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Abstract
Objective: To investigate feasibility, safety, and tolerability of long-term (48 weeks) 
add-on treatment with triheptanoin (UX007), the triglyceride of heptanoate, in adults 
with drug-resistant epilepsy.
Methods: This extension study was offered to adult participants with drug-resist-
ant epilepsy who completed a 12-week randomized controlled trial of add-on me-
dium-chain triglycerides (MCT) vs triheptanoin. Participants were asked to titrate 
triheptanoin to their maximum tolerated dose over 3 weeks, followed by 48-week 
maintenance before tapering or treatment extension. The primary aims were to assess 
retention and safety of the triheptanoin treatment, and secondary aims to assess the 
tolerated doses and changes in seizure frequency.
Results: Eleven adults were enrolled and ten people were analyzed (because one pa-
tient was diagnosed as having nonepileptic seizures while on the study). Two adults 
finished the study and extended their treatment. Eight participants withdrew from 
the study, due to lack of efficacy (n = 3), unknown reasons (n = 2), belief of weight 
gain (n = 1), wanting to try a different treatment (n = 1), and a colonoscopy (n = 1). 
Diarrhea in two people and bloating in one person were deemed possibly related to 
treatment, but other adverse events were not. The duration of maintenance treatment 
dose was 27-513 days (median 247 days, range 27-513 days), and 0.49 -1.1 mL/kg 
triheptanoin was taken per day (0.77 ± 0.19 mL/kg, mean ± standard deviation, 40-
100 mL/d). Two participants experienced >90% and three people >50% reduction in 
seizure frequency, and all had focal seizures. The median seizure reduction was 48% 
(average 38%).
Significance: Our results indicate antiseizure effects of triheptanoin on focal sei-
zures in 5 out of 10 adults. However, only two people finished and extended the 48-
week add-on treatment phase, despite lack of safety or tolerability issues.
More studies focused on improved treatment formulations, the potential of lower dos-
ages, and efficacy are needed. Trial registration number: ACTRN12615000406505.
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1  |   INTRODUCTION

Heightened excitability of the brain and reduced glucose me-
tabolism in epileptogenic areas are hallmarks of epilepsy in 
people and animal models.1–5 Reduced glucose metabolism 
could lead to local energy deficiency and is likely to con-
tribute to seizure generation.6 In addition, a shortage of glu-
cose-derived carbons and their metabolites can occur, which 
includes amino acids and lipids, vital for regulated neuronal 
signaling (Figure 1). The decreases in brain levels of gluta-
mate, glutamine, and malate found in people with epilepsy and 
rodent chronic epilepsy models indicate that the tricarboxylic 
acid (TCA) cycle is deficient of intermediates containing 4 
or 5 carbons.7–11 This is expected to reduce the flux through 
the TCA cycle and the production of ATP, amino acids, and 

lipids produced from the cycle intermediates. Thus, refilling 
of the pools of C5 and C4 TCA cycle metabolites (anaple-
rosis) is needed in addition to energy.5,11 Auxiliary sources 
of carbons for the brain, such as medium-chain fatty acids 
or ketone bodies, can address reduced glucose and energy 
metabolism in epilepsy (reviewed by Refs 5,12, Figure 1). 
Furthermore, triheptanoin, the triglyceride of the medium-
chain fatty acid heptanoate, is also anaplerotic by provid-
ing heptanoate and the C5 ketone bodies β-ketopentanoate 
and β-hydroxypentanoate, which can enter the Krebs cycle 
as succinyl- and acetyl-CoA (Figure 1).5,13–17 Originally, tri-
heptanoin has been used in various metabolic disorders,5,18–21 
including glucose transporter 1 deficiency which commonly 
includes seizures.18,22,23 In epilepsy models, providing 35% 
of energy intake of triheptanoin has shown anticonvulsant, 
beneficial metabolic, and antioxidant effects.5,9,17,18,24–26 
Also, an open-label study evaluating the effects of trihepta-
noin in children with drug-resistant epilepsy found the treat-
ment to be tolerated in 8 out 12, with more than 50% seizure 
reduction in 5 out of 8 children, including one child who be-
came seizure-free for 30 weeks.27

In a previous randomized controlled trial (RCT),28 we 
investigated safety and tolerability of triheptanoin vs medi-
um-chain triglycerides (MCT, which contain triglycerides 
with octanoate and decanoate) as add-on treatments in adults 
with drug-resistant epilepsy. Patients who had completed the 
study were invited to take part in this long-term open-label 
extension trial of triheptanoin at maximal tolerated dose to 
assess retention and safety of the triheptanoin treatment, and 
secondary aims to assess the tolerated doses and changes in 

K E Y W O R D S
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Key Point
•	 Triheptanoin add-on treatment (0.77 ± 0.19 mL/

kg, 40-100 mL/d) was tolerated for 27-513 days 
(average 253 days).

•	 Only 2 out of 10 people finished the 48-week 
treatment

•	 Diarrhea in two people and bloating in one person 
were adverse effects deemed possibly related to 
treatment.

•	 Five out of 10 people, all with focal seizures, 
showed >50% reduction in seizure frequency 
(mean 48% seizure reduction).

•	 Further trials are suggested to focus on improved 
treatment formulations and efficacy

F I G U R E  1   Diagram of the proposed biochemical effects of 
triheptanoin in epilepsy. The main fuel of the brain is usually glucose. 
Entry of glucose-derived carbons into the TCA cycle produces most of 
the ATP via oxidative phosphorylation, but also precursors for lipids 
and amino acids, such as aspartate and glutamate. The red double lines 
indicate that in many epilepsy types, FDG-PET indicates impaired 
glucose metabolism in epileptogenic areas. There is also evidence 
for shortages of TCA cycle intermediates. Both these impairments 
can result in local shortages of ATP as well as carbons to produce 
lipids from citrate and amino acids (e.g. glutamate and aspartate). 
Together this may contribute to dysregulation of neuronal signaling 
and subsequent seizure generation. Auxiliary sources of carbons for 
the brain can be provided by triheptanoin, which is metabolized to the 
medium-chain fatty acid heptanoate and C5 ketone bodies,  which are 
further metabolized to auxiliary acetyl-CoA and propionyl-CoA. The 
latter can be carboxylated to succinyl-CoA, thereby refilling the TCA 
with C4 intermediates (anaplerosis). This is important to compensate 
for the loss of carbons from the TCA cycle for production of lipids and 
amino acids and to continue efficient TCA cycling
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seizure frequency. Participants were advised to mix trihepta-
noin with food and to reduce energy intake of regular foods 
(but no specific types of macronutrients) to avoid gastrointes-
tinal problems and excess energy intake.

2  |   METHODS

2.1  |  Classification of evidence

We sought to investigate whether long-term treatment with 
triheptanoin is safe and tolerated as an add-on therapy in 
people with drug-resistant epilepsy. The evidence generated 
from this trial is classified as class IV, because of the rela-
tively small subject numbers and open-label treatment.

2.2  |  Standard protocol approvals, 
registrations, and patient consents

We confirm that we have read the Journal's position on issues 
involved in ethical publication and affirm that this report is 
consistent with those guidelines. Ethics approval was granted 
by the Human Research and Ethics Committees of Melbourne 
Health and the University of Queensland. Written informed 
consent was provided by all participants or their legal guard-
ians, prior to any study procedures being undertaken. The 
trial was registered with the Australian New Zealand Clinical 
Trials Registry (registry no: ACTRN12615000406505). The 
trial protocol will be made available by the corresponding 
author upon reasonable request.

2.3  |  Organization of study

The study was a single-center, open-label trial. The study 
was conducted from 2015 to 2016 at the Royal Melbourne 
Hospital, Victoria, Australia, and was monitored for safety 
by an independent Clinical Research Organisation (CRO), 
Neuroscience Trials Australia Inc.

2.4  |  Participants

Only participants who finished the previous 12-week trial of 
add-on medium-chain triglycerides vs triheptanoin28 were 
allowed to join this trial. The previous trial included male 
or female subjects (≥18  years old) with epilepsy who had 
failed treatment with ≥2 antiseizure drugs and experienced 
at least 2 seizures of an eligible type per 28 days over two 
months prior to enrollment despite treatment with at least 
one antiseizure drug at clinically appropriate doses. Eligible 
seizure types included focal unaware, focal to bilateral tonic 

seizures, focal aware motor, generalized tonic, and tonic and 
atonic seizures.29 Exclusion criteria were eating and psychi-
atric disorders, substance abuse, currently on ketogenic diet, 
nonepileptic seizures, changes of antiseizure medication 
1 month before trial, pregnancy, and breastfeeding.

Some participants were enrolled immediately after comple-
tion of the first trial, while others had a long gap period between 
154 and 638 days ([median: 348 days], see Figures S1,S2).

2.5  |  Study intervention

All participants received add-on UX007 (triheptanoin, 
Ultragenyx Pharmaceuticals Inc) in oil form. After dietitian 
counseling, energy intake was calculated from 4-day food di-
aries provided using Foodworks 7 (Xyris Software). Patients 
were then given a titration scheme to increase their treatment 
dose over a period of three weeks to their maximum toler-
ated dose of maximal 35% of energy intake or 100  mL/d. 
Participants reported all treatment doses taken in their treat-
ment diaries, and the intake was verified during study visits. 
The treatment period consisted of a 3-week on-titration phase 
followed by a 48-week maintenance phase with study visits 
every 12 weeks. Then, participants titrated off the treatment 
over 3  weeks and remained off the treatment for 4  weeks, 
until the last study visit. Participants with seizure reduction 
were given the option to continue treatment under a compas-
sionate access scheme without downtitration.

2.6  |  Outcome measures

The study's primary prespecified end points were study reten-
tion, measured as the number and proportion of participants 
taking treatment over the 48-week treatment period, and 
safety, measured as the number of adverse events that are 
causally (defined as probably and definitely) related to study 
intervention over the on-titration and maintenance treatment 
periods. Due to the low number of finishing participants, the 
secondary end points were changed to include all participants 
to find the tolerated dose per day, as measured as the average 
treatment dose actually taken over the maintenance treatment 
period. The responder rate was calculated as the proportion 
of participants who showed ≥50% improvement in seizure 
frequency during their maintenance phase as compared to the 
original baseline from the previous study (see Figures S1 and 
S2).

2.7  |  Study procedures

After giving informed consent, participants had a medical 
history taken, a physical and neurological examination, and 
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an evaluation of inclusion and exclusion criteria. Blood and 
urine were analyzed for acyl-carnitines and organic acids, 
respectively, by mass spectroscopy to exclude metabolic ab-
normalities. Also, serum chemistry, blood cell counts, and 
when applicable the levels of valproate, carbamazepine, and 
phenytoin were evaluated at all hospital visits before and 
after the treatment and every twelve weeks during treatment 
(Figure  2A). Participants were instructed on the keeping of 
daily seizure diaries and 4-day food diaries and were not al-
lowed to change their antiseizure medications during the study 
period. At all visits, a dietitian counseled patients individually 
on healthy eating, as per Australian dietary guidelines (2013). 
Also, she provided advice on how to optimize the remaining 
diet for adequate nutrition and minimization of gastrointes-
tinal side effects or body weight changes. Participants were 
given an Australian Guide to Healthy Eating, and we recom-
mended to serve a small portion of a meal and then add the 
recommended dose of the oil. If still hungry once finished, 
more food without oil could be eaten. No specific recommen-
dations were given regarding total caloric intake.

On visits 2, 4, 6, and 7, participants were asked to fill 
out the QOLIE-8930,31 questionnaire, the Liverpool Adverse 
Events Profile (LAEP)32 and the Hospital Anxiety and 
Depression Scale (HADS). Adverse events were noted 
throughout the study and assessed regarding causality to 
treatment. All severe adverse events (SAEs) were reviewed 

by the study CRO. Both the site investigator and the sponsor 
of the study (University of Queensland) assessed the poten-
tial relationship between SAEs and study drug.

2.8  |  Sample size and statistical analysis

Data from all participants were included, even if the full 
treatment period was not completed (Figure 2B, Figures S1, 
S2). We report median and interquartile ranges as well as av-
erages and standard deviations. The questionnaires were ana-
lyzed using a Kruskal-Wallis test. All statistical comparisons 
were performed using excel or GraphPad prism version 7.0 
(GraphPad Software).

3  |   RESULTS

3.1  |  Patient cohort, retention, treatment 
duration, maximal tolerated dose, and safety

Figure  2B shows the participant flow and Figures  S1 and 
S2 show overviews of body weights, doses, and seizure fre-
quencies over time for each participant. Eleven people were 
enrolled, but one individual was excluded as diagnosed to 
have psychogenic nonepileptic seizures after enrollment. The 

F I G U R E  2   Schematics specifying the trial design (A) and flow diagram indicating the number of people with refractory epilepsy enrolled 
until study completion (B). A, Clinic visits are indicated as triangles on the weekly timeline. Five patients directly moved at their last visit (7) of the 
randomized study into this study; five other people had a gap period. The seizure frequencies of the 8-week baseline period from the previous study 
were used for comparisons to those during the maintenance period, as shown in Figures S1 and S2. The on-titration period for triheptanoin add-on 
treatment was 3 wk until maximal tolerated dose was reached and was maintained for the 48-week maintenance phase. Then, triheptanoin was 
titrated off for 3 wk and followed by a four-week period without add-on treatment. B, The diagram shows the number of participants analyzed for 
outcomes and reasons for withdrawal from the study.
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characteristics of the participant population included and an-
alyzed are shown in Table 1. Five people were immediately 
enrolled at their last visit of the previous study, while another 
five people were enrolled after a large “gap” period rang-
ing from 154-638 days (median 348 days). The proportion 
of participants remaining on triheptanoin for 48 weeks was 
20%. (Table 2, Figures 2B and 3A).

The duration on the maintenance treatment dose was 
27-513  days (median 247  days, average 253  ±  146  days, 
mean ± standard deviation, Figure 3A, Table 2). This includes 
two people with seizure frequency reductions who extended 
their treatments without downtitration to a total of 422 and 
513 days. Eight participants withdrew their consent before the 
end of the study (Figure 2B), specifically due to lack of effi-
cacy (n = 3, with one person with memory issues who actually 
showed a 72% reduction in seizure frequency in their seizure 
diary), unknown reasons (n = 2), believing to gain weight, de-
spite loss of 2 kg from 95.3 to 93.3 kg, and 92% reduction in 
seizure numbers during the 25-week treatment, after which she 
revoked consent (n = 1), wanting to try a different treatment 
(n = 1, there was a 70% increase in seizure numbers), and a 
need for a colonoscopy (n = 1). During the maintenance phase, 

participants took 0.49-1.1 mL/kg triheptanoin per day (average 
0.77 ± 0.19 mL/kg, 40-100 mL/d, n = 10, Table 2).

3.2  |  Adverse events and body weight 
changes during treatment

None of the blood tests, including lipid profiles, showed 
any clinically significant changes during the treatment pe-
riod. The proportion of people with adverse events was 80% 
(Table 2). There were 3 nonserious adverse events that were 
determined as probably related to treatment, namely diarrhea 
in 2 people and bloating in one person. All other adverse 
events appeared to not be related, including moderate urine 
tract infections (n = 2). In addition, one person suffered two 
serious adverse events during the extension phase, namely 
increases in seizure activity and stent placement.

Participants had body weights of 58.8 to 105.2 kg (median 
84 kg) with a BMI of 20.8 to 37.3 kg/m2 (median 26.5) at 
the beginning of the study (Table 1). The changes in body 
weight ranged from a loss of 2.0  kg to a gain of 10.3  kg 
(median 1.9 kg, IQR 1., 2.8 kg; mean 2.4 kg, standard de-
viation 3.1  kg, body weight changes (kg) relative to BMI: 
−0.05 to 0.28, median 0.065, mean 0.86) over the up to 48-
week treatment period. The person with 10 kg weight gain 
and their caregivers were specifically counseled to improve 
their diet and at 40 weeks to stop the trial (Figure S2E). The 
caregivers continued with treatment and withdrew consent 
one week later without providing any reason. Please note 
that this participant, who had a temporal lobectomy and later 
hemispherectomy, had 45% reduction in the first blinded trial 
(from 8.8 seizure per 4 weeks) and seizures more than dou-
bled after off titration. Thereafter, triheptanoin reduced their 
spike in seizure frequency by 47%. Half of the participants 
lost their gained weight during off titration of triheptanoin 
and the triheptanoin-free period (Figure 3B). At the end of 
the study compared to the beginning, we found a loss of 
4.1 kg to a gain of 11.4 kg (median 2 kg, IQR −0.2, 3.1; mean 
2.1 kg, standard deviation 4.0 kg. The changes in BMI over 
the treatment period ranged from a loss of 0.76 to increase of 
4.7 kg/m2 (median 0.74, mean 1.3, standard deviation 1.7 kg/
m2, Table 2). There were no changes in the LAEPD or the 
QOLIE-89 scores during the time of treatment relative to 
those at the first study visit (Kruskal-Wallis tests, Figures S3, 
S4). Too few participants completed the Hospital Anxiety 
and Depression Scale (HADS) to be meaningfully analyzed.

3.3  |  Seizures

The changes in seizure frequency ranged from 94% seizure 
reduction to an increase by 70%, with a median of 47.7% sei-
zure reduction (11.4 to 76.6%, interquartile ranges, Table 2, 

T A B L E  1   Demographics and characteristics

  N = 10

Age (years), mean (SD) 45.3 (10.9)

Gender

Female, n (%) 4 (40%)

Male, n (%) 6 (60%)

Body weight (kg), mean (SD) 82.1 (16.5)

Body mass index, mean (SD) 28.2 (6.3)

Epilepsy etiology, n (%)

Temporal 3 (30%)

Extra temporal or unknown 7 (70%)

Seizure types, n (%)

Focal unaware 9 (90%)

Focal to bilateral tonic clonic 3 (30%)

Focal aware motor 1 (10%)

Generalized tonic clonic 0

Prior neurological surgery, n (%)

None 7 (70%)

1 (tumor resection, temporal lobectomy) 2 (20%)

2 (temporal lobectomy and 
hemispherectomy)

1 (10%)

Number of concomitant AEDs, n (%)

2 1 (10%)

3 3 (30%)

4 6 (60%)

Seizures per 28 d, median (IQR) 4.9 (3.8, 22.2)

Caloric (Kcal) intake per day, median (IQR) 1735 (1285, 2775)
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Figure 3C). Efficacy with over 90% reduction in seizure fre-
quency was found in two people, including the person, who 
withdrew from the study because of belief of weight gain, 
but  showed 92% reduction (Figure  S1D). Another person 
achieved 94% reduction of seizures over their full mainte-
nance phase of 248 days with seizure freedom for 167 days 
(Figure S1E), but needed to reduce the dose for a colonos-
copy near the end of the full treatment period. There were 
three adults with over 50% reduction, including the two par-
ticipants who extended their treatment (Figure S1A,B) and 
one person who withdrew because of a perception of lack of 
efficacy, who also had memory problems (72% seizure reduc-
tion, Figure S1C). All these five participants had focal sei-
zures, and four specially had focal unaware seizures. Please 
note that one person suffered a 70% increase in seizures from 
3 to 5 seizures per 28-day period (Figure S2B).

Interestingly, the five participants who experienced no ef-
ficacy in this study also showed no effect with triheptanoin or 
MCT in our previous study (Figure S2). On the other hand, 
two people who previously had no reduction with MCT and 
triheptanoin, respectively, showed 58% and 72% reduction in 
this open-label extension trial (Figure  S1B,C). In addition, 
three out of the people with > 50% reduction in seizures also 
had >50% reduction in seizures in the previous trial, two with 
MCT and one with triheptanoin treatment (Figure S1A,D,E).

3.4  |  Dose vs antiseizure effects

In the people with seizure control, the effective trihepta-
noin dose was between 40 and 89  mL/d (median 47  mL) 
or 0.49 and 0.83 mL/kg body weight (median 0.69 mL/kg, 

Figure S1). There were no correlations of seizure control to 
the dose taken (Figure 3D,E).

4  |   DISCUSSION

This is the first open-label study of long-term add-on trihep-
tanoin (UX007) in adults with drug-resistant epilepsy. The 
main findings were the following: (a) most of the participants 
(eight of ten) did not finish the study; (b) on the other hand, 
the 10 participants were able to consume 0.49 -1.1  mL/kg 
triheptanoin per day (0.77 ± 0.19 mL/kg, 40-100 mL/d) for 
a duration of 27-513 days (median 247 days, 253 ± 146 days 
mean ± standard deviation) and nobody withdrew from the 
study due to problems with tolerability or safety; (c) there 
were no serious adverse effects that were thought to be caus-
ally related to the treatment. The main side effects were diar-
rhea and bloating. Except for one person who gained more 
than 10% of his body weight, body weight changes were 
not of clinical significance, (d) two participants experienced 
>90% and three  participants >50% reductions in seizure fre-
quency during full-dose treatment (50% of trial particpants). 
All these participants had focal seizures, mostly with loss of 
awareness.

4.1  |  Feasibility and tolerability

Ten eligible participants were enrolled into this open-label 
long-term follow-up study of the previous 34 enrolled in the 
previous randomized blinded RCT of MCT vs triheptanoin.28 
Only 2 out of 10 patients completed the long-term study. Based 

  Triheptanoin

Proportion of patients completing trial 2/10 (20%)

Number of participants extending treatment
Proportion of patients with adverse events

2
8/10 (80%)

Total number of adverse events possibly or likely related to treatment 3 (n = 3)

Maintenance period (days, median, IQR) 247 (139, 353)

Dose taken during maintenance period (median, IQR)

Volume of treatment/day (mL) 60 (47, 83)

Treatment dose/ body weight (mL/kg) 0.74 (0.62, 0.93)

   

Changes in body weight from v1 to end of treatment (kg) 1.9 (1.1, 2.8)

Changes in BMI from v1 to end of treatment (kg/m2) 0.74 (0.37, 1.75)

   

Percentage (median, IQR) of baseline seizures during treatment period 
(95% CIs)

58.3 (21.5, 102) 
(−2,92)

Responder rate (>90% seizure reduction) 2 (20%)

Responder rate (>50% seizure reduction) 3 (30%)

T A B L E  2   General treatment effects
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on their seizure diaries, there was lack of efficacy in five out 
of 10 people in our study. The other three people who exited 
the study early showed efficacy in their seizure diaries. In our 
opinion, these data and events illustrate the various complica-
tions when treating adults with refractory epilepsy and are not 
surprising. Taken together, the study showed that only few 
adults with epilepsy followed the full 48-week long-term add-
on treatment with triheptanoin, although there were few side 
effects. This is similar to findings in several children with re-
fractory epilepsy, where 8 out of 12 children tolerated add-on 
UX007 treatment for 0.25-2.5 years.27

The low number of treatment-related side effects in this 
study was expected, as the participants were already experi-
enced from the previous randomized study with MCT or tri-
heptanoin add-on treatment and how to avoid gastrointestinal 
side effects. Thus, it is likely that only patients, who in gen-
eral tolerate addition of oil to their diet well, enrolled into the 

open-label extension study. We were aware that body weight 
gain would most likely be an issue, which we tried to avoid by 
mandatory dietitian counseling. Except for one person, body 
weight changes were not of clinical significance. On average, 
participants’ body weight increased by 2 kg, similar to that 
seen after 12-week treatment in the previous MCT vs trihep-
tanoin study. In most people, body weight stabilized after an 
initial increase, indicating that with dietitian advice long-term 
weight gain is not a common constrain of this treatment.

4.2  |  Efficacy, limitations, 
generalizability, and interpretation of 
antiseizure effects

While this was an open-label study in only 10 adults with 
epilepsy and drug-resistant seizures (excluding the one 

F I G U R E  3   A, Duration on full treatment dose and B the changes in body weight are shown for all participants. B, The changes in body 
weight (kg) from the beginning of the study until the end of the triheptanoin treatment vs until the end of the full study (after downtitration and no 
add-on treatment for 4 wk) are shown for each participant. Please note that several participants lost some of the body weight gained at the end of 
the maintenance phase. C, The changes in seizure frequencies (number of seizures/28 d) from baseline vs maintenance treatment phases are shown. 
D,E There is no relationship of changes in seizure frequency vs the volume of triheptanoin taken (D) or the dose taken relative to body weight (E).
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patient who was diagnosed as having psychogenic nonep-
ileptic seizures during the trial), five people experienced 
>50% reductions in seizure frequency from baseline, with 
one patient being rendered completely seizure-free for 
24 weeks. All of these 5 patients had drug-resistant focal 
seizures and three of them showed fewer seizures with 
MCT or triheptanoin in the previous trial and trihepta-
noin in this trial. These responsive patients may be those 
in whom local energy shortages can contribute to their 
seizures, and MCTs or triheptanoin provides extra energy 
to prevent seizure generation according to our metabolic 
hypothesis.5,6 This is corroborated by the finding that five 
participants did not have any clinically significant reduc-
tions in seizure frequency in both the previous and this 
trial and indicates that only certain types of epilepsy re-
spond to treatment with even or uneven MCTs.

The results of the previous open-label trial of UX007 
(triheptanoin) in children with treatment-resistant epilepsy 
were similar to this trial in adults, with 5 out of the 8 chil-
dren who tolerated UX007 treatment showing a >50% re-
duction in seizure frequency, with one child seizure-free for 
30 weeks. The reductions in seizure frequency in five out 
of 10 participants treated with UX007 are encouraging and 
are similar to other types of dietary treatments reported in 
adults. In a recent meta-analysis, 53% of adults complet-
ing the ketogenic and Atkins diet studies showed >50% and 
13% more than 90%, reduction in seizure frequencies.33 The 
results of this and our previous triheptanoin trial open up 
new possible treatment options for patients with drug-re-
sistant epilepsy. Opposite to ketogenic and modified Atkins 
diets, additions of triheptanoin or MCTs do not require strict 
avoidance of certain macronutrients like carbohydrates. This 
is expected to increase compliance with triheptanoin over 
these strict dietary treatments. This is especially important 
for adults, who have more difficulties to follow strict dietary 
regimen compared to children. However, the low long-term 
retention rate in this study is of potential concern, but larger 
studies are needed and the oil formulation could be poten-
tially improved by powdering.

On the other hand, in the previous randomized blinded 
MCT vs triheptanoin trial in adults only one out of 9 people 
had >50% reduction in seizure frequency, while 5 out of 11 
adults showed efficacy with MCT. We did not target a specific 
type of seizure or epilepsy and the number of patients enrolled 
was small. Thus, the extent  to which triheptanoin is truly ef-
fective and/or different to MCT treatment regarding seizure 
prevention remains to be established. Biochemically, trihep-
tanoin appears to be superior due to its anaplerotic properties; 
however, both treatments can provide the TCA cycle with ace-
tyl-CoA5 and MCTs are already commercially available.

In addition, in the future it will be important to avoid 
body weight gain with triheptanoin or MCT in people with 

epilepsy. We propose to combine the treatments with a low 
glycemic index diet.

5  |   CONCLUSIONS AND FUTURE 
DIRECTIONS

This is the first long-term open-label trial of add-on 
UX007 (triheptanoin) treatment for drug-resistant epi-
lepsy in adults. The efficacy observed in five out of ten 
patients evaluated, all with focal seizures, raises the hope 
that metabolic therapy with triheptanoin could be a useful 
approach to control seizures in patients with drug-resist-
ant focal epilepsy. However, the low retention rate with 
the long-term add-on treatment (2 out of 10 adults) is of 
potential concern, although there were few side effects. 
Improved formulations and lower dosages may be needed 
to improve long-term compliance. Larger studies are nec-
essary to confirm these antiseizure effects in adults and to 
characterize the needed dosages and responsive types of 
seizures and epilepsy.

ACKNOWLEDGMENTS
We are grateful to all participants and caregivers who participated 
in the study as well as referring doctors. We thank Ultragenyx 
Pharmaceutical for donating UX007 and providing the funds 
for the study. We are grateful to James Pitt, Chris French, Mark 
Cook, Fiona Ellery, and Tina Soulis for support.

CONFLICT OF INTEREST
Ultragenyx Pharmaceuticals Inc provided UX007 and the 
funding for the study. Dr Borges received a license fee pay-
ment and research support from Ultragenyx Pharmaceutical 
for other studies. Dr Terence J O’Brien reports grants 
and personal fees from UCB Pharma, Eisai, and Zynerba 
Pharmaceuticals, outside the submitted work. He has also 
received research grants from the NHMRC, NINDS, and 
the RMH Neuroscience Foundation. Dr Kwan/his institution 
received speaker or consultancy fees and/or research grants 
from Eisai, GlaxoSmithKline, Johnson & Johnson, Pfizer, 
and UCB Pharma. He is supported by the Medical Research 
Future Fund Practitioner Fellowship. He has received re-
search grants from the National Health and Medical Research 
Council of Australia, the Australian Research Council, the 
US National Institute of Health, Hong Kong Research 
Grants Council, Innovation and Technology Fund, Health 
and Health Services Research Fund, and Health and Medical 
Research Fund.

DATA AVAILABILITY STATEMENT
The corresponding author has access to all data, which will 
be made available upon request.



238  |      BORGES et al.

ORCID
Karin Borges   https://orcid.org/0000-0001-7448-0770 

REFERENCES
	 1.	 Kuhl DE, Engel J Jr, Phelps ME, Selin C. Epileptic patterns of local 

cerebral metabolism and perfusion in humans determined by emis-
sion computed tomography of 18FDG and 13NH3. Ann Neurol. 
1980;8:348–60.

	 2.	 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.

	 3.	 Sarikaya I. PET studies in epilepsy. Am J Nucl Med Mol Imaging. 
2015;5:416–30.

	 4.	 McDonald TS, Carrasco-Pozo C, Hodson MP, Borges K. Alterations 
in Cytosolic and Mitochondrial [U-(13)C]Glucose Metabolism in 
a Chronic Epilepsy Mouse Model. eNeuro. 2017;4(1):e0341-16. 
https://doi.org/10.1523/ENEURO.0341-16.2017

	 5.	 McDonald T, Puchowicz M, Borges K. Impairments in oxida-
tive glucose metabolism in epilepsy and metabolic treatments 
thereof. Front Cell Neurosci. 2018;12. https://doi.org/10.3389/
fncel.2018.00274.

	 6.	 Samokhina E, Popova I, Malkov A, Ivanov AI, Papadia D, Osypov 
A, et al. Chronic inhibition of brain glycolysis initiates epileptogen-
esis. J Neurosci Res. 2017;95:2195–206.

	 7.	 Melo TM, Nehlig A, Sonnewald U. Metabolism is normal in as-
trocytes in chronically epileptic rats: a (13)C NMR study of neuro-
nal-glial interactions in a model of temporal lobe epilepsy. J Cereb 
Blood Flow Metab. 2005;25:1254–64.

	 8.	 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.

	 9.	 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.

	10.	 Bartnik-Olson BL, Ding D, Howe J, Shah A, Losey T, et al. 
Glutamate metabolism in temporal lobe epilepsy as revealed by 
dynamic proton MRS following the infusion of [U(13)-C] glucose. 
Epilepsy Res. 2017;136:46–53.

	11.	 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.

	12.	 Masino SA, Rho JM. Mechanisms of ketogenic diet action. In: 
Noebels JL, Avoli M, Rogawski MA, Olsen RW, Delgado-Escueta 
AV, editors. Jasper's basic mechanisms of the epilepsies. Bethesda, 
MD: National Center for Biotechnology Information; 2012.

	13.	 Gu L, Zhang G-F, Kombu RS, Allen F, Kutz G, Brewer W-U, 
et al. Parenteral and enteral metabolism of anaplerotic trihepta-
noin in normal rats. II. Effects on lipolysis, glucose production, 
and liver acyl-CoA profile. Am J Physiol Endocrinol Metab. 
2010;298:E362–E371.

	14.	 Hadera MG, Smeland OB, McDonald TS, Tan KN, Sonnewald U, 
Borges K, et al. Triheptanoin partially restores levels of tricarbox-
ylic acid cycle intermediates in the mouse pilocarpine model of 
epilepsy. J Neurochem. 2014;129:107–19.

	15.	 Marin-Valencia I, Good LB, Ma Q, Malloy CR, Pascual JM, et al. 
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.

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

	17.	 Tan KN, Simmons D, Carrasco-Pozo C, Borges K, et al. 
Triheptanoin protects against status epilepticus-induced hippocam-
pal mitochondrial dysfunctions, oxidative stress and neuronal de-
generation. J Neurochem. 2018;144:431–42.

	18.	 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; 2017.

	19.	 Gillingham MB, Heitner SB, Martin J, Goldstein A, El-Gharbawy 
AH, et al. Triheptanoin versus trioctanoin for long-chain fatty acid 
oxidation disorders: a double blinded, randomized controlled trial. 
J Inherit Metab Dis. 2017;40:831–43.

	20.	 Roe CR, Brunengraber H. Anaplerotic treatment of long-chain 
fat oxidation disorders with triheptanoin: review of 15 years 
Experience. Mol Genet Metab. 2015;116:260–8.

	21.	 Vockley J, Burton B, Berry GT, Longo N, Phillips J, Sanchez-Valle 
A, et al. Results from a 78-week, single-arm, open-label phase 2 
study to evaluate UX007 in pediatric and adult patients with severe 
long-chain fatty acid oxidation disorders (LC-FAOD). J Inherit 
Metab Dis. 2019;42:169–77.

	22.	 Mochel F, Hainque E, Gras D, Adanyeguh IM, Caillet S, Héron B, 
et al. Triheptanoin dramatically reduces paroxysmal motor disorder 
in patients with GLUT1 deficiency. J Neurol Neurosurg Psychiatry. 
2016;87:550–3.

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

	24.	 Kim TH, Borges K, Petrou S, Reid CA. Triheptanoin reduces sei-
zure susceptibility in a syndrome-specific mouse model of general-
ized epilepsy. Epilepsy Res. 2013;103(1):101–5.

	25.	 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.

	26.	 McDonald T, Hodson MP, Bederman I, Puchowicz M, Borges K. 
Triheptanoin alters [U-13C6]-glucose incorporation into glycolytic 
intermediates and increases TCA cycling normalizing the activi-
ties of pyruvate dehydrogenase and oxoglutarate dehydrogenase 
in a chronic epilepsy mouse model. J Cereb Blood Flow Metab. 
2020;40(3):678–91.

	27.	 Calvert S, Barwick K, Par M, Ni Tan K, Borges K, et al. A pilot study 
of add-on oral triheptanoin treatment for children with medically 
refractory epilepsy. Eur J Paediatr Neurol. 2018;22(6):1074–80.

	28.	 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.

	29.	 Fisher RS, Cross JH, D'Souza C, French JA, Haut SR, Higurashi N, 
et al. Instruction manual for the ILAE 2017 operational classifica-
tion of seizure types. Epilepsia. 2017;58:531–42.

	30.	 Johnson EK, Jones JE, Seidenberg M, Hermann BP. The relative 
impact of anxiety, depression, and clinical seizure features on 
health-related quality of life in epilepsy. Epilepsia. 2004;45:544–50.

	31.	 Zigmond AS, Snaith RP. The hospital anxiety and depression scale. 
Acta Psychiatr Scand. 1983;67:361–70.

	32.	 Abetz L, Jacoby A, Baker GA, McNulty P. Patient-based assess-
ments of quality of life in newly diagnosed epilepsy patients: vali-
dation of the NEWQOL. Epilepsia. 2000;41:1119–28.

https://orcid.org/0000-0001-7448-0770
https://orcid.org/0000-0001-7448-0770
https://doi.org/10.1523/ENEURO.0341-16.2017
https://doi.org/10.3389/fncel.2018.00274
https://doi.org/10.3389/fncel.2018.00274


      |  239BORGES et al.

	33.	 Liu H, Yang YI, Wang Y, Tang H, Zhang F, Zhang Y, et al. 
Ketogenic diet for treatment of intractable epilepsy in adults: a me-
ta-analysis of observational studies. Epilepsia Open. 2018;3:9–17.

SUPPORTING INFORMATION
Additional supporting information may be found online in 
the Supporting Information section.

How to cite this article: 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;5:230–239. https://doi.org/10.1002/epi4.12391

https://doi.org/10.1002/epi4.12391

