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Abstract - Excessive hepatic glucose production is a
key metabolic abnormality in Type 2 diabetes mellitus
(T2DM) and remains inadequately addressed by most
available glucose-lowering  therapies, except
metformin. This gap in treatment may be bridged by
targeting glucokinase (GK), a crucial enzyme in the
hexokinase family. GK acts as a “glucose sensor” in
pancreatic p-cells, stimulating glucose-dependent
insulin secretion, and as a “glucose gatekeeper” in
hepatocytes, facilitating hepatic glucose uptake,
glycogen synthesis, and storage. Pharmacological GK
activation via small-molecule glucokinase activators
(GKAs) offers an alternative approach to improving
glycemic control in T2DM. GKAs can enhance insulin
secretion from the pancreas, promote hepatic glycogen
synthesis, and effectively reduce hepatic glucose
output. While early GKAs faced setbacks due to
concerns about hypoglycemia, hypertriglyceridemia,
and loss of efficacy over time, recent advancements
have renewed interest in this class. Notably, the
development of dorzagliatin, a dual-acting full GKA,
and TTP399, a novel hepatoselective GKA, has
reinvigorated clinical research in this field. This article
provides an in-depth review of the role, efficacy, safety,
and future potential of GKAs in the management of
T2DM, highlighting their mechanism of action, recent
clinical findings, and prospects for integration into
diabetes treatment strategies.

Keywords: Hepatoselective, Glucokinase, Glycogen,
Type 2 Diabetes

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a multifaceted
disease that presents significant challenges for
patients, healthcare providers, and medical systems
[1]. It arises from a combination of genetic and
environmental  factors, leading to chronic

hyperglycemia and a cascade of inflammatory and
oxidative processes. These mechanisms contribute
to vascular complications, which remain the primary
cause of morbidity and mortality in T2DM.

Our understanding of T2DM has evolved beyond the
traditional view of the disease as merely a result of
insulin deficiency and resistance. Instead, research
now highlights the critical role of pancreatic islet
cells (B-cells, o-cells, and others) and their
interactions with the gut, brain, kidney, and liver in
disease progression [2,3]. Given the rising global
prevalence of T2DM, its progressive nature, and the
substantial proportion of patients who fail to achieve
optimal glycemic control [4], there is an urgent need
for novel treatment strategies and therapeutic targets

[5].

This growing need has driven the development of
new therapeutic approaches aimed at more recently
identified  pathogenetic =~ pathways.  Notable
advancements include glucagon-like peptide-1
receptor agonists (GLP-1 RAs) and sodium-glucose
co-transporter-2 ~ (SGLT2) inhibitors, which
primarily target mechanisms related to the gut, brain,
and kidneys [6,7].

However, increased hepatic glucose production—
one of the central metabolic abnormalities in
T2DM—is not directly or effectively addressed by
most current glucose-lowering therapies, except
metformin [8]. A potential solution to this unmet
need lies in targeting glucokinase (GK), a key
enzyme in the hexokinase family. This article
explores the role of GK activators (GKAs) and their
potential future impact on T2DM management.
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Role of Glucokinase (GK) in Glucose Homeostasis

Glucose homeostasis is primarily regulated by the
balance between insulin and glucagon. Glucagon,
secreted by pancreatic a-cells, maintains blood
glucose levels during fasting by stimulating
gluconeogenesis (glucose production from amino
acids and fat) and glycogenolysis (breakdown of
glycogen in the liver), ensuring a continuous energy
supply. Additionally, free fatty acids released from
adipose tissue provide an alternative energy source.

In contrast, insulin, secreted by pancreatic p-cells,
lowers blood glucose Ilevels after meals by
facilitating glucose uptake in peripheral tissues
(mainly skeletal muscle and adipose tissue) and
promoting glycogen synthesis in the liver. Elevated
glucose levels in the fed state also inhibit
gluconeogenesis and  glycogenolysis, further
supporting glucose regulation [9].

GK acts as a “glucose sensor” in pancreatic p-cells,
triggering insulin secretion, and as a “gatekeeper” in
hepatocytes, facilitating glucose uptake and storage
as glycogen. Upon activation, GK phosphorylates
glucose into glucose-6-phosphate (G6P), which not
only serves as a substrate for glycogen synthesis but
also activates glycogen synthase [11].

The unique biochemical properties of GK enable
this dual function [12]. Its low affinity for glucose
(K0.5 of ~7-8 mmol/L) ensures that GK activity
remains restrained under normal physiological
conditions [13]. Unlike other hexokinases, GK is not
inhibited by its product, G6P, and follows a
sigmoidal saturation curve with glucose (non-
Michaelis—Menten kinetics), reaching an inflection
point at 4-5 mmol/L—close to the insulin secretion
threshold. This allows for a graded response to
fluctuations in blood glucose levels, with GK
activity plateauing as glucose approaches 5 mmol/L
[13].

In the liver, GK exists in an inactive complex with
glucokinase regulatory protein (GKRP) when
glucose levels are below ~10 mM. This reduces
GK’s affinity for glucose in hepatocytes compared
to pancreatic P-cells, ensuring activation
predominantly in the postprandial state to support
hepatic glucose uptake [14,15]. GKRP acts as a
competitive inhibitor by sequestering GK in low-
glucose conditions and releasing it when glucose
concentrations rise.

Beyond pancreatic B-cells and hepatocytes, GK is
also expressed in enteroendocrine cells, neurons,
pancreatic a- and d-cells, and the anterior pituitary
[16]. However, its primary role in glucose
homeostasis is regulating insulin secretion and
hepatic glucose metabolism.

By enhancing GK activity, blood glucose levels can
be lowered through both direct (insulin-mediated)
and indirect mechanisms. This has led to the
hypothesis that GK activation may offer a novel
therapeutic approach for glucose regulation,
especially in individuals with type 2 diabetes
mellitus (T2DM), where GK activity is diminished
[17].

This concept is supported by studies on maturity-
onset diabetes of the young type 2 (MODY2), a
monogenic form of diabetes caused by inactivating
mutations in the GK gene. Individuals with MODY2
typically exhibit mild fasting hyperglycemia and a
low risk of microvascular complications due to
impaired glucose sensing [18,19]. More severe
cases, with compound heterozygous or homozygous
mutations, can lead to permanent neonatal diabetes
[20]. On the other hand, activating GK mutations is
rare but can result in congenital hyperinsulinemic
hypoglycemia with variable clinical severity [21].

Animal and human studies [22—26] have confirmed
GK’s critical role in glucose regulation and
demonstrated the feasibility of pharmacological
activation. In T2DM, progressive B-cell dysfunction
and increased hepatic glucose output are key
pathological features that could potentially be
addressed by GK activation, providing a compelling
rationale for targeting this enzyme therapeutically.

Overview of Glucokinase Activators (GKAs)

Since the introduction of the first GK activator in
2003 [29], numerous GKAs have been developed
and tested [27,28]. These small molecules bind to an
allosteric site on the enzyme, stabilizing its high-
affinity conformation and enhancing GK activity—
interestingly, the same region where most activating
GK mutations cluster.
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GKAs can be categorized based on their chemical
structure (carbon-, urea-, aryl-substituted, etc.) [13]
or their site of action. Hepatoselective GKAs
primarily target the liver, either by disrupting or
preserving the GK-GKRP interaction [30,31],
systemic GKAs (e.g., piragliatin,
dorzagliatin) affect both pancreatic and hepatic GK
activity. Additionally, GKAs are classified as full
activators or partial activators (e.g., PF-04937319),
depending on their potency.

whereas

Despite significant research, only a few GKAs have
advanced to clinical trials, as detailed in the
following sections and summarized in Table 1.

Table 1 Synopsis of the major clinical trials involving glucokinase activators

--—»

Fig. 1 Glucokinase activity in the hepatic cell

Molecule Study Total Dose | Duration | Background therapy | Primary Major safety issues
Study | (mg) | (Weeks) effect
N notable
findings
RO4389620 | Bonadonna | 15 25- 10h None Acute None
(piragliatin) | etal. 100 reduction of
FPG PPG
RO4389620 | Zhi et al. 59 10- 1 None Acute Hypoglycaemia
(piragliatin) 200 reduction of
FPG PPG
MK-0941 Meininger 587 10- 30 Insulin HbAlc drop | Hypoglycemia,
et al. 40 glarginetmetformin | of 0.5 | hypertriglyceridemia
t0—0.8% (not | hypertension, loss of
sustained), efficacy
PPG
AZD1656 Wilding 458 20- 16+4 Add-on metformin/ | HbAlc drop | Increase in
et al. 200 glipizide 0f~0.6 to | triglycerides
1.2%, FPG
AZD1656 Kiyosue 224 100 16 Drug naive or addon | Non- Hypoglycaemia, loss
et al. [36] metformin/ signifcant of efcacy
sulfonylurea HbAlc drop
0f~0.2%,
FPG
PF- Amin etal. | 304 100 12 Add-on metformin | HbAlc drop | Hypoglycaemia
04937319 A | [37] +/— glimepiride of  ~0.5%,
(B1621002) FPG
PF- Amin etal. | 335 150- | 12 Add-on metformin | HbAlc drop | Hypoglycaemia
04937319 [37] 100 +/— sitagliptin 0f~0.7%,
(B1621007) FPG
PF- Denney 33 200 |2 Add-on metformin/ | FPG None
04937319 et al. [38] sitagliptin
AMG 151 | Katz etal. | 236 50- 4 Add-on metformin FPG Hypoglycaemia,
(ARRY-403) | [39] 75 hypertriglyceridemia
Dorzagliatin | Zhu etal. | 258 75 12 Drug naive or addon | PPG, HbAlc | None
(Sinogliatin, | [40] metformin drop of~0.8
HMS5552) to 1.1%
Dorzagliatin | Zhu etal. | 24 75 4 None HbAlc drop | None
(Sinogliatin, | [41] of~0.8 to
HMS5552) 1.0%
TTP399 Vella etal. | 190 400- | 4 Drug naive or addon | HbAlc drop None
[43] 800 metformin 0f~0.9%
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Clinically Tested GKAs: Pharmacodynamics and
Safety

In a Phase Ib randomized, double-blind, placebo-
controlled crossover trial involving 15 individuals
with mild type 2 diabetes (T2DM), the GKA
piragliatin (RO4389620) (25 mg or 100 mg)
demonstrated a dose-dependent reduction in glucose
levels in both fasting and fed states, primarily by
enhancing B-cell function [32]. A similar short-term
(8-day) dose-escalation study (up to 200 mg) in 59
patients with T2DM also reported a rapid, dose-
dependent reduction in fasting and postprandial
plasma glucose levels [33].

A double-blind study evaluating the efficacy and
safety of the GKA MK-0941 (at doses of 10, 20, 30,
or 40 mg three times daily) in 587 patients with
T2DM treated with insulin glargine (mean baseline
HbAlc of 9%) showed a significant 0.8% reduction
in HbAlc by Week 14. Additionally, a notable
decrease in 2-hour postprandial glucose (~40 mg/dL
or 2.2 mmol/L) was observed. However, by Week
30, these improvements were not sustained [34].
MK-0941 was also linked to an increased incidence
of hypoglycemia, hypertriglyceridemia (up to ~20%
from baseline), and hypertension.

The efficacy and safety of AZD1656 were assessed
in a dose-ranging, placebo-controlled study
involving 458 patients with T2DM as an add-on to
metformin. At four months, HbAlc reduction was
comparable to glipizide; however, the glucose-
lowering effect diminished over the subsequent two-
month extension period, accompanied by an
increase in triglycerides [35]. Similar results were
found in a study involving 224 Japanese patients
with T2DM, where the initial efficacy was not
sustained, although no significant safety concerns
were noted [36].

PF-04937319, a systemic partial glucokinase
activator, was evaluated as an add-on therapy to
metformin in dose-ranging randomized controlled
trials (RCTs) involving 639 adults with T2DM [37].
Its glucose-lowering efficacy at three months was
comparable to sitagliptin when administered as a
single 100 mg dose. Subsequent studies exploring
split-dose regimens demonstrated promising safety
and tolerability outcomes [38].

AMG 151 (ARRY-403) was assessed in a
randomized, placebo-controlled, 4-week Phase Ila
study with 236 patients with T2DM on metformin.

It significantly reduced fasting plasma glucose when
administered twice daily but was associated with
increased incidences of hypoglycemia and
hypertriglyceridemia [39].

Dorzagliatin (Sinogliatin, HMS5552), a fourth-
generation dual-acting systemic GKA, was
developed based on piragliatin and later evaluated in
a 12-week Phase II dose-ranging, randomized,
double-blind, placebo-controlled study involving
258 Chinese patients with T2DM [40]. By Week 12,
HbA 1c reduction was —0.8% with 50 mg twice daily
and ~1.1% with 75 mg twice daily compared to
placebo. The drug primarily lowered 2-hour
postprandial glucose rather than fasting glucose,
with a more pronounced effect in drug-naive
patients, suggesting potential benefits for ecarly
intervention. Importantly, no serious adverse events
or severe hypoglycemia were reported. A separate 4-
week study in 24 patients with T2DM showed
improvements in f-cell function [41]. Ongoing
clinical trials (NCT03173391 and NCT03141073)
aim to assess its long-term efficacy and safety [42].

Encouraging findings have also been reported for
TTP399, a novel hepatoselective GKA. This
molecule was screened for hepatic activity
(glycogen and lactate production) while ensuring no
pancreatic stimulation (insulin secretion) at high
glucose concentrations (15 mM). It binds directly to
GK in a glucose-like manner and reduces glucose
levels without affecting GK translocation [31]. The
Phase IIb AGATA trial, a 6-month RCT, assessed
TTP399 (400 mg and 800 mg) against sitagliptin and
placebo in 190 patients with T2DM on stable
metformin doses [43]. The 800 mg dose led to a
placebo-adjusted HbAlc reduction of —0.9% (—1.5
to —0.3) by six months, with effects becoming
evident only after three months. This delayed onset
differed from a previous Phase Ib/Ila study, where
hypoglycemic effects appeared earlier [31]. TTP399
exhibited a strong safety profile, with very low
symptomatic  hypoglycemia (comparable to
sitagliptin, with just one event). Additionally,
treatment led to a significant increase in HDL
cholesterol, a neutral effect on triglycerides and
cholesterol, and notable weight loss in patients
weighing over 100 kg.

Several other GKAs, including ADV-1002401,
TMG-123, and LY2608204 (globalization), have
entered clinical trials, though published results are
still awaited.
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Challenges Associated with GKAs

The wuse of older-generation GKAs has been
accompanied by significant concerns related to both
efficacy and safety. The most notable issues include
the risk of hypoglycemia, fatty liver development,
dyslipidemia, and a decline in long-term efficacy.
Early in the development of GKAs, the potential for
hypoglycemia and dyslipidemia was identified due
to excessive stimulation of pancreatic and hepatic
glucokinase, respectively [12, 44]. Acute insulin
release, disproportionate to glucose levels, was
recognized as a plausible risk of GK activation, with
hypoglycemic episodes particularly reported in
association with piragliatin and MK-0941. To
mitigate this risk, partial activators that maintained a
greater dependence on glucose levels were designed
to reduce activation at low glucose concentrations
[27]. Additionally, hepatoselective agents were
developed and tested, with partial GKA PF-
04937319 demonstrating a lower incidence of
hypoglycemic events [37].

Regarding the mechanisms linking GK activation to
dyslipidemia, it has been suggested that excessive
hepatic  glucokinase activity leads to an
accumulation of glucose-6-phosphate  (G6P),
subsequently triggering glycolysis through fructose
2,6-bisphosphate-mediated allosteric activation.
This metabolic shift results in increased production
of acetyl-CoA, fueling fatty acid and triglyceride
synthesis through malonyl-CoA and hepatic de novo
lipogenesis [12]. This aligns with early-stage non-
alcoholic fatty liver disease (NAFLD), which may
progress from simple steatosis to steatohepatitis
[45]. Although chronic exposure may be required for
more severe manifestations, hypertriglyceridemia
was acutely observed with MK-0941. Despite
triglyceride increases being less than 20%—a level
considered modest in comparison to high-
carbohydrate, low-fat dietary effects [12]—such
elevations remain undesirable in type 2 diabetes
patients already predisposed to dyslipidemia,
hypertension, and NAFLD [42].

Another major concern has been the transient nature
of glucose-lowering efficacy observed with GKAs.
Initial promising effects, often seen within the first
few weeks of treatment, were followed by a rapid
decline in efficacy over prolonged exposure, as
demonstrated with MK-0941 and AZD1656 after
approximately four months. The clinical evaluation
periods for PF-04937319 and AMG 151 were
limited to three and one month, respectively. The

reasons behind this secondary failure remain
unclear. In the case of MK-0941, the patient cohort
may have had an insufficient residual -cell mass for
GKA action, given their long-standing diabetes and
prior insulin therapy. However, this explanation does
not apply to AZD1656. Some hypotheses suggest
that hepatic de novo lipogenesis or plasma
hyperlipidemia might contribute to GKA failure,
though this remains a topic of debate [12].
Interestingly, hepatoselective =~ GKA  TTP399
exhibited a delayed onset of glucose-lowering
efficacy, only becoming apparent after three months
of treatment in the AGATA trial, in contrast to early-
phase trials.

Potential B-cell toxicity of GKAs has also been
proposed, with histological findings in murine
models indicating double-strand DNA breaks,
activation of the p53 tumor suppressor, and
subsequent B-cell apoptosis following GK activation
[13, 46]. These findings mirror the observed clinical
trajectory of an initial drop in blood glucose
followed by a loss of efficacy. Another hypothesis,
as proposed by Agius [12], suggests that GKA
exposure leads to an initial insulin-mediated
correction of the insulin/glucagon ratio, resulting in
hepatic GK activation. However, over time,
accumulated G6P and downstream phosphate-ester
intermediates suppress GK gene expression [47],
negating the stimulatory effects of GKAs [48].
Regardless of the precise mechanism, this
diminishing efficacy presents a significant challenge
to the long-term viability of GKAs in clinical
practice, potentially limiting their future
development and approval.

Future Directions

For a new-generation GKA to be considered a viable
therapeutic option, it must demonstrate clinically
meaningful and sustained glycemic efficacy while
minimizing the risk of adverse effects, particularly
hypoglycemia, hepatic steatosis, and
hypertriglyceridemia. The ideal agent would not
only address chronic hyperglycemia but also modify
the natural progression of diabetes. Among
emerging GKAs, dual-acting dorzagliatin and
hepatoselective ~ TTP399  exhibit  promising
characteristics.

Scheen conducted an indirect comparison of
dorzagliatin’s efficacy with older GKAs, indicating
a superior HbAlc reduction relative to piragliatin,
AZD1656, and PF-04937319 [42]. The placebo-
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adjusted HbAlc reduction of approximately —0.8%
with 75 mg dorzagliatin BID was comparable to that
of MK-0941, which was discontinued due to safety
concerns. The efficacy of AMGI151 remains
uncertain due to its limited one-month evaluation
period [39]. Notably, dorzagliatin’s glucose-
lowering effect became progressively more
pronounced over two to three months, suggesting a
sustained benefit—contrasting with the transient
efficacy seen in previous GKAs. Similarly, TTP399
achieved a ~0.9% placebo-adjusted HbAlc
reduction, with effects persisting for at least six
months. While the observed reductions (~0.8%—
0.9%) may be modest, they are within the range of
other antidiabetic therapies and could be clinically
relevant for patients requiring treatment
intensification.

From a  safety perspective, dorzagliatin
demonstrated a lower incidence of hypoglycemia,
with no significant changes in triglycerides or
transaminase levels over three months of treatment
(except for one case of eyelid edema). TTP399 also
exhibited a favorable safety profile, with no reports
of symptomatic hypoglycemia. Moreover, TTP399
appears to exert a beneficial effect on lipid
metabolism, including a modest but statistically
significant increase in HDL-C—an outcome not
observed with earlier GKAs. Additionally, unlike
some GKAs that have been associated with weight
gain, dorzagliatin appears to be weight-neutral, and
TTP399 may even promote weight loss in certain
subsets of patients, although the underlying
mechanism remains unclear.

However, long-term data beyond the current three-
month period for dorzagliatin and the six months for
TTP399 are lacking. Critical uncertainties remain
regarding their impact on  microvascular
complications, cardiovascular health, and renal
outcomes. Given concerns that common GKRP gene
variants may have adverse cardio-renal implications,
these long-term evaluations are eagerly awaited
[49]. At this stage, defining GKAs' precise role in the
therapeutic landscape is premature, particularly
considering the growing emphasis on cardiovascular
and renal protection in diabetes management [50].
Nevertheless, given their reliance on a minimum
functional B-cell mass and their primary impact on
postprandial hyperglycemia, GKAs may be better
suited as an early addition to therapy. Whether they
can supplant established second or third-line agents
will likely depend on demonstrating a distinct

therapeutic advantage. The observed reduction in
fasting glucagon with TTP399 may represent one
such benefit. Furthermore, GKAs might hold
promise for specific patient subgroups yet to be
identified.

Ultimately, further research is required to determine
the long-term efficacy, safety, and clinical
positioning of GKAs. Large-scale clinical trials with
extended follow-up periods, robust statistical power,
and carefully selected comparators will be necessary
to ascertain their therapeutic potential and long-term
benefits.

CONCLUSION

Targeting glucokinase (GK) represents a promising
therapeutic approach to addressing increased hepatic
glucose output, a key metabolic defect in Type 2
diabetes mellitus (T2DM). While glucokinase
activators (GKAs) initially faced setbacks due to
concerns over hypoglycemia, loss of efficacy, and
metabolic side effects, recent advancements have
renewed interest in this class. The development of
dorzagliatin, a dual-acting full GKA, and TTP399, a
hepatoselective GKA, highlights the potential of GK
activation in improving glycemic control while
mitigating previous safety concerns. As research
progresses, optimizing the efficacy, safety, and
durability of GKAs will be essential for their
integration into T2DM treatment regimens. If
successfully developed, these novel agents could
complement existing glucose-lowering therapies,
offering an innovative strategy to improve metabolic
control and reduce diabetes-related complications.
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