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I. INTRODUCTION 
In at least 95% of the human race blood glucose levels are maintained within a 

range of 3-10 mM/1 throughout life despite huge variations in the intake and utilization 
of glu?ose. The defense against hypoglycemia is virtually fool-proof; led by glucagon
secreting a-cells, the glucoregulatory partners of {3-cells, and backed up by an orchestra 
of powerful counterregulatory hormones, including catecholamines, cortisol and growth 
hormone (1 ); consequently hypoglycemia is extremely rare. By contrast, the defense 
a~ainst hyperglycemia has only a single line of defense, the insulin-secreting {3-cells, 
Without back-up support from other endocrine cells. Hyperglycemia occurs in 2-5% of 
humans; when glucose levels exceed 8.4 mM in the fasting state, the diagnosis of 
diabetes is warranted. . 
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Figure 1. Glucose, insulin 
and glucagon levels in 
nondiabetic and mildly 
diabetic subjects after a 
large oral glucose meal 
(idealized). 

A. The Normal Defense Against Hyperglycemia. In young healthy lean individuals blood 
glucose levels barely rises after a meal because the {3-cells, forewarned by anticipatory 
signals in the form of gut hormones (2) (GLP1, GIP, CCK and others) and cholinergic 
signals, secrete enough insulin to prepare muscle and fat cells to take up the incoming 
glucose as fast as it enters the circulation (Figure 1 ). In later life, particularly if obesity 
is present, glucose tolerance declines. Postprandial glucose levels of up to 180 mg/dl 
are common but return to the fasting glucose level within three hours. Thus the 
hallmarks of normal {3-cell function during the first third of life is the ability to prevent 
postprandial hyperglycemia, and in the final two-thirds of life rapidly to correct 
postprandial hyperglycemia. This involves insulin-mediated recruitment of GLUT-4, a 
facilitative glucose transporter, to the plasma membranes of skeletal muscle and fat cells 
(3), together with suppression of glucagon-mediated hepatic glucose production (4). 
Suppression of hepatic production of glucose contributes modestly to the correction of 
postprandial hyperglycemia but the major factor is insulin-mediated uptake of incoming 
glucose, since liver produces only "'1 0 g/h in the basal state, while a single large meal 
may contribute up to 1 00 grams of glucose over 2-3 h (Figure 2). Thus, the rate of 
insulin-mediated glucose uptake by insulin's target tissues, together with the timing and 
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amount of the insulin response to the meal, are the major factors in determining how 
rapidly a normal postprandial blood glucose level returns to the normal fasting level. 
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Figure 2. Representation of glucose flux rates in and out of the glucose extracellular space in 
humans. In normals the increase in insulin during a meal raises glucose efflux to match influx and 
minimize a change in the glucose pool. In NIDDM (and very early type 1), the lack of an increase in 
insulin allows postprandial hyperglycemia to go uncorrected. Note, too, that glucagon driven hepatic 
glucose production is not suppressed in the diabetics. 

B. The Hyperglycemic Population. If one excludes the rare causes of diabetes, types 
A and B insulin resistance, pancreatectomy and pancreatitis, one is left with two major 
classes of diabetes: autoimmune and idiopathic nonautoimmune. The former is referred 
to as type 1 or insulin-dependent diabetes mellitus (IDDM), and the latter as type 2 or 
noninsulin-dependent diabetes mellitus (NIDDM). NIDDM comprises 80-90% of the 
diabetic population and 2-5% of the general population. 

The demographic and clinical differences between these forms of diabetes are 
too familiar to mention here. ~ Suffice it to say that IDDM is characterized, commonly 
within three years of the onset of fasting hyperglyc~mia, by complete destruction of all 
p-cells, whereas in NIDDM only modest depletion of p-cells occurs after several decades 
of the disease. In NIDDM insulin resistance, associated with evidence of P-cell 
compensation (increase in p-cell mass and hyperinsulinemia), is present long before the 
appearance of hyperglycemia (5). Many believe that insulin resistance in and of itself 
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is the primary cause of the hyperglycemia, but since most insulin resistant persons 
remain normoglycemic throughout life, it does not appear sufficient to produce 
hyperglycemia. Very compelling evidence indicates that a second abnormality is 
required, and that the second abnormality involves the {3-cells. 

II. Pathophysiology of Impaired 
Glucose (Fasting Hyperglycemia) Tolerance vs. Overt Diabetes 

A. Clinical Concepts: Most clinicians consider impaired glucose tolerance (IGT), [in 
which glucose levels remain above 1 0.0 mM (180 mg/dl) for 2-3 h after a mixed meal 
or 11.1 mM (200 mg/dl) after a glucose meal without fasting hyperglycemia] and overt 
diabetes [in which the fasting glucose level exceeds 7.8 mM {140 mg/dl)] to be 
qualitatively distinct pathophysiologic stages of the disease: the former is believed to 
reflect only delayed disposal of ingested glucose while the latter reflects hepatic 
overproduction of glucose as well. 

This concept may be incorrect. When fasting hyperglycemia first appears in both 
type 1 and type 2 diabetes, it probably represents a further deterioration in disposal of 
ingested glucose rather than a major increase in hepatic glucose production. The 
fasting hyperglycemia of type 2 NIDDM (and probably also of the early asymptomatic 
noninsulin-dependent phase of type 1 diabetes) simply represents post-prandial 
hyperglycemia that has persisted overnight, i.e., a 16-h delay in the clearance of glucose 
ingested on the previous day (Figure 3), in which case fasting hyperglycemia will 
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recede if carbohydrate is restricted (Figure 3). This fasting hyperglycemia is to be 
contrasted with the more severe fasting hyperglycemia resulting from massive glucagon
driven hepatic overproduction which is observed in hypoinsulinemic diabetes and which 
will not recede during carbohydrate restriction. We further suspect the mild fasting 
hyperglycemia represents a gradually developing cumulative effect, as depicted in figure 
3. The overnight post-prandial glucose concentration never quite returns to the previous 
day's prebreakfast glucose level. Fasting glucose levels creep upward within the normal 
range and, if they continue to increase each day, they will one day exceed the upper 
limit of normal, 140 mg/dl, at which point the criterion for the diagnosis of overt diabetes 
is met. 
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The validity of this concept of fasting hyperglycemia can be demonstrated by 
isocaloric restriction of carbohydrate intake. Fasting hyperglycemia will gradually decline 
to normal without a decrease in body weight, even though ,B-cell function has not 
improved and resistance to insulin persists (Figure 4). This decline in hyperglycemia 
will occur whenever the total daily influx of glucose from diet and from liver is less than 
144 g used each day by the brain. The pool of extracellular glucose will shrink back 
towards normal, even in total absence of insulin, because insulin-dependent glucose 
utilization by the insulin-independent brain will exceed total glucose influx (6). In the 
preinsulin era starvation was the only therapeutic option available for type 1 diabetic 
patients and it provided a measure of glycemic control, albeit at the cost of 
unacceptable cachexia and ketosis. 
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Figure 4. When the diet of obese diabetic ZDF rats 
(fa/fa) is matched to that of lean normophagic 
heterozygote (fa/+) littermates blood glucose levels 
fall to normal. 

The point to be stressed is that at the onset of type 1 diabetes and throughout 
much of the course of mild type 2 diabetes, dietary glucose is the major source of the 
uncorrected hyperglycemia. When insulin levels decrease and diabetes becomes more 
severe, unrestrained hyperglucagonemia causes overproduction of glucose in excess 
of total glucose utilization, in which case elimination of dietary carbohydrate will not 
restore the fasting glucose levels to normal. The importance of this issue is that it 
indicates that the ability to respond to and correct postprandial hyperglycemia is the 
hallmark of normal ,B-cell function and that glucose unresponsiveness of ,8-cells is the 
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hallmark of diabetes. 

B. Glucose-Unresponsiveness of p-cells in New Onset Type 1 and in Type 2 Diabetes 
(History): In 1977 it was reported both by a Seattle group (7) and by our own group 
working with Pima Indians (8) that the preovert phase of type 2 NIDDM is characterized 
by a progressive attenuation of the insulin response to glucose and that at the onset 
of fasting hyperglycemia the response to IV glucose is absent or even paradoxically 
negative. While it was not surprising that during steady-state hyperglycemia additional 
glucose did not stimulate insulin, it was not expected that the response to nonglucose 
secretagogues such as arginine and isoproterenol would be virtually normal (Figure 5). 

ARGININE RESPONSE 

0 ,L7 
p 150 

.5 100 
:; 
"' .5 

50 

f-

75 

1/ II 

IV GLUCOSE RESPONSE 

v"- Figure 5. The insulin response to IV glucose or IV arginine 
in normal prediabetic and diabetic patients (type 1 or 2). 
Note that glucose-stimulated insulin secretion is absent when 
the fasting glucose level reaches 140 mg/dl. The response 
to arginine is unaffeded. 

.5 50 
:; 

p 

p "' .5 
25 

f-
II I/ / I 

FASTING GLUCOSE 
150 ,L/ 

1 100 

CD 

?:; ?7 

"' § 50 
a 

f-
II I/ Il L-

Normal Prediabetic Diabetic 

In other words the functional disorder of t3-cells in type 2 diabetes appeared to be 
restricted to the insulin response to glucose. The potential explanatory significance of 
these clinical observations in the molecular pathogenesis of diabetes was overlooked 
for many years, even after 1982 when Srikanta and colleagues at the Joslin clinic 
reported similar loss of glucose-stimulated insulin secretion in prediabetic monozygotic 
twins of type 1 diabetic patients who subsequently developed diabetes (9). As in 
NIDDM, the insulin response of these patients to glucose decreased progressively 
without a parallel reduction in the response to nonglucose stimulation, and at the onset 
of overt diabetes the response to glucose was completely absent. In 1985 we observed 
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the same phenomenon in the perfused pancreas of 88 rats; on the first day of fasting 
hyperglycemia glucose-stimulated insulin secretion was completely absent but arginine
stimulated insulin secretion was normal (1 0). We further observed that glucose uptake 
in these islets from the rats was reduced by 90%. It had been shown previously by 
Kanatsuna et al that lgG from new onset type 1 diabetic patients blocked glucose
stimulated insulin secretion when perfused in normal rat pancreata (11 ), and Johnson 
et al reported that such lgG reduced high ~ glucose uptake by normal rat islets (12). 
We therefore suggested that glucose-restricted loss of insulin secretion might reflect loss 
of a glucose transport in ~-cells required to provide the signal to release the insulin 
required to correct postprandial hyperglycemia. We proposed that in both major forms 
of diabetes the glucose stimulatory pathway of ~-cells might be blocked via totally 
disparate mechanisms and that such blockade would interfere with glycemic sensing 
and correction of hyperglycemia. 

C. Evidence that Loss of Glucose-Stimulated Insulin Secretion Is the Cause of 
Hyperglycemia 

1 . Since obesity-associated forms of insulin resistance usually do not result in 
hyperglycemia, one can assume that, while insulin resistance may be necessary to 
cause diabetes, by itself it is not sufficient; ~-cell dysfunction, consisting of loss of 
glucose-stimulated insulin secretion appears to be the additional factor required for 
fasting hyperglycemia. 

2. Glucose-stimulated insulin secretion is absent in every form of diabetic 
hyperglycemia thus far studied: type 1 and 2 human diabetes (7,9), the autoimmune 
diabetes of 88 rats (1 0). the type 2 diabetes of ZDF (13), GK rats (14), db/db mice 
(15) and steroid diabetes (16). 

3. Sixteen percent of normal Wistar rats treated with dexamethasone become 
diabetic and in these rats glucose-stimulated insulin secretion is absent; it remains 
completely normal in the 84% of animals that do not develop diabetes (16). 

4. There is a near-perfect negative correlation between the blood glucose 
concentration and glucose-stimulated insulin response in both spontaneous NIDDM and 
dexamethasone induced NIDDM of rodents (Figure 6). 

Conclusion: Loss of glucose-stimulated insulin secretion is the probable cause of 
uncorrected hyperglycemia at the onset of most, if not all, forms of diabetes mellitus. 
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Figure 6. Relation between beta-cell fundions and the blood 
glucose levels of dexamethasone-treated ZDF rats. 
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Ill. A MAP OF THE GLUCOSE RESPONSE PATHWAY OF ,8-CELLS (FIGURE 7) 

----l--f-Ca2+ Figure 7. Signal generation by glucose 

INSULIN SECRETION 

1. Glucose transporter. 

Q) metabolism in beta-cells. See Ill, 4 on p. 10 for 
full explanation. 

The glucose stimulatory pathway begins with glucose transport across the plasma 
membrane of the ,8-cell. In a normal ,8-cell glucose transport is never rate-limiting, and 
at all glucose concentrations, even over 30 mM, glucose uptake increases with the 
extracellular glucose concentration. This makes it possible for the rate of insulin 
secretion to be proportional to the level of extracellular glycemia. High ~ transport is 
provided by the presence on ,8-cells of a low affinity facilitative glucose transporter 
known as GLUT-2, the only high ~ facilitative glucose transporter known to exist. 
GLUT-2, first identified in 1988 by Bell (17) and Thorens et al (18), is expressed only in 
tissues that are required to sense or transport glucose at concentrations in excess of 
1 0 mM. These include ,8-cells, hepatocytes (through which portal vein glucose must 
pass postprandially), and the basolateral surface of both intestinal epithelium (through 
which ingested glucose is absorbed) and renal epithelium (through which filtered 
glucose is reabsorbed). GLUT-2 is one of a 5 member facilitative glucose transporter 
family (Figure 8) (see 19 for review). 



2. Glucokinase. 

8 

Figure 8. Model for exon· 
intron organization of 
ancestral facilitative glucose· 
transporter gene. Circles 
indicate amino acids encoded 
by each of 12 exons in 
ancestral gene. Putative 
membrane-spanning a-helices 
are numbered M 1-M 12. 
(From Gl Bell, et al. Diabetes 
Care 13:198-208, 1990). 

Once inside the /3-cell, glucose is phosphorylated by the enzyme glucokinase 
(hexokinase IV ATP:D-hexose 6-phosphate transferase, EC2.7.1 :1), the high~. high 
Vmax counterpart of GLUT-2. As in the case of GLUT-2, the low affinity of glucokinase 
for glucose enables phosphorylation to reflect the glucose concentration over the wide 
range encountered in physiology. Matschinsky strongly believes that glucokinase is the 
glucose sensor of /3-cells (20), since it plays the rate-limiting role in the metabolism of 
glucose. In contrast to GLUT -2, which is expressed in 1 00% of normal /3-cells, 
glucokinase expression is normally heterogeneous with only a minority of /3-cells 
expressing high levels (21 ). This could explain the fact that at a low glucose 
concentration only 18% of normal /3-cells respond to glucose (22). It may also explain 
why in the isolated pancreas and in vivo, the response to perfused and intravenously 
injected glucose is always much less than the insulin response to nonglucose 
secretagogues given at a much lower concentration. This may indicate that in normal 
islets glucose-responsive /3-cells are fewer than arginine-responsive J3-cells.1 The ability 
to enlarge the pool of glucose-responsive /3-cells may be a major determinant of their 
ability to compensate for insulin resistance. 

1u all beta-cells are not glucokinase-expressing and glucose-responsive, why then do 100% of beta-cells express GLUT-2? A 
plausible answer: all cells need glucose and therefore require some sort of glucose transporter. But in the case of beta-cells, it is vital 
that they not secrete insulin when glucose concentrations are low; otherwise a carbohydrate-free protein meal might induce hypogly~mia. 
By minimizing glucose influx into ,8-cells at the lower levels of blood glucose, the low affinity of GLUT-2 guarantees that a steak Without 
potatoes will not provoke metabolically deleterious secretion of insulin. This provides a safeguard of obvious importance, especially to 
carnivorous species. 
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3. Post-phosphorylation Metabolism and Signalling. 
Nonmetabolizable analogs of glucose fail to stimulate insulin secretion and 

inhibitors of glucose phosphorylation block glucose stimulated insulin secretion, as do 
substances that block mitochondrial ATP production. These facts suggest that glucose 
metabolism is essential for glucose-stimulated insulin response. 

4. The Possible Signalling Systems (cf Reference 24 for Review) (Table and 
Figure 7) 

a. Ca2+ -Mediated Protein Kinase C Activation: ,8-cells have AlP-sensitive K+ channels 
that close when exposed to glucose (23). The membrane depolarization resulting from 
their closure opens L-type voltage-dependent Ca2+ channels, causing an influx of Ca2+. 
This may be the initial event in glucose-stimulated insulin secretion (23,24). The influx 
of Ca2+ associated with glucose-stimulated insulin secretion has suggested a central role 
(25). Ca2+ participates in activation of phospholipase C, generating diacylglycerol and 
IP3 which activate protein kinase C which may be involved with exocytosis. 

b. Ca2+ /Calmodulin Protein Kinase Activation: Alternatively calcium may activate the 
Ca2+ /calmodulin class of protein kinase which may be involved in the fusion of the 
secretory granule to the plasma membrane (exocytosis) and the release of insulin into 
the pericapillary space. 

c. Increased Diacylglycerol and/or NO Via Increased Lipogenesis: Less likely is the 
possibility that the glucose signal comes as a consequence of glucose-derived 
lipogenesis which provides via mitochondrial metabolism acetyl CoA and malonyl CoA, 
both an inhibitor of fatty acid oxidation and a precursor of fatty acid synthesis (27). 
Thus, while triose metabolism provides a source of glycerophosphate for triglyceride 
formation, mitochondrial metabolism provides the precursors for fatty acid biosynthesis, 
which may increase diacylglycerol biosynthesis. If this mechanism exists, it is not likely 
to be involved with the early insulin response to glucose. Alternatively, FFA may activate 
nitric oxide synthase to produce NO which activates guanylyl cyclase (28). 

d. Cyclic GMP Activation by ca++ NO. FFA or Lipoxygenase-derived Arachidonic Acid 
Metabolites: Glucose potentiates arginine-stimulated activation of guanylyl cyclase to 
form cGMP, perhaps by Ca2+ -mediated activation of nitric oxide synthase to increase 
nitric oxide production, or via the effects of Ca, FFA or arachidonic acid derivatives on 
the cyclase. N-monomethyl arginine, an inhibitor of L-arginine: nitric oxide synthase, 
reduces cGMP production and glucose-stimulated insulin release (28,29), which has 
suggested a permissive, if not regulatory role for this pathway. 

5. Effects of Glucose on §-cells 

a. Glucose-Stimulated Insulin Secretion 
Glucose-stimulated insulin response is by far the most intensively studied of 13-

cell functions. The insulin response to IV glucose can be clinically useful in tracking the 
progression of prediabetes. However, its relevance to normal physiology is debatable, 
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since glucose is not a dietary staple. However, glucose stimulated insulin secretion is 
highly relevant to diabetes, since the inability to correct hyperglycemia is the sine qua 
non of the disorder. 

b. Potentiation of the response to nonglucose secretagogues. 
The most important role of glucose in t3-cell function is to control the insulin 

response to nonglucose secretagogues, since it is vital that they not cause 
hypoglycemia. Dietary glucose is almost always eaten together with other nutrients as 
part of a mixed meal. Glucose determines the magnitude of the insulin response to 
amino acids, which require insulin for incorporation into protein. When the fasting 
glucose levels are at normal as during a carbohydrate-free meal, the insulin response 
to a protein meal is modest and is accompanied by a substantial glucagon response 
to "cover'' the insulin. During a carbohydrate-rich meal, by contrast, as blood glucose 
levels rise, the insulin response will increase proportionally without a rise in glucagon 
(30) (Figure 9). This augments the share of ingested amino acids captured for protein 
synthesis as opposed to glucagon-driven gluconeogenesis. This is why glucose is 
important in hyperalimentation to achieve maximal anabolism of amino acids. 
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Figure 9. The effed of antecedent dietary 
carbohydrate intake for 3 days on the 
insulin response to a meal. 

c. Enhancement of insulin biosynthesis: Chronic exposure to glucose generates a 
marked increase in proinsulin mRNA of normal islets (Figure 1 0)(31 ). The molecular 
mechanism has not yet been elucidated, but appears to involve, in part, increased 
stability of proinsulin mRNA (32). 

d. @-cell proliferation: Chronic hyperglycemia induced by infusing glucose 
enlarges the t3-cell population by expanding existing islets and producing new ones (3.1 ). 

·This corrects the hyperglycemia despite continued infusion of large amounts of glucose. 
In normal Wistar rats there is a two-fold expansion in the t3-cell mass within 1 0 days 
(Figure 1 0) (Table 2). Nothing is known about the mechanism nor has it been 
determined if the stimulatory effect of glucose on insulin biosynthesis and on t3-cell 
proliferation are lost ln spontaneously occurring diabetes. 
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Figure 10. Figure 6. The effed of chronic glucose 
infusion on proinsulin and proglucagon mRNA as 
determined by in sitv hybridization. The grain 
density of the proinsulin mRNA signal is far greater 
in panel B than in the pancreas from saline infused 
rats (panel A). Note too the redudion in 
proglucagon mRNA. (Chen et al., J. Clin. Invest. 
84:711-714, 1989.) 

IV. THE MOLECULAR PATHOPHYSIOLOGY OF GLUCOSE-STIMULATED INSULIN 
SECRETION IN THE DIABETIC HYPERGL YCEMIAS 

GLUT-2 and glucokinase are prime candidates as molecular sites of the lesion 
in the glucose-unresponsive /3-cells of animal models with fasting hyperglycemia for the 
following reasons: 1) they are strategically located at the gateway of the glucose 
metabolic pathway, 2) they are glucose-specific, 3) glucokinase is rate-limiting in glucose 
metabolism of /3-cells, and 4) there is accumulating evidence that abnormalities in each 
may be present in certain of the hyperglycemic syndromes (13,32). However, 
downstream abnormalities in the metabolic pathway that interfere with glucose 
metabolism or with glucose-dependent signaling may also coexist (vide infra). 

A. DISORDERS OF /3-CELL GLUT-2 

1. Antibodies to GLUT-2 in Autoimmune Diabetes 
In the autoimmune form of diabetes antibodies against several/3-cell antigens are 

present. These are presumably epiphenomena secondary to a triggering event that 
causes /3-cell destruction and release of /3-cell proteins that induce autoimmune 
responses in predisposed individuals. There is new evidence that one or more of the 
six exofacial loops of GLUT-2 (Figure 8) are among these autoantigens and that 
autoantibodies to GLUT-2 interfere with its function as a low affinity glucose transporter 
(33), thereby attenuating glucose-stimulated insulin secretion by the /3-cells not yet 
destroyed by the ongoing autoimmune assault. Immunoglobulins of new-onset type 1 
diabetic patients are known to block glucose-stimulated insulin secretion when perfused 
into the isolated pancreas of normal rats (11) (Figure 11 ). In type 1 diabetes the 
damaged islet microcirculation may facilitate the reaction between /3-cell GLUT-2 and 
circulating immunoglobulins by allowing increased amounts of antibody to enter the islet 
interstitiums. 
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Figure 11. Inhibition of glucose-stimulated insulin 
release from column-perifused rat islet cells by 
human immunoglobulin prepared from the sera of 
Type I diabetic children positive for ICSA. Following 
a 60-min perifusion period in the presence of 0-
glucose (5mmol/l) alone, the dispersed islet cells 
were exposed either to immunoglobulin from healthy 
control subjects (0-0) or from ICSA-positive Type I 
diabetic patients (e-e). Mean :1: SEM values for six 
different individuals in each group are shown . 
*p<0.05, -p<0.025. 

Thus in type 1 diabetes glucose-stimulated insulin secretion may be compromised 
in otherwise relatively normal ~-cells via an autoimmune mechanism, causing 
hyperglycemia even before the destruction of ~-cells reaches 80%, which is the percent 
of pancreas that must be removed to cause hyperglycemia following nonautoimmune 
ablation. Perhaps the mechanism by which cyclosporine A reverses hyperglycemia in 
new-onset type 1 patients involves a suppression of GLUT-2 antibodies. · 

Two years before the discovery of ~-cell GLUT-2 by Thorens et al (17), Tominaga 
and colleagues demonstrated in islets of BB rats isolated on the first day of fasting 
hyperglycemia that the loss of glucose-stimulated insulin secretion was associated with 
a 90% reduction in initial velocity of glucose uptake (1 0). Serum from BB rats obtained 
longitudinally before and during the development of their diabetes was found to have 
a progressively increasing inhibitory effect on glucose uptake when incubated with 
normal rat islets, consistent with the presence of inhibitory antibodies prior to and at the 
onset of autoimmune diabetes (Johnson, JH et al, unpublished). Since Kanatsuna et 
al (11) and Svenningsen et al (34) had demonstrated earlier that immunoglobulins from 
new onset type 1 diabetic subjects inhibit glucose-stimulated insulin secretion (Figure 
11), the inhibition of glucose uptake might well have been the cause of the inhibition of 
glucose-stimulated insulin secretion. 
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Figure 12. Effects of lgG fradions from normal 
subjects (open circles) and patients with IDDM {solid 
circles) on the uptake of 3-0-methyl-beta-D-glucose 
and L-leucine by dispersed rat islet cells. {Johnson 
et al., N. Engl. J. Med. 322:653-659, 1990.) 
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Johnson et al then demonstrated that purified lgG from diabetic patients inhibited 
high ~ glucose uptake by normal rat islets compared to nondiabetic controls and type 
2 diabetic controls (12) (Figure 12). While consistent with an effect of GLUT-2 
antibodies, the results could also have been due to antibodies against some other {3-
cell antigen required for normal glucose uptake. Conventional immunologic technics 
such as immunoblotting of purified GLUT-2 failed to disclose clear-cut evidence of a 
GLUT-2 reactive immunoglobulin. It seemed possible that recognition of the GLUT-2 
epitope by antibody required that it be displayed in situ, folded and inserted in the 
plasma membrane of {3-cells, the putative GLUT-2 antibody might not react with the 
denatured GLUT-2 used in immunoblotting. To test this it was necessary to use cells 
that were devoid of all known {3-cell antigens other than GLUT-2. Hepatocytes would 
have been ideal were it not for the fact that their GLUT-2 rapidly disappears when the 
cells are perturbed (35). We therefore employed a non beta cell anterior pituitary cell 
line (AtT-20inJ into which GLUT-2 had been stably transfected on a viral promoter by 
Hughes et al (36). (These cells, called 11GT6 cells 11

, had been previously transfected to 
express insulin.) Without GLUT-2 transfection they have a low~ for glucose transport 
of 2 mM. With GLUT -2 expression they gain a high ~ for glucose transport of 
approximately 17 mM, very similar to that of {3-cells (Figure 13). GLUT-2 is 
immunocytochemically detectable in the transfected cells but not in the untransfected 
controls. The GLUT-2 is localized to the plasma membrane and functions in a manner 
indistinguishable from {3-cell GLUT-2, all of which suggests that it is displayed in the 
plasma membrane of GT6 cells as it is in {3-cells. 
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Figure 13. Glucose transport into AtT-20. cells. (A) Measurements of 3-0-methyl glucose (3-0-CH~
Giucose) uptake as a fundion of glucos~~oncentration into untransfeded AtT-20ins cells (parental) 
and GLUT-2-transfeded lines CGT-5 and CGT-6. (B) Reciprocal plot of glucose uptake versus 3-0-
CH3-Giucose concentration for GLUT-2-transfeded lines CGT-5 and CGT-6. The calculated Km and 
V values for glucose transport are indicated. (C) Reciprocal plot of glucose uptake versus 3-0-
CH;Giucose concentration for untransfeded AtT-20ins cells (parental cell line). The calculated Km and 
V values for glucose transport are indicated. Note the difference in scales between B and C. (S.D. 
H~ghes, et al. Proc. Natl. Acad. Sci. (USA) 89:688-692, 1992). 
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Purified immunoglobulins from new onset type 1 diabetics inhibited high ~ 
glucose uptake into GT6 cells just as they did in normal rat islets (Figure 14), whereas 
they did not inhibit uptake in GLUT-2 negative cells that had been engineered to 
express GLUT-1 (33). Since AtT20ins cells are not known to express any ,8-cell surface 
autoantigens other than GLUT-2, these results are best explained by autoantibodies to 
GLUT-2. If this is the case, the GLUT-2 expressing GT6 cells must have more human 
lgG bound on their surface than the GLUT-2 negative AtT-20ins cells in which glucose 
uptake was not inhibited by the diabetic lgG. The binding of diabetic lgG and 
nondiabetic lgG to GLUT-2-positive and GLUT-2-negative AtT20ins was compared by 
incubating them first with the sera and then with fluoresceinated anti-human lgG. All 
cells were then passed through a cell sorter and the fluorescence spectrum determined. 
As shown in figure 15, in GLUT-2 negative cells the fluorescence spectrum was the 
same with diabetic serum and control serum, indicating no difference in lgG binding. 
In GLUT-2 expressing GT6 cells, however, a shift in the fluorescent spectrum was 
obtained with diabetic serum, extremely strong evidence for autoantibodies to GLUT-
2, the clinical implications of which are discussed in section VILA. 
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Figure 14. Effects of purified lgG from nondiabetic subjects (closed circles) and patients with new
onset IDDM (open circles) on the uptake of 3-0-methyl-beta-D-glucose by dispersed rat islet cells (left 
panel), GLUT-2-expressing AtT20ins cells (middle panel) and GLUT-1-expressing AtT20ins cells (right 
panel). 

Data points for islet cells and GLUT-2-expressing AtT20ins cells are the mean (:t SE) uptake 
of 3-0-methyl-beta-D-glucose by each cell type after incubation with purified lgG from 6 nondiabetic 
human sera and 7 new-onset IDDM patients. Data for GLUT-1-expressing AtT20ins cells were from 
5 nondiabetic individuals and 6 new-onset IDDM patients. The rate difference between curves with 
lgG from nondiabetic sera and sera from IDDM patients in islet cells and GLUT-2-expressing AtT20ins 
cells are significant at p<0.05. (Inman et al., in press Proc. Natl. Aced. Science.) 
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Figure 15. Binding of lgG from Sera of Nondiabetic 
Subjects (top panel) and New·Onset IDDM Patients 
{bottom panel) to GLUT·2·Expressing AtT20ins Cells. 
{Inman et al., Proc. Natl. Acad. Sci., in press.) 

2. Pretranslational abnormalities of §-cells GLUT-2 expression in spontaneous 
nonautoimmune diabetes: 

While it is not possible to study /3-cell GLUT-2 in human NIDDM, several models 
of type 2 NIDDM have been studied in rats. The most extensively studied model is the 
ZDF-drt rat, a strain originating in the laboratory of Dr. Richard Peterson at the University 
of Indiana School of Medicine from a mutation in a male Zucker fa/fa rat. Zucker fa/fa 
rats normally do not become overtly diabetic despite obesity and severe insulin 
resistance. The Indiana ZDF-drt mutation gave rise to a colony in which 1 00% of obese 
male homozygotes became diabetic between the age of 7 and 9 weeks, but all obese 
homozygote females and all lean heterozygotes of both sexes remained nondiabetic. 

A. J3-cell Phenotype in ZDF-drt Rats: 
a. Females (obese nondiabetic). Perfused pancreata of nondiabetic obese homozygote 
ZDF females exhibited: 1) marked basal oversecretion of insulin, 2) normal glucose
stimulated insulin secretion and 3) an exaggerated response to arginine (13) (Figure 16). 
In sections of pancreas stained for GLUT-2 100% of /3-cells were GLUT-2 positive (37) 
and GLUT-2 mANA (13) was normal, i.e., these islets were perfectly normal as far as 
GLUT-2 expression was concerned. However, glucose transport was slightly reduced 
(13). 

b. Males (obese diabetic): The obese homozygote ZDF male rats develope severe 
diabetes with glucose levels as high as 500 mg/dl but without ketosis or insulin 
dependence. Perfusion of their pancreata revealed: 1) marked basal oversecretion of 
insulin albeit less marked than the females, 2) complete absence of glucose-stimulated 
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insulin secretion and 3) arginine-stimulated insulin secretion less than the females but 
substantially above that of lean littermates (Figure 16). Immunocytochemical 
examination of pancreatic sections from diabetic animals revealed a profound reduction 
in GLUT-2 depending on the duration and severity of the diabetes (13) (Figure 17). 
Before the onset of the diabetes virtually 1 00% of ,8-cells were GLUT-2 positive. Once 
the blood glucose exceeded 200 mg/dl, however, no more than 60% of the ,8-cells were 
GLUT-2 positive. When the blood glucose level was over 450 mg/dl, less than 40% of 
,8-cells were GLUT-2 positive. There was a very high negative correlation between the 
percent of ,8-cells that were GLUT-2 positive and the final glucose concentration at the 
time the animal was sacrificed. In keeping with the dearth of GLUT-2, a reduction in 
glucose transport was observed (13). 
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Figure 16. Insulin response (mean :t SEM) to 20 mM glucose, 10 
mM arginine, and combination thereof in isolated perfused 
pancreata of (A) obese male diabetic ZDF rats (n .. 8)( .. e) 
and nondiabetic obese female Zucker rats (n .. 9)(-) and (B) 
nondiabetic lean male Zucker rats (n = 9)(e-e) and nondiabetic 
male Wister rats(-). The nondiabetic female differed from the 
nondiabetic lean male in baseline insulin secretion as judged by 
analysis of variance (P<0.001). The glucose-induced insulin 
secretion of the diabetic male and the nondiabetic female 
differed from control groups as judged by analysis of variance 
(P<0.001). (JH Johnson et al. Science 250:546-549, 1990.) 

It has been argued that the reduction in glucose transport is not sufficient to 
account for the total loss of glucose-stimulated insulin secretion. The glucose response 
disappears completely at a time that up to 60% of ,8-cells still have 
immunocytochemically detectable GLUT-2. Matschinsky argues that given the 1 00-fold 
excess of glucose uptake relative to glucose usage, the findings cannot account for the 
total functional loss. But he assumes that all ,8-cells are equally glucose responsive. 
This is now regarded as unlikely. He also assumes that GLUT-2 has no function other 
than transport, and this may be wrong (38). There are three mechanisms by which a 
subtotal loss of GLUT-2 function could cause total loss of glucose-stimulated insulin 
secretion: 1) The loss of GLUT-2 involves all of the minority of glucose-responsive cells 
but not nonglucose-responsive cells; 2) GLUT-2 does more than just transport glucose; 
Newgard's group reports that GLUT-2 transfection into glucose-unresponsive AtT20ins 

cells confers a 3-fold increase in glucose usage and glucose-stimulated insulin secretion, 
whereas GLUT-1 transfection confers a comparable increase in glucose usage but no 
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insulin secretory response to glucose (38) (Figure 18). This suggests that GLUT-2 may 
contribute to glucose-stimulated insulin secretion in ways other than simple glucose 
transport. Newgard has suggested that there is an association between GLUT -2 and 
a highly charged domain of the 13-cell isoform of glucokinase, an interaction that might 
be necessary for optimal glucokinase activity. 3) the basal hyperinsulinemia in diabetic 
rats with glucose unresponsiveness may signify that many 13-cells, although able to 
transport glucose, are already responding maximally to hyperglycemia and cannot 
secrete additional insulin in response to further glucose challenge. 

Figure 17. Pairs of consecutive serial sedions 
stained by immunofluorescence with ontiinsulin 
(left} and onti-GLUT-2 (right) antibodies (X240). 
(A) Islet of normal appearance in a ZDF · 
nondiabetic female. Virtually all insulin-
immunofluorescent cells display GLUT-2 
immunostoining. In ZDF diabetic mole animals (8-
D), the islets show a marked redudion (virtual 
absence in D) of GLUT-2-positive cells. In 8 and 
C the islets appear fragmented by tracks of 
connedive tissue. (L Orci et ol. Proc. Notl. Acod. 
Sci. (USA) 87:9953-9957, 1990.) 
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B. The Evidence that GLUT-2 Loss Causes Diabetic Hyperglycemia. 
1) Every known model of NIDDM studied exhibits both loss of J3-cell GLUT-2 

[ZDF rats (13), GK rats (14) neonatal streptozotocin-treated rats (39) and 
dexamethasone-treated (16) rats and db/db mice (Table 1)(15)]. 2) The percent of 
GLUT-2-positive J3-cells is negatively correlated with fasting glucose levels to a 
remarkable degree (Figure 6). 3) GLUT-2 binding lgG is present in serum of new onset 
autoimmune diabetes and lgG from such patients inhibits glucose-stimulated insulin 
secretion (11, 33) . 

C. The Causes of GLUT-2 Loss. 
1) Is It a Pre- or Post-translational Abnormality? GLUT-2 mANA is reduced in the 

GLUT-2-deficient islets of spontaneous diabetic male ZDF rats (13) and db/db diabetic 
mice (15), consistent with a pretranslational etiology. However GLUT-2 mANA is 
increased in the GLUT-2 deficient islets of dexamethasone-diabetic rats (16) . 

2) Is GLUT-2 Loss Primary or Secondary? 
It is unclear if GLUT-2 loss is a primary event or secondary to one or more 

associated abnormalities: 1) hyperglycemia, 2) hyperinsulinemia, 3) insulin resistance, 
4) hyperlipidemia. To determine in prediabetic male animals if GLUT-2 loss occurs in 
the absence of hyperglycemia, prediabetic ZDF males were either treated with 



19 

acarbose®, an a-glucosidase inhibitor which prevents absorption of glucose in the gut 
or were diet-matched with lean littermates. After 26 weeks of treatment with acarbose, 
blood glucose levels were normal in the male ZDF rats, 1 00% of whom would otherwise 
have been hyperglycemic, but despite this GLUT-2 was markedly supressed (37). In 
diet-matching experiments in which male diabetic ZDF animals consumed the same 
diet as nonobese heterozygote ZDF littermates, glucose levels also declined to and 
remained normal (Figure 4) but glucose-stimulated insulin secretion did not improve 
and GLUT-2 remained below normal (40). 

Conclusion: Hyperglycemia is not the cause of a reduction in GLUT-2 [in fact 
hyperglycemia was previously shown to increase GLUT-2 expression (31 )]. Perhaps 
GLUT-2 loss is secondary to some other component of the metabolic disorder; this is 
based on the fact that db/db diabetic islets regain GLUT-2 when transplanted in 
nondiabetic mice, and conversely GLUT-2 disappears from nondiabetic islets after 
transplantation into diabetic mice. An effort to determine the cause is underway. 
Hyperlipidemia is a prime suspect, since long-term lipid infusion inhibits glucose 
stimulated insulin secretion (40a). 

3. Post-transcriptional abnormalities of /3-Cell GLUT-2 expression in glucocorticoid
induced NIDDM. 

Ogawa et al have recently reported that 16% of normal lean Wistar rats develop 
diabetes after 5 days of treatment with extremely high doses (4 mg/kg/d) of 
dexamethasone, while 84% remained normoglycemic after 24 days of treatment (16). 
This incidence of diabetes is similar to that observed in humans with spontaneous or 
iatrogenic Cushing's syndrome. In dexamethasone rats that remained nondiabetic there 
was 1) basal hyperinsulinemia, 2) intact glucose-stimulated insulin response and 3) an 
exaggerated arginine stimulated insulin response. In those that became diabetic there 
was 1) basal hyperinsulinemia, 2) absent glucose-stimulated insulin secretion and 3) an 
exaggerated insulin response to arginine (Figure 19). Immunocytochemical examination 
of pancreatic sections for GLUT-2 showed that in the dexamethasone-treated 
nondiabetic group close to 100% of {3-cells were GLUT-2 positive while in the diabetic 
group only about 30% were GLUT-2 positive (Figure 20). 
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Figure 19. Insulin response to 20 mM glucose 
and 10 mM arginine of the isolated perfused 
pancreata of dexamethasone-induced diabetic 
Wistar rats (•--•; n = 4), nondiabetic 
dexamethasone-treated Wistar rats ( 0-c ; n • 
4), and untreated nondiabetic control Wistar 
rats(----; n • 4). (Ogawa et al. J. Clin. Invest. 
90:497-504, 1992.) 

Figure 20. Pairs of consecutive serial sedions 
stained by immunofluorescence with 
antiinsulin (left) and anti-GLUT-2 (right) 
antibodies. (A) Islet of a nondiabetic Wistar 
control rat. Note that virtually all insulin
positive cells show positive staining for GLUT-
2. (B) Islet of a nondiabetic dexamethasone
treated Wistar rat. GLUT-2 staining of beta
cells of the nondiabetic steroid-treated rat is 
completely normal. (C). The islet of a 
diabetic dexamethasone-treated rat showing 
a profound redudion of GLUT-2 in beta
cells, which are degranulated. (Ogawa et 
al. J. Clin. Invest. 90:497-504, 1992.) 

I 
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Obese nondiabetic Zucker fa/fa female rats, which never develop spontaneous 
diabetes mellitus, received a dose of 0.4 mg/kg/24h and NIDDM developed in 1 00% of 
the animals within 4 days. They too exhibited complete loss of glucose stimulated 
insulin secretion without impairment of the insulin response to arginine (16)(Figure 21 ). 
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Figure 21. Insulin response to 20 mM glucose 
and 10 mM arginine of isolated perfused 
pancreata of dexamethasone induced diabetic 
Zucker female rats (•--•; n = 4) and 
nondiabetic untreated Zucker female control rats 
{t=~··cr ; n = 3). {Ogawa et al. J.Ciin. Invest. 
90:497-504, 1992.) 

GLUT-2 

Figure 22. Pairs of 
consecutive serial sections of 
pancreas of untreated 
Zucker control rats {A) and 
Zucker rats with 
dexamethasone-induced 
diabetes (B) stained for 
insulin and GLUT-2. {A 
Ogawa et al. J. Clin.lnvest. 
90:497-504, 1992.) 
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As in the diabetic Wistars only 30% of ~-cells were GLUT-2 positive (Figure 22). The 
V max of high ~ glucose transport was reduced by 50% (Figure 23). Longitudinal 
studies revealed a parallel reduction in glucose-stimulated insulin secretion and high 
~glucose transport function but reduction in immunocytochemically measured GLUT-
2 lagged slightly behind these other parameters, suggesting that loss of functional 
integrity of GLUT-2 precedes loss of its immunodetectability in this form of diabetes 
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Figure 23. Glucose transport kinetics of islets from Zucker 
rats with dexamethasone-induced diabetes. 

Whereas in the ZDF diabetic animal a reduction in GLUT-2 mANA was observed, 
in dexamethasone-diabetic Wistar rats GLUT-2 mANA was unchanged when corrected 
for the dexamethasone-induced increase in islet volume, or increased in the Zucker 
group (Figure 24). The low GLUT-2 protein in the presence of normal or increased 
GLUT-2 mANA could be explained in several ways: 1) the increase in mANA was 
confined to the 30% of ~-cells that remain GLUT-2 positive and was reduced in GLUT-
2-negative cells (the increase in those 30% of ~-cells would have to be large enough 
to make up for the 70% of {3-cells that no longer express GLUT-2; this seems unlikely); 
2) a translation block comparable to glucocorticoid blockade of TN Fa translation ( 41); 
3) epitope masking by some postranslational modification. Any such modification 
would have to account for the reduction in glucose transport as well as the reduction 
in immunodetectability. 
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Figure 24. (A) RNA blot hybridization of diabetic dexamethasone-treated Zucker rats and untreated 
Zucker controls. Lanes 1, 2, and 3 represent 4 lg poly (A+) pancreatic RNA from three Zucker rats 
treated with dexamethasone and lanes 4 and 5 are 4 lg RNA samples from two control Zucker rats. 
The bands marked as GLUT-2, adin, and insulin show the signal obtained in sequential probing of 
the same blot with the respective probes. (B) RNA blot hybridization of one diabetic dexamethasone· 
treated Wistar (lane 4), nine nondiabetic dexamethasone-treated Wistar rats (lanes 1·3 and 5-10) and 
three untreated Wistar rats (lanes 11·13). (Ogawa et al. J.Ciin. Invest. 90:497-504, 1992.) 

B. Disorders of Glucokinase 
Glucokinase catalizes ATP-dependent phosphorylation of glucose to glucose-6-

P04, the first and rate-limiting step in glucose utilization by p-cells. Since glucose usage 
mediates glucose-stimulated insulin secretion, the enzyme has long been considered 
to be the glucose sensor of p-cells. Matschinsky has suggested that a modest 
decrease in glucokinase activity may shift the threshold for glucose-stimulated insulin 
secretion and, indeed, mutations in the enzyme are associated with attenuation of 
glucose-stimulated insulin secretion (42). However in 115 patients with NIDDM no 
glucokinase mutations have been found (43). 

1 . Glucokinase Mutations and MODY 
1) Phenotype of Gluckinase Mutations: Glucokinase mutations have been 

observed in 60% of French families with MODY (maturity onset diabetes of the young), 
which, unlike NIDDM, has a clearcut autosomal dominant inheritance with high 
penetrance. MODY has also been reported in British, Swedish, Indian, Japanese, 
Austratlian, South American and African-American families (44). Nevertheless, no Dallas 
diabetologist contacted had ever encountered the syndrome. In France the diagnosis 
was based on a 2 h oral glucose tolerance test value above 7.8 mM (140 mg/dl) and 
a fasting above 6.1 mM (11 0 mg/dl) (42), which is normal for adults. In French MODY 
patients glucose-stimulated insulin secretion was 53% of normal [1 +3 min insulin 80 
mU/1 vs 151 in controls (N.S.)] but it was still present](Figure 25), perhaps because their 
defect was simply not sufficiently severe. In adult NIDDM glucose-stimulated insulin 
secretion doesn't disappear until fasting glucose levels reach 6.4-6.7 mM (115-120 
mg/dl); which is below the 7.8 mM {140 mg/dl) diagnostic criterion. The MODY patients 
were nonobese and their fasting insulin levels are the same as controls (5 mU/1), 
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suggesting that they were not insulin resistant. It may be that underlying insulin 
resistance is necessary for a fuller expression of overt NIDDM with total loss of glucose
stimulated insulin secretion. In some cases more severe fasting hyperglycemia occurred 
and was treated with sulfonylureas ( 45). In these, diabetic complications occurred as 
in NIDDM. In many MODY patients, the diabetes remains mild throughout life, in which 
case it is treated by diet alone and unassociated wtih the complications of NIDDM. 
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Figure 25. Plasma insulin, C-peptide, and 
glucose responses during intravenous glucose
tolerance test (0-15 min) followed by 
hyperglycaemic clamp (15-120 min). 

e = patients (n = 9), 0 "" controls (n "" 7). 
Data as mean (SO). 

(From G Velho, et al. Lancet 340:444-448, 
1992.) 
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Figure 26. Glucokinase mutations in MODY families. From Gidh-Jain et al. (GI Bell and SJ Pilkis, 
sum bitted.) 

2) Genotype of Glucokinase Mutations. A model of the human glucokinase 
appears in Figure 26 and the mutations of its gene discovered thus far in Figure 27. 
The glucokinase gene is on chromosome 7. It is expressed only in J3-cells, hepatocytes 
and anterior pituitary cells. Most mutations are missence mutations resulting in a 
glucokinase with altered amino acid sequence; when expressed in E. Coli (51), a 
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decrease in V max and/or an increase in ~ for glucose is observed. One class of 
missence mutations resides in and around the active site cleft separating the two 
domains of the enzyme; these are believed to reduce its enzymatic activity. A second 
class of mutations are far from the glucose binding site; these may reduce V max but 
increase ~. possibly by interfering with glucose-induced conformational change (see 
Figure 26). Also a nonsense mutation in exon 7, E279, (52), and 2 nonsense mutations 
in exon 7, T228M and G261 R (53), have been described. The former mutation to a stop 
codon is predicted to produce an inactive enzyme. The Thr 228 residue is invariant in 
all mammalian and yeast glucokinase and it hydroxyl side chain could form a hydrogen 
bond with sulfate which is one of the phosphate binding sites of ATP; this T228 
mutation might eliminate the interaction with ATP, probably by reducing affinity and 
enzymatic activity. The Gly-261 mutation is thought to involve the loop leading into the 
glucose binding site; substitution with arginine introduces a much larger side chain that 
may interfere with conformational charges near the active site. Gly-261 is invariant in 
all mammalian hexokinases and glucokinases. Additional mutations have been 
encountered in gestational diabetes but are not yet published. 

All glucokinase mutations involve only 1 allele, the other being normal. The 
enzyme acts as a monomer. Although it has been suggested that the mutant enzyme 
inhibits GLUT-2 function, this seems very unlikely given the fact that glucose-stimulated 
insulin secretion is so well-preserved. 

2. Glucokinase Polymorphisms and NIDDM 
1) Glucokinase Polymorph isms in African-American NIDDM: Permutt's group has 

recently reported in American blacks a NIDDM-associated polymorphism in a 
dinucleotide repeat element (Ca+) about 10 Kb 3' to the gene on chromosome 7p 
{Figure 28) with alleles differing by 2-15 nucleotides. The Z allele is more common in 
nondiabetics and the Z +4 in NIDDM, increasing the NIDDM risk by 2.85. However it 
is neither sufficient nor necessary for the disease (54). 

10 

E E 
I I 

20 

E E 

A 
z = 195 

Kb 

3' 

Figure 28. Restridion map of human genomic DNA 
at the glucokinase locus and DNA sequence of the 
compound dinucleotide repeat regions. Solie:/ boxes, 
exon-containing regions (exons 3-10). E, EcoRI. 
Triangle, 195-nucleotide fragment in the Z allele that 
contains the dinucleotide repeat region amplified by 
polymerase chain readion primers flanking the 
region. (Chiu et al, Diabetes 41:843-49, 1992). 

Z: [GT]4ATGTG[GT]5TI[GT]8 [GA]
8
CAAAA[GA]

4 
Z + 2: [GT]4ATGTG[GT]5TI[GT]10[GAhCAAAA[GA]4 
Z + 4 : [GT]4ATGTG[GT]5 TI[GT]11 [GAhCAAAA[GA]4 

Z + 10 : [GT]4ATGTG[GT]5TI[GT]14[GAhCAAAA[GA]
4 

Z - 15 : [GT]4 TI[GT]8 [GA]
8
CAAAA[GA]

4 
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C. Possible Post-Glucokinase Abnormalities in the Glycolytic Pathway of p-cells. 

1 . Increased glucose-6-phosphatase activity 
Normal islets have glucose-6-phosphatase activity (48) which is 2 orders of 

magnitude lower than normal liver. An increase in its activity in diabetic islets could 
dephosphorylate glucose and thus block its metabolism. This abnormality has been 
evaluated in the islets of rats with NIDDM induced by neonatal streptozotocin. It was 
not found. 

2. Abnormal glyceraldehyde-3-P04 metabolism. 
Ohneda et al have recently observed that the insulin response to glyceraldehyde 

is absent in overtly diabetic ZDF rats which lack GLUT-2 and glucose-stimulated insulin 
secretion (49)(Figure 29). This would be powerful evidence for a downstream p-cell 
lesion distal to GLUT-2 in the p-cells of these animals, assuming of course that 
glyceraldehyde uptake by p-cells does not require GLUT-2. If GLUT-2 is not required 
for normal glyceraldehyde uptake by islets, these results are evidence of a lesion (Figure 
30) that could involve 1) glyceraldehyde phosphorylation, 2) glyceraldehyde-3-P04 
dehydrogenase or 3) more distal lesions in the glycolytic pathway. (Downstream lesions 
could be secondary to GLUT-2 loss and vice versa. In the neonatal streptozotocin rat 
model, in which GLUT-2 is reduced, Malaisse's group reports that loss of glucose
stimulated insulin secretion is most probably related to reduced glycerophosphate 
dehydrogenase and consequent derangement in the glycerol phosphate shuttle (5). 
However in an earlier report this model of NIDDM was found to have an intact insulin 
response to glyceraldehyde (51). 
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Figure 29. Glyceraldehyde stimulated insulin 
secretion in ZDF rats, suggesting a lesion in triose 
metabolism in diabetic and probably nondiabetic 
carriers of the fa gene. (Ohneda et al, unpublished). 
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Figure 30. The readions of glycolysis. 
Numbers adjacent to the arrows refer to the 
participating enzymes (not shown). 

D. Calcium Channel Abnormalities of ,8-cells. 

Abnormalities at the level of the calcium channel could account for loss of 
glucose-stimulated insulin secretion. The insulin-stimulating effect of sulfonyl urea drugs 
such as tolbutamide is attributed to calcium influx through calcium channels. The insulin 
response to intravenously injected sodium tolbutamide is attenuated in type 2 diabetes 
(52). It therefore becomes important to assess calcium channel expression in the islets 
of ZDF rats. However, although loss of glucose-stimulated insulin secretion would 
certainly result if Ca2+ flux into ,8-cells were blocked, there would probably be a 
generalized rather than glucose-restricted functional loss. 

V. ABNORMALITIES IN COMPENSATORY CAPABILITY OF ,8-CELLS. 
The ability of the ,8-cell mass to increase when required to accomodate increased 

demand for insulin is perhaps the least studied and most important determinant of 
whether hyperglycemia will occur in the presence of insulin resistance. In 
dexamethasone-induced insulin resistance in Wistar rats, those animals that remain 
normoglycemic expand their ,8-cell mass by 300%, whereas the minority of rats that 
develope diabetes expand their islets by only 200%. Although the latter are, like the 
former, markedly hyperinsulinemic, hyperinsulinemia is "'20% less in the diabetics than 
in the nondiabetics. This is consistent with the idea that the sensitivity to the 
diabetogenic effects of glucocorticoid-induced insulin resistance is at the level of ability 
of the ,8-cell mass to expand and increase insulin to the required level. In the Zucker 
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fa/fa rats, 1 00% of whom become diabetic on much smaller doses of glucocorticoids, 
there is very little increase in /3-cell mass which has already been expanded 3-fold by 
obesity related insulin resistance. Also in the neonatal streptozotocin model of NIDDM, 
the compensatory capacity of f3-cells to glucose infusion is reduced (53). 

VI. HOW COULD NIDDM GENETIC DEFECT EXPRESS ITSELF SO LATE IN LIFE? 
In attempting attribute NIDDM to a primary genetic defect involving one or more 

components of the glucose stimulatory pathway and causing hyperglycemia that first 
appears in mid-life, it is plausible to invoke a heterozygotic lesion in which one allele 
provides enough of the critical enzyme to maintain normal /3-cell function in early life, 
when insulin sensitivity is normal, but cannot guarantee sufficient compensatory potential 
by /3-cells to cope with insulin resistance. And yet I am unaware of evidence of earlier 
or more severe hyperglycemia occurring in homozygotic offspring of conjugal type 2 
diabetic parents. However, if insulin resistance, which develops later in life, were 
essential for expression of the /3-cell phenotype, as many now believe, then this 
formulation might be viable. Alternatively, a genetic defect in a transcription factor or 
/3-cell growth factor would also explain a limited compensatory capacity of /3-cells in the 
presence of insulin resistance. 

VII. FUTURE CLINICAL IMPLICATIONS 

A. GLUT-2 Autoantibodies 
1 . Use as a diagnostic test for type 1 prediabetes. The low cost and rapidity 

of a GLUT-2 antibody test may make it suitable for large volume screening for 
prediabetes. Figure 31 demonstrates that, when nonspecific binding is subtracted, 80% 
of new onset diabetics exceed by 2 SDs the mean of nondiabetics. In the only proven 
pretype 1 diabetic thus far studied, GLUT-2 antibody titer was far greater in the 
prediabetic phase of the disease than after hyperglycemia had appeared. The efficacy 
of the test in diagnosing type 1 prediabetes is being studied. 

2. Role in the initial hyperglycemia of type 1 diabetes. The fact that 
hyperglycemia first appears in type 1 diabetes at a time when 20% or more of /3-cells 
are still present and responsive to arginine could be explained by anti-GLUT-2 
antibodies. Even low titers of autoantibodies against GLUT-2 could interfere with 
glucose transport, block glucose-stimulated insulin secretion and hence impair the ability 
to correct postprandial hyperglycemia; damaged capillaries of islets with insulinitis permit 
plasma proteins to extravasate into the islet interstitium. The ever-decreasing mass of 
beta-cells decreases GLUT-2 autoantigen to a point at which even a low titer of GLUT-
2 autoantibody might interfere with high ~ glucose transport of the surviving cells, 
block glucose-stimulated insulin secretion and permit postprandial hyperglycemia to go 
uncorrected. 
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3. Pathogenic Role. Most autoantibodies are almost certain epiphenomenal 
reaction to release of ,8-cell proteins as a consequence of ,B-cell destruction - rather than 
part of the destructive process itself. However, at least circumstantial evidence can be 
marshalled to point to a pathogenic role of autoimmunity against GLUT-2: 

a. Streptozotocin appears to require GLUT-2 to destroy ,8-cells and is 
ineffective in destroying insulinoma cells without GLUT-2. 
b. Treatment of type 1 prediabetes with insulin protects against ,8-cell 
destruction- perhaps via its down-regulatory effect on GLUT-2 expression. 

B. Implantation of GLUT-2 Expressing Insulin-Secreting Non-,8-Cells (GT6 cells) 
The ability to engineer glucose-responsive cells opens up the possibility of 

growing surrogate ,8-cells in unlimited quantities as substitutes for islets which require 
laborious, costly and often traumatic isolation procedures. These could be implanted 
in immunoprotective devices for the following purposes: 

1) Insulin Replacement Ax in IDDM (Figure 32). 
2) ,B-cell protection prophylaxis in type 1 prediabetes. 
3) Ax of insulin resistance. 

C. GLUT-2 and/or glucokinase gene replacement in NIDDM by infecting intravenously 
with adenovirus plus the eDNA of the desired gene. 
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D. Glucocorticoid Sensitivity. Clinical implication: Could there be a subset of NIDDM 
in which sensitivity to the diabetogenesis effects of glcuocorticoids is so great that 
endogenous levels of cortisol induce the disease? If so, glucocorticoid receptor 
antagonists might be useful. Table Ill shows that the diabetogenicity of intraperitoneally 
injected dexamethasone varies greatly in the different rat strains. Could spontaneous 
diabetes represent exquisite sensitivity to endogenous glucocorticoids such that normal 
levels of the steroid permit expression of a NIDDM genotype (analogous to expression 
of male pattern baldness in the presence of normal androgen levels)(Figure 33)? Since 
RU-486 dramatically lowers dexamethasone-induced hyperglycemia (Figure 34), the 
agent is now being tested in human subjects by Dr. Stein. 
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Figure 34. Effed of RU-486 
treatment (e---e) on blood glucose 
levels of dexamethasone diabetic 
female Zucker rats. (0---0) 
represents injedion of the sesame oil 
tehicle without RU-486 (*p<O.OOl, 
p<0.005, p<0.05 vs. dexamethasone 

vehicle). Ohneda et al, in press J. 
Clin. Invest. 
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