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Glucose is the dominant oxidative fuel for brain, but studies have indicated that fatty acids are used by brain as well. We postulated that
fatty acid oxidation in brain could contribute significantly to overall energy usage and account for non-glucose-derived energy produc-
tion. [2,4,6,8-13C4]octanoate oxidation in intact rats was determined by nuclear magnetic resonance spectroscopy. We found that oxida-
tion of 13C-octanoate in brain is avid and contributes �20% to total brain oxidative energy production. Labeling patterns of glutamate
and glutamine were distinct, and analysis of these metabolites indicated compartmentalized oxidation of octanoate in brain. Examina-
tion of liver and blood spectra revealed that label from 13C-octanoate was incorporated into glucose and ketones, which enabled calcu-
lation of its overall energy contribution to brain metabolism: glucose (predominantly unlabeled) and 13C-labeled octanoate can account
for the entire oxidative metabolism of brain. Additionally, flux through anaplerotic pathways relative to tricarboxylic acid cycle flux (Y)
was calculated to be 0.08 � 0.039 in brain, indicating that anaplerotic flux is significant and should be considered when assessing brain
metabolism. Y was associated with the glutamine synthesis compartment, consistent with the view that anaplerotic flux occurs primarily
in astrocytes.
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Introduction
Glucose is well established as the major oxidative fuel for brain
(Sokoloff et al., 1977), but cell culture (Edmond et al., 1987;
Auestad et al., 1991) and in vivo (Cerdan et al., 1990; Kuge et al.,
1995; Lebon et al., 2002) experiments have demonstrated that
fatty acids are oxidized by brain tissue as well. Cell culture studies
with astrocytes, neurons, and cocultures of these cells have ascer-
tained that fatty acid metabolism in brain occurs in astrocytes
(Edmond et al., 1987; Waniewski and Martin, 1998). Moreover,
these cells prefer fatty acids to glucose as an oxidative fuel (Ed-
mond et al., 1987).

We hypothesized that fatty acid oxidation in brain could con-
tribute significantly to overall energy usage. Previous studies of
fat oxidation in brain have been limited to acetate, the simplest of
fats (Badar-Goffer et al., 1990; Cerdan et al., 1990; Hassel and
Sonnewald, 1995; Sonnewald et al., 1996; Lebon et al., 2002);
however, acetate is not a primary physiological fuel for brain
(Vannucci and Hawkins, 1983; Edmond, 1992). Conversely, oc-
tanoate is a medium-chain fatty acid that composes up to 13% of

the normal free fatty acid pool in humans (Mamunes et al., 1974),
readily crosses the blood– brain barrier (Oldendorf, 1971, 1973),
and is an important component of medium-chain triglycerides
used in various clinical settings (Sulkers et al., 1989; Eckel et al.,
1992; Rouis et al., 1997; Gillingham et al., 1999). Octanoate may
also offer a unique approach to dissecting the glutamate–glutamine
neurotransmitter cycle on the basis of evidence that fatty acid oxida-
tion (Edmond et al., 1987) as well as glutamine synthesis (Norenberg
and Martinez-Hernandez, 1979) occur predominantly in astrocytes.
We therefore examined 13C-labeled octanoate to more fully under-
stand the biochemistry of this medium-chain fatty acid in brain in
the intact animal.

Materials and Methods
Animal preparation and experimental design. All experimental procedures
were approved by the Institutional Animal Care and Use Committee at
the Veterans Affairs North Texas Health Care System (VANTHCS).
Adult male Sprague Dawley rats (329.1 � 10.6 gm; Charles River, King-
ston, MA) were housed in the VANTHCS Animal Resources Center with
a 12 hr light/dark cycle and had ad libitum access to water and lab chow.

Rats were weighed and anesthetized with an intraperitoneal injection
of 1–3 ml/kg ketamine/xylazine mixture (6 mg/ml xylazine, 94 mg/ml
ketamine). After a tracheotomy was performed, 1–2.5% isoflurane (Iso-
tec 3 vaporizer, Matrix Medical, Buffalo, NY) in 100% O2 was used to
maintain anesthesia and delivered via a positive-pressure ventilator
(model 683 Small Animal Ventilator, Harvard Apparatus, South Natick,
MA) at a rate of 1.25 cc/min, �100 breaths per minute. The right carotid
artery was catheterized and connected to a fluid-filled pressure trans-
ducer (model P23XL Gould Transducer, Future Tech, Birmingham, AL)
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to continuously monitor heart rate and blood pressure throughout the
surgical procedure. Systemic arterial blood gases were monitored using a
blood gas analyzer (ABL-4, Radiometer, Westlake, OH). Gas mixture
and ventilation rate were adjusted to maintain physiological blood pH
(end pH 7.3 � 0.10) and arterial O2 saturation to 99�%. After arterial
cannulation, the jugular vein was cannulated and connected to an infu-
sion pump (model 22, Harvard Apparatus) for administration of labeled
and unlabeled octanoate. Initially, 220 mM unlabeled sodium octanoate
(Aldrich, Milwaukee, WI) was infused at a rate of 2.67 ml/hr. Tempera-
ture was maintained at 37°C with an external heating pad under the rat in
combination with heat radiating from an incandescent light source illu-
minating the surgical field.

At time 0 (after �30 min of unlabeled octanoate infusion), infusate
was changed to 220 mM sodium [2,4,6,8- 13C4]octanoate (Cambridge
Isotope Laboratories, Andover, MA). Additionally at time 0, muscles of
the left limb were contracted via direct electrical stimulation to the sciatic
nerve. After 105 min of 13C-octanoate infusion, a blood sample was
taken, and tissues including whole brain (forebrain, cerebellum, and
brainstem) and liver were surgically isolated, immediately frozen in liq-
uid nitrogen, and then stored at �80°C until extraction. The rat was
killed by removal of the heart under deep anesthesia.

Tissue preparation. Whole brain and liver were extracted by homoge-
nization in ice-cold 3.6% perchloric acid (PCA) with a motor-driven
tissue grinder (model 985–370, Biospec Products, Bartlesville, OK).
Brain and liver homogenates and PCA-extracted blood samples were
then centrifuged, neutralized, and lyophilized overnight in a rotary evap-
orator (SpeedVac, Savant Instruments, Farmingdale, NY; Flexi-Dry mi-
croprocessor lyophilizer, FTS Systems, Stone Ridge, NY). Lyophilates
were brought to a volume of 550 �l in deuterium oxide (Cambridge
Isotope Laboratories).

Metabolite concentration. Aliquots (150 �l) of arterial blood taken from
the carotid artery were obtained before octanoate infusion and at the end of
the experiment. Plasma was analyzed using gas chromatography–mass spec-
trometry to determine enrichment and concentration of octanoate at these
time points (Powers et al., 1995). Octanoate was assayed by derivatization

with 2,4-difluoroaniline, using 1,3-dicyclo-
hexylcarbodiimide as a coupling agent. [9,9,9-
2H3]nonanoate was used as an internal standard.
Additionally, glucose and ketones (acetoacetate
and �-hydroxybutyrate) were measured fluoro-
metrically (Maughan, 1982) from a 40 �l aliquot
of arterial blood.

Nuclear magnetic resonance spectroscopy.
Proton-decoupled 13C and solvent-suppressed
1H nuclear magnetic resonance (NMR) spectra
of the tissue extracts were collected at 37°C on a
Varian INOVA 600 MHz spectrometer (Var-
ian, Palo Alto, CA) in a 5 mm broadband
probe. 13C NMR spectra were obtained using a
30 K sweep width, 45° pulse, 1.5 sec pulse delay,
and bilevel proton decoupling. To achieve ade-
quate signal to noise, the number of scans ac-
quired was typically 4000 for brain and 1000 for
liver and blood. Solvent-suppressed 1H spectra
were collected with a pulse width of 9.2 �sec, 10
sec pulse delay, and 32 scans per sample. Free
induction decays were baseline corrected and
multiplied by an exponential function before
Fourier transformation; 0.5 Hz line broadening
was used for all extracts. Areas and intensities of
13C and 1H spectra were quantitated by a
curve-fitting program (NUTS, Acorn Inc.).
Line fit was considered adequate if difference
spectra were indistinguishable from spectral re-
gions with no visible peaks. For 13C glutamate
and glutamine regions, each multiplet area was
normalized and reported as a fraction of the
total area for that specific carbon resonance.

Data analysis. Acetyl-CoA fractional enrich-
ments were determined by non-steady-state

and steady-state isotopomer analysis (Malloy et al., 1987, 1988, 1990).
Flux through combined anaplerotic reactions relative to tricarboxylic
acid (TCA) cycle flux (Y) was determined by steady-state isotopomer
analysis (Malloy et al., 1987, 1988). Isotopomer analysis is based on evo-
lution of 13C label in metabolites in exchange with the TCA cycle. Acetyl-
CoA fractional enrichments and Y can be ascertained from 13C spectra by
determining (1) the fractional contribution of glutamate and glutamine
multiplet areas within a given carbon resonance and (2) the ratios of all
peak areas in different carbons. The fractional contribution of acetyl-
CoA labeled only in carbon 2 to the entire acetyl-CoA pool is designated
Fc2; the contribution of acetyl-CoA labeled only in carbon 1, Fc1; con-
tribution of doubly labeled acetyl-CoA, Fc12; and Fc0 represents the
unlabeled fraction of the acetyl-CoA pool from unlabeled sources. We
used non-steady-state equations from Malloy et al. (1990) to calculate
Fc2 and Fc0. Steady-state values were obtained using TCAcalc (http://
www2.swmed.edu/rogersmr/availableproducts.htm), a program that
analyzes a set of simultaneous nonlinear equations to solve for relative
fluxes through pathways intersecting the TCA cycle (Malloy et al., 1988;
Jeffrey et al., 1996).

Isotopic steady state was determined by comparing (1) spectral versus
steady-state-calculated peak areas and (2) fractional enrichment values
using non-steady-state (Malloy et al., 1990) versus steady-state (Malloy
et al., 1987) equations. Brain metabolism was modeled using steady-state
analysis results from liver as well as TCAsim software (http://
www2.swmed.edu/rogersmr/available products.htm) (Jeffrey et al.,
1991). Results are reported as means � SD (n � 5). The Student’s un-
paired two-tailed t test was used to compare all measured data; p � 0.01.

Results
Incorporation of [2,4,6,8-13C4]octanoate in brain
A representative 13C spectrum of the extract of whole brain from
rats infused with [2,4,6,8- 13C4]octanoate for 105 min is shown in
Figure 1. The inset shows resonance regions from all five gluta-
mate (E) and glutamine (Q) carbons 1–5 (C1–C5) and GABA

Figure 1. 13C spectrum of representative extract of intact rat brain infused with [2,4,6,8-13C4]octanoate for 105 min. Gluta-
mate (E) and glutamine (Q) regions of carbons 1–5 (C1–C5) and GABA (Gb) C2–C4 are shown. Multiplets are depicted as follows:
singlet (S), doublet (D), and triplet (T). Doublets resulting from carbon– carbon coupling of adjacent carbons are noted [e.g., C3
and C4 (D34) in C4 region]. Inset, Full 13C spectrum; regions of E, Q, Gb, and lactate (La) carbon resonances are indicated. PPM, Parts
per million.
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carbons C2–C4 (Fig. 1). 13C-labeled octanoate is avidly metabo-
lized by brain, resulting in multiple peaks (multiplets) in each of
these resonance areas.

Incorporation of 13C-labeled octanoate in brain results in dif-
ferent labeling patterns between corresponding glutamate and
GABA versus glutamine carbons (Fig. 1). The labeling pattern of
GABA most closely resembles that of glutamate, as evidenced by
a much higher singlet to doublet ratio in GABA and glutamate C3
as compared with glutamine C3 (Fig. 1). In the glutamine C4
region, there is a conspicuous lack of a doublet arising from
C4 –C5 carbon– carbon coupling (D45) that is clearly present in
the glutamate C4 and GABA C2 resonances (Fig. 1). In fact, in
both C4 and C5 of glutamate, D45 is readily apparent (Fig. 1).

Glutamate and glutamine isotopomer analysis in brain
Relative peak areas and ratios from glutamate and glutamine
resonances are used in steady-state and non-steady-state calcula-
tions of fractional contributions to acetyl-CoA in brain. No dif-
ferences were found in spectral data compared with calculated
steady-state values for either glutamate or glutamine. Addition-
ally, non-steady-state analysis was used as a tool to determine
whether steady state had been achieved in these experiments. Fc2
values from non-steady-state versus steady-state analysis were
not different for either glutamate or glutamine (Table 1). These
data indicate that glutamate and glutamine isotopic steady state
(ISS) had been reached by 105 min.

Glutamate steady-state Fc2 values (Table 1) indicated signifi-
cant oxidation of medium-chain fatty acid by brain TCA cycle.
Twenty-three percent of acetyl-CoA in brain was enriched by
infusion with [2,4,6,8- 13C4]octanoate. Glutamine steady-state
isotopomer analysis (Table 1) yielded a higher Fc2 value of 56%.
Values for both glutamate and glutamine represent substantial
oxidation of fatty acid within brain tissue, and disparate distribu-
tion of octanoate-derived label among TCA cycle ancillary reac-
tions indicates a compartmentation of octanoate metabolism
within brain.

Because ISS was achieved in these experiments, it was possible
to calculate flux through anaplerotic pathways relative to TCA
cycle flux (Y) in the brain (Table 1). Y is higher in glutamine
versus glutamate isotopomer analysis (Table 1), indicating that
most of the anaplerotic flux in brain is occurring in the TCA cycle
associated with glutamine production. The percentage of gluta-
mate and glutamine metabolite pools generated through anaple-
rotic pathways can be calculated using the equation Y/(Y � 1)
when the TCA cycle flux is set to 1 (Malloy et al., 1988) and the Y
value for glutamate or glutamine is used (Table 1). The anaple-
rotic contribution to the glutamate pool (7.3 � 3.4%) is substan-
tially lower than that of glutamine (39.6 � 2.6%) in brain.

Contribution of 13C-labeled glucose to brain metabolism
[2,4,6,8- 13C4]octanoate administered in these experiments can
only provide acetyl-CoA units labeled in carbon 2 (Fc2) (Fig. 2).
Glutamate molecules labeled in both the 4 and 5 positions can
only arise from a substrate that provides doubly labeled acetyl-
CoA (Fc12) (Fig. 2). Thus exogenously administered 13C-labeled
octanoate must have been metabolized elsewhere in the animal,
and 13C label redistributed into a substrate that would be avail-
able for oxidation in brain. We therefore investigated glucose
labeling via gluconeogenesis, as well as the possibility of label
arising from ketogenesis.

Octanoate, glucose, and ketones were measured from arterial
blood samples taken before octanoate infusion began and at the
end of the experiment. Glucose concentration was not different
between these two time points (11.4 � 1.7 mM initial; 11.1 � 2.7

Table 1. Glutamate and glutamine isotopomer analysis

Glutamate Glutamine

NSS SS NSS SS

Fc2 0.227 � 0.030 0.227 � 0.021 0.656 � 0.079* 0.558 � 0.039*
Fc0 0.773 � 0.030 0.734 � 0.027 0.344 � 0.079* 0.405 � 0.031*
Fc1 0.030 � 0.020 0.031 � 0.015
Fc12 0.010 � 0.005 0.006 � 0.007
Y 0.080 � 0.039 0.658 � 0.075*

Results of non-steady-state (NSS) and steady-state (SS) isotopomer analysis of glutamate and glutamine listed as
mean � SD (n � 5). Fc2 represents the fraction of acetyl-CoA labeled in the carbon 2 (C2) position, predominantly
from exogenous [2,4,6,8 –13C4]octanoate; Fc0 corresponds to the contribution of unlabeled acetyl-CoA from unla-
beled endogenous substrates; Fc1 and Fc12 show the fraction of acetyl-CoA labeled in C1 and both C1 and C2,
respectively; and Y depicts flux through anaplerotic pathways relative to TCA cycle flux. No differences were found
between non-steady-state and steady-state values for either glutamate or glutamine; *different from glutamate
(p � 0.01).

Figure 2. 13C isotope isomer (isotopomer) analysis is based on the appearance of 13C label
(F) in the carbons of glutamate originating from labeled acetyl-CoA. Glutamate is in rapid
exchange with the TCA cycle intermediate, �-ketoglutarate (�-KG), and is present in concen-
trations high enough to be readily detected using magnetic resonance spectroscopy. Label from
�-oxidation of exogenously administered [2,4,6,8-13C4]octanoate gives rise to label in the
carbon 2 of acetyl-CoA (Fc2). When this label enters the TCA cycle the first time, it gives rise to a
single peak (singlet) in the glutamate carbon 4 (C4) region. As the TCA cycle turns over, 13C label
is mixed at symmetrical intermediates giving rise to label in adjacent carbons, which splits the
signal of those carbons into multiple peaks (multiplets). For example, if C2-labeled oxaloacetate
condenses with methyl-labeled acetyl-CoA (from exogenous octanoate), a doublet (D34) will be
seen (attributable to J34) in the area where glutamate C4 resonates in the 13C spectrum as
shown. Different starting populations of labeled acetyl-CoA yield distinct glutamate labeling
patterns. If the glutamate C4 resonance is considered, doubly labeled acetyl-CoA first gives rise
to D45 in this region. As the TCA cycle turns over and this 13C label is mixed, it is possible to
generate label in carbons 3, 4, and 5 of glutamate, leading to a doublet of doublets or quartet (Q)
in the glutamate C4 resonance. No label is generated in the C4 area from the unlabeled acetyl-
CoA populations (Fc0) or those labeled only in carbon 1 (Fc1). Thus, the combination of the S,
D34, D45, and Q in the glutamate C4 region will be nine peaks. This analysis can be done with
other carbons of glutamate (e.g., C3) or other metabolites (e.g., glucose).
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mM final). Initial ketone levels (acetoacetate plus �-hydroxybutyrate)
were 131.2 � 78.4 �M and increased to a final concentration of
357.4�97.8�M. Endogenous octanoate was undetectable. After 105
min of infusion with [2,4,6,8-13C4]octanoate, 13C-labeled octanoate
concentration was 250 � 25 �M and unlabeled octanoate was unde-
tectable, indicating nearly 100% octanoate enrichment.

Liver extracts were examined using 13C magnetic resonance
spectroscopy. Glutamate steady-state analysis of livers from ani-
mals infused for 105 min revealed that the fractional contribution
of [2,4,6,8- 13C4]octanoate to acetyl-CoA was 40% and Y was
37%. To evaluate glucose and ketone 13C labeling, 1H spectra
were analyzed to obtain the fractional 13C enrichment of glucose
and �-hydroxybutyrate in blood and liver. Carbon 1 of glucose
and carbon 4 of �-hydroxybutyrate were chosen as a basis for
measuring glucose and �-hydroxybutyrate 13C enrichment be-
cause of the absence of interfering resonances in those regions of
the 1H spectrum. Areas under side peaks caused by 13C splitting
were measured and expressed as a fraction of total peak area in
glucose C1 and �-hydroxybutyrate C4 regions. Blood enrich-
ment of glucose C1 reflected that of liver (4.4 � 1.0%). 13C en-
richment of �-hydroxybutyrate C4 in blood was 22.6 � 8.1%.

To verify that Fc1 and Fc12 in brain (Table 1) were caused by
labeled glucose arising from gluconeogenesis, correlating car-
bons were compared. Glucose C1 enrichment ratios from liver
and resultant lactate C3 enrichment ratios in brain were mea-
sured and compared with brain acetyl-CoA isotopomers labeled
in carbon 1 only and labeled in both carbons 1 and 2 (i.e., the
fractional contributions that could not have arisen from 13C-
labeled octanoate).

Both � and � anomers of glucose C1 are easily analyzed in 13C
spectra. By measuring the doublet resulting from C1 and C2 cou-
pling (D12) and singlet (S) in this region, the relative contribu-
tion of glucose isotopomers enriched in both C1 and C2 to the
total C1 resonance can be calculated using the ratio D12/(S �
D12) (Fig. 3). Through glycolysis, lactate C3 is derived directly
from glucose C1 (and C6, which should reflect labeling identical
to that of C1), and hence the ratio of D23/(S � D23) in the lactate
C3 region was measured in 13C brain spectra (Fig. 3). Lactate
D23/(S � D23) is not different from the D12/(S � D12) ratio of
the � or � anomer of glucose (Fig. 3). Additionally, overall 13C
enrichment of lactate C3 in brain 1H spectra was measured by
comparing 13C side peaks with the 12C peak. Fractional enrich-
ment of lactate C3 was 0.040 � 0.008, which is not different from
the 0.044 � 0.01 enrichment observed in glucose C1.

Similarly, from steady-state glutamate analysis in brain (Table
1), the ratio of doubly labeled (Fc12) and carbon 1-labeled (Fc1 �
Fc12) acetyl-CoA pool could be compared with those ratios in the
correlating C1 resonance of glucose and C3 resonance of lactate
(Fig. 3). Fc12/(Fc1 � Fc12) is not different from D12/(S � D12)
for either anomer of glucose in liver, nor is it different from the
lactate D23/(S � D23) ratio in brain (Fig. 3).

Fc1 and Fc12 agree well with a contribution of glucose from
liver gluconeogenesis to energy metabolism in brain. However,
Fc2 is proportionately much larger because of avid oxidation of
octanoate in brain. Assuming randomization of label at succinate
and fumarate, labeled glucose produced in these experiments will
give rise to approximately equal amounts of singly enriched glu-
cose molecules in C1, C2, C5, and C6. Therefore, Fc2 arising from
glucose C1 and C6 will be approximately equal to Fc1 arising
from glucose C2 and C5. Subtracting the Fc2 contribution from
glucose (0.030) from the total Fc2 (0.227) (Table 1) leaves an Fc2
of �20% attributable to 13C-octanoate.

N-acetyl aspartate enrichment
Brain 1H spectra were analyzed to determine 13C fractional en-
richment of N-acetyl aspartate (NAA). NAA C6 (corresponding
to the methyl carbon of acetyl-CoA) enrichment was 8.5 � 3.4%.
This is not different from fractional enrichment of lactate C3
(4.0%) or of acetyl-CoA C2 (arising from glucose) in brain (Fc2
� Fc12 � 3.9 � 2.5%) and is consistent with the contribution of
enriched 13C-glucose to neuronal acetyl-CoA.

Model of brain metabolism
To verify isotopic distribution of glucose, we constructed a sub-
strate oxidation model based on our data and TCAsim software.
With metabolic information about liver in these experiments, it
is possible to predict the distribution of the 64 different glucose
isotopomers generated via gluconeogenesis using TCAsim
(Fig. 4A, columns 1, 2). Isotopomer analysis clearly showed a
high level of enrichment from a labeled substrate that enriched
acetyl-CoA at carbon 2 (Table 1), consistent with [2,4,6,8-
13C4]octanoate that was administered. On the basis of the mea-
sured Fc2 (0.227) and glucose contribution to Fc2 (0.030),
octanoate contribution was calculated to be 20% (Table 1). Be-
cause it is well established that glucose is the major oxidative fuel
in brain and 20% of metabolism had already been accounted for,
80% of oxidative metabolism was ascribed to glucose (Fig. 4A,
column 3). The contribution of glucose isotopomers to acetyl-
CoA in brain (Fc1, Fc2, Fc12, and Fc0) was calculated by adding
all of these isotopomers (Fig. 4A, columns Fc1–Fc0). This allows
direct comparison of model values with experimental fractional
contributions obtained via glutamate isotopomer analysis (Fig.
4B, Table 1); they are in precise agreement.

Figure 3. 13C spectral regions of glucose carbon 1 (C1) � and � anomers from representa-
tive liver extract and lactate C3 from representative brain extract of intact rat infused with
[2,4,6,8-13C4]octanoate for 105 min. Fractional contribution of glucose doublet arising from
carbon– carbon coupling of C1 and C2 (D12) is shown in the inset for each anomer. The frac-
tional contribution of the corresponding lactate doublet (D23) and the ratio of the analogous
contribution of doubly labeled acetyl-CoA population (Fc12) to acetyl-CoA pool labeled in
C1 (Fc1) plus Fc12 in brain is depicted. None of these ratios were different from each other
(p � 0.01).
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Discussion
These data demonstrate that a medium-chain fatty acid (octano-
ate) can directly contribute �20% of energy for brain in an intact,
physiological system. Isotopomer analysis of glutamate versus
glutamine indicates that oxidation of octanoate within brain is
compartmentalized and associated with the production of glu-
tamine. This compartment is also responsible for the majority of
anaplerotic flux that occurs in brain. Additionally, we demon-
strated that gluconeogenesis from 13C-labeled octanoate contrib-
utes to blood glucose, which in turn is oxidized in brain. On the
basis of glucose enrichment data and reinforced by the model,
glucose (predominantly unlabeled) and 13C-labeled octanoate
can account for the entire oxidative metabolism of brain.

Although glucose is the major oxidative fuel for brain, fatty
acids are used as well (Edmond et al., 1987; Auestad et al., 1991;
Kuge et al., 1995). Several studies have examined fatty acid me-
tabolism in brain using acetate, the simplest of fats (Badar-Goffer
et al., 1990; Cerdan et al., 1990; Hassel and Sonnewald, 1995;
Sonnewald et al., 1996; Lebon et al., 2002). However, acetate is
not a primary physiological fuel for brain (Vannucci and
Hawkins, 1983; Edmond, 1992) and crosses the blood– brain bar-
rier relatively slowly using the monocarboxylate transport car-
rier, where lactate, pyruvate, and ketones compete for transport
(Oldendorf, 1973; Waniewski and Martin, 1998). Medium-chain
fatty acids are normally present in plasma at significant levels
(Mamunes et al., 1974) and readily cross the blood– brain barrier
(Oldendorf, 1971, 1973). In experiments reported here, octano-
ate infusions in intact rats resulted in plasma octanoate concen-
trations lower than those commonly achieved clinically with oral
dosing of medium-chain triglyceride oil (Dean et al., 1989; Roe et
al., 2002).

As demonstrated previously using labeled glucose (Badar-
Goffer et al., 1990; Lapidot and Gopher, 1994; Aureli et al., 1997;
Sibson et al., 2001) and labeled acetate (Badar-Goffer et al., 1990;
Cerdan et al., 1990; Brand et al., 1997), incorporation of 13C-
labeled octanoate in brain results in different labeling patterns
between corresponding glutamate and glutamine carbons (Fig.
1). This phenomenon is not seen in other tissues using the same
infusion of [2,4,6,8- 13C4]octanoate (data not shown). Because
glutamate is the requisite precursor of both glutamine and
GABA, differences in labeling patterns in these three molecules
reflect some degree of compartmentation or limited exchange.
The labeling pattern of GABA is different from that of glutamine
(Fig. 1). This suggests that GABA is being created from labeled
glutamate that is partially separated from labeled glutamate that
is the precursor to glutamine, perhaps the result of GABA syn-
thesis occurring in GABAergic neurons from a metabolic pool of
glutamate.

Isotopomer analysis can be performed on any metabolite in
exchange with the TCA cycle. We expected that glutamate isoto-
pomer analysis would provide information about brain metabo-
lism as a whole because it reflects a combination of all TCA cycles
in the brain in exchange with a pool of glutamate. The most likely
sources of glutamate labeling in our experiments arise from (1)
octanoate oxidation in astrocytes contributing to the small astro-
cytic pool of glutamate, (2) octanoate oxidation in astrocytes

4

glucose contribution (80% of FC) giving rise to acetyl-CoA populations as shown (Fc1, Fc2, Fc12,
and Fc0). B, By combining 80% glucose contribution with 20% from exogenous [2,4,6,8-
13C4]octanoate, 100% of brain energy metabolism is accounted for (not different from steady-
state analysis values in Table 1; p � 0.01).

Figure 4. A, Glucose isotopomers and resultant fractional isotopomer contribution to the
glucose pool (FC) as generated from TCAsim software using liver data from rats infused with
[2,4,6,8-13C4]octanoate for 105 min. Brain energy metabolism was modeled using an 80%
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resulting in labeled glutamine, subsequently exported to neurons
and converted to glutamate by the action of the neurotransmitter
cycle, which contributes to the large neuronal glutamate pool,
and (3) oxidation of labeled glucose contributing primarily to the
large neuronal glutamate pool. Glutamine isotopomer analysis,
on the other hand, gives information primarily regarding the
astrocytic TCA cycle, because glutamine synthetase is an
astrocyte-specific enzyme (Norenberg and Martinez-Hernandez,
1979). Glutamate analysis reflected a 20% enrichment of acetyl-
CoA carbon 2 after subtraction of the contribution of enriched
glucose, which represents a significant 13C-octanoate contribu-
tion to overall brain oxidative metabolism. When glutamine
analysis is examined (Fc2 � 56% of the acetyl-CoA pool), it
becomes apparent that most of the octanoate oxidation is occur-
ring within a brain compartment associated with glutamine
production.

It was expected that octanoate metabolism would take place
exclusively in the astrocytes (Edmond et al., 1987) and that glu-
cose oxidation would occur primarily in neuronal cells (Edmond
et al., 1987; Magistretti and Pellerin, 1999). Glutamine isoto-
pomer analysis yielded Fc2 values two- to threefold higher than
glutamate isotopomer analyses (Table 1), which is consistent
with 13C-labeled octanoate oxidation by the astrocytic TCA cy-
cle. Furthermore, the anaplerotic contribution to brain glu-
tamine (39.6 � 2.6%) was greater than that of glutamate (7.3 �
3.4%), with Y values considerably higher in glutamine versus
glutamate isotopomer analysis (Table 1), indicating that most of
the anaplerotic flux in brain is occurring in the TCA cycle asso-
ciated with glutamine production.

NAA was also examined to further investigate compartmen-
tation of brain metabolism. This modified amino acid is a well
established neuronal marker (Simmons et al., 1991), and
L-aspartate N-acetyltransferase, the enzyme that synthesizes NAA
from acetyl-CoA and aspartate, is localized in neuronal mito-
chondria (Patel and Clark, 1979). Under steady-state conditions,
it would be expected that enrichment of the acetyl moiety of NAA
would give an accurate reflection of acetyl-CoA pool enrichment
specifically in neuronal cells. NAA C6 (corresponding to the
methyl carbon of acetyl-CoA) enrichment was 8.5 � 3.4%. This is
not different from fractional enrichment of lactate C3 (4.0 �
0.8%) or of acetyl-CoA C2 (arising from glucose) in brain (Fc2 �
Fc12 � 3.9 � 2.5%). Taken together, these data are consistent
with (1) octanoate oxidation and substantial anaplerotic flux in
astrocytes and (2) oxidation of glucose [or glucose-derived lac-
tate (Magistretti and Pellerin, 1999)] occurring primarily in
neurons.

The overall brain relative anaplerotic flux value reported here
(Table 1) is in excellent agreement with previously reported esti-
mations of anaplerotic flux (10%) (Cheng et al., 1967; Aureli et
al., 1997). These measurements were made relative to carbohy-
drate oxidation as opposed to total substrate oxidation. Our ex-
periments indicate that 80% of brain oxidative metabolism is a
result of glucose oxidation and 20% is from noncarbohydrate
sources. If previous brain estimations of anaplerotic flux on the
basis of oxidative use of glucose (Cheng et al., 1967; Aureli et al.,
1997) are adjusted to consider anaplerotic flux on the basis of
oxidative use of all substrates, this results in a corrected overall
anaplerotic flux value of 8%, which is in close agreement with this
study (Table 1). Astrocytic TCA cycle relative anaplerotic flux
(66%) (Table 1) likely accounts for the majority of brain anaple-
rotic flux. This is in excellent agreement with a study using acetate
to study the glial TCA cycle, which reported that 65% of cycle
intermediates were lost per turn, and flux through pyruvate car-

boxylase was �60% that of pyruvate dehydrogenase (Hassel et
al., 1995).

Although the rate of neurotransmitter cycling has been calcu-
lated previously (Lebon et al., 2002), the rate at which metabolites
from this cycle exchange with metabolites from the TCA cycle in
both astrocytes and neurons is less clear. Certainly this exchange
did occur in our experiments, as evidenced by the appearance of
substantial quantities of labeled glutamate with administration of
13C-octanoate, a fuel that is specifically oxidized in astrocytes.
Without operation of the neurotransmitter cycle, label incorpo-
ration into glutamate would have arisen predominantly from
neuronal metabolism of the small amount of labeled glucose
(�7%) and thus have been substantially lower than that ob-
served. A large portion of relative anaplerotic flux that we ascribe
to astrocytes may be to support neurotransmitter cycling through
net production of glutamine via glutamate and �-ketoglutarate.
However, the proportion or absolute magnitude of anaplerotic
flux that is directly linked to the neurotransmitter cycle in this
manner is unknown.

Oxidative entry of doubly labeled acetyl-CoA (Fc12) was
clearly demonstrated in brain spectra. Because labeled fatty acid
oxidized by astrocytes rapidly gives rise to label in glutamine
(Badar-Goffer et al., 1990; Brand et al., 1997) and the D45 is not
readily visible in glutamine resonances (Fig. 1), it is not likely that
the observed glutamate D45 was caused by 13C label exiting the
TCA cycle as pyruvate and reentering through acetyl CoA (pyru-
vate recycling) within the compartment oxidizing fatty acids.
Therefore, 13C-labeled octanoate must have been metabolized
elsewhere in the animal and 13C label redistributed into a sub-
strate that would be available for oxidation in brain. The likely
pathway for this is liver gluconeogenesis. Liver achieves isotopic
steady state by 60 min in the intact rat (Gavva et al., 1994); thus
flux through combined anaplerotic reactions relative to TCA cy-
cle flux (Y) could be assessed accurately. Liver values for Y were
calculated to be 37%. In liver much of this flux is through phos-
phoenolpyruvate carboxykinase, leading to subsequent genera-
tion of labeled glucose (Jones et al., 1997). On the basis of liver
and blood glucose enrichment measurements and their correla-
tion with labeled lactate in brain, additional contribution to la-
beled acetyl-CoA pool in brain was attributed to 13C-enriched
glucose.

It is conceivable that a contribution to Fc2 may have been
caused by ketones from liver ketogenesis, which would preserve
the labeling paradigm of [2,4,6,8- 13C4]octanoate. Several points
dispute significant oxidation of ketones by brain under these con-
ditions. First, concentration of ketones at the end of the experi-
ment was 357.4 � 97.8 �M. Although this represents a 2.7-fold
increase over the endogenous concentration, 13C enrichment of
ketones was only 22.6 � 8.1%; the remaining 77% unlabeled
ketones would contribute to Fc0 when metabolized, for which
there is not much latitude in the data. Additionally, oxidation of
octanoate and glucose can account for the entire oxidative me-
tabolism of brain (Fig. 4). If the 80% glucose/20% octanoate
metabolic model is shifted to either side of this 80:20 ratio by even
4%, modeled fractional enrichment of acetyl-CoA in brain be-
comes significantly different from our experimental data (Table
1). Thus, there is very little margin in the data or in the model for
additional sources of unlabeled (or partially labeled) oxidizable
substrates. Second, ketones are not a primary fuel for brain in fed
animals. Hawkins et al. (1971) calculated that only 3% of total
brain oxygen consumption in fed, anesthetized rats was caused by
metabolism of ketones at an arterial blood ketone concentration
of 0.228 mM. Ketone uptake is linear with arterial plasma ketone
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concentration from 0 to 1.5 mM (Hawkins et al., 1971). Extrapo-
lation of these data using the highest arterial concentration of
ketones measured at the end of our experiment (0.357 mM)
showed that ketones contributed �5% to brain metabolism in
our animals. With 23% ketone 13C enrichment observed, ketone
contribution to Fc2 is at most 1%. Third, unlike octanoate, which
is oxidized solely in astrocytes, ketones have been shown to be
oxidized by both neurons and glia, albeit to varying degrees (Ed-
mond et al., 1987; Künnecke et al., 1993; Pan et al., 2002). Signif-
icant ketone metabolism by both neurons and glia would not
explain the dramatic difference between glutamate and glu-
tamine isotopomer analyses (Table 1). Combined, this evidence
demonstrates levels of ketone usage in these experiments that are
inconsequential to our conclusions.

A recent study that used labeled acetate in human subjects
estimated that 14% of brain oxygen consumption was caused by
astroglial TCA cycle flux (Lebon et al., 2002). Assuming glial-
specific fatty acid oxidation in brain, the 20% contribution of
octanoate to brain metabolism reported here implies that the glial
contribution to total brain oxygen consumption is at least 20%
under these conditions. The higher proportion may be explained
by differences in transport rates and mechanisms of the two sub-
strates (Oldendorf, 1971, 1973), or it could be a consequence of
anesthesia, fasting, or species differences. Astrocyte-specific me-
tabolism of acetate has been attributed to transport by a mono-
carboxylate transport-like system (Waniewski and Martin,
1998). Data from this study and others (Edmond et al., 1987)
support an astrocyte-specific metabolism of octanoate, which
may have cell type-restricted metabolism in brain by a different
mechanism, such as expression of �-oxidation enzymes.

In summary, results reported here provide evidence that fatty
acid metabolic pathways are active in brain and that octanoate
can contribute 20% of oxidative metabolism in brain in an intact,
physiological system. Taken together, these data are consistent
with octanoate oxidation and substantial anaplerotic flux in as-
trocytes and with oxidation of glucose primarily occurring in
neurons. The data fit well with a simple model in which the
combination of octanoate and glucose can account for all of brain
energy metabolism.
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