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Abstract

Sections

Crosstalk between gut and brain has long been appreciated in health
and disease, and the gut microbiotais a key player in communication
between these two distant organs. Yet, the mechanisms through which
the microbiota influences development and function of the gut-brain
axisremain largely unknown. Barriers presentin the gut and brain

are specialized cellular interfaces that maintain strict homeostasis of
different compartments across this axis. These barriers include the gut
epithelial barrier, the blood-brain barrier and the blood-cerebrospinal
fluid barrier. Barriers are ideally positioned to receive and communicate
gut microbial signals constituting a gateway for gut-microbiota-

brain communication. In this Review, we focus on how modulation

of these barriers by the gut microbiota can constitute animportant
channel of communication across the gut-brain axis. Moreover, barrier
malfunction upon alterations in gut microbial composition could form
the basis of various conditions, including often comorbid neurological
and gastrointestinal disorders. Thus, we should focus on unravelling
the molecular and cellular basis of this communication and move

from simplistic framing as ‘leaky gut’. Amechanistic understanding

of gut microbiota modulation of barriers, especially during critical
windows of development, could be key to understanding the aetiology
of gastrointestinal and neurological disorders.
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Key points

o Barriers across the microbiota-gut-brain axis are key elements in the
communication across this axis.

e By enabling a physical segregation between the host and microbiome,
barriers have played key parts in the evolution of the holobiont.

e Gut and brain barriers are epithelial or endothelial in nature and they
have different levels of permissiveness under physiological conditions,
which is important for their function.

o Barriers are dynamic in nature and their function varies across the
lifespan.

o Preclinical studies provide direct evidence of microbial metabolites
influencing barrier functioning, linking gut microbial alterations

to barrier dysfunction and the subsequent abnormal passage of
substances (microbial and non-microbial) along the gut-brain axis.

e Barrier dysregulation has been shown to be a hallmark in disorders of
the gut and of the brain, and could underlie some of their comorbidities.

Introduction

Emerging data suggest that the gut microbiota, the trillions of micro-
organisms that live in the gastrointestinal tract, has the potential to
strongly influence brain physiology’. Despite strong associative evi-
dence underpinning microbiota-brain interactions with abnormali-
ties in brain function and behaviour, the conduits of communication
between the gut microbiota and the brain are not fully understood.
Muchlike Tolkien’s Lord of The Rings’ new roads or secret gates thatrun
West of the Moon, East of the Sun, referring to the routes connecting
Valinor and Middle Earth?, we are beginning to witness lesser-known
conduits of communication between the distant microbial ecosystem
and the brain. In this context, the various cellular barriers beyond the
gut epithelial barrier existing across the gut-brain axis are arising as
new roads, or secret gates, that communicate between the gut micro-
biome and the brain. Our understanding of barriers has evolved from
considering them strictimpermeable cellular barriers to dynamic and
exquisitely regulated communication interfaces with different levels
of permissiveness.

This Review provides an overview of barrier function across the
gut-brain axis, the interactions of this axis with the gut microbiome,
and the implications for communication across this microbiota-
gut-brain axis. We propose that microbiota-mediated multi-barrier
modulation can be at the basis of comorbidity in neurological and
gastrointestinal disorders.

Barriers across evolution

Theinfluence of microorganisms onthe host’s physiology results froma
long-standing evolutionary relationship between microorganisms and
multicellular organisms. Evolution of multicellular organisms occurred
in microbially-dominated ecosystems. Hence, every multicellular
organism forms a partnership in which the larger host and various
microbial prokaryotic and eukaryotic species, encompassing bacteria,
archaea, fungiand viruses commonly known as microbiota, rely oneach
other in a synergistic manner. These associations are denoted by the

terms of ‘metaorganisms’ or ‘holobionts”. Most of the holobiont’s sym-
biotic microorganismsresidein the host’s gastrointestinal tract,and we
have come along way in our understanding on how this complex and
diverse ecosystem, the gut microbiota, modulates abewilderingly wide
range of host physiological processes. Among the processes known to
be modulated by gut microorganisms, the connection between gut
and brain through the gut-brain axis has long been appreciated, but
itisonly during the past two decades that research has cemented the
role of gut-resident microorganisms as strong modulators of brain
development, physiology and host behaviour™*.

A key feature for symbiotic coexistence of microbial commu-
nities and the host is the ability to maintain a physical segregation
between the two. Throughout evolution, with the emergence of the
first multicellular organisms, a need for establishing compartments
isolated from the external environment arose. This feat was achieved
through the establishment of cellular barriers in the form of simple
epitheliathat would still allow a controlled interaction with that exter-
nal environment. These barriers are based on cell-cell junctions that
restrict diffusion of microorganisms and solutes through the paracel-
lular route. These cell-cell junctions, designated generally as occlud-
ing junctions, are found across the animal kingdom, indicating their
ancient phylogenetic origin® (Box 1). The evolution of these physical
structures, termed compartmentalization, has been acommon feature
used by hosts to establish a controlled relationship with symbiotic
microorganisms®.

Thegut mucosa, whichlines the gut lumen, forms thefirst cellular
barrier between the host and gut microorganisms, but remarkably,
along the pathway of communication between the distant gut and
brain, we find a series of additional cellular barriers that create com-
partments where maintaining different compositions is essential for
homeostasis. Despite our advances in understanding how the gut
microbiota modulates a wide array of host physiological processes,
there are still many unknowns, especially in relation to the molecular
and mechanistic nature of this communication. Understanding the
cooperationbetween host and symbiotic partners should encompass
the cellular barriers that have allowed a controlled communication
between both parties across evolution.

The gut barriers

The gastrointestinal tract can be viewed as a passageway crossing the
body that opens to the external environment through the mouth and
the anus. With that in mind, the main function of the gut barriers is to
separate the body from the external environment, that is the luminal
part of the gastrointestinal tract, whilst facilitating nutrient absorp-
tion. Thegut epithelial barrier comprises amucosal surface composed
of alayer of simple columnar epithelial cells or enterocytes (the gut
epithelial barrier)”. As mentioned above, the gastrointestinal tract
contains most of the symbiotic microorganisms in the host, the gut
microbiota. In a similar manner to ancestral mucosal barriers, such
asthebody surfacein cnidarians, the gut mucosa prevents gut micro-
organisms entering the host, whilst allowing a symbiotic interaction
with some of these microorganisms®. This process is achieved through
various components of the gut mucosa that support barrier function
and enhance the gut barrier’s role in establishing host-microbiota
symbiosis, including: occluding junctions at the gut epithelial barrier’
(Box 1); antimicrobial peptides'’; secretory IgA"; and a gel-like layer con-
sisting of glycosylated proteins (mucins) forming the mucus layer,
that prevent direct contact of big particles and gut microbes with the
epithelial layer'? (Fig. 1). Apart from establishing a physical barrier,
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Box 1

Occluding junctions: master molecular complexes

in barrier biology

The molecular structures that mediate cell-cell junctions sealing the
paracellular transport across cellular barriers are evolutionarily ancient
and collectively termed occluding junctions. Their appearance was key
to the adaptation of metazoans to microbially-dominated ecosystems.
Although their function is conserved, there is a high degree of
structural variation across the animal kingdom, indicating evolutionary
reconfiguration of these structures for adaptation of different species
to different niches. The main role is a ‘fence and gate’ function: they
restrict the passage of unwanted elements whilst tightly modulating
the access of some molecules. Thus, alterations in their structure can
be harmful to the organism®.

In vertebrates, occluding junctions are known as tight junctions,
in contrast to invertebrates, in which they are called septate
junctions® (Fig. 2). Most of the molecular features of septate junctions
in invertebrates have been characterized in fruit fly (Drosophila
melanogaster). Among the molecular components, an array of
>20 proteins, such as Megatrachea (Mega) and Kune-kune (Kune),
have structural similarities to the vertebrate tight junction claudin
proteins®. Moreover, claudin-like proteins CLC1to CLC4 have also
been identified in the nematode Caenorhabditis elegans®®.

The molecular components of tight junctions have been
extensively studied. Claudins are four-pass transmembrane
proteins that form the main structural intercellular component
of tight junctions, interacting with neighbouring claudins at the
intercellular side and with scaffolding proteins at their cytoplasmic
side?®*. Other structural components of tight junctions are MAL
and related proteins for vesicle trafficking and the membrane link
(MARVEL) domain-containing proteins tricellulin and occludin,
junctional adhesion molecules (JAMs)*>* (Fig. 1). The assembly of
these proteins, and interactions among them and with membrane
lipids, are essential features for tight junction properties. In relation
to their organization, tight and septate junctions differ in their relative
positions within the junctional complexes: tight junctions are apically
located in relation to adherens junctions and septate junctions lie
basolaterally (Fig. 2). Interestingly, tight junctions are not exclusive
to vertebrates. Some invertebrates, such as selected arthropods

mucosal surfaces also constitute an immune barrier interfacing with
the external world, which together control ‘external’ microbial access
into underlying tissues and dissemination into the circulation. Excel-
lent reviews on mucosal immunity have been published®">. After the
mucosal layer, a second layer of defence is established by the gut vas-
cular barrier, consisting of intestinal endothelial cells that create a
physical barrier that further prevents bacterial disseminationinto the
systemic circulation of the host® (Fig. 1).

Theimportance of the gut microbiotain maintaining homeostatic
gutbarrier function hasbeen widely described (Table 1). For example,
acute depletion of the bacterial fraction of the holobiont induces an
increase in gut permeability in both male and female mice'®, whereas

and tunicates, have tight and septate junctions®. The presence of
tight junctions in both tunicates (the closest invertebrate relatives
to vertebrates) and all vertebrates implies that these junctions

were favoured as structural elements for paracellular barriers in a
shared ancestor. Nevertheless, the precise evolutionary relationship
between tight junctions and septate junctions, and whether they
emerged independently, remains unclear®*.

Beyond barrier function, tight junctions are key signalling molecules,
serving as conduits for transmitting information to the cell, influencing
cytoskeleton dynamics, cell proliferation, differentiation and gene
expression®. Notably, proteins within tight junctions undergo
various post-translational modifications, including palmitoylation,
glycosylation, phosphorylation, methylation and acetylation. These
modifications alter interactions within the junctional complex, which
can result in the redistribution or degradation of these proteins®®.
Many of the functional aspects of transmembrane tight junction
proteins depend on their interaction with cytosolic proteins. Some
of the multiple cytosolic adaptor proteins are zonula occludens
(ZO) and cingulin (Fig. 1). This array of proteins can interact with
each other and form dynamic complexes, allowing barrier cells to
constantly adapt to environmental factors by opening or tightening
paracellular transport under various physiological conditions.
Both cytosolic and transmembrane tight junction proteins recruit
and bind signalling proteins such as kinases, phosphatases and
G protein-coupled receptors, which modulates different signalling
pathways?.

Research is moving towards a view of tight junctions as
spatiotemporally dynamic macromolecular complexes. Further
research will advance our understanding of how tight junctions
are modulated to regulate barrier properties and other functions at
the cellular barriers. Despite evidence about microbial metabolites
having roles in modulating tight junction molecular components
(Table 2), mechanistic detail is lacking. Microbial modulation of
barriers has been shown at the gene expression and protein levels
(Table 2), suggesting a multilevel regulatory role of microbial signals
in barrier function.

inanother study, germ-free mice showed alower paracellular uptake of
aninert probeinthe proximal colon”.Importantly, the gastrointestinal
tract presents marked physiological and organizational heterogeneity
along its length. In terms of cellular composition, the small intestine
is rich in enterocytes and contains crypts and villi, whereas the large
intestine is richer in goblet cells and contains crypts, but no villi*®
(discussed in section ‘The gut epithelial barrier’). This heterogeneity
is also reflected in distinct gradients of oxygen, nutrients, pH and
antimicrobial agents, which altogether strongly determine the local
composition of the gut microbiota along the gastrointestinal tract’®.
The most abundant bacterial phyla in the gut are Bacillota, Bacte-
roidota, Pseudomonadota, Actinomycetota and Verrucomicrobia'®.
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However, there are considerable differences in the dominant families
along the gut. The local environment in the small intestine is char-
acterized by a higher pH, oxygen levels and presence antimicrobial
agents, whichlimits bacterial growth, whereas the colon, with alower
pH and oxygen, harbours the highest density of microorganisms'®.
Similarly, there is also a spatial stratification of microbiota composi-
tion across the transverse biogeography of the gut, with some micro-
organisms more prominent at the mucosal surface of the gut lumen
and others more prominent in the mucosal folds'. In terms of gut
barrier heterogeneity, several studies have found barrier changes in
specificgut regions (Table 1), which suggests differential modulation
along gut biogeography, in which local gut microorganisms could
have an important role. All in all, biogeographical considerations of
gut epithelium organization, microenvironment and microbial com-
munities are essential in our understanding of microbial modulation
of gut barrier function in health and disease.

Notably, thefirstlayer of defenceinthe gutis formedby the above-
mentioned mucuslayer. Thismucus barrier is formed by mucins secreted
by goblet cells andis criticallyimportant for limiting the exposure of gut
epithelial cells to potentially harmful substances, and the gut micro-
biota and its thickness increases along the length of the gut, mirror-
ing the higher abundance of resident microrganisms'. Additionally,
the mucus barrier serves as both a nutrient source and a colonization
niche for the microbiota. Thus, any disruptionsin this delicate balance
can lead to infections and contribute to the initiation of inflammatory
responses, which are often associated with the development of intestinal
inflammatory disorders suchas Crohn’s disease and ulcerative colitis™.

The gut epithelial barrier

The gut epithelial barrier resides below the mucus layer and provides
asemipermeable physical and biochemical barrier that allows an opti-
mally orchestrated balance of communication and physical segregation
between gut microbes and the host. The epithelial monolayer is organ-
izedintoaseries of protrusions and invaginations, called villiand crypts
(orcrypts of Lieberkiithn®), respectively. The complex functionality of
the gut epithelium is reflected in the diversity of epithelial cell types
that composeit. Absorptive enterocytes comprise the majority of gut
epithelial cells, but other types of specialized intestinal epithelial cells
areenteroendocrine cells, goblet cells, Paneth cells, tuft cells, M cells
and stem cells”*> (Fig.1). As part of the organizational heterogeneity
mentioned above, the relative composition of the different cell types
varies along the gut length*.

Adjacententerocytes are connected by junctional complexes com-
posed of tight junctions and adherens junctions that limit paracellular
transportand therefore intestinal permeability (Box 1). Tight junctions
in the gut epithelial barrier are composed of several transmembrane
proteinsincluding those of the claudin family, the MARVEL-domain pro-
teins occludin, tricellulin (also known as MARVELD2) and MARVELD3
(ref. 25) (Box 1and Fig. 1). The fast proliferation and renewal of intes-
tinal epithelial cells makes it imperative that tight junctions are also
exquisitely regulated to avoid any dysregulated barrier integrity.

Transport across the gut epithelium includes: transcellular
pathways, including passive diffusion; receptor-mediated transport;
vesicular transport or endocytosis; and paracellular transport, which
includes the ‘pore’ and the ‘leak’ pathways’**%, These two pathways
are complementary and strictly modulated, involving transport across
tight junctions. By contrast, an additional pathway named the ‘unre-
stricted’ pathway, applies when the epithelial barrier is discontinuous
dueto epithelial cell damage or death’. The gut barrier also possesses

ATP-binding cassette (ABC) efflux transporters, which protect the gut
from accumulation of toxins and other molecules and prevent exces-
siveinflammation®. Importantly, gut microorganisms have been shown
to modulate their expressionin the gut***,

Unsurprisingly, disruption of the fine balance between gut barrier
function and selective permeability has been associated with a wide
range of intestinal and other disorders**** (discussed in section
‘Barrier dysfunction in disease’). Finally, gut epithelial barrier func-
tion has been shown to be both positively and negatively modulated
by enteric glia®*¥, in a similar way to astrocytes in the neurovascular
unit (NVU) and their importance for modulating blood-brain barrier
(BBB) function®®,

The gut vascular barrier

The presence of a gut vascular barrier enables the active exclusion
of gut microorganisms from the systemic and portal circulation.
This vascular barrier controls the access of gut microorganisms,
microbially-derived substances and dietary compounds into the
circulation®, acting like an ultimate checkpoint (after the gut mucosa
and gut epithelial barrier) for gut microorganisms to access the sys-
temic circulation of the host. The gut endothelium is fenestrated,
but paracellular transport is restricted by tight junctions formed by
claudins, occludin, ZO-1, cingulin and JAM-A" (Box 1). Importantly,
the gut vascular barrier allows the passage of molecules of up to
4 kDa". Gut endothelial cell fenestrae are closed by plasmalemma
vesicle-associated protein 1, akey protein for the formation of dia-
phragms associated with vascular fenestrae and other structures.
Moreover, other cell types are closely associated with this endothelium
forminga gut-vascular unit, such as glial cellsand pericytes"” (Fig.1),
although the specific functions of these cell types in maintaining gut
vascular barrier function has not been investigated.

Thegutvascular barrieris also essential for communicationacross
the gut-brain axis. A landmark publication showed how gut vascular
barrier disruption due to an inflammatory insult can induce closure
of the choroid plexus vascular barrier in mice®, which suggests that
barriers along the gut-brain axis are functionally linked and that this
link can underly the often comorbid neurological symptoms and
gastrointestinal symptoms*’.

The brain barriers

InTolkien’s The Fellowship of the Ring, Gandalf the Grey famously pro-
nounces “You cannot pass” to the Balrog of Moria?. Similarly, our brains
have their own wizardry in not allowing foes to pass, as brain homeo-
stasis relies on a highly controlled and stable microenvironment. To
establish this milieu, the interstitial fluids within the central nervous
system (CNS) are partitioned from the ever-changing blood environ-
ment at two key interfaces: at the brain vasculature by the BBB** and at
the epithelial layer of the choroid plexus by the blood-cerebrospinal
fluid barrier (BCSFB), which separates cerebrospinal fluid (CSF) from
the choroid plexusinterstitial fluid* (Fig.1). The existence of abarrier
between the brain and the circulation was first described by Ehrlich
who observed that cerulean-S sulfate injected intravenously into the
brain does not extravasate*’. Perhaps more famous are the experi-
ments of Goldmann, Bouffard and Franke who showed that trypanblue,
methylene blue and trypan red do not reach the brain when injected
intravenously®. A further brain barrier is constituted by the menin-
geal barrier, located within the meninges, which collectively provide
the most exterior protection of the brain. Briefly, the meninges are
composed of pia, arachnoid and dura mater. Barrier-forming cells
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Fig.1|Schematic cross section of gastrointestinal and brain barriers in
vertebrates. a, Structure of the blood-brain barrier (BBB). The BBB consists of
endothelial cells sealed by junctional complexes of tight junctions and adherens
junctions. As part of the neurovascular unit, BBB endothelial cells are in close
contact with pericytes, which are embedded in the basement membrane.
Astrocytic end-feet line the endothelium and connect vascular and neuronal
cells. The confocal microscopy micrograph shows cortical brain blood vessels
(magenta) and vascular tight junctions (green). b, Structure of choroid plexus
barriers. The blood-cerebrospinal fluid barrier consists of choroid plexus
epithelial cells sealed by junctional complexes of tight and adherens junctions. The
choroid plexus vascular barrier is composed of a fenestrated endothelium.

The choroid plexusis also a reservoir of immune cells, such as Kolmer and
epiplexus cells and macrophages. The confocal microscopy micrograph shows
cortical choroid plexus blood vessels (magenta) and choroid plexus epithelial
tight junctions (green). ¢, Structure of gastrointestinal barriers. The gut
endothelial barrier consists of gut epithelial cells or enterocytes sealed by
junctional complexes of tight and adherens junctions. A layer of mucus covers
the gut epithelium at the luminal side. The gut epithelium contains a series

of specialized epithelial cells: enteroendocrine cells secrete gut hormones

and represent animportant link in the communication between the central and
enteric nervous systems; goblet cells secrete the mucins that compose the
mucous layer; Paneth cells secrete antimicrobial peptides that further contribute
to the modulation of gut microbes; tuft cells are secretory and chemosensory
epithelial cellsimportant in modulating theimmune host response and for
sensing diverse chemical information from the gut lumen; M cells mediate antigen
sampling and presentation to dendritic cells in the lamina propria; and stem
cellsor pluripotentintestinal epithelial cells are at the base of crypts, where they
proliferate and differentiate and then migrate up the crypts along the epithelium
torenew the different types of intestinal epithelial cells. The gut vascular barrier
consists of asemipermissive fenestrated epithelium thatis also sealed with
junctional complexes of tight and adherens junctions. The confocal microscopy
micrograph shows tight junctions at the gut epithelial barrier in the ileum of

the smallintestine (green) and gut vasculature (magenta). CSF, cerebrospinal
fluid; ESAMSs, endothelial cell-selective adhesion molecules; JAMs, junctional
adhesion molecules; PECAMs, platelet endothelial cell adhesion molecules;

PV1, plasmalemmal vesicle associated protein 1; ZO, zonula occludens.

are tight junction-expressing epithelial-like cells at the outer layer of
the arachnoid membrane and endothelial cells in subarachnoid blood
vessels. Meningeal barrier function and structure have been extensively
reviewed elsewhere***** and are not discussed in detail in this Review.

Brain barriers restrict paracellular diffusion into the brain but
are also ideally positioned as communication interfaces to receive
peripheral circulating signals, including circulating inputs from the
microbiota. Research on microbial modulation of brain barriersis an
area of increasing interest, and a potential way for how gut microor-
ganisms can influence the distant brain function. In this context, it is
worth noting the various similarities between brain and gut barriers,
at both the cellular level and the molecular level, which makes them
amenable to modulation by commonsignals, including those derived
from the gut microorganisms.

Theblood-brainbarrier

The BBB controls the exchange of cells and molecules between the
circulatingblood and the CNS, and prevents the passage of pathogens,
toxins and cellsinto the brain, which is fundamental to protecting and
maintaining homeostasis and function. The main elements contribut-
ing to BBB function are endothelial cellsbound by tight junctions and
adherens junctions, which prevent paracellular transport across the
vascular wall (Fig. 1). Tight junctions in the BBB endothelial cells are
composed of acomplex of transmembrane proteins such as claudins,
occludins andJAMs, which are associated with cytosolic adapter pro-
teinssuchasZO-1and ZO-2 that provide astructural link between tight
junctions and the cytoskeleton*®*” (Fig.1and Box 1). However, other
cell types such as astrocytes and pericytes contribute to BBB func-
tionandserveasalink between the vasculature and neurons. Microglia
and neurons have also been shown to influence BBB function***°. This
complex cellular assembly constitutes the NVU™ (Fig. 1).

BBB dysfunctionis wellknownto play a partindifferent pathologi-
cal conditions®**'>, but the existence of dynamic and tightly regulated
physiological changes in BBB function to maintain brain homeostasisin
response to different environmental factors has now been highlighted**.
Endothelial cells restrict movement of substances from the circulation
into the CNS by the presence of tight junctions, specific transport-
ers and a limited rate of transcytosis® . Thus, endothelial function is
central to BBB function, but the modulation by the other cell types at

the NVU provide additional capacity for fine-tuning BBB function®.
To overcome this restrictive nature of the BBB endothelium, there are
awide range of specific transportersin the brain endothelium needed
to ensure a supply of molecules for CNS function such as nutrients,
hormones and proteins. Several mechanisms of selective transport
across the BBB endothelium exist: transcellular passive diffusion of
small lipophilic molecules; paracellular diffusion of small hydrophilic
molecules®; and receptor-mediated transport, such as ion transport-
ers, carrier-mediated transport via solute carrier transporters (SLC)
(for example, the glucose transporter SLC2A1 or GLUT1); and transcy-
tosis of macromolecules, which can be receptor mediated (for exam-
ple, insulin) or adsorptive (for example, plasma proteins). However,
overall transcytosis rates are very low in the BBB endothelium, which
is largely attributed to the presence of MFSD2A, a lipid transporter
that is enriched in brain endothelial cells in both humans and animal
models**°, ABC efflux transporters at the BBB prevent the accumulation
ofendogenous molecules (forexample, aldosterone and nucleosides)
and exogenous molecules (for example, drugs and xenobiotics) in
the brain by actively transporting these back into circulation®’. These
efflux transporters are partially responsible for the poor penetration
of some therapeutic agents into the brain, and therefore there is large
therapeutic value in getting a better insight into their modulation.
Like the gastrointestinal barrier, the NVU also shows marked het-
erogeneity in different brainregions as well asin different types of blood
vessels. This heterogeneity includes different cell types (astrocytes,
pericytes and endothelial cells) at the level of gene expression of spe-
cificreceptors and transporters, which is suggested to allow local fine
regulation of solute transport and blood flow™. One of the main features
ofthe heterogeneous nature of the NVU is the presence of the circum-
ventricular organs. These specialized areas feature capillaries that do
not possess typical barrier functions and are therefore well-suited to
detectingsignals circulatingin the bloodstream, including hormones,
and possibly even microbial metabolites and structural components®’.
Notably, substances entering circumventricular organs cannot freely
diffuse to other brain regions because of the presence of a tanycytic
barrier. However, these circumventricular organs relay peripheral
information to other areas of the brain through neuronal connections®.
Throughout evolution, BBB-like cellular complexes have appeared
independently multiple times, which is in contrast to the simplified
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Table 1| Selected examples of microbial metabolites as modulators of barriers across the gut-brain axis in preclinical models

Metabolite or condition Microbial signal Species, model orstrain  Effectin host

Gut epithelial barrier

Germ-free None Mice (ICR and IQl outbred Decreased levels of tight and adherens junctions mRNA (claudin 7, occludin, ZO-1,
strains) E-cadherin 1) in colonic tissue*®

Mice (germ-free and
specific pathogen-free
C57BL/6 inbred strain)

Increased claudin 1 and occludin protein intensity in colonic tissue and increased
paracellular permeability in specific pathogen-free vs germ-free, recovered upon
colonization"”

Short-chain fatty acids ~ Butyrate Human E12 colonic Improved barrier function via MUC2 increase at 1-10mM (increased TEER and
cell line decreased 4kDa FITC-dextran permeability); a higher dose had the opposite effect”®
Butyrate Human Caco-2 colonic Improved barrier function at 2mM (increased TEER and decreased inulin
cell line permeability), 8mM had opposite effect and induced apoptosis®’; increased

AMP-activated protein kinase, which promotes tight junction assembly
reorganization?'®

Acetate, propionate, Human Caco-2 colonic

Protection from LPS-mediated morphological disruption of ZO-1and occludin

butyrate cellline and from LPS-mediated barrier disruption (measured by TEER and FITC-dextran
permeability) through: NLRP3 inflammasome inhibition (acting as HDAC inhibitors)
and autophagy inhibition (acting as energy substrates)*'

Butyrate Rat IEC6 intestinal Improved barrier function (increased TEER and decreased 4kDa FITC-dextran

epithelial cell line

permeability); increased claudin 1 protein expression by facilitating association
between transcription factor SP1and claudin 1 promoter region; induced ZO-1and
occludin redistribution®

Butyrate (30mg/kg Mice (C3H/HelJ strain)
body weight)

Reduction in gut permeability (measured by 4kDa FITC-dextran permeability);
increase in Ocln, TJP1 (also known as Zo1) and Muc2 gene expression®'

Acetate, propionate, Piglets (weaned)
butyrate

Increased mRNA levels of occludin and claudin 1in the duodenum and ileum?®*

Tryptophan metabolites Indole-3-propionic Caco-2 and HT29
or indole derivatives acid co-culture model

Improved barrier function (increased TEER and decreased paracellular permeability
to sodium fluorescein); increased protein and mRNA levels of ZO-1, occludin and
claudin 1 (ref. 223)

Mice (Swiss Webster
outbred strain)

Improved barrier function (measured by 4kDa FITC-dextran permeability) through
pregnane X receptor®*

Indole-3-ethanol, Mice (DSS-induced colitis
indole-3-pyruvate model)
and indole-3-aldehyde

Protection against increased gut permeability by maintaining the integrity through
AhR and modulation of tight and adherens junctions via actin regulatory proteins'™

Indole Mice (germ-free) Increased claudin 7, occludin and ZO-1 mRNA levels®®
Human Caco-2 colonic Increased claudin 7, occludin and ZO-1 mRNA levels®®
cellline
3-Phenylpropionic Mice (Kunming outbred Improved barrier function (measured by the lactulose:mannitol test) and adherens
acid strain) and tight junction gene expression (ZO-1and E-cadherin)?*®
Indoxyl sulfate Mice (Balb/c strain) Reduced mRNA levels of tight junction proteins (ZO-1, occludin, claudin 1and

claudin 2)"*'

Human Caco-2 colonic
cellline

Disrupted barrier function (reduced TEER); reduced mRNA levels of tight junction
(ZO-1, occludin, claudin 1and claudin 2)*'

Kynurenine Mice (DSS-induced colitis
model; C57B6-129 strain)

Reduction in intestinal permeability (measured by FITC-dextran)"®

Polyphenolic derivatives Urolithin A Mice C57BL/6 (wild-type,
Nrf2™~, Ahr’") and
TNBS-induced colitis
model

Increased colonic claudin 4, occludin, ZO-1and ZO-3 mRNA in wild-type, but not in

Nrf2"~ or Ahr’~ mice; attenuated TNBS-induced increased FITC-dextran permeability??

Caco-2 cells and
HT29 cells

Increased claudin 4 immunoreactivity; increased barrier function (measured by 4kDa
FITC-dextran permeability and TEER) through AhR activation and NRF2 pathway®*®

Bile acid metabolites Lithocholic acid T84 colonic
adenocarcinoma cell line

Protected barrier integrity after exposure to primary bile acid, chenodeoxycholic
acid and pro-inflammatory cytokines'”'

Deoxycholic acid Jejunum/colon explants
(ex vivo) and mice (in vivo)

Increased gut permeability (4kDa FITC permeability ex vivo and in vivo)"™®

Human Caco-2 colonic
cellline

Decreased TEER and increased permeability (measured by 10kDa Cascade
Blue-dextran permeability) via EGFR activation'®
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Table 1 (continued) | Selected examples of microbial metabolites as modulators of barriers across the gut-brain axis in

preclinical models

Metabolite or condition Microbial signal Species, model or strain

Effectin host

Gut epithelial barrier (continued)

Polyamines Polyamines Rat intestinal epithelial Enhanced E-cadherin transcription through MYC activation and barrier function

IEC-6 cell line (measured by mannitol and inulin paracellular transport); promoted occludin
synthesis and stability®*"?*®

Other metabolites TMAO Mice (C57BL/6 inbred Decreased claudin 1immunoreactivity in ileum, jejunum and colon?®
strain)

Gut vascular barrier

Germ-free None Mice (germ-free, C57BL/6  Increased vascular permeability (measured by PV1immunoreactivity) and
inbred strain) decreased claudin 5 in gut vasculature®®

BBB

Germ-free None Mice (germ-free inbred Increased permeability (IgG or Evans blue extravasation); decreased mRNA and

strain; embryonic and
adult)

protein levels of occludin and claudin 5 in cortex, striatum and hippocampus®

Murine bEnd.3 brain
endothelial cell line

Short-chain fatty acids ~ Butyrate, propionate

Protection against LPS-induced barrier disruption via remodelling of tight junction-
cytoskeleton interactions (claudin 5 and ZO-1)**

Propionate Human hCMEC/D3 brain  Protection against LPS-induced barrier disruption®
endothelial cell line
Butyrate Mice (C57BL/6 germ-free) Ameliorated barrier function and normalized tight junction protein levels®
Bile acid metabolites Chenodeoxycholicacid Rats (Sprague Dawley Increased permeability via elevated RAC1 signalling'”
and deoxycholic acid strain)

Rats (models of chronic
kidney disease)

Tryptophan metabolites
or indole derivatives

Indoxyl sulfate

Indoxyl sulfate induced BBB disruption and associated cognitive impairment
through binding to AhR™

Other metabolites Methylamines Mice (C57Bl/6J strain)

trimethylamine

TMAO enhanced BBB integrity and protection from LPS inflammatory insult
(measured by Evans blue extravasation)'®

and TMAO N
Human hCMEC/D3 brain

endothelial cell line

TMAO enhanced BBB integrity; TMAO impaired BBB function (measured by TEER and
70kDa FITC-dextran permeability); TMAO acted through annexin A1 signalling'®

p-Cresol glucuronide  Mice (C57Bl/6J strain)

Enhanced BBB integrity (measured by Evans blue extravasation)'”’

Human hCMEC/DS3 brain
endothelial cell line

Enhanced barrier function (increased TEER)'”’

Human hCMEC/D3 brain
endothelial cell line

p-Cresol

Decreased barrier function (decreased TEER)'”’

Choroid plexus epithelial barrier

Mice (C57BL/6 strain,
germ-free)

Germ-free None

Decreased network of tight junction protein ZO-1 (ref. 138)

Mice (C57BL/6
strain, germ-free and
antibiotic-treated)

Increased permeability (higher IgG levels in CSF); decreased integrity of ZO-1,
claudin 1, occludin and cadherin 1 proteins®

Mice (C57BL/6 strain,
antibiotic-treated)

Short-chain fatty acids ~ Butyrate, propionate

Recovery of BCSFB function and tight junction gene expression (claudin 1, occludin
and ZO-1) upon antibiotic treatment through vagal and humoral pathways®®

Primary choroid plexus
epithelial cells

Protection against LPS-induced barrier disruption®®

AhR, aryl hydrocarbon receptor; BBB, blood-brain barrier; BCSFB, blood-cerebrospinal fluid barrier; CSF, cerebrospinal fluid; DSS, dextran sulfate sodium; FITC, fluorescein isothiocyanate;
HDAC, histone deacetylase; LPS, lipopolysaccharide; NLRP3, NLR family pyrin domain-containing 3; TEER, transendothelial-transepithelial resistance; TMAO, trimethylamine N-oxide;

TNBS, 2,4,6-trinitrobenzene sulfonic acid; ZO-1, zonula occludens 1.

conceptofalinearevolution of the BBB in asingle ancestor®’. Moreover,
BBB function is conserved across many taxa®. Given that the BBB is at
the interface of the CNS and periphery, it probably evolved to adapt
andrespond to the environmental conditions or stressors that are par-
ticular for different species. Invertebrate barriers are mostly based on
glial cellsrather than endothelial cells; moreover, invertebrates often
lack avascular endothelium. In vertebrates, both glial cell barriers (for

example, in elasmobranchs or cartilaginous fish, whichinclude sharks,
rays and skates) and endothelial cell barriers (for example, in teleost
fish and mammals) are found®*** (Fig. 2).

Theblood-cerebrospinal fluid barrier
The choroid plexus (in each of the brain ventricles) consists of special-
ized ependymal-derived structures that are mostly known for producing
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Fig.2| Cross-species comparison of gastrointestinal and brain barriers. A choroid plexus epithelium and associated vasculature (not shown) have also

a, The blood-brain barrier (BBB) is the barrier that has been best-studied interms ~ been described in zebrafish**?*°, sharks?*° and mammals, but a cross-species
of its cross-species characteristics. Drosophila melanogaster (fruit fly), like most comparison is not as exhaustive as for the BBB. b, The gut barrier in Drosophila is
invertebrates, has an open circulatory system, but its brain is still separated from composed of septate junctions and adherens junctions sealing the paracellular

the haemolymph by a BBB homologue structure called the haemolymph-brain pathway in epithelial cells, and most likely lacks a gut vascular barrier®', Note the
barrier that consists of so-called subperineurial glial cells, which have septate difference between tight junctions and septate junctions in their relative position
junctions and specialized transporters (not depicted). Invertebrates have mostly to adherens junctions within the junctional complex. The gut barrier in zebrafish
glial-based barriers, and they generally lack an endothelium. Zebrafish (Danio is highly similar to thatin mammals***. The gut barrier in elasmobranchs has
rerio) and other teleost fish have a BBB very similar to that of mammals®° with notbeen described as such, butitis likely to be present due to the general
endothelial tight junctions, pericytes and glial processes, which in zebrafish are conservation across the animal kingdom. Although the gut vascular barrier has
mostly radial glial progenitors, but also bona fide astrocytes®’. Interestingly, notbeen described in non-mammalian vertebrates, it is likely to be present due
both glial and endothelial BBB exist within vertebrates. Elasmobranch fish,suchas  to the high homology to the mammalian vascular system and gut structure.
sharks and skates, have tight junctions in glial cells instead of endothelial cells®*. ECM, extracellular matrix. Part a reprinted with permission fromref. 64, CSH Press.
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and modulating the composition of the CSF that fills the brain ventri-
clesandbathes the cellular lining of the brain ventricles and surface. CSF
compositionis complexand dynamic across the lifespan, as CSF-borne
molecules have key roles in brain development and neurogenesis®* 5,

The choroid plexus also constitutes an interface of exchange
between the circulating blood and the CSF, which in turn contributes
to the homeostasis of the extracellular fluid in the brain. As such, it is
imperative for the choroid plexus to provide a barrier function that
prevents paracellular transport of blood-borne substances into the
CSFand henceinto the brain parenchyma, in asimilar way tothe BBBin
the brainvasculature. The BCSFB also contributes to controlling access
of nutrients and hormones to the CSF, and to mediating the efflux of
xenobiotics from the CSF into the circulation*-*°, For these functions,
the choroid plexus epithelium, like other barriers, presents a series of
specializedion transporters, channels and efflux transporters*. Unlike
the BBB, the BCSFBis an epithelial barrier constituted by choroid plexus
epithelial cells bound together by tight junctions mainly constituted
by claudins, occludin and ZO-1 (refs. 69,70) (Fig. 1). Despite the dif-
ferences in the cellular nature of the BBB and BCSFB, they both share
molecular components and work in conjunction to maintain brain
homeostasis. From an evolutionary perspective, the choroid plexus
is conserved across most vertebrates’ but there are no reports of a
choroid plexus-like structure ininvertebrates.

The choroid plexus vascular barrier

Apart fromtheepithelial cells present, the choroid plexus is composed
ofavariety of other cell types, including mesenchymal, glial, neuronal
and various immune cells’>. Moreover, and in contrast to the BBB, the
choroid plexus vasculature is fenestrated and permissive to 70 kDa
molecules, water and solutes, which is important for the production
of CSF*. The choroid plexus endothelial cells also include associated
mesenchymal cells (fibroblasts and pericytes)’. Choroid plexus ves-
sels can respond to different stimuli from the CSF by modifying their
diameter, which is mediated by vascular associated pericytes, and
innervating nerves’. Alandmark discovery in animal models demon-
strated that the choroid plexus vasculature actually constitutes a vas-
cularbarrier that is permissive under normal physiological conditions,
but can close in response to certain insults, such as intestinal inflam-
mation and systemic inflammation®’. The choroid plexus vasculature
expresses the vascular diaphragm-associated protein plasmalemma
vesicle-associated protein1, asis also the case for the gut vascular bar-
rier (Fig.1). Upon closure of the choroid plexus vascular barrier, plas-
malemma vesicle-associated protein 1immunodetection decreases,
probably due to aconformational change associated with the closure of
the vascular fenestrae®. Interestingly, despite the fenestrated nature
of'the choroid plexus vascular barrier, it also expresses tight junction
proteins such as claudin 5, but their possible function in modulating
this dynamic barrier remains to be determined®’.

Gut microbiota and barrier function

Pathways of communication

The gut microbiotacommunicates with the hostin many ways, and host
factorsalsoinfluence gut microbiota composition and function™, reflect-
ingthe evolutionarily ancient nature of thisinterdependent relationship.
This bidirectional communication relies on different channels, such as
the vagus nerve, the enteric nervous system, the immune system, pro-
ducts of microbial metabolism such as short-chain fatty acids (SCFAs),
microbial structural components such aslipopolysaccharide (LPS) and
peptidoglycans’>’¢, and microbial membrane vesicles”. The presence

of barriers across the microbiota—-gut-brain axis can be considered
another pathway of communication across the axis: barriers maintain
the compositionin the different compartments along the axis; barriers
are vital for balancing the containment of microorganisms within the
gut (including both commensal and pathogenic microorganisms) and
the passage of microbial products across gut barriers and subsequently
brain barriers; and microbial metabolites have been shown to directly
modulate the various barrier functions along the axis (Table 1and Fig. 3).

Microbial metabolites as signalling molecules

Gut microorganisms vastly increase the enzymatic functional capac-
ity of the host, allowing biochemical reactions that simply would
not be possible in the absence of the microbial component of the
holobiont®. The gut microbiome produces metabolites that can
be absorbed through the gastrointestinal tract to reach circulation,
where they caninteract with virtually every organ and cell inthe host.
The amount, diversity and nature of circulating microbial metabolites
depends on gut microbiota composition and on any factor that can
modify this entity, suchas diet, medication, stress, age, metabolic state
and circadianrhythms, among other factors, making theinteractions
between microbial metabolites and host cells highly complex’ (Fig. 3).
Notably, previous research has indicated that when accounting for
individual differences in the plasma human metabolomic composition,
diet and the gut microbiome have a greater influence than genetics”.
Currently, one of the remaining challenges in the field is to understand
these host-microbial interactions at a mechanistic level.

As a reflection of gut microbial complexity, microbial metabo-
lites are diverse, and can arise from microbial metabolism of host-
derived compounds such as mucins and secreted proteins, or of
diet-derived compounds such as dietary fibre and proteins. The role
of microbial metabolites as mediators in host-microbial communica-
tion has been extensively reviewed elsewhere’®*°, Here, we provide an
overview of different classes of microbial metabolites and their rolein
barrier modulation across the microbiota—gut-brain axis.

Microbial fermentation: SCFAs and beyond. The main examples
of products of microbial fermentation are SCFAs, which are derived
mainly from fermentation of dietary fibre, with butyrate, acetate and
propionate the most abundant. The role of SCFAs in microbiota-gut—
brain axis signalling has been expertly reviewed previously®"*2. SCFAs
are known to modulate a wide range of host physiological processes,
including signalling across the microbiota-gut-brainaxis and modula-
tion of gut and brain barriers (Table 1 and Fig. 3). We also have a good
mechanistic knowledge of how SCFAs mediate their effects in the
host. SCFAs activate the free fatty acid receptors (FFARs), a class of
G protein-coupledreceptors, and canalso be transported into cells via
monocarboxylate transporters, where they can have different roles.
Upon microbial production, which occurs mostly in the colonic lumen
of the gastrointestinal tract®**, SCFAs are transported to colonocytes
where they constitute a main source of energy. Remaining SCFAs are
then transported through portal circulation to reach hepatocytes,
which also use SCFAs as an energy source® ™, Thus, only a small frac-
tion of SCFAs will reach the systemic circulation and even a smaller
fraction will be taken up by the brain®, though these small amounts
seem to be sufficient to exert their actions in brain function. SCFAs
reachthebrain most likely through monocarboxylate transporters pre-
sentinendothelial cells®*** and might also exert functions at the brain
endothelium without crossing into the brain through the presence of
FFARs, such as FFAR3, which has been shown to be present in human
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Fig. 3| Mechanistic overview of microbial modulation of barriers across the
microbiota-gut-brain axis. Microbial metabolites are known to modulate
barrier function across the microbiota-gut-brain axis. Different types of
microbial metabolites have been shown to modulate barrier function by
enhancing it (arrows) or disrupting it (crossed arrows). For some of these
metabolites, the mechanistic basis of this modulation is known. Most of this
mechanistic knowledge comes from effects on the gut epithelial barrier:
short-chain fatty acids (SCFAs) are known to protect gut function by inhibiting
histone deacetylase (HDAC) activity and promoting AMP-activated protein
kinase (AMPK) pathway and SP1 transcription factor. In the brain, they are
known to modulate actin cytoskeleton dynamics and interaction of the

actin cytoskeleton with tight junction proteins. Some microbially-derived

tryptophan metabolites and secondary bile acids are protective (for example,
lithocholic acid and indole derivatives), whereas others are disruptive

(for example, deoxycholic acid and indoxyl sulfate) of gut and/or brain barriers.
Microbially-derived polyphenol derivative urolithin Ais protective of barrier
function. The effects of other microbial metabolites such as trimethyl N-oxide
(TMAO) seem to have opposing effects on gut and brain barriers. Moreover, some
microbial metabolites have different effects after they are further processed

by the host, as is the case with p-cresol (microbial) versus p-cresol glucuronide
(glucuronidated by host enzymes) (see also, Table 1). AhR, aryl hydrocarbon
receptor; CLDN, claudin; EGFR, epidermal growth factor receptor; NRF2, nuclear
factor erythroid 2-related factor 2; OCLN, occludin; PXR, pregnane X receptor;
SP1, specificity protein1; ZO, zonula occludens.

brain endothelium®. Intracellular SCFAs act as inhibitors of histone
deacetylases, and in this way, SCFAs promote histone acetylation, lead-
ing to an increase in transcriptional activity of chromatin®. Interest-
ingly, previous work has shown that systemic administration of SCFAs
canmodulate HDAC activity in the brain and behavioursinrodents® %
Germ-free mice, which naturally lack SCFA production, present a dis-
rupted BBB acrosstheir lifespan, showing anincreased extravasation of
the classic dye Evansblueinto the brain parenchymaand a decreasein
tightjunction proteins in the endothelium?®. Remarkably, administra-
tion of butyrate or monocolonization with butyrate-producing bacteria
suchas Clostridium tyrobutyricum or Bacteroides thetaiotaomicron to

germ-free mice ameliorates BBB dysfunction and tight junction protein
levels. BBB disruption in germ-free mice is also evident at embryonic
stages, suggesting that the maternal gestational microbiome modu-
lates BBB formation®. The exact mechanism of how SCFAs modulate
barrier functionis not fully understood. Our group showed that SCFAs
butyrate and propionate promote remodelling of actin cytoskeleton
andtightjunction proteins (ZO-1and claudin 5), as well the interaction
between these elements, in an in vitro BBB model, without affecting
mRNA levels of any of these tight junction proteins®.

The choroid plexus could also have arolein transporting SCFAs
into the brain, as butyrate, propionate and acetate have been shown

Nature Reviews Gastroenterology & Hepatology | Volume 21| April 2024 | 222-247

232


http://www.nature.com/nrgastro

Review article

to be present in the CSF in healthy adult humans®. In fact, adult
germ-free mice have been shown to have a disrupted tight junc-
tion network (occludin and ZO-1, but not claudin 1) at the choroid
plexus®*¢. Moreover, adult mice treated with antibiotics also show
disruptionintheir tight junction network, suggesting thata constant
supply of microbial signals is necessary to maintain barrier integrity
at the choroid plexus. Importantly, SCFAs enhanced barrier func-
tion and tight junction protein expression at the choroid plexus of
antibiotic-treated mice, aswell asin cultured primary choroid plexus
epithelial cells. Moreover, the authors also showed that modulation
of BCSFB integrity depends on both vagal and humoral pathways of
communication. Vagotomy in mice is enough to induce disruption
of the BCSFB tight junction network, but this vagal pathway could
be bypassed by SCFAs through the humoral pathway (systemic
circulation)®.

Allinall,inthe context of barriers along the microbiota-gut-brain
axis, SCFAs have been extensively shown to modulate the gut epithelial
barrier as well as the BBB and BCSFB in both in vivo and in vitro models
(Table 1and Fig. 3). However, their role in modulating gut or choroid
plexus vascular barriers is yet to be explored. This positive action of
SCFAs on pan-barrier homeostasis could be at the core of previously
reported associations between SCFAs (especially butyrate) and brain
disorderssuchasdepressionin humansand animal models’**>°%, SCFAs
arealso known to be positive regulators of mitochondrial function®*'°.
Giventhat mitochondrial dysfunction hasbeenwidely shownto be pre-
sentinseveralbraindisorders'®° %2, enhancement of mitochondrial func-
tion could also be amechanism of barrier modulation by SCFAs. In this
context, we showed thatbutyrate and propionate can protect mitochon-
drial network disruptionupon treatment with pathogen-derived LPSin
the bEnd.3 brain endothelial cell line®*. The generalized role of SCFAs
inmodulating different barriers supports the possible role of microbial
signalsinorchestratinginter-barrier function to enable communication
along the microbiota-gut-brain axis (Fig. 4).

Other metabolites derived from microbial fermentation. Micro-
bial fermentation can also produce other less abundant compounds
such as methylamines, indoleacetate, phenylacetate and phenolic
compounds’®, and microbial fermentation of branched-chain amino
acids (BCAAs) produces the BCAAs 2-methylbutyrate, isovalerate and
isobutyrate’. However, the role of these relatively minor fermentation
products in barrier modulation is yet to be explored. Interestingly,
impaired BCAA transportacross the BBB has been causally associated
with autism spectrum disorder (ASD)-like behaviours in mice'®. This
finding raises the interesting possibility of a role for microbial metabo-
lism of BCAAsin ASD pathophysiology and barrier modulation,among
other effects in the host.

Dietary methylamines such as betaine, choline and phosphati-
dylcholine can be broken down by gut microbes into trimethylamine
(TMA), which is subsequently rapidly converted into TMA N-oxide
(TMAO) in the liver and enters the systemic circulation’. TMAO has
beenshown to haveimportant roles in embryonic axonogenesis'** and
inenhancing BBB function through annexin Alsignalling'®. However,
adysregulated TMA to TMAO ratio has also been linked to the patho-
genesis of cardiovascular disease'*®, but causal mechanistic insights
needtobe further clarified. p-Cresol (or 4-methylphenol) is produced
by bacterial fermentation of dietary tyrosine and phenylalanine’, and
reaches the liver through the portal circulation. p-Cresol undergoes
extensive conjugation by the host into p-cresol sulfate and p-cresol
glucuronide'””. Remarkably, the latter, p-cresol glucuronide, has shown

protective effects upon LPS challenge in the human brain endothelial
cellline hCMEC/D3 (ref.107) (Table1and Fig. 3).

Tryptophan-derived metabolites. Dietary tryptophan can follow
various pathways: it can enter the kynurenine pathway, leading to the
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Fig.4 | The interaction between barriers and the gut microbiotain
microbiota-gut-brain axis communication. The presence and relative levels
of microbial metabolites and other microbially-derived molecules such as
structural components or bacterial membrane vesicles (not shown) depend

on microbiota composition, which can be influenced by a diverse array of
environmental (diet, stress, mode of birth, among others) and host genetic
factors. The complex array of microbial metabolites influence barrier function,
and these two factors combined determine the microbial metabolites that
reach systemic circulation. These metabolites in turn reach the brain barriers
and potentially modulate their function. Other microbiota-independent
factors or factors affected indirectly by the gut microbiota affecting gut
barrier function, such as inflammatory status, can also alter the brain barriers.
Moreover, factors such as psychological stress, that is known to affect the
enteric nervous system and gut barrier permeability, modulate the bidirectional
microbiota-gut-brain axis in atop-down manner. Disruption of gut and brain
barriers have been described in both gut and brain disorders. Thus, given the
inter-barrier communication and the gut microbiota as a conduit mediating
this communication, anintegrative perspective of barrier disruption along

the microbiota-gut-brain axis might partially underlie gastrointestinal

and neurological comorbidities. BBB, blood-brain barrier; BCSFB, blood-
cerebrospinal fluid barrier; ChP-VB, choroid plexus vascular barrier;

GEB, gut epithelial barrier; GVB, gut vascular barrier.
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production of several intermediates and ultimately NAD"; it can be con-
verted into serotonin (5-HT) in gut enterochromaffin cells; it can be
utilized for protein synthesis; and it can be directly transformed by gut
microorganismsinto various derivative compounds, includingindoles.
Notably, some of these indoles serve as ligands for the aryl hydrocarbon
receptor (AhR)’®, aligand-activated transcription factor thatintegrates
environmental and metabolic cues to control complex transcriptional
programmes'®. Microbially-derived AhR ligands have been extensively
shown tomodulate the gut epithelial barrier (Table 1and Fig. 3). More-
over, foundational work has demonstrated a key role for AhR signal-
ling in gut endothelial cells in maintaining gut homeostasis in vivo'®.
However, our knowledge of AhR-mediated modulation in brain barri-
ersis more limited, though AhRis present in brain endothelial cellsin
rodents"*™ and humans"2 Several indole metabolites show protective
actionsin gut barrier function. For example, indole metabolitesindole-
3-ethanol, indole-3-pyruvate and indole-3-aldehyde, protect against
dextran sulfate sodium (DSS)-induced gut barrier disruption in mice
by maintaining the integrity of the junctional complex ingut epithelial
cellsand associated actin regulatory proteins, including by signalling
through AhR'™. Interestingly, SCFAs have been shown to also activate
the AhR pathway through their HDAC inhibiting function which, by
promoting chromatin decondensation, enhances the availability of
AhR-ligand complexes for binding to their designated sites within the
promoters of AhR target genes™.

Tryptophan metabolism through the kynurenine pathway is facili-
tated by therate-limiting enzyme indoleamine 2,3-dioxygenase (IDO1),
resulting inthe production of kynurenine and downstream products,
suchaskynurenicacid and quinolinic acid™. Gut microorganisms have
been implicated in inducing IDO1 activity. Moreover, some bacteria
harbour enzymes homologous to the eukaryotic enzymesinvolvedin
the kynurenine pathway and can therefore also convert tryptophan
intokynurenine and other downstream derivatives'. Kynurenine has
beenshownto protectbarrier functioninaDSS-induced mouse model
of colitis"®. Moreover, kynurenine and tryptophan can cross the BBB
through the large neutral amino acid transporter SLC7AS or L-type
aminoacid transporter1(LAT1) and thereby influence neurotransmitter
production'.

More than 90% of 5-HT is synthesized in the gut by enterochromaf-
fin cells in humans and mice, and resident microorganisms play a key
roleinmodulating this production'”. Though gut serotonin canreach
systemic circulation but cannot cross the BBB, it has the potential to
influence brain function via the microbiota-gut-brain axis. Given the
well-established effects of tryptophan-derived metabolitesinmodulat-
inggutbarrier integrity (Table 2 and Fig. 3), further investigation of the
role of indole metabolites in modulating brain barriers is warranted.

Secondary bile acids. Gut microorganisms also metabolize host-
derived compounds that are present in the gastrointestinal tract, such
asbileacids, whicharereleasedinto the duodenumto aid the absorption
of dietary lipids. Primary bile acids, cholic acid and chenodeoxycholic
acid (CDCA), can be further metabolized by gut microorganisms to
generate secondary bile acids, such as deoxycholic acid (DCA), urso-
cholic acid, ursodeoxycholic acid and lithocholic acid (LCA)"®. Our
currentknowledge regarding secondary bile acids modulating barrier
functionis relatively scarce. DCA and CDCA have been shown to have
disruptive effects onthe gutbarrierinvivo andinvitro"*"'*, whereas LCA
seems to have a protective role”. A better understanding of microbial
modulation of secondary bile acids and of the mechanisms by which
these metabolites modulate gut barrier permeability will be essential

to the identification of potential therapeutic strategies to balance the
gut barrier. As for the brain barriers, CDCA and DCA have also shown
disruptive effects in the BBB in animal models'??, suggesting common
mechanisms of barrier disruption across barriers (Table 1and Fig. 3).

Polyamines. Polyamines, such as spermine, putrescine and spermi-
dine, are essential metabolites that can be producedin the host by cyto-
plasmic enzymes ornithine decarboxylase or S-adenosyl-methionine
decarboxylase, predominantly from the amino acids ornithine and
methionine, and toalesser degree, arginine and lysine'>. Gut microor-
ganisms produce polyamines in the gut lumen, especially in the large
intestine, where they can be taken up by gut epithelial cells'*. Thus,
gut microorganisms can influence polyamine levels in the host. Poly-
amines have been shown to modulate gut epithelial barrier functionin
in vitro models (Table 1 and Fig. 3), but their role in modulating brain
barriers has not been explored. Interestingly, although polyaminesin
general are known to have limited transportacross the BBB, spermidine
has been shown to cross the BBB and to improve cognition through
increasing mitochondrial function in the hippocampus in mice'”.

Microbial structural components and microbial membrane vesi-
cles. Although not strictly considered microbial metabolites, it is
important to acknowledge the importance of structural components
derived from bacterial cell walls and of bacterial membrane vesi-
cles, and their effect on host physiology. Structural components are
frequently termed microorganism-associated molecular patterns
(MAMPs). Host receptors specialized in recognizing these microbial
structural elements, known as pattern-recognition receptors, have
been demonstrated to have crucial roles in the host’s functions that
extend beyond innate immunity'?°. Moreover, the presence of struc-
tural components from bacterial walls in the systemic circulation,
such as LPS derived from Gram-negative bacteria, haslong been appre-
ciated. Excessive circulating LPS levels are usually associated with
compromised gut barrier function and elevated inflammation, and
pathogenic LPSis often used for barrier disruptionininvitroandin vivo
preclinical studies®**°%1% (Table 2). However, low levels of LPS also
reach the systemic circulationin healthy individuals'”’,inwhom gut bar-
rier functionis presumably not compromised. Importantly, LPSis also
presentinthe cell wall of commensal Gram-negative bacteria, and the
presence of circulating LPS in healthy individuals suggests specialized
mechanisms of crossing anintact gut barrier’®'?, Structural differences
in LPS from commensal versus pathogenic species seems to be a key
factorinits effectsin the host. Peptidoglycans are MAMPs presentin the
cell wall of Gram-positive and, to alesser degree, Gram-negative bacte-
ria. Thereis strong evidence for physiological roles of peptidoglycans
in host physiology, including signalling at the microbiota-gut-brain
axis (reviewed elsewhere'®). Overall, understanding how structurally
different MAMPs from commensal versus pathogenic species affect
signalling at the microbiota-gut-brain axis, and how barriers play a
partin this context, requires further investigation.

Bacterial membrane vesicles are lipid bilayer capsules released
fromthe outer membranes of both Gram-negative and Gram-positive
bacteria. Similar to eukaryotic extracellular vesicles, bacterial mem-
brane vesicles transportand protect awide array of cargoes, including
proteins, DNA, RNA, metabolites, enzymes, peptidoglycans, polysac-
charides and toxins’”'?, Importantly, bacterial membrane vesicles
can also traverse cell membranes and enter eukaryotic cells from the
host’”"?, Gut microbial membrane vesicles can even cross the intesti-
nal barrier, enter the bloodstream and cross the BBB, and therefore
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Table 2 | Selected studies highlighting barrier dysfunction in neurodevelopmental and neurocognitive disorders

Condition or
disease

Species or model

Gut barriers

Brain barriers

Neurodevelopmental disorders

ASD

Humans

Altered mRNA and protein levels of
tight junction proteins'®*

Altered mRNA and protein levels of tight junction proteins'®*

Increased levels of circulating ZO-1;
positive correlation between ZO-1
concentrations and ASD severity'®

No information

Maternal immune
activation ASD mouse
model (also relevant as

a model of schizophrenia)

Altered gut permeability; altered
levels of tight junction mRNA and
protein levels'™®

Altered BBB (prenatal to adult)*®; altered BCSFB (prenatal)’®’

Prenatal valproic acid
ASD rodent model

No information

Altered BBB permeability; prevented by minocycline treatment'®®

Maternal obesity ASD
mouse model

Altered gut barrier function in offspring
(increased serum 4kDa FITC-dextran
levels) and decreased claudin 1,
claudin 3, occludin and ZO-1 mRNA
expression in offspring at 3 weeks*”®

Altered BBB structure and function at the median eminence®”’

Genetic ASD mouse

Altered gut barrier function and

No information

model (Shank37) altered levels of ZO-1 MRNA'®
Schizophrenia Humans Increased gut permeability>*'>*? 22q11.2 deletion contains claudin 5 gene; increased risk of rs10314 variant
of claudin 5 allele*

No information BBB-like endothelium differentiated from human 22qDS* schizophrenia-
induced pluripotent stem cells exhibit impaired barrier integrity and
decreased claudin 5 mRNA and protein levels”*

Humans No information Choroid plexus enlargement; altered transcriptome?®

Genetic schizophrenia
mouse models

No information

Disrupted BBB in 22g11.2 deletion syndrome mice®*

ADHD

Humans

No information

Increased serum zonulin and claudin 5 levels (indicators of BBB disruption)**’

Epilepsy

Humans

No information

Patients with treatment-resistant epilepsy show diminished claudin
5 protein levels and BBB disruption®®

Mouse model of genetic
claudin 5 deficiency

No information

Claudin 5 deficiency induces exacerbated or lowered threshold to
epileptic seizures; moreover, stabilization of BBB integrity attenuated
seizures and decreased neural damage in kainic acid-induced epilepsy>*®

Mood disorders

Major depressive
disorder

Humans Increased LBP (a marker of gut barrier  Reduced claudin 5 mRNA levels in nucleus accumbens of patients with
increased permeability) in women?” major depressive disorder’®; reduced claudin 5 protein in hippocampus
grey and increased occludin mRNA levels in occipital cortex of these
patients'®®; reduced claudin 5 mRNA and protein levels in medial
prefrontal cortex of female patients'’
CSDS and chronic Changes in tight junctions in jejunum  CSDS-susceptible mice showed reduced BBB integrity with reduced

variable stress mouse
depression models

and elevated circulating LBP levels*”

claudin 5 expression in the nucleus accumbens promoting IL-6 infiltration'
and in the medial prefrontal cortex (specifically in female mice)'®’

Bipolar disorder = Humans Increased gut permeability (measured  Increased claudin 5 mRNA levels in the cerebellum and occipital cortex in
by increased serum zonulin levels)*®  bipolar disorder'®?; alteration in CSF composition reflecting brain barriers
dysfunction??; altered choroid plexus transcriptome®® and enlarged
ventricles*®
Anxiety disorders
Anxiety Mice No information Early-life isolation induced anxiety and decreased claudin 5 levels in

amygdala in female mice®"’; choroid plexus vascular barrier closure induced

anxiety-like behaviour in mice®; targeted disruption of the BBB in the female
prefrontal cortex induced anxiety-like and depression-like behaviours™’

Neurodegenerative disorders

Alzheimer
disease

Humans

No information

APOE4 carriers showed BBB breakdown in the hippocampus and medial
temporal lobe, independent of amyloid and tau accumulation in the
brain®*?; alterations in choroid plexus transcriptomics, including genes
relevant to BCSFB function®®; BBB disruption (assessed by fibrinogen and

IgG infiltration) in patients Alzheimer disease?*?*
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Table 2 (continued) | Selected studies highlighting barrier dysfunction in neurodevelopmental and neurocognitive disorders

Condition or Gut barriers

disease

Species or model

Brain barriers

Neurodegenerative disorders (continued)

Alzheimer No information

disease

Mice (injection of
amyloid-f3 oligomers)

Disruption of BCSFB integrity by matrix metalloproteinases®*®

(continued)

AppNL-G-F mutant No information

BCSFB showed disrupted integrity of occludin, ZO-1and claudin 1in the

Alzheimer disease mouse BCSFB®
model
PD Humans Increased colonic barrier Increased BBB permeability (determined by dynamic contrast-enhanced
permeability (sucralose excretion), MRI)?*°
reduced LBP levels and decreased
ZO-1integrity?***
Lower Ocln mRNA and altered No information
distribution of occludin and
ZO-1 proteins in colonic biopsies
of patients with PD; no differences
in paracellular and transcellular
permeability (Ussing chambers)'®®
Rotenone PD mouse Decreased ZO-1 intensity; No information
model tlr4" partially protected®”’
A53T PD mouse model Altered gut barrier function Decreased ZO-1, claudin 5 and occludin levels, mediated by astrocytic
(circulating LBP) and levels of ZO-1 VEGF secretion®'
and occludin in colonic tissue at
various ages>°
Huntington Humans No information iPSC-derived Huntington disease brain endothelial cells: impaired
disease barrier properties (increased transcytosis and paracellular permeability)

mediated by Wnt signalling dysregulation®”

iPSC-derived brain endothelial cells from juvenile patients with
Huntington disease: reduced barrier function (reduced TEER) and
decreased levels of tight junction protein ZO-17*°

Mutant huntingtin aggregated in the NVU of patients; BBB disruption
(decreased levels of tight junction proteins occludin and claudin 5, and
increased extravascular fibrin)*>*

R6/2 mouse model of

Huntington disease levels of FITC-dextran), with no

alterations in colonic tight junction

proteins occludin and ZO-1%°

Increased gut permeability (plasma

Mutant huntingtin aggregates in the NVU of R6/2 mouse model; evidence
of BBB disruption (decreased levels of tight junction proteins occludin
and claudin 5) and increased trasncytosis®*

ADHD, attention deficit hyperactivity disorder; ASD, autism spectrum disorder; BBB, blood-brain barrier; BCSFB, blood-cerebral spinal fluid barrier; CSDS, chronic social defeat stress;
CSF, cerebrospinal fluid; FITC, fluorescein isothiocyanate; iPSC, induced pluripotent stem cells; LBP, lipopolysaccharide-binding protein; NVU, neurovascular unit; PD, Parkinson disease;
TEER, transepithelial-transendothelial electrical resistance; VEGF, vascular endothelial growth factor; ZO-1, zonula occludens 1.

constitute akey component of the microbiota-gut-brain axis”'. Inter-
estingly, bacterialmembrane vesicles have been shown to regulate gut
barrier function through modulation of mucosal innate immune cells
such as macrophages and dendritic cells”°. Overall, there is growing
emphasis on exploring the role of bacterial membrane vesicles derived
from commensal or probiotic bacterial strains, and their potential to
improve host health”.

Most studies on microbial modulation of barriers have focused
onexploring the protective effects of specific microbial metabolites on
barrier function against variousinsults and how the lack of these metab-
olites contributes to barrier dysfunction per se. However, few studies
have also focused on determining detrimental effects of some metabo-
lites on barrier integrity. Some in vitro studies have shown how some
microbial metabolites protect barrier function from the disruptive
effects of LPS derived from pathogenic bacteria®***'’. Moreover, it is
important to consider that barriers in live organisms are simultane-
ously exposed to a vast and complex collection of microbial and host
metabolites, and that the relative amounts of these will greatly vary
dependingonfactorssuchascircadianrhythms, age, dietary patterns,

stress levels and microbiota composition,among others”*' Thus, the
balance between these metabolites is likely to be as important as
the presence or absence of some of them.

Beyond tight junction proteins, P-glycoprotein (P-gp) efflux trans-
porter expressionand functionin the gastrointestinal epithelium has
also been shown to be modulated by the gut microbiome and by the
microbial metabolites SCFAs and secondary bile acids in a synergistic
manner’>?, This finding raises the interesting possibility that microbial
modulation extends to P-gp in the BBB, which could potentially lead
to harnessing microbial products as therapeutic modulators of P-gp
function. Modelling the complexity of synergistic effects of microbial
signalsis challenging. The use of mixtures of known metabolites or of
fluids with complex metabolomic compositions such as sterile-filtered
caecal extract, plasma, or CSF together with more elaborate in vitro
or ex vivo systems, such as combinations of cell types or organoids,
may be promising tools to advance our understanding of microbial
modulation of barrier physiology. The direct contribution of the gut
microbiota to gut barrier function has been extensively studied, but
lesssoinrelationtothe function of brainbarriers (Table1). Intriguingly,
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paracellular permeability at the colonic gut barrier has beenreported
tobe decreased (thus, morerestrictive) ingerm-free mice as compared
with conventionally-housed mice”, suggesting a key role of the micro-
biota in maintaining physiological levels of gut barrier permeability.
Importantly, barrier function should not be regarded as ‘the tighter
the better’. Barrier permeability is dynamic and needs to be tightly
orchestrated and constantly adapted to maintain homeostasis. Gut
microorganisms seem to play amajor partinachievingthis goal. Inaddi-
tion, enteric mucosal development and maintenance depends on gut
microbial signals™, establishing alink between microbial modulation
of the gut epithelial barrier through mucosal glia.

Interestingly, germ-free and antibiotic-treated mice show region-
specific differences in tight junction gene expression®**!, suggesting
that microbial modulation of BBB function might be region-specific.
BBB modulation by microbial metabolites affecting other cells in the
NVU such as astrocytes, pericytes or even microglia, remains to be
investigated. Astrocytes have been shown to be modulated by microbial
signals, both directly by tryptophan metabolites™ and SCFAs"** and
indirectly by microglia™*>. Moreover, microbial regulation of micro-
glial properties has been widely described™**, as has their role in
modulating BBB function***,

Incontrasttothe gutbarrier, brainbarriers (BBBand BCSFB) have
been shown to be more permeable in germ-free mice”**#, suggest-
ing that microbial modulation of barriers can be somewhat barrier-
specific. Apart from barrier function in adulthood, the role of the
microbiota in barrier function at the extremes of life is a current topic
of active investigation (Box 2). In this context, germ-free mice already
show a disrupted BBB during embryonic stages, pointing to a role of
the maternal microbiota in BBB maturation®. A study exploring the
enduring effects of a low-dose penicillin from embryonic day 12 (E12)
to postnatal day 21 (P21) inmice revealed persistent effects onbarriers
during adulthood. Although colonic barrier function and tight junc-
tion protein levels were unaffected, brain tight junctions (occludin
and claudin 5) were dysregulated at the mRNA and protein levels in
a sex-specific and region-specific manner. Remarkably, concurrent
maternal supplementation with the probiotic bacterial strain Lacticasei-
bacillusrhamnosus (formerly Lactobacillus rhamnosus) |B-1 prevented
someof these alterations™. Moreover, astudy showed that perturbation
of maternal microbiota during a critical perinatal window (E13 to P3)
on administration of ampicillin induced alterations in mRNA levels of
BBB-related tight junctionsinthe prefrontal cortexin the offspring, with
some differences between male and female mice'*°. Among microbial
metabolites, different tryptophan metabolites have been reported to
haveaprotective roleinthe gutbarrierandinthe BBB, but someare also
disruptive, such as indoxyl sulfate (Table 1), which has been shown to
induce gut and BBB barrier disruptioninvitro and in vivo"*'*,

Barrier dysfunctionin disease
Unsurprisingly, malfunction of barriers has long been appreciated as
afactor that has anegative effect on host physiology. The term ‘leaky’
hascommonly been used torefer toanimpairedbarrier function, but,
despite its widespread use, the term is vague, and we should move
away fromreferring to abarrier as leaky as it oversimplifies acomplex
and dynamic process that is the modulation of barrier permeability.
Notably, most of the available information involving barrier dysfunc-
tion in disease comes from preclinical studies due to the technical
limitations in human studies.

Giventhe high molecularand cellular similaritiesamongbarriers,
itislikely that pathology-associated barrier disruption happens at the

level of several barriers across the microbiota-gut-brain axis, com-
promisingits bidirectional communication. Inthis context, alterations
in gut microbiota could contribute to barrier disruption at various
levels: an altered microbiotainvolves alterationsin microbial-derived
products (such as decreased levels of SCFAs), which could affect gut
and brain barrier function; microbiota-led gut dysfunctional barriers
(epithelial and/or vascular barriers) would become more permis-
sive to microbial-derived products, which could in turn reach and
potentially alter brain barriers; and alterations in gut microbiota
couldinfluence barrier function through modulation of gut and brain
neuroimmune signals, which are well known to be modulated by the
gut microbiota'*?. Notably, other barrier aspects apart from physical
integrity can be dysfunctional, such as transporter functions??*$0>143,
Thus, despite amajor focus on barrier disruption, we should explore
the potential of microbial signals to modulate transport across gut
and brain barriers (Fig. 4).

Gastrointestinal disorders
Inflammatory bowel disease (IBD) comprises two chronic gut inflam-
matory disorders: Crohn’s disease, which involves inflammationin any
part of the intestine, and ulcerative colitis, in which inflammation is
restricted to the rectum and colon®. Studies have demonstrated that
animpaired intestinal barrier occurs years before clinical diagnosis
of IBD in humans'*'*>, However, during later stages of IBD, increased
permeability is most likely driven by tissue damage in the gut mucosa
(through the unrestricted pathway, discussed below)"****¢, Studies
have also shown dysregulated expression and distribution of tight
junction proteinsin colonic biopsies from patients with active Crohn’s
disease'”. Gut barrier disruption in preclinical models of IBD has also
beenextensively researched. For instance, mouse models of IBD, such
as the genetic //10-knockout model, also show increased gut barrier
permeability even before disease onset™*®, Moreover, one of the most
used mouse model of colitis uses DSS as achemical agent thatinduces
colitis'’. DSS-induced colitis in mice has been shown toinduce changes
in phosphorylation of colonic claudins, which are thought to modu-
late gut barrier permeability"°. As mentioned earlier, malfunction in
transport systems across barriers has also been associated with gut
disorders. In this context, alterationsin ABC transportersin the gut epi-
thelial barrier have been shown to beinvolvedin the pathophysiology
of IBD?. Furthermore, as discussed, a dysfunctional mucus barrier is
often associated with inflammatory conditions such as Crohn’s dis-
ease or ulcerative colitis. The gut microbiota has a key role in mucus
production, although the exact mechanisms are not fully understood.
Moreover, dietary factors such as a Western diet low in fibre and high
infats, refined sugars and emulsifiers have been also shown to disrupt
the mucuslayer. The mucus layer and its bidirectional interaction with
gut microorganisms is discussed in detail elsewhere'>",
Interestingly, circadian, dietary and microbiota patterns modu-
late gut barrier function?. Thus, disruption of any of these factors
can negatively influence gut barrier function. An important study
showed that a subset of small-intestine epithelial cells show circadian
variationsin MHC-Ilexpression, whichis governed by circadian dietary
timing and the gut microbiome, and plays a key part in regulating
the small-intestinal barrier through IL-10 production’2. Conversely,
when this exquisitely regulated mechanismis disrupted by changes
inthecircadian clock, diet or gut microbiota, gut barrier function was
impaired leading to exacerbated Crohn’s-like enteritis in mice™”. These
findings put the modulation of gut barrier function through diet and
the gut microbiota as potential therapeutic strategies in IBD.

Nature Reviews Gastroenterology & Hepatology | Volume 21| April 2024 | 222-247

237


http://www.nature.com/nrgastro

Review article

Box 2

Barriers across the lifespan

Barriers across the gut-brain axis adapt to the evolving changes expressed in embryonic stages in mice and larval stages in
associated with different life stages. Changes in the microbial zebrafish'®"%*®,
ecosystem are accompanied by changes in barrier function and e The cerebrospinal fluid (CSF)-brain barrier is a transient barrier
maturation (see the figure, coloured lines), suggesting an intricate during early neurodevelopment formed by strap junctions
interplay across the lifespan. Overall, physiological variances specific between adjacent neuroepithelial cells of the developing
to each life stage, which are adapted to that particular period, might brain, which restricts passage of most molecules into the brain;
render individuals more vulnerable to various external factors that it reduces progressively and disappears during development®®®.
can disrupt homeostasis, including gut-brain communication.
Gut barriers
Embryonic life ¢ In embryonic life, there is a high degree of macromolecular
There is often the misconception that fetal and early postnatal transfer (immunoglobulins) via adsorptive endocytosis?>.
barrier mechanisms are poorly developed. However, specific barrier ‘Gut closure’ refers to the restriction of this enhanced endocytosis
mechanisms develop appropriately for each stage of brain shortly after birth*>.
development?®. o Adaptations to the extrauterine environment and microbiota
e Microbial metabolites and bacterial structural components colonization occur at birth. Impairments of this initial colonization
derived from the maternal gut microbiota cross maternal and have been related to immune, structural and vascular deficits in
embryonic barriers and influence the sterile embryo'®*2¢%%, the gastrointestinal tract?”*"",
¢ The maternal microbiome is essential for embryonic blood-brain
barrier (BBB) function®. Postnatal to adult life
Brain and gut barriers are functional and respond and adapt to
Blood-placental barrier environmental and physiological changes such as diet, stress
¢ The placenta establishes the blood-placental barrier, facilitating and biological rhythms?®**,
maternal-fetal communication®®”.
¢ Syncytiotrophoblasts utilize tight junction proteins (claudins, Brain barriers
occludins, zonula occludens 1(ZO-1) and ZO-2) to regulate e During early postnatal life mice, the BBB structure continues to
placental transport and barrier functions®°. develop and mature?®. Incorporation of brain astrocytes increases
the complexity in the neurovascular unit, as astrocytic end-feet
Brain barriers gradually ensheath brain vasculature®”®.
o The BBB is functional early in embryonic development®*<°. ¢ In humans, astrocytes differentiate during embryonic
e The choroid plexus is a key structure orchestrating neurodevelop- development, contrasting with mice in which astrocytes
ment®*%*?” Whilst information on embryonic blood-cerebrospinal differentiate around birth, emphasizing species-specific
fluid barrier (BCSFB) functionality is limited, tight junctions are maturation differences?”.
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(continued from previous page)
¢ In adulthood, astrocytes and pericytes have crucial roles in finely
regulating the expression of BBB tight junction molecules®.
o Asubset of glial cells and pericytes are present in the choroid
plexus, but their potential contributions to BCSFB and/or
choroid plexus vascular barrier function remain to be explored’.

Gut barriers
e Gastrointestinal barrier permeability in healthy mice is increased
during postnatal ages versus adulthood*°, which suggests, as in
the case of brain barriers, that gut barriers also have specific
mechanisms that are appropriate for each stage of development.
¢ Similar to astrocytes of the central nervous system, enteric glia
contribute to the maintenance of gut barrier function®'.

Ageing

Ageing is associated with progressive deleterious changes in barrier
function, which has been described for gastrointestinal and brain
barriers across multiple species.

Brain barriers
e Disruption of the BBB has been reported during healthy ageing
in humans'® and mice*”. The latter show a transition from
receptor-mediated to non-specific transcytosis®*?%,

Coeliac disease, an immune-mediated disorder related to glu-
ten consumption in the diet, has also been shown to show gut bar-
rier disruption®. Moreover, gluten-free diets in patients with coeliac
disease can lead to barrier restoration'. Distinct gut microbiota
changesin patients before coeliac disease onset and after the onset of
the disease have been identified, pointing to an altered trajectory
of the gut microbial ecosystem that precedes the break in tolerance
to gluten™. Further, another study found that children developing
coeliac disease show characteristic changes in cytokine levels and
a distinct gut microbiota composition, accompanied by a twofold
increase in plasma microbiota-derived secondary bile acid taurode-
oxycholic acid'. Whether these microbiota changes are a cause or
a consequence of a pro-inflammatory status and altered gut barrier
function should be further explored. Interestingly, the more recently
discovered gut vascular barrier has also been shown to be disrupted
in patients with coeliac disease with elevated transaminase levelsas a
marker of liver damage occurring independently of gut epithelial bar-
rierintegrity”. With the discovery of the gut vascular barrier, it became
clear that breakdown of the gut epithelial barrier is not sufficient for
microorganisms to access systemic circulation, butitis probably suf-
ficient for molecules of <70 kDa to cross”. Future studies will further
clarify the role of the gut vascular barrier in the pathophysiology of
gastrointestinal disorders as well as their comorbidity with disorders
of thebrain (Fig.4).

Irritable bowel syndrome (IBS) is a gastrointestinal disorder marked
by abdominal pain, bloating and irregular stool patterns in otherwise
healthy individuals™. However, growing evidence suggests that factors
such as diet, gut microbiota and gut barrier function can be important
contributors to IBS symptomatology throughmodulation of the immune
system, the limbic system, the hypothalamic-pituitary-adrenal axis
and the enteric nervous system'>”"*8, Interestingly, a systematic review

¢ With ageing, changes have been identified in BBB pericytes
(decreases in number and contacts with the endothelium),
astrocytes (hypertrophy and increased pro-inflammatory genes),
vascular basement membrane and glycocalyx in mice and
humans®*?%,

e Ageing-associated changes in the BBB might be a response to
age-associated conditions (for example, sleep disturbances)
and could also increase susceptibility to age-associated brain
disorders™.

e Changes in choroid plexus epithelium have been described
in mice, including morphological and structural changes in
the epithelium, interrupted tight junction and changes
in mitochondrial morphology and density?®“.

Gut barriers
e Gut barrier disruption associated with ageing, such as increased
epithelial apoptosis, reduced mucus layer thickness, and changes
in gut microbiota composition, has been extensively described in
humans??5%%¢ mice’® and fruit fly?®.
e Further negative hits to barrier function during ageing can
aggravate the naturally occurring decline in physiological
processes?.

published in 2021 showed a positive association between increased
gut barrier permeability and IBS symptoms in a subset of patients with
predominant diarrhoea bowel patterns (IBS-D) or post-infectious
IBS, a form of IBS that develops in some patients after viral or bacte-
rial gastrointestinal infection'*. Moreover, patients with IBS-D have
also been found to show structural abnormalities such as disruption
of the apical junctional complex in the jejunal epithelial barrier™°,
In another study, colonic biopsies from patients with IBS (subtype not
specified) also showed impaired colonic function characterized by
significantly increased permeability compared with that in healthy
individuals'. At a molecular level, studies have shown that patients
withIBS have dysregulated expression of tight junction proteins, which
differs among the different subtypes, with IBS-D the most affected
in terms of dysregulated expression of tight junction proteins ZO-1
and occludin'®'¢,

CNS disorders

Asdescribed above, brainbarriers play akey partinmaintaininghomeo-
stasis of the brain’s microenvironmentacross the lifespan. Thus, barrier
disruption beyond physiological variation is likely to lead to some
degree of brain dysfunction. BBB disruption hasbeen described asan
early marker of cognitive decline associated with normal ageing'®® and
neurovascular deficits have been found in a wide range of neurocog-
nitive disorders (Table 2 and Fig. 4). Neurodevelopmental disorders,
such as ASD or schizophrenia, have been found in clinical and pre-
clinical studies to be associated with brain barrier disruption**'¢*7°,
as well as gut microbiota alterations®*'*>"""'* Interestingly, mouse
models of genetic and of environmental ASD or schizophrenia show
gutand brain barrier dysfunction (Table 2 and Fig. 4), suggesting that
barrier disruptionis acommon feature among the complex aetiology
of these neurodevelopmental disorders. Among the genetic models,
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Shank3is aknown genetic risk factor for ASD. Shank3 encodes a scaf-
folding protein at glutamatergic synapses and mouse and zebrafish
mutants with Shank3 knockout display ASD-like behaviours such as
social behaviour deficits and repetitive behaviours'®>>¢, Interestingly,
shank3is expressed in other organs such as the gut, where it seems
to display pleiotropic actions such as gut barrier modulation in mice
and gut transit in zebrafish7*"””, Shank3-mutant mice have also been
shown to have gut microbiota alterations. For instance, a decrease in
the abundance of Limosilactobacillus reuteri and other bacterial spe-
cies from the Firmicutes phylum have been observed'**"%"7?, How this
host genetic mutation leads to microbiome changes is not clear, but
it highlights the complex interaction between host genetics and the
microbiota in modulating complex phenotypes'°.

An example of a non-genetic risk of neurodevelopmental dis-
orders is maternal infection, which has been linked with a markedly
increasedrisk of neurodevelopmental and psychiatric disordersinthe
offspring, such as schizophreniaand ASD in humans™'"'*3, In accord-
ance, preclinical animal models exposed to maternalimmune activa-
tion, in which aninfection is mimicked during pregnancy by injecting
an immune-challenging substance, recapitulate these effects by
inducing ASD-like behaviours in the offspring'*®'”'8, Once again,
this environmental ASD or schizophrenia model has also been found
to show gut and brain barrier disruption*®'°®'*”. Remarkably, this
model has also been shown to have alterations in gut microbiota
composition™®”!, One of these studies also demonstrated a causal
relationship between microbial alterations and gut barrier dysfunc-
tion, as alterations in gut barrier permeability and in colonic tight
junction genes observed in offspring with maternal immune activa-
tion were shown to recover following treatment with Bacteroides
fragilis'®. Interestingly, gut and brain barrier dysfunction have been
reported in patients with schizophrenia (Table 2). The exploration
of whether these barrier deficits exist during neurodevelopmental
stages and if alterations in gut microbiota could contribute to such
barrier dysregulationis essential as they might negatively affect ongo-
ing neurodevelopmental processes, potentially influencing the onset
of conditions such as schizophrenia and ASD. Further investigation
into these areas is warranted to deepen our understanding of these
complex relationships.

Links between brainand gut barriers dysfunctionand mood disor-
ders such as major depressive disorder have also been observed'® '8,
Maladaptive responses to chronic stress or stress during early-life are
major risk factors for developing mood disorders™*'*° and stress is a
well-known disruptor of gut microbiota compositioninanimal models
and humans'"'*?, Stress could alter gut microbiota-mediated brain and
gut barrier function through changes in microbial bioactive output.
For example, HDAC1 has been identified as a mediator of stress sus-
ceptibility through downregulation of claudin 5 in mice'®, and SCFAs
are well-known inhibitors of HDAC activity®”. Thus, SCFA levels could
be modifiers of stress susceptibility.

Barrier dysfunctioncanextend toimpairmentinbarrier-associated
transportsystems. In this regard, abnormal function of ABC transport-
ers at the BBB have been related to neurological disorders, such as
Alzheimer disease or epilepsy’®. Notably, both of these disorders also
show brain barrier disruption in humans as well as in animal models
(Table 2). Likewise, both BBB disruption and impaired BCAA trans-
port through LAT1 transporter have been linked to ASD'** (Table 2).
Moreover, brain endothelial LAT1 is also responsible for transport-
ing circulating kynurenine into the brain, inducing depressive-like

symptoms in mice'®.

Many studies have demonstrated the relationship between the
gut microbiota and brain disorders on the one hand and with barrier
dysfunction on the other, but the links among these relationships,
whereby the gut microbiota promotes brain dysfunction through
barrier disruption or dysregulation of transport systems, is an
emerging topic (Fig. 4).

Gut and neurological comorbidities

Mounting evidence shows that compromised gut barrier function
is relevant for a wide range of CNS disorders, including neurodevel-
opmental, psychiatric and neurological disorders®, such as ASD,
schizophreniaand depression® (Fig. 4). Interestingly, gut microbiota
alterations and brain barrier dysfunction have been observed in all
these brain disorders®®'*'** (Table 2). For some of these disorders,
microbial changes have been functionally linked to their pathophysi-
ology (Table 2), which makes it relevant to expand our view of some
brain disorders into whole-body disorders in which the microbiota-
gut-brain axis has a key role. Parkinson disease (PD) is probably one
of the brain disorders in which gastrointestinal barrier dysfunc-
tion has been most widely described (Table 2). According to Braak’s
hypothesis, idiopathic forms of PD start with a pathogen in the gut
that crosses the gut barriers and accesses the CNS via postganglionic
enteric neurons'*. Moreover, a-synuclein pathology has been detected
in patients with PD during the early stages, and there is evidence in
humans and mice that a-synuclein fibrils can spread from the gut to
the brain, which has been shown to depend on vagus nerve integrity
in mice'”'?, This finding led to the hypothesis of the ‘brain-first’ and
‘body-first’ forms of PD. The brain-first variantis characterized by the
initial emergence of a-synuclein pathology in the brain, followed by
secondary spreading to the peripheral autonomic nervous system;
and in the body-first variant, the pathology originates in the enteric
or peripheral autonomic nervous system and subsequently spreads to
the brain'°. PD-related gastrointestinal symptoms, such as dysfunc-
tional gastrointestinal barriers and changes in gut microbiota, are well
established and precede neurological symptoms'®’ %,

ASD is acomplex developmental condition involving challenges
with social communication, restricted interests and repetitive behav-
iours. The degree of severity and coexistence of symptoms in ASD is
highly variable, and its aetiology involves complex interactions of
genetic and environmental factors?’°. Gastrointestinal dysfunction is
oftenreported in patients with ASD**' and changes in microbial compo-
sition, though sometimes controversial, have been well characterized
in patients with ASD'”* as well as in infants at elevated risk of developing
ASD'"2. Beyond correlative reports, some studies have also established
functional links between microbiota changes and ASD gut and brain
pathophysiology in preclinical experimental models'©®169173202-205
Furthermore, barrier dysfunction across the microbiota-gut-brain
axis in ASD has been found in animal models*®16¢168170.206.207 apnd
humans'*'®*,inwhich both the gut and brain barriers have been shown
to be dysfunctional (Table 2).

Many patients with IBS present with psychiatric comorbidities.Ina
cohortof150individuals diagnosed with IBS, >50% showed symptoms
of anxiety and depression®®. Importantly, individuals in this group
exhibited more pronounced gastrointestinal symptoms and lower
quality of life than those without any psychiatric comorbidities'®.

Notably, stress (especially chronic stress or stress during early
life) has been identified as a major predisposing factor to the devel-
opment of IBS and psychiatric disorders, including anxiety and
depression®®. Stress is also known to induce changes in gut microbiota
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Box 3

Outstanding research questions

e |s gut microbial modulation of barriers causally related to
neurodevelopmental and neurocognitive disorders? In this
context, an interesting aspect is to establish whether microbial
modulation of barrier function during neurodevelopment
has critical windows, in which dysregulated microbiota
composition negatively influencing barrier development
cannot be completely rescued in later life. Would this process
confer a different susceptibility to develop other disorders later
in life?

e What is the role of bacterial structural components and
of extracellular vesicles derived from commensal and/or
probiotic bacterial strains in barrier modulation across the
microbiota-gut-brain axis?

¢ Is microbial modulation of the gut barrier different along the
biogeography of the gastrointestinal tract? Similarly, does blood-
brain barrier heterogeneity result in region-specific modulation by
microbial signals?

e How do microbial signals modulate epithelial and vascular
barriers and their interplay at the gastrointestinal tract and the
choroid plexus?

composition''. Consequently, stress-induced microbiota changes

could potentially underlie IBS and psychiatric comorbidities through
disruption of the microbiota-gut-brain axis, includingimpairing gut
and brain barrier function. Furthermore, patients with IBD are also
known to show an increased risk of anxiety and depression, but the
exact magnitude and underlying mechanisms of their co-occurrence
remain to be further clarified*”’. Patients with IBD have been shown
to have a less diverse gut microbiota, a feature that is also found in
patients with major depressive disorder”®*". However, whether the
gut microbiome changes are a cause or a consequence in IBD and in
depression remains to be clarified.

Insupport of how stress—-microbiomeinteractions could be under-
lying gastrointestinal comorbidities involving barrier disruption,
astudyinmicerevealed that psychological stressinduces inflammatory
enteric gliaand transcriptionalimmaturity in enteric neurons through
chronicglucocorticoid signalling*?. Furthermore, psychosocial stress
induced brain and gut barrier disruption alongside depressive-like
behavioursin stress-susceptible mice'®*"* (Fig. 4).

Overall, thereis no clear understanding of how functional altera-
tion of gut and brain barriers are mechanistically linked with CNS and
gastrointestinal pathologies. Analtered gut barrier would allow abnor-
maltranslocation of microbial metabolites and structural components
into the bloodstream, which could reach the brain barriers. Moreover,
the uncontrolled translocation of microbial components could also
elicit an inflammatory response leading to neuroinflammation and
subsequent brain dysfunction. However, as mentioned above, barri-
ersacross the microbiota-gut-brain axis establishaninterconnected
system of epithelial and endothelial barriers thatinteract and cooper-
ate to maintain homeostasis*°. Thus, gut barrier dysfunction could
contributeto CNS disorders by promoting alterationsinbrainbarrier

e The gut microbiota from laboratory animals strongly differs from
that in wild counterparts, which might be more accurate as models
for microbiome studies with potential to translate to humans.
How does barrier function modulation by the microbiome differ
between wild and laboratory animals? On a similar theme, what
are the contributions of non-bacterial gut microorganisms (that is,
virus, fungi and archaea) to barrier function?

e Can we target the barriers for therapeutic benefit across the
lifespan? The microbiota is highly amenable to modulation by
factors such as diet, probiotics, prebiotics and symbiotics. Can
we harness nutrition to influence barrier-microbiota—gut-brain
axis interactions, for example by boosting short-chain fatty
acid (SCFA) production with dietary fibre in combination with
probiotics that can produce SCFAs.

o Though not covered in this Review, brain meninges constitute
another complex barrier in the brain. Although a gut-meningeal-
immune axis that also involves the gut microbiota has been
established®®, it remains a key outstanding question whether
these barrier-forming cells are also modulated by microbial
signals.

function (Fig. 4). Further supporting the notion of inter-barrier com-
municationacross the microbiota-gut-brain axis, aninfluential study
demonstrated that the choroid plexus vascular barrier closes upon gut
vascular barrier opening associated with intestinal inflammation®,
which could be a mechanism to protect the brain from circulating
inflammatory mediators. This closure occurs by upregulation of the
Wnt-B-catenin signalling pathway. Interestingly, the authors also
showed that a genetic mouse model of vascular barrier closure leads
toimpairment of episodic memory and anxiety-like behaviour®, sug-
gesting that choroid plexus vascular barrier permissive function is
important for cognitive function, and that mental symptoms related
togutinflammatory disorders might therefore be the consequence of
adysregulated gut-brain vascular axis.

Finally, itisimportant to highlight certain prevalent lifestyle fac-
tors mostly associated with industrialized countries (such as obesity,
physical inactivity, poor dietary habits, stress and gut microbiota
disruption) can promote a state of low-grade systemic chronicinflam-
mation. This condition is characterized by a chronic non-infectious
activation ofimmune components®”. This persistent state of chronic
inflammation cangiverise to various diseases ranging from metabolic
syndrome, neurodegenerative disorders and depression, which col-
lectively stand as primary contributors to disability and mortality on
aglobal scale?”. Given the increasing prevalence and the inflammatory
nature of these conditions, coupled with the involvement of the gut
microbiota and various factors that possess the potential to influence
both the microbiota and barrier integrity (Fig. 4), it becomes impera-
tive to understand the role of inter-barrier communication and the
microbiota-gut-brain axis. Such understanding could pave the way for
targeted interventions and therapeutic strategies aimed at mitigating
chroniclow-grade inflammation and its associated health risks.
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Outstanding questions and future directions

Several outstanding questions remain (Box 3) and there are also some
limitations and challenges that need to be clarified and overcome to
advance the field. Microbial metabolites are dynamic and part of a
complex mixture of host and microbial metabolites. Thus, investigat-
ingindividual metabolites, although informative, has limited value for
complex systems, as the net effect of microbial metabolitesis likely to
depend on their relative levels.

Importantly, preclinical models are useful but always face the
challenge of translation to humans. Dominant microbial genera and
their relative abundance differ between rodents and humans. However,
efforts should probably focus mostly on the functional potential of
these microorganisms, which might be more conserved than micro-
bial species. Moreover, differences in gastrointestinal tract and brain
anatomy between species might make comparisons more difficult.
Brainand gut barriers have been well characterized in diverse species,
revealing high degree of functional conservation across the animal
kingdom. However, human barriers have their own species-specific
adaptations reflected in differences in cellular composition at the
barriers. It remains to be clarified whether these differences affect
barrier function. For example, human astrocytes differentiate during
embryonic life, as opposed to astrocytes in rodents, in which glio-
genesis begins just before birth and occurs mostly during postnatal
life”*. The potential consequences of these and other differences on
BBB function and modulation remain to be unravelled.

Modelling brainand gut disordersinrodent models or other model
organisms constitutes an additional challenge. These models aim to
replicate symptoms of complex disorders, which often encompass
symptoms common to multiple disorders. For example, maternal
immune activation models aspects of neurodevelopmental disorders
suchas ASD and schizophrenia, but no model canrecapitulate the com-
plexity inahuman patient. Allin all, preclinical models are instrumental
inadvancing our understanding of the complexinteractions between
host and microorganisms within the holobiont, as they enable study
of these interactions at molecular and cellular levels to a degree that
we could never reach in humans. We should, therefore, aim to refine
preclinical models and utilize, where possible, a cross-species approach
inwhich we leverage particular advantages of different species. Com-
bining preclinical models with in vitro models such as humaninduced
pluripotent stem cells to model barrier function associated with dif*-
ferent conditions could provide added advantages to our current
limitations. Finally, translating findings in humans back to preclinical
models could help us dissect complex disorders into the underlying
malfunctional processes.

Conclusions

Therealization that the gut microbiomeisacritical element regulating
brain and behaviour across the lifespan has been a long road and we
need to uncover more about the routes of communication. Gastroin-
testinal and brain barriers are dynamic and adaptive structures that
have evolvedtobe crucial ‘secret’ gates that enable key aspects of this
communication to occur. Although barriers have traditionally had a
negative connotation in our language, we now appreciate that they
have played an instrumental role in the evolution of holobiontsin a
microbially-dominated world.

We discuss how barriers have key similarities at the structuraland
functionallevels, butalso how each has particularities that are essential
for their individual function and for cross-barrier communication.
The BBB has long been considered the main gateway to the brain,

and a variety of microbial products have been identified as key mod-
ulatory signals of their function. Remarkably, with the emergence
of the BCSFB as another gate of communication of microbial signals
to the brain, we are observing that the same main microbial metabo-
litesthat modulate the BBB are also key for BCSFB integrity. However,
further investigation of the complex interaction between microbial
signals and brain barriers, and their common and specific modulation,
iswarranted.

We also discussed epithelial and vascular barriers, and their close
interaction especially in the gastrointestinal tract and the choroid
plexus, structures that both show remarkable similarities intheir barrier
structure. Vascular barriers are more permissive than their epithelial
counterparts, but they have been shown to adapt this permissiveness
to physiological as well as pathological circumstances. How microbial
signals modulate specifically epithelial and vascular barriers, and their
interplay, remain to be further explored.

Given the importance of barriers in maintaining homeostasis
across the microbiota-gut-brain axis, we discussed how their mal-
function can disrupt its communication and therefore be at the basis
of gastrointestinal and neurological comorbidities. In conclusion and
returning to Tolkien, this adventure is far from having an end at this
stage and we must carry on the story.

Published online: 14 February 2024
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