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We previously reported that glutamine was a major source of
carbon for de novo fatty acid synthesis in a brown adipocyte cell
line. The pathway for fatty acid synthesis from glutamine may
follow either of two distinct pathways after it enters the citric
acid cycle. The glutaminolysis pathway follows the citric acid
cycle, whereas the reductive carboxylation pathway travels in
reverse of the citric acid cycle from a-ketoglutarate to citrate.
To quantify fluxes in these pathways we incubated brown adipo-
cyte cells in [U-'3C]glutamine or [5-'>C]glutamine and analyzed
the mass isotopomer distribution of key metabolites using mod-
els that fit the isotopomer distribution to fluxes. We also inves-
tigated inhibitors of NADP-dependent isocitrate dehydrogen-
ase and mitochondrial citrate export. The results indicated that
one third of glutamine entering the citric acid cycle travels to
citrate via reductive carboxylation while the remainder is oxi-
dized through succinate. The reductive carboxylation flux
accounted for 90% of all flux of glutamine to lipid. The inhibitor
studies were compatible with reductive carboxylation flux
through mitochondrial isocitrate dehydrogenase. Total cell cit-
rate and «a-ketoglutarate were near isotopic equilibrium as
expected if rapid cycling exists between these compounds
involving the mitochondrial membrane NAD/NADP transhy-
drogenase. Taken together, these studies demonstrate a new
role for glutamine as a lipogenic precursor and propose an alter-
native to the glutaminolysis pathway where flux of glutamine to
lipogenic acetyl-CoA occurs via reductive carboxylation. These
findings were enabled by a new modeling tool and software
implementation (Metran) for global flux estimation.

Glutamine is utilized at a high rate by rapidly growing cells,
including almost all cultured cell lines, where it is required at
super-physiological concentrations of 2—4 mwm for optimal
growth (1). Recently, we evaluated the role of glutamine as a
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substrate for lipogenesis in a transformed wild type (WT)> and
IRS-1 knock-out brown adipose cell lines developed by Kahn
and co-workers (2). Using isotopomer spectral analysis (ISA)
we found that WT cells utilized glutamine for over 40% of their
lipogenic acetyl-CoA (3). Glutamine was the largest precursor
for lipogenic carbon, supplying more acetyl-CoA units than
glucose or any other single source. This unexpected result led
us to investigate glutamine metabolism in brown fat cell lines in
more detail.

The pathway for glutamine utilization in rapidly dividing cell
is generally described as “glutaminolysis” where glutamine
enters the citric acid cycle (CAC) as a-ketoglutarate traversing
the cycle to oxaloacetate and exits as pyruvate or aspartate (1,
4). Pyruvate then could be converted to acetyl-CoA and citrate
in the lipogenic pathway. A major argument for glutaminolysis
is the need for a large supply of anaplerotic substrates for rap-
idly growing cells, which explains the high rate of glutamine
utilization (5). An alternative to glutaminolysis is the reductive
carboxylation pathway where glutamine enters the CAC as
a-ketoglutarate and is converted to citrate via isocitrate dehy-
drogenase (IDH) operating in reverse of the CAC direction.
Evidence for reductive carboxylation in transformed cells is the
finding that [5-'*C]glutamine labels acetyl-CoA-derived car-
bons of lipids (6, 7). Additionally, reversal of IDH has been
detected in perfused liver and heart as evidenced by the mass
isotopomer distribution (MID) of ['*C]citrate following perfu-
sion with [**C]glutamine (8, 9). Although previous studies have
detected label in citrate and lipids via the reductive carboxyla-
tion pathway, fluxes through the metabolic network connecting
glutamine metabolism to lipids have not been quantified.

A complication in the analysis of the lipogenic pathway from
glutamine is the role of the three mammalian IDH enzymes.
The high mitochondrial NADH/NAD ratio will favor flux
through the mitochondrial NAD-dependent isocitrate dehy-
drogenase toward a-ketoglutarate. Thus, the CAC enzyme is
unlikely to be involved in lipogenesis from glutamine. Likewise,
in rapidly growing cells the need for cytosolic NADPH for bio-
synthesis will favor flux of the cytosolic NADP-dependent
enzyme toward a-ketoglutarate as shown recently in 3T3-L1
cells (10). This study also found that overexpression of cytosolic
NADP-dependent enzyme in mice leads to increased lipogene-
sis in liver and fat, consistent with a reaction producing cytoso-

® The abbreviations used are: WT, wild type; ISA, isotopomer spectral analysis;
CAC, citric acid cycle; IDH, isocitrate dehydrogenase; MID, mass isoto-
pomer distribution; IDPm, mitochondrial NADP-dependent isocitrate
dehydrogenase; DMEM, Dulbecco’s modified Eagle’s medium.
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lic NADPH. Thus, the candidate for flux in reverse of the CAC
is the mitochondrial NADP-dependent enzyme (IDPm). Early
studies established the feasibility of reductive carboxylation
flux through this enzyme in hepatic models (11, 12). Flux of
NADP-dependent enzyme toward a-ketoglutarate in vivo is
supported by the affinity constant of the enzyme for CO,
(K,, ~ 1.6 mm), which is very close to physiological CO, con-
centration (1.5 mMm) and the affinity of the enzyme for NADPH,
which is 100-fold higher than for NADP" (13). Additionally,
reductive carboxylation flux through IDPm has been hypothe-
sized to play a key role in metabolic regulation of CAC cycle flux
via a substrate cycle involving NAD/NADP transhydrogenase
located at the inner mitochondrial membrane (14). However,
there may be other roles for IDPm. Recent studies have pro-
vided evidence for flux through IDPm toward a-ketoglutarate
generating NADPH in cellular defense against oxidative stress
(15, 16). This role for IDPm may explain the high levels of the
enzyme in non-lipogenic tissues, including heart and skeletal
muscle. Although it is reasonable that the flux through the
enzyme may differ in lipogenic and non-lipogenic tissues, it has
been difficult to study such complicated pathways systemati-
cally. The major difficulty may be the absence of a comprehen-
sive method for the analysis of metabolic fluxes through all of
the relevant pathways.

Here, we have tested the hypothesis that flux of glutamine to
lipogenic acetyl-CoA involves a reorganization of CAC metab-
olism including reductive carboxylation flux through IDPm.
Studies were conducted with stable isotopes and mass spec-
trometry. The data analysis included our previously described
ISA approach (3). However, we enhanced the analysis by
employing a novel comprehensive modeling approach to quan-
tify many additional fluxes from isotopic data. This powerful
method provided quantitative flux estimates of the network
describing glutamine metabolism in brown adipocytes. The
details of this approach and its implementation with software
(Metran) will be provided elsewhere.

EXPERIMENTAL PROCEDURES

Cell Culture and Adipocyte Differentiation—Brown adipo-
cyte cells were cultured with the same procedure as in Yoo et al.
(3). Briefly, WT brown preadipocytes were grown in 6-well
plates to confluence in differentiation medium, DMEM con-
taining 25 mm glucose, 4 mMm glutamine, 20 nm insulin, 1 nm
triiodothyronine, and 10% fetal bovine serum as well as 44 mm
NaHCO, (day 0). The medium was then replaced with fresh
induction medium, which was differentiation medium plus
0.125 mM indomethacin, 0.25 mm isobutylmethylxanthine, and
5 uMm dexamethasone. On days 2 and 4, the medium was
replaced with fresh differentiation medium. To estimate meta-
bolic fluxes, **C-labeled glutamine and glucose were substi-
tuted for the unlabeled metabolites in the medium as described
for specific experiments. To evaluate the effect of inhibitors of
IDP, the differentiation medium was supplemented with oxalo-
malate or 2-methylisocitrate as indicated and incubated at
37 °C for 10 min, followed by addition of **C-labeled substrates.
After a 6-h incubation at 37 °C, the medium was removed and
cells were extracted for organic/amino acids or lipids. Stock
solution of 2-methylisocitrate was prepared from 2-methyli-
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socitrate lactone (17) according to Dr. Wolfgang Buckel (Phil-
ipps-Universitaet, Marburg, Germany) as follows: threo-diaste-
reoisomer of 2-methylisocitrate lactone (1:1 mixture of natural
(2R,3S) and unnatural (2S,3R) diastereomers) in 1 M potassium
hydroxide solution was incubated at 80 °C for 20 min and then
neutralized to pH 7 with HCI. Biochemicals were obtained from
Sigma. [5-'*C]Glutamine, [U-'3C;]glutamine, [U-'*C]glucose,
and [U-'3CJaspartate were obtained from Cambridge Isotope
Laboratories (Andover, MA). Tissue culture media were
obtained from Invitrogen.

Isolation and Derivatization of Organic/Amino Acids and
Lipids—For isolation of organic/amino acids, the procedure
described in Fiehn et al. (18) was modified as follows. 0.7 ml of
methanol and 25 ul of water were added to each well of the
6-well plate immediately after removal of the medium. After 15
min of incubation at room temperature, the methanol extract
was mixed with 0.7 ml of water and 0.37 ml of chloroform in a
15-ml tube. Vigorous vortexing was followed by centrifugation
at 3000 X g for 3 min. The chloroform layer was removed, and
the methanol/water layer was centrifuged again at 3000 X g for
3 min. The methanol/water layer was then transferred to a glass
vial and evaporated. The residue was dissolved in 70 ul of
methoxyamine hydrochloride (20 mg/ml in pyridine) and vor-
texed. After 90 min of incubation at 37 °C, organic/amino acids
were derivatized for gas chromatography/mass spectrometry
analysis with 70 ul of N-methyl-N-tert-butyldimethylsilyl-tri-
fluoroacetamide at 70 °C for 30 min. Isolation of lipids and deri-
vatization of palmitate into methyl ester were performed as
described previously (3).

Gas Chromatography/Mass Spectrometry Analysis—Sam-
ples labeled with [5-'*C]glutamine and [U-"*C]glutamine were
analyzed for palmitate isotopomer distribution as previously
reported (3). Labeling of palmitate was determined from rela-
tive intensities of ions at m/z 270-286. For the analysis of
organic/amino acid derivatives, samples were injected into a
Hewlett-Packard model 5890 Series II Gas Chromatograph
equipped with a DB-XLB (60 mm X 0.25 mm id X 0.25 um)
capillary column (J&W Scientific, Folsom, CA), connected to
an HP 5971 Mass Selective Detector operating under ionization
by electron impact at 70 eV. Mass spectra were recorded in the
range of 50-550 atomic mass units at 1.5 scans/s. The initial
temperature of the column was 100°C, held for 5 min,
increased to 300 °C at 10 °C/min and held for 5 min. Labeling of
the carbon atoms was determined from the mass isotopomer
distributions of the following fragments: pyruvate (m/z 174,
C1-C3), lactate (m/z 233, C2—-C3; m/z 261, C1-C3), alanine
(m/z 232, C2—-C3; m/z 260, C1-C3), malate (m/z 233, C1-C4),
aspartate (m/z 316, C2—C4; m/z 418, C1-C4), glutamate (m/z
330, C2-C5; m/z 432, C1-C5), glutamine (m/z 431, C1-C5),
citrate (m/z 233, C1-C6). Measured intensities were corrected
for baseline noise, and mass isotopomer distributions were
obtained by integration (19). Mass isotopomer data are
expressed as fractional abundances, i.e. for each fragment the
sum of all mass isotopomers equals one.

Data Analysis—Fractional contribution of '*C-labeled car-
bon sources to fatty acid synthesis, D, and fractional new syn-
thesis of fatty acids during time ¢, g(¢), were estimated from the
mass isotopomer distribution of palmitate based on the model
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FIGURE 1. Mass isotopomer distribution of palmitate isolated from WT
brown adipocytes under incubation in medium containing 4 mm
[5-'3C]glutamine from day 2 to day 6 (mean = S. E.; n = 3). Contribution of
[5-"3Clglutamine to palmitate synthesis (D value) and fractional new synthe-
sis of palmitate (g value) determined by ISA.

of ISA as reported previously (3). Metabolic fluxes and their
confidence intervals were determined by simultaneous fitting
of external fluxes and mass isotopomer abundances of palmi-
tate, pyruvate, lactate, alanine, malate, aspartate, glutamate,
glutamine, and citrate to a detailed metabolic network model of
adipocytes using the software Metran. Metran estimates fluxes
by minimizing the difference between the observed and pre-
dicted measurements using an iterative least-squares regres-
sion procedure and isotopomer balancing (20). The objective of
this routine is to evaluate a set of feasible fluxes that best
account for the observed isotopomers and extracellular flux
measurements. After metabolic fluxes were calculated, statisti-
cal analysis was automatically performed to obtain accurate
standard deviations and 95% confidence intervals of fluxes by
evaluating the sensitivity of the objective function with respect
to fluxes as described by Antoniewicz et al. (21). Flux validation
was accomplished by a statistical test for the goodness-of-fit
based on the chi-square test for model adequacy. To ensure a
global solution, flux estimation was repeated at least ten times
starting with random initial values. All computations were per-
formed with Matlab 6.5 and Matlab Optimization Toolbox
(Mathworks Inc.).

To compare absolute fluxes in response to environmental
perturbations, we determined, for each condition, the absolute
palmitate synthesis flux. From ISA analysis we first obtained the
fractional new synthesis of palmitate, i.e. g(6 h) value. Palmitate
synthesis was then obtained as follows: palmitate synthesis flux
(wmol/g-protein/h) = 25.7 X g(6 h). The factor 25.7 umol/g-
protein/h was determined from experiments where absolute
uptake rates of glucose and glutamine were measured as
reported previously (3).

RESULTS

Quantifying the Reductive Carboxylation Pathway—When
WT brown adipocyte cells were incubated from day 2 to day 6 of
differentiation in medium containing 25 mm unlabeled glucose
and 4 mm [5-"3C]glutamine, the MID of palmitate was signifi-
cantly labeled up to Mg (Fig. 1). ISA of palmitate indicated that
glutamine provided 34% of the acetyl-CoA subunits for palmi-
tate synthesis and that 79% of total palmitate was synthesized de
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FIGURE 2. Effect of oxalomalate on palmitate synthesis from [U-,;Clglu-
tamine. Shown is the mass isotopomer distribution of palmitate from WT
brown adipocytes on day 4 under 6 h of incubation in medium containing 4
mm [U-"3Clglutamine and 0, 5, or 10 mm oxalomalate (Error bars, mean = S.E.;
n=3).

novo over the 4-day period. The next issue was the relative flux
through specific pathways from glutamine to lipogenic acetyl-
CoA. De novo fatty acid synthesis, using glutamine as carbon
source, may occur by either of two pathways: glutaminolysis,
which converts C3 and C4 of glutamine to acetyl-CoA, and
reductive carboxylation, which converts C4 and C5 of gluta-
mine to acetyl-CoA. To evaluate the relative fluxes from gluta-
mine to lipid via reductive carboxylation and glutaminolysis
we compared the contribution of [5-'’C]glutamine and
[U-'3C]glutamine to lipogenic acetyl-CoA using ISA. ISA esti-
mated that [U-"*>C]glutamine contributed 38 —40% of the lipo-
genic acetyl-CoA. The ISA D value for [U-'*C]glutamine rep-
resents the sum of fluxes through the two pathways. Thus, we
estimate that 85-90% of the glutamine flux to lipogenic acetyl-
CoA was via reductive carboxylation in this cell model. These
results indicate that one of the IDH is readily oxidizing NADPH
or NADH to form citrate used for lipogenesis.

The Contribution of [U-"C]Glutamine to Palmitate Synthe-
sis Affected by Inhibitors of NADP-isocitrate Dehydrogenase—
Because of the large flux to lipid via the reductive carboxylation
pathway, we quantified the effect of two reported inhibitors of
NADP-dependent IDH, oxalomalate and 2-methylisocitrate,
on lipogenesis. Cells were incubated in DMEM in the presence
of 4 mm [U-'3C]glutamine and either oxalomalate (5 or 10 mm)
or 2-methylisocitrate (2 or 4 mm). The effect of oxalomalate on
the MID of palmitate indicates that oxalomalate deceases flux
of glutamine to lipid (Fig. 2). This is evident from the decrease
in the higher mass isotopomers (M4-M,,) with increasing
oxalomalate. A similar result was observed with 2-methylisoci-
trate (supplemental Fig. S1). ISA analysis indicated that the
major effect of these drugs was on the fractional contribution of
glutamine to lipogenic acetyl-CoA (D value) rather than on the
fractional synthesis rate, g(t) (Fig. 3, A and B). Systematic
decrease in D values at higher concentration of oxalomalate or
2-methylisocitrate was evident, whereas g(6 h) values from con-
ditions with three different concentrations of oxalomalate did
not change significantly. In contrast, studies with [U-'*C]glu-
cose in DMEM demonstrated that these compounds did not
affect the flux of glucose to lipogenic acetyl-CoA (Fig. 3C).
Thus, the inhibitor studies supported a role for IDPm and/or
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FIGURE 3. Effect of increasing concentration of oxalomalate (A) and
2-methylisocitrate (B) on D(GIn) and g(6 h) values of palmitate synthesis
from [U-"3C]glutamine and from [U-'3C]glucose (C). Asterisk (*) indicates
significant difference compared with the control condition without inhibitor
(p < 0.005). Error bars, mean = S.E.

cytosolic NADP-dependent enzyme in the reductive carboxyl-
ation reaction.

The effect of oxalomalate and 2-methylisocitrate on the con-
tribution of glutamine to fatty acid synthesis was further inves-
tigated by analyzing the MID of other metabolites in the path-
ways of glutamine metabolism. The effect of oxalomalate was
most pronounced in isotopomer distributions of glutamate and
citrate, which are intermediates in the route of glutamine to
fatty acid synthesis (Fig. 4). The M5 mass isotopomer of gluta-
mate increased in fractional abundance upon treatment with
higher concentration of oxalomalate (Figs. 4A4). The relative
intensity of M, isotopomer of citrate, which can only originate
from M; isotopomer of a-ketoglutarate via reductive carboxyl-
ation, decreased systematically upon increase in oxalomalate
concentration from 0 to 5 and 10 mm (Fig. 4B). The mass iso-
topomer abundances of malate, aspartate, pyruvate, and lactate
from the same condition as above in the presence of 0, 5, or 10
mM oxalomalate are summarized in supplemental Fig. S2.
These data indicate that the inhibitor has altered the labeling
patterns of metabolites. The next step is to move beyond these
data indicating changes in MID to estimates of fluxes in the
metabolic network.

To determine whether reductive carboxylation of a-ketogl-
utarate to citrate is a cytosolic or mitochondria process, the
effects of benzenetricarboxylate (BTC), an inhibitor of the
mitochondrial tricarboxylic acid transporter, were investigated
(22). Brown adipocytes were incubated with BTC (5 mm) in
DMEM containing [U-'*C]glutamine for 6 h on day 4. Flux of
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FIGURE 4. Effect of increasing concentration of oxalomalate on labeling
patterns of key intermediates of CAC. Mass isotopomer distributions of
glutamate (A) and citrate (B) from WT brown adipocytes on day 4 under 6 h of
incubation in medium containing 4 mm [U-'Clglutamine and 0, 5, or 10 mm
oxalomalate. Data were corrected for natural isotope enrichments. Error bars,
mean * S.E.

glutamine to lipogenic acetyl-CoA was estimated from the MID
of palmitate with ISA. We found that BTC reduced the frac-
tional contribution of glutamine to lipogenic acetyl-CoA (D
value) from 0.36 = 0.01 to 0.28 * 0.02. Additionally, BTC
reduced the fractional new synthesis, g(6 h) value, from 0.18 =
0.01 to 0.09 = 0.01. This corresponds to an overall 39% reduc-
tion in total flux of glutamine to lipid. Thus, these findings
implicate the mitochondrial synthesis of citrate and reductive
carboxylation flux through IDPm in de novo lipogenesis.
Isotopic Steady State Confirmed—To perform more detailed
metabolic studies of brown adipocytes estimating CAC-related
fluxes required verification that the entire pathway was in iso-
topic steady state after 6 h of isotope incubation. An implicit
assumption in flux determination from labeling data is that
intracellular metabolite pools are in metabolic and isotopic
steady state, i.e. that the '3*C-labeling patterns of intermediary
metabolites do not change in time. Previous work has estimated
that substrate utilization was linear over time, consistent with
metabolic steady state (3). However, these studies focused only
on palmitate synthesis and were carried our for long incuba-
tions times, up to 72 h. To carry the modeling study forward we
evaluated CAC intermediates and related amino acids within
6 h of incubation in 4 mm [U-'3*C]glutamine. The isotopomer
distribution of eight metabolites was measured at 2, 4, and 6 h.
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TABLE 1

Flux of Glutamine to Lipid in Brown Adipocytes

Effect of oxalomalate and 2-methylisocitrate on the flux phenotype in WT brown adipocytes

Metabolic fluxes and their standard deviations were quantified by fitting MID of palmitate, pyruvate, lactate, alanine, malate, aspartate, glutamine, glutamate, and citrate to
the metabolic network model. Shown are the estimated net fluxes of selected reactions (umol/g-protein/h), fractional equilibrium of IDH and fumarase, and ISA model

parameters (best fit = S.D.).

Reactions Oxalomalate 2-Methylisocitrate

Pathway 0 mm 5 mm 10 mMm 0 mMm 2 mMm 4 mMm
Glutamine uptake Glutamine — AKG 13.0 £ 0.8 10.1 =09 9.6 2.1 122 *+0.8 10.6 £ 1.0 8.0+ 1.0
Reductive carboxylation” AKG + CO, —Cit 44+08 09 0.6 03 *0.5 3.6*09 0.1*+1.0 —21=*1.0
a-Ketoglutarate to malate flux AKG — Suc — Mal 8.6 x1.1 91*1.0 93*1.6 85+ 1.2 105+ 1.6 102 = 1.5
Malic enzyme Mal — Pyr + CO, 59.7 £9.2 284 * 4.0 142 + 25 529 *+8.1 522+ 131 31179
Pyruvate carboxylase Pyr + CO, — OAC 46.5*9.1 18.3 + 4.0 6.0 x3.1 40.5 = 8.2 417126 228 %77
Pyruvate dehydr. and citrate synth.  Pyr — AcCoA (+OAC) —Cit 21.6 £ 1.1 209*+09 208*09 218%*11 213+ 13 214+ 13
Citrate lyase Cit > OAC + AcCoA 259*+0.8 21.8 0.8 204 *+0.8 254 * 0.8 21.2*+0.8 194+ 0.8
Palmitate synthesis 8 AcCoA — palmitate 32=*0.1 2.7*0.1 2.6 £0.1 32=*01 2.7*0.1 24 *0.1
Fractional equilibrium IDH® Cit & AKG + CO, 093 *+0.04 092*0.04 094*003 093*004 1.00=*0.01 0.92 = 0.04
Fractional equilibrium fumarase” Fum <> Mal 097 £0.02 0.89*0.05 1.00+0.01 0.97*002 1.00*0.01 0.87*0.07
Fractional contribution glutamine D(GIn) from ISA model 041 +£0.02 0.31*0.02 0.22=*0.03 0.39*0.02 0.31=*0.02 0.24 = 0.03
Fractional new synthesis palmitate g(6h) from ISA model 0.13+0.01 011*001 010*x001 0.12*0.01 0.10*0.01 0.09*0.01

“ Negative flux of reductive carboxylation indicates a net flux in the direction from citrate to a-ketoglutarate.

¥ Fractional equilibrium of reversible reactions is defined as foq = Vexen/([Vnet * Vexcn)-

The MID of eight key metabolites, including citrate and malate,
was constant at each time point (supplemental Fig. S3). There-
fore, the metabolic system was found to be at isotopic and met-
abolic steady state. Next, the metabolic flux of glutamine car-
bon to fatty acid synthesis was examined in detail with a
metabolic network model constructed from metabolic reac-
tions of glycolysis, fatty acid synthesis, malic enzyme, pyruvate
carboxylase, and the CAC. The model included reversible reac-
tions between a-ketoglutarate and citrate; malate and fumar-
ate; malate and oxaloacetate; and glutamine, glutamate, and
a-ketoglutarate. The model was implemented with a software
tool, Metran, based on the concepts described elsewhere
(19, 20).

Flux Estimation and Assessment of Goodness-of-fit— A steady
state metabolic network consisting of 17 independent meta-
bolic fluxes was constructed for WT cells. The network was
analyzed with data on day 4 of differentiation in DMEM with 4
mwum [U-"?C]glutamine and 25 mm unlabeled glucose in medium
supplemented with 0, 5, 10 mm oxalomalate or 0, 2, 4 mm
2-methylisocitrate. 17 fluxes for the six conditions were esti-
mated by fitting 60 independent mass isotopomer abundances,
hence there were 43 (= 60 — 17) redundant measurements for
each condition. In all cases the minimized sum of squared residu-
als was lower than the threshold value of 64 (chi-square test for
model adequacy at 95% confidence level), indicating that all flux
models were statistically acceptable. Comprehensive data sets of
the estimated fluxes in the presence of either 0, 5, 10 mm oxaloma-
late or 0, 2, 4 mm 2-methylisocitrate are summarized in Table 1.

Comparison of Individual Carbon Fluxes—Flux of glutamine
to a-ketoglutarate was based on glutamine uptake. In WT cells
under the control condition without inhibitors, this flux of 13.0
pmol/g-protein/h was then divided into net flux of 8.6 * 1.1
going to malate and a net flux of 4.4 = 0.8 going to citrate via
reductive carboxylation. In addition to the estimated net fluxes,
mass isotopomer data also allowed quantification of the
exchange of carbon between a-ketoglutarate and citrate. We
observed almost complete equilibrium of the two pools (93 =
4%). We also observed a large anaplerotic flux of glutamine into
CAC at a-ketoglutarate. We estimated relative anaplerosis as
the ratio of this flux to the sum of citrate synthase and gluta-
mine to a-ketoglutarate. Using data for control conditions

JULY 25, 2008« VOLUME 283 +-NUMBER 30 ¥ SBIVIE]

(Table 1), we estimated relative anaplerosis at 37% of CAC flux.
This is comparable with a 38-40% estimate of glutamine
anaplerosis obtained from ISA. Thus, we have confirmed the
ISA results with the more complete Metran model.

In the presence of 5 and 10 mMm oxalomalate, the net flux of
reductive carboxylation was linearly reduced to 0.9 = 0.6 and
—0.3 = 0.5 (i.e. negative flux corresponding to net flux from
citrate to a-ketoglutarate), respectively, consistent with spe-
cific inhibition of IDP. The net flux of a-ketoglutarate to malate
did not change significantly, while glutamine uptake decreased
only slightly to 10.1 = 0.9 and 9.6 * 2.1 for 5 and 10 mm oxalo-
malate, respectively. Furthermore, the flux from malate to
pyruvate catalyzed by malic enzyme was linearly decreased
from 60 * 9 to 28 £ 4 and 14 * 3 upon increasing concentra-
tion of oxalomalate. The inhibitors did not affect citrate syn-
thase flux. Treatment of WT cells with 0, 2, or 4 mm 2-methyli-
socitrate gave rise to parallel patterns for the fluxes of
a-ketoglutarate to citrate as in the experiments with oxaloma-
late. The decrease in glutamine flux was similar (from 12.2 =
0.8 t0 10.6 = 1.0 and 8.0 * 1.0), resulting in a slight increase in
the net flux from a-ketoglutarate to malate from 8.5 * 1.2 to
10.5 * 1.6 and 10.2 *= 1.5. In contrast with the oxalomalate,
addition of 2-methylisocitrate had no effect on pyruvate cycling
fluxes, i.e. malic enzyme and pyruvate carboxylation. Taken
together, the results shown in Table 1 demonstrate decreased
flux from a-ketoglutarate to citrate with the inhibitors. In addi-
tion, they detected an active pyruvate cycle between malate/
oxaloacetate and pyruvate.

Independent Validation of Pyruvate Cycling—To provide
additional support for the observed pyruvate cycling, a parallel
experiment with 25 mm [U-'3*C]glucose and 4 mm unlabeled
glutamine was performed on day 4. The MID of pyruvate, lac-
tate (Fig. 5A4), and malate, aspartate (Fig. 5B), showed conspic-
uous peaks of M, isotopomers, consistent with large glycolytic
flux and high level of pyruvate carboxylation, via either pyru-
vate carboxylase or malic enzyme. An alternative form of the
pyruvate cycle involving phosphoenolpyruvate was rejected
because there was no enrichment of phosphoenolpyruvate
from [U-"2C]glutamine. Thus, the [U-'*C]glucose experiment
confirmed the pyruvate carboxylation flux predicted by the
Metran model of [U-"2C]glutamine metabolism (Table 1). The
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FIGURE 5. Flux from [U-"3Clglucose to key intermediates of glycolysis and
CAC. Mass isotopomer distributions of pyruvate and lactate (A) and malate
and aspartate (B) from WT brown adipocytes on day 4 under 6 h of incubation
in medium containing 25 mm [U-"3Clglucose and 4 mm unlabeled glutamine.
Data were corrected for natural isotope enrichments. Error bars, mean = S.E.
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[U-"3C]glucose experiment provided further insight into the
fluxes of the network. The relatively large abundance of pyru-
vate M, indicated that glucose from the medium was not the
sole source of pyruvate, consistent with rapid pyruvate cycling.
The low abundance of M; and M, mass isotopomers in pyru-
vate indicated that flux through the oxidative branch of the
pentose phosphate pathway was low relative to the high glyco-
lytic rate of these transformed cells.

DISCUSSION

Our previous report demonstrated that the contribution of
glutamine to lipogenic acetyl-CoA was greater than that of glu-
cose for wild-type brown adipocytes (3). This result was unex-
pected because glutamine is not generally viewed as a lipogenic
precursor. Glutamine metabolism in transformed cells has
been described as glutaminolysis, an oxidative pathway for
energy production in the CAC and for generating NADPH
through subsequent activity of malic enzyme (23). The pyruvate
produced by glutaminolysis could be either converted to lactate
and exported or converted to acetyl-CoA for utilization in fatty
acid synthesis. In brown adipocytes, conversion of glutamine to
lipids is supported by findings of high activity of glutaminase in
vitro (24) and in vivo (25). Also, in vivo activity of NADP-de-
pendent IDH was shown to be significantly higher in brown
adipose tissue than in white adipose tissue (26). The studies
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cited above supporting glutaminolysis did not employ isotopes
to estimate fluxes. Thus, the studies performed here provide a
more detailed quantitative analysis of glutamine metabolism in
brown adipocytes. We found that most of the glutamine carbon
entering the CAC follows the oxidative path as predicted by
glutaminolysis. However, approximately one third of the gluta-
mine molecules travel to citrate via reductive carboxylation
through IDH in reverse of the CAC direction. This reductive
carboxylation flux is not simply isotopic exchange. It contrib-
utes 30—40% of the acetyl units for de novo lipogenesis. Thus,
we found significant flux via an alternative to the glutaminolysis
pathway in which glutamine supplies lipogenic carbon via
reductive carboxylation. These results were obtained at 4.0 mm
extracellular glutamine, which is greater than physiological
plasma glutamine (~0.6 mm). It is possible that the extracellular
glutamine concentration influences the extent of reductive car-
boxylation. Thus, our findings are most relevant for under-
standing the metabolic characteristics of cells requiring high
levels of glutamine for optimal growth.

The metabolic fluxes quantified in this study used both ISA-
and Metran-based models. ISA was used to quantify lipogenesis
from the two glutamine tracers over 48 h, and Metran was used
for detailed fluxes of CAC and related pathways. Both ISA and
Metran models use nonlinear regression methods to fit the data
and found similar values for reductive carboxylation flux of glu-
tamine to lipogenic acetyl-CoA. However, there are important
differences. The ISA model used here requires only the MID of
a single fatty acid, such as palmitate, as input whereas Metran
models employ the MID of all of the metabolic intermediates
(and selected fragments) detected in the relevant pathways. The
ISA model is limited to estimating only two parameters, D and
g(2), related to lipogenesis. In contrast, Metran models are flex-
ible and estimate a large number of parameters. In a practical
sense, the Metran provides much more information about a
metabolic network from an isotopic study simply by collecting
MID data on additional compounds present in the cell or tissue
extract. This added information holds much promise as bio-
chemists seek to integrate genomic, transcriptional, and pro-
teomic data with network metabolic flux data.

A major finding in this study is the role of reductive carbox-
ylation flux in lipogenesis. This flux was accompanied by near
equilibration between total cellular a-ketoglutarate and citrate
(Table 1). Thus, the reductive carboxylation reaction carries a
high flux relative to the CAC flux. This near equilibrium of
citrate and a-ketoglutarate has implications for the control of
flux in this pathway. Studies with inhibitors supported a role for
IDPm in reductive carboxylation of a-ketoglutarate to isoci-
trate. To permit IDPm to function as proposed here requires a
continuous source of mitochondrial NADPH. The rapid
cycling between a-ketoglutarate and citrate is consistent with
proposed actions of a substrate cycle involving IDPm and the
NAD/NADP transhydrogenase located at the inner mitochon-
drial membrane (14). The cycle begins at the inner mitochon-
drial membrane where H™-transhydrogenase mediates the
transfer of reducing equivalents from NADH to NADPH.
NADPH would next be consumed by reductive carboxylation
where IDPm yields isocitrate and NADP. Citrate is then formed
via the near equilibrium aconitase reactions. Mitochondrial cit-
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rate, derived from the sum of this reductive carboxylation path
and citrate synthase, has three possible fates (1). It may be oxi-
dized via mitochondrial NAD-dependent isocitrate dehydro-
genase (2). It may exit the mitochondria on the citrate carrier
and be converted to a-ketoglutarate via cytosolic NADP-de-
pendent enzyme with generation of cytosolic NADPH (3). It
may exit the mitochondria, encounter ATP citrate lyase in the
cytosol, and form lipogenic acetyl-CoA plus oxaloacetate. Paths
1 and 2 contribute to the observed near equilibration between
total cellular a-ketoglutarate and citrate (Table 1). Path 3 yields
the large contribution of glutamine carbon to lipogenic acetyl-
CoA (Fig. 3). This cycle is favored by conditions likely to occur
in transformed cells, high demand for NADPH-requiring bio-
synthesis and low requirement for mitochondrial ATP synthe-
sis. These conditions apply because differentiating brown adi-
pocytes require NADPH for de novo lipogenesis and because
the transformed cells obtain much of their ATP from cytosolic
glycolysis. In summary, the tracer-based analyses conducted
here provide a novel view of metabolic fluxes in transformed
brown adipocytes that includes a unique role of glutamine as a
precursor for lipogenesis.
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