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Abstract
Triheptanoin, the triglyceride of heptanoate, is anaplerotic
(refills deficient tricarboxylic acid cycle intermediates) via the
propionyl-CoA carboxylase pathway. It has been shown to be
neuroprotective and anticonvulsant in several models of neu-
rological disorders. Here, we investigated the effects of trihep-
tanoin against changesof hippocampalmitochondrial functions,
oxidative stress and cell death induced by pilocarpine-induced
status epilepticus (SE) in mice. Ten days of triheptanoin pre-
treatment did not protect against SE, but it preserved hip-
pocampal mitochondrial functions including state 2, state 3
ADP, state 3 uncoupled respiration, respiration linked to ATP
synthesis along with the activities of pyruvate dehydrogenase
complex and oxoglutarate dehydrogenase complex 24 h post-
SE. Triheptanoin prevented the SE-induced reductions of

hippocampal mitochondrial superoxide dismutase activity and
plasma antioxidant status as well as lipid peroxidation. It also
reduced neuronal degeneration in hippocampal CA1 and CA3
regions 3 days after SE. In addition, heptanoate significantly
reduced hydrogen peroxide-induced cell death in cultured
neurons. In situ hybridization localized the enzymes of the
propionyl-CoA carboxylase pathway, specifically Pcca, Pccb
and methylmalonyl-CoA mutase to adult mouse hippocampal
pyramidal neurons and dentate granule cells, indicating that
anaplerosis may occur in neurons. In conclusion, triheptanoin
appears to have anaplerotic and antioxidant effects which
contribute to its neuroprotective properties.
Keywords: mitochondrial function, neuroprotection, oxidative
stress, pilocarpine, triheptanoin.
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Triheptanoin, the triglyceride of heptanoate, has unique
metabolic effects. After lipolysis in the gastro-intestinal tract,
heptanoate can either enter the blood and brain directly or is
metabolized in the liver to form C5-ketone bodies (Gu et al.
2010) or glucose via gluconeogenesis (Marin-Valencia et al.
2013). Subsequently, all heptanoate derivatives are metabo-
lized into acetyl-CoA and anaplerotic propionyl-CoA. The
latter can replenish the levels of four-carbon tricarboxylic
acid (TCA) cycle intermediates by forming succinyl-CoA,
which is catalyzed by propionyl-CoA carboxylase (PCC) and
methylmalonyl-CoA mutase (Kinman et al. 2006). A study
using 13C-labeled heptanoate found that heptanoate is
anaplerotic in the brain via this pathway (Marin-Valencia
et al. 2013). Furthermore, triheptanoin has been shown to
increase methylmalonyl-CoA levels and restore acetyl-CoA
and propionyl-CoA levels in a chronic stage of ‘epilepsy’,

which develops in mice after pilocarpine-induced status
epilepticus (SE; Willis et al. 2010).
Given the importance of energy production in cell survival,

metabolic treatments including triheptanoin have been tested
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in several models of neurological disorders and found to be
neuroprotective. In a mouse model of Canavan Disease,
triheptanoin treatment reduced oxidative stress, prevented the
loss of oligodendrocytes and improved motor function
(Francis et al. 2014). Oral triheptanoin treatment also
delayed motor neuron loss and the onset of symptoms in a
mouse Amyotrophic Lateral Sclerosis model (Tefera et al.
2016). In addition, triheptanoin pre-treatment for 2 weeks
prior to middle cerebral artery occlusion significantly
reduced infarct area, improved neurological function and
attenuated reductions in complex II and IV activities in mice,
suggesting that preservation of mitochondrial function is
neuroprotective (Schwarzkopf et al. 2015).
We have previously shown that 24 h after pilocarpine-

induced SE, mitochondrial functions were impaired and lipid
peroxidation was substantially increased in the hippocampal
formations of mice (Carrasco-Pozo et al. 2015). It is well
known that disturbances in mitochondrial functions can lead
to excessive reactive oxygen species production which can
further exacerbate perturbations in energy production. Here,
we aimed to further elucidate the mechanisms underlying
neuroprotective and anticonvulsant actions of triheptanoin by
investigating the effects of triheptanoin pre-treatment on SE-
induced pre-specified outcomes, namely changes of mito-
chondrial respiration and TCA cycle enzyme activities,
oxidative stress and the cellular and plasma defence against
oxidative stress. We also assessed the extent to which
triheptanoin pre-treatment protects against neuronal degen-
eration in the hippocampal formations of mice 3 days after
pilocarpine injection and whether heptanoate protects cul-
tured neurons against oxidative stress. Last, we used in situ
hybridization to localize the expression of enzymes central to
the PCC pathway in na€ıve adult mouse brains.

Materials and methods

All chemicals and reagents were obtained from Sigma Aldrich
(St Louis, MO, USA) unless stated otherwise. Please note that
Research Resource Identifyers are not registered for the animals and
catalogue numbers are provided where applicable.

Animals

All mice used were 7–8 week old male CD1 (35–40 g) outbred
albino mice from the Animal Resource Centre (Murdoch, WA,
Australia). They were housed individually in open top cages under a
12-h light-dark cycle with free access to food and water and all
experiments involving animals were conducted during the light
cycle. All experiments were approved by the animal ethics
committee of the University of Queensland (SBMS/128/14) and
followed the guidelines of the Queensland Animal Care and
Protection Act 2001 to minimize the suffering of the animals. All
mice were carefully monitored at least twice daily and any mouse
with more than 20% weight loss after pilocarpine injection would be
euthanized according to our approved ethics protocol. All work was
conducted according to the Animal Research: Reporting of In Vivo

Experiments (ARRIVE) guidelines (Kilkenny et al. 2010). The
choice of anesthetics used depends on the experiments. Isoflurane
was used to induce light anesthesia prior to decapitation for
mitochondria and enzyme related experiments because it is critical
to extract and freeze the tissues as quickly as possible. An overdose
of sodium pentobarbitone was used before animals were subjected
to transcardial perfusion to ensure deep anesthesia throughout
terminal perfusion, while the heart was still pumping.

Preregistration of study, randomization, blinding and power

analysis

The study was not preregistered. All mice were randomly numbered
by animal house staff and then randomly assigned to treatment
groups using simple randomization. For each experiment forty mice
were ordered from Animal Resource Centre and they arrived in
groups of 20 per box. All mice were randomly numbered by animal
house staff using computer-generated numbers before being pseudo-
randomly assigned (with equal animal numbers in both groups) to
treatment groups by another blinded experimenter. All experi-
menters remained blinded throughout the experiments until all
analyses were completed. Using power analyses (Statmate,
GraphPad Prism 2.0) and previously measured variabilities, the
sample sizes in some assays only enabled us to detect 30–50% of
differences to the mean with Student’s t-tests at the 0.05 significance
level with 80% power. However, by combining the data from two
experiments, we improved the power to allow us to detect 20–30%
of differences. Please note that the outcome of pilocarpine injections
varies widely between experiments due to a steep dose-response
curve. All mice that survived after pilocarpine injection were
included in the experiments. In all experiments yielding parametric
data that were normally distributed, values that were outside of two
standard deviations of the mean were excluded.

Triheptanoin treatment

35E% oral triheptanoin (% total caloric intake; Ultragenyx Phar-
maceuticals Inc., Novato, CA, USA) was mixed into mouse chow
(SF11-79, Specialty Feeds, Glen Forrest, WA, Australia), while
untreated mice were given regular chow (SF10-27) as previously
described (Thomas et al. 2012). Mice in both groups received
similar amounts of protein, vitamins and minerals relative to the
caloric density of the chows (Willis et al. 2010) and were treated for
10 days prior to pilocarpine injection and thereafter until eutha-
nized. Body weight changes of mice were monitored throughout the
treatment phases. The experimental timelines are shown in Fig. 1.

Pilocarpine model

After 10 days of treatment, the pilocarpine model was used to
induce seizures in mice as previously described with all mice given
the drug injection (Thomas et al. 2012; Carrasco-Pozo et al. 2015).
Briefly, in a randomized order between 9 am and 1 pm, all mice
were injected with methylscopolamine (2 mg/kg in 0.9% saline; i.p.)
15 min prior to pilocarpine injection (340 mg/kg in 0.9% saline;
s.c.) to minimize peripheral side effects. After the single dose
pilocarpine injection, mice were placed in clean clear cages lined
with paper towels and seizure behaviors were scored from 0 to 5 for
90 min with 15 min intervals as previously described to obtain
semi-quantified SE severity scores (Benson et al. 2015; Carrasco-
Pozo et al. 2015). Ninety minutes after pilocarpine administration,
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seizures were terminated with pentobarbital (30 mg/kg in 0.9%
saline; i.p.; Provet, Qld., Australia) followed by 1 mL of 4%
dextrose in 0.18% saline (s.c.) and mice were returned to their home
cages. This rehydration was continued twice daily for the next
3 days combined with handfeeding the respective diets.

Tissue and plasma collection

Mice were anaesthetized with isoflurane and euthanized by decap-
itation 24 h post-pilocarpine injection. Bilateral hippocampal
formations were dissected, frozen on dry ice and stored at �80°C
for lipid peroxidation and enzyme activity measurements. In a
separate experiment, enriched mitochondrial fractions were prepared
from freshly isolated bilateral hippocampal formations for the
assessment of mitochondrial function using an extracellular flux
analyzer. Blood was obtained from decapitated trunks in EDTA-
coated tubes, centrifuged at 2000 g for 10 min at 4°C. The collected
plasma was then stored at �80°C until analyzed.

Mitochondrial preparation

Mitochondria were enriched as previously described (Carrasco-Pozo
et al. 2015) using buffer solutions that were chilled on ice. All
centrifugations were done at 4°C. Briefly, using a Teflon dounce
homogenizer, bilateral hippocampal formations or unilateral cortices
from each mouse were homogenized individually in 25 volumes of
MSHE buffer (210 mM mannitol, 70 mM sucrose, 5 mM HEPES
and 1 mM EGTA, pH 7.2) for 10 strokes on ice followed by
centrifugation at 1000 g for 10 min. An aliquot was collected and
stored at �80°C to assess lipid peroxidation. After adding 1 mL of
MSHE with bovine serum albumin (BSA) buffer [0.5% (w/v) fatty
acid-free BSA, pH 7.2] to the remaining supernatant, samples were
centrifuged at 12 000 g for 10 min. The supernatant (cytosolic
fraction) was collected. The pellet (mitochondrial fraction) was

washed with MSHE without BSA, centrifuged at 10 000 g for
10 min and reconstituted in the same buffer. Both fractions were
stored at �80°C until analyzed. The mitochondrial fraction contains
synaptic and non-synaptic mitochondria.

Mitochondrial coupling assay

Here, we enriched mitochondria as described above except that
freshly isolated bilateral hippocampal formations and only MSHE
buffer were used. Isolated mitochondria were kept on ice until
needed and were used fresh for mitochondrial function analysis
using the extracellular flux XFe96 Analyzer at 37°C (Seahorse
Bioscience, MA, USA) as previously described (Carrasco-Pozo
et al. 2015; Tan et al. 2017). Briefly, 3 lg of mitochondrial
preparations in buffer [220 mM mannitol, 70 mM sucrose, 10 mM
KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM EGTA and 0.2% (w/
v) fatty acid-free BSA] containing 10 mM succinate and 2 lM
rotenone was added to each well in quadruplicates for each animal.
Mitochondria were activated by the addition of 6 volumes of the
same buffer at 37°C. Oxygen consumption rate was measured after
sequential addition of 3 mM ADP, 2.5 lg/mL oligomycin, 4 lM
carbonyl cyanide-4-(trifluoromethoxy)phenyldydrazone and 4 lM
antimycin A to stimulate different states of mitochondrial respira-
tion, namely state 3 ADP, state 4o, state 3u and non-mitochondrial
respiration, respectively. Non-mitochondrial respiration was sub-
tracted from every mitochondrial function parameter and respiration
linked to ATP synthesis (state 3 ADP minus state 4o) was calculated
as previously described (Carrasco-Pozo et al. 2015; Tan et al.
2017). All mitochondrial function parameters (n = 7–15 mice/group
combined from two experiments) were normalized to protein
content, which was measured using a Pierce BCA Protein Assay
Kit (Thermo Scientific, IL, USA; cat. no: 23225).

Ferric reducing ability of plasma

The antioxidant status of the plasma was assessed by measuring the
ability of the plasma to reduce colorless ferric tripyridyltriazine
adduct to the ferrous form which was measured spectrophotomet-
rically at 593 nm after 30 min incubation at 37°C (Benzie and
Strain 1996; Carrasco-Pozo et al. 2015). The antioxidant power was
calculated based on a standard curve generated from FeSO4 and
expressed as lmol FeSO4/L plasma (n = 8–17 mice/group com-
bined from two experiments).

Lipid peroxidation

Lipid peroxidation in the cortex and hippocampal formations was
determined using a thiobarbituric acid reactive substances Assay Kit
according to manufacturer’s instructions, which quantifies the
amounts malondialdehyde-thiobarbituric acid adduct colorimetri-
cally at 535 nm (Cayman Chemical Company, Ann Arbor, MI,
USA; cat. no: 10009055; n = 3–9 mice/group).

Catalase and superoxide dismutase activities

Isolated cytosol and mitochondrial preparations from the hippocam-
pal formations described above were used to determine the activities
of catalase in the cytosol (n = 3–9 mice/group) and superoxide
dismutase (SOD) in both cellular fractions (cytosol: n = 3–9 mice/
group and mitochondria: n = 7–16 mice/group combined from two
experiments). The activities of these antioxidant enzymes were
measured using the Catalase Assay Kit and Superoxide Dismutase

Fig. 1 Experimental timelines for triheptanoin treatment and pilocarpine

injections. Mice were treated with triheptanoin (35E%) for 10 days prior
to pilocarpine injection to induce status epilepticus. (a) Bilateral
hippocampal formations, cortices and blood were collected 24 h post-
pilocarpine injection for the assessment of mitochondrial functions,

enzyme activity assays and oxidative stress. (b) Mice were euthanized
72 h after pilocarpine-induced status epilepticus and whole brains were
collected for the histological assessment of neuronal degeneration.
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Assay Kit, respectively, according to the manufacturer’s instructions
(both from Cayman Chemical Company; cat. no: 707002 and
706002, respectively).

Enzyme activity assays

The activities of several enzymes including pyruvate dehydrogenase
complex (PDHc; n = 7–15 mice/group combined from two experi-
ments), oxoglutarate dehydrogenase complex (OGDHc; n = 8–17
mice/group combined from two experiments) and citrate synthase
(n = 3–8 mice/group) were measured through continuous spec-
trophotometric assays. After adding 20 lg ofmitochondrial protein to
the reactionmixes (Table S1), reactions were started by addition of the
respective initiating substrates just prior to measurement by a
Spectramax 190 Microplate Reader (Molecular Devices, CA, USA).
The linear portion of the reaction was used to determine the rate of
change in absorbance and enzyme activity was then calculated,
normalized to protein content and expressed as nmol/min/mg protein.

Mitochondrial extracts (20 lg) from the hippocampal formations
of triheptanoin-treated and untreated na€ıve mice not subjected to the
pilocarpine model were incubated with Fenton reaction mix
containing 100 lM FeCl3, 50 lM ascorbic acid and 100 lM
H2O2 at 37°C for 15 min. The activities of OGDHc were then
measured as described above, except that reduction of NAD was
quantified fluorometrically at 350 nm excitation and 460 nm
emission using a multi-mode microplate reader POLARstar�

Omega (BMG LABTECH, Ortenberg, Germany). Enzyme activities
were normalized to protein content and expressed as units of relative
fluorescence/min/mg protein (n = 8–9 mice/group).

Neuronal degeneration

SE was induced using pilocarpine after 10 days of treatment as
described above (in the ‘Pilocarpine model’ section). Mice were then
given 0.5 mL of 20% long-chain triglyceride or triheptanoin emulsion
(s.c.; both from B. Braun Melsungen, Melsungen, Germany) after
pentobarbital injection and twice daily thereafter. Mice were
anesthetized using isoflurane and euthanized by decapitation 3 days
post-pilocarpine injection. Whole brains were extracted and fixed in
4% paraformaldehyde for 24 h at 4°C before being dehydrated
through an ascending series of ethanol and embedded in paraffin.
Coronal sections (9 lm) between 1.8 and 2.5 mm bregma (midlevel
hippocampi) were cut and stained with Fluoro-Jade� B (Merck
Millipore, MA,USA) as previously described (Schmued andHopkins
2000). Neuronal degeneration was assessed by an experienced
experimenter blinded to the treatment groups by scoring the number
of cells that fluoresced in the CA1 and CA3 regions (both n = 8–11
mice/group combined from two experiments) of the hippocampal
formations (Carrasco-Pozo et al. 2015) using an Olympus BX81
upright fluorescent microscope with a 209 objective. A score of 0
represents no degeneration while scores of 1, 2 and 3 represent mild,
moderate and severe degeneration, respectively, as previously
described (Samala et al. 2008).

Cortical neuronal cultures

All culture media and reagents were obtained from Life Technolo-
gies (CA, USA) unless stated otherwise. Briefly, bilateral cerebral
cortices were removed from E15 CD1 mouse embryos, triturated
and seeded at a density of 7.5 9 105 cells per well in a 24-well plate
with Neurobasal� media containing 25 mM glucose, 2 mM

glutamine, 10 lg/mL gentamicin and serum-free B-27� Supple-
ment. Neuronal cells were cultured for 12 days until confluent at
37°C with 5% CO2 and culture media were changed every 5 days.
Cells were treated with 50 lM of heptanoic acid (final concentra-
tion; pH 7.4; Sigma Aldrich) overnight prior to treatment with
100 lM of H2O2 (final concentration; Merck Millipore) for 24 h.
Culture media were collected before and after H2O2 treatment from
each well and cell death was assessed as the percentage of lactate
dehydrogenase activity released into the media relative to the total
amount of lactate dehydrogenase activity per well using a Cytotox-
icity Detection Kit (Roche Applied Science, Mannheim, Germany;
cat. no: 11644793001; n = 3 independent culture preparations).

In situ hybridization

Mice were anesthetized using an overdose of sodium pentobarbitone
(120 mg/kg, i.p.; Troy Laboratories, NSW, Australia) and were
subjected to transcardial perfusion with cold 0.9% saline containing
0.1% sodium nitrite followed by cold 4% paraformaldehyde
solutions. Whole brains were extracted, processed and sectioned
as described above (in the ‘Neuronal degeneration’ section).

Primers for genes of interest were designed based on the sequences
available on GenBank (http://www.ncbi.nlm.nih.gov/GenBank/inde
x.html). T7 RNA polymerase promoter (50-TAATACGACTCAC-
TATAGGG-30) was added to the forward primers while T3 RNA
polymerase promoter (50- AATTAACCCTCACTAAAGGG-30) was
added to the reverse primers (primer sequences and accession
numbers in Table S2). Standard PCR was performed to synthesize
templates for in vitro transcription using a cDNA sample from a na€ıve
mouse brain under the following cycling conditions: initial hot start
of 95°C for 5 min, 35 cycles of 95°C for 1 min, 55°C for 1 min and
72°C for 1.5 min and 72°C for 7 min. PCR products were run on 1%
agarose gel and only one band was visible for each primer pair. The
bands corresponding to expected size amplicon were extracted using
MinElute� Gel Extraction Kit (Qiagen, NRW, Germany; cat. no:
28604) followed by digoxigenin labeling (Roche; cat. no:
11277073910), both according to the manufacturers’ instructions.

Hybridization was performed as previously described (Simmons
et al. 2008) except that digoxigenin-labelled probes were diluted
1:600. The slides were incubated at 22�C until purple precipitations
were formed (approximately 4 days) and the reaction was stopped
using 19 phosphate-buffered saline. Then slides were counterstained
with Nuclear Fast Red (1 mg/mL), dehydrated in ascending concen-
trations of ethanol followed by xylene and mounted in DPX
mounting medium (Ajax Finechem, NSW, Australia). Images were
obtained using ScanScope XT (Aperio, CA, USA).

Statistical analysis

All graphs show mean � SEM unless stated otherwise. All
statistical comparisons of experiments with two variables and more
than one cohort of mice were done using three-way ANOVAs with
cohort as a random factor. Since cohort did not influence any
outcomes, we then used two-way ANOVAs followed by Tukey’s
multiple comparisons post hoc tests at significance level of
p < 0.05, except for SE severity which were evaluated by Mann–
Whitney tests. The number of mice with no or only mild
neurodegeneration scores in the pyramidal cell layers of CA1 and
CA3 regions was compared using a Chi-square test. The signifi-
cances for interaction, row and column factors from two-way ANOVA
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are indicated in the figures. The number of stars in the figures and
the p-values in the text indicate the significance of Tukey’s post hoc
tests unless stated otherwise. The sample sizes for each group are
shown in the bar graphs. All analyses were performed using
GraphPad Prism 7.02 (GraphPad Software, CA, USA) and IBM
SPSS Statistics (Java Console, version 25, Armonk, NY, USA).

Results

Triheptanoin preserved mitochondrial functions in SE mice

Body weight was monitored during triheptanoin treatment
and as previously published (Willis et al. 2010), no signif-
icant difference was observed between untreated and trihep-
tanoin-treated mice after 10 days (e.g. 38.2 � 3.1 g vs.
38.4 � 3.2 g; mean � SD; n = 20 mice in one experimental
group). The body weights of the two SE groups were also not
significantly different at 24 h post-pilocarpine injection
(vehicle: 35.8 � 2.8 g, triheptanoin: 35.6 � 2.7 g;
mean � SD; n = 9 mice per group). There was no protection

against SE or SE-induced mortality. The total number of no
SE, SE and SE-induced mortality in all experiments was 22,
24 and 38 mice in the vehicle group and 22, 29 and 31 mice,
respectively, in the triheptanoin group. The seizure severity
scores were not significantly different between the two
groups in any experiment (median score; untreated: 11 and
triheptanoin-treated mice: 13; p = 0.19, Mann–Whitney test;
n = 22 and 28 mice, respectively). Various mitochondrial
function parameters were assessed 24 h post-pilocarpine
injection based on oxygen consumption rates using an
extracellular flux analyzer and the raw data from one
experiment are shown in Fig. 2a. Each mitochondrial
parameter was quantified and data from two independent
experiments are combined after normalizing to the no SE
vehicle groups (Fig. 2b–d).
In accordance with our previous study, several mitochon-

drial function parameters were impaired in the hippocampal
formations of untreated SE mice 24 h following pilocarpine
injection (Carrasco-Pozo et al. 2015). Specifically, state 2

Fig. 2 Triheptanoin preserved mitochondrial functions in the hip-

pocampal formations of pilocarpine-induced status epilepticus (SE)
mice. Mice were given 35E% triheptanoin treatment 10 days prior to
SE induction with pilocarpine and mitochondrial functions were
assessed using an extracellular flux analyzer 24 h after pilocarpine

injection. (a) In the presence of 10 mM succinate as substrate, oxygen
consumption rates (OCR) at different states of mitochondrial respira-
tion are shown. Various mitochondrial function parameters were

impaired in untreated (CON) SE mice 24 h post-pilocarpine injection,

including (b) state 2, (c) state 3 (after the addition of ADP; state 3 ADP)

and (d) state 3 uncoupled respiration (state 3u) as well as (e)
respiration linked to ATP synthesis (state 3 ADP – state 4o).
Triheptanoin (TRIH) treatment improved all impairments in mitochon-
drial functions in the hippocampal formations of SE mice. (b–e) All two-

way ANOVAs followed by Tukey’s post hoc tests, stars indicate Tukey’s
post hoc test significances, n = 7–15 mice/group; combined data from
two independent experiments after normalizing to no SE vehicle

groups. Sample sizes for each group are as shown within each bar.
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respiration decreased by 31% (p < 0.0001; Fig. 2b), state 3
respiration (after the addition of ADP) by 28% (p < 0.0001;
Fig. 2c), state 3u by 22% (p = 0.003; Fig. 2d) and respira-
tion linked to ATP synthesis by 31% (p = 0.0001; Fig. 2e)
relative to untreated mice that did not develop SE. Trihep-
tanoin-treated SE mice showed improvements in all mito-
chondrial function parameters compared to untreated SE
mice. Reductions in state 2 (p < 0.0001; Fig. 2b) and state
3u respiration (p < 0.0001; Fig. 2d) were abolished while
state 3 ADP (p < 0.0001; Fig. 2c) and respiration linked to
ATP synthesis were increased in the SE group following
triheptanoin treatment (p < 0.0001; all comparisons by two-
way ANOVAs; n = 7–15 mice/group; Fig. 2e). It is also
noteworthy that triheptanoin treatment increased state 3 ADP
and respiration linked to ATP synthesis by 17% (p = 0.04)
and 32% (p = 0.0008), respectively, in no SE mice.

Triheptanoin reduced oxidative stress in SE mice

Consistent with our previous findings, the reducing ability of
the plasma decreased (14%; p = 0.005; n = 8–17mice/group;
Fig. 3a) while the levels of malondialdehyde increased in the
cortex (30%; p = 0.02; n = 3–9mice/group; Fig. 3b) and, to a

greater extent, in the hippocampal formations (101%;
p < 0.0001; n = 3–8 mice/group; Fig. 3c) of SE mice 24 h
post-pilocarpine injection. Triheptanoin treatment prevented
the decrease in the reducing ability of the plasma (p = 0.0007;
n = 8–17 mice/group; Fig. 3a) and abolished the increases in
malondialdehyde levels found in both the cortex (p = 0.0006;
n = 3–9 mice/group; Fig. 3b) and hippocampal formations
(p < 0.0001; n = 3–8 mice/group; Fig. 3c). The activities of
catalase (Fig. 3d) and cytosolic SOD (both n = 3–9 mice/
group; Fig. 3e) were not altered by SE and triheptanoin
treatment although triheptanoin attenuated the reduction in the
activities of mitochondrial SOD (p = 0.0004; Fig. 3f)
observed in untreated SE mice (p = 0.0007; n = 7–16 mice/
group; all two-way ANOVAs).

Triheptanoin preserved TCA cycle enzyme activities in SEmice

Several enzymes central to the TCA cycle are known to be
susceptible to oxidative stress. As anticipated, the activities of
PDHc andOGDHcwere reduced in untreated SEmice by 56%
(p = 0.0002; Fig. 4a) and 39% (p = 0.001; Fig. 4b), respec-
tively, but the activities of citrate synthase were unaltered
relative to no SE mice (p = 0.99; Fig. 4c). Triheptanoin

Fig. 3 Triheptanoin reduced oxidative stress in mice 24 h after
pilocarpine-induced status epilepticus (SE). (a) The antioxidant
capacity of the plasma decreased in untreated (CON) SE mice in a
ferric reducing ability of plasma (FRAP) assay. Lipid peroxidation,

measured as the amount of malondialdehyde (MDA) present, was
increased in both the (b) cortex (cx) and (c) hippocampal formations
(hf) of untreated SE mice. Although the activities of (d) catalase and (e)

superoxide dismutase (SOD) in the cytosol (cyt) remained unaltered by

SE, the activities of (F) SOD in the mitochondrial preparations (mito)
were significantly reduced in the hippocampal formations of untreated
SE mice. Triheptanoin abrogated all these changes observed in the
untreated group. (a–f) All two-way ANOVAs followed by Tukey’s post hoc

tests, stars indicate Tukey’s post hoc test significances. (a and f)
Combined data from two experiments after normalizing to no SE
vehicle group; n = 7–17 mice/group. (b–e) n = 3–9 mice/group. Sam-

ple sizes for each group are as shown within each bar.

© 2017 International Society for Neurochemistry, J. Neurochem. (2018) 144, 431--442

436 K. Ni Tan et al.



treatment preserved the activities of both PDHc (p = 0.0002;
Fig. 4a) and OGDHc (p = 0.0006; Fig. 4b; all two-way
ANOVAs; n = 7–17 mice/group) in SE mice. Mitochondrial
extracts from untreated mice or mice given triheptanoin
treatment for 10 days were subjected to the Fenton reaction,
which produces hydroxyl radicals (Halliwell and Gutteridge
1992), followed by the measurement of OGDHc activities.
Although the activities of OGDHc were reduced in both
untreated- and triheptanoin-treated mice in the presence of
hydroxyl radicals (both p < 0.0001; Fig. 4d), the activities of
OGDHc were 23% higher in the triheptanoin group
(p = 0.046; two-way ANOVA; n = 8–9 mice/group; Fig. 4d),
indicating that brain tissue derived from triheptanoin-treated
mice is better protected against oxidative stress.

Neuroprotection in vivo and in vitro
Neuronal degeneration was assessed 3 days after pilocarpine
injection using Fluoro-Jade� B staining. Examples of
hippocampal formations with no degeneration (score of 0;
Fig. 5a) and severe degeneration (score of 3; Fig. 5B) are

shown. The number of mice with no or only mild neurode-
generation in the pyramidal cell layers of both CA1 and CA3
regions was significantly increased with triheptanoin treat-
ment (p = 0.048; Chi-square test; n = 8–11 mice/group from
two experiments; Fig 5c). A semi quantitative scoring
method was used instead of counting the number of
Fluoro-Jade-positive cells, since all mice, except one, either
showed no Fluoro-Jade or abundant Fluoro-Jade staining
throughout the CA3 and CA1 pyramidal cell layers. One
mouse showed no staining on one side of the hippocampal
formations and mild staining on the other and was thus
scored as mild degeneration. Since we presented the number
of mice with no/mild and moderate/severe degeneration and
the classification into these categories was obvious, counting
Fluoro-Jade-positive cells would not have changed the data
interpretation. Furthermore, heptanoic acid pre-treatment
(50 lM) protected against H2O2-induced cell death in
cortical neuronal cultures by 29% relative to the maximal
cell death (100%) in the vehicle group (p = 0.04; two-way
ANOVA; n = 3 independent culture preparations; Fig. 5d).

Fig. 4 Triheptanoin preserves enzyme activities in the hippocampal

formations of mice after pilocarpine-induced status epilepticus (SE).
Triheptanoin abolished the reductions in the activities of (a) pyruvate
dehydrogenase complex and (b) oxoglutarate dehydrogenase complex

following seizure induction (both combined data from two experiments
after normalizing to no SE vehicle group; n = 7–17 mice/group). (c)
The activities of citrate synthase were not altered by both SE and

triheptanoin treatment (n = 3–9 mice/group). (d) Although incubation of

hippocampal extracts from untreated (CON) mice or triheptanoin-

treated (TRIH) mice not subjected to SE induction with Fenton reaction
mix, which produces hydroxyl radicals, reduced the activities of
oxoglutarate dehydrogenase complex in both groups, the enzyme

activities were higher in triheptanoin group (n = 8–9 mice/group). (a–d)
All two-way ANOVAs followed by Tukey’s post hoc tests, stars indicate
Tukey’s post hoc test significances. Sample sizes for each group are

as shown within each bar. URF, units of relative fluorescence.
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Localization of anaplerotic enzymes in mouse hippocampal
formations

A previous study showed that two of the anaplerotic enzymes
in the PCC pathway, PCCa and methylmalonyl-CoA mutase
are expressed in neurons but not astrocytes in adult rat brains
(Ballhausen et al. 2009). Using in situ hybridization, we
found that both Pcca (Fig. 6a) and Mcm (Fig. 6c) are
expressed in the hippocampal formations of mouse brain,
specifically the hippocampal CA1 and CA3 pyramidal cell
layers as well as the granule cell layer of the dentate gyrus.
We also found that the b-subunit of Pcc (Pccb) is expressed
in the major hippocampal neuronal layers of adult mouse
(Fig. 6e). The expression of these enzymes appears to have a
similar distribution to Pdh (Fig. 6g), which is localized in the
same neuronal layers. This is in contrast to the glutamate
transporter 1 (Glt1; Fig. 6i), which is largely confined to
astrocytes.

Discussion

Triheptanoin has been shown to be neuroprotective and
anticonvulsant in several acute and chronic mouse seizure
models (Willis et al. 2010; Thomas et al. 2012; Kim et al.

2013) and has been tested in several clinical trials as an add-
on treatment for various neurological conditions, including
epilepsy, glucose transporter 1 deficiency (Pascual et al.
2014; Mochel et al. 2016) and Huntington’s disease (Mochel
et al. 2010; Adanyeguh et al. 2015). It has been proposed
that triheptanoin exerts its protective effects due to its unique
metabolism, specifically via the refilling of four-carbon
intermediates in the TCA cycle through the PCC pathway
(anaplerosis; Kinman et al. 2006; Marin-Valencia et al.
2013). Here, we describe so far unknown neuroprotective
effects of triheptanoin against SE-induced hippocampal
mitochondrial impairments, lipid peroxidation and neuronal
degeneration as well as ex vivo oxidative stress-induced
neuronal degeneration and OGDHc activity. To which extent
these effects of triheptanoin are antioxidant or are mediated
via the preservation of energy metabolism still needs to be
investigated.
We showed that various parameters of mitochondrial

function, including state 2, state 3 ADP and state 3u
respiration, respiration linked to ATP synthesis as well as the
activities of PDHc and OGDHc were impaired in hippocam-
pal formations 24 h post-SE induction, similar to our
previous findings (Carrasco-Pozo et al. 2015). These

(a) (b)

(c) (d)

Fig. 5 Neuroprotective effects of triheptanoin in vivo and in vitro.

Fluoro-Jade� B was used to assess neuronal degeneration in the
hippocampal formations of mice with status epilepticus (SE) 3 days
after pilocarpine injection. Examples of CA1 and CA3 regions in the
hippocampal formations with (a) no damage (score of 0) and (b) severe

degeneration (score of 3) are shown. Triheptanoin (TRIH) treatment
significantly increased the number of mice with no or mild neuronal
degeneration in both the (c) CA1 and CA3 regions compared to

untreated (CON) mice. (d) Heptanoic acid pre-treatment (C7; 50 lM

final) protected neuronal cultures against hydrogen peroxide- (H2O2;
100 lM) induced cytotoxicity, normalized to the maximal % lactate
dehydrogenase (LDH) release in the vehicle group. (c) Chi-square
tests, n = 8–11 mice/group (combined data from two experiments). (d)

Two-way ANOVA followed by Tukey’s post hoc tests, stars indicate
Tukey’s post hoc test significances, n = 3 independent culture prepa-
rations.
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impairments are unlikely to be caused by neuronal cell loss
because there is no significant neuronal cell death at 24 h in
this model (Borges et al. 2003), since maximum cell death
occurs at 48–72 h. Thus, the impairments observed are likely
to be a reflection of the degeneration process. Mitochondria
are the main ATP generators in cells and the impairments
described here are likely to have a large impact on ATP
production and consequently, neuronal signaling. The role of
brain energy metabolism in epilepsy is evident from the

increase in cerebral glucose uptake upon seizure initiation
and reduction between seizure events in the epileptic foci
(Kuhl et al. 1980; Chugani and Chugani 1999) as well as
epileptic phenotypes that are often exhibited by patients with
mutations in metabolic enzymes (Bonnefont et al. 1992;
Kerrigan et al. 2000; Horv�ath et al. 2006) and glucose
transporter 1 deficiency (Mullen et al. 2011; Scheffer 2012).
The dysfunctions in energy metabolism found here are
therefore likely to contribute to the development of

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Fig. 6 Localization of anaplerotic enzymes

in mouse hippocampal formations. The
expression of anaplerotic enzymes in the
propionyl-CoA carboxylase (PCC) pathway

was examined using in situ hybridization. (a)
Staining representative for the expression of
the a-subunit of PCC (Pcca), (c)

methylmalonyl-CoA mutase (Mcm) and (e)
b-subunit of PCC (Pccb) can be seen in the
pyramidal cell layer of CA1 and CA3 regions
as well as the granule cell layer of dentate

gyrus (DG). The localization of these
enzymes is similar to that of (g) pyruvate
dehydrogenase (Pdh), which is mainly

expressed in the neurons, but not that of
(i) glutamate transporter 1 (Glt1), which is
localized to astrocytes. Scale bar

represents 250 lm.
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spontaneous seizures, which occurs within days in this
mouse model.

Metabolic treatments are beneficial

Triheptanoin pre-treatment before seizure induction did not
alter the severity of SE. It is interesting that pilocarpine-
induced seizure activity was not affected. This might be due
to the fact that pilocarpine is a strong convulsant and
anticonvulsant compounds do not typically show effective-
ness in all seizure models. However, triheptanoin preserved
all mitochondrial parameters assessed in SE mice and
increased state 3 ADP and respiration linked to ATP
synthesis in no SE mice. This furthers our previous findings
that triheptanoin restored the levels of acetyl-CoA, propi-
onyl-CoA and b-hydroxypentanoate and improved TCA
cycling in chronic SE mouse brains (Willis et al. 2010;
Hadera et al. 2014). Similar to triheptanoin, other metabolic
treatments have been shown to protect against seizures and/
or associated damage. This includes ketogenic diets, which
supply ketones as additional fuel to glucose, or supplemen-
tation of TCA cycle intermediates, including pyruvate (Kim
et al. 2007; Carvalho et al. 2011; Simeone et al. 2014;
Popova et al. 2017), a-ketoglutarate (Yamamoto 1990;
Yamamoto and Mohanan 2003), oxaloacetate (Carvalho
et al. 2011) and succinate (Yue et al. 2002). It is still
unknown to which extent triheptanoin and other metabolic
treatments may be anti-epileptogenic. Oral pyruvate admin-
istration was found to abolish epileptic phenotypes in three
different rodent epilepsy models (Popova et al. 2017) and
improve mitochondrial functions and reduce seizure severity
in Kv1.1 knockout mice (Simeone et al. 2014). In addition,
the findings that succinate was shown to dose-dependently
reduce seizures in pentylenetetrazol- and amygdala-kindled
rats (Yue et al. 2002) and triheptanoin pre-treatment was
found to delay corneal kindling in mice (Willis et al. 2010),
are also promising although it is not clear if this is due to
anticonvulsant and/or anti-epileptogenic effects. Taken
together, these findings support the notion that preservation
of brain energy metabolism is beneficial in epilepsy,
including SE. It is now important to utilize this knowledge
to develop new anti-seizure and anti-epileptic metabolic
treatments, as these drugs are unlikely to have any central or
sedative side effects.

Mechanism of antioxidant effects of triheptanoin

Apart from ATP production, mitochondria are also involved
in the generation of reactive oxygen species which can
impair mitochondrial function. We consistently showed that
1 day after SE, the antioxidant status of the plasma decreased
while the levels of malondialdehyde increased substantially
in both the cortex and hippocampal formations of SE mice.
We also found that the activities of mitochondrial SOD were
reduced in SE mice, indicating that mitochondria and TCA
cycle enzymes, which are known to be highly susceptible to

oxidative stress are even more vulnerable after SE. These
findings also support the notion that oxidative stress
contributes to the observed mitochondrial dysfunctions,
including those of the electron transport chain, respiration,
ATP synthesis and the impaired activities of PDHc and
OGDHc (Welter et al. 1996; Nulton-Persson and Szweda
2001), further affirming the role of mitochondria and
oxidative stress in the pathophysiology of epilepsy (Rowley
and Patel 2013).
All changes related to oxidative stress that were observed

in SE mice were abrogated by triheptanoin treatment which
might be ascribed to antioxidant activities. While it is
unlikely that heptanoate is a direct scavenger of reactive
oxygen or nitrogen species based on its structure, it is
possible that triheptanoin upregulates the expression of
antioxidant genes as was found previously with tridecanoin
treatment (Tan et al. 2017). Here we did not find enhanced
antioxidant status of the plasma or activities of catalase and
SOD in triheptanoin-treated no SE mice and we did not
measure the expression of other antioxidant genes. However,
triheptanoin treatment preserved the activity of mitochondrial
SOD during SE. Also, in extracts obtained from triheptanoin-
treated mouse brains, PDHc and OGDHc were protected
against loss of activity by hydroxyl radicals produced from
the Fenton reaction. Another study found that supplementa-
tion of triheptanoin to a ketogenic diet (39E%) increased the
mRNA levels of Sirt1, Pparg, Sod1 and Sod2 in a mouse
model of Alzheimer’s Disease (Aso et al. 2013). Taken
together, these results suggest that triheptanoin has some
antioxidant effects, which mechanisms remain to be
explored.
Since triheptanoin attenuated impairments in mitochon-

drial function and induction of oxidative stress, we investi-
gated its effects on neuronal degeneration in the hippocampal
formations. Although triheptanoin did not alter seizure
severity, it reduced neuronal degeneration in both the CA1
and CA3 regions 3 days post-seizure induction. In addition,
heptanoate consistently protected neuronal cell cultures
against H2O2-induced cell death, further affirming the
neuroprotective effects of triheptanoin, which have been
found previously in other models (Francis et al. 2014;
Schwarzkopf et al. 2015; Tefera et al. 2016).

Anaplerosis via the PCC pathway may occur in neurons

Using in situ hybridization, this study found that Pcca, Pccb
and Mcm, which are involved in the anaplerotic PCC
pathway, are expressed in the hippocampal formations of
adult mouse brains. Although we did not include any
neuronal or astrocytic markers, these mRNAs were localized
to the pyramidal cell layers of the CA1 and CA3 regions as
well as in the granule cell layer of the dentate gyrus,
indicating that the enzymes are mainly expressed by neurons.
The pattern of expression is consistent with a previous study,
which demonstrated that PCCa and methylmalonyl-CoA
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mutase are expressed in NeuN-positive neurons but not in
glial cells expressing glial fibrillary acidic protein or myelin
basic protein, using in situ hybridization combined with
immunohistochemistry as well as double immunofluores-
cence (Ballhausen et al. 2009). Taken together, these results
further substantiate the view that anaplerosis via the PCC
pathway can occur in neurons. However, another study that
investigated the metabolism of heptanoate, by infusing
[5,6,7]-13C3-heptanoate in conscious wild type and glucose
transporter I deficient mice, found that 13C was mostly
incorporated into glutamine, but not glutamate (Marin-
Valencia et al. 2013). Although this finding strongly suggests
that [5,6,7]-13C3-heptanoate was metabolized in glial cells due
to the higher concentration of 13C3-glutamine and glutamine
after the infusion, the study cannot refute the possibility that
heptanoate can first be metabolized in the neurons into
glutamate before being taken up by the glial cells to be further
metabolized into and stored as glutamine. In addition, unlike
long-chain fatty acids, the b-oxidation of heptanoate does not
require carnitine palmitoyltransferase, which has higher
activity in astrocytes (Bl�azquez et al. 1998), further suggest-
ing that heptanoate can be utilized by neurons.

Limitations of the study

Our study was performed exclusively in male mice, which
disregards at least half of the population. Several of the
experiments would have benefitted from higher sample sizes.
However, we repeated the experiments giving rise to all
major findings.

Conclusion

Here, we demonstrated that triheptanoin pre-treatment pro-
tected the hippocampus against SE-induced mitochondrial
dysfunctions and loss of mitochondrial enzyme activities,
oxidative stress and neuronal degeneration. Similarly, hep-
tanoate improved cell survival during oxidative stress in vitro
and PDHc and OGDHc activities in extracts obtained from
triheptanoin-treated mouse brains were protected against the
effects of oxidative attack by the Fenton reaction. Our in situ
hybridization localized several anaplerotic enzymes in the
PCC pathway to the main hippocampal neuronal cell layers.
Taken together, our results further indicate that anaplerosis
via the PCC pathway can occur in neurons and that
triheptanoin has antioxidant effects which contribute to its
protective effects toward mitochondrial functions, oxidative
stress and cell death.
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