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Abstract: This article reviews the main literature published between April 2018 and March 2019 in the field
of the microbiota-gut-brain axis focusing on gastrointestinal inflammation and neurological comorbidities. Over
the last year, further evidence emerged relating to the existence of a bidirectional link between gastrointestinal
inflammation in the form of inflammatory bowel diseases (IBD) and infection on the one hand, and neuroinflam-
mation and neuropsychological changes on the other. Gastric Helicobacter infection, for instance, provoked neu-
roinflammation, characterized by activated microglia, which resulted in short-term memory loss. Furthermore,
whereas anxiety and depression were associated with increased activity or development of IBD, a diseased activ-
ity at baseline was associated with an increased risk of evoking abnormally anxious behaviour. Colitis induction
in animal models, by inducing dysbiosis and intestinal barrier disruption, confirmed the effect on the brain and
vice versa with a central role for the brain-derived neurotrophic factor (BDNF). In addition, toll-like receptor
(TLR) signaling has emerged as an important communication platform between the microbiota, the gut, and
the brain. More specifically, the absence of TLR4 in mice partially protected the animals from the Parkinson’s
disease-induced pathology. Furthermore, recent advances in the use of psychobiotics, referring to any exogenous
influence whose effect on the brain is bacterially-mediated, highlighted an important role for Lactobacillus and
Bifidobacterium spp., heat-inactivated microbial fermentates, and natural herbs to treat gastrointestinal and neu-
rological disorders.
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THE MICROBIOTA-GUT-BRAIN AXIS IN GASTROINTESTINAL INFLAMMATORY DISORDERS
Microbiota-Gut-Brain Axis Dysfunction During Gastrointestinal Infection

In a study performed by Gorlé et al', Helicobacter suis infection induced inflammation in the stom-
ach, but also in the brain which resulted in short-term memory loss. These alterations were accom-
panied by increased permeability of the gastrointestinal barrier, low-grade systemic inflamma-
tion, and disruption of the blood-cerebrospinal fluid (CSF) barrier, suggesting that H. suis-evoked
increased gastrointestinal permeability and subsequent peripheral inflammation which induce
changes via changes in the blood-CSF barrier integrity'. A further study investigating helminth
infection with Trichuris muris, showed local colonic inflammation in adult mice which was accom-
panied by a shift in the microbiota composition with a higher abundance of Bacteroidetes and a
decrease in Firmicutes. Behavioral and cognitive analyses performed at 9 months post-infection
revealed deficits in spatial recognition memory and an anxiety-like behavioral phenotype in Trich-
uris-infected mice, which was associated with neuropathology and increased microglia activation
in the brain2.



T. Breugelmans, B. Y. De Winter, A. Smet

‘Neurotransmitter ‘Neuroinflammation’
alterations' Microglia and astrocyte activation
Glutamate { GABA | (GFAP, COX2) 1
Serotonin 4 Dopamine Cytokines (IL-6, TNF-a) T
G BBB permeability T
2-/_ Blood-CSF barrier permeability T
Tight junction dysfunction

NT, , 0C
" 'HPA axis activation
‘Anxiety’' “, CRH 4

l

‘Depression’ ACTH ‘ )

'Impaired cognltlon !
Cortisol T _4
‘Parki a

LPS 1 N
INFat YOS SCFAs T4
\ \ e 0 4

-6t 1 ° ° ’

I ® e
yILB T | ....

SEB
=
2
[
il W N m’ﬂ
Ly UOUEUDK e’ ability 1
© D ht junctign dysfunction
al 2 ,CLDN21,0CLNY,Z0-11)
0 ,,»' \ ~" }d Ab@nt mucin expression
g 'M‘crobla ysbiosis
S

E.Coli T
Lactobacilli spp. {
Bifidobacteria spp. {

Figure 1. The microbiota-gut-brain axis in gastrointestinal (Gl) inflammation and neurological comorbidities.
Microbial dysbiosis, which often involves increased levels of Escherichia coli and reduced Lactobacilli and
Bifidobacteria spp., is associated with gastrointestinal inflammation and impaired intestinal barrier func-
tion, better known as a ‘leaky gut’. The loss of the intestinal barrier integrity is characterized by increased
permeability, tight junction dysfunction, and aberrant mucin expression. This will lead to elevated levels of
LPS, pro-inflammatory cytokines, infiltration of immune cells, and changes in microbial metabolites, such
as short-chain fatty acid (SCFAs). Via systemic routes and neural pathways, this will affect neurotransmitter
levels, stimulate the hypothalamic-pituitary-adrenal (HPA) axis (stress response), affect brain barrier in-
tegrity, and induce neuroinflammation. In the opposite direction, brain homeostasis disturbance can have
detrimental effects on the gut via similar mechanisms. The brain-derived neurotrophic factor (BDNF) and
toll-like receptor 4 (TLR4) signaling pathways have emerged as central mediators of the bi-directional mi-
crobiota-gut-brain interactions during Gl inflammation (due to infections or inflammatory disorders) and
neurological abnormalities (anxiety, depression, impaired cognition, and Parkinson’s disease). Additionally,
several studies report a potential role for Orexin-A and mGlu8 as well. Increasing evidence further shows
that psychobiotics, exert beneficial effects on gut and brain homeostasis by restoring the gut microbiota
composition. (The figure was created with Biorender.com).

Microbiota-Gut-Brain Axis Dysfunction in Inflammatory Bowel Diseases

Inflammatory bowel diseases (IBD), including Crohn’s disease (CD) and ulcerative colitis (UC), are
characterized by chronic relapsing intestinal inflammation, loss of intestinal barrier integrity, and
microbial dysbiosis®. These disease entities have also been associated with mood disorders, such as
anxiety or depression, but it is not clear whether one contributes to development of the other, or
if the interaction is bidirectional (i.e., anxiety or depression contributes to the progression of IBD
and IBD affect psychological health). This was further investigated in a 2-year longitudinal pro-
spective study of 405 patients with CD or UC. Increased CD or UC disease activity at baseline was
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associated with an almost 6-fold increased risk for subsequent abnormal anxiety scores, whereas
in patients with quiescent IBD at baseline, abnormal anxiety scores were associated with later
need for glucocorticosteroid prescription or flare of IBD activity?. Another study evaluated clini-
cal data from 403,665 patients with new-onset depression and from 5,323,986 individuals with-
out a history of depression. After controlling demographic and clinical covariates, it was shown
that a history of depression increased the risk of developing IBD. Interestingly, antidepressant
therapy partially protected these patients from developing IBD, especially UC. Lv et al® analysed
neurotransmitter metabolites using proton magnetic resonance spectroscopy in CD patients that
suffered from abdominal pain. The net finding revealed elevated glutamate and decreased levels
of gamma-aminobutyric acid (GABA) in the anterior cingulate cortex. This imbalance in glutamate
and GABA may imply disturbances of the intestinal microbiota, which have been previously shown
to modulate the levels of neurotransmitters and their receptors, and play a key role in abdominal
pain processing for patients with CD®. Furthermore, gut microbiota can affect human behavior
and mood as shown by recent studies describing an altered microbiota composition in patients
with depression’. Whereas Chung et al’ found an overrepresentation of both Firmicutes and
Actinobacteria, Huang et al® reported a decreased abundance of Firmicutes in patients with ma-
jor depressive disorder. The former study corrected for dietary patterns, which could potentially
(partially) explain the conflicting results observed in both studies. Another study investigated
the covariation of microbiota composition with quality of life (QoL) indicators and depression in
two large population cohorts. Faecalibacterium and Coprococcus positively correlated with sev-
eral QoL indicators. Additionally, Coprococcus was also depleted in depression®. Both genera are
members of the phylum Firmicutes and produce butyrate, which has been shown to enforce the
intestinal barrier and to alleviate intestinal inflammation'™. The above studies clearly emphasize a
bidirectional link between gastrointestinal alterations and changes in mood, cognition, and pain
perception.

Studies investigating the underlying mechanisms involved in microbiota-gut-brain axis dys-
function in IBD remain scarce. A study by Jang et al"' showed that trinitrobenzene sulphonic acid
(TNBS)-induced colitis in mice was associated with loss of intestinal barrier integrity, an increase
in Enterobacteriaceae (e.g. Escherichia coli), a decrease in Lactobacillus johnsonii, increased fecal
and blood levels of lipopolysaccharides (LPS), increased tumor necrosis factor-a (TNF-a) expres-
sion in plasma and hippocampus, impaired learning and memory. The treatment with E. coli,
which was isolated from the feces of mice with TNBS-induced colitis, induced similar effects. This
suggests that chronic endotoxemia, as a result of increased LPS production by the gut microbiota,
evoked systemic inflammation and neuroinflammation as shown by NF-xB activation, increased
TNF-a expression, and suppressed brain-derived neurotrophic factor (BDNF) expression in the
hippocampus'. BDNF is widely expressed in the brain and gut and modulates neuroplasticity, in-
flammation, and gut homeostasis'>'*. On the contrary, Luo et al'® reported that E. coli LPS induced
anti-depressive effects in the germ-free mice by modulating the glucocorticoid pathway. In a
dextran sodium sulphate (DSS)-induced acute colitis mouse model, elevated plasma levels of IL-6
resulted in microglia activation in the brain cortex, which was associated with a mild disruption
of the blood brain barrier (BBB) as shown by occludin (OCLN) and claudin (CLDN)5 dysfunction
in both the cortex and hippocampus'. Nyuyki et al'”” demonstrated an increased anxiety and re-
duced locomotion in mice suffering from DSS-induced colitis. Furthermore, DSS-treated mice de-
veloped faster seizures, provoked by intraperitoneal injection of kainic acid, which is indicative for
an increased CNS excitability due to colitis. Another study examined brain-specific changes in the
expression of neuroinflammatory markers and the involvement of the hypothalamic-pituitary-ad-
renal (HPA) axis in DSS-induced colitis mice. They found an early and sustained increase in the
expression of the glial fibrillary acidic protein (GFAP), which is implicated in maintaining the BBB
integrity and the stability of astrocytes, and cyclooxygenase 2 (COX-2) (a cyclooxygenase involved
in prostaglandin synthesis) in the hippocampus of colitis mice. These elevations preceded the acti-
vation of the HPA axis, as assessed by measuring C-reactive protein (CRP) and corticosterone levels
in the plasma, suggesting that hippocampal damage occurred in a glucocorticoid independent
way. Further evaluation of BDNF and COX-2 levels revealed a rapid increase of BDNF and COX-2 in
the hypothalamus whereas BDNF expression was decreased in the amygdala'®. Defective BDNF sig-
naling was found to drastically affect the microbial composition and gastrointestinal integrity as
proven by cluster analysis of bacterial genomic DNA subjected to a denaturing gradient gel elec-
trophoresis and altered colonic expression of CLDN1, CLDN2, zonula occludens (ZO)-1, and OCLN"™.
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Orexin-A, a neuroprotective agent known to be produced by hypothalamic neurons, was re-
cently suggested as a central regulator of the gut-brain axis. In two different experimental ap-
proaches, i.e., in vitro challenging of Caco-2 monolayers and in vivo intraperitoneal injection of
mice with the endotoxin LPS, Orexin-A pre-treatment was able to repress LPS-induced disruption
of intestinal barrier integrity and microglia activation by stimulating the Orexin-A receptor 1 in
the gut and in the brain'™.

INFLAMMATION-DRIVEN DYSBIOSIS IN PARKINSON’S DISEASE

Patients suffering from Parkinson’s disease (PD) show decreased motor function and experience
symptoms like tremor, bradykinesia, rigidity, and late postural instability, which is caused by a
progressive loss of dopaminergic neurons in the substantia nigra pars compacta. Nowadays, the
number of studies focusing on the role of the altered gut microbiota in the pathophysiology of
PD is increasing, due to the observed coincidence of gastrointestinal complaints and PD devel-
opment?%4, Dodiya et al*® showed that chronic stress-induced intestinal barrier disruption in the
rotenone PD mouse model exacerbated the course of PD via a dysfunctional microbiota-gut-brain
axis. In a 1methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced mouse model of PD, the
phylum Proteobacteria and orders Turicibacterales and Enterobacteriales were increased, where-
as the phylum Firmicutes and the order Clostridiales were significantly decreased. This was asso-
ciated with elevated short-chain fatty acid (SCFA) production, increased activation of astrocytes
and microglia, loss of dopaminergic neurons, reduced levels of the neurotransmitters dopamine
and serotonin, and reduced motor function?*?’. These parameters could all partially be restored
by fecal microbiota transplantation (FMT)? or by a fasting mimicking diet in the form of intermit-
tent caloric restriction?. Moreover, FMT was able to partially repress the upregulation of toll-like
receptor (TLR), TANK-binding kinase 1 (TBK1), and NF-xB in both the colon and striatum?. The
TLR4 signaling pathway has emerged as a potent communication platform between the micro-
biota, the gut, and the brain. Upon intestinal barrier disruption and microbial dysbiosis, TLR4 re-
ceptor activation results in NF-kB and TNF-a upregulation, which are believed to not only induce
peripheral inflammation but also promote neuroinflammation?°. Perez-Pardo et al?® showed that
TLR4 KO mice are partially protected from the PD-induced pathology by rotenone treatment.
More specifically, absence of TLR4 was associated with less intestinal inflammation, intestinal
and motor dysfunction, neuroinflammation and neurodegeneration, relative to rotenone-treated
wild-type animals, despite the presence of dysbiotic microbiota in TLR4 KO mice. These findings
suggest that TLR4-mediated inflammation plays an important role in intestinal and/or brain in-
flammation, which may be one of the key factors leading to neurodegeneration in PD?,

Modulating the glutamate neurotransmission pathway by targeting metabotropic glutamate
receptors (mGlu) might also be a potential therapeutic target for PD. Glutamatergic neurotrans-
mission has a fundamental role in both the CNS and ENS. Whereas previous research has high-
lighted the use of mGlu4 agonists for improving motor function in PD, a recent study?® showed
that a deficiency of mGlu8 was protective against locomotor, sensorimotor, and memory deficits
induced by MPTP in mice and was associated with a decreased o-diversity of the microbiome.
Since the microbiota is able to produce neurotransmitters and their precursors, including gluta-
mate and glutamine, they could modulate glutamatergic signaling, especially in the case of im-
paired barrier function as observed in PD and IBD?*%°,

THE IMPACT OF PSYCHOBIOTICS ON THE MICROBIOTA-GUT-BRAIN AXIS FUNCTION

Recent studies in 2018, further support the potential use of probiotics on brain function and behav-
ior in health and disease. In healthy volunteers, negative correlations were reported between Lacto-
bacillus and Bifidobacterium abundance and subjective scoring of anxious and depressive feelings*.
The same association was also shown in another study where the administration of a probiotic mix-
ture containing several Lactobacillus and Bifidobacterium strains over a 4-week period to healthy
participants was associated with an improvement of mood and cognition scores and changes in
neural activity?'. On the contrary, a study by Papalini et al*? using a similar probiotic cocktail, only
reported a protective effect on working memory performance after stress induction.
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The importance and potential beneficial effects of Lactobacillus species for the treatment of
stress, anxiety, and depression has also been demonstrated in many recent animal studies**-. In
one of these studies, a probiotic mixture of L. reuteri, L. johnsonii, L. plantarum, and L. rhamnosus
was shown to reduce anxiety by restoring intestinal barrier integrity and alleviating both gastro-
intestinal inflammation and neuroinflammation®. Furthermore, in a follow-up study by the same
authors, oral administration of L. johnsonii was associated with an increase in BDNF levels and
CLDNS5 expression in the hippocampus, whereas colon shortening, LPS production, and Proteo-
bacteria levels were alleviated. In addition, proinflammatory cytokine expression and immune cell
infiltration were suppressed in the hippocampus, blood, and colon®. In another study, patients
with major depression were treated with L. plantarum 299v for 8 weeks. A modest improvement
in cognitive functioning was reported. The authors speculated that L. plantarum 299v improved
intestinal barrier function, which led to a reduction in kynurenines?.

Although they did not observe significant alterations in cytokine and cortisol levels in the
blood, it has previously been shown that kynurenines, which are produced from tryptophan (i.e.,
serotonin precursor), exerted detrimental effects on mood and cognition*'.

Different strains of Bifidobacterium were also shown to positively influence the course of de-
pression in animal models by affecting hydroxytryptophan (5-HT) synthesis, the precursor of sero-
tonin*43, Furthermore, victims of a major flood disaster, that developed IBS-related mental health
problems, reported an improved mental well-being after a 3-month-during therapy with B. infantis.
This was associated with a restoration of the Firmicutes/Bacteroidetes balance in the gut*.

Apart from Lactobacillus and Bifidobacterium strains, which received the most attention due to
their favorable outcome in many animal studies, a study performed by Miyaoka et al* explored the
probiotic potential of Clostridium butyricum in 40 patients with major depression that were resistant
to conventional antidepressant therapy. C. butyricum is able to produce SCFAs and in this way could
exert central effects. After 8-week supplementation, 70% of the patients receiving Clostridium
displayed significant improvements, stated as a 50% reduction of the initial score on the Hamilton
Depression Rating Scale (HAMD-17). Furthermore, 35% of the patients even achieved remission
which was based on a score of 7 or less on the HAMD-17%. Sun et al*® suggested that these beneficial
effects could be due to an increased Glucagon-Like Peptide (GLP)-1 secretion from intestinal epithe-
lial cells upon C. butyricum-produced SCFA stimulation, as GLP-1 receptors are dispersed in the CNS
and modulate neuronutrition and neuroprotection. Mice subjected to chronic unpredictable mild
stress (CUMS) and treated with C. butyricum significantly improved CUMS-induced depressive-like
behavior and showed restored levels of GLP-1 in the colon and 5-HT and BDNF in the brain“¢. Ad-
ministration of Faecalibacterium prausnitzii, which has been reported to be reduced in IBD patients
suffering from depression, was shown to alleviate behavioral changes, cytokine release, HPA axis
activation, and to increase SCFA production after CUMS-induced depression?’. Furthermore, the
correlation of the microbiota composition with the QoL and depression was investigated in large
independent human cohorts. Butyrate-producing Faecalibacterium and Coprococcus bacteria were
consistently associated with higher quality of life indicators. Together with Dialister, Coprococcus
spp. were also depleted in depression, even after correcting for the confounding effects of antide-
pressants and thus could be potential targets for future research®.

Recently the term ‘psychobiotics’ was introduced, referring to any exogenous influence whose
effect on the brain is bacterially-mediated. This definition would include inactivated microorgan-
isms with anxiolytic and antidepressant effects or natural compounds metabolized by the gut mi-
crobiota. The addition of a heat-inactivated fermentate of L. fermentum and L. delbrueckii to the
diet of healthy mice demonstrated increased sociability and lower baseline corticosterone levels.
This diet also led to subtle but significant changes in the microbiota, with less abundant taxa being
affected the most®. Similar antidepressant effects were also observed using the herb paeoniflorin®.

CONCLUDING REMARKS

In this review, evidence was given for a bidirectional link between the microbiome, the gut,
and the brain in gastrointestinal disorders and Parkinson’s disease. Nevertheless, most sugges-
tions concerning the existence of this link remain rather based on associations and thus future
studies should focus on the underlying molecular mechanisms that are responsible for microbio-
ta-gut-brain axis dysfunction. Microbial dysbiosis, in particular an increase of E. coli and decrease
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of Lactobacillus and Bifidobacterium spp., in combination with intestinal barrier dysfunction,
seem to exert central effects by affecting systemic inflammation, SCFA production and BDNF,
TLR4 and neurotransmitter signalling and vice versa. Moreover, recent studies further show that
restoring the microbiota composition by the administration of psychobiotics offers interesting
options to treat gastrointestinal and neurological disorders.
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