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Plasma membrane electron transport (PMET), a cytosolic/plasma
membrane analog of mitochondrial electron transport, is a ubiquitous
system of cytosolic and plasma membrane oxidoreductases that oxi-
dizes cytosolic NADH and NADPH and passes electrons to extracel-
lular targets. While PMET has been shown to play an important role
in a variety of cell types, no studies exist to evaluate its function in
insulin-secreting cells. Here we demonstrate the presence of robust
PMET activity in primary islets and clonal �-cells, as assessed by the
reduction of the plasma membrane-impermeable dyes WST-1 and
ferricyanide. Because the degree of metabolic function of �-cells
(reflected by the level of insulin output) increases in a glucose-
dependent manner between 4 and 10 mM glucose, PMET was eval-
uated under these conditions. PMET activity was present at 4 mM
glucose and was further stimulated at 10 mM glucose. PMET activity
at 10 mM glucose was inhibited by the application of the flavoprotein
inhibitor diphenylene iodonium and various antioxidants. Overexpres-
sion of cytosolic NAD(P)H-quinone oxidoreductase (NQO1) in-
creased PMET activity in the presence of 10 mM glucose while
inhibition of NQO1 by its inhibitor dicoumarol abolished this activity.
Mitochondrial inhibitors rotenone, antimycin A, and potassium cya-
nide elevated PMET activity. Regardless of glucose levels, PMET
activity was greatly enhanced by the application of aminooxyacetate,
an inhibitor of the malate-aspartate shuttle. We propose a model for
the role of PMET as a regulator of glycolytic flux and an important
component of the metabolic machinery in �-cells.

insulin secretion; pancreatic �-cells; NAD(P)H; cytosolic oxidoreduc-
tase; extracellular oxidants

THE DISCOVERY OF THE PLASMA MEMBRANE electron transport
system (PMET) was driven by the observation that membrane-
impermeable oxidants are reduced by intact cells (reviewed in
Ref. 10). PMET has since been identified as a ubiquitous
critical player in a variety of cellular functions, including redox
homeostasis (6, 11, 32, 33), cell proliferation and survival (8,
19, 47), and cellular defense (26).

Physically, PMET consists of a complex network of cyto-
solic and plasma membrane-associated oxidoreductases that
transfer electrons from cytosolic-reducing equivalents, NADH
and NADPH, via CoQ10 in the plasma membrane to extracel-
lular electron acceptors (10). Several enzymes implicated in
PMET activity include cytosolic NADH-cytochrome B5 oxi-
doreductase (43), cytosolic NAD(P)H-quinone oxidoreductase

(NQO1) (7), formerly known as diaphorase, and the so far
unnamed NQO1 analog with higher affinity for NADPH than
NADH, which performs the same two electron redox reactions
as NQO1 (24). The components of the PMET system vary by
cell type; phagocytes, for instance, express specialized PMET
enzymes, and NADPH oxidases, such as NOX2, and cells
simultaneously express multiple enzymes capable of support-
ing PMET activity.

Operation of PMET results in the reoxidation of cytosolic
reduced nicotinamides NADH and NADPH. NADH and
NADPH are generated in the cytosol by processes that, depen-
dent on the cell type, include glycolysis, the pentose phosphate
pathway, and pyruvate cycling pathways. Besides ferric ion
and ascorbate (10, 27), a primary extracellular electron accep-
tor is molecular oxygen (2, 8, 32, 39). Indeed, it is estimated
that the 10–15% of cellular oxygen consumption that is potas-
sium cyanide (KCN) resistant (and therefore independent of
mitochondrial metabolism) is mediated by the reduction of
molecular oxygen through PMET (28). PMET activity is rou-
tinely measured by the reduction of membrane-impermeable
extracellular oxidants, such as ferricyanide (9), toluidine blue
O polyacrylamide (1), or, most commonly used, the mem-
brane-impermeable tetrazolium dye 2-(4-iodophenyl)-3-(4-ni-
trophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-1) (5).
WST-1 is unlike the older generation of tetrazolium dyes, such
as 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide, that carry a net positive charge that enables cellular
uptake and subsequent reduction by mitochondrial enzymes
such as succinate dehydrogenase (4). WST-1 instead carries a
net negative charge that makes it impermeable to cell mem-
branes. WST-1 is reduced by an intermediate electron acceptor,
1-methoxy-5-methyl-phenazinium methyl sulfate (mPMS),
which also fails to penetrate the mitochondrial membrane (25,
30). In addition, the mitochondrial fuel succinate only margin-
ally affects WST-1 reduction in the presence of mitochondrial
fractions (14), indicating that mPMS acquires electrons from
sources independent of complex II. This demonstrates that the
WST-1/mPMS system acquires electrons at the cell surface or
plasma membrane and reduces WST-1 via two single electron
reduction events (14).

Both NADH and NADPH are generated as a consequence of
glucose metabolism in �-cells. Pyruvate, the end product of
glycolysis, enters mitochondrial metabolism via both decar-
boxylation and carboxylation pathways (reviewed in Ref. 23).
Pyruvate carboxylation is linked to pyruvate cycling (13, 29,
37) and the resulting production of NADPH, which has been
proposed to act as an important coupling mediator of insulin
secretion (22). Glycolytically derived NADH must be reoxi-
dized back to NAD� to allow glycolysis to continue. This is
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accomplished in �-cells partly via mitochondrial malate/aspar-
tate and glycerolphosphate shuttles (12), and via PMET, as we
suggest here and by an earlier study which demonstrated that
NADH could be reoxidized despite blockage of mitochon-
drial shuttles in pancreatic �-cells. The “presence of an
unknown cytosolic factor re-oxidizing cytosolic NADH,”
was suggested (12, 45) based on the observation that,
despite blockage of mitochondrial shuttles, glycolytic flux
remained unchanged (12).

Here we demonstrate for the first time the presence of a
robust glucose-dependent PMET activity in pancreatic �-cells,
mediated in part by the cytosolic oxidoreductase NQO1. This
activity was found to be upregulated following treatment of
cells with aminooxyacetate (AOA, a malate aspartate shuttle
inhibitor) as well as the respiratory inhibitors cyanide, rote-
none, and antimycin A. These data demonstrate that PMET
activity is upregulated under conditions of mitochondrial inhi-
bition and suggest that PMET is an important part of the
metabolic network in �-cells.

MATERIALS AND METHODS

Materials. Potassium ferricyanide (hexacyanoferrate) was from
Fluka, WST-1 was from GenScript, collagenase was from Roche, and
FCS was from Hyclone. All other chemicals were from Sigma Aldrich
unless otherwise specified.

Cell and islet preparation and culture. Clonal INS-1 832/13 cells,
provided by Dr. Christopher Newgard (Duke University) were main-
tained and cultured as described previously (20). Male CD-1 mice
(Charles River) were killed by halothane. All procedures were per-
formed in accordance with the Institutional Guidelines for Animal
Care in compliance with United States Public Health Service regula-
tions and were approved by the Institutional Animal Care and Use
Committee at the Marine Biological Laboratory. Pancreatic islets
were isolated by collagenase (Roche, Indianapolis, IN) digestion as
previously described (16). Islets were used after an overnight culture
in RPMI supplemented with 10% FCS (Hyclone), penicillin/strepto-
mycin, and 5 mM glucose.

PMET activity assay. Following a 2-h preincubation in KRB buffer
(in mM: 140 NaCl, 30 HEPES, pH 7.4, 4.6 KCl, 1 MgSO4, 0.15
Na2HPO4, 0.4 KH2PO4, 5 NaHCO3, and 2 mM CaCl2) supplemented
with 2 or 4 mM glucose, INS-1 832/13 cells (96-well plates) or intact
islets (20 islets/microtube) were exposed to the indicated concentra-
tions of glucose or other metabolites and incubated in the presence of
250 �M WST-1 or 250 �M ferricyanide for 1 h. The presence of
intermediate electron carriers 1-mPMS and CoQ1 was obligatory for
WST-1 and ferricyanide reduction, respectively (unpublished obser-
vations). Reduction of WST-1 to WST-1-formazan and reduction of
ferricyanide to ferrocyanide was monitored by the change in absor-
bance at 450 and 420 nm, with a reference absorbance at 650 or 500,
respectively, using a Shimadzu UV mini-1240 spectrophotometer. In
parallel, WST-1 or ferricyanide solution was applied to empty wells or
microtubes, and the resulting control values were subtracted from the

Fig. 1. Effect of metabolic fuels on plasma
membrane electron transport (PMET) activ-
ity. Following a 2-h preincubation period in
the presence of 2 or 4 mM glucose, confluent
INS-1 832/13 cells (96-well plates) or iso-
lated mouse islets (20 islets/0.5-ml tube) were
treated with glucose ranging from 2(or 4) to
16 mM (A and B, glucose dose response) or
various metabolic fuels at 10 mM concentra-
tions for 1 h in the presence of 2 (INS-1
832/13) or 4 (islets) mM glucose (C and D).
E and F: effect of long-term glucose exposure
of islets. The amount of WST-1-formazan
(product of WST-1 reduction) and ferrocya-
nide (product of ferricyanide reduction) is
expressed as %control, obtained by exposure
of INS-1 832/13 cells to 2 mM glucose and
islets to 4 mM glucose for 1 h. Basal PMET
activity at 2 mM glucose for INS-1 832/13
cells was 588 � 33 pmol formazan·10�5

cells·h�1 and 9.9 � 2.5 pmol ferrocya-
nide·10�5 cells·h�1. Basal PMET activity at 4
mM glucose for islets was 18.2 � 2.2 pmol
formazan·20 islets�1·h�1 and 1.75 � 0.2
pmol ferrocyanide·20 islets�1·h�1. Data are
means � SE from 2–4 independent experi-
ments performed in triplicate measurements.
*P � 0.05 compared with 2 mM glucose. G,
glucose; KIC, ketoisocaproate; Gln/Leu, glu-
tamine/leucine; MP, methyl-pyruvate; MS,
methyl-succinate.

E114 REOXIDATION OF NAD(P)H BY EXTRAMITOCHONDRIAL PATHWAYS

AJP-Endocrinol Metab • VOL 301 • JULY 2011 • www.ajpendo.org

 on N
ovem

ber 10, 2011
ajpendo.physiology.org

D
ow

nloaded from
 

http://ajpendo.physiology.org/


corresponding values obtained in the presence of INS-1 832/13 cells
or islets. Reduction of WST-1 to formazan results in an increase in
absorbance at 450 nm, whereas reduction of ferricyanide to ferrocya-
nide results in a decrease in absorbance at 420 nm. Calibration curves
were constructed using known amounts of WST-1-formazan and
ferricyanide. PMET activities were calculated as the amount of
formazan formed per 105 cells per hour or the amount of ferricyanide
consumed per 105 cells per hour.

Construction of adenoviruses. Recombinant, replication-deficient
type 5 adenoviruses expressing human NQO1 from Origene were
custom-constructed by Vector BioLabs (Philadelphia, PA). The ex-
pression of NQO1 is under the control of a cytomegalovirus promoter
that also directs expression of green fluorescent protein from the
internal ribosome entry site. A control virus was constructed in
parallel. Viral titers were determined by the plaque formation assay.

Western blot analysis. Equal amounts of protein were resolved by
gradient (4–20%) SDS-PAGE and electrotransferred to nitrocellulose
membranes. Following overnight blocking with 5% nonfat dry milk,
membranes were probed with NQO1 antibody (Santa Cruz, CA), and
proteins were visualized by enhanced chemiluminescence (Thermo
Scientific, Rockford, IL).

Determination of nucleotides. Adenine nucleotides were deter-
mined using NAD�/NADH and ATP/ADP kits (Abcam, Cambridge,
MA) according to manufacturer protocols.

Insulin secretion. Cells were preincubated for 2 h in the presence of
2 mM (INS-1 832/13 cells) or 4 mM (mouse islets) glucose in KRB
buffer. The amount of released insulin was determined after 60 min of
static incubation in the presence of secretory fuels using an ELISA kit
(Alpco Diagnostics, Salem, NH). Data were normalized for protein
content determined by the Micro-BCA Protein Assay kit (Pierce,
Rockford, IL).

Intracellular Ca2�. Cells were loaded for 30 min at 37°C with 0.5
�mol/l fura 2-AM (Molecular Probes). After being loaded, cells were
washed three times and incubated for 15 min to allow cleavage of
intracellular fura 2-AM by cytosolic esterases. Following the
trypsinization, cell suspension was added to the KRB buffer in
cuvette, positioned inside a temperature-controlled chamber main-
tained at 37°C. The cuvette content was stirred to ensure proper
mixing. Fluorescence was measured at 340/380-nm excitation and
510-nm emission on a fluorescence spectrophotometer (FluoroMax-3;
Horiba Jobin Yvon), and Ca2� was determined as described previ-
ously (17).

Glucose oxidation and utilization. INS-1 832/13 cells were grown
to 80% confluence in 8 T-150 flasks, trypsinized, and combined. An
aliquot was then counted, and the remaining suspension was centri-
fuged (4°C, 500 rpm for 5 min). The cells were then resuspended in
basal (2 mM glucose) KRB to a concentration of 1.0 � 107 cells/ml.
One milliliter of cells was added to 25-ml Ehlenmeyer flasks contain-
ing 2 ml of basal KRB (contains 2 mM nonstimulatory glucose). Any
remaining cells were analyzed for protein. After a 2-h preincubation
period in a 37°C shaker water bath under a 5% CO2-95% O2

atmosphere, the flasks were sealed airtight, and glucose metabolic
rates were then determined over the course of 2 h at 37°C by addition
of glucose to a final concentration of either 2 or 10 mM, in the absence
or presence of WST-1/1-mPMS (or ferricyanide/CoQ1) and tracer
mixtures of radiolabeled glucose. Glucose utilization and oxidation
were determined simultaneously from conversion of [5-3H]glucose (1
�Ci/flask) to 3H2O and production of 14CO2 from [U-14C]glucose (0.2
�Ci/flask). All metabolic conditions were performed in triplicate.
Metabolism was stopped, and evolution of dissolved H2CO3 to the gas
phase was measured by injection of 600 �l of 3 M perchloric acid to
the cell suspension. 13CO2 was quantitatively trapped in 300 �l
phenethylamine-methanol (1:1) within 2 h after acidification. The
recovery of 14CO2 was 99.5 � 2.5% in control experiments with
[14C]bicarbonate under all substrate combinations. 3H2O specific
activity was quantified in the water purified by vacuum distillation of
an aliquot of the quenched media. Conversion of radiolabeled glucose

Fig. 2. Effect of mitochondrial inhibitors on PMET activity. INS-1 832/13 cells
(96-well plates) and mouse islets (20 islets/0.5-ml tube) were preincubated for
2 h in 2 or 4 mM glucose, respectively. PMET activity was measured by the
formation of WST-1-formazan (A and B) or ferrocyanide (C and D). *P � 0.05
compared with the corresponding control value. Rotenone and antimycin were
applied at 10 �M, aminooxyacetate (AOA) at 1 mM, and KCN at 0.5 mM final
concentration. Data are means � SE from 3–4 independent experiments
performed in triplicate measurements.
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to 3H2O and 14CO2 was determined by liquid scintillation counting of
3H and 14C disintegrations per minute in the quenched media com-
pared with the purified 3H2O and entrapped 14CO2.

Statistical analysis. Data are expressed as means � SE. Signifi-
cance was determined for multiple comparisons using one-way
ANOVA; a P value of �0.05 was considered significant.

Fig. 3. Effect of dicoumarol and diphenylene iodonium on PMET activity and
insulin secretion. INS-1 832/13 cells and mouse islets were preincubated as
described in Fig. 2 and were further incubated in the absence or presence of 2
�M dicoumarol or diphenylene iodonium. PMET activity was measured by
formation of WST-1-formazan (A) or ferrocyanide (B). Insulin secretion was
performed in parallel (C). Basal insulin secretion was 87.6 � 5.6 ng insulin·mg
protein�1·h�1 and 6.8 � 0.6 ng insulin·20 islets�1·h�1. Data are means � SE
from 3 independent experiments performed in triplicate measurements. DIC,
dicoumarol; DPI, diphenylene iodonium.

Fig. 4. Effect of NAD(P)H-quinone oxidoreductase (NQO1) overexpression on
the PMET activity. Cells or freshly isolated islets were infected with type 5
adenoviruses expressing human NQO1 (Ad-NQO1) or control virus (Ad-
control) at 5 � 105 plaque-forming units/ml. Following 48 h culture, PMET
activity, determined as WST-1-formazan (A) or ferricyanide (B) formation,
was measured as described in MATERIALS AND METHODS. C: effect of NQO1
overexpression on insulin secretion. Data are means � SE from 3 independent
experiments performed in triplicate measurements. *P � 0.05 compared with
the corresponding control value.
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RESULTS

Characterization of PMET activity in �-cells. Although the
ferricyanide- and WST-1-dependent reductive PMET systems
have been described in various cell types (reviewed in Ref. 18),
they have not been characterized in �-cells. To assess PMET
activity in �-cells in relation to their functional status (insulin
release), PMET activity was measured in cells exposed to a
range of glucose concentrations. Basal (a level of glucose that
corresponds to fasting glucose and that does not significantly
stimulate insulin release) was 2 mM for INS-1 832/13 and 4
mM for islets. A lower basal glucose concentration (2 mM)
was applied to INS-1 832/13 cells because these clonal cells
are left shifted in their dose response to glucose, in contrast to
native islet �-cells (20). Stimulatory (levels of glucose that
correspond to postprandial levels and that stimulate insulin
release) ranged from 4 to 16 mM. In addition, the effect of
other fuels on PMET, applied at a concentration of 10 mM, was
tested. WST-1 reduction readily took place in both prepara-
tions, and this activity was glucose dependent (Fig. 1). As in
neurons (46), ferricyanide reduction was accomplished only in
the presence of CoQ1 (data not shown), in contrast to HeLa
cells, which can directly reduce ferricyanide (40).

The level of PMET activity was found to be dependent on
the glucose concentration (Fig. 1, A and B) and reached a
maximum response between 8 and 12 mM glucose. Therefore,
10 mM glucose was chosen for further experiments, since the

response was already saturated at this concentration. Other
metabolic fuels did not show significant changes in PMET
activity, with the exception of the amino acid combination of
glutamine plus leucine, which caused about a 50% increase
over the basal activity, measured under 2 mM (INS-1 832/13)
or 4 mM (islets) glucose concentration (Fig. 1, C and D). To
determine if PMET activity was affected by long-term expo-
sure to a normoglycemic or a hyperglycemic environment,
isolated mouse islets were cultured in media containing 5 mM
glucose (mimics normoglycemic conditions) or 20 mM glucose
(mimics hyperglycemic conditions) for 48–72 h. Culture of
islets in a high glucose environment resulted in upregulation of
PMET activity (Fig. 1, E and F).

Effect of mitochondrial inhibitors on PMET. The effects of
various inhibitors of mitochondrial function are summarized in
Fig. 2. Reoxidation of glycolytically derived NADH in �-cells
is thought to occur primarily via mitochondrial shuttles. To
determine the role of the shuttle system in PMET, activity was
measured in the presence of AOA, a malate aspartate shuttle
inhibitor. AOA significantly elevated both WST-1 and ferri-
cyanide reduction at both basal (2 or 4 mM) and stimulatory
levels of glucose (10 mM). KCN, a cytochrome oxidase inhib-
itor, markedly enhanced reduction of both compounds under
basal and stimulatory glucose concentrations, suggesting that
PMET activity is enhanced in the face of mitochondrial failure.
Although WST-1 and ferrricyanide reduction shared similar

Fig. 5. Effect of antioxidants on PMET activity
and insulin secretion. Following the 2-h prein-
cubation period, INS-1 832/13 cells (A) or
islets (B) were exposed to N-acetylcysteine
(NAC, 0.4 mM), Trolox (0.5 mM), polyethyl-
ene glycol superoxide dismutase (PEG-SOD)
(30 U/ml), and ascorbate (25 �g/ml). Dehy-
droascorbae (DHA, 250 �M) was present dur-
ing the preincubation period to elevate intra-
cellular ascorbate levels. The amount of WST-
1-formazan was determined as described in
MATERIALS AND METHODS. Insulin secretion (C
and D) and nucleotide ratios (E and F) were
performed in parallel. Data are means � SE
from 2–4 independent experiments performed
in triplicate measurements. *P � 0.05 com-
pared with the corresponding control value.
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features in response to KCN and AOA, these systems differed
markedly in their responses to rotenone and antimycin A.
Rotenone and antimycin inhibited glucose-stimulated WST-1
reduction, whereas they increased basal WST-1 reduction.
Glucose-stimulated as well as basal ferricyanide reduction was
inhibited by rotenone, whereas it was increased by antimycin
A. This suggests that there are differences between these two
PMET systems in �-cells.

Effect of NQO1 inhibition and overexpression on PMET and
insulin secretion. NQO1 is a cytosolic oxidoreductase that uses
NADH or NADPH as a substrate and has been shown to
facilitate WST-1 reduction via PMET-mediated redox cycling
(41). Although not affecting basal activity significantly, dicou-
marol (DIC, 2 �M), an inhibitor of NQO1, completely abol-
ished glucose-stimulated PMET in both preparations. The
same effect was observed after treatment of cells with the
flavoprotein inhibitor diphenylene iodonium (DPI). The effect
of DIC and DPI on WST-1 and ferricyanide reduction activities
is summarized in Fig. 3. Both DPI and DIC significantly
reduced the insulin secretory response to glucose but not to the
depolarizing agent KCl, suggesting that these agents interfere
with cell intermediary metabolism.

The opposite effect was observed following overexpression
of NQO1 via adenovirus-mediated delivery, which signifi-

cantly elevated NQO1 protein levels (Fig. 4) and NQO1
activity levels �10-fold (data not shown). NQO1 overexpres-
sion resulted in a substantial increase in both WST-1 and
ferricyanide reduction under stimulatory glucose levels (Fig. 4,
A and B). NQO1 overexpression affected insulin secretion by
increasing sensitivity to glucose at lower stimulatory glucose
levels (between 4 and 8 mM), whereas it did not significantly
affect secretion in response to 16 mM glucose or the depolar-
izing agent KCl (Fig. 4C). The intracellular calcium rise in
response to lower stimulatory glucose levels or maximal stim-
ulatory glucose level was not changed in NQO1-overexpress-
ing cells (data not shown).

Effect of antioxidants on PMET and insulin secretion. A key
feature of the PMET system is the regulation of superoxide
levels (34). It has been suggested by Tan and Berridge (40) that
PMET-mediated reduction of cell-impermeable tetrazolium
dyes is mediated by reactive oxygen intermediates (ROI).
Thus, we tested the effect of various antioxidants on PMET
activity. Several antioxidants were able to inhibit PMET ac-
tivity, with the most potent effect due to superoxide dismutase
(Fig. 5). Although these compounds had a generally marginal
effect in the presence of basal, nonstimulatory glucose, they
greatly reduced PMET activity at the stimulatory glucose
concentration (Fig. 5, A and B). Antioxidants have been shown

Fig. 6. Effect of WST-1 and ferricyanide on
nucleotide levels, glucose oxidation and utili-
zation, and insulin secretion. INS-1 832/13
cells were exposed to WST-1 or ferricyanide
and the NADH-to-NAD� ratio (A), ATP-to-
ADP ratio (B), glucose oxidation (C) and uti-
lization (D), and insulin secretion (E and F)
were determined as described in MATERIALS

AND METHODS. Data are means � SE from 2–3
independent experiments performed in dupli-
cate measurements. *P � 0.05 compared with
the corresponding control value.
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here (Fig. 5, C and D) and previously by others to inhibit
glucose-stimulated insulin secretion (3, 35). To determine if
these antioxidants affected the ATP-dependent K� (KATP)
channel-dependent pathway and early metabolic events,
NADH-to-NAD� and ATP-to-ADP ratios were determined in
parallel (Fig. 5, E and F). However, antioxidants did not
substantially alter these ratios, with the exception of PEG-
SOD. This suggests that metabolic routes other than the KATP

channel-dependent pathway are affected by antioxidants.
Effect of WST-1 and ferricyanide on �-cell intermediary

metabolism. It has been reported that the addition of tetrazo-
lium dyes has a stimulatory effect on cell metabolism (10). To
evaluate the possible metabolic effect of WST1 and ferricya-
nide on �-cells, NADH and ATP levels in the presence of 2
and 10 mM glucose were determined after exposure of cells to
these compounds. Both NADH-to-NAD� and ATP-to-ADP
ratios were transiently elevated under these conditions, but no
sustained increase following 60 min of treatment was observed
(Fig. 6, A and B). Glucose oxidation and glucose utilization (a
measure of the glycolytic flux; Fig. 6, C and D) over a 60-min
period were not significantly altered. The effect of WST-1 and
ferricyanide on total insulin output over the 60 min (elevated;
Fig. 6E) was on closer examination found to be located in the
first phase of insulin secretion (Fig. 6F), suggesting that expo-
sure of cells to WST-1 and ferricyanide causes secretion of
insulin rather by altering plasma membrane excitability, then
having a sustained effect on intermediary metabolism.

DISCUSSION

PMET is a system of membrane-bound and membrane-
associated oxidoreductase enzymes, electron carriers within
the plasma membrane, and extracellular electron acceptors,
including ascorbate, ubiquinone, and molecular oxygen (re-
viewed in Ref. 10). The PMET pathway was first characterized
in HeLa cells (38) and later found to be present in a variety of
cancer cell lines, plant cells, and mammalian cells (10). In
HeLa cells, PMET activity was described as a glycolysis-
dependent pathway with activity proportional to the concen-
tration of NADH (38). Furthermore, the PMET system is
stimulated by cyanide, likely because of inhibition of NADH
oxidation within the mitochondria, which ultimately results in
elevated cytosolic NADH (31).

Role of PMET in glycolytic NADH reoxidation. Reoxidation
of cytosolic NADH back to NAD� is crucial for the mainte-
nance of glycolytic flux and is conventionally thought to occur
via mitochondrial shuttles. However, the existence of an un-
identified cytosolic factor in �-cells responsible for reoxidation
of cytosolic NADH has been hypothesized based on the ob-
servation that, despite the blockage of both the malate aspartate
shuttle and the glycerolphosphate shuttle, glycolytic flux re-
mains unchanged (12). PMET serves as an excellent candidate
for this “unknown cytosolic factor,” since reoxidization of
glycolytically derived NADH is one of the functions of PMET
operation (5). Our data support this notion by demonstrating
that PMET activities are enhanced significantly in INS-1
832/13 cells and isolated islets following exposure to AOA, a
malate-aspartate shuttle inhibitor (Fig. 2).

Cyanide and antimycin A both stimulated WST-1 and fer-
ricyanide reduction under basal glucose. This is likely caused
by the failure of mitochondrial oxidation of NADH, forcing

NADH oxidation to occur solely through alternative pathways
such as PMET (Fig. 7). Except for weak stimulation of basal
WST-1 reduction, rotenone severely inhibited glucose-stimu-
lated PMET activities. In mitochondria, rotenone inhibits com-
plex I by preventing reduction of ubiquinone to ubiquinol.
Because interconversion between ubiquionone and ubiquinol is
also required for PMET operation, rotenone may therefore
affect PMET at this step.

Role of NQO1 in PMET and insulin secretion. NQO1 is a
cytosolic NADH-NADPH oxidoreductase that has recently
been implicated in PMET-dependent redox cycling in epithe-
lial cells (42). Interestingly, DIC, an inhibitor of NQO1,
inhibits insulin secretion, suggesting the role of this enzyme for
�-cell function, although a mechanism for that inhibition has
not been described. Other flavin inhibitors such as DPI also
inhibit insulin secretion (21). We have shown that DIC and
DPI inhibit PMET activity and insulin secretion (Fig. 3).
Overexpression of NQO1 potentiated PMET activity and in-
sulin secretion in the presence of stimulatory glucose levels,
suggesting that NQO1 is an integral component of the PMET,
as well as insulin secretory machinery, in �-cells.

Role of PMET in ROI generation. In �-cells, PMET activity
was reduced significantly by the application of antioxidants, an
effect also observed in HeLa cells (40). In contrast to findings
in astrocytes, where pretreatment of cells with dehydroascor-
bate (DHA, oxidized form of ascorbate) was shown to increase
intracellular ascorbate levels and increase ferricyanide reduc-
tion (27), DHA pretreatment of �-cells decreased both WST-1
(Fig. 5) and ferricyanide reduction (data not shown). It is
possible that differences in the PMET and DHA/ascorbate
transport network between astrocytes and �-cells are respon-
sible for these differences. In parallel to their effect on PMET,
antioxidant inhibition of GSIS has been reported, and ROI
have been suggested as potential modulators of GSIS (35).
Ascorbate, which was reported to recover insulin secretion in
ascorbate-deprived pig scorbutic islets (44), was shown to

Fig. 7. Model for the role of PMET in �-cells. PMET is measured by the
transplasma membrane reduction of couplers [1-methoxy-5-methyl-phena-
zinium methyl sulfate (mPMS) or CoQ1], followed by the reduction of
membrane-impermeable indicator dyes (WST-1 or ferricyanide). The activity
of the PMET system is proportional to the intracellular concentration of
NADH. Glucose undergoes glycolysis, increasing the cytosolic concentration
of NADH, resulting in PMET stimulation. Application of mitochondrial
inhibitors of complex I, III, and IV prevents mitochondrial oxidation of
NADH, stimulating a rise in cytosolic NADH, which also results in enhanced
PMET activity. Similarly, treatment with the malate/aspartate shuttle inhibitor
AOA blocks mitochondrial-mediated reoxidation of NADH, leading to en-
hanced PMET activity.
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severely inhibit insulin secretion from normal mouse islets (3),
similar to our findings reported here.

While ROI are generally thought to be mitochondrial in
origin, recent evidence points to cytosolically generated ROI
and their role in GSIS (reviewed extensively in Ref. 15).
Generation of ROI in the cytosol via PMET operation has been
documented to take place in mitochondrial-deficient rho minus
cells (28). Because the gradient of ROI has been suggested to
be very steep in islets (36), cytosolically generated ROI via
PMET will represent an advantage since their generation will
occur conveniently in the proximity of the possible targets
involved in insulin secretion.

In summary, we have demonstrated for the first time the
existence of a robust PMET system in pancreatic �-cells,
measured by the reduction of the cell-impermeable tetrazolium
dye WST-1 and the iron compound ferricyanide. We have
shown that PMET activity is dependent on glucose concentra-
tion and is elevated under conditions of mitochondrial inhibi-
tion. Furthermore, our data suggest that the cytosolic oxi-
doreductase NQO1 is a part of the �-cell PMET network.
Studies are underway to further investigate the role of NQO1
on �-cell metabolism and insulin secretion using islets from
NQO1 knockout animals. Future studies may investigate our
hypothesis that PMET-mediated reoxidation of NADH is re-
quired for insulin secretion.
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