu X, Zhang L, Chen F, Han Y.
Alterations of gut microbiota are associated with brain
structural changes in the spectrum of Alzheimer’s dis-
ease: the SILCODE study in Hainan cohort. Front


https://doi.org/10.3390/cells10030566
https://doi.org/10.3389/fphar.2021.526923
https://doi.org/10.3389/fmedt.2022.931411
https://doi.org/10.3389/fbioe.2019.00435
https://doi.org/10.1007/978-3-319-16104-4_27
https://doi.org/10.1016/j.cell.2017.02.009
https://doi.org/10.1126/sciadv.abd1707
https://doi.org/10.1126/sciadv.abd1707
https://doi.org/10.1016/j.domaniend.2005.04.006
https://doi.org/10.1016/j.xpro.2022.101157
https://doi.org/10.1186/s12915-019-0652-6
https://doi.org/10.1186/s12915-019-0652-6
https://doi.org/10.1002/acn3.51820
https://doi.org/10.1007/s12015-021-10205-y
https://doi.org/10.1007/s12015-021-10205-y
https://doi.org/10.1016/j.molmed.2019.07.006
https://doi.org/10.3389/fimmu.2021.798552
https://doi.org/10.3389/fimmu.2021.798552
https://doi.org/10.3390/bios13010136
https://doi.org/10.1039/c2lc40074j
https://doi.org/10.3390/ijms241310568
https://doi.org/10.1038/s41596-022-00767-7
https://doi.org/10.1038/s41596-022-00767-7
https://doi.org/10.1038/s41467-023-39058-4
https://doi.org/10.3390/s22239242
https://doi.org/10.3390/s22239242
https://doi.org/10.1109/EMBC.2019.8856568
https://doi.org/10.1109/EMBC.2019.8856568

59.

60.

61.

Aging Neurosci. 2023;15:15. doi:10.3389/fnagi.2023.
1216509.

Van Oudenhove L. Understanding gut-brain interac-
tions in gastrointestinal pain by neuroimaging: lessons
from somatic pain studies. Neurogastroent Motil.
2011;23(4):292-302.  doi:10.1111/j.1365-2982.2010.
01666.x.

Giron MC, Mazzi U. Molecular imaging of
microbiota-gut-brain axis: searching for the right tar-
geted probe for the right target and disease. Nucl Med
Biol. 2021;92:72-77. d0i:10.1016/j.nucmedbio.2020.11.
002.

Keszthelyi D, Beckers A. Technical advances allow in-
depth understanding of the gut-brain interaction—yet
important caveats remain. Neurogastroent Motil.
2022;34(11):1-2. doi:10.1111/nmo.14446.

62.

63.

64.

65.

GUT MICROBES (&) 15

Uzbay T. Germ-free animal experiments in the gut micro-
biota studies. Curr Opin Pharmacol. 2019;49:6-10. doi:10.
1016/j.coph.2019.03.016.

Stilling RM, Ryan FJ, Hoban AE, Shanahan F, Clarke G,
Claesson MJ, Dinan TG, Cryan JF. Microbes & neurodevelop-
ment — absence of microbiota during early life increases activity-
related transcriptional pathways in the amygdala. Brain Behav
Immun. 2015;50:209-220. doi:10.1016/j.bbi.2015.07.009.

Zhu L. Editorial: animal social behaviour and gut
microbiome. Front Microbiol. 2023;14(3):3-6. doi:10.
3389/fmicb.2023.1210717.

Liu C, Zhu S, Zhang J, Ren K, Li K, Yu J. Inflammatory bowel
diseases, interleukin-6 and interleukin-6 receptor subunit
alpha in causal association with cerebral cortical structure:
a Mendelian randomization analysis. Front Immunol.
2023;14(April):1-10. doi:10.3389/fimmu.2023.1154746.


https://doi.org/10.3389/fnagi.2023.1216509
https://doi.org/10.3389/fnagi.2023.1216509
https://doi.org/10.1111/j.1365-2982.2010.01666.x
https://doi.org/10.1111/j.1365-2982.2010.01666.x
https://doi.org/10.1016/j.nucmedbio.2020.11.002
https://doi.org/10.1016/j.nucmedbio.2020.11.002
https://doi.org/10.1111/nmo.14446
https://doi.org/10.1016/j.coph.2019.03.016
https://doi.org/10.1016/j.coph.2019.03.016
https://doi.org/10.1016/j.bbi.2015.07.009
https://doi.org/10.3389/fmicb.2023.1210717
https://doi.org/10.3389/fmicb.2023.1210717
https://doi.org/10.3389/fimmu.2023.1154746

	Abstract
	Introduction
	Materials and methods
	Overview of animal models
	In vitro approaches
	2D cellular studies
	Organoid culture system
	Organ-on-a-chip platforms
	Analytical platforms for metabolomic studies of the microbiota-gut-brain axis
	Mechanosensory probe, electrophysiological recordings, and neuroimaging


	Discussion
	Conclusions
	Disclosure statement
	Funding
	References

