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Abstract

Many studies show that glucose metabolism in epileptic brain areas can be impaired.
Energy is crucial to maintain normal brain function, including ion and neurotrans-
mitter balances. Energy deficits can lead to disruption of ion gradients, which can
trigger neuronal depolarization and generation of seizures. Thus, perturbed metabolic
processing of glucose in epileptogenic brain areas indicates a specific nutritional need
for people and animals with epilepsy, as they are likely to benefit from auxiliary brain
fuels other than glucose. Ketogenic diets provide the ketone bodies acetoacetate and
B-hydroxybutyrate, which can be used as auxiliary fuel by the brain. In approximately
50% children and adults with certain types of epilepsy, who can tolerate and maintain
these dietary regimens, seizure frequency can be effectively reduced. More recent
data demonstrate that addition of medium chain triglycerides (MCTs), which provide
the medium chain fatty acids octanoic and decanoic acid, as well as ketone bodies
as auxiliary brain energy, can be beneficial in rodent seizure models, and dogs and
humans with epilepsy. Here, this evidence is reviewed, including tolerance in 65% of
humans, efficacy studies in dogs, possible anticonvulsant mechanisms of actions of
MCTs, and specifically decanoic acid as well as metabolic and antioxidant mecha-
nisms. In conclusion, MCTs are a promising adjunct to standard pharmacological
treatment for both humans and dogs with epilepsy, as they lack central nervous sys-
tem side effects found with current antiepileptic drugs. There is now a need for larger
clinical trials in children, adults, and dogs to find the ideal composition and doses of
MCTs and the types of epilepsy that respond best.
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1 | INTRODUCTION
Although many antiseizure drugs (ASDs) are available, ap-
proximately one third of epilepsies in people as well as dogs
are classified as drug resistant. This means there is inade-
quate seizure control despite being treated with two or more
appropriately chosen ASDs."? In addition, many ASDs have
side effects. Thus, there is an urgent need for new treatments.
Here, we review the existing knowledge about impair-
ments in energy metabolism in epileptogenic brain areas
in animal models, and dogs and humans with epilepsy. We
summarize the anticonvulsant effects of medium chain tri-
glycerides (MCTs) and medium chain fatty acids (MCFAs)
in rodents, dogs, and humans and then discuss proposed anti-
convulsant mechanisms.

2 | ENERGY METABOLISM IN
EPILEPSY

2.1 | Glucose transport and cytosolic
metabolism

Normally, in a fed state, glucose is the primary energy source
of the brain. Lacking storage capacity, the brain requires a
continuous supply of glucose, consuming more than 20% of
body glucose in humans.** In the cytosol, glucose is broken
down by glycolysis to generate two pyruvate, two adenosine
triphosphate (ATP), and two nicotinamide adenine dinucleo-
tide (NADH) molecules. When pyruvate enters mitochondria
and subsequently the tricarboxylic acid (TCA) cycle, it can
produce a net total of one ATP, one FADH,, and four NADH
molecules. A maximum of two ATP molecules can be pro-
duced from FADH, and three ATP molecules from NADH
via the electron transport chain. Thus, the TCA cycle gener-
ates the majority of ATP during oxidative metabolism in mi-
tochondria, whereas little ATP is produced from glycolysis
in the cytosol.

The most common technique to quantify local cerebral
glucose utilization (cerebral metabolic rate of glucose) is
positron emission tomography with the radioactive glucose
analogue 18fluoro-2-deoxyglucose (FDG).>¢ Like glucose,
FDG is taken up by the brain via facilitative glucose trans-
porters and is phosphorylated by hexokinase. Thereafter, due
to the lack of one hydroxyl moiety, FDG-6-phosphate gets
largely trapped, as it is not further metabolized by glycolysis
(Figure 1). The level of radiation emitted from FDG and its
metabolites is thought to indicate the rate of glycolysis, be-
cause hexokinase is the rate-limiting enzyme for glycolysis.
Thus, low signals seen when using FDG positron emission
tomography (PET) are interpreted as low glucose utilization
and/or “hypometabolism,” which typically correlate with
morphological abnormalities in epileptogenic brain areas.

Epilepsia-

Key Points

e In epileptogenic brain areas, energy metabolism
can be impaired, and fuels other than glucose and
independent from PDH activity are indicated to
provide energy

e MCTs provide medium chain fatty acids (MCFAs)
and ketones as auxiliary brain energy and can re-
duce seizures in rodent seizure models, and dogs
and humans with epilepsy

e Also, MCFAs and ketones improve brain mito-
chondrial functions and antioxidant defense

e With some promising results in multiple studies in
canine epilepsy, larger clinical trials of MCTs are
needed in people to determine the level of efficacy
in epilepsy

e Further research will help determine the composi-
tions and doses of MCTs, as well as the types of
epilepsy in children, adults, and dogs that respond
best

Similar results with FDG-PET and related methods have
been found in the brains of people with epilepsy,L12 ro-
dent epilepsy models,"*™ and the canine epileptic brain.'®
Typically, in the interictal period, FDG-PET signals from
epileptogenic brain areas are lower than from healthy coun-
terparts even if there is no damage in these areas,'’ which
suggests that impairments in brain glucose metabolism are
possible. In human medicine, FDG-PET has been used to lo-
calize epileptogenic foci to evaluate whether surgical removal
of these areas is feasible. In the lithium pilocarpine rat model
of temporal lobe epilepsy, FDG-PET showed normal metab-
olism in the latent period of the model before spontaneous
seizures occur, but limbic hypometabolic areas developed
in the chronic “epileptic” period.13 Other rodent epilepsy
models also showed low signals derived from FDG or other
traceable glucose analogues, including 14C-deoxyglucose
and 13C—glucose—6—phosphate in areas associated with seizure
behavior.'*'>!® In dogs, FDG-PET is emerging to become a
more commonly used tool to diagnose epilepsy.19 As in peo-
ple, in Finnish Spitz dogs FDG-PET was superior to surface
electroencephalography to localize epileptic foci.'®

2.2 | Mitochondrial metabolism

Once pyruvate enters the mitochondria, it is typically con-
verted to acetyl-CoA by the mitochondrial enzyme pyru-
vate dehydrogenase (PDH) and enters the TCA cycle. The
glucose-derived carbons provide the intermediates of the
TCA cycle, which are also precursors for the biosynthesis
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FIGURE 1 Simplified diagram of 18ﬂuoro—2—de0xyglucose (FDG) metabolism. Similar to glucose, FDG is moved from plasma into tissue

and cells by glucose transporters found on endothelial as well as neuronal and glial cells. Once inside the cells, again like glucose, FDG is

phosphorylated by hexokinase to FDG-6-phosphate. However, subsequent processing of FDG-6-phosphate does not proceed along the lines of

glucose-6-phosphate (G-6-phosphate) in the glycolytic pathway due to the lack of one hydroxyl moiety. Thus, FDG-6-phosphate remains mostly

trapped inside the cells

of lipids, amino acids, and neurotransmitters. These precur-
sors are important for healthy turnover of proteins and lipids
contributing to structural components of the brain and repair
of damage after seizures or other detrimental impacts. In ad-
dition, most of the ATP produced during aerobic metabolism
is produced via oxidative phosphorylation of glucose-derived
carbons involving the TCA cycle, the electron transport
chain, and ATP synthetase, also called Complex I'V.

We recently summarized findings regarding oxidative en-
ergy metabolism in epilepsy (Figure 2).%% In several rodent
chronic epilepsy models, there were shortages of glucose-
derived intermediates and metabolites of the TCA cycle,21"26
which correlated with reduced PDH activity in extracts from
hippocampal tissue from mice with spontaneous seizures.?®?’
This is likely to result in deficits in the production of ATP via
oxidative phosphorylation and a decreased ability for amino
acid and lipid turnover, including glutamate—glutamine shut-
tling.zo’28 In addition, in people with epilepsy, impaired ox-
idative glucose metabolism, mitochondrial dysfunction, and
mutations within mitochondrial constituents have been de-
scribed,zg’33 which can also add to energetic imbalances con-
tributing to seizures.

Functional and structural changes in the electron transport
chain described in humans and rodent models of epilepsy are
typically accompanied by oxidative stress (for review, please
see Pearson-Smith and Patel,34 Rowley and Patel,35 Kovac
etal.,* and Rowley et al.”). Deficiencies of Complex I activ-
ity were found in people with temporal lobe epilepsy, which
is usually considered a consequence of oxidative stress.*®
This finding coincided with an increased activity of succinate
dehydrogenase staining in CA3 neurons, which may indicate
that cells are trying to compensate for Complex I deficiency
and produce more energy by adding more substrate into
Complex II. These studies also support the theory that oxi-
dative stress may cause reduced TCA cycle enzyme activity,
because many of these enzymes are particularly sensitive to
oxidation due to their structure.

Overall, the available data suggest that brain energy me-
tabolism is impaired in epileptogenic foci. This includes (1)
impairments in glycolysis from plasma-derived glucose; (2)
decreased activity of the TCA cycle with reduced entry of
glucose-derived carbons, which at least in part appears to
be due to decreased activity of PDH; and (3) decreased pro-
duction of biosynthetic precursors of amino acids and lipids,
which may affect structural integrity and repair in brain tis-
sue. More details of additional studies have been summarized
by McDonald et al.?’

2.3 | Proposed mechanism of seizure
generation via energy shortage

The lower signals seen with the glucose analogues, FDG,
and related molecules in epileptogenic brain areas indicate
that there is lower glucose transport and phosphorylation of
plasma-derived glucose by hexokinase . However, areas with
epileptic activity require a large amount of energy, as there
is high electrical activity, which can be recorded as “interic-
tal spikes”—extra high neuronal activity between seizures.
Thus, based on reduced use of plasma glucose, it is likely
that there will be an energy deficit. Most of the energy in
the brain is required to maintain ion and neurotransmitter
balance during synaptic signaling, and also nonsignaling
states of the brain, largely involving the energy-dependent
sodium potassium pump (also called sodium potassium
ATPase) and glutamate transporters.>** ' This is crucial
to keep neuronal membrane potentials stable and synaptic
activity under control. Thus, it is likely that energy deficits
will reduce the activity of the sodium potassium pump and/or
other important homeostatic transporters, such as glutamate
transporters, which can contribute to neuronal hyperexcit-
ability and subsequent seizure generation. This is corrobo-
rated by the finding that chronic inhibition of brain glycolysis
(“chronic hypometabolism™) using 2-desoxyglucose induced
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FIGURE 2 Changes in brain cell energy metabolism in epilepsy. Normally, oxidative glucose metabolism in mitochondria generates the most

adenosine triphosphate (ATP) in brain cells, namely via the tricarboxylic acid cycle and the electron transport chain. Here, we show perturbations

found in epileptogenic areas in rodent models, and dogs and people with epilepsy. Red arrows and double lines indicate reductions in metabolite

levels, activities of pathways, enzymes or enzyme complexes, or glucose utilization. All these impairments can lead to reduced ATP production.

ADP, adenosine diphosphate; a-KG, a-ketoglutarate also called 2-oxoglutarate; GABA, y-aminobutyric acid; GDH, glutamate dehydrogenase; Gln,

glutamine; Glu, glutamate; NADH, nicotinamide adenine dinucleotide; OAA, oxaloacetate; OGDH, oxoglutarate dehydrogenase; PDH, pyruvate

dehydrogenase, Pi-inorganic phosphate

epileptiform activity in rats.* Also, many genetic metabolic
disorders are associated with epileptic seizures,* including
in people with deficiency of the main glucose transporter 1
(GLUT1), the transporter responsible for glucose uptake into
the brain.** Finally, data demonstrating the successful man-
agement of epilepsy in people, dogs, and rodents by using
nutritional approaches, such as diets resulting in ketone body
production, such as ketogenic and MCT diets, indicate that
certain types of epilepsy may be caused by dysfunctions in
energy metabolism.

Taken together and as pointed out by a recent review
with our collaborators, glucose hypometabolism found in
epileptogenic brain areas provides the rationale for use of
auxiliary fuels to provide energy for the brain to maintain
normal neuronal signaling and to prevent the generation of
seizures.*’ Ideally, these fuels would enter the TCA cycle di-
rectly and bypass the enzymatic reactions of PDH that seem
to be impaired. Thus, ketone bodies or MCFAs are good op-
tions (Figure 3), as their metabolism is independent of PDH
activity and they can be supplied via the diet (see Sections
4 and 5).20 Consistent with this notion, the current standard

treatment for GLUT1 deficiency in people is ketogenic diet,*
which provides ketone bodies that are used as fuel by the
brain (e.g., Courchesne-Loyer et al.® ). Please note that lac-
tate can also be used as an auxiliary fuel by the brain,*® but
the generation of energy from lactate requires PDH activity.
Also, to our knowledge, there is no suitable dietary way to
provide lactate in high amounts, as the body cannot be over-
loaded with sodium or acid.

Overall, the available data suggest that brain energy me-
tabolism is impaired in the epileptic brain and auxiliary fuels,
other than glucose and independent from PDH activity, are
needed to provide energy to epileptogenic brain areas. This
includes ketone bodies, but also octanoic and decanoic acids,
which are MCFAs that can be derived from MCTs—glycerol
esters typically containing MCFAs with a chain length of be-
tween seven and 12 carbons.*’ Triheptanoin, the triglyceride
of heptanoic acid (C7), is an unusual specific MCT, as in na-
ture it only occurs in very small amounts in certain seeds. In
addition to providing fuel for the TCA cycle, triheptanoin can
also provide succinyl-CoA and refill the intermediates of the
TCA cycle (anaplerosis).*® Data about triheptanoin treatment
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FIGURE 3 Auxiliary and alternative fuels and carbon sources for the brain. Several metabolic management approaches for epilepsy are

highlighted with pink background, and their metabolic effects are indicated. This includes C4 ketone bodies, medium chain fatty acids (e.g.,

decanoate and octanoate), heptanoate, and C5 ketone bodies, which all directly produce acetyl-CoA and do not require pyruvate dehydrogenase

(PDH) for entry into the tricarboxylic acid (TCA) cycle. In addition, heptanoate and C5 ketone bodies also provide C4 TCA cycle intermediates by

succinyl-CoA. This anaplerosis may contribute to TCA cycling as well as biosynthesis of lipids and amino acids from TCA cycle intermediates.

ATP, adenosine triphosphate; MCT, medium chain triglyceride; NADH, nicotinamide adenine dinucleotide

for epilepsy in rodent models and clinical trials can be found

elsewhere. 2044

3 | KETOGENIC DIETS AND
MCTs: FORMULATIONS AND
BIOCHEMISTRY

In the 1920s, medical ketogenic diets that increase the plasma
levels of C4 ketone bodies were invented to mimic the ben-
eficial effects of fasting for the treatment of epilepsy in chil-
dren (reviewed in Huttenlocher et al.>® ™ %) Ketogenic
diets used for the management of epilepsy are typically very
high in fat (originally four parts of weight), but very low in
protein and carbohydrates (one part in weight together) and
are often calorically restricted. In response, blood glucose
levels remain in the lower normal range and the liver uses
fatty and amino acids to produce the C4 ketone acetoacetic
acid and p-hydroxybutyric acid. Under these conditions, ro-
dent and human brains use these ketone bodies as fuel and
less glucose.*”"® The canine brain can also use ketone
bodies as fuel, as shown during hypoxia and infusion of f-
hydroxybutyrate.” In the 1970s, to allow patients to consume

higher amounts of carbohydrates and protein, the MCT ke-
togenic diet was developed.‘w’55 In the original version, 50%—
65% of energy intake is from MCTs, but another version only
uses 30% MCTs.® The added MCTs release MCFAs, mostly
octanoic and decanoic acids, which in the liver can quickly
be turned into ketone bodies. Especially MCTs enriched in
octanoate are well known to increase ketone body produc-
tion (e.g., see Pierre et al.%"). Another version of the origi-
nal ketogenic diet is the modified Atkins diet, which allows
reducing the large amounts of fats. Currently, versions of
ketogenic-derived diets use different fat versus carbohydrate/
protein ratios, such as 3:1 and 2:1. Two recent meta-analyses
of many clinical prospective studies reported approximately
50%-65% efficacy of these versions of original and modified
ketogenic diets in the treatment of various adult and child-
hood epilepsies.”®%*% Please note that in children with cer-
tain types of epilepsy, the MCT-ketogenic diet seems to be
similarly effective as the classical ketogenic diet in regard to
seizure control,®+% Moreover, the use of ketogenic diets and
MCTs is expanding to other neurological disorders, includ-
ing Alzheimer disease, Parkinson disease, and mild cognitive
impairments.®’ " In addition to the provision of C4 ketone
bodies as fuel, ketogenic diets are also thought to promote
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needs in epileptogenic brain areas, where two studies have
found reduced PDH activity (see above and Figure 3).26:27
Taken together, several studies indicate that MCTs and
MCFAs provide auxiliary fuel and can alter brain energy me-
tabolism. Several recent studies have shown anticonvulsant
effects after adding MCTs to regular diets in rodents, dogs,
adults, and children, as summarized in the next paragraphs.

4 | ANTICONVULSANT EFFECTS
OF MCTs
4.1 | Rodents

Anticonvulsant effects of MCFAs and MCTs of various com-
positions have been observed in several acute rodent models
(Table 1), which can predict activity for different types of
human seizures.”® In the 6-Hz mouse model, a model thought
to reveal efficacy of drugs against focal unaware seizures,
anticonvulsant effects were seen 30 min after acute gav-
age with octanoic and decanoic acid (10-30 mm01~kg‘],
approximately 1.4-5.2 g/kg)**®! and after 10 days of feed-
ing 35E% (% of energy) MCTs containing 95% decanoic
acid (tridecanoin or tricaprin).82 In the first experiment, we
also found an anticonvulsant effect in the 6-Hz model with
feeding 35E% trioctanoin (tricaprylin), the triglyceride of
octanoic acid.®® This effect could not be reproduced later,
which remains unexplained, but has happened before with
metabolic treatments.* In the intravenous pentylenetetrazol
model, a model likely to show efficacy of treatments against
generalized unaware seizures in people, only octanoic acid
increased the seizure threshold. In contrast, using flurothyl,
another y-aminobutyric acid type A (GABA ,) receptor chan-
nel blocker, only tridecanoin but not trioctanoin was effec-
tive.* In the maximal electroshock model, a model typically
indicating efficacy of treatments against acute tonic—clonic
seizures, only high amounts of decanoic acid (50 mmol-kg’1
or 8.5 g/kg) were effective, but not octanoic acid. 3! The
feeding studies with MCTs were done in the last author's
laboratory and used 35E% of MCTs, which corresponds to
approximately 180 g of MCTs per kilogram of mouse chow.
Adult CD1 mice have been estimated to eat 3 g of chow per
day and thus would have consumed approximately 18 g of
MCTs per kilogram of body weight per day. Thus, the an-
ticonvulsant doses of MCFAs (10-30 mmol-kg™', approxi-
mately 1.4-5.2 g/kg) given in the acute oral gavage studies
are in a similar range to the 35E% MCT feeding studies.

hippocampal slice models,
1 mmol L' decanoic acid, but not octanoic or nona-
noic (C9) acids, completely prevented epileptiform dis-
charges induced by pentylenetetrazol or low magnesium
as measured with field electrodes.’% The effects of
this high decanoic acid concentration were attributed to

In two ex vivo rat

a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) type glutamate receptor inhibition®® and may also
explain why with gavage of approximately 100 mmol (17 g)
decanoic acid/kg, 50% of mice show motor impairments in
the chimney test.®! On the other hand, no motor impairments
have been seen in humans or dogs using MCTs (see Sections
5.2 and 5.3). Thus, the contribution of AMPA receptor inhi-
bition when using MCTs to manage epilepsy requires more
research (see further discussion in 5).

In summary, octanoic and decanoic acids and their MCTs
showed anticonvulsant activities in rodent models of acute
seizures. The effects of octanoic versus decanoic acids and
their MCTs were mostly similar in the 6-Hz model and com-
parable to the magnitude of effects of ketogenic diets. 37
This is important because new ways to manage focal unaware
seizures in people are most urgently needed, as these types of
seizures are often treatment resistant. Small or no effects of
these MCFAs and MCTs were seen in the maximal electro-
shock test and the models using the GABA , receptor channel
blockers pentylenetetrazol and flurothyl. This indicates that
the anticonvulsant effects and mechanisms of MCFAs are at
least partially distinct, with different carbon chain lengths
and MCT versus MCFA administration. Potential anticon-
vulsant mechanisms are discussed in Section 5. It is also
important to bear in mind that all these rodent studies used
healthy “normal” animals without any known brain energy
deficits and the magnitude of the effects were small when
compared to ASDs (e.g., see the PANAChHE database, https://
panache.ninds.nih.gov/). To our knowledge, there are no
studies in chronic epilepsy models in rodents, which are now
required before new pharmaceutical treatments enter clini-
cal trials. Unlike the mostly pure octanoic or decanoic acid
formulations employed in these published rodent studies, for
people and dogs, MCTs that contain mixtures of octanoate
and decanoate are used. Mixed MCTs are better tolerated
than pure trioctanoin (Stephen Cunnane, personal commu-
nication), and unlike tridecanoin, they remain in oil form at
room temperature. Oils are more easily measured and mixed
into food than solids, and production of powders and shakes
is more straightforward.

4.2 | Dogs

In dogs, specific breeds in certain countries have shown very
high prevalence of epilepsy. This includes, but is not lim-
ited to, certain Belgian shepherd populations in Denmark and
US Irish wolthounds, with 33% and 18% of dogs suffering
from epilepsy, respectively (reviewed in Hiilsmeyer et al.®®).
In 2018, data from veterinary primary care practices in the
UK showed that pugs, boxers, basset hounds, border terriers,
and border collies had a higher prevalence of epilepsy (1.5%—
1.9%) compared to other breeds.” The onset of epilepsy
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typically occurs in the first few years of life.¥ In addition to
epileptic seizures, dogs with epilepsy show behaviors similar
to anxiety and attention-deficit/hyperactivity disorder in hu-
mans, as well as cognitive impairments.%‘92 Typically, older
ASDs are used to treat epilepsy in dogs.g&93 This includes
phenobarbital (an allosteric modulator of the GABA , recep-
tor), imepitoin (a low affinity partial agonist for the benzodi-
azepine binding site of the GABA 4 receptor), and potassium
bromide, where bromide is thought to hyperpolarize neurons
by replacing chloride. These older treatments commonly
have side effects, such as sedation, ataxia, and polyphagia.94
Levetiracetam, zonisamide, and other newer antiepileptic
drugs used in people are also used in dogs with variable suc-
cess and are expensive.2 Similar to humans, the side effects
from ASDs in dogs often reduce quality of life and can be
life-limiting, due to blood dyscrasias and liver toxicity.94_96

Safety regarding the feeding of MCTs was studied in dogs
for 90 days, and 5%, 10%, and 15% MCTs (wt/wt) were found
to be safe.”” A recent study using metabolomics of serum”®
also showed that the feeding of a commercial diet enriched
with 5.5% (wt/wt) MCTs to dogs with epilepsy did not ad-
versely alter blood metabolic parameters compared to those
dogs given a standard commercial diet. There were no issues
regarding tolerability and palatability of MCTs at the tested
inclusion rates in dogs.

To date, several efficacy studies in dogs with idiopathic
epilepsy fed with 5.5%—6.5% added MCT oil (wt/wt) or MCT
oil providing 9% of daily metabolic energy requirement have
been published (Table 2). The ASD regimens of the dogs re-
mained the same between the placebo and MCT diet phases.
All dogs in these trials were considered drug-nonresponders
to standard ASDs, such as phenobarbital, potassium bromide,
and levetiracetam. Two publications document the effects of
feeding of commercial diets containing 5.5% MCT oil versus
5.5% lard in one cohort of dogs in a 3-month randomized
double-blinded crossover study.gg’100 There were no severe
side effects and no significant changes in body weights as
well as serum concentrations of phenobarbital or potas-
sium bromide between the placebo and MCT diet, indicat-
ing that the addition of MCTs to dog food did not affect the
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metabolism of these ASDs.”” Ten of 21 dogs (47%) had more
than 50% reduction in seizure frequency, with three dogs be-
coming seizure-free.” Regarding changes in behavior, less
stranger-directed fear was observed among different behav-
iors noted, indicating potential anxiolytic effects of add-on
MCTs.'® A nonblinded study investigated the effects of a
6.5% MCT commercial diet in dogs with epilepsy and found
a reduction in seizure frequency by 33% over a 3-month pe-
riod without changes in ASD blood levels.'”! Nine of 21 dogs
(43%) had more than 50% reduction in seizure frequency,
including two dogs becoming seizure-free.'”" In a recently
published multicenter randomized double-blinded crossover
study, dog owners were taught to add MCT oil (contribut-
ing 9% daily energy) containing 50%-65% octanoate and
30%-50% decanoate versus colorless, extra virgin olive oil
to their dogs' regular food for a total of 28 dogs.mz’lo3 The
case number chosen for this study was based on the results of
Law et al.,”” who used a similar study design.loz’103 A power
analysis was performed and indicated that 22 dogs would
be sufficient using Wilcoxon signed ranked test to reach a
power of .95 (90%) at Type I error rate of .05 (PASS V19.02,
NCSS, Statistical Software). Overall, there was a significant
22% reduction in the median number of seizures with add-on
MCT feeding. Two dogs became seizure-free, and three dogs
had more than 50% reduction in number of seizures, corre-
sponding to efficacy in 18% of dogs. In this study, cogni-
tion was also evaluated, showing that MCT supplementation
improved spatial-working memory, problem-solving ability,
and owner-reported trainability in dogs with difficult to treat
epilepsy. 104

These studies are also complimented by a recent case re-
port. One dog, which did not show seizure reduction with
standard phenobarbital and bromide therapy and had weekly
seizures, switched from a white fish/white potato diet to a
modified Atkins type ketogenic diet containing 15% MCTs.
The dog was reported to be seizure-free for 33 weeks, except
for two breakthrough seizures when not eating for 2 days in
the absence of his owner.'?”

The magnitudes of the anticonvulsant effects in dogs asso-
ciated with dietary MCT supplementation published”’lm’103

TABLE 2 Anticonvulsant effects in dogs during three studies of MCTs included in a regular diet

Study type, amount of MCTs vs. placebo, wt/wt %
or E% dogs

Blinded crossover study, 5.5E%—10E% MCTs vs. lard 21

in a commercially produced diet’®”

Nonblinded 6.5% MCTs in a commercially produced 21
diet'”!

Blinded 9E% add-on MCTs vs. colorless extra virgin 28
olive oil added to “regular” dog food'®*!#°

Total number of

Dogs with >50% reduction in
seizure frequency, n (%)

Mean seizure frequency

reduction, % MCTs Placebo
13.5% 10 (47%) 1 (5%)
33% 9 (43%)

22% (18%) 2 (T%)

Abbreviations: E%, % of energy; MCT, medium chain triglyceride.
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are very similar to successful new ASDs in large human Phase
III efficacy trials, where new drugs are tested in 200-600 pa-
tients with drug-resistant epilepsy as add-on treatment. In
these trials, approximately 30%—50% of people experienced
greater than 50% reduction in seizures when treatments were
deemed efficacious, and the placebo showed efficacy in
10%—-26% of people.m&110 On average, seizure frequencies
were reduced by 26% with efficacious drugs and 13% with
placebo. 106-199 Taken together, these studies provide accumu-
lating evidence of the efficacy of MCTs as an adjunct for the
management of epilepsy in dogs.

43 | Humans

In 2013, a case report reported marked seizure reduction in a
man who added four tablespoons of MCT oil twice per day
to this regular diet.""" In a first small controlled randomized
double-blinded clinical trial to test the tolerability of add-
on MCTs versus triheptanoin in Melbourne with 34 adults
with treatment-resistant epilepsy, participants were asked to
mix oils into three daily meals and titrate oil doses up slowly
over several weeks to their maximal tolerated amount (maxi-
mal 35E% or 100 ml/day) while eating to satiety.49 The oils
were tolerated in approximately two thirds of participants.
Discontinuation was due mostly gastrointestinal problems,
such as diarrhea, and in a few people increases in seizure
activity. Side effects were mostly minor and mostly restricted
to gastrointestinal upset, including diarrhea, stomach cramps,
or constipation. This could be managed by slow titration,
mixing with food, reducing doses, and dietitian counseling.
In contrast to ASDs, no cognitive or other severe side ef-
fects were reported. A median body weight gain of 2 kg was
found, although participants in the study were encouraged
to eat to satiety and reduce normal food portions. Thus, it
appears that, different from other populations, MCTs in this
group of people with epilepsy did not reduce food intake.
As people with epilepsy tend to be overweight,112 this is a
potential concern for future studies. In the MCT arm, five
of 11 (45%) adults finishing the study, all with focal una-
ware seizures, showed greater than 50% reduction in seizure
frequency. These adults ingested 40-70 ml MCTs per day
containing 55% octanoic and 45% decanoic acids (mean =
.73 ml/kg body weight).49 After cessation of MCTs, seizures
returned in all but one adult.

Anticonvulsant effects of add-on MCTs in a normal diet
were also seen with comparable amounts of a decanoic acid-
enriched MCT emulsion drink developed by Vitaflo in adults
and children with treatment-resistant epilepsy in a tolera-
bility study (see Poster 3.367 at American Epilepsy Society
Annual Meeting 2019)."'" The outcomes of this randomized
double-blinded study in 61 people using a placebo oil emul-
sion drink were very similar to the Australian study in regard

to tolerability, side effects, and efficacy measured as the re-
duction of the number of seizures in children and adults. This
larger study in the UK did not report weight gain. Participants
were told to reduce foods enriched with simple sugars. Thus,
potential weight gain can be managed with dietetic counsel-
ing. Another option may be to combine MCTs with a low
glycemic index diet, which aims to maintain consistent low to
normal blood glucose levels. A low glycemic index diet also
encourages food with complex carbohydrates and avoids high
amounts of simple sugars and refined carbohydrates.

Taken together, these human clinical trials testing tolera-
bility of MCTs as primary endpoints were small and not de-
signed to testing efficacy. Moreover, tolerability was an issue
for one third of patients. However, there is the possibility that
when MCTs are tolerated, they may be a potential adjunct for
the management of epilepsy in people. The lack of toxic and
neurocognitive side effects encourages more research into
MCTs. Based on the available studies, it is still unclear which
MCT formulation is ideal to prevent seizure generation, al-
though MCTs containing decanoic acid seem to be more ef-
ficacious in in vitro and in vivo rodent models. In the future,
it will be necessary to find the most effective dose, the ideal
ratio for octanoic versus decanoic acids, and the types of epi-
lepsy that respond best. It will also be important to find MCT
formulations that are better tolerated by humans than oils and
emulsions, potentially powders or MCTs in certain food ma-
trices (bars, shakes, etc) may be an option. A larger clinical
trial of MCTs in adults with focal epilepsy is currently being
prepared by Professor Seungbong Hong and the last author.
The study is planned to start at the Samsung Medical Center
in Seoul, South Korea. If promising, it can be expanded to
include other Korean hospitals.

5 | PROPOSED ANTISEIZURE
MECHANISMS OF MCTs

5.1 | Levels of MCT metabolites

In people and rodents, MCTs in regular diets provide 50—
400 pmol-L‘1 MCFAs in blood, while reports about increased
levels of C4 ketone bodies vary and also depend on the type
of MCT used.®" 32114 please note that ketone bodies and
MCFAs can be metabolized very rapidly. Therefore, it is dif-
ficult to assess the turnover of these molecules when only
measuring blood and tissue levels. Also, the levels found in
blood are higher than those found in brain, which is consist-
ent with fast metabolism in the brain.®* For example, using
microdialysis in mice, the (-hydroxybutyrate concentra-
tion in hippocampal extracellular fluid was found to be
around 50 p,lmol'L_l,115 whereas blood levels were around
1.5 mmol-L™! in the same mouse strain fed a 4:1 ketogenic
diet.*’ Opinions regarding biologically relevant C4 ketone
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body levels in blood vary, although most people tend to agree
that levels greater than 400 pmoLL’1 B-hydroxybutyrate in
people are physiologically significant (Mary Newport, per-
sonal communication).

In rats, feeding 5% MCT diet increased blood -
hydroxybutyrate levels modestly by up to approximately 50%
from the 150 pm01~L’1 baseline.''® In mice, neither 35E% tri-
decanoin nor trioctanoin consistently increased ketone body
levels in blood and brain of mice.5*% However, 30 min after
acute gavage of 30 mmol-kg_l decanoic acid, an elevation of
B-hydroxybutyrate from .57 mmol-L™" to 1.66 mmol-L™" was
found in trunk blood together with 300 pmol-L"1 decanoate.®!
Gavage of 20 rnmol-kg’1 octanoic acid produced around
400 pmol-L’1 octanoate and increased P-hydroxybutyrate
from .28 mmol-L™! to .9 mmol-L™! in blood.* Thus, acute
loading with MCFAs seems to increase C4 ketone body lev-
els more than chronic feeding.

In dogs fed with MCTs, the blood levels of f-
hydroxybutyrate showed a significant increase up to
120 umol~L’1,99’117 whereas MCFA concentrations have not
been measured so far. In humans, plasma levels of octanoic,
decanoic, and dodecanoic (C12) acids remained increased
between 100 and 300 pmol-L"1 for 6-8 h when volunteers
ingested two doses of 20 ml MCTs 4 h apart.61 The MCTs
tested contained either largely octanoic, decanoic, or alterna-
tively dodecanoic acids or a mixture of 55% octanoic and 35%
decanoic acids. The largest levels in plasma C4 ketone bodies
(200-800 pmol~L‘l) were found with trioctanoin, followed by
the MCTs containing both octanoic and decanoic acids (200—
600 pmol~L_1) and tridecanoin (200 pmol~L_1). In our human
randomized controlled trial with MCTs containing both oc-
tanoate (55%) and decanoate (45%), we found no increase in
serum ketone levels when employing commercially available
ketone meters used by people with diabetes, which have low
sensitivity (>400 umol-L™! [S—hydroxybutyrate).49

All studies could benefit from evaluation of C4 ketone
body and MCFA concentrations over time and ideally brain
levels of MCT metabolites; however, the latter is possible
only postmortem. On the other hand, blood and also brain
levels are not always useful to appreciate fast turnover of fuel
molecules. Therefore, in any case it will remain difficult to
distinguish effects of MCFAs and their ketone body metabo-
lites, as both can serve as auxiliary fuels and also have other
additional nonmetabolic effects (see below).

52 |
in vitro

MCFA metabolic effects in vivo and

In mice fed trioctanoin, amounts of several metabolites were
changed in the hippocampus,83 consistent with reduced activ-
ity of phosphofructokinase found in hippocampal extracts.>
The levels of fructose 1,6 bisphosphate, dihydroxyacetone,
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malate, and succinate were lowered, whereas the levels of
glucose-6-phosphate and fructose-6-phosphate were higher
than in control diet-fed mice. Interestingly, the concentra-
tions of metabolites of the pentose phosphate pathway, ribu-
lose 5-phosphate and xylulose 5-phosphate, were also low,
suggesting that overall cytosolic glucose metabolism was re-
duced, which could be an effect of increased metabolism of
MCFAs to produce energy.83

The results from these in vivo studies are consistent with
data showing that cultured astrocytes derived from embry-
onic mouse brain and also human stem cells can metabo-
lize MCFAs in vitro.8>!1811° However, a cultured neuronal
cell line also oxidized MCFAs.'® The study in the neuronal
cell line SH-SY5Y showed that oxidation of octanoic acid
was much faster and competed with that of decanoic acid.
Octanoate oxidation was also less dependent on the mito-
chondrial enzyme carnitine palmitoyltransferase I (CPT1),
based on its inhibition by the CPT1 inhibitor etoxomir.'*
This finding is of interest as it indicates that a mixture of oc-
tanoate and decanoate in MCTs may be ideal to achieve high
decanoate levels in tissue.

In contrast to the studies mentioned above, feeding a
diet containing 5% MCTs with 40:60 of octanoate ver-
sus decanoate for 2 weeks reduced mitochondrial respira-
tion and protein amounts of enzymes related to glycolysis
and oxidative phosphorylation in the medial prefrontal
cortex of anxious rats.''® On the other hand, proteins
controlling glucose (GLUT1) and glutamate transport
(glutamate transporter 1) were increased in this brain
area.!!® Similarly, in human induced pluripotent stem
cell-derived astrocytes, 100 to 300 pmol-L’1 MCFAs in-
hibited mitochondrial metabolism and reduced NAD(P)
H fluorescence.'?' Please note that the results from these
two studies from the same institute are very different from
results found in “healthy” rodents, epilepsy models, and
cultured brain cells and may be specific to anxiety or
other experimental conditions.

5.3 | Other proposed anticonvulsant
effects of MCFAs

Apart from providing additional fuel, MCFAs and ke-
tone bodies also have other nonmetabolic actions that
may contribute to their anticonvulsant effects (Figure 4).
Metabolism of ketone bodies in the brain may result in in-
creased synthesis of the major inhibitory neurotransmitter,
GABA, which can contribute to antiepileptic effects by
reducing hyperexcitability of neurons.'?* In addition, sev-
eral groups reported improvement of brain mitochondrial
function and antioxidant defense in response to ketogenic
diets, MCTs, MCFAs, and ketone bodies in vivo and in
vitro./177382123-126 11 mice fed 35E% tridecanoin, there was
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FIGURE 4 Simplified schematic diagram of nonmetabolic
actions of decanoic acid that may contribute to its anticonvulsant
effects. Several mechanisms of action have been suggested, including
direct effects of decanoic acid on improvement of brain mitochondrial
function and antioxidant defense found in vitro and in vivo. These
effects were also found with ketogenic diets and could be at least in
part mediated via the formation of C4 ketone bodies. Low amounts
decanoic acid can activate GPR84, whereas high decanoic acid levels
are needed for the inhibition of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) type glutamate receptors in neurons
and the mechanistic target of rapamycin complex 1 (mTORCI)
signaling pathway. The contribution of these effects remains to be
shown in vivo.

higher respiratory activity linked to ATP production in mi-
tochondria isolated from hippocampal formations, which
is expected to enhance brain energy reserves. In addition, a
better ability to reduce ferric iron in blood coincided with
increased expression of heme oxygenase 1 (Hmox1) and
FoxO1 mRNA in brain.®* FoxOl is a transcription factor
that is known to upregulate Hmox1, an important Phase II
antioxidant enzyme known to provide homeostatic redox
defense in glial cells. In aged dogs, feeding 2 g MCT/
kg body weight was also shown to increase mitochon-
drial function, namely it enhanced State III and Complex
I-driven respiration in the parietal cortex and reduced oxi-
dative stress markers in mitochondria.'*

Another potential antiseizure effect was shown in rats,
which were given high oral amounts of MCFAs. The levels
of tryptophan were found to be low in blood, but high in brain
tissue.'*’ Also, low blood tryptophan levels have also been
seen in children on ketogenic diet.'”® In the brain, trypto-
phan may be metabolized to NAD™, which may affect energy
metabolism. On the other hand, metabolism of tryptophan
to NAD™ includes formation of the intermediate quinolinic
acid, a neurotoxin.

In vitro, at very low concentrations (4.5 pmol-L’l), deca-
noic acid can activate the inflammatory receptor GPR84.'”
This receptor is normally expressed at low levels, but is in-
duced by the strong immune activator lipopolysaccharide.

Expression is then mostly found in monocytes, neutrophils,
and also in microglia in the brain.'3%13! Howeyver, the roles
of this proinflammatory receptor regarding anticonvulsant or
other effects are still unclear. No adverse effects regarding
inflammation have been seen over the many years of using
MCTs in children with epilepsy and people with metabolic
disorders.

Higher amounts, namely 50 umol-L™" of decanoic acid
and also other longer chain fatty acids, such as myristic and
linoleic acid, can activate the transcription factor PPARYy2,
which can promote mitochondrial biogenesis and has antiox-
idant effects, 318132133

When 250 umol-L™ decanoic acid was added to cul-
tured cells, it increased mitochondrial proliferation via the
PPARY receptor and increased catalase activity in SH-SYSY
cells.'” Neither increases in catalase activity®? nor higher
mitochondrial DNA copy numbers were found in brains from
tridecanoin-fed mice in the last author's laboratory. However,
increased brain catalase activity was also seen in mice fed
ketogenic diet, which could be blocked with a PPARY inhib-
itor.”*!**13* In human induced pluripotent stem cell-derived
astrocytes, 250 pmol-L‘1 decanoic acid increased glutathione
amounts,119 confirming antioxidant effects found in the other
studies mentioned above.

In addition, at high concentrations (half-maximal inhib-
itory concentration = 250 umol-L™"), decanoic acid can act
as a noncompetitive AMPA receptor antagonist, resulting in
direct inhibition of excitatory neurotransmission, whereas
octanoic acid was inactive.®® However, so far, no sedative or
other central nervous system side effects have yet been ob-
served in people and dogs (see Section 5.1). Also, a recent
publication found that 300 umol-L™" decanoic acid can block
the activity of mechanistic target of rapamycin complex 1 in
ex vivo rat hippocampus and in tuberous sclerosis complex
patient-derived astrocytes.13 >

The findings from the in vitro studies summarized above
can be difficult to interpret in regard to the expected physi-
ological levels of MCFAs and ketone bodies in brain tissue.
Although high plasma concentrations of decanoic acid of
50—400 pumol-L™" have been reached in people eating MCTs,
it is doubtful that these levels can be reached in the extra-
cellular fluid of the brain and within cells. It should also
be considered that MCFAs are mostly bound to albumin in
blood'*® and inside cells are likely bound to other proteins.
Thus, the free active concentrations are expected to be low.
On the other hand, it is encouraging that several laboratories
have described similar protective effects on mitochondria
and antioxidant actions of decanoic acid in vivo and in vitro,
and there is evidence that antioxidant defense mechanisms
can play a role in anticonvulsant activity.m’?’s’71 More studies
are needed to fully understand anticonvulsant and protective
mechanisms of action of MCFAs.
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6 | OTHER POTENTIAL
BENEFICIAL EFFECTS OF MCTs

MCT add-on diets appear to have benefits beyond epilepsy,
by potentially improving functions of the central nervous
system and overall metabolism. Here, we provide a few refer-
ences to recent studies and review articles, as these potential
protective effects of MCTs are expected to also benefit people
and dogs with epilepsy. Age-associated cerebral glucose hy-
pometabolism has been reported in rodents, dogs, monkeys,
and people, which may contribute to age-dependent cognitive
decline, cognitive impairment, and Alzheimer disease.'3"14?
Some evidence suggests that mixed MCTs improve cognition
in rodents, dogs, and people with mild cognitive impairments
and conditions similar to Alzheimer disease.%®¢%!117:143.144
Neuroprotective effects have been reported in rodent models
of Alzheimer disease and Parkinson disease and also with
trioctanoin (tricaprylin) in an amyotrophic lateral sclerosis
mouse model.”!'*> There are some indications that add-on
MCTs may be anxiolytic. Feeding a 5% MCT diet to anxious
rats reduced anxietylike behaviors and enhanced social com-
petitiveness.116 Similarly, there was less stranger-directed
fear in dogs fed a 5.5E% MCT diet.'% Finally, several studies
have indicated that MCTs may also be beneficial for meta-
bolic syndrome, diabetes, and obesity.74’146

7 | CONCLUSION AND FUTURE
DIRECTIONS

Some epilepsies show perturbed utilization of glucose and en-
ergy production in epileptogenic brain areas. As most energy
in the brain is needed to maintain ion balances and regulate
glutamate transport and metabolism, it is likely that energy
deficiencies can contribute to hyperexcitability and seizures.
Thus, auxiliary brain fuels such as MCFAs and/or ketones
are indicated to improve ATP production. Taking the studies
discussed above together, there is evidence that dietary inclu-
sion of MCTs provides MCFAs as well as C4 ketone bodies
for direct metabolism in the brain without the need of carbo-
hydrate restriction. Also, several studies showed that MCTs
improved mitochondrial function and antioxidant defense,
and were effective against seizures in rodent models and
dogs as well as adults and children with epilepsy. Direct ef-
fects of MCFAs potentially together with ketone production
are likely to underlie the symptomatic changes in epilepsy,
but more studies are needed to confirm these mechanisms.
Based on the available studies, it is still unclear which MCT
formulations are ideal to prevent seizure generation in people
and in dogs. However, decanoic acid and MCTs containing
this MCFA seem to play an important role and were more ef-
ficacious in in vitro and in vivo rodent models. On the other
hand, some people with epilepsy had tolerability issues with
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add-on MCTs, so it will be important to develop MCT for-
mulations with higher tolerability.

People with epilepsy and owners of dogs with epilepsy
are looking for new epilepsy management options with novel
mechanisms of actions without the cognitive side effects
often associated with ASDs. Dietary add-on MCTs are safe
and tolerated when emulsified in food and titrated up slowly.
To date, neither central nervous system and cardiovascular
side effects nor teratogenicity have been observed in rodents,
dogs, and humans. Because MCTs have few serious side ef-
fects compared to antiseizure medication, use of MCTs may
be managed more easily via phone or Skype consultations.
This is different from many current ASDs that require closer
supervision and sometimes drug monitoring.

In summary, there is now new evidence across species
for the efficacy of MCTs for epilepsy management. Direct
and indirect as well as metabolic and antioxidant effects of
MCFAs possibly together with those of C4 ketone bodies are
likely to underlie the anticonvulsant mechanisms of MCTs.
For now, more and larger clinical trials are needed especially
in humans to find out whether the effects seen in the small
trials conducted so far can be replicated in larger cohorts.
Randomized controlled studies with sufficient numbers of
human patients based on power calculations including the
evaluation of confounding factors, such as consumed food,
are needed. It will be important to determine the ideal com-
positions and doses of MCTs as well as the types of epilepsy
in children, adults, and dogs that respond best.

ACKNOWLEDGMENTS

F.Y H. and this work were supported financially by a National
Health and Medical Research Council grant (APP1186025),
Australia. H.A.V. and this work were supported by
Biotechnology and Biological Sciences Research Council
(BBRSC) grants (BB/P001874/1 and BB/J012491/1), UK.

CONFLICT OF INTEREST

F.Y.H. has no conflicts of interest. H.A.V. received funding
from the American Kennel Club, American Health Foundation
(grant 2252), BBSRC (BB/P001874/1), and Nestlé Purina
PetCare to perform clinical trials for MCT-enriched dog
diets for epilepsy and its comorbidities cognitive dysfunc-
tion and fear/anxiety behavior. Furthermore, Nestlé Purina
PetCare was the industrial partner in a CASE BBSRC PhD
studentship (BB/J012491/1) investigating metabolic profiles
of dogs receiving MCT diets. H.A.V. has received funding
for speaking engagements from Nestlé Purina PetCare. B.Z.
and Y.P. report US Patent 9789079. B.Z., L.C.-S., and Y.P.
are employed within the R&D Department of Nestlé Purina
PetCare to conduct nutrition research for potential use in fu-
ture commercial applications. G.R. was employed within the
European team of Nestlé Purina PetCare, communicating on
scientific studies and products, and also organizing clinical



= | Epilepsia

HAN ET AL.

trials of products. K.B. has received consulting fees from
Nestlé Purina PetCare for her expertise during the prepara-
tion of the manuscript, but remains independent from Nestlé
Purina PetCare as last and ultimately responsible author of
the review. We confirm that we have read the Journal's posi-
tion on issues involved in ethical publication and affirm that
this report is consistent with those guidelines.

ORCID

Felicity Y. Han
Karin Borges

https://orcid.org/0000-0001-7260-5832
https://orcid.org/0000-0001-7448-0770

REFERENCES

L.

10.

11.

12.

14.

15.

Chen Z, Brodie MJ, Liew D, Kwan P. Treatment outcomes in
patients with newly diagnosed epilepsy treated with established
and new antiepileptic drugs: a 30-year longitudinal cohort study.
JAMA Neurol. 2018;75:279-86.

Muinana KR. Management of refractory epilepsy. Top Companion
Anim Med. 2013;28:67-71.

Mergenthaler P, Lindauer U, Dienel GA, Meisel A. Sugar for the
brain: the role of glucose in physiological and pathological brain
function. Trends Neurosci. 2013;36:587-97.

Dienel BG. Metabolism: integration of energetics with function.
Physiol Rev. 2019;99:949-1045.

Sokoloff L, Reivich M, Kennedy C, Des Rosiers MH, Patlak CS,
Pettigrew KD, et al. The [14C]deoxyglucose method for the mea-
surement of local cerebral glucose utilization: theory, procedure,
and normal values in the conscious and anesthetized albino rat. J
Neurochem. 1977;28:897-916.

Phelps M, Mazziotta J. Positron emission tomography—human-
brain function and biochemistry. Science. 1985;228:799-809.
Benedek K, Juhasz C, Chugani DC, Muzik O, Chugani HT.
Longitudinal changes in cortical glucose hypometabolism in chil-
dren with intractable epilepsy. J Child Neurol. 2006;21:26-31.
Casse R, Rowe CC, Newton M, Berlangieri SU, Scott AM.
Positron emission tomography and epilepsy. Mol Imaging Biol.
2002;4:338-51.

Pan JW, Williamson A, Cavus I, Hetherington HP, Zaveri H,
Petroff OAC, et al. Neurometabolism in human epilepsy. Epilepsia.
2008;49(Suppl 3):31-41.

Portnow V, Okun T. History of cerebral PET scanning: from phys-
iology to cutting-edge technology. Neurology. 2013;80:952-6.
Sarikaya I. PET studies in epilepsy. Am J Nucl Med Mol Imaging.
2015;5:416-30.

Burneo JG, Poon R, Kellett S, Snead OC. The utility of pos-
itron emission tomography in epilepsy. Can J Neurol Sci.
2015;42:360-71.

Lee EM, Park GY, Im KC, Kim ST, Woo CW, Chung JH, et al.
Changes in glucose metabolism and metabolites during the epi-
leptogenic process in the lithium-pilocarpine model of epilepsy.
Epilepsia. 2012;53:860-9.

Dubé C, Boyet S, Marescaux C, Nehlig A. Relationship between
neuronal loss and interictal glucose metabolism during the chronic
phase of the lithium-pilocarpine model of epilepsy in the immature
and adult rat. Exp Neurol. 2001;167:227-41.

Guo Y, Gao F, Wang S, Ding Y, Zhang H, Wang J, et al. In vivo
mapping of temporospatial changes in glucose utilization in rat
brain during epileptogenesis: an 18F-fluorodeoxyglucose-small

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

animal positron emission tomography study. Neuroscience.
2009;162:972-9.

Viitmaa R, Haaparanta-Solin M, Snellman M, Cizinauskas S, Orro
T, Kuusela E, et al. Cerebral glucose utilization measured with high
resolution positron emission tomography in epileptic Finnish Spitz
dogs and healthy dogs. Vet Radiol Ultrasound. 2014;55:453-61.
O'Brien TJ, Newton MR, Cook MJ, Berlangieri SU, Kilpatrick C,
Morris K, et al. Hippocampal atrophy is not a major determinant
of regional hypometabolism in temporal lobe epilepsy. Epilepsia.
1997;38:74-80.

McDonald T, Hodson MP, Bederman I, Puchowicz M, Borges
K. Triheptanoin alters [U-13C6]-glucose incorporation into gly-
colytic intermediates and increases TCA cycling normalizing the
activities of pyruvate dehydrogenase and oxoglutarate dehydro-
genase in a chronic epilepsy mouse model. J Cereb Blood Flow
Metab. 2019;40:678-91.

Hasegawa D. Diagnostic techniques to detect the epileptogenic
zone: pathophysiological and presurgical analysis of epilepsy in
dogs and cats. Vet J. 2016;215:64-75.

McDonald T, Puchowicz M, Borges K. Impairments in oxidative
glucose metabolism in epilepsy and metabolic treatments thereof.
Front Cell Neurosci. 2018;12:274.

Alvestad S, Hammer J, Eyjolfsson E, Qu H, Ottersen OP,
Sonnewald U. Limbic structures show altered glial-neuronal
metabolism in the chronic phase of kainate induced epilepsy.
Neurochem Res. 2008;33:257-66.

Melg T, Bigini P, Sonnewald U, Balosso S, Cagnotto A, Barbera
S, et al. Neuronal hyperexcitability and seizures are associated
with changes in glial-neuronal interactions in the hippocampus of
a mouse model of epilepsy with mental retardation. J Neurochem.
2010;115:1445-54.

Melg TM, Nehlig A, Sonnewald U. Metabolism is normal in astro-
cytes in chronically epileptic rats: a (13)C NMR study of neuronal-
glial interactions in a model of temporal lobe epilepsy. J Cereb
Blood Flow Metab. 2005;25:1254—64.

Willis S, Stoll J, Sweetman L, Borges K. Anticonvulsant effects of
a triheptanoin diet in two mouse chronic seizure models. Neurobiol
Dis. 2010;40:565-72.

Smeland OB, Hadera MG, McDonald TS, Sonnewald U, Borges
K. Brain mitochondrial metabolic dysfunction and glutamate level
reduction in the pilocarpine model of temporal lobe epilepsy in
mice. J Cereb Blood Flow Metab. 2013;33:1090-7.

McDonald TS, Carrasco-Pozo C, Hodson MP, Borges K.
Alterations in cytosolic and mitochondrial [U-(13)C]glucose me-
tabolism in a chronic epilepsy mouse model. eNeuro. 2017;4:1-11.
Durie D, McDonald TS, Borges K. The effect of dichloroacetate in
mouse models of epilepsy. Epilepsy Res. 2018;145:77-81.

Kovac S, Domijan AM, Walker MC, Abramov AY. Prolonged sei-
zure activity impairs mitochondrial bioenergetics and induces cell
death. J Cell Sci. 2012;125:1796-806.

Kudin AP, Zsurka G, Elger CE, Kunz WS. Mitochondrial involve-
ment in temporal lobe epilepsy. Exp Neurol. 2009;218:326-32.
Waldbaum S, Patel M. Mitochondria, oxidative stress, and tempo-
ral lobe epilepsy. Epilepsy Res. 2010;88:23-45.

Kann O, Kovacs R. Mitochondria and neuronal activity. Am J
Physiol Cell Physiol. 2007;292:C641-57.

Kann O, Kovacs R, Njunting M, Behrens CJ, Otdhal J, Lehmann
TN, et al. Metabolic dysfunction during neuronal activation in
the ex vivo hippocampus from chronic epileptic rats and humans.
Brain. 2005;128:2396-407.


https://orcid.org/0000-0001-7260-5832
https://orcid.org/0000-0001-7260-5832
https://orcid.org/0000-0001-7448-0770
https://orcid.org/0000-0001-7448-0770

HAN ET AL.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

Vielhaber S, Von Oertzen JH, Kudin AF, Schoenfeld A, Menzel
C, Biersack HJ, et al. Correlation of hippocampal glucose oxida-
tion capacity and interictal FDG-PET in temporal lobe epilepsy.
Epilepsia. 2003;44:193-9.

Pearson-Smith J, Pate] M. Metabolic dysfunction and oxidative
stress in epilepsy. Int J Mol Sci. 2017;18(11):2365.

Rowley S, Patel M. Mitochondrial involvement and oxidative stress
in temporal lobe epilepsy. Free Radic Biol Med. 2013;62:121-31.
Kovac S, Dinkova Kostova A, Herrmann A, Melzer N, Meuth S,
Gorji A. Metabolic and homeostatic changes in seizures and ac-
quired epilepsy—mitochondria, calcium dynamics and reactive
oxygen species. Int J Mol Sci. 2017;18(9):1935.

Rowley S, Liang LP, Fulton R, Shimizu T, Day B, Patel M.
Mitochondrial respiration deficits driven by reactive oxygen
species in experimental temporal lobe epilepsy. Neurobiol Dis.
2015;75:151-8.

Kunz WS, Kudin AP, Vielhaber S, Bliimcke I, Zuschratter W,
Schramm J, et al. Mitochondrial complex I deficiency in the ep-
ileptic focus of patients with temporal lobe epilepsy. Ann Neurol.
2000;48:766-73.

Engl E, Attwell D. Non-signalling energy use in the brain. J
Physiol. 2015;593:3417-29.

Howarth G, Attwell U. Energy budgets for neural computation
in the neocortex and cerebellum. J Cereb Blood Flow Metab.
2012;32:1222-32.

Harris J, Attwell SE. Use and supply. Neuron. 2012;75:762-77.
Samokhina E, Popova I, Malkov A, Ivanov Al, Papadia D, Osypov
A, et al. Chronic inhibition of brain glycolysis initiates epilepto-
genesis. J Neurosci Res. 2017;95:2195-206.

Lin Lin Lee V, Kar Meng Choo B, Chung YS, Kundap PU, Kumari
Y, Shaikh M. Treatment, therapy and management of metabolic
epilepsy: a systematic review. Int J] Mol Sci. 2018;19(3):871.
Wang P, Pascual JM, De Vivo D. Glucose transporter type 1
deficiency syndrome. In: Adam MP, Ardinger HH, Pagon RA,
et al., editors. GeneReviews [Internet]. Seattle, WA: University of
Washington; 2018.

Courchesne-Loyer A, Croteau E, Castellano CA, St-Pierre V,
Hennebelle M, Cunnane SC. Inverse relationship between brain
glucose and ketone metabolism in adults during short-term mod-
erate dietary ketosis: a dual tracer quantitative positron emission
tomography study. J Cereb Blood Flow Metab. 2017;37:2485-93.
Smith D, Pernet A, Hallett WA, Bingham E, Marsden PK, Amiel
SA. Lactate: a preferred fuel for human brain metabolism in vivo.
J Cereb Blood Flow Metab. 2003;23:658—-64.

Bach AC, Babayan VK. Medium-chain triglycerides: an update.
Am J Clin Nutr. 1982;36:950-62.

Brunengraber H, Roe CR. Anaplerotic molecules: current and fu-
ture. J Inherit Metab Dis. 2006;29:327-31.

Borges K, Kaul N, Germaine J, Carrasco-Pozo C, Kwan P, O'Brien
TJ. Open-label long-term treatment of add-on triheptanoin in adults
with drug-resistant epilepsy. Epilepsia Open. 2020;5(2):230-9.
Borges K, Kaul N, Germaine J, Kwan P, O'Brien TJ. Randomised
trial of add-on triheptanoin vs. medium chain triglycerides in
adults with refractory epilepsy. Epilepsia Open. 2019;4:153-63.
Borges K. Triheptanoin in epilepsy and beyond. In: Masino SA editor.
Ketogenic diet and metabolic therapies: expanded roles in health and
disease. Oxford, UK: Oxford University Press; 2016. p. 336-46.
Borges K, Sonnewald U. Triheptanoin—a medium chain triglycer-
ide with odd chain fatty acids: a new anaplerotic anticonvulsant
treatment? Epilepsy Res. 2012;100:239-44.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

. e o | 1803
Epilepsia*
Marin-Valencia I, Good LB, Ma Q, Malloy CR, Pascual JM.
Heptanoate as a neural fuel: energetic and neurotransmitter precur-
sors in normal and glucose transporter I-deficient (G1D) brain. J
Cereb Blood Flow Metab. 2013;33:175-82.

Pascual JM, Liu P, Mao D, Kelly DI, Hernandez A, Sheng M,
et al. Triheptanoin for glucose transporter type I deficiency
(G1D): modulation of human ictogenesis, cerebral metabolic
rate, and cognitive indices by a food supplement. JAMA Neurol.
2014;71:1255-65.

Huttenlocher PR, Wilbourn AJ, Signore JM. Medium-chain
triglycerides as a therapy for intractable childhood epilepsy.
Neurology. 1971;21:1097-103.

Martin-McGill KJ, Jackson CF, Bresnahan R, Levy RG, Cooper
PN. Ketogenic diets for drug-resistant epilepsy. Cochrane Database
Syst Rev. 2018;11:CD001903.

Zhang Y, Kuang Y, Xu K, Harris D, Lee Z, LaManna J, et al.
Ketosis proportionately spares glucose utilization in brain. J Cereb
Blood Flow Metab. 2013;33:1307-11.

Zhang Y, Zhang S, Marin-Valencia I, Puchowicz MA. Decreased
carbon shunting from glucose toward oxidative metabolism in diet-
induced ketotic rat brain. J Neurochem. 2015;132:301-12.

Chang AS, D'Alecy LG. Hypoxia and beta-hydroxybutyrate
acutely reduce glucose extraction by the brain in anesthetized
dogs. Can J Physiol Pharmacol. 1993;71:465-72.

Schwartz RH, Eaton J, Bower BD, Aynsley-Green A. Ketogenic
diets in the treatment of epilepsy: short-term clinical effects. Dev
Med Child Neurol. 1989;31:145-51.

St-Pierre V, Vandenberghe C, Lowry CM, Fortier M, Castellano
CA, Wagner R, et al. Plasma ketone and medium chain fatty
acid response in humans consuming different medium chain tri-
glycerides during a metabolic study day. Front Nutr. 2019;6:46.
LiuH, Yang Y, Wang Y, Tang H, Zhang F, Zhang Y, et al. Ketogenic
diet for treatment of intractable epilepsy in adults: a meta-analysis
of observational studies. Epilepsia Open. 2018;3:9-17.

Lyons L, Schoeler NE, Langan D, Cross JH. Use of ketogenic diet
therapy in infants with epilepsy: a systematic review and meta-
analysis. Epilepsia. 2020;61(6):1261-81.

Liu YC. Medium-chain triglyceride (MCT) ketogenic therapy.
Epilepsia. 2008;8:33-6.

Neal EG, Chaffe H, Schwartz RH, Lawson MS, Edwards N,
Fitzsimmons G, et al. A randomized trial of classical and medium-
chain triglyceride ketogenic diets in the treatment of childhood ep-
ilepsy. Epilepsia. 2009;50:1109-17.

Lambrechts DAJE, de Kinderen RJA, Vles HSH, de Louw Al,
Aldenkamp AP, Majoie MIM. The MCT-ketogenic diet as a treat-
ment option in refractory childhood epilepsy: a prospective study
with 2-year follow-up. Epilepsy Behav. 2015;51:261-6.
McDonald T, Cervenka M. The expanding role of ketogenic diets
in adult neurological disorders. Brain Sci. 2018;8(8):148.

Fortier M, Castellano CA, Croteau E, Langlois F, Bocti C, St-
Pierre V, et al. A ketogenic drink improves brain energy and some
measures of cognition in mild cognitive impairment. Alzheimers
Dement. 2019;15(5):625-34.

Avgerinos KI, Egan JM, Mattson MP, Kapogiannis D. Medium
chain triglycerides induce mild ketosis and may improve cognition
in Alzheimer's disease. A systematic review and meta-analysis of
human studies. Ageing Res Rev. 2020;58:101001.

Witodarek D. Role of ketogenic diets in neurodegenerative dis-
eases (Alzheimer's disease and Parkinson's disease). Nutrients.
2019;11(1):169.



= | Epilepsia

71.
72.

73.
74.
75.
76.
77.

78.

79.
80.
81.
82.
83.

84.

85.
86.
87.

88.

89.

90.

HAN ET AL.

Masino SA, Rho JM. Metabolism and epilepsy: ketogenic diets as
a homeostatic link. Brain Res. 2019;1703:26-30.

Bough KJ, Rho JM. Anticonvulsant mechanisms of the ketogenic
diet. Epilepsia. 2007;48:43-58.

Simeone TA, Simeone KA, Stafstrom CE, Rho JM. Do ketone
bodies mediate the anti-seizure effects of the ketogenic diet?
Neuropharmacology. 2018;133:233-41.

Mumme K, Stonehouse W. Effects of medium-chain triglycerides
on weight loss and body composition: a meta-analysis of random-
ized controlled trials. J Acad Nutr Diet. 2015;115:249-63.
Schonfeld P, Reiser G. Why does brain metabolism not favor burn-
ing of fatty acids to provide energy? Reflections on disadvantages
of the use of free fatty acids as fuel for brain. J Cereb Blood Flow
Metab. 2013;33:1493-9.

Oldendorf WH. Blood brain barrier permeability to lactate. Eur
Neurol. 1971;6:49-55.

Ebert D, Haller RG, Walton ME. Energy contribution of octanoate
to intact rat brain metabolism measured by 13C nuclear magnetic
resonance spectroscopy. J Neurosci. 2003;23:5928-35.

Kuge Y, Yajima K, Kawashima H, Yamazaki H, Hashimoto N,
Miyake Y. Brain uptake and metabolism of [1-11CJoctanoate in
rats: pharmacokinetic basis for its application as a radiopharma-
ceutical for studying brain fatty acid metabolism. Ann Nucl Med.
1995;9:13742.

Smith M, Wilcox KS, White HS. Discovery of antiepileptic drugs.
Neurotherapeutics. 2007;4:12—7.

Wlaz P, Socata K, Nieoczym D, Luszczki JJ, Zarnowska I,
Zarnowski T, et al. Anticonvulsant profile of caprylic acid, a main
constituent of the medium-chain triglyceride (MCT) ketogenic
diet, in mice. Neuropharmacology. 2012;62:1882-9.

Wlaz P, Socata K, Nieoczym D, Zarnowski T, Zarnowska I, Czuczwar
SJ, et al. Acute anticonvulsant effects of capric acid in seizure tests in
mice. Prog Neuropsychopharmacol Biol Psychiatry. 2015;57:110-6.
Tan KN, Carrasco-Pozo C, McDonald TS, Puchowicz M, Borges
K. Tridecanoin is anticonvulsant, antioxidant, and improves mito-
chondrial function. J Cereb Blood Flow Metab. 2017;37:2035-48.
McDonald TS, Tan KN, Hodson MP, Borges K. Alterations of
hippocampal glucose metabolism by even versus uneven medium
chain triglycerides. J Cereb Blood Flow Metab. 2014;34:153-60.
Borges K. Mouse models: the ketogenic diet and polyunsaturated
fatty acids. Epilepsia. 2008;49(Suppl 8):64-6.

Chang P, Terbach N, Plant N, Chen PE, Walker MC, Williams
RSB. Seizure control by ketogenic diet-associated medium chain
fatty acids. Neuropharmacology. 2013;69:105-14.

Chang P, Augustin K, Boddum K, Williams S, Sun M, Terschak
JA, et al. Seizure control by decanoic acid through direct AMPA
receptor inhibition. Brain. 2016;139:431-43.

Samala R, Willis S, Borges K. Anticonvulsant profile of a bal-
anced ketogenic diet in acute mouse seizure models. Epilepsy Res.
2008;81:119-27.

Hiilsmeyer VI, Fischer A, Mandigers PJJ, DeRisio L, Berendt M,
Rusbridge C, et al. International Veterinary Epilepsy Task Force's
current understanding of idiopathic epilepsy of genetic or suspected
genetic origin in purebred dogs. BMC Vet Res. 2015;11:175.
Erlen A, Potschka H, Volk HA, Sauter-Louis C, O'Neill DG. Seizure
occurrence in dogs under primary veterinary care in the UK: prev-
alence and risk factors. J Vet Intern Med. 2018;32:1665-76.
Packer RMA, McGreevy PD, Salvin HE, Valenzuela MJ, Chaplin
CM, Volk HA. Cognitive dysfunction in naturally occurring canine
idiopathic epilepsy. PLoS One. 2018;13(2):e0192182.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Packer RMA, Volk HA. Epilepsy beyond seizures: a review of the
impact of epilepsy and its comorbidities on health-related quality
of life in dogs. Vet Rec. 2015;177:306-15.

Jokinen TS, Tiira K, Metsdhonkala L, Seppdlda EH, Hielm-
Bjorkman A, Lohi H, et al. Behavioral abnormalities in Lagotto
Romagnolo dogs with a history of benign familial juvenile epilepsy:
a long-term follow-up study. J Vet Intern Med. 2015;29:1081-7.
Podell M, Volk HA, Berendt M, Loscher W, Muiiana K, Patterson
EE, etal. 2015 ACVIM small animal consensus statement on seizure
management in dogs. J Vet Intern Med. 2015;2016(30):477-90.
Charalambous M, Shivapour SK, Brodbelt DC, Volk HA.
Antiepileptic drugs' tolerability and safety—a systematic review
and meta-analysis of adverse effects in dogs. BMC Vet Res.
2016;12:79.

Berendt M, Gredal H, Ersbgll AK, Alving J. Premature death, risk
factors, and life patterns in dogs with epilepsy. J Vet Intern Med.
2007;21:754-9.

Beghi E. Addressing the burden of epilepsy: many unmet needs.
Pharmacol Res. 2016;107:79-84.

Matulka RA, Thompson DV, Burdock GA. Lack of toxicity by me-
dium chain triglycerides (MCT) in canines during a 90-day feeding
study. Food Chem Toxicol. 2009;47:35-9.

Law TH, Volk HA, Pan Y, Zanghi B, Want EJ. Metabolic pertur-
bations associated with the consumption of a ketogenic medium-
chain TAG diet in dogs with idiopathic epilepsy. Br J Nutr.
2018;120:484-90.

Law TH, Davies ESS, Pan Y, Zanghi B, Want E, Volk HA. A ran-
domised trial of a medium-chain TAG diet as treatment for dogs
with idiopathic epilepsy. BrJ Nutr. 2015;114:1438-47.

Packer RMA, Law TH, Davies E, Zanghi B, Pan Y, Volk HA.
Effects of a ketogenic diet on ADHD-like behavior in dogs with
idiopathic epilepsy. Epilepsy Behav. 2016;55:62-8.

Molina J, Jean-Philippe C, Conboy L, Afior S, Fuente C, Wrzosek
MA, et al. Efficacy of medium chain triglyceride oil dietary sup-
plementation in reducing seizure frequency in dogs with idiopathic
epilepsy without cluster seizures: a non-blinded, prospective clini-
cal trial. Vet Rec. 2020;187(9):356.

Berk BA, Packer RMA, Law TH, Wessmann A, Bathen-No6then
A, Jokinen TS, et al. A double-blinded randomised dietary supple-
ment crossover trial design to investigate the short-term influence
of medium chain fatty acid (MCT) supplement on canine idio-
pathic epilepsy: study protocol. BMC Vet Res. 2019;15:181.

Berk BA, Law TH, Packer RMA, Wessmann A, Bathen-Nothen
A, Jokinen TS, et al. A multicenter randomized controlled trial of
medium-chain triglyceride dietary supplementation on epilepsy in
dogs. J Vet Intern Med. 2020;34:1248-59.

Berk BA, Packer RMA, Law TH, Wessmann A, Bathen-No6then A,
Jokinen TS, et al. Medium-chain triglycerides dietary supplement
improves cognitive abilities in canine epilepsy. Epilepsy Behav.
2021;114:107608.

Masino SA, Freedgood NR, Reichert HR, Director CJ, Whittemore
VH, Zupec-Kania B. Dietary intervention for canine epilepsy: two
case reports. Epilepsia Open. 2019;4:193-9.

FrenchJA, Krauss GL, Biton V, Squillacote D, Yang H, Laurenza A,
et al. Adjunctive perampanel for refractory partial-onset seizures:
randomized phase III study 304. Neurology. 2012;79:589-96.
Kwan P, Brodie MJ, Laurenza A, FitzGibbon H, Gidal BE.
Analysis of pooled phase III trials of adjunctive perampanel for
epilepsy: impact of mechanism of action and pharmacokinetics on
clinical outcomes. Epilepsy Res. 2015;117:117-24.



HAN ET AL.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Cereghino JJ, Biton V, Abou-Khalil B, Dreifuss F, Gauer LJ,
Leppik I. Levetiracetam for partial seizures: results of a double-
blind, randomized clinical trial. Neurology. 2000;55:236-42.
Sperling MR, Abou-Khalil B, Harvey J, Rogin JB, Biraben A,
Galimberti CA, et al. Eslicarbazepine acetate as adjunctive ther-
apy in patients with uncontrolled partial-onset seizures: results of
a phase III, double-blind, randomized, placebo-controlled trial.
Epilepsia. 2015;56:244-53.

Packer RMA, Shihab NK, Torres BBJ, Volk HA. Responses to
successive anti-epileptic drugs in canine idiopathic epilepsy. Vet
Rec. 2015;176:203.

Azzam R, Azar NJ. Marked seizure reduction after MCT supple-
mentation. Case Rep Neurol Med. 2013;2013:1-2.

Janousek J, Barber A, Goldman L, Klein P. Obesity in adults with
epilepsy. Epilepsy Behav. 2013;28:391-4.

Jancin B. A new beverage aims to make ketogenic diets more pal-
atable. 2019. https://www.neurologyreviews-digital.com/neuro
logyreviews/nr_october_2019/MobilePagedArticle.action?artic
leld=1528002#articleld 1528002

Sills MA, Forsythe WI, Haidukewych D. Role of octanoic
and decanoic acids in the control of seizures. Arch Dis Child.
1986;61:1173-7.

Samala R, Klein J, Borges K. The ketogenic diet changes metabolite
levels in hippocampal extracellular fluid. Neurochem Int. 2011;58:5-8.
Hollis F, Mitchell ES, Canto C, Wang D, Sandi C. Medium chain
triglyceride diet reduces anxiety-like behaviors and enhances social
competitiveness in rats. Neuropharmacology. 2018;138:245-56.
Yuanlong P, Brian L, Araujo JA, Winnie L, de Rivera C, Santana
R, et al. Dietary supplementation with medium-chain TAG has
long-lasting cognition-enhancing effects in aged dogs. Br J Nutr.
2010;103:1746-54.

Sonnay S, Gruetter R, Duarte JMN. How energy metabolism sup-
ports cerebral function: insights from (13)C magnetic resonance
studies in vivo. Front Neurosci. 2017;11:288.

Sonnay S, Chakrabarti A, Thevenet J, Wiederkehr A, Christinat N,
Masoodi M. Differential metabolism of medium-chain fatty acids
in differentiated human-induced pluripotent stem cell-derived as-
trocytes. Front Physiol. 2019;10:657.

Khabbush A, Orford M, Tsai YC, Rutherford T, O'Donnell M,
Eaton S, et al. Neuronal decanoic acid oxidation is markedly lower
than that of octanoic acid: a mechanistic insight into the medium-
chain triglyceride ketogenic diet. Epilepsia. 2017;58:1423-9.
Thevenet J, De Marchi U, Domingo JS, Christinat N, Bultot L,
Lefebvre G, et al. Medium-chain fatty acids inhibit mitochondrial
metabolism in astrocytes promoting astrocyte-neuron lactate and
ketone body shuttle systems. FASEB J. 2016;30:1913-26.
Yudkoff M, Daikhin Y, Nissim I, Lazarow A, Nissim 1.
Ketogenic diet, brain glutamate metabolism and seizure control.
Prostaglandins Leukot Essent Fatty Acids. 2004;70:277-85.
Hughes SD, Kanabus M, Anderson G, Hargreaves IP, Rutherford
T, Donnell MO, et al. The ketogenic diet component decanoic acid
increases mitochondrial citrate synthase and complex I activity in
neuronal cells. J] Neurochem. 2014;129:426-33.

Augustin K, Khabbush A, Williams S, Eaton S, Orford M, Cross
JH, et al. Mechanisms of action for the medium-chain triglycer-
ide ketogenic diet in neurological and metabolic disorders. Lancet
Neurol. 2018;17:84-93.

Bough KJ, Wetherington J, Hassel B, Pare JF, Gawryluk JW,
Greene JG, et al. Mitochondrial biogenesis in the anticonvulsant
mechanism of the ketogenic diet. Ann Neurol. 2006;60:223-35.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

. L 1805
Epilepsia*
Studzinski CM, MacKay WA, Beckett TL, Henderson ST,
Murphy MP, Sullivan PG, et al. Induction of ketosis may im-
prove mitochondrial function and decrease steady-state amyloid-
beta precursor protein (APP) levels in the aged dog. Brain Res.
2008;1226:209-17.

Maciejak P, Szyndler J, Turzyriska D, Sobolewska A, Kotosowska
K, Krzascik P, et al. Is the interaction between fatty acids and tryp-
tophan responsible for the efficacy of a ketogenic diet in epilepsy?
The new hypothesis of action. Neuroscience. 2016;313:130-48.
Zarnowska I, Wrébel-Dudzidska D, Tulidowicz-Bielak M, Kocki
T, Mitosek-Szewczyk K, Gasior M, et al. Changes in trypto-
phan and kynurenine pathway metabolites in the blood of chil-
dren treated with ketogenic diet for refractory epilepsy. Seizure.
2019;69:265-72.

Wang J, Wu X, Simonavicius N, Tian H, Ling L. Medium-chain
fatty acids as ligands for orphan G protein-coupled receptor
GPR84. J Biol Chem. 2006;281:34457-64.

Bouchard C, Pagé J, Bédard A, Tremblay P, Valli¢res L. G protein-
coupled receptor 84, a microglia-associated protein expressed in
neuroinflammatory conditions. Glia. 2007;55:790-800.

Recio C, Lucy D, Purvis GSD, Iveson P, Zeboudj L, Igbal AJ, et al.
Activation of the immune-metabolic receptor GPR84 enhances
inflammation and phagocytosis in macrophages. Front Immunol.
2018:9:1419.

Malapaka RRV, Khoo S, Zhang J, Choi JH, Zhou XE, Xu Y, et al.
Identification and mechanism of 10-carbon fatty acid as modulat-
ing ligand of peroxisome proliferator-activated receptors. J Biol
Chem. 2012;287:183-95.

Simeone TA, Matthews SA, Samson KK, Simeone KA. Regulation
of brain PPARgamma?2 contributes to ketogenic diet anti-seizure
efficacy. Exp Neurol. 2017;287:54-64.

Knowles S, Budney S, Deodhar M, Matthews SA, Simeone
KA, Simeone TA. Ketogenic diet regulates the antioxidant cat-
alase via the transcription factor PPARgamma2. Epilepsy Res.
2018;147:71-4.

Warren EC, Dooves S, Lugara E, Damstra-Oddy J, Schaf J, Heine
VM, et al. Decanoic acid inhibits mTORCI1 activity indepen-
dent of glucose and insulin signaling. Proc Natl Acad Sci U S A.
2020;117:23617-25.

Ashbrook JD, Spector AA, Fletcher JE. Medium chain fatty acid
binding to human plasma albumin. J Biol Chem. 1972;247:7038-42.
London ED, Ohata M, Takei H, French AW, Rapoport SI. Regional
cerebral metabolic rate for glucose in beagle dogs of different ages.
Neurobiol Aging. 1983;4:121-6.

Alexander GE, Chen K, Pietrini P, Rapoport SI, Reiman EM.
Longitudinal PET evaluation of cerebral metabolic decline in de-
mentia: a potential outcome measure in Alzheimer's disease treat-
ment studies. Am J Psychiatry. 2002;159:738-45.

Bentourkia M, Bol A, Ivanoiu A, Labar D, Sibomana M, Coppens
A, et al. Comparison of regional cerebral blood flow and glucose
metabolism in the normal brain: effect of aging. J Neurol Sci.
2000;181:19-28.

Rapoport SI, London ED, Takei H. Brain metabolism and blood
flow during development and aging of the Fischer-344 rat. Exp
Brain Res. 1982;5:86-101.

Noda A, Ohba H, Kakiuchi T, Futatsubashi M, Tsukada H, Nishimura
S. Age-related changes in cerebral blood flow and glucose metabolism
in conscious rhesus monkeys. Brain Res. 2002;936:76-81.

Siebner H, Riemenschneider M, Willoch F, Minoshima S, Schwaiger
M, Kurz A, et al. Cerebral metabolic changes accompanying


https://www.neurologyreviews-digital.com/neurologyreviews/nr_october_2019/MobilePagedArticle.action?articleId=1528002#articleId1528002
https://www.neurologyreviews-digital.com/neurologyreviews/nr_october_2019/MobilePagedArticle.action?articleId=1528002#articleId1528002
https://www.neurologyreviews-digital.com/neurologyreviews/nr_october_2019/MobilePagedArticle.action?articleId=1528002#articleId1528002

= | Epilepsia

143.
144.
145.

146.

147.

HAN ET AL.

conversion of mild cognitive impairment into Alzheimer's disease: a
PET follow-up study. Eur J Nucl Med Mol Imaging. 2003;30:1104-13.
Pan Y, Landsberg G, Mougeot I, Kelly S, Xu H, Bhatnagar S, et al.
Efficacy of a therapeutic diet on dogs with signs of cognitive dys-
function syndrome (CDS): a prospective double blinded placebo
controlled clinical study. Front Nutrition. 2018;5:127.

Cunnane SC, Trushina E, Morland C, Prigione A, Casadesus G,
Andrews ZB, et al. Brain energy rescue: an emerging therapeutic
concept for neurodegenerative disorders of ageing. Nat Rev Drug
Discov. 2020;19:609-33.

Zhao W, Varghese M, Vempati P, Dzhun A, Cheng A, Wang J,
et al. Caprylic triglyceride as a novel therapeutic approach to effec-
tively improve the performance and attenuate the symptoms due to
the motor neuron loss in ALS disease. PLoS One. 2012;7:¢49191.
Nagao K, Yanagita T. Medium-chain fatty acids: functional lip-
ids for the prevention and treatment of the metabolic syndrome.
Pharmacol Res. 2010;61:208—-12.

Wlaz P, Socala K, Nieoczym D, Zarnowski T, Zarnowska I,
Czuczwar SJ, et al. Acute anticonvulsant effects of capric acid in

seizure tests in mice. Prog Neuropsychopharmacol Biol Psychiatry.
2015;57:110-6.

148. Thomas NK, Willis S, Sweetman L, Borges K. Triheptanoin in

acute mouse seizure models. Epilepsy Res. 2012;99:312-7.

149. Berk BA, Packer RMA, Law TH, Wessmann A, Bathen-Nothen

A, Jokinen TS, et al. A double-blinded randomised dietary supple-
ment crossover trial design to investigate the short-term influence
of medium chain fatty acid (MCT) supplement on canine idio-
pathic epilepsy: study protocol. BMC Vet Res. 2019;15(1):181.

How to cite this article: Han FY, Conboy-Schmidt L,
Rybachuk G, Volk HA, Zanghi B, Pan Y, et al. Dietary
medium chain triglycerides for management of epilepsy:
New data from human, dog, and rodent studies.
Epilepsia. 2021;62:1790-1806. https://doi.org/10.1111/

epi. 16972


https://doi.org/10.1111/epi.16972
https://doi.org/10.1111/epi.16972

