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The gastro-intestinal tract is an ecosystem containing
trillions of commensal bacteria living in symbiosis with the
host. These microbiota modulate a variety of our
physiological processes, including production of vitamins,
absorption of nutrients and development of the immune
system. One of their major functions is to fortify the intestinal
barrier, thereby helping to prevent pathogens and harmful
substances from crossing into the general circulation.
Recently, effects of these microbiota on other blood-tissue
barriers have also been reported. Here, we review the
evidence indicating that gut bacteria play a role in regulating
the blood-brain and blood-testis barriers. The underlying
mechanisms include control of the expression of tight
junction proteins by fermentation products such as butyrate,
which also influences the activity of histone deacetylase.

Introduction

In specialized compartments of the body, movements of
molecules and cells between the blood and tissues are hindered
by so-called gatekeepers or barriers. Such blood-tissue barriers
were first described about 100 years ago in pioneer experiments
showing that dyes administered to laboratory animals failed to
stain the testis and the brain,'™ leading to the concepts of the
blood-brain barrier (BBB) and the blood-testis barrier (BTB).
These two barriers are considered the tightest in the body, but
differ in structure and function. Here, we will review recent
findings concerning the role of the gut microbiota in maintain-
ing these 2 barriers.

The blood-brain barrier (BBB)

The BBB is formed by tight junctions (T]) between endo-
thelial cells that line cerebral microvessels (Fig. 1). Small gas-
eous molecules (O, and CO,) and small lipophilic agents,
including drugs such as ethanol, caffeine, nicotine, heroin
and methadone, can diffuse freely through the lipid mem-
branes of the BBB; whereas hydrophilic molecules such as
glucose, several amino acids and neurotransmitters must be
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carried across by specific transporters. Two major groups of
transporters are involved, i.e., the solute carriers (SLCs) and
active efflux carriers (ABC transporters), both expressed on
the luminal and/or adluminal surface of the BBB. Large
hydrophilic molecules such as proteins can only be translo-
cated across membranes via endocytosis (receptor-mediated
transcytosis or adsorptive—mediated),4 which is however,
uncommon in brain endothelium. The high metabolic
demands placed on cerebral endothelial cells by active trans-
port are reflected in higher abundance of mitochondria than
in systemic endothelial cells.” In addition, another route of
transport and passage is the paracellular pathway that is spe-
cifically regulated by the tight junction (TJ) proteins.

Development of the BBB

During embryonic angiogenesis, neural progenitors induce
endothelial cells to express BBB-specific proteins such as TJ
proteins and nutrient transporters. At E13, pericytes then
strengthen the barrier properties by sealing the interendothe-
lial TJ proteins, limiting the rate of transcytosis, down-regu-
lating the expression of leukocyte adhesion molecules and
inducing the expression of efflux transporters. A functional
BBB that excludes tracers administered intravenously from
the CNS parenchyma is present between E15-E16.%” Nor-
mally, astrocytes appear postnatally to provide additional sup-
port to the functional BBB during adulthood, as well as in
connection with injury and disease (Fig. 2).*

Functions of the BBB

The many vital roles played by the BBB include supplying the
brain with important nutrients, mediating the efflux of numerous
waste and toxic substances, e.g. misfolded proteins, and regulat-
ing ion trafficking between the blood and brain via specific ion
transporters and channels to produce a brain interstitial fluid
(ISF) of optimal composition for neuronal function. This com-
position is similar to that of blood plasma except that the protein
content is much lower, the K™ and Ca?" concentrations are also
lower and the level of Mg®" is higher. Importantly, the BBB
protects the brain from fluctuations in ionic composition that
can occur following exercise or after a meal. Furthermore, since
immune surveillance in the CNS is limited, the BBB acts as a

shield against infection and foreign materials. *”

€1039691-1



Endothelia)
Cell Pericyb
ericyte
"
Astrocyte__!
Basement Tight Junction
membrane

Blood
Transcellular
Paracellular P Tight Junction
“**'blood cells Endothelial
Cell
Basement

membrane

Blood-Brain Barrier

; ol 1 b 1
Astrocyte

Brain

Microglia

Figure 1. The blood-brain barrier (BBB). Molecules cross the BBB either
transcellulary or paracellularly between the cells through the junctions.

Cell types associated with the BBB

The brain endothelial cells that form the BBB are surrounded
by or closely associated with several types of cells, including the
perivascular end-feet of astrocytic glia, pericytes, microglia and
neurons™”’ (Fig. 1). The close association between such cells and
brain capillaries suggests that they are involved in specific features
of the BBB and, indeed, transplantation studies have demon-
strated that formation of the BBB is induced by interactions
between endothelial cells and the neural cells.'"’ There is now
strong evidence, particularly from cell cultures, that astrocytes
can up-regulate many features of the BBB involved in creating

. . . . 11 .. . .
effective tight junctions.” " In addition, pericytes are required for

the integrity of this barrier both during embryogenesis6 and in
adulthood.'? Thus, the BBB of adult mice lacking pericytes is
leaky to water and a range of low and high-molecular-weight
tracers. During development, pericyte—endothelial cell interac-
tions are crucial for the formation of T]JPs in the BBB, as well as
for vesicle trafficking by CNS endothelial cells.

The possible influence of other cell types on the BBB is less
well characterized. Some investigations suggest an inductive role
for microglia and macrophages derived from blood monocytes
that are resident in the CNS. Accordingly, co-culture of brain
endothelial cells with blood macrophages enhanced barrier tight-
ness.'> Some indirect evidence indicates that smooth muscle cells

may also influence BBB functions.'*

The blood-testis barrier (BTB)

The BTB is formed by TJPs between 2 adjacent Sertoli cells
at the seminiferous tubules (Fig. 3), with the peritubular layer of
myoid cells that encircle the seminiferous tubules and the testis
endothelial cells in the interstitium also making a significant con-
tribution.">'® The primary functions of this barrier are to segre-
gate the haploid male germ cells from the immune system,
create polarity and help to create a unique environment for germ
cell differentiation. At the same time, the BTB poses an obstacle
to the development of non-hormonal male contraceptives by
sequestering drugs (e.g., adjudin) in the apical compartment.'”

The BTB forms during puberty in human (at"12-14 years of
age), while in mice a functional BTB is established 15-16 days
after birth,'®" which coincides with the time-point at which
the testis cords are transformed into seminiferous tubules with a
lumen,”**! as well as when the Sertoli cells cease to divide and
become terminally differentiated.”” Thus, in adult mammals the
number of Sertoli cells is thought to remain relatively con-

*2 although there are reports that these cells can prolifer-
23

stant,’
ate and divide in adult rodents under experimental conditions
and even under physiological conditions in humans.** The num-
ber of Sertoli cells determines the number of germ cells that can
be supported during spermatogenesis and thus sperm production
and the sperm count in adulthood.*"**

Sertoli cells are highly dynamic, changing their 3-dimensional
structure during the course of spermatogenesis and spermiogene-
sis.”>?® This causes the BTB to change as well: the TJPs undergo
remodeling (opening and closing) to allow the passage of prelepto-

tene spermatocytes from the basal to the

adluminal ~ compartment, where they

Closure of the BBB
Appearance of TJ _ ©

proteins & transporters

Neural
Prcgenltcrs

00

Y

Endothelial Pericyte

Cells

(-£155] [Birth | [P1}——P5]

Astrocyte
endfeet

undergo meiosis.”> This structural disas-
sembly and reassembly of the TJPs occurs
at stage VIII in the rat and is tghtdy regu-
lated by testosterone and cytokines.” >’

Comparison of the BBB and BTB

The BBB is formed by TJ proteins

between endothelial cells lining the blood

| Figure 2. Schematic illustration for the time-course of BBB development. Modified from ref. 6.

vessels, whereas the BTB is the result of T]
proteins between epithelial cells referred to
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Figure 3. The blood-testis barrier (BTB) is formed by tight junction pro-
tein between Sertoli cells.

as Sertoli cells®® and consequently Russell and Peterson (1985)
coined the term ‘Sertoli blood barrier’ for the BTB.”" Another
fundamental difference is the organization of the TJ proteins: In
the brain, these junctions are localized only at the apical surface of
the endothelium, sealing the intercellular space with adherens junc-
tions (AJ) immediately below the tight junction fibrils. In the
BTB, on the other hand, TJ proteins coexist with basal ectoplas-
mic specializations (basal ES) and basal tubulobulbar complexes
(basal TBC) (of which both are testis-specific, actin-based adherens

Nevertheless, the T] proteins that form these 2 barriers display
remarkable molecular similarities, both being formed by strands of
occludin, JAM, and claudin molecules linked to the cytoskeleton
through the zonula occludens (ZO-1, ZO-2 and 70-3)."? In
knock-out mice, loss of claudin-5 leads to disruption of the BBB**
and lack of occludin is associated with calcification of the brain,
with no change in the permeability of the BBB.?” In the case of the
testis, loss of occludin, claudin-3 and 11, the dominant forms
expressed in this tissue, interferes with spermatogenesis and causes
sterility.>*** Moreover, under pathological conditions such as
stroke,*® multiple sclerosis®” and Alzheimer disease™ (where the
BBB is disrupted), orchitis®” and male infertility® (with disrupted
BTB) the T] proteins are down-regulated or redistributed. Interest-
ingly, diabetes mellitus affects the paracellular and transcelluar per-
meability of the BBB and BTB negatively.*

Both barriers physically separate their respective organs into
apical and basal compartments exerting strict control over the
transfer of ions and molecules. The BTB develops postnatally in
rodents and during puberty in humans,'” while the BBB is
formed prenatally in both rodents®” and humans.*" Both barriers
create ‘immune-privileged sites’, i.e., tissue transplanted into the
brain®® or the interstitial space of the testis®® is not rejected.

This ‘privilege’ is due to the absence of draining lymphatic
vessels and an almost complete lack of circulating immune cells,
which are prevented from entering by the BTB and BBB. In the
case of the BTB, mature sperm cells (spermatozoa) expressing
new antigens that can be recognized as ‘foreign’ arise after
puberty but these new autoantigens are tolerated and do not nor-
mally evoke an immune response by the testis.’” From an evolu-
tionary perspective, immune privilege is regarded as a protection
for vulnerable organs with limited capacity to regenerate.

Gut Microbiota

The largest microbial component is present in the large intes-
tine of the GI tract, where it confers many benefits for the host

. . g . . 19,30 . .
junctions) and the desmosome-like junctions (Fig. 4). 93 such as pathogen displacement, development of the immune
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Figure 4. A simplified diagram illustrating the morphological differences between the blood—testis barrier (BTB) and the blood—brain barrier (BBB). (A)
In the BTB, tight junctions (TJs) coexist with basal ectoplasmic specializations (ES), basal tubulobulbar complexes (TBC), and desmosome—like junctions.
(B) In the BBB TJs are restricted to the apical surface of the endothelium, sealing the intercellular space, with adherens junctions (AJ) located immediately
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Figure 5. Microbial impact on host physiology. Microbiota in the intestinal tract exerts profound effects on
host physiology, both locally and at distant sites. Locally, these bacteria enhance gut immunity and motility as
well as reducing intestinal permeability. At distant sites, such as the lungs, they regulate immune defense
against viral infection. In the case of the brain, they may influence behavior by decreasing synaptic connec-
tively and increasing anxiety and perception of pain. Moreover, they modulate hepatic metabolism in a man-
ner that decreases energy expenditure and promote adiposity. In addition, absence of gut microbiota leads to
more bone mass in association with fewer osteoclasts per surface area of bone.
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system, vitamin production and absorption of nutrients. 3

Microbiota are key to maintaining homeostasis and its functions
extend beyond the GI tract affecting almost every organ of the
body***> (Fig. 5). In the intestine itself, microbiota influence
angiogenesis*® and enhance gut immunity and motility, as well

e1039691-4 Tissue Barriers

as decreasing the permeability of
the intestinal barrier. In the case
of distant organs such as the
lungs, microbiota  regulate
immunological defense against
viral infection.”” In the brain,
microbiota affect behavior by
reducing synaptic connectively
and elevating anxiety™® and per-
49 Moreover,
hepatic
metabolism in such a way as to

ception of pain.
microbiota modulate
decrease energy expenditure and
promote adiposity.”® In addi-
tion, absence of gut microbiota
leads to more bone mass in asso-
ciation with fewer osteoclasts sur-
face area of bone.”!

Recent studies also point to
the involvement of the micro-
biota in the development of per-
sonalized medicine®> and in
xenobiotic metabolism.”® Certain
environmental toxins and drugs
are metabolized by the gut
microbiota into less or more
harmful substances. Several bio-
logical active compounds are also
produced by the gut microbiota
such as short chain fatty acids

(SCFAs),  conjugated  linoleic
acid, phenoles, indoles, or
trimethylamine.44

Short chain fatty acids

SCFAs are 1-6 carbons in
length produced by fermentation
of dietary fibers by the gut
microbiota to butyrate, acetate
and propionate.”* Bacteria of the
Bacteroidetes phylum such as
Bacteroides thetaiotaomicron pro-
duce high levels of acetate and
propionate, whereas bacteria of
the Firmicutes phylum such as
Clostridium  Tyrobutyricum pro-
duce high amounts of butyrate.
The most abundant SCFA is
acetate (C2) followed by propio-
nate (C3) and butyrate (C4).

Butyrate, in particular, is the

major fuel for colonocytes and is suggested to participate in the
regulation of intestinal cell growth and differentiation. Butyrate
also increases the expression of T] proteins iz vitro>> and induces
angiogenesis in the small intestine iz vivo.”* Acetate and propio-
nate are transported to the liver and peripheral organs, where
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they act as substrates for gluconeogenesis and lipogenesis. Apart
from providing energy sources for the host, SCFAs also regulate
several cellular processes. SCFAs are implicated in the regulation
of the gut immune system by affecting oxidative burst, degranu-
lation, and phagocytic functions.”® SCFAs also promote mineral
absorption, mucin production, and expression of antimicrobial
peptides.”” Furthermore, certain SCFAs may lower the risk of
developing gastrointestinal disorders, cancer and cardiovascular
disease.”®

SCFAs enter cells both by simple diffusion and through the
action of transporters of monocarboxylates and other solutes.
Several investigations in the gut of rodents have demonstrated
that the SCFAs act as messengers between the gut microbiome
and the host> promoting the formation of regulatory T-cells
(Treg) and regulating immune functions.®” Butyrate and propi-
onate, but not acetate control gene expression by inhibiting
histone deacetylase (HDAC), resulting in hyperacetylation of
both histones and non-histone proteins.®" All 3 of these SCFAs
can also activate cells through G-protein-coupled receptors
(GPCRs), such as GPR41 or GPR43,°% with differing ligand
specificities and potencies. Propionate is the most potent activa-
tor of both GPR41 and GPR43; acetate has higher affinity for
GPR43; whereas butyrate activates GPR41 more potently.

Activation of GPR41 and GPR43 by SCFAs stimulates
secretion of peptide YY, which reduces gastrointestinal transit.
Stimulation of GPR43 by SCFAs is crucial for the regulation of
energy balance and adiposity and in adipocytes, signaling via
GPR41 induces lepitn secretion and elevates adipogenesis.®®
Moreover, signaling via GPR43 has anti-inflammatory effects as
reflected in the observation that GPR43-kockout (Gpr437/7)
murine models of colitis, arthritis and asthma display exacer-

.. . 64
bated or unresolving inflammation.”

Influence of Microbiota on the Intestinal Barrier

By helping to maintain the integrity of the intestinal epithe-
lial barrier through regulation of cell-cell junctions, the gut
microbiota provide their host with a physical barrier to patho-
gens and also aid in the preservation of homeostasis. In addition
to its physical nature, this barrier contains a chemical component
consisting of e.g., mucins, trefoil peptides and surfactant pepti-
des.®® The primary physical barrier is formed by a single layer of
epithelial cells with the paracellular space being sealed by TJ.%

The TJ regulate the flow of water ions and small molecules, as
well as preventing antigens and pathogens from entering mucosal
tissues. The status of these junctions provides an indicator of the
functionality of the paracellular barrier, to which claudins are the
primary contributors.” TJ are highly dynamic structures, con-
stantly being remodeled in response to external stimuli such as
food residues and pathogenic and commensal bacteria. Below the
TJ lie the adherence junctions (A]) involved in intracellular sig-
naling, cell-cell adhesion and restitution of the epithelium.®®

Before birth, the intestine is essentially sterile, but soon after
birth it is colonized by a variety of ingested and maternal micro-
organisms. The dense communities of bacteria in the intestine

www.tandfonline.com
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are separated from body tissues by a single layer of epithelial cells.
Establishment and maintenance of a barrier that protects sur-
rounding tissues from bacteria is also achieved by stimulation of
the mucosal immune system.®’

This stimulation involves several mechanisms, e.g, activation
of Toll-like receptors that recognize molecules derived from
microbes and secretion of mucins, trefoil factors and secretory
immunoglobulin A, all of which reinforce the barrier.”® Mainte-
nance of the T] and AJ also makes an important contribution.
While this role of gut microbiota in fortifying the intestinal
barrier is well-documented, the influence of these same bacteria
on other blood-tissue barriers requires further examination.
Here, we discuss our recent findings concerning this influence on

the integrity and permeability of both the BBB and BTB.

The Influence of Gut Microbiota on the BBB
and BTB

In germ-free (GF) pregnant mouse dams, maturation of the
fetal BBB was delayed”' as was tubules formation in the postna-
tal testis.”* These defects in permeability persisted into adult-
hood, as demonstrated by leakage of Evans blue dye into the
brain parenchyma’' and seminiferous tubules of the testis of
mature mice.”> This leakiness was associated with reduced
expression of TJ proteins’"’?: in the BBB, expression of clau-
din-5 and occludin was lower, while that of ZO-1 was
unchanged; and in the BTB, expression of occludin and ZO-2
was lower.”> Moreover, electron microscopy revealed that TJ in
the brain of GF adult mice were disorganized.

Could the BBB and BTB in these GF mice be restored?
Remarkably, these barriers could be “sealed” by recolonizing their
intestines with fecal material from the control mice. Colonization
with bacterial strains that produce only butyrate (Clostridium
Tyrobutyricum) or acetate/probionate (Bacteroides thetaiotaomi-
cron) restored the integrity of the brain parenchyma’' and semi-
niferous tubules of the testis’> as shown by exclusion of Evans
blue dye. Furthermore, the protein components of the T] com-
plexes in these barriers were restored to control levels by either
such colonization or butyrate alone.”>”"

Short-chain fatty acids (SCFA), provided either as pure
sodium butyrate or generated by SCFA-producing bacteria, re-
established barrier functions in previously GF mice, but the
underlying mechanism(s) remains unclear. One possibility we
explored in the case of the BBB involves epigenetic modification
in the form of enhanced histone acetylation stimulated by buty-
rate. However, this needs to be further confirmed and the poten-
tial relationship between histone acetylation and the expression
of TJ protein elucidated.

In addition, whether these changes in barrier permeability
caused by SCFAs that enter the blood stream involve direct
effects on brain endothelial or indirect signaling by the enter-
oendocrine cells of the gut warrant furthers investigation. Mer-
cado and coworkers’® have demonstrated direct effects of
butyrate and other micronutrients iz vitro on individual compo-
nents of TJ, the transepithelial electrical resistance and
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transepithelial mannitol permeability of LLC-PK cells (renal
epithelial cells). In this system, butyrate elevated the levels of
claudin-1, 3, 4, and 5, the latter by almost 300%. Furthermore,
butyrate can enhance histone acetylation in the BBB i vivo”"
as well as in dendritic cells in vitro.”* However, butyrate acts
not only on the cells that form the barrier. In the case of the tes-
tis, recolonization of GF mice with Clositridium Tyrobutyricum
also restored testosterone levels to that of control mice without
altering the levels of gonadotrophins, suggesting an effect on the
Leydig cells.”

Conclusions and Future Perspectives

The major role played by the blood-intestinal barrier in pre-
venting pathogenic bacteria from entering the circulation is well
established. We propose that the internal barriers formed by the
BBB and BTB provide a second line of defense against poten-
tially pathogenic organisms, as well as protection from our own
immune system. An evolutionary perpective on this type of pro-
tection is that it appears to be localized around organs that are

The potential effects of modulating the composition of the
gut microbiota through the use of antibiotics, probiotic and pre-
biotics on barrier permeability has not been addressed here and
require further investigation. Understanding possible sides-effect
of antibiotic use on the BBB and BTB and thereby mental and
reproductive health is of considerable importance. Future
research should focus on unraveling the signaling pathways and
identifying the metabolites involved in the establishment of these
peripheral barriers, thereby improving our understanding of
host-microbe crosstalk and paving the way for novel clinical
interventions. Thus, detailed characterization of bacterial metab-
olites (e.g., SCFAs) and identification of their target tissues can
provide a basis for new therapies.
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