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Abstract: Background: Epilepsy is a syndrome of brain dysfunction induced by the aberrant
excitability of certain neurons. Despite advances in surgical technique and anti-epileptic drug in
recent years, recurrent epileptic seizures remain intractable and lead to a serious morbidity in
the world. The ketogenic diet refers to a high-fat, low-carbohydrate and adequate-protein diet.
Currently, its beneficial effects on epileptic seizure reduction have been well established. However,
the detailed mechanisms underlying the anti-epileptic effects of ketogenic diet are still poorly
understood. In this article, the possible roles of ketogenic diet on epilepsy were discussed.

Methods: Data was obtained from the websites including Web of Science, Medline, Pubmed,
Scopus, based on these keywords: “Ketogenic diet” and “epilepsy”.

Results: As shown in both clinical and basic studies, the therapeutic effects of ketogenic diet might
involve neuronal metabolism, neurotransmitter function, neuronal membrane potential and neuron
protection against ROS.

Conclusion: In this review, we systematically reviewed the effects and possible mechanisms of

ketogenic diet on epilepsy, which may optimize the therapeutic strategies against epilepsy.
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1. INTRODUCTION

Epilepsy is a group of neurological disorders character-
ized by a long term risk of recurrent seizures [1], which vary
from brief and nearly undetectable to long periods of vigor-
ous shaking, causing physical injuries including bone frac-
tures and bite to tongue tips occasionally. These epileptic
seizures may present in several ways depending on the area
of the brain involved [2]. According to the International
League Against Epilepsy (ILAE) statistics, as of 2013, epi-
lepsy jeopardized approximately 22 million people, account-
ing for about 116,000 deaths [3, 4]. Furthermore, epilepsy
became more prevalent as people age, causing a great burden
to governments worldwide [5]. Although in certain cases,
epilepsy results from birth defect, cerebral inflammation or
tumor, the cause of most cases remains unknown. Genetic
mutations and homozygous variants were only identified in a
small proportion of epilepsy cases [6]. Some of the patients
might be candidates for surgical resection of abnormal tissue,
but this option is simply available for those with such lesions.
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Today, the mainstay treatment of epilepsy is anticonvulsant
medications [7]. About 30% of people, however, continue to
have seizures despite anticonvulsant drug treatment [8].

The ketogenic diet (KD) refers to a high-fat, low-
carbohydrate and adequate-protein diet, including various
recipes. The classical KD consists of long-chain triglycerides
(LCTs), usually applied in KD ratio of 4:1 or 3:1 for fat:
nonfat (protein and carbohydrates). Ketogenic diet therapies
for epilepsy were initially introduced in scientific literature
since the early 1900s. In spite of the development of newer
drugs and other treatment, ketogenic dietary therapy for epi-
lepsy is recently emerging as a non-pharmacological alterna-
tive treatment option for physicians and patients, especially
in whom resection surgery is not feasible [9]. A recent Coch-
rane review has shown that at least 38% of the patients on
the KD obtain a 50% reduction in seizures as compared to
controls at 3 months [10]. Multiple research groups have
reported that KD is a safe and effective treatment for child-
hood epilepsies, especially for infantile epilepsies. As de-
scribed in a randomized controlled trial of KD, the classic
KD therapy appears to decrease the number of seizures by
half in about 30-40% of children [9]. Therefore, KD serves
as an established treatment for drug-resistant childhood epi-
lepsy and a reasonable option in those who have epilepsy
that is not improved with medications or for those where
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surgery is not available. DM and colleagues performed 4
months of a randomized controlled study in children and
adolescents by Follow-up assessments to investigate its ef-
fects of cognition and aspects of behavior. Their study
showed a positive impact of the KD on behavioral and cog-
nitive functioning in children and adolescents with refractory
epilepsy. More specifically, an activated mood and cognitive
activation were observed in patients treated with the KD

[11].

Side effects of KD include stomach and intestinal prob-
lems in 30%, and there are long term concerns about cardiac
diseases [9]. In clinical practice, carrying on the classic KD
diet in pediatric patients is not always easy, due to its rela-
tively strict dietary regimen which might lead to severe side
effects [12]. Although the extent of ketosis is not always
proportionately correlated with better epileptic seizure treat-
ment during KD therapy, a consistent and high level of se-
rum ketosis is critical to control epileptic seizure. To over-
come such disadvantages, a more balanced and easily ac-
cepted alternative dietary therapy in the form of modified
Atkins diet (MAD) has been widely introduced in the past
decade [13]. According to a number of pilot studies, the
MAD is as effective as the classic KD for recurrent epileptic
seizures [14, 15]. Kim and her colleagues have found that the
MAD dietary regimens showed great advantages with re-
spect to better tolerability and fewer side effects, thus it can
be considered as the primary option for the treatment of in-
tractable epilepsy in children [16]. In addition, the MAD
protocol combined with calorie restriction might improve
seizure outcomes in epilepsy patients [17]. However, as the
mechanisms through which KD confers to its anti-epileptic
effects remain unknown, the clinical guidance of KD treat-
ment remains controversial.

In this article, we will discuss the potential mechanisms
underlying the therapeutic effects of KD on recurrent epi-
lepsy by presenting important experimental evidences and
hypothesis, aiming to explore possible biological basis be-
hind such efficacies and provide new insight to the KD
treatment in recurrent epilepsy.

2. ANTICONVULSANT EFFECTS
BODIES ON EPILEPSY

OF KETONE

To better understand the therapeutic effects of KD on
epilepsy treatment and its molecular basis, many laboratories
have focused on the anticonvulsant effects of different ke-
tone bodies within different pharmacological doses. Ketone
bodies, consisting of acetoacetate and B-hydroxybutyrate are
derived from fat catabolism in liver mitochondria and their
concentration in blood is inversely related to that of glucose.
B-hydroxybutyrate is the predominant blood ketone body and
is oxidized to acetoacetate in the mitochondria before enter-
ing the TCA cycle. Rho and colleagues found that it was
acetoacetate and acetonerather than B-hydroxybutyrate that
can significantly decreased the epileptic seizures in the sei-
zure-susceptible juvenile mouse model, indicating anticon-
vulsant effects of these ketone bodies [18]. In addition, rapid
administration of acetone through intraperitoneal administra-
tion reduced seizure susceptibility in a series of seizure tests,
such as the maximal electroshock test and the amygdale kin-
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dling test [19]. Gaisor and colleagues demonstrated that ace-
tone, per se, protected the pentylenetetrazol and 4- amino-
pyridine induced epileptic seizures in juvenile mouse model,
which further supported its anticonvulsant effects [20, 21]. In
epilepsy patients, however, the serum levels of acetone dur-
ing KD were extremely lower than the levels expected to be
therapeutic [22], suggesting that acetone alone might be in-
sufficient to account for the therapeutic roles of KD in epi-

lepsy.

To investigate the effects of KD and anticonvulsant drug
combination, Szot and his colleagues performed co-
administration of valproate and ketogenic diet and examined
its effect. In majority of the cases, it seemed safe to co-
administrate valproate and ketogenic diet. Only in two cases,
valproate made a negative influence on ketosis. Their re-
search sheds new light on the combination strategy of KD and
anticonvulsant drugs, which is a worthy future study [23].

3. POSSIBLE MECHANISMS UNDERLYING KD
TREATMENT IN EPILEPSY

3.1. The Effects of KD on Neuron Metabolism

In normal condition, brain electrical activity maintains
non-synchronous. Its activity is modulated by certain factors
both within the neuron and the cellular environment. Al-
though the anticonvulsant mechanisms of the KD remain
unclarified, many research efforts have proposed several
important theories and hypothesis to explain the decreased
seizure threshold during KD treatment. One suggested
mechanism is the effect of KD on energy metabolism to re-
duce epileptic seizures. Despite that glucose is the preferred
energy substrate. The brain metabolizes ketone bodies for
energy when glucose levels are rapidly decreased during KD.
It has been established that the efficacy of the KD for man-
aging epilepsy is best when the diet is administered follow-
ing a fast or when total calories are restricted. Furthermore,
the seizure protective effects of the KD are found to rely on
the maintenance of low blood glucose levels [24]. Reduced
blood glucose levels force the brain to burn ketones for en-
ergy. Ketone metabolism gradually reduces neuronal excit-
ability, thereby producing effects on neurotransmitter levels
and neuron membrane potential. Thus, a restriction of caloric
energy intake should enhance the antiepileptic effects of the
KD.

Under normal physiological conditions, the brain derives
almost all of its energy from the aerobic oxidation of glu-
cose. Glucose transporters (GLUT-1) are abundant in the
brain capillary endothelial cells and facilitate the diffusion of
glucose through the blood-brain barrier. It has been estab-
lished that epilepsy is caused by excessive and abnormal
nerve cell activity in the cortex of the brain [25]. Thus, epi-
leptic seizures are the result of excessive and abnormal nerve
cell activity in the cortex of the brain [4]. Brain glycolysis
can be activated by neuronal activity and blocked by citrate
and ATP synthesized through the TCA cycle and oxidative
phosphorylation. Glucose uptake and metabolism were
found to be highly accelerated during epileptic seizures than
during normal condition and neuronal excitability, and epi-
leptic seizures are directly related to rapid glucose utilization
and glycolysis. Cheng and colleagues found that IGF1R and
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GLUT expressions were significantly upregulated during
KD, suggesting that IGF system and glucose transporters
might participate in ketogenic diet-induced seizure suppres-
sion [26]. Glutl is the most relevant glucose transporter in
the brain. Notably, all Glutl syndromes respond well to a
ketogenic diet (KD) and most of the patients show a rapid
seizure control. To further investigate its role in KD treat-
ment, Becker’s team sequenced SLC2A1 that encoding
Glutl, in a cohort of 28 patients with different forms of
pharmaco-resistant epilepsies responding well to KD. How-
ever, no mutations in SLC2A1 were determined [27]. The
association between therapeutic effects of KD and Glutl
induced glucose metabolism is still needed to investigate.
Qian’s research team demonstrated that the status of me-
tabotropic glutamate receptors (mGIluRs) and their down-
stream signal pathways were correlated with epileptogenesis,
suggesting that glutamate metabolism might also regulate
epileptic seizures [28]. However, there is no direct evidence
indicating the correlation between glutamate metabolism and
the therapeutic effects of KD.

In liver and brain, mitochondrial 3-hydroxy-3-
methylglutaryl-CoA synthase (mHS) is the critical enzyme
of ketogenesis. Cullingford and colleagues detected the gene
expression profile among the rats with different diet recipes
including a calorie-restricted ketogenic diet (KCR) and a
normal diet ad libitum (NAL). As a result, they found that
KCR-fed rats exhibited a significant 2-fold increase in both
liver and brain mHS mRNA as compared to NAL-fed rats
[29]. Their data indicated that mHS expression might play a
role in KD treatment. Its downstream molecular basis is re-
quired to be elucidated in the future studies. Fraser and col-
leagues found that most polyunsaturated fatty acids (PUFA)
were greatly elevated in children within KD and the in-
creased arachidonate was significantly correlated with im-
proved seizure control, suggesting PUFA may represent a
critical anticonvulsant mechanism of the KD [30]. Pyruvate
dehydrogenase complex (PDC) is essential for the neuron
development and its deficiency can block acetyl-CoA and
ATP synthesis, leading to lactic acidosis, neuroanatomic
defects, developmental delay, and early death. In an earlier
study, Wexler and colleagues found that Pyruvate dehydro-
genase complex (PDC) deficiency was improved by the KD
with varying degrees of carbohydrate restriction [31]. In ad-
dition, a homozygous pathogenic variant of MED23 was
recently identified in an epilepsy patient, who showed a
complete response to the KD treatment. As MED23 has been
established as a regulator of energy homeostasis and glucose
production, it was proposed that the reduced glucose level
induced by MED23 dysfunction can be treated by energy
substitutes of ketone boides [32]. Altogether, these studies
indicated that the therapeutic effects of KD in epilepsy might
result from increased ketone bodies as energy source and
bypassing glucose metabolism.

3.2. The Effects of KD on Neurotransmitter Function

GABA signaling is the most well studied target of inves-
tigation since mouse models of epilepsy induced by GABA
antagonists exhibited a remarkable response to KD treatment
[33]. Moreover, in rat synaptosomes GABA synthesis was
greatly increased and maintained at a high level by ketone
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bodies, which may contribute to the beneficial effect
of a ketogenic diet in the treatment of epilepsy [34]. Many
clinical studies showed increased GABA levels in the
cerebrospinal fluid of patients on a ketogenic diet [35, 36],
further supporting that GABA might be regulated by ketone
bodies.

Aspartate is an inhibitor of glutamate decarboxylase,
which catalyzes o-ketoglutarate to GABA. Consequently, a
decrease in aspartate may promote the synthesis of GABA.
Yudkoff’s group proposed a promising hypothesis that dur-
ing KD, decreased aspartate levels induced by ketone bodies
can facilitate the conversion of excitatory neurotransmitter
glutamate to glutamine in astrocytes. Meanwhile, the inhibi-
tory neurotransmitter glutamine is then taken up into neurons
and eventually converted to GABA, making an inhibitory
influence on neuronal activities [37]. However, some other
studies found that there is no change in GABA levels in KD
fed rodents [38], suggesting GABA levels in different brain
area as well as other factors of GABA function are also im-
portant for KD treatment.

Except for the GABA levels, Szot and colleagues re-
ported that functional noradrenergic nervous system is also
required for the KD to exert an anticonvulsant effect [39].
Consistent with their results, Masino’s group found that KD
can reduce seizures in mice by increasing activation of
adenosine Al receptors (A1Rs). The KD reduced adenosine
kinase, the major adenosine-metabolizing enzyme. Hippo-
campal tissue resected from patients with medically intracta-
ble epilepsy demonstrated increased adenosine kinase, sug-
gesting that adenosine deficiency may be relevant to human
epilepsy and that KD can reduce seizures by increasing A1R-
mediated inhibition [40]. However, such results are needed
to be further confirmed through clinical investigation.

3.3. The Effects of KD on Neuronal Membrane

Another potential mechanism underlying the effects of
ketone bodies on epileptic seizures is their effects on neu-
ronal membrane transporters. Ketone bodies may alter the
behavior of vesicular glutamate transporters (VGLUTS) that
are responsible for filling pre-synaptic vesicles with gluta-
mate in a Cl'dependent manner. Juge and colleagues demon-
strated that CI  is an allosteric activator of VGLUTSs that is
competitively inhibited by ketone bodies (acetoacetate) more
strongly than B-hydroxybutyrate [41]. Katp channels play a
key role in CA3 hippocampal neuron hyperpolarization
when the neurons were cultured in low glucose media [42].
In cultured mouse hippocampal dentate gyrus neurons, [3-
hydroxybutyrate increased Katp channel opening, which
could partially explain the effects of KD treatment [43].
However, the exact relevance between the pharmacological
doses of ketone bodies and the activities of VGLUTS and
Katp channels remain unknown.

Abnormal gap junctional communication is an underly-
ing mechanism involved in the generation and maintenance
of seizures. Consequently, the effects of gap junction block-
ers were determined in seizure models. As a result, these gap
junction blockers can reduce both amplitude and frequency
of the epileptiform activity, and modify the behavioral pa-
rameters related to seizures in vivo assay [44]. However, no
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clinical evidence supported the correlation between KD
treatment and the gap junctional communication.

3.4. The Effects of KD on Neuron Protection Against
ROS

According to the Maalouf’s study, reactive oxygen spe-
cies production resulting from glutamate exposure can be
reversed by ketone bodies in primary cultures of rat neocor-
tical neurons through NADH oxidation [45]. The KD also
promotes the biosynthesis of glutathione via the transcription
factorNrf2, regulating the neuronal ROS levels [46]. Ketone
bodies also protect against cell death through reducing mito-
chondrial ROS production after neocortical slices are ex-
posed to hydrogen peroxide [47]. These experimental data
suggest that ketone bodies may be neuroprotective against
reactive oxygen species produced in neuropathological
states. However, the effects of ROS alteration induced by
KD on epileptic seizures need both of experimental and
clinical data.

CONCLUSION

The antiepileptic efficacy of KD in epilepsy has been
found to increase the number of experimental evidences and
raise a promising therapeutic strategy against epilepsy, due
to which molecular mechanism remains poorly studied. In-
tense research efforts in neurology over the past decade have
provided significant insights into the molecular basis of KD
treatment in epilepsy. To date, the exact mechanism how the
brain shifts into the activity of a seizure with its excessive
synchronization remains poorly understood. Supported by
certain clinical and preclinical studies, as aforementioned,
the therapeutic effects of KD might be based on the molecu-
lar basis that involves neuronal metabolism, neurotransmitter
function, neuronal membrane potential and neuron protec-
tion against ROS. However, more detailed mechanisms are
still to be elucidated in future studies not only to optimize
the clinical application of KD treatment in epilepsy, but also
to develop novel drug targets and therapeutic strategies.
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