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ABSTRACT OF THE DISSERTATION

Effects of clinical ketogenic diet therapy for pediatric epilepsy on the gut microbiota and seizure
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by
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Professor Elaine Yih-Nien Hsiao, Chair

The high-fat low-carbohydrate ketogenic diet (KD) is an established dietary therapy for
individuals with refractory epilepsy, whose seizures are resistant to existing anti-epileptic drugs.
However, use of the KD to treat refractory epilepsy is challenging because the diet is difficult for
patients to implement, manage, and maintain due to its severe restrictiveness and adverse side
effects. Exactly how the clinical KD reduces seizure symptoms when other anti-epileptic drugs
are ineffective is poorly understood. The gut microbiome has emerged as a key intermediary
between diet and host metabolism, neural activity, and behavior. The gut microbiome modulates
seizure susceptibility and the anti-seizure effects of the ketogenic diet (KD) in animal models.
This dissertation work seeks to understand if these relationships seen in animal models
translate to KD therapies for human drug-resistant epilepsy. Herein we report that KD therapy in
children with pediatric epilepsy alters the function of the human gut microbiome. In addition,

colonizing mice with KD-associated human gut microbes confers increased resistance to 6-Hz



psychomotor seizures, as compared to colonization with gut microbes from matched pre-
treatment controls. Parallel analysis of human donor and mouse recipient metagenomic and
metabolomic profiles identifies subsets of shared functional features that are seen in response
to KD treatment in humans and preserved upon transfer to mice fed a standard diet. These
include enriched representation of microbial genes and metabolites related to anaplerosis, fatty
acid beta-oxidation, and amino acid metabolism. Mice colonized with KD-associated human gut
microbes further exhibit altered hippocampal and frontal cortical transcriptomic profiles relative
to colonized pre-treatment controls, including differential expression of genes related to ATP
synthesis, glutathione metabolism, oxidative phosphorylation, and translation. Integrative co-
occurrence network analysis of the metagenomic, metabolomic, and brain transcriptomic
datasets identifies features that are shared between human and mouse networks, and select
microbial functional pathways and metabolites that are candidate primary drivers of
hippocampal expression signatures related to epilepsy. Together, these findings reveal key
microbial functions and biological pathways that are altered by clinical KD therapies for pediatric
refractory epilepsy and further linked to microbiome-induced alterations in brain gene

expression and seizure protection in mice.
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Chapter 1. Overview



My dissertation research is focused on understanding human-gut microbe interactions
that are shaped by the clinical ketogenic diet (KD) in the context of pediatric refractory epilepsy.
More specifically my dissertation seeks to improve our understanding of the following questions:
() how does the human microbiota change in composition and function in response to clinical
KD therapy? (ii) Do previous findings from similar studies using the KD in rodent epilepsy
models apply to human epilepsy, the human gut microbiome, and the clinical KD therapies used
to treat pediatric epilepsy patients? (iii) What are the features of the clinical KD-associated gut
microbiome seen in both human donors and inoculated mouse recipients that correlate with
microbiome-dependent seizure protection? (iv) How does colonization with microbes derived
from the fecal microbiota of clinical KD-treated individuals affect brain function and seizure
susceptibility?

The foundation of my doctoral research is based on the need for tractable and effective
treatments to control epilepsy that are not based on usage of anti-epileptic drugs (AEDs). An
estimated one in three individuals out of 50 million epilepsy patients worldwide have refractory
epilepsy, or pharmacoresistant epilepsy, wherein seizures cannot be controlled with AEDs
(WHO, 2019). While the KD has been used to treat refractory epilepsy for nearly 100 years, the
mechanisms by which the KD works to provide its seizure protection are still not completely
understood. The restrictive high-fat low-carbohydrate nutritional requirement, difficult
implementation, and side effects of the KD continue to hinder its use to treat refractory epilepsy.
Increasing our understanding of which seizure modulating pathways the KD affects will inform
the refinement of novel KD-based therapeutics to treat refractory epilepsy.

The gut microbiome has emerged as an essential mediator of diet on host metabolism,
neurological activity, and behavior. There are several recent clinical studies reporting alterations
in the gut microbiota of epileptic individuals and in response to treatment with the clinical KD.
Additionally previous work from the Hsiao lab has also demonstrated in both an inducible and

genetic model of refractory epilepsy that the microbiome and the KD are both necessary for the
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host to receive KD-mediated seizure protection (Olson et. al., 2018). Thus, my dissertation
research hopes to determine the mechanisms by which the human clinical KD-associated
microbiome modifies seizure risk, and to further evaluate microbiome-based interventions that
can increase the overall efficacy of KD treatment, ease clinical implementation, and/or eliminate
dietary side effects.

In Chapter 2, | present a version of the chapter titled “Interactions between the gut
microbiome and ketogenic diet in refractory epilepsy” from Microbiome in Neurological Disease.
In this work, we first discuss the origins of the KD as a treatment for epilepsy and the recent
renewed interest in refining the classical KD, and other variations of the KD, as an effective
treatment for refractory epilepsy. We then compile the results of existing clinical and animal
studies reporting microbiome differences in epileptic individuals compared to healthy controls,
and cross-compare the results. Additionally, we discuss studies comparing the classical KD to
other variations of the KD, and survey effects of these diets on host physiology, host gut
microbiota, and effects on seizure outcomes. This work has been published as:

Ozcan, E., Lum, G. R. and Hsiao, E. Y. (2022). Interactions between the gut microbiome and

ketogenic diet in refractory epilepsy. International Review of Neurobiology. PMID: 36427956

In Chapter 3, | present a version of a literature review focused on increasing evidence
linking the gut microbiota and gut microbiota-related factors with epilepsy and seizure
susceptibility. | discuss microbiome-related factors such as infection and antibiotic treatment
that affect seizure susceptibility in animal models of epilepsy and in humans with epilepsy. |
highlight several recent clinical studies reporting changes in the gut microbiota of epileptic
patients compared to healthy controls and in response to epilepsy treatments. Lastly, | discuss
remaining open questions on the roles for the microbiome in epilepsy and addressing these
questions can reveal novel approaches for treating refractory epilepsy. This work has been

published as:



Lum, G. R., Olson, C. A. and Hsiao, E. Y. (2019). Emerging roles for the intestinal microbiome

in epilepsy. Neurobiology of Disease 104576. PMID: 31445165; PMCID: N/A

In Chapter 4, | describe recent work where we investigate the effects of the clinical KD
on the human gut microbiota and seizure susceptibility in mice. Furthermore, we identify
microbial functions and metabolites that impact seizure susceptibility and that display significant
network interactions with the brain transcriptome that may contribute to seizure protection in
recipient mice inoculated with the clinical KD-associated human gut microbiome from children
with refractory epilepsy. In collaboration with UCLA’s Ketogenic dietary therapies program, we
recruited a cohort of children with refractory epilepsy to study the human gut microbiome before
(pre-KD) and after (post-KD) implementation of the clinical KD and the impact of the clinical KD-
associated gut microbiota on seizure susceptibility in mice. In this study | first assessed
compositional and functional differences in the microbiomes of our cohort of refractory epileptic
children before and after treatment with the clinical KD. Despite the varied subtypes of refractory
epilepsy and KD ratio and specific nutritional composition, there were shared changes in gut
microbiota function related to GDP-mannose biosynthesis, 2-methylcitrate cycle, glycol
metabolism and degradation, polyamine biosynthesis and biotin biosynthesis in response to the
clinical KD. To understand if the clinical KD-associated gut microbes affect seizure
susceptibility, | colonized paired cohorts of germ-free mice with matched pre-KD and post-KD
stool samples collected from children with refractory epilepsy and performed cohort-level
seizure testing using the 6-Hz psychomotor seizure model. | demonstrated that oral inoculation
of mice with the clinical KD-associated human gut microbiota increased 6-Hz seizure threshold
levels compared to the matched pre-KD control, a threshold increase similar to that of mice fed
KD chow. We demonstrated the necessity of an intact clinical-KD associated microbiota for
increased seizure threshold through oral inoculation of mice with clinical KD associated

microbiota followed by depletion of gut bacteria using broad-spectrum antibiotics and seizure
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threshold testing. Additionally, administration of clinical KD-associated intestinal small
molecules to mice was only able to increase seizure threshold acutely, with seizure protection
decreasing over 4 days. | next wanted to identify any microbial functions or metabolites that
contribute to the seizure protective effects seen in our mouse model. Through parallel
metagenomic analysis of both children with refractory epilepsy and inoculated recipient mice |
identified fatty acid B-oxidation, glycol metabolism and degradation, methylcitrate cycle I,
methylcitrate cycle Il, and proline biosynthesis as clinical KD-associated microbiome functions
appearing in both that may affect seizure susceptibility. Analysis of differentially abundant fecal
metabolites in human and mouse samples revealed enrichment of chemical subclasses and
metabolic pathways including amino acid, hydroxy fatty acid, sugar acid, phenylpropanoic acid,
and monosaccharide-related metabolites and methionine metabolism, glycine and serine
metabolism, and betaine metabolism. To investigate of changes in the gut microbiota may alter
seizure susceptibility in the brain, | analyzed hippocampal transcriptomic from recipient mice
colonized with clinical KD-associated microbes. These mice displayed distinct hippocampal
gene expression patterns with the set of differentially expressed genes enriched for biological
processes relating to RNA processing, translation, cellular stress response, TORCL1 signaling,
regulation of long-term synaptic potentiation, neuronal development, and response to nutrient
levels. To identify additional gut microbial functions that may drive frontal cortical or
hippocampal gene expression, we collaborated with Dr. Daniel Ha and Xia Yang to perform
parallel network analysis of human donor and mouse recipient ‘omics datasets which were
linked by metagenomic key driver nodes related to branched chain amino acid (BCAA)
biosynthesis, CoA biosynthesis, L-alanine fermentation, and L-arginine biosynthesis and linked
to hippocampal transcript modules enriched for genes related to neurogenesis and Wnt
signaling, both linked to epileptogenesis. Lastly, we integrated data from genome-wide
association studies (GWAS) of epilepsy which revealed that alterations in hippocampal

transcripts that co-occurred with microbial metagenomic and metabolomic features may
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contribute to the microbiome-dependent increases in seizure threshold of post-KD recipient
mice compared to matched pre-KD controls.

A version of this work has been submitted for publication and is currently available as a pre-print
on Biorxiv as:

Lum, G. R,, Ha, S. M., Olson, C. A,, Blencowe, M., Paramo, J., Reyes, B., Matsumoto, J. H.,
Yang, X., & Hsiao, E. Y. (2023). Ketogenic diet therapy for pediatric epilepsy is associated with
alterations in the human gut microbiome that confer seizure resistance in mice. BioRxiv,

2023.03.17.533243.
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Abstract

Epilepsy is one of the most common neurological diseases globally, afflicting
approximately 50 million people worldwide. While many antiepileptic drugs exist, an estimated
one-third of individuals do not respond to available medications. The high fat, low carbohydrate
ketogenic diet (KD) has been used to treat refractory epilepsy in cases when existing
antiepileptic drugs fail. However, there are many variations of the KD, each of which varies
greatly in its efficacy and side effects. Increasing evidence suggests that interactions between
the KD and gut microbiome may modulate the effects of the diet on host physiology. Herein, we
review existing evidence of microbiome differences in epileptic individuals compared to healthy
controls. We highlight in particular both clinical and animal studies revealing effects of the KD on
the composition and function of the microbiome, as well as proof-of-concept animal studies that
implicate the microbiome in the antiseizure effects of the KD. We further synthesize findings
suggesting that variations in clinical KD formulations may differentially influence host physiology
and discuss the gut microbial interactions with specific dietary factors that may play a role.
Overall, understanding interactions between the gut microbiota and specific nutritional
components of clinical KDs could reveal foundational mechanisms that underlie the
effectiveness, variability, and side effects of different KDs, with the potential to lead to precision

nutritional and microbiome-based approaches to treat refractory epilepsy.

l.Introduction to epilepsy

Since the dawn of recorded history, epilepsy has been a burden on human health.
Documented in ancient Mesopotamian medical texts as early as 2000 B.C., and later
acknowledged by the ancient Egyptians and Greeks, epilepsy was originally attributed to being
possessed by an ill-intentioned spirit or deity (World Health Organization, 2005). Despite these

early ideas, epilepsy was not completely distanced from its divine beginnings and was not fully



accepted as a brain disorder until the early 19th century (Magiorkinis, Sidiropoulou, &
Diamantis, 2010).

Presently, epilepsy is the fourth most common neurological disorder worldwide and is
broadly defined by recurring epileptic seizures. The general mechanism of an epileptic seizure
event originates from unprovoked abnormal or excessive synchronous neuronal activity,
commonly originating in the temporal lobe. A patient is considered epileptic if they have two or
more unprovoked or reflex seizure events within a span of time greater than 24h apart (Fisher et
al., 2014). Both genetic factors, such as mutations in voltage- or ligand-gated ion channels, and
environmental factors, such as brain trauma or infection, contribute to risk for epilepsy
(Stafstrom & Carmant, 2015).

Although epileptic seizure events and associated risk factors are well characterized, the
fundamental mechanisms underlying epileptogenesis remain poorly understood. The World
Health Organization reports over 50 million cases of epilepsy worldwide, accounting for 0.5% of
the global health burden (WHO, 2019). Modern antiepileptic drugs (AEDs) are the frontline
treatment reducing seizures in approximately 60—70% of cases by blocking sodium or calcium
ion channels to decrease the release of the excitatory neurotransmitter glutamate or enhance
signaling of the inhibitory neurotransmitter gamma-aminobutyric acid (GABA) (Xia, Ou, & Pan,
2017).

For the remaining one in three epilepsy patients who do not respond to available AEDs,
alternative forms of seizure management must be considered, each with their own caveats, or
the patient faces a three- to sixfold increase in premature death (Sperling, 2004). First, invasive
surgery to resect portions of the brain where seizure activity originates can be used to eliminate
seizure activity. However, it must be feasible to accurately locate and safely resect the portion of
the brain from which the seizures originate. Success rates vary from 40% to 70% and are highly
dependent on seizure etiology (Health Quality Ontario, 2012). Second, refractory (drug-

resistant) epilepsy patients can also consider surgical implantation of a neuromodulation device
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near the vagus nerve or directly in the brain to manage seizures with electrical stimulation.
These devices reduce seizures in an estimated 25-50% of refractory epileptic individuals that
pursue this intervention (Gooneratne et al., 2016). Lastly, dietary therapies are used as a clinical
treatment for refractory epilepsy and are the least invasive alternatives to AEDs. The high fat,
low carbohydrate ketogenic diet (KD) is the most well-known dietary therapy for refractory
epilepsy. Typically, the KD has between a 22—-55% success rate of at least 50% seizure
reduction in adults and upwards of 60—75% success rates in infants and children (Castellano &
Merlino, 2012; Henderson, Filloux, Alder, Lyon, & Caplin, 2006; Klein, Janousek, Barber, &
Weissberger, 2010; Li, Zou, & Ding, 2013; Merrit & Putnam, 1938; Williams & Cervenka, 2017).
While the KD can effectively reduce seizures for subsets of individuals, its restrictiveness
introduces many side effects including hypoglycemia, metabolic acidosis, and weight loss.
These obstacles make it difficult for epilepsy patients to maintain the diet, with about 33%
dietary compliance in adults and between 42-60% compliance in children under 10years old
within 6months of starting the KD (Coppola et al., 2002; Yang et al., 2022). Moreover, the
mechanisms of action for the KD are poorly understood. Overall, while several AEDs are
available for treating epilepsy, effective and manageable non-invasive treatments are lacking for
the remaining one in three individuals with refractory epilepsy. Increased understanding of the
mechanisms that enable the efficacy of diet-based therapies for subsets of individuals could
uncover new therapeutic targets and approaches to improve the overall success rates, efficacy,

and ease of maintenance of dietary treatments.

2. Increasing interest in the microbiome and epilepsy.

The microbiome has emerged as a mediator between diet and host, becoming a specific
topic of interest to enhance the efficacy of diet-based therapies. The gut microbiota
encompasses trillions of native bacteria, viruses, and fungi residing in the host gastrointestinal

tract (Proctor et al., 2019). Both gut microbiome composition and function are fluid, rapidly
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changing when exposed to variables such as medication, stress, and diet but simultaneously
influenced by variables such as host genetics (Hasan & Yang, 2019; Turnbaugh et al., 2009).
The gut microbiota significantly alters amino acid and carbohydrate metabolism, linked to
microglial and astrocyte function, vagal activity, and hippocampal neurotransmitter levels (Lum,
Olson, & Hsiao, 2020). Animal studies further reveal that the microbiota is linked to
neurobehavior, symptoms of neurological disorders, and brain development (Vuong, Yano,
Fung, & Hsiao, 2017). Additionally, alterations in the gut microbiome have been reported across
several neuropsychiatric, neurodevelopmental, neurodegenerative disorders, and animal
models of epilepsy (Citraro et al., 2021; Olson et al., 2018), but the connection between the
microbiome and human epilepsy remains unclear (Fig. 2.1).

Only a few recent clinical studies have reported differences in baseline fecal microbiota
profiles in small cohorts of epileptic individuals compared to healthy controls. One such study
analyzed fecal microbiota profiles from 16S rRNA gene sequencing of stool samples collected
from 14 infants and toddlers with refractory epilepsy (1-4years old) and 30 matched healthy
controls who did not have any chronic illnesses, metabolic diseases, and had not taken
antibiotics 1month prior to study initiation (Xie et al., 2017). Between healthy and refractory
epilepsy groups, there was no significant difference observed in a-diversity measured by the
Shannon index for evenness. However, principal component analysis (PCA) of the taxonomic
data revealed distinct clustering of refractory epilepsy samples away from the healthy controls,
suggesting differences in fecal microbiota B-diversity. Furthermore, Linear Discriminant Analysis
Effect Size (LEfSe) indicated that the infant refractory epilepsy fecal microbiota had increased
relative abundances of Bacillota and Pseudomonadota and decreased relative abundances of
Actinomycetota and Bacteroidota. Additional differences in taxonomic membership were notable
at the genus level. Refractory epilepsy infants had high levels of Cronobacter which was not
detected in healthy infant controls. Relative abundances of Bacteroides, Bifidobacterium, and

Prevotella were decreased in epileptic infants compared to healthy controls. Although
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differences in fecal microbiota profiles were observed between epileptic and healthy infants, it
remains unclear whether environmental variables, such as dietary intake and existing
medications, may be responsible for the differences reported in this study.

A second human study profiled the fecal microbiota of 12 children (2—17years old) with
refractory epilepsy and 11 healthy parent controls (Lindefeldt et al., 2019). Shotgun
metagenomic sequencing analysis indicated that children with refractory epilepsy exhibited
decreased Shannon index a-diversity compared to the healthy parent controls. PCA of fecal
microbiome taxonomic profiles displayed distinct clustering of the healthy parent microbiomes
away from child refractory epilepsy microbiomes. Children with refractory epilepsy also
presented with increased relative abundances of Bacillota and Pseudomonadota and decreased
relative abundances of Actinomycetota and Bacteroidota. Metagenomic analysis revealed
differences in microbiome functional potential, highlighting decreased gene content in the
acetyl-CoA pathway from B-hydroxybutyryl-CoA and crotonase in the child refractory epilepsy
microbiome compared to the healthy parent control. Although the sample cohort contained
household controls, the lack of age-matched controls is a major caveat in this study, considering
the known age-related differences in the diversity and the function of the gut microbiome
(Nagpal et al., 2018).

Another recent clinical study performed 16S rRNA gene sequencing of stool samples
from a cohort of 42 refractory epilepsy individuals, 49 drug-sensitive epilepsy individuals, and 65
matched healthy family member controls, excluding individuals who took antibiotic or probiotics
within the past 3 months or who had chronic illness (Peng et al., 2018). a-Diversity measured by
the Chaol diversity index for species richness was increased in the fecal microbiota from
refractory epilepsy patients, specifically for those individuals experiencing more than four
seizures per year. Weighted principal coordinate analysis (PCoA) revealed no distinct clustering
of refractory epilepsy patient microbiomes unlike the distinct clustering seen in the Lindefeldt et

al. and Xie et al. studies. Linear discriminant analysis (LDA) reported increased relative
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abundances of several members of the Bacillota phylum including Coprococcus, Coprobacillus,
Roseburia, and Ruminococcus with decreases in Bacteroides compared to healthy controls.
Interestingly LDA revealed taxonomic differences between refractory epilepsy and drug-
sensitive epilepsy groups, with refractory epilepsy individuals exhibiting increased relative
abundances of Akkermansia, Fusobacterium, Methanobrevibacter, and Neisseria. Epileptic
individuals were matched with a healthy family member control to decrease the impact of diet on
gut microbiome composition. However, there were no dietary controls across the families that
participated in this study. Notably, this study design matched age, sex, and exposure to
medications across the three representative groups.

Another human study used a cohort of 30 adult patients with idiopathic focal epilepsy
and 10 healthy control adults had their stool samples sequenced by 16S rRNA gene sequencing
(Safak, Altunan, Topcu, & Eren Topkaya, 2020). Weighted PCoA revealed distinct clustering
between healthy and epileptic patient groups. Epileptic patients were reported to have
decreased relative abundance of Bacillota, Bacteroidota, and Actinomycetota. Similar to the
reports from Xie et al. and Lindefeldt et al., Safak et al. also reports increased relative
abundance of Pseudomonadota in epileptic individuals compared to the healthy controls. The
lack of dietary control and age-related differences may explain why the findings from this study
do not align with previous reported findings (Lindefeldt et al., 2019; Peng et al., 2018; Xie et al.,
2017).

Another study of a cohort of 74 adults, including 24 epilepsy patients and 50 healthy
adult controls, had their stool samples sequenced by 16S rRNA gene sequencing (Cui et al.,
2022). a-Diversity measured by the Shannon and Simpson indexes showed the healthy controls
had significantly increased a-diversity compared to epileptic individuals. Unweighted PCoA to
assess B-diversity revealed distinct and separate clustering of healthy control and epileptic

individuals. Epileptic individuals were shown to have significantly increased relative abundances
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of Pseudomonadota and Actinomycetota and significantly decreased relative abundance of
Bacillota compared to healthy controls.

A final human clinical study performed 16S rRNA gene sequencing on collected fecal
samples from a cohort of 23 children with infantile spasms and a cohort of 21 healthy children
(Wan et al., 2021). a-Diversity measured by the Shannon, Simpson, and Chaol indexes
showed no difference between epileptic and healthy individuals. Further assessment of B-
diversity by PCA revealed no differences between epileptic and health individuals. LEfSe
analysis revealed significantly increased abundances of Clostridium and significantly decreased
abundances of Lactobacillus, Roseburia, and Lachnospira compared to healthy individuals.

Across these human studies, alterations in the fecal microbiota profile of refractory
epilepsy individuals were observed relative to healthy controls (Cui et al., 2022; Lindefeldt et al.,
2019; Peng et al., 2018; Safak et al., 2020; Xie et al., 2017) with the exception of the Wan et al.
study. Several studies reported increased relative abundance of Bacillota in refractory epilepsy
individuals (Lindefeldt et al., 2019; Peng et al., 2018; Xie et al., 2017). However, microbial
signatures differed across studies when considering more resolved taxonomic levels. a-Diversity
was a point of contention across these studies with conflicting results. Differences in study
design, cohort age, small cohort size, and lack of data on genetic factors and environmental
controls each influence the composition and function of the gut microbiome, makes these
studies difficult to compare. Differences in taxonomic analysis, by using 16S rRNA gene
sequencing compared to shotgun metagenomic sequencing, also complicate study comparisons
because shotgun metagenomics affords microbiome functional profiling and strain level
specificity while 16S rRNA gene profiling can only capture less resolved levels of taxonomic
diversity. The results from these initial studies warrant larger efforts to achieve adequately
powered and matched patient and control populations, and to account for variables such as

age, genetics, medications, and diet.

15



Notably, one initial study reported significant differences in gut microbiome composition
between drug-responsive and drug-resistant epileptic individuals (Lee, Lee, Lee, & Kim, 2021).
As yet, however, strong evidence is lacking for the notion that differences in the microbiota may
contribute to the pathogenesis of epilepsy or be used as a biomarker for epilepsies. Several
additional studies have since examined the alternative hypothesis that the microbiome could

contribute to the efficacy of select interventions for epilepsy (Fig. 2.1).

3. Ketogenic diet and epilepsy

Disease and diet have shared a close relationship spanning the last 2500years. Fast-
forward to the 1920s, two pivotal observations underlying the modern ketogenic diet were made.
In 1921, Woodyatt observed acetone and 3-hydroxybutyric acid (BHBA) buildup in a normal
fasting paradigm, as well as on a diet with minimal carbohydrates and an over ingestion of fat
(Woodyatt, 1921). In the same year, Wilder proposed that ketonemia could provide similar
benefits to fasting but could be maintained far longer than fasting (Wilder, 1921). Upon placing
patients on this high-fat, low-carbohydrate dietary intervention, he coined the term “ketogenic
diet” (KD). The KD was popular as a treatment for seizures throughout the 1920s and 1930s,
but with the discovery of the first AED, diphenylhydantoin, in 1938, dietary treatment of epilepsy
faded from the mainstream (Merrit & Putnam, 1938). KD was thrust back into the spotlight in
1997 with an episode of NBC’s Dateline centered on the story of Charlie, a 2-year-old with
presenting with refractory epilepsy. Dr. John M. Freeman (Johns Hopkins) treated the boy with
KD therapy, and he soon became seizure free. From this, The Charlie Foundation was formed
to provide physicians, dieticians, and parents with informational videos about KD therapy, and
interest in the diet began to increase again.

Although the KD is not the first line treatment for epilepsy, it is an effective and non-
invasive treatment for refractory epilepsy, especially for those who do not qualify for surgical

treatments. However, due to the KD’s restrictiveness, patients often find it difficult to maintain on
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the diet for extended periods of time. For example, a KD patient who wants to maintain ketosis
with a caloric intake of 2000 calories per day needs to consume no more than 50g of
carbohydrates per day. A plain bagel equates to 48g of carbohydrates. Because of this
restrictiveness, adults are 50% compliant with KD therapy, seeing successful treatment rates of
approximately 30% (Henderson et al., 2006; Klein et al., 2010). Children placed on KD therapy
see closer to 90% compliance and successful treatment rates of approximately 40% (Ye, Li,
Jiang, Sun, & Liu, 2015). The KD has taken on the role of a niche treatment for certain epilepsy
syndromes, including Dravet, Rett, and Lennox-Gastaut syndromes, where it has seen
marginally better success rates for reducing seizures (D’Andrea Meira et al., 2019). Exactly how
the KD is effective for treating seizures and why it may be more effective for certain individuals
over others remains unclear.

Several different mechanisms of action have been proposed, and there are possibly
multiple pathways through which the KD works to reduce seizures. Elevated levels of ketone
bodies BHBA and acetoacetate, and decreased glucose are hallmarks of the KD’s global
metabolic effects to increase fatty acid oxidation. As such, the theory that ketone bodies may
directly mediate the anti-seizure effects of the KD has been actively pursued, with mixed results
in animal models (Kim et al., 2015; Likhodii et al., 2003). Positive results have linked ketone
bodies to the modulation of ATP-sensitive potassium channels and neurotransmitter release as
a mechanism for seizure reduction (Gasior, Hartman, & Rogawski, 2008; Ma, Berg, & Yellen,
2007; Rho, 2017). However, these are balanced by some studies showing no striking effects of
ketone bodies on seizure severity and frequency (Chang et al., 2016; Likhodii et al., 2000).

The KD has also been proposed to confer anti-seizure effects through alterations in
neuronal metabolism and mitochondrial activity. Distinct from direct effects of ketone bodies,
some studies propose that it is the glucose restriction that protects against seizures. Glucose is
transported across the blood brain barrier (BBB) as a key neuronal precursor for

neurotransmitter synthesis and ATP to fuel neuronal activity (Greene, Todorova, & Seyfried,
17



2003). The KD reduces global glucose levels, reducing its bioavailability for neurons in the
brain. Studies in animal models have shown the anti-seizure properties of the KD can be
abolished with glucose supplementation (Huttenlocher, 1976) and that administration of 2-
deoxy-D-glucose, a glycolysis inhibitor, similarly decreases seizure susceptibility (Garriga-Canut
et al., 2006). The KD also increases mitochondrial biogenesis and mitochondrial energy
reserves in the brain (Devivo, Leckie, Ferrendelli, & McDougal, 1978). This elevates available
ATP and ATP-sensitive potassium channel (KATP) function while decreasing neuronal
excitability (Bough et al., 2006). As such, the KD may promote seizure protection by limiting the
bioavailability of glucose and altering mitochondrial function to a state attenuates seizures.

Beyond core theories regarding ketone body production and glucose restriction, several
additional hypotheses exist for the KD. For example, amino acid modulation could also play a
role, as the KD is reported to increase levels of GABA in the CFS of epilepsy patients (Wang et
al., 2003). KD-induced reductions in levels of aspartate may help to promote GABA synthesis by
enhancing glutamate decarboxylase function and facilitating astrocyte conversion of excitatory
glutamate to glutamine (Yudkoff, Daikhin, Horyn, Nissim, & Nissim, 2008). In addition, epilepsy
has been linked to inflammatory cytokine production, with some evidence suggesting that the
KD promotes immunosuppression, reducing IL-18 and other related pro-inflammatory cytokines
(Dupuis, Curatolo, Benoist, & Auvin, 2015). Overall, several pathways have been proposed to
be important for the KD but the exact mechanism how the diet protects against seizures
remains unclear. More research is needed to close this gap and drive the development of more
effective KD-based therapies for refractory epilepsy.

The medium-chain triglyceride KD (MCT-KD) is an alternative to the conventional KD
used to treat both children and adults with refractory epilepsy with approximately the same
success rate (Martin, Jackson, Levy, & Cooper, 2016; Ye et al., 2015). The MCT-KD differs from
the conventional KD consisting of long-chain fats that provide 60-80% of dietary energy, are

replaced with medium-chain fats, providing closer to 45% of dietary energy (Augustin et al.,
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2018). This allows a more attractive option as a dietary intervention for epilepsy as it has less
restrictive on carbohydrate consumption than classical KD. Ketone body biosynthesis with the
MCT-KD is more metabolically efficient because of the increased number of ingested shorter-
chained fatty acids. In addition to the mechanisms suggested for the conventional KD (Augustin
et al., 2018; Bough et al., 2006; Devivo et al., 1978; Wang et al., 2003), MCT-KD has also been
theorized to control seizures through the increase of MCTs specifically. Decanoic acid has been
linked to seizure control through inhibition of glutamate receptors (Chang et al., 2016; Citraro et
al., 2021). Octanoic acid is also reported to modulate seizures indirectly through adenosine
receptors (Chang et al., 2016; Tan, Carrasco-Pozo, McDonald, Puchowicz, & Borges, 2017;
Wlaz" et al., 2012).

Polyunsaturated fatty acids are another subgroup of fatty acids with purported anti-
seizure effects. The polyunsaturated fatty acid KD (PUFA-KD) differs from the conventional KD,
switching out the traditional saturated fatty acids for PUFAs such as peanut oil, sunflower oll,
butter, or cream to better control seizures. In a study done in Mumbai, India including 50
patients (ages 10months to 35years old) previously on conventional KD and not showing further
seizure reduction, were switched to PUFA-KD (Nathan, Bailur, Datay, Sharma, & Khedekar
Kale, 2019). It was reported that 88% of participants had a>50% reduction in seizure frequency
after 12months, a significantly increased success rate compared to the conventional KD
(Nathan et al., 2019). It is purported that the PUFA-KD through alterations in omega-6 and
omega-3 fatty acids levels and proinflammatory cytokine production. An out of balance omega-6
to omega-3 fatty acid ratio has been linked to increased glutamate production, while increased
levels of omega-3 fatty acids are linked to increased levels of GABA (Simopoulos, 2002; Taha,
Burnham, & Auvin, 2010).

Lastly, the modified Atkins diet (MAD) is another common variation of the conventional
KD commonly used to treat refractory epilepsy patients. MAD is a less stringent diet, which is its

main advantage over the conventional KD. While on MAD, carbohydrate intake is initially
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confined to 10g per day combined with unrestricted intake of calories, fats, and protein. Overall,
MAD has been shown to have similar successful treatment rates to the conventional KD across
several studies in both children and has been suggested to operate analogously to the
conventional KD to provide its anti-seizure effects (Miranda, Mortensen, Povisen, Nielsen, &
Beniczky, 2011; Poorshiri et al., 2021; Porta et al., 2009). Like the conventional KD, several
mechanisms of action have been suggested through which the MCT-KD, PUFA-KD, or MAD act
to control seizures. However exactly how these alternative diets to the conventional KD provide

their anti-seizure effects remains unclear.

4. Ketogenic diet impact on epilepsy via gut microbiome

The gut microbiome is shaped by diet and plays an important role in mediating the
effects of diet on host physiology. Evidence is emerging for interactions between the gut
microbiome and the KD in epilepsy, following the idea that KD-induced changes in the
microbiome may contribute to the seizure protective effects of the diet (Lum et al., 2020).
Notably, this hypothesis that the microbiome may mediate seizure protection in response to the
KD is distinct from the notion that the microbiome could contribute to epileptogenesis, for which
evidence is as yet limited (Fig. 2.1).

Animal studies have provided proof-of-concept that the microbiome could promote
seizure protection. In the 6-Hz model of acute electrically induced seizures, mice fed the KD
exhibited increased seizure resistance compared to controls fed a vitamin and mineral matched
control diet (Olson et al., 2018). However, mice germ-free or treated with antibiotics to deplete
the microbiota failed show increased seizure resistance, indicating that the microbiome is
necessary for the anti-seizure effects of the KD. This was similarly seen in the Kcnal -/- mouse
model of sudden unexpected death in epilepsy (SUDEP), where mice treated with the KD
displayed decreased frequency and duration of seizures, but treatment with antibiotics

abrogated this effect. When KD was administered to mice, the gut microbiota composition was
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altered, decreasing a-diversity and increasing relative abundances of Akkermansia muciniphila
and Parabacteroides spp. Transplantation of the KD-associated microbiota into naive mice fed
the control diet, or treatment with select KD-associated bacterial taxa, sufficiently conferred
seizure protection, further suggesting that the gut microbiota contributes to the anti-seizure
effects of the KD in the 6-Hz and Kcnal -/- mouse models for refractory epilepsy. The KD-
associated microbiota was shown to reduce gamma-glutamylation of ketogenic amino acids in
the intestinal lumen and serum, and to correlate with increases in bulk GABA relative to
glutamate in the hippocampus.

Overall, this initial study implicates the gut microbiota in mediating the anti-seizure
effects of the KD in mice. Similarly, in a mouse model with Scnla gene deficiency for Dravet
syndrome, increases in Clostridium and decreased Romboutsia correlated with seizure severity.
KD treatment shifted the microbiome by increasing Bacillota and decreasing Bacteroidota,
which was correlated with reduced frequency and duration of motor seizures (Miljanovic &
Potschka, 2021). In a rat model of infantile spasms, antibiotic treatment to deplete the gut
microbiota improved the effectiveness of KD. In addition, a fecal transplant from KD treated
animals into mice fed a conventional diet was effective at mitigating spasms (Muet al., 2022).
Additional experiments in animals and humans are warranted to investigate effects of the KD on

the gut microbiota and potential roles for the gut microbiota in the KD.

4.1 Ketogenic diet on the composition of the gut microbiota in epilepsy

A few recent human studies have begun to report associations of the clinical KD with
alterations in the composition of the gut microbiota in epileptic individuals (Lindefeldt et al.,
2019; Peng et al., 2018; Tagliabue et al., 2017; Xie et al., 2017; Zhang et al., 2018). Several
studies of children with refractory epilepsy similarly reported that the KD increased relative
abundance of Bacteroidota and decreased relative abundance of Bacillota and Actinomycetota

(Lindefeldt et al., 2019; Xie et al., 2017; Zhang et al., 2018). Interestingly, this general pattern
21



was seen regardless of the effectiveness of the diet against seizures or the dietary fat to
carbohydrate ratio. Three months of KD treatment in epileptic children ages 2—-17, where the KD
ratio ranged from 3:1 to 4:1, consistently decreased the relative abundance of Actinomycetota,
particularly of the members Bifidobacterium longum and Bifidobacterium adolescentis, in the
stool microbiota (Lindefeldt et al., 2019). In another pediatric cohort, 14 patients with refractory
epilepsy aged 1-4years old showed significantly increased Bacteroides after 1week of 2:1 KD
therapy (Xie et al., 2017). Similarly, 6months of treatment with the 4:1 KD in 20 epilepsy
patients, aged 1-10years, was associated with increased relative abundance of Bacteroidota,
and decreased Bacillota and Actinomycetota (Zhang et al., 2018). In addition, 6months of KD
treatment (standard protocol by Zeneca, ratio was not indicated) on children ages 2—-8 with drug
resistant epilepsy was correlated with decreases in Bifidobacterium, Akkermansia, Actinomyces
and Enterococcaceae, though they did not reach statistical significance when compared to the
pre-treatment internal controls (Gong et al., 2021).

While there are some similarities in reported results across independent studies, there
are also many differences. In human studies conducted with epileptic children, there were only
modest decreases in the a-diversity in KD treated individuals, but changes were not statistically
significant (Gong et al., 2021; Lindefeldt et al., 2019; Xie et al., 2017; Zhang et al., 2018). This
contrasts studies in mice, where the KD substantially decreased a-diversity compared to
controls (Olson et al., 2018). However, in dogs with idiopathic epilepsy, the MCT-KD increased
a-diversity compared to baseline diet (Pilla et al., 2020). In addition, despite the similar reports
of KD-associated changes in the phylum composition of the microbiota, the specific changes
varied greatly at more resolved taxonomic levels. Differential results could be due, at least in
part, to heterogeneity in KD regimen, variability in initial microbiome state, differences in patient
demographics and medical history, among other relevant variables. Differences in sequencing
approach and analysis could also contribute. Metagenomic sequencing of the fecal microbiota

revealed that 3 months of KD (3:1 to 4:1) in therapy resistant epileptic children aged 2-17 was
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linked with increased Pseudomonadota (E. coli) and reduced Eubacterium rectale and Dialister
(Lindefeldt et al., 2019). In contrast, another study of 14 epileptic infants aged 1-4 who were
treated for 1 week with the clinical KD reported diminished levels of Pseudomonadota as
measured by 16S rRNA gene sequencing (Xie et al., 2017). Increased Prevotella and
decreased Coronobacter, Erysipelatoclostridium, Streptococcus, Alistipes, Ruminiclostridium,
Barnesiella and Enterococcus were also reported. Overall, the inconsistencies in KD-associated
changes in the composition gut microbiota at species and genus level point to the need to better
evaluate factors that could contribute to the variability. Even in healthy individuals the diversity
and the abundance of the gut microbiota vary widely, however, the metagenomic carriage stays
more stable among individuals despite the variations in community structure (The Human
Microbiome Project Consortium, 2012). Therefore, such dietary perturbations call for
characterization of metabolic and functional output.

One consideration is whether patient responsiveness to the KD may correlate with the
microbiome, and if so, whether the microbiome could serve as a biomarker to identify those
subsets of epileptic individuals who would benefit from the KD. The microbiota studies to date
have included cohorts of epileptic patients that varied in their responsiveness to the KD, ranging
from no improvement to >50% seizure reduction or even complete absence of seizures, while
many of the studies did not evaluate microbiota signatures in responders vs non-responders, a
few reported some differences. Among 20 patients subjected to the 4:1 KD for 6months,
compared to 10 patients with at least 50% seizure reduction, the non/low-responders (<50%
reduction) had significantly increased relative abundances of Clostridiales, Clostridia,
Ruminococcaceae, Lachnospiraceae, Alistipes, and Rikenellaceae (Zhang et al., 2018). In
another study, epileptic patients who had positive responses to KD treatment after 6months
exhibited modest elevations in the relative abundances of Eubacterium and Dialister relative to

those who showed poor response to the KD (Gong et al., 2021).

23



KD-associated taxonomic changes in the microbiota might also be influenced by seizure
etiology. Glucose transporter 1 (GLUT1) deficiency syndrome is an early-onset childhood
epileptic encephalopathy caused by impaired glucose transport across the BBB. This
malfunction largely originates from mutations in the SLC2A1 gene encoding GLUTL1. The KD
can effectively treat seizures in individuals with this syndrome (Klepper, 2012). Six patients
(three females and three males, aged 8—34years) with GLUT1 deficiency syndrome were
subjected to the KD for 3months, gradually increased from 1:1 to 4:1. After 90 days of
treatment, KD-treated patients showed microbiota profiles with statistically significant increases
in Desulfovibrio (Tagliabue et al., 2017). Notably, this signature was not observed in other
human epilepsy studies of the gut microbiota and KD. In another study of KD-responsive
epileptic patients with mutations occurring in the genes SCN1A, NOTCH3, and CDKLS5,
increases in Tannerella, Sulfurosprillum and Parabacteroides were reported (Gong et al., 2021).
In contrast, patients without these genetic mutations showed an increase in Hungatella after KD
treatment (Gong et al., 2021).

Some studies are beginning to assess the hypothesis that the effectiveness of KD
treatments on epilepsy could be enhanced by prebiotics and/or probiotics. In a mouse model of
pentylenetetrazol (PTZ)-induced seizures, co-treatment of the KD together with the probiotic
Lactobacillus fermentum maintained KD-associated reductions in seizure susceptibility, while
also preventing some KD-associated changes in serum lipid profiles and reductions in tight
junction protein expression in the BBB. Probiotic treatment was associated with reductions in
relative levels of Bacteroidota and increases in Bacillota and Defferibacteres (Eor, Tan, Son,
Kwak, & Kim, 2021). In particular, KD treatment was associated with lower abundance of
Actinomycetota and elevated Bacteroides which was prevented by co-treatment with L.
fermentum. In a separate study of the PTZ seizure model, mice were fed the 4:1 KD for 8weeks,
together with L. fermentum MSK 408 and the prebiotic galactooligosaccharide (GOS) (Eor, Son,

et al., 2021). Both the KD and co-treatment with synbiotics similarly reduced seizure
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susceptibility and the diversity of the gut microbiota, with increases in Bacillota relative to
Bacteroidota. This is in contrast with results observed in human studies, where KD was
frequently associated with elevations in Bacteroidota. In the same study, Acetatifactor,
Anaerotaenia, Escherichia, Flintibacter, Oscillibacter, and Erysipelatoclostridium were
significantly higher in KD-treated animals. Notably, while synbiotic treatment had no added
effect on KD-induced seizure protection, treatment of mice fed a control diet with the synbiotic
sufficiently reduced seizure susceptibility. Together, these animal studies suggest that
microbiota-targeted interventions could diminish particular side-effects of the KD and potentially
confer seizure protection. More research is needed to further test these ideas in animal models

and in human studies.

4.2 Ketogenic diet on the function of the gut microbiome in epilepsy

The limited consistency in microbiota composition across epileptic patients treated with
the clinical KD is not surprising considering the heterogeneity of the disorder, the variability in
even the healthy human microbiota, the differences in specific nutritional content of the KD, and
the several additional technical, medical and lifestyle factors that shape microbial taxonomic
profiles. Increasing evidence of functional redundancy across different microbial taxa suggests
that common functional signatures could be identified despite variations in taxonomic
composition (The Human Microbiome Project Consortium, 2012). In a study that employed
metagenomic sequencing of the gut microbiota of 12 children with severe epilepsy that were
treated for 3months with the KD, 29 gene clusters significantly associated with the KD
(Lindefeldt et al., 2019). In particular, increases genes related to the hemin transport system
and succinate dehydrogenase (which includes fumarate reductase subunits) were elevated with
KD treatment, which correlated with E. coli and Bacteroides, as well as Eggerthella lenta,
respectively (Lindefeldt et al., 2019). Notably, 26 of the 29 altered subsystems diminished with

the KD treatment and seven of them were relevant to carbohydrate metabolism, which aligns
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with the carbohydrate restriction in the KD. In contrast to these results from a human epilepsy
cohort, 4 weeks of KD treatment in the PTZ seizure mouse model yielded microbiomes with
inferred enrichment of genes related to mTOR signaling, starch and sucrose metabolism, and
PPAR signaling and decreases in genes related to energy production (Eor, Tan, et al., 2021). In
particular, the mTOR signaling pathway has gained attention in epilepsy due to its ability to
regulate nutrient availability, cell growth, and energy metabolism in response to the KD in rats
(Liu et al., 2020; McDaniel, Rensing, Thio, Yamada, & Wong, 2011). The mTOR signaling
pathway is also linked to gut microbial metabolism and immunoregulation (Noureldein & Eid,
2018). Moreover, following L. fermentum administration in KD-treated PTZ mice, the gut
microbiota exhibited inferred enrichment of genes related to the TCA cycle and ketone body
synthesis, when compared to that from PTZ mice treated with KD alone and increased microbial
genes related to propionate metabolism, PPAR signaling, and pyruvate metabolism compared
to PTZ mice with normal diet and same probiotic control (Eor, Tan, et al., 2021). Pathways
related to PPAR signaling could be relevant due to prior links to anti-inflammatory activity in the
hippocampus of a mouse model for epilepsy (Noureldein & Eid, 2018).

Beyond metagenomic profiling and inferred metagenomic assessments based on
taxonomic sequencing data, some microbially modulated metabolites have been implicated as
the intermediates in KD-associated host-microbiome interactions (Krautkramer, Fan, &
Béackhed, 2020). SCFAs produced from microbial metabolism of carbohydrates in the gut is of
interest due to their potential mediating role in gut microbiota—brain communication (Dalile, Van
Oudenhove, Vervliet, & Verbeke, 2019; Koh, De Vadder, Kovatcheva-Datchary, & Backhed,
2016). Children with drug resistant epilepsy prior to KD treatment showed a reduced total SCFA
content compared to healthy controls (Gong et al., 2021). Although there were no significant
differences between prior to KD and after KD groups, the levels of butyric acid from the KD
responders were higher compared to non-responders. In contrast, 1 month of treatment with KD

(4:1) in 7 epileptic patients (ages 2—46) was associated with significantly decreased total
26



SCFAs, including acetate, butyrate, propionate and isobutyrate, in feces (Ferraris et al., 2021).
In the PTZ seizure mouse model, SCFAs were significantly lower in KD-treated mice compared
to controls (Eor, Tan, et al., 2021). Concurrent treatment of KD with L. fermentum increased
acetate and isobutyrate concentrations compared to control treated with KD alone (Eor, Tan, et
al., 2021). In a follow-up study, select SCFAs also decreased with KD treatment (Eor, Son, et
al., 2021).

Another approach to examine functional outcomes of the gut microbiome is to identify
microbiome-dependent metabolomic alterations. While research is needed to determine effects
of the KD on microbiome dependent metabolites in refractory epilepsy, some studies in animal
models begin to highlight metabolites of interest. In the study of dogs with idiopathic epilepsy,
LC-MS analysis of fecal metabolites revealed increases in classes of long chain triglycerides
(LCT) that were associated with KD treatment, as well as 17 unidentified metabolic features that
were significantly increased in both MCT and KD treatment compared to typical diet controls
(Pilla et al., 2020). This suggests that the KD regardless of type of oil formulation involved may
be able to induce shared metabolic responses in epileptic animals. Furthermore, in mice,
random forest analysis of metabolomic profiles revealed 30 microbiome-dependent metabolites
in intestinal contents and serum that were predictive of seizure protection with >90% accuracy.
Notably, many metabolites were relevant to amino acid metabolism, including derivatives of
lysine, tyrosine, and threonine (Olson et al., 2018). Widespread decreases in subsets of
ketogenic gamma-glutamylated amino acids were observed in both colonic luminal contents and
sera from seizure-protected mice compared to seizure susceptible mice. Gamma glutamylated
(GG) amino acids were previously implicated in the KD as sources that modulate GABA-
glutamate metabolism in the brain (Calderén, Betancourt, Hernandez, & Rada, 2017). Overall,
emerging studies in humans and animal models point to a potential for the gut microbiome to be
modified by the KD and to in turn, contribute to alterations in host physiology and seizure

susceptibility. However, the current studies are few, of limited sample size, and variable in
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results. Additional well-controlled and -powered studies are required to interrogate potential

interactions between the microbiome and KD in epilepsy.

4.3 Ketogenic diet on the gut microbiome in other diseases

Beyond epilepsy, the KD is increasingly being explored for its fundamental effects on
host physiology and for its potential to modify risk for symptoms other metabolic, neurological,
neurodevelopmental and neurodegenerative diseases. In a study of 33 obese patients enrolled
in a weight loss program, treatment with a low calorie KD (2 months with very low calorie KD
followed by 2 months of low calorie diet) significantly increased microbial diversity by the end of
the dietary intervention (Gutiérrez-Repiso et al., 2019), with reductions in Pseudomonadota and
increases in Bacillota. At the family level, Enterobacteriaceae, Sinobacteraceae, and
Comamonadacea decreased, while the abundance of Ruminococcaceae and Mogibacteriaceae
increased. At the genus level, a reduction in Serratia, Erwinia, and Citrobacter abundance was
reported, while an increase in Oscillospira and Butyricimonas abundance was observed. In
contrast, 17 obese men between the ages of 18-50 years followed a KD for 4 weeks (Ang et al.,
2020). KD was associated with increases in Bacteroides and decreases in Actinomycetota and
Bacillota. Bifidobacterium showed the greatest decrease in response to KD while no differences
in SCFAs were detected in this human cohort. This is consistent with a mouse study reporting
that the KD decreased the abundance of Bifidobacterium. Although the reduction might be
concerning due to reported beneficial effects of Bifidobacterium in the human gut (O’Callaghan
& van Sinderen, 2016), this shift is not surprising given the propensity for Bifidobacteria to rely
on carbohydrates metabolism for growth (Milani et al., 2015). In addition, a recent study
reported that the ketone body BHBA selectively inhibits bifidobacterial growth, which results in
diminished levels of intestinal pro-inflammatory Th17 cells (Ang et al., 2020). Whether these
ketone body- and microbiota-driven reductions in intestinal inflammation could play a role in the

anti-seizure effects of the KD remains unclear (Agirman, Yu, & Hsiao, 2021). However, there is
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some evidence that metabolites that are reduced by the KD (Heischmann et al., 2018) and
correlated with lower seizure frequency (Zarnowska, 2020) could play a role in the immune
response (Cervenka, Agudelo, & Ruas, 2017).

One study evaluated effects of a 6-month treatment with the 1:5:1 (protein:fat:carbs) KD
on the fecal microbiota of 25 patients with multiple sclerosis (MS) compared with 14 healthy
controls (Swidsinski et al., 2017). Total bacterial loads measured in the fecal microbiota of MS
patients were initially decreased upon initiation of the KD, with notable restorations to levels
seen in healthy controls beginning at 12 weeks and by week 23-24 of KD treatment. Notably,
the KD was associated with decreases in the relative abundance of Akkermansia, with contrasts
reported effects of the KD in healthy humans (Ang et al., 2020) and epilepsy mouse models
(Olson et al., 2018). In a study of 11 individuals diagnosed with cognitive impairment (MCI) and
6 controls with normal cognitive balance 6weeks of treatment with the Mediterranean ketogenic
diet (MMKD) (Nagpal, Neth, Wang, Craft, & Yadav, 2019) yielded no notable differences in a- or
B-diversity between fecal microbiota from MCI compared to controls. Regardless of the cognitive
status, the MMKD was associated with increased relative abundances of Enterobacteriaceae,
Akkermansia, Slackia, Christensenellaceae and Erysipelotriaceae and reductions in
Bifidobacterium and Lachnobacterium. Inferred metagenomic analysis of the gut microbiota
revealed that MMKD treatment was correlated with decreases in microbial gene families said to
be related to Alzheimer’s disease, diabetes, bacterial toxins and carbohydrate metabolism and
increases in gene pathways related to lipid metabolism and steroid biosynthesis.

In young healthy mice, aged 12-14weeks, 16weeks of KD treatment decreased
microbial diversity and shifted community composition relative to standard diet controls (Ma et
al., 2018). KD-treated mice had significant increases in the relative abundances of A.
muciniphila and Lactobacillus and decreases in Clostridium and Dorea. Desulfovibrio and
Turicibacter were also significantly and substantially lower in KD-treated mice. In the mouse

strain BTBR, which is used to study social behavioral deficits relevant to autism spectrum
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disorder, mice were fed a standard chow or KD for 10—14days (Newell et al., 2016). The KD
was associated with decreases in A. muciniphila, Methanobrevibacter, and Roseburia in cecal
samples and decreased A. muciniphila, Enterobacteriaceae, and Lactobacillus in fecal samples.
In another study with that compared KD treatment of C57BL/6 vs BTBR (Klein et al., 2016), the
KD similarly reduced a-diversity of the fecal microbiota in both mouse lines, with shared
taxonomic alterations that led the authors to conclude that the KD rather than the mouse genetic
background was the primary driver for microbial responses. In a study of mice exposed to
hypoxia-induced cognitive impairment, the KD was associated with reductions in the relative
abundance of Clostridium cocleatum and increases in Bilophila (Olson et al., 2021). These
changes were only seen in mice exposed to hypoxia and on the KD. Altogether these studies
reveal the potential context-specificity of microbial responses to the KD, that depend on

genotype and exposure to environmental changes, among many other potential factors.

5. Potential mechanisms for microbial interactions with the ketogenic diet
5.1 Microbial effects on host lipid biology

Studies using gnotobiotic animals reveal that the gut microbiome fundamentally
regulates lipid biology in the host. In comparing mice reared with a conventional microbiome or
with those reared germ-free, the presence of gut microbes elevated levels of hydroxy fatty acids
in plasma, small intestine, and colon (Kishino et al., 2013). Similarly, gut microbes modified
lipids profiles, including phosphatidylcholines and triglycerides, in the serum, liver and adipose
tissue (Velagapudi et al., 2010). Consistent with this, germ free mice transplanted with
microbiota from aged mice showed elevated brain phospholipids and monounsaturated fatty
acids (MUFASs), with reduced cholesterol and PUFAs, compared to mice transplanted with
microbiota from young mice (Albouery et al., 2020). In a separate study, the gut microbiota
promoted the synthesis of MUFASs by stearoyl-CoA desaturase 1 and the elongation of PUFAs

by fatty acid elongase 5 in the liver and plasma (Kindt et al., 2018). These studies reveal
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fundamental roles for the gut microbiome in regulating host lipid profiles in the blood, liver, and
brain.

Microbial effects on host lipid profiles may be due to their ability to modulate the
metabolism of dietary lipids (Fig. 2.2). In mice fed a high lard diet, for example, the gut
microbiota was required for mediating dietary effects on hepatic triglyceride levels and the
development of fatty livers (Just et al., 2018). In addition, mice treated with dietary conjugated
linoleic acids exhibited increased levels of Bacteroidota and decreased levels of Bacillota, with
elevated microbial production of SCFAs (Marques et al., 2015). The ability of gut microbes to
regulate bile acids and SCFAs (Schoeler & Caesar, 2019) could have important implications for
diets like the KD, that are based on alterations in dietary fat and carbohydrates (Fig. 2.2).

Many studies indicate that gut microbes respond to bile acids, modify levels of bile acids,
and biotransform bile acids in ways that impact host lipid biology. Bile acids emulsify fat to
enable lipid absorption in the small intestine. In mice fed high fat diets containing lard and palm
oil, supplementation with bile acids increased weight gain, independently of the fat source (Just
et al., 2018). Treatment with bile acids altered the gut microbiota, with increases in
Desulfovibrionaceae, Clostridium lactatifermentans and Flintibacter butyricus, and decreases in
Lachnospiraceae. Most bile acids are reabsorbed and recirculated to the liver, but bacterially
mediated deconjugation of glycine- or taurine-conjugated bile acids reduce their reabsorption.
Deconjugated bile acids can be further metabolized to secondary bile acids through
dehydrogenation, dehydroxylation, and epimerization by gut bacteria (Wahlstrém, Sayin,
Marschall, & Backhed, 2016). In the host, bile acids also act as signaling molecules for glucose
and lipid metabolism, by interacting with host bile acid receptors, such as nuclear receptors
farnesoid-X-receptor (FXR) and cell membrane receptor Takeda G protein-coupled receptor 5
(TGR5) (Li & Chiang, 2014). Thus, the ability of the gut microbiota to regulate host levels and
profiles of specific bile acid species can impact not only lipid absorption, but downstream

physiologies that are dependent on bile acid signaling (Yu, Raka, & Adeli, 2019).
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SCFAs are the microbial end products from dietary fiber fermentation and play important
roles in wide variety of metabolic processes, such as regulation of energy intake, energy
harvest, glucose metabolism, lipid metabolism, and adipogenesis, as well as pathophysiology of
obesity and related metabolic disorders (Koh et al., 2016). The microbial derived SCFA acetate
serves as a precursor for the hepatic synthesis of C16 and C18 fatty acids in mice fed a
standard chow diet containing 5% dietary fiber for 2weeks (Kindt et al., 2018). This was not
observed when fiber was replaced with the unfermentable fiber cellulose, indicating a key role
for microbial fiber fermentation in regulating host fatty acid synthesis. In addition, the microbial
derived SCFAs butyrate and propionate have been shown to activate PPARY in vitro (Alex et al.,
2013). Consistent with this, dietary butyrate supplementation induced the activation of PPARy
and promoted lipid-mediated energy expenditure in mice fed with high fat diet (Gao et al., 2009).
Notably, since many dietary fibers are unfermentable by the host and cannot be directly used as
an energy source, they are often discounted as carbohydrates in clinical KD regimen (Rebecca,
2016). Given that the amount of fiber included in the KD treatment will differentially affect
microbial metabolism, the production of SCFAs, and downstream consequences on host lipid
metabolism, greater attention is needed to consider relative content of host non-fermentable

fibers relative to host fermentable fibers and simple sugars in the diet.

5.2 Microbiome responses to variations in dietary fat content and type

Microbiome-dependent effects of dietary lipids on host physiology are influenced by both
the amount and the type of the fat used in the diet (Mokkala, Houttu, Cansev, & Laitinen, 2020)
(Fig. 2.2). The composition of gut microbiota differs across mice fed the high fat high sugar diet
(HFD), the ketogenic diet, or the low-fat diet. In a study of mice fed the following diets for
Sweeks: (i) ketogenic diet type 1 (KDR, caloric ratio of 89.5% fat, 0.1% carbohydrate, and
10.4% protein), (ii) control normal chow of KDR (NCR, caloric ratio of 10% fat, 70%

carbohydrate, and 20% protein), (iii) ketogenic diet type 2 (KDH, caloric ratio of 91.3% fat, 1%
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carbohydrate, and 7.7% protein), and (iv) control normal chow of KDH (NCH, caloric ratio of
15.5% fat, 64.5% carbohydrate, and 20% protein), 16S rRNA gene sequencing showed that the
richness and diversity of the gut microbiota was significantly increased in KDH mice but not in
KDR mice compared to their respective control groups (Li et al., 2021). Both KDs increased
Ruminococcaceae, Intestinimonas, and Lachnospiraceae. However, these changes were not
observed in human cohort studies (Lindefeldt et al., 2019; Peng et al., 2018; Tagliabue et al.,
2017; Xie et al., 2017; Zhang et al., 2018). This highlights the need to evaluate whether there
are shared functional changes in the microbiome across animal and human studies. In addition
to alterations in microbial composition, the KDR but nhot KDH induced insulin resistance and
damaged glucose homeostasis, while KDH increased fat accumulation in mice. The microbial
derived tryptophan metabolites 1H-indole-3-propanoic acid (IPA) and indole acetic acid (IAA)
were decreased in the KDR and KDH mice, respectively, and were negatively correlated with
lipid accumulation. Furthermore, the microbial metabolite trans-2-hydroxycinnamic acid, which
was elevated only in KDR mice, was positively correlated with glucose intolerance, while the
SCFA isobutyrate, which was reduced in KDH mice, was negatively correlated with lipid
accumulation.

Furthermore, a customized KD with the same proportions of fat as KDR and the same
sources of fat as KDH was tested to evaluate the influences of sources and proportions of fat on
the metabolic phenotypes in mice. 14 bacteria taxa were affected by the sources and
proportions of fat in the two kinds of KD and linked to alterations in lipid metabolism (Li et al.,
2021). Microbial alterations in response to the KDs also led to functional changes in the host,
including decreased tryptophan metabolites and SCFAs, and increased deoxycholic acid. KDR
mice had significantly higher deoxycholic acid and chenodeoxycholate levels than the KDH
mice, suggesting that the differences in levels of these two bile acids may be due to the different

fat sources in the KD.
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Other diet studies indicate that fat type differentially affects the composition of the gut
microbiome. Diets high in saturated fatty acids reduced the diversity and richness of the gut
microbiota (Caesar, Tremaroli, Kovatcheva-Datchary, Cani, & Backhed, 2015; Devkota et al.,
2012), whereas diets high in unsaturated fatty acids exerted the opposite effect (Patterson et al.,
2014). In particular, consumption of a diet high in saturated (milk-derived) fat, but not
polyunsaturated (safflower oil) fat, led to enrichment of a low-abundance, sulfite-reducing
pathobiont, Bilophila wadsworthia (Devkota et al., 2012). This was associated with a pro-
inflammatory T helper type 1 immune response and increased severity of colitis in genetically
susceptible 1110 -/- mice. Milk-derived fat promoted the taurine conjugation of hepatic bile acids
which increased the availability of sulfur for B. wadsworthia. Furthermore, mice fed high fat diets
comprised of omega-3 PUFAs showed a different microbial composition than mice saturated
HFD or omega-6 PUFA diet (Lam et al., 2015). Hydrogen sulfide-producing bacteria (Bilophila)
were one of the major groups driving the diet-specific changes in the gut microbiome, with the
overall microbial profile being associated with changes in body weight, HOMA-IR, and gut
permeability. Besides the saturation levels, the source of the saturated fat (e.g., from lard vs
palm oil) differentially alters microbial compaosition and lipid metabolism (Just et al., 2018). A
study of mice fed with either lard or fish oil reported that fat source explained about 24% of the
variability in microbiota composition (Caesar et al., 2015). TLR2 and TLR4 were activated by
sera from mice fed lard, suggesting that a lard-based diet promotes the influx of microbial
antigens into the systemic circulation to drives the inflammatory signatures seen in white
adipose tissue (Caesar et al., 2015). Overall, these findings reveal that the specific amounts,
sources, and types of fats included in the diet differentially alter the gut microbiome in ways that
lead to varied host metabolic and immune outcomes. This highlights the importance of
evaluating the effects of specific dietary fats on seizure protection and the gut microbiota in

response to clinical KD treatments.
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6. Conclusion

The gut microbiome has ability to modify brain activity, behavior, and the severity of
symptoms related to a variety of neurological diseases. At the same time, diet is a major
determinant of the composition and function of the gut microbiome, with the potential to shape
host physiology in ways that depend upon the gut microbiome. These core principles are
beginning to be supported by findings from animal studies that implicate the gut microbiome in
mediating the anti-seizure effects of KD. More work is needed to extend and validate these
animal studies, and to advance translational research that evaluates interactions between the
human gut microbiome and clinical KD treatment in refractory epilepsy. Such studies are made
challenging by the complexity and heterogeneity of the gut microbiome, refractory epilepsy, and
the clinical KD regimens. Exactly what constitutes a “healthy” microbiome is poorly understood,
and emerging research suggests that the definition will vary from individual to individual. As
such, prospective and longitudinal studies in epileptic patients and well-matched controls before
and during dietary treatment are needed to account for baseline and aging-dependent variations
in microbiome composition and function. While the KD is widely implemented as a clinical
treatment for refractory epilepsy, patient responsiveness to KD treatment varies greatly. This is
likely due, at least in part, to the substantial heterogeneity in underlying causes and subtypes of
refractory epilepsy, as well as variations in medical history, including anti-epileptic drug
treatment. Large studies are needed that include clearly defined cohorts of refractory epilepsy
and that account for the many confounding medical and lifestyle factors that have the potential
to impact the gut microbiome. The study design, results, and interpretation may also be
influenced by the specific type of clinical KD tested (e.g., classical KD, modified KD, MCT,
Modified Atkins, low glycemic index), the administered dietary ratios, and the specific macro-
and micro-nutritional composition of the individual meal plans. Fundamental research is needed

to advance understanding of how specific gut microbes respond to, metabolize, and transform
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specific dietary components, toward developing predictive tools for using diet to modify the
microbiome to achieve targeted functions.

Overall, understanding the mechanistic underpinnings of microbial interactions with the
clinical KD will inform the prospect of identifying targeted, personalized, and efficacious

approaches for treating refractory epilepsy.
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Figures and Tables:

Dysbiosis of the microbiome
as a risk factor for epilepsy

2

Fig. 2.1 Potential roles for the gut microbiome in epilepsy. There are many distinct and
potentially overlapping ways by which the microbiome could contribute to epilepsy. Dysbiosis in
the microbiome could contribute to the pathogenesis or manifestation of epilepsy. The
microbiome or changes in the microbiome could contribute to the antiseizure effects of
therapeutic treatment, for example with the ketogenic diet. Variations in the gut microbiome

could serve as biomarkers for whether a patient responds vs fails to respond to a particular
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Fig. 2.2 Nuances of clinical ketogenic diet regimens and human microbiome variation
could impact host responses to dietary treatment. There are various types of ketogenic

diets that are used clinically and vary in the fat: carbohydrate ratio and/or the fat type and

source. Within these types of clinical KDs, specific choices regarding macro- and micro-nutrient

types that comprise individual meal plans could differentially impact the gut microbiome and
host responses. Variations in the individual patient microbiome could consist of altered

compositions and functions that impact dietary metabolism and host metabolites.
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Abstract

The gut microbiome is emerging as a key regulator of brain function and behavior and is
associated with symptoms of several neurological disorders. There is emerging evidence that
alterations in the gut microbiota are seen in epilepsy and in response to seizure interventions. In
this review, we highlight recent studies reporting that individuals with refractory epilepsy exhibit
altered composition of the gut microbiota. We further discuss antibiotic treatment and infection
as microbiome-related factors that influence seizure susceptibility in humans and animal
models. In addition, we evaluate how the microbiome may mediate effects of the ketogenic diet,
probiotic treatment, and anti-epileptic drugs on reducing both seizure frequency and severity.
Finally, we assess the open questions in interrogating roles for the microbiome in epilepsy and
address the prospect that continued research may uncover fundamental insights for

understanding risk factors for epilepsy, as well as novel approaches for treating refractory

epilepsy.

1. Introduction

Epilepsy is a chronic neurological disorder affecting>50 million people worldwide and
accounting for 0.5% of the global economic disease burden (WHO, 2019). It is defined as a
brain pathology “characterized by an enduring predisposition to generate seizures” (Fisher et
al., 2014). An estimated 2.4 million patients are diagnosed with epilepsy every year. These
diagnoses include various subtypes of seizures, such as focal, generalized, combined
generalized and focal, or unknown, which indicate their localization to specific brain regions or
generalization across both cerebral hemispheres (Scheffer et al., 2017). Seizures occur when
excitation and inhibition are imbalanced in the brain, which can be triggered by pathologies
affecting synaptic connectivity, ionic channel function, and neurotransmitter reception, among

several other pathways (Stafstrom and Carmant, 2015). Additionally, seizures can occur after
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cerebral insult or damage, as in the case of febrile seizures, traumatic brain injury, or stroke
(Herman, 2002).

While the WHO estimates that 70% of epileptic patients could be seizure-free with
appropriate medication, in developing regions, less than half of the epileptic patient population
has access to anti-epileptic drugs. Additionally, an estimated 15 million patients exhibit
refractory epilepsy, based on their non-responsiveness to existing anti-epileptic drugs. Both
genetic and environmental factors contribute to individual predisposition to epilepsy, but the
exact causes of most epilepsy cases remain unclear. It is estimated that 35% of epilepsy cases
can be directly attributed to genetic risk, while the remaining cases may involve both genetic risk
and environmental exposures, such as head trauma or infections that lead to meningitis or
encephalitis (Shorvon, 2014). Exactly how environmental factors contribute to long-term
susceptibility to epilepsy remains unclear. The gut microbiota, comprising trillions of
microorganisms indigenous to the gastrointestinal tract, is increasingly recognized as an
important mediator of environmental risk factors on host risk for disease. The composition and
function of the gut microbiota is shaped by environmental factors, such as diet, stress and
medication, and also informed by human genetics. The microbiota plays a critical role in guiding
brain development and neurobehavior in animal models (Vuong et al., 2017). Of particular
relevance to epilepsy, the gut microbiota significantly alters carbohydrate and amino acid
metabolism, microglial and astrocytic function, vagal neuronal activity, and hippocampal
neurotransmitter levels (Fung, 2017 #395). In this review, we discuss current evidence for
microbiome alterations in epilepsy and potential roles for the microbiome in mediating risk for

epilepsy and the effects of seizure interventions (see Fig 3.1).

2. Alterations of the gut microbiota in human epilepsy
Alterations in the gut microbiome have been reported across several

neurodevelopmental, neuropsychiatric and neurodegenerative disorders, but very little is known
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regarding microbiome associations with human epilepsy. Only a few recent studies have
highlighted differences in fecal microbiota profiles from select epileptic individuals as compared
to healthy controls (Table 3.1) (Lindefeldt et al., 2019; Peng et al., 2018; Xie et al., 2017). In a
cohort of 42 individuals with refractory epilepsy, 49 with drug-sensitive epilepsy, and 65
matched family members without epilepsy from West China Hospital of Sichuan University, 16S
rDNA sequencing revealed distinct fecal microbiota alterations for refractory epileptic patients
relative to both drug-sensitive epileptic patients and controls without epilepsy. In particular,
microbiota profiles from the refractory epilepsy group exhibited elevated a- diversity, as
measured by the Chaol diversity index for species richness, which was reportedly particular to
refractory epileptic patients with 4 or more seizures per year and not for those with<4 seizures
per year (Peng et al., 2018). While samples from refractory epileptic patients exhibited no overt
group clustering by weighted principal coordinate analysis, linear discriminant analysis (LDA)
effect size analysis revealed increases in the relative abundances of select members of the
phylum Firmicutes, including Roseburia, Coprococcus, Ruminococcus, and Coprobacillus, and
decreases in Bacteroides relative to controls. Relative abundances of Methanobrevibacter,
Fusobacterium, Neisseria, and Akkermansia were also increased in the refractory epilepsy
group relative to the drug-sensitive epilepsy group. Notably, the study design matched group
representation by age (mean 25.1-29.4), sex, and exposure to medication, and excluded
individuals who had taken antibiotics or probiotics within the past 3 months or who had a history
of another chronic disease. Primary differences between refractory and drug-sensitive groups
were in seizure frequency and type (generalized, partial, or multiple), which would be expected
based on the inherent biological features of the classifications. (See Table 3.1).

In another human study, fecal microbiota were profiled by 16S rDNA sequencing of stool
samples collected from 14 infants with refractory epilepsy, ranging from 1 to 4 years old, and 30
matched healthy infants from Shenzhen Children's Hospital (Xie et al., 2017). In this case, there

was no significant difference in a-diversity between groups when measured by the Shannon
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index for evenness. However, principal component analysis showed clustering of 16S rDNA
data from refractory epilepsy infants distinctly from healthy infant controls, indicating substantial
differences in fecal microbial B-diversity. Similar to results from the Peng et al. study, LEfSe
analysis revealed elevated relative abundance of Firmicutes and Proteobacteria, and reduced
Bacteroidetes and Actinobacteria, in infants with refractory epilepsy. At the genus level,
Cronobacter was highly enriched in epileptic infants and not detected in healthy infants, while
relative levels of Bacteroides, Prevotella and Bifidobacterium were decreased in infants with
refractory epilepsy relative to controls. While the study required participants to not have taken
antibiotics 1 month prior to the study and excluded those with chronic illness or metabolic
disease, baseline differences in infant diet which could confound the study in the absence of
matched household controls were not considered.

A third human study of 12 children with refractory epilepsy, aged 2—-17 years, and 11
healthy parent controls from Astrid Lindgren Children's Hospital of Karolinska Institute examined
fecal microbiomes by shotgun metagenomic sequencing (Lindefeldt et al., 2019). Fecal
microbiota samples of children with refractory epilepsy exhibited decreased a-diversity, as
measured by Shannon index, compared to microbiota samples from the healthy control parents.
Principal component analysis of taxonomic and functional profiles revealed clear clustering of
microbiomes from healthy control parents, whereas those from children with refractory epilepsy
exhibited larger variation and minor shifts along the first principal component. In general,
taxonomic analysis indicated that microbiota from children with refractory epilepsy displayed
decreased relative abundances of Bacteroidetes and Proteobacteria and increased relative
abundances of Firmicutes and Actinobacteria, when compared to control parent samples.
Particular differences in functional potential were reported, with refractory epilepsy microbiomes
harboring decreased gene content for B-hydroxybutyryl- CoA dehydrogenase and crotonase,

genes involved in the acetyl-CoA pathway, as compared to parent control microbiomes. In light
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of known age-dependent changes in the gut microbiome, a key caveat of these comparisons is
the lack of age-matched controls.

Overall, all three of these human studies report alterations in the fecal microbiota of
individuals with refractory epilepsy relative to varied non-epileptic controls (Lindefeldt et al.,
2019; Peng et al., 2018; Xie et al., 2017). While they each report increased Firmicutes relative
to Bacteroides in individuals with refractory epilepsy, the reported microbial alterations varied
highly across taxonomic levels more resolved than phylum. In addition, the results were
conflicting with regard to whether a-diversity is altered in the epilepsy microbiota. These studies
are difficult to cross-compare due to variations in study design, age differences of subjects,
relatively small samples sizes, as well as a lack of data on genetic and environmental factors
that could influence the structure and function of the gut microbiome. Additionally, these studies
differ by sequencing methodology and analytical tools used to profile the gut microbiota, where
shotgun metagenomics, as in the Lindefeldt study, delivers both strain specificity and
microbiome functional profiling, while 16S rDNA taxonomic profiling captures broader, less
specific levels of diversity (Poretsky et al, 2014). Larger efforts are needed to achieve
adequately powered patient and control populations and to account for variables such as age,

human genetics, medication, and diet.

3. Microbiome associations with Epileptogenesis
3.1. The gut microbiota and seizure susceptibility in animal models

In addition to the existing human studies reporting a correlation between refractory
epilepsy and altered gut microbiota, a few animal studies highlight a causal role for the
microbiome in modulating seizure susceptibility. Animal models for studying epilepsy include the
use of chemoconvulsants such as kainic acid, electrical stimulation using the 6 Hz seizure
model, or seizure kindling which applies repeated stimulation to increase seizure susceptibility.

One in particular drew upon a wealth of literature reporting that physical and psychological
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stressors alter the gut microbiota (Vuong et al., 2017) to further investigate whether stress-
induced alterations in the gut microbiota impact the development of seizures (Medel-Matus et
al., 2018). Sprague-Dawley rats were subjected to sham stress or chronic restraint stress for
two 2-h long sessions per day for 2 weeks, and cecal contents from each group were then
transplanted into naive recipient rats that were pre-treated with antibiotics to first deplete the gut
microbiome. As expected, rats exposed to chronic restraint stress required fewer number of
trials of basolateral amygdalar stimulation in order to induce a full seizure response and longer
seizure duration, when compared to sham stress controls. This is consistent with prior studies
revealing that stress promotes epileptogenesis. Notably, transplantation of the microbiome from
a stressed rat into non-stressed recipient sufficiently conferred the stress-related increases in
susceptibility to kindling and duration of seizures. In contrast, transplantation of the microbiome
from a nonstressed rat into a stressed rat sufficiently reduced seizure duration and increased
the number of kindling trials toward levels seen in the native sham controls. These results
suggest that the microbiome mediates stress-induced increases in seizure susceptibility in a rat
kindling model. Limitations of the study include the small sample size of 6 rats per group, the
lack of companion sequencing data to identify taxonomic and functional differences in the
microbiome that underlie their proversus anti-epileptic effects, and the lack of sequencing data
of donor and recipient microbiota to confirm high fidelity transplantation. Additionally,
mechanisms underlying the effects of transplantation on seizure susceptibility remain unclear; it
is possible that metabolites contained within the transplant material, rather than the microbiome
itself, could play a role, as could any indirect effects of the procedure on the host stress
response.

A separate study examined links between the microbiome and the formation of cerebral
cavernous malformations (CCMs), structural abnormalities in brain capillaries that predispose to
stroke and seizures (Tang et al., 2017). Initial observations in endothelial specific Krit15<<° and

Ccm2EK© knockout mice, which are theoretically susceptible to CCM formation, revealed that
60



differences in the breeding vivarium and unexpected infections modulated resistance vs.
susceptibility to CCM formation. Follow-up experiments demonstrated that intraperitoneal
injection of the gram-negative bacterium B. fragilis or lipopolysaccharide were each sufficient to
drive CCM formation through TLR4 signaling. These results suggest that infection with gram
negative bacteria (GNB) or systemic injection of GNB-associated antigens accelerates CCM
formation. Further supporting a role for the gut microbiome on CCM formation, Krit15K° mice
raised as germ-free failed to form CCM lesions, whereas those raised conventionally colonized
developed CCMs by P10. Consistent with this, maternal antibiotic treatment yielded offspring
that were resistant to CCM formation, a phenotype that was transmitted transgenerationally to
mice in the absence of antibiotic treatment. In contrast, conventionalization of the microbiome
by cross-fostering to conventionally-colonized mothers restored susceptibility to CCM formation.
16S rDNA sequencing of fecal samples from CCM susceptible versus resistant Krit15<° and
Ccm2ECKO mice revealed distinct group clustering of microbiota profiles by principal coordinates
analysis. Taxonomic analysis highlighted significantly increased relative abundance of
Bacteroidetes S24—7 in mice susceptible to CCM formation, as compared to resistant controls.
Whether this particular taxon is sufficient to modulate CCM formation is unclear. However, the
several experiments performed in the study reveal a causal relationship between the gut
microbiota and formation of CCMs, a primary risk factor for seizures. Altogether, mechanistic
studies in animal models have begun to highlight how the gut microbiota could modify seizure

vulnerability.

3.2. Infection and risk for epilepsy

Several large epidemiological and case studies associate infections with increased risk
for epilepsy. A singleton cohort study of all children born in northern Denmark from 1998 to
2008 reported increased risk for epilepsy in children born from mothers that experienced

infection during pregnancy (Ahlers et al., 2019; Norgaard et al., 2012). Similarly, in a nationwide
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population-based cohort study of all individuals born in Denmark from 1982 to 2012, childhood
infection with hospitalization was associated with a 78% increase in risk for epilepsy (Ahlers et
al., 2019). Consistent with this, infants infected with Group B streptococcus, a leading cause of
neonatal morbidity, are more likely to be hospitalized and diagnosed with epilepsy or other
neurological conditions during their childhood years (Yeo et al., 2019). A study conducted by the
Norwegian Institute of Public Health reported an increase in febrile seizures characteristic of
febrile infection-related epilepsy syndrome (FIRES) following the 2009 influenza A (H1IN1)
pandemic (Bakken et al., 2015). In addition, human herpesvirus (HHV)-6 infection has been
associated with mesial temporal sclerosis (MTS), a common pathological marker in mesial
temporal lobe epilepsy (MTLE), and the HHV6-B virus in particular is linked with childhood
epilepsy (Leibovitch and Jacobson, 2015; Vezzani et al., 2016). In a study of 75 MTLE patients,
52 patients displaying MTS and 23 non-MTS patients, MTS patients exhibited a greater number
of seizures, increased HHV-6 viral DNA load and increased markers of inflammation compared
to non-MTS controls (Kawamura et al., 2015). Other studies have also suggested that HHV-6
drives MTS/MTLE pathogenesis by inducing abnormal immune or inflammatory responses
(Bartolini et al., 2019; Wipfler et al., 2018). Additional human studies of bacterial and parasitic
infections also suggest links between infection and seizure susceptibility. Taenia solium, a
tapeworm with prevalence in the regions around Burkina Faso causes neurocysticercosis in
infected humans, which correlates with the prevalence of epilepsy in low income countries
(Sahlu et al., 2019; Vezzani et al., 2016). Overall, the diversity of infections implicated in
epilepsy has led to the notion that generalized immune activation or inflammation promotes
susceptibility to seizures (Pardo et al., 2014; Tan, 2018).

Animal models of various infections support a causal role for inflammation in promoting
seizure vulnerability. As a model of limbic epilepsy, mice injected intracortically with Theiler's
murine encephalomyelitis virus (TMEV) exhibited seizures and neuroinflammation characterized

by elevated pro-inflammatory cytokines including interleukin (IL)-6 and tumor necrosis factor
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(TNF)a in the hippocampus, a focal region for seizure initiation (Cusick et al., 2017; Patel et al.,
2017). Notably, blocking TNF signaling by TMEV injection into TNFa—-/- or TNFR1-/- TNFR2-/-
mice sufficiently reduced seizures, suggesting that TNF signaling is required for mediating the
pro-epileptic effects of TMEV infection. The study provided evidence that TNFa modulates
glutamate receptor trafficking via TNF receptor 1 to increase excitatory synaptic transmission,
which could underlie the elevated seizure incidence seen in response to TMEV. In a separate
study, Wistar rats injected systemically with the bacterial cell wall component lipopolysaccharide
(Veitenhansl et al., 2004) exhibited elevated levels of pro-inflammatory cytokines TNFa, IL-6,
and IL-1pB in the brain and decreased thresholds for chemically- and electrically-induced
seizures by pentylenetetrazole (PTZ) and corneal shock, respectively (Sewal et al., 2017). In
addition, toxoplasma-infected mice displayed reduced PTZ-induced seizures as well, which
were patrtially abrogated by blocking the dopamine receptors D1 and D2 (Babaie et al., 2017).
Altogether, these animal studies corroborate human association studies by revealing that a
broad range of bacteria, viruses, and parasites can similarly promote seizure propensity.
Research further suggests that inflammatory responses associated with cytokines and
chemokines such as TNFa (Cusick et al., 2017; Patel et al., 2017; Sewal et al., 2017) and MCP-

1 (Kawamura et al., 2015) could mediate the proepileptic effects of infection.

3.3. Antibiotic treatment and seizure susceptibility

Antibiotics are commonly prescribed for treating bacterial infections (Tamma et al., 2017)
but despite their widespread use, many can elicit adverse side effects, including neurological
symptoms (Mattappalil and Mergenhagen, 2014). A large epidemiological study of the Danish
registry reported that increased numbers of antibiotic prescriptions for a single patient correlate
with increased risk for epilepsy (Norgaard et al., 2012). Another study reported increased
seizure risk in hemodialysis patients that were administered cephalosporin antibiotics (Zhang et

al., 2019). A meta-analysis of all randomized controlled human trials of carbapenem antibiotics
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reported a significant increase in seizure risk associated with carbapenem usage (Cannon et al.,
2014). Imipenem and meropenem antibiotics were also highly correlated with epileptogenesis
(Leibovitch and Jacobson, 2015; Owens Jr., 2008). While the majority of studies point to
neurotoxic effects of antibiotics, such as p-lactams, unsubstituted penicillins, carbapenems, and
4th generation cephalosporins (Esposito et al., 2017; Sutter et al., 2015), a few small cohort and
case studies have explored antibiotics as potential treatments for epilepsy (Braakman and van
Ingen, 2018; Ghanizadeh and Berk, 2015; Raposo et al., 2016; Ghanizadeh and Berk, 2015).
One found that treatment with a combination of penicillin derivative and macrolide antibiotics
coincided with temporary seizure-free periods in six epileptic individuals (Braakman and van
Ingen, 2018). Another reported that cefixime usage correlated with seizure-free bouts in a 9
year old boy with epilepsy and comorbid autism (Ghanizadeh and Berk, 2015). A challenge to
interpreting the existing human data is the inability to distinguish potential off-target effects of
antibiotics from their indicated anti-bacterial effects.

Findings from laboratory models have studied potential pathways by which antibiotics
regulate seizure susceptibility. Particular B-lactam antibiotics are sufficient to elicit focal seizures
in mice when injected intracortically or intracerebroventricularly. For example, penicillin-
inducible seizure models have been used in multiple studies to understand epileptogenesis
(Arslan et al., 2017; Han et al., 2015; Marangoz et al., 2018; Tubas et al., 2017; Zhu et al.,
2018). The epileptogenic potential of penicillin, among other antibiotics, has been attributed to
the antagonism of gamma-aminobutyric acid (GABA) -A receptors by the B-lactam ring
(Veitenhansl et al., 2004). Non-competitive inhibition in this manner and voltage-dependent
alterations are thought to reduce GABAergic inhibition and thereby permit excitatory signaling to
trigger epileptiform bursts. In addition to inhibiting GABA-A recep