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The precise metabolic steps that couple glucose catab-
olism to insulin secretion in the pancreatic beta cell are
incompletely understood. ATP generated from glyco-
lytic metabolism in the cytosol, from mitochondrial me-
tabolism, and/or from the hydrogen shuttles operating
between cytosolic and mitochondrial compartments has
been implicated as an important coupling factor. To
identify the importance of each of these metabolic path-
ways, we have compared the fates of four fuel secreta-
gogues (glucose, pyruvate, dihydroxyacetone, and glyc-
erol) in the INS1-E beta cell line. Two of these fuels,
dihydroxyacetone and glycerol, are normally ineffective
as secretagogues but are enabled by adenovirus-medi-
ated expression of glycerol kinase. Comparison of these
two particular fuels allows the effect of redox state on
insulin secretion to be evaluated since the phosphoryl-
ated products dihydroxyacetone phosphate and glyc-
erol phosphate lie on opposite sides of the NADH-con-
suming glycerophosphate dehydrogenase reaction.
Based upon measurements of glycolytic metabolites, mi-
tochondrial oxidation, mitochondrial matrix calcium,
and mitochondrial membrane potential, we find that
insulin secretion most tightly correlates with mitochon-
drial metabolism for each of the four fuels. In the case of
glucose stimulation, the high control strength of glucose
phosphorylation sets the pace of glucose metabolism
and thus the rate of insulin secretion. However, bypass-
ing this reaction with pyruvate, dihydroxyacetone, or
glycerol uncovers constraints imposed by mitochon-
drial metabolism, each of which attains a similar maxi-
mal limit of insulin secretion. More specifically, we
found that the hyperpolarization of the mitochondrial
membrane, related to the proton export from the mito-
chondrial matrix, correlates well with insulin secretion.
Based on these findings, we propose that fuel-stimulated
secretion is in fact limited by the inherent thermody-
namic constraints of proton gradient formation.

The pancreatic islet beta cell secretes insulin in response to
several metabolic fuels, and this occurs via the metabolism of
the stimulatory agents rather than their interaction with a

receptor (summarized by Newgard and McGarry, see Ref. 1).
Fuel secretagogues such as glucose are metabolized to generate
ATP. The increased ATP:ADP ratio inhibits ATP-sensitive K�

(KATP
� ) channels, which in turn causes depolarization of the

plasma membrane, Ca2� entry through voltage-gated L-type
Ca2� channels, and activation of exocytosis of insulin-contain-
ing secretory granules. The requirement for fuel metabolism
and nucleotide generation is also observed in the presence of
depolarizing concentrations of K� combined with diazoxide,
which prevents KATP

� channel closure, and this has been termed
the KATP

� channel-independent pathway of glucose-stimulated
insulin secretion (GSIS)1 (2–4). Whereas the effects of KATP

�

channel inhibition and calcium entry on insulin release are
widely acknowledged, the source of ATP that regulates the ion
channels and the potential involvement of other factors remain
as open questions.

ATP is generated by both cytosolic and mitochondrial reac-
tions. Cytosolic ATP production comes from two reactions in
the distal portion of glycolysis, 3-phosphoglycerate kinase and
pyruvate kinase. Mitochondrial ATP is derived in part from
hydrogen shuttles, primarily the malate-aspartate (5–7) and
glycerophosphate shuttles, (8–10) which are very active in islet
beta cells. Finally, a major portion of ATP production comes
from mitochondrial oxidation of glucose-derived pyruvate.
There is evidence to support an important role of each of these
discrete sources of ATP in the regulation of insulin secretion.
Evidence for a role of glycolysis-derived ATP comes from stud-
ies in which inhibitors of glycolytic but not mitochondrial ATP-
producing reactions inhibited GSIS (11). Evidence for an im-
portant role of hydrogen shuttles comes from studies showing
near complete impairment of GSIS in islets from mice lacking
mitochondrial glycerol phosphate dehydrogenase and incu-
bated with aminooxyacetate to inhibit their malate-aspartate
shuttle activity (12, 13). Finally, GSIS is impaired by inhibitors
of oxidative phosphorylation (14) and mitochondrial uncouplers
(15) and in cells with impaired mitochondrial function (16–19),
supporting a role of ATP derived from fuel oxidation.

Stimulation of islets with fuels other than glucose suggests
that important coupling factors are generated via cytosolic
metabolism. The so-called “pyruvate paradox” is one such ex-
ample because the mitochondrial fuel pyruvate is readily oxi-
dized in islet preparations but does not elicit insulin secretion
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(20, 21). In contrast, glyceraldehyde, which functions both as a
cytosolic and mitochondrial fuel, is a potent secretagogue (22–
24). In another study, the glycolytic intermediate glyceralde-
hyde phosphate (GAP) stimulated insulin release from pancre-
atic islets, and this effect was not impaired by mitochondrial
inhibitors (15). However, glyceraldehyde can be converted to
the non-metabolizable intermediate glycerate-1-phosphate
while still generating NADH (25) and can cause acidification of
the cytosol (26–28), making it difficult to fully interpret exper-
iments with this secretagogue. Acidification has also been ob-
served in studies with another widely used metabolite analog,
methyl pyruvate (29, 30). Since acidification alone can stimu-
late ATP generation in isolated mitochondria, the use of such
compounds to dissect the role of cytosolic and mitochondrial
signal generation could be misleading.

To clarify the roles of cytosolic and mitochondrial metabo-
lism of carbohydrate fuels in the regulation of insulin secretion,
we developed a novel strategy to provide metabolic input at the
point of triose metabolism (31). Due to low glycerol phospho-
rylating activity, pancreatic beta cells do not metabolize glyc-
erol efficiently enough to elicit insulin secretion. However, with
adenovirus-mediated expression of glycerol kinase, glycerol is
efficiently metabolized, which allows the stimulation of insulin
secretion (31) and proinsulin biosynthesis from a glycerol chal-
lenge (32). The advantage of this strategy is that the nonspe-
cific effects of glycerol (i.e. side reactions, pH changes) are
controlled by the inclusion of cells not engineered for glycerol
kinase expression. Furthermore, as shown in the current
study, glycerol kinase expression activates the conversion of
dihydroxyacetone (DHA) to dihyroxyacetone phosphate
(DHAP), thereby allowing DHA to become an insulin secreta-
gogue. In the current study, we have measured the metabolic
fates of four distinct carbohydrate fuels, glucose, pyruvate,
glycerol, and DHA, in cells enabled for triose-stimulated insu-
lin secretion by glycerol kinase expression. Neither large in-
creases of glycolytic intermediates nor marked changes in the
redox state influenced insulin secretion. Stimulation of secre-
tion by these fuels most closely correlated to changes in the
mitochondrial membrane potential, suggesting that the gener-
ation of the mitochondrial proton gradient, ATP, and other
mitochondrially derived metabolites are essential signals for
insulin secretion.

MATERIALS AND METHODS

Insulin Secretion and Metabolite Measurements—INS1-E cells were
cultured as described by Asfari et al. (33) and seeded at a density of
1.5 � 106 cells/well in a 6-well tissue culture plate (Falcon). One day
prior to the experiment, the cells were transduced with Ad-GlpK virus
(see Ref. 31 for details) and cultured in RPMI 1640 containing 5 mM

glucose. Cells were washed 3 times with modified Krebs-Ringer bicar-
bonate buffer (KRBH) containing (in mM): 135 NaCl, 3.6 KCl, 10
HEPES (pH 7.4), 5 NaHCO3, 0.5 NaH2PO4, 0.5 MgCl, and 1.5 CaCl2 and
preincubated for 30 min in KRBH with 2.5 mM glucose. Cells were
washed an additional two times and incubated with KRBH supple-
mented with the appropriate secretagogue. After 15 min of incubation,
medium was collected for insulin radioimmunoassay, and cells were
quickly frozen in liquid nitrogen with the addition of 0.6 M perchloric
acid. Extracts were collected on ice, sonicated, and centrifuged. The
supernatant was neutralized with K2CO3, and DHAP, GAP, FBP, pyru-
vate, lactate, and glycerol phosphate were measured by the methods
compiled by Bergenmeyer (34).

Substrate Oxidation—Oxidation assays were performed essentially
as described by Antinozzi et al. (35). For each data point, �1 � 106 cells
were resuspended in KRBH and dispensed into a center well placed
within a scintillation vial. Radiolabeled substrate (�500,000 cpm
[2-14C]DHA or [2-14C]glycerol) was diluted with unlabeled substrate
and added to the cell suspension, and the vial was sealed with a rubber
septum. After 1 h, 100 �l of 7% perchloric acid was injected into the
center well, and 300 �l of benzethonium hydroxide was injected at the
bottom of the vial. Following 5 h at room temperature, the center well

was removed, liquid scintillation mixture was added to the vial, and the
amount of [14CO2] generated was counted.

Glycerol Kinase Activity—Glycerol kinase activity was measured by
an adaptation of the spectrophotometric method of Wieland and Suyter
(36). The phosphorylation of glycerol was coupled to the reduction of
NAD by the action of L-�-glycerophosphate dehydrogenase. The reac-
tion mixture contained 10 mM glycerol, 20 mM MgCl2, 20 mM ATP, and
1.6 mM NAD� prepared in a hydrazine/glycine/EDTA (400 mM/1 M/5
mM) buffer at pH 9.5. Six units of L-�-glycerophosphate dehydrogenase
(Sigma) were added, and a baseline was established. The activity meas-
urement was initiated with the addition of 50 �g of cell extract, and
NADH absorbance was followed at 339 nm for 15 min. Activity was
calculated from the slope of an absorbance versus time plot.

Mitochondrial Membrane Potential—INS1-E cells (3 � 106) were
centrifuged and resuspended in 2 ml of KRBH with 2.5 mM glucose and
10 �g/ml rhodamine-123 (Molecular Probes) for 10 min. Cells were
centrifuged and resuspended in 2 ml of KRBH and transferred to a glass
cuvette. After stabilization of the fluorescence signal for 15 min, secre-
tagogues were sequentially added followed by a final addition of 1 �M

FCCP. Changes in rhodamine-123 fluorescence were recorded every 3 s
with the excitation wavelength set at 490 nm and emission at 538 nm
with a 515-nm cutoff filter in a LS-50B PerkinElmer fluorimeter. Traces
were normalized by setting the fluorescence at the initial 15 min sta-
bilization period as 0% and maximal hyperpolarization as �100%.

Mitochondrial Matrix Calcium and Perifusion—INS1-E cells (800 �
105) were seeded on 15-mm A431 extracellular matrix-coated plastic
coverslips. Cells were treated with Ad-GlpK (31) and Ad-CAG-mAeq
adenoviruses. The Ad-CAG-mAeq adenovirus was prepared by the
method described previously by Miyake et al. (37). Briefly, an EcoRI
fragment that contains the entire aequorin coding sequence fused to the
mitochondrial matrix-targeting sequence from human cytochrome c
oxidase subunit VIII (38) was subcloned into a shuttle vector pAdCAG.
The resulting vector pAdCAGmAeq and EcoT22I-digested adenovirus
type 5 DNA-terminal protein complex was co-transfected into HEK293
cells. Correctly recombined viral clones were selected by restriction
enzyme digestions and purified by CsCl gradient centrifugation.
Twenty h after viral treatment, cells were loaded with coelenterazine
(2.5 �M) in (glucose, glutamine, fetal calf serum)-free RPMI 1640 for 1 h
and then placed in a hermetically sealed, thermostatted chamber at
37 °C and perifused for 15 min with 2.5 mM glucose KRBH prior to the
start of the experiment. The number of emitted photons was measured
every second, and effluent fractions were collected for insulin radioim-
munoassay at 1-min intervals. Mitochondrial calcium was calculated
from the raw photon count data using software available online
(www.clocs.com/aequorin/).

RESULTS

Glycerol-stimulated Insulin Secretion from Ad-GlpK-treated
INS1-E Cells—The current studies were conducted with the
INS1-E cell line, which was clonally selected from the parental
INS1 cell line (33) based on its improved insulin secretion
profile (39, 40). Static secretion experiments from the INS1-E
cells could be conducted over 15-min intervals as opposed to
2–3 h intervals with parental INS-1 cells (31), allowing a more
relevant correlation of metabolite levels to secretion.

INS1-E cells engineered for glycerol kinase expression by
treatment with the Ad-GlpK adenovirus secrete insulin in a
glucose dose-dependent manner with maximal secretion occur-
ring at 10 mM glucose (Fig. 1A). Glycerol kinase expression does
not affect the glucose dose-response curve since untreated
INS1-E cells have a similar profile (41). Ad-GlpK-treated cells
are more sensitive to glycerol than glucose such that similar
amounts of insulin are secreted in response to 16 mM glucose or
2 mM glycerol (Fig. 1B). In addition to glycerol, Escherichia coli
glycerol kinase (as expressed with the Ad-GlpK virus) phospho-
rylates DHA to yield the glycolytic intermediate DHAP. DHA is
as potent as glycerol in Ad-GlpK-treated cells with maximal
stimulation of insulin secretion occurring at 2 mM DHA (Fig.
1C). Neither glycerol nor DHA stimulates insulin secretion in
control INS1-E cells lacking glycerol kinase overexpression,
assuring that phosphorylation and subsequent metabolism of
these fuels is required for stimulation of insulin secretion (Fig.
1, B and C). The lower threshold for stimulation of insulin
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secretion seen with glycerol and DHA as compared with glucose
is consistent with the high affinity of glycerol kinase for the
triose substrates (Km � 1.3 �M for glycerol and 500 �M for DHA)
(42). In contrast, glucose entry into triose metabolism is re-
stricted by the low affinity glucokinase (S0.5 �8 mM) (43). The
similar threshold for stimulation of insulin secretion by glyc-
erol as compared with DHA may seem surprising in light of the
higher Km of glycerol kinase for the DHA. However, to enter
glycolysis, glycerol phosphate must first be converted to DHAP
by the cytosolic or the Ca2�-sensitive mitochondrial glycero-
phosphate dehydrogenases, which have Km values of 300 �M

(44) and 1–9 mM (45, 46), respectively, for glycerol phosphate,
whereas DHAP bypasses this reaction to enter glycolysis.

A fourth fuel secretagogue, pyruvate, was utilized to isolate
those coupling factors that are derived from mitochondrial
metabolism. Pyruvate has the lowest threshold concentration
for stimulation of insulin secretion among the four fuels stud-
ied with half-maximal stimulation occurring at 0.5 mM (Fig.
1D). Note that all four secretagogues caused a similar rate of
insulin secretion at their maximally effective concentrations,
and this ceiling could not be exceeded by combinations of the
four fuels (Fig. 1E). These results suggest that a common limit
in metabolism is attained with each of the four fuel stimuli, and

this in turn restricts the metabolic signaling of insulin exocy-
tosis. An alternative possibility is that that the ceiling of insu-
lin release is set by steps of exocytosis or insulin biosynthesis.
This possibility can readily be ruled out by known potentiators
of fuel-stimulated insulin release. As shown in Fig. 1E, the
inclusion of the phorbol ester, PMA, with 16 mM glucose can
surpass the secretory limit imposed by fuel stimuli alone by
485%.

Comparison of Glycolytic Metabolite Levels for Glucose, Glyc-
erol, DHA, and Pyruvate—Following 15 min of stimulation
with the various fuels and measurement of insulin secretion as
shown in Fig. 1, the cells were collected for measurement of the
levels of various glycolytic intermediates. Triose phosphate
levels (DHAP � GAP) increased 3.3-fold as glucose was raised
from 2 to 16 mM (Fig. 2B). In comparison, at concentrations
with a secretory effect equivalent to the maximally effective
doses of glucose, DHA and glycerol caused triose phosphate
levels to rise to 3.9 and 5.0 times above those observed at 16 mM

glucose, respectively. Predictably, as pancreatic beta cells lack
phoshoenolpyruvate carboxykinase (47), 2 mM pyruvate did not
increase triose phosphate levels while stimulating insulin se-
cretion to the same extent as the other fuels. It has been
suggested that glyceraldehyde phosphate dehydrogenase be-

FIG. 1. Stimulated insulin secretion
with four fuel secretagogues. Insulin
release from �1.5 � 106 INS1-E cells was
measured after a 15-min static incubation
with the given concentration of each se-
cretagogue. INS1-E cells were treated
with (solid bar) or without (hatched bar)
Ad-GlpK adenovirus. Glycerol kinase ac-
tivity for these experiments was 44.4 �
3.8 and 0.7 � 0.2 nmol/mg protein/min for
Ad-GlpK-treated and untreated INS1-E
cells, respectively (n � 8). A, dose-re-
sponse curve for glucose. Note that glu-
cose reaches maximal stimulation at 10
mM and that Ad-GlpK treatment does not
affect the 16 mM glucose response. B,
dose-response curve for glycerol. Glycerol
stimulation attains maximal secretory po-
tency at 2 mM, which is comparable with a
16 mM glucose stimulus. Note that un-
treated INS1-E cells are not glycerol-re-
sponsive. C, dose-response curve for DHA.
Stimulation of insulin secretion with
DHA reaches a maximum at 2 mM, and a
similar response is achieved with 16 mM

glucose. DHA (2 mM) is ineffective on un-
treated INS1-E cells. D, dose-response
curve for pyruvate. Pyruvate stimulation
of Ad-GlpK-treated INS1-E cells reaches
a maximal limit at 1–2 mM. This stimula-
tion is comparable with a 16 mM glucose
challenge, and Ad-GlpK treatment does
not affect the magnitude of the pyruvate
response. E, insulin secretion with secre-
tagogue combinations and PMA. INS1-E
cells treated with Ad-GlpK adenovirus
were stimulated with combinations of 16
mM glucose (Glc) and 2 mM pyruvate
(Pyr), 2 mM DHA, 2 mM glycerol (Gly), or
50 nM PMA. Note that none of the fuel
secretagogue combinations could surpass
the insulin release of 16 mM glucose alone
and the potentiator, PMA, could exceed
this limitation by 485%. Each bar repre-
sents the mean and S.E. of 3–5 experi-
ments performed in 2–6 replicates. Pan-
els B–D include a 16 mM glucose control
performed on the same cell preparations.
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FIG. 2. Glycolytic intermediate measurements. Neutralized perchloric acid cellular extracts were prepared from the same samples obtained
from the secretion experiments in Fig. 1 and assayed for the following glycolytic intermediates. A, fuel-stimulated insulin secretion. This is a
summary of selected insulin secretion results from Fig. 1. Note that insulin release stimulated by 16 mM glucose (Glc), 2 mM DHA, 2 mM glycerol
(Gly), and 1 mM pyruvate (Pyr) is similar despite marked differences in glycolytic intermediate profiles. B, triose phosphates. The combined levels
of DHAP and GAP were assayed from cellular extracts. Note that the triose phosphates measured from DHA and glycerol-stimulated Ad-GlpK-
treated INS1-E cells greatly exceed those levels obtained in cells receiving a 16 mM glucose stimulus. Pyruvate (1 mM) in Ad-GlpK-treated cells or
DHA and glycerol (2 mM) in untreated INS1-E cells do not raise triose phosphate levels above those observed with 2 mM glucose. C, fructose
1,6-bisphosphate. FBP levels were drastically elevated by glycerol and DHA (2 mM) relative to a 16 mM glucose stimulation in Ad-GlpK-treated
cells. Glycerol increased FBP levels more than DHA, likely due to the exhaustion of cytosolic NAD� and impairment of GAP disposal via
glyceraldehyde phosphate dehydrogenase. Pyruvate (1 mM) in Ad-GlpK-treated cells and DHA and glycerol did not elevate FBP levels above those
observed with 2 mM glucose. D, pyruvate. A stimulation of both 2 mM trioses and 1 mM pyruvate led to an approximate doubling of pyruvate levels
relative to 16 mM glucose after a 15-min challenge. In untreated INS1-E cells, DHA and glycerol did not elevate pyruvate levels above levels
observed with 2 mM glucose. E, redox ratio. The cytosolic redox state was estimated by splitting the extract into two equal parts and measuring
glycerol phosphate and DHAP in each half of the extract. Glycerol phosphate levels were below detection (BD) of the assay for 2 mM glucose, 1 mM

pyruvate, and in the untreated INS1-E cells challenged with 2 mM DHA and 2 mM glycerol. Note that 2 mM DHA decreases and 2 mM glycerol
increases this ratio relative to a 16 mM glucose challenge without an effect on insulin secretion from each of these three stimuli. Each bar represents
the mean and S.E. of 6–8 experiments.
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comes rate-limiting as substrate flux into the distal portion of
glycolysis is increased in beta cells and insulinoma cell lines,
which is possibly related to the limited capacity for NAD�

regeneration (48, 49). This may in part explain the higher
levels of triose phosphates caused by incubation of Ad-GlpK-
treated cells with DHA or glycerol relative to glucose. To ad-
dress this point, fructose 1,6-bisphosphate (FBP) levels were
measured as they would be predicted to rise with an accumu-
lation of DHAP and GAP. FBP levels increased 15-fold as
glucose was raised from 2 to 16 mM (Fig. 2C). However, incu-
bation of Ad-GlpK-treated cells with 2 mM DHA or 2 mM glyc-
erol caused FBP levels to rise 7- and 14-fold higher, respec-
tively, than with 16 mM glucose. The greater accumulation of
FBP in the presence of glycerol may be due to the competition
for NAD� between glycerol phosphate dehydrogenase and glyc-
eraldehyde phosphate dehydrogenase. FBP levels did not
change in Ad-GlpK-treated cells incubated with 2 mM pyruvate
or in untreated cells incubated with 2 mM glycerol or 2 mM DHA
relative to basal levels in the same cells incubated with 2 mM

glucose.
Comparison of Pyruvate Levels in Ad-GlpK-treated Cells In-

cubated with Glucose, Glycerol, DHA, or Pyruvate—We next
measured pyruvate levels in Ad-GlpK-treated cells incubated
with each of the four fuels. Stimulation with 16 mM glucose
increased pyruvate levels 4.6-fold over levels obtained at 2 mM

glucose (Fig. 2D). The increase in pyruvate production from 2
mM glycerol and 2 mM DHA was significantly higher than with
16 mM glucose, reaching levels that were 12- and 11-fold higher
than 2 mM glucose. This observation further demonstrates that
triose substrates enter the distal portion of glycolysis more
efficiently than glucose, which is constrained by the high Km

value of glucokinase. In our prior study, lactate (measured in
the secretion medium) was 2–3-fold higher in Ad-GlpK-treated
cells incubated with glycerol relative to glucose (31). This en-
hanced capacity for lactate production from glycerol was hy-
pothesized to result from high NADH levels caused by flux
through cytosolic glycerol phosphate dehydrogenase. In the
current study, intracellular lactate levels were measured, and
we confirm an increased capacity of lactate production from
glycerol as compared with glucose (84.4 � 11.4 versus 51.8 �
12.0 nmol/mg protein/15 min) at 2 mM glycerol and 16 mM

glucose, respectively (n � 3) Interestingly, 2 mM DHA also
causes a large increase in lactate levels (120 � 20.2 nmol/mg
protein/15 min) despite the fact that DHA bypasses NADH
generation at the glycerophosphate dehydrogenase step. These
results suggest that the large increment in lactate output that
occurs in cells incubated with either triose fuel is probably a
direct consequence of elevated pyruvate levels rather than a
function of redox conditions.

Comparision of Redox Conditions in Ad-GlpK-treated Cells
Incubated with Glucose, Glycerol, DHA, or Pyruvate—In
INS1-E cells with glycerol kinase expression, both DHA and
glycerol stimulate insulin secretion even though their phospho-
rylated products lie on opposite sides of the glycerol phosphate
dehydrogenase reaction. Measurements of certain redox pairs
(such as glycerol phosphate:DHAP) are a reflection of the cel-
lular redox state (50). We therefore investigated the role of
redox status by measurement of the relative levels of glycerol
phosphate and DHAP in cells incubated with the various fuels.
The redox ratio (glycerol phosphate:DHAP) in cells stimulated
with 16 mM glucose for 15 min was 0.64 � 0.31 (Fig. 2E).
Following treatment with 2 mM DHA, the redox ratio was lower
(0.23 � 0.21), whereas treatment with 2 mM glycerol caused it
to be 5.3 times higher (3.4 � 1.0) than observed with 16 mM

glucose. Despite the extreme shift in redox state that it causes,
glycerol is as effective a secretagogue as glucose and DHA (Fig.

2A), strongly suggesting that cytosolic redox conditions are not
a key factor in stimulation of insulin secretion by carbohydrate
fuels. Note that due to the low levels of glycerol phosphate in
INS1-E cells treated with 2 mM glucose or 1 mM pyruvate, the
ratios under these conditions could not be accurately
determined.

Mitochondrial Oxidation of Glycerol and DHA—To this
point, increased pyruvate levels is the common denominator for
all of the tested fuel secretagogues. Due to the lack of
phoshoenolpyruvate carboxykinase (23) activity in beta cells,
this suggests that the potency of a given fuel is determined by
pyruvate entry into the mitochondria and its subsequent me-
tabolism. The fact that the triose secretagogues can increase
pyruvate and lactate levels beyond those observed from a glu-
cose stimulus further suggests that mitochondrial metabolism
limits the disposal of pyruvate. To substantiate this, we meas-
ured oxidation of 2-14C-labeled glycerol or DHA in Ad-GlpK-
treated INS1-E cells. The 14C label at carbon 2 is lost to CO2

either at the �-ketoglutarate dehydrogenase step of the tricar-
boxylic acid cycle when pyruvate enters via pyruvate dehydro-
genase or at either the �-ketoglutarate or isocitrate dehydro-
genase reactions when pyruvate enters the tricarboxylic acid
cycle via pyruvate carboxylase. The 2-14C-labeled substrates
were selected over the U-14C-labeled substrates used in our
previous study (31) to allow a more precise determination of the
flux through these two tricarboxylic acid cycle dehydrogenases.
As shown in Fig. 3, oxidation of [2-14C]glycerol or DHA in
Ad-GlpK-treated cells increased in a dose-dependent manner,
reaching a maximum for both fuels at a concentration of 2 mM,
which is in close correlation with insulin secretion. 2-14C oxi-
dation for both fuels was blocked by 50 nM rotenone (an inhib-
itor of NADH-coenzyme Q oxidoreductase of the electron trans-
port chain). [2-14C]Glycerol oxidation was negligible in
untreated INS1 cells, whereas oxidation was measurable at 2
mM DHA, albeit not at a rate sufficient to stimulate insulin
secretion.

Since each of the fuel stimuli used in this study generates
pyruvate, it is possible that mitochondrial transport and me-
tabolism of pyruvate is the common constraint of metabolism.
To address this possibility, we measured [1-14C]pyruvate oxi-
dation at various pyruvate concentrations. The 1-14C label is
removed as CO2 as pyruvate dehydrogenase catalyzes the de-
carboxylation of pyruvate to acetyl-CoA. Pyruvate concentra-
tions above 1 mM neither increase oxidation (Fig. 3B) nor en-
hance insulin secretion (Fig. 1D). Pyruvate dehydrogenase does
not likely have excess capacity in intact cells since the pyruvate
concentration to achieve maximal [1-14C]pyruvate oxidation
was not greater than the concentration to maximally stimulate
insulin secretion.

Hyperpolarization of Mitochondrial Membrane Potential by
Glycerol, DHA, Pyruvate, and Glucose—To evaluate possible
metabolic constraints imposed by the electron transport chain
and the generation of a proton gradient, mitochondrial mem-
brane potential was measured using the fluorescent dye rho-
damine-123. Fuel oxidation via the tricarboxylic acid cycle sup-
plies NADH and FADH2 to power the formation of a proton
gradient across the inner mitochondrial membrane. This pro-
ton gradient in turn provides the energy to drive ATP forma-
tion. In concert with the formation of the gradient, the inner
mitochondrial membrane becomes hyperpolarized due to the
extrusion of positively charged protons. As observed with sub-
strate oxidation, 2 mM glycerol had no effect on mitochondrial
activation in untreated INS1-E cells (Fig. 4A), whereas in the
same cells, 16 mM glucose caused a clear hyperpolarization and
2 mM DHA was about 15% as effective as glucose. In Ad-GlpK-
treated INS1-E cells, an initial stimulation with either 2 mM
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glycerol (Fig. 4A) or 2 mM DHA (Fig. 4B) hyperpolarized the
mitochondrial membrane to a point at which subsequent addi-
tion of 16 mM glucose had no further effect. This suggests that
2 mM triose is sufficient to maximally stimulate the respiratory
chain. This tight relationship of mitochondrial membrane po-
tential and insulin secretion is further supported by dose-
response studies performed with all four fuels, wherein maxi-
mal activation of mitochondrial membrane potential (Fig. 4, C
and D) and maximal activation of insulin secretion (Fig. 1) were
correlated in each case.

Succinate bypasses NADH-oxidoreductase (site I) and pro-
vides electrons to the electron transport chain via the FAD-
linked succinate dehydrogenase (site II). Methyl succinate, a
plasma membrane-permeant source of succinate, hyperpolar-
izes the mitochondrial membrane in a dose-dependent fashion
(data not shown), although the maximal effect obtained (at 5
mM) is only 50% of a 16 mM glucose stimulation (Fig. 4E).
Methyl succinate (5 mM) does not cause a further hyperpolariza-
tion when following a glucose (Fig. 4E), triose, or pyruvate stim-

ulus (data not shown). Again, this suggests that the maximal
proton gradient attained with each fuel cannot be surpassed even
when providing electron input beyond NADH-oxidoreductase.

Time Course of Insulin Secretion and Mitochondrial Ca2�—
The foregoing studies were largely carried out under static
incubation conditions. To assess mitochondrial activation in
perifused INS1-E cells in real time, cells were treated with two
adenoviruses, one encoding a mitochondrial targeted aequorin
(Ad-CAG-mAeq), a luminescent Ca2� sensor, and the Ad-GlpK
virus. This system allows simultaneous evaluation of mitochon-
drial matrix Ca2� (which reflects the activation of mitochon-
dria) and insulin release in response to the various fuels (51).
Cells prepared in this manner were perifused without glucose
for 15 min prior to a 10-min stimulation with DHA. A sharp
increase in mitochondrial Ca2� occurred within 30–60 s of
DHA application, followed 30–60 s later by a surge in insulin
secretion (Fig. 5A). Switching back to perifusion medium with-
out DHA returned both mitochondrial calcium and insulin out-
put to basal levels. After 30 min, a restimulation with 16 mM

glucose caused increases in both mitochondrial calcium and
insulin secretion that were almost identical in temporal se-
quence and magnitude as observed with 2 mM DHA. Similar
results were obtained with 2 mM glycerol. (Fig. 5B). Neither
DHA nor glycerol elevated mitochondrial Ca2� or stimulated
insulin secretion in INS1-E cells treated only with the Ad-CAG-
mAeq adenovirus (data not shown). To verify that glycerol-
stimulated insulin secretion requires mitochondrial respira-
tion, 50 nM rotenone was shown to suppress both the
mitochondrial Ca2� signal and insulin secretion induced by 2
mM glycerol (Fig. 5C).

Combined with the dynamic measurements of mitochondrial
membrane potential (Fig. 4), these experiments define the fol-
lowing temporal sequence. Approximately 3 min after fuel ap-
plication, the mitochondrial membrane becomes maximally hy-
perpolarized (Fig. 4, A and B). Two min later (t � 5 min),
mitochondrial Ca2� peaks, and an additional 2 min thereafter
(t � 7 min), insulin secretion reaches a maximum. Mitochon-
drial membrane hyperpolarization therefore precedes the ele-
vation of mitochondrial matrix Ca2� and insulin secretion,
suggesting that this event plays a primary role in the regula-
tion of fuel responsiveness.

DISCUSSION

By investigating the metabolic fates of glycerol, DHA, glu-
cose, and pyruvate, our data suggest that mitochondrial acti-
vation is the common point of action of each of these fuels.
Large increases of glycolytic intermediates did not impact in-
sulin secretion, whereas mitochondrial membrane hyper-
polarization strongly correlated with the limitations of insulin
output. Expression of E. coli glycerol kinase enables phospho-
rylation of DHA and glycerol with their phosphorylated prod-
ucts lying on opposite sides of the glycerol phosphate shuttle.
Very large alterations in the ratio of DHAP:glycerol phosphate
(indicative of redox status) did not impact insulin secretion as
long as further mitochondrial metabolism was allowed. In con-
trast, blocking the respiratory chain with rotenone inhibited
insulin secretion in response to any of the four fuels. Rotenone
specifically inhibits the respiratory chain at complex I (where
NADH generated by several dehydrogenase reactions is oxi-
dized) while leaving the remaining steps of the electron trans-
port chain intact. This property is particularly advantageous
when understanding glycerol stimulation of insulin secretion.
Since cytosolic glycerol phosphate can directly produce FADH2

in the mitochondria via the mitochondrial FAD-linked glycer-
ophosphate dehydrogenase, metabolism of glycerol can provide
input into the electron transport chain downstream of a com-
plex I block. Nonetheless, glycerol responsiveness in INS1-E

FIG. 3. Triose and pyruvate oxidation. A, triose oxidation. CO2
generation from [2-14C]glycerol or [2-14C]DHA oxidation at the given
substrate concentrations was measured after 1 h from INS1-E cells
treated with (solid bars) or without (hatched bars) Ad-GlpK adenovirus.
Ad-GlpK adenovirus enables efficient oxidation of DHA and glycerol
relative to untreated INS1-E cells at all tested concentrations. Although
significantly higher triose oxidation was observed at 0.5 mM in Ad-
GlpK-treated versus untreated INS1-E cells, this increase was not
accompanied by a stimulation of insulin secretion (see Fig. 1). Note that
in untreated cells, there is a general trend of a more efficient oxidation
of DHA as compared with glycerol. Rotenone (50 nM) blocked oxidation
of both DHA and glycerol (at 2 mM) by 80% in Ad-GlpK-treated INS1-E
cells. Each bar represents the mean and S.E. of 3–7 experiments per-
formed in triplicate. ND, not determined. B, pyruvate oxidation. CO2
generation from [1-14C]pyruvate oxidation at the given concentrations
was measured after 1 h from INS1-E cells. Each bar represents the
mean and S.E. of 3 experiments performed in triplicate.
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cells requires NAD-substrate oxidation as evident by the im-
pairment of insulin secretion by rotenone (Fig. 5C). This obser-
vation demonstrates that the glycerophosphate shuttle alone
cannot sustain insulin secretion without an ability to provide
electron input at complex I and regenerate NAD�.

Although pyruvate is an effective stimulus in the INS1 cell
line, pyruvate-stimulated insulin secretion is not typically ob-
served in pancreatic islet preparations. This observation is the
basis of the pyruvate paradox, because pyruvate oxidation is
observed in such preparations but is not accompanied by insu-
lin secretion (20, 21). This has been partially addressed by the
finding of low levels of expression of MCT-1, a plasma mem-
brane pyruvate transporter, in rat islets as compared with the
INS1 cell line (52). This report also demonstrated that adeno-
virus-mediated expression of MCT-1 confers pyruvate-stimu-

lated insulin secretion in rat islets. Pyruvate oxidation in islets
in the absence of MCT-1 expression has been suggested to occur
in non-beta bells. In support of this idea, immunofluorescence
studies suggest that MCT-1 expression is concentrated at the
periphery of the rat islet where most of the non-beta cells reside
(53). However, the authors also report low levels of MCT-1
expression in non-beta cells by immunoblot analysis, suggest-
ing that further investigation of this issue will be required.

Nonetheless, the fact that pyruvate is an effective secreta-
gogue in a cell type that lacks gluconeogenic enzymes and has
poor lipogenic capacity suggests that mitochondrial metabo-
lism of pyruvate is the major means for generation of coupling
factors. Consistent with this idea, neither triose phosphates
nor FBP increase during pyruvate stimulation (Fig. 2, B and
C), whereas mitochondrial depolarization (Fig. 4D) is strongly

FIG. 4. Mitochondrial membrane potential. Fuel-mediated changes in mitochondrial membrane potential were estimated by rhodamine-123
fluorescence. A, glycerol-stimulated hyperpolarization. At 15 min, 2 mM glycerol was added followed by 16 mM glucose at 20 min. Note that glycerol
hyperpolarizes the mitochondrial membrane only in Ad-GlpK-treated INS1-E cells and that 16 mM glucose does not markedly enhance this effect
further. B, DHA-stimulated hyperpolarization. At 15 min, 2 mM DHA was added followed by 16 mM glucose at 20 min. Note that DHA slightly
hyperpolarizes the mitochondrial membrane in untreated INS1-E cells and hyperpolarizes Ad-GlpK-treated INS1-E cells to the same extent as 16
mM glucose. C, glucose-stimulated hyperpolarization. At 5 min intervals, additions of glucose in 2 mM increments were added to the cell suspension
until a concentration of 16 mM was reached. Complete hyperpolarization occurs at 10 mM glucose. D, dose-dependence of pyruvate, glycerol, and
DHA. f, pyruvate; Œ, glycerol; ●, DHA. Sequential additions of each fuel were added until a maximal hyperpolarization was obtained. Once this
maximum hyperpolarization was reached, no combination of any of the fuel secretagogues could surpass this limit (data not shown). Note the left
shift in the concentration dependence of pyruvate as compared with the triose-secretagogues. Each data point represents the mean and S.E. of 3–4
determinations at the given concentration. E, mono-methyl succinate (MMS)-stimulated hyperpolarization. At 15 and 20 min, either 5 mM

mono-methyl succinate was followed by 16 mM glucose or 16 mM glucose was followed by 5 mM MMS. Note that MMS could maximally attain only
50% of a glucose stimulus and that when combined, these fuels cannot exceed a 16 mM glucose hyperpolarization. For panels A–C and E, each trace
represents the mean and S.E. of 3–4 experiments. At the end of each trace, 1 �M FCCP was added to uncouple the mitochondria and plateaued
at similar levels for each trace (not shown).
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induced and correlates with insulin secretion (Fig. 1D). Pyru-
vate has two immediate fates upon entering the mitochondria,
decarboxylation by pyruvate dehydrogenase to yield acetyl CoA
and carboxylation by pyruvate carboxylase to yield oxaloace-
tate. Pancreatic beta cells have high pyruvate carboxylase ac-
tivity as compared with other non-gluconeogenic tissues (54,
55). One advantage of high pyruvate carboxylase activity is the
provision of tricarboxylic acid cycle intermediates. Specifically,
and increase in oxaloacetate facilitates efficient entry of acetyl
CoA into the tricarboxylic acid cycle and provides substrate for
the pyruvate malate and malate aspartate shuttles. Likewise,
citrate is utilized by the pyruvate citrate shuttle, and �-keto-
glutarate serves as substrate for glutamate synthesis (40).

Pyruvate and triose fuels bypass the primary flux determin-
ing enzyme of glycolysis, glucokinase, and thus reveal meta-
bolic constraints beyond this step. Other studies have demon-
strated a similar observation by reducing the control strength
of glucokinase by overexpression of glucokinase. With a mere
2.5-fold increase in glucokinase activity in an INS clone engi-
neered for inducible expression of glucokinase, the rate of in-
sulin secretion at 6 mM glucose increased from 43 to 84% of a 12
mM glucose challenge (56). However, the maximal insulin out-
put achieved at 12 mM glucose was not enhanced by increased
glucokinase activity. Similarly, a 20-fold increase of glucoki-
nase activity by adenoviral-mediated expression of glucokinase
in rat pancreatic islets only increased insulin output by 29%,
again indicating factors downstream of glucokinase restrict
metabolism (57).

In this study, we suggest that the ultimate limitation of beta
cell metabolism is the formation of the proton gradient since
the secretory potency of each of the fuels used in this study
converge on their stimulatory effects on mitochondrial mem-
brane potential. The proton gradient in turn directly limits
other metabolic steps including pyruvate entry into the mito-
chondria (58) and the NAD� regeneration required for sustain-
ing the activity of mitochondrial dehydrogenases. The possibil-
ity that pyruvate entry becomes limited is supported by the
observation that triose secretagogues can increase pyruvate
levels above those observed from a glucose stimulus (Fig. 2D).
Bypassing NADH-oxidoreductase with either the excess glyc-
erol phosphate generated during a glycerol stimulus in GlpK-
expressing INS1-E cells (Fig. 4A) or methyl succinate (Fig. 4E)
did not further hyperpolarize the mitochondrial membrane.
This observation strongly suggests that complex I of the elec-
tron transport chain does not in itself limit the formation of the
proton gradient, but rather the rate of the gradient formation
exceeds the dissipation rate under these conditions.

It must be clarified that although our results demonstrate a
common constraint in metabolism and fuel-stimulated insulin
secretion, they do not suggest that with the highest concentra-
tion of each fuel tested here, the absolute limit of insulin output
was obtained. Clearly, potentiators such as fatty acids, incretin
hormones, and phorbol esters (59–61) can surpass the limits of
a fuel-only stimulus, and this observation is similarly demon-
strated in this study (Fig. 1E). This implies that the efficacy of
a fuel-only stimulus is limited by mitochondrial metabolism
and not by the innate secretory capacity of the cell.

The mechanism underlying the limitations imposed by the
mitochondrial membrane potential is likely related to the ther-
modynamics of generation of the proton gradient across the
mitochondrial inner membrane. NADH and FADH2 generated
in the tricarboxylic acid cycle donate electrons to the electron
transport chain, which in turn supplies the energy to pump
protons across the mitochondrial inner membrane at three
distinct sites (complexes I, III, and IV) to create a gradient. The
energy required to pump a proton across this gradient in-

FIG. 5. Mitochondrial calcium and insulin secretion. Simulta-
neously, emitted photons were measured (1-s intervals) and perifusate
was collected (1-min intervals) from INS1-E cells perifused with several
media changes. The mitochondrial Ca2� levels were calculated from the
photon emission of coelenterazine-loaded mAeq expressing INS1-E
cells. Insulin was measured in the perifusate by radioimmunoassay. A,
DHA stimulation. Following a 15-min perifusion of KRBH with 2.5 mM

glucose (Glc), the medium was switched to basal medium (KRBH with-
out glucose) for 5 min, after which the collection of photon count data
and perifusate was begun. After an additional 10-min perifusion of
basal medium, a 10-min stimulus with 2 mM DHA was initiated fol-
lowed by 30 min with basal medium, a second 10-min stimulation with
16 mM glucose, and a final 15-min of basal medium. Note that the
kinetics and magnitude of DHA and glucose stimulation are similar. B,
glycerol (Gly) stimulation. The protocol of panel A was repeated with 2
mM glycerol replacing the 2 mM DHA stimulation. Again, the kinetics
and magnitude of glycerol and glucose stimuli are similar. C, rotenone
(ROT) inhibition of glycerol stimulation. After a 10-min stimulation
with 2 mM glycerol, 50 nM rotenone (an inhibitor of NAD-linked sub-
strate oxidation) rapidly decreased both mitochondrial Ca2� and insulin
release. Each trace is representative of 3–5 experiments.
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creases as the pH difference between compartments increases.
This energy requirement is further increased because the in-
ternal surface of the inner mitochondrial membrane becomes
more negative than its external surface as each proton is
pumped out of the matrix. These two factors cause the energy
required for creating the proton gradient to increase exponen-
tially with each additional proton pumped out of the mitochon-
drial matrix. Eventually the maximal proton gradient will be
reached when the energy required to pump protons exceeds the
energy provided by the reduction potential of NADH and
FADH2, and proton pumping will cease. The limitations of the
formation of the proton gradient therefore limit the production
of mitochondrial coupling factors such as ATP. In addition to
ATP/ADP exchange, the mitochondrial membrane potential
drives the transport of other metabolites between mitochon-
drial and cytosolic compartments. Again, of particular interest
is glutamate/aspartate exchange (62) given that glucose-de-
rived glutamate may act directly upon insulin secretion (40).

The importance of generation of a proton gradient in secre-
tion coupling is further supported by data showing that inhib-
itors of the electron transport chain and ATP generation or
agents that dissipate the proton gradient all impair insulin
secretion. The uncoupling proteins (UCP1–3) dissipate the en-
ergy of the protein gradient as heat rather than ATP genera-
tion by facilitating proton transfer across the inner mitochon-
drial membrane (63). Overexpression of UCP2 in normal rat
islets decreases ATP content (64) and inhibits GSIS (65). In-
duction of UCP2 by chronic exposure of cells to fatty acids (66),
feeding rodents with a high fat diet (64), or the up-regulation of
UCP2 found in ob/ob mouse islets is accompanied in all cases
with a defect in fuel-stimulated secretion. Conversely, UCP2-
deficient mice UCP2 (�/�) demonstrate increased ATP produc-
tion and improved insulin secretion (67). The resulting ob/ob,
UCP2 (�/�) mice created from mating these two mouse strains
have partially restored glucose sensing, which again highlights
the importance of a tight coupling of metabolism to the proton
gradient, mitochondrial membrane potential, and ATP gener-
ation (66).

We propose that the formation of the mitochondrial proton
gradient sets the maximal limit of insulin secretion observed by
the four fuels studied here. The implication of this hypothesis is
that strategies designed to improve the maximal insulin output
will be restricted by this biophysical limitation. Considering
that increased insulin output can compensate for insulin re-
sistance in some forms of diabetes, determinants of maximal
insulin output may be important targets for new therapeutic
approaches. Successful beta cell adaptation to insulin resist-
ance includes increasing beta cell mass via hypertrophy and/or
hyperplasia and improved responsiveness (68). Improved fuel
responsiveness is generally restricted to an increase in the
sensitivity of the fuel rather than improved maximal output.
Therefore, strategies that act upon the targets of potentiators
and improve the energy conversion from the mitochondrial
proton gradient are most likely to improve beta cell
performance.
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