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Abstract
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Brain energy failure is an early pathological event associated with synaptic dysfunction in
Alzheimer’s disease (AD). Thus, mitigation or enhancement of brain energy metabolism may
offer a therapeutic avenue. However, there is uncertainty as to what metabolic process(es) may
be more appropriate to support or augment since metabolism is a multiform process such that
each of the various metabolic precursors available is utilized via a specific metabolic pathway. In
the brain, these pathways sustain not only a robust rate of energy production but also of carbon
replenishment. Triheptanoin, an edible odd-chain fatty acid triglyceride, is uncommon in that it
replenishes metabolites in the tricarboxylic acid cycle (TCA) cycle via anaplerosis in addition
to fueling the cycle via oxidation, thus potentially leading to both carbon replenishment and
enhanced mitochondrial ATP production. To test the hypothesis that triheptanoin is protective in
AD, we supplied mice with severe brain amyloidosis (5×FAD mice) with dietary triheptanoin for
four and a half months. This had minimal impact on systemic metabolism and brain amyloidosis
as well as tauopathy while attenuating brain ATP deficiency and mitochondrial dysfunction
including respiration and redox balance. Synaptic density, a disease hallmark, was also preserved
in hippocampus and neocortex despite profound amyloid deposition. None of these effects took
place in treated control mice. These findings support the energy failure hypothesis of AD and
justify investigating the mechanisms in greater depth with ultimate therapeutic intent.
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Introduction:
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Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by synaptic failure
and neuronal loss, culminating in progressive cognitive decline [1]. Amyloid beta (Aβ)
deposition and tauopathy are two defining brain pathologies that accompany AD [1,
2]. However, it is increasingly recognized that these may represent intermediate or late
phenomena given the limited effectiveness of current Aβ- and tau-targeting therapies, thus
justifying the search for safe, alternative treatments capable of meaningfully modifying
disease course [3–5]. One such early and potentially central or meaningful context is altered
brain metabolism. In the past decades, clinical studies have consistently documented a
close relationship between brain energy deficiency and cognitive impairment in patients
with mild cognitive impairment (MCI) and AD [6–9]. In view of the importance of a
sufficient ATP provision for synaptic activity, brain energy deficiency has been proposed
to represent a driving force (rather than an epiphenomenon or a late phenomenon) for the
synaptic failure that underlies cognitive deficits in AD [10, 11]. Of note, neurons mostly
rely on mitochondrial glucose oxidation as the major source of ATP [12]. In this context,
disrupted mitochondrial function and decreased glucose metabolism are features of the brain
of patients with AD and animal models [6, 9, 10, 13]. Therefore, avenues to energize
mitochondria seem to hold promise for the treatment of AD [14, 15].
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There is one additional aspect to metabolism: Anaplerotic molecules capable of supplying
net carbon replenish the pool of catalytic intermediates of the tricarboxylic acid (TCA)
cycle, enhancing the production of electron transfer cofactors [16]. By virtue of their
capacity to promote mitochondrial ATP generation, anaplerotic substrates have been
tested in clinical trials for the treatment of neurological disorders and metabolic diseases
[16]. Triheptanoin is an odd-chain anaplerotic triglyceride (including three 7-carbon
fatty acids C7:0) that can be used as a dietary supplement [17]. The main metabolic
product of triheptanoin, heptanoate passes across the blood-brain barrier (BBB) and enters
mitochondria to increase succinyl-CoA abundance [18]. In addition, heptanoate can be
converted to five-carbon (C5-) ketone bodies or glucose via gluconeogenesis in the liver
to replenish the TCA cycle in the brain [19]. We and others have used triheptanoin in
clinical trials for the treatment of neurological disorders including glucose transporter type
1 deficiency (G1D) [17], refractory epilepsy [20] and Huntington’s disease (HD) [18,
21] among other diseases. Since triheptanoin is fully and avidly consumed in the course
of normal metabolism, in addition to its therapeutic benefit, triheptanoin is devoid of
toxicity and exhibits minimal adverse effects at standard treatment doses [18]. Although
triheptanoin has not been tested in clinical studies of AD and other dementias, a previous
study on a mouse model with AD-like pathology (APP/PS1 mice) reported a preventive
effect of triheptanoin in combination with a high-protein ketogenic diet on mouse cognitive
deficits and astrogliosis [22]. In view of the potential risks of a long-term high-protein
diet including renal and bone integrity [23, 24], we reason that it would be of interest
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to elucidate whether triheptanoin supplementation alone is protective against amyloid beta
(Aβ)-mediated dysfunction.
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In this study, we employed a mouse model of AD-like brain amyloidosis (5×FAD mice)
at 3.5 months old, when they demonstrate mild brain Aβ deposition mimicking AD at
the early stage [25–28]. The mice received dietary supplementation of triheptanoin until
8 months of age. At the end of the treatment period, long-term dietary triheptanoin
supplementation showed minimal effect on mouse body weight, food intake, and levels
of fasting blood glucose and triglycerides. Moreover, long-term triheptanoin-containing diet
did not affect cell density in the liver, suggesting no discernible hepatotoxicity. In contrast
to control diet-treated 5×FAD littermates, 5×FAD mice receiving triheptanoin treatment
exhibited rescued brain ATP content and elevated brain mitochondrial nicotinamide adenine
dinucleotide (NADH) abundance in addition to enhanced brain mitochondrial function
including mitochondrial respiration and mitochondrial redox balance. Despite an unchanged
brain Aβ load and tau phosphorylation, triheptanoin treatment preserved synaptic density in
the hippocampal CA1 region and entorhinal cortex in 5×FAD mice. Our findings suggest a
therapeutic benefit of triheptanoin against Aβ-mediated brain pathology in AD mice model
following long-term use. This study constitutes the groundwork for further investigation to
elucidate the role of brain energy failure in AD pathogenesis while providing preclinical
evidence to support the use of triheptanoin supplementation as a disease-modifying therapy
for the treatment of AD.

Methods and Materials:
Animals and treatment:

Author Manuscript

Animal studies were approved by the University of Texas at Dallas Animal Care
and Use Committee (IACUC) and were performed in accordance with the National
Institutes of Health guidelines for animal care. 5×FAD mice [B6SJL-Tg (APP-SwFlLon,
PSEN1*M146L*L286 V) 6799Vas/Mmjax] were obtained from Jackson Laboratory. All
mice were using maintenance diet (Lab diet, Formulab Diet 5008) before 3.5 months of
age. Both nonTg and 5×FAD mice were randomly assigned to receive either a basal diet
(82.9g/100g) (Harlan, TD.130888) supplemented with triheptanoin (17.1g/100g) (SASOL
Germany GmbH), or an isocaloric control diet enriched with hydrogenated coconut oil
(Sigma-Aldrich). The compositions of the basal diet are described in supplementary table.
The mice were fed triheptanoin-based diet or control diet until 8 months of age. The body
weight of the mice was measured before euthanasia.
Food intake measurement:

Author Manuscript

The mice fed with control or triheptanoin diet were single housed in metabolic cages
(Tecniplast™) for 24 hours. The diets offered to mice were pre-weighed and food intake was
calculated by weighing all remnants of the pellet and subtracting it to the initial weight.
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Fasting blood glucose measurement:
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Blood glucose in tail-prick samples was measured using the Accu-Chek blood glucose
monitoring system (Roche Diagnostics Corp). Blood glucose levels were measured
following 8-hour fasting.
Fasting plasma triglycerides measurement
Blood samples were obtained from the orbital sinus after 8 hours of fasting, then collected
into pre-cooled heparinized tubes to separate plasma. Plasma triglyceride levels were
measured with a Serum Triglyceride Determination kit (Sigma-Aldrich) according to the
manufacturer instructions.
Luminescent ATP assay:

Author Manuscript

ATP synthesis from freshly dissected mice brain was measured using Luminescence ATP
detection Assay Kit (Abcam) according to manufacturer’s instructions. Luminescence was
detected using a microplate reader (Biotek) controlled by Gen5 software. Standard curve
was prepared using ATP as substrate and luminescence readings were expressed in fold
change.
NADH measurement:

Author Manuscript

Brain tissue or isolated mitochondria were homogenized with extraction buffer provided
from NAD/NADH Quantification Kit (Sigma -Aldrich), followed by centrifugation at
14,000 × g for 5 minutes to remove insoluble material. The resultant supernatant was heated
to 60°C for 30 minutes to decompose NAD. NADH was detected according to manufacturer
instructions. The absorbance at 450nm was measured using a microplate reader (Biotek)
controlled by Gen5 software.
Brain mitochondrial isolation:
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Brain mitochondria were prepared as previously described [27]. Cortices were dissected
from mouse brain and homogenized in ice-cold isolation buffer (225 mM mannitol, 75 mM
sucrose, 2 mM K2PO4, 0.1% BSA, 5 mM Hepes, 1 mM EGTA (pH 7.2) with a Wheaton
dounce homogenizer. After a centrifugation at 1,300 × g for 5 minutes to remove blood and
cell debris, the supernatant was layered on 15% Percoll (GE) and centrifuged at 125,000 ×
g for 10 minutes. The pellets were collected and resuspended in isolation buffer with 0.02%
digitonin (Sigma-Aldrich), followed by centrifugation at 8,000 x g for another 10 minutes.
The pellets were then washed by additional centrifugation step in ice-cold isolation buffer
without EGTA for experiments. Protein concentrations were measured using Bradford assay
for protein detection (BioRad).
Mitochondrial respiration assay:
Freshly isolated brain mitochondria were used to perform mitochondrial respiration
assays using a temperature temperature-regulated Clark-type oxygen electrode (Oxytherm,
Hansatech) as described previously[29]. Isolated mitochondria were added into respiration
buffer [225 mM mannitol, 75 mM sucrose, 2 mM K2PO4, 0.1% BSA, 5 mM Hepes,
and 1 mM EGTA, (pH 7.2)], followed by 10 passages through a 27 ½ g needle (BD).
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The homogenate was added to a magnetically stirred chamber and energized with 5 mM
glutamate/5 mM malate (Sigma-Aldrich) or succinate (5mM) to allow the mitochondria to
respire via complex I or complex II, respectively. 250 µM ADP was added and state III was
measured. State IV respiration was measured once the ADP was used up. The ratio of state
III respiration over state IV respiration was defined as the Respiration Control Ratio (RCR).
4-hydroxynonenal (4-HNE) measurement:
Isolated brain mitochondria were homogenized with PBS containing 1% triton X-100,
followed by centrifugation at 10,000 × g for 10 minutes at 4°C. The resultant supernatants
were adsorbed onto a 96-well plate for 2 hours at 37°C. Levels of 4-hydroxynonenal
(HNE)-protein adducts content were measured using Oxiselect HNE-His Adduct ELISA Kit
(Cell Biolabs) according to the manufacturer instructions [30].

Author Manuscript

Glutathione measurement:
Reduced glutathione (GSH), oxidized glutathione (GSSG) and total glutathione were
measured following the manufacturer instructions (glutathione detection kit, catalog
#ADI-900-160, Enzo Life Sciences). In brief, isolated brain mitochondria were
homogenized in ice-cold 5% (w/v) meta-phosphoric acid (20 ml/g tissue) (Sigma-Aldrich),
followed by centrifugation at 12,000 × g for 10 min at 4°C. The resultant supernatant
was collected for glutathione detection. In order to measure GSSG, reduced glutathione
was derivatized by adding 2 M 4-vinylpyridine (Sigma-Aldrich) at a dilution of 1:50 (v/v),
followed by incubation for 1 hour at room temperature. Total glutathione was measured
directly using reaction buffer. A microplate reader (Biotek) was used for the data recording.
The amounts of GSH were calculated by subtracting the amounts of GSSG from total
glutathione.
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Aβ ELISA assay:
Aβ amounts in mouse cortical or mitochondria samples were measured by using human
Aβ40 and Aβ42 ELISA kits (Thermo Fisher Scientific, KHB3481 for Aβ40, KHB3441
for Aβ42) following the manufacturer instructions. Tissues were homogenized thoroughly
with cold 5 M guanidine HCl/50 mM Tris HCl. The homogenates were incubated at room
temperature for 4 hours. The samples were diluted with cold reaction buffer (Dulbecco’s
phosphate buffered saline with 5% BSA and 1×protease inhibitor cocktail) and centrifuged
at 16,000 × g for 20 minutes at 4°C. The supernatants were diluted with standard diluent
buffer provided in the kit and quantified by ELISA kits. Aβ amounts were normalized to
total protein content in the samples.
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Immunoblotting:
Immunoblotting of mice brain homogenates were performed as previously described [31].
Mouse brains were homogenized in RIPA buffer (150 mM NaCl, 5 mM EDTA pH
8.0, 50 mM Tris-Base pH 8.0, 0.5% sodium deoxycholate, 10% SDS) + 1 × protease
inhibitor (Millipore, #20-201). After denaturation at 100°C for 5min, the brain homogenate
was separated by 12% SDS-PAGE and transferred to polyvinylidene difluoride (PVDF)
membranes. The membranes were blocked with 5% milk for 1 hour at room temperature
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and probed with the following primary antibodies: rabbit anti-Synaptophysin (Cell Signaling
Technology, 5461, 1:2,000), rabbit anti-Aβ (Cell Signaling Technology, 8243, 1: 1,000),
mouse anti-β-actin (Sigma-Aldrich, A5441, 1:10,000), mouse monoclonal anti-Phospho-Tau
(Ser202, Thr205) (Thermo Fisher, #MN1020, 1:1,000), mouse monoclonal anti-Phospho
Tau (Ser396) (CST, #9632, 1: 5,000), rabbit monoclonal anti-Phospho-Tau (Ser404) (CST,
#20194, 1:5,000), mouse monoclonal anti-T-Tau (Tau46) (CST, #4019, 1: 1,000), rabbit
anti-PSD95 (CST, #3450, 1:5,000), Total OXPHOS Rodent WB Antibody Cocktail (abcam,
#ab110413, 1:2,000), anti-APP C-Terminal Fragment Antibody (BioLegend, # SIG-39150,
1:1,000), mouse anti-amyloid precursor protein (BioLegend, #803002, 1:2000), followed by
incubation with the appropriate secondary antibodies, HRP conjugated goat anti-mouse IgG
(H + L) (Invitrogen, 626520) or HRP-conjugated goat anti-rabbit IgG (H+L) (Invitrogen,
656120). Membranes were images on Bio-Rad Chemidoc Imaging System. The blots were
analyzed using Image J software (NIH).
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mouse anti-PSD95 antibody (Cell Signaling Technology, 36233, 1:5,000),
Immunofluorescent staining:

Author Manuscript

Mouse brains were dissected and immediately fixed in 4% paraformaldehyde (PFA) (Sigma
Aldrich) for 24 hours at 4 °C. The frozen tissue sections were prepared as previously
described [32]. The slices were blocked with blocking buffer (5% goat or donkey serum,
0.3% Triton X-100 in PBS, pH 7.4) for 1 hour, then incubated with primary antibodies
at room temperature overnight. The following primary antibodies were used: mouse anti
PSD95 antibody (Cell Signaling Technology, 36233, 1:400), rabbit anti-Synaptophysin (Cell
Signaling Technology, 5461, 1:500), rabbit anti-Aβ (Cell Signaling Technology, 8243,
1: 1,000). After washing with PBS, the slices were then probed with appropriate cross
adsorbed secondary antibodies conjugated to Alexa Fluor 488, Alexa Fluor 594 (Thermo
Fisher Scientific, 1:500). Images were collected under a Nikon confocal microscope
followed by three-dimensional reconstruction and analysis using Nikon-Elements advanced
Research software. Aβ-plaque occupied area were analyzed using “Threshold” operation
to choose plaque then divided by the area of the brain. The synapses were defined by
colocalization of synaptophysin and PSD95 which was analyzed by using “AND” operation
in “binary operation” dialog of NIS element software to overlap two binary layers. The
number of synapses was counted and divided by total volume of the image stack.
H&E staining:
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Mice liver sections were freshly dissected and fixed in 4% paraformaldehyde (PFA)
overnight at 4°C and then frozen sectioned. Hematoxylin-eosin (H&E) staining was
performed following standard procedures: Slices were air dried overnight, then rehydrated
with 100%, 95%, 80%, 75% and 50% ethanol. The slices were then stained with
hematoxylin (Sigma-Aldrich, MHS-16) for 10 minutes followed by 5 minutes water rinsing.
Next, slices were immersed in eosin (Sigma-Aldrich, HE110316) for 1 minute and then
dipped into double-distilled water. Dehydration with reversed order of ethanol as cited for
the rehydration was performed after staining. Images were collected on an Olympus upright
microscope. Cell density was counted using Image J software (NIH).
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Statistics:
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Statistical comparisons were performed using GraphPad Prism 5 software. Two-way
ANOVA or unpaired Student’s t-test followed by Numbers of replicates and P values are
stated in each figure legend. All data were expressed as the mean ± sem. Significance was
concluded when the P value was less than 0.05. Significance was indicated by symbols
including * (P < 0.05), ** (P < 0.010), *** (P < 0.001). NS (not significant) denotes P >
0.05.

Results:
Triheptanoin treatment rescues brain ATP content in 5×FAD mice

Author Manuscript

Previous studies reported that 5×FAD mice display brain ATP deficiency and brain
mitochondrial dysfunction accompanying the development of brain amyloidosis [26, 27].
To determine the effect of triheptanoin supplementation on brain energy content, we fed
3.5 month old nontransgenic (nonTg) mice and their 5×FAD littermates with control
or triheptanoin-containing diet for a total treatment time of 4.5 months. At the end
of the treatment, the resulting four groups of mice exhibited no difference in body
weight (Supplementary Fig. 1A) or food intake (Supplementary Fig. 1B). In addition, no
difference in the levels of fasting blood glucose (Supplementary Fig. 2A) and fasting plasma
triglycerides (Supplementary Fig. 2B) was detected across the four groups. The results
indicate negligible or minimal impact of long-term triheptanoin treatment on systemic
metabolic profile, in agreement with previous reports [17, 33, 34]. In addition, long-term
dietary supplementation of triheptanoin has no effect cell density in the liver (Supplementary
Fig. 3A&B), implicating minimal or absent hepatotoxicity after long-term use.
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Brain ATP content was measured by luminescent ATP assay [27]. Under the control
diet, 5×FAD mice exhibited decreased brain ATP content as compared with their nonTg
littermates (Fig. 1A); whereas this 5×FAD phenotypic change was substantially mitigated by
triheptanoin supplementation (Fig. 1A). Importantly, further measurement of nicotinamide
adenine dinucleotide (NADH) using brain tissues (Fig. 1B) and isolated brain mitochondria
(Fig. 1C) from the four groups of mice showed that the reduction of NADH content
in 5×FAD mice was significantly mitigated by triheptanoin supplementation. Of note,
triheptanoin treatment did not affect baseline levels of brain ATP (Fig. 1A) or NADH (Fig.
1B&C) in nonTg mice. Therefore, the elevated abundance of this critical mitochondrial
electron transfer cofactor suggests that rescued brain ATP in triheptanoin-treated 5×FAD
mice is, at least, in part a result from enhanced TCA cycle activity.
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Triheptanoin treatment protects brain mitochondria in 5×FAD mice
Because previous studies have suggested a beneficial effect of triheptanoin on brain
mitochondria [35–37], we then examined brain mitochondrial function by measuring
respiration using a Clark electrode. Isolated brain mitochondria from all the groups of mice
were energized by glutamate/malate or succinate to reflect mitochondrial complex I/III/IV or
II/III/IV respiration, respectively. When compared with their control (nonTg) counterparts,
5×FAD mice fed control diet exhibited decreased mitochondrial complex I/III/IV (Fig. 2A1)
and II/III/IV (Fig. 2A2) respiration as demonstrated by lowered mitochondrial respiration
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control ratio (RCR). In contrast, brain mitochondrial complex I/III/IV (Fig. 2A1) and
II/III/IV (Fig. 2A2) respiration were rescued in triheptanoin-treated 5×FAD mice, indicating
a protective effect of triheptanoin on brain mitochondrial bioenergetics. To determine
the potential effect of triheptanoin treatment on mitochondrial oxidative phosphorylation
(OXPHOS) complexes, we subjected the isolated brain mitochondria from the four groups
of mice to the detection of the relative levels of OXPHOS complexes by immunoblotting
for their core subunits including NADH:Ubiquinone oxidoreductase subunit B8 (NDUFB8,
complex I), succinate dehydrogenase complex iron sulfur subunit B (SDHB, complex II),
ubiquinol-cytochrome C reductase core protein 2 (UQCRC2, complex III), mitochondrially
encoded cytochrome C oxidase I (MT-CO1, complex IV) and F1Fo ATP synthase alpha
subunit (ATP5A, complex V). Densitometry analysis of the immunoreactive bands showed
no influence of triheptanoin on the tested subunits in either nonTg or 5×FAD mice
(Supplementary Fig. 4A–F). Moreover, the disrupted mitochondrial redox state of 5×FAD
mice was effectively rescued by triheptanoin supplementation as demonstrated by lowered
levels of 4-hydroxynonenal (HNE), a sensitive indicator of lipid oxidation [38] (Fig. 2B)
and restored levels of reduced glutathione (GSH) (Fig. 2C1) with no change in the levels
of total glutathione (Fig. 2C2). The results suggest an antioxidant effect of triheptanoin
supplementation, which corroborates previous studies [37]. Triheptanoin treatment had no
effect on mitochondrial function in nonTg mice (Fig. 2A–C). Taken together, our findings
suggest that dietary triheptanoin supplementation preserves brain mitochondrial function,
mitigating brain ATP deficiency in 5×FAD mice.
Triheptanoin treatment does not affect brain amyloidosis or tau phosphorylation in 5×FAD
mice
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Aβ toxicity is the driving force of brain ATP deficiency in 5×FAD mice. To determine
whether triheptanoin treatment affects brain Aβ production, we first performed ELISA
assays for Aβ1-40 and 1-42 levels in cortical homogenates. In comparison with their
control-treated counterparts, triheptanoin-treated 5×FAD mice displayed a slight decrease
in both Aβ1-40 and 1-42 levels devoid of statistical significance (Fig. 3A). The results
were further confirmed by immunoblotting for Aβ in brain homogenates (Fig. 3B1&2). We
next sought to examine the impact of triheptanoin on brain Aβ deposition. To this end,
we subjected brain slices to immunostaining for Aβ plaque. Regardless of triheptanoin
treatment, 5×FAD mice exhibited similar Aβ plaque-occupied area in the cortex and
hippocampus (Fig. 3C1&2). In addition, further immunoblotting assays showed no effect
of triheptanoin treatment on amyloid precursor protein (APP) processing in 5×FAD
mice demonstrated by unchanged expression of total APP (Fig. 3D1&4) or its cleavage
productions including C83 (Fig. 3D2&4) and C99 (Fig. 3D3&4). The results suggest little
or no impact of triheptanoin on brain Aβ production and deposition in 5×FAD mice,
which is in agreement with a previous study using triheptanoin/high-protein diet to treat
APP/PS1 mice [22]. Moreover, we extended our study and performed immunoblotting to
examine total Tau (T-Tau) and the well-accepted AD-related Tau phosphorylation motifs,
including S202/T205/S396/S404 [28, 39]. Analysis of the immunoreactive bands showed
no significant difference in the expression levels of total Tau or any of the tested Tau
phosphorylation motifs between the drug-treated 5xFAD mice and their vehicle-treated
counterparts (Supplementary Fig. 5A–E).
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Triheptanoin treatment ameliorates synaptic loss in 5×FAD mice
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Sufficient ATP provision is pivotal for synaptic activity. To determine whether triheptanoin
diet could attenuate synaptic loss in 5×FAD mice, we subjected brain slices from the
four groups of mice to co-staining for synaptophysin, a presynaptic marker, and PSD95,
a postsynaptic marker to reflect synaptic density in mouse hippocampal CA1 region and
entorhinal cortex, which are AD sensitive brain regions. Under control diet, 5×FAD mice
displayed a substantial decrease in their synaptic density in the hippocampal CA1 region
(Fig. 4A1&2) and the entorhinal cortex (Fig. 4B1&2) when compared with their nonTg
counterparts. In contrast, triheptanoin-treated 5×FAD mice exhibited preserved synaptic
density in the tested brain areas (Fig. 4A&B), paralleled with restored expression levels
of synaptophysin (Fig. 4C1&2) determined by immunoblotting. Of note, the expression of
PSD95 was unchanged across all groups (Fig. 4D1&2). The results indicate the beneficial
effect of triheptanoin against synaptic loss in the AD model.
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Discussion:
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Brain energy failure is a key pathology underlying synaptic dysfunction in brain aging
and Alzheimer’s disease (AD) [40]. In addition to decreased cerebral perfusion [41] and
other forms of metabolic dysregulation not as well understood [42], impaired mitochondrial
bioenergetics is considered critical in the setting of the reduced brain glucose metabolism
that characterizes patients with AD [10]. As a result of compromised aerobic glucose
oxidation, a metabolic shift to alternative fuel sources such as fatty acid and glutamine is
manifest in AD brains [13, 43, 44]. Despite its benefit to compensate energy deficiency,
such a metabolic adaption may exacerbate brain lipid and amino acid dysmetabolism in AD
brains, promoting neuroinflammation, oxidative stress and ammonia toxicity, culminating in
white matter degeneration and neuronal stress [13, 44]. In this context, anaplerotic therapy
may demonstrate a unique advantage over other forms of metabolic therapy. Triheptanoin
is a potent anaplerotic substance. It replenishes the loss of metabolites in the TCA cycle
with minimal impact on systemic glycemic response [17, 45, 46]. In agreement with
previous studies [17, 21, 22, 33], we have found that dietary supplementation of triheptanoin
rescued brain ATP deficiency with enhanced production of NADH in brain mitochondria
and preserved mitochondrial respiration in 5×FAD mice with severe cerebral amyloidosis
and mitochondrial dysfunction. The results suggest a promoting effect of triheptanoin on
brain energy supply probably through augmented mitochondrial function. In agreement
with our observations of improved mitochondrial respiration through both complex I and
II pathways, previous studies reported that triheptanoin benefits mitochondrial complex II
and IV activities in stressed mitochondria, resulting in preserved mitochondrial respiration
and ATP production [35]. Although the detailed mechanisms underlying triheptanoin-related
protection on mitochondrial respiration remain unclear, enhanced NADH production might
play a role. First, the restored NADH level reflects that of TCA cycle intermediates, which
are required to maintain the rate of the cycle. The principal function of the cycle is the
oxidation of acetyl-CoA to CO2, a central process to the generation of NADH and FADH2
for use in the electron transport chain. In principle, the reactions of the TCA cycle could
replenish or recycle all of the cycle intermediates. However, most can also be consumed
in the course of other metabolic reactions following efflux from mitochondria via specific
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transporters, leading, if uncompensated, to a net carbon deficit inside mitochondria. This
process is balanced via the supply of carbon to the TCA cycle via anaplerotic reactions,
which maintain the levels of cycle intermediates required for optimal cycle activity[47].
The anaplerotic, carbon replenishing process is particularly important in tissues with
elevated metabolic rate such as the brain, where TCA cycle intermediate abundance is low
relative to the robust cycle velocity that the intermediates normally sustain [48]. Moreover,
the antioxidant capacity of NADH protects the integrity and activity of mitochondrial
respiratory enzymes. This is supported by rescued mitochondrial redox balance in response
to triheptanoin treatment in our and others’ studies [37, 49] and the beneficial effects of
ROS scavengers on mitochondrial function [50]. Therefore, our findings support the effect
of triheptanoin supplementation in improving mitochondrial metabolic function, culminating
in enhanced ATP synthesis and reduced oxidative stress. Indeed, we could not rule out
the contribution of other triheptanoin-related mechanisms such as regulation of cerebral
perfusion and modification of glial metabolic remodeling to rescued brain energy deficits.
These questions will be addressed in our further study.
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Another benefit of triheptanoin-rich diet is its little or no impact on systemic metabolic
profile. Consistent with previous studies [17, 20, 51, 52], long-term treatment of triheptanoin
did not affect mouse body weight and food intake. In addition, triheptanoin-treated 5×FAD
mice did not show significant change in their circulating glucose and triglycerides. These
observations are in agreement with previous clinical studies [17, 20] and animal experiments
[34, 52]. In addition, in comparison with common ketogenic diets, triheptanoin treatment
necessitates less restriction of the amount and type of carbohydrate consumed [20]. Indeed,
and in contrast with a previous study using triheptanoin in combination with a high-protein
ketogenic diet on another AD mouse model [22], our findings suggest that triheptanoin
alone has a protective effect in correcting brain energy deficiency and preserving synaptic
density in mice mimicking AD-like brain pathology. In this context, we postulate that
triheptanoin supplementation may be a feasible, effective and well-tolerated therapy for AD
patients, especially for those who have poor tolerance to ketogenic diets or suffer from
other metabolic disorders such as diabetes or obesity. Moreover, long-term treatment of
triheptanoin had no effect on the baseline levels of metabolic profile and mitochondrial
function in nontransgenic (nonTg) mice. These results are in agreement with other reports
[37], suggesting the safety of long-term triheptanoin treatment. Of note, triheptanoin was
ineffective in palliating cardiac injury in a mouse model with very long-chain acyl-CoA
dehydrogenase deficiency [52], which may be due to organ type-dependent utilization
of triheptanoin. Based on our study, long-term use of triheptanoin alone is effective in
protecting brain pathology in 5×FAD mice with little or no hepatotoxicity. However, the
potential for organ type-related triheptanoin metabolism should be considered in those
clinical studies where this phenomenon may be clinically relevant. Further preclinical
studies including any effect on other organs may help refine optimized therapeutic strategies
that rely on triheptanoin-based diets.
Lastly, our results showed a marginal effect of long-term triheptanoin treatment on brain
amyloidosis and APP processing, which is in agreement with a previous report [22].
Interestingly, previous studies showed that ketogenic diets attenuate brain energy deficiency
in association with a significant reduction in brain Aβ aggregation in animals, probably
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through increased Aβ degradation due to an unknown effect on metabolic state [53, 54].
Such a discrepancy of the effect on brain amyloidosis may arise from the different nature
of the treatments. Ketogenic diets have a similar metabolic effect as caloric restriction (CR)
regimes, which modify insulin sensitivity and ameliorate insulin resistance, and this may
contribute to suppress amyloidogenesis [55]. Another possible reason is the difference in
animal models. We administrated triheptanoin to 5×FAD mice in this study while the other
study used a mouse model (APP/V717I) with much less aggressive brain Aβ production
rate [53]. Of note, previous studies targeting mitochondrial dysfunction, brain energy deficits
and the downstream cascades showed protective effects on neuronal stress in different AD
mouse models without affecting brain amyloidosis and/or tau phosphorylation [28, 56, 57].
A very recent piece of evidence is that manipulation of AMP-activated protein kinase
(AMPK) in Tg19959 mice, which mimic AD like brain amyloidosis, substantially improves
synaptic function without affecting brain Aβ load or tau pathology [56]. This supports the
complexity of AD pathogenesis and further implicates the contribution of “Aβ-independent”
mechanisms of synaptic stress in AD.

Author Manuscript

In summary, our results indicate a protective effect of triheptanoin supplementation against
Aβ-mediated brain energy deficiency and mitochondrial dysfunction, resulting in preserved
synaptic density. The protective effect may result from the replenishment of metabolites
in the TCA cycle and the rebalancing of mitochondrial redox state. However, several
limitations of this study should be noted. For example, the systemic administration of
triheptanoin may also impact energy metabolism in glial cells. Therefore, triheptanoin may
also be protective against glial cell activation and resultant neuroinflammation in Aβ-rich
milieus. Moreover, it remains unclear whether triheptanoin affects cerebral perfusion in
5×FAD mice, thereby improving brain glucose supply to mitigate brain energy failure.
Lastly, for future translational study, the effect of long-term use of triheptanoin on cognition
in control mice and AD mouse models should be evaluated in a sophisticated manner. These
questions constitute the groundwork for future studies. Nevertheless, to the best of our
knowledge, this is the first study of the long-term use of triheptanoin for the treatment of AD
mouse models with severe brain pathology. Our findings support a key role of brain energy
failure in the pathogenesis of AD and suggest the potential of anaplerotic therapy using
triheptanoin or other anaplerotic substances for the treatment of this devastating neurological
disorder.
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Fig. 1. Triheptanoin treatment attenuates brain ATP deficiency in 5×FAD mice.
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(A) ATP content in brain from nonTg and 5×FAD mice with control or triheptanoin diet
treatment. Two-way ANOVA followed by Bonferroni post hoc analysis. n = 6-7 mice per
group. * P < 0.05, ** P < 0.01. (B&C) NADH levels in Brain (B) and mitochondrial (C)
from nonTg and 5×FAD mice with control or triheptanoin diet treatment. Two-way ANOVA
followed by Bonferroni post hoc analysis. n = 6-7 mice per group. * P < 0.05, ** P < 0.01,
*** P < 0.001.
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Fig. 2. Triheptanoin treatment rescues brain mitochondrial function in 5×FAD mice.
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(A) Measurement of glutamate/malate-driven complex I respiration (A1) or succinate-driven
complex II respiration (A2) in brain mitochondria isolated from nonTg and 5×FAD mice
with control or triheptanoin diet treatment. Two-way ANOVA followed by Bonferroni post
hoc analysis. n = 5-7 mice per group. * P < 0.05, ** P < 0.01, *** P < 0.001. (B)
Measurement of 4-HNE-his adduct in brain mitochondria from nonTg and 5×FAD mice
with control or triheptanoin diet treatment. Two-way ANOVA followed by Bonferroni post
hoc analysis. n = 6-7 mice per group. *** P < 0.001. (C) Reduced glutathione (GSH) (C1)
or total glutathione (C2) in brain mitochondria from nonTg and 5×FAD mice control or
triheptanoin diet treatment. n = 6-7 mice per group. * P < 0.05, *** P < 0.001; NS, not
significant.
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Fig. 3. Triheptanoin treatment has no effect on 5×FAD mice Aβ level.

(A) Measurement of cortical Aβ 1-40 and 1-42 levels from nonTg and 5×FAD mice with
control or triheptanoin diet treatment using ELISA. Unpaired student’s t-test. n = 5-6 mice
per group. NS, not significant. (B1) Immunoblotting of brain Aβ from nonTg and 5×FAD
mice with control or triheptanoin diet treatment. Unpaired student’s t-test. n = 6 mice
per group. NS, not significant. (B2) are the representative bands of immunoblotting. (C1)
Measurement of Aβ deposition using immunostaining in cortex and hippocampus from
nonTg and 5×FAD mice with control or triheptanoin diet treatment. Unpaired student’s
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t-test. n = 6-7 mice per group. NS, not significant. (C2) are the representative images,
scale bar = 1 mm. (D1-D4) Immunoblotting of APP (D1) and its cleavage productions
includingC83 (D2), C99 (D3) in entorhinal cortex from 5×FAD mice with control or
triheptanoin diet treatment. Unpaired student’s t-test. n = 5 mice per group. NS, not
significant. (D4) are the representative bands of immunoblotting.
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Fig. 4. Triheptanoin treatment preserves synaptic density in 5×FAD mice.

(A1&B1) Analysis of synaptic density in the hippocampal CA1 region (A1) and entorhinal
cortex (B1) from nonTg and 5×FAD mice with control or triheptanoin diet treatment.
Two-way ANOVA followed by Bonferroni post hoc analysis. n = 5 mice per group.
*** P < 0.001. (A2&B2) Representative 3D-reconstructed images of synapse staining.
Synaptophysin (red) and PSD95 (green) were used to visualize pre- and post-synaptic
components, respectively. The overlaid staining (light blue) of synaptophsyin and PSD95
indicates synapses. scale bar =10µm. (C1&C2) Immunoblotting of synaptophysin (C1) in
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entorhinal cortex from nonTg and 5×FAD mice with control or triheptanoin diet treatment.
Two-way ANOVA followed by Bonferroni post hoc analysis. n = 5 mice per group.
** P < 0.01, *** P < 0.001; NS, not significant. (C2) are the representative bands of
immunoblotting. (D1&D2) Immunoblotting of PSD95 (D1) in entorhinal cortex from nonTg
and 5×FAD mice with control or triheptanoin diet treatment. Two-way ANOVA followed
by Bonferroni post hoc analysis. n = 3-4 mice per group. NS, not significant. (D2) are the
representative bands of immunoblotting.
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