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A

fundamental property of pancreatic islet
␤-cells is their capacity to secrete insulin in
response to changes in glucose concentrations.
A complete understanding of the biochemical
mechanism of glucose-stimulated insulin secretion (GSIS)
would be extremely valuable for the development of new
therapies for both major forms of diabetes. GSIS is perhaps the seminal example of metabolism as a signaling
mechanism. However, unlike classic hormonal signaling
pathways involving well-characterized receptors and
transducing molecules (e.g., signaling by glucagon or
␤-adrenergic agonists), the full picture of metabolismbased signaling is not yet available. This is true in part
because we are just beginning to realize that GSIS is likely
to involve more than one, and perhaps several, signaling
events that converge to activate exocytosis of insulincontaining secretory granules. The picture becomes even
more complex when one considers the myriad of permis-
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sive, potentiating, and inhibitory agents that modulate the
effects of glucose on insulin secretion.
In light of this growing appreciation of the complexity of
the problem, we and others have realized that an interdisciplinary approach may be required to fully understand
␤-cell function. The result is that a field that began with the
application of tools of metabolic biochemistry, enzymology, and physiology, now welcomes investigators applying
molecular biology, gene discovery, cell and developmental
biology, and biophysical chemistry strategies. In this
study, we present our version of a multidisciplinary approach to the understanding of GSIS, and summarize the
insights that we have gained to date and hope to gain in the
future.
DEVELOPMENT OF TOOLS FOR STUDYING ␤-CELL
FUNCTION

Recombinant adenovirus as a gene delivery tool. The
use of a recombinant adenovirus for gene transfer into
islet cells was first demonstrated in our laboratory in the
early 1990s (1,2). Using this approach, genes can be
delivered to isolated rat islets with a transfer efficiency of
70 – 80%, and to insulinoma cell line models with an
efficiency approaching 100% (1–3). This level of efficiency
for gene transfer is required for testing the impact of
specific genes on candidate signaling pathways, and has
led to an approach in which genes encoding various
enzymes or other metabolic regulatory proteins are introduced into islets or insulinoma cell lines to specifically
alter segments or branches of metabolic pathways. In
some cases, this has resulted in potentially important
insights into ␤-cell function (4,5).
Glucose-responsive and -unresponsive cell lines. A
second important tool for our work is the development of
a new set of cell lines for studying insulin secretion. The
starting point for this work was the rat insulinoma cell line
INS-1, which has been widely used in the field because it
responds to glucose over a physiological range of concentrations (6). We isolated a large number of independent
cell lines from the original INS-1 population, using a stable
transfection strategy (7), and screened each clone for its
ability to respond to a rise in media glucose from 3 to 15
mmol/l. As shown in Fig. 1, 70% of the clones isolated in
this fashion were very poorly or not at all responsive to
glucose, 20% of the clones were moderately responsive,
and a few clones were robustly responsive, exhibiting 10S389
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There is a growing appreciation for the complexity of
the pathways involved in glucose-stimulated insulin
secretion (GSIS) from pancreatic islet ␤-cells. In our
laboratory, this has stimulated the development of an
interdisciplinary approach to the problem. In this
study, we review recent studies combining the tools of
recombinant adenovirus for gene delivery, the development of novel cell lines that exhibit either robust
or weak GSIS, and nuclear magnetic resonance imaging for metabolic fingerprinting of glucose-stimulated
cells. Using these tools, we demonstrate a potentially
important role for pyruvate carboxylaseⴚmediated
pyruvate cycling pathways in the control of GSIS, and
discuss potential coupling factors produced by such
pathways. Diabetes 51 (Suppl. 3):S389 –S393, 2002
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to 15-fold increases in GSIS. Further study of highly
responsive cell lines such as 832/13 has revealed that these
clones retain a long-term functional stability, extending for
at least 7.5 months of continuous culture (7). Isolation of
this new set of clones has allowed us to conduct biochemical studies in a phenotypically stable background. However, their greater value may ultimately be the opportunity
for genetic and biochemical comparison of cell lines that
differ in one important functional characteristic, GSIS,
thereby allowing key mechanistic determinants to be
identified.
Nuclear magnetic resonanceⴚbased analysis of glucose metabolism in insulin secreting cell lines. Traditional metabolic analysis of pancreatic islets has involved
either the measurement of the concentration of intracellular or secreted intermediates via enzyme-based assays or
the use of radioisotopically labeled metabolic fuels to
measure the rate of a specific sequence of metabolic
reactions. Although application of these techniques has
been informative, a deeper understanding of GSIS mechanisms may require a more global or comprehensive “fingerprint” of metabolic changes that occur during glucose
stimulation of ␤-cells.
One emergent technology that can be applied for this
purpose is nuclear magnetic resonance (NMR)-based analysis of the metabolism of fuels that are labeled with heavy
isotopes such as 2H or 13C. For example, we recently used
2
H2O to trace the origin of glucose molecules contributing
to glycogen synthesis in liver cells that contain overexpressed metabolic regulatory genes (8). With regard to
␤-cell metabolism, the question that we have addressed is
the metabolic fate of pyruvate in mitochondria during
GSIS. Pyruvate can enter the tricarboxylic acid (TCA)
cycle via two prominent pathways. The pyruvate dehydrogenase complex (PDH) catalyzes the conversion of pyruvate to acetyl-CoA. An alternate entry point is the pyruvate
carboxylase (PC)-catalyzed conversion of pyruvate to oxaloacetate. Several laboratories have reported on the
surprisingly abundant expression of PC in ␤-cells, and it
has been estimated that 40 –50% of the pyruvate generated
during glucose stimulation of ␤-cells enters mitochondrial
metabolism via this route (9 –17). In liver, PC pairs with
PEPCK to catalyze early steps in gluconeogenesis. In
islets, PEPCK is lacking, suggesting that PC-catalyzed
S390

FIG. 2. Predicted NMR spectra in islet cells during stimulation with
[U-13C]glucose. The predicted NMR spectra of glutamate carbon 2 (C2)
are shown for two metabolic extremes. The bottom spectrum is predicted if all [U-13C]-labeled pyruvate derived from [U-13C]glucose enters the TCA cycle via the PDH reaction. The top spectrum is predicted
if pyruvate enters via both PDH and PC and there is active cycling
between four carbon intermediate pools and pyruvate (the spectrum
shown would appear if flux through the malic enzyme [ME] and PC
equaled the TCA cycle flux). Note that in this second scenario,
pyruvate can become labeled with 12C (E) or 13C (F). The two spectra
contain the same peaks, but certain peaks are clearly much larger in
the upper spectrum (designated by arrows). Integrated analysis of
these kinds of spectral differences among all the carbons of glutamate
allows the metabolic fate of pyruvate to be defined (18 –22). ␣KG,
␣-ketoglutarate.

conversion of pyruvate to oxaloacetate may have a specific signaling function in ␤-cells.
Anaplerotic influx of pyruvate into the TCA cycle may
be linked to efflux of other intermediates from the mitochondria, including malate (16) or citrate (17), resulting in
the 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 oxaloacetate by citrate lyase.
The oxaloacetate formed via 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 the pyruvate-malate and pyruvate-citrate cycles is
NADPH, which is produced as a by-product of the malic
enzyme (12).
Over the course of the past several years, NMR-based
techniques have been developed for determining the relative contribution of the PDH and PC reactions to pyruvate
entry into the TCA cycle (18 –22). These have involved the
culture of cells in the presence of [U-13C]glucose, and the
subsequent extraction of cellular glutamate for NMRbased mass isotopomer analysis. Glutamate is the analyte
chosen in these studies because it is present in high
concentrations in ␤-cells, it is in equilibrium with the TCA
cycle intermediate ␣-ketoglutarate, and its NMR signal is
well isolated from those of other metabolic intermediates.
Figure 2 illustrates the NMR spectra generated for carbon
2 of glutamate under vastly different metabolic circumstances. In the first scenario, 100% of the 13C-labeled
glucose is converted to pyruvate, and all of the pyruvate
enters the TCA cycle via the PDH reaction. In an opposite
scenario, the PDH and PC reactions each contribute
equally to pyruvate entry into the TCA cycle and there is
an active pyruvate-cycling pathway (as given by equal and
high flux through the malic enzyme and PC). Certain peaks
in the spectra are clearly different in the two circumDIABETES, VOL. 51, SUPPLEMENT 3, DECEMBER 2002
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FIG. 1. Clonal heterogeneity in INS-1ⴚderived cell lines. Parental
INS-1 cells were stably transfected with a plasmid containing the
human proinsulin gene, as previously described (14). After antibiotic
selection, individual colonies were isolated and expanded and screened
by measuring the fold increase in insulin secretion at 15 vs. 3 mmol/l
glucose. Data for 58 individual clones are presented, and represent the
mean of three independent measurements per clone.
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stances, as is indicated by the arrows in Fig. 2. Similar
diagnostic features are observed in the spectra for other
glutamate carbons, and a comprehensive analysis of all of
these differences leads to an estimate of the relative
contributions of the different pathways (17–22). In what
follows, we present discrete examples of what can be
learned from the combined application of each of the
foregoing tools.
APPLICATION OF NMR-BASED METABOLIC ANALYSIS
TO GLUCOSE-RESPONSIVE AND -UNRESPONSIVE CELL
LINES

The idea that mitochondrial metabolism of glucose generates important signals for insulin secretion has been
supported by various kinds of experiments for many years
(23–25). However, the specific metabolic pathways in
mitochondria that participate in the generation of coupling
factors for insulin secretion remains uncertain.
The approach that we have taken to this problem is
apply the tool of NMR-based metabolic analysis to our
robustly and poorly glucose-responsive INS-1⫺derived
cell lines (22). Four independent cell lines with clearly
distinguishable capacities for GSIS were incubated with
varying concentrations of [U-13C]glucose, followed by
NMR-based mass isotopomer analysis of extracted glutamate. Measurements of GSIS were performed on the same
set of cells used for NMR analysis. As shown in Fig. 3, we
observed a tight correlation between PC-catalyzed pyruvate cycling activity and GSIS in the four cell lines. In
contrast, entry of pyruvate into the TCA cycle via PDH did
not correlate with glucose sensing (22).
To further investigate the relation 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, dimethylmalate (DMM), reasoning that this agent should increase pyruvate cycling by
directly stimulating flux through the malic enzyme. The
addition of DMM to our cell line most responsive to
glucose, 832/13, nearly doubled insulin secretion at 12
mmol/l glucose and caused an increase in pyruvate cycling
as measured by NMR (22). As a second test, phenylacetic
acid (PAA), a well-known inhibitor of PC (17,26), was
added to 832/13 cells in the presence of stimulatory
glucose (12 mmol/l), resulting in a 50% inhibition of insulin
DIABETES, VOL. 51, SUPPLEMENT 3, DECEMBER 2002

FIG. 4. Potent effect of PAA on the KATP channelⴚindependent pathway of GSIS. Insulin secretion was measured during stimulation of
INS-1ⴚderived 832/13 cells (7) with 12 mmol/l glucose for 4 h. Left
panel: secretion was measured in the presence of normal Kⴙ concentrations (4.8 mmol/l); right panel: experiments were conducted at 35
mmol/l Kⴙ to reveal the KATP channelⴚindependent pathway. Note the
much larger inhibitory effect of the PC inhibitor PAA in the latter
group of cells.

secretion and a parallel decrease in pyruvate cycling (22).
Remarkably, the data points created for 832/13 cells
treated with DMM or PAA fell on the line relating pyruvate
cycling and GSIS for the four independent INS-1⫺derived
cell lines (Fig. 3). Thus, under both stimulatory (DMM)
and inhibitory (PAA) conditions, there was a linear relation between GSIS and pyruvate cycling as measured by
NMR.
The foregoing studies provide support for the idea that
PC-catalyzed pyruvate cycling is an important pathway for
the generation of coupling factors that mediate GSIS.
Interestingly, neither the pyruvate-malate nor the pyruvate-citrate cycles produce ATP in a direct sense. Thus
pyruvate cycling pathways may complement or augment
signaling that occurs via the classic pathway of closure of
ATP-sensitive K⫹ (KATP) channels, secondary to a glucose
metabolism⫺induced rise in the ATP:ADP ratio (24). One
possibility is that pyruvate cycling is primarily responsible
for insulin secretion via the KATP channel⫺independent
pathway of insulin secretion. This pathway came to light in
studies in which GSIS was shown to be clearly operative,
even when regulation of KATP channels was prevented by
exposure of cells to high concentrations of K⫹ and the
pharmacological agent diazoxide (27,28). That PC-catalyzed pyruvate cycling may be playing a role in the
regulation of the KATP-dependent pathway is supported by
the data in Fig. 4. As discussed earlier, incubation of
robustly glucose-responsive 832/13 cells with the PC inhibitor PAA under normal ionic conditions (K⫹ ⫽ 4.8 mmol/l)
reduces insulin secretion by close to 50%. However, when
the cells are studied at high K⫹ (35 mmol/l), insulin
secretion is inhibited by ⬎80%. These results suggest that
signals generated by PC-catalyzed pyruvate cycling may be
particularly important in the regulation of the KATP
channel⫺independent pathway of GSIS.
Although our studies cast new light on the potential
importance of PC-catalyzed anaplerosis and pyruvate cycling in the generation of stimulus/secretion coupling
factors, several important questions remain to be answered. First, the specific coupling factor(s) generated by
anaplerotic pathways and the efflux of excess TCA cycle
substrates remain to be identified. Possibilities that have
S391

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/51/suppl_3/S389/371958/db12t200s389.pdf by guest on 25 June 2022

FIG. 3. Linear relation between GSIS and pyruvate cycling. F, INS1ⴚderived cell lines 832/1, 832/2, 834/40, and 832/13 INS-1 cells in
order of increasing capacity for GSIS (22); 〫, 832/13 cells incubated
with 12 mmol/l glucose plus 10 mmol/l DMM, a stimulatory metabolite
for pyruvate cycling; ‚, 832/13 cells incubated with 12 mmol/l glucose
plus 5 mmol/l PAA, an inhibitor of PC and pyruvate cycling. Taken from
Lu et al. (22), with permission.

STIMULUS/SECRETION COUPLING FACTORS

ACKNOWLEDGMENTS

Work from the authors’ laboratories described in this
article was supported by National Institutes of Health
Grants DK-42582, P01-DK-58398, and HL-34557.
REFERENCES
1. Becker TC, BeltrandelRio H, Noel RJ, Johnson JH, Newgard CB: Overexpression of hexokinase I in isolated islets of Langerhans via recombinant
adenovirus: enhancement of glucose metabolism and insulin secretion at
basal but not stimulatory glucose levels. J Biol Chem 269:21234 –21238,
1994
2. Becker TC, Noel RJ, Johnson JH, Lynch RM, Hirose H, Tokuyama Y, Bell
GI, Newgard CB: Differential effects of overexpressed glucokinase and
hexokinase I in isolated islets: evidence for functional segregation of the
high and low Km enzymes. J Biol Chem 271:390 –394, 1996
3. Ferber S, BeltrandelRio H, Johnson JH, Noel RJ, Cassidy LE, Clark S,
Becker TC, Hughes SD, Newgard CB: GLUT-2 gene transfer into insulinoma cells confers both low and high affinity glucose-stimulated insulin
release: relationship to glucokinase activity. J Biol Chem 269:11523–11529,
1994
4. Antinozzi P, Berman HK, O’Doherty RM, Newgard CB: Metabolic engineering with adenoviral vectors. Annu Rev Nutr 19:511–514, 1999
5. Berman HK, Trinh KY, O’Doherty RM, Antinozzi PA, Gasa R, Newgard CB:
Metabolic mechanisms and diabetes candidate genes: insights gained from
S392

genetic engineering with recombinant adenoviruses. In Molecular Pathogenesis of MODYs. Vol 15. Basel, Karger, 2000, p. 61– 84
6. Asfari M, Janjic D, Meda P, Li G, Halban PA, Wollheim CB: Establishment
of 2-mercaptoethanol-dependent differentiated insulin-secreting cell lines.
Endocrinology 130:167–178, 1992
7. Hohmeier HE, Mulder H, Chen G, Henkel-Reiger R, Prentki M, Newgard
CB: Isolation of INS-1-derived cell lines with robust KATP
channel⫺dependent and –independent glucose-stimulated insulin secretion. Diabetes 49:424 – 430, 2000
8. Yang R, Cao L, Gasa R, Brady MJ, Sherry AD, Newgard CB: Glycogen
targeting subunits and glucokinase differentially affect pathways of glycogen metabolism and their regulation in hepatocytes. J Biol Chem 277:
1514 –1523, 2002
9. MacDonald MJ: Influence of glucose on pyruvate carboxylase expression
in pancreatic islets. Arch Biochem Biophys 319:128 –132, 1995
10. MacDonald MJ, McKenzie DI, Walker TM, Kaysen JH: Lack of glyconeogenesis in pancreatic islets: expression of gluconeogenic enzyme genes in
islets. Horm Metab Res 24:158 –160, 1992
11. Brun T, Roche E, Assimacopoulos-Jeannet F, Corkey BE, Kim KH, Prentki
M: Evidence for an anaplerotic/malonyl-CoA pathway in pancreatic betacell nutrient signaling. Diabetes 45:190 –198, 1996
12. MacDonald MJ: Feasibility of a mitochondrial pyruvate malate shuttle in
pancreatic islets: further implication of cytosolic NADPH in insulin secretion. J Biol Chem 270:20051–20058, 1996
13. Malaisse WJ, Best L, Kawazu S, Malaisse-Lagae F, Sener A: The stimulussecretion coupling of glucose-induced insulin release: fuel metabolism in
islets deprived of exogenous nutrient. Arch Biochem Biophys 224:102–110,
1983
14. Khan A, Ling CZ, Landau BR: Quantifying the carboxylation of pyruvate in
pancreatic islets. J Biol Chem 271:2539 –2542, 1996
15. Schuit F, DeVos A, Farfari S, Moens K, Pipeleers D, Brun T, Prentki M:
Metabolic fate of glucose in purified islet cells: glucose-regulated anaplerosis in beta cells. J Biol Chem 272:18572–18579, 1997
16. MacDonald MJ: Evidence for the malate aspartate shuttle in pancreatic
islets. Arch Biochem Biophys 213:643– 649, 1982
17. Farfari S, Schulz V, Corkey B, Prentki M: Glucose-regulated anaplerosis
and cataplerosis in pancreatic ␤-cells: possible implication of a pyruvate/
citrate shuttle in insulin secretion. Diabetes 49:718 –726, 2000
18. Jeffrey FMH, Rajagopal A, Malloy CR, Sherry, AD: 13C NMR: a simple yet
comprehensive method for analysis of intermediary metabolism. Trends
Biochem Sci 16:5–10, 1991
19. Malloy CR, Sherry AD, Jeffrey FMH: Analysis of the citric acid cycle of the
heart using 13C isotope isomers, Am J Physiol 259:H987–H995, 1990
20. Jeffrey FMH, Storey CJ, Sherry AD, Malloy CR: 13C isotopomer model for
estimation of anaplerotic substrate oxidation via acetyl-CoA. Am J Physiol
271:E788 –E799, 1996
21. Sherry AD, Malloy CR: 13C isotopomer analysis: a NMR method to probe
metabolic pathways intersecting in the citric acid cycle. In In Vivo 13C
NMR. Robitaille PM, Berliner L, Eds. Berlin, Springer-Verlag, 1998, p.
59 –97
22. Lu D, Mulder H, Zhao P, Burgess SC, Jensen MV, Kamzolova S, Newgard
CB, Sherry AD: 13C isotopomer analysis reveals a connection between
pyruvate cycling and glucose-stimulated insulin secretion. Proc Natl Acad
Sci U S A 99:2708 –2713, 2002
23. MacDonald MJ: Elusive proximal signals of ␤-cells for insulin secretion.
Diabetes 29:1461–1466, 1990
24. Newgard CB, Matschinsky FM: Regulation of insulin secretion from the
endocrine pancreas. In Handbook of Physiology. Jefferson J, Cherrington
A, Eds. Oxford, Oxford University Press, 2001, p. 125–152
25. Maechler P, Wollheim CB: Mitochondrial function in normal and diabetic
␤-cells. Nature 414:807– 812, 2001
26. Bahl JJ, Matsuda M, DeFronzo RA, Bressler R: In vitro and in vivo
suppression of gluconeogenesis by inhibition of pyruvate carboxylase.
Biochem Pharmacol 53:67–74, 1997
27. Gembal M, Gilon P, Henquin JC: Evidence that glucose can control insulin
release independently from its action on K⫹ channels in mouse B-cells.
J Clin Invest 89:1288 –1295, 1992
28. Aizawa T, Komatsu M, Asanuma N, Sato Y, Sharp GWG: Glucose action
beyond ionic events in the pancreatic beta cell. Trends Pharmacol Sci
19:496 – 499, 1998
29. Corkey BE, Glennon MC, Chen KS, Deeney JT, Matschinsky FM, Prentki M:
A role for malonyl-CoA in glucose-stimulated insulin secretion from clonal
pancreatic beta-cells. J Biol Chem 264:21608 –21612, 1989
30. Prentki M, Vischer S, Glennon MC, Regazzi R, Deeney JT, Corkey BE:
Malonyl-CoA and long chain acyl-CoA esters as metabolic coupling factors
in nutrient-induced insulin secretion. J Biol Chem 267:5802–5810, 1992
DIABETES, VOL. 51, SUPPLEMENT 3, DECEMBER 2002

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/51/suppl_3/S389/371958/db12t200s389.pdf by guest on 25 June 2022

been proposed include NADPH formed as a by-product of
the malic enzyme reaction or other NADPH-producing
enzymes (12), malonyl-CoA formed as a by-product of
citrate cleavage (29,30), or glutamate formed from ␣-ketoglutarate (31). Arguments for (31) and against (32) the idea
that glutamate is a key coupling factor have been presented. Our own studies with NMR have failed to detect a
rise in glutamate concentration during glucose stimulation
of 832/13 cells, and therefore do not lend clear support to
the glutamate model (22). Similarly, malonyl-CoA has been
proposed as a coupling factor via its capacity to inhibit
fatty acid oxidation and increase the levels of fatty acylCoAs (29,30). However, recent studies from our laboratory
in which a recombinant adenovirus was used to express
malonyl-CoA decarboxylase (MCD) resulted in a complete
block of the normal glucose-induced rise in malonyl-CoA
levels, but had no effect on GSIS (33). These studies were
originally conducted in parental INS-1 cells using a goose
MCD cDNA (34), but the results were subsequently confirmed in the robustly glucose-responsive 832/13 cell line
with a human MCD clone engineered for targeting to the
cytosolic compartment (33). However, it remains possible
that glutamate or malonyl-CoA plays an important signaling role in the normal islet, but that such pathways are not
essential in the INS-1⫺derived cell lines. Clearly more
work will be required to resolve remaining disagreements
and identify the relevant factor.
A second important area for further study is to determine if pyruvate cycling activity is altered in models of
␤-cell dysfunction, such as in islets subjected to chronic
culture in high fat and/or glucose or in various animal
models such as the ZDF rat. Studies of this nature are
ongoing in our laboratory. Finally, we are currently applying the tools of gene discovery and recombinant adenovirus to identifying genes that may be used to enhance
pyruvate-cycling activity, possibly leading to targeted
strategies for improving glucose responsiveness in surrogate islet cells destined for transplant or in patients with
type 2 diabetes.

C.B. NEWGARD AND ASSOCIATES

31. Maechler P, Wollheim CB: Mitochondrial glutamate acts as a messenger in
glucose-induced insulin exocytosis. Nature 402:685– 689, 1999
32. MacDonald MJ, Fahien LA: Glutamate is not a messenger in insulin
secretion. J Biol Chem 275:34025–34027, 2000
33. Mulder H, Lu D, Finley J, An J, Cohen J, Antinozzi P, McGarry JD, Newgard
CB: Overexpression of a modified human malonyl-CoA decarboxylase
blocks the glucose-regulated increase in malonyl CoA level but has no

impact on insulin secretion in INS-1⫺derived (832/13) ␤-cells. J Biol Chem
276:6479 – 6484, 2001
34. Antinozzi P, Segall L, Prentki M, McGarry JD, Newgard CB: Molecular or
pharmacologic perturbation of the link between glucose and lipid metabolism is without effect on glucose-stimulated insulin secretion: a reevaluation of the long-chain acyl CoA hypothesis. J Biol Chem 273:16146 –
16154, 1998

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/51/suppl_3/S389/371958/db12t200s389.pdf by guest on 25 June 2022

DIABETES, VOL. 51, SUPPLEMENT 3, DECEMBER 2002

S393

