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The pancreatic B-cell has the unique capability to express the insulin gene and to
synthesize, store and release insulin exactly according to the needs of the body. In a
broad sense the B-cell can be regarded as a biological sensor of circulating metabolic
substrates, which are controlled by a feed-back system involving insulin secretion.
Insulin is synthesized on the endoplasmic reticulum in the form of preproinsulin
which is rapidly cleaved to proinsulin, transported to the Golgi zone and packed into
secretory granules. Proinsulin is converted into C-peptide and biologically active
insulin which is stored in the granules until released as a result of one or several
specific signals reaching the B-cell. The most important of these is an elevation of the
blood glucose level, which causes an insulin response directly proportional to the
glucose concentration. This process is of decisive importance for the short-term
regulativon of the blood glucose level. Of equal importance, however, is the total B-
cell mass, which determines the capacity for insulin productlon in the long-term and is
the result of an adaptive growth process.
A deficient insulin production in relation to the insulin requirement is a common
denominator of all types of diabetes. This state may be induced by the action of
toxins, viruses or autoimmune assaults on the B-cell or, perhaps, exhaustion from a
fong-standing functional demand on the insulin production. There is still poor
knowledge on the various states of insulin deficiency and a deeper insight into the
underlying mechanisms would greatly enhance the attempts to find a treatment or
cure for diabetes and also to introduce measures for complete prevention of the
disease. The present paper will summarize some recent observations on factors
regutating insulin production and mechanisms of B-cell proliferation and
degeneration.

A. INSULIN BIOSYNTHESIS

Control of insulin gene expression is achieved through synthesis, processing,
transport and degradation of insulin mRNA. The islet content of insulin mRNA is
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closely regulated and can vary mare than 10-fold during culture at different glucose
concentrations {9). Also jp_vivo insulin mRNA contenis are controlled by the
extracellular glucose concentration, in that the insulin mRNA contents decrease
during fasting and increase during glucose infusion (26). The enhancing effect of
glucose is due to a combination of stimulation of both the synthesis and the stability
of the messenger for insulin (47,72). Since glucose needs to be metabolized to exert
its effects, it is reasonable to assume that factors produced by the oxidative
metabolism may mediate the glucose effect. In addition, cAMP has been shown to
exert a selective effect on the transcription of the insulin gene (47). By using inhibitors
of polyamine biosynthesis it was recently shown that increased synthesis of
spermidine and spermine is necessary for glucose stimulated insulin gene
expression (80). The requirement for polyamines was specific for insulin mMRNA, since
total RNA synthesis and turnover were not affected by the inhibitors. The effect of the
inhibitors of polyamine biosynthesis on insulin mMRNA contents was counteracted by
cycloheximide. This suggests that polyamines increase insulin mRNA contents by
enhancing the stability of the messenger rather than increasing the transcription rate.
Besides glucose, which is the main modulator of insulin mRNA contents, other
substances have been shown to influence the metabolism of insulin mRNA and the
list of these substances is rapidly growing (76).

Interestingly, when insulin gene expression is assessed in various animal models for
non-insulin-dependent diabetes, a correlation between hyperglycemia and
decreased insulin mRNA is usually observed (71,76). However, it is not clear whether
a decreased insulin mRNA content is a cause or merely a consequence of the
glucose intolerance observed in these diabetes models. When islets from mildly
diabetic rats treated neonatally with streptozotocin are cultured in vitro, a restoration
of insulin mMRNA contents and insulin biosynthesis rates was observed at both high
and low glucose concentrations (81). This may.indicate that the islets did not possess
an inherent defect in the capacity to produce insulin and that hyperglycemia in vivo
was not the sole cause of the insulin mMRNA deficiency. Further studies are thus
necessary to assess the role of expression of the insulin gene in non-insulin
dependent diabetes mellitus (NIDDM).

Translation of insulin mRNA involves initiation, translocation to the endoplasmic
reticulum (via the so called signal recognition particle (SRP/SRP-receptor
mechanism), elongation and termination (73). Glucose exerts a rapid'and powerful
stimulation of the synthesis of insulin, an effect which is specific for insulin and does
not require increased synthesis of insulin mRNA (36). The initiation of protein
biosynthesis is considered as one of the major regulatory events and this process is
mainly regulated by islet protein phosphorylation (33). It was previously shown that
this process is stimulated by nutrients and theophylline (78). The latter observation
suggests that a cAMP-dependent protein kinase acts as an intracellular mediator of
this action. When the formation of the initiation complex has occurred, the SRP binds



to the signal sequence and the complex is translocated to the endoplasmic reticulum.
Also this process was found to be stimulated by nutrients, but not by theophylline,
leading to a preferential stimulation of insulin biosynthesis (78). It was recently shown
that both the SRP and its receptor contain subunits which bind GTP (5). In view of this,
we introduced a non-hydrolyzable GTP-analogue into islet cells by means of the
liposome technique, and observed a specific increase in insulin biosynthesis and an
increased translocation of insulin mRNA to the endopiasmic reticulum (84). This
suggests that GTP-binding proteins regulate this process and that glucose exerts its
effect by increasing the cytosolic GTP/GDP ratio.

B. INSULIN RELEASE

The mechanism for insulin release is finely tuned by a complex set of incoming
signals; e.g. nutrients and hormones carried via the blood, neuronal input from
surrounding nerve terminals, and paracrine influences from neighbouring islet cells.
An additional factor of importance for an adequate hormone release is the islet
vascular organization and blood flow. The islets have numerous fenestrated
capillaries, and the blood seems to flow from the centrally located B-cells towards the
peripheral mantle of non-B cells {57). Normally the islet blood perfusion is
proportional to the degree of insulin release, mainly due to the fact that glucose
selectively stimulates the islet blood flow by a mechanism mediated via the centrali
nervous system (37). However, since a 50% reduction in islet biood flow can still be
associated with an increased insulin release (38), it is likely that the blood perfusion
of the islets normally imposes no restrictions on the insulin release.

The intracellular events governing the release of insulin have been the subject of
intensive investigation during recent years. As a resuit of these studies evidence is
now accumulating that insulin secretion is closely regulated by different signaling
systems, encompassing phosphoinositide hydrolysis, increases in cytosolicCa2+ and
cyclic AMP generation.

Glucose plays a key role in insulin release and is capable of potentiating the action of
other secretagogues (45). The secretory response to ambient glucose concentrations
exceeding 5 mM is dose-dependent and sigmoidal, reaching half-maximal stimulation
at 8 mM and leveling off at 17 mM. Metabolism of the sugar seems to be necessary for
its insulin releasing effect, as inferred from the combined observations of an
attenuated secretory response to glucose by mannoheptulose, which inhibits
glycolysis, and the lack of insulin release in the presence of non-metabolizable
sugars (34). The major route of glucose metabolism involves its initial
phosphorylation by hexokinase and glucokinase, further conversion into pyruvate in
the glycolytic pathway and subsequent oxidative metabolism in the mitochondria.
Interestingly, islet B-cells seem to be organized to favour the mitochondrial oxidative



events, which yields the major fraction of the energy derived from the glucose
catabolism (61). The ATP thus generated will lead to an increase in the total islet ATP
content, with the most conspicuous increase occurring in the cytosal (34).

Recent findings have revealed the existence in the B-cell plasma membrane of ATP-
regulated K+-channels (G-channels) which control transmembrane K+ fluxes (11).
ATP may thus provide a link between glucose metabolism and changes in B-cell
electrical activity elicited by glucose. More specifically, the ATP produced by glucose
metabolism may close the G-channels resulting in depolarization and subsequent
influx of Ca?+ through voltage-activated Ca2+-channels. This influx of Ca2+ increases
the cytosolic Ca2+ concentration, an event triggering secretory granule translocation
and the exocytotic release of insulin (28). The effects of Ca2+ appear to be largely
mediated by a Ca2+-dependent regulatory protein, calmodulin. The significance of
these changes in Ca2+ are underscored by the observations that glucose-regulated
insulin release could be inhibited by calmodulin antagonists or blockers of voltage-
activated Ca2+-channels (34).

Another means of increasing cytosolic Ca2+ is via mobilization of Ca2+ from
intraceliular stores. This phenomenon has attracted great interest since the discovery
of inositol trisphosphate (IP3) as a second messenger, conveying receptor-mediated
signals and capable of releasing Ca2+ from the endoplasmic reticulum (6). IP3 is
formed during phospholipase C-catalyzed hydrolysis of phosphoinositol
phospholipids present in the plasma membrane. |P3 then diffuses into the cytosol and
binds to a specific receptor on the endoplasmic reticulum. This event, still awaiting
detailed characterization, results in the liberation of Ca2+ from the endoplasmic
reticulum. The second product of the phospholipase C-mediated reaction is
diacylglycerol, which functions as an endogenous activator of the Ca2+- and
phospholipid-dependent protein kinase C (39). Insulin producing cells transfected
with an activated c-Ha-ras oncogene increased their activities of both phospholipase
C and protein kinase C {4). The impontance of protein kinase C in the regulation of
insulin secretion has been explored by the use of tumor-promoting phorbol esters,
which are potent stimulators of protein kinase C when added acutely. It has been
found that phorbol esters are able to increase insulin secretion as well as B-cell
protein kinase C activity despite a lowering in the cytosolic Ca2+ concentration (2).
Moreover, the endogenous B-cell protein kinase C activity was increased by exposure
to a high glucose concentration (2). However, when protein kinase C was down-
regulated by prolonged phorbol ester treatment, there was still an intact response to
glucose with respect to insulin release and increase in cytosolic Ca2+ (2). Thus, these
results imply that protein kinase C activation apparently is of no major regulatory
importance in glucose-regulated insulin release. Nevertheless, protein kinase C
activation may be required for amplification of the insulin release in response to other
secretagogues by sensitizing the stimulus-secretion coupling to Ca2+. Sympathetic as
well as parasympathetic nerve fibers are abundant in the pancreatic islets (34).
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Whereas sympathetic stimulation, or the addition of sympathetic neurotransmitters
epinephrine or norepinephrine, inhibits insulin release via adrenergic receptars,
parasympathetic stimulation enhances insulin secretion (34). Likewise, insulin
release can be directly stimulated by addition of the parasympathetic transmittor
acetylcholine or its non-hydrolyzable analogue carbamylcholine. These latter
substances are believed to exert their action via muscarinic receptors coupled to
phospholipase C via a GTP-binding protein, and thus provoke insulin secretion by the
sequential release of IP3 and Ca2+.

In fetal B-cells the stimulus-secretion coupling displays a poor sensitivity to glucose.
Indirect evidence suggest that the immature insulin response reflects a deficient
coupling between substrate metabolism and transmembrane K+ fluxes. The issue of
whether this deficiency resides at the level of metabolism or ion transport was recently
addressed (55). The outcome of that study indicated that the ATP-regulated K+-
channels (G-channels) of the fetal B-cell did not close when glucose was added but
otherwise showed a similar sensitivity to ATP as those of adult B-cells. Similarly, no
differences in the characteristics of the voltage-activated Ca2+-channels were
detected between fetal and adult B-cells. On the other hand, fetal B-cells exhibited an
immature glucose metabolism in that they failed to increase their ATP content
following exposure to a high glucose concentration. A later study pointed io a lower
cellular content of the mRNA for the adenine nucleotide translocator, which
determines the rate of ADP-ATP flux between the mitochondria and the cytosol, as
one possible cause of the immaturity of the ATP metabolism in fetal B-cells (79). All in
all, these observations suggest that the deficient secretory response to glucose in the
fetal B-cell reflects an immature mitochondrial glucose metabolism resulting in an
inability to close the otherwise normal G-channel.

C. B-CELL PROLIFERATICN

The capacity for insulin production in the body is a function of both the number of 8-
cells and the ability of individual B-cells to release insulin in response to various
secretagogues. The total B-cell number reflects the balance between additions of
new B-cells through cell replication and the loss of senescent or injured B-cells
through cell death. It is conceivable that either an increased B-cell loss or a
decreased regeneration can lead to glucose intolerance and eventual diabetes.
Conversely, the induction of an increased growth of the 8-cell mass may ameliorate a
diabetic state or even prevent the onset of the disease. More insight into the
regulation of B-cell replication would therefore be instrumental for a better
understanding of the cause and natural history of any form of diabetes mellitus.

The B-cell replication is substrate dependent and glucose is a strong stimulator of this
process throughout postnatal life (29,31). The control of the replicatory activity is



exerted through regulation of the so called proliferative compartment of the whole cell
population (67). This measure is defined as the fraction of the whole cell population
which is able to divide and progress through the cell cycle. It has been shown that the
size of the proliferative compartment is directly proportional to the extracellular
glucose cancentration and that even in the fetal B-cells it comprises less than 10 %
at any glucose level. Knowledge on the size of the proliferative compartment also
provides a possibility to calculate the cell birth rate and the time it takes for a cell
population to reach a given number and volume. In the case of the B-cells a doubling
of the total mass at maximal glucose stimulation in the aduit rat would take not more
than about 30 days (31).

The B-cell replication is regulated not only by glucose but also by several growth
promoting peptides. Growth hormone (GH) has been extensively studied in this
context and its stimulatory effects on both B-cell replication and insulin production
have been well documented (48,68). The ability of GH to stimulate, in several tissues ,
the local production of somatomedin C/insulin-like growth factor 1 (IGF-1) led to a
search for this growth factor also in the islet B-cells. Addition of GH to islets
maintained in tissue culture stimulated release of IGF-1 from these islets {69). This
latter peptide also stimulated B-cell replication when added to islets in vitro and the
replication induced by GH could be partially abolished by addition of a monoclonal
antibody towards IGF-1 (69). GH therefore seems to stimulate B-cell replication via a
mechanism involving IGF-1. However, an additional peptide, namely platelet-derived
growth factor (PDGF), has a weak stimulating effect on the islet cells (70). Also
epidermal growth factor (EGF) and fibroblast growth factor (FGF) have been shown to
stimulate B-cell replication albeit to a lesser extent than GH or IGF-1 (49). A recent
approach to study B-cell replication has been to transfect these celis with various
growth promoting genes, such as (proto)oncogenes, and then determine their rates
of DNA synthesis. It was observed in this context that an oncogene coding for a
tyrosine kinase, v-stc, and a combination of C-myc and c-Ha-ras stimulated islet DNA
synthesis (74). Furthermore, coexpression on the islet cells of PDGF B-chain and the
PDGF B receptor also stimulated DNA synthesis (76).

Growth of the B-cell mass in vivo is normally adaptive, i.e. the amount of insulin
producing cells adapts to the insulin need of the body. This is exemplified by the
physiologic expansion of the B-cell mass during pregnancy (30) or the enormous
growth of the B-cells associated with the hyperphagia and insulin resistance which
characterize the recessively inherited obese-hyperglycemic syndrome in the mouse
{obob ) (10). However, a failure of the B-cell proliferation to meet the insulin needs
may lead to overt diabetes. This is amply demonstrated when the ob-gene is
introduced in certain mouse strains with a deficient capacity for an adaptive B-cell
growth in response to an increased insulin demand (10). In such animals the B-cells
fail to respond with adequate proliferation to the increased functional demand
imposed by the development of obesity and insulin resistance in the homozygotic



animals, which develop severe hyperglycemia. There is indirect evidence to suggest
that a similar mechanism may operate also in obese patients with NIDDM.
Morphological studies show that these patients have a significantly smaller mass of B-
celis than obese individuals with a normal blood glucose regulation (40). If this
reflects a deficient adaptive B-cell growth, then an inherited restriction on the ability of
B-cells to proliferate may represent a significant pathogenetic factor in the
development of NIDDM.

D. B-CELL DEGENERATION

There is general agreement that the onset of insulin-depentent diabetes mellitus
(IDDM) is preceded by a sub-clinical period, often lasting for years (13). This period is
characterized by the presence of circulating islet cell antibodies, abnormalities of cell
mediated immunity and the progressive loss of the insulin response to intravenous
glucose, while the response to secretagogues like glucagon and arginine is relatively
preserved. As a whole, these findings suggest a slow and progressive impairment
and destruction of the B-cells, probably due to an autoimmune response directed
towards the B-cells. However, the cellular and molecular mechanisms behind this
assault still remain to be clarified. Furthermore, little is known about adaptive and
defense mechanisms triggered by the B-cells after injury.

Studies in vivo of these problems have been hampered by difficulties in dissociating
the effects of toxic and/or immunologically mediated B-cell injury from those of the
progressive hyperglycaemia, inherent to the IDDM situation. It is of considerable
importance to develop in vitro systems in which isolated islets can be exposed to
different assaults and subsequently maintained in culture, allowing a detailed study of
the different factors outlined above (18).

It has been recently proposed that cytokines, released mainly from macrophages
infiltrating the islets, can be one of the key mediators of immune-induced B-cell
destruction in IDDM (46). in vitro studies have shown that interleukin-1 (IL-1) is toxic to
rat B-cells, as evidenced by structural degeneration (44,57,58), inhibition of total
protein and proinsulin biosynthesis (58,62), inhibition of insulin release, and a
decrease in insulin and DNA contents (58). IL-1 has recently been shown also to be
toxic to human B-cells in tissue culture (54). These deleterious effects of the cytokine
seem to be potentiated by tumor necrosis factor (TNF) (14,43) and interferon-y (53).
Also another cytokine, interleukin-6, exerts inhibitory actions on the B-cells, but in a
way which can be clearly separated from that of IL-1 (60). Interestingly, rat islets
exposed to IL-1 for 48 h present a marked decrease in the glucose-induced insulin



release, while these cells exhibit a higher insulin release in response to other stimuli,
like arginine and compounds able to rise intracellular cAMP (17,20). These islets, -
therefore, show a pattern of insulin release similar o that observed in the early
phases of human IDDM (25). The biochemical mechanisms behind this defective
response to glucose may be related to an impaired mitochondrial metabolism
(14,20,59). Thus, these cells have a normal glycolytic pathway, as evaluated by the
rate of glucose utilization, while there is a severe decrease in their glucose oxidation
(Fig. 1). Furthermore, the potentiation by TNF of the actions of IL-1 on the B-cells is
accompanied by an increased impairment in glucose oxidation. However, the fact that
exposure of pancreatic islets to streptozotocin, a B-cytotoxic agent able to induce long
lasting damage to the B-cells (16,63), also induces a preferential impairment in
mitochondrial metabolism (Fig. 1) (15) suggests that a defective mitochondrial
function is a common response of B-cells after different assaults.

The molecular mechanisms behind the initial IL-1 effects on the B-cells remain to be
clarified. Recent data suggest that the cytokine binds to specific surface receptors
(27). This is followed by protease activation {22,82), gene transcription and protein
translation (22,35). A convincing explanation of the mechanism(s) of action of IL-1 on
the pancreatic B-cells wili probably require a detailed characterization of which genes
are transcribed and which proteins are synthesized immediately after IL-1 exposure.

D.2. Therole of h ralycemia in 3- ncti

The possibility of a glucose-induced pancreatic B-cell toxicity remains an issue of
considerable debate. The basic concept is that the insulin secretory defects observed
in NIDDM and in the early phases of IDDM are due to a chronic hyperglycaemic
stimulation of a reduced 8-cell mass (for reviews see 8,51,54,71). There is an
impressive experimental support for this idea, relying mainly on animal models like
exposure of islet grafts to a diabetic environment (41), neonatal injection of
streptozotocin, partial pancreatectomy and in vivo infusion of glucose (51,54,71).
Although there are also several studies suggesting that islet cuiture in the presence of
high glucose can impair insulin secretion (54), other studies failed to reproduce such
a phenomenon in vitro (1,7,66), even when long-term exposure of islets to high
glucose concentrations was superimposed upon a previous toxic- or immune-
mediated injury to the islets {19,23). Moreover, it has been shown that sorbitol, which
may accumulate in several tissues of hyperglycemic animals, does not accumulate in
islet cells even at very high ambient glucose concentration (Zuo-giang-Li et al., to be
published). When studying the potential deleterious effects of high glucose in vitro, it
is crucial to demonstrate that the culture conditions are able to properly support the
function of the islets at near-physioiogical glucose concentrations. In two recent
studies it'was shown tHat, under adequate culture conditions, mouse and rat islets
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Figure 1. D-glucose metabolism in islets 6 days efter exposure to streptozotocin (SZ,
1.8 mM, mouse islets), 48 h exposure to interleukin-18 (IL-1B8, 2.5 U/ml, rat islets) or a
combination of IL-18 plus tumor necrosis factor (TNF, 1000 U/ml, rat islets). The
measurements of the D-[5-3H]glucose utilization rates (left) provide an estimate of the
glycolytic pathway, while the D-[6-14C]glucose oxidation (right) measures the
mitochondrial oxidation of glucose. Data adapted from references 14 and 15.



present similar rates of insulin release immediately after islet isolation and after
several days in tissue culture (23,81). Under these culture conditions, it was also -
shown that glucose concentrations in the range of 16.7 to 28 mM did not induce any
impairment in B-cell function (23,81). As a whole, these conflicting in vitro
observations raise the possibility that the described deleterious effects of glucose in
vitro may be the result of specific culture conditions, rather than representing a true
physialogical phenomenon.

This in vivo/in vitro discrepancy is puzzling, especially considering the fact that 3-cell
toxins like streptozotocin, alloxan, cyproheptadine and pentamidine, which impair 8-
cell function in vivo, also impair B-cell function in vitro (24). Two possible explanations
can be outlined. The first is that the artificial environment in vitro is unable to
reproduce the complex phenomenon observed in vivo. The second is that high
glucose, as a single factor, may indeed be harmless to islets of Langerhans, whereas
factors related to the metabolic dysfunction of diabetes, like free fatty acids and
branched chain amino acids, in combination with hyperglycemia may contribute to the
B-cell impairment observed in vivo. Recent data actually suggest that elevated free-
fatty acids can selectively inhibit glucose-induced insulin secretion (566). Finally, it
must be also considered that different genetic backgrounds can modify the sensitivity
of B-cells to the diabetic environment (41), making it difficult to generalize findings
from one strain or species to another.

In the context of IDDM, the possibility should be also considered that high glucose
can impair 3-cell function through an exacerbation of the autoimmune assault to the
islets. Indeed, culture of rat pancreatic islets at high glucose concentrations stimulates
the expression of islet cell autoantigens, such as the 64000-Mr protein (42), recently
shown to be the enzyme glutamic acid decarboxylase (3). On the other hand,
suppression of B-cell function reduces the expression of pancreatic
monosialogangliosides, also considered as potential targets for the autoimmune
assault to the B-cells (12).

D.3. Possible repair mechanism iv he B-cell

The findings in vitro that dispersed 8-cells (50) or intact islets (18) are able to
survive and even recover their functional activity after some cytotoxic assaults suggest
that these cells possess a capacity to activate repair mechanisms after injury. These
observations are corroborated by recent findings that islets isolated from pre-diabetic
NOD mice (an animal modei of autoimmune IDDM) are functionally suppressed
immediately after isolation, but can recover their function after one week in culture
(64).

So far, very little is known about the nature of the putative repair mechanisms
activated by the B-cells after injury. One of the well characterized stress responses of

10



eukaryotic and prokaryaotic cells is the synthesis of a group of proteins denominated
heat shock proteins (hsps) (65). It is generally accepted that the role of hsps is to
protect cells in situations of stress and to enhance the ability of cells to recover after
toxic or thermal injury. In mouse pancreatic islets, exposure to high temperatures
(42°C) induced a 4-10-fold increase in the hsps 70 and 90, which was paralelled by a
subsequent functional recovery of these islets (74). Furthermore, exposure of murine
islets to IL-1 also induced an increased synthesis of a protein with a molecular weight
around 70 KDa (32). This protein was recently confirmed, by western blot analysis, to
be the murine hsp 70 (21,83). interestingly, islets exposed to IL-1 for 48 h are also
able to recover their function, provided that they are cultured for a subsequent 6-7
days period in the absence of the cytokine (17). These observations suggest that, as
observed in other cell systems, hsps can be of significance for the repair of injured B-
cells.
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