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We conducted a study coupling metabolomics and mass iso-
topomer analysis of liver gluconeogenesis and citric acid cycle.
Rat livers were perfused with lactate or pyruvate � aminooxy-
acetate or mercaptopicolinate in the presence of 40% enriched
NaH13CO3. Other livers were perfused with dimethyl [1,4-
13C2]succinate � mercaptopicolinate. In this first of two com-
panion articles, we show that a substantial fraction of gluconeo-
genic carbon leaves the liver as citric acid cycle intermediates,
mostly �-ketoglutarate. The efflux of gluconeogenic carbon
ranges from 10 to 200% of the rate of liver gluconeogenesis.
This cataplerotic efflux of gluconeogenic carbon may con-
tribute to renal gluconeogenesis in vivo. Multiple crossover
analyses of concentrations of gluconeogenic intermediates
and redoxmeasurements expand previous reports on the reg-
ulation of gluconeogenesis and the effects of inhibitors. We
also demonstrate the formation of adducts from the conden-
sation, in the liver, of (i) aminooxyacetate with pyruvate,
�-ketoglutarate, and oxaloacetate and (ii) mercaptopicoli-
nate and pyruvate. These adducts may exert metabolic effects
unrelated to their effect on gluconeogenesis.

Although hypothesis-based research is the gold standard of
biological investigation, it is necessary from time to time to
expand its scope by a period of data-based discovery research.
The current omic revolution is fulfilling this need. By widening
the knowledge base, omics and in particular metabolomics
(1–5) identify unknown correlations, allowing the formulation
and testing of new hypotheses.We hypothesized that the scope
of metabolomics could be enhanced by associating it with mass
isotopomer analysis, a powerful technique developed over the
past 16 years (reviewed in Refs. 6, 7). This association would
allow the identification of unexpected labeling patterns of
metabolites, pointing to unknown reactions and/or regulatory

mechanisms (8). We used this association of techniques to
expand our previous studies on the influence of metabolic
zonation of the liver on the labeling patterns of metabolites and
on metabolic rates calculated from these labeling patterns.
Over the past 12 years, questions were raised on the potential

influence of the metabolic zonation of the liver (9) on the 13C-
labeling pattern of glucose released by gluconeogenesis
(GNG),2 glycogenolysis, or both. The zonated structure of the
liver results in translobular gradients of enzyme activities and of
blood substrate concentrations (glycerol, acetate, and NH4

�)
(10–12). Also, the computation of the mass isotopomer distri-
bution (MID) of (i) glucose labeled from [13C]glycerol or (ii)
fatty acids and sterols labeled from [13C]acetate revealed the
occurrence of translobular gradients of enrichment of triose
phosphates or lipogenic acetyl-CoA, respectively (10, 13, 14).
This results in underestimations of fractional rates of glucose,
fatty acid, and sterol synthesis calculated from theMID of these
compounds synthesized from a 13C-labeled substrate. In this
study, we hypothesized that the metabolic zonation of the
liver might result in incompatible labeling of intermediates
extracted from the whole liver. Such incompatibilities were
suggested in 1970 by Veneziale et al. (15). In livers perfused
with [2-14C]pyruvate and quinolinate, an inhibitor of phos-
phoenolpyruvate carboxykinase (PEPCK), they observed
substantial differences in the labeling of PEP and 3-phospho-
glycerate. We also hypothesized that the extra-mitochon-
drial metabolism of citric acid cycle (CAC) intermediates
would affect their labeling pattern and result in differences
in the labeling patterns of tissue and extracellular metabo-
lites. We tested these hypotheses by combining metabolom-
ics with the determination of MIDs of gluconeogenic and
CAC intermediates.
We perfused rat livers with 13C-substrates, the label of which

is channeled to [1-13C]PEP before entering GNG. One sub-
strate was NaH13CO3, which labels liver GNG from lactate or
pyruvate via carboxylation and isotopic exchange reactions
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(16). The second substrate was dimethyl [1,4-13C2]succinate,
which labels PEP via reactions of the citric acid cycle and
PEPCK. We modulated the rates of GNG from lactate, pyru-
vate, or [1,4-13C2]succinate using mercaptopicolinate (MPA),
an inhibitor of PEPCK (17, 18), or aminooxyacetate (AOA), an
inhibitor of the glutamate-aspartate shuttle (19–21). In this
first of two companion articles, we show that a substantial frac-
tion of gluconeogenic carbon leaves the liver as �-ketoglutarate
and other CAC intermediates. Also our data reveal the forma-
tion of methoxamates from AOA and ketoacids.

EXPERIMENTAL PROCEDURES

Materials—General chemicals, biochemicals, and enzymes
were obtained from Sigma. Mercaptopicolinic acid was
obtained from Apin Chemical Ltd. (UK), and pentafluoroben-
zyl bromide was from Pierce. [13C6]Citric, [1,5-13C2]citric, and
[13C4]succinic acids, phosphoenol[1-13C]pyruvate (99%),
K13CN (99%), [2H5]glycerol, 2H2O, and NaO2H (98%) were
purchased from Isotec (Miamisburg, OH). [1,4-13C2]Succinic
acid (99%) andNaB2H4 (99%) were purchased fromCambridge
Isotope Laboratories. An internal standard of (RS)-3-hydroxy-
[2H5]glutarate was prepared by isotopic exchange of acetone
dicarboxylic diethyl ester in 2H2O and NaO2H, followed by
reduction with NaB2H4, and extraction in acid. This procedure
is similar to that previously used for the preparation of (RS)-3-
hydroxy-[2H5]butyrate from acetoacetate (22). [6-13C]Citric
acidwas prepared by reacting acetone dicarboxylic diethyl ester
with K13CN, followed by hydrolysis of the nitrile. The purity of
the synthesized compounds was assessed by GC-MS of trim-
ethylsilyl (TMS) derivatives. Dimethyl [1,4-13C2]succinate was
prepared by reacting the acid with excess diazomethane. The
purified product did not contain any detectable monoester or
free acid. Reference standards of [13C3]glycerophosphate, dihy-
droxy-[13C3]acetone phosphate, and [13C3]glyceraldehyde-3-
phosphate were prepared from [13C3]glycerol using glycerol
kinase, �-glycerophosphate (�GP) dehydrogenase, and triose-
phosphate isomerase. The carboxymethoxamates of pyruvate,
OAA, and�-ketoglutaratewere prepared as described by Borek
and Clarke (23) for pyruvate carboxymethoxamate. Their
puritywas confirmed by ammonia-positive chemical ionization
GC-MS of the TMS derivatives. The mercaptopicolinate-pyru-
vate hemithioacetal was prepared by reacting mercaptopicoli-
nate and sodium pyruvate at neutral pH in degassed water for
6 h. The adduct was extracted with diethyl ether, converted to
its TMS derivative, and assayed by ammonia-positive chemical
ionization GC-MS. Them/z � 460 of the M � 1 molecular ion
was shifted to m/z � 463 when the synthesis was conducted
with [13C3]pyruvate. However, attempts at isolating a pure
product were unsuccessful because of the instability of the
adduct, which decomposes readily to its constituents.
Liver Perfusion Experiments—Sprague-Dawley male rats

were kept for 8–12 days on Teklad F6 rodent chow ad libitum.
Livers from 18-h fasted rats (180–220 g) were first perfused
(24) for 10 min with nonrecirculating bicarbonate buffer (40
ml/min) containing unlabeled substrate. Then they were per-
fused with buffer containing (i) 40% enriched NaH13CO3 and 5
mM lactate, or 2 mM pyruvate � 0.3 mM MPA, or 0.5 mM AOA
(protocol I), or (ii) dimethyl [1,4-13C2]succinate� 0.3mMMPA

(protocol II). In orientation experiments, we found that the
labeling of gluconeogenic and CAC intermediates, as well as
glucose production, were two to four times greater with di-
methyl [1,4-13C2]succinate than with [1,4-13C2]succinate (not
shown). Similar ratios in glucose production fromdimethylsuc-
cinate and succinate were reported by Rognstad (25). There-
fore, we conducted all the experiments of this group with 0.5
mM dimethyl [1,4-13C2]succinate � 0.3 mM MPA. Because the
mercaptopicolinate molecule contains a free SH group, we
wanted to avoid the possibility of oxidation in the perfusate
gassed with 95% O2 � 5% CO2. Therefore, MPA was infused
into the liver perfusion line via a syringe pump. At 30min (pro-
tocol I) or 20min (protocol II), the livers were quick-frozen and
kept in liquid N2 until analyzed.
Sample Preparation—Powdered frozen tissue (1.5 g), spiked

with internal standards (150 nmol of [13C6]citrate, 100 nmol of
[13C4]succinate, and 50 nmol of (RS)-3-hydroxy-[2H5]glutarate),
was extractedwith 19ml of chloroform/methanol, 2:1, pre-cooled
at �25 °C, using a Polytron homogenizer. During the 5-min
extraction, the tube was partially immersed in acetone kept at
�25 °C by periodic addition of dry ice. Then 6 ml of ice-cold
water was added to the tube, and the extraction (Folch wash
(26)) was continued for 5 min. The slurry was centrifuged at
670 � g for 20 min at 4 °C. The upper methanol/water phase
was collected and treated with 200 �mol of methoxylamine-
HCl to protect ketoacids. The lower chloroform phase was vor-
texed for 5minwith 10ml ofmethanol/water, 3:2, pre-cooled at
�20 °C. After the 20-min centrifugation, the two upper meth-
anol/water phases were combined, adjusted to pH 8.0 with
NaOH, and evaporated in a Savant vacuum centrifuge. The res-
idue was reacted with 100 �l of N,O-bis(trimethylsilyl)trifluo-
roacetamide with 10% trimethylchlorosilane (Regisil) at 70 °C
for 50 min to form the TMS and methoxamate-TMS deriva-
tives of the analytes.
GC-MS Assays—Analyses were carried out on an Agilent

5973mass spectrometer, linked to amodel 6890 gas chromato-
graph equipped with an autosampler, a Varian VF-5MS capil-
lary column (60 m, 0.25 mm inner diameter), and an EZ guard
column (10 m). The carrier gas was helium (1 ml/min) with a
pulse pressure of 40 p.s.i. The injectionwas either 1�l split 10:1
or 2 �l splitless. The injector temperature was set at 270 °C and
the transfer line at 280 °C. TheGC temperature programwas as
follows: start at 80 °C, hold for 1 min, increase by 10 °C/min to
320 °C, hold at 320 °C for 5 min. The ion source and the qua-
drupolewere set at 150 °C. The ammonia pressurewas adjusted
to optimize peak areas. For each analyte, we monitored the
signals at the nominal m/z (M0) and at all detectable naturally
labeledmass isotopomers (M1,M2,M3). TheMID of each ana-
lyte was compared with the theoretical distribution. The elec-
tron ionization fragmentation pattern of analytes was intro-
duced in the National Institute of Science and Technology
(NIST) software to help with the identification and to detect
interferences. The relative concentrations and MIDs of com-
pounds of interest, identified during electron ionization runs,
were assayed under ammonia positive chemical ionization con-
ditions. Retention times andm/zmonitored are listed inRef. 27.
LC-MS/MS Assays—Electrospray-ionization mass spec-

trometry of AOA adducts were performed on a 4000 QTrap
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mass spectrometer (Applied Biosystems, Foster City, CA) cou-
pled to an Agilent 1100 HPLC system. The ion source was
maintained at 500 °C under nitrogen nebulization at a pressure
of 70 p.s.i. The heater gas (nitrogen) was at a pressure of 70 p.s.i.
The curtain gas pressure was 35 p.s.i., and the collision-acti-
vated dissociation gas pressurewas held at high; turbo ion spray
voltage was �4,500 V. Declustering potential was �25 V;
entrance potential was �10 V; collision energy was �5 V for
enhanced mass spectra scans; collision cell exit potential was
�11 V; and channel electron multiplier was 2,400 V. The mul-
tiple reaction monitoring pairs monitored were m/z 159.9 3

75.1 for pyruvate-AOA (CE �13),
m/z 86.9 3 59.0 for pyruvate (CE
�12),m/z 217.93 75.1 for �-keto-
glutarate-AOA (CE �13), m/z
145.0 3 100.9 for �-ketoglutarate
(CE �13), m/z 204.0 3 75.1 for
OAA-AOA (CE �15),m/z 130.93
86.9 for OAA (CE �12), and m/z
90.0 3 57.9 for AOA (CE �28),
with a dwell time of 40 ms. Analyst
software (version 1.4.1; Applied
Biosystems) was used for data regis-
tration and calibration.
The autosampler cooler was

maintained at 6 °C. The analyses
were performed on an Aquasil C18
column (250 � 4mm, 5 �mparticle
size; Thermo Electron Corp.) main-
tained at 40 °C. Mobile phase A was
5 mM ammonium formate (pH 8.0,
adjusted with ammonia):acetoni-
trile (95:5, v/v). Mobile phase B was
acetonitrile. For elution, initially
mobile phase A was held at 100%
with a starting flow rate of 0.35
ml/min for 6 min. By 1 min the
aqueous phase was brought down to

25% A and a flow rate of 0.5 ml/min and held for 1 min. Finally
the gradient was brought back to 100%mobile phase A and was
held for 4 min for equilibration at a flow rate of 0.5 ml/min.
Calculations—The relative concentrations of metabolites

(inhibitor versus control) were calculated (24) as shown in
Equation 1,

average of ��area analyte�/�area ref. compound��i

average of ��area analyte�/�area ref. compound��c
(Eq. 1)

where subscripts i and c represent the intervention and control
group, respectively; ref. indicates reference. The formula was
used to calculate relative concentrations (inhibitor versus con-
trol group).
Statistics—Data are presented as mean � S.E. Significance

was tested by independent sample t test with SPSS software.
Statistical significance was set for p � 0.05.

RESULTS AND DISCUSSION

Our studies were conducted in four directions, i.e. (i) flux
measurements (glucose production and release of CAC inter-
mediates (Figs. 1 and 2)); (ii) redox indicators reflecting the
[NADH]/[NAD�]ratios; (iii) comparisons of metabolite pro-
files by crossover analysis (28) of metabolomic data expressed
as relative concentrations (Figs. 3–6); and (iv) search for
adducts of ketoacids and aminooxyacetate or mercaptopicoli-
nate (Fig. 7).
Interrelation between GNG, Loss of CAC Intermediates, and

Pyruvate Carboxylation—Fig. 1 shows data from groups 1–6
(perfusions with lactate or pyruvate � MPA or AOA). Each
cluster of three bars shows glucose production (in nanomoles of

FIGURE 1. Glucose production (grey bars, in C3 units), release of citric acid cycle intermediates (hatched
bars), and release of glutamate � aspartate (white bars) in livers were perfused with buffer containing
40% NaH13CO3, 5 mM lactate, or 2 mM pyruvate � 0. 3 mM mercaptopicolinate, or � 0.5 mM aminooxy-
acetate. The numbers above each pair of grey and hatched bars represent a minimal rate of pyruvate carbox-
ylation. Data are presented as mean � S.E. (n � 4 –7).

FIGURE 2. Glucose production (grey bars, in C3 units), release of citric acid
cycle intermediates (hatched bars), and release of glutamate � aspartate
(white bars) in livers were perfused with buffer containing [1,4-
13C2]succinate � 0. 3 mM mercaptopicolinate. Data are presented as
mean � S.E. (n � 4 – 6).
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C3�min�1�g�1), total release of CAC intermediates, and total
release of glutamate � aspartate (in nanomoles�min�1�g�1).
The releases of CAC intermediates, glutamate and aspartate,
are detailed in Table 1. Fig. 2 shows the corresponding data for
groups 7 and 8 (perfusionswith dimethyl [1,4-13C2]succinate�
MPA). The rates of glucose production confirm previous data
as follows: (i) inhibition of GNG from lactate, pyruvate, or suc-
cinate byMPA (18), and (ii) inhibition of GNG from lactate, but
not pyruvate, by AOA (19, 20). Unexpectedly, in all cases (Figs.
1 and 2), the livers releasedCAC intermediates, of which 70%or
more was �-ketoglutarate (Table 1). The other CAC interme-
diates released were, in decreasing order of abundance, malate,
succinate, fumarate, and citrate. The livers also released gluta-
mate (no glutamine) and aspartate, which reflect the release of
CAC intermediates and proteolysis. In some cases, the release
of CAC intermediates � glutamate � aspartate increased as a
result of the inhibition of GNG (groups 2 and 8 versus 1 and 7).
However, under all conditions, part of the gluconeogenic car-
bon left the liver as compounds, which, under in vivo condi-
tions, are excreted in urine and/or are converted to glucose in

the kidney (29). This suggests the existence of a liver-to-kidney
traffic of gluconeogenic anions. Such traffic may explain why
mice lacking liver PEPCK have normal glycemia and glucose
turnover (30). In these mice, compensatory renal GNG is pre-
sumably fueled in part by cataplerotic gluconeogenic interme-
diates released by the liver.
Aminimum rate of pyruvate carboxylation can be calculated,

in perfusions with lactate or pyruvate (Fig. 1), by adding the
rates of glucose production (in C3 units) and the releases of
CAC intermediates (as indicated in Fig. 1 by numbers above the
first two bars of each set). A maximal rate of pyruvate carbox-
ylation can be calculated as the sum of glucose production,
release of CAC intermediates, and release of glutamate �
aspartate. One cannot distinguish the production of glutamate
and aspartate derived from proteolysis versus release of CAC
intermediates. Although the labeling of glutamate and aspar-
tate from NaH13CO3 was substantial, such labeling could have
occurred by isotopic equilibration of amino acids derived from
proteolysis with OAA and �-ketoglutarate (more on this below
and in the accompanying article (41)). In any case, pyruvate

carboxylation exceeded GNG by at
least 10% in the absence of inhibitor
(Fig. 1, groups 1 and 4) and by up to
200% in the presence of an inhibitor
(Fig. 1, groups 2, 3, 5, and 6).
Although MPA inhibits PEPCK

fairly specifically, its inhibition of
GNG from lactate or pyruvate led to
6- and 3-fold decreases, respec-
tively, in pyruvate carboxylation
(Fig. 1). This effect resulted proba-
bly from the accumulation of OAA
(Fig. 4, B and C, to be discussed
below). In contrast, AOA had very
different effects on pyruvate car-
boxylation in experiments with
lactate (84% decrease from con-
trols) versus pyruvate (no signifi-
cant change from controls). It is
likely that, in some of the condi-
tions tested, the inhibition of GNG
by MPA and/or AOA led to a
decrease in the uptake of the glu-
coneogenic precursor lactate or
pyruvate. The uptake of the pre-
cursors could not be measured in

FIGURE 3. Relative redox ratios [�GP]/[DHAP] (hatched bars) and [malate]/[OAA] (white bars) in perfused
livers. The ratios, calculated as described under “Experimental Procedures,” are expressed relative to the
corresponding ratio of the lactate control group set to 100%.

TABLE 1
Release of CAC intermediates, aspartate, and glutamate from perfused rat livers
Each group of livers was perfused with nonrecirculating buffer containing the substrate � inhibitor indicated in the left column. Succinate was used as its dimethyl ester.
Data are presented as nmol�g�1�min�1 (mean � S.E.; n � 5). The total release of intermediates is shown in Fig. 1.

Substrate � inhibitor Succinate Fumarate Malate �KG Citrate Glutamate Aspartate
5 mM lactate control 1.6 � 0.7 �0.5 7.5 � 0.3 69.1 � 1.5 0.01 � 0.1 26.8 � 11.1 �0.03
5 mM lactate � 0.3 mM MPA 4.0 � 0.6 �0.4 7.5 � 0.4 55.6 � 1.6 0.2 � 0.2 32.5 � 6.8 0.1 � 0.2
5 mM lactate � 0.5 mM AOA 6.3 � 2.8 5.4 � 1.5 9.9 � 0.9 108.4 � 10.9 0.5 � 0.1 34.2 � 9.7 18.1 � 3.4
2 mM pyruvate control 1.6 � 0.7 �0.2 6.4 � 0.6 81.0 � 6.7 0.3 � 0.04 82.4 � 16.8 0.3 � 0.0
2 mM pyruvate � 0.3 mM MPA 4.6 � 0.6 2.5 � 0.9 5.8 � 0.5 94.9 � 16.9 0.9 � 0.2 94.5 � 10.4 1.1 � 0.1
2 mM pyruvate � 0.5 mM AOA 1.9 � 0.4 �0.1 5.2 � 0.2 112.8 � 9.6 0.2 � 0.05 76.1 � 16.4 2.0 � 0.8
0.5 mM dimethyl succinate control 9.3 � 2.7 0.6 � 0.1 5.6 � 0.3 4.9 � 1.8 2.9 � 0.4 35.0 � 6.0 1.0 � 0.6
0.5 mM dimethyl succinate � 0.3 mM MPA 4.5 � 1.0 6.2 � 0.9 14.8 � 0.8 30.0 � 5.1 12.8 � 2.1 40.6 � 5.6 0.2 � 0.2
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our nonrecirculating perfusions with fairly high concentra-
tions of precursors. In conclusion, when GNG is inhibited,
the modulation of pyruvate carboxylation and of the release
of CAC intermediates is a multifactorial process that
requires further investigation.
Redox and Crossover Analyses of Metabolomic Data—De-

termining the relative concentrations of metabolites (inhib-
itor groups versus corresponding control groups) allowed
calculating two relative redox ratios (Fig. 3) and performing
a number of crossover analyses (28) (Figs. 4–7), which con-
firm and expand previous studies. The tissue [�GP]/[DHAP]
ratio reflects the [NADH]/[NAD�] ratio in the cytosol if the
activity of �GP dehydrogenase is sufficient to equilibrate
the cytosolic [�GP]/[DHAP] and [NADH]/[NAD�] pools.
The tissue [malate]/[OAA] ratio reflects a composite of the
cytosolic and mitochondrial [NADH]/[NAD�] ratios.

Wewere unable tomeasure the [�-hydroxybutyrate]/[aceto-
acetate] ratio, which reflects the mitochondrial [NADH]/
[NAD�] ratio, because of the very low abundance of acetoace-
tate. The relative redox ratios shown in Fig. 3 are expressed in
relation to the ratios of the lactate control group taken as 100%.
The interpretation of these relative redox ratios must take into
account the following. (i) They are computed from the GC-MS
areas of reduced and oxidized substrates in two groups of per-

fusions (one of them the lactate control group, see “Experimen-
tal Procedures”). (ii) In some cases, the areas of the oxidized
substrate (DHAP and OAA) are very small. (iii) Hepatic lipoly-
sis leads to the formation of �GP, which may not fully equili-
brate with DHAP (see Ref. 41). Consider first the [�GP]/
[DHAP] relative ratios. Inhibition ofGNG from lactate byMPA
or AOA markedly increased the [NADH]/[NAD�] ratio in the
cytosol (Fig. 3). In both cases, glucose production from lactate
was inhibited. Thus, the cytosolic NADH formed by lactate
dehydrogenase was not re-oxidized by glyceraldehyde-3-phos-
phate dehydrogenase. The increase in the cytosolic [NADH]/
[NAD�] ratio led to a decrease in the concentration of pyruvate
(Fig. 5C and Fig. 6C). This decrease probably (i) reflects a
decrease in the conversion of lactate to pyruvate, and (ii) con-
tributed to the inhibition of GNG by MPA. Increases in the
cytosolic [NADH]/[NAD�] ratio, reflected by increases in the
[lactate]/[pyruvate] ratio, in the presence of MPA or AOA had
been previously reported in in vivo livers (17) and in isolated
hepatocytes, respectively (20). The increase in the [malate]/
[OAA] ratio probably reflects the cytosolic malate/OAA cou-
ple, because the production of mitochondrial OAA was not
impaired by MPA or AOA.
In perfusions with pyruvate, the carbon skeleton of OAA is

transferred from mitochondria to cytosol as malate, carrying

FIGURE 4. Crossover plots comparing the concentration of gluconeogenic and citric acid cycle intermediates in livers perfused with 2 mM pyruvate
versus 5 mM lactate. A, base-line conditions. B, �0.3 mM MPA. C, �0.5 mM AOA. C was redrawn with modifications from Fig. 3 of Ref. 27. CIT, citrate; MAL, malate;
SUC, succinate; ASP, aspartate; 2PG, 2-P-glycerate; 3PG, 3-P-glycerate; GLYC, glycerate; LACT, lactate.
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the reducing equivalents that are to be used by glyceraldehyde-
3-phosphate dehydrogenase (31). Inhibition of GNG by MPA
results in an accumulation of cytosolic malate and an increase
in the [NADH]/[NAD�], [malate]/[OAA], and [�GP]/[DHAP]
ratios (Fig. 3).

In perfusionswith pyruvate andAOA, even thoughGNGwas
not inhibited (Fig. 1), the [�GP]/[DHAP] and [malate]/[OAA]
ratios increased (Fig. 3, group 6 versus group 4) for reasons that
are not clear. The decrease in the [�GP]/[DHAP] by MPA in
perfusions with succinate can be explained by the inhibition of

FIGURE 5. Crossover plots comparing the effects of 0.3 mM MPA or 0.5 mM AOA on the concentration of gluconeogenic and citric acid cycle interme-
diates in livers perfused with 5 mM lactate versus 2 mM pyruvate. A, lactate � MPA versus lactate. B, lactate � AOA versus lactate. C, pyruvate (PYR) � MPA
versus pyruvate. D, pyruvate � AOA versus pyruvate. CIT, citrate; MAL, malate; SUC, succinate; ASP, aspartate; 2PG, 2-P-glycerate; 3PG, 3-P-glycerate; GLYC,
glycerate; LACT, lactate.
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PEPCK. BecauseNADH is needed in the cytosol for the synthe-
sis of glucose from succinate, the carbon skeleton of OAAmust
exit the mitochondria as malate rather than aspartate. The
pathway for the transport of reducing equivalents is therefore
the same as frompyruvate: succinate3 fumarate3mitochon-
drial malate3 cytoplasmicmalate3OAA3 PEP3 pyruvate
(via PK)3 lactate. The increase in the [lactate]/[pyruvate] ratio
results in the increase in the [�GP]/[DHAP] ratio.
Crossover analysis was developed by Chance (28) to identify

flux-controlling steps in metabolic pathways subjected to an
intervention that changes the net flux through the pathways.
Metabolite concentrations are expressed in percentages of con-
trol values. Flux-controlling steps are identified by crossovers
of the control and intervention profiles.
First, let us compare the relative concentrations of gluconeo-

genic intermediates in livers perfused with 2 mM pyruvate ver-
sus 5 mM lactate (Fig. 4A). Glucose productions from 5 mM
lactate or 2 mM pyruvate were similar (Fig. 1, groups 1 and 4),
although one would expect that the intracellular concentration
of pyruvate was probably lower in the former than in the latter.
Because the Km value of pyruvate carboxylase for pyruvate is
fairly high (0.44 mM) (32), other factor(s) than intracellular
pyruvate concentration must limit GNG from lactate or pyru-
vate. Indeed, the concentration of liver pyruvate was much
higher in the presence of 2mMpyruvate versus 5mM lactate.We
acknowledge that some of the pyruvate assayed was present in
the extracellular fluid. However, the gluconeogenic intermedi-
ates after pyruvate (OAA, PEP, 2-P-glycerate, 3-P-glycerate,
glyceraldehyde 3-phosphate, and DHAP), which are all intra-
cellular, were also present at higher concentrations in livers
perfused with 2 mM pyruvate versus 5 mM lactate. Because the
rates of glucose production were similar in both groups (Fig. 1),
glucose production from 2 mM pyruvate was probably limited
by an enzyme other than PEPCK, in all likelihood glucose-6-
phosphatase (33). Note that C6 sugar phosphates cannot be
assayed with our technique (27).
Second, let us compare the effects of MPA on GNG from

lactate versus pyruvate (Fig. 4B). The concentrations of glu-
coneogenic intermediates from pyruvate to triose phosphates
were greater in the presence of pyruvate versus lactate. This
explains the lower inhibition by MPA of GNG from pyruvate
than from lactate (Fig. 1). Fig. 5, A and C, shows that, in the

presence of pyruvate or lactate, MPA induces a crossover
between OAA and PEP, consistent with the inhibition of GNG
at the level of PEPCK (18, 34) (Fig. 1, groups 4 versus 5, and
groups 1 versus 2). A similar crossover plot of data from an in
vivo experiment was reported by Blackshear et al. (17).
Third, let us consider the effects of AOA on GNG from lac-

tate versus pyruvate. According to current concept, GNG from
lactate involves the mitochondria to cytosol transfer of the car-
bon skeleton of OAA as aspartate via the glutamate-aspartate
shuttle. This was established (19) by showing that AOA, an
aminotransferase inhibitor, blocks GNG from lactate, but not
from pyruvate (because GNG from pyruvate does not involve
the glutamate-aspartate shuttle). The effect of AOA on the rel-
ative concentrations of gluconeogenic intermediates in livers
are shown in Fig. 4C (pyruvate � AOA versus lactate � AOA),
Fig. 5D (pyruvate � AOA versus pyruvate control), and Fig. 5B
(lactate � AOA versus lactate control). Most of the relative
concentrations are as expected, except for the following. In per-
fusions with pyruvate, the addition of AOA decreased the con-
centrations of OAA (20-fold) and �-ketoglutarate (9-fold),
although GNG was not inhibited (Fig. 5D). The cause of these
decreases is not clear because aminotransferases are not
involved in GNG from pyruvate. Although the release of gluta-
mate � aspartate was not affected by AOA (Fig. 1, group 6
versus 4, and Table 1), the release of �-ketoglutarate was 40%
increased by AOA in perfusions with pyruvate (Table 1). Also,
in perfusions with lactate, the addition of AOA decreased the
concentrations of OAA (5-fold) and pyruvate (20-fold) (Fig.
5B), under conditionswhereGNG from lactatewas inhibited by
AOA.Here, one can ascribe the decreases inOAAand pyruvate
concentrations to a redox shift resulting from the underutiliza-
tion of reducing equivalents generated by cytosolic lactate
dehydrogenase.
Fourth, let us consider the effect of MPA on the metabolite

profiles of livers perfused with succinate dimethyl ester (Fig. 6).
The addition of MPAmarkedly increased the concentration of
CAC intermediates in livers perfused with succinate (up to
20-fold for malate) and induced a clear crossover at PEPCK.
The 14-fold increase in OAA concentration in the presence of
MPAprobably explains whyGNG from succinate was only 30%
inhibited by MPA, whereas GNG from lactate was 90% inhib-
ited (Figs. 1 and 2). The high concentration of OAA in the

FIGURE 6. Crossover plot showing the effects of 0.3 mM MPA on the concentration of gluconeogenic and citric acid cycle intermediates in livers
perfused with dimethyl [1,4-13C2]succinate. CIT, citrate; MAL, malate; SUC, succinate; ASP, aspartate; 2PG, 2-P-glycerate; 3PG, 3-P-glycerate; GLYC, glycerate;
PYR, pyruvate; �KG, �-ketoglutarate.
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presence of succinate�MPA (aswas the case in the presence of
pyruvate � MPA; Fig. 5C) partially decreased the inhibition of
PEPCK by MPA. The multiple crossover analyses of relative
concentrations of gluconeogenic intermediates and the redox
calculations presented above confirm and expand previous
reports on the regulation of gluconeogenesis and the effects of
inhibitors.
Adducts of Ketoacids and AOA or MPA—Our study gave us

the opportunity to test a hypothesis formulated in 1972 by
Longshaw et al. (35) on the mechanism of the inhibition of
GNG from lactate by AOA. They speculated that AOA could
form a methoxamate adduct with pyruvate and decrease the
steady state concentration of pyruvate in liver cells. Thus, the
decrease in glucose production from lactate would result from
both the inhibition of aminotransferases and the trapping of
pyruvate. This possibility was dismissed because AOA did not
inhibit GNG fromglutamate in kidney slices (35, 36). Longshaw
et al. (35) reasoned that the trapping effect of AOAwould affect
the intracellular concentration of other ketoacids, i.e.OAA and
�-ketoglutarate which are intermediates of GNG from gluta-
mate. Although the pyruvate methoxamate (carboxymethoxy-
lamine) had been synthesized in 1936 (23), we could not find a
report demonstrating its formation when GNG is inhibited by
AOA. To investigate this question, we first reacted dilute solu-
tions of AOA and pyruvate at pH 7.4, and we observed the
formation of the pyruvate-AOA adduct. The latter was
extracted in acid and identified by GC-MS of its di-TMS deriv-
ative atm/z 305. However, GC-MS assays of effluent liver per-
fusates did not reveal the presence of the pyruvate-AOA
adduct. Then we synthesized the pure methoxamates of AOA
with pyruvate, �-ketoglutarate, and OAA, confirmed their
identities by their MS/MS spectra, and set up the assay of their
concentrations by LC-MS/MS. This assay did not involve the
protection of ketoacids with methoxylamine because the latter
would have displaced the ketoacids from their AOA adducts.
The AOA-pyruvate adduct was not detected in the effluents of
livers perfused without AOA, but it was easily quantitated in
the effluents of livers perfused with 5 mM lactate � AOA
(55.2� 3.2�M,n� 8) and 2mMpyruvate�AOA(416� 13�M,
n � 10). In the effluent of one liver perfused with 5 mM
[13C3]lactate � 0.5 mM AOA, the mass of the AOA-pyruvate
adduct was increased by 3 atomic mass units over that assayed
in effluent of livers perfusedwith unlabeled lactate�AOA.The
data clearly showed that the AOA-pyruvate adduct was present
in the effluent perfusate and that its concentration was much
greater when pyruvate replaced lactate as a substrate. However,
we had to consider the possibility that in perfusions with lac-
tate � AOA, the AOA-pyruvate adduct might have formed
after the perfusate had exited the livers. Because the isolated
livers were perfused with nonrecirculating red blood cell-free
perfusates at 4 ml�min�1�g�1, the residence time of the perfu-
sate in the liver was less than 15 s. So the adduct may have
formed outside of the liver. Also, in perfusions with pyruvate�
AOA, the adduct probably formed before the perfusate entered
the livers. To test for the time course of AOA-pyruvate adduct
formation, we conducted the experiment illustrated in Fig. 7,
A–C.We pumped a 0.5mMAOA solution (pH 7.4), from a flask
kept at 37 °C, directly (without column) into the source of the

Q-Trap LC-MS/MS via an HPLC pump (3 ml/min) and a low
dead space HPLC tubing (0.3 ml total dead space). Via a split,
1/10 of the flow was directed to the MS source. After acquiring
the base-line signal of AOA (Fig. 7C) and the base-line signals at
them/z of pyruvate (Fig. 7B) and of the AOA-pyruvate adduct
(Fig. 7A), we added 0.2mM pyruvate (pH 7.4) to the stirred flask
(Fig. 7B). Fig. 7, A and C, shows the time courses of the forma-
tion of the AOA-pyruvate adduct and of AOA utilization.
Clearly, some AOA-pyruvate adduct forms within seconds of
addition of pyruvate to the AOA solution. Also, the adduct
formation seems to reach an equilibrium where about 50% of
the pyruvate is trapped. This suggests that, in perfusions with
lactate�AOA, someAOA-pyruvate adduct formed during the
transit of the perfusate through the liver.
However, theAOA-pyruvate adductwas not detected in liver

tissue of which about one-half of the weight is extracellular
fluid. This is because the water/methanol extract of liver (Folch
wash) was treated with methoxylamine to protect ketoacids.
The 1.5-g liver sample, which contained at most 0.75 �mol of
AOA, was treated with 200 �mol of methoxylamine. This
methoxylamine must have displaced the pyruvate from the
AOA-pyruvate adduct. Extracting the liver without using
methoxylamine would not be an option because pyruvate and
AOA could react with one another in the extract. So the pyru-
vate concentration assayed in livers perfused with AOA proba-
bly included a small component of the AOA-pyruvate adduct.
Note that adduct formation would not explain the 20-fold

decrease in pyruvate concentration induced by AOA in livers
perfused with 5 mM lactate (Fig. 5B). This decrease in tissue
pyruvate concentration is probably the consequence of the
redox shift induced by AOA (Fig. 3).
Fig. 7 (D–I) also shows that �-ketoglutarate and OAA form

adducts rapidly with AOA at pH 7.4. We found small amounts
of �-ketoglutarate-AOA adduct in the effluent of livers per-
fusedwith 5mM lactate�AOA(34.4� 2.4�M,n� 8) and 2mM
pyruvate � AOA (7.14 � 0.15 �M, n � 10). Because the �-ke-
toglutarate and OAA adducts are triply charged, they probably
diffuse poorly through cell and mitochondrial membranes.
However, because �-ketoglutarate and OAA are constantly
formed in liver cells, it is likely that small concentrations of
AOA adducts with �-ketoglutarate and OAA are present in
livers perfused with AOA, and in the livers of animals injected
withAOA.Whether these adducts exertmetabolic effects is not
clear. To our best review of the literature, the formation of
adducts between AOA and ketoacids in liver has not been pre-
viously identified.
We also suspected thatMPA reacts with pyruvate to form an

MPA-pyruvate hemithioketal by the same mechanism as hom-
ocysteine forms an adduct with pyruvate (37). To test this
hypothesis, we incubated pyruvate or [13C3]pyruvatewithMPA
at neutral pHand room temperature.After diethyl ether extrac-
tion, evaporation, and trimethylsilylation, electron ionization
GC-MS analysis yielded the expectedTMSderivative (m/z 460)
and of its M3 analog (m/z 463). Fig. 7 (J–L) shows the time
course of formation of mercaptopicolinyl lactate, monitored
under the same conditions as the AOA adducts using LC-MS/
MS. Attempts at purifying the hemithioacetal were unsuccess-
ful because the adduct formation is readily reversible. Also, we
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could not detect the hemithioketal in the effluent of livers per-
fused with lactate � MPA. Using the same assay system, we
could not detect the formation of adducts between MPA and
�-ketoglutarate or OAA.

In conclusion, our data show that small amounts of AOA-
pyruvate adduct form in livers perfused with lactate, the pre-
cursor of pyruvate. Adducts of AOA and �-ketoglutarate or
OAA are readily formed, with formation constants of about
2,000 M, but were not detected. The formation of such adducts
may affect the intracellular concentrations of the three ketoac-
ids when the concentration of AOA approaches 1 mM.

Summingup this study,what are the implications of our find-
ings? First, the adducts between ketoacids and AOA (and pos-
sibly MPA) may exert metabolic effects that are yet unknown.
Their formation results in a drain of ketoacids out of the liver.
Second, our data show a link between GNG and the release
from the liver of gluconeogenic compounds linked to the CAC
(CAC intermediates, glutamate, aspartate, see Figs. 1 and 2).
Accumulation of these intermediates was observed in the liver
of mice in which liver PEPCK was inactivated by homologous
recombination (38). Although these mice die very young,
another type of liver PEPCK knock-out mice has a normal life
span and does not suffer from hypoglycemia, presumably
because renal GNG compensates for the absence of liver GNG
from amino acids and lactate (30). This suggests that part of the

small contribution of the kidney to whole body GNG in the
normal state (39, 40) is fueled by a liver-to-kidney transfer of
gluconeogenic anions derived from amino acids. In support of
this hypothesis is the study that the perfused rat kidney has a
higher capacity than the perfused rat liver (per g of tissue) to
convert succinate, fumarate, malate, aspartate, and glutamate
(a precursor of �-ketoglutarate) to glucose (29). We are cur-
rently testing this hypothesis.
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