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Abstract
Ketogenic diets and medium-chain triglycerides are gaining attention as treatment of neurological disorders. Their major 
metabolites, β-hydroxybutyrate (βHB) and the medium-chain fatty acids (MCFAs) octanoic acid (C8) and decanoic acid 
(C10), are auxiliary brain fuels. To which extent these fuels compete for metabolism in different brain cell types is unknown. 
Here, we used acutely isolated mouse cerebral cortical slices to (1) compare metabolism of 200 µM [U-13C]C8, [U-13C]C10 
and [U-13C]βHB and (2) assess potential competition between metabolism of βHB and MCFAs by quantifying metabolite 
13C enrichment using gas chromatography-mass spectrometry (GC–MS) analysis. The 13C enrichment in most metabolites 
was similar with [U-13C]C8 and [U-13C]C10 as substrates, but several fold lower with [U-13C]βHB. The 13C enrichment in 
glutamate was in a similar range for all three substrates, whereas the 13C enrichments in citrate and glutamine were mark-
edly higher with both [U-13C]C8 and [U-13C]C10 compared with [U-13C]βHB. As citrate and glutamine are indicators of 
astrocytic metabolism, the results indicate active MCFA metabolism in astrocytes, while βHB is metabolized in a different 
cellular compartment. In competition experiments, 12C-βHB altered 13C incorporation from [U-13C]C8 and [U-13C]C10 
in only a few instances, while 12C-C8 and 12C-C10 only further decreased the low [U-13C]βHB-derived 13C incorporation 
into citrate and glutamine, signifying little competition for oxidative metabolism between βHB and the MCFAs. Overall, 
the data demonstrate that βHB and MCFAs are supplementary fuels in different cellular compartments in the brain without 
notable competition. Thus, the use of medium-chain triglycerides in ketogenic diets is likely to be beneficial in conditions 
with carbon and energy shortages in both astrocytes and neurons, such as GLUT1 deficiency.
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Abbreviations
βHB  β-Hydroxybutyrate
C8  Octanoic acid
C10  Decanoic acid
GC–MS  Gas chromatography-mass spectrometry
GS  Glutamine synthetase
MCFA  Medium-chain fatty acid
MCT  Monocarboxylate transporter
TCA   Tricarboxylic acid

Introduction

Ketogenic diets, and more recently medium-chain triglycer-
ides, are becoming popular and increasingly researched for 
treatment of neurological disorders, especially epilepsy and 
cognitive impairment [1, 2]. Medical ketogenic diets have 
been used for over 100 years for the treatment of medication-
resistant epilepsy in children and lately also in adults [3, 4]. 
Many versions of ketogenic diets exist today. These diets are 
designed to increase the plasma levels of the ketone bodies 
acetoacetate and β-hydroxybutyrate (βHB) while keeping 
blood glucose in a low but normal range [5]. This is typically 
achieved by consuming predominantly natural fats and low 
amounts of protein and carbohydrates. Caloric restriction and/
or inclusion of medium-chain triglycerides can be used to 
increase ketone body levels, but there is also evidence of other 
beneficial effects of medium-chain triglycerides. These include 
inhibition of seizure generation and improved cognition in the 
context of “healthy regular” diets, without the restriction of 
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carbohydrates (reviewed in [6]). Medium-chain triglycerides 
typically contain high amounts of the medium-chain fatty 
acids (MCFAs) octanoic acid (C8) and decanoic acid (C10), 
which are released after lipase action in the digestive system. 
The levels of these MCFAs increase in blood shortly after 
intake, and can then, at least partially, be converted into ketone 
bodies in the liver [7]. It is currently unknown whether, apart 
from ketone body production, MCFAs have value as auxiliary 
fuels to the brain.

For entry into the brain, βHB depends on monocarboxy-
late transporters (MCTs) while MCFAs appear to diffuse pas-
sively across cell membranes [6, 8, 9]. Studies have suggested 
that MCFAs are metabolized by astrocytes, as metabolism of 
C8 supports astrocyte respiration and leads to enrichment in 
glutamine [10–12], but MCFAs may also to some extent sup-
port neuronal metabolism [13, 14]. Glutamine is a marker of 
astrocytic metabolism as glutamine synthetase (GS) is almost 
exclusively expressed in astrocytes [15]. There is currently 
no knowledge about cellular metabolism of C10 in vivo, as 
the solubility of this MCFA is too low for such experiments 
where high concentrations are needed. Neurons appear to be 
the primary cellular compartment of ketone body metabolism, 
as they express MCT2 with high affinity for βHB, while the 
affinity of the astrocytic MCT1 for βHB is tenfold lower [8, 
16]. This has been confirmed by several functional studies in 
awake mice and humans, concluding that ketone body metabo-
lism was similar to that of glucose taking place largely in the 
neuronal compartment [17–19]. Similarly, ketone bodies were 
found to be metabolized to a greater extent in cultured neurons 
as compared to cultured astrocytes [11]. However, cultured 
astrocytes can metabolize ketone bodies [20, 21], and in anes-
thetized rats, mostly astrocytic metabolism has been reported 
[22]. In support of this notion, 13C-enriched ketone bodies give 
rise to significant labeling in glutamine [17, 23, 24] indicat-
ing active ketone body metabolism by astrocytes. However, it 
remains unknown to which extent MCFAs may compete with 
the metabolism of ketone bodies in the brain. This question 
is difficult to answer in vivo, as MCFAs can be turned into 
ketone bodies by the liver. More knowledge regarding this 
question is needed, as it is unclear to which extent and how 
the addition of medium-chain triglycerides to ketogenic diets 
may improve brain metabolism in both the healthy and dis-
eased brain. To address this issue, we applied acutely isolated 
cerebral cortical slices to assess the metabolism of [U-13C]C8, 
[U-13C]C10 and [U-13C]βHB and how these substrates may 
compete for cellular metabolism.

Materials and Methods

Materials

The 13C enriched compounds [U-13C]octanoic acid 
([U-13C]C8, CLM-3981-PK, 98%), [U-13C]decanoic 
acid ([U-13C]C10, CLM-9950-PK, 98%) and [U-13C]
β-hydroxybutyrate ([U-13C]βHB, CLM-3853-PK, sodium 
salt, 97%) were all from Cambridge Isotope Laboratories 
(Tewksbury, USA). Octanoic acid (12C-C8, C2875), deca-
noic acid (12C-C10, C1875) and (R)-β-hydroxybutyrate 
(12C-βHB, 54,920) were from Sigma-Aldrich (St. Louis, 
MO, USA). All other chemicals used were of the purest 
grade available from regular commercial sources.

Brain Slice Incubations

Animal experiments were approved by the Danish National 
Ethics Committee and performed in accordance with the 
European Convention (ETS 123 of 1986) and comply with 
the ARRIVE guidelines. Six male NMRI mice (Envigo, 
Cambridgeshire, United Kingdom) of 12 weeks of age 
were used for incubations of acutely isolated cerebral 
cortical brain slices as previously described [25]. Briefly, 
one mouse was euthanized at a time by cervical dislo-
cation, decapitated and the brain transferred to ice-cold 
artificial cerebrospinal fluid (ACSF) containing in mM: 
NaCl 128,  NaHCO3 25, D-glucose 10, KCl 3,  CaCl2 2, 
 MgSO4 1.2,  KH2PO4 0.4, pH = 7.4. The cerebral cortices 
were dissected and sliced (350 µm) on a McIlwain tissue 
chopper (The Vibratome Company, O’Fallon, MO, USA). 
The cerebral cortical slices were kept just below the sur-
face of 37 °C oxygenated (5%  CO2/95%  O2) ACSF and 
pre-incubated for 60 min. Subsequently, the medium was 
exchanged for ACSF containing the stable 13C enriched 
compounds [U-13C]C8, [U-13C]C10 or [U-13C]βHB (all 
200 µM) supplemented with 5 mM unlabeled D-glucose 
and incubated for additional 60 min. To further investi-
gate the metabolic relationship between C8/C10 and βHB, 
a competition assay was performed in which slices were 
incubated in the presence of either [U-13C]C8 or [U-13C]
C10 ± unlabeled 12C-βHB and [U-13C]βHB ± unlabeled 
12C-C8 or 12C-C10 (all 200  µM). Competing metabo-
lism of an unlabeled substrate (12C) will dilute the 13C 
accumulation from the 13C enriched substrate. The incu-
bations were terminated by transferring slices into ice-
cold 70% ethanol. The slices were subsequently sonicated 
and centrifuged (4,000 g × 20 min) and the supernatant 
was removed and lyophilized before further analysis. A 
concentration of 200 µM was chosen for all substrates, 
based on reported MCFA blood levels after feeding of 
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medium-chain triglycerides or ketogenic diets with and 
without medium-chain triglycerides (in the range of 
100–500 µM) [7]. Blood βHB levels are in similar ranges 
after consuming medium-chain triglycerides [7], while in 
people on ketogenic diets, βHB levels vary greatly and 
may approach levels found in ketoacidosis. The applied 
concentration of βHB in this study is slightly lower than 
that found in non-fasted human plasma and brain [17], but 
higher than that of hippocampal extracellular fluid in mice 
fed a ketogenic diet [26].

Metabolic Mapping Using Gas 
Chromatography‑Mass Spectrometry (GC–MS) 
Analysis

[U-13C]C8, [U-13C]C10 and [U-13C]βHB all enter cellu-
lar metabolism as 13C enriched acetyl CoA leading to 13C 

enrichment of TCA cycle intermediates and connected 
amino acids. The metabolite 13C enrichment from metabo-
lism of [U-13C]C8, [U-13C]C10 and [U-13C]βHB was deter-
mined by GC–MS analysis as previously described [27]. 
Briefly, slice extracts were reconstituted in water, acidified, 
extracted twice with ethanol and the metabolites were deri-
vatized using N-tert-butyldimethylsilyl-N-methyltrifluoro-
acetamide. Samples were analyzed by GC (Agilent Tech-
nologies, 7820A, J&W GC column HP-5 MS) coupled to 
MS (Agilent Technologies, 5977E). The isotopic enrichment 
was corrected for the natural abundance of 13C by analyzing 
standards of the unlabeled metabolites of interest. Data is 
presented as the molecular carbon labeling (MCL), which 
is the weighted average percentage of all the isotopologues 
of a metabolite, providing a measurement of the overall 13C 
accumulation [28]. Part of the 13C enrichment data ([U-13C]
C8/[U-13C]C10 of Fig. 1) has previously been presented 
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Fig. 1  The medium-chain fatty acids octanoic acid and decanoic 
acid, but not β-hydroxybutyrate, are primarily metabolized in astro-
cytes in mouse cerebral cortical slices. Molecular carbon labelling 
(MCL) of TCA cycle intermediates and amino acids after incuba-
tion with [U-13C]C8 (red), [U-13C]C10 (orange) or [U-13C]βHB 
(purple). All 13C-labelled substrates were applied separately at con-

centrations of 200 µM in addition to 5 mM D-glucose. Mean ± SEM, 
n = 6 from individual animals, repeated measures 1-way ANOVA 
with Bonferroni post hoc test results indicated by *p < 0.05. βHB: 
β-hydroxybutyrate, C8: octanoic acid, C10: decanoic acid, GAD: glu-
tamate decarboxylase GS: glutamine synthetase



57Neurochemical Research (2023) 48:54–61 

1 3



58 Neurochemical Research (2023) 48:54–61

1 3

[29], and has been re-analyzed with focus on the metabolic 
relationship between C8/C10 and βHB. The data from com-
petition experiments with βHB and results from [U-13C]βHB 
metabolism are new, but were obtained at the same time and 
in the same experimental set-up as the previously published 
[U-13C]C8 and [U-13C]C10 data [29].

Experimental Design and Statistical Analysis

Data is presented as means ± standard error of the mean 
(SEM), with individual data points shown. In total 6 mice 
were used (n = 6) and each individual data point represents 
a biological replicate (i.e. obtained from an individual ani-
mal). For each condition 2 cerebral cortical slices from a 
single mouse were used. Since all conditions were tested 
in different slices from each individual mouse, statistical 
analysis was performed for each metabolite by repeated 
measurements one-way ANOVA across all five conditions. 
If a significant main effect in the ANOVA was found, this 
was followed by a Bonferroni post hoc multiple comparisons 
test, with relevant comparisons selected a priori. p < 0.05 
was considered statistically significant and a single asterisk 
indicates p < 0.05 for comparisons in the post hoc tests.

Results

Metabolism of [U‑13C]βHB into TCA Cycle 
Intermediates and Amino Acids is Lower 
Compared to [U‑13C]C8 and [U‑13C]C10, Specifically 
for Glutamine and Citrate

As reported previously, there were no changes in the intracel-
lular pool sizes of amino acids after incubation of the mouse 
cerebral cortex slices with 200 µM [U-13C]C8, [U-13C]C10 
or [U-13C]βHB (Table S1 in [29]), indicating that the addi-
tion of substrates does not alter the levels of these metabolic 

pools. We determined the 13C incorporation into TCA cycle 
metabolites (citrate, α-ketoglutarate, succinate, and malate) 
as well as connected amino acids (aspartate, glutamate, glu-
tamine and GABA) (Fig. 1). [U-13C]C8 and [U-13C]C10 gave 
rise to similarly high 13C enrichments in most metabolites, 
except for glutamine which showed an increased enrichment 
with [U-13C]C10 vs. [U-13C]C8 (23% increase, p = 0.0005). 
Most strikingly, metabolism of [U-13C]βHB led to substan-
tially lower 13C enrichments in most metabolites when com-
pared to the MCFAs as substrates. Notably, the 13C enrich-
ments in glutamate, a commonly used indicator for neuronal 
metabolism, was only slightly lower with βHB (MCL 6.0%), 
when compared to the MCFAs (C8: MCL 7.3%, p = 0.030, 
C10: MCL 7.3%, p = 0.019). In contrast, the 13C enrichments 
in the astrocytic metabolic markers, glutamine and citrate, 
were much higher for both [U-13C]C8 and [U-13C]C10 than 
with [U-13C]βHB, indicating that the MCFAs are metabolized 
in astrocytes, while βHB is not. Specifically, 13C enrichments 
in glutamine were 11.2–13.8-fold higher with [U-13C]C8 and 
[U-13C]C10 (MCL 28% and 35% respectively, both p < 0.0001) 
compared with [U-13C]βHB (MCL 2.5%). 13C enrichments in 
citrate were 2.7–2.9-fold higher with [U-13C]C8 (MCL 17.4%, 
p < 0.0001) and [U-13C]C10 (MCL 18.9%, p = 0.0001) rela-
tive to [U-13C]βHB (MCL 6.4%). Furthermore, compared to 
[U-13C]βHB the 13C enrichment was higher in succinate (C8: 
p = 0.027, C10: p < 0.0001), malate (C8: p = 0.0057, C10: 
p = 0.0031) and aspartate (C8: p = 0.019, C10: p = 0.025) when 
the brain slices were provided [U-13C]C8 and [U-13C]C10. 
In GABA (p = 0.002) and α-ketoglutarate (p = 0.003), slight 
increases in 13C enrichment were only observed when compar-
ing metabolism of [U-13C]C10 to [U-13C]βHB.

βHB and MCFAs do not Compete for Cellular 
Metabolism

In the competition experiment, addition of 200 µM 12C-βHB 
to 200 µM [U-13C]C8 or [U-13C]C10 did not affect the incor-
poration of 13C into most of the measured metabolites, indi-
cating low cellular competition between βHB and MCFAs 
for oxidative metabolism (Fig. 2a). However, 12C-βHB had 
subtle effects on the [U-13C]C10-derived 13C enrichment into 
malate (p = 0.0453) and GABA (p = 0.0078), and of [U-13C]C8 
in glutamate (p = 0.0469). Similarly, the presence of 12C-C8 
and 12C-C10 only diluted [U-13C]βHB-derived 13C incorpora-
tion into citrate (C8: p = 0.0002, C10: p = 0.0008) and 12C-C10 
of glutamine (p = 0.0237), but not into any other measured 
metabolites (Fig. 2b).

Fig. 2  Low competition between metabolism of the medium-chain 
fatty acids octanoic acid and decanoic acid and β-hydroxybutyrate in 
mouse cerebral cortical slices. a Molecular carbon labelling (MCL) 
of TCA cycle intermediates and amino acids after incubation with 
[U-13C]C8 (red) and [U-13C]C10 (orange) in the absence (solid col-
umns) and presence of unlabeled 12C-βHB (striped columns). b 
Molecular carbon labelling of TCA cycle intermediates and amino 
acids after incubation with [U-13C]βHB in the absence (solid pur-
ple columns) and presence of unlabeled 12C-C8 (light purple striped 
columns) and 12C-C10 (pink striped columns). All substrates were 
provided at concentrations of 200  µM in addition to 5  mM D-glu-
cose. Metabolism of an unlabeled substrate (12C) will dilute the 13C 
accumulation and hereby lead to a reduction in the molecular car-
bon labelling. Mean ± SEM, n = 6 from individual animals, repeated 
measures 1-way ANOVA with Bonferroni post hoc test results indi-
cated by *p < 0.05. βHB: β-hydroxybutyrate, C8: octanoic acid, C10: 
decanoic acid, GAD: glutamate decarboxylase GS: glutamine syn-
thetase

◂
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Discussion

βHB and MCFAs are Metabolized in Different 
Cellular Compartments Optimizing Energy Supply 
to both Astrocytes and Neurons

In our brain slice experiments, both βHB and MCFAs 
were substrates of the TCA cycle, however, there was low 
competition between the cellular metabolism of MCFAs 
and βHB. This illustrates that metabolism of these two 
substrate types occurs in different cellular compartments. 
The high MCL in glutamine and citrate when applying 
[U-13C]C8 and [U-13C]C10 as substrates indicate astro-
cytic metabolism [25], which may suggest that βHB is 
primarily metabolized in non-astrocytic cells, i.e. neurons. 
On the other hand, the reduced 13C incorporation into cit-
rate and glutamine from metabolism of [U-13C]βHB in the 
presence of 12C-C8/C10 indicates that, although low, βHB 
is metabolized to some extent in astrocytes. Interestingly, 
coenzyme A (CoA) derivatives of both C8 and C10 are 
able to inhibit citrate synthase [30], which may account 
for some of the reduced citrate labeling of [U-13C]βHB-
derived carbons in the presence of 12C-MCFAs. However, 
our results are consistent with previous reports that ketone 
bodies are mainly metabolized in non-astrocytic cells [17, 
31, 32], while MCFAs are primarily metabolized by astro-
cytes [10–12]. Thus, when adding medium-chain triglycer-
ides to regular or ketogenic diets, breakdown of medium-
chain triglycerides to MCFAs, and to some extent ketone 
bodies, is expected to provide fuels for both neurons 
and astrocytes. This is important, as both cell types are 
involved in most energy expensive processes in the brain, 
namely, glutamate signaling and potassium homeosta-
sis, which are pivotal for maintaining neuronal signaling 
functional and balanced [33]. Energy shortages in either 
astrocytes or neurons are likely to derail these essential 
functions and may result in the generation of epileptic sei-
zures and other neurological defects. For example, patients 
in which glucose transport into the brain is reduced due to 
deficient function of glucose transporter 1 (GLUT1 defi-
ciency syndrome), often suffer from epileptic seizures and 
paroxysmal abnormal movements [34]. To treat GLUT1 
deficiency syndrome, ketogenic diets are typically used to 
provide auxiliary fuel to the brain. However, many patients 
do not tolerate or show little improvement with these high 
fat diets. Our data indicate that medium-chain triglycer-
ides, in addition to ketogenic diets, or potentially by them-
selves, are likely to be beneficial, especially when GLUT1 
splice variants expressed in astrocytes are perturbed. Note 
that in addition to serving as fuel in several cell types, both 
MCFAs and ketones bodies have been found to support 
GABA synthesis and have antioxidant, anti-inflammatory 

and other beneficial effects [29, 35, 36], which may con-
tribute to the anticonvulsant effects.

βHB Metabolism is Likely to be Higher in Vivo

Metabolism of [U-13C]βHB gave rise to lower MCL in most 
metabolites in cerebral cortical slices when compared to 
[U-13C]C8 and [U-13C]C10. The fact that C8 and C10 have 
at least double the number of carbon atoms compared to 
βHB needs to be taken into consideration, as it may, to some 
extent, explain the substrate differences in 13C enrichment. It 
could be argued that the MCL should be adjusted according 
to the total 13C content of the substrates. However, such a 
correction is not easily applied as the acetyl CoA units of C8 
are not metabolized at the same rate [37]. The differences in 
MCL between βHB and the MCFAs can also be explained 
by the fact that cellular βHB uptake requires MCT activity 
whereas MCFAs are able to diffuse across cell membranes 
[38, 39]. The  Km of MCT1 for βHB is 12.5 mM, in endothe-
lial cells and astrocytes, and 1.2 mM for the neuronally 
expressed MCT2 [16]. As we used 200 µM βHB in our 
experiments, the low MCT affinities for βHB are expected 
to limit its uptake, particularly in astrocytes. Furthermore, 
given that glucose and βHB are metabolized in the same cel-
lular compartment, the 5 mM of unlabeled glucose may have 
competed to a higher extent with metabolism of [U-13C]βHB 
than MCFAs in the brain slices. However, during ketogenic 
diet feeding in mice, cerebral glucose and βHB levels were 
found to be 1.3 mM and 50 µM, respectively [26], amounting 
to 4% of βHB relative to glucose, which is the same βHB to 
glucose ratio used in the present study.

One limitation of our experimental set-up is that the 
blood brain barrier (BBB) is not involved in βHB uptake 
in cerebral cortical slices. The in vivo metabolism of βHB 
appears to be mostly limited by uptake at the BBB, where 
MCT1 is expressed in endothelial cells and astrocytes [40]. 
Under physiological conditions, when βHB enters the brain 
via the BBB, it is potentially metabolized to a greater extent 
by astrocytes, whose end feet are part of the barrier. This is 
reflected by similar 13C enrichments in glutamate and glu-
tamine in vivo during 13C-glucose and 13C-ketone body infu-
sion [17, 23]. It should also be considered that blood βHB 
levels can reach 1–5 mM with ketogenic diets in humans and 
rodents [2]. Such elevated βHB levels, in combination with 
lower glucose levels induced by a ketogenic diet, further 
increase βHB metabolism in vivo. Elevating levels of blood 
ketone bodies, induced by starvation or during ketogenic diet 
use, linearly increased cerebral βHB uptake and metabolism, 
while glucose metabolism was proportionally reduced, with 
ketone bodies contributing up to a third of the brain energy 
needs [5, 41]. Under such conditions, MCTs were found 
to be expressed at higher levels and capillary density was 
increased [42, 43]. Interestingly, C8 metabolism has been 
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shown to stimulate astrocyte βHB synthesis in vitro [13, 
37, 44]. It has been proposed that the formed βHB may be 
transferred from astrocytes to neurons, hereby constituting a 
ketone body shuttle [45]. The present study does not support 
a very high activity of this shuttle, as most of the 13C enrich-
ment from [U-13C]C8 was found in the astrocytic metabolic 
markers citrate and glutamine, which is supported by in vivo 
observations [12]. However, such a shuttle would be in line 
with the observed neuronal preference for βHB metabolism. 
Further studies are needed to investigate cerebral βHB and 
MCFA metabolism in vivo and other effects after prolonged 
usage of ketogenic diets and/or MCFAs.

Conclusions

Increased understanding of functional, biochemical and 
molecular changes of the therapeutic use of MCFAs and 
ketogenic diets is expected to help optimize their anticonvul-
sant and neuro-protective effects. More research is needed to 
better understand MCFA- and ketonemia-induced changes in 
brain metabolism and other non-metabolic effects.
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