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A radical explanation for glucose-induced 
β cell dysfunction
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The development of type 2 diabetes requires impaired β cell function.
Hyperglycemia itself causes further decreases in glucose-stimulated
insulin secretion. A new study demonstrates that hyperglycemia-induced
mitochondrial superoxide production activates uncoupling protein 2,
which decreases the ATP/ADP ratio and thus reduces the insulin-secre-
tory response (see the related article beginning on page 1831). These data
suggest that pharmacologic inhibition of mitochondrial superoxide
overproduction in β cells exposed to hyperglycemia could prevent a pos-
itive feed-forward loop of glucotoxicity that drives impaired glucose tol-
erance toward frank type 2 diabetes.
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The diabetes epidemic and 
its consequences
Diabetes and impaired glucose toler-
ance currently affect an estimated 29
million people in the US (1). For those
born in 2000, the estimated lifetime
risk of developing diabetes is 36% (2).
People with diabetes have large reduc-
tions in life expectancy and in quality
of life (2), due to diabetes-specific
microvascular complications in the
retina, renal glomerulus, and periph-
eral nerve, and to extensive athero-
thrombotic macrovascular disease af-
fecting arteries that supply the heart,
brain, and lower extremities. It has

been estimated that up to 70% of
patients with acute myocardial infarc-
tion have either diabetes or impaired
glucose tolerance (3).

As a consequence of its microvascu-
lar pathology, diabetes is the leading
cause of blindness, end-stage renal
disease, and a variety of debilitating
neuropathies. Diabetics are the
fastest-growing group of renal dialy-
sis and transplant recipients, and in
the US, their 5-year survival rate is
only 21 percent, worse overall than
that for all forms of cancer com-
bined. Over 60% of diabetic patients
suffer from neuropathy, which
accounts for 50% of all nontraumat-
ic amputations in the US (4).

Insulin resistance, β cell 
function, and the natural 
history of type 2 diabetes
Both genetic and environmental factors
(mainly obesity) contribute to insulin
resistance. Recent work with tissue-con-
ditional knockouts of both Glut4 and
the insulin receptor in mice have shown

that adipose tissue plays a central role
in the pathogenesis of insulin resist-
ance, and that there is significant cross-
talk among insulin target tissues (5).

Insulin resistance induces a compen-
satory increase in β cell mass, which in
many people results in normal glucose
levels. In other people, intrinsic defects
in this compensatory β cell response
prevent adequate compensation, and
impaired glucose tolerance or type 2
diabetes occurs. Impaired glucose tol-
erance leads to type 2 diabetes in a sig-
nificant number of people, and type 2
diabetes, in turn, becomes progres-
sively unresponsive to oral antidia-
betic agents, until treatment with
insulin is necessary.

Glucose toxicity and the decline 
of β cell function
Hyperglycemia is widely recognized as
the causal link between diabetes and
diabetic complications (6). More recent-
ly, adverse effects of hyperglycemia on
insulin target tissues and on pancreatic
β cells have also been recognized, and
this phenomenon has been termed
“glucotoxicity.” Chronic hyperglycemia
has been shown to induce multiple
defects in β cells, including early de-
creases in glucose-stimulated insulin
secretion, and late irreversible changes
in insulin-gene transcription and β cell
mass (7, 8). In patients with impaired
glucose tolerance, lowering of glucose
levels dramatically reduces the progres-
sion to type 2 diabetes (9), suggesting
that glucotoxicity plays a major role in
this transition.

The central role of mitochondria in
glucose-stimulated insulin secretion
Pancreatic β cells sense the ambient
plasma glucose concentration because
(a) the high-Km glucose transporter
GLUT2 facilitates rapid equilibration
across the cell membrane, and (b) the
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high-Km hexokinase isoform glucoki-
nase allows the generation of a pro-
portionate signal through glycolytic
and mitochondrial metabolism of glu-
cose (10). This results in an increased
ATP/ADP ratio, which closes an ATP-
sensitive potassium channel in the cell
membrane, thereby depolarizing the
cell membrane and activating a volt-
age-gated calcium channel. The result-
ant influx of calcium triggers secretion
of insulin granules (Figure 1).

The glucose-sensitive increase in
the ATP/ADP ratio is caused by
greater electron flux through the
mitochondrial electron-transport
system (Figure 2). Pyruvate derived
from glycolysis is transported into
the mitochondria, where it is oxi-
dized by the tricarboxylic acid (TCA)
cycle to produce NADH and reduced

flavin adenine dinucleotide (FADH2).
Mitochondrial NADH and FADH2

provide energy for ATP production
via oxidative phosphorylation by the
electron-transport chain.

Electron flow through the mito-
chondrial electron-transport chain is
carried out by four inner membrane–
associated enzyme complexes, plus
cytochrome c and the mobile carrier
coenzyme Q. NADH derived from the
TCA cycle donates electrons to Com-
plex I. Complex I ultimately transfers
its electrons to coenzyme Q. Coen-
zyme Q is also reduced by electrons
donated from several FADH2-contain-
ing dehydrogenases, such as the TCA
cycle succinate:ubiquinone oxidore-
ductase (Complex II). Electrons from
reduced coenzyme Q are then trans-
ferred to Complex III. Electron trans-

port then proceeds through cyto-
chrome c, Complex IV, and, finally, mo-
lecular oxygen.

Electron transfer through Complex-
es I, III, and IV generates a proton (volt-
age) gradient. Much of the energy of
this voltage gradient (∆µH

+) is used to
generate ATP, as the collapse of the
proton gradient through ATP synthase
(Complex V) drives the ATP synthetic
machinery. This energy can also be dis-
sipated as heat through the mediation
of uncoupling proteins (UCPs). When
the electrochemical potential differ-
ence generated by this proton gradient
is high, electron transport in Complex
III is partially inhibited, resulting in a
backup of electrons to coenzyme Q
and their donation to molecular oxy-
gen, leading to increased generation of
the free radical superoxide.
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Figure 1
Model of glucose-stimulated insulin secretion
in the pancreatic β cell. Following phosphory-
lation by glucokinase (GK), glucose is convert-
ed to pyruvate by glycolysis. Pyruvate enters the
mitochondria and fuels the TCA cycle, result-
ing in the transfer of reducing equivalents to
the respiratory chain, hyperpolarization of the
mitochondrial membrane, and ATP genera-
tion. Subsequent closure of KATP channels
depolarizes the cell membrane, which opens
voltage-gated calcium channels, increasing the
concentration of cytosolic calcium ([Ca2+]c).
This influx of calcium triggers insulin release
from the cell. Figure modified with permission
from Nature (17). Pyr, pyruvate; ∆ψm, mito-
chondrial membrane potential; ∆ψc, cell
membrane potential.

Figure 2
Effect of hyperglycemia on mitochondrial
electron-transport chain function in the pan-
creatic β cell. Hyperglycemia increases pro-
duction of electron donors from the tricar-
boxylic acid (TCA) cycle (NADH and FADH2).
This increases the membrane potential
(∆µH

+), because protons are pumped across
the mitochondrial inner membrane in pro-
portion to electron flux through the electron-
transport chain. Inhibition of electron trans-
port at Complex III by increased ∆µH

+

increases the half-life of free radical interme-
diates of coenzyme Q, which reduce O2 to
superoxide. Krauss and colleagues (13) have
demonstrated that hyperglycemia-induced
mitochondrial superoxide activates UCP2-
mediated proton leak, thus lowering ATP lev-
els and impairing glucose-stimulated insulin
secretion. Figure modified with permission
from Nature (15). Pi, inorganic phosphorus.
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Excess activation of UCP2 by
superoxide causes β cell dysfunction
How does hyperglycemia cause β cell
dysfunction? The answer to this ques-
tion has not been clear. Although ele-
gant studies by Zhang and coworkers
(11) have suggested that the level of
UCP2 gene expression in β cells is an
important determinant, conflicting
data in the literature suggested that
changes in expression alone are not
the whole story (12).

In this issue of the JCI, Krauss et al.
(13) now show that the key missing
element in hyperglycemia-induced β
cell dysfunction is activation of UCP2.
This UCP2 activation is accomplished
by hyperglycemia-induced superoxide
formation by the mitochondrial elec-
tron-transport chain. In vitro studies
have suggested that superoxide could
activate UCPs (14), but these data
have been somewhat controversial.
Now, Krauss et al. demonstrate that
under physiologic conditions, endoge-
nous superoxide generated by hyper-
glycemia activates UCP2. This activa-
tion diverts energy away from ATP
synthesis (Figure 2), thereby decreas-
ing the ATP/ADP ratio. This results in
impaired glucose-stimulated insulin
secretion (13).

Therapeutic implications 
and future directions
The data reported by Krauss et al. (13)
have enormous clinical implications.
They suggest that pharmacologic inhi-
bition of mitochondrial superoxide
overproduction in β cells exposed to
hyperglycemia could prevent the posi-
tive feed-forward loop of glucotoxicity
that pushes impaired glucose tolerance
into frank type 2 diabetes. Since the
incidence and rate of progression of

diabetic complications increase in pro-
portion to the level of hyperglycemia
(6), prevention or even significant delay
of the transition from impaired glu-
cose tolerance to type 2 diabetes would
have a major positive impact on dia-
betes-associated morbidity and mor-
tality. Interestingly, the process of
hyperglycemia-induced overproduc-
tion of superoxide by the mitochondr-
ial electron transport chain also ap-
pears to be the central mechanism
underlying all the major molecular
mechanisms implicated in glucose-
mediated vascular damage (15, 16).
Thus, a common unifying mechanism
may underlie hyperglycemic damage in
β cells, endothelial cells, and other tar-
gets of glucotoxicity.

An important aspect of β cell glucose
toxicity that remains to be clarified is
the possible role of hyperglycemia-
induced superoxide production by the
mitochondria and subsequent activa-
tion of UCP2 in long-term loss of β cell
mass. Reactive oxygen leads to irre-
versible decreases in the level of the
transcription factor PDX-1 (8), which
is critical for insulin-gene expression,
and also for β cell neogenesis.

Future studies on the role of altered
mitochondrial production of both
superoxide and ATP, based on the
work of Krauss et al. (13), may also
lead to a better understanding of the
mechanisms underlying the inexorable
decline of β cell insulin production
and β cell mass with increased dura-
tion of type 2 diabetes.
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