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Abstract This review summarises the recent findings on
metabolic treatments for epilepsy and Amyotrophic Lateral
Sclerosis (ALS) in honour of Professor Ursula Sonnewald.
The metabolic impairments in rodent models of these dis-
orders as well as affected patients are being discussed. In
both epilepsy and ALS, there are defects in glucose uptake
and reduced tricarboxylic acid (TCA) cycling, at least in
part due to reduced amounts of C4 TCA cycle intermedi-
ates. In addition there are impairments in glycolysis in
ALS. A reduction in glucose uptake can be addressed by
providing the brain with alternative fuels, such as ketones
or medium-chain triglycerides. As anaplerotic fuels, such
as the triglyceride of heptanoate, triheptanoin, refill the
TCA cycle C4/C5 intermediate pool that is deficient, they
are ideal to boost TCA cycling and thus the oxidative
metabolism of all fuels.

Keywords Epilepsy - ALS - Glycolysis - Tricarboxylic
acid cycle - Ketogenic diet - Anaplerosis - Medium chain
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Introduction

Professor Ursula Sonnewald is among the first important
researchers who characterised the dysfunction of meta-
bolic processes such as glucose metabolism, particularly
within the tricarboxylic acid (TCA) cycle in models of
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neurological disorders. She has been very interested in
astrocytic vs. global brain metabolism, neuronal-glial inter-
actions, as well as cytosolic vs. mitochondrial metabolic
processes. In 2006, my laboratory started to work on alter-
native fuels and metabolic impairments in epilepsy. With
Ursula’s help since 2011 we have been able learn more
about this important topic.

This article is an update to our recent review [1] and will
first summarise the impairments in glucose metabolism and
the TCA cycle in people with epilepsy and animal models
of epilepsy. Taken together, the findings discussed strongly
suggest that there are impairments in energy metabolism
in epileptic brains, which would result in a lack of energy
(ATP) production and thus a reduction in energy dependent
processes in the brain, which is likely to contribute to sei-
zures. Thus, alternative fuels which can boost ATP genera-
tion are well suited to prevent seizure generation. Here, we
discuss the anticonvulsant effects of current and potential
new metabolic treatments as well as the most recent find-
ings on their metabolic effects on brain energy metabo-
lism and their likely anticonvulsant mechanisms. We will
emphasize the work by Ursula and her many colleagues,
who together with many others have shown that metabolic
treatment approaches are targeted at metabolic impairments
in the epileptic brain and are therefore well justified for the
treatment of epilepsy without central side effects. We will
also mention the effects of metabolic treatment in Amyo-
trophic Lateral Sclerosis (ALS) models, although their
potential for this disease and other neurological disorders
with a similar metabolic pathphysiology largely remains to
be explored.
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Epilepsy

Epilepsy is characterised by the sudden and often unex-
pected occurrence of seizures based on spontaneous firing
of groups of neurons in the brain [2]. The location of these
outbursts of extreme neuronal firing in the brain determines
the outcome of seizures, such as motor involvement, odd
sensations, absences, loss of consciousness and posture.
One to two percent of the population suffer from some type
of epilepsy and although about 20 different anti-seizure
drugs are available, 30% of patients, about 20-40 million
people worldwide suffer from medically refractory seizures
[3]. Surgery and neurostimulation implants are not suitable
for most patients due to high cost or the lack of seizure foci
that are amenable to surgical removal.

Metabolic Impairments in Epilepsy

The pathophysiology underlying epilepsy is complicated
and complex. Various physiological processes can be out of
balance and promote seizures, such as the levels of excita-
tion vs. inhibition, but also inflammation and energy metab-
olism. This review focusses on the metabolism in between
seizures. Growing evidence shows that dysfunction of met-
abolic processes in the brain including glucose uptake, the
TCA cycle and the electron transport chain, can contribute
to a lowering of the seizure threshold resulting in epilep-
tic seizures. This is supported by the fact that epileptic sei-
zures are part of the phenotype of patients with mutations
resulting in glucose transporter type 1 deficiency [4, 5] or
mutations in mitochondrial genes or nuclear genes leading
to mitochondrial deficiencies [6]. Using positron emission
tomography to detect '8F-fluorodeoxyglucose uptake, it has
been repeatedly shown that local cerebral glucose uptake is
decreased in epileptic foci in people with epilepsy between
seizure activity [7, 8] as well as in rodent epilepsy models
[9].

In addition, high brain glucose levels were found in sev-
eral rodent models of chronic epilepsy, which is an indica-
tor for glucose hypometabolism, defined as decreased glu-
cose consumption [9-13]. In these models, brain lactate
levels are highly variable [9, 12—-14], suggesting that there
is an imbalance in the rate of glycolysis vs. that of the TCA
cycle.

Various types of epileptic seizures can occur in people
with mutations in TCA cycle enzymes, including pyruvate
dehydrogenase [15, 16], a-ketoglutarate dehydrogenase
[17], succinyl-CoA synthetase [18], succinate dehydroge-
nase [19-22] and fumarase [23, 24]. In rodents, Ursula’s
group was the first to show that the levels of brain gluta-
mate and aspartate are reduced during chronic epileptic
states [11, 14, 25]. This indirectly shows the brain levels of
TCA cycle intermediates are reduced, because these amino

acids are derived from oxaloacetate and o-ketoglutarate.
This was confirmed directly in the mouse pilocarpine
model, where the levels of malate [14, 26], succinate and
citrate [14] were reduced.

The reduction in the levels of TCA cycle intermedi-
ates may be explained by the reduction in glucose uptake
discussed above or by additional alterations in TCA cycle
activity. Lower TCA cycle intermediate levels will lead to
inefficient cycling of the TCA cycle resulting in less reduc-
tion of NAD" and FAD. This will lead to reduced activity
of the electron transport chain, and together with reduced
glucose metabolism can lead to a decrease in ATP produc-
tion. As ATP is central to the majority of cellular activities,
including the maintenance of membrane potentials, neuro-
transmitter release and reuptake, defence mechanisms and
biomolecular turnover it is conceivable that excitability of
neurons will be altered. The anticonvulsant effects of sev-
eral metabolic treatments, which increase ATP synthesis
and are currently used or are being developed, further cor-
roborate this notion.

Intriguingly, the defects in TCA cycling appear to be
specific to neurons. Ursula has been very interested in glial
metabolism and neuronal-glial interactions. Together with
Astrid Nehlig’s laboratory she showed that the metabolism
of [1,2-13C]-acetate, which is taken up by astrocytes and
oligodendrocytes, was unaltered in a rodent seizure model
[11]. This finding however does not rule out other deficien-
cies in glial metabolism that can contribute to seizures. For
example, increased activity of phosphate-activated glutami-
nase found in MTLE may contribute to impaired glutamate
homeostasis [27].

Anticonvulsant Effects of Current and Potential
Metabolic Treatments

Current Ketogenic Therapies

Current metabolic dietary approaches to treat epilepsy
include the ketogenic diet [28], the modified Atkins diet
[29] and various versions thereof. The classic ketogenic
diet consists of mainly long-chain triglycerides and is given
in a 4:1 (wt:wt) ratio with 4 g of fat eaten with only 1 g
of carbohydrate and protein. This ratio can be lowered to
3:1 or 2:1 or even 1:1 such as in the modified Atkins diet,
depending on seizure control and tolerability. Also, slightly
more carbohydrates can be consumed while doing the
medium-chain triglyceride (MCT) ketogenic diet. In this
dietary regime, 50-60% of calories are from MCTs, mostly
those of octanoate (8 carbons) and decanoate (10 carbons),
which are more ketogenic than long-chain triglycerides
[30]. Another alternative is the low glycemic index diet, in
which higher amounts of carbohydrates with low glycemic
index are allowed [31-33]. Several controlled studies show
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that these high fat/low carbohydrate diets are effective
in many children with epilepsy and some of the children
remain seizure-free after stopping dietary treatment [34—
36]. Some adults also experience reduction in seizures [37],
but unfortunately, the diet regimens are relatively strict and
difficult, resulting in low compliance, especially in adults.
In addition, these dietary approaches require both dietary
and medical supervisions which are not accessible in many
countries. Another option, namely ketone esters, which can
elevate and sustain blood ketone levels [38] and prevent
seizures in various rodent models [39—41] are expected to
be available soon. Their anti-seizure efficacy in people with
epilepsy still needs to be determined. In summary, these
metabolic dietary treatments are far from ideal for long-
term approaches to treat adults and children with epilepsy
or other disorders and alternative treatment approaches for
epilepsy are urgently required.

Mechanisms of Metabolic Anticonvulsant Actions
of Ketogenic Therapies

When glucose is in short supply, the liver turns fatty acids
into the “C4 ketones”, acetoacetate and p-hydroxybutyrate,
which are then excreted into the blood. During ketosis
when blood C4 ketone levels are high, human and rodent
brains can use substantial amounts of C4 ketones to fuel
metabolism instead of glucose (Fig. 1) [42, 43]. This dem-
onstrates that alternative fuels can be effective when glu-
cose metabolism is impaired such as in the epileptic brain.
There is also some evidence that a reduction of glycolysis
may protect the brain from seizures, which is supported
by the anticonvulsant effects of the glycolytic inhibitor
2-deoxyglucose [44—46]. This can also alter transcription
regulating neuronal plasticity through NRSF-CtBP [44]
and the mTOR pathway [47].

The numerous metabolic and other effects of
B-hydroxybutyrate are summarised by [48]. Here, we want
to point out that before C4 ketones are metabolised to
acetyl-CoA, they are turned into acetoacetyl-CoA by suc-
cinyl-CoA transferase using succinyl-CoA, (Fig. 1) [49].
Lowering the amounts of succinyl-CoA during this reaction
will relieve its inhibition of citrate synthase, which will then
promote the entry of acetyl-CoA into the TCA cycle after
condensation with oxaloacetate [50, 51]. This will promote
ATP production from any fuels that produce acetyl-CoA,
including ketones, medium-chain fats, glucose and lactate.
In addition, less oxaloacetate can then be transaminated to
aspartate via aspartate transaminase, which uses glutamate
as the amine donor. Similarly, enhanced transamination
by aspartate transaminase of a-ketoglutarate will produce
increased amounts of glutamate and oxaloacetate. Together,
this results in higher levels of glutamate, which is then
available to be metabolised to glutamine or the inhibitory
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neurotransmitter GABA. Moreover, Ursula’s team showed
that while on the ketogenic diet, the brain can also increase
the synthesis oxaloacetate via an increased activity of pyru-
vate carboxylase, which can refill the deficient C4 inter-
mediates of the TCA cycle (anaplerosis), and thus pro-
mote entry and subsequent oxidation of acetyl-CoA [52].
In addition to these metabolic anticonvulsant mechanisms
of the ketogenic diet many other physiological pathways,
which are likely to contribute to its effects, are altered by
this diet (reviewed by [53, 54]).

Even Medium-Chain Fatty Acids as Anticonvulsants?

Valproate is an isomer of octanoic acid and often is used
in relatively high doses as the first line treatment for vari-
ous types of epilepsy. Its similarity to unbranched fatty
acids raised the question if medium-chain fatty acids can
also be used as anticonvulsants. In patients on the MCT
ketogenic diet the blood levels of octanoic acid and deca-
noic acid reach near millimolar amounts [55-57]. Moreo-
ver, medium-chain fatty acids can diffuse directly into
the brain and can be metabolised (Fig. 1) [58, 59]. Thus,
ketogenesis by the liver should not necessarily be needed to
alter brain metabolism while taking medium-chain triglyc-
erides. Interestingly, several studies have demonstrated that
specific medium-chain fatty acids can be anticonvulsant in
various models in vitro and in vivo [60-63]. In addition,
our laboratory has employed the triglycerides of these fatty
acids as a suitable formulation to avoid acid overload in
patients and animals. Our study in 2014 found anticonvul-
sant effects after feeding 35% of caloric intake in the form
of trioctanoin (triglyceride of octanoate) in the 6-Hz model
[64]. While this could not be repeated, we found reproduc-
ible effects of tridecanoin (the triglyceride of decanoate) in
the acute mouse 6 Hz and fluorothyl models [65].

The anticonvulsant mechanisms of medium-chain fats
are likely based on the provision of alternative fuels and
potentially reduced glucose metabolism. Indeed, there is
evidence that trioctanoin reduces glycolysis, After feed-
ing trioctanoin to mice for 3 weeks we found that the
steady state levels of several glycolytic metabolites were
reduced [64] as well as the maximal activity of phospho-
fructokinase, the rate limiting enzyme for glycolysis [65].
Strikingly, octanoate appears to be mostly metabolised
by astrocytes, based on evidence in cultures showing that
only astrocytes produce carbon dioxide from octanoate
[66] and in vivo [67, 68]. After infusion of [1-'*C]- or
[1-13C] octanoate at 15-25% of caloric requirements, the
13C-labelled carbon is mostly found in glutamine relative
to glutamate and glutamine is predominantly produced in
astrocytes. It remains to be determined if decanoate is also
an astrocytic fuel and if it reduces glycolysis, although we
recently showed that after feeding tridecanoin there are no
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Fig. 1 Metabolism of alternative fuels. Glucose is the main energy
substrate under physiological conditions and is metabolized by a
series of enzymatic reactions through glycolysis into two molecules
of pyruvate (black dashed arrow). Pyruvate can be converted into
acetyl CoA by pyruvate dehydrogenase (PDH). Acetyl-CoA enters
the TCA cycle by condensing with oxaloacetate (OAA) to form cit-
rate and is then further metabolized to generate NADH and subse-
quently ATP. In astrocytes, pyruvate can be converted into OAA via
the anaplerotic enzyme pyruvate carboxylase (PC) to replenish lost
TCA cycle intermediates used in the synthesis of neurotransmit-
ters including glutamate (Glu) and y-aminobutyric acid (GABA). In
neurological disorders like epilepsy and ALS where glucose metab-
olism is believed to be impaired and energy demand is high, alter-
native fuels such as the ketogenic diet (provides C4 ketones) and
medium-chain fatty acid derived from trioctanoin, tridecanoin and

alterations in the maximal activity of several glycolytic
enzymes investigated [65]. However, surprisingly, trideca-
noin is antioxidant and it improves mitochondrial function,
which can further support ATP synthesis [65].

MCTs are oils, but are now available in a variety of
(medical) food products, in liquid or powdered non-oily
formulations or even tasty foods. Several questions remain
to be answered. Are MCTs added to a normal diet anti-
convulsant in adults and children with epilepsy? Which
C8:C10 ratio is most efficacious? Is it possible to achieve
seizure control with relatively small amounts of MCTs

TATP

triheptanoin can be taken up from the blood and used by the CNS
or are converted to ketones by the liver. C4 ketones and medium
chain fats produce acetyl-CoA, which enter the TCA cycle (purple
and blue dashed arrows). Enhanced levels of ketones in the brain are
thought to increase the production of glutamate from a-ketoglutarate
(a-KG), which lead to increased conversion of glutamate into glu-
tamine or GABA (blue arrows). Similar to the C4 ketones, the even-
chain MCTs trioctanoin (C8) and tridecanoin (C10) provide acetyl
CoA when metabolized (purple dashed arrow). Triheptanoin, a C7
medium-chain fuel, is a triglyceride of heptanoate, which is broken
down into two acetyl-CoA and one propionyl-CoA molecule(s) by
B-oxidation (green dashed arrows). Propionyl-CoA is an anaplerotic
molecule that can be further converted into succinyl-CoA and restore
lost TCA C4 intermediates and thus promote TCA cycling (Color fig-
ure online)

added to a regular diet, such as 10-20% caloric intake,
which was found to be sufficient to increase seizure thresh-
olds in rats [62]?

Uneven Medium-Chain Triglycerides: Triheptanoin
as an Anticonvulsant

Triheptanoin is a tasteless uneven medium-chain triglyc-
eride, namely the triglyceride of the seven carbon fatty
acid heptanoate. It not only provides acetyl-CoA directly
to the mitochondrial TCA cycle, but is also highly
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effective in producing propionyl-CoA, an alternative sub-
strate for refilling of the TCA cycle within the CNS (and
skeletal muscle, Fig. 1). Triheptanoin is already in clini-
cal trials to treat rare metabolic disorders, such as long-
chain fatty acid metabolism disorders [69, 70], glycogen
storage disorders, Huntington’s disease [71, 72] as well
as epilepsy and paroxysmal movements associated with
glucose transporterl deficiency [73, 74]. Recently, in
Huntington’s disease patients triheptanoin was shown to
normalise metabolic parameters in the brain and to pre-
vent abnormal acidity after exercise in muscle [71, 72].

Triheptanoin is first broken down into glycerol and
three heptanoate molecules upon ingestion. Heptanoate
can then either enter the blood and brain directly or is
metabolised in the liver into glucose or C5 ketone bodies,
B-hydroxypentanoate and p-ketopentanoate, which are
most likely taken up into cells by monocarboxylate trans-
porters [75]. Heptanoate and C5 ketones are metabolised
into acetyl-CoA and the anaplerotic propionyl-CoA [76].
The latter is carboxylated to methylmalonyl-CoA and
then metabolised to succinyl-CoA (thereby refilling the
C4 intermediates of the TCA cycle, Fig. 1). After going
through the TCA cycle while providing reducing equiva-
lents to complexes I and II of the electron transport chain
for subsequent ATP production, succinyl-CoA eventually
gives rise to oxaloacetate. Increased levels of oxaloace-
tate will facilitate acetyl-CoA entry into the TCA cycle
[77] and will therefore increase ATP production from
triheptanoin itself and from other fuels. Hence, trihepta-
noin provides additional fuel sources and is expected to
increase aerobic metabolism in metabolically compro-
mised tissues to increase ATP availability [77].

Noting that ATP is crucial for the maintenance of
neuronal membrane potentials, which is thought to be
important to prevent the generation of epileptic seizures,
we discovered that triheptanoin protects mice against
seizures in different epilepsy models. This includes effi-
cacy in three chronic seizure models, namely the corneal
kindling model, the second hit pentylenetetrazole test in
mice in the chronic “epileptic” phase of the pilocarpine
model as well as a genetic absence seizure model [26,
78]. Furthermore, the consistent anticonvulsant effects
of triheptanoin in the acute maximal electroshock model
[79] revealed a unique anticonvulsant profile. Based on
the efficacy in these mouse seizure models, effects against
generalised motor and absence seizures, as well as partial
and potentially drug-resistant seizures in humans are pos-
sible. The unique anticonvulsant profile of triheptanoin in
mice motivated three clinical trials in adults and children
with epilepsy in Australia (supervised by KB) and all
trials are showing promising interim results so far (data
unpublished).
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Anticonvulsant Mechanism of Triheptanoin

In the healthy mouse brain, [5,6,7-'3C]-heptanoate was
incorporated into TCA cycle intermediates and metabo-
lites, mostly glutamine (4.3% M+3 enrichment), but also
glutamate (1.3% M43 enrichment). The higher *C enrich-
ment in glutamine relative to glutamate indicates that
heptanoate is mostly metabolised by astrocytes [75]. This
apparently low amount of anaplerosis can still be impor-
tant in regards to the high turnover rate of the TCA cycle
[77] and it is expected to be even more crucial when ana-
plerotic need is high, such as in the “epileptic brain”. Inter-
estingly, the levels of methylmalonyl-CoA were increased
in the brains of mice in the chronic “epileptic” stage, but
not in healthy mice after the administration of a 35% tri-
heptanoin diet. This suggests that heptanoate or C5 ketones
are metabolised in brains with high anaplerotic needs [26].
Also, triheptanoin feeding restored the loss of acetyl-CoA
and propionyl-CoA concentrations and increased malate
levels in the same brains [26]. Another study showed that
triheptanoin did not alter the amounts of glycolytic metabo-
lites in the healthy brain, while trioctanoin led to significant
reductions [64]. Feeding triheptanoin for 3 weeks to mice
in the chronic stage of the pilocarpine epilepsy model did
not alter the steady state levels of TCA cycle intermediates
or metabolites, namely succinyl-CoA, aspartate, glutamate
and GABA [26], which may be due to fast metabolism of
these metabolites. However, together with Ursula we fol-
lowed the metabolism of [1,2 13C]—glucose and could show
that triheptanoin improves metabolism in brains of chroni-
cally “epileptic” mice [10]. Specifically, triheptanoin atten-
uated the drop in the 13C enrichment in malate, citrate and
GABA and increased this enrichment in fumarate in “epi-
leptic mice”. Taken together, this demonstrates that trihep-
tanoin is well suited to counteract the loss in the total pool
of TCA cycle intermediates and metabolites and that tri-
heptanoin is anaplerotic in “epileptic” brains.

ALS

ALS, also called Motor Neuron Disease (MND), is a pro-
gressive neurodegenerative disorder characterized by the
degeneration of motor neurons in the spinal cord and brain.
This results in muscle weakness culminating in paralysis
and finally death usually due to loss of respiratory func-
tions [80]. Most cases are sporadic and only 10% of ALS
is hereditary (familiar ALS). A variety of mutations are
thought to cause familiar and sporadic ALS, including
alterations in superoxide dismutase 1 (SOD1) [81], TAR
DNA-Binding Protein (TDP 43) [82], fused in sarcoma
(FUS) [83], Ubiquilin2 (UBQLN2) [84], and C9ORF72
[85, 86] and probably many others. Many mechanisms are
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thought to contribute to the degeneration of motor neurons
in ALS, such as glutamate excitotoxicity [87], abnormal
protein aggregation [81, 88], impaired axonal transport
[89], inflammation [90], oxidative stress [91], altered prop-
erties of astrocytes [92] and also abnormalities in energy
metabolism [93, 94].

There is a growing body of evidence for metabolic dys-
function in ALS, which contributes to the progression of
the disease. Many ALS patients lose substantial amounts
of body weight and a low body mass index correlates
with shorter survival [95]. Increased energy expenditure
has been found in ALS patients as well as in ALS rodent
models, which indicates disturbances in energy metabo-
lism [94, 96, 97]. Specifically, altered glucose uptake has
been shown in various brain regions and spinal cord [98—
102]. Many functional and morphological abnormalities
have been found in mitochondria, in addition to reduced
amounts of aspartate, glutamine and GABA in the spinal
cord of hSOD19%4 mice during early disease stages sug-
gesting that C4-intermediate levels of the TCA cycle are
decreased [103]. This is consistent with other findings of
reduced oxidative phosphorylation and ATP production in
ALS models [101, 104-107].

Moreover, multiple studies have shown compromised
neuronal-astrocyte interactions, such as impaired transport
of glutamate [108] and loss of the glutamate transporter
GLT-1 [109]. Intriguingly, it has been shown that introduc-
tion of ALS gene alterations selectively in astrocytes can
lead to motor neuron degeneration [92], while in return,
non-neuronal cells that do not express mutant SODI
extended survival of mutant SOD1 expressing motor neu-
rons [110].

Metabolic Therapies for ALS

Based on the findings mentioned above, approaches that
target the metabolic impairments found in ALS are war-
ranted. Alternative fuels different to glucose are expected to
improve energy supply and meet the high energy demand.
Indeed, several approaches that improve TCA cycle func-
tion were found to delay disease progression in rodent ALS
models (reviewed by [111]).

Dichloroacetate

Pyruvate dehydrogenase kinase inhibits pyruvate dehy-
drogenase and thus the production of acetyl-CoA from
pyruvate and its entry into the TCA cycle [112]. Dichloro-
acetate (DCA), an inhibitor of PDH kinase, can therefore
improve TCA cycle entry and increase aerobic glucose
oxidation, which yields high amounts of ATP. In cultured
astrocytes from the hSOD1%%*A rat model, DCA improved
mitochondrial metabolism and prevented toxicity to motor

neurons, thereby increasing their survival [113]. Also, in
the hSOD19*2 mouse model, DCA improved motor symp-
toms such as grip strength performance, protected against
motor neuron loss and increased survival [113].

Ketogenic Diet and Caprylic Triglycerides (Trioctanoin)

The ketogenic diets used in the treatment of epilepsy all
promote body weight loss in adults. In light of the nega-
tive correlation between survival and body weight loss,
ketogenic diets are therefore contraindicated. On the other
hand C4 ketones are excellent alternative fuels and may
overcome the problems associated with the decreased abil-
ity to use glucose as fuel. Moreover, a variety of other
protective mechanisms are ascribed to C4 ketones, such
as anti-oxidant and anti-inflammatory properties among
others [54], which would be beneficial in ALS. This the-
ory is corroborated by two studies using the hSOD19%34
ALS mouse model. A “mild” ketogenic diet, consisting
of 60% fat, 20% carbohydrate and 20% protein, preserved
motor performance and protected against motor neurons
loss in the spinal cord [114]. Furthermore, addition of the
ketogenic medium-chain triglyceride trioctanoin, the tri-
glyceride of octanoate (caprylic acid), also had similar pro-
tective effects, although both metabolic treatments did not
extend survival in this ALS model [115]. In conclusion,
these findings indicate that new approaches that can pro-
vide C4 ketones as alternative fuels for patients with ALS
are promising.

The Deanna Protocol

The Deanna Protocol uses a variety of alternative fuels,
vitamins and antioxidants [116]. There is anecdotal evi-
dence that it has been effective for some patients with ALS.
A study in hSOD1%%4 mice fed only four main components
of the protocol, namely arginine a-ketoglutarate, medium-
chain triglycerides, coenzyme Q and GABA [117]. This
dietary regimen delayed disease progression and extended
survival in hSOD1%%** mice, raising the hope that it may
be effective in patients.

Triheptanoin

Triheptanoin is another alternative fuel, which seems to be
well suited to overcome the metabolic problems in ALS. Its
ability to provide not only acetyl-CoA, but also propionyl-
CoA makes it an ideal metabolic treatment for neuronal
cells and muscles, which are deficient in TCA cycle inter-
mediates and energy production. Ursula’s former Masters
student, Tesfaye W. Tefera, recently found together with
others in our laboratory that triheptanoin protects lumbar
motor neurons and delays the onset of motor symptoms
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and body weight loss in the hSOD1%%*A ALS mouse model
[118]. Clinical studies are now needed to investigate if
quality of life of ALS patients can be improved by adding
triheptanoin to their diet. Tesfaye has also brought Ursu-
la’s techniques to distinguish between astrocyte vs. total
brain metabolism to our laboratory and we are currently
investigating to which extent metabolism is affected in the
hSOD1%%*A model and how it is altered by triheptanoin.

Conclusions

We hope that this article being in honour of Ursula showed
her important contribution to the research area of brain
metabolism and alternative fuels. Her work indicated the
need of anaplerosis in epileptic tissue. She has really driven
the field forward by showing that both the ketogenic diet
and triheptanoin can address this increased need for anaple-
rosis in epilepsy. In addition, one of her students brought
Ursula’s techniques to the ALS research field, showing
that triheptanoin can be beneficial in a model of ALS. It
remains to be seen if these findings in models of epilepsy
and ALS will improve the treatment of these enigmatic dis-
eases. In response to the critical and urgent need for better
and more efficacious treatment of these neurological disor-
ders with fewer side effects compared to traditional medi-
cation, controlled clinical studies are needed to address
the efficacy of the metabolic treatments discussed. We are
hopeful for positive outcomes.
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