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Abstract

B cells in the hyperglycemic environment of diabetes have marked changes in phenotype and
function that are largely reversible if glucose levels can be returned to normal. A leading
hypothesis is that these changes are caused by the elevated glucose levels leading to the concept
of glucose toxicity. Support for the glucose toxicity hypothesis is largely circumstantial, but little
progress has been made in defining the responsible mechanisms. Then questions emerge that are
difficult to answer. In the very earliest stages of diabetes development, there is a dramatic loss

of glucose-induced first-phase insulin release (FPIR) with only trivial elevations of blood glucose
levels. A related question is how impaired insulin action on target tissues such as liver, muscle and
fat can cause increased insulin secretion. The existence of a sophisticated feedback mechanism
between insulin secretion and insulin action on peripheral tissues driven by glucose has been
postulated, but it has been difficult to measure increases in blood glucose levels that might have
been expected. These complexities force us to challenge the simplicity of the glucose toxicity
hypothesis and feedback mechanisms. It may turn out that glucose is somehow driving all of these
changes, but we must develop new questions and experimental approaches to test the hypothesis.
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Introduction

B cells in diabetes have been intensively studied (1), yet we have a very poor understanding
of the B-cell changes that occur in the earliest stages of either type 1 diabetes (T1D) or
type 2 diabetes (T2D). p cells normally do a spectacular job keeping blood glucose levels
within a very narrow range (2), even for the large numbers of our population with insulin
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resistance, who usually can compensate for many years with increased insulin secretion.
However, for some there comes a time when insulin secretion is insufficient and glucose
levels start to rise, whereupon the elegant secretory machinery of these cells starts to falter
(2-5). We have previously proposed that there are five stages that characterize progression of
both T1D and T2D (3, 5). For Stage 1, blood glucose levels are normal and this can include
normal compensatory insulin secretion for insulin resistance. Stage 2 is associated with mild
hyperglycemia that would generally be considered glucose intolerance and typically includes
the first signs of p-cell dysfunction. Then Stage 3 is when p-cell function deteriorates
enough to result in an accelerated rise in glucose levels to unequivocal diabetes at Stage 4.
Then Stage 5 is when severe ketosis develops. The Whitehall study group found evidence
for this rapid pattern of progression seen in Stage 3 in their studies of T2D pathogenesis

(6). Much has been written about the changes in B-cell secretion and phenotype and

the hypothesis that glucose somehow causes these changes, which has led to the term
glucose toxicity (3). While there is a great deal of circumstantial evidence in support of this
hypothesis, the responsible mechanisms remain poorly defined. In this commentary, we will
take a hard look at the hypothesis by focusing on the B-cell changes that take place in the
earliest development of diabetes, which is how B cells compensate for insulin demand from
insulin resistance in Stage 1 and how dysfunction develops in Stage 2

Gaps in our understanding of how B-cells progress from successful

compensation to failure

To maintain normal plasma glucose concentrations in face of insulin resistance there is
pressure for B cells to secrete more insulin and to replicate. There is every reason to think
that p cells face the same pressure during the progression to either T2D or to T1D. With
T2D, the demand comes from years of insulin resistance and a p-cell mass that finally
becomes inadequate to provide compensation. For those headed to T1D, B cells are being
killed by autoimmunity and then the time comes when their B-cell mass is also inadequate.
The capacity to secrete more insulin to keep blood glucose levels from rising can be thought
of as p-cell reserve (7)(2), which is helpful until it is used up. Thus, when p-cell reserve is
no longer available, glucose levels must rise as insulin secretion becomes inadequate.

A loss of glucose-induced first-phase insulin release (FPIR) has been found to be a
particularly sensitive marker of the onset of decompensation and risk of progression to
diabetes, thus causing it to receive considerable attention (8-13). The changes in FPIR are
striking but poorly understood. With the insulin resistance of obesity, FPIR is increased (14)
and then it is completely lost when blood glucose levels are only slightly higher than normal
(15). The abrupt loss of FPIR is depicted in Figure 1, which shows the dramatic changes that
take place as fasting plasma glucose levels rise from 80 to 115 mg/dl, levels that are not even
diagnostic for diabetes.

Because glucose plays such a dominant role in p-cell function and growth, one might
expect there to be a sophisticated feedback system dominated by glucose that provides
this compensation. However, this assumption is often challenged because it has been so
difficult to measure or identify the changes in blood glucose that could exert this purported
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effect. Nonetheless, it is clear that B-cells exposed to glucose levels in the diabetic range
have dramatic derangements of insulin secretion and marked changes in their phenotype as
shown clearly with measurements of gene expression, which is often thought to represent
dedifferentiation (16). In this situation, the effects of hyperglycemia can be considered to be
toxic, justifying the concept of glucose toxicity (17).

There is so much we do not understand about the relationships that occur between glucose
and B-cells as diabetes develops. Is there a way in which - cells can be over-work?,

and how might this be identified? How can FPIR be lost with normal or even slightly
elevated glucose levels? Even when glucose levels are clearly elevated, how do they cause
the changes that we think of as glucose toxicity? Our focus for this short commentary is
on the role of glucose in causing the p-cell dysfunction of diabetes, so we will not be able
to critically analyze the many other mechanisms that are being studied by others such as
endoplasmic reticulum stress (ER stress), IAPP/amyloid toxicity, oxidative stress, glucose
toxicity’s possible relationship to lipotoxicity, and inflammation.

Evolving understanding about how B cells respond to glucose

The conventional view of B cells has been that the rates of insulin secretion are tightly
linked to glucose oxidation (18, 19). Glucose enters B cells freely via the transporters
[mainly GLUT1 in humans (20) or Glut2 in rodents (21)], whereupon its metabolism is
regulated by the rate-limiting effects of glucokinase on glycolysis (22). Then increases in
ATP from mitochondrial oxidative phosphorylation (OxPhos) close Karp channels resulting
in depolarization that opens voltage-dependent calcium channels allowing entry of calcium
that stimulates exocytosis of insulin granules (23). Work by Henquin (24) and others
showed there are two separate mechanisms leading to insulin secretion; the first being

the K arp-dependent insulin secretion, the other being the Krp-independent secretion.
These mechanisms are also described as triggering and amplification, respectively. It seems
particularly important to understand the K app-dependent mechanism because it seems very
likely to be involved in the loss of FPIR.

In recent years more layers of complexity have been identified. Merrins, Kibbey and co-
workers (25) have proposed revising the older model described above to one with metabolic
compartmentalization. The first component, referred to as Mitosyne, is adjacent to the
plasma membrane and the Karp channel. In this microenvironment, phosphoenolpyruvate
(PEP) is hydrolyzed by pyruvate kinase to form pyruvate and ATP, the latter being able to
close the Karp channel. The PEP can come from two sources, directly from glycolysis or
from the “PEP cycle” in mitochondria which provides PEP from anaplerotic flux of carbons
through pyruvate carboxylase. Because ATP is generated by the pyruvate kinase, ADP levels
fall, which reduces oxidative phosphorylation by mitochondria. The first component shuts
down the Kagp channels leading to calcium uptake via voltage dependent-calcium channels.
The calcium entering the cell stimulates a variety of reactions that consume ATP, thus
providing ADP that allows mitochondria to shift to an oxidative phosphorylation mode. This
second component termed Mitogy, refers to the oxidative phosphorylation by mitochondria.
These two components toggle back and forth leading to oscillations that occur every few
minutes.
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The Ka7p independent (amplification) mechanism of insulin secretion can result from a
number of processes that change membrane potential of B cells, such as depolarization
directly by KCI or uptake of arginine that has a positive charge. Secretion is also increased
by glucagon-like peptide 1 through generation of cyclic AMP and by acetyl choline
working through muscarinic receptors that stimulate G proteins. Among other mechanisms
glycerol-3-phosphate acting through Munc13-1 to stimulate exocytosis has emerged as a
possibility (26). Yet another mechanism that could amplify insulin secretion is exerted by
sentrin/SUMO-specific protease-1 (STENP1) (27).

B-cell processing, storage and secretion of insulin in diabetes

B cells have an impressive capacity to store insulin. On average, B cells contain about 20

pg of insulin, which is stored in about 10,000 granules (28). The processing of proinsulin

in the normal state is efficient but not perfect in that the ratio of secreted proinsulin to total
insulin immunoreactivity is about 1-2%. However, because circulating proinsulin is cleared
so much more slowly than insulin, the ratio of proinsulin to insulin in plasma is much
higher. In one study the ratio in non-diabetic subjects was about 15% but was considerably
higher at about 30% with T2D (29). A likely explanation is that the conversion of proinsulin
to insulin in the presence of hyperglycemia is less efficient leading to disproportionate
secretion of proinsulin (30). This fits with the finding in diabetes of more immature granules
characterized with electron microscopy by the absence of insulin crystals (31).

Questions are often raised about the vulnerability of B cells to ER stress because of their
high demand for insulin secretion and because the folding requirements for proinsulin and
packaging are highly restrictive (32-34). One can expect that p cells often go through

a benign unfolded protein response (UPR) that presumably correlates with restoration of
insulin stores after each meal. Yet, we do not have good evidence that ER stress becomes
more severe enough in T2D to cause cell death. However, it was found that C/EBP
homologous protein (CHOP) was more likely to have a perinuclear distribution in p cell in
T2D than in controls (35). The efficiency of proinsulin folding to form three intramolecular
disulfide bonds has been recently studied and found to be imperfect even in the normal state
and more so as diabetes develops. It seems that the problem lies with free Cys(B19) and
Cys(A20), which lead to folding abnormalities in the form of accumulated disulfide-linked
complexes best shown in the LepRdb/db mouse model (34). This demonstration of abnormal
folding is of considerable interest but its contribution to the problems of p-cell mass and
function in T2D has not been established.

In addition to the abnormal processing of proinsulin to insulin found in the diabetic state,
the insulin content of B cells has been found to be reduced by more than 50% in the db/db
mouse model of diabetes (31). Data on the pancreatic insulin content of human pancreases
are limited, but one study found little, if any, reduction in insulin content as a function

of B-cell mass in T2D (36). Therefore, there is little to suggest that limitations of insulin
content contribute to the functional defects of insulin secretion.
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B-cell mass and B-cell turnover

While there is agreement that both impaired p-cell function and inadequate p-cell mass
make critical contributions to the diabetic state, we have argued that inadequate mass
precedes and is responsible for the problem with function (2). This concept pertains

to both T1D and T2D, and presumably to most forms of monogenic diabetes. Detailed
studies of cadaver pancreases found that although there was considerable variability among
pancreases, p-cell mass in T2D was 40-60% lower than weight-matched controls (36-39).
We cannot measure p-cell mass in living subjects, but we know that plasma insulin levels
correlate with insulin sensitivity (40). Therefore, it is reasonable to conclude that p-cell mass
is also correlated, such that non-diabetic individuals with insulin resistance and high blood
insulin levels could be expected to have higher p-cell mass.

Although p-cell mass is lower in T2D than non-diabetic weight-matched subjects, we cannot
conclude that the mass is necessarily reduced due to an increased rate of cell death, only

that it is inadequate for producing the amount of insulin necessary to meet the demands of
whatever degree of insulin resistance is present. To say that mass is reduced implies that it
was greater previously and had accelerated loss, but mass can be inadequate due to there

not being enough at birth resulting from genetic or environmental reasons, such as problems
with the intrauterine environment, or to a lack of p-cell expansion early in life.

While it is tempting to assume that the pressure of insulin resistance increases the rate of
B-cell loss, we do not know for certain this to be the case. In adults with or without T2D,

the rate of decline of B-cell mass was estimated to be only about 1.5% per year (36), as
determined by autopsy studies on subjects with T2D of known duration. Unfortunately, rates
of B-cell turnover are too low to measure accurately with current techniques. It has been
particularly difficult to measure rates of p-cell death. The most widely used marker of death
is TUNEL (Tdt-mediated dUTP nick-end-labeling), which only marks some stages of f cell
apoptotic death (37, 41). Furthermore, it can only indicate frequency but not rate since rate
is a function of frequency over time. B cells can also die from necrosis, but reliable methods
to measure this process are not available. More is known about the measurement of B-cell
replication. Recent studies using high resolution isotope imaging indicate that some human
B cells have life spans of many years (42). This concept is supported by finding that with age
a large proportion of human B cells accumulate lipofuscin (43). However, studies using Ki67
as a measure of replication suggest that there may be populations of p cells that have a faster
turnover (37, 44, 45).

Only a few years ago, many thought that human p-cell replication only occurred in early
childhood, but that misconception was based on the failure to appreciate the loss of

Ki67 positivity that can occur when fresh tissue samples are not used for pathological
examination. We now know that when pancreases are properly collected, the Ki67 positivity
of human f cells is in the range of 0.2-0.6% (45). Ki67 positivity means that cells

have entered the cell cycle, but we do not know how often this leads to self-duplication.
Nonetheless, if the replication process takes 2 days, there may be enough replication
potential to exploit therapeutically.
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There is still much to be learned about B-cell turnover at different ages and in the presence
or absence of diabetes. While glucose drive has a stimulatory effect on replication, work

in experimental models suggest that the diabetic state is associated with growth arrest of

B cells whereby cells enter cell cycle but fail to divide (46). Looking at the complex

changes in gene expression in hyperglycemia, one can find pathways that are both pro-

and anti-apoptotic (46, 47). Evidence from several models finds activation of the HIF1alpha/
PFKFB3 pathway (48, 49), and many HIFlalpha targets are associated with cell survival
(50). Further complexity comes from knowing there are small populations of senescent
B-cells (51), which have activated prosurvival mechanisms including HIFlalpha, and there
must be some old non-senescent cells that are more vulnerable.

The concepts of B-cell compensation, reserve and inadequate mass

Somehow whole-body insulin resistance caused by changes in liver, fat and other tissues
tells B cells to synthesize and secrete more insulin and to grow through replication. While
it is tempting to assume that an efficient glucose feedback mechanism is responsible, it

has proved difficult to find elevations in blood glucose concentrations in these situations,
leading some to look for alternative explanations. Are there fuels other than glucose that
are important for growth? The oxidation of fatty acids has been shown to be low in B-cells
(52) and amino acid signaling through mTORC1 seems important for immature B cells but
probably less so later on (53). Others have looked for non-fuel circulating factors that could
stimulate replication (54, 55), but attractive candidates have not yet emerged.

Support for the concept of glucose as the key driving force comes from two studies of mice
with heterozygote knockouts of glucokinase (56, 57). Normal mice receiving high-fat diets
had increased p-cell replication, while those with glucokinase deficiency did not. These
results tell us that insulin resistance can influence glucose metabolism in B-cells leading to
growth, which can only occur if there are changes in gene expression. These findings fit
with recent studies using partial pancreatectomies in rats in which many changes in gene
expression can be found when blood levels are only trivially elevated (46). Thus, it appears
that glucose metabolism in B cells can turn on growth pathways that in other cells are
exerted by insulin, IGF-1 and other growth factors. In particular, glucose can activate the
IRS-2 and AKT signaling pathway (56).

We could make a distinction between changes in p-cells phenotype that are driven by
changes in flux of glucose metabolism in the apparent absence of hyperglycemia (58) and
changes that take place when glucose levels are clearly elevated. The term glucose toxicity
is often used to describe changes in p cells that are seen when glucose levels are clearly
elevated. However, the effects of glucose might be also considered toxic when changes in -
cell glucose flux are occurring without obvious hyperglycemia, because they may somehow
cause gene expression changes that adversely influence function. We must be careful about
what we mean by flux, as this may be thought of as a general term that could include the rate
at which various glucose metabolites are generated such that glucose carbons are oxidized
or converted to something else like glycogen, fat or some other mediators. Thus, it seems
very possible that the pressure of insulin resistance could have any number of effects that
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contribute to p-cell dysfunction in general and the loss of FPIR in particular. Yet, in the end,
we return to the likelihood that glucose is the key driving factor.”

B-cell reserve is a concept that relates to compensation (2, 7). Thus, we know that when
cells are pushed to compensate for increased demand by increasing insulin resistance, they
secrete more insulin from existing B cells (59) and also self-replicate, albeit to a limited
extent. We know that p cells have varying levels of secretory activity. In rodents there is

a population of cells described as sleeping that can be activated when needed (60), and it
seems likely that the secretion of already active cells can be enhanced. However, a key point
is that this reserve capacity is limited and when it is used up, any further loss of p-cells or
increase in demand will result in climbing glucose levels that will lead to -cell secretory
dysfunction. Loss of this reserve can be considered a critical step in the process of p-cell
breakdown.

Trying to understand B-cell changes that occur with minimal change in

blood glucose

Although our understanding of the mechanisms of insulin secretion is improving, it

is not easy to understand how B-cells compensate for insulin resistance when blood
glucose levels seem to have little change. It is also challenging to explain the profound
secretory abnormality of FPIR that also occurs with minimal glucose change. It is
possible that actual changes are partially obscured by the oscillations in secretion that
occur about every 5 minutes, which are thought to be due to a positive feedback

circuit controlled by the bifunctional enzyme PFK2/FBPase2 (6-phosphofructo-2 kinase/
fructose-2,6-bisphosphatase) (61).

While we can postulate the presence of a very efficient feedback mechanism between

B cells and insulin sensitive target tissues, we must acknowledge that our understanding

of this is very limited. For example, an obese insulin resistant individual with increased
B-cell mass and secretion may not have a discernable increase in blood glucose levels in
either the fasting or postprandial state. For discussion’s sake, if plasma glucose levels were
increased by 5 mg/dl at certain points during the day, could this provide more PEP than
could come from directly from glycolysis or indirectly from anapleurosis and the PEP cycle?
The small increase in glucose could also influence mitochondrial oxidative phosphorylation.
One can perhaps also ask whether these shifts in metabolism influence gene expression,
which could lead to a variety of outcomes. Data obtained from rats with surgical reduction
of B-cell mass (partial pancreatectomy) indicate that very small increases of glucose levels
are associated with, and may cause, many changes in gene expression (46, 62), suggesting

a variety of possible mechanisms that should be explored. Another study with a similar rat
partial pancreatectomy model (63) found increased activity of glucokinase, which means
there should be increased glucose flux at whatever glucose level might be present. A change
that merits a close look is lactate dehydrogenase which is normally suppressed in p cells
but becomes activated with even very minor increases in blood glucose (16, 46). This could
lead to leakage of carbons as lactate is formed that would otherwise have been oxidized by
mitochondria.
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Making things more complicated is the problem of defining what is a normal level of blood
glucose. The road to diabetes must begin at some “normal” glucose level, but what does

it mean when fasting glucose concentrations rise from 80 to 90 mg/dl and then on to 100
mg/dl? Perhaps there is a spectrum of glucose levels that on the lower end are associated
with healthy adaptation of B cells to increased demand and on the upper end, represent signs
of breakdown. But, again, there must be genetic variation, such that fasting value of 80

may be normal for one family while 90 or 100 might be normal for others. Even within an
individual, there must be differences that are driven by countless variables including diet,
age, activity, etc.

Reduction of glucose-induced first-phase insulin release (FPIR) is an early

sensitive sign of p-cell dysfunction

Perhaps the earliest indication of B-cell damage when they are pushed to compensate is

the striking loss of glucose-induced first phase insulin secretion (FPIR). When f cells are
compensating effectively for the demands of obesity-driven insulin resistance, first-phase
glucose-induced insulin release (FPIR) is higher than normal (14). However, in adult
subjects studied with varying levels of plasma glucose after an overnight fast, FPIR
remained intact as long as fasting blood glucose levels remained below 100 mg/dl, but

at higher levels the response was markedly reduced, (Figure 1) and when glucose levels
exceeded 114 mg/dl, the response was completely gone (impaired fasting glucose levels are
defined as being between 100-125 mg/dl) (15).

There has been interest in the loss of FPIR as risk factor for T2D for many years and even
a suggestion that it could be a primary genetic risk factor, preceding the development of
obesity and insulin resistance (64), however, the weight of evidence indicates that p cells
of animals or humans will always lose their FPIR when B-cell mass is insufficient and
hyperglycemia occurs.

Another example of impaired FPIR are the individuals who have undergone a 50%
pancreatectomy as donors for islet transplantation (65) or for neoplasms (7, 8, 66) Not
only were these donors found to have increased risk of developing either impaired glucose
tolerance or diabetes, but a recent study by Mezza et al (8) found that reduction of FPIR

in particular was a strong predictor of progression to diabetes. The variability among these
subjects was not surprising because many observations in both humans and animals indicate
that a 50% reduction of p-cell mass is a tipping point for progression to diabetes (2, 66—
71). Therefore, as might have been predicted for this population, some would have enough
B-cell mass and functional reserve to maintain completely normal glucose levels for years
while others over time would advance toward glucose intolerance or diabetes. The rate of
progression might resemble that of adults with impaired glucose tolerance who develop
diabetes at the rate of about 10% per year (72).

Based on data from studies of subjects with insulin resistance, preclinical T1D, and partial
pancreatectomies in humans and animals, it appears that B cells do an impressive job of
compensating for the increased demands of insulin resistance and inadequate p-cell mass.
However, some develop a loss of FPIR while glucose levels remain in the normal or
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near-normal range. This marked reduction in FPIR indicates that a profound abnormality

of the secretory machinery has developed, but interestingly, p-cell function can still keep
such individuals from progressing to frank diabetes because at least some of the so-called
second phase of glucose stimulated insulin secretion(GSIS) remains active and p cells

can still respond at least reasonably well to gut hormones (incretins), amino acids and
parasympathetic stimulation. It may be that the triggering (K arp-dependent) mechanism for
insulin secretion is more impaired than the amplification mechanisms (K arp-independent).
This could explain why both FPIR and glucose potentiation of non-glucose secretagogues
are severely impaired.

How long does it take for hyperglycemia to induce a change in p-cell

phenotype and what is known about reversibility?

There has been skepticism about the glucose toxicity concept because infusions of glucose
have not been found to reproduce the same secretory and phenotypic abnormalities that are
found in diabetes. There have been a number of studies in which rats have been infused
with glucose to maintain hyperglycemia for 2—-4 days and some disruption of secretion has
been found (73-76). Infusions of glucose into humans for 48 hours have also been carried
out (77). A particularly valuable study found that after a 90% partial pancreatectomy in

rats a marked reduction in FPIR was only found after 2-3 weeks (78). The question needs
more study, but it appears that the defects that have been found with glucose intolerance and
diabetes evolve over a period of weeks.

Then comes the important question of whether and to what extent the secretory
abnormalities can be reversed. Partial improvement can be found by simply lowering
glucose levels with insulin overnight (79). Similar improvement could be found when
glucose levels in T2D were lowered with fish insulin resulting in an increased secretion

of human insulin (80). Another example is seen with T1D; those who have a remission
shortly after diagnosis have been found to have increased insulin secretion (81). Restoration
to essentially normal FPIR can be seen in people with T2D who have a full remission

after bariatric surgery (82, 83) or with effective glucose lowering treatments (84). When
subjects with T2D were treated with somatostatin overnight, there was a return of secretory
pulsatility and normalization of the proinsulin/insulin ratio even though hyperglycemia was
maintained (85). There is a paucity of information about the timing of the induction and
reversal of the secretory abnormalities that are so well characterized in the presence of
diabetes. It is possible that the abnormal insulin secretion of T2D is completely reversible
as is suggested by the impressive improvement seen after bariatric surgery, but this needs
further study.

The particular importance of loss of FPIR in type 1 diabetes

Very similar changes in p-cell dysfunction occur during the development of T1D (9, 10,
86-89). Thus, in individuals with active autoimmunity as determined by the presence of islet
and p-cell autoantibodies, a marked and often a complete loss of FPIR can be found even
when fasting glucose and hemoglobin Alc values are still in the normal range. This loss of
FPIR can now be considered an indicator of imminent decompensation as frank diabetes will
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typically occur within a matter of months (9). The immunology community has sometimes
blamed cytokines or other immune factors for the loss of FPIR in T1D, but this does not

fit with the observation that when pancreases are studied shortly after diagnosis most islets
have no evidence of lymphocytic infiltration (81, 90). Based upon the known occurrence of
remission (81) and a limited number of available pathology studies, B-cell mass at the time
of diagnosis can be estimated to be in the range of 30% or even higher. Thus, it is difficult to
see how inflammation affecting only some islets or circulating cytokine levels could explain
the complete loss of FPIR. We know that loss of FPIR is associated with many changes of
the B-cell phenotype, including increased expression of genes that promote the appearance
of both MHC class I and Il antigens (46, 91). The appearance of these antigens may
contribute to the accelerated rate of autoimmune killing and the more rapid development of
frank diabetes. Other evidence pointing to this acceleration is the finding during this time
period of increased circulating unmethylated insulin DNA (92) that is thought to reflect
B-cell death.

Loss of FPIR is associated with major changes in pB-cell gene expression

that become more severe as glucose levels rise

While derangements in B-cell phenotype and function can be found when glucose levels are
still in the normal range (Stage 2), they become much more disrupted when glucose levels
climb into stages 3-5. For example, glucose potentiation of arginine-stimulated insulin
secretion in full-blown T2D was found to be about 15% of normal (93). Knowing that the -
cell mass in such subjects with T2D is roughly 50% that of normal suggests that p-cells are
probably functioning at about only 30% of their capacity throughout the day. These findings
have important implications for therapy because based upon functional improvements seen
with bariatric surgery in T2D (82, 83) and various treatments (84, 94), lowering glucose
levels with treatment of any kind should restore an important proportion of B-cell function.

The changes in B-cell phenotype seen in the presence of chronic hyperglycemia state have
been described as dedifferentiation (16), which partially fits with the increased expression
of many genes that are suppressed during the course of normal B-cell development.
Remarkably, in our study of gene expression of islets obtained 4 weeks after partial
pancreatectomy in rats, with very mild glucose elevations, 2313 of 13,971 (17%, adjusted P
value less than 0.01) of the analyzed genes were differentially expressed, and in the group
with higher glucose levels studied at 10 weeks after surgery 7844 of 15207 genes (52%)
were differentially expressed (46). Many of the changes fit with what was already known
(32), others open up new avenues.

As mentioned, a leading hypothesis is that the marked abnormalities of insulin secretion

are caused by B cells being exposed to higher concentrations of glucose than they are
accustomed to, hence the use of the term glucose toxicity. We know that isolated islets
cultured in elevated concentrations of glucose will lose some their secretory responses to
glucose (95, 96). While we must be careful about making too much of the tissue culture
results, studies in humans with T2D or T1D and multiple animal models in which p-cells
mass is reduced either by surgery or by the beta cell toxin streptozocin (97) have remarkably
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similar findings of tightly correlated elevations in plasma glucose and impairment of

GSIS. These changes in function correlate very well with changes in the gene expression.
Importantly, the secretory abnormality and gene expression abnormalities are reversed when
glucose values are normalized (16, 62).

There are a growing number of studies measuring gene expression in (8 cells and islets of
humans with T2D and animal models of diabetes. Similarities in the findings are becoming
more and more evident. Our studies of gene expression of islets in rats with surgical
reduction of B-cell mass using partial pancreatectomy (46) provide data that complement
what is found in other systems (98). As expected, there was marked reduction of key
B-cell genes including insulins 1 and 2, and major transcription factors important for p-cell
identity including Pdx1, Nkx6-1, and MafA. In addition, there were marked changes in the
genes responsible for the machinery that facilitates the metabolism of glucose to produce
ATP. The marked impairment of GSIS in the diabetic state fits well with the disrupted
expression of genes important for metabolism in B cells. There were marked decreases

in the expression of key genes including glut2 (Slc2a2), glucokinase, the sulfonylurea
receptor, the potassium channel, mitochondrial shuttles, glycolysis and the Krebs cycle
(enolase 2, phosphofructokinase, pyruvate carboxylase as well as notable upregulation of
the disallowed genes lactate dehydrogenase, monocarboxylate transporter 1and aldolase B.
Thus, the elegant ways in which B-cells link glucose metabolism to insulin secretion are
markedly torn apart. These findings fit very well with studies of islets obtained from cadaver
donors with T2D in which generation of ATP from glucose was markedly impaired (19).

Major defects in the distal steps of insulin secretion cannot explain the loss

of FPIR by glucose

How does

The complicated process of exocytosis has been thoroughly studied leading to a good
understanding of how insulin-containing granules are transferred from the Golgi to the
plasma membrane to be docked and then released (99). The key point is that in T2D FPIR
to a variety of secretory agents other than glucose remains intact, including to arginine,
glucagon, GLP1, sulfonylureas and isoproterenol (3), but the responses to these agents

are very poorly enhanced by glucose potentiation. To clarify, subjects with T2D will have
completely absent FPIR to glucose but will have FPIR responses to arginine or isoproterenol
that are very similar to control non-diabetic subjects (93). However, when glucose levels are
increased by glucose infusions, there is a large potentiation of the responses to these two
agents in the non-diabetic subjects but almost none in those with T2D (100). Therefore, one
can conclude that in T2D the granules are well positioned for exocytosis and can response
to signals such as cyclic AMP or depolarization, but the first-phase signals from glucose are
unable to stimulate insulin release by itself or through potentiation.

the heterogeneity of T2D relate to B-cell dysfunction?

There is great interest in the heterogeneity of T2D (101) and even in T1D. It is clear that
there are a wide variety of genetic and environmental factors that lead to the outcome of
T2D. Some exert their major influence by increasing insulin resistance while others no doubt
exert their effects mainly on p cells, but then in virtually all of these situations p-cells
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function becomes inadequate to maintain normoglycemia and then the p cells become
dysfunctional, as evidenced by loss of FPIR and changes of their identity with many changes
in gene expression. The main point is that there are many paths to diabetes but when p-cells
start to falter and then continue the process of failure, the changes that occur in  cells are
very similar whether in T1D or T2D, or in young, old, obese, or lean individuals.

Posing some questions that should be examined

We predict that that more sharply defining the progression from normal to diabetes will
provide very valuable information. There are four conditions that, if studied carefully, could
provide important insights because the B-cell phenotype of each as determined by gene
expression or other measurements should be very distinct in each case. It might be best to
carry out these studies first in rodent models because they can provide more precise data,
which can then be used to guide experiments with human p cells. The conditions are:

First: Normal controls

Second: B cells compensating to increased demand with increased insulin output and fully
intact FPIR. We know that there are important changes in gene expression at this stage but
have little understanding of how this works.

Third: B cells with minimal hyperglycemia and loss of FPIR. This would provide insights
into the state of impaired glucose tolerance. It seems there is a problem with the triggering
phase of GSIS that should be explored.

Fourth: Frank diabetes with the combination of loss of FPIR and hyperglycemia. These are
likely to provide new insights on mechanisms of B-cell vulnerability.

It would also be instructive to determine the extent to which these changes are reversible.
These types of experiment and others can also address the fundamental question of what

is the difference between beta cells that are “working” with increased flux of glucose
through metabolic pathways in the absence of hyperglycemia as compared to what is
happening in the presence of hyperglycemia? Recent experiments have found evidence in a
phenotypic change in the B cells of mice with an activating mutation in glucokinase but no
hyperglycemia (58).

The importance of recognizing how much we do not understand

At this point we are probably safe is concluding that B-cells exposed to high glucose

levels develop severe abnormalities of insulin secretion and major changes in p-cell

gene expression, and that these changes are largely reversible. However, we have little
understanding as to how glucose exerts these effects. We know that glucose can influence
growth and various other pathways; surely its metabolism in B cells must be able to
influence gene expression. Therefore, we suggest that the problem begins when increased
flux of glucose causes changes in gene expression that lead to alterations in the elegant
machinery that links glucose metabolism to insulin secretion. In its early stages the damage
shows up as reduced FPIR but then as it becomes more severe, p-cell identify is dramatically
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altered, which leads to major changes in secretory function and factors that influence
survival. Our commentary has not touched on many areas of intense investigation, but we
can expect that the relative importance these processes and how they relate to the complex
effects of glucose metabolism in B cells will be sorted out with time.

In spite of these remarkable changes, p-cell mass can be remarkably well-maintained even
for decades in the face of continuing hyperglycemia. Knowing that at least some of the
dysfunction is reversible provides further impetus to continue our efforts to fill these many
gaps in our knowledge.
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Highlights

B-cell mass and glucose-induced first phase insulin release (FPIR) are increased by
insulin resistance, but with slight increases in fasting plasma glucose levels, FPIR is
abolished. This loss of FPIR is associated with increased risk of progressing to diabetes.
The most attractive way to explain these changes is that they are driven by glucose.
However, while the circumstantial evidence supporting the relationship is strong, the
responsible mechanisms have not been found. The complexities of addressing this
challenge are discussed and suggestions for experiments are proposed.
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Figure 1.
Abrupt loss of glucose-stimulated first phase insulin release (FPIR) with increasing fasting

plasma glucose levels. Data are taken from the study of Brunzell et al (15). When glucose
levels increased to the range of 100-114 mg/dl, FPIR is reduced to 40% of normal and with
further increases in fasting glucose FPIR was absent.
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