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Cellular metabolism of glucose is required for stimulation of insulin
secretion from pancreatic � cells, but the precise metabolic coupling
factors involved in this process are not known. In an effort to better
understand mechanisms of fuel-mediated insulin secretion, we have
adapted 13C NMR and isotopomer methods to measure influx of
metabolic fuels into the tricarboxylic acid (TCA) cycle in insulinoma
cells. Mitochondrial metabolism of [U-13C3]pyruvate, derived from
[U-13C6]glucose, was compared in four clonal rat insulinoma cell
1-derived cell lines with varying degrees of glucose responsiveness. A
13C isotopomer analysis of glutamate isolated from these cells
showed that the fraction of acetyl-CoA derived from [U-13C6]glucose
was the same in all four cell lines (44 � 5%, 70 � 3%, and 84 � 4%
with 3, 6, or 12 mM glucose, respectively). The 13C NMR spectra also
demonstrated the existence of two compartmental pools of pyruvate,
one that exchanges with TCA cycle intermediates and a second pool
derived from [U-13C6]glucose that feeds acetyl-CoA into the TCA cycle.
The 13C NMR spectra were consistent with a metabolic model where
the two pyruvate pools do not randomly mix. Flux between the
mitochondrial intermediates and the first pool of pyruvate (pyruvate
cycling) varied in proportion to glucose responsiveness in the four cell
lines. Furthermore, stimulation of pyruvate cycling with dimethyl-
malate or its inhibition with phenylacetic acid led to proportional
changes in insulin secretion. These findings indicate that exchange of
pyruvate with TCA cycle intermediates, rather than oxidation of
pyruvate via acetyl-CoA, correlates with glucose-stimulated insulin
secretion.

G lucose stimulates insulin secretion by means of its metabolism
in pancreatic islet � cells, but the coupling factors that relate

metabolism of the hexose to exocytosis of insulin have not been fully
delineated. A minimal working model holds that an increase in
glucose concentration causes a rise in the [ATP]�[ADP] ratio in �
cells, resulting in closure of ATP-regulated K� (KATP) channels,
membrane depolarization, influx of Ca2�, and subsequent exocy-
tosis of insulin (1, 2). Glucose oxidation increases in proportion to
the external glucose concentration in � cells, and this has been
taken as evidence for a direct link between fuel oxidation, ATP
production, and insulin secretion (3). However, � cells also have
high levels of pyruvate carboxylase (PC) activity (4), which is
remarkable in light of their lack of phosphoenolpyruvatecarboxyki-
nase (PEPCK) expression (5) and low lipogenic capacity (6).
Radioisotopic methods have been used to estimate that 40% of the
pyruvate generated during glucose stimulation of � cells enters
mitochondrial metabolism via PC-catalyzed conversion to oxaloa-
cetate (OAA), with most of the remainder metabolized to acetyl-
CoA via the pyruvate dehydrogenase (PDH) reaction (7–10). It has
been further proposed that PC-catalyzed anaplerotic influx of
pyruvate into the tricarboxylic acid (TCA) cycle is linked to efflux
of other intermediates from the mitochondria, including malate
(11) or citrate (12), resulting in synthesis of important coupling
factors. Cytosolic malate can be reconverted to pyruvate via the
malic enzyme, completing a pyruvate-malate cycle. An alternate

cycle occurs when citrate leaves the mitochondria to be cleaved to
acetyl-CoA and OAA by citrate lyase. Acetyl-CoA so formed can
be converted to malonyl-CoA, which has been proposed as a
coupling factor (13, 14), although evidence against this idea has also
been presented (15, 16). The OAA formed by means of citrate
cleavage can in turn be converted to malate via cytosolic malate
dehydrogenase activity, and then back to pyruvate via malic enzyme
to complete a pyruvate-citrate cycle. A cofactor common to both
the pyruvate-malate and pyruvate-citrate cycles is NADPH pro-
duced as a byproduct of the malic enzyme (7).

Although the foregoing studies clearly establish that pyruvate
enters mitochondrial metabolism both through PDH and PC in islet
cells, direct evidence linking either of these pathways to insulin
secretion is lacking. Indirect evidence for a role of PC-catalyzed
anaplerosis (formation of OAA from pyruvate) comes from the
following studies. (i) Comparison of 14CO2 production from [3,4-
14C]glucose and [6-14C]glucose reveals that pyruvate carboxylation
is highly active in � cells but virtually lacking in � cells (10). (ii)
Incubation of rat insulinoma cell (INS) 1 insulinoma cells or
isolated rat islets with phenylacetic acid (PAA), an inhibitor of PC,
impairs glucose-stimulated insulin secretion (GSIS) without affect-
ing glycolytic rate (12). (iii) Engineering of INS-1 cells for expres-
sion of glycerol kinase confers glycerol-stimulated insulin secretion,
such that glycerol and glucose have similar maximal potency for
stimulation of insulin secretion, despite relatively low rates of
glycerol oxidation (17). These findings suggest that it would be
unwise to neglect the potential contribution of pyruvate cycling
to signal generation in GSIS, and that further investigation is
warranted.

In the current study, we have combined novel cell line models
with analysis of metabolism by 13C NMR to provide a better
understanding of the potential role of PC-catalyzed pyruvate
metabolism in regulation of insulin secretion. We have shown that
13C-isotopomer analysis of glutamate spectra can provide detailed
metabolic information about pathways intersecting with the TCA
cycle (18–20). In the current study, this technology has been applied
to a unique set of cell lines derived from rat INS-1 insulinoma cells.
These cell lines were procured by stable transfection of parental
INS-1 cells with a plasmid containing an antibiotic-resistance
marker (21, 22). From among 60 cell lines screened, 70% exhibited
weak GSIS (�2-fold), 17% had moderate responses (2–5-fold), and
a few clones had increases in insulin secretion of 10–15-fold as
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glucose was raised from 3 to 15 mM. Importantly, the response
characteristics of the robustly and poorly responsive clones were
stable over long periods of continuous tissue culture (21). This
stability has allowed us, in the current study, to use 13C NMR to
measure the relative contributions of PC- and PDH-gated pathways
of pyruvate metabolism in clones with weak, moderate, or robust
glucose responsiveness. We find that PC-catalyzed pyruvate cycling,
but not the fractional contribution of glucose to acetyl-CoA for-
mation (PDH-catalyzed pyruvate metabolism), is directly corre-
lated with the degree of glucose responsiveness in our INS-1-
derived cell lines. Furthermore, PAA impairs, whereas malate,
given as the cell-permeable methyl ester, potentiates GSIS in
glucose-responsive clones in close correlation with changes in
PC-catalyzed cycling of pyruvate. These experiments provide evi-
dence for a key role of pyruvate cycling in control of insulin
secretion.

Methods
Cell Lines. Four clonal cell lines (832�1, 832�2, 832�13, and 834�40),
derived from INS-1 insulinoma � cells using a transfection-selection
strategy (21, 22), were used in these studies. Cells were grown to
confluence in RPMI medium 1640 containing 11.1 mM glucose and
supplemented with 10% FBS�100 units/ml penicillin�100 �g/ml
streptomycin�10 mM Hepes�2 mM glutamine�1 mM sodium pyru-
vate�50 �M �-mercaptoethanol in 15-cm plates at 37°C in a
humidified atmosphere containing 5% CO2.

Oxygen Consumption. O2 consumption by cells was measured with
a YSI model 5300 biological oxygen monitor equipped with a
Clarke (Yellow Springs, Ohio) oxygen electrode. The electrode was
calibrated by assuming an oxygen concentration of 221 �M for
air-saturated water, 37°C, and zero after addition of excess sodium
dithionite. Actively respiring cells were added to an air-saturated
solution in a water-jacketed airtight chamber, the chamber was
sealed, and disappearance of O2 was recorded over a 15–30-min
period. Total protein in the chamber was measured, and O2
consumption was reported as nmol�min�mg of cell protein.

NMR Spectroscopy. After cells were grown to confluence, tissue
culture medium was removed, and the cells were washed once with
PBS. The cells were preincubated in Hepes-buffered saline solution
(HBSS;114 mM NaCl�4.7 mmol KCl�1.2 mM KH2PO4�1.16 mM
MgSO4�20 mM Hepes�2.5 mM CaCl2�25.5 mM NaHCO3, pH 7.2)
containing 3 mM glucose for 1 h then incubated with 3, 6, or 12 mM
[U-13C6]glucose (Cambridge Isotope Laboratories, Cambridge,
MA) in the same Hepes-buffered saline for 4 h at 37°C. In addition,
dimethylmalate (DMM) and PAA (both from Sigma) were added
to the HBSS in certain experiments at the concentrations indicated
in the respective legends. Samples from the assay buffer were
removed before preparation of the cell extracts for NMR and used
for insulin radioimmunoassays as described (21). Then, the cells
were washed once with ice-cold PBS and extracted with ice-cold
3.5% perchloric acid. Extracts from 3 plates were pooled, neutral-
ized, and lyophilized. In a few samples, cellular glutamate was
purified by reconstituting the freeze-dried extract in water, applying
the sample to a Dowex-50 column (H� form), and eluting the amino
acid mixture with 2N ammonium hydroxide. The eluant was
freeze-dried and dissolved in 0.5 ml of 2H2O for analysis by 13C
NMR. Proton-decoupled 13C NMR spectra were recorded on
either a 500 (11.75T) or 600 MHz (14T) Varian INOVA NMR
spectrometer by using a 45° pulse and a 3-s repetition time on a
5-mm tunable broadband probe. The areas of the multiplets arising
from 13C-13C spin-spin coupling in the glutamate C2, C3, and C4
resonances were determined by using the line-fitting routine in the
PC-based NMR program, NUTS (Acorn NMR, Fremont, CA).
These multiplet areas were used to perform a 13C-isotopomer
analysis (18–20) to determine a metabolic profile for metabolism of
[U-13C6]glucose in the TCA cycle. Preliminary experiments showed

that cellular glutamate became highly enriched in 13C in these cells
as a result of oxidation of [U-13C6]glucose in the TCA cycle and that
cellular glutamate was readily detected by 13C NMR in extracts of
�1.5 � 108 cells. Preliminary experiments on cells incubated with
[U-13C6]glucose for various times indicated that isotopic steady-
state was reached by �3 h.

13C Isotopomer Model. Cellular uptake of [U-13C6]glucose results
in the production of two equivalents of [U-13C3]pyruvate via
glycolysis. The resulting [U-13C3]pyruvate has three possible
metabolic fates: conversion to [U-13C3]lactate via lactate dehy-
drogenase (LDH), conversion to [U-13C2]acetyl-CoA via PDH,
or conversion to [1,2,3-13C3]OAA via PC. If [U-13C3]pyruvate is
converted exclusively to [U-13C2]acetyl-CoA and oxidized in the
TCA cycle, then all intermediates involved in cycle reactions will
become enriched with 13C in a predictable pattern. The five-
carbon intermediate �-ketoglutarate (�-KG), for example,
would consist of 16 distinct 13C isotopomers at isotopic steady
state. If [U-13C3]pyruvate also enters the cycle via PC, then the
same mix of 16 13C isotopomers of �-KG will be present at
steady-state; however, the population of those 16 isotopomers
will be heavily weighted by influx of [1,2,3-13C3]OAA formed via
carboxylation of [U-13C3]pyruvate. These metabolic alternatives
are easily distinguished by 13C NMR (Fig. 1). As cellular �-KG
is too low to detect by NMR under most circumstances, the NMR
analysis is based instead on tissue glutamate, a relatively abun-
dant intermediate in rapid exchange with �-KG. Thus, one
underlying assumption of 13C isotopomer analysis is that 13C
NMR spectrum reported by glutamate at metabolic and isotopic
steady-state mirrors the isotopomer distribution in �-KG.

Entry of any metabolite into the TCA cycle via a pathway other
than acetyl-CoA is referred to as anaplerosis, a term originally
coined by Kornberg (23) to represent any process that replenishes
a TCA cycle intermediate. Kornberg’s original definition applies
only when the amount of one or more of a TCA cycle intermediate
increases as, for example, during an altered metabolic state. How-
ever, flux through anaplerotic pathways can continue after the
system reaches a new metabolic steady state by balancing flux into

Fig. 1. Modeling of pyruvate metabolism with13C isotopomer analysis. Two
possible metabolic fates of [U-13C3]pyruvate (derived from [U-13C6]glucose)
and the resultant modeled spectra of glutamate carbons 2 (C2) and 4
(C4) [simulated by using TCASIM from (www2.swmed.edu�rogersmr�
available�products.htm)]. (Top) We have assumed that [U-13C3]pyruvate en-
ters the TCA cycle only via PDH, whereas in the Bottom, flux of
[U-13C3]pyruvate through PDH and PC are equal. The 13C spectrum of gluta-
mate clearly differentiates these two metabolic extremes.
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the cycle by a corresponding flux out. An example of this would be
continual production of glucose from lactate by the liver. Such
anaplerotic flux can be detected and quantified by isotopomer
analysis of tissue glutamate collected at metabolic and isotopic
steady-state (20). Fig. 1 illustrates the multiplet pattern anticipated
for glutamates C2 and C4 for two different metabolic models, one
where [U-13C3]pyruvate enters the TCA cycle exclusively via PDH
and another where [U-13C3]pyruvate enters the cycle via both PDH
and PC. Clearly, these two metabolic extremes are easily distin-
guished by a 13C NMR spectrum of glutamate. In this work, 13C
isotopomer analysis of cell glutamate provided a detailed picture of
metabolism in INS-1 cells after incubation with [U-13C6]glucose
under ‘‘normal’’ tissue culture conditions. This analysis provided a
direct comparison of mitochondrial metabolism in INS-1-derived
cell lines with varying capacities for GSIS.

Results
NMR Spectra. Fig. 2 shows representative 13C NMR spectra of the
amino acid fraction of extracts of robustly glucose-responsive
832�13 cells (21) after incubation with 3, 6, or 12 mM
[U-13C6]glucose for 4 h. Several features of these spectra deserve
comment. First, it is clear that the amount of [U-13C6]glucose
contributing to the acetyl-CoA pool in these cells increased dra-
matically as glucose in the incubation media was increased from 3
to 12 mM. This result is evidenced by the increase in area of the
quartet (4Q) relative to the doublet (4D45) in the glutamate C4
resonance. Second, the multiplet pattern in the glutamate C2

resonance also changes, and the individual lines appear to become
broader at the higher glucose concentration. This apparent line-
broadening is the result of long-range coupling between glutamates
C2 and C5 (24), reflecting an increase in [U-13C5]glutamate with
increasing glucose concentration. However, the total glutamate
concentration, as estimated by NMR areas, did not increase with
increasing glucose concentration, in opposition to one recent report
(25), but in agreement with another (26). Interestingly, the spectra
show that total tissue aspartate decreased with increasing glucose
in the incubation media.

Next, we compared NMR spectra from two robustly glucose
responsive cell lines, 832�13 and 834�40, with those generated from
two lines with lesser glucose responsiveness, 832�1 and 832�2
(spectra not shown). Comparisons of spectra of cell extracts after a
4-h incubation period with 12 mM [U-13C6]glucose revealed two
distinct and consistent differences. First, the singlet and doublet
components evident in C4 (see the expanded resonance of Fig. 2)
were larger in spectra of the highly responsive cells vs. the poorly
responsive cells. These peaks can arise only from labeled TCA cycle
intermediates that leave the cycle and reenter a pyruvate pool
destined for conversion to acetyl-CoA. Their presence proves that
a portion of pyruvate is derived from a TCA cycle intermediate in
these cells. A second difference between these spectra was a
consistently larger D23 component (marked by the arrows over the
C2 resonance of Fig. 2) in spectra of the robustly glucose responsive
cells. We have shown that the D23 component of the C2 resonance
is a sensitive marker of pyruvate cycling in 13C NMR spectra of
glutamate derived from rat liver (27).

Modeling. The differences in NMR spectra between robustly and
poorly glucose-responsive cell lines described in the previous
paragraph indicate that these cells are fundamentally different
with regard to mitochondrial metabolism of glucose-derived
intermediates. To gain a more comprehensive and quantitative
measure of these differences, the relative areas of all multiplets
contributing to glutamates C2, C3, and C4 in these spectra were
measured by using standard deconvolution methods. These data
were used along with the C4�C3 peak area ratio as input for an
isotopomer analysis by using the program TCACALC (http:��
www2.swmed.edu�rogersmr�tcacalc1.htm). The fittings were
performed systematically by starting with the simplest metabolic
model and adding pathways as needed to achieve the best
agreement between calculated and experimental spectra. If
addition of a new pathway did not improve the fit, this pathway
was considered unnecessary and removed from further models.

A simple, direct analysis of the spectrum (the C4Q multiplet
area multiplied by the C4�C3 ratio; see ref. 20) indicated that the
fraction of acetyl-CoA derived from [U-13C6]glucose increased
with increasing glucose concentration over an identical range in
all four cell lines, constituting approximately �40, �70, and
�85% at 3, 6, and 12 mM, respectively, in each line (Table 1).
Thus, the fraction of glucose that enters the TCA cycle via
PDH-catalyzed conversion to acetyl-CoA is not a determinant of
the degree of glucose responsiveness in these cell lines.

A fit of all multiplet data (C2, C3, and C4) to a model that
excludes anaplerosis (Fig. 1 Top) did not produce spectra
resembling those generated with living cells. Furthermore, the
appearance of C4S and C4D34 components in the C4 resonance
(Fig. 2) shows that some fraction of pyruvate is derived from
TCA cycle intermediates. This observation further supports the
inadequacy of a model that does not include the operation of a
combined carboxylation�decarboxylation pathway. However, a
fit of all multiplet data to a metabolic model involving a single
pool of pyruvate feeding both PDH and PC (Fig. 3 Top) resulted
in severe underestimation of C4�C3 and the C3 triplet contri-
bution, and a divergence of carboxylation and decarboxylation
fluxes. This divergence was especially problematical for NMR
data collected on cells incubated with 12 mM [U-13C6]glucose.

Fig. 2. 13C NMR spectra of extracts of 832�13 cells after a 4-h incubation with
[U-13C6]glucose. The robustly glucose-responsive INS-1-derived cell line 832�13
(21) was incubated with 3, 6, or 12 mM [U-13C6]glucose, followed by extraction
of cellular glutamate for NMR analysis. GluC2, GluC3, and GluC4 are the
resonances of carbons 2, 3, and 4 of glutamate, respectively. AspC3 is the
resonance for the C3 carbon of tissue aspartate. An expanded Glu-C4 reso-
nance from cells incubated with 12 mM glucose is shown the top of the figure.
The arrows designate three small resonances (a singlet and a doublet) that
could have been derived only by entry of a TCA cycle intermediate into the
pyruvate pool feeding acetyl-CoA (see text). The two small arrows over the
GluC2 resonance identify a doublet (D23) whose area is particularly sensitive
to pyruvate cycling.

2710 � www.pnas.org�cgi�doi�10.1073�pnas.052005699 Lu et al.
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Thus, this simple metabolic model is also not an acceptable
representation of glucose metabolism in INS-1-derived cells.

A relatively minor change in the metabolic model resulted in
dramatic improvement in the fit to the experimental spectra.
This metabolic model, shown schematically at the bottom of
Fig. 3, includes two pools of pyruvate, one derived from
[U-13C6]glucose that is destined for PDH-catalyzed conversion
to acetyl-CoA and a second pool that engages in direct exchange
with the TCA cycle. This latter exchange is hereafter referred to
as pyruvate cycling. The fitting also revealed that the two pools
of pyruvate do not mix randomly but rather that there is modest
‘‘leakage’’ of pyruvate isotopomers derived from the TCA
cycle-exchangeable pool into the pyruvate pool destined for
PDH-catalyzed metabolism to acetyl-CoA.

NMR Analysis Reveals a Strong Correlation Between Pyruvate Cycling
and GSIS. All NMR spectra generated from the INS-1 cell lines
were fitted to the preferred ‘‘two-pyruvate pool’’ model of Fig.
3. As shown in Table 1, glucose oxidation (as estimated by the
fractional contribution of [U-13C6]glucose to acetyl-CoA forma-
tion) increased with increasing glucose concentration to a similar

degree in each of the four clonal cell lines studied. Thus, this
integrated analysis resulted in the same conclusion about the
lack of a role of PDH-catalyzed conversion of glucose to
acetyl-CoA as deduced from our earlier direct analysis of the C4
resonance. In contrast, the isotopomer analysis revealed that
pyruvate cycling was increased to a significantly larger extent as
glucose was raised from 3 to 12 mM in the two lines with robust
GSIS vs. the two less-responsive lines (Table 2). In relating
pyruvate cycling to insulin secretion, we did not rely on historical
data for insulin secretion from our INS-1 cell lines. Instead, we
measured insulin secretion in the media collected from the same
tissue culture plates used for the NMR analysis. This action
resulted in the plot of GSIS vs. pyruvate cycling flux shown in
Fig. 4. Remarkably, the capacity for GSIS was found to be
linearly related to pyruvate cycling in our four differentially
glucose-responsive cell lines (solid points in the graph of Fig. 4),
with a correlation coefficient of r2 � 0.92. Thus, pyruvate cycling
rather than PDH-catalyzed pyruvate conversion to acetyl-CoA
correlates with the capacity for GSIS in the INS-1-derived cell
lines.

Stimulation or Inhibition of Pyruvate Cycling Has Proportional Effects
on GSIS. To investigate further the relationship between pyruvate
cycling and GSIS, we measured the effects of stimulators and
inhibitors of this pathway. First, we tested the cell permeant ester
of malate, DMM, reasoning that this agent should increase
anaplerosis and hence stimulate pyruvate cycling. Addition of
DMM to 832�13 cells had little effect on insulin secretion at 3
mM glucose but nearly doubled insulin secretion at 12 mM
glucose (Fig. 5). An isotopomer analysis of 13C spectra collected
on cell extracts after incubation with 12 mM [U-13C6]glucose
plus DMM indicated that DMM stimulated pyruvate cycling by
40%. This result is shown as the open diamond (�) point on the
plot of Fig. 4. Thus, pyruvate cycling is proportional to GSIS
when anaplerosis is stimulated by addition of DMM. As a second
test, PAA, a well known inhibitor of PC (12, 28), was added to
832�13 cells under stimulatory conditions (12 mM glucose) and,
in all cases, insulin secretion was inhibited by PAA (Fig. 5). This
observation demonstrates that PC-catalyzed carboxylation of
pyruvate plays an important role in GSIS in these cells. Fur-
thermore, a 13C isotopomer analysis of 832�13 cells after incu-
bation with 12 mM [U-13C6]glucose and 5 mM PAA confirmed
that pyruvate cycling was lower by 25%. This result is shown as
the open triangle (‚) on the plot of Fig. 4. Thus, under both
stimulatory (DMM) and inhibitory (PAA) conditions, there is a
linear correspondence between GSIS and pyruvate cycling as
measured by NMR.

One potential concern with regard to our conclusions about the
link between pyruvate cycling and insulin secretion is that pyruvate
cycling flux, as estimated by the NMR isotopomer method, is
expressed as a ratio relative to TCA cycle flux. If absolute flux of
pyruvate through PDH was different in glucose-responsive vs.
unresponsive cells, this could mean that no real change in PC-
catalyzed pyruvate cycling flux had actually occurred. If PDH-

Fig. 3. Two metabolic models used for fitting of 13C multiplet data of Fig. 2.
(A) A single pyruvate pool feeds both PDH and PC. Any pyruvate derived from
the TCA cycle via a catabolic decarboxylation pathway also randomly mixes
with [U-13C3]pyruvate coming from [U-13C6]glucose. (B) The pyruvate pool
involved in cycling with TCA cycle intermediates is sequestered in a compart-
ment that does not allow full equilibration with [U-13C3]pyruvate coming from
[U-13C6]glucose.

Table 1. Contribution of [U-13C6]glucose to acetyl-CoA in two
highly responsive (832�13 and 834�40) and two poorly
responsive (832�2 and 832�1) INS-1-derived � cells

Experimental
condition

Fraction of acetyl-CoA
derived from [U-13C6]glucose

832�13
(n � 4)

834�40
(n � 3)

832�1
(n � 2)

832�2
(n � 4)

3 mM glucose 45 � 3% 41 � 3% 47 � 1% 39 � 2%
6 mM glucose 73 � 1% — — 68 � 1%
12 mM glucose 84 � 1% 86 � 3% 80 � 4% 84 � 4%

Table 2. Pyruvate cycling in two highly responsive (832�13 and
834�40) and two poorly responsive (832�2 and 832�1)
INS-1-derived � cells

Experimental
condition

Pyruvate cycling
(relative to TCA cycle flux � 1)

832�13
(n � 4)

834�40
(n � 3)

832�1
(n � 2)

832�2
(n � 4)

3 mM glucose 0.30 � 0.06 0.36 � 0.08 0.50 � 0.08 0.38 � 0.07
6 mM glucose 0.65 � 0.03 — — 0.50 � 0.05
12 mM glucose 1.07 � 0.03 0.89 � 0.08 0.55 � 0.06 0.77 � 0.09
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catalyzed glucose oxidation differed in the two cell lines, this should
be reflected by a change in O2 consumption. However, direct O2
consumption measurements on actively respiring cells showed no
difference between highly or poorly responsive cells (6.82 � 0.54
nmol�min�mg). This result supports our conclusion of a significant
difference in pyruvate cycling activity in robustly and poorly
glucose-responsive cell lines.

Discussion
Regulation of insulin secretion by glucose requires metabolism of
the hexose in islet � cells. Decades of research on the specific
metabolic pathways that link glucose metabolism to insulin secre-
tion have resulted in confusing and often contradictory findings.
Thus, key signaling functions have been ascribed to such diverse
events as cytosolic generation of reducing equivalents (29, 30),
reducing equivalent shuttles such as the glycerol phosphate and
malate�aspartate shuttles that are very active in � cells (31),
PDH-catalyzed fuel oxidation (3), and anaplerosis (10, 12). Ap-
proaches that have implicated these pathways have included the use
of pharmacologic agents, genetic engineering, and measurement of
the concentrations of individual metabolic intermediates such as
malate or citrate during glucose stimulation. Although informative,
each of these methods can be criticized. Thus, use of pharmacologic
agents such as iodoacetate for inhibition of glycolytic flux through
glyceraldehyde-3-phosphate dehydrogenase may be subject to other

interpretations because of nonspecific effects of the drug. In
another study, reducing equivalent shuttles were blocked by genetic
knock out of mitochondrial glycerol phosphate dehydrogenase and
coapplication of an inhibitor of malate�aspartate shuttle activity
(31). Although the authors convincingly demonstrated ablation of
GSIS in islets treated in this fashion, the importance of reducing
equivalent shuttles for regulation of GSIS in normal islets relative
to other coupling factors cannot be accurately determined from this
approach. Finally, static measurement of specific metabolic inter-
mediates has been used as an indicator of anaplerosis. Thus, there
have been reports of increased levels of citrate (12) or malate (11)
during glucose stimulation of islets or insulinoma cells. However, a
transient rise in a specific metabolic intermediate does not dem-
onstrate a sustained flux of intermediates through a particular
metabolic pathway.

In the current study, we applied 13C NMR to the study of a set
of robustly and poorly glucose-responsive insulinoma cell lines.
This approach has allowed us to develop a ‘‘metabolic finger-
print’’ of glucose metabolism that can be derived in the absence
of pharmacologic or genetic manipulation of the system. Fur-
thermore, because this analysis is conducted on cells in meta-
bolic steady-state, the results provide a history of glucose
metabolism in the mitochondria over the entire period of glucose
stimulation, rather than relying on static, transient assays of
random intermediates. The combination of novel cellular models
and the application of a comprehensive tool for metabolic
analysis yielded insights into aspects of glucose metabolism that
may be important for stimulation of insulin secretion.

In � cells, pyruvate derived from glucose has two primary fates,
one to generate reducing equivalents via PDH and the TCA cycle
and another to provide a three-carbon anaplerotic substrate that
can enter the TCA cycle pool of intermediates via PC. Others have
demonstrated that pyruvate enters these two competing pathways
to a similar extent in islet � cells (7–10), although absolute estimates
of the relative contribution of PC-catalyzed pyruvate metabolism
have varied from 40–67%. This high anaplerotic input of carbon
into the cycle of course requires an equivalent cataplerotic output
at metabolic steady-state. Pyruvate cycling in � cells has been
proposed to occur via a pyruvate-malate cycle (11) or a pyruvate-
citrate cycle (12), both of which culminate with malic enzyme-
catalyzed conversion of malate into pyruvate. The feasibility of such
cycling was supported by the demonstration of significant levels of
malic enzyme in pancreatic islets (7). In this study, we have used the
term ‘‘pyruvate cycling’’ to refer to flux through either the pyruvate-
malate or pyruvate-citrate cycles.

Application of 13C NMR and isotopomer analysis of glutamate
allowed us to obtain a quantitative measure of pyruvate cycling in
four INS-1-derived clonal cell lines with varying capacities for GSIS.
This analysis was made possible by our finding that sufficient
13C-enriched glutamate can be detected in as few as 1.5 � 108 cells
after a 4-h incubation with [U-13C6]glucose. By NMR-based isoto-
pomer analysis of glutamate and fitting of the data to models of
mitochondrial metabolism of pyruvate, we have found that pyru-
vate cycling activity is closely correlated with the degree of glucose
responsiveness in our INS-1-derived cell lines. In sharp contrast, the
fraction of [1,2-13C2]acetyl-CoA entering the TCA cycle in these
cells is proportional to the amount of [U-13C6]glucose in the
incubation medium and does not vary between poorly and highly
responsive cells. It is interesting to note, however, that the fractional
contribution of glucose to acetyl-CoA increases much more dra-
matically between 3 and 6 mM glucose (43–70%) than it does
between 6 and 12 mM glucose (70–85%). This observation suggests
that the glucose contribution to acetyl-CoA is saturable and may
not reach 100% even at very high glucose concentrations. The
unlabeled substrate that contributes the remaining acetyl-CoA was
not identified in these experiments.

One interesting feature of the 13C isotopomer NMR analysis
performed here on cell extracts was the clear identification of two

Fig. 4. Linear relationship between GSIS and pyruvate cycling. The filled
circles are data from INS-1-derived cell lines 832�1, 832�2, 834�40, and 832�13
INS-1 cells (ref. 21; in order of increasing capacity for GSIS). The open diamond
represents 832�13 cells incubated with 12 mM glucose plus 10 mM DMM, a
stimulatory metabolite for pyruvate cycling. The open triangle represents
832�13 cells incubated with 12 mM glucose plus 5 mM PAA, an inhibitor of PC
and pyruvate cycling.

Fig. 5. A stimulatory substrate (DMM) and an inhibitor (PAA) of pyruvate
cycling have proportional effects on insulin secretion. Insulin secretion was
measured from 832�13 cells during incubation with 12 mM [U-13C6]glucose. A
shows insulin secretion and pyruvate cycling in the presence and absence of 10
mM DMM. B shows insulin secretion and pyruvate cycling in the presence and
absence of 5 mM PAA, an inhibitor of PC. Data represent the mean � SE for 4
independent determinations.
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metabolically distinct pools of pyruvate. Pyruvate compartmenta-
tion has been identified in other mammalian tissues (32–35) but, to
our knowledge, has not been detected in � cells before this study.
Peuhkurinen et al. (35) proposed that one pool of pyruvate in the
myocyte is associated more closely with glycolysis and tissue lactate,
whereas a second ‘‘peripheral’’ pool is in close communication with
extracellular pyruvate and mitochondrial pyruvate. Our 13C analysis
indicated that substantial pyruvate cycling occurs in a � cell
compartment that is functionally separate from glycolytically pro-
duced pyruvate destined for PDH. The subcellular location of this
process was not identified here—it could reflect a pool of pyruvate
undergoing active carboxylation�decarboxylation within the mito-
chondrial matrix or it could involve transport of a TCA cycle
intermediate from the mitochondria to the cytosol whereupon it
forms pyruvate that is later recarboxylated via PC. Our methods
cannot differentiate between these two processes, but the obser-
vation that the pyruvate cycling pool does not fully mix with
glycolytic pyruvate destined for PDH hints at a cycling pathway that
may be confined to the mitochondrial matrix. The exact amount of
mixing between these pools of pyruvate is difficult to quantify but
is estimated by our metabolic model to be 10% or less.

Although this study demonstrates a direct proportionality be-
tween GSIS and pyruvate cycling, it leaves open the question of the
identity of relevant coupling factors. Our results do not seem to
point to ATP as the most likely factor, because neither the
pyruvate-malate nor pyruvate-citrate cycling pathways are energy-
yielding. We also found no difference in total tissue glutamate as
measured by NMR at either low or high glucose in cells with
different glucose responsiveness. Thus, glutamate does not seem to
be implicated as a relevant coupling factor in our studies, in
agreement with one published report, but not with another (25, 26).
One byproduct of the pyruvate-citrate cycling pathway that has
received extensive consideration is malonyl-CoA (13–16). How-
ever, our own work indicates that blockade of glucose-induced

increases in malonyl-CoA levels by adenovirus-mediated expres-
sion of malonyl-CoA decarboxylase (MCD) in native and derived
INS-1 cell lines does not interfere with GSIS (15, 16). However, our
results with MCD expression can be reconciled with the current
study if one notes that degradation of malonyl CoA would not be
expected to prevent recycling via the citrate-pyruvate pathway. One
common product of the pyruvate-citrate and pyruvate-malate
cycling pathways is NADPH, produced as a product of the reaction
catalyzed by the malic enzyme. Two-photon excitation microscopy
has been used to show that total NADH�NADPH increases by �30
�M in pancreatic islets after maximal glucose stimulation, and that
most of this increase can be traced to mitochondrial NADH�
NADPH (36). Others have shown that abolishing all shuttle systems
that transport cytosolic NADH into mitochondria also disrupts
GSIS (31). Both studies suggest a connection between mitochon-
drial reducing equivalents and GSIS, consistent with the NMR
results reported here. Currently, no NAPDH-regulated molecule
that would be analogous to ATP-regulated K� channels in control
of insulin secretion is known but further investigation of potential
signaling partners for NADPH in � cells may be warranted.
Although the metabolic model described here in insulinoma cells is
intriguing, one should not necessarily assume that pyruvate cycling
also correlates with GSIS in islet � cells. Unfortunately, the amount
of glutamate that one can derive from even a large number of
pancreatic islets currently precludes the use of NMR to perform this
assay in the � cell. Nevertheless, the observations that mitochon-
drial NADH�NADPH increases after maximal glucose stimulation
(36) whereas pyruvate is partitioned nearly equally between PDH
and PC in pancreatic islets (7–10) are certainly consistent with an
important role of pyruvate cycling in primary cells as well.
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