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Abstract: In the last decade the role of environmental factors as modulators of disease activity and
progression has received increasing attention. In contrast to classical environmental modulators such
as exposure to sun-light or fine dust pollution, nutrition is an ideal tool for a personalized human
intervention. Various studies demonstrate a key role of dietary factors in autoimmune diseases
including Inflammatory Bowel Disease (IBD), rheumatoid arthritis or inflammatory central nervous
system (CNS) diseases such as Multiple Sclerosis (MS). In this review we discuss the connection
between diet and inflammatory processes via the gut–CNS-axis. This axis describes a bi-directional
communication system and comprises neuronal signaling, neuroendocrine pathways and modulation
of immune responses. Therefore, the gut–CNS-axis represents an emerging target to modify CNS
inflammatory activity ultimately opening new avenues for complementary and adjunctive treatment
of autoimmune diseases such as MS.
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1. Introduction

The important role of environmental factors in inflammatory disease etiology and pathogenesis
has been increasingly studied during recent years. Despite a clear contribution of genetic background
and epigenetic modifications, environmental factors have been identified to modulate the susceptibility
of immune-driven diseases. In this regard, growing attention has been paid to the impact of nutritional
factors for disease pathophysiology. This aspect is particularly interesting, as dietary factors can be
easily modified and customized to individual requirements, potentially serving as a complementary
approach to accompany conventional treatment strategies [1]. In line with this concept, malnutrition
has been associated with chronic inflammatory diseases, such as atherosclerosis, obesity, diabetes
mellitus and multiple sclerosis (MS) [1].

MS is a neurodegenerative and demyelinating disease of the central nervous system with
a prominent autoimmune component. In particular, young adults at the age between 20 and 40
are affected by this neurological disorder, which is pathophysiologically characterized by perivascular
inflammation, the loss of blood brain barrier integrity, disruption of the myelin layer, axonal damage
and progressive neuronal degeneration [2,3]. Sensibility disorders, muscle spasms, limb weakness
or visual as well as sensory disturbances are characteristic symptoms for neurological disability
in MS. So far, MS etiopathogenesis cannot be explained by the genetic background alone. Thus,
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although epidemiological studies revealed an association between MS and several immune related
genes, the concordance rate of 15–30% in monozygotic twins indicates a multi-factorial nature of
MS [4–6]. Several preclinical studies in MS patients suggested modulating influences of dietary
salts [7–9], vitamin D supplementation [10,11], extracts of green tea [12] and polyunsaturated fatty
acids [13–15]. In this line, high concentrations of fat [16,17] and salt [7–9], which are key features
of the hyper-caloric Western diet [18], promote pro-inflammatory responses of effector T cells and
macrophages resulting in an exacerbation of inflammatory processes [16]. Various clinical studies had
been performed to examine the emerging potential of dietary factors to influence MS susceptibility.
However, a general problem in these studies was the chosen study designs. Thus, a small study
size, insufficient inclusion criteria and the absence of adequate controls have limited the validity of
these studies [19]. Furthermore, the myriads of interfering co-factors, such as the nutrition-depended
modulation of overlapping comorbidities, have to be taken into consideration. Therefore, due to
the heterogeneity of study designs, an appropriate comparison of the currently published studies
is impossible.

Among some direct effects on host processes, such as the modulation of T cells responses by
a Western-style nutrition [18], there is growing evidence that nutritional habits impact the composition
as well as the functionality of the gastro-intestinal microbiota [20]. The microbiota of the gut comprises
several trillions of microbes, thereby outnumbering the amount of host cells by a factor of 100 [21].
During infancy the core gastro-intestinal microbial composition is determined, in part depending on
the mode of delivery at birth and with the intensity of breast feeding [22,23]. Microbial disturbances in
these early phases of development via antibiotic treatment, certain infections and also unhealthy
nutritional habits, bear the potential to increase susceptibility to future diseases [23,24]. One to
three years after birth the adult-like microbiome is established, but continuously underlies dynamic
modification by dietary habits [23,24]. Although the uptake of specific nutrients is assumed to mitigate
former negative impacts, recent consumption of detrimental dietary factors might deteriorate the
status of health [23,24]. Some main functions of the intestinal microbiota are the metabolism of
nutrients (such as digestion and fermentation of carbohydrates), the production of bioactive molecules
(such as neurotransmitters and vitamins) and the competition with colonizing pathogens [25]. Further,
the microbiota is essential for priming the gastro-intestinal immune system to evoke specific immune
responses. De Filippo et al. [26] described beneficial effects in the protection against inflammation of
African children with traditional dietary habits, who have an altered intestinal microbiota structure
compared to European children who consume a modern Western diet. Due to these fundamental
functions, the microbiota is an important regulatory counterpart to the host metabolism and immune
surveillance. Depending on composition and diversity, the intestinal microbiota can modulate host
mechanisms via several pathways, including target cells and structures in immediate proximity to the
microbiota, such as the intestinal epithelial cells, immune cells in the gut-associated lymphatic tissue
(GALT) and the enteric nervous system (ENS), but also remote structures, such as the liver, the adrenal
or pituitary glands and the central nervous system (CNS). The microbiome thereby influences (a) local
physiological processes, such as intestinal motility [27], permeability [28] or hormone secretion [29,30];
(b) the functionality of remote organs; or (c) systemic inflammatory processes. More and more attention
is being paid to recent findings that the gastro-intestinal microbiota is associated with CNS homeostasis
and development [31], but also with neuroimmunological diseases (e.g., MS or Neuromyelitis optica
(NMO) [32]), and neuropsychiatric disorders, such as depression [33], schizophrenia [34], autism [35],
Parkinson’s disease [36] and Alzheimer’s disease [37,38]. The responsible highly complex network
of these interactions is summarized in the gut–CNS-axis, which comprises neuronal connections,
neuroendocrine and general humoral pathways, and the immune system. This bi-directional
communication system allows modulation of CNS activities by the gut and vice versa, manipulation of
the gastro-intestinal tract functionality by the CNS, which is mediated by the enormous innervation rate
and high numbers of immune cells in the gut [39]. Therefore, the gut–CNS-axis represents an attractive
target to modulate physiological as well as pathological processes in the CNS by nutritional factors.
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2. Components of the Gut–CNS-Axis

To further clarify the mutual relationship between the gastro-intestinal tract and the CNS,
the individual components are described in detail in the following section and summarized in Figure 1.
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Figure 1. The gut–CNS-axis comprises several mutually interacting systems and signaling pathways.
The main components are the neuroendocrine system including the HPA-axis, neuronal signaling
via the vagus nerve and the immune system. CNS = central nervous system; HPA-axis =
hypothalamic–pituitary–adrenal gland. (Õ = unidirectional and <· · · > = bidirectional communication).
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2.1. Neuronal Signaling and Neuroendocrine Component

The CNS can directly interfere with the gut via sympathetic or parasympathetic branches of
the autonomic nerve system (ANS), especially the vagus nerve. Hence, the microbiome can be
modulated either directly by bioactive molecules released from the ENS or indirectly via other modes
of modification of the microbial environment, such as gastro-intestinal motility, permeability, pH value
or mucus secretion [40]. These regulations are mostly mediated by ANS secretion of acetylcholine or
catecholamines, which influences ENS circuits [40,41]. Acetylcholine release by the vagus nerve is
suggested to suppress secretion of pro-inflammatory tumor necrosis factor alpha (TNFα), interleukin 6
(IL-6) or IL-18. Experiments with vagotomized mice illustrated the critical role of the vagus nerve in the
cross-talk between the gastrointestinal tract and the CNS. Treatment of mice with Lactobacillus rhamnosus
reduced γ-aminobutyric acid (GABA) receptor expression in the brain and thereby induced anxiolytic
and anti-depressive effects, which were abrogated in mice after vagotomy [42]. Similary, there was
no anxiolytic and behavioral influence of Bifidobacterium longum in vagotomized mice with chronic
colitis, while an attenuation of psychological comorbidities of colitis was observed after administration
of Bifidobacterium longum in mice with an intact vagus nerve signaling [43]. On the other hand,
the beneficial psychological effect of probiotics may not only be mediated via the vagus nerve, since
treatment with Lactobacillus rhamnosus and Bifidobacterium infantis improve colitis both in sham-operated
and vagotomized mice with chronic colitis has been observed [44]. Thus, additional investigations are
required to determine strain-specific effects in distinct inflammatory disorders, but also to illuminate
other potential mechanisms of action [45].

Another key part of the gut–CNS-axis is the neuroendocrine signaling, which mediates its effects
via neurotransmitter release or the hypothalamic–pituitary–adrenal (HPA) axis. Beside the CNS,
the intestinal microbiota produces neurotransmitters or neuromodulators and therefore exhibit the
potential to directly modulate CNS activities [46]. For instance, over 95% of the endogenous serotonin
originates from the gut [30,47]. However, there are also microbiota producing acetylcholine [41,48],
tryptamine [49], catecholamines [50] and GABA [42,51]. Furthermore, microbial metabolites can induce
secretion of neuromodulatory substances by epithelial enterochromaffine cells, neurons or immune
cells. The bacterial metabolites propionic acid, butyric acid and acetic acid are short-chain fatty acids
(SCFA) [52], that exert neuromodulatory functions. Indeed, butyric acid exhibits anti-inflammatory
and neuroprotective properties via inhibition of histone deacetylases [53,54] and associated epigenetic
modulation [55]. This interference in the neuronal communication via neuroendocrine secretion may
have a key impact on CNS processes and vice versa, modulating the colonization of intestinal bacteria,
resulting in an altered microbiome functionality [56].

The hypothalamic-pituitary-adrenal (HPA) axis comprises the hypothalamus, the pituitary as
well as the adrenal gland. In response to stress or specific neuronal inputs (limbic, afferent sympathetic
and parasympathetic circuits) the HPA-axis finally releases glucocorticoids (e.g., cortisol in human
or corticosterone in rodents), mineralocorticoides or catecholamines, which can alter microbiota
composition [56], permeability of the gut epithelium [57], metabolic processes but also immune
responses [58,59]. Enhanced levels of corticosterone in stressed mice is associated with intestinal
dysbiosis, which is characterized by an increase in the relative abundance of the genus Clostridium and
a decrease in the relative abundance of the genus Bacteroides [60]. Moreover, glucocorticoids are potent
immunomodulators with both pro- and anti-inflammatory effects on peripheral and CNS-resident
immune cells, depending on the context (reviewed in detail by [59,61]). This could be one explanation
why an impaired HPA axis functionality is often associated with inflammatory and autoimmune
diseases, such as rheumatoid arthritis, inflammatory bowel disease (IBD) and MS [62]. Thus, the
HPA-axis is a powerful system to modulate gut functionality and immune responses, and probiotics
can influence the HPA-axis and alter CNS signaling. Probiotic Lactobacillus species are known to reduce
stress-related HPA-axis responses and elevated glucocoticoid levels, which result in attenuation of
stress-related neuroinflammation [57,63].
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2.2. Immune System

In addition to neuroendocrine signaling, the gastro-intestinal microbiome regulates the
development of the host immune system and contributes to an orchestrated immune response. Immune
cells are specialized for the recognition of microbial structures or tissue damage, with the need to
differentiate between friend and foe. Since these cells reach almost every body tissue and possess the
potential to specifically modulate inflammatory processes, the immune system is another powerful
component of the gut–CNS-axis.

The presence of microbes is essential for the generation of an efficient host immunity, because they
are e.g., required for the formation of GALTs in the gastro-intestinal tract [64]. These immunological
structures allow priming of lymphocytes via antigen-presentation and thereby establish a discriminative
immune system, which can elicit either defense and inflammation or tolerance, depending on the
presented antigen [21,64,65]. Development of the GALT is impaired in germ-free mice. These mice are
born and maintained under sterile conditions, thus lacking microbial colonization. Hence, germ-free
mice have low levels of lymphocytes and immunoglobulins, which results in a severely comprised
innate and adoptive immune system [21,64,65]. Subsequent bacterial colonization of germ-free mice
shapes the small intestine morphology and enhances vascularisation, which in turn allows an intense
recruitment and activation of immune cells but also activates the previously dormant intestinal
immune system in an “uneducated way”, e.g., without the ability to differentiate between harmless
and harmful microbiota and nutrients [66]. Hence, microbe-signaling can provoke vigorous cytokine
responses, activation of innate immunity and the complement cascade, leading to an alteration
of host gene expression (e.g., variation of PPARγ-mediated processes) and an up-regulation of
innate as well as adaptive inflammatory responses [66,67]. Microbial-associated molecular patterns
(MAMPs) are bacterial components, which are pivotal to the early regulation of inflammatory
responses, e.g., via induction of toll-like receptors (TLRs) signaling [68]. Low concentrations of
circulating commensal MAMPs (e.g., lipopolysaccharides, peptidoglycans or flagellin) are required
for the suppression of inflammatory responses against commensal bacteria and the selective
clearance of pathogens [69,70]. Chronic microbe translocation increases the circulating MAMP
level, which modifies the secretion profile of various TLR-expressing cells, such as peripheral and
tissue-resident immune cells but also CNS-resident glial cells and neurons. Thus results in chronic
systemic inflammation and also inflammation of the CNS [68–72]. On the other hand, the capsular
polysaccharide A (PSA) is a TLR2-ligand that exhibits specific anti-inflammatory properties. Oral
treatment with capsular PSA derived from human commensal bacteria suppresses neuroinflammatory
activity in mice with experimental autoimmune encephalomyelitis (EAE) or experimental colitis via
enhancement of regulatory T (Treg) cell migratory capacity [73–77]. Further, microbial structures
influence brain-resident glial cells, such as yolk sac-derived microglia and astrocytes. Both cell types
play a pivotal role in modulation of inflammatory processes [78]. More specifically, germ-free or
antibiotic-treated mice show an impaired maturation and functionality of microglia, which could be
restored by bacterial colonization or administration of SCFA [79]. Moreover, the anti-inflammatory
activities of astrocytes could be induced by certain tryptophan metabolites via upregulation of the
aryl hydrocarbon receptor [80]. Beside the maintenance of host homeostasis via modulation of
physiological, as well as pathological processes and further the defense against microbes, the hormone-
and stress-mediated neuroendocrine pathways just as neuronal signaling interferes with the function
of the immune system. Consequently, the immune system decisively modulates other components of
the gut–CNS-axis and its functionality.

2.2.1. Innate Immune System

Myeloid Cells

The lamina propria of the gastro-intestinal tract accommodates a spectrum of myeloid cells,
mainly dendritic cells or macrophages, which play a key role in “first-line” host defense and the
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modulation of adaptive immunity [81]. The mononuclear phagocytes tolerate commensal bacteria,
but upon invasion of pathogenic microbes rapidly increase their antimicrobial activity via secretion
of pro-inflammatory mediators and the expression of co-stimulatory molecules [82,83]. Thus, it has
been demonstrated that mucosal myeloid cells in the lamina propria surrender their hyporesponsive
default state after bacterial invasion, e.g., by dramatically enhancing the production of pro-IL-1β
and its processing to bioactive IL-1β by caspase-1 [82]. Therefore, myeloid cells “have learned” to
discriminate between pathogenic and protective bacteria and dietary components [82]. Moreover,
the rise of antimicrobial activity and the increased expression of co-stimulatory molecules in response
to microbial infection are essential for the priming of other immune cells and coordination of the overall
host immune response [83]. Compared to mice with normal commensal microbiota, mononuclear
phagocytes of germ-free mice are impaired in their antimicrobial activity, in particular in the Type
1-interferon (IFN) response, after microbial infection. Type 1-IFN signaling is required for priming of
cytotoxic lymphocytes such as natural killer (NK) T cells [83].

Natural Killer T Cells

NK T cells belong to the innate immune cells, since they exhibit the potential to rapidly secrete
cytokines in response to infection, but in contrast to other innate population they express also (invariant)
T cell receptors. There is evidence that in germ-free mice NK T cells accumulate in the mucosal layers
of lung and intestine mediated by the secretion of chemokine CXCL16 by epithelial cells. These
NK T cells secrete several potent pro-inflammatory cytokines, such as IL-4, IL-13 and IFNγ, which
promote inflammation and exacerbate symptoms in IBD or allergic asthma models [84]. Exposure to
conventional microbiota in early life decreases the CXCL16-mediated NK T cell recruitment, thereby
preventing mucosal assemblage of NK T cells and ameliorating disease symptoms [85].

Innate Lymphoid Cells

Another example for innate immune cells with functional similarity to T cells are innate lymphoid
cells (ILCs), which can be divided into the three main subgroups of ILC1 (T-bet+), ILC2 (GATA-binding
protein 3+) and ILC3 (retinoic acid receptor-related orphan receptor-γt (RORγt)+) [21]. Some studies
demonstrated a clear impact of the commensal microbiome on ILC (prominently ILC3) functionality
such as increased secretion of IL-22 in germ-free mice. IL-22 is known to induce the secretion of
anti-microbial peptides (e.g., lipocalin2, S100 and Reg3 proteins) by intestinal epithelial cells, which
is required for defense against, e.g., Citrobacter rodentium infection of the intestinal mucosa [86].
Furthermore, the depletion of ILC3 in mice lead to dissemination of bacterial infection to the periphery
and a concomitant systemic inflammation, which was attenuated by IL-22 administration [87]. Since
the role of IL-22 is still controversially debated, additional studies are required to delineate its role in
mucosal protection and immune regulation [88].

Mucosal-Associated Invariant T Cells

In previous years an additional subset of invariant cells comes to the fore as important players in
inflammatory diseases [89]. The mucosal-associated invariant T (MAIT) cells, which are characterized
by the expression of an invariant αTCR chain and the non-classical major histocompatibility complex-I
related protein 1 [89–91]. This group of innate-like T cells is primarily located at mucosal tissues
(e.g., intestinal lamina propria), and therefore plays a key role in the recognition of microbial and
dietary antigens. Upon activation, MAIT cells produce diverse pro-inflammatory cytokines, such as
IL-17, IFNγ, granzyme B or TNFα [89,90]. In vitro experiments with Escherichia coli and Candida albicans
demonstrated that different activators evoke distinct cytokine expression profiles of MAIT cells [89,92].
This microbe-specific functional specialization enables the MAIT cells to precisely modulate and
amplify inflammatory responses of other immune cells [89,90,92]. Due to their expression of various
chemokine receptors, MAIT cells exhibit a migratory capacity into remote tissues [89,90]. In line with
this, several publications describe the involvement of MAITs in autoimmune disease, such as IBD
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and MS, whereas the exact function and cell frequency in certain compartments is still controversially
discussed [89–91,93].

2.2.2. Adaptive Immune System

Besides the innate immune system, the adaptive immune system also critically interacts with
the microbiome. The adaptive immune system tightly controls the composition of the intestinal
microbiome by encouraging commensal bacteria and debilitating pathogenic microbes. Rag-deficient
mice that lack B and T cells demonstrate an increase in microbiota richness and evenness, due to the
absence of the controlling element [94,95]. In contrast, the microbiome also modulates the precise
composition of effector CD4+ T cell subsets and also the balance between effector and regulatory
CD4+ T cells in the GALT, which is important for an intact host immune system [96]. Diverse chronic
inflammatory and autoimmune diseases are associated with a disturbance of this equilibrium in subset
of effector CD4+ T cells [21]. For instance in IBD, chronic intestinal inflammation is characterized by
an increase in frequency of pathogenic effector CD4+ T cells and a reduction in protective Treg cells,
which in turn, results in pro-inflammatory systemic response [21].

Pro-Inflammatory Effector T Cells

The subsets of the T effector cells have distinct and contradictory activities. Hence a precise
control is important for well-balanced immune responses [96]. The most prominent representatives
of pro-inflammatory effector CD4+ T cells are T helper type 1 (Th1) and Th17 cells. Both cell subsets
have been described to be affected by the gut microbiome [96], but special attention has been paid
on Th17 cells. As related to ILC3, Th17 cells are prevalent in the intestine and are important for the
gastro-intestinal host defense, since they secrete cytokines, which are involved in the regulation of
inflammation (e.g., IL-17A, IL-17F and IL-22) [97]. In germ-free mice or antibiotic treated mice, the
number of Th17 cells is reduced along with attenuated pro-inflammatory responses. Administration
of segmented filamentous bacteria (SFB) improved development of Th17 cells in mice [98–100].
By attachment to intestinal epithelial cells, SFB provoke the secretion of acute phase proteins, such as
serum amyloid A1 and A2, which favors Th17 cell differentiation [101,102]. Furthermore, IL-6, IL-23,
transforming growth factor beta 1 (TGFβ1) and IL-1β are important for Th17 cell development [97].
Low-dose penicillin treatment of young mice attenuates IL-17 expression and, therefore, diminishes
pathogen-induced Th17 cell differentiation in the lamina propria, which results e.g., in attenuated
colitis caused by eradication of commensal SFB [103]. Very little is known about the interaction between
the microbiota and Th1 cells. Interestingly, germ-free mice showed an impaired balance between
Th1 and Th2 cells that could be restored via colonization with the PSA-producing Bacteroides fragilis.
This further underlines the importance of the microbiota for an intact immune response [96].

Anti-Inflammatory T Regulatory Cells

The counterpart to the pro-inflammatory effector CD4+ T cells are anti-inflammatory regulatory T
(Treg) cells, whose proportion is two to three-folds higher in the gastro-intestinal tract compared to
other tissues [104]. Besides programming Th17 cells, the microbiome shapes Treg cell development
and responses. Mice with a compromised gut microbiota, such as germ-free mice or after antibiotic
treatment, display a reduced number of Treg cells as well as an impairment of their anti-inflammatory
cytokine-secretion, especially of IL-10 [104–106]. Re-colonization of these mice with specific microbiota
population, such as Clostridium species cluster IV and XIVa [104], the altered Schaedler flora [105],
or the human commensal Bacteroides fragilis [74,107,108] increase the functionality and frequency
of Treg cells. Their accumulation in the gastro-intestinal tract is also favored by microbial-derived
SCFA via inhibition of histone deacetylation and diminished DNA-methylation in the Forkhead
box P3 (FoxP3) locus, which drives Treg cell development [54,109–111]. Treg cells are important for
the regulation of mucosal immune responses, e.g., by controlling expansion of effector T cells with
specific T cell receptors against commensal bacteria. Thus, the administration of FOXP3-expressing
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Treg cells restores the decreased diversity in microbiota of T cell (Cd3e)-deficient mice without T
cells [112]. This effect is mediated via the immune-modulating and anti-inflammatory function of
Treg cells as well as their regulation of immunoglobulin A (IgA) selection in the germinal centers of
the GALT (e.g., Peyer’s Patches), all being important mechanisms to maintain microbiome diversity
and gastro-intestinal homeostasis [112]. This implicates a mutual interplay between Treg cells and the
gastro-intestinal microbiota, which has been reviewed in detail by Tanoue et al. [113].

B Cells

The gastro-intestinal microbiome also influences B cells, which are another important component
of the antigen-specific adaptive immune response. Bacterial antigens trigger differentiation, antigen
presentation and antibody production of B cells either (a) directly via activation of receptors (e.g., TLR,
B cell receptor) and via modulation of B cell metabolism [114,115], or (b) indirectly via induction of
other immune cells [112]. Bacterial lipopolysaccharide (LPS) force class-switch recombination in B cells
towards IgA production [115]. IgA is a dimeric immunoglobulin and produced in mucosal tissues,
such as the intestine, at high concentrations. After receptor-mediated uptake of IgA by epithelial cells,
IgA is secreted into the intestinal lumen, where it binds to bacterial or food antigens. This coating
blocks the adhesion or the migration of potentially detrimental antigens and microbes into the lamina
propria [115]. Beside supporting the intestinal barrier function, IgA shapes the microbiome composition
and thereby also functionality [116,117]. In particular, disturbances of activation-induced cytidine
deaminase (AID) or co-receptor programmed cell death 1 (PD-1) are identified to be responsible for
alterations in the microbiome composition [116–118].

In conclusion, the gut–CNS-axis represents a promising target to modulate chronic inflammatory
processes via supporting intrinsic protective immune-regulatory mechanisms.

3. The Role of the Gut–CNS-Axis in Multiple Sclerosis

In MS various pre-clinical and clinical studies indicated that the gut–CNS-axis exhibits the
potential to enforce protective processes and to attenuate pathological mechanisms in the context of
CNS autoimmunity.

3.1. Pre-Clinical Studies

Pre-clinical studies of MS have deployed different murine models of EAE. Beside mice with
spontaneously developing EAE symptoms, there are also inducible EAE-models, where mice are
actively immunized with a myelin peptide antigen combined with complete Freud’s adjuvant and
pertussis toxin (actively induced EAE) [119,120]. In several of those experimental models a clear
link between the gastro-intestinal microbiota composition and pathological effects in the CNS
has been demonstrated. Mice treated with antibiotics or maintained under germ-free conditions
have a compromised gastro-intestinal microbiome. Under these circumstances disease onset in
spontaneous EAE mice was attenuated [119,121], and mice with actively induced EAE displayed
a significant decrease in disease severity [120,122–124]. In line with other inflammatory diseases,
there is a disturbed balance in immune responses, particularly in T cell responses, in MS/EAE.
The pathology of MS/EAE is characterized by an enhancement of pro-inflammatory effector T cells
and a decrease in CD4+CD25+FoxP3+ Treg cell frequency and an impaired Treg function [2,3]. Notably,
the protective effect observed in germ-free or antibiotic treated mice with EAE is associated with
a correction of this imbalance in T cell responses in the gastro-intestinal tract and the CNS. Specifically,
in the intestine as well as in the CNS pro-inflammatory cells, such as Th1 and Th17 cells or their
cytokines IFNγ and IL-17A, are diminished, whereas the extent of the anti-inflammatory T reg cell
response, including secretion of IL-10 and IL-13, are increased [119–126]. Beyond alterations in T
cell subsets, recruitment of B cells and the ability of dendritic cells to activate Th1 and Th17 cells
was impaired in microbiota-compromised mice in diverse EAE-models [119,120]. On the other hand,
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colonization of microbiota-compromised mice with SFB that enhance Th17 cells facilitated EAE disease
susceptibility [119,120].

In summary, the gut microbiome is crucially involved in the modulation of neuroinflammation
in EAE. Hence, it has been postulated that targeted alteration of the gut microbiome might, in turn,
promote protective intrinsic mechanisms. Indeed, administration of PSA-producing Bacteroides fragilis
or a probiotic mixture of three Lactobacilli strains raised numbers of Treg cells and regulatory B
cells to attenuate EAE symptoms [75–77,125]. As mentioned previously, treatment with probiotic
Lactobacillus farciminis decreased intestinal permeability [57], which has been postulated to be associated
with murine EAE [127] plus MS [128,129]. A reduction of the intestinal hyperpermeability resulted in
attenuated HPA-axis responses and neuroinflammatory activity [57]. Hence, promotion of protective
versus pathogenic effects mediated by the gut–CNS-axis depend on specific microbiota constellations;
however, further investigations are required to understand the complex interactions and to select,
e.g., the moist effective pre- and probiotics.

3.2. Clinical Studies

So far, a translation of these preclinical results to human MS is not simple. First indications about
a role of the gut–CNS-axis with regard to disease susceptibility of MS patients, but also of MS-related
NMO-patients, can be derived from several recent cross-sectional case-control studies [32,130–135].
Overall, significant differences between the microbiome composition of healthy controls and MS
patients have been reported concerning the relative richness and diversity of the gastro-intestinal
microbiota at the taxa level. However, these changes of the microbiota composition were rather
mild [130–135]. In two case-control studies Methanobrevibacter and Akkermansia were enriched in
MS-Patients [131,133]. These intestinal mucosa-associated microbes are important for host homeostasis
and contribute to inflammation [131,133,136]. Methanobrevibacter smithii was shown to activate
dendritic cells and recruit inflammatory cells, in part via an adjuvant effect of its lipids [133].
The role of the mucosa-degrading Akkermansia muciniphila in inflammatory processes is controversially
discussed. On the one hand, degradation of the mucosa provokes the collapse of the intestinal
barrier integrity, which results in increased levels of inflammatory MAMPs in the circulation
potentially contributing to neuroinflammation [133,136]. On the other hand, the absence of dietary
glycans Akkermansia muciniphila is also known to ferment host-derived mucins into SCFA, which
exhibits neuroprotective functions [133]. Thus, further investigation is required, to clarify the
circumstances of the protective versus possibly also inflammatory action of Akkermansia muciniphila
interference. In contrast, a reduction in Bacteroidetes and Firmicutes was unanimously described in MS
patients [131,132,134,137]. Some representatives of Bacteroidetes are known to improve host defense,
whereas others are related to pathological processes. Depending on the context, Bacteroides fragilis
can induce anti-inflammatory mechanisms as mentioned previously, although it often acts as clinical
pathogen [138,139]. Furthermore, acetate-utilizing butyrate producing members of Clostridia clusters
XIVa and IV were also diminished in two case-control studies with MS patients [130,140]. These
microbes have been described to contribute to various chronic inflammatory diseases, including
IBD [141] or celiac diseases [142]. Faecalibacterium prausnitzii belongs to the Clostridia species and
exhibits anti-inflammatory properties mediated by butyrate production as well as secretion of microbial
anti-inflammatory molecules [141,143]. In this protective context, Faecalibacterium prausnitzii reduces
intestinal permeability in inflammatory diseases [144].

Due to the heterogeneity and often insufficient stratification of the studies in MS patients only few
consistent results have been obtained so far. Other bacterial genera, such as Prevotella or Dorea, were also
shown to be significantly regulated in MS patients, but contradicting results were obtained. In order
to comprehend the entire complexity of the gut–CNS-axis involvement in MS, further investigations
with well-defined patient cohorts are required, to evidence the preliminary indications in humans and
strengthen the significance of effects described in animal models.
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4. Conclusions and Further Perspectives

Our review illustrates the relevance of the gut–CNS-axis as a promising target for therapeutic
interventions in MS. There is a clear interaction and complex regulation between the intestinal
microbiota, the intestinal immune system and the ENS as well as CNS. These interactions finally
shape and modulate neuronal functionality as well as systemic and even local CNS inflammatory
processes. Such targeted modification of the gut–CNS-axis e.g., by dietary interventions and/or
specific probiotics represents a promising complementary approach in addition to conventional
immune therapies in MS. Subsequently, this will likely increase treatment success without concomitant
increase in treatment-related severe side effects, such as general immune suppression or occurrence of
secondary autoimmune diseases, which are a well-recognized problem of highly-active drugs for MS.
However, further studies are urgently needed to better understand nutritional influences on the gut
microbiome and the gut–CNS-axis. To achieve this, well performed proof-of-concept studies followed
by large multi-center double-blind randomized studies are required, with a strict control of dietary
habits and standard guidelines for collection and processing of fecal samples. Moreover, the potential
disturbance of gut microbiome composition and activities by MS drugs themselves has been taken into
consideration, since antimicrobial properties of Dimetylfumarate, Fingolimod and Teriflunomide have
recently been uncovered [137]. Beside their robust anti-oxidative or anti-inflammatory effects, these
drugs might also act via alteration of the gut microbiome profile [137]. Thus, closer examination of the
microbiota composition in MS patients in the context of specific immune therapies is warranted. The
ultimate goal is to delineate a clear picture of beneficial versus detrimental dietary habits (and resultant
microbiota), to provide precise dietary guidelines as a complementary treatment approach in MS.
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Abbreviations

AID Activation-induced cytidine deaminase
ANS Autonomic nerve system
CD Cluster of differentiation
CNS Central nervous system
CXCL16 Chemokine (C-X-C motif) ligand 16
EAE Experimental autoimmune encephalomyelitis
ENS Enteric nervous system
FoxP3 Forkhead box P3
GABA Gamma-aminobutyric acid
GALT Gut-associated lymphatic tissue
HPA axis Hypothalamic–pituitary–adrenal axis



Int. J. Mol. Sci. 2017, 18, 1526 11 of 18

IBD Inflammatory bowel disease
IFN Interferon
IgA Immunoglobulin A
IL Interleukin
ILC Innate immune lymphoid cell
MAMP Microbial-associated molecular pattern
MS Multiple sclerosis
NK cell Natural killer cell
NMO Neuromyelitis optica
PD-1 Programmed cell death 1
PSA Polysaccharide A
RORγt Retinoic acid receptor-related orphan receptor-γt
SCFA Short-chain fatty acids
SFB Segmented filamentous bacteria
TGFβ1 Transforming growth factor β1
Th1 cell T helper cell type 1
Th17 cell T helper cell type 17
TLR Toll-like receptors
TNFα Tumor necrosis factor α
Treg cell Regulatory T cell

References

1. Allison, D.B.; Bassaganya-Riera, J.; Burlingame, B.; Brown, A.W.; le Coutre, J.; Dickson, S.L.; van Eden, W.;
Garssen, J.; Hontecillas, R.; Khoo, C.S.H.; et al. Goals in nutrition science. Front. Nutr. 2015, 2, 2015–2020.
[CrossRef]

2. Dendrou, C.A.; Fugger, L.; Friese, M.A. Immunopathology of multiple sclerosis. Nat. Rev. Immunol. 2015, 15,
545–558. [CrossRef] [PubMed]

3. Hemmer, B.; Archelos, J.J.; Hartung, H.P. New concepts in the immunopathogenesis of multiple sclerosis.
Nat. Rev. Neurosci. 2002, 3, 291–301. [CrossRef] [PubMed]

4. Salvetti, M.; Ristori, G.; Bomprezzi, R.; Pozzilli, P.; Leslie, R.D.G. Twins: Mirrors of the immune system.
Immunol. Today 2000, 21, 342–347. [CrossRef]

5. Willer, C.J.; Dyment, D.A.; Risch, N.J.; Sadovnick, A.D.; Ebers, G.C. Twin concordance and sibling recurrence
rates in multiple sclerosis. Proc. Natl. Acad. Sci. USA 2003, 100, 12877–12882. [CrossRef] [PubMed]

6. Hemmer, B.; Kerschensteiner, M.; Korn, T. Role of the innate and adaptive immune responses in the course
of multiple sclerosis. Lancet Neurol. 2015, 14, 406–419. [CrossRef]

7. Hucke, S.; Eschborn, M.; Liebmann, M.; Herold, M.; Freise, N.; Engbers, A.; Ehling, P.; Meuth, S.G.;
Roth, J.; Kuhlmann, T.; et al. Sodium chloride promotes pro-inflammatory macrophage polarization thereby
aggravating CNS autoimmunity. J. Autoimmun. 2016, 67, 90–101. [CrossRef] [PubMed]

8. Kleinewietfeld, M.; Manzel, A.; Titze, J.; Kvakan, H.; Yosef, N.; Linker, R.A.; Muller, D.N.; Hafler, D.A.
Sodium chloride drives autoimmune disease by the induction of pathogenic TH17 cells. Nature 2013, 496,
518–522. [CrossRef] [PubMed]

9. Wu, C.; Yosef, N.; Thalhamer, T.; Zhu, C.; Xiao, S.; Kishi, Y.; Regev, A.; Kuchroo, V.K. Induction of pathogenic
TH17 cells by inducible salt-sensing kinase SGK1. Nature 2013, 496, 513–517. [CrossRef] [PubMed]

10. Besusso, D.; Saul, L.; Leech, M.D.; O’Connor, R.A.; MacDonald, A.S.; Anderton, S.M.; Mellanby, R.J.
1,25-Dihydroxyvitamin D3-conditioned CD11c+ dendritic cells are effective initiators of CNS autoimmune
disease. Front. Immunol. 2015, 6. [CrossRef] [PubMed]

11. Lucas, R.M.; Byrne, S.N.; Correale, J.; Ilschner, S.; Hart, P.H. Ultraviolet radiation, vitamin D and multiple
sclerosis. Neurodegener. Dis. Manag. 2015, 5, 413–424. [CrossRef] [PubMed]

12. Aktas, O.; Prozorovski, T.; Smorodchenko, A.; Savaskan, N.E.; Lauster, R.; Kloetzel, P.M.; Infante-Duarte, C.;
Brocke, S.; Zipp, F. Green tea epigallocatechin-3-gallate mediates T cellular NF-B inhibition and exerts
neuroprotection in autoimmune encephalomyelitis. J. Immunol. 2004, 173, 5794–5800. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fnut.2015.00026
http://dx.doi.org/10.1038/nri3871
http://www.ncbi.nlm.nih.gov/pubmed/26250739
http://dx.doi.org/10.1038/nrn784
http://www.ncbi.nlm.nih.gov/pubmed/11967559
http://dx.doi.org/10.1016/S0167-5699(00)01658-3
http://dx.doi.org/10.1073/pnas.1932604100
http://www.ncbi.nlm.nih.gov/pubmed/14569025
http://dx.doi.org/10.1016/S1474-4422(14)70305-9
http://dx.doi.org/10.1016/j.jaut.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/26584738
http://dx.doi.org/10.1038/nature11868
http://www.ncbi.nlm.nih.gov/pubmed/23467095
http://dx.doi.org/10.1038/nature11984
http://www.ncbi.nlm.nih.gov/pubmed/23467085
http://dx.doi.org/10.3389/fimmu.2015.00575
http://www.ncbi.nlm.nih.gov/pubmed/26635791
http://dx.doi.org/10.2217/nmt.15.33
http://www.ncbi.nlm.nih.gov/pubmed/26477548
http://dx.doi.org/10.4049/jimmunol.173.9.5794
http://www.ncbi.nlm.nih.gov/pubmed/15494532


Int. J. Mol. Sci. 2017, 18, 1526 12 of 18

13. Unoda, K.; Doi, Y.; Nakajima, H.; Yamane, K.; Hosokawa, T.; Ishida, S.; Kimura, F.; Hanafusa, T.
Eicosapentaenoic acid (EPA) induces peroxisome proliferator-activated receptors and ameliorates
experimental autoimmune encephalomyelitis. J. Neuroimmunol. 2013, 256, 7–12. [CrossRef] [PubMed]

14. Riccio, P.; Rossano, R. Nutrition facts in multiple sclerosis. ASN Neuro 2015, 7. [CrossRef] [PubMed]
15. Haghikia, A.; Jörg, S.; Duscha, A.; Berg, J.; Manzel, A.; Waschbisch, A.; Hammer, A.; Lee, D.H.; May, C.;

Wilck, N.; et al. Dietary fatty acids directly impact central nervous system autoimmunity via the small
intestine. Immunity 2015, 43, 817–829. [CrossRef] [PubMed]

16. Timmermans, S.; Bogie, J.F.J.; Vanmierlo, T.; Lütjohann, D.; Stinissen, P.; Hellings, N.; Hendriks, J.J.A. High
fat diet exacerbates neuroinflammation in an animal model of multiple sclerosis by activation of the renin
angiotensin system. J. Neuroimmune Pharmacol. 2013, 9, 209–217. [CrossRef] [PubMed]

17. Singh, U.P.; Mehrpooya, P.; Marpe, B.; Singh, N.P.; Murphy, E.A.; Mishra, M.K.; Price, B.L.; Nagarkatti, M.;
Nagarkatti, P.S. High fat diet influences T cell homeostasis and macrophage phenotype to maintain chronic
inflammation. J. Immunol. 2016, 196, 197.15.

18. Manzel, A.; Muller, D.N.; Hafler, D.A.; Erdman, S.E.; Linker, R.A.; Kleinewietfeld, M. Role of western diet in
inflammatory autoimmune diseases. Curr. Allergy Asthma Rep. 2014, 14, 404. [CrossRef] [PubMed]

19. Esposito, S.; Bonavita, S.; Sparaco, M.; Gallo, A.; Tedeschi, G. The role of diet in multiple sclerosis: A review.
Nutr. Neurosci. 2017, 1–14. [CrossRef] [PubMed]

20. Li, H.; Zhu, Y.; Zhao, F.; Song, S.; Li, Y.; Xu, X.; Zhou, G.; Li, C. Fish oil, lard and soybean oil differentially
shape gut microbiota of middle-aged rats. Nat. Sci. Rep. 2016, 7. [CrossRef] [PubMed]

21. Kamada, N.; Seo, S.U.; Chen, G.Y.; Núñez, G. Role of the Gut microbiota in immunity and inflammatory
disease. Nat. Publ. Gr. 2013, 13, 321–335. [CrossRef] [PubMed]

22. Hill, C.J.; Lynch, D.B.; Murphy, K.; Ulaszewska, M.; Jeffery, I.B.; O’Shea, C.A.; Watkins, C.; Dempsey, E.;
Mattivi, F.; Touhy, K.; et al. Evolution of Gut microbiota composition from birth to 24 weeks in the infantmet
cohort. Microbiome 2017, 5, 4. [CrossRef] [PubMed]

23. Dinan, T.G.; Cryan, J.F. Gut instincts: Microbiota as a key regulator of brain development, ageing and
neurodegeneration. J. Physiol. 2016, 2, 1–33. [CrossRef] [PubMed]

24. Korpela, K.; Salonen, A.; Virta, L.J.; Kekkonen, R.A.; Forslund, K.; Bork, P.; de Vos, W.M. Intestinal microbiome
is related to lifetime antibiotic use in finnish pre-school children. Nat. Commun. 2016, 7. [CrossRef] [PubMed]

25. Kamada, N.; Kim, Y.G.; Sham, H.P.; Vallance, B.A.; Puente, J.L.; Martens, E.C.; Nunez, G. Regulated virulence
controls the ability of a pathogen to compete with the Gut microbiota. Science 2012, 336, 1325–1329. [CrossRef]
[PubMed]

26. De Filippo, C.; Cavalieri, D.; Di Paola, M.; Ramazzotti, M.; Poullet, J.B.; Massart, S.; Collini, S.; Pieraccini, G.;
Lionetti, P. Impact of diet in shaping gut microbiota revealed by a comparative study in children from Europe
and rural Africa. Proc. Natl. Acad. Sci. USA 2010, 107, 14691–14696. [CrossRef] [PubMed]

27. Husebye, E.; Hellström, P.M.; Sundler, F.; Chen, J.; Midtvedt, T. Influence of microbial species on small
intestinal myoelectric activity and transit in germ-free rats. Am. J. Physiol. Gastrointest. Liver Physiol. 2001,
280, G368–G380. [CrossRef] [PubMed]

28. Kelly, J.R.; Kennedy, P.J.; Cryan, J.F.; Dinan, T.G.; Clarke, G.; Hyland, N.P. Breaking down the barriers: The
gut microbiome, intestinal permeability and stress-related psychiatric disorders. Front. Cell. Neurosci. 2015,
9, 392. [CrossRef] [PubMed]

29. Schéle, E.; Grahnemo, L.; Anesten, F.; Hallén, A.; Bäckhed, F.; Jansson, J.O. The Gut microbiota reduces
leptin sensitivity and the expression of the obesity-suppressing neuropeptides proglucagon ( GCG ) and
brain-derived neurotrophic factor ( BDNF ) in the central nervous system. Endocrinology 2013, 154, 3643–3651.
[CrossRef] [PubMed]

30. Reigstad, C.S.; Salmonson, C.E.; Rainey, J.F.; Szurszewski, J.H.; Linden, D.R.; Sonnenburg, J.L.; Farrugia, G.;
Kashyap, P.C. Gut microbes promote colonic serotonin production through an effect of short-chain fatty
acids on enterochromaffin cells. FASEB J. 2015, 29, 1395–1403. [CrossRef] [PubMed]

31. Yang, I.; Corwin, E.J.; Brennan, P.A.; Jordan, S.; Murphy, J.R.; Dunlop, A. The infant microbiome: Implications
for infant health and neurocognitive development. Nurs. Res. 2016, 65, 76–88. [CrossRef] [PubMed]

32. Cree, B.A.C.; Spencer, C.M.; Varrin-Doyer, M.; Baranzini, S.E.; Zamvil, S.S. Gut microbiome analysis in
neuromyelitis optica reveals overabundance of Clostridium perfringens. Ann. Neurol. 2016, 80, 443–447.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jneuroim.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23276800
http://dx.doi.org/10.1177/1759091414568185
http://www.ncbi.nlm.nih.gov/pubmed/25694551
http://dx.doi.org/10.1016/j.immuni.2015.09.007
http://www.ncbi.nlm.nih.gov/pubmed/26488817
http://dx.doi.org/10.1007/s11481-013-9502-4
http://www.ncbi.nlm.nih.gov/pubmed/24068577
http://dx.doi.org/10.1007/s11882-013-0404-6
http://www.ncbi.nlm.nih.gov/pubmed/24338487
http://dx.doi.org/10.1080/1028415X.2017.1303016
http://www.ncbi.nlm.nih.gov/pubmed/28338444
http://dx.doi.org/10.1038/s41598-017-00969-0
http://www.ncbi.nlm.nih.gov/pubmed/28400577
http://dx.doi.org/10.1038/nri3430
http://www.ncbi.nlm.nih.gov/pubmed/23618829
http://dx.doi.org/10.1186/s40168-016-0213-y
http://www.ncbi.nlm.nih.gov/pubmed/28095889
http://dx.doi.org/10.1113/JP273106
http://www.ncbi.nlm.nih.gov/pubmed/27641441
http://dx.doi.org/10.1038/ncomms10410
http://www.ncbi.nlm.nih.gov/pubmed/26811868
http://dx.doi.org/10.1126/science.1222195
http://www.ncbi.nlm.nih.gov/pubmed/22582016
http://dx.doi.org/10.1073/pnas.1005963107
http://www.ncbi.nlm.nih.gov/pubmed/20679230
http://dx.doi.org/10.3181/00379727-126-32430
http://www.ncbi.nlm.nih.gov/pubmed/11171619
http://dx.doi.org/10.3389/fncel.2015.00392
http://www.ncbi.nlm.nih.gov/pubmed/26528128
http://dx.doi.org/10.1210/en.2012-2151
http://www.ncbi.nlm.nih.gov/pubmed/23892476
http://dx.doi.org/10.1096/fj.14-259598
http://www.ncbi.nlm.nih.gov/pubmed/25550456
http://dx.doi.org/10.1097/NNR.0000000000000133
http://www.ncbi.nlm.nih.gov/pubmed/26657483
http://dx.doi.org/10.1002/ana.24718
http://www.ncbi.nlm.nih.gov/pubmed/27398819


Int. J. Mol. Sci. 2017, 18, 1526 13 of 18

33. Wallace, C.J.K.; Milev, R. The effects of probiotics on depressive symptoms in humans: A systematic review.
Ann. Gen. Psychiatry 2017, 16, 14. [CrossRef] [PubMed]

34. Dickerson, F.; Severance, E.; Yolken, R. The microbiome, immunity, and schizophrenia and bipolar disorder.
Brain. Behav. Immun. 2017, 62, 46–52. [CrossRef] [PubMed]

35. Li, Q.; Han, Y.; Dy, A.B.C.; Hagerman, R.J. The Gut microbiota and autism spectrum disorders.
Front. Cell. Neurosci. 2017, 11, 120. [CrossRef] [PubMed]

36. Klingelhoefer, L.; Reichmann, H. Pathogenesis of parkinson disease—The gut–brain axis and environmental
factors. Nat. Publ. Gr. 2015, 11, 625–636. [CrossRef] [PubMed]

37. Pistollato, F.; Sumalla Cano, S.; Elio, I.; Masias Vergara, M.; Giampieri, F.; Battino, M. Role of gut microbiota
and nutrients in amyloid formation and pathogenesis of Alzheimer disease. Nutr. Rev. 2016, 74, 624–634.
[CrossRef] [PubMed]

38. Cryan, J.F.; Dinan, T.G. Mind-altering microorganisms: The impact of the gut microbiota on brain and
behaviour. Nat. Rev. Neurosci. 2012, 13, 701–712. [CrossRef] [PubMed]

39. Furness, J.B.; Kunze, W.A.; Clerc, N. Nutrient tasting and signaling mechanisms in the gut. II. The intestine as
a sensory organ: Neural, endocrine, and immune responses. Am. J. Physiol. 1999, 277, G922–G928. [PubMed]

40. Mayer, E.A.; Tillisch, K.; Gupta, A. Gut/brain axis and the microbiota. Nutr. Rev. 2015, 73, 28–31. [CrossRef]
[PubMed]

41. Islas Weinstein, L.; Revuelta, A.; Pando, R.H. Catecholamines and acetylcholine are key regulators of the
interaction between microbes and the immune system. Ann. N. Y. Acad. Sci. 2015, 1351, 39–51. [CrossRef]
[PubMed]

42. Bravo, J.A.; Forsythe, P.; Chew, M.V.; Escaravage, E.; Savignac, H.M.; Dinan, T.G.; Bienenstock, J.; Cryan, J.F.
Ingestion of lactobacillus strain regulates emotional behavior and central GABA receptor expression in
a mouse via the vagus nerve. Proc. Natl. Acad. Sci. USA 2011, 108, 16050–16055. [CrossRef] [PubMed]

43. Bercik, P.; Park, A.J.; Sinclair, D.; Khoshdel, A.; Lu, J.; Huang, X.; Deng, Y.; Blennerhassett, P.A.;
Fahnestock, M.; Moine, D.; et al. The anxiolytic effect of Bifidobacterium longum NCC3001 involves vagal
pathways for gut-brain communication. Neurogastroenterol. Motil. 2011, 23, 1132–1139. [CrossRef] [PubMed]

44. van der Kleij, H.; O’Mahony, C.; Shanahan, F.; O’Mahony, L.; Bienenstock, J. Protective effects of
Lactobacillus rhamnosus and Bifidobacterium infantis in murine models for colitis do not involve the vagus
nerve. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2008, 295, R1131–R1137. [CrossRef] [PubMed]

45. Fung, T.C.; Olson, C.A.; Hsiao, E.Y. Interactions between the microbiota, immune and nervous systems in
health and disease. Nat. Neurosci. 2017, 20. [CrossRef] [PubMed]

46. Written, L.A. Dempsey acetate for memory the tryptophan link coping with stress. Nat. Immunol. IV Immun.
IV Nat. Med 2016. [CrossRef]

47. Clarke, G.; Grenham, S.; Scully, P.; Fitzgerald, P.; Moloney, R.; Shanahan, F.; Dinan, T.; Cryan, J.
The microbiome-gut-brain axis during early life regulates the hippocampal serotonergic system in
a sex-dependent manner. Mol. Psychiatry 2012, 18, 666–673. [CrossRef] [PubMed]

48. Stephenson, M.; Rowatt, E. The production of acetycholine by a strain of Lactobacillus plantarum.
J. Gen. Microbiol. 1947, 1, 279–298. [CrossRef] [PubMed]

49. Williams, B.B.; Van Benschoten, A.H.; Cimermancic, P.; Donia, M.S.; Zimmermann, M.; Taketani, M.;
Ishihara, A.; Kashyap, P.C.; Fraser, J.S.; Fischbach, M.A. Discovery and characterization of gut microbiota
decarboxylases that can produce the neurotransmitter tryptamine. Cell Host Microbe 2014, 16, 495–503.
[CrossRef] [PubMed]

50. Asano, Y.; Hiramoto, T.; Nishino, R.; Aiba, Y.; Kimura, T.; Yoshihara, K.; Koga, Y.; Sudo, N. Critical role of
gut microbiota in the production of biologically active, free catecholamines in the gut lumen of mice. Am. J.
Physiol. Gastrointest. Liver Physiol. 2012, 303, G1288–G1295. [CrossRef] [PubMed]

51. Barrett, E.; Ross, R.P.; O’Toole, P.W.; Fitzgerald, G.F.; Stanton, C. Aminobutyric acid production by culturable
bacteria from the human intestine. J. Appl. Microbiol. 2012, 113, 411–417. [CrossRef] [PubMed]

52. Hoverstad, T.; Midtvedt, T. Short-chain fatty acids in germfree mice and rats. J. Nutr. 1986, 116, 1772–1776.
[PubMed]

53. Chuang, D.M.; Leng, Y.; Marinova, Z.; Kim, H.J.; Chiu, C.T. Multiple roles of HDAC inhibition in
neurodegenerative conditions. Trends Neurosci. 2009, 32, 591–601. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s12991-017-0138-2
http://www.ncbi.nlm.nih.gov/pubmed/28239408
http://dx.doi.org/10.1016/j.bbi.2016.12.010
http://www.ncbi.nlm.nih.gov/pubmed/28003152
http://dx.doi.org/10.3389/fncel.2017.00120
http://www.ncbi.nlm.nih.gov/pubmed/28503135
http://dx.doi.org/10.1038/nrneurol.2015.197
http://www.ncbi.nlm.nih.gov/pubmed/26503923
http://dx.doi.org/10.1093/nutrit/nuw023
http://www.ncbi.nlm.nih.gov/pubmed/27634977
http://dx.doi.org/10.1038/nrn3346
http://www.ncbi.nlm.nih.gov/pubmed/22968153
http://www.ncbi.nlm.nih.gov/pubmed/10564096
http://dx.doi.org/10.1172/JCI76304
http://www.ncbi.nlm.nih.gov/pubmed/25689247
http://dx.doi.org/10.1111/nyas.12792
http://www.ncbi.nlm.nih.gov/pubmed/26378438
http://dx.doi.org/10.1073/pnas.1102999108
http://www.ncbi.nlm.nih.gov/pubmed/21876150
http://dx.doi.org/10.1111/j.1365-2982.2011.01796.x
http://www.ncbi.nlm.nih.gov/pubmed/21988661
http://dx.doi.org/10.1152/ajpregu.90434.2008
http://www.ncbi.nlm.nih.gov/pubmed/18667710
http://dx.doi.org/10.1038/nn.4476
http://www.ncbi.nlm.nih.gov/pubmed/28092661
http://dx.doi.org/10.1038/nm.4106
http://dx.doi.org/10.1038/mp.2012.77
http://www.ncbi.nlm.nih.gov/pubmed/22688187
http://dx.doi.org/10.1099/00221287-1-3-279
http://www.ncbi.nlm.nih.gov/pubmed/20270627
http://dx.doi.org/10.1016/j.chom.2014.09.001
http://www.ncbi.nlm.nih.gov/pubmed/25263219
http://dx.doi.org/10.1152/ajpgi.00341.2012
http://www.ncbi.nlm.nih.gov/pubmed/23064760
http://dx.doi.org/10.1111/j.1365-2672.2012.05344.x
http://www.ncbi.nlm.nih.gov/pubmed/22612585
http://www.ncbi.nlm.nih.gov/pubmed/3761032
http://dx.doi.org/10.1016/j.tins.2009.06.002
http://www.ncbi.nlm.nih.gov/pubmed/19775759


Int. J. Mol. Sci. 2017, 18, 1526 14 of 18

54. Chang, P.V.; Hao, L.; Offermanns, S.; Medzhitov, R. The microbial metabolite butyrate regulates intestinal
macrophage function via histone deacetylase inhibition. Proc. Natl. Acad. Sci. USA 2014, 111, 2247–2252.
[CrossRef] [PubMed]

55. Remely, M.; Aumueller, E.; Merold, C.; Dworzak, S.; Hippe, B.; Zanner, J.; Pointner, A.; Brath, H.;
Haslberger, A.G. Effects of short chain fatty acid producing bacteria on epigenetic regulation of FFAR3 in
type 2 diabetes and obesity. Gene 2014, 537, 85–92. [CrossRef] [PubMed]

56. Park, A.J.; Collins, J.; Blennerhassett, P.A.; Ghia, J.E.; Verdu, E.F.; Bercik, P.; Collins, S.M. Altered colonic
function and microbiota profile in a mouse model of chronic depression. Neurogastroenterol. Motil. 2013, 25.
[CrossRef] [PubMed]

57. Ait-Belgnaoui, A.; Durand, H.; Cartier, C.; Chaumaz, G.; Eutamene, H.; Ferrier, L.; Houdeau, E.; Fioramonti, J.;
Bueno, L.; Theodorou, V. Prevention of gut leakiness by a probiotic treatment leads to attenuated HPA
response to an acute psychological stress in rats. Psychoneuroendocrinology 2012, 37, 1885–1895. [CrossRef]
[PubMed]

58. Smith, S.M.; Vale, W.W. The role of the hypothalamic-pituitary-adrenal axis in neuroendocrine responses to
stress. Dialogues Clin. Neurosci. 2006, 8, 383–395. [PubMed]

59. Bellavance, M.A.; Rivest, S. The HPA–immune axis and the immunomodulatory actions of glucocorticoids
in the brain. Front. Immunol. 2014, 5, 1–13. [CrossRef] [PubMed]

60. Bailey, M.T.; Dowd, S.E.; Galley, J.D.; Hufnagle, A.R.; Allen, R.G.; Lyte, M. Exposure to a social stressor
alters the structure of the intestinal microbiota: Implications for stressor-induced immunomodulation.
Brain. Behav. Immun. 2011, 25, 397–407. [CrossRef] [PubMed]

61. Hueston, C.M.; Deak, T. The inflamed axis: The interaction between stress, hormones, and the expression
of inflammatory-related genes within key structures comprising the hypothalamic-pituitary-adrenal axis.
Physiol. Behav. 2014, 124, 77–91. [CrossRef] [PubMed]

62. Silverman, M.N.; Sternberg, E.M. Glucocorticoid regulation of inflammation and its functional correlates:
From HPA axis to glucocorticoid receptor dysfunction. Ann. N. Y. Acad. Sci. 2012, 1261, 55–63. [CrossRef]
[PubMed]

63. Gareau, M.G.; Jury, J.; MacQueen, G.; Sherman, P.M.; Perdue, M.H. Probiotic treatment of rat pups normalises
corticosterone release and ameliorates colonic dysfunction induced by maternal separation. Gut 2007, 56,
1522–1528. [CrossRef] [PubMed]

64. Gomez de Aguero, M.; Ganal-Vonarburg, S.C.; Fuhrer, T.; Rupp, S.; Uchimura, Y.; Li, H.; Steinert, A.;
Heikenwalder, M.; Hapfelmeier, S.; Sauer, U.; et al. The maternal microbiota drives early postnatal innate
immune development. Science 2016, 351, 1296–1302. [CrossRef] [PubMed]

65. Cebra, J.J. Influences of microbiota on intestinal immune system development. Am. Kournal Clin. Nutr. 1999,
69, 1046–1051.

66. Larsson, E.; Tremaroli, V.; Lee, Y.S.; Koren, O.; Nookaew, I.; Fricker, A.; Nielsen, J.; Ley, R.E.; Bäckhed, F.
Analysis of gut microbial regulation of host gene expression along the length of the gut and regulation of
gut microbial ecology through MyD88. Gut 2012, 61, 1124–1131. [CrossRef] [PubMed]

67. Morgan, X.C.; Kabakchiev, B.; Waldron, L.; Tyler, A.D.; Tickle, T.L.; Milgrom, R.; Stempak, J.M.; Gevers, D.;
Xavier, R.J.; Silverberg, M.S.; et al. Associations between host gene expression, the mucosal microbiome, and
clinical outcome in the pelvic pouch of patients with inflammatory bowel disease. Genome Biol. 2015, 16, 67.
[CrossRef] [PubMed]

68. Lavelle, E.C.; Murphy, C.; O’Neill, L.A.J.; Creagh, E.M. The role of TLRs, NLRs, and RLRs in mucosal innate
immunity and homeostasis. Mucosal Immunol. 2010, 3, 17–28. [CrossRef] [PubMed]

69. Kelly, C.J.; Colgan, S.P.; Frank, D.N. Of microbes and meals: The health consequences of dietary endotoxemia.
Nutr. Clin. Pract. 2012, 27, 215–225. [CrossRef] [PubMed]

70. Clemente, J.C.; Ursell, L.K.; Parfrey, L.W.; Knight, R. The impact of the gut microbiota on human health:
An integrative view. Cell 2012, 148, 1258–1270. [CrossRef] [PubMed]

71. Crack, P.J.; Bray, P.J. Toll-like receptors in the brain and their potential roles in neuropathology. Immunol. Cell Biol.
2007, 85, 476–480. [CrossRef] [PubMed]

72. Brenchley, J.M.; Douek, D.C. Microbial translocation across the GI tract. Annu. Rev. Immunol. 2012, 30,
149–173. [CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.1322269111
http://www.ncbi.nlm.nih.gov/pubmed/24390544
http://dx.doi.org/10.1016/j.gene.2013.11.081
http://www.ncbi.nlm.nih.gov/pubmed/24325907
http://dx.doi.org/10.1111/nmo.12153
http://www.ncbi.nlm.nih.gov/pubmed/23773726
http://dx.doi.org/10.1016/j.psyneuen.2012.03.024
http://www.ncbi.nlm.nih.gov/pubmed/22541937
http://www.ncbi.nlm.nih.gov/pubmed/17290797
http://dx.doi.org/10.3389/fimmu.2014.00136
http://www.ncbi.nlm.nih.gov/pubmed/24744759
http://dx.doi.org/10.1016/j.bbi.2010.10.023
http://www.ncbi.nlm.nih.gov/pubmed/21040780
http://dx.doi.org/10.1016/j.physbeh.2013.10.035
http://www.ncbi.nlm.nih.gov/pubmed/24184413
http://dx.doi.org/10.1111/j.1749-6632.2012.06633.x
http://www.ncbi.nlm.nih.gov/pubmed/22823394
http://dx.doi.org/10.1136/gut.2006.117176
http://www.ncbi.nlm.nih.gov/pubmed/17339238
http://dx.doi.org/10.1126/science.aad2571
http://www.ncbi.nlm.nih.gov/pubmed/26989247
http://dx.doi.org/10.1136/gutjnl-2011-301104
http://www.ncbi.nlm.nih.gov/pubmed/22115825
http://dx.doi.org/10.1186/s13059-015-0637-x
http://www.ncbi.nlm.nih.gov/pubmed/25887922
http://dx.doi.org/10.1038/mi.2009.124
http://www.ncbi.nlm.nih.gov/pubmed/19890268
http://dx.doi.org/10.1177/0884533611434934
http://www.ncbi.nlm.nih.gov/pubmed/22378797
http://dx.doi.org/10.1016/j.cell.2012.01.035
http://www.ncbi.nlm.nih.gov/pubmed/22424233
http://dx.doi.org/10.1038/sj.icb.7100103
http://www.ncbi.nlm.nih.gov/pubmed/17667932
http://dx.doi.org/10.1146/annurev-immunol-020711-075001
http://www.ncbi.nlm.nih.gov/pubmed/22224779


Int. J. Mol. Sci. 2017, 18, 1526 15 of 18

73. Wang, Y.; Begum-Haque, S.; Telesford, K.M.; Ochoa-Repáraz, J.; Christy, M.; Kasper, E.J.; Kasper, D.L.;
Robson, S.C.; Kasper, L.H. A commensal bacterial product elicits and modulates migratory capacity of CD39+

CD4 T regulatory subsets in the suppression of neuroinflammation. Gut Microbes 2014, 5, 552–561. [CrossRef]
[PubMed]

74. Telesford, K.M.; Yan, W.; Ochoa-Reparaz, J.; Pant, A.; Kircher, C.; Christy, M.A.; Begum-Haque, S.;
Kasper, D.L.; Kasper, L.H. A commensal symbiotic factor derived from Bacteroides fragilis promotes human
CD39+Foxp3+ T cells and Treg function. Gut Microbes 2015, 6, 234–242. [CrossRef] [PubMed]

75. Ochoa-Repáraz, J.; Mielcarz, D.W.; Wang, Y.; Begum-Haque, S.; Dasgupta, S.; Kasper, D.L.; Kasper, L.H.
A polysaccharide from the human commensal Bacteroides fragilis protects against CNS demyelinating disease.
Mucosal Immunol. 2010, 3, 487–495. [CrossRef] [PubMed]

76. Ochoa-Repáraz, J.; Mielcarz, D.W.; Ditrio, L.E.; Burroughs, A.R.; Begum-Haque, S.; Dasgupta, S.; Kasper, D.L.;
Kasper, L.H. Central nervous system demyelinating disease protection by the human commensal Bacteroides
fragilis depends on polysaccharide A expression. J. Immunol. 2010, 185, 4101–4108. [CrossRef] [PubMed]

77. Ochoa-Repáraz, J.; Mielcarz, D.W.; Haque-Begum, S.; Kasper, L.H. Induction of a regulatory B cell population
in experimental allergic encephalomyelitis by alteration of the gut commensal microflora. Gut Microbes 2010,
1, 103–108. [CrossRef] [PubMed]

78. Ransohoff, R.M.; Engelhardt, B. The anatomical and cellular basis of immune surveillance in the central
nervous system. Nat. Rev. Immunol. 2012, 12, 623–635. [CrossRef] [PubMed]
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