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Recent studies in metabolic profiling have underscored the import-
ance of the concept of a metabolic network of pathways with
special functional characteristics that differ from those of simple
reaction sequences. The characterization of metabolic functions
requires the simultaneous measurement of substrate fluxes of
interconnecting pathways. Here we present a novel stable isotope
method by which the forward and reverse fluxes of the futile cycles
of the hepatic glucose metabolic network are simultaneously de-
termined. Unlike previous radio-isotope methods, a single tracer
[1,2-13C2]D-glucose and mass isotopomer analysis is used.
Changes in fluxes of substrate cycles, in response to several gluco-
neogenic substrates, in isolated fasted hepatocytes from male
Wistar rats were measured simultaneously. Incubation with these
substrates resulted in a change in glucose-6-phosphatase/gluco-
kinase and glycolytic/gluconeogenic flux ratios. Different net

redistributions of intermediates in the glucose network were ob-
served, resulting in distinct metabolic phenotypes of the fasted
hepatocytes in response to each substrate condition. Our experi-
mental observations show that the constraints of concentrations
of shared intermediates, and enzyme kinetics of intersecting
pathways of the metabolic network determine substrate redistri-
bution throughout the network when it is perturbed. These results
support the systems-biology notion that network analysis provides
an integrated view of the physiological state. Interaction between
metabolic intermediates and glycolytic/gluconeogenic pathways
is a basic element of cross-talk in hepatocytes, and may explain
some of the difficulties in genotype and phenotype correlation.

Key words: futile cycles, GC–MS, glucose metabolism, glucose
stable isotope tracer, metabolic network.

INTRODUCTION

Isolated hepatocytes have an impressive capacity for adjusting
their intracellular machinery in response to changes in their nu-
trient and hormonal environment. The high complexity of the
glucose metabolic network permits multiple metabolic endpoints
in response to changes in environmental factors for a given geno-
mic or proteomic expression. Thus, the physiological state of
hepatocytes at a given moment cannot be predicted by the genome
alone (or even by the proteins it encodes) [1,2].

The hepatic glucose metabolic network comprises a number of
pathways of intersecting substrate cycles, of which the main one is
the glycolytic/gluconeogenic pathway. These can operate simul-
taneously, resulting in futile cycling of substrates with no net flux
of metabolites [3–5]. The glycolytic/gluconeogenic cycle inter-
sects with the glycogenesis/glycogenolysis cycle and the pentose
phosphate cycle (PPC), being thus embedded in a larger hepatic
glucose metabolic network (Scheme 1). Traditionally studies of
hepatic glucose metabolism have focused on the regulation of the
individual reactions of the glycolytic and gluconeogenic path-
ways. Few studies have addressed the effect of the impinging
pathways of the PPC at the triose phosphate and the hexose phos-
phate levels on glycolytic/gluconeogenic fluxes. Recent studies in
metabolic profiling have underscored the importance of the con-
cept of a metabolic network of pathways with special functional
characteristics that differ from those of simple reaction sequences.
Under this network the individual substrate concentrations, en-
zyme activities and cofactor availabilities serve as ‘constraints’,
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distribution analysis; PC, pyruvate carboxylase (EC 6.4.1.1); PDH, pyruvate dehydrogenase (EC 1.2.4.1); PPC, pentose phosphate cycle.
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which ultimately determine the performance of the network, as
measured by substrate fluxes [6,7]. The effects of genetic or
nutrient environment changes can be best understood in terms
of an alteration of ‘constraints’ and the resulting response in sub-
strate production and utilization (fluxes). An important impli-
cation of the operation of the glucose metabolic network is that for
a given change in genomic or proteomic expression, the regulation
of flux distribution along the entire network is affected. Therefore,
hepatic glucose metabolism can be best studied using techniques
that permit the simultaneous characterization of substrate fluxes
across the network.

Mass isotopomer distribution analysis (MIDA) using GC coup-
led to MS (GC–MS) has been widely used in metabolic profiling.
This technique has been applied to tumoral metabolic pro-
filing, and has allowed the design of new strategies that target
the metabolic network in cancer cells [8–11]. The stable isotope
approach of MIDA differs from traditional methods that use multi-
ple radioisotopes, in that a single isotope is used and individual
fluxes through all the futile cycles and the PPC and Krebs cycle
can be determined simultaneously. Here we apply this novel ap-
proach for the first time to provide a metabolic profile of the
individual fluxes in response to several substrate inputs using
[1,2-13C2]glucose in hepatocytes. This characterization shows that
cross talk between pathways and simultaneous regulation of the
numerous futile cycles are crucial to understand the high flexibility
of the network for a given genomic and proteomic expression.
Furthermore, we show that the use of GC–MS together with 13C
stable isotope labelling is a robust approach for examining and
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Scheme 1 Scheme of hepatic glucose metabolic network showing the
relative location of glycolytic/gluconeogenic substrate cycles

Metabolic outfluxes (a, glycogen synthase; b, G6Pase; c, glycolysis; and d, PPC) and influxes
(e, GK; and f, gluconeogenesis) involved in homoeostasis of metabolites of the network in fasted
rat hepatocytes. Central to the regulation of glucose homoeostasis in fasted-refed transition are
the futile cycles around the hepatic G6P.

modelling metabolic pathways and metabolite transformations.
The resulting flux map of the metabolic network may be regarded
as the phenotypic equivalent of a micro-array gene expression
profile.

EXPERIMENTAL

Materials

[1,2-13C2]D-glucose (>99% enriched) was purchased from Iso-
tec (Miamisburg, OH, U.S.A.), and other reagents from Sigma.

Animals

Male Wistar rats (180–200 g) were used. Rats were maintained in
a 12 h:12 h light/dark cycle with free access to standard labora-
tory rat chow pellets (MDS Panlabs, Bothell, WA, U.S.A.) and
water. Animals were fasted for 24 h before hepatocyte isolation.
Experiments were conducted in accordance with the guidelines
of the University Animal Care and Use Committee. Appropriate
measures were taken to minimize animal pain or discomfort.

Preparation of cells and incubation

Suspensions of isolated parenchymal liver cells were prepared
from 24 h fasted animals as described previously [12]. Cells
were resuspended in Krebs–Ringer bicarbonate buffer, pH 7.4.
Preparations with viability below 90%, established by the Trypan
Blue exclusion method, were not used. Samples (6 ml) of these
suspensions, containing 2.3 × 106 cells/ml, were incubated at
37 ◦C with gassing and continuous shaking at 160 strokes/min for
2 h, as this was the optimum time to ensure maximum glycogen
synthesis without diminishing cell viability. Conditions for cell
incubation were: a) 20 mM glucose, b) 20 mM glucose and
10 mM glutamine (glucose + glutamine), c) 20 mM glucose
and 10 mM lactate/pyruvate (9:1) (glucose + lactate/pyru-
vate), and d) 20 mM glucose and 3 mM fructose (glucose + fruc-
tose). In all conditions glucose enriched by 50% in [1,2-13C2]
glucose was used.

Measurement of metabolites

At the end of incubations, cells were centrifuged (3000 g, 20 s),
and incubation medium and cell pellets were obtained. For glyco-
gen determination, pellets were immediately homogenized with
30% (w/v) KOH using a modification of the methodology
described by Chan et al. [13], using 3 MM paper to precipitate gly-
cogen. Intracellular glucose-6-phosphate (G6P) levels, and incub-
ation medium concentrations of glucose and lactate were
determined as described previously [14–16].

GC–MS sample processing and analysis

At the end of incubations, cells were centrifuged (3000 g, 20 s),
thereby separating the incubation medium from cell pellet,
and all fractions were frozen in liquid nitrogen and stored at
−80 ◦C until processing. Incubation media were processed to
isolate lactate, glucose and glutamate, using methods established
previously [17,18]. Glycogen was isolated from cell pellets after
ethanol precipitation over 3 MM paper. It was then treated with
amyloglucosidase, and the hydrolysed glucose was isolated using
ion exchange chromatography [18]. Immediately after, glucose
from the medium or from hydrolysed glycogen, as well as lactate
and glutamate, were derivatized for GC–MS analysis [17,19,20].
A mass selective detector HP 5973 equipment coupled to a gas-
liquid chromatograph HP 6890, using previously described GC
conditions [17,19,20], was used for all the metabolites. Chemical
ionization was used to give the C1–C6 molecular ion of the gly-
cogen or glucose molecules in medium at m/z 328, and the same
for the lactate molecule (C1–C3) at m/z 328. Electron impact
ionization was used to characterize the isotopomers of the C1–C4
glycogen glucose fragment at m/z 242, and C2–C4 (m/z 152) and
C2–C5 (m/z 198) glutamate fragments.

Results of the mass isotopomers in glucose, lactate and gluta-
mate are reported as molar fractions, where m0, m1, m2 etc.
indicate the number of 13C atoms in the molecule [21]. M0, M1,
M2 etc. are used for glycogen or medium glucose isotopomers,
whereas m0, m1, and so on, are for lactate and glutamate iso-
topomers. The enrichment, �mn, is the weighted sum of the
labelled species (�mn = m1 × 1 + m2 × 2 + m3 × 3. . .) and is
equivalent to the specific activity of a compound in radioactive
tracer experiments.

Data interpretation

Formulae used to obtain the parameters expressed in results, such
as G6P outfluxes (to glycogen synthesis, to glucose incubation
medium, to lactate through glycolysis, and to lactate through
PPC), G6P influxes (from glucose incubation medium and from
lactate through gluconeogenesis), and Krebs cycle evaluation
parameters, are described in the Appendix.

Statistical analysis

All data are expressed as mean +− S.E.M. Statistical significance
was determined using the Student’s t test. P � 0.01 was considered
statistically significant.

RESULTS

The metabolism of [1,2-13C2]glucose results in the rearrangement,
exchange, or loss of the 13C label, which is incorporated into
glucose metabolic intermediates in specific patterns. The enrich-
ment of isotopomers of these intermediates also depends on the
dilution by their unlabelled counterparts. Thus, the specific iso-
topomer distribution and their respective enrichment provide in-
formation on the flow of substrates along the forward and reverse
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Table 1 Mass isotopomer distribution in C1–C6 and C1–C4 fragments of glycogen glucose

Hepatocytes were incubated for 2 h in Krebs–Ringer buffer with 20 mM glucose (glucose), 20 mM glucose + 10 mM glutamine (glucose + glutamine), 20 mM glucose + 10 mM lactate/pyruvate
(9:1) [glucose + lactate/pyruvate (9:1)] or 20 mM glucose + 3 mM fructose (glucose + fructose). C1–C6 and C1–C4 fragments of glycogen glucose were measured as described in the Experimental
section. M4, M5 and M6 were not detected. M2(glycogen)/M2(medium) reflects the contribution of medium glucose to glycogen (direct pathway). Means +− S.E.M. of several experiments (n = 6)
are provided.

M0 M1 M2 M3 �Mn M2(glycogen)/M2(medium)

C1–C6 Glucose 0.601 +− 0.011 0.017 +− 0.001 0.368 +− 0.010 0.004 +− 0.000 0.806 +− 0.021 0.753 +− 0.022
Glucose + glutamine 0.593 +− 0.010 0.023 +− 0.001 0.374 +− 0.009 0.004 +− 0.0004 0.805 +− 0.021 0.785 +− 0.018
Glucose + lactate/pyruvate (9:1) 0.681 +− 0.012 0.012 +− 0.001 0.302 +− 0.011 0.002 +− 0.0004 0.635 +− 0.024 0.640 +− 0.023
Glucose + fructose 0.655 +− 0.005 0.011 +− 0.001 0.327 +− 0.004 0.002 +− 0.0006 0.691 +− 0.011 0.710 +− 0.009

C1–C4 Glucose 0.601 +− 0.013 0.024 +− 0.003 0.367 +− 0.014 0.005 +− 0.000 0.785 +− 0.025 0.769 +− 0.040
Glucose + glutamine 0.581 +− 0.003 0.028 +− 0.003 0.383 +− 0.004 0.005 +− 0.001 0.821 +− 0.007 0.805 +− 0.009
Glucose + lactate/pyruvate (9:1) 0.679 +− 0.013 0.016 +− 0.002 0.301 +− 0.013 0.003 +− 0.0003 0.632 +− 0.027 0.640 +− 0.067
Glucose + fructose 0.664 +− 0.005 0.016 +− 0.0003 0.315 +− 0.004 0.003 +− 0.001 0.665 +− 0.012 0.701 +− 0.009

Table 2 Mass isotopomer distribution in lactate from incubation medium

Hepatocytes were incubated as in Table 1. m0, m1, m2 and m3 were calculated as described in the Experimental section. The ratio m2(lactate) × 2/M2(glycogen) reflects the contribution of G6P
to lactate. One minus this ratio should be the contribution of pyruvate from alanine or Krebs cycle, or other contributions such as glycerol to the triose phosphate pool. Means +− S.E.M. of several
experiments (n = 6) are provided.

m0 m1 m2 m3 �mn m2(lactate) × 2/M2(glycogen)

Glucose 0.850 +− 0.006 0.029 +− 0.001 0.118 +− 0.006 0.003 +− 0.0012 0.275 +− 0.012 0.641 +− 0.026
Glucose + glutamine 0.929 +− 0.004 0.006 +− 0.001 0.065 +− 0.003 − 0.001 +− 0.0010 0.135 +− 0.006 0.345 +− 0.014
Glucose + lactate/pyruvate (9:1) 0.982 +− 0.004 0.002 +− 0.001 0.009 +− 0.001 0.006 +− 0.0028 0.039 +− 0.010 0.059 +− 0.008
Glucose + fructose 0.917 +− 0.006 0.015 +− 0.001 0.067 +− 0.005 0.001 +− 0.0001 0.152 +− 0.011 0.410 +− 0.027

pathways of substrate cycles. Here we analysed the flexibility of
the glucose metabolic network to re-organize flux distribution in
response to changes in carbon inputs, in incubation conditions
with no changes at proteomic or genomic levels.

Effect of gluconeogenic substrates on the re-distribution of fluxes
involved in the glucose metabolic network

Before estimating the fluxes involved in the hepatic glucose meta-
bolic network (Scheme 1), we analysed glycogen glucose and
lactate isotopomers. Isolated rat hepatocytes from fasted rats
were incubated for 2 h with 20 mM glucose in the presence or
absence of distinct gluconeogenic substrates [10 mM glutamine,
10 mM lactate/pyruvate (9:1), or 3 mM fructose]. The distribu-
tion of isotopomers in C1–C6 and C1–C4 fragments of glucose
from the glycogen pellet was practically equal, indicating that
little randomization of the 13C on C1 and C2 via triose phos-
phates occurred (Table 1). Moreover, between 1–2% of glyco-
gen glucose contained one 13C (M1), representing recycled
species. Since the recycling of 13C from the Krebs cycle and phos-
phoenolpyruvate typically leads to almost symmetrically labelled
glucose molecules, the lack of symmetry of the 13C distribution in
glycogen indicates that the formation of M1 glucose is primarily
by the action of G6P dehydrogenase and the recycling of 13C
from the PPC. The mixing of G6P from glucose uptake and glu-
coneogenesis (direct/indirect pathways) in glycogen synthesis
was estimated. In spite of the large changes in substrate environ-
ment, the ratio of glucose uptake to gluconeogenesis was only
modestly changed.

Isotopomer distribution in lactate from the incubation medium
was also determined after 2 h incubation (Table 2). The �mn of
13C in lactate at the end of the incubation was maximum when

hepatocytes were incubated with glucose only. The dilution of
lactate enrichment when gluconeogenic substrates were added
resulted from the mixing of m2 lactate from G6P with unlabelled
lactate produced from these substrates. To calculate the fractional
contribution of G6P to lactate, isotopic equilibrium between
G6P and glycogen was assumed. This assumption is based on
previous observations by Katz et al. [22] that when hepatocytes
were incubated with [2-3H]- and [U-14C]glucose, the specific
activity and the 3H/14C ratio in glycogen glucose and G6P
equalled each other. We observed previously that G6P produced
by overexpressed hexokinase does not trigger glycogen synthesis
while G6P produced by glucokinase (GK) does [23,24]. Since the
amount of G6P produced by hexokinase is minimal at a medium
glucose concentration of 20 mM, the assumption of a single pool
of G6P is essentially valid. Thus, the fractional contribution
from G6P was decreased in the presence of glutamine, lactate
or fructose, indicating the conversion of glutamine and fructose
to lactate without suppression of glycolysis (Table 2).

Effect of gluconeogenic substrates on glucose metabolic
intermediates

Despite their similarity as gluconeogenic substrates, glutamine,
lactate and fructose evoked different responses in substrate redis-
tributions, resulting in distinct levels of metabolic intermediates,
which were also necessary to calculate the absolute values of
fluxes. Isolated rat hepatocytes from fasted rats contained 3.6 µg
of glycogen glucose and 0.1 nmol of G6P per million cells. Under
all incubation conditions, there was a substantial lactate form-
ation, accompanied by an increase in the glycogen content and
intracellular G6P levels of hepatocytes, compared with values ob-
tained in cells incubated with Krebs–Ringer buffer only (Table 3).
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Table 3 Lactate concentration from incubation medium, glycogen content
and intracellular G6P levels in hepatocytes treated with gluconeogenic
substrates

Hepatocytes were incubated as in Table 1. Lactate concentration from incubation medium,
glycogen content and G6P intracellular levels in all these incubation conditions and in
hepatocytes incubated only with Krebs–Ringer buffer, were determined at the end of the incubation
as described in the Experimental section. Glucose released determined from subtraction of
absolute glucose consumption [column (e) from Table 4] over the absolute glucose release
(column (b) from Table 4) was also estimated in all the different incubation conditions at the
end of incubation. Values are expressed as means +− S.E.M. *P � 0.01 compared with glucose
condition (n = 6).

Lactate (mM in
incubation Glycogen (µg/ G6P (nmol/ Glucose release
medium) million cells) million cells) (µg/million cells)

Krebs 0.02 +− 0.01 2.8 +− 0.2 0.2 +− 0.1 –
Glucose 0.8 +− 0.1 24.1 +− 2.0 0.8 +− 0.1 − 14.3 +− 3.3
Glucose + glutamine 1.0 +− 0.1 49.2 +− 3.1* 1.7 +− 0.2* − 22.7 +− 4.0
Glucose + lactate/ 6.2 +− 0.2* 27.7 +− 2.7 1.1 +− 0.1* 47.4 +− 11.8*

pyruvate (9:1)
Glucose + fructose 2.2 +− 0.1* 47.6 +− 3.7* 0.9 +− 0.1 64.8 +− 10.6*

Incubations with glucose and gluconeogenic precursors resulted
in net glycogen synthesis. However, this synthesis was further
stimulated by media containing glutamine or fructose. Of these
two treatments, G6P concentration was increased 2-fold only in
the former. G6P concentration was also increased 35% when cells
were treated with glucose + lactate/pyruvate, although the amount
of glycogen synthesized did not differ from that of the glucose
only control. Lactate concentration in the incubation medium
increased significantly when fructose was added, whereas it de-
creased significantly (from 9 mM to 6.2 mM) in the presence of
lactate/pyruvate, demonstrating net lactate uptake. Furthermore,
glucose released to the medium was analysed. While in glucose
only and glucose + glutamine conditions, an absolute uptake of
glucose was observed, for glucose + lactate/pyruvate or glucose +
fructose an absolute glucose production of around 4% was de-
tected. Thus, gluconeogenic precursors had distinct effects on
the substrate cycles and redistribution of intermediates of hepatic
glucose metabolic network.

Table 4 G6P influx and outflux in hepatocytes treated with gluconeogenic substrates

Hepatocytes were incubated as described in Table 1. (a) Is the outflux from G6P to glycogen, (b) is the outflux from G6P to glucose incubation medium (hepatic glucose output or G6P action),
(c) is the outflux from G6P to lactate (glycolysis), and (d) is the outflux from G6P through pentose phosphate cycle (G6P dehydrogenase action), (e) is the influx from glucose incubation medium to
G6P (GK action), and (f) is the influx from lactate to G6P (gluconeogenesis). All these fluxes were determined as described in the Appendix. The total G6P flux was determined from the addition of
all G6P outfluxes or all G6P influxes. Furthermore, under each flux the percentage that this flux represents over the total G6P flux is expressed. Values are expressed as means +− S.E.M. *P � 0.01
compared with glucose condition (n = 6).

G6P influx
G6P outflux (µg glucose/million cells) (µg glucose/million cells)

Total G6P flux
(a) (b) (c) (d) (e) (f) (µg glucose/million cells)

Glucose 24.1 +− 2.0 97.8 +− 9.0 25.0 +− 2.0 1.8 +− 0.2 112.1 +− 5.9 36.5 +− 2.1 148.6 +− 8.0
16.2 % 65.8 % 16.8 % 1.2 % 75.4 % 24.6 %

Glucose + glutamine 49.2 +− 3.1* 144.7 +− 9.4* 13.8 +− 1.5* 0.4 +− 0.1* 167.4 +− 13.5 40.2 +− 3.7 207.6 +− 16.2
23.6 % 69.5 % 6.6 % 0.2 % 80.6 % 19.4 %

Glucose + lactate/pyruvate (9:1) 27.7 +− 2.7 234.5 +− 24.3* 19.6 +− 2.5 1.9 +− 0.4 187.1 +− 35.2 92.6 +− 16.5 279.7 +− 51.7
9.8 % 82.7 % 6.9 % 0.7 % 66.9 % 33.1 %

Glucose + fructose 47.6 +− 3.7* 442.7 +− 52.3* 36.9 +− 4.9 2.5 +− 0.3 377.8 +− 42.5* 152.3 +− 12.2* 530.2 +− 54.2*
9.0 % 83.6 % 7.0 % 0.5 % 71.0 % 29.0 %

Effect of gluconeogenic substrates on G6P outfluxes and influxes

From the amount of glucose and lactate released into the medium,
and the intracellular glycogen content, several components of out-
flux and influx of intracellular G6P were calculated after con-
sidering the dilution at the level of G6P and triose phosphate
(Table 4). The calculations of these fluxes assume that intracellular
G6P is in isotopic equilibrium with glycogen (described above),
and that the system is in a metabolic steady state. The constancy
of G6P levels at 2 h incubation was accepted after verification
that G6P from cells incubated from 1 h 30 min until 2 h 30 min
was constant in all the incubation conditions tested (results not
shown). These metabolic and isotopic steady states allowed the
calculation of outfluxes and influxes of G6P using the equations
in the Appendix. The pathways leading to the substrate outflux
from the G6P pool (see Scheme 1) are: (a) glycogen synthesis,
(b) glucose-6-phosphatase (G6Pase) releasing glucose into the
medium, (c) glycolytic pathway, and (d) the oxidative PPC, which
also contributes to lactate production. Only two pathways led
to substrate influx into the G6P pool under glycogen-depletion,
(e) glucose phosphorylation by GK and (f) gluconeogenic flux.

G6P outflux to glycogen synthesis [column (a), Table 4]

In the absence of glycogenolysis, as in hepatocytes from fasted
rats, G6P outflux to glycogen synthesis coincided with the net
flux of the pathway from G6P to glycogen. This G6P outflux was
doubled when cells were incubated with glucose + glutamine or
glucose + fructose compared with glucose only (Table 4). The
effect of fructose and glutamine is probably mediated by a number
of metabolic cross-talk mechanisms since the same increase in
glycogen synthesis was associated with G6P concentrations that
differed greatly (Table 3).

G6P outflux to glucose incubation medium [recycling through G6Pase;
column (b), Table 4]

G6P outflux to glucose incubation medium, i.e. futile cycl-
ing G6P ↔ glucose, was calculated from the dilution of M2 gluc-
ose in the medium using the tracer dilution principle. Significant
futile cycling was detected under all experimental conditions as
glucose was continuously released into the medium. Recycling
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through G6Pase increased substantially with the addition of
gluconeogenic precursors. The increase in glucose outflow was
balanced by an increase in glucose uptake, such that the change in
glucose concentration in the incubation medium was small under
all conditions (Table 3).

G6P outflux to lactate formation through glycolysis [column (c), Table 4]

Multiplying the absolute lactate concentration by the lactate frac-
tional contribution from G6P (Table 2) provided the absolute
glycolytic flux (from G6P to lactate). In the glucose + glutamine
treatment, the amount of G6P that was directed to lactate though
glycolysis was significantly less than in the control, indicating
that the balance of fluxes through the glycolytic/gluconeogenic
pathways favours gluconeogenesis (Table 4). In contrast, the effect
of either lactate or fructose differed considerably, as the glycolytic
flux was not suppressed in either of these incubation conditions.
These results indicate that the same metabolic endpoints were
achieved through differential response of substrate cycles to glu-
coneogenic substrate inputs.

G6P outflux to lactate formation through the PPC [column (d), Table 4]

The percentage of the oxidative PPC flux with regard to glycolysis
was estimated using the m1/m2 13C ratio in lactate isotopomers, as
described previously [20,25]. Glucose + glutamine and glucose +
fructose resulted in a significantly lower percentage of PPC (de-
creases of PPC being 60% and 13% respectively) compared with
the glucose only treatment, where this percentage was equal to
7.7 +− 0.3%. No change was observed in the glucose + lactate/
pyruvate condition. Furthermore, the oxidative PPC flux [column
(d), Table 4] did not differ significantly from that of the control
condition in glucose + lactate/pyruvate and glucose + fruc-
tose conditions, whereas in the presence of glutamine it was signi-
ficantly lower than that of the control, as a result of lower lactate
production and lower PPC activity.

G6P influx [columns (e and f), Table 4]

Since the G6P concentration was constant during the period of ob-
servation, the sum of all G6P outfluxes must be equal to that of
all influxes. The relative contribution from glucose uptake (GK)
to G6P would be the same as the contribution of glucose uptake to
glycogen synthesis (Table 1). The magnitude of GK and glucon-
eogenesis was calculated by multiplying the total outflow with the
respective relative contributions. The contribution of GK to G6P
influx (or G6P influx from glucose incubation medium) fluctuated
between 68% and 79%, depending on the incubation condition,
whereas the remaining 21% to 32% was for the contribution
attributed to gluconeogenic flux (or gluconeogenesis). Of all the
conditions tested, fructose was found to stimulate a 3-fold increase
in glucose uptake and in gluconeogenesis.

Effect of gluconeogenic substrates on G6Pase/GK and
glycolysis/gluconeogenesis futile cycles

The substrate cycles of the glucose metabolic network showed dis-
tinct reponses to gluconeogenic inputs. As expected, incubation
with gluconeogenic precursors increased the rate of reaction in the
direction of gluconeogenesis and glucose release. Interestingly,
these changes were often associated with similar increases in the
reverse pathways of these substrate cycles. The change in the ratio
of the forward and reverse reactions of a substrate cycle is the key
determinant of net flow into glycogen, glucose release, glycolysis

Table 5 Evaluation of G6P/GK and glycolysis/gluconeogenesis flux ratios
in hepatocytes treated with gluconeogenic substrates

Hepatocytes were incubated as in Table 1. G6Pase, GK, glycolysis and gluconeogenesis fluxes
were evaluated as described in the Appendix. G6Pase/GK flux ratio was given by dividing values
of column (b) by the corresponding value of column (e) of Table 4. Glycolytic/gluconeogenic
flux ratio was given by dividing values of column (c + d) by the corresponding value of column
(f) of Table 4. Glucose to G6P isotope recycling is given by G6Pase/GK flux ratio multiplied by
the direct pathway from Table 1. Means +− S.E.M. of several experiments (n = 6) are provided.
*P � 0.01 compared with glucose condition.

G6Pase/ Glucose to G6P Glycolytic/
GK flux ratio isotope recycling gluconeogenic flux ratio

Glucose 0.87 +− 0.02 0.66 +− 0.02 0.73 +− 0.02
Glucose + glutamine 0.86 +− 0.01 0.68 +− 0.02 0.35 +− 0.05*
Glucose + lactate/pyruvate (9:1) 1.25 +− 0.02* 0.80 +− 0.02 0.23 +− 0.05*
Glucose + fructose 1.17 +− 0.02* 0.83 +− 0.01 0.26 +− 0.01*

and PPC (Table 4). While the G6Pase/GK ratio was <1 in glucose
only and glucose + glutamine conditions, this ratio was reversed
in the presence of lactate and fructose, being approximately
40% higher than the ratio of the glucose control (Table 5). The
former conditions resulted in net glucose uptake and the latter
conditions were accompanied by a 2- to 4-fold increase in glucose
release into the medium (Table 4). A different relationship was
found between glycolytic and gluconeogenic flux. Except in the
case of fructose, an increase in gluconeogenic flux was not asso-
ciated with increased glycolytic flux (Table 4). Thus, an increase
in gluconeogenic flux bore a roughly inverse relationship with
the decrease in the glycolysis/gluconeogenesis ratio of the same
incubation condition. However, the magnitude of change of abso-
lute flux was not reflected by the magnitude of change in the
glycolysis/gluconeogenesis ratio as in glucose + glutamine and
glucose + fructose conditions compared with the glucose only
condition. GK/G6Pase and glycolytic/gluconeogenic futile cycles
are known to result in isotope recycling, thereby complicating the
estimation of production or turnover of substrates with tracers.
The glucose to G6P isotope recycling ratio has been previously
estimated using radio-isotopes. The value equivalent to isotope
recycling is provided in Table 5. Under all experimental conditions
futile cycling was high. Thus, 66% to 83% of isotope was re-
cycled. The implication of this recycling is that the estimation of
glucose production using non-recyclable tracer overestimates the
true glucose production rate by 17% to 34%.

Effect of gluconeogenic substrates on the Krebs cycle

Isotopomeric analysis of C2–C5 and C2–C4 fragments of gluta-
mate in the medium was performed to estimate anaplerotic flux
and the relative contributions of pyruvate carboxylase (PC) and
pyruvate dehydrogenase (PDH) to the Krebs cycle. Anaplerotic
flux was estimated from m1/m2 ratio of the C2–C5 fragment [20]
and was between 1 and 1.5 times that of the Krebs cycle flux.
Except for the condition glucose + glutamine, where anaplerotic
flux could not be computed because of the small enrichment
detected, no significant differences were observed between the
conditions tested. With regard to the relative contribution of PC
and PDH as possible carbon entries to the Krebs cycle, the distinct
labelling pattern in glutamate molecules was analysed (Table 6).
Enrichment of m2 from the C2–C5 fragment was highest in the
glucose only condition and lowest when lactate/pyruvate was
added. Therefore the label from glucose was greatly diluted
by fructose and lactate, indicating the use of the carbon from
these sugars in the Krebs cycle. PC was 3-fold higher than
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Table 6 Mass isotopomer distribution in C2–C5 and C2–C4 fragments of glutamate from incubation medium

Hepatocytes were incubated as in Table 1. C2–C5 and C2–C4 fragments of glutamate were measured as described in the Experimental procedures. Means +− S.E.M. of several experiments (n = 6)
are provided.

m0 m1 m2 m3 m4 �mn

C2–C5 Glucose 0.901 +− 0.008 0.034 +− 0.003 0.059 +− 0.006 0.000 +− 0.001 0.006 +− 0.002 0.178 +− 0.015
Glucose + lactate/pyruvate (9:1) 0.985 +− 0.003 0.005 +− 0.003 0.008 +− 0.001 0.000 +− 0.000 0.003 +− 0.000 0.03 +− 0.003
Glucose + fructose 0.926 +− 0.006 0.024 +− 0.002 0.046 +− 0.005 0.001 +− 0.000 0.004 +− 0.000 0.133 +− 0.011

C2–C4 Glucose 0.909 +− 0.009 0.042 +− 0.005 0.050 +− 0.004 0.000 +− 0.001 0.141 +− 0.015
Glucose + lactate/pyruvate (9:1) 0.984 +− 0.006 0.011 +− 0.002 0.003 +− 0.002 0.003 +− 0.003 0.025 +− 0.013
Glucose + fructose 0.932 +− 0.007 0.042 +− 0.003 0.026 +− 0.004 0.000 +− 0.000 0.094 +− 0.010

Figure 1 Relative contribution of [1,2-13C2]glucose to m2 of glutamate via
PC and PDH in hepatocytes treated with gluconeogenic substrates

Hepatocytes were incubated as in Table 1. Relative contributions of [1,2-13C2]glucose to m2 of
glutamate via PC and PDH relative fluxes were calculated using glutamate GC–MS values; they
were calculated using the C2–C5 and C2–C4 fragments of glutamate isotopomers as described
in the Appendix. Light and dark bars are PC and PDH contributions respectively. Values are
expressed as means +− S.E.M. *P � 0.01 compared with the related enzyme under glucose
condition, and #P � 0.01 between PC and PDH contributions in the same group (n = 6).

PDH flux when glucose was the sole substrate, whereas, in the
other conditions the contributions of PC and PDH were similar,
indicating the activation of PDH by lactate and by fructose (Fig-
ure 1). Activation in PDH was from 15% (1 − m2C2−C4/m2C2−C5) in
the glucose only treatment to 62% and 44% in glucose + lactate
and glucose + fructose conditions respectively.

DISCUSSION

Metabolic network analysis provides an integrated view of the
physiological state of a cell at a given moment, while radio-isotope
studies of the effects of gluconeogenic precursors on individual
biochemical reactions of the network [26–28] do not provide
this integrated view. Although glutamine, lactate and fructose are
gluconeogenic precursors, their impact on the glucose metabolic
network differs, which is not explained by a simple precursor–
product concentration gradient. Our results show for the first time
how each of the precursors simultaneously affects G6P flux to
glucose release, glycogen synthesis, glycolysis, and the PPC.

Newsholme and co-workers [29,30] proposed that futile cycles
provide an excellent mechanism for the control of the direction
and magnitude of substrate flux across the substrate cycles. Our
results clearly demonstrate that the operation of the glucose meta-
bolic network is much more complex. In all situations, we found
that both forward and reverse reactions of the GK/G6Pase and

the glycolytic/gluconeogenic cycles were affected to different
degrees. Although changes in the substrate cycle resulted in direc-
tional changes in substrate flux, the magnitude of change in G6P
utilization is a functional property of the network that is not
reflected in the accumulation of products because of the com-
pensating changes in the reverse reaction of these futile cycles.
Whether the effects on the forward and reverse reactions of the
futile cycles are the result of regulation of individual enzyme
reactions by allosteric or covalent modification or through the
regulation of metabolic intermediates, remains to be elucidated.
Moreover, the effects of gluconeogenic precursors on substrate
cycles were not easy to predict. These effects were clearly demon-
strated in the cases of glutamine and fructose. For example, the
addition of glutamine resulted in a reduction in the glycolytic/
gluconeogenic ratio but not in net gluconeogenesis; and the effect
on the GK/G6Pase cycle was much greater than that on the glyco-
lytic/gluconeogenic cycle. The addition of 3 mM fructose was
a more effective gluconeogenic precursor than 10 mM lactate/
pyruvate; and the increase in gluconeogenic flux was accompanied
by increased glucose release. These examples illustrate that fu-
tile cycling not only changes the direction of substrate flux over the
cycle but also minimizes the impact of acute changes in substrate
concentration or flux of intracellular intermediates. Thus, the
change in the G6Pase/GK ratio from values lower than 1 to values
higher than 1, caused by fructose or lactate supplementation,
resulted in the reversal of the direction of net flow of glucose in and
out of hepatocytes. However, because of the presence of G6Pase/
GK futile cycling, the net flux in or out of the hepatocytes was
only a small fraction of the total flux.

The concept of a glucose metabolic network that links glyco-
lysis and gluconeogenesis with glycogen synthesis and energy
substrate production by the PPC and Krebs cycle has important
implications. It implies that the induction of enzyme expression
by hormones is further modulated by substrate cycles of the glu-
cose metabolic network. The complex cross-talk between sub-
strate cycles makes the simple definition of insulin sensitivity or
resistance difficult, if not impossible. Metabolic networks func-
tion under constraints from known stoichiometry and reaction
energetics, and genetic or regulatory modifications of enzyme
activities in the time-frame of the experiment. These constraints
delimit the space where experimental observations must lie [6,7].
In our study of fasted rat hepatocytes, the profiles of substrate
cycles and the ratio of the forward and reverse reactions were
functional characteristics of a metabolic network that constitute
the metabolic phenotype of a cell. On the basis of our results,
we conclude that the use of stable isotope and MIDA is a more ef-
fective and efficient methodology than traditional radio-isotope
approaches. This metabolomic analysis in response to various pre-
cursor substrate inputs, provides the functional characterization
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of the glucose metabolic network in fasted rat hepatocytes, and
is a rich source of information for the characterization of cross
talk with hormone signalling pathways related to hepatic glucose
metabolism. These concepts offer new approaches for the study of
network states, rather than of individual proteins, as a strategy to
improve our understanding of complex metabolic diseases and
to develop drugs for their treatment [31].
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APPENDIX

Formulae used to obtain the parameters included in the text are
given below:

G6P outflux evaluation

As shown in Scheme 1, under our incubation conditions G6P out-
flux is the sum of four contributions: (a) outflux to glycogen syn-
thesis, (b) outflux to glucose incubation medium, (c) outflux to
lactate through glycolysis, and (d) outflux to lactate through PPC.

(a) G6P outflux to glycogen synthesis

This flux corresponds to the biochemical glycogen content, mea-
sured as described in the Experimental section.

(b) G6P outflux to glucose incubation medium (G6Pase recycling)

This was measured using glucose and G6P isotopomeric patterns.
Assuming isotopic equilibrium between G6P and glycogen, G6P
isotopomeric distribution would be the same as that observed in
glycogen isolated from cell pellets. To quantify G6P recycling,
the fraction of glucose medium that is released from cells (X) was
calculated:

M2 glucose(t = 2 h) = M2 glucose(t = 0 h) × (1 − X)

+ M2 glycogen × (X) (A1)

This formula considers that M2 labelling in glucose medium at the
end of the incubation can be from initial glucose or from recycled
G6P. When multiplying this fraction (X) by the biochemical
glucose concentration in the medium at the end of incubation
{[glucose](t=2 h)}, the G6P outflux to glucose incubation medium
is obtained:

G6P outflux to glucose incubation medium

= (X) × [glucose](t=2 h) (A2)

(c) G6P outflux to lactate formation through glycolysis

G6P metabolized directly through glycolysis gives two triose
phosphate molecules (glyceraldehyde phosphate and dihydroxy-
acetone phosphate), which can be directed to lactate formation.
Thus, when one molecule of G6P, with a 13C label on each of the
first two carbons, enters glycolysis, only one of the two newly
formed lactate molecules will have two 13C, while the second will
have no label. In this way, the rate of lactate synthesized from
G6P through the glycolytic pathway can be measured from:

Fraction of lactate from G6P

= [m2 lactate(t = 2 h) × 2]/M2 glycogen (A3)

and the absolute glycolytic flux (from G6P to lactate):

Glycolytic flux = {[m2 lactate(t = 2 h) × 2]/M2 glycogen}
× [lactate](t=2 h) (A4)

where [lactate](t=2 h) is the biochemical concentration of lactate in
the incubation medium at the end of incubation.

(d) G6P outflux to lactate formation through the PPC

Lactate directly formed from G6P through glycolysis will have m0
labelling when it comes from the bottom of the [1,2-13C2]glucose
molecule, or m2 labelling, when it comes from the top of the
same molecule. Despite these two possibilities, m1 labelling
in triose phosphate may also arise because of the action of
PPC on the metabolism of [1,2-13C2]glucose molecules [25].
The PPC contribution can be quantified compared with glyco-
lysis (PPC) using these m1 and m2 values and the formula
described previously [25]:

PPC = (m1/m2)/{3 + (m1/m2)} (A5)

Combining the value of PPC and that estimated for the glycolytic
flux [point (c) of this Appendix], the oxidative PPC flux (G6P
outflux to lactate through PPC) was calculated:

Oxidative PPC flux = PPC × glycolytic flux (A6)

G6P influx evaluation

G6P influxes considered in our network were as described in
Scheme 1: (e) influx from glucose incubation medium, and (f) in-
flux from lactate through gluconeogenesis. G6P influx from glyco-
genolysis was discarded for all our incubation conditions as
glycogen phosphorylase (one of the enzymes involved in glycogen
degradation) is inhibited in hepatocytes from fasted rats incubated
with high glucose levels [32].

(e) G6P influx from glucose incubation medium (through GK action)

G6P synthesized from glucose incubation medium through GK
action will have the same labelling as glucose from the medium.
Thus, since cells were incubated with [1,2-13C2]glucose (M2 glu-
cose), it was expected that G6P synthesized through this pathway
would show the same M2 labelling. As G6P is in isotopic equi-
librium with glycogen, and assuming little randomization of M2
in glycogen (which was verified comparing the labelling pattern
of the C1–C4 fragment with that of the C1–C6 in the glycogen
glucose molecule), the rate of G6P synthesized through GK was
calculated by:

GK action = M2 glycogen/M2 glucose (A7)

where M2 glucose is the average between M2 glucose at the
beginning and at the end of incubation. And G6P influx from
glucose incubation medium will be:

G6P influx from glucose inc.medium

= (M2 glycogen/M2 glucose) × (total G6P influx) (A8)

Here, total G6P influx has the same value as the total G6P outflux,
calculated from the addition of all G6P outfluxes (a + b + c + d).
This statement was accepted as all experiments were performed
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under steady state conditions for G6P intracellular content.
Furthermore, the change in medium glucose concentration was
not large, and did not affect mass balance, and consequently G6P
flux underestimation caused by loss into pyruvate or the Krebs
cycle is assumed to be slight.

(f) G6P influx from lactate (through gluconeogenic flux)

As the only G6P influxes considered are influx from glucose in-
cubation medium and influx from lactate through gluconeo-
genesis, the remaining G6P influx that has not been attributed
to GK must go through this pathway, its contribution being:

Gluconeogenesis action = 1 − (M2 glycogen/M2 glucose) (A9)

and the G6P influx from lactate (through gluconeogenesis) will
be:

G6P influx from lactate = {1 − (M2 glycogen/M2 glucose)}
× (total G6P influx) (A10)

Krebs Cycle evaluation

The Krebs cycle can be analysed comparing the m2 enrichment in
C2–C4 to the m2, m3 and m4 enrichment in C2–C5 of glutamate.
As the m2 label in C2–C3 represents the relative contribution
of [1,2-13C2]glucose via PC, and the m2 label in C4–C5 the
relative contribution of the same isotope via PDH [8,11], they
were quantified using:

PC = m2(C2–C4) − m3(C2–C5) + m4(C2–C5) (A11)

PDH = m2(C2–C5) − m2(C2–C4) + 2 × m3(C2–C5)

+ m4(C2–C5) (A12)

In addition, anaplerotic flux, which is the measure of substrate
flux of the Krebs cycle that generates (or conserves) three-carbon
compounds, was calculated as described in [20].
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