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Introduction

Abstract

Objective: Thousands of years after dietary therapy was proposed to treat sei-
zures, how alterations in metabolism relates to epilepsy remains unclear, and
metabolism-based therapies are not always effective. Methods: We consider the
state of the science in metabolism-based therapies for epilepsy across the
research lifecycle from basic to translational to clinical studies. Results: This
analysis creates a conceptual framework for creative, rigorous, and transparent
research to benefit people with epilepsy through the understanding and modifi-
cation of metabolism. Interpretation: Despite intensive past efforts to evaluate
metabolism-based therapies for epilepsy, distinct ways of framing a problem
offer the chance to engage different mindsets and new (or newly applied) tech-
nologies. A comprehensive, creative, and inclusive problem-directed research
agenda is needed, with a renewed and stringent adherence to rigor and trans-
parency across all levels of investigation.

perturbations affect neurological conditions such as epi-
lepsy remains important. Ketogenic diets, the epitome of

Dietary treatment of disease dates back to ancient Greek
physicians’ use of fasting as a strategy to alleviate seizures.
Thousands of years later, although low-carbohydrate,
high-fat ketogenic, and dietary therapies are now used to
treat medically resistant epilepsy and other disorders, the
precise role of altered metabolism in epilepsy remains elu-
sive. To optimize efficacy, individualize treatment, and
decrease adverse effects, understanding how metabolic
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metabolic treatments for epilepsy, are not uniformly effec-
tive and may harbor health risks, but pharmacological
therapy also has limitations. Many attempts to reverse-
engineer the ketogenic diet to glean mechanistic insights
across a wide array of basic, translational, and clinical
models have yet to uncover a common therapeutic target
or process—and in fact, they have suggested various dis-
tinct and overlapping causal or modulatory pathways.
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This diversity of processes presents a challenge, particu-
larly given our incomplete appreciation of the vast com-
plexity of metabolism and how it differs based on the
model or organism studied. Our field is at a crossroads.

Despite intensive past efforts to evaluate metabolism-
based therapies for epilepsy, distinct ways of framing a
problem offer the chance to engage different mindsets
and new (or newly applied) technologies. In this perspec-
tive, we present a broad overview of what is known and
what remains unclear about metabolism-based therapies
for epilepsy. This article, not intended to be a compre-
hensive review, reflects an analysis by established investi-
gators in this area of science.' Collectively, we call for a
comprehensive, creative, and inclusive problem-directed
research agenda with a renewed and stringent adherence
to rigor and transparency across all levels of investigation.
A deeper understanding of the interdependence of meta-
bolic and neuronal excitability pathways and relevant reg-
ulatory processes could benefit from unbiased data
mining methods and other types of secondary analyses of
existing data sets, as well as the use of novel technologies
that can capture more informative measurements of pre-
viously studied biological phenomena. Also likely to be
valuable is a re-examination of clinical data from past tri-
als that did not yield definitive conclusions or generated
conflicting results, but that may harbor hidden clues that
may be unearthed through novel study designs. These
future investigations are essential for the benefit of the
millions of individuals who experience unpredictable and
often disabling seizures and may also illuminate the etiol-
ogy and treatment of other conditions with known meta-
bolic components such as cancer,” dementia,” and
migraine.*

What Do We Know about
Metabolism-Based Therapies for
Epilepsy?

The human brain remains a poorly understood organ that
sustains life and enables cognition, sensation, emotion,
and behavior despite numerous and changing internal
and external demands. The brain modulates body func-
tions via an interplay between metabolic signaling and
neurochemical circuitry. Interactions between the brain
and the rest of the body include well-characterized sys-
tems, such as endocrine organs, as well as through pro-
cesses where our understanding is still emerging—
including the gut-brain axis, plasticity of neural excitabil-
ity in normal and disease states, and the epigenomic regu-
lation of gene expression. All of these aspects, once
properly elucidated, may constitute targets for disease
modulation.

Metabolism-Based Therapies for Epilepsy

These aspects are exemplified by the oldest and best-
understood metabolic therapies: ketogenic diets. These
diets mimic fasting by limiting glucose metabolism and
increasing blood levels of ketones produced in the liver
from dietary or adipose-derived fatty acids. Such meta-
bolic switches affect brain excitability’ and plasticity.® Yet,
precise or quantitative relationships between metabolism
and neuronal activity have been difficult to establish, in
part, because ketogenic diets used by children and adults
with epilepsy vary considerably in composition; some rely
mainly on carbohydrate restriction, while others also
manipulate the type of carbohydrate’” or fatty acids.®
Studies in model systems have contributed to our knowl-
edge about the impact of dietary consumption of various
ketogenic substances, which have also been extended to
less well-known dietary constituents. For example, whey
(which contains tryptophan as well as branched-
chain amino acids) reduces hyperexcitable or seizure-like
activity in fruit flies” work that could be extended to
human studies given the commercial availability of this
protein source. Further, the administration of isolated
ketone esters and other metabolic alternatives has demon-
strated anti-seizure effects in various models.'”'" Past
studies suggest a linkage between metabolism and neu-
ronal excitability via interactions among energy sources,'>
micronutrients, and hormones. In addition, accumulating
evidence supports an important role of the gut micro-
biome in brain function and dysfunction, particularly
related to seizure development.'>

These studies highlight the fact that our general under-
standing of the wide range of effects of metabolism on
body systems continues to evolve through the apprecia-
tion of the complex interplay between diet, genetics, the
microbiome, physical activity, and other factors such as
disease states, which have been receiving renewed atten-
tion in only recent years. These complexities have
prompted some to consider nutrition as a fundamental
(albeit complex) biological variable.'® Cell type-specific
activities forge connections between metabolic activities
(and responses) and the electrochemical environments of
neurons and glia. Genetic defects in brain glucose meta-
bolism are associated with focal excitation, despite lower
overall cerebral electrical activity.'””'® Although brain
metabolism is primarily oxidative and yields adenosine
triphosphate from glucose for the organ’s high-energy
needs, glial cell populations that co-occupy brain tissue
are known to metabolize glucose via anaerobic glycolysis
despite their high concentration of mitochondria. Upon
stimulation by various neurotransmitters and other neural
activities, glial cells produce lactate as a metabolic inter-
mediate that may play a role in metabolic coupling to
help regulate neuronal homeostasis and plasticity.'>*
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Gaps in knowledge about the
interdependence of metabolic pathways
and neuronal function

Our incomplete understanding of the nature of epilepsy is
a primary challenge toward identifying new, effective
treatments for the range of disorders characterized by
increased seizure risk, especially when considering their
occurrence in children and adults, since they may not
stem from the same mechanisms. Disease mechanisms for
epilepsies remain ill-defined, aside from known contribu-
tory factors such as genetics, infectious and inflammatory
factors, focal brain injury, and other co-occurring neuro-
logical conditions. Single-gene defects characterize some
epilepsy syndromes, such as Dravet Syndrome (caused by
mutations in the SCNIA gene), glucose transporter type 1
deficiency syndrome (caused by impaired cerebral glucose
transport’'), pyruvate dehydrogenase deficiency,”> and
other metabolic disorders.”> Other investigative paths
have implicated various physiological processes in seizure
development, including metabolic energy production
(e.g., dynamic interactions between glucose and other
aspects of intermediary metabolism), type of metabolic
substrate utilization, oxidative stress, and extra-metabolic,
far-reaching effects of metabolites. Past studies have also
suggested an epileptogenic role for amino acid metabo-
lism and signaling, as reflected by shifts in the balance of
inhibitory/excitatory neurotransmitter concentration and
action predominantly through gamma-aminobutyric
(GABA) and glutamate.** Fasting, which has anti-seizure
properties, has been associated with elevated GABA
synaptic release and related effects on neuronal activity.*
Nevertheless, the quantitative relationships and con-
straints that determine the impact of all of these processes
at the neuronal network or whole-brain level remain
poorly understood beyond studies in simplified experi-
mental models.

Conclusions derived from clinical studies also remain
perplexing: among individuals with epilepsy who respond
favorably to a ketogenic diet, there is neither a consistent
phenotype or set of clinical or experimental biomarkers
or surrogate markers,”® nor are there indicators of suscep-
tibility to adverse effects. A better assessment of efficacy
requires careful and quantitative analyses of the various
ketogenic diet therapies in current use—which vary in
proportions of fat, carbohydrates, and protein, and can
include exogenous supplements such as medium-chain
triglycerides, ketone salts, and ketone esters.”’ It should
be emphasized, however, that not all clinically effective
dietary treatments for epilepsy produce significant ketosis
and whether the degree of ketosis correlates with seizure
reduction remains under investigation.® Studies involving
diet manipulation are challenging because they may be

M. Cervenka et al.

complicated by low participant recruitment, varying defi-
nitions for and implementation of ketogenic diet thera-
pies utilized (despite attempts to standardize protocols),”
and lack of adherence to study diets. Innovative,
information-maximizing study designs may help address
these challenges.

Many unanswered questions remain: Are existing or
proposed mechanisms for metabolic impacts on neuronal
activity feasible within defined physiological constraints
(including the time scale of the observed effects), and do
they fit within the current knowledge framework of what
we know about both epilepsy and metabolism in humans?
At present, we do not know whether multiple mecha-
nisms synergize; whether there is a convergence of effects
resulting from neurochemical, genomic, microbiomic, and
other changes; or whether the established mechanisms
operate independently of each other. What causes suscep-
tibility and resilience to seizures at a given time and
across different species? Is a seizure event a common final
phenomenon, many types of phenomena arbitrarily sim-
plified as one, or a secondary event? How does epilepsy
respond and evolve in one individual, over time, as well
as in response to metabolic shifts such as those invoked
by ketogenic diets and non-adherence to them? Do meta-
bolic therapies exert any synergy with pharmacological
interventions? Parsing these distinct research questions
and pairing them with suitable research designs and new
tools is important to refine the search for safe and effec-
tive treatments for epilepsy unresponsive to pharmacolog-
ical or surgical interventions.

Ensuring rigor and transparency in studying
the role of metabolism in neurological
diseases

A heightened awareness of the vitality of rigor and repro-
ducibility in all biomedical research has prompted the
development of a range of new tools to help investigators
design and conduct studies and analyze data in the field
of metabolism-based therapies,”>”' including the recent
call for “rigor champions.”*® Several other approaches
have been introduced to prevent experimental bias, such
as checklists for reporting data® and limited reliance on
using p values to assign statistical significance.”® In any
line of biomedical inquiry from cells to humans, research-
ers must choose model systems that match specific
research questions and that make the most efficient use of
resources. Bench-to-bedside translation of metabolism-
based therapy for epilepsy has been limited for many rea-
sons, including distinct metabolic and behavioral differ-
ences and developmental timescales between rodents and
humans, differing metabolic physiologies, and interspecies
differences in the abundance and proportions of glial and
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neuronal cells. Research with rodents, in particular, has
been called into question given that these animals do not
share morphological similarities with humans (e.g., they
are agyric and have little white matter), and exhibit dis-
tinct behaviors (e.g., cognition, sleep, and rest-activity
cycling). Additional species may serve as alternate models,
such as domestic dogs, which experience diverse seizure
types and share some human behaviors. Several random-
ized clinical trials of ketogenic diet therapies involving
humans have been designed to evaluate efficacy in
patients of all ages with drug-resistant epilepsy and speci-
fic epilepsy syndromes. These clinical investigations have
been encouraging but not without limitations such as
high nonadherence rates, variable protocols, recruitment
difficulties,”®?® and challenges with successfully blinding
participants and researchers.”” Some success, however, has
been apparent.*®

New Directions for the Study of
Metabolism-Based Therapies in

Epilepsy

Various research areas and technologies seem poised to
push this field toward a needed inflection point to deepen
knowledge about metabolism and metabolic-synaptic cou-
pling. Among others, these include cell and circuit map-
ping analyses, biomarker validation studies, data science
and omics methods, and novel approaches to clinical
science.

Cell type mapping and neuronal network
analyses

We do not yet know how system-wide treatments such as
dietary therapies can modulate brain networks in patients
with epilepsy. A better understanding of the drivers of
network behavior beyond current anatomical constructs
will help answer this question; however, brain-imaging
evidence suggests that neuronal networks can become
either erratic or too rigid by varying levels of fuels.”
Converging evidence from various model systems will
benefit from the use of new experimental methods such
as optogenetics to align common pathways of metabolic
activity and neuronal vulnerability, suggested by the exis-
tence of “seizure gates.”*

Identifying and validating biomarkers

Exploratory avenues toward identifying epilepsy biomark-
ers include metabolic fate labeling, high-resolution
respirometry, and other methods to quantify neuronal
and glial metabolites. Fluorodeoxyglucose positron emis-
sion tomography (FDG-PET), fluorescence lifetime

Metabolism-Based Therapies for Epilepsy

imaging (FLIM), fluorescence resonance energy transfer
(FRET) approaches, and other imaging methods, such as
functional near-infrared spectroscopy, might be combined
with electroencephalography to monitor and elucidate
metabolic changes in brain activity from the ketogenic
diet. The gut microbiome is highly variable between and
within individuals and species, with recent advances
demonstrating that thousands of previously uncharacter-
ized metabolites arise either directly from diet or in
response to host and microbiome digestion and metabo-
lism.*! Further studies in humans using rigorous proto-
cols** could help clarify the role of ketone bodies,
carbohydrate restriction, and amino acids in epilepsy and
provide candidate biomarkers for future studies in both
preclinical and clinical studies.

Data science and omics methods

Machine learning approaches offer an opportunity for the
systematic study of the biochemical spectrum of dietary
components*’ toward the ability to manipulate host and
microbiome biology to treat or prevent seizures or other
diseases. Wearable devices offer the opportunity to cap-
ture dietary data dynamically and in a less biased manner
compared to self-reporting or periodic measurement of
metabolites. Other potential strategies include the collec-
tion and high-throughput analysis of metabolomic data
from spinal or other fluids of affected individuals or
research organisms and liquid biopsies containing various
subcellular components such as mRNA, exosomes, mito-
chondria, and mitochondrial DNA. In addition to various
applications of bio- and clinical informatics, disease-
guided, bench-to-bedside approaches resulting from
observant clinicians and patient perspectives will remain
critical.

Clinical research innovation

The use of rigorous diet intervention trials (for instance,
feeding studies**) may ultimately improve adherence and
reproducibility by strictly monitoring food intake and
defined biomarkers. Currently, as few as half of the par-
ticipants adhere to ketogenic diet therapies despite multi-
ple modifications to create less strict diet protocols.*’
Additional tools, such as continuous glucose monitoring
or other wearables could help monitor adherence and col-
lect data on micronutrients. Novel trial designs used in
pharmacologic studies can enhance the inclusion of addi-
tional research participants and allow for direct compar-
ison between different treatment modalities. For example,
master protocols (basket, umbrella, and platform) consist
of a single trial design and multiple sub-studies that can
share a control arm.*® These approaches offer flexibility
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in the ability to have different objectives, evaluate one or
more drugs, and include one or more therapies. For
example, basket trials can include participants with differ-
ent underlying diseases (or in the case of epilepsy, syn-
dromes or epilepsy types*’) in a single trial. Additional
strategies might compare one dietary therapy between
two treatment arms (e.g., Dravet syndrome and focal epi-
lepsy) that share a control group to maximize recruit-
ment. Finally, an impactful clinical trial evidence base
benefits from the perspective of individuals with epilepsy
and their caregivers,"® toward helping to shape clinical
outcomes that are meaningful to patients (e.g., cogni-
tion,* independence, and quality of life) and improve the
yield of actionable knowledge.

All Hands on Deck: a Vision for
Future Metabolism-Guided Treatment
of Disease

Despite decades of research, the current body of knowl-
edge describing features and proposed mechanisms for
epilepsy has been insufficient to drive the development of
effective prevention and therapeutic strategies for the
majority of epilepsies. New approaches and novel collabo-
rations are desperately needed to explore the interdepen-
dence of metabolic pathways that generate normal
neuronal function or seizures—while adhering to the
highest standards of rigor and transparency (see Table 1
for challenges and opportunities).

What else is missing? Who can be recruited to the field
to propose new ways of looking at existing problems in
different ways, and /or using new technologies? Widening
the community of investigators in this field may answer
many research questions we continue to grapple with and
also deepen understanding of numerous other conditions
with both neurological and metabolic contributions and
manifestations. Epilepsy research is ripe for a diverse set
of new minds and skill sets including engineers, data ana-
lysts, dynamic systems modelers, genomicists, and medical
informaticists — to name a few — to propose hypotheses
based on observations and decipher undetected patterns
and connections amid the wealth of data already gener-
ated and that still are to be generated. These new lenses
can augment ongoing research approaches to clarify pro-
posed mechanisms toward the very practical and urgent
goal of bringing needed relief to patients and families
managing such difficult and life-altering medical condi-
tions.

Given the complexity of neurological and metabolic con-
ditions, as summarized here and detailed more comprehen-
sively elsewhere, team science models that coalesce
investigative groups from various disciplines that do not
typically interact may be productive. The National Institute
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Table 1. Toward a future state of metabolism-based treatment for
epilepsy

Challenges and opportunities

Challenge Opportunity

Insufficient rigor in pre-clinical ¢ Adherence to principles of rigor,
and clinical studies reproducibility, sex as a biologi-
cal variable, and including
appropriate representation in
both preclinical and clinical stud-
ies
® Reporting adherence to pub-
lished rigor guidelines

Animal models do not mirror * Studying species that more clo-
the human condition sely mimic human pathophysiol-
ogy
* In silico modeling human physi-
ology

® Basic science studies in humans

Incomplete understanding of
network properties of
metabolism

Build on existing knowledge, tools,
and approaches (e.g., by the
BRAIN Initiative) to investigate
metabolic circuits

Adherence to data sharing
guidelines

* Optimizing remote participation

* Use of monitoring devices

* Novel clinical trial designs (using

appropriate statistics)

Missing or incomplete data sets

Clinical trial recruitment

Poor relevance of measured
clinical trial outcomes to
patient wellbeing

Neglect of individual biological
differences in clinical trials

Inclusion of advocacy organizations

Data-intensive sub-analysis
methods to capitalize on
potentially important biological
information

Excessive proportion of negative  Rigorous failure analysis
trial results

No validated biomarkers Development of biomarkers (at
various stages of investigation)
within the BEST framework for

future clinical studies

of Neurological Disorders and Stroke (NINDS) introduced
the Center Without Walls team science approach starting
in 2015 with multidisciplinary teams focused on identifying
genes involved in epilepsies. NINDS has supported teams
focused on investigating sudden unexpected death in epi-
lepsy (SUDEP), anti-epileptogenesis, and post-traumatic
epilepsy—and two groups are studying the consequences of
gene variants in ion-channel genes and other genes associ-
ated with epilepsies.

As current investigations proceed and new efforts
begin, we should continue to revisit basic questions and
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assumptions. Will continued study of ketogenic diets
reveal underlying mechanisms that can be more safely
and easily mimicked with medications? It seems clear that
the future treatment of medication-resistant epilepsy will
continue to consist of a combination of dietary compo-
nents, pharmacologic interventions (potentially at lower,
safer doses), and perhaps device-mediated neuronal or
cerebral network control. At this juncture, many doors
have been cracked open by technology advances and
knowledge gained in other fields of investigation that can
be applied to the investigation of feasibility, safety, effi-
cacy, and mechanisms of action of metabolism-based
therapies. There has never been a better time to set and
implement a comprehensive and rigorous research agenda
to understand metabolism-based therapies for epilepsy for
the benefit of the millions of individuals who experience
unpredictable and often disabling seizures.
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