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Abstract

The gut-microbiota, the complex intestinal microbial ecosystem essential to health, is an emerging
concept in medicine. Several studies demonstrate a microbiota-gut-brain bidirectional connection via
neural, endocrine, metabolic and immune pathways. Accordingly, the gut microbiota has a crucial
role in modulating intestinal permeability, to alter local/peripheral immune responses and in
production of essential metabolites and neurotransmitters. Its alterations may consequently influence
all these pathways that contribute to neuronal hyper-excitability and mirrored neuroinflammation in
epilepsy and similarly other neurological conditions. Indeed, pre- and clinical studies support the role
of the microbiome in pathogenesis, seizure modulation and responses to treatment in epilepsy. Up to
now, researchers have focussed attention above all on the brain to develop antiepileptic treatments,
but considering the microbiome, could extend our possibilities for developing novel therapies in the
future. We provide here a comprehensive overview of the available data on the potential role of gut

microbiota in the physiopathology and therapy of epilepsy and the supposed underlying mechanisms.
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1. Introduction

More than 65 million people worldwide are affected by epilepsy, “a heterogeneous group of
neurological diseases characterized by an enduring predisposition to generate epileptic seizures”,
according to International League Against Epilepsy (ILAE) definition (Fisher et al., 2014, 2005). The
modifications occurring during epileptogenesis are still largely unknown but seem to include neural
network reorganization, neurogenesis, neuroinflammation, an aberrant release of neurotransmitters,
axonal sprouting and cell death (Pitkanen et al., 2015; Terrone et al., 2016). Furthermore, ~30% of
patients with epilepsy are refractory to conventional antiepileptic drugs, representing an unmet need
for epilepsy research from many possible points of view such as new treatments, biomarkers and so
on (Chen et al., 2017). Recently, there has been increasing focus on the role of peripheral inputs
(stimuli) that can interfere with neurodevelopment (De Vadder et al., 2014; den Heijer et al., 2018;
Riazi et al., 2010; Spiller et al., 2005; Vieira et al., 2016) and be thus possibly involved in

epileptogenesis and epilepsy.

In tandem there is a growing realization of the role of the gut-microbiota, a complex group of
symbiotic microorganisms colonizing the gastrointestinal tract, in many aspects of brain and
behaviour (Cryan and Dinan, 2012; Sherwin et al., 2018). Moreover, the microbiota is well poised to
be a major source of these peripheral stimuli (Ma et al., 2019). Thus, the gut microbiota could play a

role in epilepsy and might be a target for drugs therapy or be suitable as a biomarker.

To note, already at the beginning of XX century, some researchers have proposed the role of a gut
microorganism (known as Bacillus epilepticus) in epilepsy pathogenesis, supposing that constipation

and epilepsy could be correlated through this specific bacillus (Reed, 1916).

However, only in the last two decades, due to the progress in sequencing technology that allowed in-
depth investigations into the microbiota composition, connections and its metabolic potential, the
underlying and bidirectional connections between the microbiota and brain has been extensively
investigated. This link is globally named the microbiota-gut-brain (MGB) axis, including neural,
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endocrine, metabolic and immune system/pathways. Intestinal microbes of different areas of the
gastrointestinal tract contribute to the central nervous system (CNS) development (e.g. neurogenesis,
microglia maturation and myelination) (Erny et al., 2015a; Hoban et al., 2016), functions (e.g.
cognition, mood and behaviour)(Clarke et al., 2013; Heijtz et al., 2011), and can also influence
pathogenesis and progression of local and systemic diseases including several brain disorders (e.g.
Parkinson’s and Alzheimer’s diseases, schizophrenia, autism spectrum disorder and multiple
sclerosis) (lannone et al., 2019; Wu and Wu, 2012). On the other hand, it is known that in CNS
neurodegenerative diseases, alterations of the MGB axis may lead to enteric inflammatory conditions
and gastrointestinal dysfunctions, therefore impacting on gut microbiota (Rao and Gershon, 2016).
According to recent animal and clinical studies, the gut-microbiome complex may also play a role in
epilepsy and epileptogenesis; however, the precise mechanisms involved and their relevance are
poorly understood. We provide here a comprehensive overview of the available data on the potential
role of gut microbiota in the physiopathology and therapy of epilepsy and the supposed underlying

mechanisms.

2. Overview on gut microbiota

The human gut-microbiota is constituted by an estimated 108-10% cells of ~1000 different species
(Sender et al., 2016), that live symbiotically with the host and fulfil substantial immunological,
metabolic and protective functions in the healthy individual. Two bacterial phyla dominate its
composition: Firmicutes and Bacteroides, followed by Actinobacteria, Proteobacteria and
Verrucomicrobia (Qin et al., 2010). In addition to mainly anaerobic bacteria, also viruses, protozoa,
archaea, and fungi are included in this environment, contributing to its equilibrium (Hugon et al.,
2015; Richard and Sokol, 2019).

The composition of the gut microbiota is dynamic and there are temporary (also diurnal oscillations
corresponding to sleep-wake and feeding-fasting cycles) (Liang et al., 2015; Zarrinpar et al., 2014)

and dietary modifications (i.e. major alterations in diet composition or food quantities) (Healey et al.,
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2017). New-borns receive the initial microbiome from their mothers characterized, in the early
postnatal period, by low diversity and a relative dominance of the phyla Actinobacteria and
Proteobacteria (Mueller et al., 2015). From the end of 1% year of age onwards, the infants form a
complex gut microbiome like adults (Rodriguez et al., 2015a; Yatsunenko et al., 2012a). A variety of
factors such as exposure to antibiotics, infant feeding patterns, perinatal stress, infection, prematurity
and mode of delivery (vaginal vs C-section) can alter gut microbiota composition (Borre et al., 2014).
There is growing appreciation of the physiological consequences of such alterations and that they
may represent a risk factor for development of psychiatric disorders in adulthood (Yang et al., 2016)

or other brain diseases (Rodriguez et al., 2015b).

Also in adulthood, the gut microbiota is influenced by various factors including aging, diet, drugs,
infections, and antibiotic treatments and thereby may have a deleterious effect on the host Yatsunenko
et al., 2012). Indeed, a change in the gut-microbiota composition may have a role in the gradual
activation of the immune system and consequently inflammation (Prenderville et al., 2015), probably
via an impact on intestinal permeability, and neurosensory pathways (Ohland and MacNaughton,
2010; Shifrin et al., 2012). Finally, in the elderly, the composition of the gut microbiota is correlated
with health outcomes (e.g. co-morbidity and fragility) and presents greater inter-individual variation

than that of young adults (Claesson et al., 2012).

Commensal bacteria play different important functions in the gut, such as: maintaining the integrity
of the intestinal barrier; stimulating intestinal epithelial cell regeneration; producing mucus and
nourishing the intestinal mucosa by producing short chain fatty acids (SCFAs) (Round and
Mazmanian, 2009). Whereas the role of sympathetic innervation in the modulation of gastrointestinal
function is well known (e.g. gut peristalsis, sensory and secretion functions, reviewed in (Furness,
2007), several pieces of evidence suggest that various inputs from the gut, including those generated

by microbiota, may influence the CNS in a complex bidirectional network (Mayer, 2011). Therefore,



characterizing the gut-microbiota and its interactions with the host (mainly the connections with the
CNS and gut via the MGB axis), may be necessary to better understand the homeostatic mechanisms

and the pathogenesis of several diseases.

2.1. Diet and the microbiome

The diet, among all the factors which influence the composition of the gut microbiota, it is probably
the most significant (Stanton et al., 2016). Indeed, change in dietary pattern, also with short duration,
can shape considerably and reproducibly the gut microbiota composition (David et al., 2014). For
example, a classic Western diet (rich in fats or proteins) significantly reduce beneficial butyrate-
producing bacteria, Bifidobacteria and Eubacterium (Russell et al., 2011); a shift to a diet rich in
fibres and prebiotics can restore these bacteria abundances (Cani et al., 2007). Generally, diets can
modify in different way the gut microbiota and specific nutrients (as probiotics, protein, fats,
digestible and non-digestible carbohydrates) could induce modification in particular gut microbial
populations with secondary effects on host ‘health (Singh et al., 2017).

Growing evidence have shown how the diet, through the gut microbiota, influences stress, behaviour
and cognition and nutrition is already a complementary and alternative approach in several
neuropsychiatric diseases (Sarris et al., 2015). In patients with psychiatric disorders a Mediterranean
style diet is advisable (Del Chierico et al., 2014; Sanchez-Villegas et al., 2006) and the ketogenic diet
(KD), discussed below, is extensively used in drug-resistant epilepsy, as well as other systemic and

neurological disorders (e.g. multiple sclerosis, autism spectrum disorders) (Wheless, 2008).

3. Microbiota-gut-brain axis and epilepsy: overlapping pathways?

There is increasing evidence that the MGB axis is not mono-directional, but that brain and gut produce
signals influencing each other to coordinate functions in health and disease (Dinan and Cryan, 2017).
The gut-microbiota complex may be involved in epilepsy and epileptogenesis by mediating the pro-

excitatory effect of peripheral inflammation through immune system activation (e.g. release of



inflammatory cytokines and chemokines), modulating neural networks by production of
neurotransmitters (especially serotonin [5-HT], y-aminobutyric acid [GABA] and glutamate), SCFAs
and key dietary amino acids (e.g. tryptophan [TRP] and its metabolites) and acting consequently on
the excitation and inhibition (E/I) balance. Moreover, the gut-microbiota can act through the
dysregulation of the endocannabinoid system (ECS), the permeability of the gut barrier (with increase
in lipopolysaccharide [LPS] levels) and by altering neuroendocrine (hypothalamic-pituitary-adrenal
[HPA] axis) and neural (e.g. vagus afferents, enteric nervous system) pathways, as summarized in
Figure 1 (Erny et al., 2015a; Foster and McVey Neufeld, 2013; Mayer et al., 2015; Rousseaux et al.,
2007; Sharon et al., 2016).

Accordingly, multiple and not yet completely understood mechanisms are involved in this
bidirectional communication and, although alterations in the gut microbiota and the epileptic process
have not been directly studied, the nature of these connections suggest their potential significance to
seizures, epilepsy and epileptogenesis. In this section, we provide an overview of these pathways and

their possible link with epilepsy.

3.1 Immunity and inflammation

A massive and varied presence of microorganisms in the intestine needs the presence of physical
barriers and continence systems to preserve the balance between microbes and host cells (Jandhyala
et al., 2015). The intestinal immune system is mainly represented by the gut-associated lymphoid
tissue (GALT), that represents 70% of the human body’s immune system and 80% of the plasma cells
producing immunoglobulin A. Lymphocytes T cytotoxic CD8" and T helper (Th) CD4" are the most
represented immune cells in the epithelial layer further than mast cells, macrophages, antigen
presenting cells and plasma cells (Mowat and Agace, 2014).

The resident cells of the innate immune system limit the impact of the gut-microbiota and protect
enterocytes; on the other hand, intestinal bacteria can control and modify the differentiation and

functions of the immune cells, not only in the intestine but also systemically (Rooks and Garrett,



2016). Indeed, germ-free (GF) mice showed immune abnormalities, impaired antibody responses,
failure of lymphoid development, a decreased population of T and B cells and reduced production of

cytokines (Smith et al., 2007).

Commensal gut microbiota is mainly recognized by pattern recognition receptors (PRRs) and
specifically by toll-like receptors (TLRs). Microorganisms have a conserved and unique pattern that
can activate TLRs with the start of two responses: an immune pro-inflammatory response with
production of cytokines mediated by the myeloid differentiation primary response gene 88 (MyD88),
or the induction of tolerance mechanisms through TIR-domain-containing adapter-inducing
interferon-p (TRIF) (Akira et al., 2006; Yamamoto et al., 2002).

Some studies have highlighted that single commensal species can shape the T helper and T-regulatory
(T-reg) subsets in the gut lamina (Nutsch et al., 2016). For example, Th17 act a double role: in
homeostatic conditions they have a defensive role against pathogen bacteria, but a colonization with
segmented filamentous bacteria (SFB) in mice induces an accumulation of Th17 and also an increase
in Thl cells, interestingly via adhesion mechanisms enterocytes-SFB and not PRRs mediated (lvanov
et al., 2009). This induction was related with autoimmune disorders (e.g. uveitis and multiple
sclerosis) and GF mice colonized with only SFB can promote experimental autoimmune
encephalomyelitis correlated with not-colonized controls (Lee et al., 2011). On the other hand, the
gut microbiota is necessary for the function and development of T-reg cells and/or for inducing of
interleukin (IL) 10 expression. Indeed, in a mouse model, the bacterium Bacteroides fragilis induces
T-reg cells (exclusively in the FOXp3+ population) by the capsular expression of polysaccharide A
(Geuking et al., 2011), whereas some Clostridium cluster exert the same effect but with uncertain
mechanisms (dependent on My-D88 or independent of PPRs in general)(Round et al., 2011). Also
mast cells, innate immune cells involved in the immunological homeostasis and in parasitic
infections, have demonstrated altered functionality in GF mice and impaired gut homing (Schwarzer

et al., 2019) as well as a major role in neuro-immune interactions as extensively reviewed in



(Forsythe, 2019). Stimulating the receptors of mast cells-derived mediators (e.g. histamine,
bradykinin, 5-HT) expressed on vagal and spinal afferents in the gut, mast cells can modulate firing
nerves threshold and increase intestinal motility and mucosal secretions (Wouters et al., 2016).

In a steady-state condition, the gut microbiota create an ultra-low activation of the immune system,
with stimulation of several types of T cells and macrophages to secrete pro-inflammatory cytokines
(e.g. IL-1PB and TNF-a) (Belkaid and Hand, 2014). This intestinal chronic state of immune activation
can eventually involve the entire body without consequences on health (Blander et al., 2017). An up-
regulation of the inflammatory state, due to various factors (e.g. microbiota alterations and increased
barrier permeability), can lead to an activation of a peripheral immune response with increased
cytokine/chemokine signalling through neuronal or humoral pathways that could trigger a mirrored
inflammatory response in the CNS; this might have transient or long-term effects on seizure
susceptibility by lowering the seizure threshold (Riazi et al., 2004, 2008, 2010). Both blood-brain-
barrier (BBB)-dependent and independent pathways have been proposed (Quan, 2008); these include
microglial activation, the expression of TLRs and IL-receptors in the brain, vagal afferent networks
and disruption of the BBB (Oby and Janigro, 2006a; Block et al., 2007; D’Mello et al., 2009; Murta

et al., 2015; Abbott et al., 2010).

3.2 The blood brain barrier

The BBB begins to develop during the first phases of intrauterine life and, further than barrier
functions, regulates efflux and influx of the molecules and ions and protect the brain from toxins and
pathogens (Obermeier et al., 2013). It is formed by capillary endothelial cells, astrocytes, pericytes
and tight junctions (mainly transmembrane proteins as claudins, occludin and tricellulin connected
with cytoskeleton). Despite several studies provide evidence on CNS related mechanisms underlying
the development of the BBB, the influence of peripheral inputs is poorly understood.

The gut microbiota could have a role in BBB integrity; CNS changes have been observed in GF mice

and in mice treated with antibiotics or probiotics. Indeed, a recent study demonstrated that GF mice



were associated with increased BBB permeability and lower expression of occludin, and claudin-5
(another tight junction protein involved in BBB permeability) in different brain regions (Braniste et
al., 2014). On the other hand, colonization of adult and prenatal GF mice with faecal gut-microbiota,
increased occludin and claudin-5 expression and decreased BBB permeability. Furthermore, fetal
mice with GF-mothers showed a more permeable BBB compared with control fetal mice suggesting

a MGB communication since gestation.

3.3 Nowadays, CNS inflammation, with or without BBB integrity, has been identified as a main factor
in seizure physiopathology inducing a vicious cycle: neuro-inflammation primes seizures causing
cell death, and epileptic seizures themselves induce an inflammatory response by activation of
immune cells, microglia and production of pro-inflammatory cytokines, which sequentially
activate more inflammation contributing to the development of epilepsy (Devinsky et al., 2013;
Marchi et al., 2007; Vezzani et al., 2008). Dysregulation in thegut microbiota composition and
BBB permeability might be the primum movens of this vicious cycle (FIG. 2) but, despite various
evidence, the definite mechanisms that link gut microbiota, peripheral inflammation and the
neuro-immune response need to be clarified.Neuromodulators

Neurotransmitters (e.g. GABA, 5-HT and dopamine) and neuropeptides (e.g. substance P, calcitonin

gene-related peptide, neuropeptide Y [NPY], vasoactive intestinal polypeptide [VIP]), are crucial in

MGB axis connection and contribute to the mutual microbiota-host interaction (Holzer, 2016). On

the other hand, the same neurotransmitters and neuropeptides along with Na*, Ca?* and K* channels

are clearly involved in epilepsy among others (Avoli et al., 2005; Werner and Covefias, 2015).

The gut-microbiota produces neurotransmitters and neuropeptides identical to those produced by

mammalian cells (Jandhyala et al., 2015). Different species produce different neurotransmitters:

Enterococcus spp., Streptococcus spp., and Escherichia spp. produce 5-HT; Lactobacillus spp. and

Bifidobacterium spp. produce GABA, while Escherichia spp. and Bacillus spp. produce

noradrenaline and dopamine (Roshchina, 2010). Moreover, the microbiota in the intestine is able to
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produce metabolites with benzodiazepine-like structures (Hu et al., 2007; Yurdaydin et al., 1995).
However, it is highly improbable that neurotransmitters produced in the gut can influence directly the
brain, with the exception of GABA, considering that its transporters are localized on the BBB and
could allow gut-derived GABA to reach the CNS (Takanaga et al., 2001). Despite the fact that they
can cross the intestines’ mucosal layers, the BBB is unpassable for them. Indeed, all of these
neurotransmitters may influence brain function indirectly, by acting via the enteric nervous system
(ENS), vagus nerve (Bravo et al., 2011) and by modulating peripheral receptor expression (Mittal et
al., 2017). Moreover, gut microbiota alters the levels of indispensable bricks needed to produce
neurotransmitters; the precursors of dopamine, noradrenaline and serotonin, TRP and tyrosine, are
lower in the brain of GF mice compared with re-colonized mice, whereas in the hippocampus, 5-HT
and its metabolite hydroxyl-indoleacetic acid are higher. GF mice showed also an increased
concentration of TRP, 5-HT and tyrosine in the blood plasma (Heijtz et al., 2011).

Furthermore, a-lactalbumin, a protein rich in TRP, exerts significant protective activity against
seizures mediated by an increased availability of TRP in the brain of mice, with a consequent increase
in 5-HT-mediated transmission (Citraro et al., 2011). The role and mechanisms of gut microbiota-
produced neuromodulators overall, and specifically in epilepsy needs to be clarified. Recently, using
shotgun metagenomics analysis it has been shown that there are at least 46 different gut-brain axis
modules with neuroactive potential and that the levels of these are altered in major depression (Cryan
and Dinan, 2019; Valles-Colomer et al., 2019). Future studies should investigate if any of these

modules are also affected in epilepsy.

3.4 Short-chain fatty acids (SCFAS)

In the gut microbiota, some bacteria phyla (mainly Bacteroides and Firmicutes) can ferment insoluble
dietary fibres resulting in the production of SCFAs, including acetate, propionate, and butyrate (den
Besten et al., 2013). SCFAs exert multiple beneficial effects on mammalian metabolism, like being

an energy source for colonic epithelial cells (Ahmad et al., 2000) and can induce the expansion of
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colonic T-reg cells (Smith et al., 2013). Lack of dietary fibre intake has been associated with a low
concentration of SCFAs and the development of inflammatory bowel disease (Maslowski and
Mackay, 2011; Pituch-Zdanowska et al., 2015). Preclinical studies demonstrated that SCFAs have a
role in the modulation of visceral pain (Russo et al., 2016) and butyrate orally administered, can
reduce neutrophil recruitment and inflammation in dextran sulphate sodium-induced colitis (Simeoli
et al., 2017). Recently, it was shown that SCFAs also have a critical role in brain development and
are essential for several neurophysiological functions such as microglia maturation, autonomic
nervous system stimulation by enteric neurones and permeability regulation of the BBB (Braniste et
al., 2014; Erny et al., 2015b) as well as playing a role in the stress response (van de Wouw et al.,
2018). Their influence on the brain can be indirectly mediated by metabolism and immunity or
directly mediated through G-protein—coupled receptors [SCFA receptors, FFAR3 and HCAR2
(Bolognini et al., 2016; Fu et al., 2015)] or act as epigenetic modulators by histone deacetylases
(Bolognini et al., 2019; Citraro et al., 2018; Stilling et al., 2016).

Histone modifications are crucial for regulating neurobiological processes (e.g. neural network
function, synaptic plasticity and synaptogenesis) and alterations in these processes are involved in the
pathogenesis of epilepsy and epileptogenesis (Citraro et al., 2019; Henshall and Kobow, 2015;
Qureshi and Mehler, 2010). Indeed, recent evidence has shown that abnormal post-translational
histone and altered gene expression are hallmark features of animal models of status epilepticus and
temporal lobe epilepsy (Henshall and Kobow, 2015). Despite the therapeutic effect of SCFAs being
demonstrated also in animal models of Parkinson’s, Alzheimer’s and Huntington’s diseases (Ho et

al., 2018; Naia et al., 2017; Unger et al., 2016), no human studies have been performed so far.

3.5 The hypothalamic-pituitary-adrenal axis
The hypothalamic-pituitary-adrenal axis is the most important neuroendocrine component of the
stress response, with secretion of corticotrophin-releasing factor (CRF), adrenocorticotropic hormone

(ACTH) and subsequent release of glucocorticoids (e.g. cortisol, corticosterone, deoxy-corticosterone
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and corticotrophin) and catecholamine downstream pathways (Mayer, 2000). Alterations in the stress
responses and in HPA-related hormones have been identified in the pathophysiology of several
neurological and psychiatric diseases, principally in anxiety and depression but also in epilepsy
(Ciriaco et al., 2013; Collins and Bercik, 2009; Maguire and Salpekar, 2013; O’Mahony et al., 2009).
Preclinical studies indicate a pro-epileptic role for this system; for examples, exogenous cortisol
administration induces epileptiform activity in response to sub-threshold stimulation (Pritchard et al.,
1985), and corticosterone increases absence seizures (epileptiform discharges) in WAG/RIj rats
(Schridde and Van Luijtelaar, 2004), and seizure susceptibility to kainate (Roberts and Keith, 1994),
in amygdala (Taher et al., 2005) and hippocampal kindling (Karst, 1999). Also, clinical evidence
suggests a link between stress and epilepsy; several patients self-report that stress triggers or
exacerbates their seizures (Maguire and Salpekar, 2013). Moreover, basal levels of stress hormones
(as well as plasma cortisol levels), are increased in patients with epilepsy compared with controls and
obviously increase after seizures, indicating a bidirectional link.

Finally, high cortisol levels are also related with major depressive disorder (Schatzberg et al., 2014),
and the HPA axis may also contribute to the comorbidity of depression in epilepsy (Tao and Wang,
2016). However, despite this evidence, studies examining specifically the causal relationship between
HPA axis dysfunction and epilepsy are limited. It was demonstrated that this neuroendocrine
connection is a key pathway in the MGB axis and can both modulate and be modulated by the gut
microbiota as shown, for the first time by (Sudo et al., 2004a), in a study with adult GF mice and later
confirmed by other studies (Bailey et al., 2011; Bangsgaard Bendtsen et al., 2012). An exaggerated
release of ACTH and corticosterone was observed after exposure to mild stress compared to control
mice (with normal gut microbiota and no-specific pathogens), and this was partially and fully reversed
restoring the microbiota or after mono-administration of Bifidobacterium infantis, respectively (Sudo
et al., 2004a). Moreover, in the hippocampus and cortex of male GF mice, the authors observed a
decrease in brain-derived neurotrophic factor (BDNF), a neurotrophin involved in neuronal plasticity.

BDNF, as reviewed in (Kowianski et al., 2018), has important effects on neuronal activity, principally
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in the hippocampus, with modulation of excitatory and inhibitory synaptic transmission in

epileptogenesis and epilepsy.

Although the HPA bidirectional link with gut microbiota is well recognized and largely studied in
psychiatric diseases, as recently reviewed in (Cheung et al., 2019), studies to determine a direct
correlation between epilepsy, the HPA axis and gut microbiota are lacking. A better understating of
this pathway could be useful for the development of novel target therapies and non-pharmacological

interventions to prevent seizures and treat psychiatric comorbidities in epilepsy.

3.6  The endocannabinoid system

The endocannabinoid system (ECS) has emerged as an important neuro-modulatory pathway over
the last 25 years. The ECS includes cannabinoid receptors (with the most relevant being CB1Rs and
CB2Rs), endogenous cannabinoids (endocannabinoids), and the enzymes responsible for their
synthesis and degradation (Pertwee, 2006). It shows important roles in CNS development, synaptic
plasticity, and in response to endogenous and environmental insults. CB1Rs are highly abundant in
the CNS, while CB2Rs are predominantly expressed in the gut, neurones, epithelial and immune cells
(Acharya et al., 2017; Cabral et al., 2015). Furthermore, recent studies demonstrated that CB1
receptors don’t reach the cell surface but are highly expressed and functional in lysosomal and

endosomal compartments (Brailoiu et al., 2011).

Some studies have indicated that diet-induced obesity and associated-inflammatory disorders may be
directly correlated to a dysregulation of the ECS; accordingly, evidence supports the presence of a
peripheral ECS that is upregulated in human obesity with increased ECS levels in plasma and adipose
tissue and a correlated alteration of CB1Rs (Engeli et al., 2005; 1zzo et al., 2009). Emerging evidence

denotes that the ECS is an important component of the MGB axis and that its role in obesity and
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correlated inflammatory disorders can directly involve the gut microbiome. Indeed, a study showed
an interaction between the gut microbiota and ECS using GF mice; after administration of antibiotics
and probiotics, they demonstrated that alterations in the ECS are involved in the dysregulation of LPS
levels, gut integrity disruption, development of a chronic inflammatory state and alterations in the gut
microbiota composition (Muccioli et al., 2010). In rodent models, Akkermasia muciniphila and
Lactobacillus acidophilus can induce the expression of cannabinoid receptors and increase levels of
endocannabinoids in the gut (Everard et al., 2013; Rousseaux et al., 2007). Moreover, a study has
shown that LPS leads to dysregulation of the ECS in macrophages; LPS causes robust production of
endogenous ligands for cannabinoid receptors, specifically anandamide (arachidonylethanolamide,
AEA) in adipose tissue and macrophages, which contributes to exacerbation of chronic inflammation
in visceral fat, hyperglycaemia and insulin resistance with systemic consequences (Mehrpouya-

Bahrami et al., 2017).

In epilepsy, several experiments using animal models have demonstrated a role for the ECS and above
all CB1Rs, in controlling neuronal excitability and potential antiepileptic effects, and various direct
synthetic cannabinoids have been tested in animal and in in vitro models as reviewed in De Caro et
al. (2017). Furthermore, some studies suggest that the LPS-induced peripheral inflammation could
cause an increase in seizure susceptibility via BBB-dependent or independent pathways as above
mentioned (e.g. COX-2-dependent neuroinflammation in the hippocampus and upregulated
expression of the chemokine CCL2) (Ho et al., 2015; Cerri et al., 2016). Despite the theoretical
correlation between the ECS, LPS and epilepsy, no studies have yet been performed to demonstrate

direct mechanisms.

3.7  The excitation and inhibition (E/I) balance
The excitation and inhibition balance refers to the relative contributions of excitatory and inhibitory

synaptic inputs that helps to maintain neuronal homeostasis. The E/I balance is a dynamic process in
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the brain; a continuous interchange between glutamate and glutamine, and glutamate and GABA,
involving several enzymes (e.g. glutamic acid decarboxylase and glutamine synthetase) (Sohal and
Rubenstein, 2019). Metabolic, immune, and environmental stimuli might compromise the E/I
balance. Dysregulation of this balance, due to enhancement of glutamatergic neurotransmission
and/or a suppression of GABAergic neurotransmission, was entailed in the pathophysiology of
epilepsy (DiNuzzo et al., 2014), schizophrenia and autism spectrum disorders (Foss-Feig et al., 2017;
Horder et al., 2018; Lee et al., 2017), depressive disorder (Luscher and Fuchs, 2015) and information
processing and social dysfunction (Yizhar et al., 2014).

As above mentioned, some studies have demonstrated that gut microbiota can influence in several
ways the glutamine-glutamate-GABA cycle, producing neurotransmitters, amino-acids and
modulating GABA and NMDA receptors expression in specific brain regions (e.g. hippocampus,
amygdala, locus coeruleus). Indeed, it was shown a modulation in mRNA expression of GABABg1»
and GABA«2 in mice treated with Lactobacillus rhamnosus compared to control mice. In particular,
GABAGg1, was increased in cingulate and pre-limbic areas and reduced in hippocampus, locus
coeruleus and amygdala, whereas GABAA«2 was reduced in cortex and increased in the hippocampus
(Bravo et al., 2011). Subsequently another study, using the same bacteria strain for 4 weeks, analyzed
GABA, N-acetyl aspartyl glutamic acid and glutamate at the end of treatment and again 4 weeks after
cessation. All the neurometabolates were found increased in the brain at the end of probiotic
administration, and glutamate was still elevated 4 weeks after the cessation of treatment, suggesting
that changes in gut microbiome could affect the brain through defined metabolic pathways (Janik et
al., 2016).

The study of Liang et al. demonstrated that gut microbiota disturbance in childhood induced persistent
changes in emotional behaviour and the expression of GABA-A receptor a5 and & subunits in the
hippocampus of the adult rat. Probiotic administration (Lactobacillus rhamnosus and Bifidobacterium
longum) could increase the expression of these subunits and led to a significant symptoms

improvement (Liang et al.,, 2017). Furthermore, a diet containing prebiotics (i.e. galacto-
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oligosaccharide, polydextrose), lactoferrin, and milk fat globule membrane significantly increase
MRNA expression for BDNF and the Glu-N1 subunit of the NMDA receptor in the prefrontal cortex
and decreased anxiety-related behavior in juvenile rats (Mika et al., 2018). Also the only ingestion of
the prebiotic galacto-oligosaccharide has been associated with an increase in cortical NMDA receptor
function and a pro-cognitive effect in rats (Gronier et al., 2018).

As previously discussed, Sudo et al. demonstrated, in addiction to altered BNDF levels, a decreased
expression of Glu-N2A (subunit of NMDA receptor) that could result in vulnerability to damage and
reduced synaptic potentiation in GF mice (Sudo et al., 2004b). Also performing a faecal microbiota
transplant (FMT) in GF mice by patients with schizophrenia can impact the E/I balance; lower
glutamate and higher glutamine and GABA levels in the hippocampus, as well as a behaviours
characteristic of schizophrenia, have been demonstrated after FMT in these mice (Zheng et al., 2019).
In epilepsy, disruption of E/I balance, with a perturbed glutamate—glutamine cycle, seems to be the
most obvious mechanism leading to hyper-excitability and resulting hypersynchronous neuronal
activity at the beginning of seizures as reviewed in (DiNuzzo et al., 2014; Eid et al., 2012; Fritschy,
2008), despite the concept of E/I balance is simplified and perhaps misrepresentative of
epileptogenesis. Indeed, several gaps of knowledge as the peripheral metabolism in the cycle
homeostasis, the regulation of enzymes and receptors and the role of the cycle in cell signaling need
to be filled. Future studies are mandatory to understand the role of the gut microbiota and its influence

on E/I balance in epilepsy and to discover innovative therapeutic targets.

4. The gut-microbiota in epilepsy
Overall, current evidence has decisively established that the gut microbiome influences brain function
and vice-versa, providing a rationale for studying directly, the MGB axis and its complex pathways
in epilepsy. The pre- and clinical studies have followed two main approaches; the first is a comparison
between different rodent models (e.g. GF and colonized) or healthy-patient groups (e.g. drug-resistant

epilepsy patients vs controls), looking for differences in microbiota compositions. The second is

17



interventional, through microbiota manipulation with probiotics, prebiotics, antibiotics or diet,
evaluating outcomes in the CNS. Only one case report correlating epilepsy and gut microbiota is
present in the literature (He et al., 2017). To date, the small number of preclinical and clinical studies,
considering several limitations and lack of standardisation, seems to corroborate this direct link

between the gut microbiota and epilepsy.

4.1 Insights from animal models

Animal models are critical for understanding the mechanisms of how the microbiome affects the brain.
Researchers have recently identified microbial and gut alterations linked with almost all major brain
disorders (Sherwin et al., 2017) opening up the possibility that epilepsy too could potentially be related
to changes in the gut-microbiota.

Indeed, at a mechanistic level in animal models, it has been clearly demonstrated that the gut
microbiota is contributing to the development of behavioural symptoms and neuroinflammation in
Parkinson’s disease (Sampson et al., 2016), stroke (Benakis et al.,, 2016) and experimental
autoimmune encephalomyelitis (EAE) (Berer et al., 2017; van den Hoogen et al., 2017), stress-
induced changes in intestinal inflammation (Zhang et al., 2017), brain function and behaviour
(Burokas et al., 2017), and E/I imbalance in autism (Liu et al., 2019). Thus, neurological conditions
accompanied by an altered microbiota composition may be the result of an earlier and non-identified
event on the MGB axis. For example, it is known that maternal immune activation (MIA) contributes
to the development of behavioural alterations in rodent offspring and altered microbiota composition
(Hsiao et al., 2013).

Finally, a recent study in rats reported the effect of a probiotic mixture (Lactobacillus rhamnosus,
Lactobacillus reuteri, and Bifidobacterium infantis) administration in a pentylenetetrazole (PTZ)-
induced model of kindling (Bagheri et al., 2019), substantively reduces seizure severity and epileptic
activity compared to controls. Moreover, performance at water maze test has been improved by

probiotics in all groups and elevated levels of GABA have been found in brain, but only in the group
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with probiotics administration during kindling. Lastly, the intervention reduced nitric oxide and

malondealdehyde concentration and increased total antioxidant capacity in the brain.

4.2 Ketogenic diet and microbiome

The ketogenic diet is a high fat, low-carbohydrate and medium-high protein diet, inducing ketone
bodies production and mimicking starvation. Calories in the traditional KD are subdivided in 90%
from fat and 10% from carbohydrate and proteins (Lutas and Yellen, 2013). The KD is principally
used in the paediatric population with drugs-resistant epilepsy, effectives for both partial and
generalized seizures, including the glucose transporter protein 1 deficiency syndrome (GLUT1-DS)
and pyruvate dehydrogenase deficiency syndrome (PDHD) (Yifan Zhang et al., 2018). Lately, the
KD has been tested for other conditions ranging from autism spectrum disorders to chronic pain,
multiple sclerosis and cancer (Boison, 2017).

The recent study by Olson and colleagues, used two mouse models (the 6-Hz induced seizure model
and the Kcnal/ genetic model of temporal lobe epilepsy), to investigate whether the antiepileptic
effect of the ketogenic diet is mediated through the gut microbiota (Olson et al., 2018). Indeed, after
an antibiotic treatment to reduce gut microbial population or in GF mice undergoing a 6-Hz
stimulation protocol, KD failed to prevent seizures, whereas a FMT from KD-treated mice into
control diet mice was sufficient for seizure protection. KD modifies the gut-microbiota, decreasing
the a-diversity with an increase of relative abundance in Akkermansia muciniphila, Parabacteroides
merdae, Sutterella and Erysipelotrichaceae. Transferring the microbiota by FMT from KD mice,
increases seizure threshold in mice fed by standard diet and also co-administration of Akkermansia
muciniphila together with Parabacteroides merdae, but not alone, restores seizure protection,
suggesting that both together raise seizure threshold in the absence of other gut microbes. In a
metabolomics analysis after KD and microbial treatment, the authors found a reduced vy-
glutamyltranspeptidase (GGT) activity in faeces, a decrease in y-glutamylated (GG) ketogenic amino

acids (e.g., leucine, lysine, tryptophan, and tyrosine) in serum and in the gut, and an increased level
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of GABA relative to glutamate content in the hippocampus. Accordingly, the protection against
seizures seems to be due to a decreased availability of amino acids blocking GGT activity and an
increasing in the GABA tone (Olson et al., 2018). Two studies in BTBR and C57BL/6j mice reported
similar changes in gut microbiota due to KD, but different taxonomic shifts were observed (Klein et
al., 2016; Newell et al., 2016) and the KD or dietary intervention are currently being considered for
the treatment of autism spectrum disorders (Doenyas, 2018; Lee et al., 2018).

In conclusion, relevant aspect would be to study the gut microbiota as a diagnostic biomarker; not
only stool samples could be used but also peripheral blood could be studied to identify specific

transcripts related to an altered gut-microbiome (Walker et al., 2016).

4.3  Clinical evidence

Few comparative and interventional clinical studies have been so far reported on the link between gut
microbiota and epilepsy, mostly focused on the effect of the KD, in drug-resistant patients (Table 1
and 2). To explore whether gut microbiota alterations are involved in the mechanism of drug-resistant
epilepsy, Peng et al. (2018) analysed the gut microbiome composition in drugs sensitive and resistant
patients compared to a healthy group. Alpha-diversity is increased and gut microbiota composition is
enriched in rare microbes in the drug resistant group (i.e. Verrucomicrobia), whereas bacteria
population and a-diversity was similar between control and drugs-sensitive patients. Specifically,
bacteria enriched in the drug resistant group included species associated with neurotransmitter
production and metabolic pathways of the ATP-binding cassette transporters (ABC) (Peng et al.,
2018). For example, Ruminococcus was reported to be associated with a lower level of N-acetyl
aspartic acid (NAA), a marker of neuronal health reduced in patients with epilepsy, a decreased level
of 5-HT and with impairment in the synthesis and metabolism of the ABC transporters (Bedarf et al.,
2017). These are the first data in humans that prove a clear difference in gut microbiota composition

between drug-resistant and drug-sensitive patients with epilepsy; it could be supposed, if confirmed
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by other studies, that a role of microbiota and its mediators exists in drug-resistant mechanisms and
in any case, these differences may be considered as a biomarker.

Furthermore, in spite of studies reporting an increased risk of seizures while taking penicillins, fourth-
generation cephalosporins, imipenem, and ciprofloxacin (particularly in patients with renal
dysfunction, brain lesions and epilepsy) (Sutter et al., 2015), evidence for the association between
seizure incidence and antibiotic treatment remains elusive. In a retrospective study including only six
patients with drug-resistant epilepsy, Braakman and van Ingen (2018), speculated on the possible
beneficial impact of antibiotics on seizure frequency mediated by changes in the gut microbiome, by
observing that five patients became temporarily seizure-free during antibiotic treatment (in particular,
using one among azithromycin, clindamycin, amoxicillin/clavulanic  acid and
piperacillin/tazobactam). This positive beneficial effect on seizure frequency however, disappeared
within 2 weeks after antibiotic cessation, and whether this effect was gut-mediated remains unknown,
as no microbiota analysis was performed (Braakman and van Ingen, 2018).

Regarding the use of pre- or pro-biotics in patients with epilepsy there is only one reported study
(Gomez-Equilaz et al., 2018) The authors evaluated the effects of 4-months probiotic
supplementations (a mixture containing 8 different bacterial subspecies of Lactobacillus, Bacteroides
and Streptococcus species) in 45 patients with drug-resistant epilepsy. The study revealed that
probiotics reduced seizure number (>50% in 28.9% of the patients [Intention-To-Treat analysis]) and
improved the Quality of Life score (mean £ SD: 19.23 £+ 6.04 vs 26.45 £ 9.7; P = 0.013) in patients
with drug-resistant epilepsy. However, the authors were unable to demonstrate the way by this
improvement occurred, and a microbiota analysis before and after treatment was not performed.
Although it is well established that diet can deeply change microbiota composition and metabolism
(Zmora et al., 2018), the mechanisms underlying KD effects on seizure incidence are not completely
explained (Augustin et al., 2018). Recently, several studies in diverse animal models (e.g. c57BI/6,
BTBR) showed that the KD compared to a control diet, acts significantly on gut microbiota with

different findings (Figure 3), and it was reported above that KD anti-seizures effects are clearly
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mediated by the intestinal microbiota (Olson et al., 2018). Translated in humans, Xie et al. (2017)
investigated the gut microbiota differences between 14 children with epilepsy and 30 healthy infants
and how KD modifies microbial species. Higher gut microbiota diversity was demonstrated in healthy
infants compared to drug-resistant patients and that KD treatment can correct an imbalanced gut
microbiome in epileptic infants, making it more similar to healthy subjects. After KD treatment,
Bacteroidetes, but not Firmicutes and Actinobacteria, increased significantly whereas Proteobacteria
decreased. Bacteroidetes, could have a role in seizure regulation; regulating IL-6 and IL-17 secretions
in dendritic cells, a process involved in seizure severity, and producing SCFAs. However, epileptic
patients differed substantially from healthy infants, but an analysis at function and species level is
necessary to understand the underlying mechanisms (Xie et al., 2017).

Another study evaluated the composition of the gut microbiota before and after three months with
KD in six patients with GLUT1-DS (Tagliabue et al., 2017a). Contrasting with Xie et al. data, no
statistically significant differences in Firmicutes and Bacteroidetes were reported. Interestingly, the
main finding was a significant increase in Desulfovibrio spp. (P < 0.025), a sulphate-reducing and
pro-inflammatory bacterial group. However, results seemed to show a general gut microbial depletion
after KD treatment. The effects of the KD on gut microbiota was also confirmed in a study involving
20 patients with epilepsy, showing that after 6-months of KD in 10 responder patients (achieving
>50% reduction in seizure frequency), there was a decreased alpha diversity and a significant increase
in the abundance ratio of Bacteroidetes and a decreased abundance of Firmicutes and Actinobacteria
In the efficacy subgroup analysis, at family level the non-responsive patients had a differentially
modified gut microbiota compared to responsive patients. (Yunjian Zhang et al., 2018).

In animal models, a loss of endothelial barrier antigen in brain micro-vessels was demonstrated to be
due to high levels of Clostridium and Clostridia neurotoxins that can affect the CNS through the axon
transport pathway (Finnie et al., 2014). Nevertheless, the relationship between these bacteria and
epilepsy is still unknown. In these three studies, results of richness and alpha-diversity reduction after

KD are similar although Bacteroides-Firmicutes ratio diverges as does the modulation of several
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specific bacterial species. Recently, Lindefeldt and colleagues partially confirmed these findings.
They enrolled 20 patients with therapy-resistant epilepsy starting the KD and 11 healthy parents as
controls. Faecal samples were collected before and after 3 months starting the KD. In this cohort, 5
patients responded with a >50% decrease seizure frequency and in 10 children, improved cognition
and motor functions were observed. Alpha-diversity, lower in patients than in controls before
treatment, was not significantly decreased after the KD. After three months of KD treatment,
Actinobacteria, decrease in agreement with Zhang et al., as well as Eubacterium rectale and genus
Dialister (not found modified in previous studies), and Proteobacteria and genus Escherichia
increase. A depletion of Bifidobacterium and E. coli could cause a decreased production of anti-
inflammatory SCFAs (butyrate and acetate) with direct consequences on human health; according to
Tagliabue et al., the authors were concerned about harmful effects of the KD on gut health (Lindefeldt
etal., 2019a).

a treatment.

Finally, no trials have been performed yet with FMT in epilepsy (except a trial [Faecal Microbiota
Transplantation for Epilepsy; NCT02889627] with recruitment in progress), and C.Difficile-
intractable colitis remains the only approved indication for FMT. However, a first case report about
FMT and epilepsy was reported in the literature (He et al., 2017). A faecal trasplant was performed
in a 20-year-old patient with Crohn's disease and a 17-year history of epilepsy (120 seizures per year)
that led to a 20 months seizure-free period without concomitant antiepileptic drug therapy.
Unfortunately, in this case report, there was no gut microbiome analysis, no confirmed focal
pathology and no potential pathogen identification. Furthermore, the article did not have enough
clinical details to really define or understand the case, raising some doubts about the outcome, even
though this case report appeared particularly impressive.

Therefore, there is a paucity of published data on the relationship between gut microbiota and epilepsy
in humans, and there is no actual consensus on the results already obtained. The use of different

methods for microbiota analysis, dissimilar levels of taxonomic insights, the heterogeneity of the
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epilepsy cohorts in which different aetiologies were included and a lack of standardisation make it
very arduous to compare data. Bearing in mind that people living in different countries or using
different diets have varied gut microbiota compositions without any interference with health
(Albenberg and Wu, 2014), set what is a normal gut microbiota composition is a challenge for future
controls/patients comparative studies. There is therefore, a need for both preclinical and well-
designed, randomized human studies to clarify the role of the gut-microbiota-epilepsy network and

whether there will be space for novel epilepsy treatments targeted at the microbiome composition.

5. Other aspects

Further than epilepsy, seizures can also occur occasionally in non-epileptic disorders including stroke,
and hepatic encephalopathy (HE) and the gut microbiota is emerging as a co-factor and a potential
strategy to treat these disorders.

Cerebral cavernous malformations (CCMs) are common vascular malformations in CNS and a cause
of stroke and seizure (Fischer et al., 2013). A recent study has shown an unexpected role of the
microbiome, specifically Bacteroidales S24-7, acts as the primary source of TLR4 ligand, necessary
to CCM formation in mice and variations to the microbiome can ameliorate CCM disease (Tang et
al., 2017). However, as highlighted by Starke and colleagues (Starke et al., 2017), is necessary to
understand if the human microbiome, don’t holding Bacteroidales S24-7, is also responsible for
CCMs formation or progression.

Gut microbiota seems to play also a critical role in the progression of cirrhosis and its complications
as hepatic encephalopathy. Treatments for HE are overall gut-centric as non-absorbable antibiotics
(neomycin and rifaximin), lactulose, prebiotics and several combination of probiotics (Suraweera et
al., 2016), underling the role of the microbiota in HE pathogenesis.

Lactulose treatment was able to reduce the bacterial-DNA translocation rate, with decrease in
ammonia levels, inflammatory mediators and an improvement in cognitive scores (Moratalla et al.,

2017). Moreover, growing evidence have shown that alteration in gut microbiota composition and
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correlated metabolites, could drive HE development through local and systemic inflammation (Bajaj,
2014). It was shown in HE patients a different gut composition (e.g. lower Roseburia and higher
Enterococcus) correlated to controls (Bajaj et al., 2012) and specific microorganisms have been also
correlated with hyperammonemia-associated astrocytic change (Enterobacteriaceae) and with
ammonia-independent neuronal changes (Porphyromonadaceae), highlighting the link between
specific bacteria taxa and brain consequences of cirrhosis (Ahluwalia et al., 2016). Thus, gut
microbiota could have a role in seizures, and overall on neurologic symptoms, related with HE or
stroke but, nowadays, only few studies have been performed and no one focused specifically on
seizures. Further translational studies are necessary to deeper explore the role of gut microbiota in the
physiopathology of these diseases and to develop focused gut-based therapies involving specific

bacteria strain.

6. Conclusion and perspectives

In the last years, the gut microbiota as a potential factor in epilepsy and epileptogenesis has gained
importance in the scientific community as demonstrated by the rising humber of studies and two
recently published reviews (Dahlin and Prast-Nielsen, 2019; Lum et al., 2019) specifically focused
on the topic; however, only few preclinical and clinical studies (often underpowered and gathered
only on bacteria taxa) have been performed so far.

The pathophysiological mechanisms investigated to date, point out the interaction between gut
microbiota and local/systemic diseases, but the data available don’t allow us to determine whether
correlation (e.g. changes in microbiota populations) implies causation (e.g. seizures
onset/maintenance). Indeed, which is the primum movens entailed in this potential dualism between
the gut-microbiota and the epilepsy through the MGB axis is still unknown. Future researches should
be aimed at understanding whether the epilepsy itself shapes first the microbiota, or whether
differences in microbiota-composition (from birth or modified during lifetime) can be the cause of

seizures onset and maintenance. However, regardless to the first mechanism involved, a vicious cycle

25



between seizures and gut-microbiota shifts could be supposed. Also the role of specific neural,
metabolic, endocrine and immune pathways in microbiota-gut-brain communication and its relative
contributions to epilepsy have to be clarified and deep investigated.

Overall, it is challenging to explore microbiota modifications and their influences on the host,
especially regarding CNS diseases; indeed, epilepsy is a highly heterogeneous disorder with
significant differences in pathogenesis, clinical manifestations and treatments (e.g. differences among
children and adults or genetic and idiopathic aetiology), making microbiome studies more intricate
with the involvement of several variables.

Acute and chronic treatments can shape the gut microbiota and, vice versa, the microbiota itself can
influence the actions of a range of xenobiotics (Clarke et al., 2019). To date, there are no studies
evaluating the direct impact of antiepileptic drugs on intestinal microbial populations performed in
humans, whereas in vitro evidence recently demonstrated that valproate markedly affects microbiota
composition in an animal model (Cussotto et al., 2018) and zonisamide is metabolized to 2-
sulfamoylacetylphenol by gut microbiota (Kitamura et al., 1997). Moreover, Maier et al. have shown
the extensive impact of non-antibiotic drugs on gut bacteria proliferation (Maier et al., 2018b),
although of the 16 drugs included in the subgroup NO3A of controlled ATC (Anatomical Therapeutic
Chemical), classification that comprise antiepileptic drugs, none have shown antimicrobial effects,
even though lamotrigine have demonstrated to inhibit E. coli ribosomal biogenesis (Dahlin and Prast-
Nielsen, 2019; Stokes et al., 2014). Any speculation regarding the role of gut microbiota on
antiepileptic drugs metabolism and thus their clinical efficacy, or the effective impact of long term
treatment on microbial population is still premature.

New therapeutic options are necessary for patients with epilepsy, above all for the 30% of them with
a drug-resistant disease, and microbiome-specific therapeutic strategy could be a valid option.
However, several future studies are mandatory to establish whether microbe-based treatments can be
effectively and securely used for clinical improvement of seizure frequencies, severity and epilepsy-

related disorders.
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Elucidating the connection between the MGB axis and epilepsy could lead also to the discovery of
useful biomarkers and to advance the knowledge on the complex mechanisms underlying

epileptogenesis and epilepsy themselves.
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Figure 1 Potential bidirectional pathways involved in the connection between gut-microbiota and

epilepsy.
5-HT, serotonin; ACTH, adrenocorticotropic hormone; CRF, corticotrophin-releasing factor; GABA, y-aminobutyric

acid; HPA, hypothalamic-pituitary-adrenal; IL, interleukin; LPS, lipopolysaccharide; SCFAs, short chain fatty acids.

Figure 2 Supposed pathophysiological cascade in epilepsy involving gut microbiota, peripheral

inflammation and neuro-immune response.
BBB, blood brain barrier; IL, interleukin; LPS, lipopolysaccharide; TNF-o, tumor necrosis factor alpha; VN, vagus

nerve.

Figure 3 The ketogenic diet compared to control diet alters relative abundances of selected bacterial

taxa from the gut microbiota.
BTBR, BTBR T~tf/J mice; SPF, specific pathogen-free.
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Table 1. Gut microbiota and epilepsy clinical studies

Study design Diagnosis, (N), Age Methodology Main change in microbiota Results References
/Intervention composition (genus)
Observational, Patients with drug-resistant Faecal samples 1 a-diversity in drug-resistant patients | Clear difference in (Peng et al.,
Case-Control epilepsy (42), patients 16S rDNA high- > a-diversity drug-sensitive patients microbiota composition 2018)
study with drug-sensitive epilepsy (49) throughput sequencing | and healthy control between epileptic drugs-
and healthy controls (65), age resistant and sensitive
range 5 to 50 years 1 rare bacteria in drug-resistant patients
patients (Clostridium XVIII, Dorea,
Coprobacillus, Ruminococcus,
Akkermansia, Neisseria, Coprococcus)
Retrospective Patients with drug-resistant Antibiotics treatment n.a. Five patients temporarily (Braakman
Cohort study epilepsy (6), age 10-16 years (B-lactams, seizure-free during antibiotic | and van
lincosamides or treatment until 2 weeks after | Ingen, 2018)
macrolides) antibiotics cessation
Interventional, Patients with drug-resistant 4-months probiotic n.a. Seizures ‘number reduction (Gomez-
Prospective and | epilepsy (45), mean age 44 (x13.5) | supplementations with [(>50% in 28.9% of the Equilaz et
Open-Label years Lactobacillus, patients] and improvement of | al., 2018)
study Bacteroides and Quality of Life score
Streptococcus spp.
Case-Report Patient with Crohn's disease and Faecal microbiome n.a. After FMT 20 months (Heetal.,,
epilepsy (120 seizures per year), transplantation seizure-free period without 2017)

20 years old

concomitant antiepileptic
drugs therapy.

FMT Faecal microbiome transplantation; spp. Species; n.a. no available
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Table 2. Gut microbiota and epilepsy clinical studies with Ketogenic Diet

Study design Diagnosis, (N), Age Methodology Main change in microbiota Results References
/Intervention composition (genus)
Retrospective Children with drug-resistant Faecal samples Drug-resistant patients: Epileptic drug-resistant (Xieetal.,
Cohort study epilepsy (14) and healthy infants 16s ribosomal DNA | a-diversity patients differed substantially | 2017)

(30), mean age 1.95 (x£3.10) years

sequencing/KD for a
week

1 Firmicutes and Proteobacteria
(Cronobacter)

| Actinobacteria (Bifidobacterium)
and Bacteroidetes (Bacteroides,
Prevotella)

After KD:

11 Bacteroidetes (Prevotella)

| Proteobacteria (Cronobacter)
<> Firmicutes and Actinobacteria
(Bifidobacterium)

from healthy infants and KD
impact substantially the gut
microbiota

Prospective

Patients with Glucose Transporter-

Faecal samples

After KD:

Significant increase in

(Tagliabue et

Observational 1 Deficiency Syndrome (6), age real-time gPCR of < Firmicutes, Bacteroidetes and Desulfovibrio spp. (p < al., 2017b)
study range 8-34 years selected microbial Proteobacteria (1 Desulfobrio) 0.025), and a general

taxa analysis/3- microbial depletion after KD

months KD treatment
Prospective Patients with drug-resistant Faecal samples After KD in responsive patients: The composition of gut (Yunjian
Observational epilepsy (20), age n.a. 16S rDNA high- | a-diversity bacteria differed significantly | Zhang et al.,
study throughput after KD compared with 2018)

sequencing/6-months
KD

| Firmicutes and Actinobacteria
1Bacteroidetes
«—Proteobacteria

After KD in non-responsive patients:

untreated patients. There are
also differences, at family
level, between different
efficacy patients
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1 Clostridiales, Ruminococcaceae,
Rikenellaceae, Lachnospiraceae

Prospective
Observational
Study

Patients with drug-resistant
epilepsy (20) and healthy parents
as controls (11), age 2-17 years

Faecal samples
Shotgun metagenomic
sequencing/3-months
KD

| a-diversity in drug-resistant patients

After KD:
| a-diversity

1 Proteobacteria (Escherichia)

| Actinobacteria (Bifidobacterium)
| (Dialister)

| Eubacterium rectale

The faecal microbiota
changes during KD. The
compositional changes
observed could not be
favorable for gut or overall
health

(Lindefeldt et
al., 2019b)

KD Ketogenic Diet; spp. Species; n.a. no available
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