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Non-insulin-dependent diabetes mellitus is characterized by abnormal |3-cell func-
tion. The characteristic secretory defect is a selective loss of glucose-induced insulin
secretion. Substantial data have been generated in animal models to support the
concept that chronic hyperglycemia causes the loss of glucorecognition (the so-called
glucose toxicity hypothesis). This review summarizes the data supporting the concept
of hyperglycemia-induced (3-cell dysfunction and then focuses on the ideas for the
mechanism of the glucose unresponsiveness. The lack of access to islet tissue in
humans means that these studies have all been conducted in animal models. Another
major stumbling block continues to be the lack of in vitro systems that faithfully
reproduce the secretory abnormalities that occur in vivo. Despite these limitations,
many hypotheses are being investigated that span most of the major intracellular
steps for glucose-induced insulin secretion, including abnormalities in glucose trans-
port, storage, metabolism/oxidation, and the second messengers. No single hypoth-
esis stands out as being able to explain all of the characteristics of the secretory
abnormalities. In the last few years major advances have occurred in our knowledge
about the events that normally cause glucose-induced insulin secretion. Similarly,
biochemical and molecular tools have become available to probe the different steps.
As better in vitro models of the selective glucose unresponsiveness become available,
rapid progress can be expected in unraveling the biochemical basis for the loss of
glucose responsiveness in diabetic rat models. The long-term hope is that this
information will lead to innovative new strategies for the therapy of non-insulin-
dependent diabetes mellitus.

The concept that has emerged over the last decade for the pathogenesis of
non-insulin-dependent diabetes mellitus (NIDDM) is that genetic factors are
combined with acquired defects in insulin secretion and insulin action to give

the full-blown phenotypic picture (1; Fig. 1). The genetic factors are poorly under-
stood. Our understanding is that they somehow confer susceptibility to glucose
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intolerance. When genetic susceptibility
is present, the risk that glucose intoler-
ance will develop depends on the myriad
of nongenetic (environmental) factors
that influence the balance between insu-
lin secretory capacity and the tissue in-
sulin effectiveness. This balance explains
the increased risk for NIDDM seen with
factors that reduce insulin sensitivity,
such as obesity, age, and physical inac-
tivity. Once mild hyperglycemia occurs,
the acquired defects in insulin secretion
and insulin action appear. A key rinding
with respect to the acquired defects is
that they disappear, at least in part, after
a period of tight metabolic control; this
has led to the concept that they result
from a metabolic change induced by the
diabetes. An hypothesis that has received
considerable attention is that chronic hy-
perglycemia is the factor causing the tis-
sue dysfunction, the so-called glucose
toxicity hypothesis.

fJ-Cell function in NIDDM has
been the subject of intense investigation
for several decades, and we have recently
published an extensive review of this
topic (2). Therefore, it is not the purpose
of this article to review the natural his-
tory of P-cell dysfunction in NIDDM.
Rather, we focus on one aspect: the con-
cepts concerning the deleterious effects
of chronic hyperglycemia on the fJ-cell.
Although they are most relevant to
NIDDM, the principles discussed also
pertain to the early stages of insulin-
dependent diabetes mellitus (IDDM) and
to islet transplantation.

(B-CELL SECRETORY
ABNORMALITIES IN
NIDDM— The characteristic insulin
secretory defect linked to chronic hyper-
glycemia is the loss of glucose-induced
insulin secretion (2). The plasma glucose
concentration is usually the main regu-
lator of insulin secretion. A rapid rise in
glucose level elicits a biphasic insulin
response, with the first phase lasting
5-10 min and the second phase persist-
ing for the duration of the hyperglycemia
(3). It was first demonstrated in the late
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Figure 1—Schematic representation of the
events that culminate in non-insulin-dependent
diabetes mellitus. Sequence is hypothetical and is
based on data obtained from animal models,
studies conducted in humans, and our own best
guesses. Depicted events start with a genetic pre-
disposition for glucose intolerance that could rep-
resent several different abnormalities in the
($-cell or the insulin-sensitive tissues. Risk of
decompensating to glucose intolerance then de-
pends on balance between insulin secretory ca-
pacity and tissue insulin needs. Factors that act
on either of these will also influence the risk for
diabetes. Onset of mild hyperglycemia results in
further deterioration of insulin secretion and in-
sulin sensitivity. Net result is a vicious cycle that
may culminate in the complete clinical picture of
non-insulin-dependent diabetes mellitus.

1960s that patients with NIDDM had a
delayed insulin response to an intrave-
nous glucose challenge (4,5). This delay
represented a disappearance of the first
phase (Fig. 2). The first phase is believed
to serve an important physiologic func-
tion to maximize glucose clearance (6).
As such, its loss accounts for part of the
exaggerated postprandial rise in plasma
glucose that occurs in NIDDM (7). The
characteristics of this secretory defect
have been extensively studied over the

last two decades. These characteristics
include the following: 1) the first phase is
relatively intact in nondiabetic people
destined to develop NIDDM (8,9); 2) in
contrast, a first phase is no longer
present when the fasting glucose level
reaches 6.4 mM (10); 3) tight metabolic
control partially restores the first phase
(11,12); and 4) insulin responses to
secretagogues other than glucose are rel-
atively unimpaired in people with
NIDDM (2,13; Fig. 2). Therefore, the
missing early release of insulin to glucose
in NIDDM is an acquired defect, it is
specific for glucose, and the timing of its
development coincides with the onset of
mild hyperglycemia. An area of active
research during the last decade has been
the attempt to identify why the fi-cell
becomes refractory to glucose. Our re-
search has focused on chronic hypergly-
cemia as being the toxic factor, and this
review summarizes the substantial body
of experimental data that support this
idea. However, it should not be inferred
by the lack of discussion of other possi-
bilities that all other hypotheses have
been excluded. For example, a long-
standing idea is that overactivity of
endogenous substances such as opioids
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Figure 2—Plasma insulin responses (IRl) to
intravenous boluses of arginine (2.5 g) and glu-
cose (20 g) in non-insulin-dependent diabetic
(NIDDM; dashed line) and nondiabetic control
(solid line) subjects. Note that glucose is without
effect in NIDDM compared with arginine, where
the insulin responses are brisk in both groups.
From Palmer et al. (13). © by the Journal of
Clinical Investigation.

and/or prostaglandins is important
(14,15).

Several other insulin secretion
abnormalities occur in NIDDM, includ-
ing a reduced slope of glucose potentia-
tion, disruption of the pulsatile release,
and a raised plasma ratio of proinsulin to
insulin, which may reflect a relative
hypersecretion of proinsulin. The clinical
characteristics of these defects have been
described in detail (2,16). A fundamental
question concerns the relationship of
these (3-cell abnormalities to the loss of
glucose-induced insulin secretion. Is
there a single intracellular defect in the
fj-cell that has multiple manifestations?
Alternatively, are there multiple inde-
pendent defects? The question most ger-
mane to this discussion is whether any of
these other defects are acquired on the
basis of chronic hyperglycemia. Rela-
tively little information on this point is
available with respect to the reduced
slope of glucose potentiation and the dis-
rupted pulsatile insulin release. Both de-
fects appear to occur early in the course
of diabetes, perhaps even predating the
onset of hyperglycemia (16,17). More-
over, it is unclear whether they are re-
versed during improved metabolic con-
trol. The data for the raised plasma ratio
of proinsulin to insulin more strongly
suggest a link to chronic hyperglycemia.
Multiple studies have shown a raised
proinsulin/insulin ratio in patients with
NIDDM (18). Cross-sectional data are
consistent with the rise occurring after
the onset of mild hyperglycemia (19—
21). In addition, patients who become
hyperglycemic from cystic fibrosis have a
raised proinsulin-insulin ratio compared
with cystic fibrosis patients who are not
diabetic (22). Finally, the limited data
available have shown normalization of
the proinsulin-insulin ratio in NIDDM
when euglycemia is restored by diet or
sulfonylureas (23,24). These findings
suggest a link between hyperglycemia
and a raised proinsulin-insulin ratio.
However, acceptance of this hypothesis
first requires explanation of another ob-
servation: why the proinsulin-insulin ra-
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tio is raised in normoglycemic identical
twins of patients with IDDM (25,26).

INSULIN SECRETION IN
HYPERGLYCEMIC ANIMAL
MODELS— Current studies that have
searched for the metabolic factor respon-
sible for the (3-cell dysfunction have fo-
cused primarily on chronic hyperglyce-
mia. The idea is not a new one. Classic
studies from the 1940s showed that glu-
cose injections caused permanent diabe-
tes in partially pancreatectomized cats
(27). Another study reproduced the
same findings with glucose infusions in
partially pancreatectomized dogs (28).
The hypothesis is that chronically expos-
ing a normal 0-cell to an elevated plasma
glucose level will make that cell become
nonresponsive to glucose. Direct testing
of this hypothesis in nondiabetic humans
has been hindered by the lack of access
to islet tissue and the difficulty of pro-
ducing experimental hyperglycemia. In-
stead, like most investigators, we have
used animal models to determine whether
sustained hyperglycemia has deleterious
effects on 3-cells.

Impaired glucose-induced insulin
secretion
Our initial studies caused hyperglycemia
in normal rats by reducing the (3-cell
mass. Rats were given streptozocin in the
neonatal period (29), or they underwent
a 90% pancreatectomy at 5 wk of age
(30). Both models developed modest
nonfasting hyperglycemia. Insulin secre-
tion studies performed on the remaining
(3-cells showed the typical pattern of se-
lective glucose unresponsiveness: Glu-
cose failed to induce a rise in insulin
output, compared with other secreta-
gogues where insulin responses were
present, and at times were abnormally
large (2,31; Fig. 3). To show that hyper-
glycemia was responsible for the glucose
unresponsiveness, normal rats were
made hyperglycemic with intravenous
glucose infusions. Selective p-cell glu-
cose unresponsiveness was again found
(32). In this model hyperglycemia was

TIME Irmnutcs)

Figure 3—Insulin secretion in response to glu-
cose and to arginine in rats 8-11 wk after a 90%
pancreatectomy (solid line; n = 9). Data were
obtained with the in vitro perfused pancreas
technique. Note that there is a brisk response to
arginine in these rats, whereas glucose is without
effect—the classic picture of selective glucose unre-
sponsiveness. As expected, sham-operated control
rats (dashed line; n = 7) show clear responses to
both secretagogues. From Bonner-Weir et al. (30).
© by the Journal of Clinical Investigation.

accompanied by a raised plasma insulin
level compared with most other diabetic
models, including the two previously de-
scribed, which are relatively or abso-
lutely hypoinsulinemic. Finding the
same secretory defect in the infused rats
therefore indicated that hyperglycemia,
not insulin deprivation, was the key
pathogenic factor.

In addition to the studies cited
above, several other genetic and experi-
mental diabetic models have been stud-
ied by investigators around the world.
All of these models share the same secre-
tory defect: selective glucose unrespon-
siveness. Moreover, many have specific
controls that underscore the key role that
hyperglycemia plays. For instance, male
Zucker fa/fa rats are hyperglycemic and
develop glucose unresponsiveness. In
contrast, genetically identical female
Zucker fa/fa rats are neither hyperglyce-
mic nor glucose unresponsive (33). Hy-
perglycemic corpulent rats (SHR/N-cp)
are glucose unresponsive; normoglyce-
mic corpulent rats (LA/N-cp) are not
(34). A 60% pancreatectomy in rats does

not cause hyperglycemia, and these rats
retain normal glucose-induced insulin
secretion. In contrast, the addition of su-
crose to their water supply causes mild
hyperglycemia and the emergence of
(3-cell glucose unresponsiveness (35).
Viewed together, these studies clearly
show that the presence of hyperglycemia
is always accompanied by selective glu-
cose unresponsiveness and that hyper-
glycemia is a prerequisite for that secre-
tory defect.

Recovery of glucose-induced
insulin secretion
Additional support for the concept of
hyperglycemia-induced fi-cell glucose
unresponsiveness has come from studies
that used phlorizin in these rat models.
Phlorizin renders diabetic rats euglyce-
mic by inhibiting kidney tubule glucose
reabsorption (36). A unique property of
phlorizin is its ability to normalize
plasma glucose levels in the absence of a
change in the plasma insulin level. Res-
toration of normal tissue function then
directly implicates hyperglycemia as the
cause of the abnormality; this explains
why phlorizin has been viewed as a spe-
cific glucose-lowering agent. Phlorizin
restored glucose-induced insulin secre-
tion in 90% pancreatectomized rats (37)
and also in glucose-infused normal rats
(38).

Reversal studies have not been
limited to phlorizin. We and others have
observed a return of glucose-induced in-
sulin secretion with insulin therapy
(39,40). The surprising aspect of these
results has been just how fast the reversal
can occur. We studied rats 4 -6 wk after
a 90% pancreatectomy. This model de-
velops mild hyperglycemia within 1 wk
of the surgery (30); thus, these rats had
been diabetic for at least 3 wk. Despite
the prolonged duration of hyperglyce-
mia, a 6-h insulin infusion was sufficient
to cause a fourfold increase in glucose-
induced insulin secretion (40). In vitro
studies have provided even more star-
tling evidence for the rapid reversibility
of the glucose unresponsiveness. Grill et
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al. (41) studied rats treated with strepto-
zocin as neonates. These modestly hy-
perglycemic rats had the classic picture
of selective p-cell glucose unresponsive-
ness: loss of glucose-induced insulin se-
cretion but preservation of insulin re-
sponses to nonglucose secretagogues
(29). These investigators were able to
restore glucose-induced insulin secretion
in these rats by perfusing their pancre-
ases in vitro for just 40 min with perfus-
ate containing no glucose (41). The same
result has been reproduced in several
other diabetic rodent models (40,42,43);
this has lead to the conclusion that rapid
reversibility is a fundamental feature of
hyperglycemia-induced (3-cell glucose
unresponsiveness. An important under-
standing from these results is that any
attempt to define the mechanism of the
suppressed glucose-induced insulin se-
cretion must be able to explain the rapid
reversibility. For instance, a 40-min re-
versibility period is compelling evidence
against any process for recovery that re-
quires protein synthesis. Such a conclu-
sion effectively eliminates defects in gene
expression which presuppose that the
impaired (3-cell response to glucose is
secondary to the lack of a key protein.
On the other hand, defective processing,
activation, or regulation of a key protein
is perfectly compatible with the observed
rapid reversibility.

Absent glucose-induced insulin
secretion represents more than one
defect
A new concept is beginning to emerge
that the deficient glucose-induced insu-
lin secretion represents not a single de-
fect, but multiple defects. The most per-
suasive data for this idea have come from
the reversal studies in which the pan-
creas was perfused in vitro for 40 min
with perfusate devoid of glucose. All of
these studies have observed a clear re-
turn of the first-phase insulin response
but virtually no change in the second
phase (40-43; Fig. 4). This variability in
reversal is strong evidence for the exist-
ence of separate mechanisms for the sup-
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Figure 4—Effect of 40 min of 0 mM glucose
on glucose-induced insulin secretion in 8- to 12-

wk-old rats. Insulin secretion was assessed in
vitro by use of perfused pancreas technique. • ,
Rats administered 90 mg/kg i.p. streptozocin at 2
days of age O, Littermate controls treated with
the diluent. Insulin response to 16.7 mM glucose
in the controls was unaffected by the 40 min ofO
mM glucose. In diabetic rats there was no insulin
response to the first glucose challenge, but there
was a definite first-phase rise in insulin output
after the 40 min ofO mM glucose. fi-Cell mass in
these rats was 30-40% of normal (31); thus,
first-phase insulin response after 0 mM glucose
was nearly normal when adjusted for the re-
duced mass of P-cells.

pressed early and late phases of insulin
secretion. A second intriguing observa-
tion has come from islets isolated from
glucose-infused normal rats: a leftward
shift in the dose-response curve for glu-
cose-induced insulin secretion (44). A
similar observation has been made in
normal dogs after a two-thirds pancre-
atectomy (45). These results have raised
the question of whether p-cells, when
faced with increasing secretory demands,
might compensate by becoming hyperre-
sponsive to glucose. The reason this
question is so interesting is that there is
recent evidence in glucose-infused normal
rats that implicates excessive stimulation of
P-cells as a cause of the hyperglycemia-
induced loss of glucose-induced insulin
secretion (46). As described in this re-
view, the glucose toxicity hypothesis
states that sustained hyperglycemia
causes the glucose unresponsiveness.
However, a difficult part of this hypoth-
esis has been that glucose-induced insu-

lin secretion is lost in diabetic rat models
when the plasma glucose level is only
minimally elevated (35,38,47). It has re-
mained unclear how such a trivial rise in
glucose level could induce (3-cell dys-
function. A tantalizing extension to this
hypothesis is that there is a cascade of
events. Mild hyperglycemia first induces
a leftward shift in the dose-response
curve. The P-cells are now hyperrespon-
sive to glucose; thus, more insulin is se-
creted than normally would occur. It is
this overactivity that initiates the intrac-
ellular events that culminate in the next
step: the suppressed glucose-induced in-
sulin secretion.

Summary
The studies cited above have provided
substantial evidence for a cause and ef-
fect relationship between chronic hyper-
glycemia and P-cell glucose unrespon-
siveness. Proof of this connection must
await delineation of the intracellular
events in the P-cell that link chronic
hyperglycemia and the loss of glucose-
induced insulin secretion. Our working
concept is that the same series of events
causes the loss of glucose-induced insu-
lin secretion in NIDDM. The animal
models have provided a way to charac-
terize this secretory defect and to address
questions that are not easily tested in hu-
mans. Results from investigators around
the world have shown remarkable consis-
tency. These results can be summarized in
the following: sustained hyperglycemia
makes 3-cells glucose unresponsive. The
extent of the abnormal function depends
on the glucose level and the duration of
exposure. Even trivial hyperglycemia of
prolonged duration causes P-cell dys-
function. Once glucose unresponsive-
ness develops, continuous but very mild
hyperglycemia is required for the defect
to persist. Without hyperglycemia, glu-
cose responsiveness returns quickly.

MECHANISM OF p-CELL
GLUCOSE UNRESPONSIVENESS —
During the last few years many of the
major intracellular steps that lead to glu-
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Figure 5—Schematic representation of the

major intracellular steps that lead to glucose-

induced insulin secretion. Glucose enters the

fi-cell through a high Km glucose transporter

(GWT2). It is phosphorylated by glucokinase,

then undergoes metabolism and oxidation to C02

and H20. An offshoot of this process, probably a

rising ATP-ADP ratio, closes the ATP-sensitive

K+ channel, leading to cellular depolarization,

opening of voltage-dependent Ca2+ channel, and

an influx of Ca2+. This rise in intracellular

Ca2+, along with a variety of other second mes-

sengers such as the breakdown of membrane

inositol phospholipids, leads to granule recruit-

ment and extrusion.

cose-induced insulin secretion have been
delineated (Fig. 5). Glucose enters the
3-cell through a high Km glucose trans-
porter. It is phosphorylated by glucoki-
nase, then undergoes metabolism and
oxidation to CO2 and H2O. An offshoot
of this process, probably a rising ATP-
ADP ratio, closes the ATP-sensitive K+

channel, leading to cellular depolariza-
tion, opening of the voltage-dependent
Ca2+ channel, and an influx of Ca2+.
This rise in intracellular Ca2+, along
with various other second messengers
such as the breakdown of membrane
inositol phospholipids, leads to granule
recruitment and extrusion. Glucose-
induced insulin secretion is therefore a
complex cascade of events. A defect in
any part of that cascade could theoreti-
cally cause the glucose unresponsiveness
linked to chronic hyperglycemia.

Attempts to identify the specific
defects have been complicated by the
lack of a suitable in vitro model. Bio-

chemical studies in (3-cells are con-
ducted on isolated islets so that islet tis-
sue can be studied independently from
acinar tissue. Isolated islets from hyper-
glycemic rodent models have been a ma-
jor disappointment because they fail to
show the same profound lack of glucose-
induced insulin secretion that is found in
vivo (48-50): The secretory defect
largely disappears during the several-
hour isolation procedure. A recent inno-
vation that may prove helpful is to use
buffers during islet isolation that contain
higher than normal glucose concentra-
tions (44,51). A second limitation of islet
studies is that 20% of the cells in a nor-
mal islet are non-f^- cells (A, D, and PP
cells), which complicates localizing the
site of a defect. This problem is further
complicated when islets from normal
and diabetic rats are compared; most di-
abetic rodent models have a reduced
P-cell mass, and thus the proportion of
non-P-cells is even higher (31,52). An
important consequence of these prob-
lems is that extreme caution must be
taken not to overinterpret studies that
characterize the biochemical properties
of isolated islets from hyperglycemic an-
imal models. An alternate approach, pro-
longed culture of normal islets at high
glucose concentrations, also has not re-
sulted in (3-cells with profound glucose
unresponsiveness. Therefore, an ongoing
obstacle in this field is that we have no in
vitro system that exhibits the full-blown
secretory defect. However, several hypoth-
eses are being investigated. When these
data are reviewed, it is important to re-
member that most of these results were
generated in systems that do not express
the P-cell functional abnormality of in-
terest: selective glucose unresponsive-
ness. The previous comments need to be
clarified in that the lack of a suitable in
vitro model pertains to systems that are
amenable to study using standard bio-
chemical techniques such as isolated is-
lets and cell lines. The insulin secretion
data previously reviewed from hypergly-
cemic animal models showing the pro-
found loss of glucose-induced insulin se-

cretion were obtained in vitro with the
perfused pancreas technique; i.e., the
secretory defect is fully expressed in the
intact pancreas (31). Therefore, one
strategy to attempt to overcome the lack
of an in vitro model is to develop bio-
chemical techniques that can be used in
the whole pancreas.

Impaired glucose transport into
(J-cells
Glucose enters the P-cell through a
membrane-bound facilitative transporter
that is designated as GLUT2 or the liver/
(3-cell transporter (53,54). Some charac-
teristics of this transporter make it
unique among the superfamily of facili-
tative transporters: it has a high Km of
15-20 mM glucose (55), it is located on
unique tissues ((3-cells, liver, intestinal
epithelium, and kidney tubules) (56-
58), and it is relatively insensitive to in-
hibition by cytochalasin B (55). It has
been proposed that impaired glucose en-
try into the fS-cell causes the loss of glu-
cose-induced insulin secretion in
NIDDM (59). This hypothesis is based
on the observation that every hypergly-
cemic rodent model that has been stud-
ied has a marked reduction in the
amount of GLUT2 protein in their
P-cells as determined by indirect immu-
nofluorescence on pancreas sections
and/or from Western blots of membrane
preparations (33,60-63; Fig. 6). High
Km glucose transport into islet cells is
also reduced in the few studies where
transport kinetics have been measured
(33). One mechanism for the fall in
GLUT2 protein may be reduced synthe-
sis, because GLUT2 mRNA levels also
decline (33,59). Unlike the p-cell, the
level of GLUT2 protein in hepatocytes
from these same diabetic rats is not re-
duced (60); this raises fascinating ques-
tions about the mechanism for the dif-
ferential tissue regulation of this protein.

Finding a reduced expression of
GLUT2 in (3- cells and a loss of glucose-
induced insulin secretion in the same
animals, although provocative, does not
prove a cause and effect relationship.
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Figure 6—lmmunoblot analysis of the liver/
fl-cell glucose transporter (GLVT2) in islets
(top) and liver (bottom) from 8 wk- old-rats. AR,
autoradiogram; Ponceau, Ponceau S staining of
the filters. Lane 1 represents control rats. Lanes
2 and 3 represents rats that had been given
streptozocin at 2 days of age; lane 2 represents
markedly diabetic rats (plasma glucose
513 ± 129 mg/dl), and lane 3 represents less
severely diabetic rats (204 ± 25 mg/dl). Left-
hand panels show immunodetection of the trans-
porter using an antibody directed against amino
acids 510-522 of rat GLUT2 and \125-labeled
protein A. Numbers on left are molecular masses
in kilodaltons. Note reduced amount of trans-
porter in islets from the diabetic rats, with the
decrease being greater in markedly hyperglyce-
mic group. In contrast, liver from the same rats
had the same amount of transporter in all three
groups. Band on the islet blots migrating between
25 and 43 kDa is probably a degradation prod-
uct of the glucose transporter. Right-hand blots
are Ponceau S staining of the same blots before
immunodetection of the transporter to show that
equal amounts of protein were loaded in all
lanes. From Thorens et al. (60). © by the Pro-
ceedings of the National Academy of Science.

Several other findings have obscured the
role the reduced amount of GLUT2 plays
in the secretory dysfunction. First, glu-
cose phosphorylation, not glucose trans-
port, is believed to be the rate-limiting
step for glucose metabolism and glucose-
induced insulin secretion. It has been
known for years that the capacity for
glucose transport into a normal P-cell
exceeds that for phosphorylation by as
much as 10-fold (64). Second, there is
precedence in the brain for chronic hy-
perglycemia causing downregulation of
another glucose transporter (GLUT1),
presumably as a way to reregulate glu-
cose entry to a "normal" level and pre-
vent hyperglycemia-induced overaccu-
mulation of glucose in the cell (65). The
reduction in (3-cell GLUT2 might repre-
sent a similar reregulation mechanism.
Third, a long-standing observation is that
P-cell glycogen stores are raised as a re-
sult of chronic hyperglycemia (66); this
is not what would be expected in a fuel-
deficient state. Fourth, insulin responses
to many nonglucose secretagogues are
supernormal in hyperglycemic rat mod-
els (31,67). If the problem were simply a
reduced intracellular glucose level, then
the expected result would be suppressed
insulin responses because of the lack of a
glucose potentiating effect. Finally, in an
unpublished study, we used the rapid in
vitro reversal approach of Grill et al. (41)
to restore glucose-induced insulin secre-
tion in the neonatal streptozocin rat
model. Glucose responsiveness reap-
peared without any increase in P-cell
GLUT2 level as determined by indirect
immunofluorescence on pancreas sections
(C. Chuan, B. Thorens, S. B.-W., G. C. W.,
J. L. L, unpublished observations).

A reasonable conclusion from the
data that have emerged thus far on P-cell
GLUT2 in diabetic rodent models is that
there is a link between chronic hypergly-
cemia and a reduction of (3-cell GLUT2.
Whether hyperglycemia downregulates
the transporter is not known. The role
the lowered amount of transporter pro-
tein plays in the loss of glucose-induced
insulin secretion is also unknown. Is the

reduced expression of GLUT2 a direct
effect of chronic hyperglycemia? One
way to attempt to answer this question is
to look for a rise in GLUT2 protein when
diabetic rats are made euglycemic. The
available data on this point are scanty.
Orci et al. (61) observed only a small rise
in GLUT2 protein level in the P-cells of
Zucker fa/fa rats treated with the a-glu-
cosidase inhibitor acarbose. We studied
another genetic model, the db/db mouse.
These obese hyperglycemic mice have a
loss of glucose-induced insulin secretion
and a marked reduction in P-cell GLUT2
(63). In an unpublished study, db/db is-
lets were transplanted into a euglycemic
host, and the result was to essentially
normalize the GLUT2 levels in the
grafted (3-cells (B. Thorens, Y.-J. Wu,
J. L. L, G. C. W., unpublished observa-
tions). Therefore, at least in this model,
the reduced GLUT2 level is acquired on
the basis of some metabolic defect linked
to the hyperglycemia.

An alternate approach to study
the relationship between chronic hyper-
glycemia and the GLUT2 level has been
to determine whether experimental hy-
perglycemia has a regulatory effect on
GLUT2 expression in normal (3-cells.
Unger studied normal rats made hyper-
glycemic (11 mM glucose) for up to 7
days by glucose infusions. They found an
increase, not a decrease, in the P-cell
GLUT2 mRNA level (68) and no change
in GLUT2 immunostaining (62). Pro-
longed culture of islets at 33 mM glucose
also failed to cause a fall in the amount of
GLUT2 (62). Therefore, identifying the
link between chronic hyperglycemia and
the fall in P-cell GLUT2 remains a key
question.

The preceding discussion focused
on the transporter protein. Substantial
data on this point have been published
now that the tools to study the protein
and gene expression are available. How-
ever, it should not be forgotten that the
key issue is transport. The major ques-
tion is whether sufficient glucose enters
the P-cell during chronic hyperglycemia
to support glucose-induced insulin se-
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cretion. This question is still unan-
swered. Studies in isolated islets from
diabetic rats have found no major reduc-
tion in glucose metabolism as deter-
mined by [3H] glucose conversion to
3H2O (50,69). These studies are some-
times interpreted to exclude a major re-
duction in glucose entry into the (3-cell.
However, as previously discussed, this
reasoning is invalidated because these
isolated islets fail to show a complete
lack of glucose-induced insulin secretion
(48-50) . In collaboration with F.
Matschinsky, we attempted to assess
transport in 90% pancreatectomized rats
and in glucose-infused normal rats with
a technique that avoids the problem of
the secretory defects reversing. Pancre-
ases were perfused in vitro. After a wash-
out period, glucose was infused for 30 s;
then the pancreases were rapidly re-
moved and frozen. The glucose content
of individual islets was measured with
microsurgical and microanalytical tech-
niques (70). Neither model had a de-
crease in glucose content, which seems
to contradict the idea of a major reduc-
tion in transport (71). However, these
results are not definitive, for the contri-
bution that came from endogenous gly-
cogen breakdown cycling back to glu-
cose is unknown. An important area of
study for the future is the development
of tools that will allow (3-cell glucose
transport kinetics to be studied in the
whole pancreas.

Accumulation of (3-cell glycogen
Under normal conditions, P-cells con-
tain minuscule amounts of glycogen. In
contrast, (3-cells exposed to an elevated
glucose level accumulate large glycogen
stores (66). For instance, islet glycogen
content is raised 40-fold in normal rats
infused with glucose for 48 h (72). It is
also well known that, when exogenous
fuel is removed, the glycogen is rapidly
mobilized and provides substrates for in-
sulin secretion (73). Malaisse (73) ar-
gued that glycogen accumulation ex-
plains a number of the insulin secretion
defects that occur with chronic hypergly-

cemia, including the loss of anomeric
specificity for a-D-glucose over (3-D-
glucose, the exaggerated basal rate of in-
sulin release, and the paradoxical rise in
insulin release seen during an acute re-
duction in glucose concentration. Nor-
mally, a-D-glucose is a more potent in-
sulin secretagogue than the P-anomer,
presumably because the a-anomer is
more efficiently metabolized (74). This
anomeric preference is lost in human
and experimental diabetes (74,75). The
reasoning behind how glycogen causes
the loss of anomeric specificity is based
on the idea that the stored glycogen is
metabolically active, providing substrates
that contribute to insulin secretion. A
high glucose concentration inhibits gly-
cogenolysis through inactivation of
phosphorylase a, a process that also dis-
plays preference for the a-anomer (76).
The loss of anomeric preference for the
a-anomer in terms of insulin secretion
could then represent competing effects
that cancel each other out: more efficient
utilization of the extrinsic a-D-glucose,
but also a more efficient reduction in the
intrinsic substrates from glycogen break-
down (74). Similar reasoning can ex-
plain the paradoxical increase in insulin
secretion seen during an acute reduction
in glucose concentration (77). Acutely
lowering the glucose concentration pre-
vents inactivation of the glycogen phos-
phorylase so that the endogenous sub-
strates from glycogenolysis increase.

An important question that re-
mains unanswered is what role, if any,
stored glycogen plays in the suppressed
glucose-induced insulin secretion. Could
intermediates from glycogen breakdown,
as they feed into the glycolytic pathway,
compete with the extracellular glucose?
It was demonstrated many years ago in
islets from obese hyperglycemic mice
that the excessive glycogen stores were
fully mobilized within 45 min of being
incubated at 0 mM glucose (66). It may
be a coincidence, but the timing and
experimental conditions of this observa-
tion are reminiscent of the rapid revers-
ibility for glucose-induced insulin secre-

tion that is found in vitro using the
perfused pancreas and perfusate contain-
ing no glucose (41).

Mitochondrial defect
Glucose transport and phosphorylation
are the initial steps of glucose usage in
the (3-cell. The more distal steps, glyco-
lysis and oxidation, are also critical
events in glucose-induced insulin secre-
tion, as evidenced by the fact that block-
ing glucose metabolism effectively elimi-
nates the insulin response (64,78).
Glycolysis occurs in the cytosol, and ox-
idation occurs in the mitochondria. It
was presumed for many years that the
link between the two in terms of glucose-
induced insulin secretion was pyruvate,
the final metabolite in glycolysis. Pyru-
vate is transported into the mitochon-
dria; then it is converted to acetyl-CoA
by pyruvate dehydrogenase and enters
the Krebs cycle. This assumption was
challenged by the unexpected observa-
tion that exogenous pyruvate is well ox-
idized by (3-cells, and it can potentiate
glucose-induced insulin secretion, but it
has no insulin-releasing activity of its
own (79,80). Therefore, some other link
between glycolysis and the mitochondria
must exist to initiate insulin secretion,
and there is increasing interest that the
glycerol phosphate shuttle may be that
link. During glycolysis, fructose-1,6-
biphosphate is converted to two trioses:
glyceraldehyde-3-phosphate and dihy-
droxyacetone-phosphate (DHAP). Glyc-
eraldehyde-3-phosphate proceeds to the
next step in glycolysis: 1,3-bisphopho-
glycerate. DHAP can be converted to
glyceraldehyde-3-phosphate by an isom-
erase enzyme and also proceed through
glycolysis. Alternatively, there is a sec-
ond pathway called the glycerol phosphate
shuttle, whereby DHAP is converted to
glycerol-3- phosphate with NADH being
oxidized to NAD in the process (Fig. 7).
This reaction occurs in the cytoplasm.
Glycerol-3-phosphate is then reoxidized
to DHAP mitochondrial by the enzyme
flavin adenine dinucleotide (FAD)-de-
pendent glycerol-3-phosphate dehydro-
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MITOCHONDRION

Figure 7—Schematic representation of the

glycerol phosphate shuttle. During glycolysis,

fructose-l,6-biphosphate is converted to 2 tri-

oses, glyceraldehyde-3-phosphate and dihy-

droxy acetone-phosphate (DHAP). Glyceralde-

hyde-3-phosphate proceeds to the next step in

glycolysis. DHAP can he converted to glyceral-

dehyde-3-phosphate by an isomerase enzyme

and also proceed through glycolysis. Alterna-

tively, there is another pathway called the glyc-

erol phosphate shuttle whereby DHAP is con-

verted to glycerol-3-phosphate with NADH

being oxidized to NA D+. This reaction occurs in

the cytoplasm. Glycerol-3-phosphate is reoxi-

dized to DHAP mitochondrial by the enzyme

l:AD-dependent glycerol-3-phosphate dehydro-

genasc with generation ofFADH2. The net effect

of this pathway is to enhance mitochondrial

Co*'*' uptake and to shuttle hydrogen ions from

the cytosol to the mitochondria, where they enter

the respiratory chain for generation of ATP. It

has been proposed that this reaction may be an

important step in glucose-induced insulin secre-

tion.

genase with generation of reduced flavin
adenine dinucleotide (FADH2). The net
effect of this alternate pathway is to en-
hance mitochondrial Ca2+ uptake and to
shuttle hydrogen ions from the cytosol to
the mitochondria, where they enter the
respiratory chain for generation of ATP
(81). It has been hypothesized that this
reaction may be a critical step in glucose-
induced insulin secretion, partly because
of the observation that the activity of the
FAD-dependent glycerol-3-phosphate
dehydrogenase is 40- to 70-fold higher
in islets compared with other tissues
(82). On the other hand, the portion of
DHAP that enters the glycerol phosphate
shuttle under normal circumstances ver-
sus being directly converted to glyceral-

dehyde-3-phosphate by the isomerase
enzyme is still unknown.

The evidence is mounting in hy-
perglycemic animal models that a mito-
chondrial defect contributes to the loss of
glucose-induced insulin secretion. Rais-
ing the glucose concentration normally
causes glucose oxidation (assessed by
conversion of [14C] glucose to 14CO2) to
be stimulated more than overall glucose
metabolism (combination of glycolysis
and oxidation assessed by conversion of
[3H]glucose to 3H2O and CO2) (83,84).
In other words, glucose preferentially
stimulates mitochondrial oxidation rela-
tive to the overall rate of glucose utiliza-
tion. This preferential increase is re-
flected by a rise in the relative proportion
of glucose usage that is made up by ox-
idation as determined by tracer methods
that quantify the different usage path-
ways. Studies in isolated islets from neo-
natal streptozocin-induced rats have
provided evidence for a defect in glucose
oxidation (50). The data are stronger for
a diminished preferential increase in ox-
idation by glucose than for an absolute
reduction in glucose oxidation (85,86).
This defect may seem minor compared
with the profound loss of glucose-
induced insulin release that occurs with
chronic hyperglycemia (31). However,
some important facts need to be consid-
ered: 1) the data are from isolated islets
where the secretory defect is incom-
pletely expressed, and thus a more severe
defect in mitochondrial oxidation cannot
be ruled out; 2) glucose oxidation in
these islets was more severely impaired
than oxidation of leucine, although the
differences were subtle (85); and 3) a
recent report in a variant of this rat
model used techniques based on the in
vitro perfused pancreas (i.e., the secre-
tory defect was fully expressed) and also
obtained evidence for a defect in mito-
chondrial oxidation (87). This study ob-
served potentiation of succinate-induced
insulin secretion (4.9-fold) by pyruvate
in control rats, but no potentiation (1.2-
fold) in the diabetic rats. The authors
concluded that these results were most

consistent with a defect in pyruvate oxi-
dation (87).

At what step(s) in the mitochon-
dria is the defect located? The available
data argue against a defect in the Kreb's
cycle, since insulin responses to succi-
nate, octanoate (converted to acetyl-
CoA), and glutamine (converted to keto-
glutarate) are relatively intact in neonatal
streptozocin-induced rats as determined
with the perfused pancreas (87). Instead,
attention has focused on the glycerol
phosphate shuttle. Mitochondria ob-
tained from isolated islets from neonatal
streptozocin-induced rats convert i.-[2-
3H] glycerol-3-phosphate to 3H2O at a
rate that is only 30 % of normal com-
pared with L-[l-14C]-2-ketoglutarate,
which is converted to 14CO2 at a rate that
is 75 % of normal (86). Liver mitochon-
dria from these same rats convert both of
these compounds identically to the con-
trol rats (86). These results appear to be
consistent with a unique defect in the
islet at the level of the mitochondrial
FAD-dependent glycerophosphate de-
hydrogenase. Given the growing appre-
ciation for the critical role that the glyc-
erol phosphate shuttle may play in
glucose-induced insulin secretion (81), it
is entirely possible that a defect at this
step could cause the profound lack of
glucose-induced insulin secretion that
occurs with chronic hyperglycemia. On
the other hand, these observations must
be viewed very cautiously. It should not
be forgotten that these results were ob-
tained in a system (mitochondria ob-
tained from isolated islets) that shows
relatively minor changes in glucose-
induced insulin (48-50). Also, islets
from these rats have a marked reduction
in fJ-cell mass (31,52). As stated previ-
ously, the activity of the FAD-dependent
glycerol-3-phosphate dehydrogenase is
40- to 70-fold higher in normal islets
than in other tissues (82). It is unclear
whether this increased activity is present
only in P-cells, or in all of the islet cells.
If the increased activity is a unique fea-
ture of p-cells, the reduced conversion of
L-[2-3H] glycerol-3-phosphate to 3H2O
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Figure 8—Schematic representation of mem-

brane phosphoinositide hydrolysis in the (i-cell.

Hydrolysis of membrane inositol phospholipids

appears to be a key system for the insulin re-

sponses to a variety of secretagogues. Initial step

is activation of the enzyme phospholipase C,

which converts phosphatidylinositol 4,5-bisphos-

phate (P1P2) to inositol 1,4,5-trisphosphate (IFJ

and diacylglycerol (DAG). 1P3 mobilizes calcium

from intracellular pools, thereby activating calm-

odulin-dependent protein kinases. DAG causes

translocation ofa-protein kinase C (PKC) to the

cell membrane, which initiates phosphoryiation

of other key proteins. The net result is to trigger

the granule recruitment/extrusion process. Not

shown are links between this system and other

second messenger systems, such as 1P4, arachi-

donic acid, and cAMP. CCK directly activates

phospholipase C. Also, it has been proposed that

this system plays an important role in glucose-

induced insulin secretion, with the link occurring

between glycolysis and phospholipase C activa-

tion. The nature of the signal is unknown.

might simply represent the reduced pro-
portion of 3-cells.

Defective hydrolysis of membrane
inositol phospholipids
It has been proposed that hydrolysis of
membrane inositol phospholipids is a
key modulatory system for the insulin
responses to a variety of secretagogues
(88,89). The initial step is activation of
the enzyme phospholipase C, which con-
verts phosphatidylinositol 4,5-bisphos-
phate (PIP2) to inositol 1,4,5-trisphos-
phate (IP3) and diacylglycerol (DAG)

(Fig. 8). IP3 mobilizes calcium from in-
tracellular pools, thereby activating
calmodulin-dependent protein kinases.
DAG causes translocation of a-protein
kinase C (PKC) to the cell membrane
(90), which initiates phosphoryiation of
other key proteins. The net result is to
trigger the granule recruitment/extrusion
process. This system also acts as a link
to other second messenger systems such
as IP4, arachidonic acid, and cAMP (91,
92). Several nonglucose insulin secreta-
gogues are known to act through this
pathway, including CCK, which directly
activates phospholipase C (93). Also,
agents that stimulate adenylate cyclase
and raise intracellular cAMP levels, such
as glucagon, gastric inhibitory polypep-
tide, and glucagonlike peptide I increase
phosphoinositide breakdown (88). Acti-
vation of this pathway by these gut hor-
mones is thought to explain the marked
rise in insulin level that occurs during a
meal despite the rather modest increase
in the plasma glucose level (88). In other
words, this system probably plays a key
role in modulating insulin release to a
meal.

Zawalich et al. have provided ev-
idence that this pathway is also impor-
tant for glucose-induced insulin secre-
tion. They have observed a close
correlation between the timing and mag-
nitude of glucose-induced insulin secre-
tion and the activity of membrane phos-
phoinositide breakdown (94). Second,
mannoheptulose blocks glucose-induced
insulin secretion through its competitive
inhibition of glucose phosphoryiation by
glucokinase (90,95). Mannoheptulose
also blocks the glucose-induced translo-
cation of PKC to the membrane (90) and
the glucose-induced rise in phosphoi-
nositide hydrolysis (94). Finally, the
PKC inhibitor staurosporine blocks glu-
cose-induced insulin secretion (96).
Taken together, these data suggest that
there is a link between glucose metabo-
lism, glucose-induced activation of phos-
phoinositide breakdown, and glucose-
induced insulin secretion, although the
nature of the link is not known.

More controversial is the sugges-
tion that defective inositol phospholipid
hydrolysis is the cause of the impaired
glucose-induced insulin secretion attrib-
uted to chronic hyperglycemia. This sug-
gestion is based on the observation that
short exposures of normal rat islets to
agents that stimulate phosphoinositide
hydrolysis increase insulin secretion but
that longer exposures suppress insulin
output. The effect has been seen with
several agents, including glucose, and
has been given the term desensitization
(88). The experiments entail 2-h incuba-
tions with the agent of choice (e.g., 16.7
mM glucose), then finding a marked in-
hibition of both phosphoinositide hy-
drolysis and stimulated insulin output.
Also, monooleoglycerol, an agent that in-
hibits DAG kinase, thereby blocking
DAG breakdown, is able to restore the
suppressed insulin responses. Similar re-
sults have been obtained with interleu-
kin-1 (98), CCK (97), 16.7 mM glucose
(97), tolbutamide (99), and forskolin
and isobutylmethylxanthine (agents that
raise cAMP) (100). The overall conclusion
that has been made from these studies is
that prolonged stimulation of phosphoi-
nositide hydrolysis and/or chronic activa-
tion of PKC has a negative feedback on the
3-cell, thereby reducing the ability of sub-
sequent agents to stimulate inositol phos-
pholipid hydrolysis. Similar results have
been obtained in isolated islets from nor-
mal rats made hyperglycemic for 44 h with
in vivo glucose infusions (101). This rat
model is characterized by selective glucose
unresponsiveness (32), which has lead to
the suggestion that an impairment in phos-
phoinositide hydrolysis is the cause of the
hyperglycemia-induced loss of glucose-
induced insulin secretion.

The major difficulty with these
results is that it is uncertain whether the
in vitro culture system is a model of the
same process that causes the loss of glu-
cose-induced insulin secretion ascribed
to chronic hyperglycemia. It is striking
that islets incubated for just 2 h at 16.7
mM glucose have a marked reduction in
the second phase of glucose-induced in-
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sulin secretion (97), whereas >24 h of in
vivo hyperglycemia is required for the
full-blown loss of glucose-induced insu-
lin secretion to occur (102). Also, a fun-
damental feature of hyperglycemia-
induced glucose unresponsiveness is that
insulin responses to nonglucose secreta-
gogues are relatively spared (31). This
characteristic has not been validated in
the culture system. One way to verify
this system is to test predictions made by
the desensitization theory. For instance,
a desensitization effect of CCK should
lead to blunted insulin responses to glu-
cose; CCK enters the pathway by activat-
ing phospholipase C, whereas glucose
enters more proximally by an as yet un-
known signal that links glycolysis and
the activation of phospholipase C (Fig.
8). Therefore, the block would be distal
to the point at which glucose enters the
pathway. This prediction has already
been validated in that glucose-induced
insulin secretion is reduced as a result of
CCK-induced desensitization (97). A
second prediction that insulin responses
to non-glucose-insulin secretagogues
such as CCK should be unaffected by
glucose-induced desensitization has not
been tested. This prediction is based on
the assumption that the location of the
defect induced by glucose-induced de-
sensitization must be proximal to phos-
pholipase C—the site where CCK acts
(88). This idea has been extrapolated
from a study which used adult rats that
had been injected with enough strepto-
zocin to give them only modest hyper-
glycemia. These rats had the expected
near total loss of glucose-induced insulin
secretion as determined with the in vitro
perfused pancreas and also raised insulin
responses to ceruletide (a CCK analogue)
and to the phorbol ester 12-O-tetrade-
canoylphorbol-13-acetate (TPA) (direct-
ly stimulates PKC) (103). The only site
that fits with this result would be a block
in the signal that links glycolysis and the
activation of phospholipase C. In that
case all secretagogues that enter distal to
this site (i.e., CCK, TPA, agents that raise
cAMP) should be unaffected. If that

proves to be the case, such a defect could
in theory explain why glucose-induced
insulin secretion is uniquely altered by
chronic hyperglycemia. The theory con-
cerning agents that enter the phospho-
inositide hydrolysis cascade distal to the
signal from glycolysis has already been
explained. Similarly, the myriad of insu-
lin secretagogues that act through mech-
anisms other than phosphoinositide hy-
drolysis would also be unaffected.

Alternate mechanisms for
hyperglycemia-induced insulin
secretory defects
Several hypotheses in addition to those
already discussed have been suggested to
explain the insulin secretory defects in
hyperglycemic rodent models. These in-
clude an increased rate of glucose-6-
phosphate cycling back to glucose rather
than undergoing oxidative phosphoryla-
tion (104-106) and an impairment of
K+ channel function (107). Finally, a
long-standing idea that has been difficult
to test experimentally is that glucose
phosphorylation by glucokinase is im-
paired (108,109).

SUMMARY— During the last decade
remarkable progress has been made in
identifying and characterizing the defects
in insulin secretion that develop during
chronic hyperglycemia. Substantial data
have been generated in animal models to
support the concept that chronic hyper-
glycemia causes |3-cells to become selec-
tively unresponsive to glucose. Efforts are
now under way to determine the molec-
ular basis for this defect, although a ma-
jor stumbling block continues to be the
lack of in vitro systems that faithfully
reproduce the secretory abnormality. De-
spite this limitation, several hypotheses
are being investigated that span almost
all of the major intracellular steps for
glucose-induced insulin secretion: de-
fects in glucose transport, storage, me-
tabolism, oxidation, and the second mes-
sengers. Thus far no hypothesis is able to
explain all of the characteristics of the
secretory abnormalities. As better in vitro

systems become available, we can expect
an explosion of research activity directed
at identifying the site(s) of the intracel-
lular abnormalities, as well as the begin-
ning of attempts at designing treatments
targeted at specific cellular defects. The
long-term goal of this line of investiga-
tion is to uncover innovative new strate-
gies for the therapy of NIDDM.
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