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Failure to secrete adequate amounts of insulin in response to increasing concentrations of glucose
is an important feature of type 2 diabetes. The mechanism for loss of glucose responsiveness is
unknown. Uncoupling protein 2 (UCP2), by virtue of its mitochondrial proton leak activity and con-
sequent negative effect on ATP production, impairs glucose-stimulated insulin secretion. Of inter-
est, it has recently been shown that superoxide, when added to isolated mitochondria, activates
UCP2-mediated proton leak. Since obesity and chronic hyperglycemia increase mitochondrial super-
oxide production, as well as UCP2 expression in pancreatic 3 cells, a superoxide-UCP2 pathway
could contribute importantly to obesity- and hyperglycemia-induced f3 cell dysfunction. This study
demonstrates that endogenously produced mitochondrial superoxide activates UCP2-mediated pro-
ton leak, thus lowering ATP levels and impairing glucose-stimulated insulin secretion. Furthermore,
hyperglycemia- and obesity-induced loss of glucose responsiveness is prevented by reduction of
mitochondrial superoxide production or gene knockout of UCP2. Importantly, reduction of super-
oxide has no beneficial effect in the absence of UCP2, and superoxide levels are increased further in
the absence of UCP2, demonstrating that the adverse effects of superoxide on [} cell glucose sensing
are caused by activation of UCP2. Therefore, superoxide-mediated activation of UCP2 could play an

important role in the pathogenesis of 3 cell dysfunction and type 2 diabetes.
J. Clin. Invest. 112:1831-1842 (2003). doi:10.1172/JC1200319774.

Introduction
B Cell dysfunction together with insulin resistance, caus-
es type 2 diabetes. Dysfunction of B cells is a complex
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phenomenon that includes loss of glucose sensing,
resulting in impairment of glucose-stimulated insulin
secretion (GSIS); increased basal insulin secretion;
decreased islet insulin content; altered gene transcrip-
tion; changes in intracellular signaling intermediates;
and loss of B cell mass (1-3). While the loss of GSIS plays
an important pathophysiological role in development of
B cell dysfunction, the precise mechanisms for the pro-
gressive loss of glucose sensing are not fully understood.

Uncoupling protein 2 (UCP2) is a negative regulator
of insulin secretion. It mediates proton leak across the
inner mitochondrial membrane. This has been demon-
strated in studies using proteoliposomes (4, 5) and iso-
lated mitochondria (6) and in intact cells (7). In pan-
creatic  cells, UCP2-mediated proton leak decreases
the yield of ATP from glucose (8, 9). Consequently,
UCP2 negatively regulates GSIS (8, 9). UCP2 is marked-
ly upregulated in islets of 0b/ob mice, a model of obesi-
ty-induced diabetes (8). Also, it has been shown that
UCP2 levels in islets are increased by hyperglycemia (10,
11). Of note, gene knockout of UCP2 restores first-
phase insulin secretion, increases serum insulin levels,
and greatly decreases levels of glycemia in 0b/ob mice
(8). Taken together, these findings indicate that UCP2
could be an important mediator of hyperglycemia- and
obesity-induced P cell dysfunction.
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To date, it is unknown whether and how UCP2 activ-
ity is acutely regulated inside cells. Recently, it was
shown that a particular reactive oxygen species (ROS),
superoxide, when added to isolated mitochondria, acti-
vated UCP2 and its homologs UCP1 and UCP3 (6).
However, it was unknown from this study whether nat-
urally generated superoxide, at physiological levels,
would acutely regulate UCP2 activity. Of interest, it has
been shown that increased glucose concentrations
increase ROS production in various cell types (12-15)
includingislets (16, 17). Since elevated glucose levels are
also known to increase UCP2 protein in islets (10, 11),
it is possible that, under hyperglycemic conditions
and/or in the obese state, UCP2 activity increases great-
ly in response to increased superoxide production. If
this is true, superoxide-mediated UCP2 activation could
be an important cause of hyperglycemia- and obesity-
induced [ cell dysfunction. In the present study, we
assessed the importance of this superoxide-UCP2 path-
way in regulating mitochondrial proton leak, ATP pro-
duction, and insulin secretion and in causing hyper-
glycemia- and obesity-induced B cell dysfunction.

Methods

Isolation of mitochondria

WT and UCP2-deficient mice were used (8) for isola-
tion of kidney and spleen mitochondria. Per experi-
ment, 15 mice were used for isolation of mitochondria
from spleen, and five mice were used for isolation of
kidney mitochondria. Fresh tissues were minced in ice-
cold STE buffer (250 mM sucrose, S mM Tris, 2 mM
EGTA, pH 7.4 at 4°C) and disrupted in a Dounce
homogenizer. Cell debris was removed by centrifuga-
tion of the homogenate at 500 g for 3 minutes. The
supernatant was centrifuged at 10,000 g for 8 minutes,
and the mitochondrial pellet was resuspended in ice-
cold STE buffer. Mitochondria were subjected to
another cycle of centrifugation at 750 and 10,000 g.
Protein content was assayed using the bicinchoninic
acid method. Western blot analysis of UCP2 expres-
sion in kidney mitochondria was performed as

described previously (8).

Proton leak titrations in mitochondria

Mitochondria (0.35 mg mitochondrial protein/ml
for kidney, 0.6 mg/ml for spleen) were incubated in
KHE assay medium (120 mM KCI, 5 mM KH,POy, 3
mM HEPES, 1 mM EGTA, pH 7.2) with 1 ug/ml
oligomycin to block protons from re-entering the
mitochondrial matrix via ATP synthase (6). Potential
was varied by titration with submaximal doses of
malonate (in 170-uM increments). Rotenone was
added (5 pM) to prevent oxidation of any endoge-
nous NAD-linked substrates. Nigericin (80 ng/ml)
was added to abolish the pH gradient. Using succi-
nate as a substrate (4 mM), respiration rate and mem-
brane potential were measured simultaneously using
electrodes sensitive to oxygen and the potential-sen-

sitive probe triphenylmethyl phosphonium cation
(TPMP"). Oxygen-consumption rates were multiplied
by the H*/O ratio of 6 to yield proton leak rates.

Measurement of oxygen consumption and
mitochondrial membrane potential in intact cells

Proton leak was determined in intact thymocytes by con-
comitant measurement of nonphosphorylating oxygen
consumption at different levels of mitochondrial mem-
brane potential as described previously (7, 18). Thymo-
cytes were incubated with 160 ng/ml oligomycin to
block ATP synthase activity, and 0 or 80 nM myxothia-
zol to inhibit electron transport. The potential-sensitive
probe 3H-labeled triphenylmethyl phosphonium
([*H]TPMP*) (NEN Life Science Products Inc., Boston,
Massachusetts, USA) and carriers (TPMP* and
tetraphenylboron) were added as described previously
(18). Thirty micromolar Mn(III)tetrakis(4-benzoic
acid)porphyrin (MnTBAP; Calbiochem-Novabiochem
Corp., San Diego, California, USA) was added at the
beginning of the incubation when appropriate. Mito-
chondrial membrane potential was calculated as
described previously (18). Proton leak rates were calcu-
lated by multiplication of rates of oxygen consumption
by the H*/O ratio of 9 (for cells respiring on glutamine).

Assessment of energy metabolism in thymocytes

Mitochondrial membrane potential, ATP levels, and
oxygen consumption in resting thymocytes were meas-
ured as described above (except that no inhibitors were
added to cells) and in ref. 19.

Preparation of dispersed islet cells and
tetramethylrhodamine methyl ester imaging

Islets of Langerhans were isolated from WT or UCP2-
deficient mice using collagenase digestion as
described previously (8). Islets were dissociated by
incubation in 0.5% trypsin/5.3 mM EDTA for 20
minutes at room temperature. Islet cells were washed
twice in RPMI medium (11 mM glucose, supple-
mented with 7.5% FCS and 1% penicillin-strepto-
mycin) and spotted onto glass coverslips that had
been precoated with a solution of 0.1% collagen in 0.1
M acetic acid. The cells were then maintained
overnight in RPMI medium. To study mitochondrial
membrane potential, tetramethylrhodamine methyl
ester (TMRM) imaging and analysis were carried out
essentially as described previously (20), except that
cells were loaded with 10 nM TMRM (Molecular
Probes Inc., Eugene, Oregon, USA) for 30 minutes,
and images were acquired every 15 seconds with an
exposure time of 60 milliseconds. Addition of
oligomycin (1 pg/ml) or carbonyl cyanide 4-trifluo-
romethoxyphenylhydrazone (FCCP) (2 uM) induced
the expected changes in mitochondrial TMRM fluo-
rescence, i.e., an increase to 143% * 3.2% and a
decrease to 23% + 1.2% of the initial value, respective-
ly. No significant difference was noted between WT
and UCP2-deficient cells.
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Islet mitochondrial membrane potential

Mitochondrial membrane potential was estimated from
[*H]TPMP* accumulation experiments as described pre-
viously (19). A subset of islets used for mitochondrial
membrane potential measurements was transduced
overnight (100,000 PFUs per islet) with an adenovirus
that drives expression of manganese superoxide dismu-
tase (MnSOD) and glutathione peroxidase (GPX1) as
described previously (21, 22). Adenoviruses were pur-
chased from the Gene Transfer Vector Core of the Uni-
versity of Iowa (Iowa City, Iowa, USA). Islets were incu-
bated for 30 minutes in RPMI medium (11 mM glucose,
supplemented with 7.5% FCS and 1% penicillin-strep-
tomycin) with 0.1 uCi [*H|TPMP" and carriers (0.2 pM
TPMP* and 1.5 uM tetraphenylboron), and [*H|TPMP*
accumulation and mitochondrial membrane potential
were calculated as described previously (19).

Islet ATP and insulin secretion

Islets were isolated as above and incubated overnight in
RPMI 1640 (11 mM glucose, supplemented with 7.5%
FCS and 1% penicillin-streptomycin). This procedure
greatly decreases the granular pool of ATP in islets,
which has been shown to mask changes in the
ATP/ADP ratio during glucose sensing (23, 24). On the
next day, islets were transferred into DMEM (5.5 mM
glucose plus 0.1% gelatin). A subset of islets was trans-
duced overnight (100,000 PFUs per islet) with aden-
ovirus driving expression of MnSOD, GPX1, and GFP
as described previously (21, 22). MnTBAP (0, 10, or 20
UM as indicated) was added to another subset of islets
1 hour before sampling for insulin and ATP. Islets were
transferred to DMEM, and ATP levels were determined
as described previously (8). Insulin levels in the medi-
um were determined as described previously (8) except
that a rat-insulin ELISA kit (Crystal Chem Inc., Chica-
go, Illinois, USA) was used. For determination of islet
insulin content and islet DNA, 30 islets were separated
from each of the different subsets of islets (e.g., islets
overexpressing MnSOD, or treated with MnTBAP)
before insulin measurements were started. Fifteen islets
were homogenized and lysed with lysate buffer (25),
and sonicated for 45 seconds. Homogenates were left
on ice for at least 30 minutes, mixed, and spun at
16,000 g in an Eppendorf bench centrifuge. Insulin in
the supernatant was then measured as described previ-
ously (8) using a rat-insulin ELISA kit (Crystal Chem
Inc.). Insulin release was expressed as percentage of
insulin content. In the remaining 15 islets, islet DNA
was measured using the CyQUANT cell proliferation
assay kit (Molecular Probes Inc.).

UCP2 gene expression in pancreatic
islets in low and high glucose

UCP2 mRNA was analyzed using quantitative PCR.
RNA was extracted from cultured islets using the RNeasy
Mini Kit (QIAGEN Inc., Valencia, California, USA).
Islet RNA was reverse transcribed with Superscript II

(Invitrogen Corp., Carlsbad, California, USA) and ampli-
fied using Stratagene Brilliant QPCR Core reactions
(Stratagene, La Jolla, California, USA) with TagMan
probes and primers (Biosearch Technologies Inc., Nova-
to, California, USA). Primer and probe sequences were as
follows: sense, 5’-GCATTGCAGATCTCATCACTTTCC; anti-
sense, 5-AGCCCTTGACTCTCCCCTTG; probe sequence, 5'-
FAM-TCTGGATACCGCCAAGGTCCGGCT-TAMRA. Rela-
tive expression of UCP2 mRNA was determined using
standard curves based on islet cDNA, and samples were
adjusted for total RNA content by 18S ribosomal RNA
quantative PCR (Applied Biosystems, Foster City, Cali-
fornia, USA). Quantitative PCR was performed on an
Mx4000 instrument (Stratagene). Assays were linear over
five orders of magnitude.

Measurement of mitochondrial superoxide
production in dispersed islet cells isolated from
WT and UCP2 KO mice at low and high glucose

Dispersed islet cells were prepared for imaging as
described above from WT or UCP2-deficient islets
that had been incubated at low (5.5 mM) or high (25
mM) glucose for 72 hours. Islets from ob/ob mice
were incubated overnight only in RPMI 1640 (11 mM
glucose, supplemented with 7.5% FCS and 1% peni-
cillin-streptomycin).

To measure superoxide production in intact cells,
ethidium imaging and analysis were carried out essen-
tially as described previously (17, 26) and below. Cov-
erslips were placed on the stage of a Zeiss Axiovert
200M inverted microscope (Carl Zeiss Microlmaging
Inc., Thornwood, New York, USA) equipped with a
Polychrome IV monochromator (TILL Photonics,
Grifelfing, Germany) and with a Roper Scientific Cool-
Snap HQ 12-bit cooled charge-coupled device (CCD)
camera (Roper Scientific Inc., Trenton, New Jersey,
USA). Cells were excited at 480 nm, and ethidium emit-
ted-light was collected using a Cy?3 filterset (Chroma,
Brattleboro, Vermont, USA). Sequential digital images
were acquired every 30 seconds, with exposure times of
1,500 milliseconds, using a X20, 0.75 numerical-aper-
ture Fluar objective (Carl Zeiss Inc.). Images were
acquired, stored, and analyzed using MetaMorph soft-
ware (Universal Imaging Corp., Downingtown, Penn-
sylvania, USA). After a base line was acquired for 5 min-
utes, medium was replaced between two acquisition
points with RPMI 1640 containing 1 plg/ml hydroethi-
dine (Molecular Probes Inc.) (17). After 2 minutes, lin-
ear increases in fluorescence were observed. After 10
minutes, the medium was replaced with medium con-
taining hydroethidine and FCCP (2 uM) to collapse
mitochondrial membrane potential and, consequent-
ly, obliterate mitochondrial superoxide.

For analysis of the images, five to eight cells per cov-
erslip were identified as regions of interest, and adja-
cent fields not containing any cells were taken as back-
ground. The average fluorescence intensity of all
regions of interest and of the background was deter-
mined for each frame. Fluorescence intensities were
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normalized to the initial value for comparative pur-
poses. Average relative fluorescence for both the super-
oxide signal and the background was plotted against
time, and slopes were calculated for the tracings after
addition of the hydroethidine and hydroethidine plus
FCCP. The fluorescent signal indicative of mitochon-
drial superoxide production was defined as that which
was sensitive to addition of the mitochondrial uncou-
pler FCCP. To confirm that the measurements were
specific for superoxide, and that the FCCP-sensitive sig-
nal originated from mitochondria, we used overex-
pression of MnSOD, the mitochondrial isoform of
superoxide dismutase, as a control (data not shown).
As expected, overexpression of MnSOD completely
abrogated the FCCP-sensitive signal, confirming that
it represented mitochondrial superoxide.

Islet incubation in chronic hyperglycemia

Isolation of islets and incubation conditions. Male mice, aged
12-20 weeks, were used for islet studies. (0b/ob islet
studies are described in a separate section below.) Islets
from eight mice of each genotype were pooled for
insulin-release studies. After being isolated as described
previously (8), islets were incubated overnight in RPMI
1640 (11 mM glucose, 7.5% FCS, 1% penicillin-strepto-
mycin). A subset of islets was transduced with aden-
ovirus driving expression of MnSOD and GPX1
(100,000 PFUs/islet) as described previously (21, 22).

On the next day, all islets were transferred to RPMI
1640 (5.5 or 25 mM glucose, 7.5% FCS) and incubated
for 72 hours at 37°C. After chronic incubation, all islets
were washed three times with DMEM. Medium-sized
islets (of the same size) were used for determination of
insulin release, insulin content, and DNA content.

Insulin release. For each of the different conditions
(chronic incubation at 5.5 and 25 mM glucose, with
or without overexpression of either MnSOD or
GPX1), three islets were transferred to an Eppendorf
tube containing 1 ml of fresh DMEM (5.5, 12.5, and
25 mM glucose plus 0.1% gelatin) and incubated at
37°C for 1 hour. Five to eight parallel repeats were
performed for each condition. After an hour, an
aliquot of medium was frozen until insulin was meas-
ured as described previously (8).

Determination of insulin content. In a separate subset of
islets, 15 islets for each condition (chronic incubation
at 5.5 and 25 mM glucose, with or without overex-
pression of either MnSOD or GPX1) were used for
determination of insulin content, and at least five
repeats were performed. Islets were homogenized
using lysate buffer as described previously (25) and
above, and total protein extract was immediately
frozen until insulin measurement.

Determination of DNA content. In a separate set of islets,
15 islets for each condition (chronic incubation at 5.5
and 25 mM glucose, with or without overexpression of
either MnSOD or GPX1) were used for determination
of DNA content as described previously (8). Also, islets
previously used for insulin-release studies were used for

determination of DNA content. Altogether, three to
five repeats were performed for each condition (chron-
ic incubation at 5.5 and 25 mM glucose, with or with-
out overexpression of either MnSOD or GPX1).

Calculation of insulin release as percent of insulin content.
For each condition (chronic incubation at 5.5 and 25
mM glucose, with or without overexpression of either
MnSOD or GPX1), the average data from the insulin-
release studies were divided by individual values of
insulin content, yielding at least five values of insulin
release per content per condition. These values were
then averaged, and altogether the experiment was
repeated on three different days. Data presented are
averages of the mean results of three independent
experiments = SEM.

Insulin-secretion studies in 0b/ob islets

ob/ob mice lacking UCP2 were created as described
previously (8). Briefly, #cp2*/~ mice (on the mixed
C57BL/6;J129 background) and ob/+ mice (C57BL/6
background, purchased from The Jackson Laborato-
ry, Bar Harbor, Maine, USA) were crossed to generate
double heterozygotes. These double heterozygotes
were then crossed to generate ob/ob and 0b/ob/UCP2
KO mice. Therefore, these mice are on the mixed
C57BL/6;J129 background. Between 10 and 20 weeks,
these mice have impaired GSIS in vivo (8), consistent
with other reports in the ob/ob model (27, 28). Male
mice, aged 16-20 weeks, were used for islet studies.
The glucose levels of 0b/ob mice were between 250 and
350 mg/dl, and those of 0b/ob/UCP2 KO mice ranged
from 195 to 235 mg/dl. For each genotype, islets from
three mice were pooled for insulin-release studies.
After being isolated as described previously (8), islets
were incubated overnight in RPMI 1640 (11 mM glu-
cose, 7.5% FCS, 1% penicillin-streptomycin). A subset
of islets was transfected with adenovirus driving
expression of MnSOD (100,000 PFUs per islet) as
described above. On the next day, islets were washed
three times with DMEM. Medium-sized islets (of the
same size) were used for determination of insulin
release (eight to ten measurements per condition),
insulin content (at least five measurements per condi-
tion), and DNA content (at least five measurements
per condition). Insulin secretion was then expressed as
percentage of content, whereby average data from the
insulin-release studies were divided by individual val-
ues of insulin content, yielding at least five values of
insulin release per insulin content. Data presented are
average results from one representative experiment.

Results

Superoxide activates proton leak in mitochondria that express
UCP2. It has previously been shown that exogenously
added superoxide activates proton leak in isolated
mitochondria expressing UCP2 (6). However, recently
it was reported that this finding could not be repro-
duced (29). In order to resolve these conflicting find-
ings, mitochondria were isolated from kidney and
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Effects of superoxide on proton conductance of kidney (a and c) and
spleen (b and d) mitochondria isolated from WT (a and b) and UCP2-
deficient (c and d) mice. Proton leak titration was performed with or
without addition of a superoxide-generating system (xanthine plus xan-
thine oxidase), essentially as described previously (30) and in Meth-
ods. Graphs show the rate of proton leak as a function of its driving
force, mitochondrial membrane potential. Open squares, control;
filled squares, xanthine (50 UM) plus xanthine oxidase (0.2 mU/3.5 ml
for kidney mitochondria, 0.1 mU/3.5 ml for spleen mitochondria);
open circles, xanthine/xanthine oxidase plus 500 UM GDP. Western
blot analysis confirmed that UCP2 protein was present in kidney (e)
and spleen mitochondria (8) of WT mice, and that UCP2 protein was
absent in mitochondria from UCP2 KO mice. Proton leak data are
means + SEM of three independent experiments.

spleen of WT and UCP2-deficient mice, and proton
leak was measured in the presence or absence of exoge-
nous superoxide (6). In WT mitochondria, superoxide
activated proton leak (Figure 1, a and b). Addition of
GDP, a known inhibitor of UCP function, completely
abolished superoxide-induced proton leak. In mito-
chondria lacking UCP2, addition of superoxide had no
effect on proton leak (Figure 1, c and d). These results
confirm the findings of Echtay et al. (6, 30), that exoge-
nously added superoxide increases proton leak in
mitochondria isolated from UCP2-expressing tissues,
and that this effect can be inhibited by GDP. In addi-
tion, the present study extends the previous findings
by demonstrating that superoxide-induced proton
leak in kidney and spleen mitochondria requires the
presence of UCP2. However, unknown from these
studies is whether endogenously generated levels of
superoxide control UCP2-mediated proton leak and
whether this has consequences for cellular bioener-
getics and function.

Endogenously generated superoxide activates UCP2-
dependent proton leak in intact cells. We next investigated
whether endogenously generated superoxide regulates
UCP2-mediated proton leak in intact cells. Proton leak
was assessed in thymocytes, a system ideally suited for
measuring proton leak in intact cells (18, 31). Thymo-
cytes were isolated from WT and UCP2-deficient mice,
and proton leak was measured (7) with or without the
addition of MnTBAP. MnTBAP is a cell-permeant
superoxide dismutase mimetic (32) that catalyzes the
conversion of superoxide to H,O; and, to a much less-
er extent, of H,O, to water. Using UCP2 gene KO mice,
we have previously demonstrated that UCP2 catalyzes
approximately 50% of all mitochondrial proton leak
in thymocytes (7). In the present study, addition of
MnTBAP (30 uM) to WT thymocytes caused a large
reduction in proton leak (Figure 2a). This reduction
was similar in magnitude to that caused by UCP2 defi-
ciency (7) (WT control vs. KO control in Figure 2, a vs.
b. Strikingly, the ability of MnTBAP to decrease pro-
ton leak was completely absent in UCP2-deficient thy-
mocytes (Figure 2b), indicating that MnTBAP specifi-
cally inhibits proton leak mediated by UCP2 (note that
thymocytes, like pancreatic B cells, express UCP2 but
not UCP1 or UCP3). These findings demonstrate that
endogenous levels of ROS, most likely superoxide,
activate UCP2-mediated proton leak. This observation
represents, to our knowledge, the first demonstration
of a physiologically relevant UCP2 regulator func-
tioning in intact cells.

Effects of superoxide-induced, UCP2-dependent proton leak
on cellular energy metabolism. It was previously reported
that UCP2 expression controls ATP levels in cells (7).
Consequently, superoxide-mediated activation of
UCP2 should affect cellular energy metabolism. Thus,
we next assessed the effects of superoxide-mediated
proton leak on ATP production in cells. In agreement
with an inhibitory effect on UCP2-mediated proton
leak, addition of MnTBAP to WT thymocytes increased
mitochondrial membrane potential (Figure 2¢) and
total ATP levels (Figure 2d). MnTBAP had no effect on
total cellular oxygen consumption (Figure 2e) indicat-
ing, as had previously been reported (7), that UCP2-
mediated proton leak exerts greater control over ATP
production than over substrate oxidation. MnTBAP
had no effect on mitochondrial membrane potential
or ATP levels in UCP2-deficient thymocytes (Figures 2,
c and d), indicating that superoxide-mediated regula-
tion of these parameters requires the presence of UCP2.
In conclusion, endogenous superoxide specifically acti-
vates UCP2-dependent proton leak. Moreover, UCP2-
dependent proton leak controls ATP production.

Operation of the superoxide-UCP2 pathway in pancreatic 3
cells: effects on insulin secretion. Having established the
importance of endogenously generated superoxide in
controlling UCP2-mediated proton leak and ATP pro-
duction in thymocytes, we then assessed the relevance
of this pathway in pancreatic 3 cells. Using real-time
imaging (20), we investigated whether MnTBAP
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Figure 2

Effect of MnTBAP on proton leak, mitochondrial
membrane potential, ATP, and oxygen consump-
tion in intact thymocytes. (a and b) Proton leak in
thymocytes. Thymocytes were incubated with
oligomycin to block protons from re-entering the
mitochondrial matrix via ATP synthase (top right
points of each line). A submaximal concentration
(80 nM) of the electron-transport chain inhibitor
myxothiazol was added to reduce mitochondrial
membrane potential to the resting-cell level (bot-
tom left points in each line). Analyses were per-
formed in thymocytes isolated from WT (a) and
UCP2-deficient mice (b). Circles, control; squares,
proton leak in the presence of MnTBAP (30 uM).
Results are expressed as means + SEM (n = 4-6).
(c-e) Mitochondrial membrane potential, total cell
ATP, and oxygen consumption were measured in
resting thymocytes (no inhibitors added). White
bars, control; black bars, 30 UM MnTBAP added.
Cells were isolated from WT (left set of bars in each
panel) and UCP2-deficient mice (right set of bars in
each panel). Results are expressed as means + SEM

85

WT KO WT KO

induced changes in mitochondrial membrane potential in
dispersed islet cells, as measured by the mitochondrial
membrane potential-sensitive fluorescent dye TMRM (Fig-
ure 3,aand b). Addition of MnTBAP to B cells isolated from
WT animals induced a rapid increase in mitochondrial
TMRM fluorescence over time (compare WT, MnTBAP,
with WT, no addition). Note that the increase in mito-
chondrial membrane potential was seen as early as 5 min-
utes after MnTBAP addition. In contrast, addition of
MnTBAP to B cells deficient in UCP2 had no effect on
mitochondrial TMRM fluorescence (compare UCP2 KO,
MnTBAP, with WT, no addition). Thus, addition of MnTBAP
induced a pronounced increase in mitochondrial mem-
brane potential over time in 3 cells, and this effect required
the presence of UCP2.

Because the TMRM method does not allow one to
quantitate changes in membrane potential, we also esti-
mated mitochondrial membrane potential using
[FBH]TPMP* (19) in intact islets isolated from WT and
UCP2-deficient mice. Since MnTBAP may not be entirely
specific for superoxide, we also used adenoviral overex-
pression of MnSOD (21), which specifically dismutates
superoxide to H,O,. To assess any possible role of H,O,,
we also employed adenoviral overexpression of GPX1 (16,
22), which converts H,O; to water. Note that MnSOD is
targeted to mitochondria, and GPX1 to both cytosol and
mitochondria (22). Addition of MnTBAP and overex-
pression of MnSOD significantly increased mitochondr-
ial membrane potential in WT islets, whereas GPX1 had
no effect (Figure 3c). The lack of effect of GPX1 is note-
worthy as it reduced total ROS levels (as assessed by CM-
H,DCFDA) by 50% (data not shown). In contrast, neither
MnTBAP nor MnSOD showed any effect on mitochondr-
ial membrane potential in islets from UCP2-deficient

WT KO (n=3-7). *P<0.05, treated vs. untreated control;

#P < 0.05, UCP2-deficient control vs. WT control.

mice. Consistent with the effects on mitochondrial
membrane potential, MnTBAP and overexpression of
MnSOD significantly increased ATP content in WT
islets but had no effect in UCP2-deficient islets (Fig-
ure 3d). These studies strongly suggest that endoge-
nously generated superoxide activates UCP2-mediat-
ed proton leak in pancreatic 3 cells and show that
this activation has important negative effects on ATP
levels, a major coupling signal between glucose sens-
ing and insulin secretion. In addition, the lack of
effect of GPX1 overexpression on mitochondrial
membrane potential demonstrates that H,O,, or
some ROS downstream of H,O,, may not be respon-
sible for the regulation of UCP2.

Given that endogenous superoxide activates UCP2 in
islets, and that UCP2 negatively regulates insulin secre-
tion (8, 9), removal of endogenous superoxide should
increase insulin secretion in islets in a UCP2-depend-
ent manner. We therefore assessed GSIS in islets treat-
ed with MnTBAP, or infected with adenovirus driving
overexpression of MnSOD or GPX1 (Figure 3e). MnT-
BAP and MnSOD increased insulin secretion in WT
islets, whereas reduction of H,O levels by overexpres-
sion of GPX1 had no effect (Figure 3e, first set of bars).

Co-overexpression of MnSOD and GPX1 increased
insulin secretion by the same amount as overexpres-
sion of MnSOD alone, indicating that a potential
increase in H,0O,, secondary to increased MnSOD
activity, was not the cause of the observed change in
insulin secretion. In contrast, neither MnTBAP nor
overexpression of MnSOD or GPX1 had any effect on
insulin secretion in UCP2-deficient islets (Figure 3e,
second set of bars). Of interest, the effects of MNnTBAP
were dose dependent in the WT islets (Figure 3e, inset).
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Figure 3

Role of superoxide in dispersed islet cells and pancreatic islets in regulating mitochondrial membrane potential (a-c), ATP levels (d), and insulin
secretion (e). (a) Pseudocolor-coded representative images of TMRM fluorescence intensity in WT and UCP2-deficient dispersed islet cells at
the beginning (left) and at the end of the acquisition sequence (right, with 25 UM MnTBAP). After 4 minutes, cells were exposed to 25 UM
MnTBAP. (b) Quantitation of the TMRM fluorescence changes over mitochondrial regions. Where indicated by the arrow, 25 UM MnTBAP
was added, except for control (WT, no addition). Results are means + SD (n = 4). (c-e) Quantitation of mitochondrial membrane potential,
total ATP, and insulin secretion in islets. Islets were isolated from WT and UCP2 KO mice. Islets were treated with MnTBAP, or adenovirus
driving the overexpression of MnSOD or GPX1. In some cases, islets were treated with adenovirus driving the expression of GFP as a control
for the MnSOD adenovirus studies. In e, insulin content of islets was as follows: WT, 248 + 11 ng per islet; UCP2 KO, 251 + 16 ng per islet.
These values were used to express insulin secretion as percentage of insulin content. For c-e, results are means + SEM. (c) n = 3-5; (d) n = 8-20
(n =3 for GFP control); (e) n = 3-5. *P < 0.05, treated vs. untreated control; *P < 0.05, UCP2-deficient control vs. WT control.

MnTBAP had no effect in islets deficient in UCP2.
Thus, the effects of removing superoxide on insulin
secretion require the presence of UCP2. Furthermore,
these results suggest that superoxide has regulatory
capacity with respect to UCP2 activity. Taken togeth-
er, these studies show that, under physiological condi-
tions, superoxide negatively regulates insulin secretion
by activating UCP2, thus decreasing mitochondrial
membrane potential and, consequently, ATP, which is
a major signal for GSIS.

Effects of hyperglycemia and obesity on superoxide and
UCP2 levels in islets. Hyperglycemia increases ROS levels
in many cell types (10, 12-15), including B cells (16). Of

interest, UCP2 levels are upregulated by hyperglycemia
invitro (10, 11), and in islets of hyperglycemic animals
such as ob/ob mice (8) and partially pancreatectomized
rats (11). Thus, we hypothesized that a superoxide-
UCP2 pathway would contribute importantly to hyper-
glycemia-induced impairment in GSIS, and thus the
development of type 2 diabetes.

To confirm that UCP2 levels in islets are upregulated
by hyperglycemia, we first measured UCP2 mRNA lev-
els in islets exposed to 25 mM glucose for 72 hours
(Figure 4a). Hyperglycemia increased UCP2 mRNA
about threefold. Adenoviral overexpression of MnSOD
did not lead to a decrease in hyperglycemia-induced
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UCP2 expression and mitochondrial superoxide production in islets and dispersed islet cells. (a) UCP2 mRNA expression levels in islets cul-
tured for 3 days at low (5.5 mM) and high glucose (25 mM). Expression levels are expressed as relative to the low-glucose (5.5 mM) incuba-
tion group. Astrisks indicate P < 0.05, high glucose vs. low glucose control. (b) Mitochondrial superoxide production in low and high glucose
in dispersed islet cells from WT and UCP2 KO mice, as measured by time-dependent conversion of the superoxide-sensitive dye hydroethidine
(17). Results are means + SEM (n=4-7). *P < 0.05, WT (25 mM glucose) vs. WT (5.5 mM glucose); *P < 0.05, UCP2-deficient vs. WT at 5.5
mM glucose; TP < 0.05, UCP2-deficient cells (25 mM glucose) vs. UCP2-deficient cells (5.5 mM glucose). (¢) Mitochondrial superoxide pro-
duction in dispersed islet cells from WT, ob/ob, and ob/ob/UCP2 KO mice, as measured by conversion of the superoxide-sensitive dye hydroethi-
dine. AF/min denotes the change in relative fluorescence intensity (F) as a function of time. Results are means + SEM (n=3). *P < 0.05, ob/ob
orob/ob/UCP2 KO vs. WT; #P < 0.05, 0b/ob/UCP2 KO vs. ob/ob.
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UCP2 overexpression, indicating that the effect of
hyperglycemia on UCP2 expression was independent of
superoxide levels in islets.

To specifically test whether hyperglycemia also
increases superoxide levels in islets, we first measured
mitochondrial superoxide levels in dispersed islet cells
from WT and UCP2 KO mice following chronic hyper-
glycemia (72 hours). Superoxide was detected in dis-
persed pancreatic islet cells using hydroethidine (17).
Hyperglycemia approximately doubled mitochondrial
superoxide production in both WT and UCP2 KO islet
cells (Figure 4b) compared with low-glucose conditions
(5.5 mM). Of note, islet cells lacking UCP2 had rough-
ly doubled mitochondrial superoxide levels compared
with WT cells. The stimulatory effects of hyperglycemia
and UCP2 deficiency were additive. These results
demonstrate that hyperglycemia increases mitochon-
drial superoxide production. They also demonstrate, as
has previously been shown in other cell types, that UCP
homologs UCP2 (33-35) and UCP3 (36) decrease mito-
chondrial superoxide production.

To see whether mitochondrial superoxide levels are
increased in islet cells of obese, diabetic mice, we also
measured mitochondrial superoxide in freshly isolated
islet cells from hyperglycemic ob/ob mice. Islet cells were
incubated at 11 mM glucose to mimic the elevated
blood glucose levels in 0b/ob mice. Islet cells from ob/ob
mice had approximately double the mitochondrial
superoxide levels that the WT controls had (Figure 4c).
This is consistent with a recent report showing that
islets from obese Zucker diabetic fatty (ZDF) rats,

which lack functional leptin receptors, have elevated
superoxide production (17). Islet cells isolated from
ob/ob mice lacking UCP2 had even higher superoxide
levels, consistent with UCP2 being a negative regulator
of superoxide production. The greater-than-additive
effect of UCP2 gene KO and obesity with hyper-
glycemia on superoxide production in ob/ob/UCP2-
deficient islets (Figure 4c, third bar) strongly suggests
that the marked upregulation of UCP2 observed in
ob/ob islets (8) plays an important role in restraining
mitochondrial superoxide production.

The role of superoxide and UCP2 in hyperglycemia- and obe-
sity-induced B cell dysfunction. To establish whether
increased superoxide in combination with induction of
UCP2 in hyperglycemia contributes to hyperglycemia-
induced impairment of GSIS, we incubated WT and
UCP2-deficient islets with 5.5 and 25 mM glucose for
72 hours and then assessed GSIS. As expected, WT
islets chronically incubated at low glucose released
increasing amounts of insulin in response to increas-
ing concentrations of glucose (Figure Sa, first set of
bars). Following chronic hyperglycemia, islets increased
basal insulin release from 0.19% to 1.7% but were com-
pletely unresponsive to glucose stimulation (Figure Sa,
second set of bars). These data are consistent with other
reports showing that chronic hyperglycemia increases
basal insulin secretion and, at the same time, causes
complete loss of glucose responsiveness (37, 38). To
assess the role of superoxide in causing hyperglycemia-
induced loss of glucose responsiveness, we overex-
pressed MnSOD in islets during the chronic hyper-
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Effects of hyperglycemia and obesity on B cell dysfunction in WT and
UCP2-deficient islets, with or without overexpression of MnSOD and
GPX1. Pancreatic islets were isolated from WT (a) or UCP2 KO mice
(b) and subjected to chronic incubations at low and high glucose. In
a separate experiment, islets were isolated from ob/ob mice (c). Aden-
ovirus-driven overexpression of MnSOD and GPX1 was used where
indicated. Islets were incubated for a total of 72 hours and washed,
and then insulin-secretion studies were performed using three differ-
ent concentrations of glucose (5.5, 12.5, and 25 mM). Insulin- and
DNA-content data are reported for reference in Table 1. Results are
means = SEM of three independent experiments (a and b) or five
repeats of one representative experiment (c). *P < 0.05, higher glucose
vs. lowest glucose condition in each group; #P < 0.05, basal secretion
(chronic hyperglycemia) vs. basal secretion (5.5 mM glucose).

glycemic incubations. Overexpression of MnSOD pre-
vented the hyperglycemia-induced block in GSIS (Fig-
ure Sa, third set of bars). This beneficial effect of
MnSOD was not caused by prevention of hyper-
glycemia-induced increases in UCP2 mRNA levels,
since UCP2 mRNA levels were unaffected by overex-
pression of MnSOD (Figure 4a). To assess the possibil-
ity that hydrogen peroxide also contributes to the spe-
cific impairment of GSIS, we overexpressed GPX1 to
remove hydrogen peroxide (16, 22). GPX1 overexpres-
sion did not prevent hyperglycemia-induced loss of
GSIS in WT islets (Figure 5a, last set of bars), indicat-
ing that superoxide, not H,O,, is the relevant ROS that
causes hyperglycemia-induced loss of glucose sensing.

The data described above demonstrate that super-
oxide causes hyperglycemia-induced impairment of
GSIS. To see whether this effect of superoxide
requires the presence of UCP2, islets were isolated
from UCP2 KO mice and then incubated in chronic
hyperglycemia. Following chronic incubation in low
glucose (5.5 mM), UCP2 KO islets, like WT islets,
released increasing amounts of insulin in response to
increasing concentrations of glucose (Figure 5b, first
set of bars). Consistent with the inhibitory effect of
UCP2 on insulin secretion, levels of insulin secretion
were higher than those observed in WT islets (Figure
Sa, first set of bars) at all three concentrations of glu-
cose. However, unlike WT islets, islets from UCP2 KO
mice, when incubated at 25 mM glucose, retained
glucose responsiveness (Figure 5b, second set of
bars). Their pattern of response was similar to that
observed in WT islets overexpressing MnSOD (Figure
Sa, third set of bars). Islets lacking UCP2, when
exposed to chronic hyperglycemia, similar to WT
islets overexpressing MnSOD, still retain elevated
basal insulin secretion. Therefore, elevated basal
insulin secretion in hyperglycemia, unlike glucose
responsiveness, is independent of the hyperglycemia-
induced increase in UCP2 and superoxide levels.
Importantly, overexpression of MnSOD in UCP2 KO
islets had no additional beneficial effect on GSIS
(Figure 5b, last set of bars), indicating that superox-
ide-mediated loss of glucose responsiveness is caused
by activation of UCP2.

To see whether this model of hyperglycemia-
induced B cell dysfunction and impairment of GSIS is
relevant to the pathophysiology of obesity-induced
type 2 diabetes, we studied insulin secretion in islets
from ob/ob mice and from ob/ob mice lacking UCP2.
In these islets, both superoxide levels (Figure 4c) and
UCP2 expression levels (8) are increased compared
with WT islets. Islets from ob/ob mice showed elevat-
ed basal insulin secretion and loss of glucose respon-
siveness compared with WT islets (Figure Sc, first set
of bars, vs. Figure Sa, first set of bars), similar to what
was observed in WT islets following chronic hyper-
glycemia (Figure 5a, second set of bars). Overexpres-
sion of MnSOD restored glucose sensing in ob/ob
islets, indicating that elevated superoxide levels cause
loss of glucose responsiveness (Figure 5S¢, second set
of bars). Islets isolated from ob/ob mice lacking UCP2
also had restored GSIS (Figure Sc, last set of bars),
similar to ob/ob islets overexpressing MnSOD, and
also similar to WT islets overexpressing MnSOD (Fig-
ure Sa, third set of bars), or UCP2-deficient islets dur-
ing exposure to hyperglycemia (Figure Sb, second set
of bars). Of note, MnSOD overexpression in islets
from ob/ob mice lacking UCP2 did not improve glu-
cose sensing above the level seen in islets lacking
UCP2 alone (data not shown). Therefore, superoxide
activation of UCP2 causes significant impairment of
GSIS in ob/ob islets, a rodent model of obesity-
induced type 2 diabetes.
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in and DNA content of WT and UCP2-deficient islets incubat-
chronic hyperglycemia, or islets isolated from ob/ob mice

Insulin content (ng insulin/islet)

WT

Glucose (mM)

5.5 25 25+ MnSOD
273.5+20.8 543.9 £53.8 292.9+£229
UCP2 KO

Glucose (mM)

5.5 25 25+ MnSOD
319.4+37.2 432.5+73.8 232.2£271
ob/ob

ob/ob ob/ob/KO ob/ob/MnSOD
7,308 £ 1,500 6,869 + 882 6,179 £ 380
DNA (ng/islet)

WT

Glucose (mM)

5.5 25 25 + MnSOD
5.5+23 9.9+3.9 6.4+0.4
UCP2 KO

Glucose (mM)

5.5 25 25 + MnSOD
57+0.8 8.7+3.7 5.0+0.8
ob/ob

ob/ob ob/ob/KO ob/ob/MnSOD
57.3+13.6 55.5+8.4 79.3+14.2

The insulin-content data were used to calculate the insulin-secretion data

(insul

in secreted as percentage of content) presented in Figure 5, a-c. As can be

seen from the table, a 72-hour incubation at 25 mM glucose increased both

DNA

and insulin content in islets isolated from WT and UCP2-deficient mice,

relative to the low-glucose control. However, insulin content relative to DNA

conte!

nt is unchanged following chronic hyperglycemia, consistent with a previ-

ous report showing that insulin content per cell of pancreatic  cells cultured at
high glucose for 3 days is unchanged (54).
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Discussion

The present study demonstrates that endogenously
produced superoxide activates UCP2-mediated pro-
ton leak in thymocytes and pancreatic B cells.
Removal of endogenous superoxide, or UCP2 (by
means of gene knockout), causes decreased proton
leak, increased mitochondrial membrane potential,
and increased ATP levels. While the physiological
importance of this superoxide-UCP2 pathway for T
cell function is currently unknown, the present study
demonstrates that this pathway plays an important
role in negatively regulating GSIS.

Impaired secretion of insulin by pancreatic B cells,
together with resistance to insulin action, causes type
2 diabetes. A large body of work has established that
chronic hyperglycemia leads to loss of GSIS (1, 3). How-
ever, the mechanism for this effect, which contributes
importantly to the pathogenesis of type 2 diabetes,
remains unclear. A role for hyperglycemia-induced
ROS production in f§ cell dysfunction has been sug-
gested by multiple studies (16, 39-43); however, at pres-
ent, the mechanisms responsible for ROS-mediated 3
cell dysfunction, and their importance, are unclear.

Here, we demonstrate that hyperglycemia causes
increased mitochondrial superoxide production, which
in turn leads to activation of UCP2, and, consequently,
impairment of GSIS. Interrupting the pathway of
superoxide-mediated activation of UCP2 in islets pre-
vents the loss of GSIS that normally results from
chronic hyperglycemia, or extreme obesity (in ob/ob
mice). Thus, superoxide-mediated activation of UCP2
plays an important role in causing hyperglycemia- and
obesity-induced loss of glucose responsiveness. While
our studies focused on chronic hyperglycemia, it is for-
mally possible that chronic hyperlipidemia, which is
known to cause loss of GSIS in islets (44, 45), also
affects insulin secretion through the superoxide-UCP2
pathway. In support of this hypothesis, it has been
found that hyperlipidemia upregulates UCP2 expres-
sion levels in islets (46, 47), and that FFAs cause eleva-
tion of ROS levels in B cells (45). Of note, a recent
report suggests that UCP2-deficient islets maintain
glucose responsiveness after long-term incubation with
palmitic acid, whereas WT islets become unresponsive
to glucose (44). However, a role for superoxide in this
process has not yet been assessed. In conclusion, it is
possible that hyperlipidemia, like hyperglycemia, caus-
es superoxide-mediated activation of UCP2 and, con-
sequently, loss of glucose sensing.

The ob/ob mouse is a model of obesity-induced type
2 diabetes and is characterized by severe insulin resist-
ance, hyperinsulinemia, hyperglycemia, and loss of
GSIS (27, 48, 49). UCP2 expression levels are upregu-
lated in ob/ob islets (8), and, as we show here, mito-
chondrial superoxide, which activates UCP2, is also
elevated. It has also recently been shown that superox-
ide levels are increased in islets from obese ZDF rats
(17). ob/ob mice lacking UCP2 have restored first-
phase insulin secretion, increased serum insulin levels,
and greatly decreased blood glucose (8). In contrast,
these mice do not have altered insulin sensitivity, indi-
cating that the improvement of glucose homeostasis
is due to improved B cell function. In the present
study, using isolated islets from ob/ob and ob/ob/UCP2
KO mice, we show that deficiency of UCP2, or removal
of mitochondrial superoxide, restored GSIS. Taken
together, these data clearly demonstrate that inter-
rupting the superoxide-UCP2 pathway improves
impairment of GSIS in ob/ob islets and strongly sup-
port the conclusion that this novel pathway could be
relevant to the etiology of type 2 diabetes.

What is the physiological role of UCP2 in the [ cell? It
has been suggested that the purpose of UCP homologs,
which are widely distributed and highly conserved, may
be to reduce mitochondrial superoxide (and therefore
ROS) production (6, 33, 34, 36). This is because they
decrease mitochondrial membrane potential, which is
known to reduce superoxide formation (50). Thus it is
likely that a feedback loop exists in cells that express
UCPs whereby abnormally increased superoxide levels
induce UCP-dependent uncoupling, which, in turn,
reduces mitochondrial membrane potential and thus
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superoxide generation. Indeed, several recent findings
provide evidence to support this model. (a) Superoxide
activates proton leak in a UCP-dependent manner not
only in isolated mitochondria (6), but also, as we show
here, at physiological levels in intact cells. (b) Superox-
ide levels are increased in skeletal muscle mitochondria
from UCP3-deficient mice (36), as well as in
macrophages (35) and (as we show here) dispersed islet
cells of UCP2-deficient mice. (c) Mitochondria from
mice that lack UCP3 show a tendency toward elevated
levels of oxidative protein damage (51).

On the other hand, if UCP2 were critical in the pro-
tection of B cells against ROS, one would expect severe
consequences for 3 cells lacking UCP2, especially in the
long term, such as increased ROS-mediated cell damage
and loss of B cell mass. Therefore UCP2 inhibitors, while
possibly useful for treating B cell dysfunction in the
short term, could negatively affect B cell mass in the
long term. However, many pieces of evidence argue
against such a view. (a) UCP2 KO mice, despite having
increased mitochondrial superoxide production, main-
tain improved glucose homeostasis (8), even at an
advanced age (12 months; C.-Y. Zhang, unpublished
data). Of note, the islets of UCP2 KO mice do not have
decreased DNA content compared with WT islets, indi-
cating that there is no net loss in B cell number (Table
1). (b) ob/ob mice lacking UCP2, despite having elevated
mitochondrial superoxide production in their islets as
we show here show improved glucose homeostasis, even
at 6 months of age (C.-Y. Zhang, unpublished data).
Importantly, DNA content is unchanged between islets
isolated from ob/ob mice and from ob/ob mice lacking
UCP2 (Table 1), indicating that there is no net loss of
cells in islets lacking UCP2. (c) Mice lacking UCP2,
when fed a high-fat diet for 4.5 months, have enhanced
B cell responsiveness to glucose challenges and pre-
served islet sensitivity to glucose (44). This is in spite of
the likely increase in mitochondrial superoxide pro-
duction in the B cells of these mice. Furthermore, the
islets of UCP2 KO mice on a high-fat diet do not show
signs of B cell loss, as assessed by islet morphological
analyses (44). In conclusion, increased mitochondrial
superoxide production following UCP2 deficiency does
not, per se, affect 3 cell survival. On the surface, this may
seem to be at odds with other studies showing that
oxidative stress causes B cell dysfunction, increased
apoptosis, and consequent loss of 3 cell mass. The rea-
sons for this paradox are not known at this point. One
may presume, however, that either the increased mito-
chondrial superoxide production observed in UCP2 KO
mice is too low to cause deleterious effects in [ cells, or
the increase in mitochondrial superoxide may not result
in increased ROS in the relevant cellular compartment
responsible for ROS-mediated toxicity.

The precise mechanism by which superoxide activates
UCP2 remains to be elucidated. We considered H,O; as
a potential mediator in the superoxide-UCP2 pathway,
because H,O; is the immediate dismutation product of
superoxide, and because it has been previously reported

that H,O,, when added exogenously to isolated islets
and B cells, inhibits insulin secretion (43, 52, 53). Addi-
tion of exogenous H,O, to isolated islets in the range
between 0 and 200 uM suppressed GSIS in a dose-
dependent manner (data not shown), consistent with
previous reports (43, 52). Loss of GSIS following H,O,
addition occurred with the same dose dependence in WT
and UCP2 KO islets, indicating that exogenously added
H,0; inhibits insulin secretion in a UCP2-independent
fashion. The importance of these results for hyper-
glycemia-induced B cell dysfunction remains unclear,
given that removal of endogenous H,O, by overexpres-
sion of GPX1, which reduced total ROS in isolated islets
by 50% (data not shown), did not restore hyperglycemia-
induced loss of glucose sensing. Therefore, we conclude
that, unlike endogenous superoxide, endogenous H,O,
per se does not play an integral role in mediating hyper-
glycemia-induced impairment of GSIS.

In conclusion, our results show that superoxide-
dependent activation of UCP2 has important conse-
quences for cellular energy metabolism, notably lowering
mitochondrial membrane potential and, subsequently,
ATP levels. In pancreatic B cells, this has important
negative effects on GSIS. The present study clearly
demonstrates that superoxide, or some downstream
product, is a pathophysiologically relevant negative
regulator of insulin secretion, and that activation of
UCP2 by superoxide could be an important mecha-
nism contributing to the pathogenesis of type 2 dia-
betes. Thus, inhibition of UCP2 activity may provide a
viable strategy to improve f3 cell dysfunction in type 2
diabetes. Based on studies in UCP2 KO mice (8, 44),
such improvement is likely to occur without compro-
mising [ cell survival. Finally, as UCP homologs are
widely distributed, we hypothesize that superoxide-
mediated activation of UCP2 (or UCP3) and the asso-
ciated depletion in cellular ATP could have implica-
tions for other pathologies associated with increased
superoxide production, such as ischemia/reperfusion
injury in heart, brain, and other tissues.
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