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Abstract

Glucokinase activators (GKAs) are being developed and clinically tested for potential antidiabetic
therapy. The potential benefits and limitations of this approach continue to be intensively debated.
To contribute to the understanding of experimental pharmacology and therapeutics of GKAs, we
have tested the efficacy of one of these agents (Piragliatin) in isolated islets from humans with
type 2 diabetes mellitus (T2DM), from mice with glucokinase (GK) mutations induced by ethyl-
nitroso-urea (ENU) as models of Maturity Onset Diabetes of the Young linked to GK and
Permanent Neonatal Diabetes Mellitus linked to GK (PNDM-GK) and finally of islets rendered
glucose insensitive by treatment with the sulphonyl urea compound glyburide in organ culture. We
found that the GKA repaired the defect in all three instances as manifest in increased glucose-
induced insulin release and elevated intracellular calcium responses. The results show the
remarkable fact that acute pharmacological activation of GK reverses secretion defects of B-cells
caused by molecular mechanism that differ vastly in nature, including the little understood
multifactorial lesion of B-cells in T2DM of man, the complex GK mutations in mice resembling
GK disease and acute sulphonylurea failure of mouse p-cells in tissue culture. The implications of
these results are to be discussed on the theoretical basis underpinning the strategy of developing
these drugs and in light of recent results of clinical trials with GKAs that failed for little
understood reasons.
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Introduction

Glucokinase (GK)-expressing cells are essential components of the glucose homeostatic
system of man and common laboratory animals (figure 1) [1]. This includes prominently the
insulin producing p-cells of the pancreas — where the enzyme serves as glucose sensor — and
equally significant the parenchymal cells of the liver — where it serves as general regulator
of intermediary metabolism controlling glycogen synthesis, gluconeogenesis, lipid synthesis
and urea production [1,2]. It is not surprising then that mutations of the GK gene were found
to cause diabetes or hypoglycemia in humans when the mutation inhibits or activates GK,
respectively [3-11]. Because of its central role in glucose homeostasis, GK was targeted for
drug development with the goal to augment its activity and thereby reduce hyperglycaemia
in patients with diabetes mellitus. This effort was successful and resulted in the discovery of
small molecular weight allosteric glucokinase activators (GKAs) which were shown to
enhance glucose-stimulated insulin release and reduce hepatic glucose production in normal
and diabetic laboratory animals and also in patients with T2DM [2,12-15]. However, in a
recent trial of 54 weeks with 587 T2DM patients, the GKA MK-0941 lost efficacy over time
and resulted in increased serum triglycerides and systolic blood pressure which lead to the
termination of this particular trial but also raises questions about the soundness of the
approach to use GKAs as antidiabetic medication [16]. In this report, we briefly discuss
published and new information which validates and strengthens the rationale and continued
efforts to develop suitable GKAs for treating diabetes mellitus, but we also emphasize that
our understanding of the central role of GK in glucose homeostasis and in the pathogenesis
of T2DM remains woefully fragmentary, which greatly limits future work and potential
progress in the exploration of this pharmacologically very powerful and promising new class
of antidiabetic oral agents.

Enzyme Kinetics and Molecular Biophysics of the Pancreatic Islet Cell GK

Glucose Sensor

Any meaningful discussion of GKAs in pharmacological diabetes therapy has to be
grounded in a basic comprehension of the enzyme kinetics and the molecular biophysics of
GK, which explains its role as a glucose sensor and drug receptor. The glucose-
phosphorylating enzyme GK operates as a monomer with half saturation at about 7 mM
glucose and shows cooperative Kinetics with regard to its substrate glucose as indicated by a
Hill coefficient of about 1.7 [1,14,17-19]. This co-operativity is usually explained by the
‘ligand induced slow transition” model (the LIST model) which proposes that the enzyme
exists in two interconvertible conformations with low and high affinity for glucose and that
the catalytic cycle is relatively fast compared to the rate of the structural transitions [19-22].
As shown in figure 2, glucose induces a large structural change resulting in the closure of
the substrate site (panels A-D). During the course of R&D for GKAs and the parallel
biochemical genetic work on activating mutations of GK causing hyperinsulinaemia in
children, it was discovered that the enzyme has an allosteric activator site which is occluded
in the open conformation but is rendered accessible to GKAs when glucose is bound as
illustrated most clearly by panels E and F of figure 2. The locations of the contact amino
acids comprising the glucose-binding site and of those amino acids that form the drug
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receptor are shown in the open, ligand free state of GK and also in the closed form of the
ternary complex (figure 2, panels A-F). It should be realized, however, that more advanced
molecular biophysics models of GK co-operativity propose that as many as six distinct
conformations exist in equilibrium that is governed by the glucose concentration [23]. It is
known that ligand binding stabilizes the GK protein [23], which is highly thermolabile as
indicated by its Delta G of denaturation as low as 1.5 Kcal/mole (at 20 °C). This mechanism
of protein stabilization is of physiologically considerable significance as shown by induction
of the enzyme by culturing isolated pancreatic islets in the presence of mannoheptulose,
which competes with glucose for the glucose-binding site of GK, but is not phosphorylated,
an effect powerfully enhanced by GKAs [20,24]. It is not surprising then that functional and
structural instability as a result of genetic mutation can cause loss of enzyme resulting in
Maturity Onset Diabetes of the Young linked to GK (MODY-2) or Permanent Neonatal
Diabetes mellitus linked to GK (PNDM-GK) in humans and also in animals [3-9] (see
example below). The molecular features of GK are the basis of the enzyme’s glucose sensor
function in pancreatic p-cells. Playing this role in pancreatic -cells, it operates together with
the KATP channel and the voltage sensitive calcium channel by widely accepted
mechanisms [25]. Figure 1 indicates that GK serves also as glucose sensor of the pancreatic
a-cell mediating direct glucose suppression of glucagon secretion. However, the glucose
sensor role of GK remains speculative in that case as in most others depicted in figure 1.
Some investigators favour the view that glucose suppression of glucagon secretion is
entirely indirect mediated by paracrine factors including insulin, somatostatin or zinc
[26,27], whereas others including our laboratory have provided strong evidence that glucose
exerts a direct inhibitory action on a-cells which implicates GK as the sensor [28-30]. The
hypothetical role of GK as glucose sensor of a-cells is of high relevance in the context of
this discussion because it extrapolates to the possibility that GKAs might affect glucagon
release directly.

GKAs Restore Defective Function of B-cells of Severely Diabetic Mice with
Ethyl-Nitroso-Urea-Induced GK Mutations

We have recently reported on a mouse model of GK linked MODY (one allele affected) and
PNDM (both alleles affected), which were generated in the course of ethyl-nitroso-urea
(ENU) mutagenesis studies [31]. Diabetes in two different mouse lines was found to be
caused by inactivating mutations of the GK gene: K140E and P417R. These mutations
reduce the catalytic capacity of the enzyme only moderately but also increase thermal
lability of the protein. This results in very mild forms of MODY-2 in heterozygous and
severely diabetic forms of PNDM in homozygous mice, which still survive to adulthood
[figure 3 shows the blood sugars in the fed state of the GK-P417R line measured before
shipping the animals from Chicago to Philadelphia (panel A) and before sacrificing the
animals for islet isolation at the University of Pennsylvania (panel B)]. Acute treatment with
GKA lowered the blood glucose in the P417R line but not in the K140E line [31]. This
difference in responsiveness was unexpected in view of the similarity of the molecular
defect and the clinical phenotype. We speculated that culturing isolated islets from these
mice for several days in the presence of high glucose plus a GKA should normalize p-cell
function through ligand induced protein stabilization which can be expected to require days
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for developing a therapeutic effect. This turned out to be so as shown by the results with the
P417R/P417R line presented in figures 4 and 5. When islets from either homozygous mouse
line are cultured for 3—4 days in RPMI with 10 mM glucose present -cells are functionally
severely impaired as indicated by a total lack of glucose-stimulated insulin release and the
abnormal intracellular calcium tracings (figure 4A, C). Culturing in high glucose plus 3 uM
of the GKA Piragliatin repairs the defects in both diabetic lines. Note that the transient
inhibitory effect of Piragliatin on the insulin release profile in perifusion experiments with
control islets, most pronounced following culture in high glucose plus the GKA (panel 4B)
and also the high calcium baselines in controls and experimentals (panel 4D) are most likely
an indication that the treatment resulted in marked induction of GK and overstimulation of
the cells. Islets from mutant mice lacked an insulin response to glyburide but exhibited a
normal calcium rise (figure 5, panels A and C) illustrating the involvement of critical,
glucose-dependent factors in addition to elevated calcium in stimulus secretion coupling. It
is also possible that insulin stores are critically reduced in the P417R/P417R islets when
untreated. Exposing islets to high glucose plus the activator changes glyburide
responsiveness of controls and experimentals. The insulin response of islets with mutant GK
was normalized but that of the control islets was reduced after exposing islets to high
glucose plus the activator for several days (panel 5B). The calcium baseline is greatly
elevated in controls and experimentals, the glyburide effects are muted and, strikingly, high
potassium has no effect (panel 5D) showing that the aggressive treatment applied here fully
depolarizes the -cell and that this effect is plausibly more pronounced in controls than in
the islets with mutant GK.

We interpret these results as follows: extended exposure of islet cells to the glucose/drug
mixture is sufficient to induce the cells’ enzyme level primarily by stabilizing the labile
mutant GK protein and thereby augmenting glucose metabolism which then results in repair
of the secretory defect. In order to fully test this minimal working, hypothesis will require
quantification of GK protein levels and activity, of GK mRNA as well as establishing a time
course and the glucose and drug dependencies of the repair process.

GKAs Partly Repair Glyburide-Induced B-cell Dysfunction in an Islet Culture

Model

Sulphonylurea failure is known to develop with prolonged duration of using this class of
antidiabetic agents [32,33]. There is no ready explanation for this phenomenon. It has been
shown, however, that GKASs restore defective B-cell function in model experiments of acute
sulphonylurea failure in normal rats treated with glimepiride [34]. In order to understand the
underlying biochemical pharmacology of this restoration process, we have begun to explore
this phenomenon with an islet culture model of acute sulphonylurea failure. Mouse islets
were cultured for 3—-4 days in RPMI with 10 mM glucose with or without 0.1 uM glyburide
present and were then tested in a perifusion system with the same drug concentration to
assess glucose and amino acid induced insulin secretion using nutrient ramps to establish
concentration dependencies and define thresholds for stimulation of secretion. As shown in
figure 6A, inhibition of the KATP channel for several days in culture and continued during
the perifusion step doubles basal insulin secretion, shifts the glucose threshold to the left but
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decreases maximal glucose stimulated insulin release by about 75%. Furthermore, glyburide
treatment renders the p-cell highly sensitive to a physiological mixture of amino acids with a
threshold of about 2 mM and a maximal response of about 10 times basal at 12 mM of the
mixture (figure 6B). The result is comparable to that seen in isolated islets of sulfonylurea
type 1 receptor (SUR-1) KO mice which also lose glucose responsiveness but are sensitized
to amino acids [35]. The GKA Piragliatin at 3 pM, superimposed on glyburide during
culture and perifusion, raises basal insulin release more than fivefold and greatly sensitizes
the B-cells to glucose as indicated by a sharply defined threshold of about 5 mM. It also
seems that low glucose causes a transient inhibition of release before the threshold is
reached at about 5 mM (figure 6A). This treatment also increases the sensitivity of 3-cells to
amino acids as indicated by the biphasic release profile elicited by the amino acid ramp with
a sharply defined threshold of about 2 mM (figure 6B).

On the basis of current understanding of stimulus secretion coupling and the limited
information available at this stage of the study, it is difficult to explain the profound effect of
prolonged GKA treatment on insulin secretion of glyburide depolarized islets stimulated by
glucose or by amino acids. The extrapolation to the in vivo model of sulphonylurea failure
[34] is also tenuous. Still, glyburide treatment of islets in culture results in the expected
phenotype of fuel-stimulated insulin release: B-cells are depolarized, intracellular calcium is
probably elevated causing enhanced basal insulin release and glucose augments basal release
by providing metabolic coupling factors that are postulated to amplify the effect of calcium
by an unknown mechanism [25]. It can also be expected that at 10 mM glucose 3 pM
Piragliatin stimulates glucose metabolism and energy production maximally during the
culture period resulting in the striking amplification of the glyburide effect. As apparent
from figures 6A, B, insulin secretion of the islets primed with glyburide and Piragliatin in
the presence of 10 mM glucose is maintained at five to seven times the rate of controls even
in the absence of glucose suggesting that calcium, second messengers and metabolic
coupling factors remain elevated for a considerable length of time after islets have been
removed from the stimulatory culture medium. Such persistent activation would also explain
the prompt biphasic response to the glucose and amino acid ramps (see below for further
comments). A widely accepted view distinguishes between triggering and amplification
mechanisms in fuel-stimulated insulin release [25]. It appears then according to this concept
that GKASs greatly potentiate triggering as well as amplification processes. Hyperstimulation
of glucose metabolism is usually considered detrimental to B-cell function [36,37]. Yet even
under the extreme conditions of this study, there is little evidence for that, at least for the 4-
day duration of the experiment. The hyper responsiveness of the glyburide-treated islets to
an amino acid mixture requires special comments. It is difficult to reason that it is because of
enhanced intermediary metabolism and generation of metabolic coupling factors in view of
the results with glucose stimulation in this situation, showing greatly reduced efficacy. In
view of our earlier observation that inhibition of the SUR-1 receptor greatly sensitizes the -
cell to acetylcholine, glucagon-like peptide-1 (GLP-1) or IBMX [38], one should consider
the intriguing possibility that amino acid stimulation in this experimental condition might be
due to activation of G-protein-coupled receptors including the heterodimeric TIR1/T1R3
(“Umami’ receptor) or the homodimeric CaR (calcium receptor) which are involved in taste
sensation of amino acids and are being discovered to be present in mammalian endocrine
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cells [39] including nutrient sensing cells of the gut. In further support of this view, it was
observed that amino acids increase cCAMP and insulin secretion in islets of SUR-1 KO mice
and that this effect is inhibited by exendin-9-39 an antagonist of the GLP-1 receptor of the
f3-cell [40]. The presence of such nutrient receptors (NRs) in f-cells could also explain the
diagnostic protein intolerance and the high acute insulin release due to an intravenous
calcium challenge of children with hyperinsulinism caused by inhibitory KATP channel
mutation [41]. Similar speculations offer themselves logically to explain the astonishing
sensitivity of glyburide plus Piragliatin treated islets to glucose stimulation in view of the
discovery of G-protein-coupled sweet taste receptors in pancreatic $-cells which could be
unmasked when cells are sensitized by GK activation coupled with membrane
depolarization [42,43]. The present experimental design promises to be useful for
characterizing and identifying such mechanisms possibly involved in stimulus secretion
coupling of the islet p-cell, both in the triggering and the amplification processes. It would
be informative to test whether islets isolated from rats with sulphonylurea failure and of
those that were repaired with GKA treatment [34] show functional phenotypes resembling
those observed here in the organ culture model.

GKAs Repair Defective Bioenergetics, Calcium Metabolism and Insulin

Secretion of Isolated Islets from Human Subjects with T2DM

In two clinical trials, it was reported that GKAs are effective blood glucose lowering agents
in T2DM [13,16]. In a 7-day trial, it was shown that Piragliatin-stimulated insulin release
and reduced hepatic glucose production in a group of subjects with T2DM. Normoglycemia
was achieved with the highest dose [13]. However, the trial was discontinued for
undisclosed reasons. In a 54-week trial, MK-0941 significantly reduced blood glucose and
HBAUIc at the 14-week time point but lost effectiveness as the trial proceeded and also
caused hypertriglyceridemia and an increase of systolic blood pressure resulting in
termination of the project [16]. Additional trials with chemically different GKAs are
underway and promise to settle some of the questions raised by previous failed attempts.
Their outcome will be critical for the future of GKASs as antidiabetic drugs. To contribute to
the understanding of the biochemical pharmacology of GKAs in T2DM, we have
investigated the effects of Piragliatin on glucose-stimulated insulin release, respiration and
calcium metabolism of isolated islets isolated from the pancreas of individuals with T2DM.
We made the following observations [44]: islets from diabetics showed reduced glucose-
induced insulin release, a marked reduction of glucose-induced respiration and lower
intracellular calcium responses when exposed to glucose (figure 7). The defect of glucose-
stimulated insulin release observed here with islets from diabetics is moderate and seen only
at glucose concentrations at 6 mM and above (panel 7A). It is important to realize that these
islets were cultured at 23 °C for periods exceeding 7 days with 5 mM glucose present before
they were studied at the physiological temperature. We speculate that this extended
conditioning improves B-cell function, in part perhaps by eliminating the diabetic
environment and deleting critically involved toxic macrophages [45]. The defects of
bioenergetics and calcium metabolism are far more severe (panels 7B, E and F). These
defects were largely repaired by 3 uM Piragliatin except that maximal insulin release
remained lower than in the controls.
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There is obviously a giant gap between these acute studies with isolated islets from diabetics
and the long-term clinical trials referred to above which makes extrapolations difficult.
However, it seems reasonable to conclude that the ability of GKAs to repair a profound
defect of the bioenergetics of the pancreatic islet tissue in T2DM as shown in our
experiments is the critical downstream effect of the drug and that it is most probably
operative and beneficial in subjects receiving the drug. Panel 7E shows indeed that the GKA
normalizes the greatly reduced oxygen consumption rate (OCR) of T2DM islets in a way not
possible even by extreme glucose concentration of 25 mM which indicates that the drug
repairs dysregulation and not simply restores capacity of the enzyme. This data underscore
the need for intensive studies of GK regulation in islet cells from subjects with T2DM and
suitable animal models of the disease.

Discussion

It is now about 45 years since GK was identified in the p-cell islets of ob/ob mice [46],
about 25 years since GK was shown in human islets [47] and about 10 years since the
discovery of GKAs [12]. Knowledge related to the basic biochemistry and the role of GK in
glucose homeostasis in health and disease has since expanded tremendously as any literature
survey would convincingly demonstrate. However, as illustrated by the three presently
discussed examples dealing with the biochemical pharmacology of GKAs, there remain
large gaps in our understanding of this prominent molecule as glucose sensor, regulator of
intermediary metabolism and drug receptor.

This brief discussion focusses on the role of GK as glucose sensor of the pancreatic -cell in
man and common laboratory animals (figure 8). The emphasis of the minimal model
depicted here is on the central signalling pathway initiated by GK-mediated glucose
phosphorylation and culminating in the generation of ATP, increased intracellular calcium
and activation of protein kinase A, endoplasmic reticulum and protein kinase C [19,25,48].
This axial signalling system is regulated by receptor-mediated signalling pathways activated
physiologically by acetylcholine, glucagon-like peptide 1 (GLP-1) and insulin. It is
important that this regulation of the B-cell by neurons, hormones and perhaps directly by G-
protein-coupled transmembrane NRs — as discussed above [39,42,43] — depends absolutely
on active glycolysis and glucose oxidation. Insulin biosynthesis and secretion and processes
governing the turnover and number of B-cells are the end targets of these signalling systems.
GKAs thus affect this complex system profoundly.

Three aspects of this model require additional discussion: regulation of constitutive
expression of islet cell GK, direct interactions of GK with other islet cell proteins and
organelles and possible causes of limited durability of GKA action in patients with T2DM.

The nature of regulation of islet cell GK is a matter of debate. GK expression is controlled
by a single gene with two tissue-specific promoters [49]: the upstream neuroendocrine
promoter thought to govern constitutive expression in glucose sensor cells and the
downstream hepatic promoter governing insulin-dependent expression of the enzyme in
liver. Furthermore, it is important to realize that the enzyme is present in a- and in p-cells
and very likely also in D-cells. GK activity was comparable in islet tissue of control rats and
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of rats made severely diabetic with alloxan or streptozotocin both with and without insulin
treatment [30] and was found to be present in sorted a-cells [50]. Islet GK was found to be
inducible by the competitive not phosphorylated inhibitor mannoheptulose [20,24]. GK
MRNA levels and GK expression changes of islet tissue are not correlated [24]. Glucose
stabilizes recombinant GK in thermolability tests and this effect is enhanced by GKAs
[20,23] and as shown here by the observation that a combination of high glucose and a GKA
fully repairs defective B-cell functions in GK-deficient mouse islets. It is worthy of note that
25 mM glucose alone when present during the organ culture step is not sufficient to repair
the defect in pancreatic islets of K140E/K140E ENU-mutated mice (F. M. Matschinsky and
collaborators, unpublished results). We interpret available data to imply that GK expression
in islet cells is constitutive and is strongly influenced through stabilization by binding of
substrate and allosteric activators (GKAs). Thus, ligand binding per seis thought to induce
islet cell GK. Others believe that GK expression is primarily regulated by insulin [51]. The
observations related above speak against this view. We speculate that the repair of f-cell
function of islets from the GK-K140E/K140E and GK-P417R/P417R diabetic mice by
culturing in high glucose plus GKA as illustrated by figures 4 and 5 is because of
stabilization and induction of the GK protein by the ligands [23]. It can be extrapolated that
such a mechanism is also operative in the therapeutic application of GKAs in T2DM. The
results also imply that glucose and GKAs would induce GK in the a-cells and other GK-
expressing cells and may thus influence its putative role as glucose sensor in these cells.

GKA actions can be fully comprehended only if the complex interactions of GK with other
cellular constituents are also considered. In the B-cell, these include the direct protein/protein
interaction with the bifunctional enzyme F6P-2-kinase/F2,6P,-2-phosphatase [52] and with
the proapoptotic factor BAD [53] and also the close association with mitochondria [54] and
insulin secretory granules [55]. In the liver, one needs to consider the interaction with GK
regulatory protein [56], which sequesters the enzyme to the nucleus. Information on this
complex aspect of GK regulation for GKA pharmacology is very limited. The proposed
GK/BAD interaction and mitochondrial association of this protein complex is briefly
discussed here as one important example (figure 8).

BAD, a universally expressed protein involved in the regulation of apoptotic cell death [57],
was found to exist in a multiprotein complex which contained GK [53,54] and was
discovered to be associated with hepatocyte and islet cell mitochondria [53,54,58]. Islets of
BAD knockout mice had a 70% reduction of GK activity and defects of calcium metabolism
and glucose-stimulated insulin release [53]. These findings lead to the proposal that BAD
might serve a dual role, first as regulator of apoptosis and second as critical determinant of
B-cell GK levels [53,59]. It remains to be fully explored whether and, if so, how GKAs
affect this BAD/GK link of glucose metabolism and apoptotic processes. For example, are
the p-cell GK level and activity direct functions of the cell’s content and phosphorylation
state of BAD as suggested [53] or are the two molecules regulated independently? In any
case, a critical evaluation of the published data suggests to us the possibility of an alternative
interpretation with relevance to this discussion. It is important to note that the reported
phenotype of BAD KO mice [53,60] differs greatly from that of mice with pancreatic B-cell
GK deficiency and also of severe universal GK deficiency [31,61]. BAD KO mice are
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apparently not hyperglycemic [53,60] and, even more remarkable, their pancreas shows a
very significant expansion of islet numbers when maintained on a high fat diet, an adaptive
response that seems to be in compatible with the reported decrease of islet GK levels [61].
Furthermore, the secretory and calcium responses of isolated islets to glucose are only
marginally abnormal in BAD KO mice, which is also inconsistent with the reported three
fourth loss of GK compared to results with islets that have similar GK deficiencies. We
speculate that the islet hyperplasia could be explained by the deinhibition of antiapoptotic
factors as a result of the BAD KO (see figure 8). We further speculate that in the normal 8-
cell increased sequestration and neutralization of phosphorylated BAD in a mitochondrial
multiprotein complex including GK may be in part responsible for the commonly observed
f-cell expansion in diet induced obesity models as a result of enhanced antiapoptosis. It
needs to be tested whether GKAs facilitate formation of the proposed GK/BAD complex. It
is also necessary to explore whether GKAs affect the association of GK with the insulin
secretory granule and, if so, how (see figure 8). Future experiments will undoubtedly settle
some of the tantalizing question raised here.

In an attempt to determine the significance of the failed clinical phase 1l trial with the GKA
MK-0941 [16] three issues need to be considered, one pertaining to limited durability of the
blood glucose lowering effect and the others addressing the increase of the systolic blood
pressure and the development of hypertriglyceridemia. It is perhaps important to realize that
the patients participating in this trial had the disease for an average duration of 12 years, had
an average HbA1c of 9%, received an average daily dose of 45 U of insulin glargine and
many of them were treated with 1.5 g/day or more of metformin indicating a relatively
advanced stage of the disease probably associated with severe p-cell impairment. It is
possible that merely activating glucose metabolism by a GKA at this stage of the disease
may be detrimental to B-cells already in overdrive due to high blood glucose. Perhaps using
a low dose GKA regimen combined with activation of the GLP-1 receptor would be a better
approach because both impaired bioenergetics and second messenger signalling might be
improved synergistically at lower drug concentrations and overstimulation by glucose might
be avoided. The elevation of serum triglycerides is almost certainly the result of the hepatic
action of GKAs and could perhaps also be reduced by lowering the dose. Finally, it is
difficult to explain the rise of the systolic blood pressure. This very surprising side effect
may be unique for MK-0941 and results from its chemistry or its metabolism and may be
unrelated to the basic mechanism of action of GKAs. It cannot be excluded, however, that it
is caused by activation of GK-expressing cells that might be involved in the regulation of the
vasculature [62].

We estimate that about 150 patents for distinct GKAs have been filed during the last 12
years and there is good evidence that applications for new ones are still being submitted
which indicates that GK activation continues to be considered as a viable approach to
develop a new therapy for diabetes mellitus. We also conclude from experimental examples
presented here and the evaluation of the literature that GKAs have a unique potential as
antidiabetic agents. These deliberations illustrate, however, that progress in this endeavour
requires an intensified research effort to fully understand the complex role of GK in health
and disease so that the still hypothetical potential of GKAs may be convincingly assessed.
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Figure 1.
The network of glucokinase (GK)-containing tissues throughout the body and their

connections. Expression of GK in the pancreatic islet a and p-cells, other endocrine cells
(including pituitary and gut) and cells in the portal vascular tree and central nervous system
(including the hypothalamus and brain stem) makes up about 0.1% of the body’s total GK
complement. The liver contains the rest (about 99.9%). The pancreatic islet cells and the
liver constitute the basic GK-dependent regulatory system maintaining glucose homeostasis.
ANS, autonomic nervous system; GKA, glucokinase activator. With permission from
reference [1].
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Figure 2.
Effects of glucokinase activator (GKA) binding on glucokinase (GK) structure. Panels A

and B: Synergistic binding of glucose and GKA to GK induces a large conformational
change of the protein structure which allows the full visualization of the glucose-binding site
in the crystal structure and causes a major rearrangement of the allosteric drug receptor site.
Panels C and D provide a detailed view of the glucose-binding site in the open and closed
conformation. Panels E and F illustrate how glucose binding provides access of the GKA to
the allosteric site, which is occluded in the open conformation. The orientation of the cutouts
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in panels C and D is the same as in panels A and B but it is slightly changed in panels E and
F to better visualize the critical opening of the V62-G72 loop when ligands bind. Figure
design based on Kamata et al. [22].
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Figure 3.
Blood glucose levels of mice glucokinase (GK)P417R/PA17R and GKPALTR* mice. Panel A

shows the blood sugars in the fed state of the GK-P417R line measured before shipping the
animals from Chicago to Philadelphia; Panel B: blood glucose levels before sacrificing the
animals for islet isolation at the University of Pennsylvania. The small difference in blood
sugar levels of the fed animals is more likely due to reduced food intake as a result of
shipping the animals which were used 1 day after arrival.
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Effects of glucose and Piragliatin on insulin secretion and intracellular calcium
concentrations of islets isolated from control mice and from mice with a GKP417R/P417R
mutation induced by ethyl-nitroso-urea (ENU). Panel A: insulin release profile. Islets were
cultured for 3—-4 days in RPMI 1640 medium with 10 mM glucose present before they were
used for the perifusion experiment. A physiological amino acid mixture was present
throughout the entire run at 4.0 mM. Initially, islets were perfused in the absence of glucose
for 30 min and then a glucose ramp from 0 to 20 mM was applied during the next 25 min.
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The highest 20 mM concentration was maintained for another 15 min and then 3 pM of
Piragliatin was added to the perfusate for the next 25 min. Afterwards, all stimuli were
removed for 20 min and islets were then depolarized with 30 mM KCI. Panel B: islets were
cultured for 3—-4 days with 25 mM glucose and 3 pM Piragliatin. The same experimental
protocol as describe in panel A was employed to study insulin secretion. Panels C and D
show Ca2* profiles for the same islets preparations and conditions comparable to those
presented in panels A and B.
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Amino acid- and glyburide-stimulated insulin secretion and intracellular Ca2* in islets
isolated from control and glucokinase (GK)P417RIPALTR mice. Panels A and C: insulin
release and Ca2* profiles of islets cultured for 3-4 days in regular RPMI 1640 culture
medium with 10 mM glucose. Panels B and D: insulin release and Ca2* profiles of islets
cultured for 3—4 days with 25 mM glucose and 3 uM Piragliatin. Note that in contrast to
experiments presented in figure 4, the amino acid stimulus was introduced later during the

course of the perifusion.
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Piragliatin restores glucose sensitivity and enhances amino acid induced insulin release in
glyburide-treated mouse islets. Three experimental conditions were used during islet
culturing (for 3 days) and perifusion: (i) control islets were cultured in RPMI 1640 media
containing 10 mM glucose without further additions; (ii) 0.1 uM glyburide was added to the
culture medium described in condition 1; (iii) 0.1 uM glyburide plus 3 uM Piragliatin were
added to the culture medium described under 1. During perifusion, the drugs were present at
the same concentrations as during culture. Panel A: insulin secretion was stimulated by a
glucose ramp from 0 to 25 mM extending over a period of 50 min. Panel B: insulin release
was stimulated by a physiological amino acid mixture ramp from 0 to 12 mM extending
over a period of 50 min. Results are presented as mean + s.e. of three to four experiments.
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Impaired insulin release, oxygen consumption and intracellular Ca* concentration of
isolated islets from type 2 diabetic organ donors and the restoration of insulin secretion and
respiration by a glucokinase activator (GKA). Panel A shows the insulin release patterns of
healthy and type diabetic islets with glucose stimulation using stepwise increases of glucose
from 0 to 3, 6, 12 and 24 mM. Panel B shows the oxygen consumption profiles for the same
experiments during stepwise increase of glucose concentration followed by treatment with 5
UM of the uncoupler of Ox/Phos FCCP and 1 mM Na-azide. O, consumption was
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determined with a method based on phosphorescence quenching of metalloporphyrins by
oxygen [63]. Panels C and D show the insulin release and oxygen consumption patterns of
type 2 diabetic islets in the absence and presence of Piragliatin (3 pM). Panel E: comparison
of OCR glucose dependencies of healthy islets and those of diabetics and of the effect of
Piragliatin on these two sets of islets. Panel F: GKA effect on intracellular calcium
concentrations in islets from type 2 diabetic organ donors. HbAlc levels for the pancreas
donors with T2DM were 9.3, 11.0 and 7.4% as compared to an average of 5.6 % for
controls.
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Figure8.
Hypothetical involvement of glucokinase (GK) and therefore glucokinase activators (GKAS)

in the preservation and growth promation of pancreatic 3-cells. The interaction between GK
and protein factors governing apoptosis [(BCL-2, BCL-XL, BAD, BAK, BAX) the latter
two proapoptotic factors situated furthest downstream in the pathway but not shown] is
highlighted. The P-BAD/GK complex and its association with mitochondria is shown
[53,58]. For more details on P-BAD formation and the targeting of the proapoptotic factor to
mitochondria and the ER, see [57,59]. The glucose and thus GK dependency of glucagon-
like peptide-1 (GLP-1), insulin and acetylcholine initiated signalling processes is sketched
in. It is hypothesized that activation of these pathways and their enhancement by GKAs
protects B-cells from proapoptotic diabetogenic factors and enhances [3-cell replication or
neogenesis. It is further speculated that persistent deviations of free intracellular calcium
from a basal set point may favour apoptosis but that transient, perhaps oscillatory changes of
calcium may be beneficial. Note that for simplicity’s sake, the well established PKA, EPAC
and PKC signalling in insulin release is not shown. Selected abbreviations: Akt or PKB,
protein kinase B; Ach, acetylcholine; BAD, P-BAD, BCL-2 and BCL-x, mediators of
apoptosis and antiapoptosis; CAC, citric acid cycle; DAG, diacylglycerol; ER, endoplasmic
reticulum; EPAC, Rap GTPase guanine nucleotide exchange factor; ET, electron transport

Diabetes Obes Metab. Author manuscript; available in PMC 2015 May 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Doliba et al.

Page 25

and oxidative phosphorylation; FoxO, mediator of insulin and insulin like growth factor
signalling; GLP-1, glucagon like peptide 1; IRS-2, insulin receptor substrate 2; IP3,
trisphosphoinositol; NRs, G-protein-coupled nutrient receptors; Pdx-1 or IPF-1, insulin
promoter factor 1; PIP2, phosphotidyl inositol biphosphate; PKA, protein kinase A; PKC,
protein kinase C; Pyr, pyruvate. Modified from [24].
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