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Highlights
Glucokinase catalyses the first step in
glucose metabolism. It functions as a
glucose sensor in the insulin-secreting
pancreatic beta-cells.

Activating mutations in glucokinase
cause too much insulin secretion (hyper-
insulinism), whereas inactivating muta-
tions cause too little insulin release and
varying degrees of diabetes. Glucoki-
nase activators have been trialled as an-
tidiabetic drugs but generally fail to
Type 2 diabetes (T2D) is a global health problem characterised by chronic
hyperglycaemia due to inadequate insulin secretion. Because glucose must be
metabolised to stimulate insulin release it was initially argued that drugs that
stimulate glucokinase (the first enzyme in glucose metabolism) would enhance
insulin secretion in diabetes. However, in the long term, glucokinase activators
have been largely disappointing. Recent studies show it is hyperactivation of glu-
cose metabolism, not glucose itself, that underlies the progressive decline in
beta-cell function in diabetes. This perspective discusses if glucokinase activa-
tors exacerbate this decline (by promoting glucose metabolism) and, counterin-
tuitively, if glucokinase inhibitors might be a better therapeutic strategy for
preserving beta-cell function in T2D.
enhance insulin secretion in the long
term.

Recent studies show it is a glucose me-
tabolite and not glucose itself that causes
the decline in beta-cell function in re-
sponse to chronic hyperglycaemia or di-
abetes. This argues that glucokinase
activation would exacerbate beta-cell
decline in diabetes.

Partial glucokinase inhibition prevents the
hyperglycaemia-induced decline in beta-
cell function in beta-cell lines and animal
models of diabetes.
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The enzyme glucokinase is essential for glucose homeostasis
Glucokinase (GCK or hexokinase IV) (see Glossary) plays a critical role in glucose homeosta-
sis. In pancreatic beta-cells it ensures that insulin secretion is matched to the circulating blood
glucose level, in the liver it facilitates glycogen storage and the post-prandial clearance of glucose
from the bloodstream, and in certain neurones and neuroendocrine cells it mediates glucose
sensing. Its critical importance for insulin secretion is convincingly demonstrated by the fact
that inactivating mutations in the glucokinase gene cause diabetes, whereas activating mutations
result in congenital hyperinsulinism. Given that insulin secretion is impaired in type 2 diabetes
(T2D), it was initially assumed that drugs that stimulate glucokinase activity might enhance insulin
secretion. Unfortunately, although preliminary results were promising, ultimately glucokinase ac-
tivators have not been successful. This review suggests reasons why this might be the case. It
also postulates that, paradoxically, glucokinase inhibitors might be a better therapeutic strategy
for preserving beta-cell function in T2D. Evidence from patients with heterozygous inactivating
mutations in glucokinase supports this idea.

Glucokinase serves as the beta-cell glucose sensor
Glucosemetabolism plays a central role in glucose-stimulated insulin secretion from the pancreatic
beta-cell [1] (Figure 1). Glucose enters the beta-cell via transporters that are insulin independent
and high capacity, so that intracellular and extracellular glucose concentrations rapidly equilibrate.
It is then metabolised via glycolysis and mitochondrial metabolism, leading to an increase in cyto-
solic ATP and a decrease in cytosolic ADP. These changes in adenine nucleotides cause inhibition
of the ATP-sensitive potassium (KATP) channel, which triggers membrane depolarisation and
leads to opening of voltage-gated calcium channels, calcium influx, and exocytosis of insulin gran-
ules [2]. In addition, glucose metabolism has effects downstream on KATP channel inhibition and
calcium influx that amplify insulin secretion. It is also required for insulin synthesis.

The phosphorylation of glucose, the initial step in glucosemetabolism, is catalysed by the enzyme
hexokinase, of which there are several isoforms (HK1–4). In most cells, the hexokinases
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Figure 1. Glucokinase serves as the beta-cell glucose sensor. Glucose is taken up and converted to glucose
6-phosphate by glucokinase. It is then metabolised via glycolysis and oxidative metabolism to produce ATP, which closes the
ATP-sensitive potassium (KATP) channels and triggers membrane depolarization, calcium influx, and insulin secretion.
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Glossary
Apoptosis: the process of pro-
grammed cell death.
Congenital hyperinsulinism: disease
in which insulin is persistently released in
an uncontrolled fashion, leading to dan-
gerously low blood glucose levels. Can
be caused by mutations in several dif-
ferent genes, including gain-of-function
mutations in the glucokinase gene
(GCK-HI).
Counter-regulatory response: the
physiological changes that act to elevate
blood glucose when blood glucose falls.
Euglycaemia: the normal blood glu-
cose level.
Glucokinase (GCK or hexokinase 4):
enzyme that catalyses glucose phos-
phorylation, the first step in glucose
metabolism. Found only in selected tis-
sues such as the pancreatic beta-cell
and the liver. Also known as hexokinase
4 (HK4).
Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH): a glycolytic
enzyme that catalyses the conversion of
glyceraldehyde-3-phosphate to 1,3-
bisphosphoglycerate.
Glycolysis: the metabolic process in
which glucose is converted into pyru-
vate.
Hepatic steatosis: the accumulation
of fat in the liver (>5% of liver weight).
Initially harmless but may progress to
cirrhosis.
Hyperglycaemia: high blood glucose
level (or high extracellular glucose).
Hypoglycaemia: low blood glucose
level (or low extracellular glucose).
KATP channel: ion channel that plays a
key role in glucose-stimulated insulin
secretion as it links glucose metabolism
to beta-cell electrical activity and insulin
secretion. Regulated by metabolically
generated changes in the ATP/ADP
ratio.
PDH: pyruvate dehydrogenase, the
mitochondrial enzyme complex that
converts pyruvate to acetyl-CoA.
PDK1: pyruvate dehydrogenase kinase
1, an enzyme that phosphorylates and
thereby inactivates pyruvate dehydro-
genase.
Streptozotocin: toxin that causes
beta-cell death.
Sulphonylurea: class of drugs that
binds to and inhibits the KATP channel,
thereby stimulating insulin secretion.
Used to treat neonatal and type 2 dia-
betes.
Type 2 diabetes (T2D): disease of
elevated blood glucose caused by an
expressed (HK1–3) have a high affinity for glucose, their capacity to phosphorylate glucose is sat-
urated at normal fasting plasma glucose levels (~5mM) and they are allosterically inhibited by their
end product, glucose-6-phosphate (G6P). Consequently, their capacity for glucose metabolism
is limited and they are insensitive to changes in plasma glucose within the physiological range
(Figure 2). By contrast, glucokinase (HK4), the only hexokinase expressed at any significant
level in the beta-cell, has several unique properties that make it an ideal glucose sensor [3]. It
has a sigmoidal glucose dependency, with an inflexion point at ~4 mM glucose, close to the
threshold for insulin secretion (~5 mM in human beta-cells and slightly higher in mice). It also
has a low affinity for glucose (EC50 ~8–10 mM) and it does not saturate at physiological glucose
concentrations (Vmax > 20 mM). Unlike other hexokinase isoforms, it is also not inhibited by G6P.
These properties ensure that the rate of glucose phosphorylation varies across the entire physi-
ological range (3–15 mM) and is proportional to the extracellular glucose concentration, thus en-
abling glucokinase to serve as the beta-cell glucose sensor.

Glucokinase is present in other tissues
Glucokinase is not confined to the beta-cell. It also serves as a glucose sensor in a number of
other neuroendocrine cells, some entero-endocrine cells, and certain glucose-sensing neurones
in the brain [4]. For example, in pancreatic alpha-cells, glucokinase is required for glucose-
dependent regulation of glucagon secretion [5–8], while in arcuate nucleus neurones it promotes
neuropeptide Y secretion [9]. In the liver, glucokinase plays an important role in glucose homeo-
stasis by ensuring glucose is rapidly cleared from the bloodstream following a carbohydrate meal
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Figure 2. Glucokinase (GCK) versus
hexokinase. Cartoon showing the
relationship between glucose concentration
and enzyme activity for hexokinase I and
glucokinase (hexokinase 4). Hexokinase I
has a high affinity for glucose and is already
fully saturated at fasting blood glucose
concentrations (~4–5 mM). Glucokinase
has a lower affinity for glucose and is only
active at higher glucose concentrations
such as those reached post-prandially
or in diabetes. Activation of glucokinase
(genetically or by drugs) shifts the dose-
response curve to the left, while inhibition
of glucokinase shifts it to the right.
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insufficiency of insulin. Pancreatic beta-
cells are present but fail to release suffi-
cient insulin in response to a glucose
challenge. Often accompanied by insulin
resistance.
and by maintaining blood glucose levels between meals [10]. It facilitates glucose uptake (by re-
ducing cellular concentrations of the unphosphorylated sugar) and is required for glycogen syn-
thesis and fat storage.

Glucokinase exists as two different isoforms, which have the same kinetic properties but different
functions [10,11]. These isoforms are encoded by the same gene, but separate promoters lead to
different splicing patterns, producing different variants of the enzyme. The downstream promoter
drives hepatic mRNA expression, while the upstream (neuroendocrine) promoter drives mRNA syn-
thesis in all other GCK-expressing tissues, including beta-cells [12]. Although the different promoters
result in a very short difference in the N-terminal sequence, this has no known functional effect.

The regulation of GCK expression and activity differs between tissues [10]. In beta-cells, GCK is
constitutively expressed, enabling the cell to respond instantly to changes in blood glucose levels.
In contrast, liver GCK is regulated at both transcriptional and post-translational levels to ensure its
activity is inhibited when blood glucose levels are low. Its expression is dependent on insulin and
inhibited by glucagon. It is also regulated at the post-translational level by the glucokinase regu-
latory protein GCKR. In the fasting state GCKR binds to GCK, which inactivates the enzyme and
causes its translocation to the nucleus [13]. Following a carbohydrate meal, GCK dissociates
fromGCKR and translocates back to the cytoplasm, where it stimulates glycolysis, glycogen syn-
thesis, and de novo lipogenesis. This shuttling does not happen in beta-cells, which lack GCKR.

Genetic activation of glucokinase
Given that glucokinase sets the rate of metabolic flux in the beta-cell, it was initially predicted that
glucokinase activation would enhance beta-cell metabolism and promote insulin secretion. How-
ever, this turned out not to be quite so straightforward.

Instead, overexpression of GCK in INS1 cells suppressed glucose utilisation at high glucose,
without affecting it at low glucose [14,15]. Levels of glycolytic metabolites upstream of glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) were markedly elevated, consistent with lim-
ited flux through this enzyme [15]. This was found to result from a failure to regenerate sufficient
NAD+, an essential cofactor for GAPDH.
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Consistent with these studies, activation of a homozygous gain-of-function GCK mutation (Y214C)
in adult mice rapidly triggered moderate fasting hypoglycaemia, beta-cell replication, and
increased oxygen consumption at 2 mM glucose, where GCK activity is normally negligible [16].
Surprisingly, however, the hypoglycaemia was transient, reaching a nadir after 4 days, and it was
subsequently followed by restoration of blood glucose levels. This was due to enhanced apoptosis
and a loss of beta-cells caused by double-stranded DNA breaks. GCK activation also resulted in
numerous gene changes [17], which resembled those found in islets from humans and mice with
diabetes, and in beta-cell lines cultured at high glucose [18–20]. These changes were evident during
the period of greatest hypoglycaemia, suggesting they were due to enhanced GCK activity and not
an elevated blood glucose concentration.

Whether human patients with activating glucokinase mutations similarly progress from
hypoglycaemia to hypoglycaemia remission remains unclear. Heterozygous activating GCK mu-
tations cause congenital hyperinsulinism (GCK-HI), characterised by persistent and unregulated
insulin secretion leading to life-threatening hypoglycaemia that usually manifests at, or shortly after,
birth [21–26]. The phenotype can vary, even in families with the same mutation, and some people
are not diagnosed until adulthood [21,27]. Some patients with GCK-HI mutations do not need
treatment and can manage their condition with diet alone. Those who are unable to do so usually
respond to diazoxide, which opens KATP channels, hyperpolarising the beta-cells and switching off
the excessive insulin secretion [25].

As for mice with the Y214C mutation, a greater incidence of apoptotic beta-cells is found in pa-
tients with GCK-HI mutations [16,28]. Thus, one might predict that the hypoglycaemia of GCK-HI
patients would gradually remit and might even progress to diabetes. Because of the rarity of the
disorder, it is hard to be completely confident that this is the case. Nevertheless, some mutation
carriers have indeed shown hypoglycaemia remission, or developed diabetes, with age [16,21].
This raises the interesting possibility that long-term overactivity of GCK leads to reduced beta-
cell functional mass in humans as well as mice (Figure 3). However, a greater number of observa-
tions are needed to be certain this is the case.

Glucokinase activators have failed to live up to their promise
Numerous small molecule GCK activators have been developed, based on the premise that they
will stimulate insulin secretion and enhance hepatic glucose uptake in diabetes [29,30]. These
drugs activate GCK by binding to its allosteric activator site and increasing the glucose affinity
and/or Vmax of the enzyme. Initial studies were promising. A single oral dose increased plasma
insulin and reduced blood glucose in both normal and diabetic rodent models [29]. Other studies
showed beneficial effects on glycaemia and diabetes progression in animal models [30–32].
Furthermore, in a small Phase 1 clinical trial a GCK activator lowered blood glucose levels in
patients with mild T2D [33].

However, right from the start it was recognised that there were potential risks to GCK activation.
These included hypoglycaemia due to an excess of insulin release at low glucose, beta-cell stress
due to overactivation, and hepatic steatosis (fatty liver) [34]. These warnings were justified when
hypoglycaemic episodes were reported in both animal models and patients with T2D treated
with GCK activators [33,35]. Furthermore, GCK activation enhanced lipid synthesis in the liver.
Significant hepatic fat accumulation was reported in db/db mice, an animal model of diabetes,
which were treated with GCK activators [36]. Most seriously, in a large 54-week long Phase 2
trial, patients with T2D developed hyperlipidaemia, hepatic steatosis, and vascular hypertension.
Blood pressure and plasma triglycerides were elevated and there was only a modest effect
on glucose regulation, which was not sustained and disappeared after 3–4 months [35].
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Figure 3. Effects of glucokinase (GCK) activation and inhibition. (A) Under control conditions, glucose flux throughGCK increases in response to acuteglucose elevation,
leading to stimulation of insulin release. (B) When GCK activity is severely reduced (as in permanent neonatal diabetes caused by GCK mutations) metabolic flux and insulin
secretion are impaired. (C) Severe GCK activation (as seen with some GCK mutations that cause congenital hyperinsulinism) initially stimulates metabolism and insulin
secretion but subsequently leads to impaired metabolism and insulin release. (D) In diabetes, plasma glucose levels are chronically elevated. This eventually leads to
suppression of mitochondrial metabolism and insulin release. (E) Partial inhibition of GCK in diabetes restores normal levels of metabolic flux and insulin secretion, despite the
elevated plasma glucose levels.
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Subsequently, other trials failed to show long-term improvements in glycaemia [37]. This loss of
efficacy has been a major reason for why GCK activators have fallen out of favour.

More recent studies have revived the idea that GCK activators may be useful in T2D. The SEED trial
showed that newly diagnosed T2D patients treated with the GCK activator dorzagliatin had lower
HbA1c levels after 24 weeks than those treated with placebo [38]. Interestingly, however, when the
placebo-treated patients were subsequently treated with dorzagliatin for a further 28 weeks, their
HbA1c was significantly less than that of patients treated with dorzagliatin for the full year. This raises
the possibility that the drug may compromise beta-cell function in the long term and suggests its ef-
ficacy is primarily due to its action on the liver [39]. Further, and longer term, studies are now needed.

Such mixed results have led many to question the use of GCK activators to treat impaired insulin
secretion in T2D [30,37,40,41]. Indeed, is the rationale for the use of GCK activators flawed?
Given that recent studies suggest enhanced glucose metabolism, rather than glucose per se, un-
derlies the progressive deterioration of beta-cell function in diabetes [42,43], might we, in fact, be
looking at the problem the wrong way around?
Trends in Endocrinology & Metabolism, February 2023, Vol. 34, No. 2 123
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Beta-cell metabolism is impaired in T2D
T2D is characterised by defective insulin secretion from the pancreatic beta-cells, which results in
chronically elevated blood glucose. The disease is progressive, beginning with impaired glucose
tolerance and progressing to overt diabetes as beta-cell function gradually fails. By the time of
diagnosis, it is estimated only 50% of beta-cell function remains. The precise trigger for T2D is
still contested and it appears to be both phenotypically and genetically diverse [44]. However,
there is good evidence that once chronic hyperglycaemia is established it contributes to beta-
cell decline. Both diabetes and chronic exposure of beta-cells to hyperglycaemia experimentally
have deleterious effects on beta-cell function, including a dramatic loss of insulin content, marked
changes in metabolic and other gene expression, decreased glucosemetabolism, and, eventually,
a partial loss of beta-cells [18–20,43,45–47]. Importantly, genes involved in mitochondrial metab-
olism are downregulated, while PDK1, which inhibits PDH and thereby pyruvate entry into the
TCA cycle, is upregulated [43]. These changes further impair glucose-stimulated insulin secretion
and lead to increasing hyperglycaemia, thus promoting a vicious spiral that underlies the progres-
sion from impaired glucose tolerance to overt diabetes [20].

There is substantial evidence that lowering blood glucose can cause T2D remission. First, inten-
sive insulin therapy is able to reverse newly established diabetes, at least for diabetes of short du-
ration [48]. Second, a very low-calorie diet normalises plasma glucose levels within a week,
restores first-phase insulin secretion within 8 weeks, and results in diabetes remission [49,50].
Third, patients who undergo bariatric surgery, which leads to caloric restriction, often show remis-
sion of diabetes long before there is any substantial weight loss [51]. Furthermore, patients with
neonatal diabetes due to gain-of-function KATP channel mutations have normal insulin secretion
when given sulphonylurea drugs, even after many years of diabetes [52,53]. These data tell
us that reversing chronic hyperglycaemia in diabetes restores beta-cell function. However, com-
pliance is a problem with very low calorie diets and bariatric surgery and intensive insulin therapy
are not available to all. Furthermore, remission is dependent on the capacity for beta-cell recovery
and is primarily effective in individuals with diabetes of short duration [50]. Thus additional
methods to slow or reverse beta-cell decline in T2D are needed.

There is accumulating evidence that the detrimental effects of chronic hyperglycaemia are medi-
ated not by glucose itself, but by a metabolite downstream of glucokinase and upstream of
GAPDH [42,43]. This raises the possibility that reducing glucokinase activity might prevent the
deleterious effects of high glucose (Figure 3). Mannoheptulose is a 7-carbon sugar found at
high concentrations in unripe avocado, which acts as a competitive inhibitor of glucokinase [54].
It has been shown both to prevent, and to reverse, the deleterious effects of chronic hyperglycaemia
in beta-cell lines and islets [42,43,55,56].

Genetic reduction of glucokinase activity in diabetic mice can also partially alleviate
hyperglycaemia and the consequential reduction in beta-cell mass [56–58]. Mice carrying a het-
erozygous gain-of-function KATP channel mutation develop neonatal diabetes, as do mice ex-
pressing a GCK inactivating mutation. However, mice that simultaneously expressed both
heterozygous mutations showed lower blood glucose levels, improved glucose tolerance, and
greater insulin content [58]. This is likely because the GCK mutation reduces glycolytic flux and,
thereby, the accumulation of glycolytic metabolites and gene expression changes that impair
beta-cell metabolism and insulin release.

Partial GCK inactivation also ameliorated glucose intolerance in db/db mice [57]. Mice that
were simultaneously homozygous for the dbmutation and heterozygous for a null GCK mutation
(gck+/–db/db mice) were moderately more glucose tolerant than db/db or gck+/– mice at
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24 weeks of age, although notably this difference only presented at about 12 weeks of age.
Heterozygous gck+/–db/db mice also had more beta-cell mass than db/db mice, as assessed
by insulin staining, and their islets secreted more insulin. Furthermore, metabolic genes that are
upregulated in islets from diabetic rodent models and human patients with T2D [18–20] were
also lower in gck+/–db/db mice [57].

Overnight treatment of isolated db/db islets with the GCK inhibitor mannoheptulose enhanced in-
sulin secretion and restored pulsatile release [56]. Paradoxically, in contrast to control islets,
mannoheptulose also enhanced ATP content and restored NAD(P)H flux. Likewise, GCK inhibi-
tion reversed the impaired insulin secretion found in islets isolated from mice carrying a loss-of-
function mutation in the TCA cycle enzyme fumarase [55], and prevented the changes in gene ex-
pression, and insulin secretion produced by chronic hyperglycaemia in INS-1 cells [42,43].

Taken together, these studies suggest that what drives progressive beta-cell failure in T2D is ex-
cessive glucose metabolism and that reducing metabolic flux by decreasing glucokinase activity
is beneficial. Importantly, they also explain why glucokinase activation is not a useful therapeutic
strategy in T2D; in the long term it merely exacerbates the problem. This raises the question of
whether reducing glucokinase activity may provide a better approach to diabetes therapy.

Consequences of total loss of glucokinase activity
Given that GCK acts as the beta-cell glucose sensor, it is unsurprising that a total loss of gluco-
kinase activity in either humans or mice results in severe diabetes. Mice homozygous for either a
global or beta-cell-specific deletion of gck died of diabetes within a week of birth due to severe
diabetes [59,60]. Likewise, homozygous inactivating mutations in the human glucokinase gene
cause permanent neonatal diabetes (GCK-PNDM) [61]. Fortunately, they are extremely rare. All
GCKmutations act by decreasing glucose-dependent ATP production, which results in impaired
KATP closure. Consequently, insulin secretion is reduced, leading to diabetes (Figure 3).

Nevertheless, some species lack GCK completely, with no adverse effects (Box 1).

Heterozygous inactivating GCK mutations cause mild diabetes
Mice expressing a heterozygous inactivating GCK mutation, which possess only ~50% Gck ac-
tivity in their beta-cells, exhibit early onset mild diabetes, with slightly elevated fasting blood glu-
cose levels and mild glucose intolerance. Insulin secretion from isolated islets is normal at 3
and 20 mM glucose, but secretion in response to 10 mM glucose is significantly impaired, con-
sistent with a shift in the glucose dose-response curve to higher glucose concentrations. This
is associated with a similar shift in the sensitivity of the KATP channel to glucose inhibition [65],
which underlies the lower insulin release. Likewise, the I336F mutation in GCK, which reduced
Box 1. Hummingbirds do without

Many vertebrate species that have a limited carbohydrate diet, including ruminants and some carnivores, lack all GCK ac-
tivity in their liver [62]. This is because liver GCK activity is only needed when blood glucose levels are elevated above the
homeostatic set-point; for example, due to dietary carbohydrate or excess gluconeogenesis. However, while liver GCK ac-
tivity is not required in these species, they still need beta-cell GCK for insulin secretion and glycaemic control. By contrast,
the ruby-throated hummingbird entirely lacks glucokinase in its genome [63]. Hummingbirds feed entirely on nectar, which
is very high in glucose, fructose, and sucrose. They maintain very high levels of plasma glucose in their bloodstream, which
can be as much as 17 mM in the fasted state and rises to ~40 mM after feeding [64]. This may be an adaptation to enable
the high metabolic rate demanded by rapid hovering flight. The lack of global glucokinase expression may account for the
elevated blood glucose. Despite their severe chronic hyperglycaemia, hummingbirds are not known to experience any of
the complications associated with diabetes. Why this is the case is unclear, but one possibility is that the lack of glucoki-
nase prevents the deleterious effects of glucose on their beta-cells, and on other glucose-sensing cells, by limiting exces-
sive glycolytic flux.
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enzyme activity to ~70% of normal in the heterozygous state, is associated with an increase in
fasting blood glucose and impaired glucose tolerance [66]. Liver-specific homozygous gck null
mice exhibit mild hyperglycaemia due to defective glycogen synthesis [60]. Insulin secretion is
also reduced, likely due to the deleterious effects of the resulting hyperglycaemia on the beta-cell.

Heterozygous loss-of-function mutations in humans cause a subtype of maturity onset diabetes
of the young (GCK-MODY) [67,68]. This is characterised by mild stable fasting hyperglycaemia
(typically 5.5–8 mM compared with 4–6 mM for nondiabetic subjects) which often goes undiag-
nosed [69]. The threshold for glucose-stimulated insulin secretion is only moderately elevated
(to ~7 mM) and glycated haemoglobin (HbA1c) is increased to around 7%. Unlike T2D,
hyperglycaemia is detectable at birth and deteriorates little with age: the increase in fasting
blood glucose is only about 5% over 70 years, which resembles that seen in nondiabetic family
members [70]. GCK-MODY patients also show only a relatively small increment in glucose during
an oral glucose tolerance test [70]. The 2-h concentration is around 9 mM and does not change
with age [70]. Glycogen synthesis in the liver is mildly reduced, as is the suppression of hepatic
glucose production produced by insulin [71,72].

Numerous inactivating humanGCKmutations have been identified [22]. Most decrease the affinity of
GCK for glucose and/or reduce the Vmax of the enzyme. Those that affect the EC50 increase the
threshold for glucose stimulation of insulin secretion and shift the glucose dose-response to higher
glucose concentrations. In essence, blood glucose is simply regulated around a new set point.

GCK-MODY patients do not require therapy
The prevalence of GCK-MODY is around 1.1 in 1000 but the disease is underdiagnosed as it is
asymptomatic and in many people goes unrecognised or is misdiagnosed as type 1 diabetes
(T1D) or T2D [69]. It is often only picked up in later life during routine health screening [73].
These patients do not need medication and there is no evidence for progressive deterioration
of beta-cell function [74]. Importantly, their prevalence of diabetic complications is low, despite
their lifelong hyperglycaemia [69,75]. In marked contrast to patients with T2D, individuals with
GCK-MODY are not at increased risk of microvascular and macrovascular complications (stroke
and ischemic heart disease). Neuropathy and nephropathy are rare. A slightly higher prevalence
of background retinopathy has been detected, compared with controls, but the rate of prolifera-
tive retinopathy is very low. Crucially, despite the mild hyperglycaemia, there appears to be no
progressive deterioration of beta-cell function.

Hypoglycaemia is a common side-effect of insulin therapy in diabetes. Because glucose is the
main fuel supply for the brain, hypoglycaemia can be fatal or result in lasting neurological damage.
Fear of hypoglycaemia means that most T1D and T2D patients are treated less aggressively with
insulin than would be optimal for glycaemic control, which enhances the risk of diabetic compli-
cations. Normally, robust counter-regulatory mechanisms ensure that hypoglycaemia does not
occur. These switch off endogenous insulin secretion when blood glucose levels fall and stimulate
the release of counter-regulatory hormones such as glucagon and adrenalin. GCK plays an im-
portant role in the counter-regulatory response: beta-cell GCK is responsible for suppression
of insulin release when blood glucose levels fall, alpha-cell GCK is responsible for the increase in
glucagon secretion, and neuronal GCK contributes to the adrenalin response.

Patients with heterozygous activating GCK mutations show enhanced counter-regulatory re-
sponses as their lower beta-cell GCK activity reduces glycolytic flux and triggers an earlier reduc-
tion in insulin secretion [76]. Their glucagon response also has an earlier onset, and a larger peak
amplitude, than that of either T2D patients or healthy controls. Similar results were seen in
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heterozygousmicewith a loss-of-function GCKmutation (I336F) [76]. In thesemice, the improved
response persisted after beta-cell ablation with streptozotocin, suggesting it does not involve
paracrine signalling in islets. It was also unaffected by knockout of brain GCK. This argues
that GCK-mediated sensing by alpha-cells plays an important role in the glucagon counter-
regulatory response. The adrenalin response was also increased in GCK-MODY patients, in
beta-cell ablated GCK-mutant mice, and in mice in which GCK was ablated in brain neurones.
Thus, brain GCK appears to be involved in triggering adrenaline release when blood glucose
levels fall. These data raise the possibility that GCK activators may increase the risk of
hypoglycaemia (by reducing the counter-regulatory response) and, conversely, that partial
GCK inhibition may enhance counter-regulatory defences to hypoglycaemia in both T2D and
T1D [76].

In summary, studies of the effects of heterozygous inactivation of GCK in human and mouse
demonstrate that a significant reduction in GCK activity produces a small rise in fasting blood glu-
cose but, critically, no progressive decline of beta-cell function or increased risk of diabetic com-
plications. In T2D, a target HbA1c level of <7% is recommended to reduce the risk of diabetic
complications. This target is, in part, based on the observation that GCK-MODY patients have
no complications. Similarly, it is widely assumed that the failure of diabetes to progress in GCK-
MODY patients is because their hyperglycaemia is relatively mild. However, these arguments
may be invalid if it is the reduced GCK activity itself that protects beta-cell function from the del-
eterious effects of chronic hyperglycaemia.

A new therapeutic approach?
Current therapeutic strategies for T2D are directed at lowering blood glucose levels. However,
there is evidence from reconstituted human islets that even a very moderate chronic increase in
extracellular glucose (to 8 mM) is sufficient to impair insulin secretion [77]. Such tight glycaemic
control is difficult to achieve in T2D because of the risk of fatal hypoglycaemia. However, given
the accumulating evidence (reviewed earlier) that it is excess glucose metabolism, rather
than excess glucose, that causes beta-cell failure, an alternative strategy might be to reduce
glucose metabolism to the same level as that found normally under euglycemic conditions.
One way to do this would be by partial GCK inhibition. Although at first sight it may seem coun-
terintuitive to suggest inhibition of GCK activity may be therapeutic in T2D, several lines of ev-
idence support this idea.

As discussed earlier, these include: (i) the ability of mannoheptulose to prevent, and reverse, the
effects of chronic hyperglycaemia in vitro; (ii) recent studies which report that, paradoxically, par-
tial glucokinase inhibition can help preserve β-cell function and mass in mouse models of diabe-
tes; and (iii) perhapsmost importantly, the effects of inactivating glucokinasemutations in humans
suggest partial reduction of GCK activity will not be harmful. Despite mild fasting hyperglycaemia
(~6.5 mM), these patients require no medication, their hyperglycaemia does not progress, and
their prevalence of diabetic complications is not increased.

A key question is whether GCK inhibition in T2D might have unwanted side-effects. Most cell
types use other hexokinases (HK1–3) for glucose phosphorylation and their metabolism would
therefore be unaffected. Moreover, in the very few other tissues in which GCK is expressed,
GCK inhibition appears to be beneficial. Selective GCK deletion in the liver results in very mild
hyperglycaemia in mice [60], so it seems likely that adverse effects on the liver would be limited.
Inhibition of liver GK activity may even be beneficial in the context of T2D, as it will reduce fatty liver
disease. As the counter-regulatory response is increased by GCK inhibition [76], better control of
blood glucose without increasing the risk of hypoglycaemia may even be possible.
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Outstanding questions
Does enhancing glucokinase activity
in human beta-cells promote their
functional decline and eventually lead
to beta-cell death?

Do patients with activating glucokinase
mutations eventually develop glucose
intolerance and diabetes?

How high and for how long must blood
glucose be chronically raised to initiate
beta-cell decline?

How reversible are the effects of
chronic hyperglycaemia?

Howmuch suppression of glucokinase
activity is needed to prevent the
deleterious effects of chronic
hyperglycaemia on beta-cell function?

Does partial inhibition of glucokinase
maintain beta-cell function in the face
of chronic hyperglycaemia in human
as well as animal islets?

Is it possible to design a drug that
selectively inhibits glucokinase activity
Numerous questions remain to be addressed. What might happen in obese T2D individuals?
GCK-MODY patients are not obese or insulin-resistant and reduced GCK activity might have
different effects in an obese T2D patient. Nevertheless, the improvement in first phase insulin
secretion in patients on a low calorie diet suggests reducing blood glucose is effective in diabetes
of short duration [50]. How much must GCK be lowered to prevent diabetes progression? What
further lessons can be learnt from patients with inactivating GCK mutations? Is it possible to
design a drug that inhibits glucokinase but not all other hexokinases? Would such a drug affect
endogenous GCK expression? What side-effects might it have? Is it in fact a practical approach
(Box 2)?

Concluding remarks and future perspectives
Glucokinase is a key beta-cell glucose-sensor that confers the unique ability to respond to plasma
glucose levels over a wide range and is essential for insulin secretion. However, this very ability
may be detrimental in chronic hyperglycaemia, as the beta-cell has noway to limit glucosemetab-
olism. This leads to detrimental changes in the beta-cell that cause the progressive decline in
beta-cell function found in T2D. As a consequence, it can be expected that GCK activators will
inevitably fail as a T2D therapeutic strategy for preserving beta-cell function as they will compound
the problem by boosting beta-cell metabolism further. The finding that many GCK activators
cease controlling glycaemia in patients with T2D after a few months supports this view. Evidence
instead favours the idea that the opposite approach might be more valuable, because reducing
glycolytic flux in diabetes would help prevent further decline in beta-cell function, and facilitate
the gradual reversal of changes caused by chronic hyperglycaemia. The example of patients
with inactivating GCK mutations argues it should also prevent diabetic complications, which
Box 2. Is GCK inhibition a practical therapeutic diabetes strategy?

Clinical use of GCK inhibitors is challenging because their therapeutic value depends on the extent of inhibition: too much
inhibition would have adverse effects (as shown in GCK-PNDM). However, this is also true for most drugs, including both
insulin and sulphonylureas. Clearly, the aim would be to develop a glucokinase inhibitor with a wide therapeutic window,
that would enable GCK activity in diabetes to be safely reduced to levels found at normal blood glucose levels in nondia-
betic individuals. Indeed, as GCK activity varies with its substrate (glucose) it may be necessary to reduce the drug dose as
beta-cell recovery progresses and hyperglycaemia is better controlled. The reduction in GCK activity may have beneficial
effects in liver and the fall in blood glucose will also benefit peripheral tissues.

As use of mannoheptulose is impractical for clinical use, a high-affinity, small-molecule GCK inhibitor is required. This
needs to be selective for GCK and not target other hexokinases, it should have a wide therapeutic window, and it should
not alter the EC50 for GCK. Development of such a drug should be aided by the fact that the atomic structure of GCK is
known [78,79] and structure–activity relationships have been characterised for some GCK mutations [21,22,80].

Which patients would a GCK inhibitor be useful for? As reducing GCK activity should be effective at reducing the decline in
beta-cell function associated with elevated blood glucose, GCK inhibition might be most appropriate in individuals with
glucose intolerance or newly diagnosed diabetes. Improvements in beta-cell function could be examined by monitoring
urinary C-peptide/creatinine levels, which can easily be carried out in the clinic [81]. The GCK dose could be adjusted to
prevent an increase in fasting blood glucose while enhancing C-peptide levels. It has been postulated that the hyperinsu-
linaemia found early in diabetes development may contribute to obesity and ectopic fat deposition [82]. Thus, reducing in-
sulin secretion in patients with impaired glucose tolerance might benefit peripheral tissues, in addition to protecting the
beta-cells. GCK inhibition might also be useful in T1D, to help preserve existing beta-cell function, as a small number of
functional beta-cells are known to remain in T1D [83].

As with any therapeutic strategy, there are also caveats. The use of GCK inhibitors in pregnant women is best avoided be-
cause of the risk of the drug affecting fetal growth if it crosses the placenta. Insulin enhances fetal growth and neonates
with inactivating GCKmutations are generally small due to their reduced insulin secretion [84]. Furthermore, while it is likely
that GCK inhibitors might slow the decline in beta-cell function, the extent to which they will be able to reverse changes
found in long-established T2D is less clear. Nevertheless, at least in the short term, it is possible to reverse beta-cell
changes induced by severe hyperglycaemia in mice [46,47]. And the fact that T2D can be reversed by bariatric surgery
and low calorie diets offers hope this is also the case in humans [49–51].
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with no effect on other hexokinases?

Would a drug that causes partial
glucokinase inhibition slow or prevent
beta-cell decline in diabetes and
which patients might benefit most
from this?

How long might such a drug protect
the beta-cells for and what might be
the potential side-effects?
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have devastating effects on patients’ lives. It seems that an exploration of the use of GK inhibitors
for diabetes therapy is ripe for investigation (see Outstanding questions).

Acknowledgements
We thank the diabetes community for many stimulating discussions on this topic. Work in our lab is funded by the UKMedical

Research Council (MR/T002107/1) and the Biotechnology and Biological Sciences Research Council.

Declaration of interests
No interests are declared.

References

1. Prentki, M. et al. (2013) Metabolic signaling in fuel induced insulin

secretion. Cell Metab. 18, 162–185
2. Rorsman, P. and Ashcroft, F.M. (2018) Pancreatic β-cell electri-

cal activity and insulin secretion: of mice and men. Physiol. Rev.
98, 117–214

3. Matschinsky, F.M. (2002) Regulation of pancreatic beta-cell glu-
cokinase: from basics to therapeutics. Diabetes 51, S394–S404

4. Matschinsky, F.M. and Wilson, D.F. (2019) The central role of glu-
cokinase in glucose homeostasis: a perspective 50 years after
demonstrating the presence of the enzyme in islets of Langerhans.
Front. Physiol. 10, 148

5. Heimberg, H. et al. (1996) The glucose sensor protein glucokinase
is expressed in glucagon-producing alpha-cells. Proc. Natl. Acad.
Sci. U. S. A. 93, 7036–7041

6. Basco, D. et al. (2018) α-Cell glucokinase suppresses glucose
regulated glucagon secretion. Nat. Commun. 9, 546

7. Moede, T. et al. (2020) Glucokinase intrinsically regulates glucose
sensing and glucagon secretion in pancreatic alpha cells. Sci.
Rep. 10, 20145

8. Bahl, V. et al. (2021) Genetic activation of α-cell glucokinase in
mice causes enhanced glucose-suppression of glucagon secre-
tion during normal and diabetic states. Mol. Metab. 49, 101193

9. Hussain, S. et al. (2015) Glucokinase activity in the arcuate nu-
cleus regulates glucose intake. J. Clin. Invest. 125, 337–349

10. Iynedjian, P.B. (1993) Mammalian glucokinase and its gene.
Biochem. J. 293, 1–13

11. Iynedjian, P.B. et al. (1989) Differential expression and regulation
of the glucokinase gene in liver and islets of Langerhans. Proc.
Natl. Acad. Sci. U. S. A. 86, 7838–7842

12. Magnuson, M.A. and Shelton, K.D. (1989) An alternate promoter
in the glucokinase gene is active in the pancreatic beta-cell.
J. Biol. Chem. 264, 15836–15942

13. van Schaftingen, E. et al. (1997) The regulatory protein of gluco-
kinase. Biochem. Soc. Trans. 25, 136–140

14. Wang, H. and Iyndjian, P.B. (1997) Modulation of glucose re-
sponsiveness of insulinoma β-cells by graded overexpression
ofglucokinase. Proc. Natl. Acad. Sci. U. S. A. 94, 4372–4377

15. Berman, H.K. and Newgard, C.B. (1998) Fundamental metabolic
differences between hepatocytes and islet beta-cells revealed by
glucokinase overexpression. Biochemistry 37, 4543–4552

16. Tornovsky-Babeay, S. et al. (2014) Type 2 diabetes and congen-
ital hyperinsulinism cause DNA double-strand breaks and p53
activity in β cells. Cell Metab. 19, 109–121

17. Brereton, M.F. et al. (2016) Hyperglycaemia induces metabolic
dysfunction and glycogen accumulation in pancreatic beta-
cells. Nat. Commun. 7, 13496

18. Segerstolpe, A. et al. (2016) Single-cell transcriptome profiling
of human pancreatic islets in health and type 2 diabetes. Cell
Metab. 24, 593–607

19. Hou, J. et al. (2017) Temporal transcriptomic and proteomic
landscapes of deteriorating pancreatic islets in type 2 diabetic
rats. Diabetes 66, 2188–2200

20. Haythorne, E. et al. (2019) Diabetes causesmarked inhibition of mi-
tochondrial metabolism in pancreatic beta-cells. Nat. Commun.
10, 2474

21. Glaser, B. et al. (1998) Familial hyperinsulinism caused by an ac-
tivating glucokinase mutation. New Engl. J. Med. 338, 226–230

22. Gloyn, A.L. (2003) Glucokinase (GCK) mutations in hyper- and
hypoglycemia: maturity-onset diabetes of the young, permanent

neonatal diabetes, and hyperinsulinemia of infancy. Hum. Mutat.
22, 353–362

23. Gloyn, A.L. et al. (2003) Insights into the biochemical and genetic
basis of glucokinase activation from naturally occurring hypogly-
cemia mutations. Diabetes 52, 2433–2440

24. Cuesta-Muñoz, A.L. et al. (2004) Severe persistent hyperinsu-
linemic hypoglycemia due to a de novo glucokinase mutation.
Diabetes 53, 2164–2168

25. James, C. et al. (2009) The genetic basis of congenital hyperinsu-
linism. J. Med. Genet. 46, 289–299

26. Kassem, S. et al. (2010) Large islets, beta-cell proliferation, and a
glucokinase mutation. N. Engl. J. Med. 362, 1348–1350

27. Wabitsch, M. et al. (2007) Heterogeneity in disease severity in a
family with a novel G68V GCK activating mutation causing persis-
tent hyperinsulinaemic hypoglycaemia of infancy. Diabet. Med.
24, 1393–1399

28. Kassem, S.A. et al. (2000) Beta-cell proliferation and apoptosis in
the developing normal human pancreas and in hyperinsulinism of
infancy. Diabetes 49, 1325–1333

29. Grimsby, J. et al. (2003) Allosteric activators of glucokinase: po-
tential role in diabetes therapy. Science 301, 370–373

30. Matschinsky, F.M. (2013) GKAs for diabetes therapy: why
no clinically useful drugs after 2 decades of trying? Trends
Pharmacol. Sci. 34, 90–99

31. Nakamura, A. et al. (2011) Effect of long-term treatment with a
small-molecule glucokinase activator on glucose metabolism,
lipid profiles and hepatic function. J. Diabetes Invest. 2, 276–279

32. Futamura,M. et al. (2012) Chronic treatment with a glucokinase ac-
tivator delays the onset of hyperglycaemia and preserves beta cell
mass in the Zucker diabetic fatty rat. Diabetologia 55, 1071–1080

33. Bonadonna, R.C. et al. (2010) Piragliatin (RO4389620), a novel
glucokinase activator, lowers plasma glucose both in the
postabsorptive state and after a glucose challenge in patients
with type 2 diabetes mellitus: a mechanistic study. J. Clin.
Endocrinol. Metab. 95, 5028–5036

34. O'Doherty, R.M. et al. (1999) Metabolic impact of glucokinase
overexpression in liver: lowering of blood glucose in fed rats is
accompanied by hyperlipidemia. Diabetes 48, 2022–2027

35. Meininger, G.E. et al. (2011) Effects of MK-0941, a novel glucoki-
nase activator, on glycaemic control in insulin-treated patients
with type 2 diabetes. Diabetes Care 34, 2560–2566

36. Kawata, S. et al. (2022) Glucokinase activation leads to an
unsustained hypoglycaemic effect with hepatic triglyceride accu-
mulation in db/db mice. Diabetes Obes. Metab. 24, 391–401

37. Nakamura, A. et al. (2012) Glucokinase activation or inactivation:
which will lead to the treatment of type 2 diabetes? Diabetes
Obes. Metab. 23, 2199–2206

38. Zhu, D. et al. (2022) Dorzglitiatin in drug-naïve patients with type
2 diabetes: a randomised double blind placebo-controlled phase
3 trial. Nature Med. 28, 974–981

39. Klein, K.R. and Buse, J.B. (2022) A new drug class in the diabe-
tes toolbox. Nature Med. 28, 901–902

40. Rees, M.G. and Gloyn, A.L. (2013) Small molecular glucokinase
activators: has another new anti-diabetic therapeutic lost favour?
Br. J. Pharmacol. 168, 335–358

41. Whitticar, N.B. and Nunemaker, C.S. (2020) Reducing glucoki-
nase activity to enhance insulin secretion: a counterintuitive the-
ory to preserve cellular function and glucose homeostasis.
Front. Endocrinol. 11, 378
Trends in Endocrinology & Metabolism, February 2023, Vol. 34, No. 2 129

http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0005
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0005
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0010
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0010
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0010
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0015
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0015
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0020
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0020
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0020
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0020
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0025
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0025
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0025
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0030
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0030
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0035
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0035
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0035
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0040
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0040
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0040
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0045
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0045
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0050
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0050
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0055
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0055
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0055
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0060
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0060
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0060
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0065
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0065
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0070
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0070
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0070
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0070
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0075
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0075
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0075
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0080
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0080
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0080
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0085
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0085
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0085
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0090
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0090
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0090
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0095
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0095
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0095
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0100
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0100
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0100
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0105
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0105
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0110
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0110
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0110
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0110
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0115
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0115
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0115
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0120
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0120
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0120
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0125
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0125
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0130
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0130
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0135
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0135
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0135
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0135
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0140
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0140
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0140
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0145
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0145
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0150
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0150
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0150
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0155
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0155
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0155
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0160
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0160
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0160
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0165
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0165
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0165
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0165
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0165
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0170
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0170
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0170
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0175
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0175
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0175
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0180
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0180
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0180
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0185
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0185
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0185
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0190
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0190
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0190
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0195
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0195
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0200
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0200
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0200
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0205
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0205
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0205
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0205
CellPress logo


Trends in Endocrinology &Metabolism
OPEN ACCESS
42. Brock, B. et al. (2002) Glucose desensitization in INS-1 cells: ev-
idence of impaired function caused by glucose metabolite(s)
rather than by the glucose molecule per se. Metabolism 51,
671–677

43. Haythorne, E. et al. (2022) Altered glycolysis triggers impaired
mitochondrial metabolism and mTORC1 activation in diabetic
β-cells. Nat. Commun. 13, 6754

44. Ahlqvist, E. (2018) Novel subgroups of adult-onset diabetes and
their association with outcomes: a data-driven cluster analysis of
six variables. Lancet Diabetes Endocrinol. 6, 361–369

45. Marshak et al. (1999) Impaired β-cell functions induced by
chronic exposure of cultured human pancreatic islets to high glu-
cose. Diabetes 48, 1230–1236

46. Remedi, M.S. et al. (2009) (2009) Secondary consequences of
beta cell inexcitability: identification and prevention in a murine
model of KATP-induced neonatal diabetes mellitus. Cell Metab.
9, 140–151

47. Brereton, M.F. et al. (2014) Reversible changes in pancreatic islet
structure and function produced by elevated blood glucose. Nat.
Commun. 5, 4639

48. Kramer, C.K. et al. (2013) Short-term intensive insulin therapy in
type 2 diabetes mellitus: a systematic review and meta- analysis.
Lancet Diabetes Endocrinol. 1, 28–34

49. Lim, E.L. et al. (2011) Reversal of type 2 diabetes: normalisation
of beta cell function in association with decreased pancreas and
liver triacylglycerol. Diabetologia 54, 2506–2514

50. Taylor, R. et al. (2018) Remission of human type 2 diabetes
requires decrease in liver and pancreas fat content but is de-
pendent upon capacity for beta-cell recovery. Cell Metab. 28,
547–556

51. Karra, E. et al. (2010) Mechanisms facilitating weight loss and
resolution of type 2 diabetes following bariatric surgery. Trends
Endocrinol. Metab. 21, 337–344

52. Babiker, T. et al. (2016) Successful transfer to sulfonylureas in
KCNJ11 neonatal diabetes is determined by the mutation and
duration of diabetes. Diabetologia 59, 1162–1166

53. Pearson, E.R. et al. (2006) Switching from insulin to oral
sulphonylureas in patients with diabetes due to Kir6.2 mutations.
New Eng. J. Med. 355, 467–477

54. Coore, H.G. and Randle, P.J. (1964) Inhibition of glucose phos-
phorylation by mannoheptulose. Biochem. J. 91, 56–59

55. Adam, J. et al. (2017) Fumarate hydratase deletion in pan-
creatic β cells leads to progressive diabetes. Cell Rep. 20,
3135–3148

56. Jahan, I. et al. (2018) Reducing glucokinase activity restores en-
dogenous pulsatility and enhances insulin secretion in islets from
db/db mice. Endocrinology 159, 3747–3760

57. Omori, K. et al. (2021) Glucokinase inactivation paradoxically
ameliorates glucose intolerance by increasing β-cell mass in
db/db mice. Diabetes 70, 917–931

58. Yan, Z. et al. (2022) Genetic reduction of glucose metabolism
preserves functional β-cell mass in KATP-induced neonatal diabe-
tes. Diabetes 71, 1233–1245

59. Terauchi, Y. et al. (1995) Pancreatic beta-cell-specific
targeted disruption of glucokinase gene. Diabetes mellitus
due to defective insulin secretion to glucose. J. Biol. Chem. 270,
30253–30256

60. Postic, C. et al. (1999) Dual roles for glucokinase in glucose homeo-
stasis as determined by liver and pancreatic beta cell-specific gene
knock-outs using Cre recombinase. J. Biol. Chem. 274, 305–315

61. Njolstad, P.R. et al. (2001) Neonatal diabetes mellitus due
to complete glucokinase deficiency. New Engl. J. Med. 344,
1588–1592

62. Irwin, D.M. and Tan, H. (2014) Evolution of glucose utilization:
glucokinase and glucokinase regulator protein. Mol. Phylogenet.
Evol. 70, 195–203

63. Gershman, A. et al. (2022) Genomic insights into metabolic
flux in ruby-throated hummingbirds. bioRxiv Published online
March 21, 2022. https://doi.org/10.1101/2022.03.21.485221

64. Beuchat, C.A. and Chong, C.R. (1998) Hyperglycemia in hum-
mingbirds and its consequences for hemoglobin glycation.
Comp. Biochem. Physiol. A. 120, 409–416

65. Sakura, H. et al. (1998) Glucose modulation of ATP-sensitive
K-currents in wild-type, homozygous and heterozygous gluco-
kinase knock-out mice. Diabetologia 41, 654–659

66. Toye, A.A. et al. (2004) A new mouse model of type 2 diabetes,
produced by N-ethyl-nitrosourea mutagenesis, is the result of
a missense mutation in the glucokinase gene. Diabetes 53,
1577–1583

67. Froguel, P. et al. (1992) Close linkage of glucokinase locus on
chromosome 7p to non-insulin-dependent diabetes mellitus.
Nature 356, 162–164

68. Hattersley, A.T. et al. (1992) Linkage of type 2 diabetes to the
glucokinase gene. Lancet 339, 1307–1310

69. Chakera, A.J. et al. (2015) Recognition and management of indi-
viduals with hyperglycemia because of a heterozygous glucoki-
nase mutation. Diabetes Care 38, 1383–1392

70. Stride, A. et al. (2002) The genetic abnormality in the beta cell de-
termines the response to an oral glucose load. Diabetologia 45,
427–435

71. Velho, G. et al. (1996) Impaired hepatic glycogen synthesis in
glucokinase-deficient (MODY-2) subjects. J. Clin. Invest. 98,
1755–1761

72. Tappy, L. et al. (1997) Abnormal regulation of hepatic glucose
output in maturity-onset diabetes of the young caused by a spe-
cific mutation of the glucokinase gene. Diabetes 46, 204–208

73. Osbak, K.K. et al. (2009) Update on mutations in glucokinase
(GCK), which cause maturity-onset diabetes of the young, per-
manent neonatal diabetes, and hyperinsulinemic hypoglycemia.
Hum. Mutat. 30, 1512–1526

74. Martin, D. et al. (2008) Long-term follow-up of oral glucose toler-
ance test-derived glucose tolerance and insulin secretion and in-
sulin sensitivity indexes in subjects with glucokinase mutations
(MODY2). Diabetes Care 31, 1321–1323

75. Steele, A.M. et al. (2014) Prevalence of vascular complications
among patients with glucokinase mutations and prolonged,
mild hyperglycemia. JAMA 311, 279–286

76. Chakera, A.J. et al. (2018) Molecular reductions in glucokinase
activity increase counter-regulatory responses to hypoglycemia
in mice and humans with diabetes. Mol. Metab. 17, 17–27

77. Mir-Coll, J. et al. (2021) Human islet microtissues as an in vitro and
an in vivo model system for diabetes. Int. J. Mol. Sci. 22, 1813

78. Kamata, K. et al. (2004) Structural basis for allosteric regulation of
the monomeric allosteric enzyme human glucokinase. Structure
12, 429–438

79. Liu, S. et al. (2012) Insights into mechanism of glucokinase acti-
vation: observation of multiple distinct protein conformations.
J. Biol. Chem. 287, 13598–13610

80. Takeda, J. et al. (1993) Structure/function studies of human
beta-cell glucokinase. Enzymatic properties of a sequence poly-
morphism, mutations associated with diabetes, and other site-
directed mutants. J. Biol. Chem. 268, 15200–15204

81. Bowman, P. et al. (2012) Validation of a single-sample urinary
C-peptide creatinine ratio as a reproducible alternative to serum
C-peptide in patients with type 2 diabetes. Diabet. Med. 29, 90–93

82. Johnson, J.D. (2021) On the causal relationships between hyper-
insulinaemia, insulin resistance, obesity and dysglycaemia in type
2 diabetes. Diabetologia. 64, 2138–2146

83. Oram, R.A. et al. (2019) Beta cells in type 1 diabetes: mass and
function; sleeping or dead? Diabetologia 62, 567–577

84. Hattersley, A.T. (1998) Mutations in the glucokinase gene of the
fetus result in reduced birth weight. Nat. Genet. 19, 268–270
130 Trends in Endocrinology & Metabolism, February 2023, Vol. 3
4, No. 2

http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0210
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0210
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0210
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0210
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0215
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0215
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0215
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0220
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0220
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0220
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0225
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0225
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0225
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0230
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0230
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0230
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0230
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0230
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0235
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0235
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0235
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0240
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0240
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0240
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0245
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0245
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0245
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0250
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0250
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0250
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0250
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0255
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0255
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0255
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0260
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0260
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0260
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0265
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0265
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0265
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0270
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0270
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0275
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0275
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0275
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0280
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0280
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0280
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0285
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0285
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0285
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0290
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0290
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0290
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0290
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0295
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0295
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0295
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0295
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0300
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0300
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0300
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0305
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0305
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0305
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0310
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0310
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0310
https://doi.org/10.1101/2022.03.21.485221
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0320
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0320
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0320
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0325
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0325
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0325
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0330
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0330
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0330
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0330
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0335
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0335
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0335
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0340
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0340
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0345
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0345
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0345
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0350
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0350
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0350
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0355
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0355
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0355
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0360
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0360
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0360
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0365
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0365
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0365
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0365
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0370
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0370
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0370
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0370
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0375
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0375
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0375
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0380
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0380
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0380
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0385
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0385
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0390
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0390
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0390
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0395
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0395
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0395
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0400
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0400
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0400
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0400
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0405
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0405
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0405
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0410
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0410
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0410
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0415
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0415
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0420
http://refhub.elsevier.com/S1043-2760(22)00222-3/rf0420
CellPress logo

	Glucokinase activity in diabetes: too much of a good thing?
	The enzyme glucokinase is essential for glucose homeostasis
	Glucokinase serves as the beta-cell glucose sensor
	Glucokinase is present in other tissues
	Genetic activation of glucokinase
	Glucokinase activators have failed to live up to their promise
	Beta-cell metabolism is impaired in T2D
	Consequences of total loss of glucokinase activity
	Heterozygous inactivating GCK mutations cause mild diabetes
	GCK-MODY patients do not require therapy
	A new therapeutic approach?
	Concluding remarks and future perspectives
	Acknowledgements
	Declaration of interests
	References




