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Background: The microbiota colonizing the gastrointestinal tract have been associated with both gastrointestinal
and extra-gastrointestinal diseases. In recent years, considerable interest has been devoted to their role in the devel-
opment of neurologic diseases, as many studies have described bidirectional communication between the central
nervous system and the gut, the so-called “microbiota-gut-brain axis” Considering the ability of probiotics (i.e, live
non-pathogenic microorganisms) to restore the normal microbial population and produce benefits for the host, their
potential effects have been investigated in the context of neurologic diseases. The main aims of this review are to
analyse the relationship between the gut microbiota and brain disorders and to evaluate the current evidence for the
use of probiotics in the treatment and prevention of neurologic conditions.

Discussion: Overall, trials involving animal models and adults have reported encouraging results, suggesting that
the administration of probiotic strains may exert some prophylactic and therapeutic effects in a wide range of neuro-
logic conditions. Studies involving children have mainly focused on autism spectrum disorder and have shown that
probiotics seem to improve neuro behavioural symptoms. However, the available data are incomplete and far from

Conclusions: The potential usefulness of probiotics in preventing or treating neurologic diseases is becoming a topic
of great interest. However, deeper studies are needed to understand which formulation, dosage and timing might
represent the optimal regimen for each specific neurologic disease and what populations can benefit. Moreover,
future trials should also consider the tolerability and safety of probiotics in patients with neurologic diseases.
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Background

In recent years, the gut microbiota residing in the gas-
trointestinal tract have emerged as a topic of great inter-
est in medical research. The gut microbiota consist of
trillions of microorganisms representing many different
species of known bacteria, as well as viruses, fungi, pro-
tozoa and archaea [1, 2]. Among the various bacteria, the
most abundant phyla are Bacteroidetes and Firmicutes,
followed by Proteobacteria and Actinobacteria, while
Fusobacteria and Verrucomicrobia are less common.
Butyrate-producing bacteria and lactic acid bacteria are
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thought to have beneficial effects to the host through
anti-inflammatory, anti-tumourigenic and pathogen-
exclusion properties [3].

The deep influence of the gut microbiota on human
health and homeostasis has many clinical manifesta-
tions. Studies have shown how dysbiosis (i.e., a disrup-
tion of the balanced composition of the gut microbiota)
is associated with gastrointestinal [4—7] and extra-gas-
trointestinal diseases [8—10]. Moreover, recent investiga-
tions have also advocated a possible role for microbiota
in the pathogenesis of several brain disorders [11-13].
The emerging idea of the microbiota as a modulator of
neural physiology has recently been investigated through
the concept of the “microbiota-gut-brain axis’, which rep-
resents a composite model of interaction between the
intestinal microbes and the brain. Despite the evidence of
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such communication, the effect, magnitude and clinical
relevance of the disruption of the microbiota in neuro-
logic diseases have yet to be clearly elucidated.

In view of these considerations, the potential role of
probiotics in the prevention and treatment of neuro-
logic diseases presents an attractive possibility. Probiot-
ics are living non-pathogenic microorganisms that confer
a health benefit and improve physiological conditions
in the host when administered in adequate amounts,
as a food ingredient, supplement or drug [14]. Probiot-
ics are mainly composed of lactic-acid bacteria, such as
Lactobacilli, Lactococci and Bifidobacteria or yeasts as
Saccharomycetes; to date, Lactobacillus rhamnosus GG,
Lactobacillus casei, Lactobacillus plantarum, Lactobacil-
lus johnsonii, Bifidobacterium and Saccharomyces bou-
lardii are the most widely studied strains [15].

Although the exact mode of action of probiotics
remains uncertain, it is likely that several mechanisms
operate together. Probiotics exert a microbiological func-
tion by preventing opportunistic pathogens from occu-
pying functional niches in the gut microbial community,
blocking epithelial attachment of pathogenic bacteria,
inhibiting their growth with the production of lactic acid,
propionic acid, acetic acid, bacteriocins and reactive
oxygen species [16—19]; they also play a nutritional role
by producing several vitamins, lactase and health-pro-
moting compounds [16-19]. In addition, they regulate
intestinal transit and reinforce the gut barrier. Further-
more, probiotics play an important role in the regula-
tion of both the innate and adaptive immune systems by
activating macrophages, NK cells and cytotoxic T cells,
modulating the production of IgA, stimulating toll-like
receptors and modifying the cytokine-expression profile
[16-19].

Some differences in biological properties and clinical
effects have been reported among the various probiotic
strains, mainly caused by genetic diversity and host-bac-
teria interactions [20]. A great deal of evidence has estab-
lished that the effects of probiotics may be genus-specific
and even species- or strain-dependent [21-23] and that
their efficacy is influenced by the dose [24]. Moreover,
there are differences even between single- and multi-
strain probiotic formulations; however, it is not clear
whether supplementation with mixtures is better than
using a single strain. On examination of 16 comparative
studies, probiotic combinations appeared to be more
effective than single components taken alone in 12 cases
(75 %) [25], although in many studies, this comparison is
biased because of differences in dose. It is possible that
the presence of a wide variety of probiotic genera in a
multi-strain preparation leads to lower efficacy because
of mutual inhibition by different species. However, there
are data supporting the idea that mixtures have superior
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effectiveness over single strains, possibly because of a
greater concentration of probiotics, a broader range of
action and synergistic effects [26].

Probiotics are used as an adjuvant therapy for many
paediatric gastrointestinal and extra-intestinal diseases,
but few data are available on their use in brain disorders.
The main aims of this review are to analyse the relation-
ship between the gut microbiota and brain disorders and
to evaluate the current evidence for the use of probiot-
ics in neurologic conditions. Particular attention is paid
to factors that condition the modification of the gut
microbiota and the possibility of managing neurologi-
cal diseases by modifying the gut microbial composition.
PubMed was used to search for all of the studies pub-
lished over the last 15 years using the key word “microbi-
ota” and “gut” or “intestinal” and “nervous system” More
than 350 articles were found, and only those published in
English and providing data on aspects related to neuro-
logic diseases were included in the evaluation.

Discussion

The microbiota-gut-brain axis

Accumulating evidence has shown that gut microbi-
ota influence human brain development and function
[27-30]. The exchange of regulatory signals through an
integrative, bidirectional communication between the
gastrointestinal tract and the central nervous system rep-
resents the gut-brain axis [31, 32]. In this relationship,
the gut microbiota play a pivotal role. This complex sys-
tem acts via direct and indirect mechanisms that involve
neural, hormonal and immunological pathways [33-35].

In top-down signalling, the central nervous system
influences the gut microbiota, mainly through the auto-
nomic nervous system and the hypothalamus—pituitary—
adrenal axis. Indeed, several studies have demonstrated
that a stressful event, especially early in life, can disrupt
the microbiota profile, limit its richness and diversity,
and affect bacterial species [36—40], inducing a shift in
microbial composition that may promote the transloca-
tion of species known to induce inflammation, such as
Clostridia, and reduce the proportion of anti-inflamma-
tory bacteria, such as Lactobacillus.

Another pathway that can produce effects on the brain
and behaviour involves the vagus nerve [41]. The modu-
lation of the gut microbiota using Lactobacillus rham-
nosus stimulated the transcription of y-aminobutyric
acid (GABA) receptors and induced behavioural and
psychological responses with marked dependence on
vagal integrity [42]. However, vagus-independent mecha-
nisms are involved as well [33]. The intestinal microbiota
has a profound influence on several neurotransmitters
and neuromodulators, such as monoamines, serotonin,
GABA, and brain-derived neurotrophic factor [43-46],
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which deliver signals to the brain trough enteric nerves,
enterochromaffin cells [27] and the systemic circulation,
crossing the blood—brain barrier [34], whose permeabil-
ity appears to be regulated by the microbiota in experi-
mental models [47].

Moreover, the gut microbiome induces maturation
of the host immune system, contributes to establish-
ing a durable immune repertoire and modulates the
innate and adaptive immune systems to support the
dominance of regulatory networks that prevent inflam-
mation or immune-mediated disease and inflamma-
tory responses [48, 49]. In addition, microbiota protect
the intestinal barrier by improving epithelial tight junc-
tions, thus reducing gut permeability; in fact, a damaged
intestinal wall can lead to increased translocation of gut
bacteria into the mesenteric lymphoid tissue, provoking
immune and inflammatory responses and activating the
vagus nerve and spinal afferent neurons. Inflammatory
cytokines and the vagal system, in turn, affect the activ-
ity of the central nervous system, altering its function
[50]. Interestingly, recent data reported the activation of
inflammasomes—systems involved in the regulation of
inflammatory responses through the production of pro-
inflammatory cytokines in children with ASD, suggest-
ing a possible new link between impaired gastrointestinal
permeability and neuroinflammation [51].

Neural pathways originate in utero and continue to
develop in early postnatal life [52]. It has been shown
that the prenatal and postnatal early-life periods are
both dynamic and vulnerable windows for brain devel-
opment. During these important neurodevelopmental
phases, essential processes and structures are established.
Exposure to adverse events that interfere with this criti-
cal sequence of events confers a high risk for the subse-
quent emergence of mental illness later in life [52]. It is
increasingly accepted that the gastrointestinal microbiota
contributes substantially to shaping the development of
the central nervous system. Conversely, several studies
have shown that early-life events can also impact on this
gut community [52]. Due to the bidirectional communi-
cation between the gut and the brain, it is possible that
aberrant situations affecting either organ in early life can
impact on the other. Studies have now shown that devia-
tions from the gold standard trajectory of gut microbiota
establishment and development in early life can lead not
only to disorders of the gastrointestinal tract but also
complex metabolic and immune disorders. Moreover,
the gut microbiome, too, undergoes dramatic dynamic
changes during growth, especially throughout infancy
and childhood [53]. Metagenomic studies suggest that
the microbiome may also evolve later, as adolescents
have significantly different microbiota from adults [54].
Because maturation of the brain and microbiota appears
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to be concomitant, occurring in parallel and during simi-
lar periods, the existence of a critical window during
which microbiota can influence brain development and
vice versa has been postulated [55, 56]. Preclinical studies
on germ-free (GF) mice demonstrated that abnormalities
in neural growth factors and altered behaviours could be
normalized by conventional bacterial colonization occur-
ring early in life, supporting the idea of a developmental
window for gut-brain interaction, where some effects
are especially important in childhood [57]. Furthermore,
according to a recent study, the disruption of microbiota
with high doses of antibiotics from weaning onwards
could alter brain development and behaviour despite
the presence of normal gut microbiota in early postna-
tal life [58]. These data extend the time window during
which perturbations of microbiome and dysregulation of
gut microbiome-brain axis may influence brain health to
adolescence and early adulthood.

Considering these interactions and the emerging role of
microbiota as a key element of neural development and
regulation, adverse changes in the microbiota may cause
alterations in neural networks, affecting general and
mental health. A disruption during dynamic periods such
as childhood and adolescence could alter brain-gut com-
munication, increasing the risk of neurodevelopmental
and other brain disorders later in life [56, 59]. Thus, early
pre-weaning and childhood seem to be the critical ages
for modulating the intestinal microbiota by avoiding dys-
biosis using probiotics to prevent neurologic disorders.

Microbiome disruption in neurologic diseases

The alteration of microbiota-gut-brain axis interactions
has been advocated as a possible cause of some brain dis-
eases, including ASD, Parkinson’s disease (PD), multiple
sclerosis (MS) and mood disorders [13, 60—-62]. How-
ever, there is still little evidence regarding the underlying
mechanisms responsible, and there is no consensus on
the importance of intestinal dysbiosis in the pathogenesis
of neurologic diseases.

Based on pre-clinical evidence, the microbiota have
proved essential for the development of experimental
autoimmune encephalomyelitis (EAE). GF mice did not
develop EAE in a spontaneous model [63] or showed sig-
nificantly attenuated disease in an inducible model [64].
In addition, the depletion of commensal microflora with
oral antibiotics significantly reduced the severity of EAE
when compared to control mice treated with intraperi-
toneal antibiotics or treated with phosphate-buffered
saline [65], whereas bacterial colonization of GF mice
reestablished EAE susceptibility [63]. Furthermore, in
amyotrophic lateral sclerosis transgenic mice, butyrate-
producing bacteria (Butyrivibrio fibrisolvens), Escheri-
chia coli, and Firmicus sp. were significantly reduced
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compared to wild-type mice, providing evidence of dys-
biosis [66]; however, it is not known whether the altered
microbiome plays an active role in neuromuscular degen-
eration in amyotrophic lateral sclerosis.

In studies performed on adults, a reduced percent-
age of Prevotellaceae was detected in stool samples of
PD patients compared to controls [67], while a greater
abundance of Enterobacteriaceae was positively associ-
ated with the severity of postural instability and gait-
difficulty symptoms. Another finding among patients
suffering from PD compared to controls was an increased
level of urinary indoxyl sulphate unrelated to the pres-
ence of constipation, which suggested that the intestinal
dysbiosis has already occurred at the onset of the disease
and thus possibly plays a role in PD pathogenesis [68].
Human studies have also been performed on patients
with MS: despite the limited number of subjects, these
studies overall found variations in microbiota bacteria
that may play a role in the inflammatory process of the
disease [69].

Most of the studies of children concern ASD. Despite
agreement among researchers in describing several dif-
ferences in the composition of the microbiota between
ASD children and healthy siblings or unrelated controls
[70], the studies sometimes yielded contradictory results
about the nature or amount of microbes involved [71].

Finegold et al. studied the faecal microflora of 33 chil-
dren with ASD using a pyrosequencing technique and
found that patients with ASD compared to controls had
a higher proportion of Bacteroidetes and Proteobacteria
and a lower abundance of Firmicutes and Actinobacte-
ria (especially Bifidobacterium) [72]. These results are
consistent with the results of other studies that reported
lower levels of Bifidobacterium species in children with
ASD [73, 74]. Other abnormalities in composition of the
gut microbiota of ASD children included a significantly
higher proportion of Bacteroides vulgatus [72], Sutte-
rella, Ruminococcus torques [75], and Desulfovibrio sp.
[72, 76]. The latter has been proposed as an important
bacterium in the pathophysiology of ASD [77].

Moreover, markedly lower percentages of Prevo-
tella, Coprococcus and unclassified Veillonellaceae were
reported in ASD children with gastrointestinal disor-
ders compared to healthy controls, and these altera-
tions were related to the severity of ASD symptoms [78].
Furthermore, several studies showed a greater number
of Clostridium species in the faecal samples of autistic
children [79-82]. These data suggest the involvement of
Clostridia in ASD pathogenesis, as the oral administra-
tion of vancomycin to children with ASD led to a regres-
sion of the typical symptoms. Because this antibiotic is
not absorbed in the gastrointestinal tract and its spec-
trum of action covers Gram-positive bacteria such as
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Clostridium, it is possible that these microorganisms play
arole in ASD development, especially as vancomycin dis-
continuation led to a reversion of ASD symptoms [83].

The composition of the microbiota has also been
explored in children with relapsing-remitting MS [84].
Interestingly, a shorter time to relapse was significantly
associated with a reduction in Fusobacteria (p = 0.001)
an increase in Firmicutes (p = 0.003) and the presence
of Archaea euryarchaeota (p = 0.037). After covariate
adjustment, only the depletion of Fusobacteria remained
significantly associated with relapse risk. These data
require deeper investigation but underline a possible
connection between disruption of the gut microbiota and
MS relapse risk, thus identifying a potential new target
for treatment.

Potential effects of probiotics in neurologic diseases

To date, there are neither guidelines nor clear indications
for the use of probiotics to prevent or treat paediatric
neurologic diseases. The current evidence on this subject
is poor and partial; most of the studies are based on pre-
clinical research in animals, such as GF mice subjected
to early-life gut modulation of the microbiota or exposed
to specific probiotics [85-96], while only a few concern
adult subjects [97-106], and even fewer involve children
[107-110].

Pre-clinical studies

Although the role of probiotics in neurologic disorders
is a topic of recent interest, there are many pre-clinical
studies in the literature (Table 1). Overall, these studies
show potential effects of probiotics in treating neurologic
diseases and describe the neural, immunological and
metabolic pathways involved [107]. The mechanisms of
action are still speculated and unclear, and the choice of
strain, dose and timing appears arbitrary.

Lavasani et al. reported that a five-day course of 3 Lac-
tobacillus strains (L. paracasei DSM 13434, L. plantarum
DSM 15312, L. plantarum DSM 15313) in mice devel-
oping EAE suppressed disease progression and reversed
the established disease by down-regulating MOG-reac-
tive T-cells and shifting the dominant immune response
from Th1 to Th2; interestingly, beneficial effects were not
observed after the administration of a monostrain probi-
otic; only the three strains taken together yielded thera-
peutic effects [86].

In a more recent study, Kwon et al. investigated the
potential prophylactic and therapeutic effects of IRTS5,
a combination of Streptococcus thermophilus, Lacto-
bacillus reuteri, Bifidobacterium bifidum, Lactobacil-
lus acidophilus and Lactobacillus casei (1 x 10% colony
forming units [CFU] for each strain) in EAE mice [87].
Pre-treatment with oral administration of IRT5 starting
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Table 1 Main neurologic effects of probiotics in pre-clinical studies

Authors Probiotic strains studied

Main neurologic results

Lavasani et al. [86]
L. plantarum DSM 15313

Kwon et al. [87]

L. casei

Chae et al. [88] S. thermophilus, L. reuteri, B. bifidum, L. acidophilus and
L. casei

Sun et al. [89] C. butyricum

Savignac et al. [92] B.longum 1714

Desbonnet et al. [93] B. infantis

Ushakova et al. [86] Lactobacilli

Hsiao et al. [94] B. fragilis

L. paracasei DSM 13434, L. plantarum DSM 15312,

S. thermophilus, L. reuteri, B. bifidum, L. acidophilus and

Suppression of progression of experimental autoimmune
encephalomyelitis and reversion of established disease

Suppression of the incidence and progression of experimental
autoimmune encephalomyelitis

Suppression of experimental autoimmune myasthenia gravis

Neuroprotective properties

Positive impact on cognition

Increase in serotoninergic precursors

Decrease in astrocyte reaction and motor behaviours

Improvement in anxiety-like, stereotyped, sensorimotor and
communicative behaviours

3 weeks before EAE induction significantly decreased
the incidence of EAE compared to controls (roughly 45
vs. 90 %; p < 0.001) and clinical scores (by approximately
50 %; p < 0.001) and reduced infiltration and inflamma-
tion in the spinal cord. Furthermore, the use of probiotics
in ongoing disease significantly inhibited the progres-
sion of EAE and was associated with milder symptoms,
although it did not entirely suppress disease progres-
sion [87]. The effects of IRT5 have also been examined
in murine models of experimental autoimmune myas-
thenia gravis (EAMG): IRT5 intake starting two weeks
before EAMG onset and continuing until six weeks after
induction significantly suppressed disease development,
with lower clinical scores in treated mice compared to a
placebo control group (mean clinical scores 0.93 vs. 1.8;
p < 0.05) [88]. Thus, it seems that the prophylactic effects
of probiotics are more prominent than the therapeutic
ones, likely because of the greater difficulty of modulat-
ing already abnormally activated immune cells.

An interesting recent trial demonstrated that a two-
week pre-treatment with Clostridium butyricum (1 x 10°
CFU) in mice had neuroprotective effects against ischae-
mia/reperfusion injury; in fact, neurologic deficit scores,
which were higher in ischaemia/reperfusion mice com-
pared to sham mice (p < 0.01), significantly decreased in
treated mice (mean scores 3.5 vs. 2.5; p < 0.05) compared
to the ischaemia/reperfusion group, possibly because of
anti-oxidant and anti-apoptotic effects [89]. Other stud-
ies showed that probiotic administration may lead to
anxiolytic effects [90] and improvements in memory and
learning [91]. In this regard, Bifidobacterium longum
1714 had a positive impact on cognition [92] and Bifi-
dobacteria infantis attenuated inflammatory immune
responses and elevated serotoninergic precursors, evi-
dence of an antidepressant effect of some strains [93].

Pre-clinical studies have also investigated the potential
of chronic administration of probiotics in animal models.

One study evaluated the effect of a 6-month treatment
with lactic-acid bacteria on the central nervous system of
growing rats [85]. Interestingly, after two months, lactic-
acid bacteria administration decreased astrocyte reactiv-
ity by reducing S-100b and GFAP protein synthesis in the
posterior areas of the brain hemisphere and affected the
motor behaviour of rats, showing a possible effect in the
prevention of neurologic diseases. Beneficial effects on
astrocytes seemed to disappear, however, after a 6-month
treatment. Thus, the authors recommended supplement-
ing the traditional treatment of neurologic diseases with
Lactobacillus for only 2—4 months, speculating that pro-
longed consumption may not be effective because of
adaptation in the immunological, gastrointestinal and
nervous systems. These data were, however, obtained
from experimental models, and the time to adaption
to a probiotic treatment may be different in adults and
children.

One of the most interesting studies of probiotics in
paediatrics was performed by Hsiao et al., who investi-
gated the effect of the oral administration of Bacteroides
fragilis (1 x 10° CFU) in the maternal immune-activation
model of ASD in mouse offspring [94]. They found that
probiotic treatment improved anxiety-like, stereotyped,
sensorimotor and communicative behaviours, suggesting
that microbial modulating therapies may be an effective
and safe treatment for ASD. Remarkably, these effects
were not related only to B. fragilis, as Bacteroides the-
taiotaomicron administration also significantly improved
abnormal behaviours, whereas Enterococcus faecalis
had no effects, thus suggesting that some specificity is
required in bacterial treatment.

Interestingly, a recent systematic review that included
25 randomized, controlled trials performed in animals
and 15 in humans showed that Bifidobacterium (i.e., B.
longum, B. breve, and B. infantis) and Lactobacillus (i.e.,
L. helveticus, and L. rhamnosus), with doses between
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10° and 10" CFU for 2 weeks in animals and 4 weeks in
humans [95]. These probiotics showed efficacy in improv-
ing psychiatric disorder-related behaviors including anxi-
ety, depression, ASD, obsessive—compulsive disorder,
and memory abilities, including spatial and non-spatial
memory.

In addition, Callaghan et al. administered an early-life
stressor (i.e., maternal separation) to infant male rats,
and investigated the effects of this stressor on condi-
tioned aversive reactions in the rats’ subsequent infant
male offspring [96]. They demonstrated, for the first
time, longer-lasting aversive associations and greater
relapse after extinction in the offspring of rats exposed to
maternal separation (F1 generation), compared with the
offspring of rats not exposed to maternal separation (FO
generation). These generational effects were reversed by
probiotic supplementation, which was effective as both
an active treatment when administered to infant F1 rats
and as a prophylactic when administered to FO fathers
before conception (i.e., in fathers’ infancy). These find-
ings have high clinical relevance in the identification of
early-emerging putative risk phenotypes across genera-
tions and of potential therapies to ameliorate such gen-
erational effects.

Trials on human adults

Clinical trials performed on adults appear to confirm the
results achieved in animal studies, suggesting a poten-
tial role for probiotics in the treatment of several neu-
rologic diseases (Table 2). Specific probiotics seem to
have positive effects on human brain activity, including
in healthy subjects. In fact, in a double-blind, placebo-
controlled, randomized trial on healthy volunteers, the
oral administration of Lactobacillus helveticus R0052 and
Bifidobacterium longum R0175 for 30 days significantly
reduced psychological distress and urinary free cortisol
level (p < 0.05) [97]. Likewise, in a randomized controlled
clinical trial on healthy women, the intake of fermented
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milk containing Bifidobacterium animalis subsp. lac-
tis, Streptococcus thermophiles, Lactobacillus bulgaricus
and Lactococcus lactis subsp. lactis for 4 weeks affected
responsiveness to negative emotional stimuli by reduc-
ing the reactivity of a widely distributed network of brain
areas to an emotional attention task (49 % cross-block
covariance, p < 0.004) containing affective, visceros-
ensory, and somatosensory cortices [98]. These results
demonstrated that the fermented milk affected activity of
brain regions that control central processing of emotion
and sensation.

Interesting data have also been achieved from patients
with neurologic disease. The oral administration of Lac-
tobacillus casei strain Shirota for 4 weeks in patients
suffering HTLV-1 associated myelopathy/tropical spas-
tic paraparesis showed a trend towards improved motor
function (p = 0.157) and significantly decreased uri-
nary symptoms (p = 0.0085) and spasticity in the lower
extremities (p = 0.015), likely because of an important
increase in NK cell activity [99]. Moreover, a two-month
course of the same probiotic strain in patients with
chronic fatigue syndrome led to a significant decrease in
anxiety symptoms compared to controls (p = 0.01) [100].

Positive results were observed also in irritable bowel
syndrome in a retrospective study based on the survey
of patients records. Trimebutin or mebeverin + anxioli-
tics + probiotics were associated with the best impact
on clinical symptoms mainly in patients with depression
[101]. A recent review reported that probiotics appeared
clinically and therapeutically relevant to a range of dis-
orders, including chronic fatigue syndrome, fibromyalgia,
and restless legs syndrome [102].

On the contrary, the role of probiotic therapy in hepatic
encephalopathy is controversial. A meta-analysis of four-
teen randomized controlled trials reported a significant
improvement in minimal hepatic encephalopathy (odds
ratio [OR] 3.91; confidence interval [CI] 2.25-6.80;
p < 0.0001), decreased hospitalization rates (OR 0.53;

Table 2 Main clinical trials performed involving adults on the effects of probiotics on neurologic diseases

Authors Study design

Main neurologic results

Messaoudi et al. [97]

Tillisch et al. [98]

Matsuzaki et al. [99]

Rao et al. [100]

Double-blind, placebo-controlled, randomized trial on healthy
volunteers treated with the oral administration of L. helveti-
cus R0052 and B. longum R0175 vs. placebo for 30 days

Randomized controlled clinical trial on healthy women
treated with fermented milk containing B. animalis subsp.
lactis, S. thermophiles, L. bulgaricus and L. lactis subsp. lactis vs
placebo for 4 weeks

Prospective, uncontrolled treatment with L. casei strain Shirota
for 4 weeks in patients suffering HTLV-1 associated myelopa-
thy/tropical spastic paraparesis

Double-blind, placebo-controlled, randomized trial in patients
with chronic fatigue syndrome treated with L. casei strain
Shirota vs placebo for 2 months

Reduced psychological distress and urinary free-cortisol level in
probiotics arm

Reduction in responsiveness to negative emotional stimulations
in probiotics arm

Improvement in motor dysfunction, urinary symptoms and
spasticity in lower extremities

Decrease in anxiety symptoms in probiotic arm
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CI 0.33-0.86; p = 0.01) and decreased progression to
overt hepatic encephalopathy (OR 0.40; CI 0.26-0.60;
p < 0.0001) when probiotics were compared to no treat-
ment/placebo [103]. However, a Cochrane review did not
find sufficient evidence to recommend the routine use of
probiotic therapy in such patients because of a high risk
of systematic and random errors in the trials, which over-
all showed a reduction in ammonia concentration after
probiotic administration but no unequivocal effects on
clinically relevant outcomes [104].

Trials on children

So far, only a few clinical studies about the use of probi-
otic strains for paediatric neurologic diseases have been
published, and the majority involved children with ASD
(Table 3). All studies share many limitations related to
design, sample size, inclusion criteria and evaluation
of clinical scores. Moreover, none was specifically per-
formed to determine differences in neurologic outcomes
or recognize adverse effects of probiotic supplementation
[105].

According to one case report, probiotic supplementa-
tion improved school records and attitude towards food
in a 6-year-old child with ASD; moreover, discontinua-
tion of the intervention led to a regression of symptoms,
which was reversed with the reintroduction of probiotics
[106].

In a randomized, double-blind, placebo-controlled
study, Lactobacillus plantarum WCES1 (daily dose,
4.5 x 10'° CFU) was administered to children with ASD
from 3 to 16 years of age who were divided into two
groups: group I received a placebo during the first feed-
ing period (3 weeks) and a probiotic during the second
(3 weeks); vice versa for group II [108]. Behavioural
effects were assessed through a standardized Develop-
ment Behaviour Checklist, which showed improve-
ment in disruptive antisocial behaviours, anxiety and
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communication problems (p < 0.05) in those treated with
probiotics [108].

In a cohort study on 22 children (age range 4—10 years)
with ASD, oral supplementation with Lactobacillus aci-
dophilus strain Rosell-11 for 2 months improved the
ability to concentrate and fulfil orders, but did not affect
behavioural responses to other people’s emotions or eye
contact [109].

A recent interesting study in children at risk of neu-
rodevelopmental disorders is that of Partty et al. [110],
who performed a randomized trial on 75 infants fol-
lowed for 13 years, giving Lactobacillus rhamnosus GG
to 40 subjects (53.3 %) for the first 6 months of life and
a placebo to the other 35 (46.7 %). At the age of 13 years,
6 out of 35 (17.1 %) children in the placebo group were
diagnosed with ASD or attention-deficit/hyperactivity
disorder (ADHD), but none in the probiotic group were
(p = 0.008). These results suggest that early administra-
tion of Lactobacillus rhamnosus GG started four weeks
before expected delivery could possibly reduce the risk
of developing ADHD or ASD by mechanisms not nec-
essarily related to the composition of the microbiota, as
no single constant component of or change in the micro-
biota was detected in children with neuropsychiatric dis-
orders compared to those without such disorders. These
data represent an interesting preliminary achievement in
this field, though they are far from conclusive.

The prophylactic effects of probiotic strains on neu-
rologic outcome have been investigated in a prospective
study examining their efficacy in preventing Candida
late-onset sepsis [111]. A total of 249 preterm infants
were divided into three groups: one group (n = 83) sup-
plemented with Lactobacillus reuteri ATCC 55730 (5
drops per day in an oil formulation, equivalent to 1 x 10%
CFU), one (n = 83) with Lactobacillus rhamnosus ATCC
53103 (1 capsule per day, equivalent to 6 x 10’ CFU) and
the other (n = 83) with no supplementation. All infants

Table 3 Main clinical trials performed involving children on the effects of probiotics on neurologic diseases

Authors Study design Main neurologic results
Parracho et al. Randomized, double-blind, placebo controlled study in Improvement of disruptive antisocial behaviours, anxiety and com-
[108] children with ASD 3-16 years old treated with L. plan- munication problems in probiotic arm

tarum WCFS1 vs placebo for 3 weeks
Kaluzna-Czaplinska

etal. [109] with L. acidophilus strain Rosell-11 for 2 months
Partty et al. [110] Randomized trial on infants followed for 13 years, giving L.
rhamnosus GG vs placebo for the first 6 months of life
Romeoetal [111]  Randomized trial in preterm infants treated with L. reuteri

ATCC 55730 or L. rhamnosus ATCC 53103 or no supple-

mentation for 6 weeks

Cohort study of children with ASD 4-10 years old treated

Improvement in their ability to concentrate and fulfil orders, with no
impact on behavioural responses to other people’s emotions or
eye contact

At the age of 13 years, 6 out of 35 (17.1 %) children in the placebo
group were diagnosed with ASD or attention-deficit/hyperactivity
disorder, but none in the probiotic group were

Higher incidence of suboptimal neurological scores in the control
group than in both the probiotic groups at 1 year of age

ASD autism spectrum disorder
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were treated for 6 weeks. A neurologic assessment was
carried out at 1 year of age using the Hammersmith
infant neurological examination showed a statistically
significant higher incidence of suboptimal scores in the
control group (n = 24) than in both probiotic groups
(p < 0.05). Thus, probiotics may be effective in protect-
ing infants from neurologic damage due to sepsis by
significantly reducing Candida gastrointestinal coloniza-
tion and reducing invasive infections, which were more
frequent in the control group than in the groups treated
with L. reuteri and L. rhamnosus (4 vs. 1) [111].

Controversies and future challenges for probiotic-based
treatment in patients with neurologic diseases

The use of probiotics in the treatment of neurologic dis-
eases as a routine additive therapy raises some questions.

First, as the positive effects on neurologic diseases are
divergent and dependent on the probiotic strain, it is
important to perform extensive studies to identify the
most appropriate single strain or microbial mixture for
each specific neurologic disease [107].

Secondly, probiotics, as the current definition states,
need to be administered in adequate amounts. The rec-
ommended dose and the optimal duration of treatment
have not been completely established; pre-clinical and
clinical trials in neurologic diseases differ widely in com-
position, quantity and timing of probiotic administra-
tion. Unfortunately, while there are recommendations
for probiotic formulation and dosage for the treatment
of other clinical conditions [112], no study of ideal for-
mulation has been performed in patients with neurologic
disorders.

In addition, research should focus on the identification
of a target population for probiotic therapeutic interven-
tion, including the optimal age of the patient and phase of
the disease.

There is concern also about the composition, quality
and efficacy of commercially available probiotics. Indeed,
probiotic formulations contain only a small amount of
beneficial bacteria, usually less than 10 strains that are
limited in diversity, unlike our highly variable gut micro-
biota. Additionally, obligate anaerobes are under-repre-
sented in available products, though they correspond to
an important part of intestinal bacteria [113]. Moreover,
a fatality due to contamination of probiotic supplementa-
tion highlighted some doubts about the quality of some
products [114]. The ability of each strain and commer-
cialized product to remain viable and effective at a spe-
cific target site should also be considered.

Furthermore, most of studies on the effects of probiot-
ics are affected by several limitations and/or confound-
ing factors (i.e., small size sample, different therapies,
short follow-up, different evaluation of bowel). Moreover,
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other investigations have displayed that once pathogenic
dysbiosis sets in, probiotics have not proven to be effec-
tive and other interventions such as engineered bacteria
could be considered [115].

Finally, an extremely important issue involves the tol-
erability and safety of probiotics in children with neuro-
logic conditions. There is considerable evidence on the
safety of probiotics especially related to the use of lacto-
bacilli and bifidobacteria [116]. Although several studies
demonstrated the safety of probiotics, some authors have
recently called for more research with more clinical trials
to identify adverse effects [117]. Two new cases of Lac-
tobacillus sepsis have been reported in newborns [118]
and, although they are rare, previous cases have also been
identified. One occurred in a 6-year-old child with cer-
ebral palsy, mental retardation, and a seizure disorder
[119, 120]. While neurologic diseases are not among the
known conditions associated with increased risk of pro-
biotic-induced sepsis, we cannot exclude the possibility
that patients with severe neurologic conditions may be at
greater risk of adverse effects.

Conclusions

The potential usefulness of probiotics in preventing or
treating neurologic diseases is becoming a topic of great
interest. However, a better understanding of their mecha-
nisms of action is required to attribute to them a role in
improving neurologic manifestations or decreasing the
incidence of neurodevelopmental disorders. So far, most
of the research on this topic has focused on the mecha-
nisms of the microbiota-gut-brain axis and the best results
were observed in children with ASD. A deeper investiga-
tion into the efficacy of probiotics in modulating these
connections will help clarify the aetiopathogenesis of ASD
and some other neurologic diseases and identify new pos-
sible targets on which to intervene. Pre-clinical studies
suggest promising results, though these findings are not
systematic and univocal, but human studies are still lim-
ited and not yet conclusive. Well-designed, randomized,
controlled clinical trials are needed to confirm experi-
mental results and to identify the appropriate strain, dose
and timing for probiotic intervention. Then, a deeper
evaluation of safety and tolerability should be carried out
in additional studies. However, further clinical research
must be encouraged because of the potential impact on
neurologic diseases, which are serious public health prob-
lems for which there is still no definitive therapy.

Abbreviations

ASD: autism spectrum disorder; CFU: colony forming units; Cl: confidence
interval; EAE: experimental autoimmune encephalomyelitis; EAMG: experi-
mental autoimmune myasthenia gravis; GABA: y-aminobutyric acid; GF: germ
free; MS: multiple sclerosis; OR: odds ratio; PD: Parkinson’s disease.



Umbrello and Esposito J Trans| Med (2016) 14:298

Authors’ contributions
GU wrote the first draft of the manuscript, and SE supervised and critically
revised it. Both authors have read and approved the final manuscript.

Competing interests
Both authors declare that they have no competing interests.

Availability of data and materials
Data and materials used are included in the review.

Ethics approval and consent to participate

All the studies mentioned in this review have been approved by the Ethics
Committee and written informed consent has been obtained by all the
participants.

Funding
This review was supported by a grant from the Italian Ministry of Health
(Ricerca Corrente 2016 850/01).

Received: 21 August 2016 Accepted: 10 October 2016
Published online: 19 October 2016

References

1. Lankelma JM, Nieuwdorp M, de Vos WM, Wiersinga WJ. The gut micro-
biota in internal medicine: implications for health and disease. Neth J
Med. 2015;73:61-8.

2. Bermon S, Petriz B, Kajéniené A, Prestes J, Castell L, Franco OL. The
microbiota: an exercise immunology perspective. Exerc Immunol Rev.
2015;21:70-9.

3. Sun J, Chang EB. Exploring gut microbes in human health and disease:
pushing the envelope. Genes Dis. 2014;1:132-9.

4. Marasco G, Di Biase AR, Schiumerini R, Eusebi LH, lughetti L, Ravaioli F,
Scaioli E, Colecchia A, Festi D. Gut microbiota and celiac disease. Dig Dis
Sci. 2016,61:1461-72.

5. Buttd LF, Haller D. Dysbiosis in intestinal inflammation: cause or conse-
quence. Int J Med Microbiol. 2016. (Epub 2016 Mar 4).

6. Hold GL. Gastrointestinal microbiota and colon cancer. Dig Dis.
2016;34:244-50.

7. Blanchi J, Goret J, Mégraud F. Clostridium difficile infection: a model for
disruption of the gut microbiota equilibrium. Dig Dis. 2016;34:217-20.

8. Gulden E,Wong FS, Wen L. The gut microbiota and type 1 diabetes. Clin
Immunol. 2015;159:143-53.

9. Lynch SV. Gut microbiota and allergic disease. New insights. Ann Am
Thorac Soc. 2016;13(Suppl 1):S51-4.

10. Wu X, He B, Liu J, Feng H, MaYY, Li D, Guo B, Liang C, Dang L, Wang L,
Tian J, Zhu H, Xiao L, Lu C, Lu A, Zhang G. Molecular insight into gut
microbiota and rheumatoid arthritis. Int J Mol Sci. 2016;17:e3.

11. Wang, Kasper LH. The role of microbiome in central nervous system
disorders. Brain Behav Immun. 2014;38:1-12.

12. Mayer EA, Padua D, Tillisch K. Altered brain-gut axis in autism: comor-
bidity or causative mechanisms? Bioassays. 2014;36:933-9.

13. Ghaisas S, Maher J, Kanthasamy A. Gut microbiome in health and
disease: linking the microbiome-gut-brain axis and environmental fac-
tors in the pathogenesis of systemic and neurodegenerative diseases.
Pharmacol Ther. 2016;158:52-62.

14. Hill C, Guarner F, Reid G, Gibson GR, Merenstein DJ, Pot B, Morelli L,
Canani RB, Flint HJ, Salminen S, Calder PC, Sanders ME. The international
scientific association for probiotics and prebiotics consensus statement
on the scope and appropriate use of the term probiotic. Nat Rev Gas-
troenterol Hepatol. 2014;11:506-14.

15. Saad N, Delattre C, Urdaci M, Schmitter JM, Bressollier P. An overview
of the last advances in probiotic and prebiotic field. Food Sci Technol.
2013;50:1-16.

16. Vandenplas Y, Huys G, Daube G. Probiotics: an update. J Pediatr (Rio J).
2015;,91:6-21.

17. deKivit S, Tobin MC, Forsyth CB, Keshavarzian A, Landay AL. Regulation
of intestinal immune responses through TLR activation: implications for
pro- and prebiotics. Front Immunol. 2014;5:60.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 9 of 11

Gill HS. Probiotics to enhance anti-infective defences in the gastrointes-
tinal tract. Best Pract Res Clin Gastroenterol. 2003;17:755-73.

Amara AA, Shibl A. Role of probiotics in health improvement, infec-
tion control and disease treatment and management. Saudi Pharm J.
2015;23:107-14.

Azais-Braesco V, Bresson JL, Guarner F, Corthier G. Not all lactic acid
bacteria are probiotics,...but some are. Br J Nutr. 2010;103:1079-81.
Maassen CBM, Claassen E. Strain-dependent effects of probiotic lacto-
bacilli on EAE autoimmunity. Vaccine. 2008;26:2056-7.

Savignac HM, Kiely B, Dinan TG, Cryan JF. Bifidobacteria exert strain-
specific effects on stress-related behavior and physiology in BALB/c
mice. Neurogastroenterol Motil. 2014;26:1615-27.

Guo XH, Zhao ZD, Nam HM, Kim JM. Comparative evaluation of three
Lactobacilli with strain-specific activities for rats when supplied in drink-
ing water. Antonie Van Leeuwenhoek. 2012;102:561-8.

Patel R, DuPont HL. New approaches for bacteriotherapy: prebi-

otics, new-generation probiotics, and synbiotics. Clin Infect Dis.
2015;60(Suppl 2):5108-21.

Chapman CM, Gibson GR, Rowland I. Health benefits of probiotics: are
mixtures more effective than single strains? Eur J Nutr. 2011;50:1-17.
Chapman CM, Gibson GR, Rowland I. In vitro evaluation of single- and
multi-strain probiotics: inter-species inhibition between probiotic
strains, and inhibition of pathogens. Anaerobe. 2012;18:405-13.

Tillisch K. The effects of gut microbiota on CNS function in humans. Gut
Microbes. 2014;5:404-10.

Douglas-Escobar M, Elliott E, Neu J. Effect of intestinal microbial ecol-
ogy on the developing brain. JAMA Pediatr. 2013;167:374-9.

Petra Al, Panagiotidou S, Hatziagelaki E, Stewart JM, Conti P, Theo-
harides TC. Gut-microbiota-brain axis and its effect on neuropsy-
chiatric disorders with suspected immune dysregulation. Clin Ther.
2015;37:984-95.

Al-Asmakh M, Anuar F, Zadjali F, Rafter J, Pettersson S. Gut microbial
communities modulating brain development and function. Gut
Microbes. 2012;3:366-73.

Mayer EA, Tillisch K, Gupta A. Gut/brain axis and the microbiota. J Clin
Invest. 2015;125:926-38.

Carabotti M, Scirocco A, Maselli MA, Severi C. The gut-brain axis: interac-
tions between enteric microbiota, central and enteric nervous systems.
Ann Gastroenterol. 2015;28:203-9.

Bauer KC, Huus KE, Finlay BB. Microbes and the mind: emerging hall-
marks of the gut microbiota-brain axis. Cell Microbiol. 2016;18:632-44.
Li Q Zhou JM.The microbiota-gut-brain axis and its potential therapeu-
tic role in autism spectrum disorder. Neuroscience. 2016;324:131-9.
Moloney RD, Desbonnet L, Clarke G, Dinan TG, Cryan JF. The microbi-
ome: stress, health and disease. Mamm Genome. 2014;25:49-74.
O'Mahony SM, Marchesi JR, Scully P, Codling C, Ceolho AM, Quigley EM,
Cryan JF, Dinan TG. Early life stress alters behavior, immunity, and micro-
biota in rats: implications for irritable bowel syndrome and psychiatric
ilinesses. Biol Psychiatry. 2009;65:263-7.

Sun'Y, Zhang M, Chen CC, Gillilland MR, Sun X, El-Zaatari M, Huffnagle
GB, Young VB, Zhang J, Hong SC, Chang YM, Gumucio DL, Owyang

C, Kao JY. Stress-induced corticotropin-releasing hormone-mediated
NLRP6 inflammasome inhibition and transmissible enteritis in mice.
Gastroenterology. 2013;144:1478-87.

Bailey MT, Dowd SE, Galley JD, Hufnagle AR, Allen RG, 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.

Dinan TG, Cryan JF. Melancholic microbes: a link between gut micro-
biota and depression? Neurogastroenterol Motil. 2013;25:713-9.

Galley JD, Nelson MC, Yu Z, Dowd SE, Walter J, Kumar PS, Lyte M, Bailey
MT. Exposure to a social stressor disrupts the community structure of
the colonic mucosa-associated microbiota. BMC Microbiol. 2014;14:189.
Forsythe P, Bienenstock J, Kunze WA. Vagal pathways for microbiome-
brain-gut axis communication. Adv Exp Med Biol. 2014;817:115-33.
Bravo JA, Forsythe P, Chew MV, Escaravage E, Savignac HM, Dinan

TG, Bienenstock J, Cryan JF. Ingestion of Lactobacillus strain regulates
emotional behavior and central GABA receptor expression in a mouse
via the vagus nerve. Proc Natl Acad Sci. 2011;108:16050-5.

Frohlich EE, Farzi A, Mayerhofer R, Reichmann F, Jacan A, Wagner B,
Zinser E, Bordag N, Magnes C, Frohlich E, Kashofer K, Gorkiewicz G,



Umbrello and Esposito J Trans| Med (2016) 14:298

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Holzer P. Cognitive impairment by antibiotic-induced gut dysbiosis:
analysis of gut microbiota-brain communication. Brain Behav Immun.
2016;56:140-55.

Williams BB, Van Benschoten AH, Cimermancic P, Donia MS, Zim-
mermann M, Taketani M, Ishihara A, Kashyap PC, Fraser JS, Fischbach
MA. Discovery and characterization of gut microbiota decarboxylases
that can produce the neurotransmitter tryptamine. Cell Host Microbe.
2014;16:495-503.

Reigstad CS, Salmonson CE, Rainey JF 3rd, Szurszewski JH, Linden DR,
Sonnenburg JL, Farrugia G, Kashyap PC. Gut microbes promote colonic
serotonin production through an effect of short-chain fatty acids on
enterochromaffin cells. FASEB J. 2015;29:1395-403.

Yano JM, Yu K, Donaldson GP, Shastri GG, Ann P, Ma L, Nagler CR,
Ismagilov RF, Mazmanian SK, Hsiao EY. Indigenous bacteria from the gut
microbiota regulate host serotonin biosynthesis. Cell. 2015;161:264-76.
Braniste V, Al-Asmakh M, Kowal C, Anuar F, Abbaspour A, Toth M,
Korecka A, Bakocevic N, Ng LG, Kundu P, Gulyés B, Halldin C, Hultenby K,
Nilsson H, Hebert H, Volpe BT, Diamond B, Pettersson S. The gut micro-
biota influences blood-brain barrier permeability in mice. Sci Trans|
Med. 2014;6:263ra158.

Sherman MP, Zaghouani H, Niklas V. Gut microbiota, the immune
system, and diet influence the neonatal gut-brain axis. Pediatr Res.
2015;77:127-35.

Maynard CL, Elson CO, Hatton RD, Weaver CT. Reciprocal interactions of
the intestinal microbiota and immune system. Nature. 2012;489:231-41.
Yarandi SS, Peterson DA, Treisman GJ, Moran TH, Pasricha PJ. Modulatory
effects of gut microbiota on the central nervous system: how gut could
play a role in neuropsychiatric health and diseases. J Neurogastroen-
terol Motil. 2016;22:201-12.

Saresella M, Piancone F, Marventano I, Zoppis M, Hernis A, Zanette M,
Trabattoni D, Chiappedi M, Ghezzo A, Canevini MP, la Rosa F, Esposito

S, Clerici M. Multiple inflammasome complexes are activated in autistic
spectrum disorders. Brain Behav Immun. 2016;57:125-33.

O'Mahony SM, Clarke G, Dinan T, Cryan JF. Early-life adversity and

brain development: Is the microbiome a missing piece of the puz-

zle? Neuroscience. 2015. pii:S0306-4522(15)00895-7. doi:10.1016/].
neuroscience.2015.09.068.

Johnson CL, Versalovic J. The human microbiome and its potential
importance to pediatrics. Pediatrics. 2012;129:950-60.

Agans R, Rigsbee L, Kenche H, Michail S, Khamis HJ, Paliy O. Distal gut
microbiota of adolescent children is different from that of adults. FEMS
Microbiol Ecol. 2011;77:404-12.

O'Mahony SM, Stilling RM, Dinan TG, Cryan JF. The microbiome and
childhood diseases: focus on brain-gut axis. Birth Defects Res C Embryo
Today. 2015;105:296-313.

Borre YE, O'Keeffe GW, Clarke G, Stanton C, Dinan TG, Cryan JF. Microbi-
ota and neurodevelopmental windows: implications for brain disorders.
Trends Mol Med. 2014;20:509-18.

Diaz Heijtz R, Wang S, Anuar F, Qian Y, Bjorkholm B, Samuelsson

A, Hibberd ML, Forssberg H, Pettersson S. Normal gut microbiota
modulates brain development and behavior. Proc Natl Acad Sci USA.
2011;108:3047-52.

Desbonnet L, Clarke G, Traplin A, O'Sullivan O, Crispie F, Moloney RD,
Cotter PD, Dinan TG, Cryan JF. Gut microbiota depletion from early
adolescence in mice: Implications for brain and behavior. Brain Behav
Immun. 2015;48:165-73.

Clarke G, O'Mahony SM, Dinan TG, Cryan JF. Priming for health: gut
microbiota acquired in early life regulates physiology, brain and behav-
jour. Acta Paediatr. 2014;103:812-9.

Dinan TG, Cryan JF. The impact of gut microbiota on brain and
behavior: focus on brain-gut axis. Birth Defects Res C Embryo Today.
2015;105:269-313.

Yarandi SS, Peterson DA, Treisman GJ, Moran TH, Pasricha PJ. Modulatory
effects of gut microbiota on the central nervous system: how gut could
play a role in neuropsychiatric health and diseases. J Neurogastroen-
terol Moti. 2016;22:201-12.

Diamanti AP, Manuela Rosado M, Lagana B, DAmelio R. Microbiota and
chronic inflammatory arthritis: an interwoven link. J Transl Med. 2016;14:233.
Lee YK, Menezes JS, Umesaki Y, Mazmanian SK. Proinflammatory T-cell
responses to gut microbiota promote experimental autoimmune
encephalomyelitis. Proc Nat Acad Sci USA. 2011;108(Suppl1):4615-22.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Page 10 of 11

Berer K, Mues M, Koutrolos M, Rasbi ZA, Boziki M, Johner C, Wekerle

H, Krishnamoorthy G. Commensal microbiota and myelin autoan-
tigen cooperate to trigger autoimmune demyelination. Nature.
2011;479:538-41.

Ochoa-Repéraz J, Mielcarz DW, Ditrio LE, Burroughs AR, Foureau DM,
Haque-Begum S, Kasper LH. Role of gut commensal microflora in

the development of experimental autoimmune encephalomyelitis. J
Immunol. 2009;183:6041-50.

Wu'S,YiJ, Zhang YG, Zhou J, Sun J. Leaky intestine and impaired micro-
biome in an amyotrophic lateral sclerosis mouse model. Physiol Rep.
2015;3:e12356.

Scheperjans F, Aho 'V, Pereira PA, Koskinen K, Paulin L, Pekkonen E,
Haapaniemi E, Kaakkola S, Eerola-Rautio J, Pohja M, Kinnunen E, Murros
K, Auvinen P. Gut microbiota are related to Parkinson'’s disease and clini-
cal phenotype. Mov Disord. 2015;30:350-8.

Cassani E, Barichella M, Cancello R, Cavanna F, lorio L, Cereda E, Bolliri
C, Zampella Maria P, Bianchi F, Cestaro B, Pezzoli G. Increased urinary
indoxyl sulfate (indican): new insights into gut dysbiosis in Parkinson’s
disease. Parkinsonism Relat Disord. 2015;21:389-93.

Mielcarz DW, Kasper LH. The gut microbiome in multiple sclerosis. Curr
Treat Options Neurol. 2015;17:344.

Mezzelani A, Landini M, Facchiano F, Raggi ME, Villa L, Molteni M, De
Santis B, Brera C, Caroli AM, Milanesi L, Marabotti A. Environment,
dysbiosis, immunity and sex-specific susceptibility: a translational
hypothesis for regressive autism pathogenesis. Nutr Neurosci.
2015;18:145-61.

Krajmalnik-Brown R, Lozupone C, Kang DW, Adams JB. Gut bacteria in
children with autism spectrum disorders: challenges and promise of
studying how a complex community influences a complex disease.
Microb Ecol Health Dis. 2015;26:26914.

Finegold SM, Dowd SE, Gontcharova V, Liu C, Henley KE, Wolcott RD,
Youn E, Summanen PH, Granpeesheh D, Dixon D, Liu M, Molitoris DR,
Green JA 3rd. Pyrosequencing study of fecal microflora of autistic and
control children. Anaerobe. 2010;16:444-53.

Adams JB, Johansen LJ, Powell LD, Quig D, Rubin RA. Gastrointestinal
flora and gastrointestinal status in children with autism—-comparisons
to typical children and correlation with autism severity. BMC Gastroen-
terol. 2011;11:22.

De Angelis M, Piccolo M, Vannini L, Siragusa S, De Giacomo A, Ser-
razzanetti DI, Cristofori F, Guerzoni ME, Gobbetti M, Francavilla R.

Fecal microbiota and metabolome of children with autism and
pervasive developmental disorder not otherwise specified. PLoS ONE.
2013;8:€76993.

Wang L, Christophersen CT, Sorich MJ, Gerber JP, Angley MT, Conlon
MA. Increased abundance of Sutterella spp. and Ruminococcus torques
in feces of children with autism spectrum disorder. Mol. Autism.
2013;4:42.

Tomova A, Husarova V, Lakatosova S, Bakos J, Vlkova B, Babinska K,
Ostatnikova D. Gastrointestinal microbiota in children with autism in
Slovakia. Physiol Behav. 2015;138:179-87.

Finegold SM. Desulfovibrio species are potentially important in regres-
sive autism. Med Hypotheses. 2011;77:270-4.

Kang DW, Park JG, Ilhan ZE, Wallstrom G, LaBaer J, Adams JB, Krajmalnik-
Brown R. Reduced incidence of Prevotella and other fermenters in
intestinal microflora of autistic children. PLoS ONE. 2013;8:e68322.
Finegold SM, Molitoris D, Song Y, Liu C, Vaisanen ML, Bolte E, McTeague
M, Sandler R, Wexler H, Marlowe EM, Collins MD, Lawson PA, Summanen
P, Baysallar M, Tomzynski TJ, Read E, Johnson E, Rolfe R, Nasir P, Shah H,
Haake DA, Manning P, Kaul A. Gastrointestinal microflora studies in late-
onset autism. Clin Infect Dis. 2002;35:56-16.

SongY, Liu C, Finegold SM. Real-time PCR quantitation of clostridia in
feces of autistic children. Appl Environ Microbiol. 2004;70:6459-65.
Parracho HM, Bingham MO, Gibson GR, McCartney AL. Differences
between the gut microflora of children with autistic spectrum disorders
and that of healthy children. J Med Microbiol. 2005;54:987-91.
Williams BL, Hornig M, Buie T, Bauman ML, Cho Paik M, Wick |, Bennett
A, Jabado O, Hirschberg DL, Lipkin WI. Impaired carbohydrate digestion
and transport and mucosal dysbiosis in the intestines of children with
autism and gastrointestinal disturbances. PLoS ONE. 2011;6:24585.
Finegold SM. Therapy and epidemiology of autism-clostridial spores as
key elements. Med Hypotheses. 2008;70:508-11.


http://dx.doi.org/10.1016/j.neuroscience.2015.09.068
http://dx.doi.org/10.1016/j.neuroscience.2015.09.068

Umbrello and Esposito J Trans| Med (2016) 14:298

84.

85.

86.

87.

88.

89.

90.

92.

93.

94,

95.

96.

97.

98.

99.

Tremlett H, Fadrosh DW, Farugi AA, Hart J, Roalstad S, Graves J, Lynch

S, Waubant E. US network of pediatric MS centers: gut microbiota
composition and relapse risk in pediatric MS: a pilot study. J Neurol Sci.
2016;363:153-7.

Ushakova G, Fed'kiv O, Prykhod'ko O, Pierzynowski S, Kruszewska D.
The effect of long-term lactobacilli (lactic acid bacteria) enteral treat-
ment on the central nervous system of growing rats. J Nutr Biochem.
2009;20:677-84.

Lavasani S, Dzhambazov B, Nouri M, Fak F, Buske S, Molin G, Thorlacius
H, Alenfall J, Jeppsson B, Westrom B. A novel probiotic mixture exerts

a therapeutic effect on experimental autoimmune encephalomyelitis
mediated by IL-10 producing regulatory T cells. PLoS One. 2010;5:¢9009.
Kwon HK, Kim GC, KimY, Hwang W, Jash A, Sahoo A, Kim JE, Nam JH,
Im SH. Amelioration of experimental autoimmune encephalomyelitis
by probiotic mixture is mediated by a shift in T helper cell immune
response. Clin Immunol. 2013;146:217-27.

Chae CS, Kwon HK, Hwang JS, Kim JE, Im SH. Prophylactic effect of pro-
biotics on the development of experimental autoimmune myasthenia
gravis. PLoS ONE. 2012;7:€52119.

Sun J, Ling Z, Wang F, Chen W, Li H, Jin J, Zhang H, Pang M, Yu J, Liu J.
Clostridium butyricum pretreatment attenuates cerebral ischemia/rep-
erfusion injury in mice via anti-oxidation and anti-apoptosis. Neurosci
Lett. 2016;613:30-5.

Bercik P, Park AJ, Sinclair D, Khoshdel A, Lu J, Huang X, Deng Y, Blen-
nerhassett PA, Fahnestock M, Moine D, Berger B, Huizinga JD, Kunze W,
McLean PG, Bergonzelli GE, Collins SM, Verdu EF. The anxiolytic effect of
Bifidobacterium longum NCC3001 involves vagal pathways for gut-brain
communication. Neurogastroenterol Motil. 2011;23:1132-9.

Liu J, Sun J,Wang F, Yu X, Ling Z, Li H, Zhang H, Jin J, Chen W, Pang M,
Yu J, He Y, Xu J. Neuroprotective effects of Clostridium butyricum against
vascular dementia in mice via metabolic butyrate. Biomed Res Int.
2015;2015:412946.

Savignac HM, Tramullas M, Kiely B, Dinan TG, Cryan JF. Bifidobacteria
modulate cognitive processes in an anxious mouse strain. Behav Brain
Res. 2015,287:59-72.

Desbonnet L, Garrett L, Clarke G, Bienenstock J, Dinan TG. The probiotic
Bifidobacteria infantis: an assessment of potential antidepressant prop-
erties in the rat. J Psychiatr Res. 2008;43:164-74.

Hsiao EY, McBride SW, Hsien S, Sharon G, Hyde ER, McCue T, Codelli JA,
Chow J, Reisman SE, Petrosino JF, Patterson PH, Mazmanian SK. Micro-
biota modulate behavioral and physiological abnormalities associated
with neurodevelopmental disorders. Cell. 2013;155:1451-63.

Wang H, Lee IS, Braun C, Enck P. Effect of probiotics on central nervous
system functions in animals and humans—a systematic review. J Neu-
rogastroenterol Motil. 2016;22(4):589-605 (Epub Jul 13).

Callaghan BL, Cowan CS, Richardson R. Treating generational stress:
effect of paternal stress on development of memory and extinc-

tion in offspring is reversed by probiotic treatment. Psychol Sci.
2016;27:1171-80.

Messaoudi M, Lalonde R, Violle N, Javelot H, Desor D, Nejdi A, Bisson

JF, Rougeot C, Pichelin M, Cazaubiel M, Cazaubiel JM. Assessment of
psychotropic-like properties of a probiotic formulation (Lactobacillus
helveticus R0052 and Bifidobacterium longum R0175) in rats and human
subjects. Br J Nutr. 2011;105:755-64.

Tillisch K, Labus J, Kilpatrick L, Jiang Z, Stains J, Ebrat B, Guyonnet D,
Legrain-Raspaud S, Trotin B, Naliboff B, Mayer EA. Consumption of
fermented milk product with probiotic modulates brain activity. Gastro-
enterology. 2013;144:1394-401.

Matsuzaki T, Saito M, Usuku K, Nose H, lzumo S, Arimura K, Osame M. A
prospective uncontrolled trial of fermented milk drink containing viable
Lactobacillus casei strain Shirota in the treatment of HTLV-1 associated
myelopathy/tropical spastic paraparesis. J Neurol Sci. 2005;237:75-81.

100.

102.

103.

104.

105.

106.

114.

116.

117.

118.

120.

Page 11 of 11

Rao AV, Bested AC, Beaulne TM, Katzman MA, lorio C, Berardi JM, Logan
AC. A randomized, double-blind, placebocontrolled pilot study of a
probiotic in emotional symptoms of chronic fatigue syndrome. Gut
Pathog. 2009;1:6.

Rusu F, Dumitrascu DL. Four years follow-up of patients with irritable
bowel syndrome. Rom J Intern Med. 2015;53:63-72.

Galland L. The gut microbiome and the brain. J Med Food.
2014;17:1261-72.

Saab S, Suraweera D, Au J, Saab E, Alper T, Tong MJ. Probiotics are help-
ful in hepatic encephalopathy: a meta-analysis of randomized trials.
Liver Int. 2016;36:986-93.

McGee RG, Bakens A, Wiley K, Riordan SM, Webster AC. Probiotics for
patients with hepatic encephalopathy. Cochrane Database Syst Rev.
2011;2:CD008716.

Srinivasjois R, Rao S, Patole S. Probiotic supplementation in children
with autism spectrum disorder. Arch Dis Child. 2015;100:505-6.
Blades M. Autism an interesting dietary case history. Nutr Food Sci.
2000;30:137-9.

Liu X, Cao S, Zhang X. Modulation of gut microbiota-brain axis by
probiotics, prebiotics, and diet. J Agric Food Chem. 2015;63:7885-95.
Parracho HM, Gibson GR, Knott F, Bosscher D, Kleerebezem M, McCa-
rtney AL. A double-blind, placebo-controlled, crossover-designed
probiotic feeding study in children diagnosed with autistic spectrum
disorders. Int J Probiot Prebiot. 2010;5:69-74.

Kaluzna-Czaplinska J, Blaszczyk S. The level of arabinitol in autistic
children after probiotic therapy. Nutrition. 2012,28:124-6.

Partty A, Kalliomaki M, Wacklin P, Salminen'S, Isolauri E. A possible

link between early probiotic intervention and the risk of neuropsy-
chiatric disorders later in childhood: a randomized trial. Pediatr Res.
2015;77:823-8.

Romeo MG, Romeo DM, Trovato L, Oliveri S, Palermo F, Cota F, Betta
P.Role of probiotics in the prevention of the enteric colonization by
Candida in preterm newborns: incidence of late-onset sepsis and
neurological outcome. J Perinatol. 2011;31:63-9.

Islam SU. Clinical uses of probiotics. Medicine (Baltimore).
2016;95:€2658.

Frye RE, Slattery J, MacFabe DF, Allen-Vercoe E, Parker W, Rodakis J,
Adams JB, Krajmalnik-Brown R, Bolte E, Kahler S, Jennings J, James J,
Cerniglia CE, Midtvedt T. Approaches to studying and manipulating the
enteric microbiome to improve autism symptoms. Microb Ecol Health
Dis. 2015;26:26878.

Vallabhaneni S, Walker TA, Lockhart SR, Ng D, Chiller T, Melchreit R,
Brandt ME, Smith RM. Centers for disease control and prevention (CDC):
notes from the field: fatal gastrointestinal mucormycosis in a premature
infant associated with a contaminated dietary supplement-connecti-
cut, 2014. MMWR Morb Mortal Wkly Rep. 2015;64:155-6.

Belizario JE, Napolitano M. Human microbiomes and their roles in
dysbiosis, common diseases, and novel therapeutic approaches. Front
Microbiol. 2015;6:050.

Shanahan F. A commentary on the safety of probiotics. Gastroenterol
Clin North Am. 2012;41:869-76.

Doron S, Snydman DR. Risk and safety of probiotics. Clin Infect Dis.
2015;60(Suppl 2):5129-34.

Dani C, Coviello CC, Corsini |, Arena F, Antonelli A, Rossolini GM. Lacto-
bacillus sepsis and probiotic therapy in newborns: two new cases and
literature review. AJP Rep. 2016;6:225-9.

Land MH, Rouster-Stevens K, Woods CR, Cannon ML, Cnota J, Shetty
AK. Lactobacillus sepsis associated with probiotic therapy. Pediatrics.
2005;115:178-81.

Szajewska H. What are the indications for using probiotics in children?
Arch Dis Child. 2016;101:398-403.



	Microbiota and neurologic diseases: potential effects of probiotics
	Abstract 
	Background: 
	Discussion: 
	Conclusions: 

	Background
	Discussion
	The microbiota-gut-brain axis
	Microbiome disruption in neurologic diseases
	Potential effects of probiotics in neurologic diseases
	Pre-clinical studies
	Trials on human adults
	Trials on children

	Controversies and future challenges for probiotic-based treatment in patients with neurologic diseases

	Conclusions
	Authors’ contributions
	References




